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The harmful effects of ionising radiation are widely
acknowledged. It has been reported that young children,
particularly girls, have a higher sensitivity to radiation than
adults. However, the exact detrimental effects of radiation,
particularly at the low doses used in routine diagnostic
radiography, are unknown and the subject of much
controversy. Computed tomography (CT) accounts for about 9%
of all radiological examinations but is responsible for 47% of
medical radiation dose. Approximately 11% of CT
examinations performed are in the paediatric population, but
the |ong-’rerm hazards of CT are unknown.
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onising radiation takes the form of electromag-

netic radiation (eg, x or gamma rays) or

energetic particles (eg, alpha, beta, protons and
neutrons). Natural sources of ionising radiation
include radon gas (which accounts for approxi-
mately 55% of the UK average background radia-
tion) and cosmic rays (8%).' This background
radiation contributes an approximately 2.6-mSv
dose per person per year in the UK. A linear, no
threshold (LNT) extrapolation of the dose-
response relationship from high to low doses
implies that even such low levels of radiation
exposure will induce several thousand fatal can-
cers annually. Up to 5000 deaths per year in the
UK may be radiation-induced or associated, with
up to 5% of lung cancers attributable to radon in
adults.'

The use of ionising radiation in medicine
accounts for 15% of the total radiation burden.?
The single largest source of ionising medical
radiation is the x ray, which was discovered by
Roentgen in 1895. Within months of their dis-
covery it was apparent that x rays had the potential
to cause somatic damage to tissue. These determi-
nistic effects (table 1) are not a major considera-
tion in diagnostic radiology but larger doses are
relevant to children who undergo radiotherapy,
usually for childhood cancer. A few years after
therapy stochastic effects (table 1), and in parti-
cular a relationship with cancer, may become
apparent.

The single greatest resource on the effects of
radiation on humans has been the data from the
survivors of the atomic bombs dropped on Japan in
1945. The risk of fatal cancer induction is
estimated at 5% per Sievert averaged over the
entire population.” The LNT model suggests that
this is also the excess relative risk for cancer
mortality that individuals who are undergoing
computed tomography (CT) at present, will experi-
ence in years to come. According to the data from

the Radiation Effects Research Foundation,
approximately 35 000 people (75% of the survi-
vors) exposed to radiation from the nuclear bombs
in Japan received doses in the range of 0.005-0.2
Sv.*

Younger subjects and in particular girls are at
greater risk, partly because of their longer life
expectancy.” ¢ Furthermore, although the energy
imparted is smaller in smaller patients, the
corresponding organ masses are even smaller.
This causes a marked increase in organ- and
therefore patient-effective dose,”* especially in
younger children. A 1 year old infant is 10—
15 times more likely to develop cancer than an
adult for the same radiation dose. In effect,
children’s organs are more radiation sensitive
and their longer life span allows the deleterious
effects of radiation exposure to become manifest.’

The Late Effects Study Group followed a cohort
of 1380 children with Hodgkin’s disease to
determine the incidence of second neoplasms and
the risk factors associated with them.'” Breast
cancer was the most common solid tumour with
an estimated actuarial incidence in women that
approached 35% by 40 years of age. Older age (10-
16 vs <10 years) at the time of radiation treatment
(relative risk, 1.9) and a higher dose (2000-4000 vs
<2000 cGy) of radiation (relative risk, 5.9) were
associated with significantly increased risk of
breast cancer. Children under the age of 18 at
the time of the Chernobyl accident showed a four-
fold increase in thyroid cancers diagnosed during
the years 1990-1998."

The effective doses for common radiological
examinations are given in table 2.

ORGANISATION OF RADIATION
PROTECTION IN THE UK

The International Commission on Radiological
Protection (ICRP) has recommended systems of
radiation protection, including dose limits, since
1928. Recommended dose limits have frequently
been reduced since. In 1991 the dose limit to a
member of the public from occupational use of
ionising radiation was lowered to 1 mSv per year.
This limit does not apply to the dose imparted to a
patient by a medical exposure given to them as
part of their own medical diagnosis or treatment.
Protection of the patient is covered by the Medical

