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Abstract

The absorbed dose to paediatric patients is important bearing in mind the increased risk of radiation-
induced cancer due to exposure to X-rays at young ages. Questions have also been raised of whether a
CT examination of the paediatric brain might lead to a reduction in cognitive function. Considering the
difference in anatomy and thus in X-ray attenuation, children have a special need in CT image quality
and require separate scanning protocols and thus separate optimization from adults.

The overall aim of the work described in this thesis was to find an optimization approach to minimize
the absorbed dose to paediatric patients undergoing CT examinations, while maintaining the
diagnostic image quality and taking into account observer variability. In a first study, the effect of
reducing the tube current on the diagnostic image quality was evaluated for paediatric cerebral CT
examinations using the non-parametric statistical method of inter-scale concordance. The observer
variability was evaluated by means of Svensson’s method in a second study. The approaches in these
two studies were then combined in a third study to optimize the noise index in abdominal paediatric
CT examinations. The aim of the fourth study was to estimate the variability in the results when using
inter-scale concordance. A post-processing 2D adaptive filter, claiming to enable reductions in
radiation exposure, was investigated in the third study, and in a separate fifth study.

Artificial noise was added to copies of raw data of paediatric CT examinations in order to simulate a
reduction in radiation exposure without having to expose paediatric patients to further scans. When the
adaptive filter was tested, all images were created in duplicate: one set being post-processed. All
images, including the images duplicated for test-retest assessments were evaluated blindly and
randomly by three (two in one study) observers using a software viewing station. The radiologists
assessed the image quality visually by grading the reproduction of high- and low-contrast structures
and overall image quality on a 4-point rating scale.

For the cerebral CT examinations reductions in radiation exposure were possible for patients 1 to 10
years old. It was possible to further reduce the radiation exposure for shunt-treated patients. The
original image quality for patients under 6 months of age was found to be inadequate. Noise index 11
was sufficient for a routine abdominal examination for patients aged 6 to 10 years, noise index 12 was
considered sufficient for patients aged 11 to 15 years. The variability in results was less than 20 %
between two cerebral studies regarding routine CT examinations. The post-processing filter enabled
reductions in radiation exposure of approximately 15 % for some age groups.

The approach used in this work enabled the inter-scale relations between radiation exposure and
diagnostic image quality to be determined for paediatric cerebral and abdominal CT examinations.
Observer variability was also evaluated and a minimum radiation exposure to paediatric patients was
suggested. Applying the approach to post-processed images indicated a possible reduction in radiation
exposure to paediatric patients.

Keywords: Computed Tomography, Paediatrics, Radiation Dosage, Computer Simulations,
Nonparametric Statistics, Observer Variation, Radiographic Image Enhancement
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Optimering av datortomografiundersokningar av barn
Ett tillvagagangssatt att minska straldosen till barn med hansyn till
bildkvalitet och variation bland granskarna

Populiirvetenskaplig sammanfattning
Datortomografen &r en rontgenmaskin dér rontgenrdér och detektor roterar runt patienten, pa sa satt far
detaljrika snittbilder till skillnad fran konventionell rontgen. Datortomografi (DT) har blivit en alltmer
populédr undersdkning trots att den ofta ger hogre straldoser én vid konventionell rontgen. Eftersom
nya tekniska forbattringar av datortomografen presenteras i rask takt sa har processen kring optimering
av maskinen (d.v.s. se till att man anvénder ldgsta mdjliga strédldos som fortfarande resulterar i en
tillrackligt bra bildkvalitet) fatt kontinuerligt nya forutséttningar att ta hénsyn till.

Straldosen till barn &r speciellt intressant eftersom barn dr extra kinsliga for stralning. Med avseende
pa de anatomiska skillnader som finns mellan vuxna och barn s& behover barn specifik bildkvalitet och
separata undersdkningssprotokoll. Forskning kring l&mpliga protokoll for barn ar viktig och speciellt
kring enkla tillvigagéngssétt for rontgenkliniker att pa egen hand ta tag i optimeringen av protokollen.

Denna avhandling syftar till att presentera ett tillvigagéngssétt att minska straldosen till barn med
hinsyn till bildkvalitet och variation bland granskarna. I en forsta studien undersoktes effekten som en
sankning av strdldosen har pa bildkvaliteten genom att simulera sidnkningar av den sa kallade
rorstrommen for DT-undersokningar av hjérnan pé barn. Pa s sétt kunde den légsta strdldosen som
fortfarande gav en acceptabel bildkvalitet identifieras. I en andra studie 1&g fokus pa att utvdrdera
variationen mellan de granskare som studerat bilderna. Teknikerna frén studierna sammanfordes i en
tredje studie dér bildkvaliteten 1 DT-undersdkningar av magen pa barn undersoktes. I en fjarde studie
utvérderades tillvigagéngssittet att identifiera minsta strldosen, genom att genomfora en ny studie av
DT-undersokningar av hjarnan pa barn och studera variationen i resultat mellan denna och forsta
studien. En mjukvara som pastods vara till hjidlp med att sdnka strdldosen testades i den tredje studien
men dven i en separat, femte studie.

For att finna relationen mellan straldos och bildkvalitet tillfordes artificiellt brus till redan genomforda
undersokningar for att simulera en sénkning i straldos. Med denna teknik behdvde inga patienter stélla
upp pa undersokningar i rent forskningssyfte. For tester av mjukvaran skapades dubbletter till alla
bilder dér ena kopian behandlades med mjukvaran. Vissa bilder dubblerades for att utvdrdera hur
konsekventa granskarna var i sina bedomningar. Radiologer bedomde bildkvaliteten efter hur vil
strukturer i bilden syntes, samt helhetsintrycket av bildkvaliteten. Den bedémda kvaliteten matchades
ihop med straldosen med hjélp av en sa kallad rang-baserad statistisk metod och pa sé sétt kunde man
f& fram den ldgsta straldosen som representerar en viss bildkvalitet. Granskarvariationen utvérderades
med ytterligare en statistisk metod som fokuserar pé att analysera olikheter mellan granskare.

For DT-undersokningar av hjérnan pd barn sé fanns det marginal att minska strdldosen till patienter
mellan 1 och 10 ar. Ytterligare minskningar i strdldos var mdjligt for uppfoljningsundersokningar av
shunt-behandlade barn. Fér barn under 6 ménader visade sig strdldoserna vara for laga redan fran
borjan. Noise index 11 var tillrdckligt for barn mellan 6 och 10 &r medan noise index 12 var tillrdckligt
for barn mellan 11 och 15 ar. Variationen i resultat mellan tva studier angéende rutinundersdkning av
hjarnan pa barn var under 20 %. Mjukvaran som péstods hjélpa till vid dosreducering kunde sénka
doserna med ca 15 % for vissa &ldersgrupper.

