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Evaluation ofCT, or any dynamic medical
technology, will never provide final answers. Findings
will be open to interpretation. Individual values and
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Abstract

Results from other industrialised countries indicate that the annual number of diagnostic
procedures approaches one for every member of the population, and in many cases the
individual radiation doses are higher than from any other human activity. Furthermore, the
doses to patients for the same type of examination differ widely from place to place,
suggesting that there is a considerable potential for dose reduction. This motivated an
investigation of the diagnostic use of X-rays in Norway. The trends in the number of X-ray
examinations performed annually have been studied. The patient doses (all diagnostics) and
image quality (mammography and computed tomography (CT)) have been assessed for
various radiological procedures. This form the basis for the assessment of total collective
effective dose (CED) from X-rays in Norway, and further risk estimates. The radiological
practice has then been evaluated according to the radiation protection principles of
justification and optimisation.

Information on the number of various X-ray procedures performed annually has been
collected every fifth year. Patient doses were assessed for common radiological procedures in
a large number of hospitals, both to establish country mean values, and to study the
distribution of doses. Patient doses were based on measurements free in air, or inside a
phantom, and use of published conversion coefficients established by Monte Carlo
simulations. Image quality was assessed based on (a) qualitative evaluations of the appearance
of various test objects in technical phantoms (mammography), and (b) receiver operating
characteristics (ROC) studies in CT, based on an anthropomorphic phantom developed for
this study, giving a total performance measure (equipment and observer).

During one decade, the total frequency of X-ray examinations has increased from 641 (1983)
to 710 examinations per 1000 inhabitants (1993). Some conventional examination procedures
have been replaced by new modalities utilising non-ionising radiation (ultrasonography,
magnetic resonance imaging), but this decrease has been almost balanced by a significant
increase in the number of CT, mammographic and angiographic procedures. Based on the
1993 examination frequency, the total CED was assessed to 3400 manSv
(0.78 mSv/inhabitant). It is estimated that this radiation burden may cause about 100 excess
cancer deaths annually. The frequency of CT examinations has doubled every fifth year, and
did in 1993 represent 1% of the total number of examinations and 30% of the total CED.

Based on recent calculations, the country mean effective doses for current radiographic
examinations in the trunk region now range from about 0.1 mSv for chest examinations to
3.5 mSv for urography, depending on the number of projections. Fluoroscopic examinations
range from about 2.5 to 6.5 mSv, depending on the contrast technique, fluoroscopy time, and
the number of radiographs. Compared with previous patient dose data obtained before 1986, a
tendency towards somewhat lower doses from conventional procedures was recognised,
possibly caused by the introduction of more sensitive film/screen combinations. Based on
questionnaires send to the local X-ray departments in 1994, the country mean effective dose
from CT procedures was assessed to 2 mSv for head examinations, 10-13 mSv in the trunk
region, and 4.5 mSv for lumbar spine examinations. This means that patient doses in CT are
significantly higher compared to those from conventional examinations of the same body
regions. These nation-wide surveys showed considerable spread in doses for the same type of
examination performed at different hospitals. The ratio between the highest and lowest dose
was typically in the order of ten for medium sized patients (70 kg).

ui



Hilde M. Olerud: Patient doses and image quality in X-ray diagnostics in Norway

For medium sized breasts (4.5 cm), the average glandular dose (AGD) ranged from 0.7 to
2.0 mGy for grid techniques, and 0.4 to 0.8 mGy for non-grid techniques (45 mammographic
units, 1994). There were also large variations in image quality (contrast, low contrast
detectability, spatial resolution, visualisation of calcifications). According to the quality
criteria set by the American College of Radiology, the image quality in almost half of the
Norwegian laboratories was sub-optimal. The variations in patient dose and image quality
could to some extent be explained by variations in the performance of film processing.

The ROC phantom was shown to be useful to characterise perceived image quality in CT for
old as well as modern scanners. Five laboratories were included in the study, and for the
different exposure settings used as routine for studies of the liver, the weighted CT dose index
(CTDIW) ranged from 15 to 31 mGy (1997). As judged from the corresponding areas under the
ROC curves, three readers agreed that there was a significant difference in quality between the
group of the three best images and the two ranked in the bottom. The two most modern
scanners were associated with the best ROC results, and also gave the lowest doses. For each
of the scanners, using the same slice thickness, a positive correlation was found between
CTDIW and the area under the ROC curve. This pair of parameters may therefore be used for
future optimisation of a specific CT procedure. However, significant intra- and inter-observer
variations in the ROC results were found. The optimum choice of the number of test objects,
the number observers, and the training of observers, must be investigated further, and
statistical methods for distinguishing between different ROC curves must be developed.

Generally, the methods for assessments of patient doses are well established, while the
methods for assessments of image quality need to be further standardised in order to compare
the performance of different equipment or laboratories. A need for development of phantoms
for quality control of helical scanners was also recognised. Optimisation of mammographic
procedures is of particular concern because of the recently started programme for screening of
asymptomatic women in Norway, and the results of the present study indicate the importance
of extensive quality control programmes in mammography. The optimisation of CT
procedures is motivated by its significant contribution to the CED in Norway compared with
many other European countries.

The variation in patient doses and image quality between different laboratories in Norway was
mainly explained by differences in (a) examination procedures, and (b) equipment
performance. These findings can be used as a basis, together with recommendations already
provided from international bodies, for establishing image quality criteria and guidance levels
on patient doses in Norway. The total frequency of X-ray examinations in Norway is in the
intermediate range compared with other European countries. Even though radiology benefits
the patients and society, it is generally presumed that X-rays may be used too much. The most
efficient way to decrease the CED, would be to avoid all the unnecessary examinations, i.e.
those which neither are judged helpful in making the diagnosis nor changes the choice of
therapy. Guidance on these matters has also been given from international bodies. The
challenge is then to bring such recommendations into practice in the various radiological
departments.

IV
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Abbreviations

AEC Automatic exposure control, refers to the X-ray equipment
AGD Average glandular dose, refers to the average glandular tissue dose in mammography
AP Anterior-posterior, refers to a radiographic projection (direction front - back)
CED Collective effective dose
CPE Charged particle equilibrium
CT Computed tomography, refers to X-ray computed tomography
CTDI Computed tomography dose index
DLP Dose length product, a dose quantity used in computed tomography
DQE Detective quantum efficiency
ESAK Entrance surface air kerma
ERF Edge response function, used in signal and image analysis theory
ESD Entrance surface dose
FOV Field of view, related to windowing in digital imaging
FPF False positive fraction
FWHM Full width at half maximum
GI Gastro intestinal, e.g. in the context examinations of the GI tract
HCR High contrast resolution, an image quality parameter
HU Hounsfield units, unit for the CT value reflecting tissue attenuation properties
IVU Intravenous urography, a conventional (planar) X-ray examination
KAP Kerma area product, the product of the air collision air kerma and the X-ray beam

cross sectional area
Lat Lateral, refers to a radiographic projection (direction sideways)
LCR Low contrast resolution, an image quality parameter
LSF Line spread function, used in signal and image analysis theory
MC Monte Carlo, in the context MC simulations or MC conversion coefficients
MRI Magnetic resonance imaging
MTF Modulation transfer function, used in signal and image analysis theory
ND Net density, refers to net film density when base and fog have been subtracted
OD Optical density, refers to film density including base and fog
PA Posterior-anterior, refers to a radiographic projection (direction back - front)
PMMA Polymethylmethacrylate, a common phantom material used to simulate human tissue,

also named perspex or plexiglass by some authors
PSF Point spread function, used in signal and image analysis theory
ROC Receiver operating characteristics, in the context ROC analysis, ROC phantom etc.
SNR Signal-to-noise ratio
SSP Slice sensitivity profile, refers to the tomographic slice in CT
TLD Termoluminescent dosemeter
TPF True positive fraction
WL Window width, used in digital imaging
WW Window level, used in digital imaging

Various scientific, professional or regulatory bodies working in the area of radiation
protections are reviewed in section 1.2, and may be referred to in the text according to their
acronyms. These are not included in the above list of abbreviations.

VI



Hilde M. Olerud: Patient doses and image quality in X-ray diagnostics in Norway

Contents

Preface and acknowledgements i

Abstract iii

List of papers v

Abbreviations vi

1. INTRODUCTION 1

1.1. Radiation protection in medical radiology 1
1.2. Scientific, professional and regulatory bodies working in this area 2
1.3. Radiation effects and risk 3
1.4. Justification, optimisation and dose constraints 4

2. DOSIMETRY IN X-RAY DIAGNOSTICS 6

2.1. Determination of absorbed dose via exposure or air kerma 6
2.2. Equivalent dose and effective dose 7
2.3. Dose assessments based on phantom measurement 8
2.4. Monte Carlo calculations 8

2.4.1. Monte Carlo simulation of energy deposition in diagnostic radiology 9
2.4.2. Mathematical phantoms and available data 10

2.5. Applications within conventional radiological examinations 11
2.5.1. Conversion of entrance surface dose to effective dose 11
2.5.2. Conversion ofkerma area product to mean absorbed dose or effective dose 12

2.6. Applications within mammography 13
2.7. Applications within computed tomography 14
2.8. Collective dose from radiological examinations 16

3. IMAGE QUALITY IN X-RAY DIAGNOSTICS 17

3.1. Image formation 17
3.1.1. Planar projection imaging 17
3.1.2. Computed tomography imaging 18

3.2. Physical performance measurements 20
3.2.1. Large-area transfer characteristics 20
3.2.2. Spatial (or detail) transfer characteristics 22
3.2.3. System noise analysis 24

3.3. Psychophysical approaches 25
3.3.1. Subjective assessments of image quality 25
3.3.2. Objective assessments of image quality 28

3.4. Receiver operating characteristic (ROC) analysis 28

4. AIMS OF THE PRESENT STUDY 30

5. SUMMARY OF RESULTS 31

5.1. General development and trends 31
5.2. Conventional X-rays (Paper I) 31
53 . Mammography (Paper II) 32
5.4. Computed tomography (Paper HI and IV) 32



Hilde M. Olerud: Patient doses and image quality in X-ray diagnostics in Norway

6. GENERAL DISCUSSION 33

6.1. Application of the principle of justification 33
6.2. Optimisation of X-ray procedures 35
6.3. How to establish dose constraints 36
6.4. Image quality versus dose 38

7. CONCLUSIONS AND FUTURE PERSPECTIVES 40

7.1. Scientific work
7.2. Health political aspects and legislation

8. REFERENCES

40
41

43

APPENDIX : CT IMAGE RECONSTRUCTION, NOISE, RESOLUTION AND DOSE 51

PAPERS I-IV 55



Introduction

1. Introduction

1.1. Radiation protection in medical radiology

X-ray diagnostics has proved to be a powerful tool in medicine, and the national investments
in X-ray equipment amount to tremendous sums. From a socio-political point of view, the use
of such equipment should be as effective as possible. Moreover, medical use of X-rays
constitutes the largest contribution of dose to the population from radiation practices, leading
to possible hazardous effects. There is still a rapid development in radiological technology,
and new high cost modalities are frequently being introduced. Some of these may lead to
higher patient doses compared with previously used techniques. The rising costs of new
equipment have increased the interest for technology assessment and cost-benefit analysis, i.e.
studies aimed at assessing the usefulness of various imaging procedures. The original purpose
of radiation protection was to avoid undesired deterministic effects of exposing humans to
radiation. However, the field has developed to become a comprehensive philosophy, also
dealing with the questions of justification and optimisation. There are, however, difficulties in
quantifying the cost and benefit in commensurate terms, since it involves decisions and effects
on several levels. A six-level model of efficacy of a diagnostic modality was proposed by
Fryback and Thornbury (1991), and has recently been adopted by the ICRU (1996). This
hierarchic model is summarised in Table 1.

Table 1 : A hierarchic model of efficacy: Typical measures of analysis (ICRU 1996)

Level Typical output measures
1. Technical efficacy Physical image performance assessments such as contrast, modulation transfer

function (MTF) and noise analysis

2. Diagnostic accuracy efficacy Clinical image performance assessments such as sensitivity, specificity, and
receiver operating characteristic (ROC) analysis

3. Diagnostic thinking efficacy Number of times image information is judged helpful in making the diagnosis,

change in differential diagnosis probability distribution etc.

4. Therapeutic efficacy Percentage of times therapy is avoided or changed due to the image information

5. Patient outcome efficacy Change in quality adjusted life years

6. Societal efficacy Summed quality adjusted life years, positive change in gross national product

There are at least three interacting components in any diagnostic imaging system : the imaging
device, the image reader, and the referring clinician. Level 1 is associated with technical
quality of the images, and at level 2 one addresses the diagnostic accuracy associated with the
interpretation of the images. Level 3 considerations focus on whether the information
produces changes in the referring physician's diagnostic thinking, while at level 4 one
considers the effects of the information on the patient management. In order to evaluate a
diagnostic modality, it must be realised that the image system is not the sole source of
information. According to Fryback (1983), the therapeutic efforts may be considered as a step
function of the diagnostic certainty, and the outcomes of diagnosis and treatment as
probabilistic quantities. Thus, based on the diagnostic findings, which are associated with
certain uncertainties, the clinician will have to choose between certain differential diagnoses,
and make certain therapeutic choices. A key feature of this hierarchic model of efficacy is the
realisation that in order for an imaging procedure to be efficacious at a higher level, it must be

1
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efficacious at lower levels. The reverse is not necessarily true, e.g. there may be a point
beyond which improvements in technical efficacy no longer improve the diagnostic accuracy,
or, the results of an X-ray examination may influence the physician's diagnostic thinking but
still have no impact on patient treatment.

In radiological protection the aim has always been to minimise the patient exposure, while
maintaining adequate diagnostic information. This is formulated as the question of
optimisation, and may be exercised at level 1 and 2 in the hierarchic model of efficacy. The
assessments of patient doses and image quality serve as input to such analyses. Level 5 of
efficacy is the first point at which the expected «costs» (radiation dose, pain, risk to life, etc.)
of an examination are weighed against its expected benefits (improving life expectancy or life
quality, avoiding other tests, etc.). Thus, such considerations provide a rational guide for the
clinician's decision on whether or not to order the examination. Values of patient doses may
be used for individual risk assessments as a part of the costs in these cost-benefit analysis. It
is, however, generally presumed that for most diagnostic procedures, the benefits to patients
will far outweigh the costs, if these costs are limited to radiation risks. For the health
administrator entrusted with the job of making resource allocations for large groups, the
question of efficacy on behalf of society goes beyond the question of individual risks and
benefits. A part of the costs in this context, may be given in terms of collective dose. In
radiological protection, cost-benefit analysis on level 5 and 6 are used to answer the question
of justification. The diagnostic modality should not be applied unless there is a net benefit to
the patient or society. At level 6, the commitment of resources to diagnostic imaging has been
questioned in connection with introduction of new technology, i.e. there are examples of such
analyses related to the introduction of computed tomography, magnetic resonance imaging
and screening for breast cancer (Fineberg 1978, Durand-Zaleski 1993, Koning 1993).

1.2. Scientific, professional and regulatory bodies working in this area

After the discovery of X-rays in 1895, its use for medical diagnostic purposes rapidly evolved,
and the growth and development of the speciality of radiology during the last century have
been tremendous (Miller et al, 1995). However, the hazards were also early recognised, and
specific recommendations for protective measures were formulated during the first decade
after Rontgen's discovery. Thus, the origin of the science of radiation protection was
connected to medical use, and the International Commission on Radiological Protection
(ICRP) was created in 1928. Since then, as the scientific knowledge about the biological
effects of radiation has increased, ICRP has published a large number of scientific reports and
recommendations that are used by regulatory authorities and by management bodies world
wide. ICRP works closely with its sister body, the International Commission on Radiation
Units and Measurements (ICRU), and co-operates officially with the World Health
Organisation (WHO), and the International Atomic Energy Agency (IAEA). It also has
important relationships with bodies of the United Nations, such as the United Nations
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), and with the
International Radiation Protection Association (IRPA). The International Standardisation
Organisation (ISO) and the International Electrotechnical Commission (EEC) have published
international standards and recommendations related to the performance of medical
equipment and the uses of such equipment. Many of these have been adopted by the European
Committee for Standardisation (CEN) and the European Committee for Electrotechnical
Standardisation (CENELEC), respectively.
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In addition, there are several national bodies that publish performance standards and
recommendations, dosimetric protocols, scientific reports, basic data etc. that are often
referred to internationally. Examples of such major national organisations are : (a) the
National Council on Radiation Protection and Measurements (NCRP) in the US, (b) the
National Academy of Science (NAS) and the Committee on the biological effects of ionizing
radiation (BEER) in the US, (c) the Hospital Physicists Organisation (HPA) in the UK, which
was the origin of the Institute of Physical Science in Medicine (D?SM), now known as the
Institution of Physics and Engineering in Medicine (E?EM), (d) the Royal College of
Radiologists (RCR) and the British Institute of Radiology (BIR), and (e) the National
Radiological Protection Board (NRPB) in the UK.

The European Commission (EC) has organised a series of workshops within diagnostic
radiology during the last ten years, e.g. those in Luxembourg (Kramer and Schuer, 1992), in
Wiirtzburg (Moores et al, 1993), and in Grado (Contento et al, 1995). These workshops have
generated essential information for the establishment of the EC quality criteria for diagnostic
images : (a) for conventional radiographs (Carmichael et al, 1996), (b) for paediatric images
(Kohn et al, 1996), and (c) for computed tomography (Bongatz et al, 1997) (still in draft
version). Furthermore, the radiation protection philosophy has recently been implemented in
the legislation, by means of the new EC «patient directive»(EC 1997), which defines
requirements on justification, optimisation, reference doses, dose assessments, patient records,
quality control, education, responsibilities, etc. This directive will obviously be implemented
in the legislation of different EU countries, but is also expected to have great impact in non
EU countries, such as Norway.

The professional and scientific international associations of radiologists, medical physicists
and radiographers deal with both professional and scientific matters, such as education,
certification, and the organisation of scientific meetings and congresses. The Radiological
Society of North America (RSNA) and the American Association of Physicists in Medicine
(AAPM) in the US are important contributors, through the annual RSNA meetings, where
recent advances in this area of science are presented, together with broad exhibitions of new
radiological equipment. A European counterpart is the European Congress of Radiology
(ECR). IRPA also organises periodical meetings, but medical radiology has become a minor
item of these events in later years.

13. Radiation effects and risk

Within the radiation protection framework, the harmful effects on humans exposed to
radiation are generally divided into deterministic and stochastic effects. Reduced or missing
function of an organ or tissue, such as skin burns, cataract or infertility, occur only above
certain threshold values of dose, and are denoted deterministic effects. The threshold values
for induction of such effects are often in the range from 0.5 Gy up to several Gy. The latter
dose is encountered in radiation therapy, and in accidents associated with industrial use of
radiation. Irradiation may also cause late effects such as cancer, which may show up between
5 to 50 years after the exposure, or hereditary defects. These are denoted stochastic effects
because the detriment to individuals in an exposed population is assumed to be stochastically
distributed. It is assumed that there is no threshold for such effects, i.e. the probability of
incidence is proportional to the dose received. In diagnostic radiology the doses to patients are
generally in the range from 0.1 mGy to some mGy. Such doses will not cause deterministic
effects, but are assumed to contribute to the probability of stochastic effects. An overview of
the background for risk assessment in radiation protection may be found in Lindell (1996).
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The biological and clinical base for assessment of the magnitude of the absolute risk per dose
has been reviewed by several international and national bodies (ICRP 1991, UNSCEAR 1993,
NAS 1990, NCRP 1980, NCRP 1995). The basic sources of information are the results of
epidemiological studies of radiation-exposed populations, such as groups of radiation
workers, patients exposed to radiation during diagnostic or therapeutic procedures, and
populations surviving major radiation accidents or irradiation from nuclear weapons as in
Hiroshima and Nagasaki. The group of atomic bomb survivors in Japan offers the best
conditions for epidemiological studies. A group of 120 000 individuals, called the life span
study population (LSS), has been studied since 1950. The group contains both sexes and all
age groups in a normal population, both exposed individuals and non-exposed controls. In the
exposed group, the individual whole body doses ranged from some mSv up to more than 4 Sv.
Approximately 430 out of totally 8000 cancer deaths in the group are attributed to radiation
(Shimuzu et al, 1990). No hereditary effects have been observed, but the collective dose was
too low for such effects to be expected (UNSCEAR 1993). More than 50% of the survivors
are still alive, thus there is still more information to gain from this study population.

Radiation effects have also been studied under experimental conditions both in vitro and in
vivo. In conclusion, the effects of medium and high doses of radiation, i.e. doses above about
100 mSv, are fairly well understood. The risks related to low doses, like those encountered in
X-ray diagnostics, are subject to considerable uncertainties and scientific discussions.
Important items of these discussions are the possibility of an activation threshold, the shape of
dose-response curves, and the effect of dose rate (NCRP 1980, NAS 1990). There are very
few observations of late effects from diagnostic radiology. Fluoroscopy without image
intensifier has been shown to correlate with breast cancer (Boice 1988, Mackenzie 1965,
Myren and Hiltz, 1969). A higher cancer susceptibility in childhood indicated special concern
for exposures in utero (Shimuzu, Kato and Schull, 1990). Most studies indicate an excess risk
of leukaemia after exposures in utero with doses within the diagnostic range (Bithell 1988).

For doses lower than 100 mSv the probability of stochastic effects per unit dose has been
inferred by the ICRP from observations at higher doses based on assumptions about the
biological mechanisms that cause the stochastic effects. It is generally assumed that the dose
response for each significant DNA modification by sparsely ionising radiation, such as X-rays,
is linear-quadratic, and always linear if the absorbed dose rate is less than 0.1 Gyh*1 or the
absorbed dose is less than 0.2 Gy (UNSCEAR 1993). The latter assumption applies to X-ray
diagnostics, because even if the doses are received over a short period of time (msec to
minutes), the doses are low in this context. As a tool in radiation protection, the linear no
threshold model may therefore be applied to estimate the risk from low doses.

According to the ICRP risk philosophy, if a small number of individuals is exposed to a high
dose, the detriment to the population would be the same as if a larger number of individuals is
exposed to a low dose, i.e. the product of dose and number of individuals is constant. This is
the basic idea behind the concept of collective dose stated by the ICRP (1991).

1.4. Justification, optimisation and dose constraints

As stated in the ICRP (1991) basic recommendations : «No practice involving exposure to
radiation should be adopted unless it produces sufficient benefit to the exposed individuals or
to the society to offset the radiation detriment it causes». This is called the justification
principle, and the requirement for justification of medical exposures is exercised at two levels.
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One is concerned with the case-by-case justification of medical exposures for individual
patients, and the other is the level where practices are defined in broad terms as particular
types of diagnostic examinations. Medical practices defined in such broad terms include those
conducted for the following different objectives:

(1) examinations directly associated with disease or injury
(2) periodic health checks or mass screening of asymptomatic patients and employees
(3) examinations for medico-legal or insurance purposes
(4) examinations forming part of a medical research programme

In the radiological examination of symptomatic patients, most of the benefit and detriment
accrue to the exposed individual. The justification of a type of diagnostic examination should
be based on a correct understanding of the clinical indications for the examination, the
expected diagnostic outcome, and the way in which the results are likely to influence the
diagnosis and subsequent medical care and treatment of the patient. Alternative diagnostic
procedures should be considered using the same criteria, and one should choose that
procedure which yields the highest clinical benefit within the prevailing restraints of
availability and costs. Guidance in these matters has been provided by the WHO (1990), and
the Royal College of Radiologists (UK) in a booklet entitled «Making the best use of a
department of radiology»(RCR 1995).

The ICRP principle of optimisation of protection, applied to patients in diagnostic radiology,
may be stated as follows : «In relation to any particular source within a medical practice, the
magnitude of individual doses should be kept as low as reasonably achievable, economic and
social factors being taken into account. The procedures should be constrained by restrictions
on the doses to individuals (dose constraints).* This principle, sometimes referred to by the
acronym ALARA, can be implemented in the design, choice and maintenance of equipment,
and in the use of correct procedures, all aimed at delivering the required diagnostic
information for the lowest dose. Whereas the question of justification is primarily a matter for
the medical profession, the question of optimisation involves everyone working in an X-ray
department (radiologists, medical physicists, radiographers, engineers, and the manufacturers
of equipment), and the practice should be exercised as a joint action between these groups.

Because most procedures causing medical exposures to X-rays are clearly justified, less
attention has been given to the optimisation of protection in medical practice than in most
other applications of radiation. As a result, there is considerable potential for dose reductions
in diagnostic radiology. ICRP(1991) therefore recommends that consideration should be given
to the use of dose constraints, or reference levels of dose to the patients, selected by the
appropriate professional or regulatory agency, for application in some common diagnostic
procedures. If the dose measured in a local X-ray department for a certain examination
procedure increases the established reference value, the reasons for the higher doses should be
investigated. Such reference levels will obviously have to be reconsidered from time to time,
since the development of equipment may influence the examination procedures. Furthermore,
they should be applied with flexibility to allow higher doses where indicated by sound clinical
judgement.



Dosimetry in X-ray diagnostics

2. Dosimetry in X-ray diagnostics

2.1. Determination of absorbed dose via exposure or air kerma

The radiation quantities and units are defined by the ICRU (1980). The basic theory applied in
the assessment of patient doses in X-ray diagnostics (Paper I-IU), will be reviewed in the
following. The fundamentals of dosimetry, i.e. the interaction of ionising radiation with matter
and the theory of dosemeters, are described elsewhere (e.g. Attix 1986). The derived quantities in
radiological protection, used to describe the biological effects of ionising radiation, are based on
the absorbed dose, £>, which is defined by the relationship :

D-— ( 1 )

dm
where de is the mean energy imparted by ionising radiation to the matter in a volume element,
and dm is the mass of the matter in this volume element. The absorbed dose is measured in units
of gray (Gy = J/kg).

There is, however, no established method for measuring directly the absorbed dose related to X-
ray diagnostic. The dose will have to be derived from measurements performed either by means
of thermoluminescent dosemeters (TLD), or ionisation chambers. Ionisation chambers are
available in a variety of designs for different applications, and all measurements in the
Norwegian surveys (Paper I-1H) were based on such chambers. The energies of the photons
utilised in X-ray diagnostic are in the range 5-150 keV, i.e. the air cavity in the ionisation
chamber can be considered to be large compared with the range of the secondary electrons. The
chamber walls are made of air equivalent materials and since, according to Fano's theorem (Attix
1986), the fluence of secondary electrons is independent of the density of the medium, charged
particle equilibrium (CPE) is established in the cavity. The charge produced within the cavity is
measured by means of an electrode, and if the mass of air in the chamber is known, the quotient
will give the exposure, X, which is defined by :

_dQ_ (2)
dm

where dQ is the produced charge from released secondary electrons in a volume element, and dm
is the mass of the matter in this volume element. The absorbed dose to air, D^r. may then be
determined from the relation :

D = X-^- ( 3 )

where X is the exposure, and W^e is the energy required to release one unit of charge in dry air,
Wair/e=33.97 J/C (Boutillion and Perroche, 1985). The conversion factor from the previous
Rontgen unit of exposure to SI dose units, may be derived from this formula : 1 R=8.76 mGy.

The kinetic energy released in matter (kerma) is related to the energy fluence of photons through
the medium, f , by the mass energy transfer coefficient, / V p . Generally, a fraction of the
electron energy is lost in bremsstrahlung production, and the collision kerma, Kc, is defined as
the net energy transferred to electrons per unit mass and relates to the mass energy absorption
coefficient, / W p . However, in the energy range of X-ray diagnostics, this fraction of
bremsstrahlung is negligible, and therefore the kerma in air is equal to the air collision kerma,
which for electron equilibrium (in homogenous medium, not close to interfaces) is equal to the
absorbed dose in air.
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The relationships between the kerma in air, exposure and dose in air, are then given by :

7 =X-^=D

The fluence of X-rays through the ionisation chamber carries photons of different energies, and
the mass energy absorption coefficient is strongly dependent on energy (Hubbell 1982). In order
to establish the relation between the reading of a charge and the exposure, air kerma or dose, the
ionisation chambers have to be compared to appropriate reference standards. These calibrations
are performed for defined radiation qualities, i.e. at different tube voltages and filtrations that
produce well defined X-ray spectra (ISO 1996). Such calibrations are performed in traceable
standard laboratories, e.g. at the NRPA. Ionisation chambers have a certain energy dependence,
mainly due to attenuation of low energy photons in the wall material. It is therefore important to
select a chamber appropriate for the application (Kramer and Schnuer, 1992, page 75-91). Most
modern diagnostic dosemeters are calibrated by the manufacturer, and display the readings
directly in dose units. They are adjusted to get a correct result for a specified radiation quality,
and may be delivered with a list of energy correction factors for other radiation qualities.

When the dose in air has been determined, the absorbed dose in other media may be derived from
the ratio between the mass-energy-absorption-coefficients (also derived from Fano's theorem):

2.2. Equivalent dose and effective dose

The quantities and units in radiation protection dosimetry are defined by the ICRU (1993) and by
ICRP (1991, Annex A). The objective was to introduce quantities that are related to the
probability of stochastic effects, so that the risks associated with different types of radiation, or
with different exposure conditions, can be compared.

The average absorbed dose to a tissue or organ, DT, is defined as :

7 ~ rrur (6)

where ET is the total energy imparted to a tissue or organ and mj is the mass of that organ.

Different types of radiation (photons, electrons, neutrons, alpha-particles) have different relative
biologic effectiveness, mainly due to different linear energy transfer (LET). In order to take these
differences into account, the concept of equivalent dose, Hj, is defined by :

where wR is the radiation weighting factor depending on the type of radiation, R , and DT,R is the
absorbed dose to an organ or tissue, T, from a type of radiation, R. The radiation weighting factor
for X-rays and gamma is equal to unity, i.e. HT=DT in X-ray diagnostics. The equivalent dose is
given in units of sievert (Sv).

In X-ray diagnostics, only parts of the human body are exposed during an examination, and due
to the relatively low energy of photons, the energy deposition is very inhomogeneous.
Furthermore, different kinds of tissues and organs have different sensitivities for radiation.
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Tissue or organ

Gonads
Bone marrow (red)
Colon
Lung
Stomach
Bladder
Breast
Liver
Oesophagus
Thyroid
Skin
Bone surface
Remainder

wT

0.20
0.12
0.12
0.12
0.12
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.05

In order to take these circumstances into account, the effective dose, E, is given by ICRP (1991):

2>
T

where wj are the tissue weighting factors, given in Table 2, and H? is the equivalent dose to
organ or tissue T.

Values of tissue weighting factors have been
Table 2 : Tissue weighting factors, vMICRP 1991) established on the basis of all available

literature on stochastic risk from radiation,
and apply to a reference population of equal
numbers of both sexes and a wide range of
ages. In the definition of effective dose they
apply to workers, to the whole population,
and to either sex. The values of wT are
chosen to have a sum equal to unity, so that
a uniform equivalent dose over the whole
body gives an effective dose numerically
equal to that uniform equivalent dose. This
means that the concept of effective dose can
be used to compare non-uniform exposure
situations to uniform exposure situations
with respect to stochastic risks.

2.3. Dose assessments based on phantom measurement

It is important to realise that measurements with ionisation chambers can only give the value of
absorbed dose at the point where the ionisation chamber is positioned, e.g. free in air, at the
entrance of a patient, in cavities within the patient, or in a phantom. This also applies to
measurements with TLDs. Due to the relative low photon energy of the X-rays, most of the
photons are absorbed before they contribute to image formation. The half value layer (HVL) in
soft tissue is in the order of 5 cm, depending on energy. This means that it is difficult to determine
the average absorbed dose in large organs. The absorbed dose in given depths in a patient may be
approximated from the entrance surface dose and use of depth dose data (Harrison 1981, BIR
1996). However, there are also several situations where only parts of the organ are exposed to the
primary field of X-rays, particularly in computed tomography. Assessment of organ doses may
then be done by positioning several TLDs in an anthropomorphic phantom, e.g. an Alderson
phantom (Shrimpton et al, 1981, Sager et al, 1989). This approach is rather laborious, but may in
some situations be the only possibility to get reliable dose assessments, e.g. for assessments of
doses to the foetus in late pregnancy (Badr 1997).

2.4. Monte Carlo calculations

Today the predominant method for assessment of organ absorbed doses is the application of
conversion coefficients established by use of Monte Carlo1 simulations. This technique is used in
most fields of medical radiation physics, including radiotherapy, nuclear medicine, and diagnostic
radiology (Andreo 1991), and also to investigate factors that influence image quality, especially
scattered radiation, grid characteristics and detector efficiency (Sandborg 1993).

Monte Carlo methods comprise that branch of experimental mathematics that is concerned with experiments on
random numbers (Hammersley and Handscomb, 1964). The concept stems from 1944.
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2.4.1. Monte Carlo simulation of energy deposition in diagnostic radiology

The Monte Carlo method, in this context, is a computational model in which physical quantities
are calculated by simulating the transport of X-ray photons. In the computer program, single
photons from the X-ray tube are followed through the imaging chain by allowing them to interact
(be scattered or absorbed) within the patient. Depending on their energy and on the material they
are in, the photons interact differently, and each mode of interaction has a certain probability of
occurring, which can be selected by appropriate use of random numbers. Individual photons follow
different paths modelled as random walks. By averaging over large number of random walks
(~105), good estimates of the quantities of interest can be made, e.g. the energy imparted in
patients. Basic elements of Monte Carlo simulation include the choice of random number
generator, the methods of sampling from probability distributions, and coordinate transformations.
The basic input interaction data, the necessary algorithms for photon transport, and the parts of the
irradiation geometry that have to be mathematically specified, are briefly summarised in Table 3.

Table 3 : Basic elements of a Monte Carlo program for simulation of photon transport

Input total and differential cross sectional data :
- Attenuation, \xJp(Z, hv), and absorption, \lajp(Z, hv)
- Photoelectric absorption, x( Z, hv)
- Coherent scatter, OohCZ, hv) and the

atomic form factor, ?\Z, x) where x=sin(6/2)/X
- Incoherent scatter, 0KN(Z, hv) and the

incoherent scatter function, S(Z, x) where x=sin(6/2)/A.
- Pair production, K(Z, hv)
- Fluorescence yield, ffl(Z, hv) and the

characteristics of Kc and Kp photons

Algorithms for transport:
- Sampling of photon energy from the primary X-ray spectrum, and direction

of propagation
- Sampling of pathlength, f(p)=|x-e'tl"
- Sampling of interaction type
- If photoelectric absorption, determine if a fluorescence photon is generated
- If coherent or incoherent scatter, sample the scattering angle
- If incoherent scatter, find the energy of the scattered photon
- Make the coordinate transformation between each scatter event
- Keep record on all energy depositions

Irradiation geometry :
- Source (distance from X-ray focus to patient entrance, types of filtration,

beam modifying filters, beam cross sectional area)
- Patient dimensions and anatomy (patient thickness and form, organ sizes and

boundaries)
- Materials (air, water, muscle, glandular tissue, bone, etc.)
- Detector (design and materials)

References :
Hubbell (1982)
Berger and Hubbell (1987)
Hubbell et al (1975)

Hubbell and 0verb0 (1979)

Firestone and Shirley (1996)
Storm and Israel (1970)

Birch etal (1979)

Carter and Cash well (1975)

ICRU(1989)

The simulation of photon transport in diagnostic radiology is simplified because photons undergo
a limited number of interaction processes before being absorbed. This means that each photon can
be followed through all interactions. In the energy range 5 keV to 150 keV, charged particle
equilibrium exists, there is no bramsstrahlung photons, and the electrons can be assumed to impart
their energy at the point where they are generated. The interaction processes to be considered are
photoelectric interaction, and coherent and incoherent scatter (Rayleigh and Compton interaction).
An example of a photon history is illustrated in Figure 1.
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(hv:.Q:,r:)

Figure 1 :
A photon history in a elliptical homogeneous
medium with two interaction points (scatter events):
After the photon has crossed the boundary into the
medium, it travels a path p] before the first
interaction. The photon state prior to an interaction
is described by its energy, hv, direction of
propagation, n = (e,0), and the coordinates,
r = {x,y,z)- The path length, p, and scattering
angle, AQ, are drawn from the respective
probability distributions.