Abbreviations: CNR, contrast-to-noise ratio; CR, computed
radiography; CT, computed tomography; DAP, dose area
product; DMSA, dimercaptosuccinic acid; DR, direct
radiography; IRMER, lonising Radiation (Medical Exposure)
Regulations 2000; IRR99, lonising Radiations Regulations
1999; LNT, linear, no threshold; MIBG,
metaiodobenzylguanidine; MSCT, multi-slice CT; PET,
positron emission tomography; SSCT, single-slice CT
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Exposures Directive (European Council Directive 97/43/
Euratom) which is implemented in the UK by the Ionising
Radiation (Medical Exposure) Regulations 2000 (IRMER)."
These regulations put the onus on those delivering the medical
exposure to justify and optimise the use of ionising radiation
for each exposure. An individual may fulfil more than one role.
The limits of each role are set at a local level by the employer
(usually the NHS Trust). Responsibilities are defined for the
employer (to establish a framework for the protection of the
patient), the referrer (who requests an exposure), a practitioner
(who justifies the requested exposure by ensuring the benefits
of the exposure outweigh the risks) and the operator (who
performs the exposure in such a way as to ensure the desired
outcome is achieved for the smallest possible radiation dose to
the patient). Audit as part of clinical governance is used to
monitor and optimise radiation dose with the ‘““as low as
reasonably achievable” (ALARA) principle in mind.

The Ionising Radiations Regulations 1999 (IRR99)" detail
how the employer must establish, within their own organisa-
tion, a system of radiation protection governing the occupa-
tional use of ionising radiation. This system includes the
designation of controlled and supervised areas, the provision of
written local rules for persons working with radiation, the
provision of monitoring and personal protective equipment,
and engineering and procedural controls to restrict exposure as
far as reasonably practicable. In doing so, the employer must
appoint a qualified radiation protection adviser to advise on
compliance with the regulations, and a radiation protection
supervisor to supervise work in accordance with the local rules.
IRR99 also details dose limits.

RADIOGRAPHY

Radiography is undoubtedly the most common imaging
modality in paediatric radiology. Plain radiographs of dentition,
limbs and the chest account for approximately 70% of all x rays
in terms of frequency but contribute less than 2% to the overall
population radiation dose." Radiography may be traditional
using analogue film-screen systems, or in digital format using
computed radiography (CR) with a latent image or direct
radiography (DR) without a latent image.

CR and DR have advantages over film-screen radiography.
Images can be distributed electronically to an unlimited
number of locations for viewing and storage and the presenta-
tion of the image can be modified. The latitude far exceeds that
of film-screen radiography'> and allows images to be obtained
with larger variations in exposure. Consequently over-exposure
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will not necessarily result in poor image quality. This does,
however, facilitate a potential for increased dose with no
diagnostic penalty. The main downside of digital radiography is
that spatial resolution of CR is worse compared with film-
screen systems but, as with CT, superior contrast resolution
helps to compensate for this. Of note, the reduced spatial
resolution of the newer CR systems is not noticeable in
everyday practice.

Various techniques are used to minimise paediatric dose in
radiography. These may be technical, for example beam
filtration, selection of appropriate beam kilovoltage and
milliamperage, faster film-screen systems and accurate gonadal
and breast shielding. Incidentally, at many institutions includ-
ing our own, although gonadal shielding is not used on a first
abdomen or pelvis radiograph, it is used routinely thereafter.
Alternatively, techniques may be procedural, for example
specialised radiographer training and standard type and
number of projections for specific indications. Parents and
carers are usually over 6 feet away from the x ray beam when
children are being x rayed, and are often behind a lead shield
and thus receive no excess irradiation in this setting. When a
parent or carer assists in holding a child for an x ray, they (and
particularly their radiation-sensitive organs such as the thyroid,
breast and gonads) are far enough away from the primary beam
that they receive no significant radiation dose.

Portable examinations should be mentioned here. These are
performed on often the sickest patients, who tend to have
repeated examinations. Additionally, in the paediatric setting a
significant proportion will be low birth weight neonatal
intensive care patients, where an unfortunate temptation to
perform a “babygram” (a single exposure of the chest and
abdomen, and often the whole child!) is at its peak. For an
anteroposterior view of the chest, limitation of the field to
exclude the gonads causes the gonad dose to be up to 100 times
lower."” Including the chest and abdomen on the same
radiograph inevitably results in overexposure of the chest.
Considering that these babies sometimes have dozens of
examinations, there is no place for ““babygrams”.

