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Assessment of paediatric CT dose indicators for the purpose of

optimisation
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Objectives: To establish local diagnostic reference levels (LDRLs) at the Royal
Children’s Hospital (RCH) Melbourne, Parkville, Australia, for typical paediatric CT
examinations and compare these with international diagnostic reference levels (DRLs)
to benchmark local practice. In addition, the aim was to develop a method of analysing
local scan parameters to enable identification of areas for optimisation.

Methods: A retrospective audit of patient records for paediatric CT brain, chest and
abdomen/pelvis examinations was undertaken. Demographic information,
examination parameters and dose indicators—volumetric CT dose index (CTDl,o;) and
dose-length product (DLP)—were collected for 220 patients. LDRLs were derived from
mean survey values and the effective dose was estimated from DLP values. The
normalised CTDlI,,, values, mAs values and scan length were analysed to better identify
parameters that could be optimised.

Results: The LDRLs across all age categories were 18-45 mGy (CTDl,) and 250-

700 mGy cm (DLP) for brain examinations; 3-23 mGy (CTDl,,) and 100-800 mGy cm
(DLP) for chest examinations; and 4-15mGy (CTDl,.) and 150-750 mGy cm (DLP) for
abdomen/pelvis examinations. Effective dose estimates were 1.0-1.6 mSv, 1.8-13.0 mSv
and 2.5-10.0 mSv for brain, chest and abdomen/pelvis examinations, respectively.
Conclusion: The RCH mean CTDI,, and DLP values are similar to or lower than
international DRLs. Use of low-kilovoltage protocols for body imaging in younger patients
reduced the dose considerably. There exists potential for optimisation in reducing body
scan lengths and justifying the selection of reference mAs values. The assessment method
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used here proved useful for identifying specific parameters for optimisation.
Advances in knowledge: Assessment of individual CT parameters in addition to
comparison with DRLs enables identification of specific areas for CT optimisation.

In the internationally adopted system of radiation
protection, a medical procedure involving the exposure
of a patient to ionising radiation must be both justified
and optimised [1]. A dose limit or constraint is not
applicable in these situations, as the exposure will
depend on the medical question being investigated,
and a higher radiation risk may be warranted in cases in
which there is potential for greater clinical gain. A
procedure involving exposure to radiation will result in
net patient benefit if undertaken according to appro-
priate clinical guidance that incorporates the radiation
protection principles of justification and optimisation.

CT currently accounts for the largest contribution to
population dose from medical procedures [2], and several
studies have shown that the use of CT is increasing,
including imaging of children [3-6]. Furthermore, a
number of CT dose surveys [7-11] have observed
substantial differences between practices for the same type
of examination, suggesting that some exposures may not be
suitably optimised. The extent of the variation indicates that
these differences are not solely attributable to patient
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factors, such as size and shape, but must also result from
the exposure parameters and protocols used. Therefore,
optimisation of CT protocols is essential, particularly for
children, who are more radiosensitive than adults [12].

The International Commission on Radiological
Protection (ICRP) introduced diagnostic reference
levels (DRLs) as an optimisation tool for managing
dose from medical imaging procedures [1, 13-15].
Regulatory authorities typically establish modality-
and examination-specific DRLs at the third quartile
value of the distribution of mean doses resulting from a
national survey [15, 16]. Reference values can also be
established at a practice level, and these are generally
referred to as local DRLs (LDRLs). These values should
be reviewed more frequently than national DRLs,
allowing greater local control and therefore increased
opportunity for management and optimisation of
doses. Because of the smaller sample sizes in a local
survey, LDRLs are usually calculated from the mean of
the local dose distribution rather than from the third
quartile [16]. For CT examinations, DRLs and LDRLs
are established in terms of the CT dose indicators
volumetric CT dose index (CTDI,,) and/or dose-
length product (DLP).
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For paediatric CT examinations there are several
studies that have established or proposed national
DRLs [17-20]. However, there are few studies presenting
LDRLs for paediatric CT [21]. Furthermore, there is
limited assessment of the contribution individual proto-
col parameters make to reference values. The continuous
advances in CT technology can make it difficult to rea-
lise the dose implications from parameter selection.
Therefore, undertaking a dose survey and detailed
analysis across different age groups for paediatric
patients provides an opportunity to better understand
the impact of local protocol parameters and patient size
on dose. Assessing local practice is essential for proactive
optimisation and increasing dose awareness among staff.

The aim of this study was to assess local doses for
paediatric CT examinations for the purpose of optimisa-
tion. This was achieved by sampling dose indicators and
scan parameters across several age groups for typical
paediatric CT examinations performed at the Royal
Children’s Hospital (RCH) in Parkville, Melbourne,
Australia. LDRLs were derived and the mean values of
the dose indicators (CTDI,, and DLP) were compared
with international DRLs to facilitate benchmarking. To
enable optimisation, further assessment of the scan
parameters and dose indicators was undertaken to
isolate and investigate the influence of each factor on
dose across the different age groups. Additionally,
effective dose has been estimated for each age group
and type of CT examination. Martin [22] recommends
that effective dose is useful as a generic indicator of the
radiation risk and to broadly classify the level of health
detriment to a reference patient. Furthermore, several
authors quote typical effective dose values for paediatric
CT examinations as a method of allowing comparison
between protocols and different practices [23-25].

