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Abstract

Purpose This study was done to evaluate the appropri-
ateness of dose indices in computed tomography (CT) by
comparing the body computed tomography dose index
(CTDI) and the size-specific dose estimates (SSDE) to
determine which of these two parameters is more appropri-
ate to estimate the radiation dose to both adult and paediat-
ric patients.

Materials and methods We analysed 150 thoracic CT and
150 abdominal CT scans, half of which from adult patients
and the other half from paediatric patients. We compared
the values of the CTDIvol and the SSDE reporting the aver-
age, maximum and minimum percentage difference for
each body region and depending on the age of the patients.
Results In the thoracic CT and abdominal CT scans,
we found values of difference between the SSDE and the
CTDlvol of 26.3 and 27.3 %, respectively, in adult patients
and of 46.9 and 48.5 % in paediatric patients.
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Conclusions The SSDE is a good tool for estimating the
average radiation dose for a given patient depending on the
input parameters and the dimensions of the specific person
in question before a CT examination.
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Introduction

The recent progressive increase in the number of radiologi-
cal examinations, especially of computed tomography (CT)
examinations, has led to a substantial increase in the dose
to the population from medical exposures [1, 2]. This phe-
nomenon must be governed by a more stringent application
of the principles of radiation protection, such as “justifica-
tion” and “optimisation” of the examination, in order to
ensure the appropriateness and minimisation of the dose in
the population [3, 4].

Although it has been a long time since the use of RIS—
PACS for archiving of examinations entered clinical prac-
tice, similar systems which combine the radiation dose to
the examination and allow, through statistical processing,
organisation of the procedures and doses according to ref-
erence levels established for each examination, have not yet
been implemented on a large scale [5]. So far, there have
been only a few sporadic reports of single-centre trials
investigating computer systems for the storage of the dose
[6, 7].

The current CT systems display on the screen of the
device both the computed tomography dose index (CTDI)
and the dose-length product (DLP), before and after the
execution of the examination [8].

The CTDI is an index of local dose, which is independ-
ent of the length of the scanned volume. The CTDI was
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developed to provide a standardised method for comparing
the output level of radiation between different CT scan-
ners using a phantom reference (head or body, measuring
16 and 32 cm in diameter, respectively). To better represent
the radiation dose in CT examinations also performed in
helical mode, the CTDIvol (CTDI volumetric) was intro-
duced, which also takes into account the pitch [9].

The CTDIvol remains, however, a dose index independ-
ent of the length of the scan. To better represent the total
radiation dose delivered it is necessary to introduce a CT
dose index that takes into account the full extent of the
acquired volume. Therefore, the DLP was introduced as the
dosimetric value that characterises a complete acquisition
scan. The DLP is obtained by multiplying the CTDIvol by
the length of the scan [10].

Both of these dosimetric quantities are sensitive to the
variation of scanning parameters, such as tube voltage
(kVp), current (mAs), gantry rotation time, pitch and bow-
tie filtration, but they are both independent of the size of the
patient [9, 10]. In fact, for a given CT scan of a patient, the
CTDIvol and its DLP are displayed for a reference phan-
tom (head or body), the diameter of which (16 or 32 cm) is
selected by the scanner. In general, the first is selected for
CT scans of the head, while the second for the examina-
tions of the torso (chest and abdomen) [11].

For paediatric patients the head phantom should always
be selected, even if, for paediatric body CT protocols, some
systems use the 16-cm phantom as a benchmark and others
use the 32-cm phantom. This is a problem as it may cause
an underestimation of dose levels in the younger paediatric
patients if the 32-cm phantom is used as a Ref. [12].

The CTDIvol and the DLP are, therefore, limited since
the measurements are carried out using only two standard
cylindrical and homogeneous phantoms, which do not rep-
resent the correct dose for objects of substantially different
shape, size and attenuation, such as the human body.

The radiation dose received by a patient during a CT
examination depends on both the radiation output of the
scanner and the size of the patient, and the CTDIvol pro-
vides information regarding only the output of the device,
without taking into account the size of the patient being
examined. For these two reasons, it does not allow a spe-
cific estimate of the radiation dose for a given individual,
particularly in paediatrics [13, 14].