Slutsatsen i denna avhandling &r att tillvigagangsséttet som anvédndes (och undersoktes) i studierna ar

anvandbart till att identifiera ldgsta rorstrom som ger en viss bildkvalitet vid DT-undersokningar av
barn.
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1 Introduction

1.1 Background

Computed tomography (CT) is a medical X-ray imaging system where the X-ray tube and the
detectors are rotated around the patient. The data obtained are then used to create cross-
sectional images of the examined patient. CT has undergone a tremendous technical
development since the invention of the first CT equipment in the 1970s. A milestone in the
development of CT was the introduction of multiple rows of small detector elements in 1998,
which replaced the one row of large detectors, enabling many images to be reconstructed for
each rotation instead of one. The main advantage of the multi-detector technique is the radical
reduction in scan time as there is no longer a need to limit the beam width to the nominal slice
thickness. For paediatric patients, this meant a reduction in the sedation necessary and fewer
motion artefacts. Replacing a row of large detectors with several small ones resulted in a loss
of detection efficiency; however, the resolution along the z-axis (along the patient) was
dramatically increased.

The first decade of the new millennium saw intense competition between manufacturers to
produce CT systems that could collect the most images per rotation, with the thinnest possible
nominal slice thickness, using the fastest gantry rotation time. However, physical limitations
have started to show. For example, the beam has become wider which results in more
secondary radiation and distortion of images, as the beam changes from fan shaped to cone
shaped. There are also practical limitations in the transportation of the patient through the
gantry as too rapid table movements create motion artefacts. Rapid gantry rotation causes
mechanical strain on the equipment and high requirements on X-ray tube and detectors. The
focus has since been changed to improving the components of the CT, such as the X-ray tube,
detector efficiency and data processing. The new objectives in the development of CT are the
introduction of the iterative image reconstruction and dual-energy scanning, which will
change CT imaging as we know it today.

CT is an important diagnostic tool in modern healthcare. However, CT has a reputation for
high radiation exposure of patients compared with conventional X-ray examinations. lonizing
radiation is associated with health risks to humans at effective doses higher than 100 mSv;
cancer being one of the stochastic risks [1]. Opinions on the effects of low doses of ionizing
radiation (below 100 mSv) differ as to whether there are any stochastic risks or not.
Performing scientific studies on the subject is difficult for practical reasons as it requires
enormous samples in order to maintain statistical precision and power. For example, to be
able to draw conclusions regarding the effects of an effective dose of 10 mSv, a sample size
of approximately 5 million subjects would be required [1].

The effective doses resulting from paediatric CT examinations today is normally in the range
of <1 to 30 mSv [2]. However, repeated examinations of patients are very common [3, 4],
resulting in larger accumulated effective doses. It is recommended that exposure levels are
kept as low as reasonably achievable to reduce the potential risks [5], this recommendation is
also known as the ALARA principle. Not only should radiation exposure be kept as low as
possible, the use of CT must also be justified, and other diagnostic methods should be
considered when possible.



Introduction

The risk of radiation-induced cancer as a result of ionizing radiation is higher in children than
in adults [5, 6]. This is partly because the radiation-sensitive organs, such as bone-marrow,
represent a higher proportion of the body mass in children than in adults. Cell division is also
more active in children, which increases the sensitivity of cell damage. The risk of a
paediatric patient developing cancer is up to ten times higher than that for an adult [7]. Hall et
al. [8] have also raised the question of whether irradiation from CT of the paediatric brain
may lead to a reduction in cognitive function. Not only are children more sensitive to
radiation, but if the radiation exposure is not adjusted for children, they will receive higher
organ doses than adult patients, as their bodies do not attenuate the same number of photons
before the organs of interest are reached, resulting in a higher energy deposition per unit mass.

In an American study published in 2001 [6], it was roughly estimated that 500 out of the
paediatric patients undergoing a CT examination during a year would ultimately die as a
result of radiation-induced cancer following the CT examination in the United States. This
estimate was based on a linear extrapolation of the cancer risk, and that approximately
600 000 paediatric CT examinations are carried out annually. This roughly equals 1 patient in
a 1000. It should be noted that this estimate does not include children expected to recover
from CT-induced cancer. Berrington de Gonzalez et al. [9] estimated that a total of 29 000
cases of cancer were related to CT scanning in the United States in 2007; 15 % of which were
estimated to be due to the scanning of patients under 18 years of age.

The improvement in image quality and the diagnostic ability of CT has led to an increase in
its popularity, and conventional X-ray examinations are increasingly being replaced by
corresponding CT examinations. According to estimates in 1997 [10], CT represented about
4 % of all diagnostic X-ray examinations and almost 40 % of the total radiation dose from
medical diagnostic examinations in the United Kingdom. Data from 2006 [11] indicated that
in the United States, CT represented about 15 % of all diagnostic X-ray examinations
(excluding dental examinations), and more than half of the collective dose resulting from
medical diagnostic examinations.

Optimizing paediatric CT examinations, i.e. keeping radiation exposure levels to a minimum
without jeopardizing the diagnostic image quality, is highly important considering the
increased use of CT and the increased risk of radiation induced-cancer in children. In 2001 a
series of papers published in the American Journal of Roentgenology [6, 12, 13] highlighted
the problem of high radiation exposures in paediatric CT scanning. Paterson et al. [13]
published the results of an investigation on paediatric scanning settings, showing that many
hospitals still used adult scanning settings for children, resulting in very high effective doses.
One of the problems at that time was the lack of tube current modulation (TCM). This
technique, which adjusts the radiation exposure in relation to patient attenuation, was only
available in conventional X-ray examinations. Without this technique, CT operators had to
reduce the radiation exposure by hand for children. As there was a risk of reducing the
radiation too much, resulting in images of inadequate quality, there was a tendency not to
adjust the tube current at all, leading to high radiation doses to young patients [13, 14]. Some
hospitals even increased the radiation exposure for paediatric patients to ensure a high image
quality. Scientific efforts were made to estimate the relation between tube current and patient
size [15-18]; the patient size providing a rough estimate of the patient attenuation. However,
as is common in the development of CT, technology advanced, and TCM was introduced in
CT a few years later.
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With the introduction of TCM, new issues of how to optimize CT examinations arose. Today,
TCM can be used to adjust the tube current to provide a relatively constant image quality
throughout the examination, regardless of the patient’s morphology. However, the reference
image quality set by the CT operator is, by author’s experience, often not optimized with
regard to the diagnostic purpose of the image but rather based on previous settings or
manufacturer’s recommendations. Some argue that using a generally high image quality
regardless of the diagnostic purpose will result in additional findings in some patients.
Whether this can be regarded as a sufficient reason to overexpose the majority of patients and
thus increase the number of future cancer cases can definitely be questioned.

