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FOREWORD

Concern about the radiation dose to children from diagnostic radiology
examinations has recently been popularly expressed, particularly as related
to computed tomography (CT) procedures. This involves the observation that
children can receive doses far in excess of those delivered to adults, in part
due to the digital nature of the image receptors that may give no warning to
the operator of the dose to the patient. Concern for CT examinations should be
extended to the broad range of paediatric diagnostic radiological procedures
responsible for radiation doses in children, especially as factors, such as
increased radiosensitivity and the longer life expectancy of children, increase the
associated radiation risk. In all cases, owing to the added paediatric radiological
examination factor of patient size and its associated impact on equipment
selection, clinical examination protocol and dosimetric audit, the determination
of paediatric dose requires a distinct approach from adult dosimetry associated
with diagnostic radiological examinations.

In response to this, there is a need to inform health professionals about
standardized methodologies used to determine paediatric dose for all major
modalities such as general radiography, fluoroscopy and CT. Methodologies
for standardizing the conduct of dose audits and their use for the derivation
and application of diagnostic reference levels for patient populations, that
vary in size, are also required. In addition, a review is needed of the current
knowledge on risks specific to non-adults from radiation, and also an analysis
of the management of factors contributing to dose from paediatric radiological
examinations.

In 2007, the IAEA published a code of practice, Dosimetry in Diagnostic
Radiology: An International Code of Practice, as Technical Reports Series
No. 457 (TRS 457). TRS 457 recommends procedures for dosimetric
measurement and calibration for the attainment of standardized dosimetry,
and addresses requirements both in standards dosimetry laboratories and
clinical centres for radiology, as found in most hospitals. A coordinated
research project was established in order to provide practical guidance to
professionals at the Secondary Standards Dosimetry Laboratories (SSDLs)
and to clinical medical physicists on the implementation of TRS 457, including
the establishment of dosimetric measurement processes in clinical settings.
Among the recommendations from the coordinated research project (see IAEA
Human Health Reports No. 4, published in 2011) was the need for guidance
on dosimetric standards and methodologies related to dosimetry for paediatric
patients undergoing diagnostic radiology.

Following the recommendations of the advisory committee of the
IAEA/World Health Organization SSDL network, known as the SSDL Scientific



Committee, a drafting group, consisting of P. Homolka (Austria), A. Fransson
(Sweden), C.-L. Chapple (United Kingdom) and K. Strauss (United States of
America), was appointed in 2010 to develop this publication to complement
TRS 457. The contribution of the drafting group to writing this publication is
gratefully acknowledged.

The TAEA officers responsible for this publication were H. Delis,
I.D. McLean and W. van der Putten of the Division of Human Health.

EDITORIAL NOTE

Although great care has been taken to maintain the accuracy of information contained
in this publication, neither the IAEA nor its Member States assume any responsibility for
consequences which may arise from its use.

The use of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of
their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated
as registered) does not imply any intention to infringe proprietary rights, nor should it be
construed as an endorsement or recommendation on the part of the IAEA.

The IAEA has no responsibility for the persistence or accuracy of URLs for external or
third party Internet web sites referred to in this book and does not guarantee that any content
on such web sites is, or will remain, accurate or appropriate.
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1. INTRODUCTION

1.1. FROM GENERAL TO SPECIFIC DOSIMETRY:
PAEDIATRIC RADIOLOGY

The dosimetry for paediatric patients undergoing diagnostic radiology
requires special consideration in addition to the general dosimetric methodologies
used for adult patients. The reasons why paediatric dosimetry needs to be
addressed as a specific area of study include:

— The importance of dosimetry for this patient group is more acute than for
adults given their:

e Longer life expectancy;

e Higher risk from radiation: This increased risk is complex and is
expressed through the relative radiosensitivity of various body tissues
which vary with sex and age [1] (see Section 5).

— Data collection and analysis are complex, fundamentally due to the wide
and continuous range of patient sizes present in the paediatric population.

— Paediatric patient examinations differ from adult examinations in many
ways including:

e Different technique factors, beam quality and ideally different radiological
equipment;

* Type of examinations performed;

e The skill set of the staff necessary to perform these procedures
successfully.

— Paediatric dosimetry requires different specialized phantoms and, in some
cases, radiation measurement equipment, e.g. more sensitive air kerma area
product (KAP) meters.

— There is relatively little dosimetric information available clinically on
radiation doses and risks for common paediatric examinations, making
decisions on risk assessment, which is essential for justification of
examinations and consideration of alternative examinations, difficult.

— There is, generally, a marked lack of optimization of protection in
paediatric radiographic examination procedures and the use of accurate, and
reliable dosimetric information is an important prerequisite to successful
optimization.



1.2. THE ROLE OF MEDICAL PHYSICISTS IN PAEDIATRIC DOSIMETRY

Compared to adult radiology, there are fewer paediatric radiology facilities
worldwide (either in dedicated paediatric hospitals or in specific examination
rooms in the general X ray department), so currently most paediatric radiology is
performed in a mixed environment with adult radiology.

There is a general lack of medical physicists specialized in diagnostic
radiology. Such medical physicists should have an understanding of the clinical
examinations [2], which enables them to make the necessary measurements and
interpretations for paediatric dose determination.

Paediatric dose levels have been shown to vary significantly for the same
examination from facility to facility. This can be seen from the generation and
analysis of dose audit data. Awareness arising from the results of such audits
may lead to the modification of examination procedures and, in some cases, of
equipment, to allow dose reduction.

Reduced paediatric radiation dose may be more difficult to achieve without
a dedicated ‘in-house’ medical physicist due to the limited time that a consultant
medical physicist may be contracted to be on site. The work of a dedicated medical
physicist should include assessment of patient dosimetry and the optimization
processes, in conjunction with radiologists and radiographers. This is necessary to
manage radiation dose and to provide diagnostic image quality [3—5]. Managing
dosimetry effectively is more involved than simple quality control measurements
and should lead to a better knowledge of institutional patient dose values.

1.3. DOSIMETRY FORMALISM

The dosimetry formalism follows the general concepts introduced in
Technical Reports Series No. 457 (TRS 457) [3] published by the IAEA. In
general, measured air kerma is used as the basis for directly measured application
specific quantities such as air kerma area product P, and entrance surface air
kerma (ESAK) K. All other quantities are derived from these measured quantities
using conversion coefficients with procedures described further in this section.
The general equation for converting a reading M, of the dosimeter at a beam
quality O into an application specific dosimetric quantity K, is:

Ky =MNy o, TTk; (D



where

Ny o, 1s the calibration coefficient of the dosimeter at the reference beam quality

Op

and I1%, is the product of the correction factors by means of which deviations
between reference conditions and conditions of measurement are taken into
account.

Every dosimetry measurement must consider accuracy. This is normally
done through an uncertainty budget. This assesses the contributions from various
components to the total uncertainty in the dose measurement. This is examined
in some detail in Ref. [3], especially with respect to the instrumentation involved
in measurement. Consideration should be given to both the clinical scenario for
an individual dose determination and additional uncertainties involved in the
determination of dose averages for typical clinical procedures, such as those
arising from size variations and small sample sizes.

1.4. DOSIMETRY INSTRUMENTATION

Dosimeters may be either ionization chambers or semiconductor
detectors conforming to the International Electrotechnical Commission (IEC)
61674 [6] specification with a traceable calibration under appropriate calibration
conditions [7]. It is important to use a calibration coefficient appropriate for
the clinical beam quality. Increasingly, beam qualities used for radiological
examinations include filtrations that are not covered by IEC beam quality
standards, particularly for equipment specifically used or designed for paediatric
applications. Additional care should be taken when making measurements in
beam qualities using dosimeters that have not been specifically calibrated for
those qualities. As a first step, interpolation of the calibration factors with regard
to half-value layer (HVL) can improve accuracy, especially for ion chambers. The
situation for semiconductor detectors is more complex as these detectors have a
much higher inherent energy dependence [8]. For this reason, it is important to
measure the HVL of the radiation beams typically used in paediatric radiology
for each X ray device. This may be done as part of routine quality assurance
procedures, but the user should be aware of possible differences between
beams used for paediatric and adult patients. The former may use significantly
lower tube voltages and/or greater beam filtrations, depending on the type of
equipment and local protocols. Advice should be sought, where necessary, from
the calibration laboratory regarding interpolation of calibration factors to clinical



beam qualities, and appropriate contributions made to the associated uncertainty
budget for the measurements.

The usefulness and limitations of different measurement devices are
discussed in more detail in Section 2.

1.5. DOSIMETRY THROUGH DIGITAL IMAGING AND
COMMUNICATIONS IN MEDICINE STRUCTURES

Increasingly, X ray equipment can supply parameters related to dose,
that are usually displayed on the equipment console and also stored in Digital
Imaging and Communications in Medicine (DICOM) structures. Examples of
these include an estimation of air kerma area product P, that is not directly
measured, similarly the interventional reference point kerma [9], that is related
to an estimate of the entrance surface air kerma K, and computed tomography
(CT) dose quantities, such as the volume CT dose index Cy, and air kerma
length product P, . Great care should be taken before these estimated parameters
can be safely used to describe patient dose. Each parameter should be verified
through independent direct measurement, where possible. This would normally
occur during the commissioning of new equipment and would ideally be subject
to follow-up verification periodically, particularly with software upgrades. Once
the veracity of these parameters has been established, indicative dosimetric data
could be used for dose audit purposes, provided they can either be identified
within the DICOM header and access successfully gained through an automated
data collection system, or recorded by clinical staff. In the future, patient dose
should be provided through the Integrated Healthcare Enterprise radiation
exposure monitoring profile'.

1.6. CHARACTERIZATION OF PAEDIATRIC SIZE

In order to make meaningful comparisons of paediatric dosimetry
information, it is important to compare patients of similar size using standard
size ranges or a series of common reference sizes. This requires a commonly
accepted and easily measurable metric. Most commonly used are a series of
standard age groups or a small number of standard ages. However, these provide
only a very broad indication of actual patient size, due to the large variations in

! DICOM Standard PS 3.16 (2009),
http://wiki.ihe.net/index.php?title=Radiation_Exposure Monitoring



both growth rate and obesity levels. In addition, average patient sizes might be
expected to show significant variation between different countries, giving rise to
a systematic bias in results. Other size metrics include directly measured patient
parameters, such as weight, height or body thickness, and derived parameters,
such as body mass index or equivalent diameter. These metrics are discussed in
detail in Appendix I, along with the most commonly used paediatric age bands
and reference ages.

Once a suitable metric has been determined, a method for analysing the
data needs to be developed that enables data to be presented in a meaningful
form and compared with other datasets. This is particularly important for the
determination of, and comparison with, diagnostic reference levels (DRLs). For
the establishment and use of DRLs, a sufficient number of patients at several
discrete age or size groups is needed and this may not always be practical; a
continuous ‘DRL curve’ can, in some cases, provide a more accurate and
convenient solution [10]. Paediatric data analysis and interpretation are discussed
in Section 4.

1.7. DOSE AUDIT AND ANALYSIS

Possibly the main reason for developing a knowledge of dosimetry for
paediatric patients is for its application in the process of optimizing protection
in the clinical environment. Since the dose to individual patients is subject to
considerable variation, it is advisable to consider the dose to a population of
similar patients. This process is called a dose audit and is discussed in detail in
Section 3. The dose audit is more complex for paediatric radiology compared
to adults, since the number of variables, especially those due to patient size, is
greater. The results of an audit need to be analysed in such a way that useful
information is provided to the user. One useful statistic is the distribution of dose
values within one examination room or between different examination rooms or
between different institutions. An extension of this analysis is to compare the
results of a dose audit to recognized bench mark dose levels, such as DRLs?
[11, 12] (see Section 4.2). While for many paediatric examinations it is true that
existing DRL values are limited, it must be considered that the amount of DRL
data is growing rapidly, and that other indicators, such as achievable doses’® [13],
are being developed. Another reason for undertaking a dose audit is to make a

> DRLs are typically based on the 75th percentile of a distribution of measured doses.
3 The achievable dose may be set at the median (50th percentile) of the survey dose
distribution.



determination of the risk of a procedure, perhaps in comparison to an alternative
procedure. Section 5 deals with this question.

1.8. DOSE AND RISK FOR DIFFERENT MODALITIES
OF IONIZING RADIATION

A recent study revealed that approximately 15% of all imaging studies
performed in the United States of America (USA) involving ionizing radiation
(interventional fluoroscopy, CT and cardiac nuclear medicine) deliver 85%
of the total radiation dose delivered to patients, while other imaging studies
(i.e. radiography and general fluoroscopy) deliver the remaining 15% [14].
This suggests that while the optimization principle should be applied to all
examinations of paediatric patients, priority should be given to those examinations
that deliver high doses. A study should concentrate not just on radiation dose but
also on diagnostic outcome. This is discussed further in Section 6.

1.9. SCOPE OF PUBLICATION

This publication covers the material needed by medical physicists
specialized in diagnostic radiology to provide an effective service to a radiology
department involved in the radiological examination of paediatric patients. The
material includes necessary information on dosimetric processes as well as
a discussion on optimization strategies and organ dose, and the resulting risk.
The introduction is followed by Section 2 on the formalism of dosimetry as
applied specifically to paediatric patients. This section supplements Ref. [3] and,
thus, follows the flow and terminology in that publication. Section 3 examines
the process of taking a dose audit, while Section 4 addresses approaches to the
analysis of audit data and particularly its relationship to patient size. The effect
of size on DRL measurement and comparisons is also discussed, as are the size
related dosimetric quantities for CT. Section 5 examines the steps involved in
moving from simple dosimetric measurements to organ dose and the associated
risk estimate that can be inferred from such processes. Section 6 discusses the
equipment and optimization processes that need to be considered for optimal
diagnostic outcome at reduced dose levels.



2. CLINICAL PAEDIATRIC DOSIMETRY
MEASUREMENTS

2.1. INTRODUCTION

This section builds on the general dosimetric principles and methodologies
found in TRS 457 [3] and extends this publication’s application to paediatric
patients, focusing on three key modalities. Despite dental radiology being an
important area for paediatric dosimetry, due to the high frequency of paediatric
dental X ray examinations, it is not considered in detail here as no additional
comment on the methodology is needed to that described for adults in Ref. [3].

For each modality, the procedures for conducting phantom measurements
are described first, followed by methodologies for measurements with patients.
While a summary of basic dosimetry methodologies, as described in Ref. [3], is
included here, particular attention is focused on areas of difference for paediatric
dosimetry as outlined in Section 1. Worked examples and an analysis of
experimental uncertainties are included for each modality, with appropriate
work-sheets given in the Annex.

2.2. GENERAL CONSIDERATIONS
2.2.1. Types of dosimetric measurement

The recommendations of TRS 457 [3] are that dose measurements or
determinations be made wherever possible, both with phantoms and patients.
The use of a phantom enables repeatable, standardized measurements to be
made, with a rapid evaluation of results. This is particularly useful for serial
measurements on one piece of equipment (as in quality assurance tests) and also
for making comparisons between different systems. Results are most meaningful
when measurements are carried out under full or partial* automatic exposure
control® (AEC) using clinical settings. To enable comparisons between centres, it
is important that standardized phantoms are used. The adult phantoms described

* In some cases, the clinical protocol may require that the tube voltage be specified
while still under AEC.

> AEC systems may also be known as ‘automatic dose control’, ‘automatic dose
rate control’ and ‘automatic brightness control’. The latter is often used for fluoroscopic
examinations.



in Ref. [3] are inappropriate for dose assessment in paediatric radiology. The
following sections make recommendations on suitable paediatric phantoms for
each modality. A compromise has to be made between simulation of a wide
range of patient sizes and keeping the number of measurements required within
reasonable limits. A further balance has to be kept between good anatomical
simulation and the simplicity and reproducibility of phantoms.

Since dose assessments on a phantom may not result in an accurate estimate
of average dose for a specific patient group or indication of dose variations
within the one examination observed in clinical practice, it is important to
complement these with measurements and determination of dose for patients.
Clinical measurements may also be made with solid state devices such as
thermoluminescent dosimeters (TLDs) or optically stimulated luminescence
(OSL) dosimeters. The main problem with TLDs is that there is typically a
0.1 mGy minimum absorbed dose to produce a reasonably accurate result. This is
above most paediatric entrance surface air kerma K, values. Thus, although such
solid state detectors can be useful in phantom measurements, the use of these
devices in paediatric dosimetry is not discussed in detail here. The interested
reader is referred to Refs [6, 15] for a detailed discussion of TLD and OSL
dosimetry.

The recommended dose quantities for patient dose are either incident air
kerma, ESAK, air kerma area product or air kerma length product. A primary
purpose of these measurements is to allow a clinical facility to compare patient
dose measurements against a benchmark such as DRLs. The decision as to which
dose quantity is most appropriate should be made according to the availability
of the required measurement equipment and DRL values. Patient dose audit in
paediatric radiology can be complex (see Section 3).

2.2.2. Kerma area product meters

KAP meters are among the most useful tools to measure patient dose. Their
usefulness, of course, depends on accurate calibration. KAP meters should be
calibrated in situ [15] and particular care must be taken to establish calibration
factors at the appropriate clinical beam qualities, which usually vary with
patient size. KAP meters exhibit significant energy dependence, and the effect
of differences between the calibration and clinical beams must be included in
the uncertainty budget. It is important to include the precision of the KAP meter
in this budget, as individual KAP readings may be low for paediatric patients.



In practice, it is desirable to use a KAP meter with a digital resolution of
0.1 uGy-m? or better®.

When calibrating a KAP meter in the field, care should be taken to
specify the irradiation geometry, so that reproducible geometry can be used for
subsequent calibrations. It should be noted that the recorded room temperature
and pressure at the time of calibration can be used as a benchmark for temperature
and pressure correction for future calibrations and measurement’.

2.3. GENERAL RADIOGRAPHY

The principal dosimetric quantities for use in general radiography are
incident air kerma, entrance surface air kerma and air kerma area product.
Incident air kerma is measured for phantoms and is determined using recorded
exposure parameters for patients. For patients, ESAK is typically determined
from the incident air kerma with the application of the appropriate backscatter
factor (BSF)®, but may also be measured directly with a TLD [3] or derived from
the P, , measured using a KAP meter.

2.3.1. Phantom measurements

TRS 457 [3] recommends the use of CDRH (Centre for Devices
and Radiological Health) phantoms for simulation of adult chest and
abdomen [3]. These are inappropriate for the simulation of paediatric patients,
and it is recommended that a number of phantoms varying in size be used
instead as a basis for paediatric dosimetry. Simple phantoms of either polymethyl
methacrylate (PMMA) or water are most easily obtained or manufactured, and
the thickness can be adjusted to simulate patients of varying sizes. Suggested
phantom dimensions and corresponding size equivalents are given in Table 1.
These are abdominal equivalent phantoms, and no specific chest phantoms are
recommended for paediatric dosimetry.

6 It should be noted that care is needed when reading different KAP meters as the units
in use are not standardized.

" The use of ‘typical’ temperature and pressure for a room is often the only practical way
to make this required correction. The effect of this approach should be reflected in the budget of
uncertainties.

¥ The BSF is generally smaller for paediatric rather than adult dosimetry, due primarily
to the smaller field sizes used (see Appendix III).



TABLE 1. DETAILS OF RECOMMENDED PHANTOMS FOR PAEDIATRIC
DOSIMETRY

Phantom dimensions Corresponding patient demographics
Apprommate . Polymethyl Appro.leate Apprqx1mate Approximate age
tissue thickness methacrylate weight height (USA)
(cm) thickness (cm) (kg) (cm)

5 5 b b Preterm

10 10 4.7 56 Newborn

15 15 31 138 10 years

* 60-70 kV with varying filtrations.
® Not possible to quantify.

The same equipment used for measurement of incident air kerma, as given
in Ref. [3] for adults, is used with paediatric phantoms. The diagnostic dosimeter
should be calibrated for paediatric general radiography beam qualities and the
phantom positioning and radiographic technique parameters should mimic
clinical practice for the appropriate size of the patient. If clinical practice is to
use AEC, care should be taken that the AEC detector is exposed appropriately.’
Measurements should be carried out for abdomen protocols for each standard
size. In the case of chest examinations, the AEC is usually only used for larger
children, thus allowing the use of the central AEC detector. In this case, the
abdominal phantoms (Table 1) can be used. If the central AEC detector is not
used, phantom measurements are not recommended and patient based dosimetry
should rather be used, as described in Section 2.3.2.

The following critical points should also be considered:

— For each phantom size and examination type, the phantom must be
positioned according to the clinical protocol for that patient group, using a
vertical or table Bucky as appropriate.

— Other factors that require care to ensure clinical accuracy are: the use of
a grid, choice of filtration where adjustable, choice of focus to detector
distance, and use of AEC detectors.

— The X ray field size for phantom measurements should be similar to the
typical field size during clinical practice.

° Tt should be noted that the position of AEC detectors should be different for paediatric
set-ups to account for the smaller size of the patient.
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— The dosimeter must be placed at a sufficient distance from the phantom
to avoid inclusion of backscatter, and should be positioned so as to avoid
shadowing the AEC detector if possible. If the dosimeter needs to be moved
off centre for this purpose, it should be shifted along a line perpendicular to
the tube anode—cathode axis (which minimizes the contribution of the heel
effect). The position of the dosimeter and phantom with respect to the tube
focus must be recorded accurately (see fig. 3.2 of Ref. [3]).

— Exposures must represent clinical practice as far as possible, including
use of AEC and/or pre-programmed factors. Where factors are selected
manually, the equivalent size guide in Table 1 should be used to aid
selection for exposure of the phantom.

— To avoid large uncertainties arising from the measurement of low dose
levels, it may be appropriate to make three consecutive measurements
without re-setting the dosimeter, and dividing by three to give the mean
measured value for a single exposure.

— When using an ionization chamber, account of temperature and pressure
conditions is necessary.

The HVL of each clinically used beam should be measured, taking care
to ensure any variable filtration is accounted for. The methodology for HVL
measurement is detailed in Ref. [3].

The air kerma K(d) at the measurement point d is given by:

K(d)=MN . ; kokp )

where

M s the mean value of the dosimeter readings;
N o, 18 the calibration factor of the dosimeter at beam quality Q;
k,  is the correction factor for dosimeter response at the clinical beam quality

O compared to Q,;

and k., is the correction factor (for ionization chamber dosimeters only) for
temperature and pressure, as given by:

8

(273247
P

273247,

Work-sheets for paediatric phantom measurements in general radiography
are given in the Annex.
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2.3.2. Patient dosimetry

For each patient, the incident air kerma K., can be determined by calculation
from recorded exposure parameters and the measured tube output. If the X ray
machine is equipped with a suitable KAP meter, the air kerma area product P,
can be recorded. As discussed in Section 2.2.1, the selection of K or P, as the
dosimetry quantity is especially important in paediatric dosimetry. Assuming
that a KAP meter is installed, the availability, reliability and currency of the
appropriate DRL should be considered for the examination to be evaluated. Other
factors that should be considered include the quantization error from the KAP
reading'®, and the importance of identifying poor collimation practice that is
possible from careful P, dosimetric analysis. The consideration of collimation
requires great care. This is true for adult radiography, but is particularly so in
paediatrics, where collimation is often much more difficult. The methodology for
air kerma area product measurements is given in Section 2.4. The methodology
for measuring tube output is given in Ref. [3].

For paediatric dosimetry, particular care is required in the collection
of exposure factors and other technique data. Recommendations on types of
examination, numbers of patients and required data are given and discussed in
Section 3. It should be noted here, however, that an accurate measurement of
focus skin distance (FSD), or otherwise both patient thickness and tube focus to
patient support distance, should be made for each patient. If measurements are
not an option, however, typical patient diameters can be obtained from height and
weight (see Appendix I).

The incident air kerma is calculated from:

Ki = Y(d)Ph

2
d J @)
d

FSD

where

Y(d) is the X ray tube output measured at a distance d from the tube focus, for
the particular tube voltage and filtration used for the patient exposure;

P, s the tube loading (mAs)" for the patient exposure;

t

1 Procedures, especially for young patients, that generate little KAP signal should be
carefully evaluated.

"' The ‘tube loading’ is the tube current—exposure time product (mAs) (i.e. the product of
the X ray tube current (mA) and the exposure time (s)) that applies during a particular exposure.
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and dy;, is the tube focus to patient surface distance, which may be calculated
from:

dsp = derp — Z, 5
where
dy, 1s the tube focus to patient support distance;
and 7, is the thickness of the patient.

ESAK may be calculated from the incident air kerma by applying the
appropriate BSF (see Appendix III):

K. =KB (6)

An example of the determination of uncertainties for typical entrance
surface dose measurements is given in Table 2.

Work-sheets for paediatric patient measurements in general radiography
are given in the Annex, including both standard work-sheets in the format from
Ref. [3], and a ‘clinical’ work-sheet that may be used by radiographic staff
collecting patient data.

2.4. FLUOROSCOPY

The principal dosimetric quantities for use in fluoroscopy are the ESAK rate
and the P, ,. Some fluoroscopy equipment will also display cumulative air kerma
(in grays) which is an estimate of cumulative skin dose [15]. This quantity is
relevant to deterministic skin damage. This is not expected to be of major concern
in paediatrics and will not be further discussed. The ESAK rate is measured with
phantoms, while for patients, the P, , is measured using a calibrated KAP meter.
The X ray equipment may also have a computational method to determine Py,
when its calibration should be verified by measurements with a calibrated KAP
meter (or, as before TRS 457 [3], with a calibrated ion chamber).