Radiologists, medical physicists and radiographers need
computational tools which are easy to use and estimate
the radiation dose as accurately as possible [15]. To pro-
vide these tools, not only for paediatric CT examinations
but also for CT examinations of adult patients of any size,
a working group (AAPM Task Group Report 204, 2011)
was appointed to develop conversion factors that could be
applied to the dose index the CTDIvol displayed on the
CT scanner [8]. This way, a new parameter is obtained that

allows an estimate of patient dose according to the indi-
vidual’s specific dimensions, which is called a size-specific
dose estimate (SSDE).

The SSDE was defined in the “Report of AAPM Task
Group 204” as the estimation of dose to the patient that
takes into account the corrections based on linear dimen-
sions measured in the same patient or in CT images. The
values of the SSDE are specifically based on the CTDIvol
reported in the CT scanner (measured conventionally using
a 16 or 32-cm PMMA phantom), which is normalised by
factors dependent on patient size. This normalisation pro-
cess does not take into account most of the differences
between each scanner and the settings of the scanner tube
voltages, but it is very important because it allows us to
estimate the radiation dose to the patient depending on the
type examined, finding its greatest benefits for CT scans of
children or small adults [13, 14].

The correction factors to be applied to the CTDIvol in
order to derive the SSDE have emerged by combining the
results from four research groups that worked indepen-
dently of each other [8]. The good concordance recorded
suggests a level of reliability of factors that would have
been higher if only one working group had produced these
same data. The measurement methods and tools used
were different for each group and this further extends the
experimental validity which allowed the size-dependent
conversion factors to be obtained and tabulated. Common
to all the working groups, to obtain the correction factors,
was the calculation of some quantities associated with the
related size phantoms used and subsequently transported to
the resulting tables, which are necessary to determine the
appropriate correction factor for each individual patient.
Indeed, to know which factor should be applied to the
CTDIvol of a single patient, it is necessary to know at least
one of these size-related parameters: lateral (LAT), ante-
rior-posterior (AP), sum of AP + LAT and effective diam-
eter. These measurements can be derived from the centring
images (scout views) of the CT scan or from some axial CT
scans acquired in certain areas of the body.

The effective diameter is the diameter of the patient in
a specific position along the z axis, assuming that he has a
circular cross section. While some body parts are close to
a circular cross section, many are not. The effective diam-
eter can, therefore, be thought of as the diameter of a cir-
cle whose area corresponds to that of a cross section of the
patient on an image. In the paper of Brady et al. [16] the
effective diameter is the parameter with less variation for
the calculation of the SSDE.

Our study aimed to evaluate the appropriateness of
the dose indices and focuses mainly on the comparison
between the CTDI and the SSDE in body CT of both adult
and paediatric patients, who present a more critical situa-
tion. The analysis is intended to define which of these two
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Table 1 Results of dosimetric

; . Adult patients
indexes measured in adult

patients

Mean CTDIy,; mG

Mean SSDE mGy A SSDE—MCTDIy,; (%)

(maximum and minimum values %)

Chest 11.84 14.95 26.3 (+65; —8)
Abdomen 16.46 20.96 27.3 (+91; —15)
Table 2 Results of dosimetric Paediatric patients
indexes measured in paediatric
patients Mean CTDI,; mGy Mean SSDE mGy A SSDE—MCTDIy, (%)
(maximum and minimum values %)
Chest 5.63 8.27 46.9 (+106.1; —3.1)
Abdomen 6.64 9.86 48.5 (+129.8; =7)

parameters is more suitable to estimate the radiation dose
to the patient, which can then also be indicated in the scan
report and recorded in the appropriate database.

Materials and methods

We analysed 150 thoracic and 150 abdominal CT scans,
half of which from adult patients and the other half from
paediatric patients, carried out between January and June
2013.