General Monte Carlo codes are available, such as
EGS4 (Nelson et al, 1985), ITS (Halbleib et al,
1992) and MCNP (Briesmeister 1986). Various
research institutions have also developed dedicated
Monte Carlo codes for dose assessments in
diagnostic radiology. In this context, the main
objective concerning Monte Carlo simulations has
been to establish conversion coefficients from dose
quantities that can be determined by means of
measurements, to organ absorbed doses and
effective dose. Two main sources of uncertainty
have been identified in this approach : (a) The
mathematical phantom that simulates a standard
size patient, must obviously have a simplified
anatomy, (b) It may be difficult to obtain the correct
spectrum of X-ray photons from the source because
the information about the composition and design
of physical filters, diaphragm etc. are not released
by the manufacturer. The development of
mathematical phantoms, and the methods for dose
assessments based on the various codes will be
reviewed in the following.

2.4.2. Mathematical phantoms and available data

Early attempts to model the shape of a human being and its internal organs in order to calculate
absorbed radiation doses were made by Snyder et al (1969) and Koblinger (1972). These were
based on the anthropomorphic MIRD-type phantom, which was originally developed for the
dosimetry of internal radionuclide sources. Rosenstein (1976) and Rosenstein et al (1979) made
calculations of organ doses for five organs at risk for adult and paediatric X-ray examinations,
respectively. Kramer et al (1982) developed two phantoms (female(EVA) and male(ADAM)) and
Drexler et al (1984) used them to calculate organ doses in conventional X-ray examinations,
separately for the two sexes. Jones and Wall (1985) included more organs in the phantom and
extended the organ dose calculations to cover 12 common X-ray examinations. Risk assessments
at that time were based on the effective dose equivalent defined by the ICRP (1977). The
calculation of the effective dose, according to the recent ICRP (1991) recommendations, requires
assessments of organ absorbed doses for twelve particular organs or tissues. For example, the
oesophagus was not a part of the early versions of mathematical phantoms, and had to be added for
assessments of the effective dose. Hart et al (1994) have included all organs specified in the ICRP
(1991) report, and NRPB has provided conversion coefficients from entrance surface dose (ESD)
or kerma-area product (KAP) to organ absorbed doses. A program called EFFDOSE for
calculations of organ absorbed doses and effective doses is available (Heron Le JC, National
Radiation Laboratory, Christchurch, New Zealand). Jones and Shrimpton (1991) expanded such
calculations to computed tomography (CT) examinations. A similar program called CTDOSE may
be obtained for dose calculations (Heron Le JC, National Radiation Laboratory, Christchurch, New
Zealand).

10
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The anatomies of new-born, and children of age 1 year, 5 year, 10 year and 15 year, have been
modelled at the Oak Ridge National Laboratory (Cristy and Eckerman, 1987). Based on such
phantoms, the group at the NRPB (Hart et al, 1996) has calculated the coefficients needed for
estimation of effective doses in paediatric X-ray examinations. A program called CHILDOS is
available for dose assessments (Heron Le JC, National Radiation Laboratory, Christchurch). All
the above described phantoms are modelled by simple geometrical shapes, for example boxes of
water, soft tissue or other low atomic materials. A new type of more realistic phantoms (voxel
phantoms) was developed by Zankl et al (1988), and was used for the calculations of organ doses
from computed tomographic examinations in paediatric radiology (Zankl et al, 1993). The internal
organ structure of such phantoms was derived from whole body CT scans.

The conversion coefficients based on standard sized phantoms are primarily intended for surveys
and assessments of collective dose, as described in Paper I and m. If they are used to assess doses
and risks for individual patients, significant uncertainties may be introduced, since the actual
patient may deviate from the model (sex, weight and anatomy), or the radiological procedure may
differ from the conditions used during the Monte Carlo calculations. Rannikko et al (1997) have
developed a patient size- and sex-adjustable phantom based on ICRP reference man (ICRP 1975)
for real time dose calculations in conventional radiology. The X-ray quality and localisation
parameters, and the height, weight and the sex of the patient, were used as input parameters. The
effective doses were calculated with this software for 68 radiological projections, and compared
with the results based on Hart et al (1994). Large deviations were revealed when the weight of the
phantom was different from that of the reference man, and significant variations were found
between the two sexes. Such real time Monte Carlo programs may be commercially available in
the future, so that a documentation of the effective dose may be included in the individual patient
record.

2.5. Applications within conventional radiological examinations

There are two principally different approaches used for assessments of patient doses in
conventional radiological examinations. One is based on the entrance surface dose (ESD), the
other is based on the kerma-area product (KAP), and these two methods will be described
separately. Simple radiographic examination procedures involve a limited number of projections
and field sizes, but for fluoroscopy and angiography procedures, the projections, field sizes and
shapes, as well as the exposure parameters change frequently. The choice of dosimetric approach
may therefore depend on the examination procedure.

2.5.1. Conversion of entrance surface dose to effective dose

The entrance surface dose (ESD) may be defined free in air in the absence of the patient, or at the
skin entrance. In the latter case, the exposure reading will increase about 10-40% due to
backscatter from the patient, depending on the field size and the X-ray energy (Grosswendt 1990).
Furthermore, the ESD may be defined as dose to air, or to a certain tissue equivalent material, such
as ICRU muscle (ICRU 1989). In the latter case, a correction according to equation (5) will be
necessary. Calculations of effective dose according to equation (8) requires knowledge of the
average absorbed doses to all the particular organs or tissues specified in Table 2 (ICRP 1991).
These may be obtained by use of appropriate conversion coefficients between ESD and organ
doses (e.g. Hart et al, 1994). For simple radiographic examinations, measurements may
conveniently be obtained by positioning TL dosemeters at the skin entrance for the various
projections, but for more complex examinations this approach would be quite laborious.
Nevertheless, for certain interventional procedures the knowledge of ESD may be essential as a
precaution against deterministic effects (skin burns).

11
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2.5.2. Conversion of kerma area product to mean absorbed dose or effective dose

The kerma area product (KAP) is given by :

Figure 2 :
A plane parallel ionisation chamber is mounted on the
tube diaphragm housing, and does not interfere with
the examination procedure or the patient.

where Kc,air is the air collision kerma as
defined in equation (4) and A is the X-ray
beam cross sectional area. The KAP is given
in the units of Gy-m2, and is measured with a
plane-parallel ionisation chamber
intercepting the entire X-ray beam, as
illustrated in Figure 2.

The KAP is independent of the distance, r,
from focus, due to the 1// dependence of
photon fluence and the r2 dependence of area.

An important property of the kerma area
product is the close relationship with the
energy imparted to the patient, the latter
being connected to the patient dose and risk.

Considering monoenergetic photons, the relation between the energy fluence ^¥E (the subscript E
indicates the incident photon energy) and the air collision kerma is given from equation (4) as :

1
(10)

For polyenergetic photon beams, the relation may then be calculated as :

JE(dN/dE)dE

f EjdNldE)
(11)

dE

where (dN/dE) is the relative number of photons with energy E per energy interval in the photon
spectrum generated by the X-ray tube. The values of WSTC,O,>, in units of kg-m"2, can be
calculated for theoretical X-ray photon spectra tabulated by Birch et al (1979), using mass energy
absorption coefficients from Hubbell (1982).

Certain fractions of the incident radiant energy will be absorbed in the patient, i.e. become the
energy imparted, e. Persliden and Aim Caisson (1984) have calculated the imparted fraction (IF)
by means of Monte Carlo methods for various photon energies, using water slabs as phantom

12
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material. Conversion coefficients for determination of the energy imparted based on
measurements of the kerma area product have been published (Aim Carlsson et al, 1984). The
relationship is given by the expression (for simplicity monoenergetic, perpendicular incident
photons are considered):

e IF

Shrimpton et al (1984) derived conversion coefficients between energy imparted to adult trunk
and the exposure area product, based on a similar approach, using the mathematical phantom that
was applied at the NRPB at that time. The results were even verified by means of measurements
in an Alderson phantom. These efforts were motivated by the demonstrated correlation between
energy imparted and the total somatic risk estimated using ICRP (1977). Furthermore, the
average patient dose, D , may be calculated as the ratio between energy imparted and the total
patient mass. Aim Carlsson and Carlsson (1986) showed that for many examination procedures
the average patient dose was in the same order of magnitude as the effective dose equivalent
(ICRP 1977). This similarity was used in the previous assessment of collective dose in Norway
(Saxeb0l 1990). However, as reported in Paper I, the differences between the average patient
dose and the current definition of effective dose (ICRP 1991) might be considerable for various
examination procedures.

Measurement of KAP is established as a convenient method for real time dose monitoring of
conventional radiological examinations. By means of conversion coefficients, assessment of
organ doses and effective doses may be derived, both for adults and children (Hart et al, 1994,
Persliden and Sandborg, 1993, Hart et al, 1996). The assessments of dose for conventional
examinations in Norway (Paper I) were based on this approach.

2.6. Applications within mammography

Breast cancer almost always originates in glandular breast tissue, and it is recommended practice
to quote the average glandular dose (AGD) as a measure of radiation risk associated with
mammography (ICRP 1987). Due to the low density of breasts tissue, and the particular
requirements on image quality, dedicated equipment for mammography has been developed. The
X-ray spectrum may be manipulated by the choice of tube voltage, target and filter materials, in
order to achieve photon spectra optimal for imaging breasts of various thicknesses. The use of low
tube voltage (< 30 kV) and the particular combination of target material (Wolfram, Molybdenum
or Rhodium) and filter material (Rhodium, Molybdenum or Palladium), constitute a challenge to
the dosimetry. Central axis depth doses will over-estimate the mean glandular dose due to the
lateral escape of radiant energy. Measurements with TL dosemeters are difficult since most
practical dosemeters are so thick that the absorbed dose varies within them, and their atomic
composition differs from that of breast tissue (Aim Carlsson and Dance, 1992). The dosimetric
approach of choice is therefore measurements of the incident air kerma with a dedicated
mammography chamber, and use of appropriate conversion coefficients established by means of
Monte Carlo calculations. This approach requires knowledge of the various photon spectra
involved, cross sectional data for these photon energies, and realistic modelling of the breast.

Values (tables) of air kerma to glandular tissue dose conversion coefficients as a function of half
value layer (HVL) have been published by various authors for simple breast phantoms, e.g.
Stanton et al (1984), Rosenstein et al (1985), Dance (1990), Wu et al (1991), and Aim Carlsson
and Dance (1992). However, according to Zoetelief and Jansen (1995), calculations by these

13



Dosimetry in X-ray diagnostics

authors differ in radiation transport codes, photon interaction data, photon spectra, composition
and thickness of superficial layer (representing skin and subcutaneous adipose tissue) and
presence of compression plate. Hammerstein et al (1979) defined the breast composition as an
inner region of equal parts by weight of adipose and glandular tissue, surrounded by a shield
region of 5 mm adipose tissue, and this model has been used by many authors. Compared with
the tissue composition published by the ICRU (1989), the use of this tissue composition involves
differences in the conversion coefficients up to about 14% (Zoetelief and Jansen, 1995). The
conversion coefficients from Rosenstein et al (1985) have been used in Paper II.

In order not to interfere with the automatic exposure control (AEC) of the mammographic unit,
the average glandular dose (AGD) may be assessed by means of a three step procedure : (a) A
uniform phantom of a specified thickness is exposed to determine the tube load (mAs) required
to produce a given density of the film, (b) The entrance surface air kerma (ES AK) per mAs
product is measured in a specified point in the beam, at the distance above the breast support
corresponding to the phantom thickness, (c) The ESAK corresponding to the specified film
density is determined, and multiplied with an appropriate ESAK to AGD conversion coefficient,
depending on the half value layer, breast composition and breast compression. In Paper II, the
AGD was determined for firmly compressed breasts with the content of 50% glandular tissue and
50 % adipose tissue, and was related to a 4.5 cm PMMA phantom and a net film density of 1.0.
The value of AGD is connected to the selected uniform phantom thickness and film density, and
may be interpreted as a measure of equipment performance. The individual patient doses may
deviate considerable from this measure, due to various thicknesses and tissue composition.

2.7. Applications within computed tomography

The extremely collimated X-ray beams applied in computed tomography (CT) produce distinct
nonuniforrnity of the absorbed dose distributions perpendicularly to the tomographic slices. A
number of measurement methods have been reported that use a variety of ways to describe or
characterise the radiation delivered by CT, and these are quite different from methods and
procedures normally employed in conventional X-ray diagnostics (Hansen et al, 1997). A
fundamental dosimetric quantity is the computed tomography dose index, CTDI, defined by :

= -\D{z)dz

where T is the thickness of the tomographic slice, and D(z) is the distribution of absorbed dose
along a line parallel to the axis of rotation, designated the z axis.

The CTDI may be assessed free in air or in phantoms, and the measurements may be done with
TLDs or ionisation chambers. The Food and Drug Administration (FDA) in the US recommends
that the measurements are done in the centre and periphery of cylindrical PMMA phantoms of
16 cm and 32 cm diameter, respectively (FDA 1992). Because of the scattered radiation in the
phantom, the total integration length (eq.13) must be defined. According to FDA, the dose is to
be integrated over 14 slice thicknesses, which implies that the total integration length depends on
the slice thickness. This approach was adopted in IEC (1994), but is not very practical, and IEC
and EC are now considering to apply a fixed integration length of 100 mm for all measurements
(IEC 1997, Bongatz et al, 1997). The measurements are done with a pencil shaped ionisation
chamber of 10 cm length. The method is illustrated in Figure 3, and the CTDhocm is defined as :

50mm

CTDIlOcm=- JD(z)dz
-50mm
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a)

b)

length of ionchamber

Figure 3 :
a) The true profile of absorbed dose D, when

T is the slice thickness
b) The CTDI as measured with an ionisation

chamber of fixed length, 10 cm

The concept of CTDIItlcm is based on the
shaded regions in a) and b) having equal area

For measurements in phantoms, the difference between
CTDIFDA and CTDhocm may be significant, and
conversion factors between the two quantities will be
supplied in the future EC quality criteria for CT
(Bongatz et al, 1997). The scanner specifications will
normally include values for the CTDIFAD normalised to
the current time product (mGy/100 mAs). These may be
converted to CTDIiocm values by means of the EC
conversion factors. For measurements of the CTDI free
in air, scattered radiation is of minor importance.

NRPB has provided conversion coefficients between the
CTDI free in air at the axis of rotation and organ doses
«per slice» based on Monte Carlo techniques (Jones and
Shrimpton, 1991). By the use of appropriate software,
the organ doses and effective dose for complete CT
procedures may be assessed from the input values of
scanner model, CTDI (mGy/mAs), and the exposure
parameters (mAs, slice thickness, total scan length). This
method was applied for assessments of CT doses in
Norway, as explained in Paper m. It is important to
realise that the values of effective dose calculated by this
approach are connected to NRPB's mathematical
phantom, i.e. the values are representative for a standard
sized patient, therefore they may be used as mean values
for all adult patients.

Unfortunately, conversion coefficients have only been established for the scanners that were
investigated in the UK CT survey (23 sets of Monte Carlo conversion coefficients). For other CT
scanners, the reliability in the assessment of effective dose depends on the selection of an
appropriate set of data among the available sets. The coefficients vary between different scanner
models by up to a factor of 2, mainly caused by differences in prepatient filtration, i.e. the use of
shaped filters affecting the energy fluence and distribution of incident photons. The CT scanner
manufacturers have not been willing to supply detailed information about such filters lately.
Further Monte Carlo simulations according to the NRPB approach are therefore unlikely to
appear.

Jansen et al (1996) concluded that CTDI to effective dose conversion coefficients can be derived
from measured beam profiles. A comprehensive measurement programme on current and new
scanners, may therefore be necessary to establish more conversion coefficients for recent
scanners. In order to select an appropriate data set from those already existing, a UK project has
been initiated with the aim to characterise the dosimetric properties of current scanners (Edyvean
1997). Subsequent to these projects, recommendations on this matter are anticipated.

The introduction by the ICRP (1991) of the concept of dose constraints in diagnostic radiology
have made the use of reference dose levels for specific examinations a valuable tool for dose
optimisation in conventional radiology. Computed tomography is recognised as a high dose
modality, and the need for dose constraints in CT is obvious. As discussed above, it requires
much work to assess the effective dose, and the quantity is not suitable for monitoring in
individual laboratories.
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Therefore, some new dose descriptors have been established (Leitz et al, 1995, Poletti 1996,
Hansen et al, 1997, Bongatz et al, 1997). The weighted and normalised nCTDIw is defined as :

nCTDIw = ^ { |

where CTDhocm is measured in the centre and periphery (1 cm under the surface) of a 16 cm
(head) and 32 cm (trunk) phantom, respectively, and the weighted quantity is normalised by
division with the current time product per slice, C (mAs). The actual CTDIW is obtained by
multiplying with the mAs value used in the clinic. The dose-length product DLP, in units of
mGy-cm, for a complete CT examination is defined for conventional axial CT and for helical CT,
respectively, as:

DLP^^HCTDI^TNC DLPHelica,=^nCTDIwTAt (16)
i i

where T is the slice thickness, N the number of slices, A the tube current, and t the total
acquisition time.

The European draft on quality criteria for CT (Bongatz et al, 1997) includes proposed constraints
on both CTDIW and DLP for various CT procedures. The relation between DLP and effective
dose is shown to be about the same for a variety of scanners, and conversion factors between the
two quantities will be supplied (Bongatz et al, 1997). This means that effective dose in the future
may be broadly estimated from the DLP values using these factors.

2.8. Collective dose from radiological examinations

The total annual collective effective dose to patients caused by radiological examinations, CED,
in units of manSv, is calculated according the formula:

where £, is the mean effective dose to patients from a particular examination type, and Nt is the
corresponding number of examinations of that type performed in a year.

For the assessment of CED, reliable country mean values of effective doses for all examination
types are required, together with updated statistics on the examination frequency. Due to possible
variations in examination practice in hospitals, the dose should preferably be determined in
various types of hospitals ranging all over the country. Furthermore, due to the variations in
patient mass and anatomy, the mean values must be established from an adequate number of
individual measurements, unless the determination is based on «standard sized patients» as have
been the case in CT and mammography. Due to the considerable number of examination types,
some preferences with respect to measurement strategy might be implemented. For a reliable
assessment of the CED, frequent examinations and/or examinations that involve high patient
doses should be given priority. The country mean effective dose for other examination types that
contribute less to the total CED may be approximated from a smaller number of measurements.
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3. Image quality in X-ray diagnostics

Traditionally, three basic concepts are used to describe an image: (a) contrast, (b) spatial
resolution, which in textbooks also is called sharpness, and (c) noise. Various approaches have
been used by different authors to present these three concepts, their inter-relationship, and the
methods of assessment. Considering the imaging chain, ICRU (1996) has divided the theoretical
discussion into detection and display, and this approach will be used in the following. The first
task is to measure the performance in terms of how an ideal observer would evaluate the acquired
data, before it is presented as an image to a human observer. At this stage a set of physical
performance quantities can be defined. The latter stage involves an assessment of how a real
observer uses the displayed data in decision making, i.e. the psycho-physical approaches are
introduced. In the context of this thesis, the images stem from conventional planar systems and
from computed tomography. The review will therefore be introduced by a brief presentation of
image formation for these two systems.

3.1. Image formation

3.1.1. Planar projection imaging

In a typical X-ray imaging system, photons
generated by the X-ray tube (-1014) may be
absorbed or scattered in the patient, or
transmitted without interaction. For medical
applications in the diagnostic energy range,
the X-ray beam is usually attenuated by a
factor of 20-1000. In conventional
technique, an image is formed from the
transmitted primary photons by their
interaction with a fluorescent screen and an
X-ray film, or with an image intensifier,
while in digital imaging, luminescent plates
or solid state detectors are used. The image
represents a two- dimensional projection of
the attenuation properties along the paths of
the incident X-rays through the tissues in the
three-dimensional volume. An anti-scatter
grid may be positioned between the patient
and the detector, since scattered photons
degrade the image contrast and the signal-to-
noise ratio.

A conventional film/screen system is shown
in Figure 4. Each component of the imaging
chain has its particular transfer
characteristic, which finally results in the
density distribution on the film.

X-ray photons

Grid
Film/screen

Density
distribution

Figure 4 :
A typical planar X-ray imaging system. The fluence
of primary photons emerging from the patient
interacts with the film/screen and gives the density
distribution on the film.
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3.1.2. Computed tomography imaging

In computed tomography (CT), tube voltages in the range 120kV to 140 kV are applied, and the
filtration is stronger than in conventional radiography. The X-ray tube projects a beam through
the body, and the radiation detectors opposite the X-ray tube measure the intensity of the
transmitted photons. Ignoring the energy- and time-dependence, the ray-sum of the linear
attenuation coefficient \i(x, y), along a certain path I through an object in the x/y-plane is given
by:

= I0-exA-jfi(x,y)dl (18)

where /<? is the primary X-ray intensity entering the patient or object, and / is the transmitted
(measured) intensity.

The principle of CT scanning is illustrated in
Figure 5. The X-ray beam is highly
collimated to form a fan that only passes
through the cross section to be imaged. CT
scanning involves rotating the X-ray tube
around the patient. In third generation CT
scanners the detectors rotate with the tube,
while fourth generation scanners have a ring-
detector design. Both types today use slip-
ring technology to enable continuous data
acquisition over many rotations of 360°,
which constitutes the basis of helical or
volumetric scanning. Considering one
transversal slice, a typical data set is in the
order of 1000 projections, each containing
1000 measured values of X-ray intensity,
which constitutes the raw data matrix (the
projections). From these raw data, the
distribution fj(x, y) within the measurement
plane can be reconstructed by a computer
algorithm.

/ /

i h I I I I I ! 11 I I I .
Penetration Measurements

I I ; I I I I • I I I I I i I I [-Computer Memory

Figure 5 :
An axial CT scan is generated by moving the X-ray source
in a plane so that the beam enters the body at a variety of
angels over a range of at least 180° (preferably 360° ) . In
this way, attenuation data for many ray-paths at different
angles and at different spatial offsets are obtained.
(Seeram 1994).

According to Seeram (1994), the detectors used in CT are classified as gas ionisation detectors or
scintillation detectors. The latter consist of scintillation crystals which either may be coupled to
photomultiplier tubes, or to solid-state photodiode multiplier detectors. The advantages and
disadvantages of these detector systems, and of the different scintillation materials which have
been developed, can be discussed in terms of different detector characteristics, such as : (a) the
efficiency (ability to capture, absorb, and convert X-ray photons to electrical signals), (b) the
response time, (c) the dynamic range, (d) the reproducibility, and (e) the stability.

The reconstruction algorithm is based on filtered backprojection of the detected ray-sums (Eq.
18). Today, convolution-backprojection is nearly universally applied, and is usually performed in
the spatial domain. The method is outlined in the Appendix. An integral part of this method is
the high pass filter kernel, that is used to counterbalance the blurring effect of backprojection.
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Various modifications of the filter kernel are available (software filters), e.g. filters for enhancing
high contrast contours (better spatial resolution), or for reducing the image noise by smoothing
(better low-contrast resolution). This means that image quality can be influenced by the choice of
filter kernel. The backprojected attenuation data constitute the reconstruction matrix. In this
context, the pixel size depends on the computer matrix size (256x256 or 512x512) and the
reconstruction field of view (FOV).

There are two methods of data acquisition, slice by slice data acquisition and volume data
acquisition (axial CT and helical CT). In axial CT, the patient couch is kept stationary during the
data acquisition for each transversal slice, and moved in steps between subsequent slices, i.e. the
scan procedure is characterised by the number of slices, slice thickness, couch increment and
current time product per slice. In helical CT, the tube is rotated continuously while the patient is
passed through the fan beam, i.e. the focus and the individual detectors make a helical movement
relative to the patient. The scan procedure is then characterised by the slice thickness, the pitch
(coach distance per rotation), the tube current, and the total acquisition time. For helical scan
techniques, z-interpolation is done as part of the pre-processing, in order to form a «planar» data
set before reconstruction (Kalender 1994). This algorithm may be based on 360° linear
interpolation, 180° linear interpolation or non-linear interpolation. Another example of pre-
processing, that applies to both scan techniques, consists of taking the logarithm of the relative
transmitted intensity, and making correction for detector non-linearity.

Artefacts are an important aspect in CT imaging, one example being the «beam-hardening»
artefact. As the X-ray beam passes through the patient, the low energy photons will tend to be
absorbed first, and the effective energy of the beam will increase. This may result in a distortion
of the computed attenuation values, particularly around bony regions. Some scanner
manufacturers have introduced compensating bow tie filters at the tube exit to correct for some
of this effect. Others make the corrections by means of software algorithms, as a part of the pre-
processing performed on the raw data before reconstruction.

The distribution of attenuation coefficients in a transverse section is presented in units relative to
the attenuation of water, which makes interpretation of images easier and provides values which
exhibit limited dependence on spectral quality :

CTvalue = ***"' ~MmMr • 1000(HU) ( 1 9 )

The CT values are expressed in Hounsfield units (HU). By definition, air has a CT value of
-1000 HU. Lung tissue has negative CT values due to the very high air content per volume
element, while bones may exhibit very high CT values (exceeding 1000 HU) depending on their
mineral content. Fat and fatty tissue may have negative CT values (-100 to + 40 HU), while most
other soft tissues (blood, muscle, those referred to as white matter and grey matter) exhibit CT
values from 0 to + 90 HU. As in conventional radiography, certain contrast agents, such as
barium sulphate or bolus injections of iodine based agents, are used to enhance the differentiation
between the various tissues (Wegener 1992).

The third and final step in CT processing involves display, storage and documentation. The
digital reconstructed image is converted into a grey scale image for interpretation by the
radiologist. These data are stored as an image matrix. Manipulation of the relationship between
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CT values and the shades of grey on the monitor is referred to as windowing. By selecting a
specific window level (WL) and window width (WW), a limited range of CT values is assigned
to the full intensity range of the monitor. Any structures with CT values above that range appear
white, and those with CT values below the window range appear black. Depending on what
structures the radiologist is exploring, an appropriate window setting may be selected. There are
various pre-settings available on the CT console, such as the bone window, soft-tissue window,
lung window and pleural window. The radiographer will normally make an appropriate choice of
the image material and transfer it to film for investigation by the radiologist.

In helical CT, the reconstruction increment (slice thickness), and positions and spacing of
successive images, can be chosen freely and retrospectively. Since the CT values are available in
digital form, different algorithms for post-processing have also been developed. Breath hold
sampling makes it possible to do three dimensional imaging, and options such as maximum
intensity projections, surface rendering and volume rendering are currently available, provided
that the computer has enough power.

In summary, computed tomography includes three steps : (a) data acquisition and pre-processing,
(b) reconstruction (from raw data to CT values in transversal sections, use of various software
filters), and (c) display (windowing, FOV) and post-processing. Each step involves user choices
of parameters that will influence the final image quality.

3.2. Physical performance measurements

3.2.1. Large-area transfer characteristics

Image contrast is generally defined as the fractional difference in optical density or brightness
between two (usually adjacent) regions in an image. In conventional radiography the image
contrast depends on : (a) the difference in the number of X-ray photons emerging from the
adjacent regions of the patient being scanned, which reflects differences in atomic number,
physical density, electron density, and the energy spectrum of the emitted X-ray beam, (b) the
ability of the detector to convert differences in photon fluence across the X-ray beam into
differences in some physical, optical or electronic signals, used to represent the image in the
imaging system, and (c) physical perturbations such as scattered radiation, image intensifier
veiling glare or base and fog of a film.

The large-area transfer characteristic from an input exposure E, to a detector output V, may for
linear systems simply be described as V=KE, where K is a constant large-area transfer factor.
This is applicable to X-ray image intensifiers and plumbicon camera tubes over significant
portions of their operating range. The concept has been generalised to non-linear systems by the
ICRU (1996). For photographic film, V refers to the film transmission. The optical film density is
defined as the logarithm of the transmission, OD=log10 (I</1), where Io in this context is the light
intensity of the film viewing box, and / is the intensity transmitted light by an area of the exposed
film. The large-area transfer characteristic K, will then simply be synonymous to the film gamma
at a particular operating point. The film gamma 7, interpreted as a contrast gain factor, is defined
as :

7 = A(O£>)/A(logl0£) (20)

where E is the input exposure from transmitted X-rays of intensity / to the film (Eq. 18).
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Considering two adjacent regions in an object of equal thickness, L, but with different
attenuation properties, it may be deduced from the general law of radiation attenuation (Eq. 18)
that A(ln£) = A/x- L. The image contrast may then from equation (20) be expressed as :

A(OD) = (log10 e)y -Afi-1 = 0.434- y AfiL (21)

This formula illustrates that the overall transfer characteristic at a particular operating point is the
product of the respective transfer characteristics of all component characteristics at that operating
point. In addition, there will be a contrast reduction due to scatter. In Paper n, the definition of
contrast for screen film systems is given, and the different sources of image contrast in
mammography are discussed, where the average film gamma was measured in several regions of
the film characteristic curve. The image contrast was derived from images of phantoms. Various
procedures for such contrast measurements are available from different manufacturers of
phantoms, e.g. contrast step wedges based on different thicknesses of plastic materials, foils of
different materials etc. These measurements are considered to be objective measures of contrast,
as long as the density is measured with a calibrated densitometer.

In CT scanning, as in other digital imaging modalities, the acquisition of image data is
physically, as well as conceptually, a separate step from image formation and display. The visual
contrast is related to the windowing. The appearance of a low contrast object is also strongly
related to noise, i.e. the contrast relative to a background is related to both the mean CT value
and the variance in CT values. The CT scanners are calibrated by the manufacturers to establish
the relationship between the linear attenuation coefficients and the CT values. The gradient of
such calibration curves may be interpreted as the large area transfer characteristic of the actual
scanner. The contrast may then be measured in terms of the difference in mean CT values
between two adjacent areas in the image, and this method was applied in Paper FV. Faulkner and
Moores (1986) have maintained that this measure of contrast involves particular uncertainties :
(a) any errors in the linearity will lead to inaccuracies in defining the contrast, (b) beam
hardening may result in different CT values for the same tissue in various positions, and (c) the
absolute CT values are affected by a variety of parameters, such as the reconstruction algorithm.

If one considers a small area with attenuation coefficient fc , inside a large object with
attenuation coefficient fa , the contrast, C, may be expressed as :

( 2 2 )

The manufacturers of CT phantoms often state the contrast of certain test objects in percentages
referred to a background material, according to this formula. The contrast values are then
connected to the particular tissue composition of the phantom and objects, and the actual scanner
(X-ray spectrum) and reconstruction algorithm. It appears from Eq. (19) that, if the surrounding
medium is water, 1% contrast corresponds to 10 HU. Generally, it would also be possible to
calculate the contrast between other materials from the respective measured CT values using
Eq. (19). However, from the user's point of view, the energy of the X-ray spectrum inside a
phantom or patient is not known. Thus, it is not possible to obtain the correct value for the
attenuation coefficient for water.
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3.2.2. Spatial (or detail) transfer characteristics

In planar X-ray film/screen imaging, there are different contributions to the total unsharpness in
an image : (a) Geometrical unsharpness, Ug , in an X-ray image refers to the loss in image detail
caused by the finite size of the focal spot of the X-ray tube. The extent of this unsharpness
increases with the magnification, (b) If either the patient, X-ray source or detector system move
with respect to one another during the recording, the image is blurred, and this is referred to as
movement unsharpness, Um. (c) The three-dimensional anatomical shape of the object itself
introduces variations in the emerging photon fluence, referred to as anatomical unsharpness, Ua.
(d) Diffusion of light within the phosphor material is referred to as screen unsharpness, Us • To
estimate the contribution of these factors to the total figure of unsharpness. Curry et al (1990)
have given the following formula :

This formula includes qualitative measures, but illustrates an important point: Attempts to
improve the image sharpness must be directed toward the factor most responsible for a poor
image. In some text books, sharpness and resolution are introduced as two separate
characteristics of image quality. Then sharpness is defined as the ability of an imaging system to
record sharply defined margins, while resolution is defined as the ability to separate images of
small objects that are placed very closely together. However, these terms are closely related, and
for quantitative assessments it is the combined effect of these to quantities that is measured. The
mathematical description may be dealt with in a much more rigorous way by use of the
formalism given by the modulation transfer function (MTF).

ICRU (1996) has introduced detailed system response functions, one of which is the MTF. It
describes the way in which the imaging system displaces or blurs the input signals, before they
are presented as an output image. The concept of the MTF, used in signal and image analysis
theory, is illustrated in Figure 6. In the spatial domain, the point spread function (PSF) describes
the unsharpness that results when the image of a point absorber spreads over an area (in planar
imaging) or spherical volume (in CT imaging). In the Fourier domain, a component sine wave of
spatial frequency is given by a particular amplitude and phase, and the MFT for a particular
frequency is given as the ratio between the output and input amplitudes. The MTF can be derived
from the PSF using Fourier transformation. Alternatively, the MTF may be derived from the line
spread function (LSF) or the edge response function (ERF). LSF describes the unsharpness of an
imaging system when the image of a line absorber or a slit spreads over a measurable distance,
while ERF describes the response of an imaging system to two regions of high an low densities
adjacent to each other. However, in the latter two cases, the measures of MTF will relate only to
the particular direction orthogonal to the line or edge, respectively. These methods are especially
applicable to digital imaging, where calculation of the MTF from one of the above functions
(PSF, LSF, ERF) may be achieved by means of appropriate test objects and corresponding
software.

Separate MTFs may be obtained for each of the sources of unsharpness in the imaging chain,
including the display. For any frequency, the total MTF of the entire imaging system, may be
obtained by multiplying the MTFs for each of the components in the imaging chain
(corresponding to repeated convolutions with the respective PSFs of the components). Each
component may then be studied so that the optimum system may be designed.
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Summary of concepts used in linear system theory (Rossmann 1969)

In CT, the spatial resolution in the transversal slice is improved by geometrical factors such as :
(a) increasing the number of detectors, smaller detectors, or more projections, (b) larger matrix
size or smaller field of view (smaller pixels), (c) smaller focus size, larger focus-to-isocenter
distance, or smaller isocenter-to-detector distance, or (d) smaller slice thickness (pre-patient
collimation), or smaller aperture size (post-patient collimation). The CT value expresses the
average over the volume of a voxel (the product of the pixel size and the tomographic slice
thickness). If the object size is less than the slice thickness, the resulting CT value will not reflect
the object attenuation correctly. This is called the partial volume effect, and causes the spatial
resolution in the x-y plane to depend on the slice thickness.

MTF is the most common transfer function quoted for CT scanners, e.g. in terms of the spatial
frequency at which the total MTF falls to 50% or 10% of its initial value. As explained in the
Appendix, the MTF may be calculated for the various filter kernels that are used in the clinic. In
addition to the standard algorithms, there are kernels that will show finer details at a cost of
higher image noise, and algorithms that yield better low contrast, but at a cost of lower spatial
frequency. The spatial frequency where the total MTF curve falls to 50% of its initial value,
typically lies between 2.0 and 4.0 cycles per cm for standard axial body scans (MDA 1994). The
same range applies for helical scans. Values for the spatial resolution in the x-y plane usually
refer to the isocenter of the scanner. There will be some off-center variations for both scan
techniques, e.g. for helical scanners the 180° z-interpolation algorithms may have an off-center
resolution that modulates with the z-axis position of the reconstructed images (Kalender 1994).
This means that MTF also should be evaluated off-center, e.g. by means of an appropriate
phantom.
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Generally, evaluation of spatial resolution in CT is a three-dimensional task. The longitudinal
resolution is dependent on the shape of the slice sensitivity profile (SSP) measured in the z-
direction. In axial CT, the full width half maximum (FWHM) value of the sensitivity profile is
generally used as a performance characteristic. For helical CT, this is unsatisfactory, since the
SSP is substantial degraded, and deviates considerably from the rectangular form. Figures of
merit for the SSP have been suggested by Polacin et al (1992). The SSP will obviously be
broader for increasing pitch values, and narrower for 180° linear interpolation compared with the
360° approach. Due to the broadening of the SSP in helical CT, it is expected that the resolution
along the z-axis is impaired compared with axial CT. It may, however, be argued that this
potential disadvantage is outweighed by the fact that the reconstruction increment, and the
positions and spacing of successive images, can be chosen freely and retrospectively.