2.4.1. Phantom measurements
The ESAK rate can be measured using the same PMMA phantoms of

varying thicknesses, as described above for paediatric general radiography
(Table 1). This is analogous to the PMMA phantoms recommended for adult

13



TABLE 2. UNCERTAINTIES FOR GENERAL RADIOGRAPHY
MEASUREMENTS
Scenario A Scenario B Scenario C

s . Determmgtlon Practical Measurement

Description of scenario of K, using . .
doselou ot method; as in of Py, during
. oA . . tp scenario A, no patient exposure,

Uncertainty (k = 2) in dosimetric measurements, . .

. . manualcorrections no corrections
quantity due to: corrections applicd applied

applied PP PP

Intrinsic error of dosimeter 3.2% 3.2% >3.2%"[3]
Calibration coefficient N 1.6% 1.6% 1.6%
Long term stability of dosimeter 1% 1% 1%
reading
Difference in beam qualities between 1% 5% >20% [3]
calibration and clinical use
In situ calibration of P, chamber N/A N/A 7.5%
Field size/field inhomogeneity 2% 2% 5%
Focus skin distance 4% 10% —
Focus detector distance and scatter 3% 3% —
influence at dose output measurement
X ray output accuracy: 5% 5% —
Patient exposure 2.9% 2.9%
Output measurement
(three exposures)
Air density correction: 0.2% 2% 2%
Pressure 0.5% 2% 5% [3]
Temperature
Electromagnetic compatibility 2% 2% 2%
and humidity; other uncertainties
estimated <1% each
Combined expanded (20) 9% 14% >23%

uncertainty in K; or P,

Backscatter factor

Expanded (20) uncertainty in K,

Determination of K,

5%
10%

20%
24%

*This could be as high as 50% for measuring low values on a KAP meter with low digital
resolution, and should be individually assessed for each situation.
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fluoroscopy in Ref. [3]. If the detector does not respond to backscattered radiation
(e.g. semiconductor detectors with shielding on the exit surface), the entrance air
kerma rate must be determined by applying an appropriate BSF to the measured
incident air kerma rates.

The equipment used for measurement of entrance air kerma rates for adults,
as given in Ref. [3], is also suitable for paediatric phantoms. The diagnostic
dosimeter should be calibrated for clinical paediatric fluoroscopic beam qualities
and the selected protocol should mimic clinical practice for the appropriate size
of patient. Adjustable parameters could include the AEC setting, intensifier field
size, fluoroscopic pulse width and/or pulse rate, and air kerma rate to the image
receptor. The following points, in particular, should be noted:

— The dosimeter must be placed in contact with the phantom, at the X ray
beam entrance surface, with the set-up appropriate for the beam geometry
in use clinically (over couch/under couch/lateral). The tube focus to image
receptor and focus to dosimeter distances must be measured accurately.

— Exposures must represent clinical practice as far as possible, including use
of AEC, and the use of a grid and/or pre-programmed technique factors.
Where some factors (e.g. tube voltage) are selected manually, the equivalent
size guide in Table 1 should be used to aid selection for exposure of the
phantom.

— The field size used should mimic that used clinically for the appropriate
patient size. Typical values are given in Section 3, Table 7 on p. 28.

— It should be ensured that the AEC system has stabilized before making a
measurement, and measurements should be repeated to give a total of three
values.

— When using an ionization chamber, readings should be taken of temperature
and pressure.

The ESAK rate is given by:
K.=MN ; kokrp (7

where

M is the mean value of the dosimeter readings;

Nk o, is the calibration factor of the dosimeter at beam quality O,;

k,  1is the correction factor for dosimeter response at the clinical beam quality
Q compared to Q,;
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and k., is the correction factor (for ionization chamber dosimeters only) for
temperature and pressure, as given by:

(273241
2713241,

5

If PMMA phantoms are used, an additional correction needs to be made to
allow for the difference in BSF between water and PMMA. In this instance, the
equation for the ESAK rate becomes:

. - Bw
K. =MN o kokrp B ©)

where B, and B, are the BSFs for water and PMMA, respectively, under the
measurement conditions.

It can be shown that B /B, 1S reasonably independent of energy with
a slight field size dependence. A general value of 0.93 can be assumed with an
error over the field size and energy of about 2%, with a value of 0.94 for a 10 cm?
field, falling to 0.92 for a 25 ¢cm” field. It is appreciated that the error involved in
the measurement of the ESAK rate would be significantly in excess of the error
due to the backscatter correction for material.

Work-sheets for paediatric phantom measurements in fluoroscopy are given
in the Annex.

2.4.2. Patient measurements

Measurement of P, , using a transmission ionization chamber (KAP meter)
is recommended for monitoring patient exposures for examinations involving
fluoroscopy (see Section 2.2.2). KAP readings, along with patient and
examination details, should be taken for a series of paediatric patients for
each examination type under investigation. Recommendations for patient and
examination selection are given in Section 3. The air kerma area product is
calculated for each patient as:

Pya = MNPKA,Q“kaTP (10)

where

M is the KAP meter reading;
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Np . .o, is the calibration factor of the dosimeter at beam quality O,;
is the correction factor for dosimeter response at the clinical beam
quality O compared to O;

ko

and k, is the correction factor for temperature and pressure (see Section 2.2.2).

(2732471
P

273247,

;

Work-sheets for paediatric patient measurements in general fluoroscopy
are given in the Annex, including both standard work-sheets in the format
from Ref. [3] and a ‘clinical’ work-sheet that may be used by radiographic staff
collecting patient data.

An example of the determination of uncertainties for typical fluoroscopy
dose measurements is given in Table 3.

2.5. COMPUTED TOMOGRAPHY

The principal dosimetric quantities for use in CT are the CT air kerma
indices C, "> and Cy, (CTDIy). A further CT air kerma index C,,, (CTDI,,)
is derived from Cj, for particular patient scan parameters. Patient doses for
a complete examination are described in terms of the CT air kerma length
product Py, . (dose length product (DLP) in IEC terminology) (see Table 4 for
comparison of IAEA and IEC definitions'). For paediatric dosimetry, the use
of a displayed computed tomography dose index (CTDI) will most probably
underestimate the dose to the patient when compared to the case for adults.
This is because the display (console value) of the CT scanner is usually
calibrated with measurements in a 32 cm diameter phantom, except for head
CT. If specific paediatric protocols are available, the calibration of the console
can be either with a 32 cm diameter phantom or (more usually) with a 16 cm
diameter phantom, but even the latter will lead to underestimation for very
small children [16]. This critical point is further discussed in Section 4.4.1.

2 It should be noted that C, ,, is not used in standard CT dosimetry but has application
in the determination of organ doses and quality control processes.

B IEC definitions of CTDI are based on the use of an ionization chamber with a dose
integration length of 100 mm [16]. The CTDI is a dose index and should not be interpreted as a
patient dose.
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TABLE 3. UNCERTAINTIES FOR FLUOROSCOPY MEASUREMENTS

Scenario 1 Scenario 2 Scenario 3

Description of scenario Determination of Determination of Measurement of
entrance surface  entrance surface Py, during patient
air kermarate K air kermarate K,  fluoroscopy,

using a phantom, using a phantom, P, , chamber
applying air no manual calibrated in situ

Uncertainty (k= 2) in dosimetric ~ density and beam corrections
quantity due to: quality correction applied
Intrinsic error of dosimeter 3.2% 3.2% >3.2%
Calibration coefficient N 1.6% 1.6% 1.6%
Long term stability of dosimeter 1% 1% 1%
reading
Difference in beam qualities 3% 6% >20%
between calibration and clinical
use
Field size/field inhomogeneity 2% 2% 5%
Distance measurements and 4% 4% —
correction
Scatter radiation 3% 3% —
Kerma rate® 5% 5% 5% or greater
In situ calibration of P, chamber N/A N/A 7.5%
Difference in table attenuation N/A N/A 15%
compared to in situ calibration
point due to varying beam hardness
(under couch systems)
Air density correction: 0.2% 2% 2%
Pressure 0.5% 2% 5%
Temperature
Electromagnetic compatibility 2% 2% 2%
and humidity; other uncertainties
estimated <1% each
Backscatter factors 5% 5% N/A
Combined expanded (20) 10% 12% 24%

uncertainty in K, or Py,

* Instruments should be checked for the range of dose rates over which their calibration is
valid, and an appropriate uncertainty determined.
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TABLE 4. COMPARISON OF IAEA AND INTERNATIONAL
ELECTROTECHNICAL COMMISSION DOSIMETRY TERMINOLOGY
USED IN COMPUTED TOMOGRAPHY

International
Quantity IAEA Electrotechnical
Commission
Measured free-in-air:
Computed tomograph 1 +50 CTDI. =
i kp ind i 100 = 7 7 K(z) dz air
air kerma index . N-TJ s 1 +OCK (54
— Z) dz
NTJ « *
Measured in standard phantom:
Weighted computed 1 CTDI,, = 1/3CTDI,,,,

tomography airkerma  Cy, = 3 (Commatone +2Cpvmatoop) +2/3CTDIy,
index

Normalized weighted
computed tomography
air kerma index

Cy .CTDI,,

n

Volume computed CyoL CTDI,,
tomography air kerma
index

Computed tomography Pe o= Z 2CvoL P, DLP = CTDI L
, : j

; it
air kerma length product 7

It is also essential that the CTDI or DLP'" definition be consistent with the
definition used for the relevant DRL (see Sections 4.2 and 4.4).

2.5.1. Phantom and free-in-air measurements

CT air kerma indices C, ,, and C,, are measured with a calibrated pencil
ionization chamber. The chamber should be calibrated for the tube voltage used
clinically for paediatric patients (this may routinely be lower than 120 kV in
some centres). C,,,, is measured free-in-air, and C,, to simulate a paediatric

'* DLP is the preferred indicator for examinations as it accounts for the scan length, over
scanning and the number of series in an examination.
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body, should be measured in the standard CT head phantom' (16 cm diameter).
It is recognized that even this phantom size may be significantly larger than some
paediatric patients, and a methodology for converting measurements to values in
a different size phantom is discussed in Section 4. The measurement protocol is
detailed in Refs [3, 16] and should be followed with the following points noted:

— Care needs to be taken to make measurements for clinically relevant
paediatric settings (tube voltage, slice widths, field of view (FOV), focal
spot size'’, etc.).

— If the pencil chamber is calibrated in terms of milligrays rather than
milligray centimetres (mGy-cm), the value of the dosimeter reading
must be multiplied by a factor of 10 cm (corresponding to the length of
the chamber). Measurements must be made for a single rotation of the
X ray tube with no couch movement. The ease with which this may be
done depends on the particular type of scanner. If engineers’ mode can be
accessed, this may prove most convenient; otherwise, an axial/sequential
protocol must be selected. All scanners will have a high resolution chest
protocol using sequential mode, and usually sequential head and abdomen
protocols; the number of slices must be set to one and the increment or
couch movement to zero. It should be pointed out that, depending on
scanner type, the set-up and use of single axial slices can be difficult,
especially as most clinical protocols are spiral (helical) scans.

— Jonization chamber readings must be corrected for temperature and
pressure.

The air kerma indices are calculated according to the following equations.
For measurements in air:

1 —
Caroo= N-T MNPKL,QOkaTP (12)

' A 10 cm diameter phantom for the paediatric head is used by some workers;
however, at this stage, the 16 cm phantom is recommended for consistency with existing
dosimetry data.

' CTDI,;, can change fairly significantly with focal spot size for some scanners. As focal
spot size is automatically selected, according to the FOV and tube current, there may be a
requirement to make measurements at both focal spot sizes and record this parameter with
clinical data.
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and the normalized value:

C
C _ Sau0o (13)
a,100 PIt
where
M is the mean value of the dosimeter readings for a single rotation of the
X ray tube;
N-T is the nominal beam width in a single rotation with N =1 for single slice
scanners;
P, is the tube loading (mAs) for that single rotation;
Np o, is the calibration factor of the dosimeter at beam quality O,;
k, is the correction factor for dosimeter response at the clinical beam

quality O compared to Q;

and k;, is the correction factor (for ionization chamber dosimeters only) for
temperature and pressure, as given by:

[&] (14)

(273247
TP P

2732+,

For measurements made in the head phantom, central and peripheral values
are calculated and combined as follows to give Cy, and the normalized ,Cy;:

1 -
Comma100c = WMCNPKL,QOkaTP (15)

1 —
CPMMA.IOO,p = N-T MpNPKL,QUkaTP (16)

(17)

CW - g (CPMMAJOO,C + 2CﬂPMMA,lOO,p)

where subscripts ¢ and p denote measurements in the centre and periphery of the
phantom, respectively.

Cyw

Coy =X
PIt

(18)

n

It has been demonstrated that the above CT kerma quantities, such as Cy,
based on the use of a 100 mm pencil chamber and a 15 cm CT dose phantom,
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lose viability for nominal beam widths that exceed 40 mm. In this case, Cy, can
be determined using the following formulation'”:

C, :
Cwnr =Cwret X Cmﬂ (19)

a,100,Ref

where

Cynr 1s the weighted CT air kerma index for a nominal beam width of N-7'mm
(if N-T 1s >40 mm);
Cyrer 18 the weighted CT air kerma index for a reference beam width of 20 mm
(or closest possible value below 20 mm);
C,100nr 18 the CT air kerma index measured free-in-air for a beam width of
N-Tmm;

and C, g, 1S @ similar quantity at the reference beam width.

The methodology used to measure C, ., can be found in recent
publications [16].

Work-sheets for paediatric phantom measurements in CT are given in
the Annex. An example of the determination of uncertainties for CT dose
measurements in CT is given in Table 5.

2.5.2. Patient dosimetric data assessment

No direct measurements are made on patients for CT examinations, but two
further dose quantities, Cy, and air kerma length product Py, ., are derived from
the air kerma indices described above and technique data for individual patients.
Technique data that should be collected are detailed in Table 6, as different
interpretations for some parameters are used for different scanner types.

Cyo. 1s given by:

N-T
CVOL ~n CWPnT (20)

'7 Measurements of C,, using a 100 mm pencil chamber do not capture the extended
scatter dose tails within or external to the phantom [17-19] that are independent of the nominal
beam width and can exceed 20%. These are not addressed by the correction factors shown in
Eq. (19).
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or
CvoL = 0 Cwlren 21
where P, (effective mAs) is given.

TABLE 5.  UNCERTAINTIES FOR COMPUTED TOMOGRAPHY
MEASUREMENTS

Influence quantity Uncer]:ainlty (%)
Intrinsic error N, 32
0.5

Radiation quality (higher for solid

state dosimeters)
Kerma rate 0.5
Direction of radiation incidence 1.0
Air pressure 0.5
Temperature and humidity 0.5
Electromagnetic compatibility 1.5
Field size/field homogeneity 1.0
Operating voltage 1.2
Long term stability of user’s instrument 0.5
Precision of reading 0.6
Precision of tube loading indication 1.0
Precision of chamber/phantom positioning in the centre of the gantry 0.3

Uncertainty of 1 mm in phantom diameter and 0.5 mm in depth of

measurement bores 0-35
Uncertainty in chamber response for in-phantom measurements (Cy, only) 3.0
Relative combined standard uncertainty (k = 1) for C, 35
Relative expanded uncertainty (k = 2) for C, ,, 7.0
Relative combined standard uncertainty (k = 1) for Cy, 4.6
Relative expanded uncertainty (k = 2) for C,, 9.2
Displayed values of C,,, and dose length product P 20%

if not calibrated
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TABLE 6. PARAMETERS TO BE RECORDED FOR ASSESSMENT OF
PATIENT DOSE IN COMPUTED TOMOGRAPHY

Parameter to be recorded Notes on interpretation of parameter

Tube voltage (kV)

Py, (mAs)/rotation or P Effective mAs incorporates pitch.

(effective mAs)

Couch increment / or helical pitch Manufacturers can use varying definitions of pitch.

For dosimetry, pitch is defined as the distance moved
by the couch divided by nominal slice width. The
parameter is not required if effective mAs is recorded.

Acquisition slice width setting N-T  For example, a four slice scanner N-T could be
4 x 1 mm or 4 x 5 mm, etc. This should not be
confused with the reconstructed slice width which
may be different.

Total tube loading (mAs) P, is the ~ Should not include scan projection radiograph mAs,

total mAs for each series but should be actual rather than maximum or projected
mAs where possible. This is not supplied by all
scanner types, so may need to be calculated from total
scan time or scan length.

Air kerma length product is given most simply by:

PKL,CT = nCan,totN'T (22)

or, where total mAs is not given, by:

(23)

PKL,CT ~n CWPIt,effL
where L is the total scan length including over-ranging.

Collected patient data should be recorded using the appropriate work-sheets
in the Annex.

Displayed values of C,, (CTDI,) and Py, ., (DLP) may usefully
be recorded and should be compared to calculated values to ensure correct
evaluation, especially in conjunction with tube current modulation. In this case,
post-scan values must be used. However, these displayed quantities (which are
based on internal machine calculations) must not be collected in isolation unless
their calibration has been checked across the full range of clinical protocols.
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3. PAEDIATRIC DOSE AUDIT

3.1. AIM OF PAEDIATRIC DOSE AUDITS

There are a number of reasons for carrying out a paediatric dose audit that
may include the following:

— The TAEA Basic Safety Standards [4] have the inherent requirement that
patient dosimetry be performed.

— To determine the distribution of dose values for a particular examination.

— To assess the appropriate usage of equipment with respect to defined
protocols'®.

— To provide input to and comparison with local or national DRLs (see
Section 4.2) or, where these do not exist, international values.

— To set local DRLs: The intention should be to gather enough data to provide
representative dose values for a number of typical examinations and for a
range of patient sizes, appropriate to the department in question.

— To determine the radiation risk of a certain procedure when compared to an
alternative procedure.

3.2. GENERAL CONSIDERATIONS

It is important to use appropriately calibrated instruments. If these are not
available, the dose audit will only be able to supply comparative data between
different techniques at the same establishment. If a dose audit is carried out over
a period of several months using a KAP meter, the calibration of the KAP meters
should be confirmed at the beginning and end of the study period and, preferably,
at appropriate intervals in between. The calibration of the displayed CTDI,,
and DLP on CT scanners should also be measured at the previously described
intervals.

Before an audit is undertaken, the following points should be considered:

— That appropriate periodic quality assurance tests on equipment have been
carried out to rule out equipment problems.

' In this case, a more limited number of patients may be sufficient for a protocol check
rather than a full audit.
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— The skill profile of the radiographic staff: Are any staff members highly
trained paediatric radiographers? Do staff rotation patterns in the area cause
the skill profile to vary, e.g. normal working hours versus nights, weekends
or holidays?

— Whether examination protocols for all possible age groups are in existence
for the examinations that need to be performed; and whether these protocols
are routinely used by staff.

— A dose audit will only be successful if carried out with the full cooperation
of clinical and technical staff. Staff operating the equipment, and those
responsible for clinical governance in the area, should be included in
planning discussions, and should receive the results of the dose audit.

— The maximum recommended period of time for data collection is
3—6 months. (This does not prevent a further extension of the audit being
carried out at a later date, following analysis of the initial data.) Motivation
will be lost if the time period is too long. Too short a measurement period
will not result in an adequate amount of data.

— Generic work-sheets (examples are provided in the Annex) should
be adapted for local equipment and protocols. It is essential that staff
completing work-sheets understand fully what is required and what the
varying parameter descriptors mean'’. It should be noted that examination
names and other terminology vary from country to country.

— The collection of dosimetric data from DICOM structured reports
associated with a patient examination is very appealing as it provides a
rapid method of collecting data. However, additional knowledge may be
necessary to convert the DICOM data to established dosimetric forms,
and not all manufacturers currently make full use of the available DICOM
structures. Required patient data, if restricted to the age of the patient,
may limit the analysis of such data in the paediatric setting. In this case,
supplementary patient size data (such as height and weight) may need to
be gathered manually. As new DICOM data fields become available, this
process will be simplified.

— A paediatric dose audit can be a complex and lengthy task that covers a
wide range of parameters in order to be valid. It is not always possible to
be completely prescriptive in outlining audit techniques, as these may be
influenced by local factors.

' In practice, it may be advisable to convert some of the standard nomenclature used
here to more common local terms, e.g. mAs instead of P,, as has been done in the ‘clinical’
forms in the Annex.
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3.3. SELECTION OF PATIENTS

Reference [3] makes no recommendations regarding the number or various
sizes of patients required for data collection. However, the sample size should be
large enough to avoid statistical fluctuations caused by a small number of patients.
Variation in measured doses can be particularly large if the sample contains a
wide range of patient sizes. For paediatric dosimetry data collection, the sample
size may well be limited by the available number of paediatric examinations.
There are at least two data collection approaches that can be used to assist in this
situation:

(a) Using defined age bands to allow the averaging of dose data within each
band;
(b) Analysing the data as a function of patient size or age (see Section 4.3.5).

A combination of these approaches may also be employed.

If data are being collected for defined age bands, a minimum of 20 patients
per age group is recommended for a full audit. When patients are not grouped,
ideally the patient sizes should be equally distributed with a sample size sufficient
to provide a good statistical analysis of the patient dose with respect to patient
age or size. For more complex examinations, or if there are no standard paediatric
protocols in place®, there are likely to be large fluctuations in dose, even for
patients that are nominally the same size. In this case, patient sample size should
be increased to 40—50 patients per age group if possible.

3.4. SELECTION OF PATIENT EXAMINATIONS

Examinations that are commonly performed on paediatric patients may
vary in different countries. It is important to audit those examinations that
have the highest potential dose and/or frequency, based on the practice in the
local radiology facility. The most common examinations may vary with patient
age group. Examinations with standard protocols are preferred. Suggested
examinations for inclusion in an audit are given in Table 7; however, this list
should be supplemented by local procedures if alternative high frequency or high
dose examinations are performed.

2 Particularly when there is a high staff turnover.
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TABLE 7. SUGGESTED EXAMINATIONS FOR PATIENT DOSE AUDIT

Typical field size* (cm x cm)

Modality Examination
1 yearold 5 yearold 10 year old
General Chest AP (supine) 16 x 13 18x17 21 x23
radiography Chest PA (erect) 17x14 20x19  23x26
Abdomen AP 15x17  21x15 26%x19
Pelvis AP I5x10 21x15 26x%x19
Fluoroscopy Voiding/micturating cystourethrogram 11 x 11 12x12 14x14
Contrast swallow 9x13 11 x 15 12 x 17

Contrast meal (upper gastrointestinal tract) 8 x 14 13 x 15 b

Contrast enema (lower gastrointestinal tract) b b b

Computed  Head (brain protocol)

tomography® Thorax
High resolution thorax — _ _
Abdomen
Pelvis

Based on data from the Australia and United Kingdom. However, large individual variations
from these values are common.

No data available.

Trunk examinations may be combined depending on local protocols. Clinical indications
should always be recorded, as these may have given rise to large dose differences for
examination of the same body area.

Note: AP: anteroposterior; PA: posteroanterior.

3.5. AFTER AN AUDIT

It is important that the audit loop be ‘closed’ after the collection of data.
The results need to be analysed and reported to the audited department to allow
optimization of protection for the examination to begin. This should be followed
by a follow-up audit. An initial narrow scope for an audit, for example, analysis
of doses for one particular examination or age group with a defined end point
rather than all examinations, equipment and modalities at once, usually results in
a more immediate improvement in radiation safety for the patient. An important
caveat is that patient radiation dose cannot be considered in isolation, and an
assessment of image quality should be included when interpreting the results of
a dose audit.
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4. PAEDIATRIC DATA ANALYSIS AND INTERPRETATION

4.1. INTRODUCTION
Paediatric dosimetry data may be utilized in two main ways:

(a) To derive, contribute to or compare with relevant DRLs;
(b) To estimate risk, or relative risk, for a specific patient.

For the first case, variations in dosimetric data arising from the variable
sizes of the paediatric population being studied should be removed, to the extent
possible, in order to either derive or compare doses at reference sizes or to analyse
the doses as a function of patient size or age (Section 4.3.5). For the second case,
individual patient size must be taken into account, through the use of size specific
conversion factors, for a risk related dose quantity, as described in Section 5.

4.2. DIAGNOSTIC REFERENCE LEVELS

DRLs are defined by the International Commission on Radiological
Protection (ICRP) [20] as a form of investigation level using easily measured
dose quantities, such as incident air kerma or entrance air kerma, as used for
either a simple standard phantom or a representative patient for typical diagnostic
radiological examinations. The term ‘reference value’ may be used in some
countries. The following points should be noted regarding the definition and use
of DRLs:

— The use of DRLs is mandatory [4], but a given DRL value is not a dose
limit. Specific DRLs are advisory, not regulatory, measures. They are not
related to dose limits established for radiation workers and members of the
public.

— DRLs are intended to identify high levels of radiation dose to patients.

— DRLs apply to common examinations*. Recent experience also suggests
that, in some cases (e.g. in CT), the DRLs should be specified for a given
indication of the examination [21, 22].

