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Ahmet

A method for estimating mean absorbed dose to different organs and tissues was developed for paediatric patients
undergoing X-ray investigation. The absorbed dose distribution in water was measured for the specific X-ray beam used.
Clinical images were studied to determine X-ray beam positions and field sizes. Size and position of organs in the patient
were estimated using ORNL phantoms and complementary clinical information. Conversion factors between the mean
absorbed dose to various organs and entrance surface dose for five different body sizes were calculated. Direct measurements
on patients estimating entrance surface dose and energy imparted for common X-ray investigations were performed. The
examination technique for a number of paediatric X-ray investigations used in 19 Swedish hospitals was studied. For a
simulated pelvis investigation of a 1-year-old child the entrance surface dose was measured and image quality was estimated
using a contrast-detail phantom.

Mean absorbed dose to organs and tissues in urography, lung, pelvis, thoracic spine, lumbar spine and scoliosis
investigations was calculated. The distribution of entrance surface dose was found to depend on the patient's size as well as
on non optimised exposure parameters. Energy imparted was also found to be strongly correlated to the size of the patient.
Risk estimations were performed using the concept of effective dose. Tissue weighting factors for children were derived,
showing that the ICRP (wT) weighting factors for the whole population were reasonably suitable aJso for paediatric patients
Calculations of effective dose were supplemented with risk calculations for special organs e.g. the female breast.

The examination technique used for the same type of pelvis investigation varied considerable regarding to e.g. film-screen
system sensitivity and the use of grids. The entrance surface dose varied between 0.09 mGy and 1.7 mGy. The image quality
was not improved above an entrance surface dose of 0.4 mGy.

The work shows that the examination technique in paediatric radiology is not yet optimised, and the non optimised
procedures contribute to a considerable variation in radiation dose. In order to optimise paediatric radiology there is a need
for more standardised methods in patient dosimetry. It is especially important to relate measured quantities to the size of the
patient, using e.g. the patient weight and length.
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1. Introduction

Ever since Wilhelm Konrad Röntgen, almost exactly 100 years ago, discovered X-
rays, methods for imaging internal structures in the human body with X-rays have
been continuously developed and refined. Technical improvements have resulted in a
more rational use of the information given by the X-rays, but new techniques such as
CT and other types of digital radiography have increased the number of applications
In industrialised countries diagnostic radiology is the largest contributor to the
artificial irradiation of man (UNSCEAR, 1993).

High doses of ionising radiation affect humans. The risk of late somatic effects and
hereditary effects after low doses can not be neglected The International Commission
on Radiological Protection (ICRP) has stated that a practice such as diagnostic
radiology must give a net benefit to the individual patient or, to the society in the case
of volunteers in research This is to justify the practise (ICRP, 1991) For the
individual patient, this involves a thorough comparison of the patient's indications and
the possible information which could result of the X-ray investigation in relation to
the radiation dose. Other investigations not involving radiation should also be
carefully considered bearing in mind their risks.

The total risk in diagnostic procedures including ir.terventional procedures, contrast
media, radiation, etc. must be minimised. All practices must be optimised so that the
necessary diagnostic information can be obtained at the lowest risk.

An important part of the optimisation procedure is to determine the radiation dose to
the patients. The practice can not be evaluated if the absorbed dose to the patient is
not known Indirect determinations, without patient, can be used (Faulkner et a),
1990). The absorbed dose to air at arbitrary distances from the X-ray tube can be
calculated (Edmonds, 1984) or measured for the X-ray tube settings used. The
entrance surface dose to the patient can then be calculated (Harrison et a!., 1983).

Direct in situ determinations of entrance surface dose (ESD), e g with TL
dosimeters, can be performed during the examination of the patient Large surveys
have been performed to determine ESD (Shrimpton et al., 1986, Padovani et al.,
1987, Maccia et al., 1988 and Gallini et al., 1992). Another method is to determine
the absorbed dose integrated over the whole X-ray field using a dose-area product
meter.

Entrance surface dose and dose-area product reflect the radiation striking the patient
A method of determining the energy imparted to the patient (or mean absorbed dose
to the whole body = energy imparted / mass of the patient) was developed early and
used in radiology (Carlsson, 1963, Pychlau and Pychiau, 1964) The method was later



further developed and refined (Shrimpton et al., 1984, Alm Carlsson and Persliden,
1984). Extensive patient surveys have been carried out using this technique (Carlsson,
1965, Bengtsson et al., 1978, Shrimpton et al., 1986)

Normally, only a limited pan of the body is exposed in X-ray examinations. Energy
imparted or mean absorbed dose to the whole body give no information on the dose
distribution in the body Mean absorbed dose to different organs must be estimated
because the various organs have different sensitivities to radiation. For standardised
X-ray examinations of adults, the relation between absorbed dose to points on the
surface of the patient and mean absorbed dose to different organs has been calculated,
for example with the Monte Carlo method (Drexler et al., 1990; Hart et al., 1994;
Jones and Wall, 1985, Rosenstein, 1988) Similar determinations have been made
using measurements in and on an anthropomorphic phantom (e.g. Gray et al., 1981,
Marshall and Faulkner, 1993)

When the gonads are irradiated, the risk of hereditary effects must be estimated. The
hereditary risk was noticed early and the mean absorbed dose to the gonads of the
patients in diagnostic radiology was carefully investigated (Larsson, 1958). The risk
of hereditary effects has, however, since been re-evaluated (1CRP, 1977b) The
importance of the somatic risk has been emphasised and knowledge concerning the
varying radiosensitiv ity of a large number of organs is important for the risk
evaluation Re-evaluation (ICRP, 1991) of the radiosensitivities of various organs and
tissues resulted in considerably higher risk estimates than before (ICRP, 1977a).

The optimisation procedure also requires an evaluation of the clinical information in
the images. The EU (CEC, 1989) has defined a limited number of image quality
criteria for a radiograph of standard quality. Suggestions for good examination
techniques have also been made (WHO, 1983; CEC, 1989).

It is very difficult to use physical parameters such as contrast, resolution and noise in
the description of clinic3l images. The relations between the experimentally and
theoretically derived parameters describing the clinical images and their quality as seen
by experienced radiologists for different examination techniques, are not obvious and
not fully understood Different measures have, however, been taken to define the
examination technique producing a useful image (CEC, 1989; WHO, 1990) A simple
way to evaluate clinical images of equivalent patients for a specific type of
examination is the visual grading method. Acceptable examination techniques can then
be identified (Hanson, 1995) Objects have been placed on or close to the patient in
order to determine physical parameters, such as resolution and contrast for different
types of examination (Manninen, 1985) This is, however, a rather awkward method

Human-like phantoms have been constructed in order to compare images produced
with different examination techniques (Månsson, 1994) The images can be evaluated
using, for example visual grading or ROC (Receiver Operating Characteristic) analysis
(Metz, 1978, Månsson, 1994)



When not-anthropomorphic test objects are used (Cowen, 1993), the physical
parameters which are derived are strongly dependent on the test object and
experimental set-up.

Detailed knowledge of certain parts of the imaging chain is desirable. The film-screen
system has, for example been extensively evaluated (Holje, 1983; V, trlsson, 1983;
Lofvander Thapper, 1977). Careful investigations of scattered radiation reduction
techniques have also been performed (Sandborg, 1993)

1.1 Special considerations in paediatric radiology

The risk of late radiation effects is age dependent (fCRP, 1991). Younger persons are
more sensitive to radiation than older and the sensitivities of different organs and
tissues in children also differ from those of adults (UNSCEAR 1994; BEIR, 1990)
Children have a longer life expectancy than adults This contributes to the higher
probability of late effects in children. The risk of hereditary effects is also higher for
younger persons than older ones (ICRP, 1977b). Reducing the dose to children has
therefore high priority

Anatomical and physiological differences between children and adults are significant
(ICRP, 1975) The most obvious difference is the different body sizes of children of
different ages. The proportions of the body are also different (Francois et al, 1988)
The examination techniques must thus be modified to meet special requirements
Exposure parameters, such as tube voltage (kV), tube current (mA) and exposure
time (ms) must be adjusted for different patient sizes.

Paediatric patients are not always co-operative. This influences the handling of the
patient, e g different immobilisation techniques or sedation may be required (NCRP,
1981). Special knowledge is required of the technicians if retakes are to be avoided.

In paediatric radiology, individuals from new-boms, with a weight of a few kilograms,
to nearly full-grown persons are examined. Therefore, absorbed doses to a large
group of patients of different sizes must be measured, in order to fully cover the range
occurring in paediatric radiology. Image quality studies must be performed for the
different examination techniques used

The optimisation of paediatric radiology is, in all aspects, more difficult than the
optimisation for adults



1.2 The purpose of this study

The purpose of the study was:

• to develop a simple method for the estimation of the mean absorbed dose to
different organs in children,

* to estimate radiation doses to children for a number of common examinations,

• to study variation in examination technique, radiation dose ind image quality (of
a test object) between hospitals, and

* to perform risk calculations for paediatric radiology.



2. Patients and phantoms in paediatric radiology

Phantoms are used in calculations and measurements to simulate the body, including
the size and position of the organs and tissues (ICRU, 1992a). In paediatric radiology,
phantoms of different sizes must be available.

The tissue substitutes must attenuate the X-rays in a similar way as human tissues.
The body tissues, e.g. adipose tissue, lung tissue, muscle tissue, bone and bone
marrow, can be described by their content of elements (ICRU, 1989). For new-born
children, the total body water is approximately 80% of the total weight of the body
(ICRP, 1975). This figure decreases to about 60% for a 10-year-old child and, is
approximately 55% for adults. Data for the human body and its organs/tissues are
presented by the ICRP (ICRP, 1975).

Theoretical evaluations of tissue substitutes have been performed by White (1988).
Comparisons between mass attenuation coefficients, mass energy absorption
coefficients, electron mass stopping power and angular scattering powers for tissue
substitutes and human tissue were performed. Measurements in and on
anthropomorphic phantoms have also been performed (Shrimpton et al, 1981) in
order to evaluate the usefulness of the phantom.