3.2.3. System noise analysis

An important contribution to noise in medical radiology is the quantum noise, which may be
defined as the uncertainty in a signal due to random fluctuations in the number of photons
contributing to the signal. The main sources of such fluctuations are the stochastic nature of: (a)
the formation of X-rays in the tube, (b) the interaction of X-ray photons with the materials
present in the path, and (c) the interaction of the transmitted photons within the detector system.
Noise sources are therefore inherent in the radiographic imaging process, and are influenced by a
number of different parameters, e.g. the exposure technique and the characteristics of the detector
system. As explained in the Appendix, the choice of reconstruction algorithm in CT imaging
strongly influences the noise. That would also be the case for the choice of z-interpolation
algorithm in helical CT (Polacin et al, 1992). The same factors that influence noise may influence
image contrast, resolution or patient dose, thus the choice of examination procedure or exposure
technique will be a question of optimisation. Since one always seeks to minimise the patient
exposure, the ability to discern objects of interest is often limited by the presence of noise.

Noise will appear as random variations in CT values, density (film/screen imaging), or brightness
(fluoroscopy). The noise variance, a2, is the most common measure of noise. It is usually
obtained from an image of a uniform phantom. The concept of signal-to-noise ratio (SNR) is used
to describe the relationship between the signal amplitude and the standard deviation of the noise,
a. Both the signal and the noise must then be measured in the same units, i.e. photon fluence for
a radiographic signal, optical density for film/screen images, or voltage for an electronic image.
The SNR may be determined at each step in the imaging chain, e.g. for the transmitted photons
(SNRin) and for the receptor signals (SNRrtc). The detective quantum efficiency (DQE) has been
defined to express the degradation in information caused by the receptor relative to the
information available in the incident beam :

Unlike SNR, for a given equipment the value of DQE is independent of the absolute fluence level
in the beam. An ideal receptor extracts all the information in the beam, so that DQE=\. With a
totally absorbing receptor, all incident photons are registered, and each of them imparts all its
energy to the receptor. The SNR and DQE may be calculated be means of Monte Carlo
techniques, i.e. by considering the expectation values of the incoming photon energy fluence, the
fraction of incident photons registered by the receptor and the internal noise of the image
receptor (Sandborg 1993).
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Finally, in the case of transfer function analysis, it is of interest to characterise the manner in
which the average power of the noise random process is distributed over frequency. This may be
presented as a noise power spectrum (Wiener spectrum). By means of such analyses, it is
possible to separate the different sources of noise, e.g. contributions from film grain structure
compared with those that stem from scattering of light in the screens (film/screen imaging)
(Curry et al, 1990).

There are several ways to increase the signal-to-noise ratio, but most of them have some
disadvantages. Examples are given in the following, referring to various image modalities : (a)
An increase in tube current generally increases patient exposure (b) An increase in exposure time
also increases patient exposure, and may result in motion unsharpness. (c) An increase in tube
voltage will increase the number of transmitted photons through the patient, but this will degrade
the image contrast, (d) An increase in detector thickness may also degrade spatial resolution, e.g.
because of light diffusion in the screens, (e) Using a detector material with higher absorption
coefficient for X-rays. In CT imaging some additional aspects should be added : (f) An increase
in detector aperture may degrade the transversal resolution.(g) Increasing slice thickness will give
less noise, but highly degrades the longitudinal resolution, (h) Increasing the pixel size degrades
the transversal resolution, (i) The use of smoothing filters also degrades the transversal
resolution. For helical CT there is a further dependence on the z-interpolation algorithm : (j) The
various z-algorithms use different amounts of projection data, and process these data in many
different ways. The z-interpolators will therefore influence both the level of pixel noise, and the
distribution of noise values within the transversal slice. It should, however, be noticed that noise
is independent of pitch. Compared with axial CT images, a reduction in pixel noise by a factor of
0.82 is predicted for reconstruction of helical data with 360° linear interpolation, while the use of
180° linear interpolation will increase the noise typically with a factor of 1.15. Furthermore, in
contrast to axial CT, the off-center pixel noise may modulate with z-axis position in helical CT
(Polacin 1992).

33. Psychophysical approaches

3.3.1. Subjective assessments of image quality

Technical phantoms
A multitude of technical phantoms are commercially available for the evaluation of image quality
in conventional radiology, mammography and CT. These are based on different test objects
positioned in homogenous tissue or water equivalent material. The test objects may be broadly
classified as follows : (a) Grey scale test objects or step wedges for assessment of contrast, (b)
limiting resolution test object for the evaluation of spatial resolution or high contrast resolution
(HCR), and (c) low contrast test objects or low contrast detail diagrams for the evaluation of low
contrast resolution (LCR). The evaluation of these test objects is more or less subjective and
qualitative. Compared with the physical performance characteristics described in section 3.2, the
parameters to be measured will depend on the viewing conditions (windowing in digital imaging,
the performance of the illuminating box when examining the radiographs, the content of
scattered light in the room, viewing glasses), and on the physiological status on the human
viewer (myopia, astigmatism, colour blindness, fatigue).

The role of phantoms in standardisation and optimisation of the radiological process was the
theme for an EC workshop in 1993 (Moores et al, 1993). The advantage of adopting a test object
philosophy which can be applied consistently across a number of different radiological
modalities was realised. However, as also discussed in Paper II and IV, the process of
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standardisation of these phantoms and the various test objects has not been completed. Nor is
there an inter-disciplinary consensus on how to interpret and implement the results from phantom
assessments. Nevertheless, it is realised that technical phantoms may be useful for acceptance
tests and constancy tests. They may also constitute a first approach to optimisation.

The NRT phantom (Nordisk R0ntgen Teknik A/S, Hasselager, Denmark) is an example of a
technical phantom for assessments of image quality in mammography. An image of the phantom
including test objects for evaluation of contrast, spatial resolution, and low contrast resolution, is
presented in Paper II. The Catphan phantom (The Phantom Laboratory Incorporated, New York)
used in Paper IV is another example of a technical phantom, used for assessments of image
quality in CT. As concluded in Paper n, the reproducible manufacturing of such phantoms is
extremely important if a phantom model is to constitute a reference for inter-laboratory
comparisons. Small discrepancies between the test objects may introduce significant systematic
errors when results obtained with different phantoms of the same model are compared.

Since the low contrast resolution in CT is of special concern in the context of this thesis, the
manufacturing of such test objects will be discussed in some more detail. In contrast to planar
imaging, where holes of various lengths and diameters may be drilled into the phantom material
to form a low contrast detail diagram, the phantoms for CT imaging must contain test objects
based on materials with different attenuation properties. There are currently two basic methods
used to create these objects, and each of these are associated with particular disadvantages : (a)
Liquid contrast solutions may give problems of settling or crystallisation of density modifiers, air
entrapped within the target volume can create artefacts, and the surrounding material may absorb
liquid. These problems were fully realised during development of the ROC phantom (Paper IV).
(b) Solid low contrast test objects cast from selected materials with appropriate manufacturing
procedures will perform consistently over time. However, the selection of materials and
development of procedures are critical if uniform and artefact-free phantoms are to be produced.
Material shrinkage may introduce small air voids.
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Figure 7 :
The CT values for various mixtures ofglycerol and
water, as measured on a GE CT 9800 scanner at 120
kV. The liver tissue substitute (52 HU) corresponds to
about 22 volume % glycerol (Paper IV).

Small controllable variation in CT values
may be achieved by means of density
modulation. This method will minimise
differences in energy dependence, and the
selected materials may maintain nominal
contrast over the normal CT energy ranges.
This method was applied in Paper IV, where
different mixtures of glycerol and water
were used to simulate the low contrast
objects in a liver phantom. The human liver
gives a nominal CT value about 52 HU, and
glycerol in the range of 10 to 20 percent by
volume were chosen to make the objects
appear darker as compared with the
simulated liver tissue (Figure 7).
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The test objects must be selected on the basis of
the performance level of current CT scanners,
and the range in exposure techniques that are
used in the clinic. The object sizes and contrast
values should be distributed so that most of
them are detected for excellent techniques,
while only few are detected for poor techniques.
The low contrast section in the version of the
Catphan phantom used in Paper IV was 20 mm
thick, and designed for performance testing of
axial CT (Figure 8). Since the introduction of
helical scanners, new modules for the Catphan
phantom have been developed. It appeared from
Paper IV that the 0.1% contrast objects were
never detected. These objects have now been
removed from the helical versions. The
thickness of the low contrast section has been
increased to 40 mm in order to accommodate at
least 10 mm scans with a pitch of 2, and some
uncertainty in the alignment, and the targets are
arranged in radial symmetric patterns. The
longitudinal low contrast resolution is also
considered, by means of sub-slice thickness
targets of 3, 5, and 7 mm length (Goodenough
and Levy, 1996).

Figure 8 :
Section four in the Catphan phantom consists of a
series of cylindrical rods of various diameters for
measurement of low contrast performance. The
diameters of the rods for each contrast level are 2, 3,
4, 5, 7, 9, 12, and 15 mm. The nominal contrast levels
are 1%, 0.5%, 0.3% and 0.1% (Paper IV).

Anthropomorphic phantoms
It may be difficult to assess the impact of technical phantom measurements on specific clinical
examinations, since the test objects bear no resemblance to images of human body structures.
Anthropomorphic phantoms are made of tissue equivalent materials which include different
objects to simulate anatomical or pathological structures of consideration for the particular
examination type. The objects may be made of tissue equivalent materials as well, or relevant
samples of human tissue may be a fixed part of the phantom. The visualisation of these various
objects constitutes a qualitative performance measure. Many technical phantoms also include
such structures or tissue samples, as a combined approach for image quality assessments.

The RMI phantom used in Paper II (Radiation Measurements Inc., Middelton, WI) is an example
of an anthropomorphic phantom, including fibres, specks and low contrast masses, for qualitative
assessments of image quality in mammography. In addition to the technical test objects, the NRT
phantom also includes calcifications of various sizes, since this constitutes a challenge in
mammography. At the Norwegian Radium Hospital in Oslo, a phantom based on human mamma
tissue has been developed, that contains superimposed calcifications (Olsen and Sager, 1995).
The CT phantom used in Paper IV (Bartholomews Hospital, London) is another example of an
anthropomorphic phantom, fully based on tissue equivalent materials. This phantom may also be
used to characterise technical performance by means of the various test inserts available (slice
thickness, LCR, HCR, ERF, etc.). Phantoms based on tissue equivalent materials have also been
designed for CT bone densitometry, e.g. by the RMI (osteoporosis diagnostics).
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Clinical images
Finally, another approach to qualitative image quality assessments, is to establish criteria related
to clinical images. This has been applied by the European Commission (Carmichael et al, 1996,
Kohn et al, 1996, Bongatz et al, 1997). The image criteria refer to characteristic features of
anatomical structures with a specific degree of visualisation, which is defined in the documents
as : (a) features just visible, (b) details emerging, and (c) details clearly visualised. Some of these
criteria depend on patient positioning, whereas others reflect the technical performance of the
imaging system. Specification of a reference dose to the patient, and examples of good
radiographic technique, are also included. The image criteria have been established through
comprehensive European surveys, where images from many hospitals have been collected and
evaluated by a selected group of radiologists.

3.3.2. Objective assessments of image quality

The problems associated with methods that rely on an absolute internal reference can be
overcome by requiring only relative responses (ICRU 1996). Forced choice experiments involve
the use of at least two or more display areas, e.g. at each trial a known test object will be placed
in one of the fields and the others will be empty (unmodified). The method can be criticised for
presenting an operating environment which is quite different from clinical practice. However,
contrast detail diagrams can be produced based on this method, and the detectable contrast may
be defined as that contrast (at each object diameter) which results in a specified percentage of
correct responses. Such methods represent an objective assessment of image quality, but do not
take into account the confidence level of the observers. Graded response experiments fulfil this
need, and are referred to as receiver operating characteristic (ROC) analysis.

3.4. Receiver operating characteristic (ROC) analysis

The diagnostic accuracy can be reported in terms of pairs of sensitivity and specificity. In the
context of clinical images, the sensitivity may be defined as the fraction of images which actually
contain a pathological lesion that is correctly diagnosed as «positive». Similarly, the specificity is
defined as the fraction of images of actually healthy patients that is correctly diagnosed as
«negative». The terms «true positive fraction»(TPF) and «true negative fraction»(TNF) are
synonymous with sensitivity and specificity. In a complementary way, there will be false
positives (FPF) and false negatives (FNF), hence FPF=1-TNF and FNF=1-TPF. The sensitivity
and specificity will depend on the particular confidence threshold that the observer uses to
classify continuously distributed perceptions of evidence into categorical decisions. The analysis
is based on asking the observer to grade on a predefined scale his/her degree of certainty that a
target is present. The collected data allow an analysis of the trade-off between FPF and TPF in
the form of a ROC curve, and provides an important insight into clinical cost-benefit analysis.

By the use of specially designed phantoms instead of human patients, the actually positive
features are defined by the phantom's construction. Paper IV deals with the design of a phantom
for ROC analysis in CT, based on the basic ideas of Olsen et al (1997). The phantom was based
on an anthropomorphic section of the upper abdomen, and the investigation addressed liver
lesion detection. In total, 32 test locations in the liver were considered, of which one half were
not modified and the others included one low contrast object each. In accordance with the
confidence rating method (ICRU 1996), it is presumed that the observer is aware of the possible
signal location(s) within each image. The observer is requested to select one of several categories
of ratings to report his impression of the likelihood that each image (location) arose from one or
the other state of truth, i.e. the observer must set several confidence thresholds simultaneously.
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The categories are given as qualitative labels such as (1) definitely or almost definitely negative,
(2) probably negative, (3) possibly positive, (4) probably positive, and (5) definitely or almost
definitely positive. The cumulative response for each rating category is calculated, this will give
pairs of true and false positive response rates from which the ROC curve can be calculated. The
confidence-rating method, which was applied in Paper IV, is illustrated in Figure 9.

Four Different Confidence Thresholds
Used at the Same Time

Actually Negative
Patients

Category 1

Actually Positive Patients

Category 5

Confidence in a Positive Decision
Less - _— More

Figure 9 : The model upon which the «confidence-rating» method of measuring an ROC curve is
based, sketched for a five-category rating scale. To establish a rating scale with M
discrete categories of confidence on the decision-variable axis, the observer must set M-l
different confidence thresholds and use them simultaneously (Metz 1986, ICRU 1996).

In Paper IV, ROC curves were derived by fitting a mathematical model of the experiment to the
data sets by means of software developed by Olsen et al (1997). The data sets consist of the true
and false positive fractions obtained at different confidence levels Xj (i=2, 5), corresponding to
the scores 2,3,4, and 5. In the software program, the distributions of perceived signal from
negative (unmodified) and positive (modified) locations in the liver were described by two
normal distributions, N(JJ.N,CTN) and N(Hp,Op), with generally different mean values and standard
deviations. Since the signal axis does not represent a measurable dimension, the model
parameters ^P and Op were given fixed values, leaving ^i\ and On to be fitted together with the
confidence levels Xj (i=2, 5), to the observed data. A constraint was imposed to prevent the ROC
curves from crossing the diagonal from the lower left to the upper right corner of the ROC
diagram (Metz 1989). The resulting model parameters were used to numerically determine the
ROC curves and the areas under the curves (ROC area).

A ROC curve represents all of the compromises between sensitivity and specificity that can be
achieved by a diagnostic system as the confidence threshold is varied. The area under the ROC
curve can be interpreted as the average value of sensitivity if the specificity is selected randomly
between 0 and 1, or equivalently, as the average value of specificity if sensitivity is selected
randomly between 0 and 1. The ROC area is also interpreted as a total performance characteristic
of the imaging chain (reflects the equipment and the observer), and will range from 0.5 (guess
value) to 1.0 (no false negative nor false positive). The area under the ROC curve provides a
useful basis for ranking imaging systems, and can be plotted as a function of any physical
parameter, such as lesion size, spatial resolution or patient dose. However, the complete ROC
analysis has at least two degrees of freedom, and univariate indices like the ROC area should be
used with caution (ICRU 1996).
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4. Aims of the present study

UNSCEAR calls for updated knowledge about examination frequency and patient dose data
from X-ray diagnostics, and reviews that kind of information regularly (UNSCEAR 1993).
Surveys indicate large variations in examination frequencies between countries. They also
indicate large variations in patient doses, both between hospitals and between countries, due
to different clinical practice and equipment performance. One aim of the present study was to
give Norwegian input values to these surveys, to analyse some of the reasons for possible
differences between hospitals, and to assess the total collective effective dose from all X-ray
diagnostics in Norway.

The principal concern in radiation protection is the reduction of unnecessary exposures by
requiring adequate clinical justification and optimisation of patient protection (ICRP 1991). It
is therefore also necessary to look into the image quality aspect of radiology. A screening
program for breast cancer has recently been initiated in Norway. Since image quality is of
particular concern in mammography, this examination type was selected for a study of the
relationship between patient dose and image quality. Furthermore, a considerable increase in
the frequency of CT examinations has been reported. Since these examinations also involve
higher patient doses than conventional examinations of the same body regions, optimisation of
CT procedures is of particular concern. Therefore, another aim of the study was to identify
and further develop the methods for assessments of patient doses and image quality in CT as
tools for optimisation. Thus, the primary aims of the present study were to :

(1) analyse the results from three nation-wide surveys, concerning patient doses from
conventional X-ray examinations (Paper I), image quality and doses from mammography
(Paper II) and patient doses from CT (Paper HI),

(2) study the trends in the number of examinations that are performed, and assess the total
collective effective dose from all X-ray diagnostic practice in Norway (except dental and
chiropractor use)(Paper I),

(3) develop an objective method, based on ROC, for assessments of total performance in CT
imaging of liver lesions at different levels of dose, and investigate whether this method
can be used for optimisation of specific CT procedures (IV).

With reference to the hierarchic model of efficacy for the assessments of radiological
modalities (Table 1), the scope for this thesis was the imaging device and the image reader
(level 1 and 2). The examination frequency data and collective dose data may also serve as
input to further cost-benefit analysis (level 6). However, such analyses would require other
kinds of data as well, that are not readily available. After a brief summary of the main findings
(Paper I-FV), the results will be discussed in view of the radiation protection principles of
justification and optimisation.
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5. Summary of results

5.1. General development and trends

The medical use of X-rays in Norway has been investigated in the years 1983, 1988 and 1993.
Based on the total examination frequency in 1993, the total collective effective dose (CED) to
patients from conventional X-ray examinations, CT and mammography, was assessed to be
about 3400 manSv (0.78 mSv per inhabitant) (Paper I). A considerable increase in the number
of CT, mammographic and angiographic procedures was observed. A significant increase of
many conventional radiographic examinations was also seen. These increases were, however,
almost balanced by the use of new procedures utilising non-ionising radiation
(ultrasonography, magnetic resonance imaging). Thus, the total frequency of X-ray
examinations had increased from 641 to 710 examinations per 1000 inhabitants during one
decade. The CT examination frequency had doubled every fifth year, and in 1993 represented
7% of the total number of examinations, and 30% of the total CED. CT procedures gave much
higher patient doses compared with conventional X-ray examinations of the same body
regions. These findings provide a basis for the valuation of justification as stated in the ICRP
(1991) recommendations, and for further risk estimates and cost-benefit analysis.

Patient doses were assessed in terms of effective dose for conventional examinations (Paper I)
and CT (Paper IH), and in terms of average glandular dose for mammography (Paper II).
These nation-wide surveys showed a considerable spread in doses for examinations of the
same body region performed at different hospitals. This would be explained by variations in
(a) examination procedures, and (b) equipment performance. Paper II included a survey of
image quality in mammography by means of two technical phantoms. A significant variation
in image quality between the different laboratories was also demonstrated. Variations in the
performance of film processing was an important explanation for the differences both in
image quality and dose, indicating the importance of extensive quality control programmes in
mammography. Paper HI included an analysis of some of the factors influencing patient doses
from CT. The different examination procedures (number of slices, current time product) and
scanner models explained much of the dose variation between hospitals. The need for a total
performance measure was recognised, and a phantom for receiver operating characteristic
(ROC) analysis in CT was designed (Paper TV). Various low contrast test objects were
introduced in the liver, and the phantom was scanned on five different scanners for various
exposure settings. The area under the ROC curve, along with the corresponding value of dose
(CTDIW), were measured. Again, variations in performance between the laboratories were
found, both due to different scanner performance (detector efficiency) and variations in
clinical exposure settings. The demonstrated variations in patient dose and image quality in
X-ray diagnostics provide a basis for the development and implementation of methods for
optimisation in the clinics, and some key results will be summarised in the following.

5.2. Conventional X-rays (Paper I)

The assessment of patient doses in conventional X-ray diagnostics (Paper I) represents a
repetition of a similar survey that was performed in 1986 (Saxeb0l et al, 1990). Compared
with these previous results, a tendency towards somewhat lower doses, both for radiographic
examinations and for fluoroscopic procedures, was demonstrated. This is probably explained
by the change towards faster film/screen combinations during the last years. The effective
dose for common radiographic examinations now range from about 0.1 mSv for chest
examinations to 3.5 mSv for urography, depending on the exposed body region and the
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number of projections. Radiographs of the extremities were generally found to give less than
0.01 mSv per examination. Fluoroscopic examinations now range from about 2.5 to 6.5 mSv,
depending on the contrast technique, fluoroscopy time, and number of radiographs. The
variation in dose between different hospitals was not analysed in the present study, but it is
assumed that the conclusions from the previous survey (Saxeb0l et al, 1990) are still valid.

5.3. Mammography (Paper II)

Paper II demonstrated that the average glandular doses in all laboratories were kept below the
upper limit of 2 mGy as proposed in the Nordic guidelines (NRPA 1994). However, the doses
ranged from 0.7 to 2.0 mGy for grid techniques, and from 0.4 to 0.8 mGy for non-grid
techniques. The total range in film sensitivity for all laboratories in the survey corresponded to
a difference in dose of a factor of 2.4. There were mainly two manufacturers of intensifying
screens represented in the survey. A significant difference in screen sensitivity between the
two manufacturers was indicated. The contrast, low contrast detectability and spatial
resolution, as assessed by means of technical phantoms, were also shown to vary considerably,
as did the qualitative visualisation of various tissue structures. A significant correlation
between the average film gradient and the image contrast was shown. Examinations of
medium thick breasts with non-grid technique would generally give unacceptable contrast
values. Image quality criteria separately linked to grid and non-grid techniques were
suggested. These could be based on parameters that can be assessed with technical phantoms.

5.4. Computed tomography (Paper i n and IV)

For seven types of CT examinations, the doses to patients were assessed from the examination
practices reported from 49 laboratories (Paper HI). The mean effective doses were 2 mSv for
examinations of the head, 10-13 mSvinthe trunk region, and 4.5 mSv for examinations of the
lumbar spine. For any type of examination the ratio between the highest and lowest dose
ranged from 8 to 20. The reason for this considerable variation between hospitals was (a)
different examination procedures (the number of slices and the current time product), and (b)
inherent dose variations between scanners. There were examples of clinical indications
associated with examinations of particular body regions that gave significantly different mean
effective doses, but a large spread in doses was found also when clinical indications were
specified. The largest observed variation of doses in clinical practice was caused by an extra
pre-contrast scan before the contrast scan. In CT examinations of the head, the doses to the
lens of the eye varied in the range from about 1 mGy to more than 100 mGy, and were
critically dependent on how the gantry was tilted.

The ROC phantom described in Paper IV, was shown to be useful for characterisation of the
low contrast performance for old as well as modern scanners. For clinical routine protocols,
the weighted CT doseindex (C7X>/W) ranged from 15 to 31 mGy. The two most modem
scanners showed the best ROC results, and also the lowest doses. This may reflect recent
advances in detector materials. The pilot study indicated that the area under the ROC curve
and the value of dose (CTDIW) may be used for optimisation of a specific CT procedure. An
example showed that the ROC area for the same dose increased from about 0.7 to 0.9 when
the slice thickness was changed from 5 mm to 10 mm. Alternatively, the ROC results for the 5
mm slice thickness might be improved by using twice the dose. The choice will depend on the
demands on longitudinal resolution (clinical considerations). The analysis, however, showed
significant intra- and inter-observer variations. A future aim would be to study the optimum
experimental design (number of observers and test objects). In addition, statistical methods to
judge whether two sets of ROC results are significantly different must be further developed.
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6. General discussion

6.1. Application of the principle of justification

It is common to justify diagnostic medical exposures by demonstrating clearly that there is a
valid clinical benefit to the patient, and few attempts have been made to weigh this benefit
against the radiation detriment. The evident benefit to health associated with most accepted
diagnostic procedures and the relatively small radiation doses and risks associated have
encouraged this pragmatic approach to justification. There have, however, been some attempts
to demonstrate a net positive benefit to society from various breast screening programs
(Forrest 1986, Brown and Fintor, 1993, Koning 1993), concluding that the number of cancers
detected is predicted to outweigh largely the number of cancers induced. This conclusion is,
however, only applicable to screening of certain age groups of women, and the net benefit is
connected to the performance of the X-ray equipment, as discussed in Paper II.

Belgium

Switzerland')

Netherlands

Sweden

Denmark

IK*)

0 200 400 600 800 1000 1200 1400

No of X-ray examinations per 1000 Inhabitants

The trends in examination frequency in
Norway have been reviewed in Paper I,
demonstrating that the overall
examination frequency is in the medium
range compared with other western
European countries. Some data from the
UNSCEAR 1993 report are presented in
Figure 10, demonstrating considerable
variations in the examination frequency
between countries that are presumed to
have about the same level of health care.
This difference can not be explained by
variations in population health, and is
assumed to be caused by aspects of health
policy (referral practice, reimbursement
systems etc.).

An adequate level for the total
examination frequency, with respect to
the principle of justification, would be
extremely difficult to establish. This is
due to the fact that there are considerable
difficulties in measuring the benefit and
radiation detriment in comparable units.
Nevertheless, much attention has been
devoted to the principle of justification in
the EC «Patient directive»(EC 1997).

Figure 10:
Annual X-ray examination frequencies in some western European
countries as reported in UNSCEAR (1993) (Annex C, Table 6).
x) the figures are from (1980-1984)
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Several new diagnostic procedures, utilising non-ionising radiation, have been introduced
during recent years, e.g. magnetic resonance tomography, ultrasonography and endoscopic
procedures. The appearance of these has, as discussed in Paper I, so far only to little extent
influenced the overall frequency of X-ray examinations in Norway. The reason is that the
decrease in some conventional X-ray examinations due to these new procedures, has been
balanced by the increase in CT and mammographic examinations.

The difference in patient dose between conventional radiography and computed tomography
for examinations of the same body region was pointed out in Paper I. Some of these are
compared in Figure 11. Since the diagnostic outcome is obviously not the same for
conventional examinations as for CT, the differences should motivate careful case-by-case
clinical considerations of which procedure to choose. As concluded in Paper I, CT now
contributes with 30% to the total collective effective dose from X-ray diagnostics in Norway,
although it still represents only 7% of the number of examinations. The use of CT procedures
is rapidly increasing, and new techniques as the helical CT may even lead to new applications
for CT in the future. The question of justification is therefore a highly actual topic within
radiological protection in CT procedures.
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Figure 11 The country-mean effective doses in Norway from examinations of the same body region with
computed tomography (CT) and conventional radiography (CR) (data from Paper I and III)

As discussed in Paper I, the concept of collective dose is based on the idea of a linear no
threshold dose effect relationship. The probability coefficients from the ICRP (1991) report
are given in Table 4. The factors apply to the average age and sex distribution in the two
groups of «adult workers* and «whole population*. These may, with many reservations, be
applied to approximate the risk associated with the radiological examinations in Norway.

Table 4 : Nominal probability coefficients for the stochastic effects (ICRP 1991)

Exposed population

Adult workers
Whole population

Fatal cancer

4.0
5.0

Detriment (10 ^Sv"1)
Non-fatal cancer

0.8
1.0

Severe hereditary
effects

0.8
1.3

Total

5.6
7.3
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In Paper I, the collective effective dose (CED) from X-ray diagnostics in Norway was
assessed to be 3400 manSv annually (0.78 mSv/inhabitant). It is usual to compare the CED
from different sources of radiation to identify the importance of them with respect to risk
(Reitan 1995). Such comparisons should, however, be interpreted with caution. There is a
large uncertainty in applying population based risk estimates to patients due to specific age
distributions, health status and possibly, shorter life expectancy for patients (NCRP 1995). In
a recent German study (Kaul et al, 1997), an average risk-modifying factor of 0.6 to the cancer
risk coefficient of 5% per Sv was applied to account for the different age distribution of
patients. Assuming the same age distribution in the Norwegian population, this would imply
about 100 excess cancers in Norway every year due to X-ray diagnostics. According to the
above discussion, this figure obviously contains considerable uncertainty.

6.2. Optimisation of X-ray procedures

In a Norwegian survey from 1986 (Saxeb0l et al, 1990), it was recognised that patients
referred with the same clinical question were exposed to doses that varied considerably
between different hospitals. As an example, the results for double contrast barium meal
examinations are presented in Table 5. Each row represents the mean values for each hospital.
The mean patient doses, in terms of kerma-area-product (KAP) for the complete examination
including radiographs and fluoroscopy, varied between 8.6 and 57.2 Gy-cm2. The mean
number of radiographs per examination varied between 5 and 20, and the mean fluoroscopy
time between 2 and 8 minutes. The hospitals that applied 100 mm camera instead of ordinary
cassettes for the radiographs, used significantly lower patient doses compared with the others.
The dose rate during fluoroscopy varied between 1.5 and 5.7 Gy-cm2 per minute. This may
have been caused by different sensitivity of the image intensifier (equipment related), but also
by different practices.

Table5 : The spread in examination procedures and patient doses, in terms of the Kerma Area Product
(KAP), for Barium meal examinations in Norway. Each row in the table represents the mean
values from one hospital (Saxeb0l et al, 1990).

Hospital

A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
A
0

Mean all

Number of
observations

21
14
7
14
13
7
19
8
10
15
10
6
7

21
20
17
9

224

Patient
mass
(kg)
72
69
65
71
68
72
73
77
59
64
61
61
67
58
64
72
65
66

Number of
radiographs

12.6
8.9
7.9
5.9
5.1
6.6
7.8
8.1
14.3
20.1
6.8
9.2
12.3
15.2
9.3
12.4
10.1
10.5

Total '>
Kerma Area Product

(Gy-cm2)
57.2 ">
42.9 b)

42.6 b)

42.2 b)

40.9 b)

37.9"'
34.4"'
31.7b)

23.0°
21.2C )

20.5 b)

16.7 c )

13.8C)

13.6°
12.5 c>
10.4c)

8.6c)

27.1

% of total

45%
29%
79%
43%
29%
48%
37%
44%
71 %
80%
36%
77%
85%
75%
70%
58%
66%

58

Fluoroscopy data
KAP Time Rate

(min) (Gy-cmVmin)
5.9
2.7
5.9
4.3
2.1
3.2
8.4
2.6
3.9
4.8
2.0
3.0
2.5
2.4
2.3
2.1
2.6
3.6

4.4
4.6
5.7
4.2
5.4
5.7
1.5
5.3
4.2
3.5
3.6
4.3
4.6
4.3
4.0
2.9
2.2
4.1

a) The mean KAP value for the complete examination, including both radiographs and fluoroscopy.
b) Cassettes were used as photographic technique for all radiographs
c) 100 mm camera were used for all, or almost all, radiographs
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Similar results were found in other countries at that time as well (Shrimpton et al, 1986), and
motivated the introduction of the concept of dose constraints in the ICRP (1991)
recommendations. The establishment of a dose constraint for a particular examination type,
requires that the nation-wide distribution of patient doses are known, reflecting the whole
range of clinical practices. It is a task for national or international bodies to recommend such
constraints, based on collected patient dose measurements. It is also their task to review the
values periodically. The constraints are intended to be a tool for the radiological department,
to evaluate their own examination procedures and radiological equipment. The utilisation of
this approach, however, requires that the local departments have equipment and ability to
make the dose assessments. It is therefore an objective to base the constraint values on
quantities that may be easily assessed, without interrupting the examination procedure.

6.3. How to establish dose constraints

For eight conventional examination procedures, NRPB has implemented the concept of dose
constraints in terms of «reference doses», given as the third quartile value of the UK dose
distributions (NRPB 1990). A similar approach has been applied by the European
Commission (Carmichael et al, 1996). The radiation protection authorities in the Nordic
countries have also published such values in a joint recommendation, in terms of «guidance
levels* for six conventional examination procedures (NRPA 1996). Generally, these guidance
levels are close to the mean value of the measured dose distributions, i.e. a more strict
approach compared with the UK and EC. The dose distribution for conventional lumbar spine
examinations in Norway, based on 527 measurements in 50 hospitals, is shown in Figure 12,
demonstrating that the ratio between the highest and lowest individual patient dose was about
36 for these procedures. As explained in Paper I, the mean value of 9.15 Gy-cm2 corresponds
to an effective dose of 1.9 mSv. The median value was about 6 Gy-cm2 (1.3 mSv), and the
third quartile value about 13 Gy-cm2 (2.7 mSv). All patients weighted more than 40 kg. For
adult patients a guidance level of 10 Gy-cm2 was recommended (2.1 mSv). Similar guidance
levels were established for examinations of the chest and pelvis, and for urography, barium
meal and barium enema (NRPA 1996).
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Distribution of measured KAP values for conventional examinations of the lumbar spine in
Norwegian hospitals. The Nordic guidance level has been set to 10 Gycm2, which
corresponds to an effective dose of 2,1 mSv (NRPA 1996).
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Doses should be measured periodically for a group of patients of medium size (around 70 kg)
in every hospital, and compared with the guidance levels. Obviously, such reference doses or
guidance levels will have to be modified periodically, since the examination procedures may
change over time, due to developments in technology, or as a consequence of improved
optimisation. NRPB has carried out a review of the patient doses in diagnostic radiology in
1995 (Hart et al, 1996), and compared them with the previous results (Shrimpton et al, 1986).
Recommendations and protocols for measurements of patient doses were published early in
the UK (NRPB 1990, 1992, 1993), and the reported reduction in collective dose from
conventional examinations in the UK, was attributed to these efforts. However, as discussed
in Paper I, similar trends were found in Norway even without such national recommendations.
Thus, the changes may be explained by the developments in technology alone, such as the
introduction of rare earth screens. It was, however, recognised that the patient doses in
Norway generally were significantly higher than those applied in the UK, and this may
possibly be explained by less focus on optimisation in Norway.

Carmichael et al (1996) introduced a dose constraint to be applied for clinical mammography
examinations, requiring ESD <10 mGy per projection (including backscatter) for a 5 cm
compressed human breast. In addition, several dosimetric protocols have been developed
during the last decade, caused by the introduction of mammography screening programmes. In
most of these protocols, the average glandular dose (AGD) is derived from the measurement
of air kerma (without backscatter) relevant for the imaging of a reference phantom (PMMA).
It is common to refer to a firmly compressed breast, with a content of 50% glandular tissue
and 50% adipose tissue. However, the recommended measurement procedures, and the choice
of Monte Carlo coefficients, vary between the protocols. The Nordic protocol (NRPA 1994)
which was used in Paper II, is compared with the UK protocol (Fitzgerald et al, 1989) and the
recent European protocol (Zoetelief et al, 1996) in Table 6.