Methods and materials

Dose survey

A retrospective audit of patient records at the RCH for
CT brain, chest and abdomen/pelvis examinations was

undertaken. Approval was gained from the institutional
Human Research Ethics Committee to access these data.
In clinical practice at the RCH, the protocol to be used for
an individual patient is typically selected based on the
age of the patient for head examinations and the weight
of the patient for body examinations. However, body
weight was not a recorded parameter, and therefore the
age of the patient was used to group the records in this
study. It is recommended that, when assessing doses
from a patient survey at a practice level, the sample
should consist of at least 10 patients [16]. In this study,
samples of 20 patients were selected for each age group
in each of the three study protocols. A total of 220 patient
records were included in the study: 100 for CT brain
examinations and 60 for each of the CT chest and
abdomen/pelvis examinations, reflecting the number of
age groups for each type of scan.

All scans were performed on a Somatom Sensation® 16
multidetector CT (MDCT) scanner with a Straton® X-ray
tube (Siemens, Erlangen, Germany) utilising automatic
tube current modulation (CARE Dose4dD™: Siemens,
Erlangen, Germany). The gender, age, parameters used
(tube potential, time per rotation, detector configuration,
beam collimation, pitch, effective mAs) and dose
indicators (CTDI,, and DLP) were recorded for each
patient. All protocols are programmed into the CT
scanner in terms of the patient’s age and are given in
Table 1. The CT protocols were not changed during the
survey period. Only those patient examinations in which
there were no obvious indicators that the examination
was atypical were sampled. For example, patients with
metal implants were excluded. For CT examinations of
the brain, only those performed without contrast were
included in the study. CT examinations of the chest and
abdomen/pelvis were included whether they were
performed with or without intravenous contrast, as all
post-contrast examinations were single phase only and
the same protocol was used.

CT dosimetry

On most modern CT scanners, the CTDI, and DLP
values are displayed as projected values following the

Table 1. Standard CT protocol parameters by age group for brain, chest and abdomen/pelvis examinations

Set parameters

Voltage  Qyef” Rotation Detector Beam collimation
Examination Age group (kV) (mAs) time (s) Pitch configuration (mm)
CT brain 0-6 months 120 150 0.75 Axial 12x1.5mm 18
6 months to 3 years 120 150 0.75 Axial 12x1.5mm 18
3-6 years 120 200 0.75 Axial 12x1.5mm 18
6-10 years 120 240 0.75 Axial 12x1.5mm 18
>10 years 120 270 0.75 Axial 12x1.5mm 18
CT chest <5 years 80 65 0.50 1.00 16x1.5mm 24
5-10 years 100 80 0.50 1.00 16x1.5mm 24
>10 years 120 80 0.50 1.00 16x1.5mm 24
CT abdomen/pelvis <5 years 80 80 0.50 1.25 16x1.5mm 24
5-10 years 100 80 0.50 1.25 16x1.5mm 24
>10 years 120 60 0.50 1.25 16x1.5mm 24

?Qqef is the imaging quality reference mAs, which is a setting specific to Siemens (Erlangen, Germany) that is used for automatic
tube current modulation (CARE Dose4D™; Siemens), which is defined by the user for each protocol. This value is adjusted
based on image quality requirements and the amount of noise acceptable in the image. It is defined in terms of the effective

mAs (actual mAs divided by pitch).
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CT localiser radiograph (also called the scout/surview/
topogram/scanogram), and the itemised values result-
ing from each individual part of the examination and
total values are displayed at the conclusion of an
examination based on the scan parameters used. At
RCH this final dose screen is captured for each patient
so that these values could readily be collected for use in
the survey. The CTDI,,,; values represent standardised
dose measurements made in two different polymethyl-
methacrylate, homogeneous, cylindrical phantoms. The
measurements are made at the periphery and centre of
the cylinder, and weighted accordingly to take into
account the varying dose distributions with depth in the
phantom resulting from the beam-shaping filters in the
CT scanner. Typically, a 16-cm-diameter phantom is
used to represent the head of an adult or child (or
child’s body) and a 32-cm-diameter phantom is used to
represent an adult’s body. Some jurisdictions now
require the phantom size for the CTDI,, and DLP
calculations to be displayed on the final dose screen,
although this was not a feature of the RCH scanner.

In an earlier study [26] conducted on the RCH CT
scanner, the authors found that the displayed dose
indicators for paediatric body examinations were based
on the 32-cm-diameter phantom. This displayed dose
considerably underestimated the dose measured with
thermoluminescence dosemeters (TLDs) and supports
the recommendation by Shrimpton and Wall [27] that all
CT dose indicators should be expressed in terms of the
16-cm phantom for children regardless of age or scan
location. Displayed dose indicators for head examina-
tions were expressed in terms of the 16-cm-diameter
phantom on the RCH CT scanner, which more closely
reflected TLD measurements. Therefore, in this study,
doses expressed in terms of the 32-cm phantom were
converted to doses relative to the 16-cm phantom by
multiplying by a factor of 2.08, following the scanner-
specific methodology of Huda et al [28], taking into
account the X-ray beam filtration used for the scan.
Chapple et al [29] have similarly shown that paediatric
body DLP values that have been calculated on the basis
of the adult 32-cm phantom should be multiplied by a
factor of 2 to be expressed relative to the 16-cm phantom.
To distinguish between the values, CTDI)16 and DLP34
will be used for doses relative to the 16-cm phantom, and
CTDL132 and DLP3, for doses relative to the 32-cm
phantom.

The DLP is calculated by multiplying the CTDI,,, by
the scan length. For helical scans, this represents the
imaged length, rather than the exposed length, as it does
not take into account the additional over-ranging length
required for data interpolation for many CT scanners
[30]. The imaged scan length was calculated from the
recorded CTDI,, and DLP values for each patient in the
survey.