CT examinations can be optimized in a number of ways, e.g. better technical solutions and
correct use of the equipment. Optimizing a scanning protocol can mean identifying the
scanning parameters that result in the highest image quality for a fixed effective dose. In this
case there are many statistical methods that are appropriate for comparing two or more
parameters with each other. It can, however, mean finding the lowest effective dose without
reducing the diagnostic image quality. In this case, it is common to focus on either the tube
current, and thus the value of the CT dose index by volume, CTDI, (see Section 1.2), or the
tube voltage. Reducing the tube current results in an increase in image noise and comparing a
higher level of tube current to a lower would thus most probably indicate a change in image
quality in favour of the higher tube current when using established statistical methods.
However, there is often no information of whether the lower image quality is sufficient or not
for the diagnostic purpose.

Scanning protocols should be optimized not only with regard to specific indications, but also
for specific patient groups. For example, large patients do not require the same low level of
image noise as smaller patients [19-21]. One reason for this could be that fat is less
attenuating than soft tissue, and appears darker than soft tissues in CT images with abdominal
window settings. Soft tissues are therefore better delineated in images of more corpulent
patients. Separate optimization is required also for paediatric patients as their anatomy differs
from that of adults. Apart from being smaller, the anatomical structures in children have
different proportions. Many organs have different CT numbers than for adults [22, 23] thus
resulting in e.g. different contrast. For example, the skull bone is much softer and thinner in
children, as can be seen in Figure 1. They also lack the fat embedding the organs mentioned
earlier (see Figure 2). It is also important to bear in mind that CTDI,,; and reference image
quality do not represent the same image quality between different CT scanners because of the
specific technical solutions used by each manufacturer. Optimization is thus specific for each
kind of scanner.

Optimizing CT scanning protocols for children is also more limited than for adults for several
reasons. Firstly, the number of patients examined is smaller. Secondly, different protocols are
required for different age groups. Thirdly, specialist radiologists trained in interpreting
paediatric images are required. There is thus a need to develop a method of optimization that
can easily be used in hospitals for paediatric CT scanning protocols. This method should be
possible to apply to a limited number of patients, and should be able to differentiate between
images of adequate and inadequate quality.
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Figure 1. Images from cerebral CT examinations of patients of various ages.
Age of the patient to the upper left; 8 months, to the upper right; 10 years,
and below; 54 years. The window settings and pixel size are not identical.

Figure 2. Illustration of an abdominal CT examination of a 7 year old patient (to the left) and a 66
year old patient (to the right). For the older patient, fat around the kidney (reproduced with a black
colour) enhances the delineation of the organ. The window settings and pixel size are not identical.
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1.2 Dosimetry

The computed tomography dose index (CTDI) provides an estimate of the absorbed dose
(mGy) within the scanned plane (xy-plane). More mathematically, CTDI can be seen as the
area under the dose profile divided by the beam width (i.e., the nominal slice thickness
multiplied by the number of slices per rotation), see Figure 3. The length along the z-axis,
over which the dose profile is integrated, varies according to the definition of CTDI. For
example, the American Food and Drug Administration recommends a 14-slice width
(CTDIgpa) [24], while the International Electrotechnical Commission (IEC) and International
Atomic Energy Agency (IAEA) recommends a constant 100-mm width (CTDI;o9 and C, 100,
respectively) [25, 26].

The general definition of CTDI is:

crpr =L [ D(z)dz (1)

z—axis

where n is the number of slices per rotation, t is the nominal slice thickness and D(z) is the
value of the dose quantity (air kerma according to IAEA [25] or absorbed dose in air
according to IEC [26] and FDA [27]) at different positions along the z-axis. CTDI can be
measured either free in air (CTDI,;;) or in a polymethyl methacrylate (PMMA) phantom. The
weighted CTDI (CTDIy) is the sum of weighted CTDI ;oo measurements at different positions
within the PMMA phantom and is used as an approximation of the average absorbed dose
within the xy-plane. It is defined as follows [26, 28]:

1 2
CTDI w = gCTD] 100 (Central ) + ;CTD] 100 ( Peripheral ) (2)

The positions of the central and peripheral measurements in the PMMA phantom can be seen
in Figure 3. CTDIy, is only valid as an estimate of the dose contribution within the scanned
plane if the pitch (the relation between beam width and table movement per rotation) equals
one.

Today, the CTDI by volume (CTDI,,) is the recognized measure, which takes into account
the spacing between rotations.
_ CTDI,,

CTDI , =
' pitch )

The tube current is often incorrectly used as an estimate of the dose to the patient, and in
many articles the results are present in terms of the tube current (mA) instead of CTDI,
(mGy). The exact relation between tube current and the resulting dose, CTDI,,, is scanner-
specific which means that the tube current can only be used when presenting relative changes
in dose. To estimate the total exposure of the patient, the dose length product (DLP, Gy cm)
takes the irradiated volume into account:

DLP = CTDI ,, - scan length 4)
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» Z-Axis

Figure 3. Illustration of where the measurement for CTDI,, is performed within the phantom (central
and peripheral positions). It also illustrates how the dose profile is summed over the beam width to
include the penumbra in the measurements.

DLP can be used to estimate the effective dose, E, when multiplied with a conversion factor,
EpLp, which depends on the anatomical area scanned [29]. The conversion factors are for a
standard adult (70 kg), but conversion factors for children have been suggested [30]. At
present, there are several methods of calculating more accurate values of effective dose from
CT examinations, depending on the desired level of accuracy: the more accurate the value, the
more complicated the calculation. There are also several dose-calculation programs
employing program-specific weighting factors for children, resulting in different values of
effective dose. Whether CTDI,, or effective dose should be used when comparing doses
resulting from CT examinations is currently a topic of heated debate within this area of
research [31-34]. The effective dose is perhaps the most correct quantity to use when
comparing radiation doses to patients undergoing different CT examinations; however, it is
more complicated to calculate, as the mean absorbed dose to each organ is included in the
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definition. However, most scientists agree that CTDI,, will soon have to be measured for
distances greater than 100 mm along the z-axis, as 100 mm underestimates the absorbed dose
to the patient [35, 36] for wide beams due to the penumbra not being sufficiently covered. For
some CT models 100 mm is not even sufficient to cover the whole beam width (at the time of
writing, beam widths up to 160 mm exists).