FLUOROSCOPY

IRMER stipulates that the employer must set local diagnostic
reference levels (DRLs) for each standard examination. The
dose area product (DAP, commonly measured in cGy.cm?), the
chosen indicator of dose in fluoroscopic examinations, should
be ‘“as low as reasonably achievable” whilst providing
diagnostic images."

but is an indicator of the dose per CT slice.
Deterministic effects
Effective dose

involved. Unit = Sievert (Sv)
Equivalent dose

Gantry rotation time

Scan pitch
Stochastic effects

Table 1 Glossary of technical terms
Term Explanation
Absorbed dose Energy absorbed from an ionising radiation per unit mass. Unit = Gray (Gy)
Collimation This refers to limiting the x rays fo a certain area in space. For instance, in CT this often refers to the slice thickness.
CNR Contrast-to-noise ratio. The higher the CNR, the better the image quality and vice versa. Unfortunately higher CNR often involves imparting a
higher dose to the patient.
CTDI CT dose index. Determined on phantoms, usually 16 cm and 32 cm acrylic phantoms. Does not represent the dose to the individual patient,

These depend on cell killing and have a threshold dose for their induction.
Equivalent dose received by each individual organ or tissue multiplied by the appropriate tissue weighting factor and summing for all tissues

A measure of absorbed dose that accounts for the increased biological effect of high linear energy radiation. The absorbed dose is multiplied
by the radiation weighting factor to produce the equivalent dose. This weighting is 1 for x rays, gamma rays and electrons, 5-20 for neutrons
(depending on energy), 5 for protons and 20 for alpha particles, fission fragments and heavy nuclei. Unit = Sievert (Sv)

The time taken for the CT x ray source to make a 360° revolution around the patient.

Grid A grid is used for taking plain radiographs or fluoroscopy images in larger patients. A grid usually contains strips of lead and is placed
between the patient and the film. The lead absorbs most of the scattered x rays which hit the grid obliquely while allowing the primary beam
through. This increases resolution but unfortunately also increases dose.

The ratio of the table movement to the x ray beam width for one tube rotation.

These depend on cell transformation, are random and have no threshold dose. Severity is unrelated to dose and may be heritable.
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Table 2 Comparison of effective doses
Typical  Equivalent Equivalent
effective number of length of
dose chest background
Examination (mSv) X rays exposure
x Ray
Limbs and joints (except hip) <001 <05 <1.5 days
Chest (single PA) 0.02 1 3 days
Skull 0.07 345 11 days
Lumbar spine 1.3 65 7 months
Hip 0.3 15 7 weeks
Pelvis 0.7 85 4 months
Abdomen 1.0 50 6 months
IVU 2.5 125 14 months
Barium meal 3 150 16 months
CT head 2.3 115 1 year
CT chest 8 400 3.6 years
CT abdomen or pelvis 10 500 4.5 years
Radionuclide studies
Kidney (*"™Tc) 1 50 6 months
Thyroid (*7™Tc) 1 50 6 months
Bone (*"™Tc) 4 200 1.8 years
PET head (F-18 FDG) 5 250 2.3 years
Effective doses for common radiological examinations expressed in ferms of
the equivq|ent number of chest rcdiogrqphs and |engrh of exposure to
background radiation that would give the same dose." IVU, intravenous
urogram; PA, posterior-anterior.

Dose depends on the intrinsic properties of the child, for
example, age, sex, body mass, body thickness and other factors
including the cooperation of the child, the type of equipment
and the operator.'* Better equipment allows the technical
parameters to be optimised. Key components of minimising
dose include using low fluoroscopy frame rates (three frames
per second compared with the standard 15 frames per second),
last image hold, using lower resolution so-called frame-grabbed
images and reserving full exposures for fine detail, collimation
using a light beam diaphragm or electronic means rather than x
ray fluoroscopy for patient positioning, avoiding use of a grid
before 8 years of age unless a child is large for age, and
appropriate beam filtration.

Pregnant mothers are generally advised against staying in a
fluoroscopy room during a radiological investigation because of
a theoretical radiation risk to the foetus. Parents and carers
assisting, for example, with a micturating cystourethrogram,
are of course required to wear a lead apron but as they are away
from the primary beam, the radiation dose received by carers is
negligible in this setting.

NUCLEAR MEDICINE

In the United Kingdom, medical radioactive products must be
prescribed by a doctor or dentist in possession of an
Administration of Radioactive Substance Advisory Committee
(ARSAC) licence. The most commonly used isotope is **™tech-
netium (**™Tc).

Technetium

#MTe is used in 90% of radionuclide imaging as it has many
desirable properties.'” It has a short half life of 6 h and pure
gamma emission of 140 keV, helping to minimise patient dose.
It is easily collimated and absorbed in a fairly thin crystal, thus
giving good spatial resolution. Technetium is readily available
on hospital sites and can be easily labelled to a wide variety of
useful compounds, for example dimercaptosuccinic acid
(DMSA), mercaptoacetyltriglycine (MAG3) and diethylene
triamine pentacetic acid (DTPA) for renal imaging, dipho-
sphonates for bone imaging, and sestamibi for cardiac perfu-
sion imaging.
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Metaiodobenzylguanidine (MIBG)

MIBG is used in the treatment of neuroblastoma for diagnosis,
staging, follow-up and therapy. MIBG specificity is near 100%
and sensitivity is 90-95% for this tumour." "> MIBG scanning is
also useful in screening for phaeochromocytoma.