Local diagnostic reference levels and international
benchmarking

Recommendations were made regarding establishing
LDRLs in terms of CTDI, and DLP for the RCH based
on mean dose values from the survey in all age groups
for each type of CT examination. These values were
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rounded up to the nearest whole number (CTDI,,) or
nearest 50mGy+cm (DLP) to provide a user-friendly
reference level that staff may become more readily
familiar with. The mean values of CTDI,, and DLP
were then compared with international paediatric CT
DRLs. Since national DRLs are derived from the third
quartile, if the mean value LDRL exceeded a correspond-
ing 75th percentile national DRL, this indicated that
further investigation and either justification of the higher
value or optimisation was warranted locally.

Assessment of scan parameters

The dose indicators CTDI,, and DLP are useful
quantities for providing an overview of the average X-
ray beam intensity and the total dose delivered.
However, they combine several factors that affect the
dose to the patient and, when assessing practice at a local
level, it is beneficial to isolate parameters to allow greater
control over protocol optimisation. This includes separ-
ating parameters that are dependent on patient size
(such as the scan length and the mAs values when
automatic modulation of the tube current is employed)
from parameters that are specific to the protocol (such as
tube potential, beam collimation and pitch).

The use of automatic modulation of the tube current
to achieve consistent image quality by compensating for
patient size and varying attenuation within the body is a
dose reduction tool available on modern scanners [31].
It was used for all scans sampled in this dose survey.
Therefore, to examine the effects of patient size the
average mAs value for an examination and the scan
length were evaluated. This also allowed assessment of
the user-specified reference parameter that drives the
automatic adjustment of the tube current. In addition,
the scan length was assessed to demonstrate any
changes with age for the different types of CT
examinations. Furthermore, the CTDI,, values were
normalised with respect to mAs values to quantify the
X-ray beam output in terms of the tube potential, beam
collimation, pitch and filter regardless of the patient
size.

Effective dose

The surveyed mean DLP values were utilised with
commonly used published [9] age- and region-specific
conversion coefficients (Table 2) to estimate the effective
dose according to the 1990 recommendations of the ICRP
[13]. These conversion coefficients were matched to the
age groups used in this study to estimate effective dose.
When some age groups included a range of ages
incorporating two different age-specific conversion
coefficients, these values were averaged. In the eldest
age category (>10 years) for examinations of the chest
and abdomen/pelvis both DLP,s and DLP3;, may be
applicable for the range of patient sizes in this age group,
and hence effective doses were estimated from both DLP
values. Adult conversion coefficients were used when
converting DLP3, values to the effective dose.

There is not yet a widely adopted set of age-specific
conversion coefficients for estimating effective dose
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Table 2. Dose-length product (DLP) to effective dose (E) conversion coefficients

E/DLP conversion coefficient (mSv mGy‘1 cam”

1)b

Examination Age group? ICRP 60 [9] ICRP 103 [26]° ICRP 103 [33]¢ ICRP 103 [34]¢
CT brain 0-6 months [0 years] 0.0110 0.0076 0.0085 0.0130

6 months to 3 years [1 year] 0.0067 0.0046 0.0053 0.0080

3-6 years [5 years] 0.0040 0.0028 0.0035 0.0050

6-10 years [10 years] 0.0032 0.0022 0.0027 0.0040

>10 years [adult] 0.0021 0.0014 0.0019 0.0020
CT chest <5 years [1 year] 0.0260 0.0320 0.0260 0.0380

5-10 years [5, 10 years] 0.0160 0.0190 0.0140 0.0230

>10 years [10 years] 0.0130 (0.0140)®  0.0160 (0.0170)°  0.0120 (0.0150)®  0.0190 (0.0200)”
CT abdomen/pelvis <5 years [1, 5 years] 0.0250 0.0230 0.0220 0.0260

5-10 years [5, 10 years] 0.0180 0.0160 0.0140 0.0180

>10 years [10 years]

0.0150 (0.0150)

0.0140 (0.0140)°  0.0120 (0.0140)° 0.0150 (0.0150)°

ICRP, International Commission on Radiological Protection.

®The age groups used in the survey were based on the categorisations used for CT protocols at Royal Children’s Hospital
Melbourne, Parkville, Australia. Since conversion coefficients are generally defined for a specific age, these were matched to
the age groups used in the survey. The age specific to the conversion coefficients is shown in square brackets in this column.
For example, for the 0- to 6-month age group for CT brain examinations in this survey, the age-specific conversion coefficient
for 0-year-olds has been used. In some cases, an average of conversion coefficients was used based on the distribution of ages
in the survey and, for these, two ages have been listed in the square brackets.

bAll values of the conversion coefficients are relative to the 16-cm dosimetry phantom, except those shown in round brackets,
which are relative to the 32-cm dosimetry phantom and are for adults. Some of the patients in the >10 years age group will be

closer in size to an adult than to a child.

“These conversion coefficients were derived from the previous study by Brady et al [26] as described in the Methods and
materials section. These values have been used to calculate the ICRP 103 effective doses given in Table 4.