2! The use of different equipment specific DRLs for an examination is not encouraged.
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— Dose quantities and techniques should be easy to measure (e.g. entrance or
incident air kerma).

— National DRL selection is by professional or governmental bodies, typically
using a percentile point on the observed distribution for patients, and is
specific to a country or region.

— As noted by the ICRP, the objective of a DRL “...is accomplished by
comparison between the numerical value of the diagnostic reference level
(derived from relevant regional, national or local data) and the mean or
other appropriate value observed in practice for a suitable reference group
of patients or a suitable reference phantom.” [20]

— DRLs are not static, but can be expected to change over a period of time
due to both technological advances and increased optimization. When
referencing DRLs, the source, including the date of derivation, should
always be included.

4.3. ANALYSIS OF AUDIT DOSE DATA AS A FUNCTION OF SIZE
4.3.1. Generalized dose as a function of size

There are many factors that affect patient dose, including the equipment
used, the experience of staff, the protocols used, the complexity of the procedure
and the size of the patient. This may be expressed such that the form of any given
patient dose D can be given as:

D =D, fix) fic) (24)
where

D is the value of a dose quantity (such as K, or Py,);
D, 1isaconstant;
flx) s a function relating to patient size;

and f{c) is a function combining all of the other factors described above that
behaves effectively as a random variable whose magnitude varies with the
examination complexity and is assumed not to be correlated with patient size.

Various authors have demonstrated that the variation in patient dose, arising

from size alone, is best described as an exponential relationship [23-26]. This
may be written as:
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fix)=¢e™ (25)
where

X is the size-related parameter such as patient weight, thickness or equivalent
diameter;

and m is a constant.

Equation (26), thus, shows patient dose as a two component function, one
component predictably dependent on patient size and the other unpredictably
attributed to other examination factors:

D =Dge™ flc) (26)

Taking the logarithm of Eq. (26) gives:

InD=1InD,+ Inf(c) + mx 27)

For a dose study involving a relatively simple examination in a single room

with well defined protocols, f{c) may be close to constant, and a typical log plot
of dose or dose descriptor against size is shown in Fig. 1.
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FIG. 1. In Py, for a simple examination (chest radiograph) as a function of chest diameter for
a single X ray room.
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For more complicated examinations, such as fluoroscopic procedures, the
same plot will more typically be like Fig. 2. The function f{c) gives rise to dose
distributions with the form of a Gaussian with a high-dose tail.
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FIG. 2. Kerma area product data for a complex examination.

4.3.2. Normalization of patient dose to reference sizes

The patient reference dose value D,_; for a specific reference size x,; is
simply determined through the normalization of a patient dose value D from
consideration of Eq. (24) to give:

Dref = Df(xref) (28)
as f(c) is constant for a particular patient examination.

This implies that there is no substantial change in the conduct of the
examination with the change in patient thickness, such as a change in tube voltage

or of grid conditions™. In this case, Eq. (28) can be further simplified to give:

D, = De"er (29)

22 To ensure that this condition is met, it may be necessary to restrict the range of the
thickness used in Eq. (28).
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or
InD,.=1InD+m(x,—x) (30)

thus, linearizing the size dependence in the logarithmic notation, allowing simple
determination of D, using logarithmic averaging (see later).

In order to determine m, several authors have taken the approach of
collecting large data samples and plotting the log of the dose variable D against
an appropriate sized parameter x, followed by determination of the gradient of the
resultant graph. This value is then used to determine a series of correction factors
to convert dose data to a dose corresponding to the reference sizes/ages [23, 25].
This approach requires a reasonably large sample of data across a wide age/size
range to obtain sufficient accuracy, as the data plotted contain the variables f{(x)
and f(c). The required sample size will depend on the magnitude of f{c) and the
required uncertainty acceptable for the survey. For small sample sizes, variations
uncorrelated with size may obscure the effect of size, particularly for more
complex procedures.

The above method enables each dose data point in a set of patient dose
measurements to be adjusted to a dose at the reference patient size. The mean
of these values is then taken to remove variations in the dose data as attributed
to the complexity of the examination and other variables (summarized in f{c)).
Analysis of this variation, however, will give a measure of the uncertainty of the
dose estimation.

The approach of determining D_ for a reference size x,; can be used to:

ref ref

— Calculate reference doses, defined for reference sizes, as part of a process
to determine average dose values or DRLs;

— Adjust previously given reference dose values (average values to DRLs) to
a size that is relevant for a particular study, as part of the analysis process.

4.3.3. Alternative methods for determining patient
dose values for reference sizes

In addition to the method above, other approaches can be used to correct
for size. In these approaches, it is usual that the collection of data be constrained
in some way to limit sources of non-size-related variability and, hence, allow
smaller sample sizes to be collected for the desired uncertainly of the audit. Some
of these are described.
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4.3.3.1.  Use of effective attenuation coefficients

A National Radiological Protection Board (NRPB) publication [26] derives
a theoretical exponential relationship between K, and patient thickness, based
on the assumption of a constant exit dose incident upon the image detector K,
and by incorporating an inverse square law correction into the linear attenuation
coefficient of the patient to give:

K, = ke" (31
where

U is the effective attenuation factor, equivalent to m in earlier equations;
x  is patient thickness;

and £ is a constant.

Values for ¢ have been determined for a range of exposure conditions, from
using both phantom measurements and Monte Carlo calculations, and these are
tabulated according to field size and tube voltage. Values of the normalization
factors required to convert patient dose data at specific thicknesses to D, are also
given in the publication. A similar approach is used for KAP measurements, with
an additional correction factor for changing field size. This approach requires
access to the tabulated data and detailed knowledge of the tube voltage and field
size used for each patient to correctly apply the data.

4.3.3.2.  Utilization of a calibrated automatic exposure control response

Another approach for specific examinations, using the dose variable P,
and performed under AEC, has the advantage that f{x) can be determined under
controlled conditions, thereby greatly reducing the magnitude of f{¢). In this case,
phantom measurements are used to determine the increase in P, with changing
patient thickness while under AEC [24]. A plot is made of the log of P, against
phantom thickness x but, as measurements were made under fixed conditions,
patient examination variability f{c) is excluded as measurements are carried out
with a fixed field size and fluoroscopy time for each phantom thickness. The
relationship derived was:

In Py, =kx+c 32)
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where

x is patient thickness™;
k is equivalent to variable m (Section 4.3.2);

and c is a constant.

It has been found that many systems exhibit a very similar AEC response,
and that & can be established from Eq. (32). The method allows normalization
for size correction to be applied to any measurement dose. This method does not
include any correction for field size variation with patient size.

4.3.4. Binning of data

Whatever approach is used to normalize data with respect to patient size,
uncertainties will be reduced by minimizing the spread of sizes in any one data
sample. This can be achieved by grouping or binning the data into a series of
age or size ranges. In the simplest cases where no data normalization occurs,
paediatric dose data should be binned with an averaging process applied to both
the size and dose variables (see Section 4.3.4.1). The most commonly used
reference ages and their associated sizes are given in Appendix L.

Data may be binned appropriately for any of the methods in Sections 4.3.1
and 4.3.2. If using the NRPB method (Section 4.3.3.1), it is suggested that binning
be centred on the reference sizes rather than using the standard age bands. If the
logarithmic method (Section 4.3.4.1) is applied to datasets spread evenly around
a reference age/size, this will also yield dose values applicable to the reference
size. It should be noted that adequate sample sizes for statistical significance
must be maintained. Examples of each methodology are given below.

The simplest case is perhaps the collection of paediatric dosimetric data
binned within specified age bands, with a simple arithmetic mean of these values
within each bin to give a mean patient dose. One advantage of this system
is that it can be applied to situations where few or no size data are collected
with the dosimetric data. An extension to this is to take a log average of the
data, as described in Section 4.3.4.1. Examples of the methods are given in
Section 4.3.4.2.

» In some cases, it might be more convenient to derive the equivalent cylindrical
diameter from measurements of patient height and weight (see Appendix I).
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4.3.4.1. Mean logarithmic method

Given the exponential nature of input dose parameters with size, instead of
using an arithmetic mean, an arguably better approach is to take the log average
of the dose data from binned datasets. The calculated log average dose value
may be interpreted as the dose expected to be received by a patient equal in size
to the arithmetic mean size for the patient sample undergoing an examination
of typical complexity for a particular facility. Using this technique, there is no
requirement to normalize individual patient dose measurements to a reference
size, thus speeding up the analysis of the data and reducing uncertainties for more
complex examinations.

The data analysis steps are as follows:

Step 1: Each patient dose data point should be logarithmically transformed.

Step 2: Logarithmic dose data should be averaged in size intervals.

Step 3: Average data should be transformed back to give the dose indicator from
the average of logarithms of the data points.

Step 4: An average should be taken of the patient size data points within each
size interval. This gives the patient size value which corresponds to the
log average dose value determined in step 3. If no size data are available,
the typical average size for that age group should be used.

4.3.4.2.  Examples of data analysis to give the log average dose for the mean
size of the binned sample

Table 8 shows the results of the analysis of incident air kerma data collected
for thorax examinations at a single X ray unit, where data have been binned
according to age bands with between 19 and 150 patients in each age band. For
each calculated value of K, the logarithm was calculated and then for each age
band the mean logarithmic value of K, calculated. The exponential of these mean
logarithmic values gives the size average, or log mean, dose value.

For this dataset, the log mean dose values are very close to the simple
arithmetic mean dose values, as the sample sizes are large and evenly distributed
throughout the size range, thus giving a close to normal distribution of doses.

Tables 9 and 10 show analysis of data collected for micturating
cystourethrograms for a single X ray unit, and for patients with equivalent
cylindrical diameter (ECD) within £2 cm of the European standard for a 1 year
old. The mean patient parameters of the data sample are described in Table 9, in
comparison with the standard parameters. Details of the mean P, calculated as
described above, along with that calculated according to the alternative methods
described in Section 4.3.3, are given in Table 10.
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TABLE 8. DATAANALYSIS FOR ALARGE SCALE SURVEY OF INCIDENT
AIR KERMA AT THORAX EXAMINATION

Age band Thickness range Mean thickness Arithmetif: mean Log I:lean'Ki
(cm) (cm) K. (units) value® (units)

0—-1 month 8.5-10 9.2 25.6 253

0-1 year 9.2-12.2 10.7 27.9 27.9

1-5 years 10.2-13.8 11.9 33.0 32.0

5-10 years 11.2-18.3 13.4 41.9 414

* Exponential of mean In K.

TABLE 9. PATIENT PARAMETERS FOR A  MICTURATING
CYSTOURETHROGRAM STUDY

Patient sample (71 children) Standard 1 year old
Mean age: 0.9 years 1 year

Mean weight: 9.0 kg 9.26 kg
Mean equivalent cylindrical diameter: 12.7 cm 13.0 cm

TABLE 10. ANALYSIS OF DOSE DATA FOR A MICTURATING
CYSTOURETHROGRAM STUDY

Mean P, calculation method Mean Py, value (units)
Mean raw data value 48
Mean value using an automatic exposure control 48

normalization factor
Mean value using tabulated normalization factors 51

Value using a mean logarithmic method 35
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The above example demonstrates how in this case the log mean value of
Py, is considerably less than the mean raw data value or either size normalized
value (all of which yield similar values), as the dose distribution is significantly
non-Gaussian, as illustrated in Fig. 3. The data plot shows the typical shape of
patient dosimetry data plots, in that it has a roughly Gaussian body with a long
high-dose tail. The mean raw and exponentially corrected values lie towards the
upper edge of the Gaussian part of the distribution, whereas the log mean value
lies within the peak of the Gaussian part. For such distributions, the derived log
mean value is a closer representation of the median value of the distribution,
which may be considered to be a better descriptor of ‘typical’ dose for this piece
of equipment than the mean value, as the latter will be heavily influenced by a
small number of unusually high values.
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FIG. 3. Distribution of Py, values in the micturating cystourethrogram study described in
Tables 9 and 10.

4.3.5. Comparison of dose audit results to diagnostic reference levels

Once dose values have been established from a dose audit, these data should
be checked against appropriate DRL values. Every effort should be made to have
dose data for a standard patient size that match the size used for the DRL. If this
is not possible, the audit data should be compared to the nearest (higher) DRL
patient size. Dosimetry data should always be collated out in individual rooms
and data should be analysed separately for each X ray unit in the first instance,
as described above. This will have more impact on optimization than binning the
data beforehand, as it may identify specific rooms where protocols have not been
set up or used correctly.
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In the thorax examination study example (Table 8) above, for the age band
1-5 years, the size averaged value of K, is 32 uGy for a mean patient thickness
of 11.9 cm which, for this data sample, is around the middle of the size range
for this age band. The Austrian DRLs for this examination type are 60 pGy for
1 year olds and 70 uGy for 5 year olds; in this case, local dose values are well
below national DRLs [23]. In general, the local value should be compared to the
DRL for the age/size higher than that in the local survey, i.e. that for 5 year olds
in this example. For greater accuracy, DRLs may be plotted as a function of size
or age, and a DRL value deduced for the mean patient size [10, 21] in the local
data sample.

4.3.6. Derivation of diagnostic reference levels from dose audit data

In the case of deriving DRL values, the generally accepted approach is to
consider the spread of resultant mean dose values for each X ray facility and
adopt the third quartile of the mean room doses as the DRL. In all cases, it is
reasonable to round DRL values to one or, at most, two significant figures.
For paediatric data, DRLs may also be plotted as a function of size or age in
order to provide a relevant value for any particular patient group (as shown in
Section 4.3.5). This may be particularly useful when the log-averaging method
has been applied to a dataset where the mean patient size does not correspond to
a specific reference size.

It should be recognized that if optimization is carried out for facilities with
higher doses, the spread of doses should become progressively narrower and
it may become inappropriate to use a third quartile value as the DRL. In this
case, a more flexible pragmatic approach may be required, such as plotting the
distribution of doses and finding the point at which the Gaussian part of the curve
changes to a high-dose tail, or considering a number of standard deviations above
the mean or median value.

4.4. INTERPRETATION OF COMPUTED
TOMOGRAPHY DOSE INDICATORS

For radiography and fluoroscopy, the primary dose indicators (X, and P,)
are based on measures of tube output in air, whereas for CT the indicators (Cy,;
and Py ;) are based on both tube output and absorption in standard sized
phantoms. These CT dose indicators quantify the amount of radiation generated
by the CT scanner during a clinical examination. Since the standardized phantoms
used for these measurements are not good models of patient attenuation for
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patients of varying sizes, from an infant to large adult, C,, and Py, . should
never be used as an estimate of patient dose during a CT examination.

44.1. Cyp

Cyo. Wwas defined in Ref. [27] to indicate the radiation output of a
CT scanner measured in a specifically defined phantom. It is suitable for
comparing radiation production of different scanners. As such, C,, is affected by
many scan parameters: tube current, rotation time, pitch, tube voltage, location of
the phantom relative to the scanner detector, X ray tube focal spot, and the shape,
thickness and material of the bowtie filter inserted into the X ray beam. C,,, may
be considered a dose index of CT scanners [28].

Radiation dose in a clinical CT examination is determined by the amount of
energy delivered to locations within the patient’s body by the CT scanner. Thus,
an estimation of patient dose can be determined by adjusting C,,, (radiation
output of the scanner) using a conversion factor that accounts for the attenuation
of the patient’s body, which is, in turn, a function of body size, in comparison
with the attenuation properties of the standard CTDI phantom. Assuming that the
scanner’s displayed CTDI values for an abdominal scan are based on the 32 cm
CTDI phantom, the estimated patient dose for an adult is similar to the displayed
Cyor- The small infant’s estimated abdominal dose will be approximately
three times greater than the Cy,, while the abdominal dose to the largest adult
abdomen will be approximately 70% of C,, [29]. In the event that the scanner
displays C,,, based on the 16 cm CTDI phantom, the estimated abdominal dose
to the infant will only be 1.5 times greater than Cy;. It is imperative that the
operator know which of the two standard CTDI phantoms their scanner uses for
each type of clinical examination when displaying C,,, .

A set of conversion factors have been derived to convert C,, to a size
specific dose estimate (SSDE) for children, small adults and large adults receiving
CT scans [29]. These were derived using four independent methodologies to study
the attenuation properties of patients. When the data from the four methodologies
were combined, a logarithmic relationship between the effective diameter of
the patient and the normalized conversion factor was found, giving a single
set of conversion factors for all high voltage scan parameters between 80 and
140 kV [29]. The correction factors are currently limited to variations in patient
size for the trunk of the body. The accuracy of the SSDE estimate as a function
of patient size is believed to be within 20% [29]. The SSDE provides a patient
dose estimate that can assist in assigning risks that result from CT paediatric
scans as discussed in Section 5. This allows the radiologist and radiographer
to use the SSDE to better manage the radiation dose delivered to paediatric
patients, especially in institutions that scan paediatric patients a minority of
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the time. Calculating SSDE is relatively simple with the use of look-up tables
based on patient thickness. For example, if the electronic measurement of the
scan projection image of the patient gives a lateral dimension of 12.3 cm, and
the scanner displayed C,,, is 5.4 mGy based on the 32 cm CTDI phantom, the
correct look-up table [29] gives a correction factor of 2.5 for a 12 cm patient. The
size specific dose estimated for the patient is given by Eq. (33):

SSDE = 5.4 [mGy] x 2.5 = 13 [mGy] (33)

It is important to note that the SSDE should not be used to compute a
modified DLP nor to compute effective dose using currently available conversion
factors (see Ref. [29]).

4.4.2. Dose length product

The concept of DLP incorporates both the mean C,,,; and the total distance
scanned. It has often been considered to be the more useful of the two commonly
used CT dose metrics, as it can be considered to be related more closely to risk.
However, for paediatric dosimetry, in particular, it is important to understand
both the drawbacks and the advantages of this quantity through a consideration
of the factors affecting the total scan length:

— The size of the patient will have a large effect on the scan length for a
single phase and the higher DLP resulting from scanning a taller patient
will not necessarily correspond to higher organ doses.

— The choice of anatomical start and stop positions should normally be
dictated by the clinical requirements of the examination but, for small
children in particular, may have a critical effect on the dose to organs at the
edge of the area of interest.

— The degree of over-ranging in helical scans, i.e. the additional scan volume
either side of the region of interest, depends on the scanner type, nominal
beam width setting and the pitch, as a specific type of scanner will usually
use a set number of tube rotations before and after the selected range, and
the distance this equates to in the z direction will vary with beam width and
pitch. Over-ranging will result in additional dose to the patient, which is
likely to be a greater percentage of the total dose as the patient size decreases.

— The number of phases of the examination will affect the total dose to organs
within the scan volume, e.g. a two-phase scan could double the dose to
scanned organs.

— One might be tempted to estimate the DLP of paediatric patients by
substituting SSDE for C,,,. While this might be helpful in some cases to
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estimate risk, this cannot be done under any circumstance if the calculated
paediatric DLP is going to be used with published effective dose conversion
factors to estimate effective dose.

— Regarding CTDI values, it is important to know to which size phantom
the displayed DLP values relate. This may be the head phantom for all
paediatric protocols or may be the 32 cm phantom for body protocols. It
may also depend on the FOV selected, rather than on head or body mode,
e.g. selecting a small FOV on an abdomen protocol may use the head
phantom value.
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5. RADIATION RISK RELATED QUANTITIES

5.1. INTRODUCTION

The dose quantities described in earlier sections are relatively easy to
measure or derive and, as such, are very suitable for use in setting, or comparisons
with, DRLs. However, they are not, in general, directly related to the radiation
risk to the patient for the following reasons:

— Generally, they do not specify the dose to radiosensitive organs or tissues™.

— They do not take into account the radiosensitivity of the tissues being
irradiated.

— They may not take into account the size of a particular patient, which
affects the actual absorbed dose, and, hence, the risk.

— They do not specify the age and gender of the patient. These parameters
also influence the risk.

Knowledge of the radiation risk associated with a specific examination,
and particularly for a specific patient size and age, is important, especially when
comparing alternative diagnostic examination types and, more generally, within
the justification process.

This section reviews radiation effects in children that could result from
diagnostic radiology examinations and discusses the steps involved in moving
from dose information to suitable risk related quantities, with a discussion on
specific computational methodologies for both projection and CT radiographic
procedures.

5.2. RADIATION EFFECTS FOR PAEDIATRIC PATIENTS
AT DIAGNOSTIC RADIOLOGY DOSE LEVELS

Radiation effects are divided into the categories of stochastic and tissue
effects (deterministic) [20]. At dose levels commonly found in diagnostic
radiology, the overwhelming effect in both adult and paediatric patients
is believed to be an increased incidence and associated mortality from

** In the case of dose quantities, such as ESAK, however, there will be a relationship to
deterministic effects on the skin.
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stochastic effects [30]. At the dose levels which occur during complex
interventional fluoroscopic procedures or CT examinations, the primary radiation
risk differs for the small paediatric patient and large adult patient. The size of the
adult patient results in larger dose rates to the entrance skin increasing the risk of
tissue effects. At the same time, adult patients receiving interventional procedures
tend to be older and sicker than the general population, making it less likely that
they will survive long enough for stochastic effects to be expressed [30]. In
contrast, the small paediatric patient receives smaller dose rates to the entrance
skin, thus reducing the risk of tissue effects, while their greater sensitivity to
the stochastic effects of radiation and their longer expected lifetime increase
the likelihood of a stochastic effect [30]. Regarding larger paediatric patients,
one should bear in mind that this group potentially has a similar risk of tissue
effects as adult patients. The risk of stochastic injury, on the other hand, will not
be different from that associated with other paediatric patients of the same age,
gender and ethnicity [30].

5.2.1. Stochastic effects
5.2.1.1. Cancer induction

The major categories of paediatric cancer are leukaemia, brain tumours
and lymphomas. They represent almost 70% of all paediatric cancers. In
comparison, the most common forms of adult malignancies are of epithelial
origin, such as in prostate, breast, lung and colon carcinomas. Baseline data
on cancer induction during childhood are available through the International
Classification of Childhood Cancer”. The cumulative induction risk to age 15 for
the normal incidence of childhood cancer has been reported to lie in the range of
1.0-2.5 cases per thousand.

Cancer induction in children, and the risk of childhood malignancies from
diagnostic radiological procedures based on epidemiological data in children, have
been reviewed by Linet et al. [31]. The main concern for adverse health effects
from radiation exposure in paediatric imaging is related to the increased risk of
cancer incidence and mortality (stochastic effects). Linet et al. [31] conclude
that the existing data and current knowledge are not sufficient to suggest a clear
connection between early life diagnostic radiation exposure and the occurrence
of paediatric cancer. Consequently, the need for nationwide surveys to estimate
foetal and childhood radiation doses from common diagnostic procedures is
emphasized (see chapter 3 of Ref. [31] for a discussion on paediatric dose audits).

» http://seer.cancer.gov/iccc/

44



A health risk assessment from exposure to low doses of ionizing radiation
is summarized by the National Research Council of the National Academies.
Data, including childhood cancer incidence and mortality from the BEIR VII
Report [1], are summarized in Tables 11 and 12, as well as in Fig. 4. Compared
to the population as a whole, the lifetime cancer risk from radiation exposure in
childhood (both incidence and mortality) is generally higher for a given dose.
The increased risk for a given dose for younger age groups reflects:

— The increased radiation organ sensitivity during development;
— The longer life expectancy of the child, during which time a cancer can
become established and develop.

The increased risk of radiation effects in the paediatric population needs
to be addressed in diagnostic radiation medicine. The task of ensuring that the
radiation dose to children is the minimum needed to comply with the necessary
image quality requirements of a diagnostic radiology examination is, therefore,
of the utmost concern in paediatric imaging. As imaging smaller patients requires
less radiation in general, paediatric examination protocols with reduced dose
compared to corresponding adult protocols should always be available for such
procedures. Strategies to achieve this through optimization of protection in
paediatric diagnostic radiology procedures are discussed in Section 6.

TABLE 11. LIFETIME ATTRIBUTABLE CANCER INCIDENCE AND
MORTALITY RISK FOR ALL CANCERS AS A FUNCTION OF AGE AT
EXPOSURE (number of incidence/mortality per 100 000 persons exposed to a
single uniform whole body dose of 0.1 Gy: data from Ref- [1])

Age (years) 0 5 10 15 20 30 40 50 60 70 80
Male 2563 1816 1445 1182 977 686 648 591 489 343 174
Incidence
Female 4777 3377 2611 2064 1646 1065 886 740 586 409 214
Male 1099 852 712 603 511 381 377 360 319 250 153
Mortality

Female 1770 1347 1104 914 762 542 507 469 409 317 190
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TABLE 12. LIFETIME ATTRIBUTABLE CANCER INCIDENCE AND
MORTALITY RISK FOR ALL CANCERS FOR PERSONS EXPOSED TO A
SINGLE UNIFORM WHOLE BODY DOSE OF 0.1 Gy NORMALIZED TO
THE AGE OF 70 YEARS (data from Ref- [1])

Age (years) 0 5 10 15 20 30 40 50 60 70 80

Normalized Male 747 529 421 345 285 2.00 1.89 172 143 1.00 051

incidence  gemale 11.68 826 638 5.05 4.02 2.60 2.17 1.81 143 1.00 0.52

Normalized Male 440 3.41 285 241 204 152 151 144 128 1.00 0.6l

mortality  pemale 558 4.25 3.48 2.88 240 1.71 1.60 148 129 1.00 0.60

The increased radiation sensitivity of organs of children is seen from
epidemiological data and is expressed in the BEIR VII Report as a decrease in
cancer incidence and mortality with age [1]. Examination of these data shows
that cancer incidence varies considerably between the different organs, with the
lungs and female breast being the most radiosensitive at birth, and the thyroid
and female breast showing the greatest decrease in radiosensitivity with age. It
should also be noted that the sensitivity of different organs varies over time in
specific ways. The risk of both cancer incidence and mortality is considerably
higher for females.