MIBG is a false transmitter and structurally similar to
norepinephrine. MIBG may be iodinated with '*’I or 'L
Preparation of the patient includes thyroid blockade with oral
iodine to reduce the dose from free radioiodide that forms in
vivo.**

1231, a pure gamma emitter, is near ideal with a half life of
13 h and a photon energy of 159 keV. By comparison "*'I, a
gamma emitter which also emits beta particles, has a half life of
8 days and a photon energy of 364 keV, giving a whole body
radiation dose 20 times higher compared to '*’1.2* '**I-MIBG is
used for diagnostic imaging whilst the higher dose *'I-MIBG
may be used as a therapeutic agent alone** or in combination
with chemotherapy in known MIBG-avid metastatic
tumours.”**

Positron emission tomography (PET)

PET provides metabolic information dependent on the tracer
used. This can complement largely morphological information
derived from other imaging. FDG-PET in oncology is based on
cancer cells being more dependent on anaerobic glycolysis than
normal cells.”” ** Spatial resolution is relatively poor (4-5 mm)
but co-registration with PET-CT helps overcome this and results
in higher diagnostic accuracy with fewer equivocal findings.*
This has largely replaced conventional PET. Although the
addition of a CT scanner to PET-CT facilitates patient
transmission correction, PET-CT delivers a higher radiation
burden than PET alone.

Many questions remain to be answered regarding the use of
PET and PET-CT in various conditions such as epilepsy, cardiac
anomalies and malignancies. However, the current major
limitation is high sensitivity for abnormal tracer uptake but
poor specificity for malignancy. For example, an intercurrent
respiratory tract infection may make tracer-avid head and neck
nodes indistinguishable from lymphomatous nodes.

COMPUTED TOMOGRAPHY (CT)

CT accounts for approximately 9% of all radiological examina-
tions but is responsible for 47% of medical radiation dose.”**
Approximately 11% of CT examinations performed are in the
paediatric population. The continuing evolution of new CT
technology with faster scanning times and high resolution
means that the number of CT examinations in children, already
in the millions worldwide per year, will likely continue to
increase. For example, cardiac CT examinations, previously
seldom indicated in paediatric patients, are now widely carried
out.

CT image contrast is directly related to the mean photon
energy. The most significant determinant of the latter is x ray
tube voltage. Kilovoltage has an exponential relationship with
dose,*® so any reduction has the potential to greatly reduce dose.
Patient size is also a modest determinant of image contrast, as
increasing patient size means increasing mean photon energy
due to preferential loss of low energy photons (beam hard-
ening). Patient size is, however, a major determinant of CT
image noise, with increasing size leading to increasing noise.
Nonetheless, the most important determinant of image noise is
the number of x ray photons used, that is tube current. In
comparison to normal-sized adults, image contrast-to-noise
ratio (CNR) for neonates is a factor of four higher if the same
kV and mAs are used. To maintain the same CNR in infants as
in adults, both mAs and kV should be modified.

Unfortunately higher dose adult techniques have often been
applied to children,” which can lead to excessive and
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unnecessary radiation dose. Indeed, 2 years after an article
in the American Journal of Roentgenology, which pointed out
the high radiation burden inherent in all CT examinations,
had provoked much controversy, only 43% of imaging depart-
ments indicated that they had made any adjustment in
technique for paediatric patients.” In one survey of members
of the Society of Pediatric Radiology, only 33% of respondents
indicated that they performed helical CT of the chest in children
4 years old and younger with a tube current of less than
100 mAs.*

Many CT examinations in the paediatric population may not
actually be necessary. It has been estimated that up to 30-40%
of paediatric CT studies performed in the USA are not
indicated.”” These must be eliminated. If CT examination is
justified, then techniques specific to and appropriate for the
child’s age, size (ranging from premature neonates to oversized
adult proportions), region to be imaged and the particular
indication for the examination should be used. Sedation may be
required to ensure acquisition of images of adequate quality at
the first attempt.

Multiphase examinations should only rarely be necessary. It
is tempting to perform scans through the liver, for example, at
the arterial, venous equilibrium and portal venous phases but
these additional CT runs seldom add useful extra information
in paediatric practice (the importance of ultrasound scanning
should not be overlooked). Performing two phases using the
same parameters doubles the radiation dose. Consequently, if
an extra phase of examination is performed, parameters should
be adjusted to reduce dose. For example, a pre-contrast scan to
detect calcification in a lesion may be done adequately with
lower dose, noisier images.*” It must be stressed here that non-
ionising techniques such as ultrasound and MRI should be used
before CT whenever possible in the paediatric setting. MR
scanning may require anaesthesia or sedation, but this may be
preferable to repeated CT (for example in a child with a
malignancy).