Another issue concerning CTDI,,; is that it today only is given for two reference phantoms
(16 and 32 cm in diameter) after an examination. A newborn child can have cranial and
abdominal diameters as small as 10 cm, and a corresponding CTDI,, value in such a phantom
can be up to a factor 2.5 higher [37]. Using CTDI,, to estimate effective dose would be more
accurate if a size regulating factor were used [30, 38, 39]. Identical output between CT
scanners does not necessarily mean identical image quality, but it enables comparisons of the
levels of output for different examinations and different patient groups.

1.3 Image noise

Image noise in a CT image can generally be divided in to three kinds, quantum noise, system
noise and noise from the reconstruction process and calibration of the data [40]. Quantum
noise is the main contributor of noise to the image, and it is inversely proportional to the
square root of the absorbed dose to the detector [41]. The absorbed dose in the detector is in
turn determined by the output from the X-ray tube, additional filtering (such as the bow-tie
filter), the attenuation by the patient and the efficiency of the detector. System noise results
from the physical limitations of the different components of the CT scanner, such as
electronic noise in the data acquisition and the detector elements, and scattered radiation,
among other factors. Noise from reconstruction could for example originate from the
enhancement of high signal frequencies in high-resolution kernels. The pre-processing
techniques used to calibrate and condition the collected data are also sources of error; small
artefacts sometimes influence the standard deviation of the pixel values [40].

Noise can be regarded as heterogeneous pixel values in the image of a homogeneous object.
The standard deviation of the pixel values can be used as a measure of the level of noise but it
is not a general measure that can define the quality of the image. Noise can appear differently
in the image depending on which reconstruction filter has been used. Uncorrelated Poisson
noise has equal noise power in all frequencies in the Fourier space. When introducing a
reconstruction filter, the noise becomes correlated within the image. When the noise is greater
at low frequencies it appears as coarse grains in the image, high frequency noise results in fine
grains. The noise in an image can thus have completely different appearances even when the
standard deviation of the pixel values is the same [42]. As different manufacturers use
different reconstruction filters, direct comparisons between CT scanners are difficult.
Observers are often biased as they prefer the image quality they are used to [43]. Trying to
define a range of standard deviation values that is suitable for an examination is thus
manufacturer and filter specific.

Image noise negatively influences the diagnostic image quality, i.e. the ability to visualize
important structures. As image noise increases, the visibility of structures decreases, an effect
that depends on the contrast and size of the structure [44]. Too low an image quality will
prevent the detection of poorly visible pathology, while too high an image quality implies a
higher radiation dose than necessary. It is therefore important to find a balance for optimized
image quality.
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It is often of interest to reduce the noise within an image. Some reconstruction algorithms aim
to reduce image noise, but this comes at the expense of resolution. There are several post-
processing filters on the market claiming to have the ability to enhance X-ray image quality
by reducing image noise, and enhancing anatomical structures; the aim being to enable
reductions in the radiation exposure. One of these filters was tested in paediatric abdominal
examinations (Paper III) and in paediatric cerebral examinations (Paper V) in order to
evaluate the possibility of reducing the radiation exposure.

Artificial noise can be added to CT images through manipulation of the raw data [45, 46] or
of the image itself [47]. This is done to simulate a reduction in tube current and thus a
reduction in CTDI,, as it is proportional to tube current [48], see Figure 4. Adding noise
directly to raw data ensures that it is filtered through the same reconstruction filter as the true
image noise. Adding noise directly to the image requires more work as the characteristics of
the added noise must match those of the real image noise. Adding noise to the raw data is
preferable, although it requires a close cooperation with the manufacturer in order to get
access to the raw data.

Figure 4. [llustration of images in which simulated noise has been added to the raw data
from a paediatric cerebral CT examination of a 9 year old girl. The original examination
(left) was performed with a CTDI,, of 42 mGy (CTDI,,, is given for a 16-cm CTDI
phantom). The simulated images represent CTDI,,, values of 31 mGy (centre) and 9 mGy

(right).

Adding noise is useful when finding the sufficient image quality required for a specific
diagnosis or a general scanning protocol, as the effects of stepwise reductions in the radiation
exposure can be visualized without having to scan the patient further. Simulating noise also
has the benefit of providing identical images apart from the noise. This excludes the risk of
bias from other factors such as patient movements between scans.

A fixed tube current must be used if TCM is not activated or not available for a CT
examination. This means that, for example, an image of the shoulders (which are highly
attenuating) will have a higher level of image noise (and most probably streak artefacts)
compared to an image of the lungs (which are low attenuating). Adjusting the tube current to
either the shoulders or the lungs will thus result in either a poor image of the shoulders or a
high absorbed dose to the lungs. The use of TCM will not only reduce the dose to the patient
[49], but may also provide relatively constant image noise throughout the image (if no
limitations in the tube current occurs). This means that efforts can be devoted to finding an
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image quality (with regard to image noise) that is sufficient for the diagnostic purpose of the
examination, to a minimum CTDI,,.

Manufacturers do not only use different technical solutions for TCM, but also different
definitions of reference image quality. GE Healthcare and Toshiba Medical Systems use
standard-deviation-related measures, while Philips Healthcare and Siemens Healthcare use
reference tube current values. This means that CT scanners must be optimized with regard to
manufacturer. Paper III describes the investigation of the reference image quality “noise
index” sufficient for paediatric abdominal examinations at minimum radiation exposure on a
CT from GE Healthcare. According to GE Healthcare, the noise index value will
“approximately equal the standard deviation in the central region of the image when a
uniform phantom (with the patient’s attenuation characteristics) is scanned and reconstructed
using the standard reconstruction algorithm” [50].