“The conversion coefficients provided by Deak et al [33] are age specific and tube potential specific. The tube potential for each
protocol is given in Table 1. All body conversion coefficients in Deak et al [33] have been provided relative to the 32-cm
dosimetry phantom and therefore have been divided by 2 to be expressed relative to the 16-cm dosimetry phantom, except
for the values in rounded brackets. Deak et al [33] provided separate conversion coefficients for the abdomen and the
pelvis. For the CT abdomen/pelvis examinations the conversion coefficients have been averaged. The conversion coefficients
given for the CT abdomen/pelvis examinations for Alessio and Phillips [34] relate to the abdomen only.

according to the 2007 recommendations of the ICRP
[32]. In the previous study [26] conducted by the
authors on the RCH CT scanner, organ doses were
measured using TLDs placed in a physical anthropo-
morphic phantom representing a 10-year-old child to
estimate effective dose for different CT examinations
according to the formalism described in ICRP 103 [32].
These estimates of effective dose were used with the
displayed DLP values to derive effective dose conver-
sion coefficients for a reference 10-year-old child. In the
present study, these values were then scaled for all
other age groups according to the relative ratios of the
published ICRP 60 conversion coefficients [9]. This
method is approximate, but suitable for the purpose of
providing broad estimates of effective dose in this
study using the two different ICRP recommendations
[13, 32]. These conversion coefficients are compared
with other published ICRP 103 paediatric conversion
coefficients in Table 2. Deak et al [33] provided
conversion coefficients specific to a 64-MDCT scanner,
and Alessio and Phillips [34] derived conversion
coefficients based on adult effective doses, adjusted
for paediatric sizes. It is evident that a wide range of
values currently exist in the literature. The conversion
coefficients based on earlier TLD measurements [26]
were used for effective dose estimates in this study
because they are specific to this scanner and calculated
directly from a paediatric anthropomorphic phantom,
rather than an adult phantom.
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Results

Recommended LDRLs for CT practice at the RCH in
terms of both CTDI,; and DLP based on rounded mean
values are given in Table 3. These have been provided
relative to both phantom sizes for the body examina-
tions. The LDRLs in terms of CTDI,, are much higher
for the brain examinations than for the body examina-
tions, reflecting the higher X-ray beam intensity used for
the brain examinations.

Figure 1 compares the mean values of CTDI,, and
DLP with established or proposed national DRLs for
Germany [17], Switzerland [18] and the UK [19]. The
national values established in these countries were based
on surveys that included a range of single-detector CT
scanners and MDCT scanners in clinical practice at the
time. All of the other surveys included the 16-MDCT
scanner assessed in this study. For CT imaging of the
head, the RCH CTDI,, values are all lower than the
international DRLs. However, when comparing the
values of DLP for CT head examinations, the Swiss
DRLs are slightly lower (<10%) than the RCH values.
For CT chest imaging the CTDI,, and DLP values for
children under 5 years old are significantly lower at the
RCH. Similarly, the RCH values in the youngest age
group for CT abdomen/pelvis examinations are more
than two times lower than the international values. This
dose reduction is not evident in the older age groups for
chest imaging.
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Table 3. Recommended local diagnostic reference levels (LDRLs) by age group for typical paediatric CT examinations

LDRL
Examination Age group CTDly01,32 (MGyY) DLP3, (mGy cm) CTDlyo1,16 (MGY) DLP+ (MGy cm)
CT brain 0-6 months - - 18 250
6 months to 3 years - - 20 300
3-6 years - - 30 450
6-10 years - - 40 650
>10 years - - 45 700
CT chest <5 years 2 50 3 100
5-10 years 5 150 1 300
>10 years 12 400 23 800
CT abdomen/pelvis <5 years 2 100 4 150
5-10 years 5 200 10 400
>10 years 8 350 15 750

CTDlyo1,16, Volumetric CT dose index relative to the 16-cm dosimetry phantom; CTDI,,, 32, volumetric CT dose index relative to the
32-cm dosimetry phantom; DLP4s, dose-length product relative to the 16-cm phantom; DLPs,, dose-length product relative to

the 32-cm phantom.

To enable identification of parameters that can be
further optimised, a more detailed breakdown of the
scan parameters is given in Figure 2. The range and
mean values for CTDI,, 16, DLP16, actual mAs and scan
length are shown for each age group and examination.
The CTDI,, increased with age for all types of exami-
nation, regardless of whether the examination was of the
body or head region. The DLP increased with age for
each type of examination, although the increase was less
for brain examinations than for body examinations. For
head and chest imaging the mean mAs values were more
than two times higher in the eldest age group than in the
youngest age group. However, for abdomen/pelvis
imaging the mean mAs value increased by <50% be-
tween the youngest age group and the middle age group,
and did not change between the middle age group and
the eldest age group. Scan length did not substantially
change with age for brain examinations, whereas for
body examinations it increased with age, particularly for
the youngest age groups. Furthermore, the range of scan
lengths is larger for body examinations than for head
examinations.

50
451 mThis study (RCH2011)
4.0 4 O Germany 2006

35| O Switzerland 2005
304 @ UK 2003

25 -
20+
1.5+
1.0 1
0.5 +
0.0 4

CTDI,,, (mGy) relative to this study

01y | 1-5y |5-10y| =10y | <5y 5-1{Jy|>10y <5y 5-1GyE>10y

CT Brain CT Chest CT Abdomen/Pelvis

Examination Type and Age Group

(a)

The bottom panel of Figure 2 shows CTDI 16 values
normalised to 100 mAs for each age group and examination.
Since this quantity is independent of both the examination
mAs values and the scan length, it reflects the influence on
dose of the protocol parameters initially selected by the
operator. Normalised CTDI,16 remained constant for
brain examinations, but increased with age for body
examinations.