Lifetime attributable risk of cancer mortality

700

600

500 —6— Stomach
—©-— Lung
©— Breast
400 A —O— Leukaemia

Number of deaths per 100 000 females
exposed to a single dose of 0.1 Gy

Age (years)

FIG. 4. Lifetime attributable risk of cancer mortality in females for irradiation of single
selected organs (data from Ref. [1]).
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5.2.1.2. Hereditary effects

Information on hereditary effects of radiation come almost entirely from
animal experiments, combined with our current understanding of genetics. While
it is a subject of much study [32], its importance in radiation detriment has been
reduced as ICRP publication 103 [33] reduced the tissue weighting factor for the
gonads from 0.2 to 0.08 (see Table 13 on p. 51).

5.2.2. Tissue effects

Tissue reactions, or deterministic effects, resulting from radiation
exposure during a diagnostic radiology or interventional procedure can, in
some circumstances, occur in heavily exposed tissue, usually the skin or the
lens of the eye. Skin tissue reactions are infrequently experienced in paediatric
X ray imaging, as the smaller size of paediatric patients requires lower skin
doses during a typical procedure, compared to those needed for a similar adult
procedure. Consequently, paediatric skin doses rarely reach the dose threshold
required for deterministic effects to occur, provided there is not a serious problem
with equipment and that adequate paediatric protocols are used.

It is, therefore, important to be vigilant in using optimized imaging protocols
and procedures to prevent an unnecessarily high dose to sensitive organs and/or
tissues especially prone to deterministic effects, such as the skin.

5.3. DOSE QUANTITIES AND RISK ASSESSMENT

Reference [31] includes a comprehensive summary of publications from
the epidemiology literature relating risk of childhood cancers to early life
post-natal medical radiation exposure. As no unified approach for dose metrics
was observed, it was concluded in Ref. [31] that “differences in the radiologic
dose units for different radiologic examinations complicate comparisons among
procedures.” In this section, the different dose units used to arrive at a risk
related dose metric are summarized. Special attention is given to the concepts of
‘effective dose’ and ‘equivalent organ dose’. Although effective dose has been the
most commonly used dose metric when reporting the risk related to a given type
of procedure, there is growing demand to replace or, at least, complement this
metric with information on the equivalent organ doses involved in the procedure
[34-37].
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5.3.1. Average organ dose

At the low doses encountered in diagnostic imaging, the average absorbed
dose in the organ (or tissue), which is defined as the ratio of the energy
imparted . to the tissue or organ and the mass m, of the tissue or organ, is used
as the basic physical quantity to correlate dose with radiation detriment:

Dy ==L (34)

5.3.2. [Estimation of equivalent organ dose

The equivalent dose /1, to an organ or tissue T is used to characterize the
effects of different radiation types in causing stochastic effects. For a single type
of radiation R, it is the product of a radiation weighting factor w, for radiation R
and the organ dose D.:

Hp=wgDy (35)

For X rays, the radiation weighting factor is one. The equivalent dose is
recommended by the ICRP for risk—benefit assessment as seen in their statement
that:

“in the low dose range, below about 100 mSy, it is scientifically plausible
to assume that the incidence of cancer or heritable effects will rise in direct
proportion to an increase in the equivalent dose in the relevant organs and
tissues.” [33]

The equivalent organ dose in a reference person can be estimated using
conversion coefficients that relate the physical quantities describing the radiation
field to the organ dose. Usually, in projection radiography and fluoroscopy,
the incident air kerma K, the ESAK K| or the Py, are used in conjunction with
conversion coefficients that are typically a function of the X ray source and
geometry (beam quality, i.e. tube voltage, filtration and HVL, field size, focal
surface distance) and patient anatomical considerations, such as the direction and
location of the X ray field with respect to the patient, as well as the size, shape
and composition of the patient (or patient model). Normally, such conversion
coefficients are determined through Monte Carlo calculation, although in some
cases, they could also be derived experimentally with physical phantoms and
dosimeters such as TLDs.

It should be recognized that imaging the paediatric patient generally
involves very different radiographical technique factors (tube voltage,
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tube current, filtration, field size (or scan length in CT)) compared to those
corresponding to adult examinations. In combination with the significant size
variation of organs and in patient thickness in the direction of the X ray beam
with age, dose estimation in paediatrics is a delicate task that requires careful
attention at the time of choosing the required conversion coefficients appropriate,
both for the imaging task as well as for the specific paediatric age group. The
International Commission on Radiation Units and Measurements (ICRU)
summarizes this by stating that:

“when a dose conversion coefficient is needed for a specific situation,
the best approach is to select a value from the available data based on
similarities in exposure conditions (projection, view, field size, and
radiation quality) and patient model.” [38]

As the greatest influence on the average dose to a tissue or organ is the
extent to which it is in the primary X ray beam, it is important to ensure that the
data used match the primary irradiated organs correctly, even if this necessitates
using a nominally different examination projection.

In CT examinations, the SSDE, as defined in Section 4.4.1, may be used
as a first approximation of the patient organ dose, provided that the organ is
relatively large and is completely contained within the scan length [29] (see
Section 5.3.6 for examples of tables of conversion coefficients for organ dose
and software packages that can be used to calculate organ doses directly for
diagnostic radiology).

5.3.3. Patient models
Conversion factors are necessary in order to conveniently determine organ

or tissue dose from simple dosimetric quantities, such as incident air kerma K
(Section 2) as described below:

¢p,.x, = Dr/K; (36)
and for Cy, or C, for CT applications:

¢p,.Cye. = P1/CvoL (37)

These conversion factors can be determined through either direct
measurement of D, with the use of physical anthropomorphic phantoms or

computational modelling, normally using Monte Carlo code, utilizing either
mathematical or voxel phantoms to represent the human body [38].
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Generic or ‘standard’ models for the human body have been based on
publications such as the reference man [39]. These models have more recently
been expanded with ICRP publication 89 [40] which includes age and sex
specific data. This material is based mainly on European and North American
data. While ethnic and geographical issues may affect the mean size of people
and, thereby, the mean conversion coefficients, individual variation within any
group is large, as is seen in Appendix I. In order to estimate the mean doses in
a group, it is best to estimate the doses in the various sized individuals and then
calculate the average doses in the group. The use of standard model data along
with accurate tissue substitute materials [41] and fabrication methodologies
[42, 43] has allowed the production of accurate anthropomorphic phantoms
and these have included paediatric phantoms [44]. Increasingly, computational
modelling is used to determine conversion coefficients. The use of segmented
datasets from cross-sectional imaging to create ‘voxel’ phantoms has contributed
to an ever increasing number of adult patient models [45]. The ICRP recently
defined reference models for adult dosimetric calculation [46]. At this stage,
the number of paediatric models is more limited [47-49]. An overview of
the different models applied to estimate organ and tissue doses in diagnostic
radiology are summarized in ICRU publication 74 [38], with paediatric examples
given in table 5.2 of that publication.

5.3.4. Use of effective dose

The effective dose E is a measure of the combined detriment from stochastic
effects for all organs and tissues for the reference man. It is the sum over all of
the organs and tissues of the body of the product of the equivalent dose H to the
organ or tissue and the tissue weighting factor w, for that organ or tissue:

E:ZWTHT (33)
T

This quantity is designed for protection purposes for whole body irradiation
of populations and is based on combined risk information for both males and
females. The tissue weighting factors w; of Ref. [33] are shown in Table 13.
The tissue weighting factors take into account variations in radiation sensitivity
between organs, and represent mean values over both sexes and account for
population age distribution. Consequently, the effective dose is not designed to
be used to estimate the risk for incidence of cancer and/or heritable effects for
a particular individual patient, and should not be applied for this purpose, as is
specifically stated in Ref. [33]. Furthermore, the estimation and interpretation
of effective dose becomes more problematic when the organs receive only
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partial, and/or a very heterogeneous exposure, as is the case when undergoing a
diagnostic X ray examination.

TABLE 13. TISSUE WEIGHTING FACTORS (from Ref. [33])

Tissue weighting

Tissue or organ factor (wy) Wt
Bone marrow, colon, lung, stomach, breast, remainder tissues® 0.12 0.72
Gonads 0.08 0.08
Urinary bladder, oesophagus, liver, thyroid 0.04 0.16
Bone surface, brain, salivary glands, skin 0.01 0.04

* The tissue weighting factor for remainder tissues is applied to the arithmetic mean of the
doses to the following 14 organs/tissues: adrenals, extrathoracic region, gall bladder, heart,
kidneys, lymphatic nodes, muscle, oral mucosa, pancreas, prostate, small intestine, spleen,
thymus and uterus/cervix.

The ICRP [33] recommends that the use of effective dose be restricted to
comparison of the risk related dose burdens from different types of (diagnostic)
procedure, or in inter-comparison of procedures performed in different hospitals
or countries.

Within the context of paediatric imaging, it should be recognized that the
relative tissue weighting for organs may not be appropriate for paediatric patients
as is clearly seen from Fig. 4. The effective dose does not accurately reflect the
differences in the age dependency of the radiation sensitivity of various tissues
and organs. The comparison of effective doses estimated for patients undergoing
paediatric examinations with corresponding adult patients might, therefore,
be misleading for judging the risk of a given paediatric procedure, even if one
would use an additional general age related risk factor (see Table 12). Yet another
concern relates to the unit in which effective dose is expressed — the sievert —
as it is the same unit used for equivalent dose. To avoid misinterpretation of the
dose value given, the dose quantity (i.e. equivalent dose or effective dose) should
always be clearly stated.

If effective dose is to be utilized, for the reasons mentioned above, the set
of tissue weighting factors used by the program should also be checked. Codes,
such as PCXMC [50] for projection radiography and fluoroscopy, and ImPACT
CT [51] and CT Expo [52] for CT, have all adopted the revised set of tissue
weighting factors given in Ref. [33]. PCXMC and CT Expo include both adult
and paediatric patient models, while the InPACT CT dosimetry calculator only
estimates dose in adult patients, although some correction factors are provided
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for paediatric examinations. A full Monte Carlo simulation of the (typically
radiotherapy) dose distribution using the actual patient CT data is available with
the software ImpactMC?.

It may be anticipated that as further data continue to become available for
assessing radiation risks, particularly at low doses, there may be further changes
in tissue weighting factors in the future. This can lead to significant changes in the
effective dose quantity, as has already been demonstrated for the recent changes
which have typically led to increases of around 35% in effective dose for X ray
examinations of the head and decreases of around 40% for X ray examinations
of the pelvis [53]. Equivalent organ dose, on the other hand, by definition does
not depend on tissue weighting factors and is, in this sense, a more robust dose
metric than effective dose.

5.3.5. Risk assessment

The assessment of the risk associated with stochastic health effects of an
X ray procedure should account for the radiation sensitivity of individual organs
and tissues, and its variation with age and sex, and the lifespan and cancer
statistics of the relevant demographic group”. Data on the cancer incidence
and mortality for organs and tissues, as a function of both sex and age, have
been compiled in Ref. [1]*®. The cancer incidence and mortality data are shown
in Tables 14 and 15. It should be noted that these relate to US cancer and life
statistics, and figures for other populations may differ”. In many circumstances,
if the equivalent dose can be determined for a number of ‘critical organs’
(see Table 13), i.e. radiosensitive organs in or near the primary beam, it may
be appropriate to apply age specific risk factors for these particular organs. This
would be preferable to using a computational program, designed to calculate
effective dose, that does not properly address the clinical application. At the
time of selecting tables or choosing a software package to perform organ dose
calculations, the different phantom models used to derive these factors should be
established, in particular noting whether paediatric models were used. Assessing
risk using two different analysis methods can be a good way to validate
conclusions. For example, a manual estimate can be made to compare with the
results obtained from an available computational program (see Section 5.3.6 on

2 http://www.ct-imaging.de/en/ct-software-e/impactmc-e.html

7 http://globocan.iarc.fr/

# Risk data also vary with population [1].

¥ Reference [33] presents mortality rates and cancer incidence for ‘Asian’ and
‘Euro-American’ populations (tables A.4.10-A.4.17). Such data can also be obtained from
various national statistics.
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dose conversion factors). Cancer risk estimates, based on individual organ doses,
that are age and sex specific are presently implemented using software programs
such as PCXMC for projection radiography, and could also be implemented in
other software codes, including those designed to address CT.

TABLE 14. LIFETIME ATTRIBUTABLE RISK OF CANCER INCIDENCE
PER 100 000 PERSONS EXPOSED TO A SINGLE DOSE OF 0.1 Gy

(reprinted from Ref. [1])

Age at exposure (years)

Cancer

site 0 5 100 15 20 30 40 50 60 70 80

Males

Stomach 76 65 55 46 40 28 27 25 20 14 7
Colon 336 285 241 204 173 125 122 113 94 65 30
Liver 61 50 43 36 30 22 21 19 14 8 3
Lung 314 261 216 180 149 105 104 101 89 65 34
Prostate 93 80 67 57 48 35 35 33 26 14 5

Bladder 209 177 150 127 108 79 79 76 66 47 23
Other 1123 672 503 394 312 198 172 140 98 57 23
Thyroid 115 76 50 33 21 9 3 1 03 0.1 0.0
All solid 2326 1667 1325 1076 881 602 564 507 407 270 126
Leukaemia 237 149 120 105 96 84 84 84 82 73 48
All cancers 2563 1816 1445 1182 977 686 648 591 489 343 174

Females

Stomach 101 85 72 61 52 36 35 32 27 19 11

Colon 220 187 158 134 114 82 79 73 62 45 23
Liver 28 23 20 16 14 10 10 9 7 5 2
Lung 733 608 504 417 346 242 240 230 201 147 77
Breast 1171 914 712 553 429 253 141 70 31 12 4
Uterus 50 42 36 30 26 18 16 13 9 5 2
Ovary 104 87 73 60 50 34 31 25 18 11 5

Bladder 212 180 152 129 109 79 78 74 64 47 24
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TABLE 14. LIFETIME ATTRIBUTABLE RISK OF CANCER INCIDENCE
PER 100 000 PERSONS EXPOSED TO A SINGLE DOSE OF 0.1 Gy
(reprinted from Ref. [1]) (cont.)

Age at exposure (years)

Cancer
site 0 5 10 15 20 30 40 50 60 70 80
Other 1339 719 523 409 323 207 181 148 109 68 30

Thyroid 634 419 275 178 113 41 14 4 1 03 00
All solid 4592 3265 2525 1988 1575 1002 824 678 529 358 177
Leukaemia 185 112 86 76 71 63 62 62 57 51 37
All cancers 4777 3377 2611 2064 1646 1065 886 740 586 409 214

Note: These estimates are obtained as combined estimates based on relative and absolute risk
transport, and have been adjusted by a dose and dose rate effectiveness factor of 1.5,
except for leukaemia, which is based on a linear—quadratic model.

TABLE 15. LIFETIME ATTRIBUTABLE RISK OF CANCER MORTALITY
PER 100 000 PERSONS EXPOSED TO A SINGLE DOSE OF 0.1 Gy

(veprinted from Ref. [1])

Cancer Age at exposure (years)

site 0 5 10 15 20 30 40 50 60 70 80

Males

Stomach 41 34 30 25 21 16 15 13 11 8 4
Colon 163 139 117 99 84 61 60 57 49 36 21
Liver 44 37 31 27 23 16 16 14 12 8 4
Lung 318 264 219 182 151 107 107 104 93 71 42
Prostate 17 15 12 10 9 7 6 7 7 7 5
Bladder 45 38 32 27 23 17 17 17 17 15 10
Other 400 255 200 162 134 94 88 77 58 36 17

All solid 1028 781 641 533 444 317 310 289 246 181 102
Leukaemia 71 71 71 70 67 64 67 71 73 69 51
All cancers 1099 852 712 603 511 381 377 360 319 250 153
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TABLE 15. LIFETIME ATTRIBUTABLE RISK OF CANCER MORTALITY
PER 100 000 PERSONS EXPOSED TO A SINGLE DOSE OF 0.1 Gy
(reprinted from Ref. [1]) (cont.)

Age at exposure (years)

Cancer

site 0 5 10 15 20 30 40 50 60 70 80
Females

Stomach 57 48 41 34 29 21 20 19 16 13 8
Colon 102 86 73 62 53 38 37 35 31 25 15
Liver 24 20 17 14 12 9 8 8 7 5 3
Lung 643 534 442 367 305 213 212 204 183 140 81
Breast 274 214 167 130 101 61 35 19 9 5 2
Uterus 11 10 8 7 6 4 4 3 3 2 1
Ovary 55 47 39 34 28 20 20 18 15 10 5
Bladder 59 51 43 36 31 23 23 22 22 19 13
Other 491 287 220 179 147 103 97 86 69 47 24

All solid 1717 1295 1051 862 711 491 455 415 354 265 152
Leukaemia 53 52 53 52 51 51 52 54 55 52 38
All cancers 1770 1347 1104 914 762 542 507 469 409 317 190

Note: These estimates are obtained as combined estimates based on relative and absolute risk
transport, and have been adjusted by a dose and dose rate effectiveness factor of 1.5,
except for leukaemia, which is based on a linear—quadratic model.

5.3.6. Dose conversion factors in paediatrics

Sources of data on dose conversion coefficients together with information
on the type of phantom models used to obtain each set of data are summarized
in ICRU Report 74 [38]. Table 16 gives references concerning coefficients for
paediatric patients. Work is continuing on organ dose coefficients for CT as a
function of size [60].
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TABLE 16. IMPORTANT FEATURES OF SOURCES OF DOSE
CONVERSION COEFFICIENTS FOR MEDICAL PAEDIATRIC X RAY
IMAGING

Type of No.of No.of No.of Normalization
S . . Phantom Reference
examination  Views organs spectra quantity
. 24 : K, Py,  Cristy hermaphrodite™ [54]
20 6 3 K, 0, 1, 5 years, [55]
hermaphrodite
Radiography
26 72 K,P.,, 0,1,5,10,15 years, [56, 57]
hermaphrodite
5/6 16/11 1° K, Voxel baby, voxel child [49, 58]
Computed 45 slices 35 2 Cy Voxel baby [59]
tomography g6 glices 37 2 Cy, Voxel child [59]

* Views, spectra and phantom sizes can be freely selected.
" Available as a software program [50].
¢ Per view.

56



6. FACTORS AFFECTING MANAGEMENT OF
RADIATION DOSE IN PAEDIATRIC RADIOLOGY

6.1. INTRODUCTION

The previous sections discuss methods that allow the collection of
dosimetric data and their analysis to estimate the radiation dose to the paediatric
patient and an analysis of the associated risk. X ray equipment, appropriately
configured for adult imaging, does not usually result in properly managed
paediatric examinations with appropriate dose levels and good diagnostic image
quality [61, 62]. To achieve this optimal situation requires specific attention
during the equipment specification [63—65] prior to purchase and configuration
[66, 67] during commissioning phases in the equipment life cycle [5, 68].
After appropriate configuration, the medical physicist must verify equipment
performance by conducting appropriate performance tests [69—74]. Two examples
of appropriate performance tests are the dose per radiographic image acquisition
or dose rate during fluoroscopy. This performance testing should initially occur
before the X ray equipment is put into routine clinical use, with repeat testing at
set intervals.

Once X ray equipment is in clinical use, the role of clinical staff becomes
critical to the reduction of patient dose through the selection of the appropriate
examination (justification) [12], selection of the equipment used, the use of
correct scanning parameters (radiographic technique), comprehensive staff
training and careful acquisition of the images (cooperation and positioning of the
patient), and avoidance of unnecessary image acquisition during an examination.

Focused care designed to address the unique needs of paediatric imaging
optimizes diagnosis and reduces radiation dose to paediatric patients. Ultimately,
this means the use of paediatric hospitals, with dedicated paediatric facilities,
using dedicated paediatric X ray equipment by dedicated paediatric radiological
staff. If full dedication is not possible, the best compromise should be reached.
For example, staff specifically trained in paediatric imaging, both radiologists
and radiological technologists, should improve paediatric imaging, even if the
imaging equipment and facilities are not totally modified for the unique needs
of paediatric imaging. The best possible diagnostic performance at a properly
managed patient dose is obtained when appropriately trained staff operate
properly configured X ray equipment [75]. This section discusses factors that
critically affect the level of radiation dose delivered to the paediatric patient
during diagnostic examinations that involve the modalities of radiography,
fluoroscopy or CT scanning. Any change of the critical factors will not only affect
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the radiation dose delivered to the patient, but will also potentially affect the
quality of the diagnostic image. One must always analyse potential loss of image
quality associated with dose reduction configurations of the imaging equipment.
As dose is reduced, a point is reached where the technique will not be used due
to unacceptable image quality. It is better to have acceptable image quality at
a somewhat reduced dose; an operational mode that will get used. Therefore,
this optimization process ideally requires the cooperation of an imaging medical
physicist with experience in paediatric diagnostic radiology, an experienced
paediatric radiographer and a trained paediatric radiologist. After installation and
configuration of the imaging equipment, a careful evaluation of image quality
must be completed to ensure appropriate patient care [5]. While some comments
concerning image quality changes associated with radiation dose changes are
contained in the discussion below, a complete discussion of this important topic
is beyond the scope of this publication.

As illustrated in Table 17 [76], two independent, yet interrelated,
approaches are required to achieve an appropriate patient dose consistent with
good diagnostic outcomes. First, the radiation dose delivered to the paediatric
patient per image should be properly managed. It should be noted that the terms
‘image’ and ‘images/study’ in Table 17 refer to both the images created during
fluoroscopy and in the radiography mode for archiving. While the fluoroscopic
images only appear momentarily on the monitor of the imager, the production
of each contributes dose to the patient. Secondly, the number of images should
be minimized. The total number of images produced during the examination is
determined by the total number of fluoroscopic images (pulse rate x fluoroscopy
time) and archived images (acquisition rate x run time of acquisition). The dose
per image on the left side of Table 17 usually differs by approximately an order of
magnitude between the fluoroscopic image and the acquired image. Finally, the
total dose to the patient is determined using these two approaches. A combination
of these approaches should be considered during the equipment purchase phase
by specifying the required hardware from the vendor that best addresses the
unique imaging challenges of the paediatric patient.

TABLE 17. MANAGING TOTAL PATIENT RADIATION DOSE: MODALITY

Dose/image Number of images/study
Specification of X ray equipment Clinical justification
Configuration of X ray equipment Non-ionizing modality substitution
Operator control of X ray equipment Operator control of X ray equipment
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Once purchased, the X ray hardware needs to be installed, configured
and performance tests carried out (equipment commissioning). The configured
features control the X ray image acquisition parameters of the equipment and the
subsequent image processing algorithms to be applied to the acquired images.
After any modification of the equipment, functional testing of all affected
performance aspects of the imager is necessary prior to the first clinical use of the
equipment [74, 77, 78]. Both of these processes must address the unique needs of
paediatric X ray imaging [79].

After the proper X ray hardware has been installed, configured and
performance tests carried out, the radiographer or any other operator must properly
understand all of the controls and features of the X ray unit. At this point, in
conjunction with the medical physicist, the examination protocols can be further
developed to manage the radiation dose to the patient per image acquisition or
per unit time for fluoroscopy. This important step cannot be achieved unless
the radiographer receives extensive and appropriate training on basic imaging
principles and on the unique controls of the purchased equipment [68].

The second approach to dose reduction (right side of Table 17) involves
proper patient management to minimize the production of unnecessary images
during the imaging examination, e.g. managing the number of images created
during either radiography or fluoroscopy. First, the examination should be
justified [12], i.e. the referring physician and radiologist should review the
clinical need for the study relative to the associated risk of the examination.
Non-ionizing alternative imaging modalities should be considered. Finally, the
appropriately trained radiographer or radiologist [80] must carefully manage
the acquisition process of the images to ensure that only necessary images are
created during the examination.

6.2. X RAY EQUIPMENT SPECIFICATION

The first step in the optimal management of paediatric radiation dose
is the correct specification of the hardware to be used for paediatric imaging.
Consultation between the radiologist (who best understands the clinical
needs of the examinations) [80-82], the X ray equipment vendor (who best
knows their equipment product line) and the medical physicist specialized
in diagnostic radiology is essential to properly select the appropriate
X ray hardware. The following sections detail the various aspects of equipment
performance that should be considered. Some of these dose reduction features
may entail additional cost to the base price of the equipment.

The concept of dedicated equipment for paediatric imaging is important
as some of the following recommendations may be difficult to implement if the
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equipment is to be used for a mixed adult and paediatric patient population. Any
unique equipment hardware or configuration for paediatric imaging should be
specified and negotiated with the vendor prior to purchase of the equipment,
especially in the case of complex equipment such as CT scanners or interventional
equipment. The equipment should be configured during installation and this
should be followed by application training. After the radiographer or radiologist
obtains initial experience performing cases with the imager for 4-6 weeks,
advanced application training is normally more effective [68].