Table 6 : Comparison of the Nordic, UK and European mammography dosimetric protocols

Protocol NRPA (1994) Fitzgerald et al (1989) Zoetelief et al (1996) ~
Reference measure point 3 cm from chest wall 4 cm from chest wall 6 cm from chest wall
Reference film density 1.0 plus base and fog As selected by AEC at 1.0 plus base and fog

clinical settings
Reference image 45 mm PMMA at clinical 40 mm PMMA at 28 kV 45 mm PMMA at 28 kV

kV setting with grid with grid with grid
Source MC data Rosensteinetal(1985) Dance (1990) Dance (1990)
Dose constraint (AGD) 2 mGy (1.5 mGy) " 2 mGy 2.3 mGy "
1) Upper limit 2 mGy, recommended limit 1.5 mGy
2) Derived from the ESD=12 mGy limiting value in EC (1996)

The differences between various protocols, and the resulting impact on the dose assessments,
are elaborated in the European protocol (Zoetelief et al, 1996). In changing the breast
thickness from 2 cm to 8 cm, the conversion coefficients decrease by a factor of about 4.
Therefore, in order to compare dose results obtained according to different protocols, it is
important to consider the standard breast thickness. EC has chosen the data from Dance
(1990), and concludes that although differences exist for various target/filter combinations,
their magnitude is small compared with the estimated accuracy (approximately ±25%) in the
determination of the standard average glandular dose. It is also recognised that the optimal net
optical film density (ND) used in clinical practice may be larger than 1.0, and dose constraints
are given for ND 0.8 to 1.8. The EC protocol also recommends assessments of the average
AGD per examination for a group of actual patients to be used for risk assessments.
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The nation-wide distributions of effective dose for the various CT procedures in Norway could
be applied for the establishment of dose constraints or guidance levels in CT. The effective
dose is, however, not a practical measure, since the assessment is rather complex. The EC
approach is to apply the measures of CTDIW and DLP, which may be easily determined by
physicists or radiographers in the local departments. The reference dose values suggested in the
draft from EC (Bongatz et al, 1997) are shown in Table 7. The effective dose may be estimated
from the DLP values by means of the DLP to E conversion factors given in the EC document.
The derived reference values are compared to the Norwegian results (Paper HI) in Table 7.

Table 7 : The country mean and third quartile values of effective dose from four CT procedures in
Norway (Paper III) compared to the European reference values (Bongatz et al, 1997).

Examination

Routine head
Routine chest
Routine abdomen
Routine pelvis

CTDIW

(mGy)
58
27
33
33

CT reference dose values
DLP

(mGycm)
1050
650
770
570

E/DLP
(mSvmGy'1cm'1)

0.0021
0.014
0.012
0.016

E
(mSv)

2.2
9.1
9.2
9.1

Norwegian results
E (mSv)

mean value 3.quartile
2.0 2.7
11.5 15.5
12.8 17.2
9.8 11.8

The EC reference values are based on the third quartile values from a CT survey in the UK.
As described in section 2.7 (Eqs. 15 and 16) the EC reference values are related to uniform
head and body phantoms. Even though the estimates of effective dose based on values of the
DLP imply some uncertainties, the results in Table 7 demonstrate that the doses from CT in
Norway are significantly higher than in the UK (Paper HI). After the draft on CT quality
criteria was distributed (Bongatz et al, 1997), many countries have been invited to initiate
national surveys of patient doses in CT, in terms of the recent quantities CTDIW and DLP.
Before a final version of the EC recommendations will be published, all the gathered data will
be considered. The present reference values will then possibly be increased in order to be
appropriate for a larger range of radiological practices. Obviously, the draft reference values
would constitute a challenge to Norwegian CT departments.

6.4. Image quality versus dose

Concerns about patient doses should never make us forget that the reason for requesting an
X-ray examination is the diagnostic outcome. The image quality is related to dose, particularly
for the visualisation of low contrast objects. In principle, if the practice is justified, and the
protection is optimised, the dose to the patient will be as low as compatible with the medical
purpose. In order to optimise a given diagnostic procedure, both the patient dose and the
image quality would have to be considered, and the optimum procedure will depend on the
diagnostic demands. In some cases, this may lead to the conclusion that the doses should be
increased. If details that need to be seen are not properly visualised in the image, the
examination will be wasted, and therefore not even justified.

The patient doses from mammographic examinations, in terms of glandular doses, were
shown to vary considerably between different laboratories (Paper II). Of even more concern,
was the finding that the image quality in about half of these laboratories was questionable.
Optimisation is of paramount importance in mammography, because such examinations
include asymptomatic women. As demonstrated in Paper II, image quality criteria based on
parameters that can be assessed with technical phantoms, may be a useful approach to
optimisation, e.g. such criteria form the accreditation system established by the American
College of Radiology. However, as discussed in Paper II and IV, technical phantoms so far
suffer from the lack of standardisation, and the evaluation may be dependent on the observer.
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Another approach to optimisation would be to link some image quality criteria to structures in
clinical images, as in the EC quality criteria for conventional radiography (including
mammography), paediatric procedures and computed tomography. However, these
evaluations also represent qualitative measures.

Qualitative assessments of image quality, based on technical phantoms or clinical images,
may constitute a first approach to optimisation of clinical practice, or for evaluations of
equipment performance. For thorough investigations there will, however, be a need for
objective measures (ICRU 1996). In this context, the ROC methodology constitutes a total
performance measure, in the respect that both the equipment, the applied technique, and the
observer are evaluated in objective ways. An example is shown in Figure 13. The ROC curves
were determined in five different CT laboratories, based on the exposure technique used in the
clinic, and single readings from one observer. The area under the ROC curves for the various
scanners, together with the corresponding values of CTDIW , and the values of slice
thicknesses, are given in the text to the figure. It appears that the performance of the five
laboratories varied considerably. For scanner 4, the poor values were caused by the small slice
thickness (5 mm), which increased the image noise compared with the 10 mm technique
applied by the other CT laboratories. Clinical questions will determine how small details need
to be seen. However, the statistical methods to judge the significance of observed differences
between ROC curves need to be developed further (Paper IV). Future ROC experiments must
be carefully planed with respect to training of the observers before they start reading, and
possibly the combined results from several observers may be used (e.g. second reading in
consensus).

The considerable spread in dose to
patients between individual CT
laboratories was analysed in Paper HI.
As concluded in Paper I, CT is of
particular concern because of the large
contribution to the collective effective
dose. The ROC methodology is
appraised as an objective approach to
image quality evaluations, and the aim
for Paper IV was to develop such
methods that would be appropriate for
optimisation in CT. The present ROC
phantom was designed to give a total
performance measure of the transversal
low contrast detectability. In
optimisation, two related quantities must
then be considered : (a) The area under
the ROC curve, and (b) the CTDIW. The
methodology may be used for
comparison of the performance of
different scanners at the same dose, or to
establish, for a given scanner and
examination, what is the appropriate
dose. In this way the benefit of
diagnostic detectability versus its costs
in terms of radiation dose may be
analysed.
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Figure 13 :
The ROC curves based on the exposure technique used in
clinic for five scanners (all 120 kV). The images were read
by the same observer once at preset WW150 and WL 55
(Paper IV).
Laboratory

1
2
3
4
5

Slice thickness
(mm)

10
10
10
5
10

CTDI.
(mGy)
21.9
26.2
31.4
23.4
15.1

ROC
area
0.921
0.922
0.797
0.747
0.957
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7. Conclusions and future perspectives

7.1. Scientific work

Periodical surveys of examination frequencies are performed to reveal trends in the use of
radiological procedures. These efforts are needed for at least two reasons, both related to the
question of justification : (a) the economical investments in radiological equipment should be
based on sound clinical requirements, and should be weighed against the need for other health
promoting initiatives, and (b) the medical use of X-rays may cause certain detriments to the
population, and the benefits should be weighed against such possible risks. The total frequency
of radiological examinations in Norway was assessed to 710 per 1000 inhabitants in 1993
(Paper I). This is in the intermediate range compared with other countries with the same level of
health care. However, the frequency of CT examinations is quite high compared with other
countries, and due to the higher patient doses in CT compared with conventional examinations
of the same body regions, CT now contributes 30% of the total CED. The total CED from
radiological examinations in Norway was assessed to 0.78 mSv/inhabitant (Paper I). This is a
rather high figure compared with the reported values from many other countries, and may cause
about 100 excess cancer deaths every year.

Surveys of image quality and patient doses in medical radiology are needed for several reasons,
related to the question of optimisation : (a) to review the state of the art of X-ray equipment, (b)
to reveal differences in equipment performance, and (c) to reveal differences in examination
practice. In addition, the surveys of patient doses are requested as input to collective dose
assessments and further risk estimates or cost-benefit analysis. The surveys of conventional X-
ray (Paper I), mammography (Paper II) and CT (Paper HI and IV), all demonstrated
considerable variations in image quality and patient doses for examinations of the same body
region performed at different hospitals. In conclusion, there should be a considerable potential
for optimisation. Various recommendations have been published to promote optimisation, e.g.
the quality criteria for conventional examinations (Carmichael et al, 1996), paediatric
examinations (Bongatz et al, 1997) and CT (Kohn et al, 1996). Attention to these questions may
influence examination practices in the future. Surveys of patient doses and image quality will
therefore have to be repeated periodically to reveal trends, and to give advice to those
laboratories that appear to show poor performance compared with established quality criteria.

It is also necessary to evaluate new techniques and equipment whenever they are introduced,
e.g. the introduction of digital radiology constitutes a challenge to the radiological society, as
does the introduction of helical CT. The great advantage of digital image matrices is the ability
to manipulate the raw data by image processing in a computer. Image processing may constitute
an unused potential for optimisation, and research will be necessary to utilise these new
techniques efficiently in the clinic.

The methods for assessments of patient dose have been well established and standardised, both
in conventional X-ray diagnostics, mammography and CT. Simple local measurements of
entrance surface dose or kerma-area product, or the CT dose index, may conveniently be
converted to organ absorbed doses and effective dose by means of published conversion
coefficients based on Monte Carlo simulations. Such methods are suitable for establishment of
nation-wide mean doses and collective doses as was the scope for this thesis. These methods
are, however, not appropriate for assessments of individual dose and risk, due to the variations
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in patient mass, anatomical tissue composition, and radiation sensitivity among different
patients.

The different factors that influence the contrast, resolution and noise in a planar image, or in
CT, is also well understood. The transfer characteristics for the detection of signals may be
derived from a set of physical performance measurements which can be assessed by objective
means. The characterisation of the display of images, however, relates to psychophysical
approaches, which suffer from lack of standardisation. These methods may be divided into : (a)
subjective methods, which may be based on qualitative assessments of various test objects in
technical phantoms, or the detectability of anatomical/pathological structures in clinical images,
and (b) objective methods (forced choice analysis or ROC analysis) which also may be based
on appropriate test objects in phantoms that are dedicated for the task.

Image quality criteria linked to parameters that can be assessed by means of technical phantoms
may constitute a practical approach to optimisation (Paper II). This approach demands that
various phantoms delivered by the same manufacturer are exactly equal. Only in this way, may
survey results from different countries be compared. The various test objects, and the methods
used to evaluate the appearance of them in an image, need to be specified and standardised. In
this context, the different scientific working groups acting in the DEC and ICRU, have an
important task. Furthermore, significant variations in image quality were found also when
referring to the same mammographic laboratory and the same examination technique (Paper II).
Therefore, the number of images that have to be evaluated in order to draw definite conclusions
on image quality needs to be specified. Since image quality is dependent of dose, it would
certainly also be useful if the figures of dose and image quality referred to the same phantom.
As suggested in Paper IV, the CTDIW and LCR measures in CT should refer to the same
phantom diameter.

The ROC approach has proved to be a promising tool for optimisation in cases where there is a
need for thorough objective investigations (Olsen et al, 1997, Paper IV). Realistic ROC
phantoms and appropriate software may be developed to allow analyses of the relationship
between image quality and dose related to various diagnostic procedures. In this context, the
concepts of CTDIW and DLP, suggested by the EC (Kohn et al, 1996), seem to be appropriate
measures of dose in CT. Future ROC studies in CT may include further analyses of the
influence of filter kernel, slice thickness, tube voltage and current time product. Furthermore,
the phantom developed in this project (Paper IV) may be modified to allow evaluations of
helical scanners by taking into account the longitudinal resolution.

7.2. Health political aspects and legislation

It is generally assumed that radiological examinations may be overused. For example in
Belgium, nearly three times as many examinations are performed annually as in Denmark.
These differences can hardly be due to differences in population health. The most efficient way
of reducing the CED, would be to remove all the unnecessary examinations, i.e. those which are
neither judged helpful in making the diagnosis nor would change the further management of the
patient. In addition, the clinical indications for use of high dose modalities, such as CT, should
be carefully examined by the professionals in order to keep this use on a reasonable level. The
use of new modalities that do not utilise ionising radiation, such as ultrasonography and MRI,
might also be encouraged. However, these efforts are not easy to accomplish, because the use of
X-rays is influenced by many factors such as professional habits, the development of new
equipment, the expectations from the patients, and the reimbursement systems. Some of these
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are political questions that may be influenced by regulatory bodies on a sound scientific basis.
The referring clinician should send the patient to the radiological department with a clinical
question, not a request for particular examinations, since the competence about available
options resides in the radiological department. The recent EC «patient directive* (EC 1997)
deals with the question of justification, and it is up to the various countries to implement, and
further specify, this policy in the national legislation.

The variations in patient dose and image quality between different hospitals are both related to
user and equipment (Paper II, HI and IV). With respect to old X-ray equipment, it is important
that the national health authorities and the local radiological departments develop a strategy for
use and final replacement. Such equipment should not be used for examinations that require
high image quality, or if the dose to the patient exceeds a defined limit, and certainly not for
paediatric patients. However, replacement requires money, and the level of acceptance may be
considered as both a professional and a health political question.

User related dose and image quality variations may be connected to professional habits, lack of
competence, and suboptimal use of the equipment. This concerns the choices of examination
technique and exposure parameters. By the health authorities, this may be dealt with by issuing
guidelines for clinical practice, and requiring appropriate training programmes. At the local
level, such recommendations may serve as a tool for optimisation, to help them make the best
use of their, may be sub-optimal, equipment. Recommendations for quality control
programmes, dose constraints and quality criteria for diagnostic images may be considered as
tools used to reveal both equipment- and user- related incongruities. An aim for the future must
be to establish such recommendations for more types of examinations, and for new modalities
as they are being introduced. The advent of digital radiology and radiological information
systems may facilitate this task.

The legislative regulation of radiation protection in Norway is currently under revision. The EC
«Patient directive* (EC 1997) is considered as a very important basis for this work, even though
Norway is not a EU member state. For Norway to be on line with the EC directive, various
requirements must be implemented in the legislation, such as : (a) quality control of equipment,
(b) local dose monitoring programmes, (c) registration of the number of examinations for each
procedure that is used, and protocols for these procedures, and (d) competence and training for
the various groups of staff in the X-ray department. The latter necessitates a structuring of the
basic education, specialisation and training of both radiologists, medical physicists and
radiographers in Norway.

Several efforts have been made internationally in order to improve the optimisation of X-ray
procedures, both with respect to equipment standardisation, codes of practices,
recommendations on quality control and competence etc. The challenge is to get all this
knowledge implemented into practice. These issues have so far primarily been a puzzle for the
medical physicists' society. The next step is to catch the attention of the radiological society
and the health authorities.
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Appendix : CT image reconstruction, noise, resolution and dose

APPENDIX : CT image reconstruction, noise, resolution and dose

The purpose of this appendix is to develop the formalism of reconstruction by filtered back-
projection in computed tomography (CT), to describe the noise propagation and resolution in
a CT image by means of this formalism, and to give the relationship between noise, resolution
and dose in CT images. The appendix is based on Barrett and Swindell (1981), and details
may be found there.

Reconstruction with filtered back-projection
For the scan mode of a first generation scanner, the relationship between the projection p(t, 0)
and the distribution of linear attenuation coefficients in the transversal slice jj(x, y) is :

where Io is the fluence of X-ray photons at the patient entrance, and I(t,0) is the fluence of
detected photons (a Poisson distributed variable). The line I is perpendicular to the projection
axis t, and 6 is the projection angle (Figure Al (a)). Note that any spatial variations in the
direction of the line f are preserved in the projection p(t, 0), while variations in other
directions are averaged out.

The aim of the reconstruction algorithm is to determine the spatial distribution of attenuation
coefficients \i(x, y) from the measured p(t, 0). This mathematical analysis is usually carried
out by applications of the Fourier transform to fi(x, y), given by :

F(a) = — [ {fi(x,y)exp(-ir m)dxdy

where |©| = 2TTV and v is the spatial frequency (cycles per cm)

(a) (b)

(A2)

\(o\dBd(o

Figure Al (a) A projection p(t, 6) of the distribution ofn(x, y) on the projection axis t as seen in the
spatial domain.

(b) The Fourier domain representation of the image. A sine wave component of the image is
described by the complex amplitude F( ft)).
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From Figure A1, (o • r = \a>\ • \r\ • cos y/ = \co\ • t, along the line /. Integration in the directions of

/ and t (instead of x and y) gives :

F(co,6) = — J jfi(x,y)txp(-i\w\-t)dl Ut

= —f \n(x,y)dl \txp(-i\co\-t)dt (A3,

= - \ p(t,6) exp(-i\(o\t)dt = P(ti)

This proves the central slice theorem: It is possible to fill the entire Fourier domain with data
sets, each of which may be determined by a one-dimensional Fourier transform of a
projection. The Fourier transform of the projection will constitute points along a line through
the origin of the Fourier space, running in the direction 6. Using a polar coordinate system
(Figure Al(b)), the inverse Fourier transform may then be written :

1 ( ^
fi(x,y) = -j\ j P((o,B)-\a\cxp(i\(4t)dco\i8 (A4)

" o V— /
where the Cartesian area element dcoxd(Oy has been substituted with \co\-dddco (Figure 1A).

The inner integral in equation (A4) represents a product of two functions of co. A
multiplication in the Fourier domain is equivalent to a convolution in the spatial domain.
Introducing a filter function s(t) whose Fourier transform is M , the distribution of attenuation
coefficients may be obtained from :

fi(*.y) = jjp(t-t',e)s(t')dt'd6 = jd6[p(t,0)®s(t)] = \p\t,0)d6 ( A 5 )
K o— "• o K o

where the last integral is taken over points that meet the condition t = x • cosO + y • sin0, and
® means convolution. M is the number of projections, and is included in the equation because
fi.(t,6) is defined as a sum rather than the average of the filtered backprojection. The
p'(t,6)aie filtered projections.

The one-dimensional filter function s(t) is often called a «kemel», and F(s(t))*= \co\ is called a
ramp function. The different kernels (soft tissue filters, bone filters, high resolution filters etc.)
are slight modifications of the spatial domain representations of |t»|, representing different
cut-off frequencies, and functions that control the high frequency roll-off of the filter
(apodizing functions).

The above review is based on the assumption that the paths of the X-ray photons for every
projection angle are parallel (first generation scanners). Modern CT scanners work with fan-
beam geometries. This will affect the algorithms in two ways : (a) the filter will be different,
and (b) the contributions will depend on the distance of the image element from the focus, and
must be weighted to take this into account.
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The digital formulation of convolution
The digital formulation of the convolution operation (Eq. A5), assuming a digital version of
the filter function, s(k), is :

p'(t,6) = ̂ p(.t-k,d)-s{k) (A6)
k

where both t and k are digital indices.

The reconstruction nxn matrix is characterised by a certain pixel size, A. Prior to the
reconstruction, all pixels in the matrix are set to zero. Considering one particular pixel, the
value of the attenuation coefficient, /iij, is obtained by adding the filtered projections to the
pixel value for each projection angle successively :

e
where the sum is taken over points that meet the condition t = x • cosO + ys'md, and x and y
are given by : x=A(i-0.5), i=-n/2,+n/2 and y=A-(j-0.5), j=-n/2,+n/2. Since t is a continuous
variable, interpolation must be used to get a correct projection value.

Noise propagation
A fi value in the reconstructed image is an estimate of a random variable, and within this
notation the variance may be deduced (Barrett and Swindell, 1981) as :

( A 8 )

where I(t, 8) is the number of detected photons (electronic noise has been neglected). The
integral is again taken over points that meet the condition t = x • cosfl + v • sin0. Note that the
use of t as argument for s2(t) is purely formal (it is referred to Eq. A5).

Thus to find the variance in a point (x, y) in the reconstructed image, one must convolve the
reciprocal of the linear photon density with the square of the filter function, back project, and
sum (integrate) over all projection angles. The noise propagates through the convolution
algorithm, and its amount depends on the filter kernel. If the kernel represents a high pass
filter, then the absolute values of s(t) are larger than for a corresponding low pass filter, i.e. the
noise is increased. A bone filter that enhances and sharpens structures (better spatial
resolution) also will increase the noise.

The corresponding signal-to-noise ratio (SNR) is defined by :

(A9)
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Point spread function and modulation transfer function
Neglecting the fact that detectors have finite widths, and that angular sampling is performed at
discrete intervals, the point spread function (PSF) of the system may be deduced by
substituting a point like object in equation (A5), giving the PSF(x, y) as the summation of the
one-dimensional filter function:

M_

n
where the integral is taken over points that meet the condition t = x • cos6 + y • sin©.

M r
PSF(x,y)=—}s(t)d6 (A10)

The modulation transfer function (MTF) can be calculated as the Fourier transform of the PSF
for various kernels. If the kernel represents a high pass filter, then the absolute value of s(t) is
larger than for a corresponding low pass filter, i.e. the spatial resolution is improved (high
resolution bone filters).

Spatial resolution, noise and dose
The spatial resolution, 5, is often defined as the full width at half maximum (FWHM) of the
PSF, and is usually considered in the isocenter. For a uniform disc object, Barrett and
Swindell (1981) have derived an expression that relates the mean absorbed dose in the slice,
D, to the signal-to-noise ratio, SNR, and spatial resolution, S :

(All)

Thus, a twofold improvement in resolution can be obtained at the expense of an eight-fold
increase in dose. If the slice thickness, Az, is varied in proportion to 6, the relation becomes:

D~(Az)-]S-\SNR)2 ocS^(SNR)2 (A12)

This is often called the «fourth-power trade off law». The results are based on a continuos
model for the projection data. If the finite width of the detectors cannot be neglected, there is
an additional contribution to 8, unrelated to the width of the filter function, and equation
(A12) no longer applies.
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Abstract — Radiological activity in Norway has been investigated by means of three surveys in 1983, 1988 and 1993. The
patient doses from conventional X ray examinations were assessed from more than 5000 measurements of area-exposure at 50
hospitals, using conversion coefficients from the National Radiological Protection Board (NRPB) in the UK. The total collective
effective dose (CED) to patients from diagnostic radiology in 1993, including contributions from computed tomography and
mammography, was assessed to be about 3400 man.Sv (0.78 mSv per inhabitant). The total frequency of radiological examinations
has increased from 641 to 710 per 1000 inhabitants during the past ten years. The most siginficant trend is the increase in CT
examinations, now representing 1% of the total number of examinations, and 30% of the total CED from diagnostic radiology.
Conventional examinations of the gastrointestinal tract are decreasing due to the introduction of other procedures, but these
examinations still contributed 26% to the total CED in Norway.

INTRODUCTION

The widespread use of X rays in medicine means that
such examinations represent by far the largest man-
made source of population exposure to ionising radi-
ation. The principal concern in radiological protection
is the reduction of unnecessary exposures by requiring
adequate clinical justification and optimisation of
patient protection, as stated in the 1990 recommen-
dations of the International Committee for Radiological
Protection (ICRP)"'. The United Nations Scientific
Committee on the Effects of Atomic Radiation
(UNSCEAR) calls for updated knowledge about exam-
ination frequency and patient dose data, and reviews
that kind of information regularly12'. The aim is to fol-
low trends and reveal differences between countries and
health-care levels, in order to identify the most cost-
effective radiation protection efforts. According to
UNSCEAR, there are some general limitations in data
obtained in surveys of medical radiation uses and
exposures, since the estimates of nationwide values are
often based on extensive extrapolations from small and
biased samples. In some countries, however, national
authority institutions collect such information based on
nationwide surveys of practice and dose monitoring pro-
grammes, which improve the quality of the submitted
data.

The Norwegian Radiation Protection Authority
(NRPA) has performed surveys of the examination fre-
quencies in Norway every fifth year since 1983(3i4>. The
patient doses from conventional radiology (CR) were
assessed in 1987(5), and have been followed by continu-
ous dose measurements since then. The patient doses
from computed tomography (CT) and mammography

have also been assessed recently16-7'. The surveys of
patient doses demonstrated a considerable spread
between individual hospitals for similar examination
types, and this reflects a need for optimisation. How-
ever, the scope of the current paper was to reveal trends
in examination frequency or doses, and to assess the
collective dose from diagnostic radiology, as an input
to the discussion on justification and further risk esti-
mates. The main aims were:

(1) To study the alterations in examination frequency
among different X ray procedures during the 10
year period 1983 to 1993.

(2) To assess the patient doses for some selected con-
ventional examinations-based on the latest measure-
ments and to compare these with the data from
1987<5).

(3) To assess the contribution to the collective effective
dose from diagnostic radiology, including conven-
tional X ray, CT and mammography (except dental
and chiropractor use), based on the latest reported
examination frequencies from 1993.

MATERIALS AND METHODS

Examination frequency

The owner of a hospital, health centre or X ray lab-
oratory is responsible for radiation protection according
to the law, and is referred to as 'user' in the following.
There were about 400 users in 1983, decreasing to 360
in 1993 (excluding dental and chiropractor use). Ques-
tionnaires have been distributed to these every fifth year,
asking for the total number of radiological examinations
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performed, and the distribution of the different examin-
ation types. In 1983 and 1988, the examinations were
categorised in seven groups, and named by the NRPA.
In 1993, the examination codes given by the Norwegian
College of Radiology (NORAKO) were used. This sys-
tem includes nine groups or categories of X ray examin-
ation, and a total of 240 X ray codes. In addition, 29
magnetic resonance imaging (MRI) codes and 56 ultra-
sonography codes (US) are specified. Thus, the
nomenclature was changed between the three surveys,
but in general it has not been difficult to identify the
corresponding examination types from the replies in
1983, 1988 and 1993. However, some users could not
provide frequency information for particular examin-
ation codes, but could specify the number of examin-
ations for each of the nine groups. Moreover, some
users could only give the total number of examinations
performed at that particular hospital, without any further
categorising. These 'unspecified examinations' had to
be accounted for in the assessment of collective dose.

Dose assessments

Conventional radiological examinations (CR)

The recording of patient doses from conventional
radiological procedures started in 1984, and includes at
present about 5000 examinations performed in about 50
hospitals/laboratories. The dose measurements were
based on the kerma area product (KAP), defined as the
air kerma. Kair

<8), integrated over the X ray beam cross-
sectional area. A:

(1)KAP= KairdA

The KAP, expressed in units of Gy.cm2, was measured
with a plane-parallel ionisation chamber intercepting the
entire X ray beam19101. The response of the ionisation
chamber is approximately independent of the distance
from the X ray tube focus and the chamber could con-
veniently be mounted on the tube diaphragm housing,
not interfering with the examination procedure or
patient. A favourable characteristic of the kerma area
product is the possibility of a simple estimation of the
energy imparted to the patient, the latter being connec-
ted to the mean patient dose and risk1""15'. Three dose-
meters (PTW Diamentor, Freiburg, Germany) including
in total nine ionisation chambers have been used during
the survey. These were calibrated at the factory in units
of R.cm2. The output was converted to SI units by
means of the factor 0.00876 Gy.cm2 per R.cm2.

The dosemeters were brought to the local hospital, so
that a sample of measurements from the most common
radiological procedures could be recorded during the
visit, which lasted about one week. A total of 25 para-
meters were recorded for every single procedure, such
as the name of the hospital, type of equipment, whether

the tube was positioned above or beneath the couch, the
tube voltage for radiographs, the number of radiographs
taken, speed of the screen/film combination, fluoroscopy
time, use of 100 mm cameras in preference to ordinary
cassettes, together with the age, sex and weight of the
patient. The KAP values from radiographs and fluor-
oscopy were also monitored separately.

Two approaches for dose assessments were tested:

(1) The total energy imparted was calculated, based on
the mean KAP values, by means of the conversion
coefficients from the Lindkoping group"2"141. These
data relate to different combinations of tube voltage
and filtration, and to various thicknesses of water
slab. Basically, the trunk region was modelled by a
water thickness of 300 mm (abdomen) or 200 mm
(pelvis, hip). The chest region was modelled by
150 mm, the skull by 200 mm, and the thicker parts
of the extremities by 100 mm water. For examin-
ation types where fluoroscopy was commonly used
as a part of the procedure, the doses arising from
radiographs and fluoroscopy were assessed separ-
ately. The mean absorbed dose was calculated as
the quotient between energy imparted and the mean
patient weight.

(2) The effective dose(l) was estimated from the mean
KAP values for each examination code by means
of the conversion coefficients from National Radio-
logical Protection Board (NRPB)(15). These are
tabulated for 68 radiographic projections and nine
complete examinations, and appropriate coefficients
were selected depending on the exposure parameters
and irradiated region of the body.

KAP values were available for 46 examination codes.
For the most common X ray examination codes the
country-mean KAP values were based on measurements
from a variety of laboratories and hospitals. However,
the angiography examinations mainly come from only
one hospital. For those examinations where KAP values
were not available, the doses were estimated consider-
ing the examination procedure and the volume of the
irradiated body region. In total, assessments of mean
effective dose were done for 68 examination codes.
These codes represented about 90% of the total number
of conventional examinations performed in 1993. Due
to the limited number of KAP measurements for some
of the examination codes, the assessment of collective
dose was based on all measurements performed after
1984 with patient weights greater than 40 kg. In
addition, the two time intervals 1984-1987 and 1988-
1995 were studied separately for some selected examin-
ations, in order to reveal possible changes in doses dur-
ing the later years.

Computed tomography (CT)

The effective dose to patients from seven types of CT
examination were assessed in 1995161. The dose assess-
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ments were done according to the method published by
NRPB, based on normalised organ doses for CT calcu-
lated using Monte Carlo techniques'l6~l8). These seven
examinations represented 85% of the total number of
CT examinations performed in Norway in 1993, and the
calculated dose values were used as input to the collec-
tive dose assessments. Dose values for other CT exam-
inations were estimated from the NRPB results07'.

Mammography

The mean value of average glandular doses from
mammography examinations in Norway was assessed to
be 1.13 mGy (0.4-2 mGy), referring to a 4.5 cm thick
phantom, 1.0 net optical film density, and one
projection171. In order to apply these results for assess-
ment of the mean effective dose, some rough approxi-
mations had to be made. First of all, it is emphasised
that mammography examinations in Norway refer to
one single breast. In 1993 no mammography screening
programme was yet established. Still, it is supposed that
a large proportion of the mammography examinations
involved women without clinical symptoms. In total, it
was assumed that the procedures included a mean of 2.1
projections per breast, counting both 'screening' exam-
inations and clinical examinations. The average glandu-
lar dose of 1.13 mGy per projection was used, presum-
ing that the 4.5 cm phantom corresponded to an average
Norwegian breast thickness. The effective dose was cal-
culated according to the ICRP formula, E = 2wTHT

<1),
where wT is the organ weight factor and HT the organ
absorbed dose. For mammography, all ICRP organs
other than the breast were assumed to get zero dose. In
order to get the effective dose per breast, the weight
factor wT = 0.05 for breast should be divided by two,
since one breast represents only half of the organ. How-
ever, almost exclusively women are examined, and
therefore the weight factor should be doubled, since it
initially has been averaged over the two sexes'". These
two conditions cancel each other, and the effective dose
per breast was assessed as E = 0.05 X 1.13 mSv per pro-
jection and 2.1 projections per breast, giving 0.12 mSv
per breast, which was taken as the mean effective dose
per examination.

Assessment of collective effective dose

The total patient collective effective dose from diag-
nostic radiological examinations, CED, in units of
man.Sv, was calculated according to the formula:

CED (2)

where E| is the mean effective dose to patients from a
particular examination type, and N, is the corresponding
number of examinations of that type performed each
year. The examination frequencies were taken from the

1993 statistics, and the dose values were taken from the
different surveys as mentioned above. In order to correct
for the unspecified examinations the following method
was used. For each examination group (skull and facial,
respiratory, urogenital, GI, etc.) the unspecified examin-
ations were assumed to have the same distribution as
found for the coded examinations in that group, and the
number of coded examinations were increased accord-
ingly. Similarly, the radiological examinations which
were not assigned to any group had to be accounted for
in the total collective effective dose.

RESULTS

Trends in examination frequency from 1983 to
1993

The reported total number of radiological examin-
ations in Norway in 1993 is shown in Table 1, showing
the specified groups of examinations, the relative num-
bers of some examination types within each group, and
the examination frequencies (number of examinations
per 1000 inhabitants in the Norwegian population). The
total frequency of X ray examinations has increased
from 641.3 in 1983"> to 710.4 in 1993. This may partly
be explained by an increased use of conventional X ray
radiographs (CR), i.e. the frequency of chest examin-
ations has increased from 122.4 in 1983 to 146.9 in
1993. Similar trends in CR examinations of the limbs,
skeleton and spine are shown in Figures 1 and 2. Fur-
thermore, the frequency of mammography examinations
has increased from 2.5 in 1983, to 18.3 in 1988, and
then to 43.1 in 1993 (counting examinations of one
breast as one mammography examination). Another pro-
nounced trend is the doubling of the CT examination
frequency every fifth year, from 11.3 in 1983 to 47.7 in
1993. In 1983 half of these CT examinations were head
or brain studies, in 1993 this proportion had decreased
to 35.7%, due to an increased use of CT for other
regions of the body, as shown in Figure 3. The fre-
quency of angiography examinations has also increased
from 4.4 to 11.0 during the past ten years. This group
of examinations has gone through a considerable devel-
opment, and is now also used for interventional pur-
poses. The frequency of myelography has been stable
during the period (1.6 per 1000 inhabitants in 1993).

CR examinations of the gastrointestinal tract rep-
resent a group of examinations which has been decreas-
ing, as shown in Figure 4. A tendency for barium meal
and barium enema examinations now to be performed
with double contrast (DC) procedures instead of single
contrast (SC) was also seen. A considerable decrease in
the urography (IVU) frequency was also found, from
18.7 in 1983 to 9.3 in 1993. There is still a significant
volume of photofluorography examinations in Norway,
but the frequency has decreased from 84.4 to 34.0 dur-
ing the period 1983 to 1993. The temporary decrease in
the total number of X ray examinations in Norway from
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1983 to 1988, which was reported in the UNSCEAR
1993 report'21, could mainly be explained by this
observed decrease in photofluorography examinations.

Mean absorbed dose and effective dose

The assessment of mean absorbed dose and effective
dose for nine complete examination types are presented

in Table 2 for comparison purposes. The mean KAP
values were established according to the particular
examination procedures used in Norway in 1993 as
explained in the footnotes to the table. The mean
absorbed doses for examinations in the trunk region
were of the order of 60% of the effective dose values.
This is due to the fact that most of the radiation sensitive
organs specified in ICRP 60'" lie in the trunk region.

Table 1. The reported number of radiological examinations in Norway in 1993 (4.31 x 10* inhabitants) and the examin-
ation frequencies for nine groups of X ray examinations, ultrasonography, and MRI. The total number of examination
codes (NORAKO) within each group are specified, a selection of them are stated in the table with the percentage of the

total number in that particular group.