Values of effective dose using ICRP 60 and ICRP 103
definitions and tissue-weighting factors were estimated
using the mean DLP values (Figure 2) and age- and
region-specific conversion factors (Table 2), and are
given in Table 4. The ICRP 103 values of effective dose
were lower than the values calculated using the ICRP 60
definition for CT brain examinations (by 31%) and CT
abdomen/pelvis examinations (by 7%), but higher for
CT chest examinations (by 23%). Overall, the effective
dose values for CT brain examinations were lower than
those for any of the body imaging, except for the effective
dose for a CT chest examination in the youngest age
group, which was similar to the effective dose for a CT
brain examination. The effective dose values increased
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Figure 1. Comparison of (a) mean volumetric CT dose index (CTDl,) values and (b) mean dose-length product (DLP) values for
different age groups for common CT examinations from the paediatric dose survey undertaken in this study, at Royal Children'’s
Hospital Melbourne, Parkville, Australia (RCH), 2011, with international diagnostic reference levels (Germany, 2006 [17];
Switzerland, 2005 [18]; the UK, 2003 [19]). The year indicates the last year of data collection in each of the studies. All values are
relative to the mean values from this study. All values are relative to the 16-cm dosimetry phantom (CTDl,o 16, DLP16) except for
the chest and abdomen/pelvis examinations in the >10 years age category, which are relative to the 32-cm dosimetry phantom

(CTDlyo1,32, DLPs).
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with age for the body examinations using DLP36. Using
the DLP3, value and adult conversion -coefficients
resulted in approximately halving the estimate of
effective dose.

Discussion

Repeat surveys conducted in the UK have shown that
DRLs assist in reducing radiation doses over time [19].
DRLs for paediatric CT examinations were 10-40% lower
when comparing surveys several years apart [19, 27].
With an established and widely adopted DRL pro-
gramme, it is envisaged that at some stage doses may
become relatively constant and DRLs will then be
important to protect against unnecessary dose increases.
In Australia, where national DRLs have yet to be
established, there will be a significant initial opportunity
for optimisation.

At the local level, dose surveys can be undertaken to
establish LDRLs that can be compared with national
DRLs. It is useful to conduct surveys based on real
patients, which can be repeated at regular intervals to
assess CT practice at an institution. Using the dose
indicators on the CT display (CTDI, and DLP) ensures

The British Journal of Radiology, November 2012

dose survey. The bottom panel
shows normalised median CTDly,),16
values. Age groups are defined in
terms of months (m) or years (y).

that results will be comparable between different
scanners, sites and countries, as long as the dosimetry
phantom is specified. Furthermore, Heggie [35] argues
that dose surveys are also an essential tool for under-
standing local practice when commissioning a new CT
scanner to ensure that optimisation is undertaken.
Therefore, LDRLs are useful to gauge changes in local
practice and techniques, and the impact of new imaging
technology.

Establishing typical dose levels for children is more
challenging than deriving these values for adults.
Parameters (and hence doses) vary considerably with size
and age for children. Multiple reference values for a
particular examination may be appropriate to account for
the variation in size across age ranges. It has been
suggested that age may not be an appropriate indicator
of size in children and a method for deriving a
representative “age” from a size measurement of the
patient has been developed [16, 36]. The thickness of the
patient directly correlates with the distance that the X-ray
beam travels in the patient and hence is a more direct
determinant of dose [16, 36-39]. However, in this study,
dose records were grouped for children based on age and
not size. This allowed investigation of the range of doses
that may be encountered in a particular age bracket. This
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Table 4. Estimated effective doses for typical paediatric CT examinations according to the International Commission on
Radiological Protection (ICRP) 60 [13] and ICRP 103 [32] definitions of effective dose

Examination Age group Effective dose (mSv) ICRP 60 Effective dose (mSv) ICRP 103
CT brain 0-6 months 24 1.6
6 months to 3 years 1.9 1.3
3-6 years 1.7 1.2
6-10 years 1.9 1.3
>10 years 1.4 1.0
CT chest <5 years 1.5 1.8
5-10 years 4.6 5.
>10 years 10 (5.4)7 13 (6.6)7
CT abdomen/pelvis <5 years 2.7 2.5
5-10 years 6.7 6.3
>10 years 11 (5.1)? 10 (4.7)7

?All values of effective dose have been estimated from the mean DLP,¢ (dose-length product relative to the 16-cm phantom)
values, except those shown in brackets, which have been estimated from the mean DLP3; (dose-length product relative to the
32-cm phantom) values. These have been included for comparison as some of the patients in the >10 years age group will be

closer in size to an adult than to a child.

has been standard practice at the RCH as part of the
quality assurance programme for a number of years.

Local diagnostic reference levels and international
benchmarking

In all age groups for brain examinations at the RCH,
the mean CTDI,, values are equal to or lower than
international DRL values (Figure 1a). This implies that
the protocol settings for brain scans at the RCH are well
optimised and reflect current international practice.
However, the dose saving evident in the RCH CTDI,
values has reduced when comparing the DLPs
(Figure 1b), suggesting that the scan lengths at RCH
may on average be slightly longer (<10%), offsetting the
dose reduction achieved in the parameter selection for
the protocols. However, there are other contributing
factors that may result in a numerical difference in the
dose indicators, but not the actual dose to the patient. For
axial brain examinations there may be a small compo-
nent of the scan that extends beyond the top of the skull
and scans only air to ensure that the complete region of
clinical interest is included in the scan range. For the
protocol settings used at the RCH, this will be up to a
maximum of a single beam collimation, or 18 mm, of
extended scan length that does not directly expose the
patient but increases the DLP and, hence, this may
account for the observed differences in DLP values.
Additionally, the definition of scan length for examina-
tions performed with a tilted gantry will also directly
affect the DLP. For example, on the scanner used in this
study the scan length is measured parallel to the
patient’s long axis, whereas measurement of the scan
length parallel to the axis of rotation would reduce the
length by approximately 10%. Therefore, the actual dose
to the patient has not changed, but the DLP has,
depending on the scan length used.