1.4 Evaluation of image quality

Physical measures such as detective quantum efficiency and modulation transfer function
describe the ability of the equipment to reproduce a given signal to the detectors. This
provides however no information regarding the clinical usefulness of the produced image. The
perhaps most common physical measure in optimization is the signal-to-noise ratio (SNR)
where scan parameters representing the minimum radiation exposure are identified for a fixed
level of SNR. Psychophysical measures, in which trained observers determine the amount of
detail of different size and contrast visible in a scanned test phantom, can also be employed.
This technique is often used for quality assurance in order to detect differences in the
performance of equipment over time. These measures are sometimes used when optimizing
scanning settings in order to find the minimum radiation exposure with no visible loss of
detail. The clinical validity of a study performed on phantoms is; however, always lower than
that performed on humans.

Human evaluation of images from real clinical examinations is the most preferable approach
when evaluating the diagnostic use of an image. The choice of evaluation tool depends on
what is being investigated and the conditions. Receiver operating characteristics (ROC) are
preferable when a specific diagnosis is being investigated, and where there is a known
distribution of sick and healthy patients in the sample that is being assessed. When optimizing
entire scanning protocols, several diagnoses are investigated and thus a more manageable
approach to evaluate image quality would be for the observer to assess how well the anatomy
is reproduced in the image. This approach is referred to as visual grading [51]. Visual grading
does not reflect the ability of the radiologist to make the correct diagnosis, however, it has
been shown to agree with methods based on ROC analysis [52, 53], and on calculations of the
physical measures in specific cases [54, 55]. This shows that the ability to detect pathology is,
to some degree, correlated to the reproduction of anatomical structures, which forms the basis
of the visual grading approach.

There are several different approaches based on visual grading, for example, fulfilment of
image quality criteria [56], visual grading analysis (VGA) [51], visual grading characteristics
(VGC) [57] and visual grading regression [58]. VGA can be divided into relative or absolute
VGA. The observers either compare the image quality of two or more images (relative VGA)
or they grade the reproduction of anatomical structures in each image using a list of adjectives
that describes different levels of visibility (a verbal rating scale) (absolute VGA).
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Grading on verbal rating scales (VRS) produces ordered categorical data, also known as
ordinal data. It is important that the statistical methods used are appropriate for this type of
data, which has rank-invariant properties only. Rank-invariant properties means that the
results of data analysis should not depend on the labels of the categories [59, 60]. VGA is
unfortunately often used in conjunction with inappropriate statistics, where the numerical
labels on the classification scale are treated as if they had a mathematical value.

The improper use of statistics in VGA has resulted in the use of other statistical methods that
provide correct and reliable information. These methods are not necessarily new per se, but
are not common in the field of radiology. The statistical methods used in this work are
examples of such methods. Other examples are VGC, in which the fulfilment of criteria
regarding the visualization of anatomical structures is evaluated and analysed with software
normally used for ROC-based methods, and visual grading regression, in which logistic
regression is used to analyse data. Logistic regression has the advantage of enabling the
analysis of several variables simultaneously.

In the present work, rank-based statistical methods were applied to absolute VGA data. Inter-
scale concordance [61, 62] was used because of its ability to identify a relation between
radiation exposure and diagnostic image quality for an observer. This enables the
identification of the minimum radiation exposures corresponding to different levels of
diagnostic image quality. For this relation to be representative for the true distribution of
assessments, however, it requires reasonably low intra-observer variability and only small
variations in original image quality for the different patients included in the study.

1.5 Observer variability

Cohen’s Kappa is today the recognized measure of reliability and is a single measure of
agreement beyond the chance-expected agreement between and within observers. Despite its
popularity it has various unsatisfactory features. The value of Kappa depends on the number
of categories; as the number of categories decreases, Kappa increases (the higher the Kappa
value, the higher the agreement). It is also assumed that there are unbiased pairs of
assessments, which means identical marginal distributions, which is rarely the case in
agreement studies [63].

The method of evaluating variability within and between observers used in this work was
Svensson’s method [64, 65]. Svensson’s method has the ability to identify and measure the
level of systematic disagreement, when present, separately from additional random variability.
Paper II describes the method and demonstrates the kind of information that can be obtained
with it. The method was then used to evaluate observer variability (Papers I11-V).

1.6 Dose reductions in general

There are several ways of keeping radiation doses at a minimum. Concentrating only on tube
current and image quality will not guarantee the lowest possible absorbed dose to the patient.
For example, all X-ray examinations must be justified [66]. A radiologist should always be
involved in determining whether a patient should undergo CT or not. Other diagnostic
techniques not involving ionizing radiation, such as ultrasound and magnetic resonance
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imaging (MRI), should be considered first. MRI should especially be considered as an
alternative to high radiation exposure examinations.

It is important that the CT operators have sufficient time to prepare the patient for the scan,
especially paediatric patients. For example, it is important that the patient is still during the
examination in order to reduce the risk of having to repeat a scan. Positioning the patient
correctly in the centre of the gantry (the isocentre) has always been important with regard to
the bow-tie filter, for both optimal image quality and low patient skin dose. With the
introduction of TCM, it has, however, become even more important as incorrect positioning
of a few centimetres can result in over- or under-exposure in tube current [67, 68].

For routine cerebral CT examinations the recommendation is to use axial scanning mode (also
known as incremental scanning mode) with a tilted gantry or a tilted head position, in order to
avoid irradiation of the eye lens [69]. Also, multiple exposures for precontrast imaging should
be reduced to a minimum when medically appropriate. A general recommendation regarding
scanning modes is to use axial scanning for small scanning lengths, and helical scanning for
larger scanning lengths [70], as helical scanning uses an over-scan at the end points of the
scanned volume, resulting in greater radiation exposure of the patient than in axial scanning
mode. Helical scanning, however, has the benefit of reduced scanning time, and thus reduced
risk of motion artefacts. The benefit of the speed of the examination must thus be weighed
against the extra dose. The need for multiplanar reconstructions or volume rendering of the
scanned volume should also be considered as helical mode is the better choice for this
reconstruction technique. Some manufacturers have introduced adaptive collimators to reduce
the excess dose from over-scanning at helical scanning [71].

Regarding the collimation of the actual beam width (which is dependent on the detector
configuration), as large a beam width as possible (with regard to the minimum nominal slice
thickness needed) is often the most dose efficient regarding CTDI,,. A broad beam reduces
the number of rotations required, and thus the contribution from superimposed penumbras
from each rotation. There is however a risk of increased DLP instead, especially for short scan
lengths when using helical mode. Adjustments in detector configuration in order to minimize
the radiation exposure with a wide beam should thus be done with regard to both CTDI,, and
DLP. If the adjustment results in an increase of the scanning volume, it is also important to
consider possible effects on radiation sensitive organs.