2.1 Phantoms simulating children

Anthropomorphic phantoms simulating children are available (e.g. Varchenya et al.,
1993; Alderson Rando phantom, Alderson Research Labs, Inc., USA) These
phantoms are often constructed to h o used in radiation therapy as well as in diagnostic
radiology. The positions of the organs are identified and thermoluminescent
dosimeters may be placed inside the phantoms to give the dose distribution (eg Gray
et al., 1981). Different types of water-filled phantoms made from thin-walled plastic
of different shapes have also been used (e.g. Paper I).

Computational models describe the body and organs mathematically Mathematically
described bodies and organs claimed to be valid for a new-born, 1 -year-old, 5-year-
old, 10-year-old and a 15-year-old child, are the so-called ORNL phantoms (Cristy
andEckerman, 1987)

Another type of phantom used in calculations are "voxel phantoms" constructed from
CT or MR images. Two paediatric phantoms have been constructed from CT scans of
a dead child and a child undergoing whole body radiotherapy (Zankl et al., 1988) The
voxel size can be changed, thus changing the size of the phantom and the organs.

10



2.2 Patient and phantom dimensions

Length and weight of the children are often well determined entities. The phantom
sizes (Cristy and Eckerman, 1987; Zankl et al, 1988) were compared with data based
upon 350 patients referred to our department of diagnostic radiology and data from
ICRP (ICRP, 1975). The mean length and weight of the patients and the two
phantoms are compared in Figure 2.1 and Figure 2.2, respectively. The spread (one
standard deviations) of the values derived for the patients are indicated.
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Figure 2.1 The length of phantoms and patients of different ages.
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Figure 2.2 The weight of phantoms and patients of different ages.
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The thickness of the patients were also compared with that of the phantoms (Figure
2.3). The thickness of a soft tissue phantom (Persliden and Sandborg, 1993) are also
included.

25 T

2 0 "

f IS-
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• Soft tieaue phantom (Persiden and Sandborg, (1993))
• ORNL phantom
O Voxel phantom

0 05 1 2 3 4 5 6 7 å 9 10 11 12 13 14 15

Aga [yaart]

Figure 2.3 The thickness of phantoms and patients of different ages.

The shape and the weight of the organs are of importance when determining their
mean absorbed dose. The weight of the organs for phantoms (Cristy and Eckerman,
1987) were found agree well with published data (ICRP, 1975) The shape and exact
position are nvre difficult to compare, but could be expected to differ somewhat from
tht nathematically described organs.

2.3 Tissue substitutes

When evaluating different tissue substitutes, the mass energy absorption coefficients
(ICRU, 1992b) for the materials are compared. Mass energy absorption coefficients
for different tissues and for tissue substitutes are given by ICRU (1989) A frequently
used tissue substitute is water. As an example Figure 2.4 shows the ratio between the
mass energy absorption coefficient for adipose tissue and water, as a function of
energy.

12
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Figure 2.4. The ratio between mass energy absorption coefficients for adipose

tissue and water.

The adipose tissue in younger individuals contains more water than in older ones
(White, 1992). The mass energy absorption coefficient for adipose tissue is therefore
more similar to that of water for children than for adults. Other tissues, for example
the skeleton, also contain more water in young than in older people.

Detailed information on the matenals used in anthropomorphic phantoms is not
always available Before using such phantoms, measurements must be performed in
order to test the tissue substitutes from a dosimetric point of view. An example of
such a measurement is described below. A phantom simulating a 1-year-old child
(Varchenya et al, 1993) was irradiated and the absorbed dose was measured with TL
dosimeters placed in different positions in the "soft tissue", "lung tissue" and "bone
tissue". Two measurements were performed using tube voltages of 70 kV and SO kV,
respectively. These measurements were compared with measurements in water.

13
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Figure 2.5 Absorbed dose measured in an anthropomorphic phantom and in water, tube

voltage 70 k V.
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Figure 2.6 Absorbed dose measured in an anthropomorphic phantom and in water, tube

voltage SO kV.

The absorption in the plastic material simulating the soft tissue does not differ
significantly from that of the material simulating lung tissue. The photon absorption in
water and the plastic material are similar. For lower energies, the absorption is higher
in the plastic material than in water. An evaluation of the Alderson phantom revels
similar problems for lower photon energies (Shrimpton et al, 1981).

14



Chapter summary and conclusions

• The ORNL phantoms are convenient to use and acceptable as a description of the
average body size for children of a specific age.

• The body dimensions of a single child must be described by weight, length,
thickness and width; not by age.

• Despite the availability of different sophisticated 3olid phantom materials, water is
a reasonable choice as a tissue substitute.

15



3. Methods of patient dosimetry

Several quantities are used to describe the radiation dose to a patient. Figure 3.1
shows schematically the radiation quantities which may be determined.

Dou-aroa product [mGy cm*] -m » Entrance surface dose [mGy]

patient tee, field te*, aamnation ledinique /

Energy imparted [mJ] Mean absorbed dose
to organs [mGy]

nsliant weight

Mean absorbed dose
to the whole body
[mGy]

Risk estimation

Figure 3.1 Radiation quantities to determine.

Effective dose
[mSv]

3.1 Indirect and direct methods for patient dosimetry

Indirect methods are performed without the patient present Measurements of air
kerma, free in air, or measurements on and in an anthropomorphic phantom are
performed The examination technique used clinically must be well known, e.g. tube
settings, projections, number of exposures, fluoroscopy time used, X-ray field size,
etc. If automatic exposure control is used, the ionisation chamber must be exposed as
if the patient was present.

Differences in absorbed dose between patients of the same size due to for example,
different tube settings used and different conditions during X-ray film development,
can not be determined with indirect methods.

Direct methods are applied during the actual examination of the patient, using
dosimeters placed on the patient in or outside the X-ray beam. Measurements must be
performed on a large number of patients, which is time consuming. On the other hand,
and contrary to indirect methods, the variation in the absorbed dose to the patients
can be derived from these types of measurements In order to evaluate measured
values, certain patient-related data and technical parameters are collected in

16



connection with the investigation. The weight, length, thickness and width of the
patient must be noted, together with the tube voltage, the tube current and the
exposure time When presenting the result it have to be stated if the quantities given
are valid for one exposure or for the whole investigation of the patient (several
exposures).

3.2 Choice of dosimeter

To determine entrance surface dose and dose-area product resulting from
investigations of patients, thermoluminescent dosimeters and ionisation chambers,
respectively are normally used.

3.2.1 Thermoluminescent dosimeters

The use of TL dosimeters is extensive, and a number of materials showing
thermoluminescent properties exist. In a clinical department, normally only one type
of dosimeter is in active use as the read-out instrument can not easily be adjusted to
give the best results for more than one TL material. Tissue equivalence, sensitivity and
fading are important properties when measuring absorbed dose in diagnostic
radiology. The most common dosimeter material is LiF, although other materials are
also used to some extent e.g. U2B4O7 (Persliden et at., 1993) and CaF2 (Schneider et
al., 1992) Table 3.1 shows a ranking of tissue equivalence, fading and sensitivity
(Horowitz, 1984) between the three materials

Table 3.1 Ranking of TL materials for use in diagnostic radiology (best: 1,
worst: 3).

Properly

Tissue equivalence

Fading

Sensitivity

Dosimeter

LiF

2

1

2

Li j B <O 7

1

2

3

CaF,

3

3

1

In this work (Papers I-V) LiF dosimeters (TLD-100, 3 1-3.1-0.9 mm, Harshaw,
England) were used

Calibration of LiF dosimeters

TL dosimeters are calibrated to determine the absorbed dose to air, water or soft
tissue (Roberts, 1992) The difference between absorbed dose to air and water varies
with the radiation quality, absorbed dose in water is approximately 5% higher for tube
voltages used in diagnostic radiology.

17



The calibration of individual dosimeters is best done in the specific X-ray field used
for investigations. If calibration in X-ray beams is not possible ir the department (as in
this work) the dosimeters could be calibrated in a ""Co beam. The sensitivity of the
dosimeter to the photon energies in the X-ray beam differs from that to the photons in
the *°Co beam. A correction factor must thus be determined for the different tube
voltages used. An effective mass energy absorption coefficient was derived from the
mass energy absorption coefficients (Hubbell, 1982) weighted over the photon
fluence distribution of the X-ray beam (Birch et al., 1979). This effective mass energy
absorption coefficient is compared with the mass energy absorption coefficient for
MCo (1.17, 1.33 MeV) according to:

l ( X - r a y ) / — ( 1 . 2 5 , 1.33 MeV)
P P

This is done for both LiF and for the mate.ial in which the absorbed dose is to be
determined Calculated correction factors for determining absorbed dose to water
from measurements with LiF dosimeters calibrated in a '"Co beam are given in Table
3.2 for different tube voltages

Table 3.2 Correction factors for determining absorbed dose in water from X-
rays based on measurements with LiF dosimeters calibrated in a 6OCo beam.

Tube voltage, kV

(2 mm Al)

50

70

90

125

Correction factor, c

0.68

0.69

0.72

0.76

The absorbed dose to water D* is calculated according to:

Dw = M C c ,

M signal from the LiF dosimeter,

C: calibration factor for absorbed dose to water in a '"Co beam,

c. correction factor

Dosimeter performance
In paediatric radiology, absorbed doses down to approximately 0.05 mGy must be
determined With the system used in this work, the detection limit was approximately

18



O 02 mGy. This detection limit almost fulfils the need for determining absorbed dose
down to 0 05 mGy

Two dosimeters were placed at each measuring point on the patient. The average
difference between the two dosimeters was 0.02 mGy (±0.11 mGy), calculated for
135 randomly selected measurements on patients where the measured entrance
surface dose varied between 0 05 mGy and 2 mGy

3.2.2 Dose-area product meter

With a transmission ionisation chamber it is possible to measure the absorbed dose
integrated over the whole beam area (kerma-integrated over the beam area or air-
collision kerma integrated over the beam area).

Calibration of DAP meter
The dosemeter is preferably calibrated for each X-ray tube (NRPB, 1992) and for the
tube voltages and beam sizes used The DAP meter used in this work (PTW,
Freiburg, Germany) was calibrated using the X-ray tubes were it was mounted, with
an ionisation chamber calibrated at a standard laboratory (PTW, 30 cm2, Freiburg,
Germany) The ionisation chamber was placed 8 cm above the patient table. The X-
ray field area was determined by exposing an X-ray film, and the field area was
determined to be the area inside 50% of the maximum optical density. According to
the IEC (IEC, 1977) the optical density should not exceed 0 5 when determining field
area.