For body imaging, the RCH mean values are con-
siderably lower than international DRLs in terms of both
CIDIl,, and DLP in the under 5 years age group
(Figure 1). This is most likely to be the result of the
low tube potential (80kV) employed at the RCH, which
leads to a considerable dose reduction. For example, the
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UK survey [19] found that almost 80% of sites conducted
chest imaging in this age group at 120kV, with only
5% using 80kV. This may also explain why the UK DRL
is higher than the other values in the 5-10 years age
group. Again, 120kV is typically used in the UK,
whereas at the RCH 100kV is used in this age group.
The German survey [17] found that in younger patients it
was more likely that a lower tube potential would be
used for chest imaging than for abdomen/pelvis
scans, although in the 2-5 years age group low-tube-
potential chest imaging accounted for just over 30% of
the examinations.

The German DLP DRLs are lower than the RCH mean
values in the two older age groups for chest imaging
(Figure 1b). Furthermore, the German study included the
over-ranging length in the helical scans, which was not
included in the present study. Therefore, it was expected
that the German DLP DRLs would be higher than the
RCH mean values, which do not include this additional
length. The third quartile value for the scan length,
including over-ranging, in the age group 6-10 years in
the German study was 22.7 cm. The mean scan length in
the RCH survey for 5-10 year olds was 28.7 cm. Clearly,
the RCH scan length is extended. Similarly, the Swiss
DLP [18] for chest imaging is lower than the current
study in the 5-10 years age group. The average scan
length for 5-10 year olds in the Swiss study was 23 cm,
again shorter than the current study.

All RCH mean values for abdomen/pelvis examina-
tions across all age groups are equal to or lower than the
international DRLs. In the two older age groups, the dose
saving achieved through the selection of parameters,
evident in the CTDI,,, values at the RCH, again appears
to be offset to some extent by a longer scan length when
assessing the DLP values. In the 5-10 years age group the
mean RCH scan length was 39.6 cm, whereas the German
survey third quartile value was 31.6 cm. Similarly, in the
over 10 years old category the RCH mean length was
46.9 cm and the German third quartile value was 40 cm.
Again, there appears to be an opportunity for dose
reduction by reviewing the scan length for the RCH
examinations. However, overall, the RCH average dose
values for abdomen/pelvis imaging are lower in
comparison.
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A comprehensive single-site Australian survey was
undertaken by Watson and Coakley [21] based on
paediatric protocols on a 64-MDCT scanner. A compar-
ison with the current study shows that the majority of
CTDI,, and DLP values in the Watson and Coakley
study are significantly lower. This is likely to be the
result of changes in technology between the 16-MDCT
scanner in this study and the newer 64-MDCT scanner in
their survey. It may also be the result of optimisation of
protocols as some of the dose saving appears to be due to
lower mAs values for the axial CT brain examinations
and lower CTDI,, values for the body imaging, although
it is not clear which parameters may cause this. For
example, none of the protocols reported in their study
are performed at the lowest available tube potential
(80kV) and the pitch is lower than the current study for
all body imaging. The only doses from the present study
which are comparatively lower are those for CT chest
and CT abdomen/pelvis imaging in the youngest age
group, performed at 80 kV. One of the significant benefits
of the Watson and Coakley study is that they had access
to the patients” weights, and have reported dose values
in terms of both age and weight.

Assessment of scan parameters

It is useful to make comparisons with other studies
and international DRLs using the dose indicators. For the
current study, this has led to identification of chest
imaging in older patients as one area that can be
potentially optimised. However, with only the dose
indicators it is difficult to ascertain the factors that
require optimisation. For example, for the chest exam-
inations, the mean DLP in the eldest age group is 14
times higher than the mean DLP for the youngest age
group, whereas for the abdomen/pelvis examinations it
is only a factor of 7 times higher. It is not clear which
factors contribute to this significant difference and
therefore a more detailed breakdown of the local scan
parameters was necessary. This was achieved by asses-
sing the normalised CTDI,,;, average mAs values and
scan length for each type of examination.

Normalised CT dose index

The CT brain examinations had the highest value of
normalised CTDI,; (Figure 2). This is partly attributable
to the narrower beam collimation than that used for body
examinations, which incurs a greater dose penalty owing
to overbeaming in which the unused penumbral region
of the X-ray beam is proportionally higher for narrower
collimations. Furthermore, less filtration is used for
head scanning, which leads to a greater dose than a
more filtered beam with higher beam quality for body
examinations [28]. Since the tube potential, beam
collimation and pitch did not change for the different
age groups for brain examinations, the normalised
CTDI,, remained constant. The slight variation in
normalised values evident in Figure 2, despite the use
of the same protocol parameters, is due to the limitations
of using average mAs values for this calculation. For a
fixed tube current these values would be identical.
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The beam collimation and pitch remained constant
between the age groups for the body examinations,
although the tube potential increased over the three age
groups. This is observed in the increasing normalised
CTDI,, values in Figure 2. The normalised CTDI,,
values for the chest and abdomen/pelvis imaging both
increased by a factor of 3.2 between the youngest and
oldest age groups. The chest and abdomen/pelvis
normalised values for the same age groups differ only
by the pitch. It is interesting that the values are similar as
the two body regions have quite different attenuation
and contrast characteristics. It may be expected that the
CTDI,, values, which reflect the patient dose by
including the mAs values, may be lower for the chest
imaging than for the abdomen/pelvis imaging owing to
the reduced attenuation from the air in the lungs and the
increased inherent contrast in this area allowing for
lower dose settings. However, this was not always the
case, particularly for the oldest age group (Figure 2).
Therefore, either justification or optimisation of the
higher CTDI,,; and normalised CTDI,,, values for chest
imaging relative to abdomen/pelvis imaging should be
undertaken.