Pitch can be used to reduce the radiation exposure of the patient for some scanners. Increasing
the pitch means increasing the table movement per rotation whilst the beam width remains the
same, this leads to a reduction in the total radiation exposure of the patient. The image quality
will however be affected. Greater pitch does not necessarily mean lower image quality, as the
quality depends partly on the reconstruction algorithm used. However, increasing the pitch
means an increase in the distance between the interpolation points which are used to calculate
the image. A too high a pitch could reduce the ability to detect small objects. Some
manufacturers have implemented automatic adjustment of the radiation output in order to
maintain a certain radiation exposure regardless of the pitch.

In conventional X-ray examinations, the tube voltage is adjusted according to the size of the
patient although this has not been common practise in CT. However, research indicates that
the dose to paediatric patients can be reduced by lowering the tube voltage [72-74]. Using a
low tube voltage for the scan projection radiograph (also known as the topogram, scout view,
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scanogram, surview or pilot scan, depending on the manufacturer of the CT) is recommended
by some [75], however, this could result in an erroneous estimate of the TCM if the actual
examination is not performed at the same tube voltage. It is therefore recommended by at
least one manufacturer to use the same tube voltage as will be used in the examination [50].
Radiation-sensitive organs should be taken into account when positioning the X-ray tube for
the scan projection radiograph. For example, for an anterior-posterior overview, the X-ray
tube is better placed facing the back of the patient (posterior-anterior). The absorbed dose to
radiation-sensitive organs such as the eye lens, the thyroid and the breasts will then be lower
[75].

Shielding radiation-sensitive organs located close to the examined area has been shown to
reduce the organ dose resulting from scattered radiation [76, 77]. These organs are commonly
the gonads and the thyroid, but other organs that can be shielded are the eye lenses and the
breasts. A simple means of reducing the dose is to limit the volume examined, and not to add
extra scan length “just in case”.

Low image quality despite a high radiation exposure can often be explained by the use of
inappropriate settings of the reconstruction parameters. For example, slice thickness affects
the resolution and the noise in an image. A thin slice results in a higher image noise compared
to a thicker slice if other parameters are fixed, however, increasing the slice thickness results
in lower resolution. Finding a balance in slice thickness can be done on already performed
examinations by reconstructing new images. One scanning parameter that could have a direct
effect on image quality only is the gantry rotation time. It is commonly believed that, the
faster the better, however, when a high radiation output is combined with a fast gantry
rotation time, the X-ray tube might not be able to deliver the expected tube load. A slight
increase in the gantry rotation time with a corresponding decrease in tube current could
increase the image quality in such cases.

In order to identify scanning protocols in need of optimization, it is necessary to know which
level of radiation exposure is appropriate for a specific type of CT examination. Diagnostic
reference levels (DRLs) are values of CTDI,, and DLP for specific CT examinations, based
on examination statistics from several hospitals. The third quartile of the distribution of dose
values from different hospitals is often used to determine the DRL. This is referred to when
establishing whether a hospital is using a high radiation exposure or not. DRLs are thus based
on practices at other hospitals, not on the actual optimal level of radiation exposure.
International recommendations for DRLs regarding adult scanning have existed for several
years [29], although values for paediatric patients only exists on national level for a few
countries [78, 79]. More DRLs, especially more recent values, are needed for both adult and
paediatric patients.

The combination of high radiation exposure and high image quality is reason to investigate
whether the tube current can be reduced without affecting the ability to diagnose. Small
reductions in tube current (of the order of 5-10 %) have very little effect on image quality
when the original image quality is considered high (especially with regard to a low level of
image noise). Introducing small step-wise reductions in tube current clinically and evaluating
the image quality retrospectively between reductions has been shown useful [80].

It is important that the scanning protocols defined for paediatric patients do not cover too
wide an interval of indications, requiring different levels of image quality. For example,
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examining the size of the ventricles in the brain in a follow-up examination of shunt-treated
children is considered possible at very low radiation exposure [81, 82]. There should thus be a
separate scanning protocol for such examinations.

New recommendations are published constantly, for the interested reader, there are several
publications describing general dose awareness more thoroughly [83, 84].
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2 Aims

The overall aim of the work described in this thesis was to find an optimization approach with
which the absorbed dose to paediatric patients undergoing CT examinations could be
minimized with regard to diagnostic requirements on image quality and observer variability.

The aims of the separate studies were:
= To investigate the effect of reduced tube current on the diagnostic image quality in
paediatric cerebral multi-detector CT images (Paper I).

* To demonstrate a nonparametric statistical method that can identify and explain the
components of observer disagreement (Paper II).

= To determine the highest acceptable noise index with regard to image quality for
routine paediatric abdominal CT examinations (Paper III).

= To estimate the variability in results when using an optimization approach based on
inter-scale concordance (Paper IV).

= To evaluate a 2D post-processing adaptive filter claiming to enable reductions in
radiation exposure and thus the absorbed dose to the patient (Papers III and V).
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3 Materials and Methods

3.1 The computed tomography scanner

To create CT images, data from thousands of projections around the patient is collected for
each rotation, this data is denoted raw data i.e. data that has not been processed yet. All raw
data used in this thesis originated from the same multi-detector CT, a Light Speed Ultra (GE
Healthcare, Milwaukee, WI, USA) at the Department of Paediatric Radiology & Physiology
at the Queen Silvia Children’s Hospital in Goteborg, Sweden. This scanner is capable of
collecting and producing up to 8 images per rotation. Minimum gantry rotation time is 0.5 s. It
is equipped with a HiLight Matrix detector, characterised by 16 detector rows, each
representing 1.25 mm at the isocentre, giving the opportunity to scan 20 mm anatomy per
rotation. The minimum nominal slice thickness is 0.625 mm when a collimated beam width of
1.25 mm is centred over the lamella between two central rows of detectors. The HiLight
Matrix detector system is based on polycrystalline ceramic technology, providing 99 %
absorption efficiency. The CT software was upgraded in April 2003, providing the possibility
of using TCM. The studies described in this thesis were performed after this upgrade.

3.2 Raw data collection

Raw data was retrospectively collected from clinically performed examinations. Paediatric
abdominal CT examinations were the subject of interest in one of the studies (Paper III) and
paediatric cerebral CT examinations in the others. The number of patients included in each
study (see Table 1) was limited by time and the exclusion criteria. The criteria for exclusion
were examinations including pathology that could disturb the evaluation of structures (e.g.
covering the organ of interest), the use of non-routine parameters, and interference due to
patient movement during the scan. Cerebral CT examinations performed with contrast
medium enhancement, and abdominal CT examinations in which the timing of the contrast
medium failed were also excluded.