6.2.1. Radiography/fluorography
6.2.1.1. Image receptors

Analogue (screen film) image receptors usually consist of a dual emulsion
film sandwiched between two fluorescent screens contained within a light tight
cassette. The combination of the emulsion characteristics of the film and the
fluorescent properties of the screen determine the sensitivity of the analogue
image receptor, which directly affects the paediatric patient dose [5]. Typically,
sensitivity classifications for general paediatric imaging are approximately
double (more sensitivity results in less radiation dose to the patient) those used
for extremity paediatric imaging. Multiple sized image receptors ranging from
18 cm x 24 c¢cm to 35 cm x 43 cm are needed. The sensitivity class of analogue
image receptors should be carefully considered when purchased.

Two different types of digital image receptor are common in radiography,
computed radiography™ (CR) and direct radiography. CR plates are contained
within a cassette and come in the same dimensions as analogue image receptors.
The radiographer handles the plates housed within cassettes similarly to the way
analogue image receptors are handled, thus eliminating the need to modify the
X ray machine to obtain a digital image. After exposure, the image on the CR plate
is digitized with an external processing unit and stored as a digital electronic
image. Since single sided CR readers are normally operated with a sensitivity
classification of 200 for general radiography [83], the patient’s radiation dose
may be approximately doubled compared to the dose received from an analogue
image receptor with a sensitivity classification of 400. CR readers with newer
technology can decrease patient radiation dose relative to analogue image
receptors, e.g. CR plates read on both sides, and needle phosphor plates.

The second type of digital image receptor, the flat panel detector (direct
radiography), directly converts the energy of the image X ray pattern emitted

3 Technology using photo-stimulable phosphors to capture an image.
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from the patient’s body to a digital image that is stored [84, 85]. This image
receptor is mounted in the X ray equipment in place of the standard Bucky tray.
This detector’s dimensions are usually 43 cm x 43 cm for radiography. This direct
digital image receptor eliminates the need for the radiographer to handle the
image receptor during the exposure process. The digital detector, when properly
configured and used, normally provides comparable or better image quality at
equal or less patient dose than traditional analogue image receptors [86].

The majority of image equipment manufacturers offer both small and large
format image receptors for interventional fluoroscopic equipment. The small
format is usually 20 cm x 20 cm while the large format may be 30 cm x 40 cm
or 40 cm % 40 cm. The small format image receptor, typically found in the adult
catheterization laboratory, is designed to image the adult heart, but may be
replaced by a larger image receptor in a paediatric catheterization laboratory to
allow the visualization of the heart and the pulmonary vessels of the lung fields
in the same FOV in the smaller patient [86].

Image receptors exhibit different detector quantum efficiency (DQE)
[5, 87-90], which is a measure of the detector’s ability to convert X ray quanta
into image quality. Paediatric radiation doses may be reduced by the use of an
image receptor with a higher DQE. For example, double sided CR plates provide
a higher sensitivity or DQE than equivalent single sided plates. The DQE of flat
panel detectors normally exceeds the DQE of analogue image receptors [91]. The
DQE of image receptors should be carefully compared when purchasing imaging
equipment for paediatric applications [92].

6.2.1.2. Grid

The ability of a grid to attenuate scatter radiation prior to the image receptor
is directly related to the lead content of the grid (in grams per square centimetre).
This parameter is determined by the height and width of the grid strips and the
width of the interspace material of the grid [93]. Scatter levels during paediatric
imaging are reduced due to the smaller volume of the patient’s body; less lead
content is required. A grid with less lead content reduces the radiation dose to
the paediatric patient. Either reducing the grid ratio or decreasing the lead strip
thickness can achieve this. In addition, the use of carbon fibre cover sheets for the
grid also reduces the patient dose by 20-30% [94, 95]. The selection of interspace
material with low Z composition (e.g. carbon) will have a similar effect. The
focal line of the grid must match the focus image receptor distance of the
examination. Parallel as opposed to focused grids with low grid ratios are easier
for the radiographer to position when performing mobile X ray examinations.

The number of lines specified for a stationary grid must be increased
to reduce artefacts in the image due to interaction of the grid line shadows
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superimposed on the displayed image. Since the increase in the number of lines in
the grid reduces the grid’s lead content, if the grid ratio or lead septa thickness is
unchanged, the ability of the high line number grid to remove scatter is reduced.
Alternatively, increasing the number of lines for a stationary grid can be avoided
if the digital image receptor has the ability to mask the lines with digital image
processing. Since smaller paediatric patients can be successfully imaged without
a grid, an imager with a removable grid should be specified where possible and
documented within written protocols.

6.2.1.3. Tabletop material

The tabletop must be strong enough to support the patient’s mass,
but ideally should transmit all of the X rays emitted from the patient. The
specification of the aluminium equivalent of the tabletop indicates the amount
of X ray attenuation that will occur. In radiographic applications, an aluminium
frame usually supports a tabletop material of low Z materials. Care is required in
selecting table pads. Pads designed to efficiently pass X rays are normally more
expensive. If the tabletop and pad are between the patient and image receptor,
e.g. most radiographic applications or remote fluoroscopic units with the X ray
tube overhead, patient radiation dose increases when tabletop and pad attenuation
increases. Tabletops with reduced aluminium equivalence [96] reduce dose to the
paediatric patient by approximately 10% [95]. For interventional fluoroscopic
equipment, the tabletop, usually consists of carbon fibre, which is strong enough
to support the mass of the patient despite the cantilevered geometry of the tabletop
relative to the pedestal base. Since the patient is between the tabletop/pad and
image receptor for most geometries used in interventional equipment, attenuation
in the tabletop/pad does not affect patient dose.

6.2.1.4. Focal spot sizes

X rays are generated [97-99] at the focal spot on the anode of the X ray tube
[100, 101] contained within its protective housing [102]. The use of a smaller
focal spot results in less geometric unsharpness in the image, but restricts the
tube loading. Most X ray tubes contain two focal spots of differing dimensions,
e.g. nominally 0.6 and 1.2 mm for general radiography or fluoroscopy. Paediatric
imaging does not require as much X ray tube loading as adult imaging which
allows the use of smaller focal spots. Some manufactures have dual focal spot
combination tubes of 0.3 and 1 mm or 0.3 and 0.6 mm nominal size [103], which
may be better choices for a radiographic room or general fluoroscopic room if the
imager can be dedicated to paediatric patients.
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X ray tubes in interventional fluoroscopic equipment may have a nominal
small spot of 0.4-0.5 mm and a large focal spot of 0.8-0.9 mm. Some X ray
tubes are available with three focal spots, typically 0.3, 0.6 and 1 mm nominally.
This flexibility of three focal spot sizes allows imaging the smallest, medium
and largest paediatric patients with a focal spot with appropriate loading. The
smallest focal spot, with an adequate kilowatt rating to image up to 3—5 year
olds, results in less geometric unsharpness in the image of the patients with the
smallest anatomical detail. While a triple focal spot X ray tube does not reduce
radiation dose, the image quality on the smallest paediatric patients is improved
at the same dose level [103].

6.2.1.5. Added beam filtration

Patient radiation dose can normally be reduced relative to the dose with
standard filtration of approximately 2.5-3 mm Al total filtration by adding
fractional millimetre filters with atomic numbers significantly greater than that
of aluminium, such as copper [103, 104—118]. The ideal filter material may
depend on the composition and energy response of the image receptor [119—122].
Since the added filter attenuates a significant portion of the lower energies within
the radiation beam, these higher atomic number filters require relatively high
kilowatt ratings for the selected X ray tube focal spot and generator for larger
children. Thicker filters may be successfully used for smaller patients to more
effectively reduce radiation dose if the imager has the capability of changing the
selected added filtration. This requirement can be programmed into the protocol
settings on some digital equipment [123].

6.2.1.6. Automatic exposure control

AEC*" devices measure the rate of energy arriving at the image receptor
and terminate the radiation exposure when the correct level has been delivered.
Typically, the use of AEC devices results in a more consistent delivery of the
correct amount of energy to the image receptor since the radiographer is not
required to estimate the attenuation of the patient’s body. Unfortunately, the
geometry and spacing of the individual sensors of the AEC device are usually
optimized for adult sized patients. If the manufacturer provides an AEC sensor
geometry more suitable for paediatric imaging, this option should be selected.

' AEC systems may also be known by other names including ‘automatic dose control’,
‘automatic dose rate control’ and ‘automatic brightness control’. The latter originally described
the automatic control of video voltage levels from TV cameras, but is now sometimes applied
to the exposure control of fluoroscopic systems.
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6.2.1.7. Xray generator

The X ray generator specified for paediatric patients should have a
relatively high power rating greater than 75 kW. Higher kilowatt generators
usually have faster rise and fall times of the applied high voltage, which reduces
the low energy X rays that contribute only to patient dose at the beginning and
end of each exposure [100]. The faster switching is better suited to the use of
AEC, especially for small patients that require very short exposure times. The
higher kilowatt rating is needed for small patients if higher Z beam filters are
used to reduce patient dose.

6.2.1.8. Kerma area product meter

KAP meters provide the information necessary to track the air P, , associated
with radiographic or fluoroscopic procedures [9, 124]. While most manufacturers
include this type of dosimeter in their product line, some manufacturers offer this
capability only as an additional cost option. In the case of paediatric imaging,
where knowledge of patient radiation dose may be necessary to provide good
patient care, the option to include a KAP meter when purchasing equipment
should be selected despite the additional cost. The KAP meter should ideally have
a digital resolution (0.1 uGy-m? or better) for paediatric exposures. Any KAP
meter that is present should be calibrated annually as discussed in Section 2.2.2.

6.2.1.9.  Number of imaging planes

Typical paediatric interventional fluoroscopy equipment consists of two
imaging planes [86]. The toxicity of iodine limits the total burden of this contrast
agent that the small paediatric patient can tolerate [103, 125]. This requires the
simultaneous imaging in two planes during each injection of contrast to obtain
all of the required imaging projections prior to reaching the contrast limit of the
patient.

6.2.1.10. ‘Last image hold’ and ‘grab’

This feature continuously displays the last video frame of fluoroscopy after
the exposure switch is released. Since this feature allows the operator to study the
displayed static image after release of the exposure switch, it is imperative for
any fluoroscopic imager used for paediatric imaging. The ‘grab’ feature allows
the fluoroscopic single image frame to be stored.
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6.2.1.11. ‘Fluoro-loop store/playback’

This feature allows the operator to store the most recent fluoroscopic
sequence in the memory of the imager after the fluoroscopic exposure switch
has been released. After the store process is complete, the operator may replay
the stored fluoroscopic sequence in real time. Since the fluoroscopic sequence
is stored in the imager’s memory, this sequence may, in some instances, be used
in place of a higher dose rate acquisition run for documenting the results of the
study. Some manufacturers only offer this feature as an additional cost option.
This option should be selected if the imager is going to be used for paediatric
imaging.

6.2.1.12. Collimator features

Some collimators provide a graphical indication of the location of the
collimator blades, sometimes called virtual collimation, while they are actively
being moved on the last image hold fluoroscopic image. This feature eliminates
the need to irradiate the patient while adjusting the position of the collimator
blades. If the manufacturer offers this feature only as an additional cost option,
the option should be selected to reduce radiation dose to the paediatric patient.

Adjustable equalization filters, consisting of movable wedges, compensate
for attenuation differences between adjacent tissues, e.g. the mediastinum and
lung fields, to improve image quality and reduce the integral dose to the patient.
Since the position of these wedges is typically graphically displayed as described
in the previous paragraph, the operator can carefully position the wedges without
delivering an additional radiation dose to the patient.

6.2.2. Computed tomography

An independent evaluation of the scanners under consideration may be
helpful in determining which vendor’s equipment is best suited to the institution’s
imaging requirements.

6.2.2.1. Image detector sensitivity

The image detectors of CT scanners exhibit different DQEs, which is
dependent on the solid state material used by the manufacturer. Paediatric
radiation doses may be reduced by the use of an image receptor with a higher
DQE. The DQE of image receptors should be carefully compared when selecting
the manufacturer of a CT scanner.

65



Key points for writing specifications for paediatric
radiography/fluorography equipment

Higher priorities in a resource limited setting

— Select a sensitive image receptor. If using a screen film system, select the
speed class 400/200 for general/extremity work.

— Fluoroscopy equipment should have ‘last image hold’ and ‘grab’
capability.

— Ensure that the grid can be removed when required.

— Select grid(s) with appropriate grid characteristics.

— Select the image receptor with the highest detector quantum efficiency.

— Select a grid with low Z cover and interspace material.

— Obtain equipment with a range of additional filtration options,
preferably with programmable selection.

— Obtain graphically displayed collimators, where possible.

— Ensure that a kerma area product meter with a digital resolution of
0.1 uGym’ or better is included.

— Obtain ‘fluoro-loop store/playback’, if available.

— Avoid tabletop pads for radiographical examinations.

Lower priorities in a resource limited setting

— Select a low attenuating tabletop.

— If using a computed radiography system, select double sided computed
radiography plates.

— Where possible, obtain equipment with a range of focal spot sizes, down
to 0.3 mm.

— Select paediatric automatic exposure control, if available.

— Obtain equalization filters, where possible.

— Select a higher kilowatt generator to obtain faster switching times and
allow the use of thicker spectral filters.

— For interventional fluoroscopy, two (simultaneous) imaging planes are
preferable to one.

6.2.2.2.  Number of detectors in the z direction
The z direction of the CT scanner is parallel to the long axis of the patient
when lying supine on the patient support. Single slice CT scanners provide only

one detector in the z direction, which allows the acquisition of data for only one
image slice of anatomy per revolution of the gantry. Currently, CT scanners are
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available with up to hundreds of detector elements in the z direction [126—128].
This allows acquisition of a larger volume of data with each revolution of the
scanner and, hence, reduced examination time. The ability to complete paediatric
examinations in less time may eliminate the need to sedate or anaesthetize young
children. The need for speed in paediatric imaging should be weighed against
the increased cost when a new CT scanner is purchased. A feature of some
multi-detector CT scanners is adaptive collimation, which reduces the dose at
the beginning and end of the helical scan acquisition. As over-ranging can give a
large increase in patient dose, including irradiation of organs outside the volume
of interest, such collimation should be obtained if at all possible [129].

6.2.2.3.  Number of X ray sources

Traditionally, CT scanners have utilized a single source of X rays and
one detector array. Currently, a system is available with two X ray sources and
two detector systems [130]. The duplicate sources can be used to complete an
examination more quickly, to allow improved imaging of rapidly moving organs
such as the heart, or to facilitate the use of dual energy acquisitions. Since two
imaging planes significantly increase the cost of the scanner, clinical advantages
must be weighed against increased cost at the time of purchase.

6.2.2.4. Image analysis packages

Creating diagnostic CT images is primarily a two-step process. First, the
X ray pattern in space exiting the patient is captured by the image receptor in the
form of a cylindrical volume of raw data. The ability to generate different types of
clinical image from this raw dataset is dependent on the types of image analysis
software package available. For example, a different software package is usually
needed to create transverse, sagittal or coronal images, to create 3-D images, to
complete a ‘fly through’ of the colon, to perform CT angiography, to perform
cardiac CT, to perform specialized dental examinations and to perform bone
densitometry. The site’s unique clinical practice should be carefully evaluated to
determine the number of necessary software options [131].

6.2.2.5. Partial scanning
If the scanner has the capability of turning off the X ray beam for a portion

of each 360° rotation, this feature can be used to reduce the dose to surface
organs, such as the breast, eyes and male gonads.
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6.2.2.6. Cone beam computed tomography

CT scanners with extended detectors in the z direction allow coverage of
larger patient scan lengths with a single rotation of the scanner. In some paediatric
applications, the scan length from a single rotation may be sufficient. In this
case, the entire study can be completed in less than 1 s, which minimizes motion
artefacts in children that may be prone to movement during the acquisition.

Key points for writing specifications for paediatric computed
tomography equipment

Higher priorities in a resource limited setting

— When selecting a computed tomography scanner, compare the detector
quantum efficiency of the detectors.

— Obtain suitable paediatric software packages.

— Consider the number of detectors in the z axis.

— Consider effects of over-ranging and the need for speed when selecting
the number of detectors and imaging planes.

— Consider partial scanning to reduce the dose to surface organs.

Lower priorities in a resource limited setting

— Consider the use of two X ray tubes and detectors giving two planes of
acquisition.

— Consider the use of a dual energy X ray system.

— Consider cone beam computed tomography.

6.3. CONFIGURATION OF SELECTED EQUIPMENT

To achieve a proper configuration, the radiologist, other clinical staff
members and the medical physicist must clearly communicate the clinical
needs and paediatric imaging challenges to the vendor’s representatives [132].
The vendor’s representatives, typically senior application specialists and senior
design engineers, must, in turn, communicate with the appropriate facility staff
and demonstrate the operational design capabilities of their equipment that
can be harnessed to meet clinical objectives. The configuration of anatomical
programming features used for acquisition and image processing by the unit
must be set up properly to meet the unique clinical needs of the facility prior
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to the beginning of functional testing of all aspects of the imaging acquisition
and processing prior to the first clinical use of the unit [68]. This might also be
followed by a similar review 4-6 weeks after the commencement of routine
clinical examination to confirm that the desired operation of the X ray unit is
available and understood by the clinical staff.

After the initial commissioning of an X ray unit, periodic testing must be
performed by a medical physicist to ensure its continued proper performance
[68]. Annual results should be compared to original baseline performance data
collected from the X ray unit during commissioning. The ability to change
commissioned configurations should be limited to individuals under the
supervision of the medical physicist.

The acceptable paediatric patient dose is driven by the imaging task. Since
increases in the quantum mottle should be acceptable in some high contrast
studies, significant dose reduction in these types of study may be possible. Since
increased quantum mottle directly reduces low contrast image quality, tolerable
dose reductions for these images will likely be smaller. The facility should
make these types of adjustment to protocols in consultation with the medical
physicist [103].

6.3.1. Radiography/fluoroscopy

If the imager has an anatomical program feature, the configuration of the
acquisition parameters should be set to select the appropriate parameter as a
function of patient size within this feature. This means that specific examination
set-ups, e.g. posteroanterior (PA) chest, should contain multiple sub-set-ups, one
each for a small range of patient sizes (approximately 6—8 ranges). Four to six
should be adequate for fluoroscopic studies. The configuration should address
each of the parameters described below.

If the imager does not provide anatomical programming or it is not
possible to customize it for paediatric patients, the following parameters should
be set manually as a function of patient size. Agreed upon protocols should be
documented and be readily available.

6.3.1.1. Focal spot size

As discussed in Section 6.2.1.4, less usual focal spot size combinations
can provide significant benefits during paediatric imaging. The anatomical
programming of the imager should be configured to select the smallest available
focal spot that provides adequate tube loading as a function of patient size.

In an interventional fluoroscopy room, the size of focal spots available,
the size of the patient and the resolving capability of the image receptor dictate
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the appropriate focal spot size for a given examination [103]. For example, in
a cardiac catheterization laboratory, it can ideally be assumed that 0.3, 0.6 and
1 mm focal spot X ray tubes are available. Fluoroscopy should be performed on
the 0.3 mm focal spot until patients reach the size of small teenagers. Small to
large adults should be imaged with the 0.6 mm focal spot. The 0.3 mm focal spot
has an adequate kilowatt rating to image up to 3—5 year olds during radiographic
acquisitions at up to 30 frames/s and results in less geometric unsharpness on the
smallest patients. The 0.6 mm focal spot is appropriate for small children to small
teenagers. The 1.0 mm focal spot provides the kilowatt rating needed to penetrate
the largest adults.

6.3.1.2.  High voltage, tube current and pulse width

Radiographic technique factors, X ray tube voltage (kV), tube current (mA)
and duration of the exposure (s) are the fundamental controls the radiographer
uses to control radiation dose to the patient and resultant image quality of the
examination [93]. The following provides one possible approach. Where possible
(typically the smallest patients), the effective energy of a highly filtered X ray
beam should just exceed the k-edge response of the image receptor or contrast
media [106, 123]. A typical k-edge energy response for iodine contrast media
is approximately 35 keV. For the smallest children, this is achieved with added
filtrations up to 0.9 mm Cu, with approximately 58 kVp. As the size of the
patient increases (pre-teenagers), the added filtration is decreased and the kVp is
increased until it reaches 66 kVp and 0.2 mm Cu. For larger body sizes, the kVp is
increased to provide adequate penetration with either 0.2 or 0.1 mm Cu filtration,
depending on the desired level of dose reduction; maintaining reasonable dose
levels results in some loss of subject contrast as the patient approaches the size
of an adult.

Radiation doses may be reduced in some cases with the use of digital image
receptors by increasing the tube voltage by 10 kV with respect to the optimum
base line value [133]. The greater penetration of the higher energy X rays through
the patient’s body reduces the necessary incident air kerma for a selected detector
dose, which reduces radiation dose to the patient. The loss of subject contrast by
the increase of tube voltage is recovered in the image by the radiologist or the
interpreting physician when viewing the digital radiographs by the selection of a
narrower viewing window. A detailed management of radiation dose would go in
parallel with an optimization study of image quality. This involves measurement
of the signal-to-noise ratio (SNR) and could, for example, be through a metric
such as the (SNR)*dose [134].

The duration of the exposure for small paediatric patients
whether during pulsed fluoroscopy or radiographic modes should be
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approximately 5-8 ms [86, 103]. Exposure times longer than this range create
images with unnecessary motion unsharpness. Exposure times shorter than this
range in the radiographic mode are difficult to properly control because of the
finite time required for the AEC to terminate the exposure. Since the appropriate
tube voltage is restricted by contrast demands in the image and the exposure
duration is limited by patient motion, the X ray fluence required due to the size
of the paediatric patient should be accommodated by changes in the X ray tube
current where possible. This means that the exposure time resulting from a falling
load generator (generator designed to maximize the tube current and minimize
exposure time for a selected high voltage) during paediatric imaging could be too
short to provide consistent results when using the AEC mode.

6.3.1.3. Pulse rate

The pulse rate is the number of radiation pulses that occur per second in
either the fluoroscopic mode or serial radiographic (acquisition) mode. The
ability to reduce the pulse rate can make a significant contribution to patient dose
reduction, with only a small degradation of image quality due to loss of temporal
resolution if equipment is set up and used properly. The appropriate pulse rate
for each segment of a procedure is a function of the operator’s ability to deal
with the loss of temporal resolution and the imaging challenge of that segment
of the study. In general, cardiac studies in children require higher pulse rates
than do those in adults because of the faster heart rate of children [86]. Either
15 or 7.5 pulses per second, instead of 30, may suffice during either fluoroscopy
or radiographic acquisitions during interventional cardiac catheterizations.
Non-cardiac interventions are normally performed with similar pulse rates during
fluoroscopy; 4, 3, 2 or 1 radiographic acquisitions per second are used [103]. For
fluoroscopic studies in the gastrointestinal/genitourinary examination room, 8, 4,
2 or 1 fluoroscopic pulses per second are typical [135].

6.3.1.4. Added beam filtration

Provided the image equipment has the capability of selecting different
thicknesses of higher atomic number filters, appropriate filter thicknesses,
as a function of patient size, should be programmed. The manufacturer’s
recommended programs for adults tend to use high pulse widths to provide the
large number of photons needed to penetrate the filter and large patient during
fluoroscopy [103]. The large pulse width is not appropriate for children due
to increased motion unsharpness. The thickness of the filter is limited by the
kilowatt loading of the focal spot, by the need for short pulse widths and by the
thickness of the body part being imaged. For example, neonates and babies can

71



usually be imaged at lower radiation dose levels with reasonable exposure times
by adding copper or equivalent filtration with a reduced tube voltage to maintain
reasonable subject contrast. Similar strategies can be used in most paediatric
situations. Neonates and babies can usually be imaged at the lowest radiation
dose levels with reasonable exposure times by adding up to 0.9 mm of copper or
equivalent filtration with a reduced tube voltage to maintain reasonable subject
contrast. As the child increases in size, the thickness of the added copper filter
should be reduced as discussed in Section 6.3.1.2.

6.3.1.5.  Automatic exposure control

Depending on the type of radiographic examination, a unique combination
of the three standard sensors on the AEC detectors is activated. For example, an
adult PA chest examination would typically utilize the lateral sensors. Since the
area of the lung fields of the smaller child is not large enough to shadow the lateral
sensors, the PA chest of the smaller child must be acquired using only the central
sensor. The paediatric lateral chest projection should also use the central sensor.
In some examinations, the limited size of the patient does not allow the use of
AEC. The proper use of AEC must be included in each appropriate anatomical
program. If the anatomical programming allows the duration of the backup timer
to be adjusted, the programmed backup mAs for a given patient size should be
approximately double the anticipated mAs required for the examination.

In the case of fluoroscopy, the added filtration should be changed by the
AEC curve as a function of patient size to provide the appropriate pulse width as
specified in Section 6.3.1.2. Large thicknesses of filtration appropriate for small
patients result in excessive pulse widths if the filter thickness is not reduced for
larger patients [103, 136]. Most manufacturers provide multiple sets of curves;
the most appropriate one for each type of examination should be selected at the
configuration of the imager.