Representative tube voltages and beam sizes for some common X-ray examinations in
paediatric radiology are given in Table 3.3. Tube voltages were derived from data
from several hospitals in Sweden (Paper V), and field sizes from one hospital (Papers
II, III, IV)

Table 3.3 Typical tube voltages and field sizes used in paediatric radiology.

Type of investigation

Lung

Pelvis

Urography

Thoracic and lumbar spine

Whole spine

Tube voltage, kV

70 -140

50 -70

50-70

60-70

60-90

Field size [cm1]

200 -1000

150-1000

300-1000

200-800

450 - 1 000

19



Dosimeter performance

The signals from DAP meters are not influenced by the insertion of the patient, which
means that the measuring conditions including patients do not differ from those of the
calibration (Shrimpton and Wall, 1982)

The sensitivity of a dose-area product meter is usually rather stable over time. The
sensitivity of different DAP meters varies, however, and must be determined before
use.

The inhomogeneity of the X-ray field due to the heel effect and sensitivity variation
over the chamber area (Larsson et al., 1994a) influence the determination of the dose-
area product. When calibrated with an ionisation chamber in the middle of the X-ray
beam the dose-area product will be somewhat overestimated (Larsson et al., 1994b)
for measurements in large X-ray fields.

The TL dosimeter should be chosen for patient absorbed dose estimations if:

- a limited number of patients is to be investigated, or
- the mean absorbed dose outside the beam is also to be measured, or
- mean absorbed doses to organs are to be estimated, or
- measurements are made for computed tomography.

The dose-area product meter should be chosen for patient absorbed dose
estimations if:
- only the energy imparted is to be calculated, or
- a large number of patients in one X-ray laboratory are to be investigated, or
- the investigation includes several different types of exposure, including

fluoroscopy.

3.2.4. Calculation of entrance surface dose from the dose-area product

Entrance surface dose was estimated from measurements of dose-area product in the
following way. The X-ray beam area at the entrance surface and the backscatter from
the patient to the surface dosimeter must first be known The beam area was
estimated from the X-ray image. The backscatter factor depends on the beam area and
the radiation quality used, and these have been determined experimentally and
analytically (Carlsson, 1993) for use in diagnosic radiology The backscatter factor
varies between approximately 1.25 and 1.45 for tube voltages of 50 kV to 90 kV and
beam areas of 100 cm2 and 600 cm2 (Grosswendt, 1990). The measured and
calculated entrance surface dose for a pelvis investigation using tube voltages of 50 -
60 kV is shown in Figure 3.2.
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Figure 3.2 Entrance surface dose measured with LiF and calculated from the

dose-area product value (regression line included).

The entrance surface doses calculated from the dose-area product values is within ±14
% of the measured values.

3.3 Calculations of energy imparted and mean absorbed dose to the whole body

The energy imparted has been calculated from the dose-area product using Monte
Carlo-calculated conversion factors (Persliden and Sandborg, 1993). The conversion
factor was determined for the tube voltage and filtration used and the thickness of the
patient An alternative way to determine the energy imparted is to use depth dose
curves, X-ray field size and measured entrance surface dose (Harrison, 1983). Energy
imparted for patients was calculated with the two methods and a fairly good
agreement was demonstrated (Paper I)

3.4 Calculations of mean absorbed dose to organs

To determine the mean absorbed dose to different tissues and organs, the anatomy of
the patient must be known together with the position and size of the X-ray beam. The
relation between a quantity measurable on the patient and the mean absorbed dose to
the organ must be determined Such a quantity can be entrance surface dose, dose-
area product or entrance kerma in free air Preferably, the mean absorbed dose to all
the organs included in the specification of effective dose (ICRP, 1991) should be
calculated
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The ideal situation would be to have a three-dimensional image of the patient, eg
from CT or MR imaging The size and shape of organs inside as well as outside tue
irradiated volume must be known Calculations of the mean absorbed dose to organs
not completely irradiated are especially critical The dose distribution in the body can
be calculated with the Monte Carlo method using the measured or calculated photon
energy distribution of the X-rays. Together with a CT or MR investigation this
method requires that exact tissue characteristics are used in the Monte Carlo
calculation. This is not feasible for each individual patient.

The Monte Carlo calculation technique has been used tc calculate conversion factors
for the determination of mean absorbed dose in children of standard sizes (Rosenstein
et al, 1979). The size and shape of the organs were estimated with the use of
mathematical phantoms Conversion factors for the determination of absorbed dose to
the testes, ovaries, active red bone marrow, lungs, thyroid and total body were given
(Rosenstein et al, 1979) Conversion factors for CT investigations are also available
(Zankletal 1993)

The position and size of the organs can also be determined by studying the X-ray
image of the particular patient Images for more than one projection of the patient is
needed. The dose distribution in the patient can be estimated using measured depth-
dose curves (Harrison, 1981). It is not easy to determine the outlines of the organs or
the border between directly irradiated and non irradiated parts of the organs This is
also a time-consuming method as images for a number of individual patients must be
studied

3.4.1 A simple method Tor determining mean absorbed dose to different organs

A method for determining conversion factors for specific examinations was developed
(Paper I). In the calculations, a phantom was used to simulate the patient and
measured depth-dose curves were used describing the dose distribution.

Phantom and field size. Mathematical models (Cristy and Eckerman, 1987) were
used to simulate the patients In selecting the phantom to be used for the individual
patient size, (he thickness of the patient was used. The size and position of the X-ray
fields for the examination technique in question were estimated by examining several
images of the patients. Figure 3.3 shows the correlation between the X-ray field
length and the length of the patient for a lung investigation
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Figure 3.3 The field length as a function of patient length for lung investigations
(regression line is included) (Paper II).

Also the width of the X-ray field was determined by studying patient images. The
width of the X-ray field was assumed to be proportional to the width of patient
(AP/PA prop or the thickness of the patient (LAT prop. In the calculations, using
the phantoms, the X-ray field size was determined from patients of the same size as
the phantoms

The dose distribution. Dose distributions in water were measured for the specific X-
ray beam used (Paper I). This dose disti ibution was assumed to be valid throughout
the directly irradiated volume, not taking scattered radiation outside the directly
irradiated volume into account. The analytical descriptions of the organs were used to
calculate the mean absorbed dose to the organs in relation to the entrance surface
dose:

L ° r 8 " ESD

Cwg: conversion factor for the organ ; Dwg: mean absorbed dose to the organ.

The measured absorbed dose to water was assumed to be valid for organs and tissues
principally consisting soft tissue.

Determination of mean absorbed dose to tissues other than soft tissue. The

absorbed dose to bone and lung tissue was calculated using mass energy absorption
coefficients weighted over the distribution of the photon energies in the X-ray beam.
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The mean absorbed dose to bone tissue and lung tissue was then calculated according
to (assuming the same energy fluence in water and tissue):

f—^bonc r—Yung tissue
= D water l~~j »nd Dlungtissue = Dwater I ~ J

^ P 'water V V •'water

In Table 3.4 the ratio between the mass energy absorption coefficients (Hubbell,
1982) for bone and water and lung tissue and water are given for different tube
voltages.

Table 3.4 Ratios between weighted mass energy absorption coefficients
(Hubbell, 1982) for bone and water and for lung tissue and water.

Tube voltage, kV

(2 mm Al)

50

70

90

125

/ \boneH
water

5.40

4.70

4.07

3.35

Hen.

water

1.05

105

1.04

1.03
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Mean absorbed dose to red bone marrow. The active red bone marrow is not
evenly distributed throughout the bone structure. The different bone structures
contain different amounts of active bone marrow, and the distribution is also
dependent on age. This was taken into consideration when the mean absorbed dose to
red bone marrow was calculated. Figure 3.4 schematically shows bone structures
which contain more than 15% of the total active red bone marrow content (Cristy,
1985)

Active bone marrow concentration
Adul

im
i i

Figure 3.4 Distribution of active red bone marrow in different parts of the body for
different ages.

The absorbed dose in the bone marrow is elevated because of the surrounding
trabecular bone structure King and Spiers (1985) estimated the excess dose for
different bones The nighest excess figure was estimated for a photon energy of 50
keV, and the absorbed dose was elevated 10% - 20% for bones in the trunk In the
parietal bone the value is higher, about 40% In the calculations a mean excess value
of 15% was adopted for all bone structures.

The advantage of the method used in this work is that it, to some extent, takes the
examination technique into consideration The size and position of the X-ray field are
determined using data for patients The radiation quality used is taken into account
through measurements. The size and position of the individual organs in the patients
are not considered neither is radiation absorbed outside the directly irradiated volume
taken into account.
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Chapter summary and conclusions

* In this work we have chosen to use a series of direct measurements (Papers II,
III and IV), as well as indirect measurements. Indirect measurement were used
for comparisons between departments (Paper V).

* The TJ. dosimeter was found to be easy to use, and nearly 100% of the patients
(or the parents) agreed to the measurements. TL dosimeters were also easier to
use than the DAP meter when additional filters were used (e.g. the wedge filter in
scoliosis investigations).

• A method for calculation of mean absorbed dose to different organs has been
developed. The method takes the examination technique used in the clinic into
consideration (Paper I).

• Conversion factors for determination of mean absorbed dose in the organ for
lung, pelvis, IVU, MCU, lumbar spine, thoracic spine, and scoliosis investigations
were calculated for five different patient sizes (Paper II, III and IV).
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4. Entrance surface dose, energy imparted and mean

absorbed dose to organs and tissues

Few data have been published on radiation doses to the paediatric patient. Age has
been the parameter used to describe the size of the child. However, the size of the
paediatric patients differs for the same age. Therefore, weight and length of the
patient describes the size better than age. An even better parameter taking both
weight and length into account is the equivalent diameter (Lindskoug, 1992a). Figure
4.1 shows the equivalent diameter as calculated for patients of different age examined
at Malmö University Hospital. Data from Aberdeen (Martin et al., 1994) are also
shown for comparison.

25 T
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15- •
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.Malmö
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* Aberdeen

i

i

8 10

Age [years]

12 14 16

Figure 4.1 Equivalent diameter as a function of age (range is included).