The examinations were carried out using the following
CT systems: LightSpeed 16 GE (Milwaukee, USA); Light-
Speed Ultra GE (Milwaukee, USA); LightSpeed VCT GE
(Milwaukee, USA).

For adult patients the acquisition protocol for abdominal
and thoracic CT was: helical scan, automatic mAs, 120 kV,
3-5-mm slice thickness, pitch >1 <1.5, gantry rotation
time 0.6 s, large acquisition field of view (FOV). For pae-
diatric patients the acquisition protocol for abdominal and
thoracic CT was: helical scan, automatic mAs, 80-100 kV,
2-5 mm slice thickness, pitch >1 <1.3, gantry rotation time
0.5 s, small acquisition FOV.

The paediatric patients were divided according to age
group (0-3, 4-10, 11-18 years).

We used the software “DoseWatch” (GE, Milwaukee,
USA) to extract and collect the dosimetric data. DoseWatch
is a client—server software designed to ensure automatic
retrieval and analysis of dosimetric data directly from med-
ical imaging systems. Along with the collection and stor-
age of dosimetric data, the programme also offers statistical
analysis, integrated connections with RIS and PACS, auto-
matic alarms and tools to optimise the dose and the image
quality.

The following dosimetric data were recorded: the CTDI-
vol, the type of phantom used for the calculation of CTDI
and the dimensional parameters necessary for the SSDE
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calculation, in particular: the lateral dimension (LAT), the
anterior-posterior dimension (AP), the AP + LAT dimen-
sion and the effective diameter. We calculated the patient’s
effective diameter according to the formula: v/ AP + LAT.

The SSDE of each patient was then calculated through
the CTDIvol, the effective diameter and tables that show
the conversion factors, as reported by AAPM Report n. 204
[8].

We compared the values of the CTDIvol and the SSDE
reporting the average, maximum and minimum percent-
age differences for each body system and according to
the patients’ age. We evaluated the evolution of the sizes
of paediatric patients in relation to the phantoms taken into
account for the calculation of CTDI.

Results

Analysing the data of the adult patients we obtained the
results shown in Tables 1 and 2. In thoracic CT and abdom-
inal CT of adult patients, we found differences between the
SSDE and the CTDIvol of 26.3 and 27.3 %, respectively.
Analysing the data separately in thoracic CT and abdomi-
nal CT, very high difference rates, up to 91 % (Figs. 1, 2),
were also detected.

The data relating to paediatric patients are shown in
Tables 3 and 4. The average percentages of difference
between the two parameters are greater than in adults and
close to 50 % (46.9 % in thoracic CT and 48.5 % in abdom-
inal CT). By examining in detail the individual examina-
tions of the chest and abdomen, offset values of 106.1 and
129.8 % were also found (Figs. 3, 4).

Patients between 0 and 3 years old showed a low per-
centage of difference between the CTDIvol and the SSDE
(11.2 %), with a maximum of 26.8 % and a minimum of
1 %. In all the cases examined, to calculate the CTDIvol
we used the head phantom, whose dimensions do not differ
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Fig. 1 Thoracic CT scan in which the patient has smaller dimensions than the phantom, for which the percentage difference between the size-
specific dose estimate (SSDE) and the computed tomography dose index (CTDIvol) is 65 %
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Fig. 2 Abdominal CT scan in which the patient has smaller dimensions than the phantom, for which the percentage difference between the
SSDE and the CTDIvol is 91 %

particularly from the average effective diameter detected  presented a difference in the average percentage of 62.4 %,
(13.38 cm) in this age group. Different results were  and for those falling between 11 and 18 years old, with a
found for patients aged between 4 and 10 years old, who  gap of 52.7 %.
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Table 3 Results of dosimetric
indexes measured in thoracic

Paediatric patients—thoracic CT

CT in paediatric patients Mean CTDIy,; mGy Mean SSDE mGy A SSDE—MCTDIy,, (%)
(maximum and minimum values %)
0-3 years 4.07 4.53 11.2 (+26.8; —1)
4-10 years 4.55 7.39 62.4 (+106.1; —3.1)
11-18 years 7.56 11.54 52.7 (+84; +10)