Table 1. The distribution of patients included in each study according to age-
based scanning protocols (m=months, y=years).

0-5m 6-1lm 15y 6-10y 1l1-14y >ldy

Paper [ 3 1 5 8 5 3
Paper 11 3 1 5 8 5 3
Paper 111 - - - 10 10 -
Paper IV - - 10 10 10 -
Paper V - - 10 10 - -

Patients older than 1 year of age that had undergone a cerebral CT examination had been
scanned with the axial scanning mode, using a tube voltage of 120 kV, 1 s gantry rotation
time, “Head” scan field of view, the soft reconstruction algorithm and 5 mm slice thickness.
The same settings had been used for patients under 1 y with the exception of the scan field of
view, which was “Ped head”, and the gantry rotation time, which was 0.8 s in Papers I-II and
1 s in Papers IV-V. All patients had been scanned with a fixed tube current, see Table 2.

15



Materials and Methods

The patients that had undergone an abdominal CT examination had been scanned with a
helical mode, using a tube voltage of 120 kV, 0.8 s gantry rotation time, the “Body” scan field
of view, the standard reconstruction algorithm, pitch 1.35, 5 mm slice thickness and 2.5 mm
increments. TCM had been used in all the abdominal examinations. The noise index values
used in the original scans of the 18 patients ranged from 10.0 to 11.0. The mean CTDI,, and
the mean DLP were 3.7 mGy and 117 mGy cm, respectively, for patients aged 6 to 10 y, and
4.7 mGy and 190 mGy cm, respectively, for patients aged 11 to 15 y (values were given for
the 32-cm CTDI phantom).

3.3 Image noise simulations

A noise simulation program developed by GE Healthcare (Milwaukee, WI, USA) was
installed on a separate research CT console. The software creates a copy of the original raw
data, identifies the level of noise and then adds a random Gaussian noise distribution,
corresponding to the size of the desired reduction in tube current, to the raw data. In this way,
the artificial noise is included in the filtering and reconstruction of the new images. By
simulating a lower tube current, the effects of a tube current reduction on the image quality
can be compared with the original examination.

The software has been validated previously [46, 83], but was tested regarding measurements
of mean pixel value, standard deviation and visual assessments of the reproduction of
structures using a quality assurance phantom (section CTP 515 in Catphan 600, The Phantom
Laboratory, Salem, NY, USA), see Figure 5. Four images were collected at each of the
following tube currents: 200, 140, 80 and 40 mA. Noise was added to the four original images
at 200 mA to simulate images at 140, 80 and 40 mA. Similarly, noise was added to the 140
mA images to simulate images at 80 and 40 mA, and to the 80 mA images to simulate 40 mA
images. The mean pixel value and standard deviation within region-of-interests were
determined at the positions illustrated in Figure 5. Evaluation of the numerical data with the
paired t-test showed no significant differences (p>0.05). Two radiologists and a physicist
visually compared the images side-by-side but could not separate the simulated images from
the original.

New images were simulated for the paediatric patients that had undergone a cerebral CT
examination, representing image quality at reduced tube currents at decreasing intervals of 20
mA from the tube current used clinically. Table 2 shows the range of tube currents used for
cerebral CT examinations in each paper.

For paediatric patients undergoing an abdominal CT examination, TCM had been used instead
of a fixed tube current. The TCM program used in this work modulates tube current between
rotations. Based on the last scout view, and a chosen value of the noise index, the TCM
program creates a list of tube currents for each rotation of the scan. A maximum and
minimum tube current is set to avoid under- or over-irradiation of the patient due to, for
example, the incorrect positioning of the patient, or extreme attenuation due to metal
implants. As the noise simulation program first identifies the level of noise and then adds
noise to simulate a reduction in tube current, an increase in noise index is accomplished by the
corresponding reduction in tube current.
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(a) (b)
Figure 5. (a) Image of the quality assurance phantom (section CTP 515 in Catphan 600) used to test
the noise-simulation software. (b) The white rings illustrate the region-of-interest where the mean
pixel value and standard deviation were measured within all images.

Table 2. Intervals of tube current (mA), at discrete steps of 20 mA assessed in each study for
each patient age group and for each level of the brain. The maximum tube current is the
clinically used tube current for routine cerebral CT examinations, regarding age group and
paper. Corresponding values of CTDI,, (mGy) are also given corresponding to a 16-cm
CTDI phantom.

Age group  Level Papers I and 11 Paper IV Paper V
mA) mGy) @mA) mGy) (mA) (mGy)
0-5m Upper 30-110 4-15 - - - -

Lower 30-110 4-15 - - - -

6-11m Upper 30-130 4-17 - - - -
Lower  30-130 4-17 - - - -

I-5y Upper  40-180 7-30 50-150 8-25 90-150  15-25
Lower  60-200 10-33 60-160  10-26 100-160  17-26
6-10y Upper  40-200 7-33 60-160  10-26 100-160  17-26

Lower  60-220 10-39 90-190  15-32  130-190 21-32

11-14y Upper  50-230 8-41 130-230  21-41 - -
Lower  70-250 12-44  150-250  25-44 - -

>14y Upper 40240 7-43 - - - -
Lower  60-260  10-46 - - - ;
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The relation between the noise index and tube current for a patient can be described by the
following equation, proposed by Kanal et al. [85]:

D
(1+¢)?

D(e) = )

where € denotes the change in noise index in percent (e.g. an increase of 20 % results in € =
0.2), and D denotes the dose to the detector. The relation between detector dose and tube
current is linear, and thus D can be replaced by the tube current or CTDI,,. This equation can
thus be rewritten as:

mA,
NI,
NI,

(6)

mA, =

Cesl

where mA represents the tube current value and NI represents the noise index value. Equation
6, which converts a change in noise index to a change in tube current, was tested on water
phantoms of different diameters (10 cm, 16 cm and 21.4 ¢cm). The phantoms were scanned
with abdominal scanning settings using TCM. Measurements of the mean pixel value and
standard deviation were performed, and the original images were visually compared with the
simulated images. Evaluation of the numerical data with the paired t-test showed no
significant differences (p>0.05) and the images could not be visually separated. Images with
noise index values of 11, 12, 13, 14 and 15 were simulated for each patient using the noise
simulation program.