In spite that of equivalent diameter differ considerably between children of the same
age the figure may facilitate comparisons between different studies. To simplify future
work and comparisons there should be an agreement to use equivalent diameter or
weight and length to describe the size of the body .

4.1 Entrance surface dose

Entrance surface dose is the most common measured dosimetric quantity in diagnostic
radiology This is also the quantity which the EU (CEC, 1993) employs to set
reference dose levels for different investigations.

The variation in entrance surface doses for one type of examination in one department
can be considerable In Figure 4.2 data for lung investigations is presented
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Figure 4.2 Distribution of entrance surface for lung investigations in one hospital (Paper
II). Technique A: APproj. children 0 - 5 y. Technique B: PA proj. >5- 15 y.

The entrance surface dose varies partly because of the different thickness of the
patients, and partly because of inappropriate exposure parameters.

The entrance surface dose also varies greatly between different departments. In Figure
4.3, the entrance surface dose as estimated for simulated pelvis investigations of 1-
year-old children at 19 Swedish hospitals (Paper V) is shown.

0.25 T

0 20-

0.15 •

0.10 •

0.05-

0.00 to, n
0 0 1 - 0 2 0 0 2 1 0 4 0 0 4 1 - 0 ( 0 0 6 1 - 0 H 0 1 1 - 1 0 0 101-120 1 21 • 140 1 4 1 . 190 1 9 1 - 1 ) 0

Entrance »urface do*e [mGy]

Figure 4.3 Distribution of entrance surface for a simulated pelvis investigation (1-
year-old child) for 19 hospitals (Paper V).
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The ratio between the highest and lowest measured entrance surface dose is around
20. Other investigations also reveal large discrepancies between various departments
(Schneider, 1992), where the ratio between the maximum and minimum measured
entrance surface dose was airout 80 for a pelvis investigation of a 4-month-old baby.

Entrance surface dose derived in this work was compared with published data. Table
4.1, shows age groups specified in the various studies.

Table 4.1 Surveys of entrance surface dose in paediatric radiology.

Survey
Paper II
Paper III
Paper IV

Palm, 1993

Chappie et al., 1992
Martin ct al., 1994
Ruizctal, 1991

Gallini ct al , 1992

EU recommended
(CEC, 1993)

Age groups

<5 years, >5 years
0-1 year, 2-5 years, 6-15 years
0-1 year, 2-5 years, 6-15 years

0-1 year, 1-5 years, 5-15 years
infants, 1-5 years, 6-18 years
1 -5 years, 6-10 years, 11-15 years
0.1-1 year, >l-5 years, >5-10 years,
>10-14 years

1-14 years
(<1 years, >l-5 years, >5-9 years,
>9-14 years for chest inv.)

0-1 month, 1-12 months, 1-5 years,
5-10 years, 10-15 years

Various authors use different descriptions of age intervals In the Papers II, III and
IV and obviously in Chappie et al (1992) and Martin et al. (1994) children are
considered to be x years until they have reached their next birthday. Other studies use
more physically correct description of time.

In Tables 4 2 to 4 5 the entrance surface dose for some common examinations in
paediatric radiology are given.
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Table 4.2 Mean entrance surface dose [mGy] per exposure: chest examinations.
Range in parentheses.

Chest, »pip*

This study, Paper II

Palm, 1993

Chappie etal , 1992®

Martinetal., 1994

Ruiz et al., 1991
Ruiz et al . 1991
Ruiz et al.. 1991
Gallini el a l . 1991

Chest, lat
This study, Paper II

Palm, 1993

Ruiz et al., 1991
Ruiz et al., 1991
Ruiz et al, 1991
GaHinictal., 1991

Age group
O-Iy
0.10

(0.05-0.19)
0.04

(0.04-0.04)
0.30

(0.05-0.64)

0.35
0.31
0.15
0.15

(0.12-0.18)

0.16
(0.06-0.28)

0.08
(0.08-0.09)

0.65
0.50
0.22

> l - 5 *
0.10

(0.05-0.14)
0.04

(0.03-0.04)
0.28

(0.08-0.51)
0.05

(0.04-0.07)
0.39
0.32
0.16
0.16

(0.05-0.69)

0.18
(0.10-0.28)

0.10
(0.09-0.10)

0.60
0.71
0.31
0.30

(0.14-0.90)

>5 -15 y
0.13

(0.08-0.18)
0.08

(0.06-0.11)
0.56

(0.21-1.13)
0.08

(0.06-0.10)
049
0.43
0.26
0.29

(0.05-3.11)

0.31
(0.12-0.58)

0.24
(0.16-0.42)

0.79
0.94
0.50
0.21

(0.10-0.32)

per investigation
The entrance surface dose values presented by Chappie et al (1992) includes all
radiographs taken per investigation. Thus, that study can not be compared with the
others

Three entrance surface dose values were derived from the study by Ruiz et al (1991),
which included data from three X-ray rooms in two hospitals

The mean values of entrance surface doses differ by a factor of approximately 3-4 for
chest investigations. In each department the entrance surface dose for the AP
projection do not change significantly for children up to S years old. For three of the
surveys (Paper II; Palm 1993; Martin et al, 1994) the entrance surface dose is
approximately below 0.15 mGy for the AP projection and 0 30 mGy for the lateral
projection, for all ages
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Table 4.3 Mean entrance surface dose [mG>] per exposure: abdomen, IVU,
MCU and pelvis.

Abdomen

Chappie etal, 1992®

Martinetal, 1994

Ruiz et al., 1991
Ruiz rt al., 1991
Ruiz et a l . 1991
IVU
This study, Paper HI

Palm. 199.1

Chappie ct at. 1992s

MCU ap/lat
This study. Paper III

Pelvis, ap
This study. Paper III

Palm. 1993

Chappie et a l . 1992s

Martinet at.. 1994

Ruiz e ta l , 1991
Ruiz e ta l . 1991
Ruiz e ta l , 1991

Age group
0 - l y
0.48

(0.08-1.10)

1.5
10
15

0.68
(0.48-1.1)

11
(0 08-1 30)

0.6
(0.15-1.03)

0.63/i.O
(0.12-1.3/(0 34-1.8)

0.59
(0.26-1.2)

0.05
(0.05-0.06)

0.51
(0.48-0.57)

1.2
1.0

0.91

> l - 5 y
0.75

(0.27-1.11)
0.47

(0.33-0.58)
2.1
1.2
2.3

1.1
(0.82-1.6)

12
(0.80-1.50)

24
(0.76-4.31)

0.99/1.8
(0.74-2.!)/(1.2-

26)

13
(0.94-2.9)

0.06
(0.06-0.06)

11
(0.22-3.21)

0.43
(0.39-0.57)

1.5
11
1.1

>5 - 15 y
1.19

(0.26-1.82)
0.91

(0.41-1.92)
2.4
1.6
3.1

3.5
(0.88-8.6)

5.7
(1.03-13.6)

2.0/2.8
(1.2-5. l)/(2.8-

2.8)

2.2
(0.34-4.5)

1.6
(0.99-2.21)

3.1
(0.71-6.69)

0.81
(0.41-1.60)

2.7
2.6
3.6

per investigation

Mean values reported for entrance surface dose differ by factors of 2-5 for the

investigations of the lower part of the trunk for one specific age group. Entrance

surface dose for urographies is about 2 times higher than entrance surface dose for

investigations of the abdomen.
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Table 4.4 Entrance surface dose [mGy] per exposure: skull.

Skull, ap

Chappie c ta l . 1992®

Martin ctal., 1994

Ruiz ctal , 1991
Ruiz c ta l . 1991
Ruiz c ta l , 1991
Skull, lat
Martinetal., 1994

Ruiz ctal , 1991
Ruiz ctal.. 1991
Ruiz ctal., 1991

Age group
0 - l y
0.51

(0.26-0.75)

2.4
1.1
2.1

1.9
0.80
1.9

> l - 5 y

1.0
(0.82-1.20)

3.4
15
3.0

0.56
(0.46-0.72)

2.1

2.1

>5 - 15 y
3.0

(0.9-5.1)
1.3

(1.02-1.88)
4.3
2.7
3.4

0.74
(0.53-1.09)

3.8
2.2
2.4

8 per investigation

Mean values for entrance surface dose differ by factors of 2-5 for skull investigations

Table 4.5 Mean entrance surface dose [mGy] per exposure: whole spine,
thoracic spine, lumbar spine and scoliosis investigations.

Total spine,
(whole spine)
ap/lat

Ruizetal., 1991

Ruiz c t a l . 1991
Scoliosis, pa/lat
This study, Paper IV

Thoracic spine
ap/lat
This study, Paper IV

Lumbar spine ap/lat
This study. Paper IV

Age group

>5 -15 y

1.6/2.1
2.1/4.7

0 20/0.21
(0.05-O.'.M)/(0.03-O.42)

2.1/6.1
(1 1-2 5)/(l.7-10)

2.6/6.7
(1.0-6.0)/(2.4-ll)

Mean entrance surface dose given for the whole spine, lumbar spine and thoracic
spine is approximately 10 times higher than mean entrance surface dose for scoliosis
investigations.
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4.2 Energy imparted

L)ata on energy imparted to children are not widely reported. Energy imparted is
strongly correlated to the size of the body and therefore the values must be given for a
particular body size. Figure 4.4 presents the energy imparted for lung investigations at
the Malmö clinic as a function of equivalent diameter of the children.

10 T

0.1 ••

001

A • :
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Figure 4.4 Energy imparted at a lung investigation (one exposure, AP/PA proj.) as
a function of equivalent diameter (Paper II).

The energy imparted for some common examinations in paediatric radiology is
summarised in Tables 4.6 - 4.8. In these surveys, the energy imparted was stated for
equivalent diameter (Papers II, III, IV; Lindskoug, 1992b), age (Palm, 1993) and
weight (Gustafsson, 1983). A mean equivalent diameter and weight for the different
age groups was calculated (Figure 4 1) and used when deriving the energy imparted
The values given by Gustafsson (1983) and Lindskoug (1992b) are presumably given
for all radiographs included in the examination of the patient.
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Table 4.6 Energy imparted [mJ] per exposure in lung investigations.