Table 4 Results of dosimetric
indexes measured in abdominal
CT in paediatric patients

Paediatric patients—abdominal CT

Mean CTDIy,,; mGy

Mean SSDE mGy

A SSDE—MCTDIy, (%)
(maximum and minimum values %)

0-3 years 5.32 6.10
4-10 years 5.67 9.30
11-18 years 9.45 14.47

14.8 (+129.8; —3.1)
64.1 (+122.2; —7)
53.1 (+84; +14)
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Fig.4 Abdominal CT scan of a 3-year-old patient in which the percentage difference between the SSDE and the CTDIvol is 129.8 %
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Fig. 5 Distribution of the 30 1
effective diameter (x-axis)
of thoracic CT in paediatric 25 4
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There were maximum percentage differences of 106.1 %
(4-10 years) and 84 % (11-18 years). In these cases the
CT scanner used the body phantom (32 cm in diameter) for
the calculation of the CTDIvol, which is much larger (even
double) compared to that of the paediatric patients exam-
ined. As shown in Fig. 1, the peak of effective diameter is
around 20-25 cm, a value that corresponds neither to the
size of the 16-cm head phantom nor to that of the 32-cm
body phantom.

As concerns the abdominal CT of paediatric patients,
stratified by age, we obtained the results shown in Table 4.

The results of abdominal CT are very similar to those of
thoracic CT.

The CTDIvol does not reflect the average effective
diameter neither of patients in the 4-10 years age group
(17.77 cm) nor of patients aged 11-18 years (23.08 cm).

Analysing in detail the evolution of the effective diam-
eter of the paediatric patients who underwent abdominal
CT (Fig. 2), it can be seen that there are many differences
among patients, with effective diameters ranging from 9.87
to 32 cm.

Discussion

Our data show that the CTDIvol has limitations in the
estimation of dose because it is calculated with reference
to only two phantoms, 16 and 32 cm in diameter, regard-
less of the type of patient examined. These phantoms do
not reflect the general population and are also often chosen
inappropriately by the CT scanner, especially in the pae-
diatric examinations, where even if a patient has an effec-
tive diameter of about 16 cm, the CT scanner will use the
32-cm phantom for the calculation of the CTDIvol.

Analysing the data separately in thoracic CT and
abdominal CT, very high differences (up to 91 %) were also
detected, indicating an underestimation by the CTDIvol of
the radiation dose, or even negative (up to —15 %) which,
on the contrary, indicates an overestimation of the dose.

15-20 20-25 25-30 30-35

(cm)

Very high or negative percentage values are a conse-
quence of the size of the patient, respectively, smaller or
larger than the reference phantom used to obtain the CTDI-
vol. In all these cases, the CTDIvol is, therefore, inap-
propriate in the estimation of radiation dose, as not corre-
sponding to the delivered dose for that patient, but referred
to a standard reference phantom, the dimensions of which
deviate from the actual dimensions of the patient. The
SSDE, on the other hand, takes into account the size of
the individual subjected to the specifications and therefore
more accurately expresses the dose delivered.

Analysing the overall average values of the SSDE and
the CTDIvol in paediatric patients, without distinguishing
by age, one can immediately see how the percentages of
difference between the two parameters are greater than in
adults, close to 50 % (46.9 % in thoracic CT and 48.5 %
in abdominal CT). By examining in detail the individual
examinations of the chest and abdomen, offset values of
106.1 and 129.8 % were also found. Patients between 0 and
3 years old show a low percentage of difference between
the CTDIvol and the SSDE (11.2 %), with a maximum of
26.8 % and a minimum of 1 %. In all the cases examined,
the head phantom was used to calculate the CTDIvol, the
dimensions of which do not differ particularly from the
average effective diameter detected (13.38 cm) in this age
group.

The results differ, however, for patients ranging from 4
to 10 years old, presenting a difference in the average per-
centage of 62.4 %, and for those who are between 11 and
18 years old, with a standard deviation of 52.7 %. These
values reveal an inappropriateness of the CTDIvol to esti-
mate the radiation dose to the patient, since it underesti-
mates the average dose by more than 50 %.