Examinations No of Examination % of
examinations frequency total

(No per 1000
inhabitants)

Skull and facial region (16 codes) 76.938 17.9 2.5
Skull, two projections (3.8%) or four projections (10.5%), paranasal sinuses (50%),
facial bones (8.8%), epipharynx (6.6%), orthopantomography (5.3%),
temporomandibular joint (5.1%)

Respiratory organs (17 codes) 823,184 191.0 26.9
Chest PA (12.5%), chest PA+Lat (62.8%), photofluorography (17.8%), heart (4.8%)

Urogenital system, and breasts (28 codes) 252.192 58.5 8.2
Mammography (73.6%), IVU (16.0%). urinary tract (4.6%), cystourethrography (1%).
uterus and salpinges (HSG) (0.8%)

Gastrointestinal tract (31 codes) 124.267 28.8 4.1
Abdomen (26.2%), oesophagus (11.9%), stomach and duodenum (22%), small intestine
(6%), colon (30.1%), biliary tract and pancreatic duct (4.7%)

Spine (9 codes) 315,568 73.2 10.3
Cervical spine (28.3%), thoracic spine (14.2%), lumbar spine (20.2%), lumbar spine
with sacrum (27.5%)

Limbs and skeleton (31 codes) 1,037.310 240.7 33.9
Shoulder (7.8%), elbow (2.5%), hand (7.1%). wrist (8.0%), knee (14.0%),
ankle (7.8%), foot (7.3%). pelvis (9%). hips (13.8%)

Angiography (50 codes) 47,254 11.0 1.5
Arteriography (79.3%). venography (20.6%), lymphography (0.1%)

Neuroradiology (23 codes) 7410 1.7 0.2
Cervical myelography (10.1%), thoracic myelography (3.2%),
lumbar myelography (68.3%), thoracolumbosacral myelography (4.2%)

Computer tomography (CT) (35 codes) 205,787 47.7 6.7
Head/brain (35.7%), chest (4.8%), abdomen (10.7%),
lumbar spine (14.5%), unspecified CT (17.4%)

Unspecified X ray examinations

Total number of X ray examinations

Magnetic resonance imaging (MRI) (29 codes)
Head/brain (30.4%), cervical spine (6.8%), lumbar spine (9.5%),
unspecified MR (30.3%)

Ultrasonography (US) (56 codes) 309,017 71.7
Abdomen (29.3%), liver, pancreas and biliary tract (12.4%), kidneys, urinary tract and
urinary bladder (11.7%), unspecified US (18.9%)

171,817

3,061,727

23,210

39.9

710.4

5.4

5.6

100%
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Accordingly, the values of effective dose for examin-
ations of the skull or extremities were lower than the
values of mean absorbed dose. It was therefore decided
to apply the quantity effective dose'" for further collec-
tive dose assessments, as opposed to what was done in
the 1987 survey'51. The country-mean values of effec-
tive dose for 68 conventional X ray examination codes
are given in Table 3. The number of KAP measure-
ments, the mean KAP values, and the selected NRPB
conversion coefficients"5' used for the assessments are
also given.

Collective dose in 1993

The CED was assessed separately for each of the nine
groups of X ray examinations based on the examination
frequency from 1993. The calculations included assess-
ments of the contributions to CED from 68 conventional
examination codes and 36 CT examination codes. As an
example, the calculations for the group of CT examin-
ations are presented in Table 4. Apparently, 17.4% of
all CT examinations were not categorised from the users
to any of the CT codes. These unspecified CT examin-
ations were assigned to the different codes according to

Pelvis, hip

kle, foot, toe

Knee

Wrist, hand,
finger

Shoulder

1

0968
• 1983'

0 10 20 30 40 50 60

No of examinations per 1000 inhabitants

Figure l.The increase in some specified CR examinations of
limbs and skeleton from 1983 to 1993.

Lumbar spine

Cervical spine

Thoracic spine

Thoraco
lumbar

spine with sacrum

Columns totalis
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No of examinations per 1000 inhabitants

Figure 2. The increase in CR examinations of the spine from
1983 to 1993.

the relative distribution of the coded examinations, and
the corrected number of each code was used in the col-
lective dose assessment as shown in the table. The CED
from each of the eight groups of conventional radiologi-
cal examinations were done according to a similar
approach. There were still 5.6% of the total number of
radiological examination in 1993 not categorised into
any group. The mean effective dose for these examin-
ations was estimated as the quotient between the total
CED for the nine examination groups and the total num-
ber of examinations in these nine groups. The main
results are shown in Table 5, the conclusion being that
the total collective effective dose from radiological
examinations in Norway was 3375 man.Sv (0.78 mSv
per inhabitant) in 1993. This represents an increase
compared with the estimate from 1987 of 0.6.mSv per
inhabitant'51. However, the 1987 estimate was more
approximate, and also based on the mean absorbed dose
and effective dose equivalent.

Presuming that the reported mammography examin-
ations in 1993 referred to one breast, the CED from
mammography was estimated as 22 man.Sv. This rep-
resents a minor proportion of the total CED from the
group of urogenital organs, even though mammography
examinations represents 73.6% of the total number of
examinations within this group. It is, however, recog-

Head/brain

Lumbar spine

0 2 4 6 8 10 12 14 16 18

No of examinations per 1000 inhabitants

Figure 3. The increase in some specified CT examinations from
1983 to 1993.
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pancreas

Small intestine
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Figure 4. The decrease in some specified CR examinations of
the gastrointestinal tract from 1983 to 1993.
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nised that there might have been some confusion among
the users about how to count a mammography examin-
ation. Some might have reported examination of both
breasts as one examination, meaning that the CED from
mammography may be somewhat underestimated.

The relative number of examinations performed and
the contributions to the total CED from the nine groups
of X ray examination are summarised in Figure 5. It is
seen that CT contributed about 30% to the total CED,
even though it represented only 7% of the total number
of examinations. Despite the decreased frequency of GI
tract examinations these still contributed 26% to the
total CED. Examinations of limbs, skeleton and respir-
atory organs represent very frequent examinations, but
contribute less to the total CED. The CR skull and facial
examinations are both infrequent and involve low doses.

Changes in examination procedures and possible
dose savings

The collective effective dose assessments were based
on all dose measurements from 1984 to 1995. However,
reduced doses for some conventional radiological exam-
inations have been reported from other countries"91, and
the data were analysed to reveal possible similar trends
in Norway. The effective doses were calculated based
on measurements performed in the two time intervals
1984-1987 and 1988-1995 for seven selected radio-
graphic examinations and five including fluoroscopy.
The results are presented in Table 6, showing a
reduction in CED of about 270 man.Sv from these
examinations (based on the 1993 examination
frequency). Table 7 indicates that the mean percentage

of the total KAP from fluoroscopy may have increased,
while the mean fluoroscopy time has decreased. A poss-
ible explanation for these findings is the introduction of
more sensitive film/screen systems in Norwegian hospi-
tals during the past decade. These results indicate that
the CED from conventional radiography may be some-
what overestimated.

DISCUSSION

The trends in use of X rays

The increase in the total number of radiological
examinations is probably explained by an increased use
of CT and mammography. Generally CT seems to be
used as a supplement to conventional examinations,
even though CT in some cases may be used as the first
option, i.e. the observed decrease in conventional exam-
inations of the skull and paranasal sinuses can probably
be explained by the use of CT. The introduction of heli-
cal scanners will probably result in even more indi-
cations for CT examinations, and the frequency of CT
examinations is assumed to increase further. The intro-
duction of MRI is not expected to influence this fre-
quency for several years, but will probably be used as
a supplement to CT(20).

The observed increase in the mammography fre-
quency during the 1980s was due to examinations of
health-concerned women with no clinical symptoms
asking for such examinations. A mammography screen-
ing programme including about 50% of the women in
the age group of current interest (50-69 years) was
started in 1995, and when this programme is enlarged

Table 2. Calculation of the effective doses from nine conventional radiological examination types in Norway based on the
NRPB data"51 compared with the mean absorbed dose based on the Linkoping data"3'. The mean tube voltage for radio-
graphs and the number of radiographs are also presented, all based on the total number of measurements from 1984 to

1995, and the examination technique in 1993.

X ray examination No Mean tube Mean no of
observations voltage for radiographs
1984-1995 radiographs

(kV)

Mean KAP
(Gy.cm2)

Mean
absorbed dose

(mGy)

Conversion
coefficient

NRPB

Mean
effective dose

(mSv)
(mSv.Gy'.cm 2)

Skull1"'
Chest""
Thoracic spine
Lumbar spine1"
Abdomen
Pelvis
Barium meal""
Barium enema'01

IVU

2
1308

38
535

55
101
479
578
515

62
118
73
77
70
74

105
109
68

3.5
2
2.8
3.3
2.2
1.1

10.3

12
8.7

1.88
0.79
3.79
7.06
7.61
3.48

22.5
44.4
18.1

0.19
0.12
0.45
0.89
0.93
0.42
3.78
7.41
1.98

0.028
0.18
0.19
0.21
0.18

0.29
0.2
0.28

0.21

0.05
0.14
0.72
1.48
1.37
1.01
4.50

12.44
3.81

""73.4% of the skull examinations were done with four projections, the remaining with two projections.
""83.4% of the chest examinations were done with PA+Lat projections, the remaining with PA projection only.
IO57.7% of the lumbar spine examinations included sacrum.
""79.3% of the barium meal examinations were DC examinations, the remaining were SC examinations.
lc'60.3% of the barium enema examinations were DC examinations, the remaining were SC examinations.
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Table 3. Assessment of countrywide mean effective dose values for 68 conventional examination codes in Norway based on KAP measurements
from 1984 to 1993 and NRPB conversion coefficients'19'.

CR examination groups and types of
examinations selected for dose assessments

No of observations
(1984-95)

Mean KAP
(Gy.cm:)

Conversion coefficient
(mSv.Gy-'.cnr1)

Mean effective
dose (mSv)

Skull and facial region (7 codes)
Skull, two projections
Skull, four projections
Facial bones
Paranasal sinuses
Epipharynx
Orthopantomography
Temporomandibular joint

Respiratory organs (6 codes)
Chest PA
Chest PA+Lat
Chest photofluorography
Heart
Chest with supplementary radiographs
Chest with fluoroscopy

Urogenital system and breasts (5 codes)
Mammography (one breast)
Urography (IVU)
Urinary tract
Cystoureihrography
Uterus and salpinges

Gastrointestinal tract (10 codes)
Barium swallow (oesophagus) SC or DC
Barium meal (stomach and duodenum) SC
Barium meal (stomach and duodenum) DC
Small intestine
Small intestine with probe
Barium enema (colon) SC
Barium enema (colon) DC
Abdomen routine, one projection
Abdomen acute, several projections
Biliary tract and pancreatic duct (ERCP)

Spine (6 codes)
Cervical spine
Thoracic spine
Lumbar spine
Lumbar spine with sacrum
Thoracolumbar spine with sacrum
Columna totalis

Limbs and skeleton (20 codes)
Shoulder
Sternum
Clavicle
Rib
Upper arm
Elbow. Wrist. Hand
Thigh
Knee
Leg
Ankle. Foot
Finger, toe
Pelvis
Pelvis with hips
Hip (one side/two sides)
Sacroiliac joint
Rest, trunk region
Rest, extremities

Angiography (10 codes)
Cerebral angio.
Carotis communis artenography, selective
Coronary arteries
Left cardiac ventricle
Aorthography. transfemural or lumbar
Renalis arteriography
Arteries in the lower limbs
Veins in the lower limbs
Veins in the upper limbs
Lymphatics in the lower limbs

Neuroradiology (4 codes)
Cervical myelography
Thoracic myelography
Lumbar myelography
Thoracolumbosacral myelography

2

4
4
4

—

123
1185

161

—

515
61
4
10

38
100
379
11
33
301
277
55
5
75

152
38
8

527
181
34

47
2
1
5
2
11
10
61
9
7

101
117

89/115
25

—

20
64
20
20
4
20
20
35
—
—

_

103
3

1.50

0.88
0.94
2.2

—

0.64
0.82

1.59

—

18.13
3.75

25.81
6.31

7.41
13.98
24.76
22.90
77.45
32.29
49.07
7.61

20.68
31.82

1.49
3.79
4.20
9.15
11.90
16.20

1.02
1.43
0.15
3.20
0.54
0.11
1.53
0.67
0.25
0.16

3.48
5.17
2.64
1.21

—

55.21
81.42
38.85
49.67
30.09
56.66
35.54
4.91
—
—

_

28.72
56.32

0.028
0.028
0.028
0.028
0.112
0.028
0.028

0.18
0.18
0.18
0.23
0.18
0.18

0.21
0.21
0.308
0.308

0.2
0.24
0.24
0.136
0.208
0.28
0.28
0.18
0.26
0.26

0.12
0.19
0.21
0.21
0.21
0.21

0.04
0.15
0.2
0.2
0.025"
0.025"
0.025"
0.025"
0.025"
0.025"
0.025"
0.23
0.23
0.18
0.21
0.2
0.025

0.028
0.21
0.23
0.23
0.21
0.21
0.18
0.18
0.025
0.18

0.12
0.19
0.21
0.21

0.04
0.08'
0.03
0.03
0.25
0.03'
0.03'

0.12
0.15
0.5""
0.37
0.2'"'
0.2'"

0.12'
3.81
0.79
8.0
1.95

1.48
3.36
5.94
3.11
16.11
9.04
13.74
1.37
5.38
8.27

0.18
0.72
0.88
1.92
2.50
3.40

0.04
0.21
0.03
0.64
0.014
0.003
0.04
0.02
0.006
0.004
0.002
0.80
1.19
0.48
0.25
0.5'"
0.01"

1.55
9.77
8.94
11.4
6.3
11.9
6.40
0.88
0.2"'
0.9"'

1'"'
5""
6.03
11.8

"'KAP values were not available. The effective dose was estimated based on the examination procedure and the irradiated body region.
""The method for this estimate is explained in the text.
"Conversion coefficients for extremities are not included in the NRPB report, thus these were approximated by means of 'qualified guess'.
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to include all the women or more age groups, the fre-
quency of these examinations will increase further, i.e.
these will make a larger part of the collective dose in
the future.

The observed decrease in the conventional GI exam-
inations might be explained by increased use of endo-
scopy (not investigated in the survey). The decrease in
urography is explained by increased use of ultrasono-
grapy and CT. Examples of examinations which have
been totally replaced by other examination procedures
is cholecystography, which probably is replaced by
ERCP, and encephalography, which has been replaced
by CT or MRI.

The reliability of the dose assessments for CR

The accuracy in measuring the kerma area product,
depends on the calibration. The reading depends on the
configuration of the X ray equipment, especially on
whether the tube is mounted above or beneath the
patient couch, and on the X ray spectrum. The rec-

ommended calibration procedure consists in comparing
the KAP meter response with the product of the reading
of an air kerma reference standard placed in the centre
of the X ray field and the corresponding exposed area as
measured on an X ray film"0'. However, this procedure
would be very time-consuming for a national survey,
and the factory calibration was used, i.e. an uncertainty
in the order of ±15% in a single KAP measurement
was introduced.

The measured KAP values applied to complete exam-
inations, not single projections. NRPB has calculated
the potential error in the estimate of effective dose when
using the conversion coefficients for complete examin-
ations to be between 14% and 50% for nine different
examination types (NRPB-R262, Table 18(l5)). This
uncertainty reflects the various procedures used for
examinations of the same body region (tube voltage,
projections, percentage of total KAP due to fiuoroscopy,
etc.). However, the approach was to establish country-
wide mean values of KAP and effective dose for collec-
tive dose assessments, and for this purpose the uncer-

Table 4. Mean effective dose and collective effective dose from CT examinations in Norway, 1993. The effective dose values
are either taken from own data (bold)161 or estimated from NRPB data"7'.

CT examination

Head/brain
Sella turcica. os temporalela>
Sinus, facial region""
Throat or cervical region"-1

Mediastinum, heart""
Chest

Thoracic spine
Abdomen
Liver

Pancreas
Kidneys

Adrenals, urinary bladder10'
Lumbar spine

Sacrum region1"
Pelvis

Others in the pelvis region'8'
Extremities""
Others'"
'Unspecified'

SumCT (1993)

Reported no of
examinations 1993

73.544
4661
9265
3969

381
9940
533

22,082
1015
236
597
108

29.823
695

7868
550

2281
2435

35,804

205,787

Corrected no of
examinations 1993"'

89,035
5643

11,217
4805

461
12,034

645
26,733

1229
286
723
131

36,105
841

9525
666

2761
2948

205,787

Effective dose
(mSv)

2
2
0.6
2.6
7.6

11.5
4.9

12.8
11.9
4.8.
9.9
9.9
4.5
4.5
9.8
7.2
0.5
6.3

CED
(man.Sv)

178.1
11.3
6.7

12.5
3.5

138.4
3.2

342.2
14.6

1.4
7.2
1.3

162.5
3.8

93.3
4.8
1.4

18.5

1004.6

'"'Equal to head/brain.
""Equal to the mean of NRPB's remaining examinations in the head region.
lc'Equal to NRPB's cervical spine.
""Equal to NRPB's mediastinum.
lc'Equal to kidneys.
'"Equal to lumbar spine.
's'Equal to the mean of lumbar spine and pelvis.
"""Qualified guess".
'"'Other CT examinations' is estimated equal to the mean of all CT doses.
uThese are the numbers corrected for the unspecified CT examinations.
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tainties in single KAP measurements or conversion
coefficients seemed acceptable.

Results compared with other countries

The UNSCEAR 1993 report stated that the total
annual frequency of X ray examinations ranged between
200 and 1280 examinations per 1000 inhabitants in
health-care level I countries, with an average value of
890 (1985-1990)<2). The figures from Germany, Norway
and UK were 1030, 620 and 460 respectively, showing
considerable differences in use of X rays between simi-
lar countries. The figures for collective effective dose
equivalents in these three countries were 1.0, 0.6 and
0.35 mSv per inhabitant at that time, respectively. Some
recently published results on the effective doses from
Germany and UK'2'-22> are compared with the Norweg-
ian results in Table 8. The examination procedures may
differ between the countries, even though the desig-
nation of the examinations is equal, i.e. the radiographic
projections may vary, or the use of single contrast as
opposed to double contrast technique for barium exam-
inations may vary. On the basis of the selected examin-
ations in Table 8, it seems that the doses per CR exam-
ination in Germany are somewhat higher than in
Norway, while UK has the lowest doses. This seems to
be the case for CT examinations also'6-21231. In addition,
the frequency of examinations is still more than twice
as high in Germany than in Norway, and this explains
the reported annual value of more than 1.7 mSv per
inhabitant in 1995(2I). More than ten years have passed

Table 5. Mean effective dose and collective effective dose
for all groups of radiological examinations in 1993, with the
calculation of the total CED from diagnostic radiology in

Norway.

Examination group

Skull and facial region (16 codes)
Respiratory organs (17 codes)
Urogenital system and breasts

(28 codes)
Gastrointestinal tract (31 codes)
Spine (9 codes)
Limbs and skeleton (31 codes)
Angiography (50 codes)
Neuroradiology (23 codes)
Computed tomography (CT)

(35 codes)
Unspecified X ray examinations

Total

Mean effective dose per inhabitant

Mean
effective dose

(mSv)

0.05
0.22
0.90

7.06
1.10
0.19
6.46
5.71
4.88

1.10

0.78 mSv

CED
: (man.Sv)

4
180
228

878
346
199
305
42

1005

189

3375
man.Sv

per year

since estimates were made for the frequency of the dif-
ferent types of X ray examinations in the UK(24|

( and
probably the value of 0.35 mSv per inhabitant has
increased in the UK also. Our results suggest that in
order to establish reliable CED assessments, it is more
important to have updated data on the examination fre-
quency than the dose data, since the frequency of exam-
inations may change more rapidly than the correspond-
ing examination techniques and dose. Furthermore,
comparisons of collective dose estimates based on the
quantities mean absorbed dose, effective dose equival-
ent and effective dose should be done with caution,
since these quantities give somewhat different figures.

The frequency of examinations and CED are expected
to be connected with the number and types of radiologi-
cal equipment in a country. The number of CT scanners
and the collective effective dose from CT in' Norway
were compared with the latest published results from
some neighbouring countries'6-21-2325-271. Table 9 shows
that except for Germany which dominates both in the
number of scanners, dose per examination and CED
from CT, the annual collective dose per inhabitant in
Norway was higher than in neighbouring countries.
There is also a close correlation between the number of
scanners and the CED from CT. However, comparisons
of this kind are uncertain. CT has very rapidly gained
ground in western countries, and a couple of years
between the surveys may explain some of the differ-
ences.

Nevertheless, the difference in diagnostic use of X
rays between these countries cannot be explained by dif-
ferences in population health. It certainly indicates that
X rays may be used too frequently, and that the ICRP
principle of justification"1 should be seriously con-
sidered. Since all use of radiation is presumed to have
certain negative health effects, this would be to the
benefit of the patients, and would probably also imply
reduced costs for the society.

Risk estimates and comparison with other use of
radiation

The risks associated with diagnostic use of X rays are
normally limited to stochastic effects. At the individual
level, these are assumed to be minor compared with the
benefit of the diagnosis. However, according to the lin-
ear no-threshold risk model and the collective dose con-
cept stated by the ICRP, this use of radiation may
involve certain disadvantages for the population as such.
The risk factor for radiation induced cancer is assumed
to be of the order of 5.0% per Sv, assuming the age
and sex distribution for the whole population'". From
an annual CED of 3400 man.Sv, this would imply 170
excess deaths of cancer every year. However, it is
recognised that the age and sex distributions of patients
differ from that of the whole population, and vary
between different examination types. A Finnish study
suggests that using the age distribution of the whole
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population will overestimate the risk by a factor of 1.2-
1.9 for CT examinations of various body regions'27'.
These issues have been discussed in the literature, and
other risk quantities such as the excess lifetime risk
(ELR) and the risk of exposure-induced death (REID)
are suggested'2829'. For such estimates it would be
necessary to consider the age and sex distributions of
the various examination types in Norway, which is
beyond the scope of this paper. Collection of dose data
for children is also a future possibility.

Using the CED for risk estimates within diagnostic
radiology may be questioned, and the risk can never be
proven statistically. For risk estimates from particular
activities such as mammography, it would be better to
apply organ specific risk factors. Therefore, the concept
of CED is mainly applicable for comparison purposes.
The annual CED of 0.8 mSv per inhabitant from diag-
nostic radiology could be compared with the conse-
quences of the Chernobyl fallout in Norway, which gave
a CED of 0.15 mSv per inhabitant from foodstuff con-

Computed
tomography

Gl tract ^ ^ ^ ^

Angio. ^ ^ ^ ^ *

Skull and facial 1 — ,

Neuroradiology ^

Unspecified ^ ^ ^ ^ ^ ^ n

Urogenital and f H H ^ I I L . . .
breasts

Spine ^ ^ ^ *

Respiratory

P imhc anrl ^ ^ ^ ^ H
skeleton

1

Hi 1

• colectn* effective dose

• no of examinations

I

1
1

i :

10 15 20

% of total

25 30 35

Figure 5. The number of examinations performed and the contribution to collective effective dose from nine groups of radiological
examinations in Norway, expressed as percentages of the total in 1993. In total, 3,061.727 examinations were done (710 per

1000 inhabitants) and the annual CED was assessed to be 3375 man.Sv (0.78 mSv/inhabitant).
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sumed during the first year subsequent to the
accident1301. The scientific and economic efforts spent
on the latter far exceed the resources available for
optimisation purposes within diagnostic radiology. This
is obviously because the direct individual benefit from
X ray diagnosis is easy to understand, so that the risk
is easier to accept. The radiation from fallout also rep-
resents artificial radiation, which is the subject of much
more concern in society than natural radiation, i.e. the
radon daughter products contributing annually to about
3 mSv per inhabitant in Norway'3".

Justification and optimisation

Several protocols and codes of practice have been
published in recent years in order to promote the work
on optimisation. The European Community has estab-
lished quality criteria and reference doses for conven-
tional radiographic examinations132', and the first draft
for similar CT criteria has been distributed. This kind
of work has already proved successful"91. The radiation
protection and nuclear safety authorities in the Nordic
countries have also recommended guidance levels for

Table 6. The mean KAP values and effective doses from some selected conventional radiological examination procedures
in Norway for the two time intervals 1984-1987 and 1988-1995, with the savings in collective effective dose based on the

1993 examination frequency data.

Examination 1984-1987 1988-1995 Change in effective dose

No Effective No Effective (mSv)
observations dose observations dose

(mSv) (mSv)

No of
aminat

1993"

Saved CED

Chest (PA+Lat)
Hips (one side)
Pelvis
Thoracic spine
Lumbar spine with
sacrum
Abdomen

rvu
Barium meal, SC
Barium meal, DC
Barium enema, SC
Barium enema, DC
Myelography, lumbar

681
53
27
13

141
28

279

84
231
221
127
34

0.17
0.39
1.22
1.18
2.62
1.47
4.12

2.35
4.73
6.15

10.05
3.65

504
136
74
25

386
27

236

16
148
80

150
69

0.12
0.31
0.65
0.48
1.67
1.26
3.44

2.63
3.21
3.99
6.48
3.88

-0.06
-0.08
-0.57
-0.69
-0.95
-0.21
-0.67

0.28
-1.52
-2.16
-3.57

0.23

-32.2
-20.9
^t6.8
-58.9
-36.3
-14.2
-16.4

11.7
-32.1
-35.1
-35.5

6.2

Sum

517,046
153,914
50,465
45,579
89,188

8982
40,289

4139
15,842
10,345
27,143

788

963,720

-28.6
-12.4
-28.7
-31.6
-84.8
-1.9

-27.2

1.1
-24.1
-22.4
-96.8

0.2

-267.4
man.Sv

"These are the numbers corrected for the unspecified examinations within each group.

Table 7. The percentage of the total KAP due to fluoroscopy and the mean fluoroscopy time for some selected conventional
fluoroscopic examinations for the two tune intervals 1984-1987 and 1988-1995, with indications of possible trends.

Examination 1984-1987

% of KAP due
to fluoroscopy

27
56
50
48
51

Fluoroscopy
time (min)

2.5
3.6
3.6
3
4.6

1988-1995

% of KAP due
to fluoroscopy

32
50
65
64
57

Fluoroscopy
time (min)

2.4
2.3
2.8
2.0
3.5

Changes

% of KAP due
to fluoroscopy

5.0
-6.0
14.8
16.1
6.2

Fluoroscopy
time (min)

-0.1
-1.3
-0.8
-1.0
-1.1

Barium meal, SC
Barium meal, DC
Barium enema, SC
Barium enema, DC
Myelography, lumbar
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patient doses in conventional radiology, mainly based
on the KAP measurements included in this current
paper<33). Apart from this, the major challenge for the
years to come will be the implementation of the prin-
ciple of justification, which can be illustrated by two
examples. Even if the doses from radiological inter-
vention are considerable, and in fact can sometimes
induce deterministic effects, these procedures replace
high risk surgery and may easily be justified. On the
other hand, the use of CT may be more controversial,
since CT involves considerably higher doses compared
with the conventional examinations of similar body
regions. Obviously the diagnostic yield from CT exam-
inations is potentially much higher. The important point
is that every CT examination should be carefully justi-
fied to avoid unnecessary doses to the population. In
that respect, for several clinical indications the use of
MRI gives a similar or better diagnostic yield compared
with CT, and no doses to the patients. The installation
of more MR scanners should therefore be promoted,
since so far this technology is not available to the same
degree to patients in various regions of the country.

X ray diagnostics are used as a tool in decision making.
Obviously each doctor, as the medical person responsible,
must have the right to decide what is best for the patient.
However, the knowledge among clinicians about diagnos-
tic examinations is often limited. The doctor should

Table 8. The country mean values of effective dose (mSv) for
some selected examination types as recently reported from
Germany'2" and England122' compared with the Norwegian

results.

Examination

Chest
Lumbar spine AP+Lat
Pelvis AP
Abdomen AP
Barium meal
Barium enema

rvu

Effective dose

Germany

0.3
1.96
1.05
1.17
9.0

18.5
5.28

Norway

0.14
0.88
0.8
1.4
4.5

12.4
3.8

(mSv)

UK

0.017
0.98
0.66
0.7
2.6
7.2
2.4

present the clinical problem, not a request for specific
examinations. A closer collaboration between different
medical specialities and other health related specialities
like medical physicists, engineers, nurses and technicians
may be necessary in order to define the criteria for
requesting X ray examinations. In that respect, useful work
has been done by the Royal College of Radiologists in the
UK, which has issued the guidelines Making the Best Use
of a Department of Clinical Radiology(M). Nevertheless,
the reasons for the growing numbers of X ray examin-
ations have been claimed to be (a) the increasing number
of medical doctors, (b) the increasing items of equipment
looking for amortisation, and (c) how easily a particular
X ray examination can be carried outl35). If this is correct,
the use of X rays is influenced by health political aspects,
such as the reimbursements systems in each country, and
may be difficult to influence by international recommen-
dations.

CONCLUSION

During the past decade some conventional procedures
have been totally replaced or supplemented by methods
not involving ionising radiation (endoscopy, ultrasonogra-
phy, magnetic resonance imaging). On the other hand,
there has been a steady proliferation of computed tom-
ography and angiography procedures involving consider-
able patient doses compared to the conventional radiologi-
cal procedures. There has also been a further use of X
rays for screening purposes. This means that the total fre-
quency of radiological examinations in Norway has not
changed significantly during the past decade, while the
annual collective dose from diagnostic radiology may
have increased from about 0.6 to 0.8 mSv per inhabitant.
For some selected conventional X ray examinations a
comparison of the two time periods 1984-1987 and
1988-1995, showed a tendency towards somewhat lower
doses, both for radiographic. examinations and examin-
ations including fluoroscopy. Generally, faster screen/film
systems or more efficient detectors may, in the future,
result in lower doses per examination. However, the fre-
quency of examinations and the selected examination pro-
cedures are suggested to be the most important factors for
the resulting CED. Considerable differences between both
the frequency of examinations and the mean dose per

Table 9. The number of CT scanners and the CED values from CT in Germany'2", UK'231, Sweden'2", Denmark'2" and
Finland'27' compared with Norway.

Germany
(1995)

Norway
(1994)

UK
(1993)

Sweden
(1992)

Denmark
(1989)""

Finland
(1992)

No of CT scanners
No per I06 inhabitants
CED (man.Sv) from CT
mSv/inhabitant from CT

1400
21.5

39661
0.6

70
16.1

1000
0.2

300
5.2

5200
0.09

90
10.4

840
0.1

25
4.9

250
0.05

52
10.3

400
0.08

'"The dose data from Denmark were based on the effective dose equivalent, HE.
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Abstract — The performance of 45 mammography units in Norway has been compared by means of two commercial phantoms,
a Nordic phantom and another used as a part of the American College of Radiology accreditation system (ACR). Three images
of both phantoms were obtained from each unit, and corresponding dose measurements and sensitometric tests were performed.
The results were evaluated according to Nordic recommendations and the phantom image quality criteria set by ACR. Large
variations were found, although glandular doses were all kept below 2 mGy. The contrast and sensitivity of the film were shown
to influence the image contrast and the dose considerably. Image quality criteria based on image quality parameters that can be
assessed with technical phantoms are discussed. These should be separately linked to grid and non-grid techniques, and might
be used as references for future quality control programmes based on these phantoms.

INTRODUCTION

In order to detect small calcifications and low contrast
objects in radiographs of the breasts, good image quality
is of crucial importance. However, the glandular tissue
is sensitive to radiation. To encourage the optimisation
of radiological protection, periodic measurements of
image quality and doses should be made. The frequency
of mammography examinations in Norway has in-
creased from 10,000 per year in 1983"-21 to 220,000 in
1993(3>, mainly due to examinations of women without
clinical symptoms, even though no screening pro-
gramme had yet been established. All Norwegian mam-
mography laboratories were evaluated in the late
eighties'4'. Based on experience from this study, a pro-
gramme was designed to get a better understanding of
how technical parameters and the applied technique
would influence image quality and absorbed dose. All
Norwegian mammography laboratories, 45 units, were
visited during a period of four months in 1993-94. Each
unit was studied by well defined technical measure-
ments and by comparing images obtained with two com-
monly available technical phantoms: a NRT phantom
(Nordisk Rontgen Teknik A/S, Hasselager, Denmark)
and a RMI phantom (RMI Model 156, Radiation
Measurements Inc. Middelton, WI). The NRT phantom
is a modified version of the CGR phantom(5). NRT
phantoms are widely used in the Nordic countries for
constancy tests and optimisation. RMI phantoms are
used as part of an accreditation system established by
the American College of Radiology (ACR)(67). The test
objects within the phantoms differ in size and contrast
ranging from those that are visible in images of poor
quality to others that are not even visible in images of

optimal quality. The technical results have already been
presented in a separate report'81. The aim of this part of
the programme might be summarised in three points:

(1) To evaluate the Norwegian mammography labora-
tories according to the Nordic recommendations'9'
and the ACR phantom image quality criteria'6"".

(2) To search for correlations between image quality
parameters derived from the NRT and the RMI
phantom, dose and film processing parameters.

(3) To establish image quality criteria based on para-
meters that can be measured or assessed with the
use of NRT phantom, for future use as references
for quality control.

MATERIAL AND METHODS

The 45 mammography units listed by manufacturer
and model are shown in Table 1. Table 2 gives a list of
the manufacturers of the film-screen-processing sys-
tems. The exposures were carried out according to the
routine technique of the actual laboratory used for
breasts of average thickness. The applied tube voltage
ranged from 25 kVp to 30 kVp (measured), and 38 of
the units used a grid technique. One unit had a rhodium
(Rh) anode as optional, the others had molybdenum
(Mo) anodes. The intensifying screens were tested
beforehand with respect to sensitivity and film-screen
contact. Three images of both the NRT and RMI phan-
tom were obtained from each unit. The identity of the
laboratories was coded and all reference to the equip-
ment hidden to ensure unbiased evaluation. The images
were evaluated using one dedicated bright viewing box
(>6000 lux), with low background light in the room,
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and a Mattson viewer (Mammographic Prod. Inc., Pho-
enix, Texas). Measurements of the optical film density
(OD) were done with a densitometer (RMI 331, X-Rite
CO, Grand Rapids, MI). The optical film density behind
a uniform part of each phantom is referred to as back-
ground density. All the NRT images in the survey had
background density 1 .20±05OD, while the RMI

Table 1. Manufacturers and models of the 45 mammo-
graphy units in the survey, with mean age of the units in

vears.

Manufacturer

General Electric
Senographe SOOT
Senographe 600T
Senographe DMR

Mamex
DC ami
DC
DC mag
DCS

General Medical Merate
MSM

Philips
Diagnostic U-M
Diagnostic U-C

Siemens
Mammomal B
Mammomal 2
Mammomat 300

Xerox
116

No of units

2
9
9

1
I
6
1

4

1
1

2
5
1

2

Mean age

7
4
1

2
6
6
3

2

8
3

8
6
0

8

Table 2. Manufacturers and types of the films used in the
survey.

Manufacturer No of units

Agfa*
MR3-I1
MR5/MR6

DuPont
Microvision

Kodak**
Min-RE
Min-RH

11
11

7
15

*Agfa films were used together with Agfa MR Detail or Detail
S screens and Agfa Mamoray cassettes.
**Kodak films were used together with Kodak Min-R screens
and Kodak Min-R or Min-R2 cassettes.

images had background density 1.25 ± 0.15 OD. The
optical film density corrected for the base plus fog value
is referred to as the net film density (ND).

The NRT phantom

The NRT phantom is a 4.5 cm thick polymethyl-
methacrylate (PMMA) phantom including different test
objects for assessment of spatial resolution, contrast and
low contrast detectability. The phantom also includes a
contrast step wedge, structures which simulate microcal-
cifications, and foils for assessment of the ratio between
scattered and primary radiation, but these were not
evaluated in this survey. A typical image obtained with
the NRT phantom is shown in Figure 1.