Lung, ap/pa

Patient group

0 - l y

<Uv= 11.9 cm

w=10kg

> l - 5 >

(U»= 14.3 cm

«=16kg

17.7 cm

This study. Paper II

Palm, 1993

Gustafsson and
Mortcnsson. 1983
Lindskoug, 1992b

Lung, lat

This study. Paper II

Palm. 1993

0.06

0.03

0.55

0.28

0.09

0 0 8

O i l

O i l

I.I

0.53

0.16

0.26

0.38

0.46

2.0

14

0.62

14

There is a good agreement between the results of this study and the work by Palm
(1993). given by) The higher values given by Gustafsson (1983) and Lindskoug
(1992b) could not solely be explained by more radiographs included In lung
investigations seldom more than two projection are used

Table 4.7 Energy imparted [mJ] per exposure in urography, MCU investigation

Urography

IVU

Patient group

0 - l y

<!*,= 11.9 cm

H-IOkg

>l -5y

<U,= 14.3 cm

w=16kg

>S-ISy

d*»= 17.7 cm

w=35lq;

This study. Paper III

Gustafsson, 1980

Lindskoug. 1992b

MCU, ap

This study. Paper III

Gustafsson, I980

Lindskoug, 1992b

Martin ctal., 1994

0.53

18

6.5

0.90

1

6.0

0.60

0.96

4

12

:.6

2

11

0.70

2.3

20

29

39

12

23

095

The ratio between energy imparted presented presented by Gustafsson (1980) and the
values in this work is smaller for the MCU investigation than the for lung
investigations and urographies
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4.8 Energy imparted per exposure for pelvis, lumbar spine, thoracic spine and
scoliosis investigations.

Pelvis

Patient group

0 - l y

d,4»= 11.9 cm <

w=10kg

>!-Sy

W= 14.3 cm

«=16kg

>5-lSy

i W * 17.7 cm

w=35kg

This study. Paper III

Palm. 1993

Lumber spine ap/lat

This study, Paper IV

Palm, 1993

Lindskoug, 1992b

Thoracic spine ap/lat

This study. Paper IV

Palm. 1993

Scoliosis pa/lat

This study. Paper IV

0.30

0.12

0.64/1.5

0.56/1.2

3.7

0.79

0.54

1 1/2.8

0.46/1.6

7.7

3.3

4.0

2.4/7.0

2.4/5.3

23

4.3/3.0

2.2/0.47

1.2/1 3

Energy imparted was about the same for this study and the study by Palm (1993).

4.3 The determination of mean absorbed dose to different organs and tissues

Calculated conversion factors between entrance surface dose and mean absorbed dose
to tissues and organs presented in this work were compared with Monte Carlo
calculated conversion factors and the results coincided rather well for most organs
(Paper I). The discrepancy was large for organs and tissues not completely inside the
directly irradiated volume, because different X-ray field sizes were used in the two
types of calculations

A measurement using an anthropomorphic phantom (Varchenya et al., 1993) was also
performed in order to confirm conversion factors experimentally The measurement
was performed with the same examination technique and the same X-ray tube as that
used for patients TL dosimeters were placed inside the phantom. Figure 4.5 and 4.6
shows conversion factors for a I-year-old child calculated and conversion factors
derived from the measurements in the phantom for a lung investigation and pelvis
investigation, respectively Conversion factors (Rosenstein et al, 1979) derived with
the Monte Carlo method are also included Unfortunately, only data for red bone
marrow, ovaries, thyroid, and the lungs were available.
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Figure 4.5 The ratio between mean absorbed dose to organs and entrance surface
dose, for a lung investigation (70 kV).

Pelvis investigation 1 year-old child

• Paper III
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B Rosenslein et al , 1979

I Ji

Figure 4.6 The ratio between mean absorbed dose to organs and entrance surface
dose, for pelvis investigation (50 kV).

The calculated (Paper II) and measured values coincide fairly well for the lung
investigation However, the calculated (Paper II) and measured conversion factors
for the thyroid differ much When calculating the conversion factors in this work the
thyroid was assumed to be completely irradiated and lying very superficially, which is
a rather cautious assumption

36



The conversion factors derived from the measurement in the phantom for the pelvis
investigation are all lower than those calculated due to the greater attenuation in the
anthropomorphic phantom compared with the attenuation in water when using a tube
voltage of 50 kV

Body size and mean absorbed dose to organs. The size of the body influences the
relationship between the entrance surface dose and the mean absorbed dose to
different organs significantly An example of how the conversion factors for the
bladder varies by size for a pelvis investigation is shown in Figure 4.7, mean absorbed
dose to the bladder is also included.
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Mean absorbed dote (mGy] to bladder
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Figure 4.7 Conversion factors and mean absorbed dose to the bladder for a pelvis
investigation.

Although the conversion factor is larger for smaller children, the mean absorbed dose
to the organ is lower for the smaller children. A range of conversion factors for
different sizes of patients have to be available. Five sets of conversion factors were
derived in this work using the phantom for a new-born, 1-year-old, 5-years-old, 10-
years-oldand 15-years-old child (Cristy and Eckermann, 1987).

Conversion factors between the entrance surface dose and the mean absorbed dose to
organs (and tissues) were derived for lung, pelvis, IVU, MCU, lumbar spine, thoracic
spine and scoliosis investigations. Mean absorbed dose to all the organs and tissues
needed for the calculation of the effective dose (ICRP, 1991) was derived (Papers II,
III, IV)
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Chapter summary and conclusions

• Preferably the entrance surface dose for different equivalent diameters should be
given. At least data on weight and length should be reported in connection with
all patient dose measurements. However, if this can not be agreed upon, mean
entrance surface dose should be presented for a large number of patients in
strictly defined age groups

• In studies including patients of different ages, the mean entrance surface dose
specified for a type of investigation for children in the approximately same age
group differed approximately factors of 2-5 In the individual departments the
maximum to minimum value was approximately 2-4 for children in the same age
group. Exceptions were however present, for example in one department the
maximum to minimum ratio was as high as over 60

• Calculated values of energy imparted have to be .resented in relation to the
patient size, e g equivalent diameter or weight In spite of well established
techniques for determining energy imparted, values for children are scares, and
the results of the existing studies are extremely difficult to compare

• The method presented in this work for the determination of mean absorbed dose
to different organs and tissues was found, in spite of its simplicity, appropriate to
use for paediatric patients Calculations for numerous organs and tissues and for a
number of types of investigation have been performed.
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5. Risk estimations

The risk of late somatic effects from ionisation radiation has been estimated from the
population of Hiroshima and Nagasaki, who received high absorbed doses. Risk
estimations have also been performed on limited groups of patients exposed during
medical treatment and for diagnostic purposes (UNSCEAR, 1994). The number of
children in the studies was few. The risk of hereditary effects has been estimated from
experiments on animals (ICRP, 1991). The risk coefficient for radiation induced lethal
cancer is approximately 5% per Sv, while for late hereditary effects the risk coefficient
is approximately 1% per Sv (ICRP, 1991) as mean values for the whole population.

It is now commonly agreed that the age at exposure is an important parameter when
determining risks of late somatic effects (ICRP, 1991 and NRPB, 1992) The risk of
late somatic effects is approximately 3 (ICRP, 1991) times higher for individuals
below the age of ten compared with the whole population The elevated risk
coefficients for children should be applied for risk estimations Risk coefficients
derived for children (Paper VI) are shown in Table 5.1.

Table 5.1 Risk coefficients for use in paediatric radiology.

Age group

0 - 9 y

10- 19 y

Somatic risk

% per sievert

14.5

8.5

Genetic risk

% per sievert

2.5

2.5

Total risk

% per lievert

17

11

5.1 The use of energy imparted in risk estimations

If the organs and tissues are assumed to be equally sensitive or the body uniformly
irradiated, energy imparted can be used in risk estimations. However, an X-ray
investigation causes partial and non uniform irradiation of the body and the sensitivity
differ for the organs and tissues Therefore, energy imparted should be used with
caution in risk estimations

Relationi between efTective dose and energy imparted. The ratio between effective
dose (effective dose equivalent) and energy imparted has been derived for several
types of investigation of adults (Alm Carlsson and Carlsson, 1986; Huda and
Bissessur, 1990) The ratio differed for different investigations and radiation quality
used Due to the smaller bodies of children this quantity not only differs for different
examinations, but the variation with patient size is also large (Papers HI, IV). The
ratio is therefore less useful in risk estimations for children.
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5.2 The use of mean absorbed dose in specific organs for risk estimations.

The calculated mean absorbed dose to an organ is used to derive the risk of cancer in
that specific organ.

The risk of somatic effects in specific organs, exemplified by the female breast.

The risk coefficient for specific organs and tissues have previously been estimated
(e.g. BEIR, 1990). In several X-ray examinations the breasts are exposed This is
associated with the risk of death caused by breast cancer. In Table 5.2 the risks
(expected number of deaths from breast cancer in a group of exposed persons)
calculated for some investigations are given.

Table 5.2 Risk estimations for the female breast.

Investigation

Lung AP 0 - 1 y

Lung LAT 0 - 1 y

Lung AP 2 - 5 y

Lung LAT 2 - 5 y

Lung PA 6 - 15 y

Lung LAT 6-15 y

Scoliosis AP 6 -15 y

Scoliosis AP,

(Hallen ct al.. 1992)

Scoliosis PA 6 - 15 y

Scoliosis PA 7-25

(Jonsson ctal., 1995)

Thoracic spine AP

6-15y

CT thorax 1-year-old

(Tingberg ct al, 1995)

Mean absorbed

breast dose [mGy)

(This study)

0.091

0.093

0.082

0.083

0.018

0.164

0.080

0.27

0.014

0-0.03

0.934

111

Risk coefficient»

(BEIR, 1990) per

100 000 and 0.1 Sv

129

129

129

129

295

295

295

295

295

295

295

129

Risk for lethal breast

cancer per 1 000 000

Rirls

1.2

1.2

II

11

0.5

48

2.4

8.0

0.4

0-0.9

27.3

142

Risk for different age groups. The risk estimated for an organ depends on the mean
absorbed dose to the organ as well as the age dependent risk coefficient The risk of
breast cancer resulting from lung examinations (AP/PA projection together with a
lateral view) is about two times lower for the smaller children compared with older
children in spite of the fact that the same mean absorbed dose is delivered to the
breast
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Risks in different examination techniques. The risk from different examination
techniques was compared The risk of breast cancer after scoliosis investigations is
about 6 times higher using the AP projection than the PA projection. Of course, the
overall risk must be considered The overall risk associated with a radiograph taken in
the PA projection is approximately 15% lower compared with a radiograph taken in
the AP projection A very high mean absorbed dose to the breast has been found
(Hallen et al., 1992) giving a 20 times higher risk for breast cancer compared with the
preferable examination technique using the PA projection.