Tube current modulation

In all examinations assessed, the tube current modula-
tion dose reduction tool was used (CARE Dose4D). This
requires a user-defined reference mAs value (called Q.f),
which is set at a level to achieve the desired image
quality and is expressed in terms of the effective mAs
value. The tube current is modulated based on the size of
the patient being scanned relative to the standard-sized
patient (defined as weighing 20 kg or as aged 5 years for
this scanner). Therefore, for very young/small patients it
is expected that the range of mAs values for the
examination will be less than the reference value, and
for older/larger patients the mAs will exceed the
reference mAs value. For example, for a 4-day-old baby
undergoing a CT chest examination the average value for
the examination was 49 mAs compared with a reference
value of 65mAs. For a 14-year-old adolescent under-
going a CT chest examination the average was 124 mAs
and the reference was 80 mAs.

For the brain examinations that were undertaken with
a tilted gantry, the average tube current was lower than
the reference value for all age groups. Some sections of
the scan had a very low tube current when the
transmission length through the brain was quite small
(e.g. top of the head). Overall, the mAs for the brain
examinations increased significantly with age (Figure 2),
by a factor of 2.6, reflecting the higher reference mAs
(Table 1) required to achieve the same image quality in
older patients with a more radiodense skull. The mean
mAs values for the chest examinations also increased by
a factor of 2.4 between the youngest and oldest age
groups. Again, the increased density of the skeleton
in older children and their larger size are expected to
lead to the mAs increase. However, the increase in mAs
was only by a factor of 1.4 for the abdomen/pelvis
examinations.

For the chest examinations the increase in mAs
between the two younger groups was because of the
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increasing reference value and/or the increasing size of
the patient, whereas the increase in the oldest group was
only because of larger patient size since the reference
value remained constant. For abdomen/pelvis examina-
tions the patients in the oldest group were larger, which
would increase the examination mAs, but this was offset
by a lower reference mAs, and hence the mean
examination mAs was the same for the two oldest age
groups. Therefore, the reference mAs values for body
imaging should be reviewed and the relative differences
between chest and abdomen/pelvis values in the same
age group should be justified; otherwise, these reference
values should be optimised for diagnostic image quality.

Scan length

The average scan length for brain examinations
increased between the two youngest age groups (up to
3 years old), but was then fairly consistent (Figure 2).
This correlates well with the rapid growth of the head in
the first 2 years [39]. The change of body size as children
develop is clearly evident in the longer scan lengths for
the body examinations in older children (Figure 2). The
greatest change in mean scan length for chest examina-
tions occurred in the first 5 years, whereas the increase in
mean scan length for abdomen/pelvis examinations was
more consistent across the age groups.

The length of the scan for abdomen/pelvis examina-
tions was 11-13 cm longer on average than for examina-
tions of the chest for all age groups. For children under
5 years, the average chest scan length was 40% shorter
than the abdomen/pelvis scan length, whereas in the
older age groups it was only 25% shorter. Regardless of
age, the anatomical borders of the scan seldom change.
For chest examinations, the entire thorax anatomy and
half of the liver are routinely included. For abdomen/
pelvis examinations the typical scan range is from just
above the diaphragm to the symphysis pubis. Hence, it is
most likely that anatomical changes as children develop
lead to differences in the comparative sizes of the chest
and abdomen/pelvis in different age groups, which is
reflected in the relative scan lengths from this survey.

For all scans in helical mode, the operator’s planned
length defines the mid-position of the first and last image
(slice) to be reconstructed, and the length of the table
movement for a single rotation (which varies with pitch) is
automatically added to this planned length [30]. This
additional half-rotation width at each end is part of the
imaged length and included in the DLP calculation. An
additional scan length owing to over-ranging for helical
data interpolation is not included in the DLP, and van der
Molen and Geleijns [30] have shown that, for the same
scanner as used in this study for a CT scan with a pitch of
1.00-1.25, the over-ranging length is 5-6 cm. Therefore, the
scan lengths calculated here for the body examinations
represent the imaged length and underestimate the total
length exposed, and consequently the effective dose.

Effective dose

The dose indicators CTDI, and DLP are representa-
tive of the dose to cylindrical phantoms and do not take
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into account the relative radiosensitivity of the organs
and tissues exposed or the amount of the body directly
irradiated. Effective dose is designed to provide a
measure of overall radiation detriment owing to stochas-
tic effects and is to be used for prospective dose
assessment to facilitate planning and optimisation [32].
While not intended for retrospective use for estimation of
doses to individuals, it is utilised here as an optimisation
tool that will allow comparison with similar procedures
undertaken at different hospitals.

The estimates of effective dose made in this study
(Table 4) differ between the ICRP 103 and ICRP 60
definitions because of the change in weighting factors for
organs and tissues in the head and chest. When directly
irradiated, the brain has a comparatively lower tissue
weighting factor in ICRP 103, causing the brain dose
estimate to decrease. In the chest region, the breast
weighting factor has increased, leading to a higher
effective dose for the chest examination according to
ICRP 103. There is a slight decrease in effective dose
estimates for the abdomen/pelvis examinations.
Although the tissue weighting factor for the gonads
has decreased, an overall increase in the weighting factor
for the remainder of the tissues and organs tends to
partially offset this. Furthermore, the conversion coeffi-
cients used in this study (Table 2) to determine the
effective dose using the ICRP 103 definition were based
on an abdomen/pelvis examination that did not include
direct irradiation of the testes. Therefore, the gonad
absorbed dose, which was averaged from the directly
irradiated ovary absorbed dose and the testes absorbed
dose, was small compared with the contribution from
other organs and tissues [26].