Spatial resolution

The two high contrast resolution patterns, Rl and R2,
were used to assess the spatial resolution parallel and
perpendicular to the anode-cathode axis of the X ray
tube, measured in line pairs per mm (lp.mnr1)- The size
of the bar patterns is 12 mm x 24 mm. They are placed
25 mm from the bottom of the phantom, and range from
2 to 20 lp .mnr ' in 12 steps, defined by the phantom
manufacturer. The test patterns were evaluated with a
magnifying lens, and the result stated as the upper limit
of the frequency with which the line patterns could
visually be resolved.

The two NRT contrast values, CA, and CCu

The image contrast can be defined as the fractional
difference in optical film density between two adjacent
regions in an image, and depends on two other types of
contrast called subject contrast and receptor contrast. In

Figure 1. An image of the NRT phantom, (a) The two resol-
ution patterns Rl (transversal direction) and R2 (longitudinal
direction), (b) The contrast step wedge, (c) The low contrast
details (only the 3% details and some in the 2% group are
visualised), (d) The measuring foils for contrast and scatter
assessment, (e) Microcalcifications of different size distri-

butions and distances from the film.
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addition, the image contrast is influenced by the amount
of radiation scattered to the film. The subject contrast
refers to the differences in the number of X ray photons
emerging from the adjacent regions of the material or
object, and depends on the differential attenuation of the
X ray beam as it passes through the phantom (or breast).
The receptor contrast refers to the ability of the receptor
to convert the differences in photon fluence across the
X ray beam into differences in optical density, and
depends on the spectral response of the intensifying
screens and the film characteristic curve (film contrast).

The NRT phantom includes two foils made of alu-
minium (Al) and copper (Cu), and a dedicated uniform
region where the background density (DBg) is measured.
Two contrast values were defined by the phantom manu-
facturer as a measure of image contrast, to be calculated
as the relative difference between the background
density and the measured optical film densities below
the two foils (DA, and DC u): CA1 = (DBg - DA,)/DBg

and CCu = (DBg - DCu)/DBg.

NRT low contrast detail score

The low contrast detectability of an image recording
system might be defined as the ability to visualise
details of such low contrast that the result is noise lim-
ited. Holes have been drilled into the NRT phantom,
appearing as darker circular details of different contrast
and size. There are three groups of details, each one
with different contrast relative to the uniform phantom,
referred to as 3%, 2% and 1 % at 20 keV according to
the phantom manufacturer. Each contrast group consists
of four details of 3 mm, 2 mm, 1 mm and 0.5 mm dia-
meter, i.e. in total 48 low contrast details. According to
the phantom manufacturer, a measure of the low con-
trast detectability is the minimum perceivable diameter
within each contrast group. However, this measure is
somewhat subjective, and in order to characterise the
visualisation of low contrast details more precisely, a
scoring system was established for use in the actual sur-
vey. Each individual detail was evaluated according to
the criteria presented in Table 3. The NRT low contrast
detail score was calculated as the total sum of scores

Table 3. Image scoring criteria for one NRT low contrast
detail.

Appearance of a detail Score

Visualised with sharp circular edges 1.00
Clearly visualised, but less sharp 0.50
The edges might be partly diffuse
Diffuse, but still distinct from the background 0.25
Two details which were smeared together could
not yield more than 0.25 point in total
Not visible, or would not have been noticed if 0
its presence were unknown

for all details. One NRT image obtained from each of
the mammography units was read according to this pro-
cedure by two independent observers. The resulting
total image scores ranged between 4 and 18. Ten of
these images were selected as references and arranged
in a sequence according to increasing image scores sep-
arated by 1.5 to 2 points. Finally all NRT images
(45 x 3 - 10) were compared to the reference images by
two independent observers, and given scores accord-
ingly. The final score method was evaluated by a two-
way analysis of variance with the score result as the
dependent variable and the observer and mammography
unit as explanatory variables. No significant difference
between the two observers was found by this method.

The RMI phantom

The RMI phantom simulates a 4.5 cm compressed
breast, and contains specks, nylon fibres and masses of
different sizes to simulate calcifications, fibrous calcifi-
cations in ducts, and tumour masses. The phantom has
a 6 mm wax block insert containing 16 sets of test
objects, a 3.31 cm thick acrylic base, a tray for the wax
insert and a 3 mm thick cover. The image quality was
assessed by two observers in consensus as the number
of test objects of each type detected. According to the
ACR criteria, a good imaging system should be able to
visualise the 0.75 mm fibre, the 0.32 mm speck group,
and the 0.75 mm mass'6'. The image scoring system
suggested by the RMI phantom manufacturer was used
in this survey<l0). According to this system, the ACR
criteria correspond to a minimum sum score of 10 for
fibres, 8 for specks and 3 for masses, as shown in
Table 4. In addition, a supplementary scoring system
was established for use in this survey, to take into
account the more subtle situation arising when objects
are poorly visualised but still partly detectable. This is
denoted the NRPA sub-criteria in Table 4. An image of
the RMI phantom is shown" in Figure 2. At least four
fibres, three speck groups and three masses were visual-
ised in this image, which would be accepted according
to the ACR criteria.

Average glandular dose

The average glandular dose was derived according to
the Nordic recommendations'":

(1) A 4.5 cm thick uniform PMMA phantom was
exposed to determine the tube load (mA.s) required
to produce a net film density of 1.0 ND.

(2) The entrance surface air kerma per mA.s product
was measured in the centre of the beam, 4.5 cm
above the breast support, by means of a calibrated
ionisation chamber dedicated for mammography
(MDH 20 x 5-6M, Radcal Corporation, Monrovia,
CA).

(3) The conversion coefficients from entrance surface
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air kerma to average glandular dose were taken
from Rostenstein etal("\ assuming firm com-
pression, and 50% adipose and 50% glandular tissue
contents in the breast. These coefficients are also
dependent on the half-value layer, which was meas-
ured beforehand.

Contrast and sensitivity of the film/processing
systems

The performance of the films and film processing sys-

*»

terns was based on parameters derived from film charac-
teristic curves produced with a sensitometer (Lullus
3.7S, Wellhofer Dosimetrie, Swartzenbruck, Germany).
A measure of the film contrast is the average film gradi-
ent, GF, which was calculated as

G F =(D 2 -D,) / ( logE 2 - IogE 1 )

where Dj and D2 are the two values of net optical film
density to be used in the calculations, and E, and E2 are
the corresponding relative light exposures of the sensito-
metric film. The average film gradient was calculated
between 0.25 and 0.5 ND, referred to as the toe region
of the curve, between 0.5 and 1.5 ND, the steepest part
of the curve, and between 0.25 and 2.0 ND, the diagnos-
tically useful part of the curve. The film sensitivity was
measured as the logE value required to produce a net
optical film density of 1.0 ND. The base plus fog value
was read at step 1 on the sensitometric step wedge.
Three sensitometric films were evaluated during the day
of the visit. The results reflect the mean values for
these films.

Figure 2. An image of the RMI phantom. In this particular
image four fibres were visualised between the thick arrows,
three speck groups of six single specks were visualised between
the thin arrows, and three masses between the open arrows.

Contrast and sensitivity of the receptor system

The performance of the receptor system is dependent
on the film and film processing, but is also influenced
by the characteristics of the intensifying screens. A
method for assessment of the contrast and the sensitivity
of the receptor system was established for use in the
actual survey. Repeated exposures through a 4.5 cm
PMMA phantom at 28 kVp (measured) were performed
as a lead plate was moved in steps across the film cas-
sette, which was positioned 4.5 cm above the breast sup-
port. An air gap was used between the phantom and

Table 4. Image scoring system for the RMI phantom with ACR criteria specified(5-". Supplementary scoring criteria,
established for use in this survey, are also specified.

RMI test object Score ACR criteria NRPA sub-criteria

The 0.75 mm size fibre shall A partly visualised fibre was credited with 30% or 70% of the1.56 mm
1.12 mm
0.89 mm
0.75 mm
0.54 mm
0.40 mm

0.54 mm
0.40 mm
0.32 mm
0.24 mm
0.16 mm

2.00 mm
1.00 mm
0.75 mm
0.50 mm
0.25 mm

fibre
fibre
fibre
fibre
fibre
fibre

speck
speck
speck
speck
speck

thick mass
thick mass
thick mass
thick mass
thick mass

1
1
3
5
9

10

1
1
6
7

10

1
1
1
7

10

be visualised in the entire
length, corresponding to a
RMI sum score of 10 for
fibres.

total score for that particular fibre, depending of how long this
part was. This score was added to the RMI sum score.

All six specks in the 0.32 mm
size group shall be detected,
corresponding to a RMI sum
score of 8 for specks.

The 0.75 mm thick mass shall
be visualised, corresponding
to a RMI sum score of 3 for
masses.

When not all but two or more of the specks in a group of six
were visualised, 2/6-5/6 of the total score for that group was
added to the RMI sum score.

When a mass was poorly visualised, but still detectable, 30% or
70% of the total score for that mass was added to the RMI sum
score (only for the 0.5 or 0.25 mm masses).
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the cassette to remove scattered radiation to the film.
Measurements of the optical film density at each step
and the corresponding air kerma in the receptor plane
were obtained, and the relation between the two quan-
tities was established by means of a curve. This method
may be referred to as X ray sensitometry, since the
receptors were exposed to the actual X ray spectrum. A
measure of the receptor contrast is the average receptor
gradient, GR, which was defined as

GR = (D2 - D,)/(log RD2 - log RD,)

where D, and D2 are the two values of net optical film
density to be used in the calculations, and RD, and RD2

are the corresponding values of air kerma in the receptor
plane. The average receptor gradient was calculated
between 0.75 and 1.0 ND (steepest part of the curve).
The sensitivity of the receptor system was expressed in
terms of the air kerma in the receptor plane required to
produce an optical density of 1.0 above the base plus
fog level in the exposed film, and are referred to as the
receptor dose in the following, with units of u-Gy.

The measurements of receptor contrast and receptor
dose will reflect the performance of the image recording

i O n "111

j o non-grid

1 •9"d

H
0.20 0.22 0.24 0.26 0.28 0.30 0.32 0.34 0.36 0.38 0.40

NRT contrast Ccu
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NRT contrast CAI

0.14 0.16

Figure 3. The distributions of the NRT contrast values (a) CCu

and (b) CA, for individual mammography units in survey, with
indication of whether the laboratories used grid technique or

non-grid technique.

system as such, while the image contrast, as measured
with the NRT phantom, and the average glandular dose,
also reflect the actual radiographic technique. Still, the
correlation between image contrast and the receptor
contrast were expected to be high, so was the correlation
between the receptor dose and the average glandular
dose.

Statistical analysis

Possible correlations among measured parameters
(NRT and RMI image quality parameters, film pro-
cessing parameters, receptor dose and average glandular
dose) were assessed with simple straight linear
regression, with the multiple correlation coefficient R2

and corresponding F-statistics as descriptive parameters
(Excel 5.0, Microsoft Corp, USA). The statistical dis-
tinction between the performance of units that used the
two film-screen manufacturers Agfa and Kodak was
assessed applying Student t tests to the measured para-
meters from each group.

RESULTS

Survey results

Figure 3(a and b) shows the distributions of the con-
trast values CCu and CA,, obtained with the NRT phan-
tom at the different units. The distribution of NRT low
contrast detail scores for individual mammography units
in the survey is shown in Figure 4. The results reflect
the mean values for the three images obtained at each
of the mammography units, even though considerable
differences between the three images were sometimes
detected. Images obtained without a grid were charac-
terised by lower NRT contrast values and poor low con-
trast visualisation compared to the grid technique:
nevertheless, large variations in image contrast for both

o
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Figure 4. The distribution of NRT low contrast detail score for
individual mammography units in survey, with indication of
whether the laboratories used grid technique or non-grid

technique.
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techniques were observed. The distribution of NRT
spatial resolution is shown in Figure 5, reflecting the
median values for the three images from each unit. The
spatial resolution was in general best in the transversel
direction (Rl). Furthermore, some units were character-
ised by large differences between Rl and R2 readings.
According to the Nordic recommendations, the spatial
resolution for the mammography system should be at
least 15 lp.mm"1 for structures in the middle of a 4.5 cm
thick phantom. About 80% of the mammography units
allowed the recognition of the 14.3 lp.mm"1 group (both
Rl and R2 taken into account).

The RMI images were evaluated according to the
ACR criteria in Table 4, and the results are presented
in Table 5. Regarding all three images from each of the
mammography units, less than half of the units obtained
the required minimum sum score of 10 for fibres, 8 for
specks and 3 for masses for all three images. On the
other hand, there were only 6 units which did not satisfy
the demands for any of the three images. It was also

16.6 14.3 12.5 11.1

NRT spatial resolution (Ip.mrrr')

10

Figure 5. The distributions of NRT spatial resolution by two
orthogonal directions (Rl and R2) for individual mammo-
graphy units in survey. The values on the x axis (lp.mm"1) are

according to the phantom manufacturer.

Table 5. Evaluation of the RMI images when the ACR cri-
teria were applied. Three images of the RMI phantom were

obtained from each mammography unit.

RMI test objects

Fibres
Specks
Masses

+

18
39
40

Number of units

21
5
5

-

6
1
0

+ means units where all three images complied with the
ACR criteria.
? means units where at least one out of three images complied
with the criteria.
- means units where none of the images were accepted.

seen that the fibres were the critical test object for
accreditation.

The distribution of the average glandular dose for
individual mammography units in the survey is shown
in Figure 6. According to the Nordic recommendations,
the average glandular dose should lie below 0.6 mGy
for the non-grid technique and below 1.5 mGy for the
grid technique. Eight units with grid technique and two
with non-grid technique, or 22% of the 45 units totally,
exceeded the recommended values. Further, Nordic rec-
ommendations specifies that doses above 0.8 mGy for
non-grid technique, or 2 mGy for grid technique, should
not be accepted. None of the measured values
exceeded 2 mGy.

The results from evaluation of film sensitometric
curves and assessments of the receptor dose are pre-
sented in Table 6. Base plus fog values higher than the
recommended value of 0.20 were found in 17 units
(38%). Almost all units had better film gradient values
than the lower limits specified in the Nordic recommen-
dations, but the variations were considerable, and so
were the variations in film sensitivity and receptor dose.
According to Nordic recommendations it should be
possible to obtain a net density of 1.0 ND on the pro-
cessed film with an air kerma in the receptor plane less
than 70 (j.Gy. This is applicable to a tube voltage of
25 kV and a 4.5 cm thick PMMA phantom. Almost 80%
of the units met this demand. However, the measure-
ments of air kerma in the receptor plane in this actual
study were made at 28 kVp (measured), and the Nordic
criteria is not directly applicable.

Correlations between image quality, dose and film
processing

The contrast readings, dose values and film pro-
cessing parameters were analysed to reveal possible cor-
relations. As shown in Table 7, the correlation between
the NRT contrast value, CCu, and the receptor contrast,
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Average glandular dose (mGy)
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Figure 6. The distributions of average glandular doses for indi-
vidual mammography units in the survey, given separately by

laboratories using grid and non-grid techniques.
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measured as the average receptor gradient GR (0.75-
1.00 ND), was highly significant (p < 0.01). The corre-
lation between NRT CA, and the receptor contrast was
not so pronounced, but still significant (p < 0.025). A
highly significant correlation between the two NRT con-
trast values CCu and CA, was also found (p < 0.01). Sig-
nificant correlation was found between NRT Ccu and
NRT low contrast detail score (p < 0.01). However, the
correlation between NRT spatial resolution (R1/R2
lp.mnT1) and NRT low contrast detail score was hardly
significant (p = 0.05).

Visualisation of low contrast details is connected with
noise, which in turn is connected with dose. One should
therefore expect correlation between NRT low contrast
detail score and receptor dose. Since the grid technique
is associated with better image contrast compared with
the non-grid technique, results obtained with the two
techniques were tested separately. As shown in Table 7,
a significant correlation was found for the grid technique
(p < 0.01), but not for the non-grid technique, which
would be explained by the low number of non-grid
measurements. Results obtained with units that used

Table 6. The results from film sensitometry and assessments of receptor dose for all units in the survey, and for units
using two specific fllm-screen-processing manufacturers. The corresponding Nordic recommendations are also presented.

45 units

All units
Mean
Min
Max
Agfa films (22)
Mean
Min
Max
Kodak films (22)
Mean
Min
Max
Nordic recommendations

Base plus fog'*'

0.20
0.16
0.26

0.21
0.16
0.26

0.19
0.17
0.21

sO.20

Average film gradients, (3 F < "

(0.25-0.5 ND) (0.5-1.5 ND) (0.25-2.0 ND)

2.02
1.37
3.00

1.89
1.37
2.21

2.15
1.59
3.00
>1.6

3.89
3.15
4.84

3.96
3.15
4.84

3.83
3.37
4.69
>3.0

3.40
2.76
4.20

3.43
2.76
3.97

3.37
2.96
4.20
2:2.8

Film
sensitivity""

log E
(1.0 ND)

1.50
1.27
1.65

1.50
1.39
1.65

1.50
1.27
1.58
—

Receptor dose""
(M-Gy)

55.23
32.10
86.60

45.46
32.10
60.70

64.86
46.30
83.60

<70 M-Gy'"

'"Average values of three sensitometric curves.
""In this survey measured below 4.5 cm PMMA at 28 kVp, 1.0 ND to the exposed film, without scattered radiation.
'"According to Nordic recommendations specified at 25 kV.

Table 7. Correlations between image quality parameters derived from the NRT phantom, contrast of the receptor system
and receptor dose. The receptor contrast was measured as the average receptor gradient, G R ( 0 . 7 5 - 1 . 0 0 ND). The receptor
dose was measured behind 4.5 cm PMMA at 28 kVp yielding 1.0 ND to the exposed film (without scattered radiation).

Response parameter

NRT contrast, CA,
NRT contrast, CCo

NRT CAI and CCu

NRT contrast, CAI

NRT low contrast detail score
NRT low contrast details score
NRT low contrast details score, grid technique
NRT score, non-grid technique
NRT score, AGFA film-screens
NRT score, KODAK film-screens

Dependent variable (s)

Receptor contrast
Receptor contrast
Receptor contrast
NRT contrast, CCo

NRT contrast, CCu

NRT spatial resolution, Rl and R2
Receptor dose
Receptor dose
Receptor dose
Receptor dose

R2

0.14
0.40
0.46
0.66
0.23
0.14
0.23
0.49
0.01
0.25

Test statistics,

F f(a

6.9
28.9
18.2
85.3
12.6
3.5

10.7
4.9
0.1
6.7

results*

= 0.05)

4.05
4.05
3.22
4.05
4.05
3.23
4.1
6.6
4.35
4.35

v,/v2

1/43
1/43
2/42
1/43
1/43
2/42
1/36
1/5
1/20
1/20

*R2 is the multiple correlation coefficient, F statistics are to be compared with f in the Fisher distribution, v, and v2 are the two
values of degrees of freedom, p and (n-p-1), where p is the number of explanatory variables and n is the number of measurements.
The results are significant if F > f.
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Agfa and Kodak film-screen systems were also tested
separately. A significant correlation between NRT low
contrast detail score and receptor dose was found for
units that used Kodak (p < 0.025), not for units that
used Agfa (p > 0.05).

Film sensitometric tests are motivated by the fact that
the characteristic curve has a large impact on image
contrast and dose. High contrast films should give high
contrast images, and high film sensitivity (low log E
values) should be related to a lower receptor dose, and
further a lower glandular dose. When considering all
units and sensitometric measurements, no such corre-
lations were found (R: < 0.05, p > 0.05), which poss-
ibly could be explained by huge variations in film-
screen properties. However, when considering units that
used Agfa and Kodak film-screen systems separately,
highly significant correlations were seen, using the
mutiple correlation coefficient, R2, as the measure of the
explanatory power. Figure 7(a) shows how the film
contrast, measured as the average film gradient GF

(0.5 - 1.5 ND), affected the receptor contrast, measured

a
z
o

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0

Film contrast, G F (0.5-1.5 ND)
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0 O O /

°nJ /R 2 = 0.62

0 D

• *

, * R2 = 0.03

*

(b)

1.2 1.3 1.4 1.5 1.6 1.7

Film sensitivity, logE (1.0 ND)

Figure 7. (a) The impact of the contrast of the film processing
system on the contrast of the receptor system for Agfa and
Kodak film-screens. The film contrast is measured as the aver-
age film gradient. GF (0.5-1.5 ND). The receptor contrast is
measured as the average receptor gradient. GH (0.75-1.00 ND).
(b) The impact of the sensitivity of the film processing system,
logE (1.0 ND). on receptor dose for Agfa and Kodak film-

screens.

as the average receptor gradient GR (0.75 - 1.0 ND). For
units that used Kodak film-screens, the film contrast
explained 82% of the total variation in receptor contrast
(R2 = 0.82, p < 0.01). The correlation was also signifi-
cant for units that used Agfa film-screens (R2 = 0.28,
p < 0.025). The impact of the film sensitivity (log E at
1.0 ND) on the receptor dose is shown in Figure 7(b).
For units that used Kodak film-screens, the film sensi-
tivity explained 62% of the total variation in the re-
ceptor dose (R2 = 0.62, p < 0.01), while units that used
Agfa film-screens showed no such correlation
(R2 = 0.03, p > 0.05). As expected, a significant corre-
lation was also found between average glandular dose
and receptor dose (R2 = 0.33, p < 0.01).

It was not the primary aim of the survey to analyse
film-screen properties, but some differences between
the two manufacturers Agfa and Kodak were revealed.
It is seen from Table 6 that the differences in receptor
dose between Agfa and Kodak film-screen systems
were considerable. Units that used Kodak film-screens
were also characterised by significantly higher average
glandular doses (mean value 1.3 mGy) compared to
units that used Agfa (mean value 0.9 mGy) (p <
0.0001). However, no significant differences were
found, either in NRT CCu (p = 0.57) or in NRT low con-
trast detail score (p = 0.09), between units that used the
two film-screen systems, even if the tests might indicate
a slightly better NRT low contrast detail score for units
that used Kodak film-screens, which would be
explained by the higher receptor doses for Kodak film-
screen systems. The average film gradient in the toe
region, GF (0.25 - 0.5 ND), was significantly better for
Kodak films compared to that of Agfa films (p = 0.002).
This might be explained by the significantly lower base
plus fog values for Kodak films compared to those of
Agfa (p < 0.0001). However, no significant differences
were found between the two film systems with respect
to other film characteristic parameters (the other film
gradient values, sensitivity) (p > 0.3 - 0.7).

Image quality criteria

The ACR image quality criteria applied to the RMI
phantom might be utilised to establish criteria applied
to the NRT phantom, on the condition that the readings
of RMI and NRT images are reasonably well correlated.
The ACR criteria are meant to be applicable for both
grid and non-grid techniques, that would also be the
case for possible NRT criteria established by this
approach. The results of the analyses are shown in
Table 8, which demonstrates that the NRT score of low
contrast details were highly correlated to the RMI score
of fibres (p < 0.01), but not to the RMI score of masses.
The statistics were slightly better when the NRPA sub-
score approach was used, which indicates that a more
differentiated score method of RMI fibres might be
valuable. The NRT score of low contrast details and the
corresponding RMI score of fibres and masses are pre-
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sented in Figure 8. The ACR acceptance limit for visual-
isation of fibres is a minimum sum score of 10, which
according to the figure, corresponds to an NRT low con-
trast detail score of 10.5. The NRT contrast value, CCu,
was also correlated to visualisation of RMI fibres, even
though the correlation coefficient was not very high
(Table 8). However, a similar approach would give a
limit of Co, = 0.31. The NRT contrast values, CCu and
CA|, were also correlated to RMI score of specks. In
these cases the simple ACR score method seemed to
give better statistics compared to the NRPA subscore
method. The ACR limit for visualisation of specks cor-
responds to a NRT contrast of CCu = 0.26, a quite differ-
ent result compared to the above, reflecting the uncer-
tainty of this approach. The NRT spatial resolution was
not correlated to the RMI score of specks (p > 0.05),
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Figure 8. Correlations between NRT low contrast detail score
and RMI score of fibres and masses (ACR+NRPA score
method). All score values are median values of three evaluated

images from 45 mammography units.

therefore no limit for the spatial resolution could be sug-
gested based on the ACR criteria.

Another approach for establishing criteria linked to
the NRT phantom is to apply the first quartile values
from the image quality parameter distributions shown
in Figures 3-5. The first quartile values are presented in
Table 9, for grid and non-grid techniques separately, and
for both techniques taken into common consideration.
The suggested lower limit for spatial resolution is very
close to the Nordic recommendations. The suggested
lower limits for NRT low contrast detail score and NRT
contrast CCu (grid technique), turned out to be equal to
the values gained from the above ACR fibre approach.

DISCUSSION

According to the basic principles of radiation protec-
tion stated in ICRP60(l2), every X ray examination
should be optimised so that the diagnosis can be determ-
ined at an acceptable dose to the patient. The balance
between image quality and dose will depend on the
medical indication. The principle of optimisation
involves equipment performance, radiographic tech-
nique, staff training and clinical judgement. Such con-
siderations are even more important in screening pro-
grammes where a large group of healthy women is
exposed for the benefit of a few of them. To accelerate
the implementation of this principle, there is a need for
precise image quality criteria and dose constraints
linked to specific examination protocols. This approach
requires standardised methods for measurements of
image quality and dose in order to compare performance
of mammography equipment. The European Com-
mission (EC) has established image quality criteria and
dose constraints for mammography, including examples
of good radiographic techniques that would comply with

Table 8. Correlations between parameters derived from the NRT and RMI phantoms, with the methods for scoring and
assessment indicated.

NRT

Parameter

Low contrast detail score

Low contrast detail score

Contrast. CCu

Contrast, CCu

Contrast, CA,

Spatial resolution (lp.mnr1)
Rl and R2

Score method

NRPA

NRPA

Densitometer reading

Densitometer reading

Densitometer reading

Assessed with
magnifying glass

Test object

Fibres
Fibres
Masses
Masses
Fibres
Fibres
Speck
Speck
Speck
Speck
Speck
Speck

RMI

Score method

ACR
ACR + NRPA
ACR
ACR + NRPA
ACR
ACR + NRPA
ACR
ACR + NRPA
ACR
ACR + NRPA
ACR
ACR + NRPA

R2

0.39
0.42
0.03
0.04
0.18
0.16
0.25
0.16
0.18
0.11
0.09
0.05

Test statistics, results*

F

27.3
31.2

1.11
1.91
9.4
8.2

14.7
8.0
9.6
5.3
2.2
1.1

f(a = 0.05)

4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
3.23
3.23

v,/v2

1/43
1/43
1/43
1/43
1/43
1/43
1/43
1/43
1/43
1/43
2/42
2/42

•See Table 7
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the criteria(13). These criteria refer to clinical images and
surface entrance doses. An EC workshop in 1992 also
emphasised the need of standardised image quality
phantoms(I4). Technical phantoms with test objects for
quantitative assessment of image quality, give more
objective measures of performance. It was shown that
image quality criteria linked to technical phantoms like
RMI and NRT might be valuable as references for qual-
ity control, even though the clinical relevance of such
phantoms might be questioned.

The two NRT contrast values, CA, and CCu, were
assessed by a densitometer. Earlier studies have shown
correlation between CA1 and CCu and the scores obtained
by means of a breast tissue phantom"5', which may
indicate the clinical relevance of those parameters. The
contrast value CCll, however, shows better correlation to
the contrast of the receptor system than CA1. It may be
concluded that the copper and aluminium foils in the
NRT phantom makes it possible to carry out a quantitat-
ive assessment of image contrast, with a possible prefer-
ence to CCu as the most valuable parameter. Test pat-
terns for evaluation of spatial resolution should also be
included in an image quality phantom for mammogra-
phy. The results will, however, depend on the position
of resolution patterns in the phantom. The NRT low
contrast details are supposed to reflect small contrast
changes which are essential in mammography. The
assessment of such objects are, however, subjective.
That was the motivation for establishing a differentiated
score system. Every detail was evaluated according to
a point scale 0-0.25-0.5-1.0. This score method might
be characterised as a 0-1-2-4 method, and should be
more sensitive than questions like "The structure is visu-
alised or is not visualised' (0 versus 1 method). The
assumption is supported by other studies"6'. The fact
that no significant differences among the two inde-
pendent observers were found, favours the method. The
method however demands training, and agreement on
the evaluation criteria between the readers beforehand.

The RMI phantom includes test objects that permit
only subjective evaluation, even though the image qual-
ity is quantified by counting the visualised test objects.

Table 9. The first quartile values from the distributions of
the NRT contrast values, low contrast detail score and
spatial resolution presented in Figures 3, 4 and 5. The
values separately specified for grid and non-grid techniques
are proposed as image quality criteria, to be used for future

quality control based on the NRT phantom.

NRT parameter Grid
technique

Non-grid
technique

All units

Contrast CAI
Contrast CClI

Low contrast detail score
RI/R2 (lp.mrrr1)

0.08
0.31

10.5
16.6/14.3

0.05
0.23
7.0

16.6/14.3

0.08
0.30
9.5

16.6/14.3

The advantage of RMI phantoms is that they are manu-
factured according to a specific standard. The ACR cri-
teria are applicable to every ACR approved RMI phan-
toms. However, the RMI masses were, according to our
experience, difficult to characterise. The lack of corre-
lation to NRT low contrast details should be of concern.
According to the ACR procedures, a single RMI image
from each mammography unit should be assessed by
three independent certified observers. Since the ACR
criteria discredit nearly 50% of the units in Norway with
respect to fibres, one might question whether the RMI
images were evaluated too strictly. However, this result
was based on three images passing the ACR criteria,
not a single one. The RMI image quality assessment
was also done by two observers in consensus. The cur-
rent ACR procedures might have given a slightly differ-
ent result. The differences in performance between
images from the same unit which were pointed out in
this survey, indicate that assessment based on a single
image might be doubtful. RMI phantoms are now a part
of a comprehensive accreditation system in the United
States, founded on the Mammography Quality Stan-
dards Act of 1992 (MQSA)"7). In the latest MQSA pro-
cedures, the RMI phantom image assessment has been
modified, with regard to poorly visualised objects and
artefacts. This should, according to our experience, be
valuable.

The advantage of using a grid technique in mammo-
graphy examinations is that the scattered radiation to the
film is removed, which will improve the image contrast
compared with the non-grid technique. The disadvan-
tage is that the dose to the breast is increased because
of the unavoidable high attenuation in the grid. The
decision whether to use a grid or not must be based on
a balance between image quality and dose, and will
depend on the breast thickness, since thicker breasts
give more scattered radiation. However, in the survey
all measurements of image quality and dose were based
on phantom measurements, and reflect the performance
with respect to examinations of 4.5 cm firm com-
pressed breasts.

The NRT and RMI phantom image assessments
revealed a huge range in performance among the
Norwegian mammography units. As expected, the non-
grid technique caused low contrast images, even though
some grid images also showed poor quality. In general,
the ACR criteria disqualified the units using the non-
grid technique. This might partly be explained by the
fact that non-grid techniques in Norway were associated
with old technology mammography units and generally
poor performance. However, the results strongly indi-
cate that the non-grid technique should not be applied
for average thick breasts.

Considering the ICRP principle of optimisation
harder demands should be placed on grid images
because of the higher radiation doses involved. It is
therefore suggested that image quality criteria should be
established for grid and non-grid techniques separately,
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as is the case with the dose constraints in the Nordic
recommendation. NRT phantom image criteria based on
the first quartile values from the distributions of the
NRT image quality parameters presented in Table 9,
may be applied as references for future quality control.
These limits correspond reasonably well with both the
ACR criteria (contrast and low contrast detail score) and
Nordic recommendations (spatial resolution). This
approach would be analogous to using the third quartile
value from the dose distribution as a dose constraint or
reference dose. It is, however, important to be aware of
the strengths and limitations on the use of criteria linked
to technical phantoms. No certain conclusions on image
performance can be drawn from phantom image assess-
ment alone08'. Such measurements can only be a sup-
plement to sound clinical judgement, and as a part of a
comprehensive quality assurance system"'919'. Mam-
mography procedures that produce NRT images with
parameters below the limits, should be analysed to
determine the causes, and efforts to improve the image
quality should be expedited. The proposed criteria
defined in Table 9 might, if used as references for future
quality control, be interpreted as a kind of investi-
gation level.

The NRT phantom was chosen because these phan-
toms are widely used in the Nordic countries, and
because different phantoms according to previous infor-
mation were accurately manufactured to a level where
image quality could be compared*51. However, different
serial numbers of NRT phantoms might now, according
to the manufacturer, give somewhat varying values for
contrast and low contrast detail score. Phantoms pro-
duced recently also tend to give significantly lower con-
trast values compared to that particular one used in this
survey, especially for CA|. The proposed limits in
Table 9 are therefore strictly linked to the actual NRT
phantom that was used. This fact reduces the applica-
bility of the established limits, and emphasises the need
for standardisation.

Much time is spent on daily sensitometric tests in
Norwegian hospitals. Figure 7(a and b) demonstrates
that this activity is beneficial. If the film sensitivity is
increased from logE = 1.65 to logE = 1.27, representing
the total range in the survey, the dose should decrease
by a factor of 2.4 (101 65"' " ) . This effect is clearly dem-
onstrated on the Kodak curve in Figure 7(b), where the
corresponding receptor dose decreases from about 80 to
40 |xGy. No such correlation was found for units that
used Agfa films. This is probably because different
film-screen combinations were represented both by the
Kodak and Agfa film users, and possibly also due to
the crude statistical model. Huge variations among the
screens will hide obvious correlations.

A standardised method for dose assessment, including
dose constraints, was established in the Nordic countries
in 1990<9), referred to as average glandular dose. A
Swedish investigation of 27 mammography screening
units late in the eighties concluded that 87% of the units
had inferior dose levels compared to the Nordic
recommendations(20>. This might be explained by the
fact that many Swedish units at that time applied non-
grid techniques, since experience has shown that units
using non-grid techniques have more difficulties in com-
plying with the dose constraints. Measurements on 50
screening units in Finland recently showed an average
glandular dose in the range 0.42-1.7 mGy for units
without grid, and 0.64-3.0 mGy for units with grid.
Thirty per cent of the units used grid, of which 60%
used stationary grids'2". No Norwegian mammography
laboratory exceeded the dose constraint of 0.8 mGy for
non-grid techniques and 2 mGy for the grid technique,
which is satisfactory. One explanation for this might be
that stationary grids are no longer used in Norway, and
that several old mammography units were condemned
after the previous survey14'.

CONCLUSION

The results of the survey demonstrate wide distri-
butions in patient doses and image quality caused by
differences in equipment and procedure in Norway.
Glandular doses are all kept below 2 mGy as rec-
ommended in the Nordic countries. More efforts should
be put into improving and harmonising the image qual-
ity. The NRT and RMI phantoms simulate a medium
thick breast. Non-grid techniques applied for such
breasts seems to be doubtful. Considering the ICRP
principles on optimisation, image quality criteria should
be linked to grid and non-grid techniques separately.
The first quartile value of an image quality parameter
distribution, as presented for the NRT phantom, are sug-
gested as a lower limit of acceptance, or as an investi-
gation level, below which some measures should be
taken. This might be a valuable tool in an accreditation
programme, as a supplement to the Nordic recommen-
dations. However, such criteria would have to be under
constant audition, and be used in accordance with sound
clinical judgement. The phantom manufacturers should
also be encouraged to produce phantoms according to
standardised specifications. The film characteristics
measured with sensitometry were found to correlate
well with image contrast and dose, which motivate
further optimisation of the film processing. A possible
conclusion, however, is that the Nordic recommen-
dations are too liberal, since almost all processing units
were accepted according to these limits.
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Abstract — Based on the examination practices reported from 49 CT laboratories in Norway, the doses to the patients from
seven types of CT examination were assessed. The mean effective doses were 2 mSv for examinations of the head. 10-13 mSv
for examinations in the trunk region and 4.5 mSv for examinations of the lumbar spine. For any examination type the ratio
between the highest and lowest effective dose ranged from 8 to 20. The total scan length and scanner model were the two most
important variables. Each of them may explain about 30% of the observed total spread in dose for a given examination type.
Similar spread in doses was found also when clinical indications were specified, even though there were examples of clinical
indications associated with examinations of particular body regions which gave significantly different mean effective doses.