Measures to lower the risk. Excluding the lateral projection for lung examination of
older children reduces the risk for breast cancer by 90%.

CT investigations. The risk of breast cancer is about 70 times higher for a CT
investigation of a 1 -year-old child than for conventional investigation including one
frontal view (AP proj.) and one lateral view.

Risk estimations such as those described above may, of course, be carried out for
other organs and tissues.

5.3 The use of effective dose for children

The weighting factors for the organs and tissues were derived for the whole
population (ICRP, 1991) Risk coefficients for some organs and tissues have been
derived for different ages (Land and Sinclair, 1991, UNSCEAR, 1994, BEIR, 1990).
Weighting factors derived for children could be expected to differ from the weighting
factors for the whole population.

The estimation of risk for hereditary effects has a great influence on effective dose
The risk for late hereditary effects is also age dependent, mainly due to different child
expectancy rate for different ages

Weighting factors for children were calculated (Paper VI). Effective dose derived
with the weighting factors for children did not differ remarkably from effective dose
derived with the ICRP weighting factors This study shows that specific weighting
factors for children are not required, a conclusion which is also supported by another
study (NRPB, 1992)

Therefore, weighting factors for the whole population were used when effective dose
was calculated for children (Papers II, III, IV). In Table 5.3 average effective dose
for complete X-ray investigations are shown. In the table a risk estimation is also
included
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Table 5.3 Effective dose [mSv] and risk of radiation induced cancer and
hereditary effects [per 10 000 children] for various investigations.

Age group

Investigation

Lung (AP/PA + LAT)

Pelvis' (AP)

IVU1 (Urography)

MCU'

Thoracic spine (AP + LAT

Lumbar spine (AP + LAT)

Scoliosis PA + LAT

Scoliosis PA + LAT

(Hallen, 1992)

0 - l y

E

0.07

0.35

1.5

12

Risk1

0.12

0.6

2.6

2.0

>l-5y

E

007

0.85

2.3

19

Risk1

0.12

1.5

3.9

3.2

>5 -15 y

E Risk1

0.09

11

71

2.9

063

0 80

0.08

0.12

0.13

15

9.9

4.1

088

11

0 11

0.17

1 average value Tor boys and girls 2 risk coefficient 17% per Sv used

risk coefficient 14% per Sv used

The highest effective dose and risk were found for IVU and MCU investigations
These investigations include contrast medium and a large number of radiographs The
high risks do not exclusively result from the number of radiographs per examination
The estimated mean absorbed dose to the gonads was high and the weighting factor
for the gonads is high The risk estimated for urographies was higher compared with
the risk estimated in a study performed over 15 years ago (Gustafsson, 1980) due to
the higher risk coefficient used in this study.

Chapter summary and conclusions

* In risk estimations for paediatric patients the mean absorbed dose to different
organs and tissues in combination with organ specific risk factors can be used
Energy imparted was found less useful in risk calculation for children. The
concept of effective dose can also be used

* The ICRP weighting factors could be used also for children

* In risk calculations the elevated risk coefficients for late somatic effects and
hereditary effects for children have to be taking into account.
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6. Optimisation studies

The images produced in a diagnostic radiology department must contain information
appropriate to making a reliable diagnosis This clinically useful image has, however,
to be produced giving the lowest achievable absorbed dose to the patient. The
examination technique and equipment used must meet these requirements. The
connection between examination technique, radiation dose to the patient and image
quality is not obvious

6.1 Detailed evaluation of eiamination technique, radiation dose and image
quality

Patient-related studies. A large study has been co-ordinated by the EU (Schneider et
al , 1993) in which information on examination technique has been collected, entrance
surface dose measured and clinical images evaluated. This study differs from many
others in that clinical images for which the dose to the patient were determined are
included The image quality criteria (CEC, 1993) were used in the ranking of the
images. No correlation was found between the radiation dose and the image quality.
Obviously, the conclusion from this study was that paediatric radiology is not
optimised.

Phantom-related studies. The time-consuming involvement of patients is avoided by
using an object simulating a patient Such a study was performed (Paper V), in which
the entrance surface dose for a simulated pelvis investigation of a one-year-old child
was measured at 19 Swedish hospitals A contrast detail phantom (CDRAD type 11,
Intequip Nuclear BV, The Netherlands) was used When evaluating the image quality
a quantity was derived including both resolution and contrast in the image. The
evaluation of the images was easily performed. The study also included an
investigation of the examination technique used for urography, lung, colon, pelvis and
scoliosis investigations for different age groups

The image quality was found to have some correlation with the measured absorbed
dose (Paper V) For entrance surface dose above approximately 0 4 mGy, the image
quality (as calculated in this study) was about the same.

The departments included in the study used different examination techniques. Two
factors which, of course, had a considerable influence on the entrance surface dose
were the use of grids and the sensitivity of the film-screen system. At departments not
using a grid the entrance surface dose was about S times lower than that at
departments using a grid Some of the departments used automatic exposure control
The maximum-to-minimum ratio for entrance surface dose measured when using
automatic exposure control was about 4 This indicates inappropriate calibration of
the equipment For one type of examination, some of the departments varied the tube
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voltage for patients of different ages, while others did not. Some departments used the
same film-screen sensitivity for urography, pelvis and colon investigations, while
others changed the sensitivity of the film-screen system for the different
investigations.

Studies such as the one described above have the potential of being very useful for the
participating departments. However, the results must be useful also for departments
not included in such surveys Therefore, good examination technique and reference
dose values (and achievable doses) should be specified

6.2 Examination technique

Good radiographic techniques have been specified for chest, skull, pelvis, segmental
spine, full spine, abdomen and urinary tract investigations (CEC, 1993). Suggestions
regarding the use of radiographic device, additional filtration, anti-scatter grid, film-
screen combination, focus-film distance, radiographic voltage, automatic exposure
control, exposure time and radiation protection have been made. The different
parameters are given with rather broad ranges

Today many practices do not fulfil the basic requirements of good radiographic
technique. In many cases, the X-ray field does not coincide with the light field
(Schneider, 1992) An inappropriate choice of film-screen sensitivity was found for a
number of practices (eg. Paper V; Warren-Forward and McKeeney, 1992). A speed
class of 400-600 is, in many cases, suitable in paediatric radiology (Schneider, 1992)
The AP projection was found to be widely used for scoliosis investigations (Paper
V), despite the fact that it has been emphasised that the PA projection should be used
(Paper IV; Hallen et al., 1992; Butler et al., 1986; Drummond et al., 1983; Gray et
al, 1983; Frank et al., 1983).

6.3 Reference values for entrance surface dose

A reference value for entrance surface dose is a tool which can be employed to
improve certain practices. The reference value should not be considered a dose limit,
nor is the practice necessary optimised when the entrance surface dose in the
department is lower than the reference dose value. Reference values for entrance
surface dose exist for a number of X-ray investigations of adults (CEC, 1989). These
reference values were determined from measurements on patients (in the United
Kingdom) The reference dose level was specified as the third quartile value for the
measured entrance surface dose distribution

Determination of reference doses for children. According to the CEC, reference
doses should be given for different ages groups This entails measuring the entrance
surface dose for a large number of patients in each age group Reference dose values
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for children are proposed (CEC, 1993) (Table 6.1). The achievable doses (CEC,
1993) when using a good examination technique are also given

Table 6.1 Proposed reference and achievable values for entrance surface dose.
The age for which the entrance surface doses were derived are included in
parentheses.

Examination

Skull AP (10 months)
Chest AP/PA (10 months)

Chest (new-boms)
Abdomen (10 months)
Pelvis (4 months)

Reference dose
ImGy]

1.7
0 15
0 08
0.7
0.2

Achievable dose
[mGyl

0.8
0.07

0.03
0 4

005

The mean entrance surface dose is below the reference dose for a chest investigation
in about 2/3 of the departments (Paper II; Palm, 1993: Chappie, 1992; Martin. 1994;
Ruiz, 1991; Gallini, 1992) Only two of the practices are belcw the achievable dose. For
the skull, abdomen and pelvis investigations roughly half the studies report entrance
surface doses below the reference dose.

The examination may be changed for different age groups Therefore, references
values for more than one age must be available. If a study is to be useful when
determining reference doses it must contain measurements on well-defined age
groups A mean value for single radiographs from a considerable number of patients
in each age group must be presented.

Chapter summary and conclusions

* Several studies, including this work, show that pacdiatric radiology is not

optimised

* The examination technique used varies between different departments The most
striking difference was that for the same type of investigation, the film-screen
sensitivity used varied significantly The implementation of good examination
technique is essential.

* In most practices, the radiation dose to the patient is unknown. Therefore
reference dose values are quite useless if extensive measurements on patients are
not carried out. More data on entrance surface dose must be available for the
determination of reference dose values for several age groups
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7. Conclusions

A simple method to estimate mean absorbed dose to a number of organs and tissues in
paediatric patients has been developed taking examination technique and patient size
into account

Entrance surface dose was found to be a convenient input parameter for the
calculations.

Patient size is one of the main influences on radiation dose to paediatric patients
Weight and length of the patients have to be specified in connection with all radiation
dose data.

Non optimised procedures (eg wrong choice of film-screen sensitivity) contributes to
a considerable variation in radiation dose

There is a need for more standardised methods in paediatric patient dosimetry.

The ICRP organ and tissue weighting factors (wT) could be used also for children, but
the higher risk coefficients have to be applied for paediatric patients than for adult.
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8. Future work

In order to estimate radiation dose to paediatric patients, the entrance surface doses
have to be measured to a greater extent. A national protocol for determination of
entrance surface dose should be developed. The dosimetric technique to use should be
indicated and the measurements well co-ordinated

The technique for determining absorbed dose to different tissues and organs could be
refined. Anatomical data could be collected from CT or MR investigations of
paediatric patients The method for determination of mean absorbed dose to bone
tissue and red bone marrow should also be improved.