Maximum percentage differences of 106.1 % (4—
10 years) and 84 % (11-18 years) are also reached. In these
cases, for the calculation of the CTDIvol the CT scanner
uses the body phantom (32 cm in diameter), which is much
larger (even double the size) compared to the paediatric
patients examined. As shown in Fig. 5, the peak of effective
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Fig. 6 Distribution of the 45 7
effective diameter (x-axis) of
abdominal CT in paediatric

patients (y-axis)
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diameter is at 20-25 cm, a value that does not correspond
either to the size of the head phantom of 16 cm or to that of
the body phantom of 32 cm.

This actually indicates that both phantoms do not repre-
sent the paediatric population, which varies widely in size
(from 10.08 to 32.97 cm) between ages, but also within the
same age group. The CTDIvol is, therefore, unsuitable to
represent an estimate of patient dose in paediatric CT stud-
ies of the chest, being calculated in reference to only two
standard phantoms, as opposed to the SSDE, which instead
assesses the dimensions of each individual patient.

The values obtained for abdominal CT in paediatric
patients show a very similar situation to that of thoracic CT.

Even here, the percentage of difference (14.8 %) for
paediatric patients between O and 3 years old is not so
high, due to the fact that in most cases, for the calculation
of the CTDIvol, the head reference phantom is used, which
does not differ much from the average effective diameter
which characterises this age group (13.58 cm). In the few
cases in which, instead, the body phantom is used, very
high percentage deviations are detected, up to 129.8 %,
which reveals an incorrect choice by the CT scanner of
the reference phantom to be used for the calculation of the
CTDlIvol.

As was the case in the thoracic CT, also in abdomi-
nal CT there are significantly higher percentage differ-
ences between the SSDE and the CTDIvol, both in the
4-10 years age group (64.1 %) and in the 11-18 years age
group (53.1 %). By analysing individually each examina-
tion, maximum values of 122.2 and 84 % were detected,
respectively.

As seen in Fig. 6, the peak is at 15-20 cm in diameter, a
value that is close to the size of the head phantom (16 cm),
but which differs greatly from the body phantom (32 cm).
The wide range of values, however, indicates a wide dimen-
sional variety among patients of different ages, but also
between patients of the same age, which does not allow the
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CTDIvol an accurate dose estimation, given that it refers
only to two standard measures. For this reason, even in the
abdominal CT of paediatric patients the measurement of
the SSDE is more precise.

In most cases the CTDIvol underestimates the radiation
dose in small-sized adult patients and in paediatric patients
with a peak percentage difference of up to approximately
130 % compared to the SSDE. In contrast, in large patients,
the CTDIvol tends to overestimate the radiation dose.
Therefore, it is not a dosimetric index specific for each
patient, but above all it is a surrogate of the output of the
CT scanner, as already reported by some papers [13, 14].

The SSDE is a good tool to estimate the average radia-
tion dose for a given patient before a CT study, based on
the input parameters and the size of the specific person to
be examined, but it is not correct for the differences in the
distribution of the dose to organs [16].

Given that the majority of modern CT scanners can dis-
play the CTDIvol before a scan, the correction factors pro-
posed can be used by the technician or by the radiologist
to estimate in advance the specific radiation dose for that
patient, so as to have a feedback on the appropriateness of
the parameters associated with size. This way, the accuracy
of dosimetry is improved compared to using only the scan-
ner output (CTDIvol) as a surrogate of the radiation dose to
the patient.

Conclusions

The results obtained indicate that it is important that the
dose recording systems appearing on the market are able
to calculate and record the SSDE for each patient. Such
systems are good tools for the optimisation of the exami-
nation not only from a dosimetric point of view, but also
as an analysis of incorrect patient positioning with respect
to the scanner coordinates, allowing for a more accurate
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evaluation of the examination in general. The strategy for
the dose evaluation and optimisation, especially in paediat-
ric patients, should start from the size of the patient.
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