Lower dose, noisier CT images may also be acceptable and
diagnostic where there is intrinsic high contrast, for example, in
paediatric chest and musculoskeletal CT, and with CT angio-
graphy.** Factors that will reduce dose include lowering
kilovoltage, lowering tube current, decreasing gantry rotation
time and increasing pitch.

Gantry rotation time (s) affects radiation dose. This is a linear
relationship.* Decreasing the gantry rotation cycle time from
1.0 to 0.5 s decreases the radiation dose by 50%. As fast a gantry
rotation time as possible should be used. This decreases
movement artefact and is important because of a child’s
limited capacity for co-operation.

In a single-slice CT (SSCT), pitch is the ratio of table
movement per gantry rotation (mm) to collimation (mm):
the higher the pitch, the lower the radiation dose. However,
higher pitch results in more scan artefact and lower resolu-
tion. In spiral CT, if pitch is greater than unity, then a reduction
in dose is achieved in comparison with contiguous axial
scans. SSCT pitches of 1.5 have been shown to reduce radia-
tion dose by approximately 33% compared with a pitch of 1,
with no loss in diagnostic accuracy.”” In multi-slice CT (MSCT),
pitch is independent of gantry rotation time.** For MSCT,
collimation equals the total width of all the detector
channels. Dose can be reduced by using thicker detector
configurations, resulting in fewer rotations to cover the same
distance.

There are many differing views on how best to reduce dose in
CT while not losing diagnostic accuracy. One dose reduction
regimen is based on a colour-coded chart of patient weight.*
Others have championed the use of image-noise measurements
to adjust chest, abdomen and pelvis CT techniques, claiming a

www.archdischild.com

Mazrani, McHugh, Marsden

decrease in measured entrance dose of 60-90%." Others believe
body diameter is a better parameter as patients with different
body habitus may have the same weight.>® Until recently, our
institution used the child’s weight to set the mAs for a chest
CT,”" with no more than 20 mAs per slice for children weighing
less than 15 kg and no more than 55 mAs for those weighing
up to 44 kg.

Traditionally, a single tube current was used to scan an entire
region of varying attenuations. The latest CT scanners have
automatic exposure control, where the x ray tube current is
automatically adjusted, based on the attenuation of the section
being scanned, providing for a decreased overall dose. Dose
reduction has at last become a priority for many manufac-
turers.”

CONCLUSIONS

Is imaging required at all? This should be the first question for
clinicians and radiologists alike in any given clinical scenario. If
there is a clear indication for imaging, then it should be
recognised that unnecessary ionising radiation examinations
must be avoided. For instance, ultrasound of an abdominal
mass or soft tissue lump should always be performed before
considering CT. Radiation dose, particularly in a paediatric
setting, must be as low as possible.

Imaging algorithms for the most commonly encountered
paediatric disorders should be developed in a multidisciplinary
setting, especially when new technology is being introduced. In
individual clinical scenarios, particularly if complex, clinicians
must ask the advice of radiologists. Comprehensive clinical
information and optimal patient preparation will help to
establish the best diagnostic test at a minimum radiation dose.
Clearly the appropriate modality must be chosen and those that
do not use ionising radiation should be chosen preferentially
whenever possible.

Optimising the relationship between diagnostic accuracy and
patient dose must be uppermost in the thoughts of all members
of the team. For example, manufacturers are providing dose-
efficient hardware and software for CT scanners. Employers
must provide adequate education and training for their staff to
make best use of these facilities.

Currently, it is not easy to directly measure effective dose in
diagnostic radiology. However, measures such as CTDI in CT
and DAP in fluoroscopy are readily available, provide a gauge of
patient dose and may be increasingly important as documenta-
tion of radiation dose estimates becomes routine.

The principal concern in imaging, especially in children,
concerns stochastic effects. We are aware of at least one
ongoing, large epidemiological study of the cancer risk
attributable to CT examinations in childhood (M Pearce,
personal communication), which is funded by the National
Cancer Institute (USA) and Department of Health (UK). It
must be hoped that studies of this kind will aid future
discussions on the subject of ionising radiation dose, risks
and benefits.

The aim of diagnostic imaging should be adequate image
quality rather than optimal image quality, particularly when
the latter involves increased patient dose with no discernable
increased diagnostic benefit. The long-term detrimental effects
of diagnostic radiography, particularly in young girls under-
going CT examinations, need to be studied.
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