Other studies have had similar findings to this study
for CT examinations of the body when comparing the
effect of the changes in the tissue-weighting factors on
the effective dose estimates for adults [40, 41] and for
children [33]. However, some of these studies [33, 40]
show an increase in the effective dose estimate for CT
brain examinations based on the ICRP 103 definition,
when compared with the ICRP 60 definition, whereas
this study, based on the previous work by the authors
[26], shows a decrease. According to ICRP 60, in which a
single remainder organ is directly irradiated and receives
an equivalent dose in excess of the highest dose for the
primary organs, the remainder of the weighting factor is
split evenly between that organ and the rest of the
remainder. This splitting rule applies to the brain dose
when the brain is directly irradiated and, therefore, for
calculation of the effective dose according to ICRP 60 the
brain should be allocated a tissue-weighting factor of
0.025, not 0.005. The ICRP 60 effective dose estimates
made by Deak et al [33] for CT brain examinations
appear to apply a tissue-weighting factor of 0.005 for the
brain dose and consequently underestimate the ICRP 60
effective dose. Therefore, Deak et al [33] conclude that
the ICRP 103 effective dose estimate for brain examina-
tions increases relative to the ICRP 60 estimate, which
does not agree with the findings of the present study.

The study by Huda et al [40] similarly reports an
increase in effective dose estimates for CT head
examinations for adults according to ICRP 103, when
compared with ICRP 60 effective dose estimates. They
have made use of the INPACT CT Patient Dosimetry
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Calculator (v. 1.0) [42] for effective dose estimates
according to either ICRP 60 or ICRP 103. ImPACT does
employ the ICRP splitting rule for ICRP 60 effective dose
calculations. However, the effective dose estimates in
IMPACT are based on Monte Carlo simulations, which
use a mathematical anthropomorphic phantom. Not all
of the organs and tissues specified in the ICRP 103
effective dose estimate were included in the Monte Carlo
calculations and a method of substituting known organ
absorbed doses has been used by ImPACT. For example,
the salivary glands and oral mucosa in ImPACT have
been allocated the brain absorbed dose. Since the brain
absorbed dose is relatively high when directly irradiated
in a CT brain examination, the salivary glands and oral
mucosa are allocated this same absorbed dose, even
though it is most likely that they would not be directly
irradiated in this type of scan. Therefore, the ICRP 103
effective dose estimates in ImPACT are higher than the
ICRP 60 effective dose estimates for a brain examination
because of the inappropriately high absorbed doses
allocated to these tissues, which are included only in
the ICRP 103 effective dose estimate and not in the ICRP
60 effective dose estimate.

A recent study by Thomas and Wang [25] reported
effective doses based on a similar paediatric patient dose
survey conducted for scans performed on an eight-
MDCT scanner without tube current modulation. The
effective doses in their study were calculated using ICRP
60 conversion coefficients. The ICRP 60 effective dose
estimates reported in the current study are predomi-
nantly lower, except for imaging of the chest in the older
age groups. This appears to be the result of two factors.
First, in the other study, a higher pitch (1.35) is used,
which will reduce dose. Second, the mAs is lower than in
the present study. Furthermore, the scan protocols
reported in the Thomas and Wang [25] study demon-
strate that the mAs values are consistently higher for
abdomen/pelvis examinations than for chest examina-
tions in each age group, which is not the case in the
present study for body examinations in the oldest age
group. Again, this is suggesting that the protocol
parameters at the RCH for chest examinations should
be compared with the parameters for abdomen/pelvis
examinations and, when the values for chest examina-
tions are higher than for the abdomen/pelvis examina-
tions, these need to be clinically justified or otherwise
optimised.

Conclusion

As the contribution of medical imaging to collective
population dose continues to grow [2], there is greater
awareness and utilisation of tools such as DRLs to reduce
and manage dose. Furthermore, conducting a CT dose
survey within a facility is essential for understanding
and analysing local practice. The mean values from these
surveys are also useful for comparison with national or
even international DRLs to facilitate benchmarking and
ultimately optimisation of dose.

A comparison of the average dose values at the RCH
with international DRLs for common paediatric CT
examinations has shown that the RCH values are
typically similar or lower. In particular, the use of

The British Journal of Radiology, November 2012

80kV for both chest and abdomen/pelvis imaging in
children under 5 years old leads to a significant dose
saving. There is potential for dose optimisation at the
RCH by reducing scan lengths for body examinations for
children over 5 years old. In the short term, a review of
these protocols should be undertaken to determine
whether there is appropriate justification for the
extended scan lengths. Analysing the local scan para-
meters provided a better indication of areas that may
need further optimisation. In addition to scan length, it
was identified that the reference mAs values for chest
imaging should be justified, particularly relative to the
abdomen/pelvis examination values for the same age
groups. Because of the inherent contrast in the chest and
lack of attenuating tissue, it is expected that these values
might be lower for chest examinations than for abdo-
men/pelvis examinations, but in fact in the older age
group they were found to be higher.

In the future, it may be worthwhile deriving LDRLs at
the RCH for common protocols based on clinical
indication and/or weight. This may result in narrower
ranges for the scan lengths and allow more directed
LDRLs. There are many factors that need to be con-
sidered when comparing local doses with DRLs, and the
dose indicators need to be properly defined in terms of
the CT dosimetry phantom used and the type of
examination. This study demonstrates that using several
quantities isolates the influence of each factor on dose
and enables the identification of protocol parameters and
areas of operator technique that can be optimised.
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