6.3.1.6. Incident air kerma at image receptor (radiographic mode)

Analogue image receptors immediately indicate inappropriate image receptor
incident air kerma through either a low optical density on the radiograph (indicating
under exposure) or a high optical density (indicating high patient exposure). Since
digital receptors are designed to provide the appropriate brightness in the image
irrespective of any under or overexposure to the patient [90], this important direct
feedback to the operator is lost. The quantum mottle in under exposed images is
excessive, and most radiologists will identify and object to these images. However,
most radiologists will not complain about overexposed digital radiographs, since
the brightness is correct and the quantum mottle will be less than normal. If
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radiographers select their own radiographic techniques, they may learn, when using
digital image receptors, that the number of complaints they receive from radiologists
can be minimized if the radiation dose to the patient is increased. This is known
as ‘dose creep’ [89] and can be avoided by loading standardized radiographic
technique factors into the anatomical programs of the imager’s generator or, where
this is not possible, tabulating factors as a function of size, and insisting that all
staff members use these technique factors. The sensitivity of the AEC sensors must
be carefully adjusted to provide the appropriate entrance air kerma at the image
receptor to provide good image quality by the chosen type of image receptor.

6.3.1.7. Image receptor incident kerma rate (fluoroscopic mode)

An optimum entrance air kerma rate to the patient is achieved by
maintaining the proper image receptor incident kerma rate for each created image
during a variety of operational modes of either fluoroscopy or image recording.
For a given examination, this is a function of the radiographic technique factors,
the DQE of the image receptor, the operator’s tolerance of quantum mottle in
the image and the specific imaging task [137—139]. All of these factors must be
considered when initially calibrating the imager.

For image intensifiers, the image receptor incident kerma rate changes as
a function of the FOV selected by the operator. Here, it is typically proportional
to 1/FOV?, 1/FOV or a constant depending on the presence of a configurable
aperture. These designs, respectively, increase the image receptor incident kerma
rate fourfold, twofold and not at all as the FOV is reduced to half of its original
size. Proportionality to 1/FOV is a reasonable choice for paediatric imaging
with image intensifiers [103]. If the image receptor is a flat panel that does not
change binning as the FOV changes, constant image receptor incident kerma rate
is a choice that prevents increases in patient dose as the FOV gets smaller and
should provide adequate image quality [103]. Provided the recommendations of
this paragraph are followed, an image intensifier based fluoroscope will increase
image receptor incident kerma rate more than a flat panel detector fluoroscope as
the operator reduces the FOV.

The incident kerma per image during fluoroscopy should ideally be
configured to increase when the operator reduces the pulse rate’ from 30 to
7.5 pulses per second during pulsed fluoroscopy to maintain a constant perceived
noise level in the image [140]. For frame rates exceeding 6 frames/s, the incident
air kerma per image as a function of frame rate is proportional to the square root

32 The typical reference pulse rate for equipment in the USA is 30 pulses per second. In
other regions, the pulse rate may be set at other frequencies (e.g. 25 pulses per second).
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Key points for the configuration of paediatric
radiography/fluoroscopy equipment

— Set up size specific protocols for each examination type — ideally within
an anatomical program feature, or else using a hard copy display.

— Set tube voltage/filtration to provide an adequate contrast to noise ratio
at reasonable patient doses.

— Set the generator to ensure the pulse or exposure time is 5—8 ms for
small patients.

— Ensure that reduced pulse rates are implemented.

— Optimize filtration to allow short exposure times at low dose. Check the
effect of automatic exposure control on filter selection.

— Ensure that the appropriate focal spot is configured for different
examinations and patient sizes.

— Ensure that the image receptor incident kerma rate is set to obtain the
needed image quality without unneeded patient dose.

— Ensure that the correct field of view is set for appropriate procedures.

— Configure the automatic exposure control for both radiography and
fluoroscopy for all appropriate examinations.

— Ensure appropriate image processing parameters are used in the needed
procedures.

— Post charts or have a documented manual nearby to assist radiographers
in understanding the automatic programme set-up, including options
for low dose and high contrast automatic exposure control settings for
radiography and fluoroscopy.

— For complex procedures, ensure that an examination setting and
teaching file is available.

of (30 pulses per second/pulse rate). If the pulse rate is less than 6 frames/s, the
incident kerma per image is constant [103].

Finally, when copper filters or filters with atomic numbers greater than
copper are added to the X ray beam compared to the standard added filtration
of aluminium, the effective energy of the X ray beam exiting the patient is
increased. Thus, fewer information carriers (X rays) are required to deliver the
same energy to the entrance plane of the image receptor. The reduction in X rays
increases quantum mottle in the image unless image receptor incident kerma rate
is increased. It has been recommended [103, 141] that image receptor incident
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kerma rate be increased by a factor of 1.4 or 2 if the added filtration is <0.2 mm
copper or >0.2 mm, respectively.

6.3.1.8. Image post-processing parameters

The previously discussed considerations in Section 6.2.1 improve the
acquisition process of the images with a reasonable radiation dose to the
patient [85]. In addition, image processing parameters must be carefully optimized
for each type of examination as a function of patient size to produce a reasonable
image. Image processing is normally achieved by defining the appropriate lookup
table in combination with different image filters [84]. For example, the edges in
the image may be sharpened to improve high contrast resolution at the expense of
increased perceived noise when the imaging task involves high contrast objects.
If the imaging task involves the detection of low contrast objects, perceived noise
needs to be reduced by smoothing the image at the expense of the sharpness of
edges within the image. Images that are appropriately processed (enhanced) may
allow the imaging task to be achieved with a reduced dose to the image receptor
and subsequent reduced radiation dose to the patient.

6.3.2. Computed tomography

The configuration of the available scan parameters ultimately affects the
radiation dose per image [142] to the patient and the volume of patient anatomy
that is irradiated. Combinations of scan parameters for each type of study should
be considered, selected and inserted into the scanner’s anatomical programs. In
children, the first step in managing patient dose involves controlling the patient
dose as a function of the size of the patient.

6.3.2.1. Patient dose versus patient size

The small size of the neonate or infant relative to a large adult requires
a large dynamic range of radiological technique factors. A neonate has a PA
thickness of about 6 cm, while a large adult can have a PA thickness of more than
30 cm [143], as illustrated in Fig. 5 [103]. If the HVL of tissue is assumed to be
approximately 4 cm at 120 kV for a CT scanner with typical bowtie filtration, the
range of patient sizes approximates six or more HVLs. This requires a dynamic
range of tube current values of approximately 50-100 mA if the tube voltage,
rotation time and pitch of the scan are unchanged to deliver approximately the
same photon fluence to the detector of the CT scanner.

Two steps are needed to develop size appropriate CT scan parameters for
children. In the first step, a medical physicist specialized in diagnostic radiology
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should measure the radiation output from the facility’s CT scanner in accordance
with the methods outlined in Section 2 and estimate the radiation dose for an
adult sized abdomen and head CTDI phantom, using typical scan parameters for
the average adult patient. It should be ensured that protocols for adults have been
set up properly. Under no circumstances should estimates of patient dose be based
on comparison of scan parameters between two different scanner manufacturers
or models due to differences in CT scanner design.

Large adult

Adult

5 years

1 year

Neonate

[ 1HVL@120kvp~70kev |

FIG. 5. Effect of patient size on displayed CTDI ,, and dose length product. HVL: half-value
layer:

The second step is the development of appropriate CT scan parameters
for children based on the facility’s adult standards established in the previous
paragraph. The simplest reduction of radiation/image rate from the scanner for
children results from reducing the tube current time product of the scanner.
Universal manual technique protocols (protocols that can be applied to any
scanner of any manufacturer, model or age) that recommend reduction of mAs as
a function of patient size are available®. These instructions assume that all other
technique factors remain fixed. If this simple protocol is followed, the patient
dose will be approximately independent of patient size and approximately equal
to the radiation dose delivered by the facility to its adult sized patients. Ifthe AEC
features of the CT scanner are being used, the AEC system may automatically
reduce the exposure parameters for children provided the adult baseline is set up

3 www.imagegently.org
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properly; the correct operation of the AEC and resultant clinical setting should
be verified following steps 1 and 2 above.

Several authors have advocated reducing tube voltage in order to reduce
paediatric radiation doses [144—149]. One strategy is to reduce the tube voltage
to improve contrast in the image and adjusting the mAs to maintain the original
dose, which should result in improved image quality at the same patient dose.
Another strategy is reducing the dose when lowering the tube voltage. In this
case, more quantum mottle should be tolerable in the image (lower patient dose)
because the contrast in the image is improved by the reduced tube voltage.
Hence, if the contrast and quantum mottle increase by the same ratio, the contrast
to noise ratio should remain unchanged. In this case, image quality should remain
unchanged while patient dose is decreased. The facility should work closely with
a medical physicist to ensure appropriate maintenance of image quality when
patient dose reductions are implemented.

6.3.2.2.  Scan projection radiography

Scan projection radiography (SPR), also known as scanograms or scout
views, should be acquired in PA as opposed to anteroposterior (AP) projection.
This may require reprogramming of the SPR view default. This reduces organ
doses to radiosensitive organs of the patient such as male gonads, breast, thyroid
and the lens of the eye. Proper adjustment of the high voltage and tube current
used for the projection view also affects radiation dose to the patient [150].

6.3.2.3.  Manual versus automatic exposure control

More recent CT scanners provide AEC features that are designed
to change the tube current (mA) in response to the length of the pathway of
the X rays through the patient’s body. The tube current changes as the beam
rotates around the patient and as the beam translates along the z direction of
the patient’s body. AEC strives to create images with the same quantum mottle
regardless of the path length of the radiation through the patient’s body [151].
Some scanners allow straight forward application of AEC to adult or paediatric
patients. Other scanners’ AEC may not be as intuitive and may require
additional choices by the operator as a function of patient size. This automatic
mode can be selected or deselected by the operator. When the automatic mode
is ‘off”, the tube current operates at a constant value regardless of the rotational
projection of the beam or the location of the beam along the z axis of the patient.
The AEC mode of the CT scanner should not be used for paediatric imaging if
a medical physicist has not verified with measurements that its performance is
appropriate for paediatric imaging. In some instances, use of the AEC mode
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may increase the patient dose relative to the manual mode. If the CT scanner’s
configuration of the AEC mode is not properly adjusted for the smaller body
parts of children, the radiation output of the scanner in the AEC mode may
exceed the radiation output of the scanner when the operator selects appropriate
paediatric techniques manually.

6.3.2.4. Focal spot size

CT scanners are typically equipped with two focal spot sizes. The smaller
focal spot provides better high contrast resolution. The larger focal spot provides
the increased tube currents necessary to acquire scan data in the shortest period of
time. While almost all scanning of large patients is performed with the large focal
spot to reduce scan time, a significant amount of scanning of smaller patients can
be performed with the smaller focal spot. However, the selection of the smaller
focal spot may need to be programmed into protocols that will be used for smaller
patients within the anatomical programs of the scanner.

6.3.2.5. High voltage, tube current and rotation time

The product of the tube current (rate of X ray production) and rotational
scan time (duration of X rays per revolution of the gantry), commonly known
as the mAs, controls the number of X rays produced during the scan. For a
fixed tube voltage, patient radiation dose is proportional to mAs and quantum
mottle is proportional to 1/mAs’?. If the manual tube current mode is used, the
mAs should be adjusted in response to the patient’s physical dimensions (see
Section 6.3.2.1). The required mAs is also dependent on the specific imaging task
(see Section 6.3.2.1). When performing a high resolution chest CT examination,
a lower mAs can be used to assess airway patency and parenchymal lung disease,
since high contrast images are primarily affected by sharpness. Similarly, the use
of special low dose protocols to view the ventricular size and location of the tip
of the catheter within the head has been reported [152]. On the other hand, a
higher mAs (higher dose) is required to assess the presence of metastases in the
liver as the low contrast image is primarily affected by quantum mottle. If tube
current modulation is used, a setting is usually required to adjust the quantum
mottle in the image.

Increasing the tube voltage increases the energy carried by each photon and
results in a more penetrating X ray beam. A lower tube voltage decreases patient
dose and increases quantum mottle in the image, while an increase in the tube
voltage has the opposite effect if the mAs is unchanged. Typically, the mAs is
changed in the opposite direction of the change in high voltage to reduce the
degree of change of the radiation dose and of quantum mottle in the image [153].
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The choice of tube voltage should be based on the need for subject contrast (see
Section 6.3.2.1) in the image as well as on subject size. The bony details of the
patient’s anatomy or soft tissue in studies using an intravenous or intraluminal
contrast agent are increased by a reduction in tube voltage and an increase in the
mAs to maintain acceptable quantum mottle in the image. 100 kV is reasonable
for patients with a lateral dimension up to 41 c¢cm, while 80 kV is recommended
for patients with a lateral dimension less than 36 cm [149]. To evaluate soft
tissues without intravenous or oral contrast, 120 kV is reasonable for the majority
of soft tissue imaging in children [144].

6.3.2.6. Field of view/filtration

When image parameters are programmed into the anatomical programming
sets of the scanner, the smallest FOV available on the scanner that completely
encompasses the patient anatomy should be selected. Artefacts in the image will be
created if the FOV does not completely encompass the patient anatomy. Using the
smallest FOV reduces the size of the end dimension of the voxel, which improves
the high contrast resolution in the image. This allows better visualization of the
small anatomical organs of the paediatric patient. Since many models of scanner
select a bowtie filter tailored to the size of a patient slightly smaller than the FOV,
image quality should be further improved by reducing beam-hardening artefacts
by matching the size of the FOV to the size of the patient.

6.3.2.7. Pitch

Pitch is the ratio of the distance the CT table advances through the scanner
during a 360° rotation of the gantry relative to the width of the X ray fan beam in
the z direction. Typical (non-cardiac) pitch values range from 0.5 to 1.5. Increased
pitch reduces radiation dose if other parameters are not changed, since each point
of the anatomy is irradiated for a shorter time; however, the majority of more
modern scanners will automatically adjust the tube current if the pitch is changed
to give the same effective mAs. Effective mAs incorporates the effect of pitch.
Radiation dose is proportional to 1/pitch if the same mAs/rotation is used, and this
is indicated by a reduction in the effective mAs if this is displayed by the scanner.
Larger pitch reduces the acquisition time of the required scan volume. This reduces
motion artefacts and problems with breath holding. Increased pitch increases
quantum mottle in the images if other parameters are not changed. The choice of
pitch must be balanced with the choice of mAs to result in proper patient dose and
image quality [154]. Larger pitch values effectively increase over-ranging at the
beginning and end of the scan length. In general, paediatric body imaging uses a
pitch of ~1.4 and a short rotation time (<0.5 s) to minimize total scan time.
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Key points for the configuration of computed tomography equipment
for paediatric use

— Determine parameters and create a look-up table to allow computed
tomography protocols to be altered for patient size.

— Ensure the appropriate use of scan mode (axial/helical) for each
procedure.

— Selection of the optimal tube voltage for each examination is critical.

— Ensure that the smallest field of view is selected for particular patient
sizes.

— Determine whether the manual or automatic exposure control mode
should be used for each examination. If automatic exposure control is
used, the medical physicist should verify performance.

— Optimize the pitch setting for examinations.

— Ensure that the correct acquisition detector width in the z direction is
used to allow the necessary reconstruction planes to be created after the
acquisition.

— Ensure that the scan projection radiography defaults to posteroanterior
projection.

— The selection of the reconstruction kernel has a profound effect on
image quality and dose requirements. Ensure that suitable algorithms
are selected for each procedure as well as appropriate window widths
and levels.

— Establish the correct selection of focal spot size.

6.3.2.8. Reconstructed slice width

During scanning of paediatric patients, scans are normally acquired with
the smallest available detector element size in the z direction. While selecting the
smallest detector element size may reduce the maximum width of the fan beam
and the length of the cylindrical volume of data that can be acquired during a
single breath hold, this is typically not a significant trade-off during paediatric
imaging as it is during adult imaging. Provided this minimum dimension is
~0.5 mm, the voxel of patient tissue is a cube. Cubic voxels are necessary to
reformat images in the sagittal or coronal planes or in a 3-D model without loss
of resolution relative to the original transverse plane. After reformatting, multiple
~0.5 mm slices should be combined to increase the length of the voxel (volume
of the voxel) and reduce the quantum mottle in the image without increasing
the radiation dose to the patient. Loss of image quality due to partial volume
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averaging (thick slices) must be balanced against an increase in quantum mottle
(thin slices) when selecting the slice thickness at which reformatted images are
displayed.

6.3.2.9. Image processing parameters

The previously discussed considerations in Section 6.3.2 improve the
acquisition process of the images with a reasonable radiation dose to the patient.
See Section 6.3.1.8 for a discussion of the importance of image processing
parameters.

6.3.2.10. Application of shielding

The application of shielding in paediatric CT can be considered. It has been
demonstrated that a significant dose reduction of the shielded trunk for neonates
and infants can be achieved during head CT examinations.

6.4. OPERATOR CONTROL OF DOSE/IMAGE AND IMAGE QUALITY

After specification and selection of the X ray imaging equipment and the
appropriate configuring or commissioning of the equipment, a multidisciplinary
team consisting of the radiographer, radiologist and medical physicist should
properly manage the radiation dose of each created image to reduce the overall
radiation dose to the patient during the examination. The following points below
should be addressed.

6.4.1. Radiography/fluoroscopy
6.4.1.1. Patient positioning

There are important differences between paediatric and adult positioning
during imaging procedures. Infants and toddlers typically have radiographic
chest examinations performed supine instead of upright at 100 cm focus to
image distance (FID), not because this is the preferred geometry, but because of
positioning difficulties of the patient. Patient positioning devices that allow the
small child’s thorax to be imaged upright improve image quality. FID values that
are smaller than normal increase the patient dose per image. FID values that are
larger than normal may increase exposure time, which would compromise image
quality due to unsharpness.
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If the fluoroscopic table allows variable FSD, the longest choice reduces
patient dose rate during fluoroscopic procedures [135]. During interventional
fluoroscopic procedures, the anatomy of interest should be placed at the isocentre
to avoid the shift of the anatomy of interest with changes of projection during the
procedure.

6.4.1.2. Use of grid

Section 6.2.1.2 discussed grid specifications for paediatric imaging that
reduce the lead content of the grid for imaging large toddlers to small teenaged
patients [155, 156]. Completely removing the grid while imaging newborns or
toddlers and when imaging the chest of children <10 years of age with the AEC
device further reduces paediatric radiation dose with little loss of image quality
since the quantity of scatter generated is small [157]. If a manual technique
mode is used, the mAs used when removing the grid for small patients must be
reduced to ensure that the image receptor is not overexposed and the desired dose
reduction to the patient is achieved.

6.4.1.3.  Manual versus automatic exposure control

Depending on the examination and the size of the patient, the radiographer
may elect to acquire the image using the manual mode of the generator, which
requires a selection of high voltage, tube current and exposure time. If the AEC
mode is used, the radiographer must make sure that the selected sensor’s area will
be completely covered by the anticipated patient anatomy during the exposure.

6.4.1.4. Collimation

The area of the radiation beam for a radiographic or fluoroscopic examination
should be no larger than the area of the anatomy of interest. Since automatic
collimation on radiographic systems reduces the size of the radiographic field to
the size of the image receptor, the radiographer may be able to manually reduce
the area of the X ray beam further without excluding organs of interest from the
image. Likewise, in fluoroscopy, since the automatic collimator adjusts the X ray
field size to the size of the FOV of the image receptor, smaller manual collimated
X ray field sizes may be appropriate. Tight collimation improves image quality
by reducing scatter radiation that reaches the image receptor. While collimation
does not reduce the entrance air kerma to the patient, it reduces the volume of
tissue irradiated and the overall risk.
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6.4.1.5. Anatomical program setting

When conducting a radiographic or fluoroscopic examination, the
radiographer must select the anatomical program setting that best corresponds to
the size of the patient and the type of examination to properly select the multitude
of parameters that affect the acquisition of the image. The most critical items are
the AEC curve, filtration, etc.

6.4.1.6. Operator choices

The table side control of the fluoroscope which is available to the operator
allows the operator to control patient entrance dose [137, 139, 158] using:

— The low, medium or high entrance dose rate to both the patient and the
image receptor: Typically, the low dose is half of the medium dose and the
high dose is double the medium dose.

— The ‘frame grab’ feature, if provided (described in Section 6.2.1.10).

— The ‘fluoro-loop store/playback’ feature, if provided (described in
Section 6.2.1.11).

— Unless the image receptor K./image is constant, anytime the operator selects
a larger FOV, the skin dose per image decreases.

6.4.1.7. Patient shielding

Critical organs of the patient, e.g. gonads, thyroid, lens of the eye and
breast, should be shielded in paediatric patients whenever the placement of the
shield does not obscure important information in the clinical image. Standard
sized shields can be purchased. Old apron shield stock in good condition can be
cut to the appropriate size to make custom sized shields. While shielded organs
that are not directly irradiated receive little benefit from external shielding, in
most cases, this shielding provides ‘peace of mind’ for the patient’s parent.

6.4.2. Computed tomography

The dose delivered to a particular organ of the paediatric patient is primarily
determined by the choices made during the selection of the parameters discussed
in Section 6.3.2 and the settings of these parameters loaded into the anatomical
programming settings of the scanner. The operator should be aware that most
of these scan parameters can be altered just prior to the acquisition of the scan
if the radiologist and/or radiographer has identified something unique about an
individual patient that requires scan parameter changes.
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Key points for operator control of paediatric
radiography/fluoroscopy equipment

— Ensure the appropriate set-up of focus to image distance for all
procedures.

— Ensure that grids are only used when necessary and that they have the
appropriate focal length for the focus to image distance if used.

— Ensure that radiographic automatic exposure control is properly
functioning, particularly in relation to the automatic exposure control
detectors in relation to the patient size under examination.

— Ensure that appropriate collimation is carried out.

— Ensure that anatomical programming is understood and properly
selected by the radiographers.

— Ensure that the fluoroscopist understands the choices available
for fluoroscopic automatic exposure control, ‘last image hold’ and
‘fluoro-loop store/playback’.

— Ensure that appropriate patient shielding is available.

6.4.2.1. Centre the patient in the gantry

Since the entrance dose to the skin of the patient is, in part, a function of the
distance of the skin from the focal spot of the CT scanner, positioning the z axis
of the patient’s body in the middle of the CT gantry reduces the radiation dose to
the patient [159].

6.4.2.2. Measure size of patient

The appropriate scan parameters for a given paediatric patient are
determined, to a large degree, by the design of the CT scanner and the physical
size of the patient as discussed in Section 6.3.2. The simplest approach that allows
accurate estimation of patient size is the measurement of the lateral dimension
of the patient lying supine on the CT gantry couch. This is easily accomplished
with a set of simple callipers normally found in radiographic departments at
pre-described anatomical landmarks [143] or by measuring the size of the patient
electronically on the projection scan.
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Key points for operator control of paediatric computed tomography
equipment

— Ensure that radiographers understand the function of the controls of the
scanner.

— Ensure that all patients are centred on the scanner isocentre.

— Ensure that radiographic staff understand the method of determining
the patient size from the scan projection radiography and realize the
importance of this measurement.

— Ensure that the radiographer selects the appropriate protocol for the
patient examination.

— Ensure that the radiographer calculates the size specific dose estimate
Sfrom the scanner indicated CTDI,,, before proceeding with the scan.

— Ensure that the radiographer understands how to reduce the patient
dose indicator (e.g. CTDI,,,) before scanning.

6.4.2.3.  Anatomical program setting selection

Based on the measurement of lateral patient size (see Section 6.4.2.2)
and the clinical imaging question(s) to be answered, the operator should select
the most appropriate anatomical program setting provided by the CT scanner.
Prior to initiating the patient scanning, the operator should verify that all of the
scan parameters set by the anatomical program selection are appropriate for the
imaging task and size of the patient. This should include a review of the CTDI,
indicated on the control console of the scanner which is used to calculate the
SSDE, described in Section 4.4.1, to estimate patient dose before irradiation of
the patient. The operator is the last ‘gate-keeper’ with this opportunity.

6.5. MANAGING THE NUMBER OF IMAGES PER STUDY
6.5.1. Introduction
6.5.1.1. Clinical examination selection

Initially, the clinical need for the study should be considered in relationship
to the associated risk of the examination [33, 160]. The results of the study
should realistically answer the original clinical question [75]. The referring

physician and radiologist or appropriate member of the clinical staff should
discuss the availability of other alternative imaging modalities that do not use
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ionizing radiation. If an alternative imaging modality can be substituted for an
X ray examination, e.g. ultrasound or magnetic resonance imaging instead of
CT or projection radiography, with appropriate diagnostic information, this is
the most effective dose reduction step of all [75]. Consideration should also be
given as to whether a lower dose ionizing procedure can be used, e.g. projection
radiography instead of CT or a frame grabbed image instead of a radiographic
acquisition, since dose from images acquired in the radiographic mode compared
to the fluoroscopic mode is an order of magnitude greater [161].

6.5.1.2. Non-cooperative children

The age or medical condition of the paediatric patient may cause the patient
to be non-cooperative. The following measures may help to reduce motion
artefacts [162]:

— Input the patient information into the imager and completely prepare the
scan room before putting the paediatric patient on the table.

— Swaddle the infant or toddler with a blanket.