INTRODUCTION

A survey of CT practice in the UK, including
assessments of doses to patients, was published in
1991 by the National Radiological Protection Board
(NRPB)(|-3). The dosimetric approach established by the
NRPB has been used in several CT studies since then,
such as in New Zealand, Denmark and Finland*4"6'. All
these studies showed a large variation of doses for simi-
lar examinations, due both to variations in clinical prac-
tices and to technical differences between scanners. The
doses from typical CT procedures were found to be
large compared with those from conventional X ray
examinations of similar regions of the body. In the UK
it was found that CT contributed about 20% of the col-
lective dose to the population from diagnostic radiology,
even though it represented only 2% of the examinations
in 1991<2>. In the first place, these results indicate a need
to justify CT examinations in preference to conventional
radiological examinations. Secondly, a further investi-
gation of the relative importance of the different techni-
cal and clinical factors that influence the doses to
patients from CT, might give added knowledge to be
used in the optimisation of CT procedures. The prolifer-
ation of scanners, and the large variations in doses, have
shown that there is a huge potential for dose reduction.
A CT project was therefore initiated by the Norwegian
Radiation Protection Authority (NRPA) in 1993. This
paper deals with the following aims:

(1) To obtain an overview of the patient doses involved
in some common CT examinations in Norway, and
to compare them with similar results reported from
other countries.

(2) To investigate the reasons for any variations in
doses associated with examinations of a particular
body region, and their relation to clinical indi-
cations.

MATERIALS AND METHOD

Selected CT examinations and clinical indications

Seven common CT examination types were included
in the survey: CT examinations of the head, chest, abdo-
men, lumbar spine, liver, kidneys and pelvis. These rep-
resented 85% of the total number of CT examinations
in Norway in 1993<7). The collection of data concerning
examination practice was based on questionnaires sent
to all CT laboratories in 1993. The radiologist in charge
(CT user) was first asked to report the examination prac-
tice for a 'typical' examination, which should reflect
some average practice for the different clinical indi-
cations associated with that particular examined body
region. The patient doses which were assessed from this
kind of information were used as representative values
for a particular CT laboratoryrSecondly, twelve specific
clinical indications related to examinations of four dif-
ferent body regions were formulated. The selected CT
examination types and clinical indications are shown in
Table 1. A separate questionnaire was prepared for
every one of them, i.e. 19 completed questionnaires
were received from every CT laboratory. Each question-
naire included the following users information:

(1) Hospital, scanner manufacturer and scanner model.
(2) The tube voltage and filtration.
(3) An anatomical sketch for specification of the scan

volume, which might consist of various scan
sequences.

(4) For each scan sequence, the number of slices, slice
thickness, couch increment and current time pro-
duct (mA.s).

(5) For each span sequence, a specification of whether
contrast agents were used or not.

(6) Gantry tilt for examinations of the head.
(7) Whether the questionnaire was completed according
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to a local examination protocol, or whether the scan
parameters for a representative patient was used.

Dose assessments

Patient dose software

Normalised organ absorbed doses appropriate for CT
examinations, calculated using Monte Carlo techniques,
have been published by the NRPB in the UK in report
NRPB-R250(3). These data relate to 27 organs or regions
of an adult hermaphrodite phantom, expressed in terms
of organ absorbed dose per unit absorbed dose in ICRU
muscle measured on the axis of rotation of the scanner
in the absence of the phantom (CT dose index). The
normalised doses depend on scanner parameters like
tube voltage, beam geometry and filtration, among
which the most important parameter is the shaped filter.
Groups of scanners, where those parameters are equal,
are associated with a set of data, designated a MC data
set. There are 23 such data sets available from NRPB
in a corresponding software report (NRPB-SR250). A
data program called CTDOSE (Heron Le JC, National
Radiation Laboratory, Christchurch, New Zealand)
makes use of NRPB's data sets for assessment of organ
doses, effective dose equivalent, HE

(8), and effective
dose, E(9), and was obtained for assessment of doses to
the patients in Norway.

Choice of MC data set

The CTDOSE program is primarily applicable for CT
scanners represented in NRPB's survey of CT dosesa3>.

To overcome this limitation, specifications for other
scanners were collected from the manufacturers in Nor-
way. These scanners were compared with the scanners
presented in NRPB's survey (Table 2 in NRPB-
R250(3)), and appropriate MC data sets were chosen for
dose calculations. The MC data sets for Norwegian
scanners were selected based on the following approxi-
mations:

(1) GE CT Sytec 3000 scanners correspond to GE CT
Pace.

(2) Philips Tomoscan SR 7000 scanners correspond to
Philips Tomoscan LX.

(3) Siemens Somatom ARC/ART scanners correspond
to Siemens Somatom DRH/CR/CR512.

(4) Toshiba TCT-300S scanners correspond to Philips
Tomoscan TX.

(5) Toshiba TCT-600HQ/XPEED scanners have various
combinations of focus to axis distance and filtration.
Head setting (SS/S) corresponds to Philips Tomos-
can TX, while Body setting (M/L/LL) corresponds
to Philips Tomoscan 310/350 without Cu filter. Note
that the two alternative settings will have different
CTDIn values (mGy per mA.s).

Input parameters and adaptations

The mean values of normalised CT dose index,
CTDIn (mGy.(mA.s)"1), were optional in the CTDOSE
program for all scanner models represented in NRPB's
survey'21. The CTDIn values for Norwegian scanners not
included in the NRPB survey were measured. The input

Table 1. The seven CT examinations and twelve clinical indications included in the Norwegian survey.

CT examination of Id. Aim/indication

Head/Brain

Chest

Abdomen

Lumbar spine

Liver

Kidneys

Pelvis

1.0
1.1
1.2
1.3
1.4

2.0
2.1
2.2
2.3

3.0
3.1
3.2

4.0
4.1
4.2
4.3

5.0

6.0

7.0

Typical CT examination of the head
Re-examination of manifest brain tumour
Suspected brain metastasis or tumour
Work-up of a young epileptic
Differential diagnosis of haemorrhage versus thrombosis/emboli

Typical CT examination of the chest
Suspected lung metastasis
Aneurysm of the thoracic aorta
Emphysema

Typical CT examination of the abdomen
Suspected retroperitoneal metastasis
Diffuse illness

Typical CT examination of the lumbar spine
Sciatica/disc diagnosis, affected root(s) precisely known
Sciatica/disc diagnosis, uncertain root(s)
Suspected metastasis of lumbar vertebra(es)

Typical CT examination of the liver

Typical CT examination of the kidneys

Typical CT examination of the pelvis
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parameters which specify the examinations were taken
from the replies from the CT laboratories, and included
the scanner manufacturer and model, scan parameters
and scan start point for the various scan sequences. The
scan volume indicated on the sketches was adjusted to
fit to NRPB's mathematical phantom (Figure 1 and 2 in
NRPB-R250(3>) for each individual dose calculation. In
most cases this was in accordance with NRPB's stan-
dard planes within the phantom (Table 4 in NRPB-
R249(2)), with the exception of lumbar spine examin-
ations, where the scan generally was assumed to start
165 mm above the base of trunk, meaning that the
uterus would be located closer to the primary scan vol-
ume compared with the NRPB approach.

In Norway, the majority of CT examinations of the
head were done with the gantry tilted relative to the
axial baseline. The software does not handle gantry tilt,
so in these cases, the dose calculations were done in
two steps. The calculation of the effective dose was
always based on the total scan length, calculated from
the reported number of slices, slice thickness and couch
increment, even though the scan would cover the lenses
in the mathematical phantom. The lens doses were,
however, based on a calculation where the lowest slice
started above the lenses, which in most cases would
underestimate the effective dose.

Data processing and statistical analysis

In total, more than 800 calculations of organ doses
and effective doses were performed for the different CT
examinations. The results from CTDOSE had to be
entered manually to a data base, and therefore only a
selection of the data was recorded. For each examin-
ation type and clinical indication, the scan parameters
were registered for up to eight scan sequences, together
with the corresponding total effective dose, effective
dose equivalent and red bone marrow dose (RBM). In
addition the lens doses from examinations of the head,
and the gonad and uterus doses from examinations in
the trunk region, were recorded. The scan start point
with reference to the long axis in NRPB's mathematical
phantom was also registered, as well as the reported use
of contrast and the type of contrast agent. Statistical
methods were used to test hypothetical explanations for
the observations. Student t-tests were used to distinguish
statistically between doses resulting from examinations
done in cases of different clinical indications. One-way
analysis of variance and linear regression were used to
assess how different parameters might explain the total
variation in effective dose. The total scan length, scan-
ner model (MC data set), CTDI (mGy) and clinical indi-
cation were tested as explanatory parameters.

RESULTS

Response to the questionnaires

There were in total about 70 scanners in Norway in
1994 (16.1 scanners per million inhabitants). Answers
from 45 hospitals, including 53 CT laboratories, were
received. Four scanners were excluded from the analysis
because it was difficult to select an appropriate MC data
set. The scanner manufacturers and models of the
remaining 49 CT laboratories included in the analysis
are shown in Table 2, with the selected MC data sets
used for calculations indicated. Four scanner manufac-
turers were represented, with various scanner models.
The most common single scanner model was the GE
CT Pace/Sytec. Some of the CT scanners in the survey
were used in neuroradiology departments, where not all
the seven examinations asked for were performed.
Neither were all the clinical indications requested
relevant in small hospitals. However, all results were
based on the replies from more than 40 CT laboratories.
More than 80% of the questionnaires regarding specific
clinical indications were completed according to local
examination protocols, the remaining were based on the
examinations of a representative adult patient.

Country mean values and dose variation

The effective doses assessed from the examination
practices designated 'typical' were taken as the rep-
resentative dose values for the individual laboratory,
depending both on the reported examination practice
and the scanner that was used. For a particular examin-
ation type, the mean value of the typical doses, based
on all laboratories in the survey, was taken as the coun-
try mean. The country mean effective doses for the
seven selected CT examinations in Norway, including
basic statistics, are presented in Table 3. A considerable

7.5 12.5 17.5 22.5 27.5 32.5

Effective dose (mSv)

Figure I. The distribution of effective dose for individual lab-
oratories in the survey by typical CT examinations of the chest

(46 laboratories).
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spread in dose over all laboratories in the survey were
found for all examination types. As an example, the dis-
tribution of effective doses from typical CT examin-
ations of the chest is shown in Figure 1. The country
median values were, in general, lower than the mean
values.

In order to compare the results with published data
based on the earlier used effective dose equivalent, HE,
conversion factors were established. Conversion factors
E/HE found in this survey were 0.5 for CT of the head,
0.7 for CT of the liver and kidneys, 0.8 for the pelvis
and lumbar spine and 0.9 for the chest and abdomen.

The use of contrast

Contrast agents were used as a part of the procedure
in nearly 60% of all examinations in the survey. About
fifty per cent of these included contrast sequences only,
while the remainder were done with various scan
sequences, both with and without contrast. Examin-
ations of the head, chest, abdomen and pelvis had all
kinds of contrast techniques represented (sequences

without contrast, with contrast only, or both with and
without contrast). Eighty per cent of all the examin-
ations of liver and kidneys included sequences both with
and without contrast, while nearly all examinations of
the lumbar spine were done without use of contrast
agents. As expected, the use of contrast also varied with
the clinical indication. An example is given in Figure 2,
showing the percentages of the laboratories using
different contrast techniques for examinations of the
head. Examinations done in cases of suspected brain
metastasis or tumour were always done with at least
one scan sequence with contrast, while nearly 100%
of the differential diagnosis of haemorrhage versus
thrombosis/emboli were done without contrast. The dif-
ference in contrast technique between these two clinical
indications clearly affected the corresponding distri-
bution of effective doses, as shown in Figure 3 (a and
b). Each bar in the histograms has been split according
to the different contrast techniques that were applied in
the individual laboratories. Figure 3 (a) also demon-
strates that examinations including scan sequences, both
with and without contrast, yield higher doses, since

Table 2. Manufacturers and models of the 49 CT scanners in the survey. The MC data sets selected for dose assessment
are indicated (refers to Table2 in NRPB-R25013).

Manufacturer Model Number MC data set

General Electric

Philips

Siemens

Toshiba

CT9000 I/II
CT 9800, CT 9800 Quick
CT Max
CT Pace, CT Sytec 3000

Tomoscan CX
Tomoscan LX
Tomoscan TX
Tomoscan SR7000

Somatom ARC/ART
Somatom DRH, CR
Somatom DRG

TCT-300S
TCT-6O0 HQ, TCT-Xpeed

3
5
3

13

3
2
1
2

3
7
1

4
2

6, 7
8,9
10
11

18
19, 23
17,21
19, 23

3
3
2

17
17. 15

Table 3. The country mean values of effective dose for seven CT examinations with basic statistics, based on the reported
typical examination practice from 49 laboratories.

CT examination E (mSv)
Country mean

E (mSv)
median

E (mSv)
3rd quartile

Max/Min ratio

Head
Chest
Abdomen
Lumbar spine
Liver
Kidneys
Pelvis

2.0
11.5
12.8
4.5

11.9
9.9
9.8

1.8
10.0
9.9
4.4

11.1
10.1
8.3

2.7
15.5
17.2
5.2

16.4
14.4
11.8

8.0
19.5
13.3
10.5
8.7

19.7
17.2
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this procedure represents a repeated scan of the
same volume.

Different clinical indications and resulting dose

It was expected that the difference in examination
practice between the CT laboratories should be less
when a particular clinical indication was specified, and
that the patient doses should be related to indication.
The data were analysed in order to test this hypothesis.
CT examinations of the head in cases of suspected brain
metastasis or tumour gave a mean effective dose equal
to 2.4 mSv, which was significantly higher than that for
re-examination of manifest brain tumour (1.8 mSv), and
that for differential diagnosis of haemorrhage versus

Q Without contrast B With contrast BWIth and without contrast

Figure 2. The contrast techniques expressed in percentages for
typical CT examinations of the head and in cases of the

different clinical indications:

1.0. Typical examination of the head/brain.
1.1. Re-examination of manifest brain tumour.
1.2. Suspected brain metastasis or tumour.
1.3. Work-up of a young epileptic.
1.4. Differential diagnosis of haemorrhage versus

thrombosis/emboli.

thrombosis/emboli (1.6 mSv). Head examinations in
cases of young epileptics gave 1.9 mSv, about the same
as typical head examinations. The higher doses in cases
of suspected brain tumours might possibly be explained
by the fact that more slices were used (in mean 22.9
slices, compared with 15-19 for the other indications).
However, the differences in clinical indication could
only explain 10% of the total variation in effective dose
for all head examinations (p = 0.0002).

CT examinations of the chest in cases of suspected
lung metastasis gave a mean effective dose equal to
11.6 mSv, significantly higher than that for aneurysm of
the thoracic aorta (8.2 mSv) and that for emphysema
(6.5 mSv). The higher doses might also be explained by
the fact that more slices were used (in mean 32.5 slices
in cases of suspected lung metastasis, compared with
about 21 for the other two indications). One-way analy-
sis of variance showed that the clinical indication for
chest examinations once again might explain about 12%
of the total variation in effective dose (p = 0.001).

No significant difference in mean effective dose was
observed between the two clinical indications for exam-
inations of the abdomen, nor between the three clinical
indications for examinations of the lumbar spine. The
results might be explained by a considerable variation
in clinical practice among different hospitals for all
examination types. As an example, Table 4 shows the
reported scan parameters and the calculated dose values
for CT examinations of the abdomen, in terms of
maximum, minimum and mean values. Compared with
what was reported as a typical examination, the total
spread in examination practice and resulting doses over
all laboratories in the survey was in general not nar-
rowed when specific clinical indications were con-
sidered.

8
2

7

g

5

4

3

2

1

0

(a)

(I.

• With and without contrast

O With contrast

1 III

l ill 11
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Effective dose (mSv)

o
o

(b)
I "Wi th contrast

[•Without contrast

J
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Effective dose (mSv)

Figure 3. The distribution of effective dose for individual laboratories in survey by CT examinations of the head, with the different
contrast techniques indicated, (a) Indication 1.2, Suspected brain metastasis or tumour (44 laboratories), (b) Indication 1.4, Differ-

ential diagnosis of haemorrhage versus thrombosis/emboli (44 laboratories).
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The influence of scan length and CTDI

An examination procedure might consist of several
scan sequences with different scan parameters, and
might include repeated scans of the same volume. The
length of each scan sequence was calculated from the
reported number of slices, slice thickness and couch
increment. These were added to give the total scan
length, reflecting also the contrast technique. A highly
significant correlation between the total scan length and
effective dose is shown in Figure 4 (a and b). Consider-
ing all typical examinations of the abdomen, the scan
length might explain 35% of the total variation in effec-
tive dose (p < 0.01). Considering only scanner models
with a specific MC data set, the scan length might

explain as much as 61% of the total variation in dose
for this examination type (p < 0.01).

For a given examination type the ratio between the
highest and lowest mA.s product over all CT labora-
tories in the survey ranged from about 3 to 9. Part of
this variation is to be expected, because scanners with
different focus to axis distances will require different
mA.s values in order to yield the same CT dose index
at the isocentre. In order to correct for these differences
between the scanners, the reported mA.s products were
multiplied by the scanner's CTDIn (mGy.(mA.s)"1) to
give the resulting CTDI (mGy). The distribution of
CTDI used by individual laboratories in the survey for
typical examinations of the abdomen is presented in
Figure 5, which shows that the CTDI also varied con-

Table 4. The total range in examination practice and resulting effective dose for CT examinations of the abdomen based
on calculations for 44 laboratories. Minimum, maximum and mean values are specified.

3.0. Typical

Max.
Min.
Mean
SD
Median
3rd quartile

Start

Scan technique

n w c mA.s

CT examination of the abdomen

300
0

100.0

70
11
32.1

3.1. CT examination of the

Max.
Min.
Mean
SD
Median
3rd quartile

310
- 5 0
70.9

68
11
30.0

3.2 CT examination of the

Max.
Min.
Mean
SD
Median
3rd quartile

270
0

72.4

58
10
27.2

10
5
9.4

20
8

15

560
200
368.2

CTDIn

mGy.(mA.s)-'

0.3822
0.0935
0.2475

RBM

29.93
1.88
9.54
6.22
7.26

12.78

Organ doses (mGy)

Ovar.

81.90
0.84

17.98
16.20
14.46
22.09

abdomen on suspected retroperitoneai metastasis

20
5
9.3

24
5

15.0

abdomen on

10
5
9.5

24
10
16.8

560
130
351.2

0.3822
0.0935
0.2636

unspecified disease

560
130
356.5

0.3822
0.0935
0.2613

18.82
0.97
8.48
4.73
7.47

10.83

19.21
1.44
7.98
4.36
7.07

10.89

58.81
0.39

19.45
13.95
17.48
24.64

45.19
0.08

17.27
11.09
15.19
22.87

Test.

18.01
<0.01

3.58
3.62
3.07
4.50

48.10
0.01
4.60
7.13
3.71
5.33

9.915
0.01
3.52
2.40
3.27
4.76

Uter.

89.42
0.71

19.96
18.04
16.19
23.40

71.24
0.35

22.14
16.64
20.21
30.40

53.30
0.48

19.06
12.21
17.79
26.04

HE E

(mSv)

43.50
3.67

14.72
9.17

11.18
20.06

30.16
1.87

12.65
6.88

10.68
16.68

28.93
2.76

11.54
6.01

10.27
15.08

37.58
2.82

12.81
8.12
9.91

17.23

25.76
1.44

11.32
6.30
9.76

15.12

25.19
2.12

10.48
5.65
9.28

14.49

Start is the scan start point referred to the long axis in NRPB's mathematical phantom (the distance from the base of trunk)131

n is the number of slices (included both with and without contrast)
w is the slice width
c is the couch increment
mA.s is the product of anode current (mA) and exposure time (s)
CTDIn is the normalised CT dose index (mGy.(mA.s)*') for the actual scanner
RBM is the red bone marrow dose
Ovar is the ovarian dose
Test is the testes dose
Uter is the uterus dose
HE is the effective dose equivalent1*1

E is the effective dose"1
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E = 0.027 L
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Figure 4. The correlation between total scan length and effec-
tive dose for typical CT examinations of the abdomen, (a) All
44 laboratories in the survey, (b) All GE CT Pace or Sytec

scanners in the survey (13 laboratories).

siderably. A significant correlation between CTDI
(mGy) and effective dose (mSv) for typical examin-
ations of the abdomen is shown in Figure 6. However,
the different CTDI values could only explain 12% of
the total variation in effective dose (p < 0.01).

The influence of the scanner model

The influence of the scanner model on the results of
effective doses was tested by means of one way analysis
of variance with the MC data set (Table 2) as the
explanatory variable. The dose values from CT of the
chest were used as input. Including the dose values from
the three clinical indications, the input data to the analy-
sis included 12 MC data sets and 108 dose values (36
CT laboratories). The individual 95% confidence inter-
vals for the mean based on the pooled standard devi-
ation (SD^i = 5.2 mSv) are shown in Figure 7. The

40

35

30

25

20

15

10

5

E = 0.15 CTDI
R2 = 0.12

0 20 40 60 80 100 120 140 160

CTDI (mGy)

Figure 6. The correlation between CT dose index (mGy) and
effective dose for typical CT examinations of the abdomen (44

laboratories).

12

10

8

6

4

2

20 40 60 80 100 120 140 160

CTDI (mGy)

Figure 5. The distribution of CT dose index (mGy) for indi-
vidual laboratories in survey by typical CT examinations of

the abdomen (44 laboratories).

E

20
18
16
14
12

8 10

I :
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-2

•

i "ii
MC data set

Figure 7. The mean value of effective dose for CT examin-
ations of the chest for twelve different CT scanner types (MC
data sets), with the individual 95% confidence intervals based
on the pooled standard deviation indicated. The dose values
from three clinical indications were used as input to the

analysis.
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number of dose values corresponding to each MC data
set were limited, i.e. scanner types expressed by MC
data sets 2, 9, 15 and 23 were only represented with a
single scanner in this material. This fact was reflected
by large confidence intervals. However, the results indi-
cated that scanners with MC data sets 3, 7 and 10
(Siemens Somatom DRH/CR, GE CT 90001/11 and GE
CT Max) were associated with significantly lower doses
than scanners with MC data sets 11, 17 and 18 (GE CT
Pace/Sytec, Philips Tomoscan TX and CX). The scanner
model, expressed by the MC data set, explained in this
example 27% of the total variation in effective dose
(p = 0.001).

Doses to selected organs

The lens doses were shown to be critically dependent
on how the gantry was tilted during CT examinations
of the head. The users had been asked to report their
technique according to one of the following alternatives:
skull base, orbita central axis, hard palate, axial scans
or other specified by them. The results are presented in
Table 5. The calculated lens doses agreed well with
other published results"0"12'. As much as 20 times
higher lens doses were associated with the axial examin-
ation practice, because the lenses were included in the
primary scan volume. The replies showed, however, that
64% of the laboratories used a gantry angle parallel to
the skull base, which saved the lenses considerably.

The mean red bone marrow dose was 3.2 mGy for
typical examinations of the head, and ranged from about
6 to 9 mGy for the examinations in the trunk region,
thus being of the same order of magnitude as the effec-
tive dose (Table 3).

For examinations in the abdominal region the mean
absorbed doses to the gonads are shown in Figure 8.
The uterus dose was shown to be of the same order of
magnitude as the ovarian dose. The considerable range
between the highest and lowest uterus doses from exam-
inations of the abdomen (Table 4) was partly explained
by variations in scan start point relative to the base of

Table 5. The lens doses for different use of gantry tilt when
performing CT of head.

Lens doses (mGy)

Gantry tilt SB (30) SB* (4) OS (6) O (4) No (3)

Mean
Min.
Max.

3.9
1.1
9.4

62.1
20.1
96.3

49.1
5.2

134.2

25.0
5.6

56.8

80.9
39.1

108.6

SB tilted parallel with the skull base
SB* as above, but still the lenses were included in the pri-

mary scan volume
OS tilted parallel to the orbita central axis
O Other specified by the user
No The gantry was not tilted, axial baseline

trunk. As expected, double scan sequences in the pelvis
region gave the highest doses, about 40 mGy on average
to the uterus for typical examinations of the abdomen.
If the scan sequences started just above the uterus the
dose to the uterus was reduced to about 5 mGy on aver-
age. These results are similar to those reported from
studies of fetal doses in early pregnancy'213'.

DISCUSSION

General

The use of questionnaires in this kind of survey cer-
tainly bears some restrictions. In a busy working day,
there may have been variation in how carefully the
schemes were completed. Most of the questionnaires
were completed according to protocols established in
the local hospitals. It seems to have been difficult to
define 'typical' examination practices, since the reported
practice often simply corresponded to one of the clinical
indications. In general, however, the reported typical
examination practices were shown to represent averages
of the different clinical indications, and thus these data
were used to establish country mean dose values.

The NRPB's data and method, including the CTDOSE
program, made it cheap and easy to carry out dose
assessments for different CT examinations. All neces-
sary information was collected by postal survey, and
values of organ doses and effective doses for all the
selected examinations were derived. This makes the
method appropriate for cost-effective nationwide sur-
veys. However, it would have been a substantial advan-
tage if the output data from CTDOSE were made
accessible on a file, so that the data could be directly
transferred to the statistical analysis software. There is
a clear need to add data for new scanners to the 23 MC
data sets already established by the NRPB. Alterna-

Pelvis

Abdomen

Lumbar
spine

Liver/
kidneys

Gonad dose (mGy)

Figure 8. The mean gonad doses for CT examinations in the
abdomen region.
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tively, more advice would be necessary in order to select
appropriate MC data sets from those already existing.
There is also a need for mathematical phantoms rep-
resenting children and adults of different weights, so
that MC data sets for these groups of patients can be
established in the future.

Twenty-one Norwegian scanners (30% of the total
number in 1994) were not included in the survey. About
half of them were new scanner models, not included in
the NRPB survey, some of them of the spiral scanner
type. The doses to the patients are expected to be similar
with spiral technique as from conventional techniques
as long as the total scan length and current time product
during the examinations remain equal*14). However,
introduction of new scanners might influence the exam-
ination practice, since it is easier to carry out more
extensive examinations in a shorter time. The develop-
ment of new detectors and software might also influence
the dose, and even produce new indications for CT
examinations. Thus, the country mean dose values
established in this survey may be representative for
Norwegian examination practices no more than five
years from now. This emphasises the need for further
recording of the examination practice, and for dose
assessments.

Comparison with other studies

The country mean values of effective dose in Norway
are compared with published data from the UK,
Sweden, Denmark and Finland12-5-61516' in Table 6. The
mean values of the reported number of slices and
applied current time product (mA.s) in Norway and
UK(2) are also shown. It appears that the effective dose
per examination was 50% to 100% higher in Norway
than in the other countries, except in Sweden where the
results were similar. It is emphasised that the Swedish
data were based on a simpler approach for dose

assessment"71 compared with the other national surveys
where the NRPB approach was applied, and that the
conversion factors E/HE from our survey were used to
recalculate the Danish values. Considering the examin-
ation practice, there was no straightforward explanation
for the higher doses in Norway compared with the UK.
The average number of slices and applied current time
product (mA.s) were similar, and so were the average
slice thickness and couch increment for all seven exam-
inations in the survey. The differences between the CT
doses in Norway compared with the UK results might,
however, be explained by the observation that the users
applied a 35% higher CTDI (mGy) on average. Since
the average reported mA.s was not higher, it indicates
a larger proportion of scanners with shorter focus to axis
distances and higher CTDIn (mGy.(mA.s)"') values in
Norway. The estimated average CTDI value in the UK
was based on the published mA.s values and the mean
CTDIn value for all scanners in the English survey
(0.173 mGy.(mA.s)~'), taking into consideration the
number of different scanner types'2-31. The reasons why
the CTDI values in Norway were higher than in the UK,
might either be that Norwegian scanners in general
required higher CTDI in order to achieve acceptable
image quality, or that the Norwegian users generally
required higher image quality to feel confident that they
could perceive the possible abnormalities.

Reasons for the dose variation between different
laboratories

In order to explore reasons for the wide range in
effective dose for CT examinations of a particular body
region, different explanatory variables were tried, like
the scan length, scanner model, CTDI and clinical indi-
cation. One-way variance analysis and linear regression
were used, with the correlation coefficient, R2, as a mea-
sure of the correlation. Strictly speaking, no certain con-

Table 6. Effective doses from CT examinations in Norway compared with the UK12-151, Sweden1", Denmark'5' and
Finland"1. The Norwegian examination practice (mean values of reported mA.s values and the number of slices, n) in

Norway are also compared with the UK values12'.

CT examination

Head
Chest
Adbomen
Lumbar spine
Liver
Kidneys
Pelvis

n

19
29
32
19
28
25
24

Norway

mA.s

390
322
368
499
364
356
379

E (mSv)

2.0
11.5
12.8
4.5

11.9
9.9
9.8

n

25
34
31
24
26
23
25

UK

mA.s

462
321
404
557
400
405
408

E (mSv)

1.8
7.8
7.6
3.3
7.2
6.3
7.1

Sweden

E (mSv)

2.1
10"1

Iff0

6(h

10<a

10""
10""

Denmark1"

E (mSv)

0.9
5.8
6.7
4.0

4.7
3.6

Finland

E (mSv)

1.3
5.1

11.6
5.0

—
—

""Swedish CT examination of trunk.
""'Swedish CT examination of spine.
"•''E is estimated from the Danish reported values of HE.
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elusions on the relative importance between the vari-
ables could be made by this approach. However, if the
mutual correlation between the explanatory variables is
not too big, it will give some indications. With these
reservations in mind, one might conclude that the scan
length and scanner model each explain about 30% of
the total variation in dose, while the CTDI and clinical
indication each explain about 10%. The relative impor-
tance of the CTDI is assumed to be most uncertain fac-
tor, since the correlation with scanner model must be
significant. The most surprising result was that the clini-
cal indication was of less importance to the resulting
dose. Even for the same clinical indications the scan
length was shown to vary considerably. In some cases
this was explained by different contrast techniques.
Thus, the justification of repeated scan sequences with
and without contrast should be discussed. However, the
most important message is to restrict the number of
slices to the region of clinical interest, and possibly use
increments between the slices.

Scanner performance

When the CTDI (mGy) is kept constant, CTDOSE
calculations for standardised examination procedures
show that the scanner models differ by a factor of 2-3
in the resulting effective dose<24). This fact was sup-
ported by the findings in Figure 7, and the scanner
model (MC data set) proved to be a significant explana-
tory parameter for the dose variation. The spread in the
calculated CTDI values in Norway also indicated that
there were differences in scanner performance or image
quality demands among the laboratories. The scanner
performance (detector efficiency, software etc.) will
influence the clinical practice, and in order to make a
fair comparison between scanners, image quality must
also be considered. In that respect, there is a need for
standardised evaluation methods, which would include
the use of image quality phantoms. An excellent method
has been established by the Impact group, Clinical
Device Agency (MDA), in the UK. The MDA reports
might be used as an independent measure of perform-
ance, and an example is given in the references08'. The
method is, however, rather too comprehensive to be
applied in a survey, and development of simpler
methods would be welcomed. There is also a need to
develop means for objective assessment of image qual-
ity, and investigate its relationship to clinical delect-
ability in various indications.

Recommendations for further work

Subsequent to a national dose survey, the aim should
be to implement the new knowledge in clinical practice.
All results were published in a Norwegian report"9'.
Each CT laboratory was informed of the dose values
associated with their particular scanner and examination
practices, and asked to compare these dose values with

the country mean values, and also to the mean values
for the scanner model they used. They were then urged
to discuss their selected procedures on the basis of the
results, both with respect to effective dose and selected
organ doses.

From a radiation protection point of view, there is a
need for national programmes for dose monitoring in
order to follow trends in country mean values and distri-
bution of doses. Every radiological procedure should be
systematically evaluated according to the basic prin-
ciples of justification and optimisation, as expressed by
the International Committee for Radiological Protection
(ICRP)(9). The European Communities (EC) has
established image quality criteria and dose constraints
for seven conventional X ray procedures, including
examples of good radiographic technique that would
comply with these criteria'201. Such criteria are also in
preparation for CT procedures, and are expected to be
published soon(l4). From the users point of view it might
be better to base the dose assessments on a simpler
approach than that used in this survey"7-2", and it will
be interesting to see the EC approach. The great chal-
lenge will be to implement the recommendations in
daily work. Advice related to clinical practice, equip-
ment and staff training, aimed at ensuring better control
of patient dose from CT, have also been made by the
NRPB(22).

CONCLUSIONS

In Norway the doses to the patients from typical CT
examinations were generally rather higher compared
with published results from other countries, while the
spread in dose between individual laboratories was as
large as found by others. The range of doses associated
with examinations of a particular body region was wide
also when specific clinical indications were specified, or
when a particular scanner model was considered. It is
therefore important that the different CT laboratories are
confronted with the need to reduce doses whenever
possible, and that they should have well founded proto-
cols for each indication. The examination practice
should be optimised, both with respect to the current
time product, number of slices, couch increment and the
use of contrast. The greatest observed difference in
clinical practice was in the number of patients who were
scanned twice, both with and without contrast. Empha-
sis should also be paid to reducing the dose to radiation
sensitive organs like the eye lenses and the gonads. A
need for means to assess image quality in CT was seen,
in order to measure the performance of the CT scanners
in an objective way. Simpler methods for local assess-
ments of image quality and dose might also contribute
to the optimisation of examination practises.
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ABSTRACT

An anthropomorphic phantom was designed for use in ROC studies of the detectability of liver

lesions with computed tomography (CT). In order to simulate the lesions, holes were drilled

through the liver substitute and filled with different mixtures of glycerol and water. Five different

scanners, operated at various exposure settings, were included in a pilot study. A positive

correlation was demonstrated for each of the scanners between the weighted CT doseindex,

CTDIW , and the area under the ROC curve. For the exposure settings used routinely in the five

clinics, the CTDIW ranged from 15 to 31 mGy. Three observers who read the corresponding five

phantom images agreed, as judged from the area under the ROC curves, that there was a marked

difference in quality between the group of the three best images and the other two images. The

two most modern scanners in the study used the lowest CTDIW , but lead to the best ROC results.

However, considerable intra-and inter-observer variations were found in the ROC analysis.
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INTRODUCTION
A recent review(1) concluded that the use of computed tomography (CT) contributes to about 30%
of the total collective effective dose from diagnostic radiology in Norway, although it only
represents 7% of all X-ray examinations. In another survey (2\ a considerable spread in effective
dose to the patients was found for CT examinations carried out in different hospitals on the basis
of identical clinical indications. For any type of examination the ratio between the highest and
lowest effective dose ranged from 8 to 20. This huge variation between the hospitals was partly
explained by (a) different examination procedures (the number of slices and the current time
product), and (b) inherent dose variation between different scanners (different detector
efficiencies). These findings raise the question of optimisation(3), i.e. what is the sufficient dose to
allow the clinical problem to be reliably investigated and answered. A factor of six was found
between the highest and lowest doses needed for the detection of a particular low contrast object in
a Finnish study including five different scanners<4), i.e. poor scanner performance may be
compensated by means of higher radiation doses to the patients. However, the opinion of what is
the sufficient image quality may also vary between the hospitals, and between the different
radiologists. A need for means to assess both image quality and dose in an objective and
standardised way was therefore recognised(2).