The use of digital radiology increases. These techniques have the potential of using
the transmitted X-rays in a more rational way. However, many of these techniques
have also the potential to give very high radiation doses to the patients and the
techniques have be optimised

The numbers of CT examination of children are small but the absorbed dose can be
expected to be high (Shrimpton and Wall, 1993). One way to optimise the CT
examinations could be to apply X-ray transmission characteristics (e.g. using "scout-
view" data) for the individual patient to choose the exposure settings for the following
CT slices or helical scan.

47



9. Acknowledgements

To Professor Sören Mattsson supervisor of this work

The measurements on the patients performed by Ms Karin Martling, is highly
appreciated.

To Marika Lööf, M Sc for the fruitful collaboration in the study of image quality

To Ass Prof Mats Nilsson for critical examination of the manuscript.

The work by Stina Hallen, M Sc and Erik Willén, M Sc in the initial stage of the
project is recognised and appreciated.

The staff at a number of Diagnostic Radiology Departments in Sweden, especially the
Department of Paediatric Radiology in Malmö University Hospital for support during
the measurements. The children (their parents) who participated in the study

The anthropomorphic phantom was borrowed from the Department of Radiation
Physics, University of Linköping which was appreciated

Colleagues at the Department of Radiation Physics in Malmö for all the help received
during my stay

To Helen Sheppard, PhD, corrected the work from a linguistic point of view
Unfortunately I did not let her see all..

To all my fellow students at undergraduate-level as well as at graduate-level, without
whom the work had been much more boring

The financial support from The Swedish Radiation Protection Institute is also
acknowledged.

48



10. References

AJm-Carlsson, C , Carlsson, C. and Persiiden, J. Energy imparted to the patient in
diagnostic radiology: calculation of conversion factors for determining the energy
imparted from measurements of air collision kerma integrated over beam area Phys
Med Biol 29, 1329-1341 (1984).

Alm-Carlsson, G. and Carlsson, C. Relation between effective dose equivalent and
mean absorbed dose(energy imparted) to patients in diagnostic radiology. Phys Med
Biol 31,911-921(1986)

BEIR Committee on the Biological Effects in Ionizing Radiation (1990) Health
effects of exposure to low levels of ionizing radiation, Wasnington D C : National
Academy Press.

Bengtsson, G., Blomgren, P -G., Bergman, K and Åberg, L. Patient exposures and
radiation risks in Swedish diagnostic radiology. Acta Rad. Oncol. 17, 81-105 (1978).

Birch, R , Marshall, M and Ardran, CM. Catalogue of spectral data for diagnostic x-
ray Scientific Report Series-30 The Hospital Physicists' Association (HPA) (1979)

Butler, P.F., Thomas, A W , Thompson, W E , Wollerton, MA and Rachlin, J A
Simple methods to reduce patient exposure during scoliosis radiography. Radiologic
Technology 57, 411 -417 (1986)

Carlsson, C Determination of integral absorbed dose from exposure measurements
Acta Radiol : Ther. Phys Biol 1, 433-458 (1963).

Carlsson, C Integral absorbed dose in roentgen diagnostic procedures II
Measurements of integral doses in two roentgen diagnostic departments Acta
Radiol: Ther Phys Biol 3, 384-408 (1965).

Carlsson, C. Differences in reported backscatter factors for low-energy x-rays: a
literature study Phys Med Biol 38, 521-531 (1993).

CEC, Commission of the European Communities Quality Criteria for diagnostic
radiography images, a working document of the European Commission DG
X11 /173/90, Luxembourg (1989).

CEC, Commission of the European Communities Quality Criteria for diagnostic
radiography images in Paediatric Radiology, a working document of the European
Commission, Luxembourg (1993).

49



Chappie, C.-L, Faulkner, K , Lee, R E J and Hunter, E.W. Results of a survey of
doses to paediatric patients undergoing common radiological examinations. Brit. J
Radiol. 65, 225-231(1992)

Cristy, M. and Eckerman, K.F. (1987) Specific absorbed Jose fractions of energy at
various ages from internal photon sources. Appendix A: Description of the
mathematical phantoms Oak Ridge National laboratory OliNL TM-H38I. VI, Oak
Ridge, TN, USA: Oak Ridge National Laboratory.

Cristy, M. Active bone marrow distribution as a function of age in humans Phys
Med. Biol 26, 389-400 (1981)

Cowen, A.R. The application of image quality test objects in support of clinical X ray
service: Physical and technical considerations. Radiat Prot Dosim 49, 27-33 (1993)

Drexler, G, Panzer, W , Widenmann, L , Williams, G. and Zankl, M (1990) The
calculation of dose from external photon exposures using reference human phantoms
and Monte Carlo Methods, Part III: Organ doses in X-ray Diagnosis (jSF-Bericht
11/90, Miinchen: GSF-Forschungszentrum fiir Umwelts und Gesundheit

Drummond, D., Ranallo, F , Lonstein, J , Brooks, L.H. and Cameron, J Radiation
hazards in scoliosis management Spine 8, 741-748 (1983)

Edmonds, I.R. Calculation of patient skin dose from diagnostic X-ray procedures.
Brit. J. Radiol. 57, 733-734 (1984)

Faulkner, K , Chappie, C.-L., Hedley, P , Kotre, C J and Harrison, R M Automated
quality assurance and patient dosimetry in diagnostic radiology. J. Biomed. Eng 12,
228-232(1990).

Francois, P., Beurtheret, C , Dutreix, V and De Vathaire, F. A mathematical child
phantom for the calculation of dose to the organs at risk Med Phys. 15, 328-333
(1988).

Frank, E D , Stears, J.G., Gray, J., Winkler, N T and HofTman, A D Use of the
posteroanterio projection: A method of reducing X-ray exposure to specific
radiosensitive organs. Radiation Technology 54, 343-347 (1983)

Gallini, R E , Belletti, S, Berna, V. and Giugni, U Adult and child doses in
standardised X ray examinations Radiat. Prot. Dosim 43, 41-47 (1992)

Gray, J., Ragozzino, M , Van Lysel, M and Burke, T. Normalized organ doses for
various diagnostic radiological procedures. Am J Roentgenol 137, 463-470 (1981)

50



Gray, J., Hoffman, AD and Peterson, HA. Reduction of radiation exposure during
radiography for scoliosis. J Bone Joint Surg. 65, 5-12 (1983).

Grosswendt, B Dependence of the photon backscatter factor for water on source-to-
phantom distance and irradiation field size Phys. Med. Biol 35,1233-1245 (1990).

Gustafsson, M (1980) Radiation dose and correlated late effects in diagnostic
radiology, Lund: University of Lund.

Gustafsson, M and Mortensson, W Radiation exposure and estimate of late effects
of chest rcntgen examination in children. Ada Radiol. Diagnosis 24, 309-314
(1983)

Hallen, S , Martling, K and Mattsson, S. Dosimetry at X ray examinations of
scoliosis. Radiat. Prot Dosim. 43,49-53 (1992)

Hanson, G WHO and rational reduction of patient dose. Radiat Prot. Dosim 57,
27-12(1995)

Harrison, R.M. Central-axis depth-dose data for diagnostic radiology Phys. Med.
Biol. 26, 657-670(1981).

Harrison, R.M., Clayton, C.B., Day, M.J., Owen, J.B and York, M F A survey of
radiation doses to patients in five common diagnostic examinations. Brit. J. Radiol.
56,382-395(1983).

Hart, D , Jcnes, D.G. and Wall, BF (1994) Estimation of effective dose in
diagnostic radiology from entrance surface dose and dose-area product
measurements. N1WB-R262, Chilton, Didcot, Oxon: National Radiological Protection
Board

Hölje, G (1983) Physical properties of radiographic screen-film systems, Lund:
University of Lund.

Horowitz, Y.S. (1984) Inermolumiwescence and Thermoluminiscent dosimetry.
Volume II, Boca Ratcn, Florida, USA: CRC Press

Hubbell, J.H. Photon mass attenuation and energy-absorption coefficients from 1 keV
to 20 MeV Int J Appl. Rad Isotopes 33, 1269-1290 (1982)

Huda, W. and Bissessur, K Effective dose equivalents. He, in diagnostic radiology.
Med. Phys. 17,998-1003(1990).

51



ICRP (1975) Publication 23 Report of the task group on reference man, Oxford:
Pergamon Press.

ICRP (1977a) Publication 26 (Annals of the ICRP Vol. I No. 3). Recommendations
of the International Commission on Radiological Protection, Oxford: Pergamon
Press.

ICRP (1977b) Publication 27 (Annals of the ICRP Vol. I No. 4). Problems involved
in development in index of harm, Oxford. Pergamon Press.

ICRP (1987) Publication 53 (Annals of the ICRP Vol. 18 No. 1-4). Radiation dose to
patients from radiopharmaceuticals, Oxford: Pergamon Press

ICRP (1991) Publication 60 (Annals of the ICRP Vol. 21 No. 1-3). 1990
Recommendations of the International commission on Radiological Protection,
Oxford: Pergamon Press

ICRU (1989) Tissue substitutes in radiation dosimelry and measurement 1CRU
Report 44, Bethesda, Maryland, USA: International commission on radiation units
and measurements.

ICRU (1992a) Phantoms and computational models in therapy, diagnosis and
protection ICRU Report 48, Bethesda, Maryland, USA: International commission on
radiation units and measurements

ICRU (1992b) Photon, electron, proton end neutron interactions data for body
tissues ICRU Report 46, Bethesda, Maryland, USA: International commission on
radiation units and measurements

IEC (1977) Area Exposure Product Meters Publication 5H0, Geneve, Switzerland
Bureau Central de la Commission Electrotechnique Internationale

Jones, D.G. and Wall, B (1985) Organ doses from medical X-ray examinations
calculated using Monte Carlo techniques, NRPB-RI86, Chilton, Oidcot, Oxon
National Radiological Protection Board

Jönsson, Å, Jonsson, K., Eklund, K; Hölje, G. and Pettersson, H. Computor
radiography in scoliosis: Diagnostic information and radiation dose Acta Radiol 36,
429-433 (1995)

Karlsson, M. (1983) A study of some energy dependent characteristics of X-ray
screens used in diagnostic radiology: Screen-film sensitivity, MIT and some related
factors, Umeå: University of Umeå

52



King, S.D. and Spiers, F W Photoelectron enhancement of the absorbed dose from
X-rays to human bone marrow: experimental and theoretical studies. Brit i Radio).
58,345-356(1985).