— Use distraction techniques or devices to improve cooperation. Projectors
with child-friendly images, toys with flashing lights or music, child-friendly
images on the ceiling and/or walls, a parent reading a favourite story or
talking to them through the console comfort the child.

6.5.2. Radiography

The physician requesting the examination in consultation with the
radiologist or appropriate member of the clinical staff (in accordance with the
Basic Safety Standards [4]) must either (i) give the radiographer clear instruction
concerning the clinical question to be answered or (ii) identify the specific
diagnostic examination to be performed. This helps to ensure that the correct
anatomical views, and only those views, are included in the examination.
6.5.3. Fluoroscopy
6.5.3.1.  Fluoroscopic mode

The operator should take the following steps during fluoroscopy to reduce
the number of fluoroscopic images during a clinical fluoroscopic study:
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— Depress the fluoroscopic foot pedal intermittently rather than continuously;

— Give their undivided attention to the fluoroscopic monitor when
fluoroscopic images are being created;

— Reduce the number of fluoroscopic pulses generated per second by the
imager during segments of the examination where less temporal resolution
can be tolerated;

— Use the ‘live’ zoom option, if available, rather than magnifying the image.

6.5.3.2.  Radiographic acquisitions

Owing to the larger patient radiation dose associated with each image
acquired in radiographic mode, all possible steps that reduce the total number of
these images should be taken:

— Exploit the ‘last image hold’ feature (see Section 6.2.1.10), provided the
reduced image quality is adequate.

— Use the “fluoro-loop store/playback’ feature (see Section 6.2.1.11) to review
the previous fluoroscopic sequence, especially in teaching applications or
to avoid additional radiographic acquisitions, provided the reduced image
quality is adequate.

— When radiographic acquisitions are required, reducing the duration of the
sequence or the frame rate of the acquisition significantly reduces the total
number of acquired images. The frame rate should not exceed that needed
to meet the temporal resolution requirements of the examination.

The steps outlined in Section 6.5.3 are important for all paediatric
fluoroscopic examinations, but are critical for interventional procedures with
potentially high doses [163].

6.5.4. Computed tomography

The operator should take all necessary steps to minimize the volume of
irradiated patient tissue and the number of times that tissue is irradiated.

6.5.4.1. Axial versus helical

Body imaging is normally performed in the helical mode, in which the
X ray beam is continuously ‘on’ during the scan from start to finish with the
patient anatomy continuously advanced through the gantry. This results in the
irradiation of a cylindrical volume of patient anatomy with a specific scan
length in the shortest possible time. Some state of the art CT scanners contain
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Key points for the management of the number of images per
radiography/fluoroscopy examination

— Justification of the procedure should be verified (possibly by the
radiographer/technologist).

— During fluoroscopy, intermittent use of X rays should be observed.

— During fluoroscopy, reduce the frame rate for less difficult portions of
the examination.

— All efforts should be made to reduce the use of acquisition runs in favour
of fluoroscopy through the use of ‘last image hold’ or ‘fluoro-loop
store/playback’ features.

— When acquisition runs are required, reduce the frame rate or duration of
the run to reduce the number of acquisition images acquired.

programmed collimator blades that reduce irradiation of tissues at each end of
the cylinder that are not imaged. One long helical scan, as opposed to multiple
shorter scans, eliminates the scan overlap and regions of elevated patient dose.

Head imaging has typically been performed in the axial mode. Some
manufacturers allow the radiographer to control the start of irradiation for each
slice. When this feature is available, careful observation of the patient by the
radiographer allows initiation of each image when the patient is less likely to
move [162]. Axial scanning with the gantry tilted or proper positioning of the head
during head scans may, in some cases, reduce radiation dose to radiosensitive
organs, e.g. the lens of the eye.

In paediatric imaging, the advantages and disadvantages of axial and
helical imaging must be carefully considered by the radiographer, radiologist and
medical physicist. Helically acquired heads or axially acquired bodies may be the
correct choice.

6.5.4.2.  Scan length

The radiation risk to the paediatric patient is a function of both the radiation
dose the patient’s tissues receive and the volume of the patient’s tissues that are
irradiated. It is imperative for the operator of the CT scanner to limit the length of
the projection view and the scan length of the scan volume in addition to limiting
the radiation dose to the patient’s organs that are directly irradiated. The length of
the scout and the scan should be limited to the clinical area of concern [164, 165].
Whenever possible, overlapping scan lengths should be avoided.
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6.5.4.3.  Number of series

The wvast majority of paediatric examinations require only one
scan [166]. Performing both a non-contrast and a contrast enhanced abdominal
CT scan needlessly results in twice the radiation dose for the child [167]. Pre-
and post-contrast scans or delayed imaging rarely provide additional information
and should not be performed unless specifically indicated through consultation
between the paediatric radiologist and the referring physician.

Key points for the management of the number of images per computed
tomography examination

— The length of the scan projection radiography and the scan acquisitions
should be limited to the clinical area of concern.

— The number of series should be carefully considered and kept to a
minimum.

— Strategies to reduce time in the procedure room for the non-cooperative
child should be employed.

— The use of dose length product is complex in paediatrics, as discussed
in Section 4.4.2. It is advantageous to minimize the dose length product.

6.6. SUMMARY

Reducing the patient dose per image and reducing the number of images
while maintaining good image quality effectively reduces the radiation dose
to the paediatric patient. An appropriate patient dose per image results from
appropriate hardware features in the imaging system, proper configuration of
the appropriately selected hardware required to address paediatric imaging
challenges, and knowledgeable operation of the imaging system by the operator.
An appropriate number of images per paediatric examination occurs when the
examination has been properly justified (including ruling out non-ionizing
modality substitution) and the operator appropriately manages the number of
images generated during the examination.
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Appendix I

CHARACTERIZATION OF PATIENT SIZE

I.L1. CONCEPT OF EQUIVALENT PATIENT DIAMETER

The most commonly used metric of paediatric size is age, which is the
simplest to ascertain but the least specific. The range of size as a function of age
is large (Fig. 6), due to variable rates of child growth, obesity or ethnic group.

Patient thickness in the direction of irradiation gives the best indicator
of dose related size, as it is well known that dosimetric quantities such as
incident air kerma for projection radiography are related exponentially to the
patient thickness along the axis of the central X ray beam. However, this can be
time-consuming to determine for individual patients. In addition, for fluoroscopy
and CT examinations, the beam orientation is likely to vary, resulting in multiple
thicknesses for one patient. Patient thickness can be inferred from measurement
of patient height and weight using either an analytical formula (Eq. (39)) or
from tables (see Appendix II). ECD [169] is a quantity derived from height
and weight that gives an ‘effective thickness’ for an individual, assuming they
were equivalent to a cylinder of water. This takes some account of the fact that
a tall, thin child may have a very different body thickness and composition to a
short, stocky child of similar weight. As it also assumes a circular cross-section,
equivalent diameter is a useful quantity when the X ray projection and, thus,
apparent body thickness, is variable. For these reasons, relevant patient thickness
or height and weight should be recorded.

The equation defining ECD (in centimetres) is:

ECD=2JW/zH (39)
where
W is the weight in grams;
and H is the height in centimetres.

As can be seen from Table 18, the ECD tends to give an average of the AP

and lateral dimensions of the body; analytical relationships between ECD and
patient thickness are given by the NRPB [26].
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1.2. PATIENT SIZE DATA
I.2.1. Comparisons of paediatric size data

Recent national data on the height and weight of children indicate that
there are not very significant differences up to age 15 for the countries compared
[168]. This is seen in Fig. 6, which compares height and weight data for boys
from Japan, Singapore, the United Kingdom and the USA. In contrast, Fig. 7,
with US data of height and weight for boys [174], shows the wide individual
variation seen in the population.

1.8 80 -
1.7 70 -
y

16 - : 60 -
E 15 £ 50 -
B 14 fm 40 4
£ 131 2 301
12 20 -
1.1 10

1 [ T T a— ] 0 T T 1

5 10 15 20 5 10 15 20

Age (years) Age (years)

FIG. 6. Mean height and weight for each class for boys from Japan (), Singapore (m), the
United Kingdom (A ) and the United States of America (4) [168].

The majority of work published on paediatric dosimetry has adopted
reference age groups as listed in Table 19 on p. 97. These reference ages are also
commonly used for both computerized and anthropomorphic paediatric phantoms
(see also Section 5.3.3). The corresponding height and weight of such phantoms
are also detailed in this table, although these relate specifically to European data.
Table 18 gives corresponding size data for children from various countries.

Table 18 contains a collection of data for body diameters of children as
determined by different studies. Figures 8 and 9 illustrate these data for abdomen
and chest AP diameters. The data are from Refs [23, 143, 170-173]. The data
from Refs [143, 170] were derived by direct measurement. Analytical functions
giving the relationship between ECD and body thicknesses [26], calculated from
Ref. [170], were used to calculate abdomen and thorax diameter from height and
weight data from the other studies.
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FIG. 8. Chest anteroposterior diameters as a function of age from different studies.
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FIG. 9. Abdomen anteroposterior diameters as a function of age from different studies.

These figures demonstrate that abdomen AP diameter is quite consistent,
whereas chest AP diameters from Ref. [143] show generally higher values. These
data justify using fixed standard thicknesses for evaluation. Nevertheless, once
again, it should be noted that the variation in thickness between children at the
same age is larger than the difference between several standard age classes.
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1.2.2. Data for standard phantoms

A number of standard software phantoms have been developed for use in
paediatric dosimetry. These are listed in Table 19, which gives the height, weight
and ECD associated with each of these phantoms, along with the assigned age
equivalence for reference. It is recommended that doses derived for one of these
phantoms, particularly DRLs, be associated with the corresponding equivalent
diameter rather than the stipulated age as this will enable comparisons to be made

with local data to a much higher degree of accuracy.

TABLE 19. STANDARD PATIENT SIZE DATA

Anthropomorphic phantom (atom) [175]

Equivalent  Trunk thickness (cm)
Age Height (cm) Weight (kg) cylindrical anteroposterior x
diameter (cm) lateral
0 years 51 3.5 9.3 9 x10.5
1 year 75 10 13.0 12 x 14
5 years 110 19 14.8 14 x 17
10 years 140 32 17.1 17 x 20
Soft phantom (PCXMC)
0 years 50.9 3.4 9.2 9.8 x 10.94* (12.7°)
1 year 74.4 9.2 12.5 13.0 x 15.12* (17.6")
5 years 109.1 19.0 14.9 15.0 x 19.64* (22.9")
10 years 139.8 32.4 17.2 16.8 x 23.84" (27.8")
15 years 168.1 56.3 20.7 19.6 x 29.66" (34.5")

Voxel phantom (baby) [49, 176]

8 weeks 57 4.2 9.7

Voxel phantom (child) [49, 176]

7 years 115 21.7 15.5

* Trunk width excluding arms.

® Trunk width including arms.
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Appendix II
POLYMETHYL METHACRYLATE TO TISSUE EQUIVALENCE

Although it is quite common to use PMMA as a phantom material, elemental
compositions differ significantly from water or tissue. As a consequence, an
energy dependence of attenuation of PMMA relative to tissue is anticipated.
PMMA, when used as a tissue substitute (phantom) material to drive the AEC
of an X ray device, will simulate slightly different ‘patient’ or average soft tissue
[41, 177] thicknesses as X ray spectra change. In paediatric radiology, lower tube
voltage and, often, higher filtrations are used as compared to adult radiography.
Thus, a closer look at these energy dependencies should be taken.

Calculations using interaction data [178] and calculated X ray spectra [179]
show that the phantom thicknesses of 5, 10, 15 and 20 cm of PMMA correspond
to varying tissue thicknesses for different tube voltages and filtrations. Figure 10
illustrates the dependence on filtration and tube voltage for 15 cm of PMMA.
This variation is usually within £1 cm. In softer radiation fields, PMMA simulates
less tissue than in harder X ray beams. Thus, incident air kerma values generated
under AEC in soft beams using PMMA to simulate the patient may underestimate
patient doses to a higher extent than with harder beams (because the PMMA
slab will simulate a smaller tissue thickness). This might be an issue if PMMA
phantoms are used to optimize beam qualities for paediatric imaging.

As stated in TRS 457 [3], this issue strengthens the argumentation that
phantom dose data are best compared to other phantom data employing the same
phantom. If compared to patient dose data, considerable uncertainties may be
involved.

Tissue equivalent of 15 cm of polymethyl methacrylate
16.5

—=—2.5/0
—8-3.5/0
—4—4.5/0

Tissue (cm)

—4=2.5/0.1

==2.5/0.2
—=0-2.5/0.4

40 60 80 100 120
kVp

FIG. 10. Variation of International Commission on Radiation Units and Measurements tissue
thickness equivalent to 15 cm of polymethyl methacrylate (calculated). The total filtration of
the beams is given on the right of the graph as x mm aluminium/y mm of copper .
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Appendix III

BACKSCATTER FACTORS FOR PAEDIATRIC USE

III.1. INTRODUCTION

BSFs are the largest of all of the different dosimetric quantities and
correction factors playing a role in the dosimetry of diagnostic radiology X ray
beams based on ionometric measurements. Depending on the beam quality and
field size, their values amount to corrections ranging from about 20% to more
than 60% of the air kerma in free air, determined with a detector calibrated at a
standards laboratory.

The international code of practice for dosimetry in diagnostic radiology,
TRS 457 [3], as well as ICRU Report 74 on patient dosimetry for X rays used
in medical imaging [38], have provided values of BSFs for 21 diagnostic beam
qualities with tube voltages between 50 and 150 kV, and for three combinations
of filtrations (2.5 mm Al; 3 mm Al; 3 mm Al + 0.1 mm Cu). For each tube
voltage and filtration, and the beam HVL, specified in millimetres of aluminium,
BSFs are given for three field sizes, and 15 cm thick water, “ICRU tissue” and
PMMA phantoms; the data in both international recommendations were taken
from Ref. [180]. More recent data on BSFs for similar diagnostic beam qualities,
or empirical relations to derive them, have been published in Refs [181-184].
In spite of the large amount of data available, the beam qualities included in
the references mentioned do not cover the entire range of clinical X ray spectra
used in modern diagnostic radiology. To address this problem, a comprehensive
study was undertaken [185] where BSFs for beam qualities currently available
in radiology equipment were calculated using a combination of Monte Carlo and
analytical methods for the standard phantom thickness of 15 cm.

Based on the methodology and procedures developed in Ref. [185],
new BSF calculations for the determination of the surface dose in diagnostic
radiology, particularly in the fields of infant, paediatric and interventional
radiology, have been performed. The new set of data takes into account the X ray
beam qualities described in the report on the implementation of TRS 457 [15] as
well as appropriate phantom thicknesses for infant and paediatric radiology.
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I11.2. BACKGROUND

The determination of the absorbed dose at the surface of a patient or
phantom can be based on the use of a reference ionization chamber, or a KAP
meter, provided with a calibration coefficient in terms of air kerma free-in-air for
a quality O, Ny, at a calibration standards dosimetry laboratory. The first step
consists of determining the incident air kerma free-in-air, for the primary incident
spectrum of quality O, (K, ),» at the measuring position; this is achieved by
multiplying the ionization chamber reading free-in-air in the Q beam, M, ,,
corrected for influence quantities (pressure, temperature, recombination, field
size, etc.) by the corresponding calibration coefficient Ny ,. The second step
involves the transfer of the air kerma free-in-air to the air kerma at the phantom
entrance surface; this requires multiplying the (K, ,),;, above by the BSF at the
appropriate beam quality B(Q), which is field size dependent as the number of
backscattered photons varies with field size. Recalling that the BSF is defined as
aratio of air kermas [3], entrance surface (water) to free-in-air, this is emphasized
using the subscript ‘air’:

(Kuro).

B, (Q)= ( (40)

air,Q )air

The step yields the ESAK at the measuring position, i.e. the quantity
determined is still air kerma, but at the surface of a water phantom, (K, ),
The final step requires the transfer of the ESAK to water kerma (or in any other
medium) at the same position in the water phantom, (K, ,),, achieved by
multiplying by the mass energy-absorption coefficient ratio, water to air
(4e(D)IP), i calculated for the photon spectrum at the phantom entrance surface,
which consists of the incident plus backscattered spectra. The water kerma at the
phantom surface determined in this manner is equal to the absorbed dose to water
in the same position, which can be written as:

Do =(Kuo), =My oNy 0By Q) 12.,(0)/ p]

prim-+backs

(41)

w,air

where both the BSF B, (Q) and [1,,,(Q)/ £l ar’:?b“ks depend on field size and
beam quality.

A summary of the formalism, which is consistent with those in TRS 457 [3]
and ICRU Report 74 [38], is illustrated in Fig. 11.
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FIG. 11. Schematic steps of the formalism for the determination of the entrance surface water
kerma (equal to the absorbed dose) in diagnostic radiology beams from the reading free-in-air
of an ionization chamber, using its calibration coefficient (1), the backscatter factor (2) and
the mass energy-absorption coefficient ratio (3). P corresponds to incident primary photons
and S to backscattered radiation. (From Ref. [185].)
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Equation (40) represents the definition of the BSF B, (Q) in radiodiagnostic
dosimetry. It is often assumed that the BSF can be determined experimentally,
approximating its definition by a ratio of ionization chamber readings with and
without a phantom. Emphasis is given, however, to the fact that an experimental
determination of (K, ), would strictly require an Ny, calibration coefficient for
a beam quality which includes both the incident and the backscattered photon
spectrum, which is not consistent with the calibrations in terms of air kerma
free-in-air provided by standard laboratories. An accurate B, (Q) can only be
determined using Monte Carlo simulations.

air

II1.3. CALCULATIONS FOR CLINICAL X RAY SPECTRA

A comprehensive database for mono-energetic photons between 4 and
150 keV, and different field sizes was created for water phantoms of various
thicknesses [185]. Backscattered spectra were calculated with the PENELOPE
Monte Carlo system [186], scoring a track-length fluence differential in energy
with negligible statistical uncertainty (e.g. <0.05%). The fluence could also be
scored in a less accurate manner by counting the photons crossing a surface
and correcting for their angle of incidence on the surface, as was done in the
calculations of Ref. [180].
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Using the Monte Carlo computed primary plus backscatter spectra S, BSFs
were calculated numerically for each incident energy using:

E ax
prim-+backs max El® prim+backs E /
Bair (S) — (Kair,S)w-surface — J.() [ E lw-surface [lucn( ) p]alr (42)

Ka)i"  ["E[@, ] [u,(E)ip],, dE

an

where
¢ . is the calculated photon fluence differential in energy;

and y_ (E)/p is the mass energy-absorption coefficient, with values taken from the
web based NIST database [187].

For the energy range used in the present calculations, log-log interpolations
were used to obtain the required values at intermediate energies. A dense database
of B,,(S) was then built for the spectra generated by mono-energetic photons with
energies between 4 and 150 keV. Thereafter, incident photon spectra [<I> ]zlr:m for
diagnostic radiology beam qualities Q were convolved with the BSFs of the
mono-energetic database. The procedure is similar to that used in Ref. [188] for
averaging stopping-power ratios for megavoltage radiotherapy photon beams
from mono-energetic data, and was also used in the calculations of Ref. [180], as
well as in those of Ref. [189] for kilovoltage radiotherapy beams.

The BSFs for diagnostic radiology photon spectra of quality Q were
obtained by weighting the respective mono-energetic data with the air kerma
free-in-air according to:

J‘E air (E) B«nr ( )d'E _ j:‘“axE [q) ]::m [luen (E) /p]dlr air (E)dE (43)
[k, (£)dE [ E@, " (1, (E)/ p),, dE

alr

Bair (Q) =

where
the fluence [®, ]pf "™ is the incident primary clinical photon spectrum free-in-air
generated as described belox:)v )

rim+backs . .
B, (E) and [,uen (E) p]p are the BSFs and mass energy absorptlon ratios
calculated for the spectra generated by mono-energetic photons™;

and the u, /p values were again taken from the NIST database.

3 Tt is noted that E represents the incident energy of mono-energetic photons generating
the backscatter spectra, calculated with Monte Carlo simulations. The combined primary plus
backscatter spectrum has been denoted by S.
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An expression corresponding to Eq. (43) was used earlier by Ref. [189]
for the calculation of B, (Q) entering into the radiotherapy formalism and
then by Ref. [180] for B,,(0Q), as in the present work. Incident clinical photon
spectra were generated with the Monte Carlo based software SpekCalc [190],
for tungsten anodes and various combinations of tube voltage and filtration. The
adequacy of this software has been verified [185] by its capability to reproduce,
within tenths of a per cent, the beam quality parameters HVL, and HVL,, when
available, of the IEC [7] and other X ray beams used at primary dosimetry
standards laboratories in the diagnostic radiology energy range.

Ideally, BSFs (and mass energy-absorption coefficient ratios) for clinical
X ray spectra should be determined from detailed Monte Carlo simulations for
the relevant clinical spectrum; this requires an independent, lengthy calculation
for each case. As described above, data for mono-energetic photons have been
used to compute averaged spectral values according to Eq. (42). It is, however,
important to evaluate the consistency of the averaging procedure compared with
values directly calculated with full Monte Carlo simulations of clinical spectra.
For this purpose, different incident spectra corresponding to typical clinical
beams were generated with SpekCalc, and used as the input to Monte Carlo
simulations identical to those performed for the mono-energetic photon
beams. BSFs were subsequently determined from the Monte Carlo-calculated
total spectra and compared to those obtained with the averaging convolution
procedure. It was found that the two types of calculation agree within about
0.4%. The difference between the B,,(Q) values calculated with the two methods
can be used to estimate an uncertainty due to the averaging procedure. Assuming
a rectangular distribution for the ratios and using the recommendations of the
Guide for Expressing the Uncertainty of Measurements [191], a type-B estimate
of 0.3% was obtained for this component.

II1.4. RESULTS

BSFs for a broad set of clinical beam quality spectra in the fields of infant
and paediatric radiology have been calculated, and a selected compilation is
given in Tables 20-22 on pp. 106—111; in the case of infant radiology, data are
given for various phantom thicknesses (Table 20). A comprehensive dataset for
interventional radiology is provided with the purpose of extending the available
range of beam qualities (Table 22); log-log interpolation is recommended.

The uncertainty of the B, (Q) values was obtained combining in quadrature
the uncertainties of the respective mono-energetic values and those resulting from
the averaging procedure, considering that it is the ratio of such components that
needs to be taken into account. A recent estimate of the uncertainty of u_/p ratios
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for typical X ray spectra between 50 and 100 kV is 0.2% [192]. The uncertainty
associated with the use of the software SpekCalc [190] to derive averaged values
for slightly different spectra does not exceed 0.3%. The combined standard
uncertainty of B,,(Q), thus, became 0.5% (it is noted that a similar uncertainty
was obtained for the (u,/p), ;. values in Eq. (41), i.e. 0.4%).

Figure 12 shows a comparison of B, (Q) for 10 cm x 10 cm clinical beams
with the data in TRS 457 [3] and ICRU Report 74 [38], as a function of tube
voltage and HVL. It is apparent that the BSFs of many of the clinical beams are
extremely close to each other, as are their qualities, but most importantly, the
clinical qualities for which B,,(Q) data are not given in Refs [3, 38] can be clearly
observed. For matching tube voltage, filtrations and HVL, the two datasets differ
on average by 0.6%, the maximum difference being 1.1%.

Data for tube voltage, HVL and field size combinations not included in the
tables, as well as for other phantom thicknesses can be derived approximately
by graphical interpolation from Figs 13 and 14. Figure 13 shows BSFs for
a large range of beam qualities generated by kilovoltage potentials between
50 and 150 kV, and filtration combinations of 2.5-4.1 mm of aluminium with
0-0.9 mm of copper for different field sizes [185]. It can be seen that BSFs show
a variation with the kilovoltage potential of around 6% for the smallest field size,
but this increases rapidly to 10% for square fields with sides of 10 cm. The BSF
is, thus, greatly dependent on HVL and field size, with values ranging between
approximately 1.20 and 1.70 for energies in the mentioned range. On average,
there is an overall 40% dependence on field size, whereas the dependence on
tube voltage for a given HVL is of the order of 6-10%. Figure 13 confirms
the inadequacy of using HVL as the sole beam quality specifier if results with
an accuracy greater than 6-10% are sought. For this, using tube voltage as an
additional parameter for the beam quality specification for a given field size is
necessary.

The general dependence of the BSFs on field size and phantom thickness
is shown in Fig. 14 for a range of X ray beam qualities and three field sizes (5,
20 and 35 cm square fields), where B, (Q) values for each field are normalized to
those of a 15 cm thick phantom. The figure gives the factor by which the value
of B,,(Q) for a 15 cm thick phantom should be multiplied to obtain the value for
other thicknesses; the small range of values for this factor precludes significant
errors arising from log-log interpolation. It can be seen that for small field sizes
the variation is never larger than 2% but, depending on the beam quality, it
reaches up to 12% variation for the maximum field size analysed (35 cm square
field). A saturation value within about 1% of the reference phantom thickness is
achieved only for phantoms thicker than about 12 cm, although this dependence
varies with beam quality and field size.
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FIG. 12. Comparison of the backscatter factors in water for 10 cm x 10 cm field sizes and
different beam qualities for a 15 cm thick phantom, given in Refs [3, 38] (filled symbols,
dashed lines), and the new values (open symbols, solid lines). For matching tube voltage and
filtrations, the two datasets differ on average by 0.6%.