The methods for measuring doses in CT are dealt with in the standards from the International
Electrotechnical Commission (EC) : IEC 1223-2-6 (constancy tests)(5) and IEC 601-2-44 (draft
on safety standard)<6). The latter also includes new dose descriptors (7) that will be implemented
in the new EC quality criteria for CT(8). Standardised methods for assessments of image quality
have, however, not yet been established. Some recommendations for quality control and
performance parameters are available (9-10), but they do not adequately cover all measures
necessary for evaluation of modern scanners. Technical phantoms are commercially available for
measurements of uniformity, noise, spatial resolution, low contrast resolution, slice thickness etc.
One such phantom, commonly referred to in the scanner specifications, is the Catphan phantom
(The Phantom Laboratory, New York). There has also been a tendency that many laboratories
build their own CT phantom for acceptance tests, quality controls and optimisation purposes, as
has been done by the Impact group at the Medical Devise Agency in the UK(11).

The major disadvantages of all these phantoms are : (a) the lack of standardisation (phantom
diameter, size and contrast of the test objects, positioning and distribution of the test objects),
and (b) that the detectability of the different kinds of test objects may be qualitative and
subjective. This especially applies to the contrast detail diagrams and the assessment of low
contrast resolution (LCR). The detection of low contrast lesions is affected by the amount of
image noise, which in turn is related to the absorbed dose(12). LCR is therefore an important
parameter for the optimisation of image quality with respect to dose. There is a working group in
the IEC dealing with image performance in CT (IEC SC 62B WG27), which is expected to give
guidelines for the assessment of LCR(13). However, no conclusions from this work has been
published so far.

Even if one succeeds in developing objective means for assessments of image quality based on
technical phantoms, these phantoms are very different from real patients. Therefore, an
alternative approach has been to define a set of image quality criteria connected to clinical
images. This was recently successfully applied in a Danish study(14), and EC is preparing a new
recommendation for CT including such criteria (draft so far)<8). Such approaches will, however,
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also have the disadvantage that the assessments are qualitative, and to some extent depend both
on patient and observer.

A total performance test that, as far as possible, mimics a clinical study, may be used to answer
the question of what is the optimum balance between image quality and dose. Receiver operating
characteristics (ROC) has proved to be an objective method to compare human observer
performance on different imaging equipment or under various imaging conditions (15-16> I7). An
ROC study based on a careful selection of low contrast objects in a realistic anthropomorphic
phantom might be used to (a) compare image quality in routine techniques (inter-laboratory
comparisons), (b) establish, for a given scanner and examination type, what is the sufficient dose
to reach an adequate performance, and (c) compare the performance of different scanners at the
same dose. The aims of the present project were :

(1) to design a phantom, suitable for ROC analysis in computed tomography, which may be
used to mimic a clinical study,

(2) to conduct a pilot project that would include ROC studies, evaluation of the Catphan LCR,
and assessments of the corresponding absorbed doses on five different scanners,

(3) to evaluate whether the area under the ROC curve may be used for optimisation of image
quality with respect to absorbed dose.

MATERIAL AND METHODS

An anthropomorphic phantom for ROC studies

The detection of metastases in the liver poses a frequent challenge to image readers. Tumours or
metastases in early stages will, without use of contrast media, appear as small hypodense circular
structures (darker as compared with the normal liver tissue)(18'19). The difference in density may,
however, be small, i.e. the detection of the lesions is limited by noise. This situation is suitable
for ROC studies, and the liver is large enough to allow positioning of the different patterns of
low contrast objects in an experimental set-up within a phantom.

The phantom was based on a commercially available 6 cm thick anthropomorphic section of the
upper abdomen, composed of nine epoxy-resin-based tissue substitutes (20). It had been designed
and manufactured at St. Bartholomews Hospital in London, and modified for the present
application to include four tapered cylindrical cavities through the liver, where the inserts
designed for ROC analysis could be positioned. These ROC inserts were also made of liver tissue
substitutes. To simulate the lesions, holes of various diameters were drilled through the inserts,
and filled with different mixtures of glycerol and water to produce various contrast relative to the
liver tissue. The holes were connected to tubes and valves in each end, through which the
solutions could be injected. An image of the phantom, obtained before the holes were filled, is
shown in Figure 1. Between different ROC experiments, the inserts could be interchanged
between the four positions in the liver (A, B, C and D), and each insert could also be rotated in
the cavity. The observers were asked to focus on these insert areas in the image, limited by the
narrow circular surrounding air gaps, and evaluate possible findings within the various sectors
covering angular intervals referring to a watch. As shown in Figure 2, each of the four inserts
may be conceived as being divided into eight sectors, with centrelines at 12.00-1.30-3.00-4.30-
6.00-7.30-9.00-10.30 hours, i.e. there were totally 32 test sectors to be inspected in each image.
One low contrast object was arbitrary positioned in each of one half of these sectors, along the
centrelines of the sectors, but not necessarily at the same distance from the centre of the insert.
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The mean CT values for various mixtures of glycerol and water were measured using the
following method : (a) An insert with a 28 mm diameter hole was placed in position B in the
ROC phantom, (b) the mixtures were filled subsequently in a screw-cap plastic tube that fitted in
that hole, and (c) the mean CT value for each mixture was calculated for a region of interest
(ROI) of about 1 cm2. The mean CT value for the liver tissue substitute was measured adjacent to
position B. The contrast for the various glycerol solutions relative to the liver tissue substitute,
was calculated in terms of the differences in CT values. Such contrast measurements were later
repeated for each scanner in the study, for all solutions that were in use.

Choice of test objects for the ROC inserts

A GE CT 9800 scanner was selected for an initial contrast-detail study. On this scanner, the liver
tissue substitute gave a CT value of about 52 HU, which corresponded to a glycerol
concentration in water of 22 percent by volume. In order to determine the contrast values and
diameters of the objects that would be appropriate for ROC studies, glycerol solutions in the
range 10 — 20 % was injected into holes of various diameters (2 mm to 7 mm) in some test
inserts. These inserts were scanned (in the phantom) at various exposure settings (80 mAs to
1600 mAs), and the visualisation of the different objects was evaluated, knowing their positions.
The sizes and contrast values of the objects were selected so that some of them could be seen
only under the best conditions, while others were also seen under poor conditions. The final
phantom contained simulated lesions that were specified by their insert number Ix(x=l,4), and
sector number Sy(y=l,8) within each insert. The selected diameters and concentrations of
glycerol for the simulated lesions are shown in Table 1. Figure 1 shows the «reference» position
of the various simulated lesions in the phantom : Insert number II is placed in position A in the
phantom, insert 12 in position B etc., and sector number SI in all inserts point at 12.00 hours in
the phantom. The ROC inserts were interchanged between the position A, B, C and D, and/or
rotated in the cavity (to make sector number y pointing at 12.00 hour in the phantom) in the
subsequent ROC experiments. These various set-ups were kept unknown to the observers.

Dose measurements and Catphan LCR

The CT dose index was measured in a Plexiglas phantom with diameter 32 cm with a 10 cm
ionisation chamber (Radcal Corp., Monrovia, USA). According to the EC's proposal(7t 8 ) , the
measurements were done in the centre (c) and 1 cm under the periphery (p) in the phantom, and
the weighted and normalised CT dose index was calculated as:

nCTDIw = 1/C {1/3CTDI 1Ocm, c + 2/3CTDI 1Ocm,,)

where C is the product of the tube current and time for one 360° revolution (mAs)
CTDI 10cm, c is the CT dose index measured in the centre of the phantom
CTDI lo^ p is the CT dose index measured 1 cm under the periphery, calculated as
the mean of three measurements in each of the positions at 12.00, 3.00, 6.00 and
9.00 hours in the phantom

The CTDIW values for various exposure settings were calculated as the product between the
applied mAs and the normalised CT dose index, and may be interpreted as the mean absorbed
dose in the CT slice(7).
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Section 4 in the Catphan phantom (The Phantom Laboratory, New York) contains four groups of
low contrast rods with various contrasts relative to the background density, stated to be 0.1%,
0.3%, 0.5% and 1% by the manufacturer. Each of these groups contain ten rods with diameters
ranging from 2 mm up to 15 mm. The low contrast resolution (LCR) was determined as the
smallest perceivable diameters within each of the contrast groups (one observer, subjective
evaluation). The phantom diameter was 20 cm, i.e. small compared with the abdomen.

Data collection and experimental set-up

Five CT laboratories were included in the study, referred to as laboratory 1,2, 3,4 and 5. The
scanners were Siemens Somatom Plus 4, GE CT 9800, GE CT Pace, Toshiba 600 HQ and GE
Highspeed CTi, respectively. A tube voltage of 120 kV was generally applied, together with the
filter kernel that was used in each clinic for routine examinations of the liver. ROC images and
Catphan images were collected for various exposure settings on the five scanners, and the
determinations of dose were performed correspondingly. Between different acquisitions on the
same CT scanner, the ROC inserts were interchanged and rotated, so that the low contrast objects
would appear in various positions in different images. All images were recorded with a pre-set
window width (WW) 150 and window level (WL) 55 on 35x43 films with six images per film.
These films were cut so that one image (at fixed WW and WL) was presented for the observers at
the time. A selected image was read several times by one of the observers on subsequent days in
order to evaluate the intra-observer variation. Those ROC images that were obtained at the
exposure settings used in clinic for routine examinations of the liver, were read by three
observers. These readings were used to evaluate the inter-observer variation and the performance
of the scanner/laboratory. Images collected in order to study the GE «smart scan» technique, or
the difference between helical and axial technique, were also read by three observers. The other
images were read once by one observer only.

The calculation of TPF and FPF for various confidence thresholds

In an ROC experiment, corresponding to the reading of one image, each of the 32 test sectors in
the image were examined and given scores between one and five, reflecting the perceived
probability that there was a lesion in that sector, according to the following criteria :

Score 1 : Definitely or almost definitely negative
Score 2 : Probably negative
Score 3 : Possibly positive
Score 4 : Probably positive
Score 5 : Definitely or almost definitely positive

One reporting scheme for each image was used by the observers to fill in the score values. The
true positive fractions (TPF) and false positive fractions (FPF) for different confidence thresholds
were calculated according to the method of Hanley and McNeil(21). An example of a reporting
scheme with the observer's scores for one specific image is shown in Figure 3. It also illustrates
the calculation of the values of TPF and FPF.

The fitting of the ROC curve to the values of TPF and FPF

An ROC curve is a graph of TPF and FPF for continuously decreasing confidence thresholds.
However, the above method will only give four points on this graph. The ROC curves were
derived by fitting a mathematical model to the values of TPF and FPF using a computer program
developed at the Norwegian Radium Hospital (NRH)(22). In this program, which is written in IDL
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(Interactive Data Language; Research Systems, Boulder, CO, USA), the distributions of the
perceived signal from negative (unmodified) and positive (modified) sectors are described by two
normal distributions, N(U.N,CTN) and N((ip,ap), with different mean values and standard deviations.
The non-linear least squares fitting of the model to the values of TPF and FPF is based on the
method of Marquardt *23\ The resulting model parameters are used to numerically calculate the
ROC curves and the areas under the curves, ANRH • The NRH program also includes a calculation
of the area under the ROC curve without assumptions concerning the distribution, based on
Wilcoxon statistics(2l). This area, designated W, corresponds to a calculation according to the
trapezoidal rule, which will underestimate the area under the ROC curve compared with the
smooth Gaussian-based ROC curve. However, this method provides the estimate of standard
error, se( W). The ANRH (or W) is interpreted as a total performance characteristic of the equipment
and the observer, and will range from 0.5 (guess value) to 1.0 (no false negatives nor false
positives).

RESULTS

Overall detection rates versus object size and contrast

Subsequent to the reading of all the ROC images, the score values of the test objects in Table 1
were examined to learn whether the chosen ranges of contrast and diameter had been appropriate.
The reporting from three observers and five scanners were considered for this purpose, and only
for the routine exposure settings used in clinic (fifteen reports). A score value of 4 or 5 was
considered equivalent with a positive finding in a clinical setting, and the total frequency of score
values >4 was counted for each particular object. The percentage of positive findings is presented
in Table 2, interpreted as the overall detection rate (%) for the object diameters and glycerol
solutions that were selected for the study. For the five scanners, the range of contrast for the
various glycerol solutions relative to the liver tissue substitute is also presented in the table. As
expected, the overall detection rate decreased as the contrast decreased, and decreased with
decreasing object size. Only a couple of objects were seen by all three observers on all scanners.
On the other hand, even the smallest objects were perceived in some cases. For most of the test
objects, the scores were distributed over a wide range.

CTDIW, Catphan LCR and ROC results for different techniques on five laboratories

For the five selected CT scanners operated at various exposure settings, the CTDIW and Catphan
LCR are given in Table 3, together with the ROC parameters, ANRH . W and se(W). The true
positive fractions counting score values >4 together, 7PF(5+4), are also given for the different
scanners and exposure settings (slice thicknesses and current-time products). The results were
based on the first reading of one observer. Results for the exposure techniques used routinely for
examinations of the liver are printed in bold in the table. For all five laboratories, the values of
CTDIW for routine technique were lower than the proposed EC reference value of 33 mGy
(routine abdomen)<8). However, the smallest detectable 0.5% contrast object in the 20 cm
Catphan phantom ranged from 4 to 9 mm, and the area under the ROC curve (ANRH ), varied
between 0.75 to 0.96 (one observer), indicating a significant difference between the laboratories.
As expected, W was generally somewhat smaller than the corresponding ANRH. For each of the
scanners, keeping the slice thickness fixed, the Catphan LCR results got poorer, and ANRH and
TPF(5+4) decreased, as the CTDIW decreased. The ROC curves and the corresponding values of
ANRH and CTDIW are presented in Figure 4 for different exposure settings of the Siemens
Somatom Plus4 (all 10 mm slice thickness). The relationship between the area under the ROC
curve and the dose is clearly demonstrated.
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The five images acquired with the routine technique in the selected laboratories were evaluated
by three observers. Based on these readings, the mean values ofANRH with standard deviations
are given in Table 4, together with each observer's individual ROC results and the corresponding
values of CTDIW . The observers agreed, as judged from the individual values of ANRH, that there
was a marked difference between the group of the three best images (laboratory 1, 2 and 5) and
the two images ranked in the bottom (laboratory 3 and 4). The two most modern scanners in the
study, GE Highspeed CTi and Siemens Somatom Plus4, gave the best ROC results, and at the
same time, the lowest values of CTDIW.

Images acquired by four different scan techniques on the GE Highspeed CTi were also evaluated
by three observers. The values of ANRH (individual results, mean values and standard deviations)
based on these readings, are given in Table 5. All the techniques were used clinically in
laboratory 5. Due to the inter-observer variations in the ROC results, it was not possible to prove
differences between any of these images.

Inter- and intra-observer variations

As demonstrated in the last column of Table 4 and 5, the inter-observer variation (SD) was
different for the different images. The lowest deviation in ANRH between the three observers was
0.01 and the maximum 0.07. For the ROC image obtained using the routine exposure settings in
laboratory 1, ANRH ranged from 0.81 to 0.93 (SD=0.06). The corresponding ROC curves are
presented in Figure 5, illustrating the significant inter-observer variations. These results represent
the first readings by all observers. The same ROC image was read repeatedly by one observer
five times. The resulting ROC curves are presented in Figure 6. The first curve (AW 1)
represents the first reading. The other curves (AW2-AW5) were obtained from readings on each
of the subsequent days. These curves were systematically different from the first one, indicating
that the observers confidence threshold may have changed over time, and that experience may
play an important role.

DISCUSSION
ANRH and CTDIW as performance characteristics for the laboratory/scanner

The area under the ROC curve is often interpreted as a total performance measure which reflects
both the scanner, the applied technique and the observer, while the corresponding CTDIW may be
interpreted as the «cost» to achieve that level of performance. Due to the inter- and intra-observer
variations, the differences that were found between the five laboratories in the study should be
interpreted with some caution. However, some interesting features were seen, concerning the
ROC results obtained for routine techniques and the corresponding CTDIW . The results clearly
indicated that the mean ANRH (based on three observers) for Siemens Somatom Plus4, GE CT
9800 and GE Highspeed CTi were about the same, while the values for GE CT Pace and Toshiba
600 HQ were significantly lower. Considering the ANRH for about the same level of dose favours
the GE Highspeed CTi, with the Siemens Somatom Plus4 as a number two. This might have
been expected, since the GE Highspeed CTi had ceramic crystal detectors (better efficiency),
while the Siemens Somatom Plus4 had Xenon -gas detectors. The earlier model scanners,
Toshiba 600 HQ and GE CT Pace, definitely showed lower performance compared with the
others (smaller ANRH and higher doses), while the GE CT9800 showed good low contrast
detectability but at the cost of higher doses. These results suggest that the area under the ROC
curve for a specified value of CTDIW may be used for evaluation of scanner performance, if more
than one observer is used and provided they are properly trained.
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Use of the ANRH and CTDlwfor optimisation

As judged from the individual values ofANRH, all three observers agreed that the routine exposure
settings used in laboratory 4 (Toshiba 600HQ) gave sub-optimal images (Table 4). This is mainly
explained by the use of 5 mm slice thickness, which gave more image noise compared with the
10 mm thickness that was applied for the other scanners in the study. The results for laboratory 4
show that the ANRH may be increased by either increasing the slice thickness to 10 mm, or by
doubling the mAs value (Table 3). The latter would also increase the dose, but using 5 mm slice
thickness improves the longitudinal resolution. The choice is thus a clinical question. Similarly,
the use of 10 mm slice thickness and 200 mAs in laboratory 2 (GE CT9800), gave about the
same ASRH as obtained for the 5 mm slice thickness and 400 mAs technique. In the latter case, the
dose would increase accordingly. Again, the optimum choice will depend on the diagnostic
requirements. When the slice thickness has been selected, these methods may be applied for the
selection of an appropriate mAs value, as was demonstrated in Figure 4.

The GE «smart scan» technique has been claimed to save patient doses. In the trunk region, the
human body is obviously thicker in the lateral direction compared with the anterior-posterior
(AP) direction. This also applies to the anthropomorphic phantom used in this study. Two
oblique pre-scan projections are made to determine the tube current (mA) appropriate for
penetrating the different parts of the body during the rotation of the beam. The GE «smart scan»
technique then changes the tube current during the rotations accordingly. In laboratory 5, a tube
current of 220 mA was used for 10 mm slice thicknesses for conventional axial scans (Is tube
rotation time). Using the «smart scan» technique to scan the ROC phantom, the maximum tube
current will not exceed the pre-set value of -220 mA. According to the manufacturer, the stated
«195 mA» value was the minimum tube current during the rotation (Table 3). Thus, for our
phantom the «smart scan» technique was assumed to yield less than 10% reduction of the CTDIV,
compared to the conventional technique. To confirm this result, it would be necessary to perform
dose measurements in the ROC phantom, and this was not a part of the project. The results from
one of the observers indicated a somewhat lower ANRH for the «smart scan» technique compared
with conventional technique. However, due to the intra- and inter-observer variations, this would
have to be investigated further. Images obtained by means of helical technique (Pitch=2) was
also compared to axial scan techniques (same slice collimation, voltage, tube current and
reconstruction algorithm). The noise level for helical scanners is independent of the pitch, but
depends on the z-interpolation algorithm, thus some differences in performance might have been
expected. Again, inter-observer variations were found, and no significant differences between the
images could be demonstrated.

Further development of the ROC phantom

Both old and modem scanners were included in the study. Judged from the results in Table 2 it
seems that the choice of test objects, characterised by their contrast values and sizes, is
appropriate for reflecting the range of clinical settings, variation in scanner performance, and
variation in observer performance. However, in this pilot version of the phantom, mixtures of
glycerol were used to simulate low contrast lesions in the ROC inserts. Significant practical
problems were recognised, such as air bubbles in the drilled holes, and precipitation in the
mixtures after few days. These were solved by shaking the phantom between subsequent scans
until the bubbles disappeared, and by frequently refilling with fresh mixtures. Future versions
should definitely be based on solid materials. It was noticed that the differences in CT values
between the glycerol solutions and the liver tissue substitute used in this study were in the same
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range as tissue substitutes available from St. Bartholomews Hospital in London, and these might
be used in future versions of the phantom. The production technique is then critical to obtain
phantom inserts that are uniform and without artefacts.

Due to beam hardening, the same tissue substitute in various positions in the phantom may give
some different CT values. Therefore, the CT values for the glycerol mixtures, and the CT value
for the liver tissue substitute, were all measured in the same position B in the phantom. The mean
CT value in a region of interest (ROI), reflecting the mean linear attenuation coefficient of the
tissue in that ROI, depends on the tube voltage and filtration of the scanner (the X-ray spectrum),
as well as the pre-processing software. It also depends on the reconstruction algorithm used, and
on the calibration on the actual scanner. Probably due to these factors (24), the contrast between
the liver substitute and the various glycerol mixtures, in terms of the difference in CT values,
differed between the five scanners in the study (Table 2). Some of the differences might,
however, also have been caused by the uncertainty in preparation of the mixtures. This
uncertainty would disappear if the objects were made of solid, homogeneous tissue substitutes.

Since the introduction of helical scanners, it has been recognised that the longitudinal high-
contrast and low contrast resolution depend, among other factors, on reconstruction and
z-interpolation algorithm(25> 26- 27> 28). For the evaluation of performance of these scanners, it is
therefore important to consider the resolution in the longitudinal direction, and ROC inserts
including spherical sub-slice low contrast objects might be a possible future approach.
Furthermore, if the phantom could be made at least 10 instead of 6 cm thick in the axial
direction, it would be possible to insert an ionisation chamber for measurements of dose. It
would certainly be of great interest to acquire simultaneously measurements of the area under the
ROC curve and dose (centre and periphery) in the same phantom, e.g. for evaluation of the
GE«smart scan» technique.

Development of ROC software and experimental set-up

From the values of se(W) in Table 3, it is evident that the statistical uncertainty in the area under
the ROC curve may be significant (one observers single readings). Furthermore, significant inter-
and intra-observer variations with respect to the shape of the ROC curve and the ANRH were
found in the evaluation of the same ROC image (Figure 5 and 6). These findings point at the
importance of using trained readers. The fact that the best ROC curve was obtained from the first
reading (Figure 5), raises the question of how to use the range of score values. The ROC method
depends critically on the use of the full range of score values. Therefore the criteria for how to set
the values must be defined on beforehand, and the readers must be allowed to establish his/her
confidence thresholds from training sets of images.

ROC analysis is a total performance test, i.e. both the scanner performance and that of the
observer are assessed. Conventional statistical tests are not able to distinguish between, on the
one hand, differences in image-reading data that are caused by changes in the ROC, and on the
other, differences caused by changes in the observer's use of confidence-rating scale. Therefore,
a variety of statistical tests have been developed specifically for evaluating the statistical
significance of differences between ROC curves 29 '30). It was, however, recognised that none
of these tests were appropriate for our particular experimental design. It is, therefore, an
important future task to implement statistical tests in the ROC software. The fact that the same
phantom and objects were imaged for all scanners and exposure settings must be used to improve
the statistical power of the tests. Questions that require additional investigations are : (a) The
optimal choice of the number of observers, (b) the number of repeated readings for each
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observer, and (c) the appropriate number of test sectors. It is possible to scan the phantom more
than once for each exposure setting, and to exchange the inserts each time. That would give a
multitude of test sectors, and an improvement of the statistical power.

Another future task would be to evaluate the observers use of WL and WW, and the available
options for image processing. In this pilot project all images were presented on film, and had
defined pre-set values of WL and WW. If the images were presented on the normal scanner
console or on the workstation used in the clinic, and the observers were free to use all the
available tools, this would give new perspectives to the method.

The need for standardisation

In addition to those used in this study, there are several manufacturers of commercial CT
phantoms and tissue equivalent materials, e.g. the Computerized Imaging Reference Systems
(Virginia), Gammex-RMI ltd (Middelton), Alderson Research Laboratories (Stamford), and
Victoreen inc. (New York). Such technical phantoms used for assessments of image quality in
CT have various options, but there is a lack of standardisation, especially for the evaluation of
low contrast resolution (LCR). The Catphan phantom is currently referred to in the scanner
specifications, and software for automatic quality control based on this phantom has been
developed(3l). However, the phantom is available both in 16 cm and 20 cm diameter (soft tissue
body annuli are also optional), and obviously the corresponding results on LCR for a given dose
will differ. EC has proposed to measure the dose in two phantoms of 16 cm (head) or 32 cm
(trunk) diameter(8). As a measure of performance, it would certainly be useful if the CTDIW and
the LCR refer to the same phantom diameter.

Until recently, the quality control handbooks for CT(9-10) and the IEC documents (5'6) have been
dealing with conventional axial CT. Generally, the assessment of LCR is a three dimensional
task, which is affected by both image noise (variance) and image blurring (system bandwidth)
<27). A need for updated standards for evaluations of helical scanners is therefore recognised. In
this context it should be noted that updated versions of the Catphan for use with helical CT are
currently available<32>. Standards for qualitative assessments of LCR may be based on technical
phantoms and appropriate three dimensional contrast detail diagrams. An empirical alternative,
would be to apply forced choice experiments(33). As opposed to both these methods, the major
advantage of the ROC approach is that the trade-off between sensitivity and specificity may be
determined. The ROC method is, however, rather comprehensive because of the consumption of
observer time. Therefore, the ROC approach may mainly constitute a supplement to the other
methods. For any phantom used for the assessments of low contrast detectability in CT, the
distribution of sizes and contrasts of the test objects should be standardised and designed to
reflect the clinical needs.

CONCLUSION
The anthropomorphic phantom of the upper abdomen with its simulated liver lesions was shown
to be useful in characterisation of low contrast performance for old as well as modern scanners,
and for the range of exposure techniques that was used in clinic. The CTDIW ranged from 15 to
31 mGy for the exposure settings used as routine in liver diagnostic, all below the proposal for an
EC reference value. The two most modern scanners in the study, gave the best values of ANRH,

and at the same time the lowest values of CTDIW . The results indicate that the area under the
ROC curve may in the future be used to ensure that the image quality is adequate for the task of
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detecting liver lesions. Because the phantom is shaped like a real patient, it may be used for
evaluation of techniques like the GE «smart scan». A future approach would be to base the
simulated liver lesions on solid beads, in order to also evaluate helical scanners and longitudinal
low contrast resolution. The optimum choice of the number of observers, and the number of
times that each ROC image is evaluated, should be investigated further, and statistical methods
to distinguish between the different ROC curves must be further developed. Provided that these
problems can be solved, the area under the ROC curve and the CTDIW will be well suited for
optimisation of low contrast resolution with respect to dose in CT.
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Table 1 Selected dimensions and glycerol concentrations for the 16 low contrast
test objects in four ROC inserts. The positions of the objects are given in
terms of insert number/sector number, i.e. lx(x=l,4)/Sy(y=l,8).

Diameter
(mm)

Glycerol concentrations (volume %)
11 14 17 18

7
6
5
4

3.5
3
2

I3/S6
I1/S8

Il/Sl

I4/S1

I4/S3
I2/S6
I3/S8
I1/S6

I1/S3,12/S2

I2/S4
I3/S7

I1/S4

I4/S7

I4/S6

I3/S4

Table 2 Overall detection rates (%) (scores > 4) for each particular simulated liver
lesion, based on the reading of images obtained with the routine techniques
of the individual laboratories. Three observers read images from five
different scanners (15 reports). For the five scanners, the lower row shows
the range of liver versus lesion CT value differences (object contrast)

Diameter
(mm)

Glycerol concentrations (volume %)
11 14 17 18

7
6
5
4

3.5
3
2

73
7

100

80

87
100
87
73
37

73
67

40

0

40

47

Measured
liver contrast

(range)
(24-31)HU (22-26)HU (14-19)HU (8-13)HU (4-8)HU

Table 3 The summary results from dose measurements, evaluation of the contrast
(next page) detail diagram in a 20 cm Catphan phantom, and evaluation of the ROC

images from five different scanners at various exposure settings (all at
120 kV). WL55 and WW150 were used for all images which were read by
one observer once. The slice thicknesses and mAs values used as routine in
the clinics are printed in bold.
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Slice
width

(mm)

Laboratory
10
10
10
10

Current
time

product
(mAs)

1 :
480
280
150
90

Laboratory 2 :
10
10
10
5
10

600
340
200
400
80

Laboratory 3 :
10
10
10

480
260
160

Laboratory 4 :
5
5
10
5
5

Laboratory
10
10
10
7
7
5

840
660
330
330
198

5 :
440
220

«195»
400
400
220

Kernel /
FOV

Scan type
(32cm)

(mGy/100mAs)

Siemens Somatom Plus4

AB50/
34 cm

all
axial

GE CT9800

Soft
Tissue/M
(34.5cm)

all
axial

GECTPace
STND/
34cm

all
axial

Toshiba 600HO

Filterl/L
(35cm)

all
axial

halfscan
GE Hiehsoeed CTi

Soft
SFOV48
DFOV35

axial
axial
Smart
axial

Spiral P2
axial

7.83
7.83
7.83
7.83

7.70
7.70
7.70
7.70
7.70

12.07
12.07
12.07

7.1
7.1
6.97
7.1

7.35

6.88
6.88
6.88
6.90
6.90
6.91

CTDIW

(32cm)

(mGy)

37.6
21.9
11.7
7.0

46.2
26.2
15.4
30.8
6.2

57.9
31.4
19.3

59.6
46.8
23.0
23.4
14.5

30.3
15.1
13.4
27.6
27.6
15.2

Smallest idetectable diameter (mm) in
a 20cm diameter Catphan, Section 4

1%

2mm
3mm
3mm
5 mm

2mm
3mm
3mm
3mm
4mm

3mm
2mm
2mm

5mm
3mm
3mm
5mm
7mm

2mm
2mm

2mm
2mm
3mm

0.5%

4mm
5mm
7mm
7mm

3mm
4mm
7mm
7mm
9mm

5mm
5mm
7mm

7mm
12mm
3mm
9mm

-

3mm
4mm

0.3%

7mm
9mm

-
-

5 mm
12mm
15mm
15mm

-

7mm
12mm
15mm

12mm
-

7mm
-
-

5mm
9mm

No use of Catphan
4mm
5mm
7mm

9mm
15mm

-

0.1%

-
-
-

-
-
-
-
-

-
-
-

-
-
-
-
-

-
-

-
-
-

AftRH

0.94
0.92
0.87
0.80

0.96
0.92
0.87
0.93
0.84

0.91
0.80
0.83

0.97
0.95
0.93
0.75
0.76

0.95
0.96
0.79
0.92
0.90
0.90

ROC

W

0.92
0.87
0.83
0.79

0.96
0.91.
0.86
0.90
0.80

0.87
0.78
0.79

0.96
0.92
0.91
0.73
0.75

0.94
0.94
0.78
0.91
0.84
0.88

results

se(W)

0.06
0.06
0.08
0.08

0.03
0.06
0.07
0.06
0.08

0.07
0.09
0.08

0.04
0.06
0.06
0.09
0.09

0.04
0.04
0.09
0.05
0.08
0.07

77>F(5+4)

0.88
0.63
0.56
0.63

0.88
0.88
0.75
0.81
0.56

0.81
0.63
0.31

0.94
0.94
0.88
0.5
0.44

0.88
0.69
0.69
0.88
0.88
0.69



Table 4 ROC-areas listed as a function of laboratory/CTDIw. Images of the ROC phantom were
collected from five different scanners at the routine exposure settings used in the actual
clinics (all 120 kV, WL=55, WW=150). These were read once by three different observers.

Laboratory / Scanner

1) Siemens Somatom Plus4
2)GECT9800
3) GE CT Pace
4) Toshiba 600 HQ
5) GE Highspeed CTi

Exposure
settings

10mm/280mAs
10mm/340mAs
10mm/260mAs
5 mm/33OmAs
10mm/220mAs

CTDIW

(mGy)
21.9
26.2
31.4
23.4
15.1

Observer AW
ANRH

0.921
0.922
0.797
0.747
0.957

Observer AS
ANRH

0.814
0.949
0.778
0.738
0.934

Observer TB
ANRH

0.926
0.929
0.839
0.732
0.885

Mean
ANRH

0.89
0.93
0.80
0.74
0.93

SD

0.06
0.01
0.03
0.01
0.04

Table 5 ROC-areas listed as a function of scan technique/CTDIw. Images of the ROC phantom were
collected at four different scan techniques using a GE Highspeed CTi (all 120 kV, «soft»
kernel, DFOV=35 cm, WL-55, WW=150). These were read once by three different observers.

GE Highspeed CTi
Scan technique

Conventional axial
«Smart scan»

Conventional axial
Spiral, Pith=2

Exposure
settings

10mm/220mAs
10mm«195mA»ls

7mm/400mAs
7mm/400mAs

CTDIW

(mGy)
15.1

«13.4»
27.6
27.6

Observer AW
A.NRH

0.957
0.787
0.923
0.896

Observer AS
&NRH

0.934
0.932
0.9

0.831

Observer TB
ANRH

0.885
0.879
0.851
0.915

Mean
ANRH

0.93
0.87
0.89
0.88

SD

0.04
0.07
0.04
0.04



A phantom for ROC analysis in CT

Figure 1 A« image of the upper abdomen tissue equivalent ROC phantom, with the
four positions for the ROC inserts in the liver indicated (A, B, C and D).
The areas to be considered are identified by the circular air gaps. The ROC
inserts have drilled holes in certain sectors, which may be filled with
glycerol solutions. In this image these were empty (air). The inserts may be
exchanged between the positions or rotated in the cavity. This image
represents the «reference» set-up.

12.00

10.30 1.30

9.00 3.00

7.30 4.30

6.00

Figure 2 An example of an ROC insert with half of the sectors occupied with low
contrast objects. The insert should be conceived as divided into eight
sectors, with their centre lines at 12.00,1.30, 3.00, 4.30, 6.00, 7.30, 9.00,
and 10.30 hours.

16



A phantom for ROC analysis in CT

10.30

9.00

7.30

B

6.00 6.00

3.00

4.30

10.30

9.00

7.30

12.00

6.00

1.30 10.30

3.00 9.00

4.30 7.30

12.00

6.00

1.30

3.00

4.30

p
TPF

n
FPF

#(5)
9

0.56
0
0

#(5+4)
14

0.88
1

0.06

#(5+4+3)
15

0.94
11

0.69

#(5+4+3+2)
16
1.0
14

0.88

Figure 3 An example of a reporting scheme with score values for an ROC image
from one observer, with the calculations of TPF and FPFfor various
confidence levels. The simulated lesions are marked with a circle around
the score value. Their positions were as shown in Figure 1. These are the
basic data that gave the 37.6 mGy ROC curve in Figure 4.
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Figure 4 ROC curves based on readings by one observer for various current time
products using a Siemens Somatom Plus4 scanner with 10 mm slice
thickness, AB50 reconstruction, and WL=55, WW=150. The corresponding
CTDIW values are given in the figure. The 37.6 mGy curve corresponds to
the TPF and FPF values calculated as shown in Figure 3.
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ROC curves
1.0

O Obs.TB

• O Obs.AW

- A Obs.AS

0.0

0.0 0.2 0.4 0.6 0.8 1.0
False positive fraction

Figure 5 ROC curves based on readings by three observers of one ROC image taken
on a Siemens Somatom Plus 4 scanner at the exposure parameters used in
clinic (120 kV, 10 mm slice thickness, 280 mAs, AB50 reconstruction,
WL=55, WW=150, CTDIW=21.2 mGy in a 32 cm phantom)
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Figure 6 ROC curves based on five repeated readings by one observer of one ROC
image taken on a Siemens Somatom Plus 4 scanner at the routine exposure
settings used in clinic (120 kV, 10 mm slice thickness, 280 mAs, AB50
reconstruction, WL=55, WW=150, CTDIW=21.2 mGy in a 32 cm phantom)
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