Land, C.E and Sinclair, WK The relative contribution of different organ sites to the
total cancer mortality associated with low-dose radiation exposure. Annals of the
ICRP 22, 31-57(1991)

Larsson, L. (1958) Radiation doses to gonads of the patients in Swedish roentgen
diagnosis: Studies on magnitude and variation of the gonad doses together with dose
reducing measures, Stockholm: University of Stockholm.

Larsson, P., Carlsson, C. and Alm-Carlsson, G Comparison of calibration methods
for area kcrma product meters ISRN ULI-RAD-R-76-SE Report 79, Department
of Radiation Physics, University of Linköping (1994a)

Larsson, PJ., Carlsson, C and Alm-Carlsson, G. (1994b) Calibration of area-kerma
meters In: IAEA, (Ed.) Measurement assurance in dosimetry, pp 625-632 Vienna:
International Atomic Energy Agency.

Lindskoug, B A The reference man in diagnostic radiology dosimetry Brit J
Radio! 65, 431-437 (1992a)

Lindskoug, B A Exposure parameters in pediatric radiology. Report Jan 1992
Regional Department of Radiation Physics, Regional Hospital Halmstad, Sweden.
(1992b).

Löfvander Thapper, K (1977) Test methods and optimal values of radiographic
contrast and patient irradiation with special reference to iodine-containing contrast
media, Lund: University of Lund

Maccia, C, Benedettini, M , Lefaure, C and Fagnani, F. Doses to patients from
diagnostic radiology in France Health Phys, 54, 397-408 (1988).

Manninen, H (1985) Physical image parameters and diagnostic quality of
roentgeitographs: Investigations on chest imaging chains flhesis), Kuopio:
University of Kuopio.

Marshall, N.W. and Faulkner, K Normalized organ dose data measured as a function
of field size for abdominal examinations Phys. Med. Biol. 38, 1131-1136 (1993).

Martin, C.J., Farquhar, B , Stockdale, E. and Macdonald, S A study of the
relationship between patient dose and size in paediatric radiology. Brit. J Radiol. 67,
864-871 (1994)

53



Metz, C.E. ROC methodology in Radiologic imaging Invest Radiol 21, 720-733
(1986)

Månsson, L.G. (1994) Evaluation of radiographic procedures Investigations related
to chest imaging, Göteborg: University of Göteborg.

NCRP (1981) Radiation protection in pediatric radiology, Washington D C USA:
National Council on Radiation Protection and Measurements.

NRPB. Dosimetry Working Party of the Institute of Physical Sciences in Medicine
National protocol for patient dose measurements in diagnostic radiology National
Radiological Protection Board, Chilton, UK (1992)

Padovani, R , Contento, G , Fabretto, M, Malisan, MR., Barbina, V and Gozzi, G
Patient doses and risk from diagnostic radiology in north-east Italy Brit J Radiol
60, 155-165(1987).

Palm, Å. Dosmätningar vid röntgenundersökningar av barn (in Swedish) Department
of Radiation Physics, University of Göteborg, Sweden (1993)

Persliden, J., Pettersson, H. and Fälth-Magnusson, K. Small intestinal biopsy in
children with coeliac disease measurement of radiation dose and analysis of risk
Acta Paediatr 82, 296-299 (1993)

Persliden, J. and Sandborg, M Conversion factors between energy imparted to the
patient and air collision kerma integrated over beam area in pediatric radiology Acta
Radiol. 34, 92-98(1993).

Pychlau, H. and Pychlau, P. Ein Diagnostik-Dosimeter-Grundform und Abwandlung
Dtsch. Röentgenkongr,, 1963, Beih. Fortschr. Röentgenstr. 100, 177-180

Roberts, P.J. Patient dosimetry in diagnostic radiology ICRU News 2, 10-13 (1992)

Rosenstein, M., Beck, T.J. and Warner, GG. (1979) Handbook of selected organ
doses for projections common in pediatric radiology HEW 7<J-fi()7<J, Rockville MD:
Federal food and drug administration, U.S. Department of health, Education and
Welfare, Bureau of Radiological Health

Rosenstein, M. (1988) Handbook of selected tissue doses for projections common on
diagnostic radiology, Rockville MD: Federal Food and Drug Administration, U.S.
Department of Health, Education and Welfare, Bureau of Radiological Health

Ruiz, M.J., Gonzalez, L , Vanö, E. and Martinez, A Measurements of radiation doses
in the most frequent simple examinations in paediatric radiology and its dependence
on patient age Brit J Radiol 64, 929-933 (1991)

54



Sandborg, M. (1993) Effective use of X rays in diagnostic radiology: Guidance for
the optimisation of image quality and absorbed dose in the patient by use of a Monte
Carlo computational model of the imaging chain (Thesis), Linköping: University of
Linköping.

Schneider, K, Fendel, H , Bakowski, C , Stein, E , Kohn, M , Kellner, M.,
Schweighofer, K., Cartagena, G, Padovani, R., Panzer, W , Scheurer, C. and Wail, B.
Results of a dosimetry study in the European community on frequent x ray
examinations in infants. Radiat. Prot Dosim 43, 31-36 (1992)

Schneider, K , Kohn, M , Bakowski, C , Stein, E , Freidhof, C , Horwitz, A.E.,
Padovani, R, Wall, B., Panzer, W and Fendel, H Impact of radiographic imaging
criteria on dose and image quality in infants in an EC-wide survey. Radiat. Prot.
Dosim. 49, 73-76(1993).

Shrimpton, P C , Wall, B.F. and Fisher, E.S. The tissue-equivalence of the Alderson
Rando anthropomorphic phantom for x-rays of diagnostic qualities. Phys. Med. Biol.
26, 133-139(1981).

Shrimpton, P C , Wall, B , Jones, D C and Fisher, E.S. The measurement of energy
imparted to patients during diagnostic x-ray examinations using the Diamentor
exposure-area product meter. Phys. Med. Biol. 29, 1199-1208 (1984).

Shrimpton, P C , Wall, B , Jones, D.G., Fisher, E.S., Hillit., M.C., Kendall, G.M. and
Harrison, R.M Doses to patients from routine diagnostic X ray examinations in
England. Brit. J. Radiol. 59, 749-758 (1986).

Shrimpton, P C and Wall, B. An evaluation of the Diamentor transmission ionisation
chamber in indicating exposure-area product (R cm3) during diagnostic radiologica
examinations. Phys Med. Biol. 27, 871-878 (1982).

Tingberg, A , Almén, A. and Nilsson, M. Organ doses from CT thorax examinations
of one year old children. MA-RADFYS 95-04 (1995)

UNSCEAR (1993) Sources and effects of ionizing radiation. United Nations
Scientific Committee on the effects of atomic radiation UNSCEAR 1993 Report to
the General Assembly with Scientific Annexes, New York: United Nations.

UNSCEAR (1994) Sources and effects of ionizing radiation. UNSCEAR 1994 Report
to the general assembly with scientific annexes. United Nations Scientific Committee
on the effect of atomic radiation., New York: United Nations.

55



Varchenya, V., Gubatova, D., Sidorin, V. and Kalnitsky, S. Children's heterogeneous
phantoms and their application in Rontgenology. Radiat. Prot. Dosim. 49, 77-78
(1993)

Warren-Forward, H.M. and McKeeney, D B Towards reduction of patient exposure
in medical diagnostic radiology. Radiat. Prot. Dosim. 43 283-286 (1992).

White, DR. Tissue substitutes in experimental radiation physics. Med. Phys. S, 467-
479(1978).

White, DR. The design and manufacture of anthropomorphic phantoms. ICRU news
1,4-14(1992).

WHO (1983) A rational approach to radiodiagnostic investiga'ious. Technical
Report 689, Geneva, Switzerland: WHO

WHO (1990) Effective choices for diagnostic imaging in clinical practice. Technical
Report 795, Geneva, Switzerland: WHO

Zankl, M., Veit, R, Williams, G, Schneider, K., Fendel, H, Petoussi, N. and Drexler,
G. The construction of computer tomographic phantoms and their application in
radiology and radiation protection Radiat Environ Biophys 27, 153-164 (1988).

Zankl, M., Panzer, W and Drexler, G Tomographic Anthropomorphic Models. Part
II: Organ doses from computed tomographic examinations in paediatnc radiology.
GSF-Bericht 30/93, (1993).

56



Abbreviations and terminology

• AP proj.: anterior - posterior projection

• Backscatter factor: the ratio between absorbed dose on the surface of the patient or

phantom and absorbed dose without the patient or phantom present.

• DAP meter: Dose-area product meter, also known as a kcrma-area product meter or even

air collision kcrma integrated over the beam area meter. This is a large-area transmission

ionisation chamber, normally fixed to the X-ray tube. The quantity measured is dose-area

product (kerma-arca product) [mGy • cm2].

• Effective dose (E), [mSv]:

E= Iw T H T

wT: weighting factor for organ/tissue T, is proportional to the risk of late somatic and

hereditary effects. Weighting factors valid for the whole population are given by the ICRP

(1991)

Hr: equivalent dose, the equivalent dose to organ T, is equal to the absorbed dose to organ

T, for X-rays

• ESD: Entrance surface dose (mGy), the absorbed dose measured on the surface of the

patient (backscatter included).

weight 1000
• Equivalent diameter: d-tv. =2-.\——7-; [cm]

weight [kg], height [cm]

• IVU: intravenous urography, examination of the urinary tract involving injection of

contrast medium.
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• LAT proj.: lateral projection

• MCU: micturating cystourethrography, contrast medium is introduced via the urethra.

Images are taken during micturition (emptying the bladder).

• PA proj.: posterior - anterior projection

• Radiation dose, dose: is used as a general expression and summary name for different

defined dosimctric quantities used in connection with e.g. diagnostic radiology.

• TL dosimeters: thcrmolumincscent dosimeters, small solid state detectors.

• Tube setting: Exposure parameters used, tube voltage [kV], current [mA] and exposure

time [ms]

• Width and thickness of the patient:

width = thickness -
frontal "diameter" lateral "diameter"
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