1.70 T T T T T T
160 [ /M’—’B\m -
35cmx35cm
150 [ T
§= 140 F /E/E/ﬂ,ala—a—m\m\m .
a® 10cmx 10 cm
130 [ T
B i
5cmx 5cm
120 [
—=—50kV —e—70kV —+—90kV —a— 110kV —x— 130 kV —a&— 150 kV
110 L L L L L L
2 4 6 8 10 12

Half-value layer (mm Al)

FIG. 13. Backscatter factors at the entrance surface of a 15 cm thick water phantom for
clinical beam qualities used in diagnostic and interventional radiology for various field sizes.
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FIG 14. Dependence of the backscatter factors with field size and phantom thickness for
a broad range of X ray beam qualities. The B, (Q) values for each square field size are
normalized to those of a 15 cm thick phantom. The order of the various lines shown for each
field size (from top to bottom: 5 cm, dotted; 20 cm, dashed; 35 c¢m, solid) correspond to the
qualities indicated in the legend.

IIL.5. TABLES

TABLE 20. BACKSCATTER FACTORS B,(Q) AT THE ENTRANCE
SURFACE OF 5-15 cm THICK WATER PHANTOMS FOR SQUARE
CLINICAL BEAMS USED IN INFANT DIAGNOSTIC RADIOLOGY"

Water phantom thickness (cm)

5 10 15 10 15

Field size (cm x cm)

Ezﬁzge Fl(lglilt‘)on Halzlvlill“zll)ayer 5x5  5x5  5x5 10x10 10x 10
50 3AI 1.96 1200 1204 1204 1255 1255
50 3A1+0.1 Cu 2.87 1232 1240 1241 1315 1317
50 3A1+02 Cu 3.47 1250 1261 1261 1350 1352
60 3AI 2.33 1214 1220 1221 1286 1286
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TABLE 20. BACKSCATTER FACTORS B,(QO) AT THE ENTRANCE
SURFACE OF 5-15 cm THICK WATER PHANTOMS FOR SQUARE
CLINICAL BEAMS USED IN INFANT DIAGNOSTIC RADIOLOGY® (cont.)

Water phantom thickness (cm)

5 10 15 10 15

Field size (cm x cm)

Ezﬁzge Fi(lgig)on Hah;flill“zll)ayer 5x5  5x5 5x5 10x10 10x 10
60 3A1+0.1 Cu 3.48 1247 1257 1258 1349 1351
60 3A1+0.2 Cu 426 1264 1277 1278 1385 1388
70 3Al 2.69 1224 1232 1232 1308 1309
70 3A1+0.1 Cu 4.04 1254 1267 1268 1371 1373
70 3A1+02Cu 4.97 1269 1285 1286 1.404  1.408

* The estimated combined standard uncertainty is 0.5%.

TABLE 21. BACKSCATTER FACTORS B,,(Q) AT THE ENTRANCE SURFACE
OF A 15 cm THICK WATER PHANTOM FOR SQUARE CLINICAL BEAMS
USED IN PAEDIATRIC DIAGNOSTIC RADIOLOGY*

Water phantom thickness (cm)

15 15 15 15

Field size (cm * cm)

Egﬁzge F‘(lgifl‘)on Hali'nvlilluzll)ayer 1010 15%15 20x20 2525
60 3Al 2.33 1286 1307 1322 1327
60 3A1+0.1 Cu 3.48 1351 1384 1408 1417
60 3A1+02Cu 4.26 1388 1420 1459 1470
60 3A1+03 Cu 4.83 1411 1458 1492 1.506
70 3Al 2.69 1309 1337 1357 1365
70 3A1+0.1 Cu 4.04 1373 1414 1444 1456
70 3A1+02Cu 4.97 1408 1458 1495 1510
70 3A1+03 Cu 5.65 1429 1486 1527  1.545
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TABLE 21. BACKSCATTER FACTORS B,,(Q) AT THE ENTRANCE SURFACE
OF A 15 cm THICK WATER PHANTOM FOR SQUARE CLINICAL BEAMS
USED IN PAEDIATRIC DIAGNOSTIC RADIOLOGY* (cont.)

Water phantom thickness (cm)

15 15 15 15

Field size (cm X cm)

I;‘E:ge Fl(lgliln)"n Halixiuzll)ayer 10x10 15x15 20x20 2525
80 3AlL 3.07 1328 1361 1385 1396
80 3A1+0.1 Cu 4.63 1390 1438 1473 1489
80 3A1+0.2 Cu 5.68 1421 1478 1520 1.540
80 3A1403 Cu 6.45 1438 1502 1549 1.571
90 3AlL 3.47 1342 1381 1409 1422
90 3A1+0.1 Cu 5.20 1400 1454 1493 1512
90 3A1+02 Cu 6.35 1427 1490 1536  1.558
90 3A1+03 Cu 7.17 1440 1509 1560  1.585
100 3AlL 3.88 1353 1396 1428 1442
100 3A1+0.1 Cu 5.75 1405 1464 1507 1528
100 3A1+0.2 Cu 6.95 1427 1494 1544 1.569
100 3A1+03 Cu 7.79 1437 1510 1563  1.591
110 3AI 430 1360 1408 1442 1459
110 3A1+0.1 Cu 6.26 1407 1469 1515 1537
110 3A1+02 Cu 7.49 1425 1495 1546 1573
110 3A1+03 Cu 8.33 1432 1506 1562 1.590
120 3AI 471 1365 1415 1452 1471
120 3A1+0.1 Cu 6.74 1407 1471 1518 1543
120 3A1+02 Cu 7.98 1421 1492 1545 1573
120 3A1+03 Cu 8.83 1425 1501 1557 1.587

* The estimated combined standard uncertainty is 0.5%.

108



TABLE 22. BACKSCATTER FACTORS B,(QO) AT THE ENTRANCE
SURFACE OF A 15 cm THICK WATER PHANTOM FOR SQUARE CLINICAL
BEAMS USED IN INTERVENTIONAL RADIOLOGY*

Water phantom thickness (cm)

15 15 15 15

Field size (cm X cm)

I;‘E:ge Fi(lgig)"n Hali'rflill“;ll)ayer 10x10 15x15 20x20 25x25
60 25Al 2.11 1272 1291 1304 1309
60 3Al 233 1286 1307 1322 1.327
60 3A1+0.1 Cu 3.48 1351 1384 1408 1417
60 3A1+02 Cu 426 1388 1429 1459  1.470
60 3A1+0.3Cu 4.83 1411 1458 1492 1506
60 3Al+0.6 Cu 5.89 1445 1503 1545  1.563
60 3A1+0.9 Cu 6.51 1460 1524 1572 1.592
70 3Al 2.69 1309 1337 1357 1365
70 3AL+0.1 Cu 4.04 1373 1414 1444 1456
70 3A1+0.2 Cu 4.97 1408 1458 1495 1510
70 3A1+0.3 Cu 5.65 1429 148 1527  1.545
70 3 Al+0.6 Cu 6.93 1457 1525 1576 1.599
70 3A1+0.9Cu 7.67 1467 1542 1597  1.623
80 3Al 3.07 1328 1361 1385 139
80 3A1+0.1 Cu 4.63 1390 1438 1473 1.489
80 3A1+0.2 Cu 5.68 1421 1478 1520  1.540
80 3A1+0.3 Cu 6.45 1438 1502 1549  1.571
80 3Al+0.6 Cu 7.87 1458 1533 1589 1617
80 3A1+0.9 Cu 8.68 1462 1544  1.604  1.635
90 3Al 3.47 1342 1381 1409 1422
90 3A1+0.1 Cu 5.20 1400 1454 1493 1512
90 3A1+02Cu 6.35 1427 1490 1536 1558
90 3A1+0.3 Cu 7.17 1440 1509  1.560  1.585



TABLE 22. BACKSCATTER FACTORS B,(QO) AT THE ENTRANCE
SURFACE OF A 15 cm THICK WATER PHANTOM FOR SQUARE CLINICAL
BEAMS USED IN INTERVENTIONAL RADIOLOGY* (cont.)

Water phantom thickness (cm)

15 15 15 15

Field size (cm X cm)

I;‘E:ge Fi(lgig)"n Haligiuzll)ayer 10x10 15x15 20x20 25x25
90 3Al+0.6 Cu 8.65 1452 1532 1591 1.621
90 3A1+0.9 Cu 9.48 1452 1537 1600  1.633
100 3Al 3.88 1353 1396 1428 1442
100 3A1+0.1 Cu 5.75 1405 1464 1507  1.528
100 3A1+0.2Cu 6.95 1427 1494 1544 1569
100 3A1+0.3 Cu 7.79 1437 1510 1563  1.591
100 3Al+0.6 Cu 9.29 1443 1525 1585  1.617
100 3A1+0.9 Cu 10.10 1441 1527 1590  1.625
110 3Al 430 1360 1408 1442 1459
110 3A1+0.1 Cu 6.26 1407 1469 1515 1537
110 3A1+0.2 Cu 7.49 1425 1495 1546 1.573
110 3A1+0.3 Cu 8.33 1432 1506  1.562  1.590
110 3Al+0.6 Cu 9.84 1434 1516 1577 1610
110 3A1+0.9 Cu 10.70 1429 1515 1578 1614
120 3Al 471 1365 1415 1452 1471
120 3A1+0.1 Cu 6.74 1407 1471 1518  1.543
120 3A1+0.2 Cu 7.98 1421 1492 1545  1.573
120 3A1+0.3 Cu 8.83 1425 1501 1557  1.587
120 3Al+0.6Cu 10.30 1424 1506 1567  1.600
120 3A1+0.9 Cu 11.20 1418 1502 1.565  1.601
150 3Al 5.96 1371 1428 1469 1491
150 3A1+0.1 Cu 8.05 1398 1467 1517 1544
150 3A1+0.2 Cu 9.26 1404 1477 1532 1.561



TABLE 22. BACKSCATTER FACTORS B,(QO) AT THE ENTRANCE
SURFACE OF A 15 cm THICK WATER PHANTOM FOR SQUARE CLINICAL

BEAMS USED IN INTERVENTIONAL RADIOLOGY* (cont.)

Water phantom thickness (cm)

15 15 15 15

Field size (cm X cm)

I;‘E:ge Fi(lgig)"n Halz:lill“zll)ayer 10x10 15x15 20x20 25x25
150 3A1+0.3 Cu 10.10 1403 1479 1536  1.567
150 3Al+0.6 Cu 11.60 1392 1473 1532 1.566
150 3A1+0.9 Cu 12.50 1381 1462 1523  1.558

* The estimated combined standard uncertainty is 0.5%.
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Appendix IV
SUMMARY OF PAEDIATRIC DOSE DATA
Recent paediatric DRL data for planar (Table 23) and CT (Table 24)
imaging are given. Other sources of paediatric DRL data can be found in the

literature [10, 203—205]. A number of other articles involving paediatric dose can
also be found in the literature [26, 135, 206-211].
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Annex
DOSIMETRY WORK-SHEETS

This Annex contains examples of several paediatric general radiography
dosimetry work-sheets.
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K phantom:
Paediatric abdomen 1

Determination of incident air kerma using paediatric phantoms

User: Date:

Hospital or clinic name:

1. X ray equipment

X ray unit and model: Room No.:
Imaging using screen-film combination Imaging using digital image receptor
Screen-film combination: Image receptor model:

Film processor model:

Developer and fixer (brand name):

2. Dosimeter and phantom
Dosimeter model: Serial No.: Date of calibration: __
Calibration coefficient' Ny o: o mGy/nC o mGy/reading
Reference conditions: Half-value layer (mm Al): Field size:
Pressure P, (kPa): Temperature Ty (°C):

Phantom material and thickness:

3. Exposure conditions
0 AEC 0 Manual AEC setting: mA setting: Tube voltage (kV):

Manual or (if available) post-exposure mAs:
Table (horizontal) or wall (vertical) Bucky:

Distance drrp of Bucky from the X ray focus (mm):

Distance d,, of dosimeter from Bucky (mm):
Thickness dj, of phantom (mm):

4. Dosimeter reading and calculation of incident air kerma
Dosimeter reading (M}, M,, M5): Mean dosimeter reading M :
Pressure P (kPa):  Temperature 7(°C): (273247 (R 2
R PR |2 R
Half-value layer (from point 5 on next page) (mm Al)=__ ko=
Calculated value of air kerma K(d)=MN k.0, Koktp = mGy
2
Calculated value of incident air kerma K; = K(d) dep —dy | _ mGy
derp —d,

! This is the calibration coefficient for the whole dosimeter, including the detector and the measurement
assembly. For systems with separate calibration coefficients for the detector and measurement assembly, the
overall calibration coefficient is calculated as a product of the two separate calibration coefficients.

2 For dosimeters with a semiconductor detector, krp = 1.

138



5. Determination of half-value layer

K; phantom:
Paediatric abdomen 2

Dosimeter readings should be obtained for filter thicknesses that bracket the half-value layer. The first and last
readings M, and M, are made at zero filter thickness.

Filter thickness (mm Al)

Dosimeter reading (mGy)

0.00

0.00

Average dosimeter reading M at zero thickness

(Mo + Mp)/2 = mGy

Interpolated half-value layer (mm Al):
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K; tube:

Output 1
Determination of X ray tube output
User: Date:
Hospital or clinic name:
1. X ray equipment
X ray unit and model: Room No.:
Imaging using screen-film combination Imaging using digital image receptor
Screen-film combination: Image receptor model:
Film processor model:
Developer and fixer (brand name):
2. Dosimeter
Dosimeter model: Serial No.: Date of calibration: ___
Calibration coefficient’ Negy o mGy/nC o mGy/reading
Reference conditions: Half-value layer (mm Al): Field size:
Pressure P, (kPa): Temperature 7y (°C):

3. Exposure conditions

Distance d of dosimeter from tube focus (mm):
4. Dosimeter reading and X ray tube output calculation
Pressure (kPa): Temperature (°C): (213247 |(R) 4

™22+t )\ P) T
Tube Tube Dosimeter . Calculated X ray tube
oltage | loadin, readings Mean dosimeter Half-value k o t Y(d) at distance d
votag ne, 1S, reading, M layer (mm Al) | "¢ utpu

kV) Py (mAs) | M, M, and M5 (mGy/mAs)

Note: X ray tube output Y(d) is calculated as Y (d) = MNK‘Q"kaTP /Py

* This is the calibration coefficient for the whole dosimeter, including the detector and the measurement
assembly. For systems with separate calibration coefficients for the detector and measurement assembly, the
overall calibration coefficient is calculated as a product of the two calibration coefficients.

* For dosimeters with a semiconductor detector, krp = 1.
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5. Determination of half-value layer

K; tube:
Output 2

Dosimeter readings should be obtained for filter thicknesses that bracket the half-value layer. The first and last

readings, My, and My, are made at zero filter thickness.

Tube voltage (kV):

Filter thickness (mm Al)

Dosimeter reading (mGy)

Average dosimeter reading M at zero thickness

0.00 (Moy + Myp)/2 = mGy
0.00 Interpolated half-value layer (mm Al):
Tube voltage (kV):

Filter thickness (mm Al)

Dosimeter reading (mGy)

0.00

Average dosimeter reading M at zero thickness

(Mo + Mpp)/2 = mGy

0.00 Interpolated half-value layer (mm Al):
Tube voltage (kV):
Filter thickness (mm Al) | Dosimeter reading (mGy) | Average dosimeter reading M at zero thickness
0.00 (My; + Myp)/2 = mGy
0.00 Interpolated half-value layer (mm Al):
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K patient:
Parameters 1

Data collection sheet for indirect assessment of incident air kerma and entrance surface air kerma

User:

Hospital or clinic name:

Date:

1. X ray equipment

X ray unit and model:

Room No.:

Imaging using screen-film combination

Screen-film combination:

Film processor model:

Imaging using digital image receptor

Image receptor model:

Developer and fixer (brand name):

Examination: Filtration: Grid:
2. Collected data
Tube focus to tabletop distance dprp (mm): (if constant) Age group:
One or other of:
Patient Patient | Patient Tube Tube Field size
height | weight | voltage | loading Patient Tube focus to N
age (cm) (kg) (kV) (mAs) thickness, # patient surface (mm x mm)
(mm) distance, drsp (mm)

Calculations:

(1) The value of
Y(d) is interpolated
from measured
values of tube

output
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Ki=Y(@P, |~

(2) Incident air kerma

FTD —

2

or K; =Y(d)P, dd

FSD

(3) Entrance surface
air kerma

mGy K.=KiB= mGy




K; paediatric patient:
Clinical general
radiography sheet

Hospital/clinic: Roon/X ray tube:
Examination and projection: thorax / abdomen / neonatal thorax and abdomen (circle one)
Paediatric age group: 0-1 month / 1 month—1 year / >1-5 years / >5—10 years (circle one)

Focus to detector distance (if constant) (mm):

Exarg;rtl:tlon Date of birth | Height | Weight Focus skin | Patient Sex Field size

e | dmmeyy) | em) | () [V|AS| e BESS gy | (m x m)

e.g. 09-05-09 09-05-02 130 33 |65] 8 1090 105 M 100 x 120

[o3 IES I e N RV N N I I ]

10

11

12

13

14

15

Additional technique information:
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Determination of air kerma area product

User:

Hospital or clinic name:

Py paediatric patient:
Fluoro 1

Date:

1. Xray equipment

X ray unit and model:

Room No.:

Image intensifier model:

Anti-scatter grid: o Yes o No

2. Kerma area product meter

Kerma area product model:

Calibration coefficient Ny, o:

Reference conditions: Beam quality:

Pressure P, (kPa):

Grid ratio:

Serial No.: Calibration date:
o Gy-em?/C o Gy-cm?/reading
Half-value layer (mm Al):

Temperature T, (°C):

3. Kerma area product reading and calculation of air kerma area product

Ambient conditions: Pressure P (kPa): Temperature 7' (°C): krp =
... |Patient date| Patient | Patient | Tube Al_xtomatlc Kerma area Air kerma
Examination . . . brightness| product area product, | Fluoroscopy
. of birth | height | weight |voltage ko a .
details (dd-mm-yy)| (cm) (ke) kV) control meter Pxa time (s)
vy g setting | reading, M (Gy-cm?)
P, =MN k ke , where k. —| 232+ T |(Fy)
KA Fer- QTP ™ [273.2+T0 P
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Hospital/clinic:

Age group:

Examination type(s):

Pxa paediatric patient:
Clinical fluoro sheet

Room:

0-1 month / 1 month—1 year / >1-5 years / >5-10 years (circle one)

micturating cystourethrogram / contrast swallow / contrast enema (circle one)

Protocols used

Exar(rllination PatienF date Sex Pat‘ient Pat'ient Tube | (automatic exposure K;r:;lgu?;ea ey
ate of birth (MJF) height | weight |voltage cqntrol/automatlc e e ()
(dd-mm-yy) | (dd-mm-yy) (cm) | (kg) | (kV) | brightness control it
mode, etc.)
eg| 01-03-09 | 05-12-01 134 | 32 | 80 ‘L‘(’)"’gi‘r’zecrste’ 89 mGy-em’| 90
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
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GLOSSARY

automatic exposure control. A mode of operation of an X ray machine by which
the tube loading is automatically controlled and terminated when a preset
radiation exposure to the imaging receptor is reached. The tube potential
may or may not be automatically controlled.

backscatter factor. The ratio of the entrance surface air kerma to the incident air
kerma.

calibration. A set of operations that establish the relationship between values of
quantities indicated by the instrument under reference conditions and the
corresponding values realized by standards.

diagnostic reference level. A level used in medical imaging to indicate
whether, in routine conditions, the dose to the patient or the amount of
radiopharmaceuticals administered in a specified radiological procedure is
unusually high or unusually low for that procedure.

dosimeter.

diagnostic. Equipment which wuses ionization chambers and/or
semiconductor detectors for the measurement of air kerma. Air kerma
length and/or air kerma rate in the beam of an X ray machine used for
diagnostic medical radiological examinations.

thermoluminescent. A detector made of a material that emits visible light
when heated after irradiation. The amount of light emitted is dependent
upon the radiation exposure.

effective dose. The sum over all of the organs and tissues of the body of the
product of the equivalent dose H, to the organ or tissue and a tissue
weighting factor w, for that organ or tissue. Thus: £ = 2 wrH 1
T

entrance surface air kerma. The air kerma at a point in a plane corresponding
to the entrance surface of a specified object, e.g. a patient’s breast or a
standard phantom. The radiation incident on the object and the backscatter
radiation are included.

entrance surface dose. Absorbed dose in air, including the contribution from

backscatter. This is assessed at a point on the entrance surface of a specified
object.
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exposure parameters. The settings of X ray tube voltage (kV), tube current
(mA), exposure time (s), source to image distance and use of a grid.

imaging device. A device used for imaging body anatomy. The X ray devices are
assumed in this code of practice.

incident air kerma. The air kerma measured free-in-air (without backscatter)
at a point in a plane corresponding to the entrance surface of a specified
object. e.g. a patient’s breast or a standard phantom.

influence quantity. Any external quantity that affects the result of the
measurement (e.g. ambient temperature, pressure, humidity, radiation

quality).

intrinsic error. The deviation of the measured value (i.e. the indicated value
corrected to reference conditions) from the conventional true value of
the measurand when the measuring instrument is subjected to a specified
reference radiation under specified reference conditions.
relative. Ratio of intrinsic error to the conventional true value.

ionization chamber. A detector filled with a suitable gas, in which an electric
field (insufficient to induce gas multiplication) is provided for the
collection of charges associated with the ions and the electrons produced
in the sensitive volume of the detector by the ionizing radiation.
Note: The ionization chamber includes the sensitive volume, the collecting
and polarizing electrodes, the guard electrode (if any), the chamber wall,
the parts of the insulator adjacent to the sensitive volume and any necessary
buildup caps to ensure electron equilibrium.

kerma area product. Product of the area of a cross-section of a radiation beam
and the average value of a kerma related quantity over that cross-section.
This quantity is available clinically either by direct measurement with a
kerma area product meter or by the calculator and display on a kerma area
product indicator.

medical exposure. Exposure incurred by patients for the purposes of medical or
dental diagnosis or treatment; by carers and comforters; and by volunteers
subject to exposure as part of a programme of biomedical research.
Note: A patient is an individual who is a recipient of services of health care
professionals and/or their agents that are directed at: (i) health promotion;
(i1) prevention of illness and injury; (iii) monitoring health; (iv) maintaining
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health; and (v) medical treatment of diseases, disorders and injuries in order
to achieve a cure or, failing that, optimum comfort and function. Some
asymptomatic individuals are included.

optical density. The degree of blackening of processed X ray or photographic
film. It is numerically equal to the decadal logarithm of the ratio of light
incident on the film to that transmitted through the film.

patient dose (exposure). A generic term used for a variety of quantities applied
to a patient or group of patients. The quantities are related and include
absorbed dose, incident air kerma and entrance surface air kerma.

phantom. Used to absorb and/or scatter radiation equivalently to a patient and,
hence, to estimate radiation doses and test imaging systems without actually
exposing a patient. It may be an anthropomorphic or a physical test object.

polymethylmethacrylate. A polymer plastic commercially available as Perspex
or Lucite.

radiation effect.
stochastic. A radiation effect generally occurring without a threshold level
of dose, the probability of which is proportional to the dose and the severity
of which is independent of the dose.

radiation quality. A measure of the penetrating power of an X ray beam, usually
characterized by a statement of the tube potential and the half-value layer.

radiation tissue effect. A radiation effect for which generally a threshold level
of dose exists above which the severity of the effect is greater for a higher

dose.

reading. The uncorrected indication of the dosimeter corrected to atmospheric
reference conditions.

tissue equivalent material. Material which absorbs and scatters a specified
ionizing radiation to the same degree as a particular biological tissue.

tissue weighting factor (w,). A dimensionless factor used to weight the
equivalent dose in a tissue or organ.
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tube current—exposure time product (mAs). The product of X ray tube current
(mA) and the exposure time (s).

tube loading. The tube current—exposure time product that applies during a
particular exposure.

uncertainty budget. The uncertainty budget is an organized way to present
and mathematically process the effects on a measurement from a range of
elements.

X ray tube. Vacuum tube designed to produce X rays by bombardment of the
anode by a beam of electrons accelerated through a potential difference.

X ray tube voltage. Potential difference applied between the cathode and anode
of an X ray tube. Note: The X ray tube voltage may vary as a function of

time.

X ray unit. An assembly comprising a high voltage supply; an X ray tube with
its protective housing and high voltage electrical connections.
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Concern about the radiation dose to children from diagnostic
radiology examinations stems from the observation that
children can receive doses in excess of those delivered to
adults, in part due to the digital nature of image receptors
that may give no warning to the operator of the dose to the
patient. This concern should be extended to the broad range
of paediatric diagnostic radiological procedures responsible
for radiation dose in children, especially as factors including
increased radiosensitivity and the longer life expectancy of
children increase the associated radiation risk. Dosimetry for
paediatric patients undergoing diagnostic radiology requires
special consideration in addition to the general dosimetric
methodologies used for adult patients. This publication informs
health professionals about standardized methodologies to
determine paediatric dose for all major modalities, such as
general radiography, fluoroscopy and computed tomography.
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