3.4 Post-processing filter

A post-processing 2D adaptive filter, SharpView® CT (SharpView AB, Linkdping, Sweden),
was tested in Paper III and in Paper V to evaluate its ability to enable a reduction in radiation
exposure. SharpView® CT analyses an image pixel by pixel to differentiate specific features.
It identifies which pixels are part of the same structure and how the structure is oriented. This
information is used to enhance the identified structures. It also filters out image noise using an
adaptive (2D) filter in the spatial domain. The characteristics of this filter (smoothness/
sharpness) were evaluated by the radiologists prior to the studies in order to find the filter
characteristics that were subjectively considered the most suitable for routine paediatric
abdominal and cerebral examinations respectively. Examples of post-processed images are
shown in Figures 6 and 7. All images (original and simulated) in each study (Papers III and
V) were created in duplicates: one set of images was processed using the post-processing
filter and the other was not.
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Figure 6. Images from a paediatric abdominal CT examination of a 7 year old girl showing the central
level of the assessed stack. The image to the left shows a simulated image representing NI 15. The
image to the right represents the post-processed (with SharpView CT®) copy of the image to the left.

Figure 7. Images from a cerebral CT examination of a 9 year old boy where the image to the left
represent the original image acquired at 26 mGy. In the centre: a dose-reduction of the image to the
left representing 17 mGy and to the right: a post-processed (with SharpView CT®) copy of the image
in the middle.

3.5 Image quality assessments

Images from two different levels in the brain were used for the image quality assessment of
the cerebral CT examinations. The upper level contains the lateral ventricles and the basal
ganglia, and the lower level contains the posterior fossa at the level of the 4th ventricle, see
Figure 8. Each of these levels represents important areas for diagnosis, and contains both
high- and low-contrast structures.
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Figure 8. Images from a cerebral CT examination of a 1 year old girl representing the two levels
of the brain used for the image quality assessments. The image on the left shows the upper level of
the brain, showing the lateral ventricles and the basal ganglia, and the image on the right
represents the lower level of the brain, showing the posterior fossa at the level of the 4th ventricle.

Eight images centred at the level of the extrahepatic portal vein were used for the assessment
of image quality of the abdominal CT examinations. Figure 6 shows the central level of the
assessed stack.

Images from three patients were duplicated in each study for test-retest evaluation to
determine intra-observer reliability. The radiologists assessing the images were unaware of
the duplicated images. Three observers were used in each study with the exception of Study
IV, which only included two radiologists. All observers were either paediatric radiologists or
had extensive experience of paediatric patients. All images were evaluated digitally. A
cathode ray tube monitor was used in Studies I and II, and a liquid crystal display monitor
was used in Studies III to V. Both monitors were medical monitors and calibrated according
to DICOM part 14 [86]. The evaluation of the images took place in a quiet, secluded area,
where the background light and sound level could be kept constant. The evaluation for Studies
IV and V was conjoined and parts of the image material were shared.

All images and image stacks were viewed and evaluated using the computer software
ViewDEX (Viewer for Digital Evaluation of X-ray images) [87]. ViewDEX is a Java program
developed to present images in random order, without patient or scanning information, and
with the possibility to answer the related questions on-screen, see Figure 9. The program
allows the observers to scroll, cine, zoom, pan and change window settings. Each radiologist
had a personal login ID, and the images were presented in a random order to each radiologist
to avoid bias and to ensure that they did not discuss their findings with each other.
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Figure 9. Illustration of how ViewDEX presents the images with the questions and
possible responses on the monitor.

The images were assessed using a verbal rating scale in which the first six questions refer to
the reproduction of anatomically important structures, and the last question refers to the
overall image quality. In the cerebral studies, question 6 was only included in Studies IV and
V, thus question 7 is denoted ‘question 6’ in Papers I and II. The following 7 questions and
responses (A to I) were used.

How well can you differentiate white and grey matter?

How well can you visualize the basal ganglia?

How well is the ventricular system delineated?

How well is the cerebrospinal fluid space around the mesencephalon delineated?
How well is the cerebrospinal fluid space around the brain delineated?

How well can you visualize the vessels in the pentagon cistern?

S
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Clearly
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Poorly

Not at all

Not applicable
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For what diagnostic situation is this image quality sufficient?

High-resolution diagnostics
Standard diagnostics
Low-resolution diagnostics
Not diagnostically useful
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The reproduction of structures was rated as: “Clearly” = a completely distinct shape of the
structure, “Acceptably” = a moderately but still acceptably reproduced structure, “Poorly” = a
vaguely reproduced structure, and “Not at all” = the structure could not be discerned. The
images were classified as being suitable for: “High-resolution diagnostics” = image quality
suitable for indications such as cancer or small haemorrhages, “Standard diagnostics” = image
quality suitable for a common trauma case, “Low-resolution diagnostics” = image quality
suitable for a follow-up study of a shunt-treated patient, and “Not diagnostically useful” = the
image quality was deemed to be of no diagnostic value.

The following 7 questions and responses (A to I) were used regarding the abdominal CT
examinations (Paper III).

How well is the aorta delineated?

How well are the hepatic veins delineated?

How well is the liver delineated against the abdominal wall?
How well is the extra hepatic part of the portal vein delineated?
How well is the pancreas delineated?

How well is cruz diafragmatica delineated?

S e

Clearly
Acceptably
Poorly

Not at all

Not applicable

moaw>

~

Grade the diagnostic use of this image quality for a routine abdominal exam

Excellent
Sufficient
Insufficient
Not applicable

—Zam

The structures used for evaluation were chosen to represent both high- and low-contrast
structures. The responses describing how well the structures could be seen (A-E) were defined
as previously described for the cerebral studies. In question 7, the radiologists were asked to
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rate the diagnostic use of the overall image quality for a routine abdominal CT examination,
using the terms: “Excellent”, “Sufficient”, “Insufficient” and “Not applicable”. A routine
abdominal CT examination refers to patients with indications involving abdominal trauma,
abdominal pain, indistinct abdominal symptoms and follow-up examinations, when CT is
considered the appropriate method.

The minimum tube current-time products (Papers I and II), noise indexes (Paper III) and tube
currents (Papers IV and V) required to produce the different levels of image quality were
identified with the use of inter-scale concordance (for a detailed description see Section
3.7.2). The value considered sufficient for high-resolution diagnostics of a cerebral CT
examination was based on the highest of the minimum values identified by the three observers
(two in Paper IV) for response A (“Clearly”) and response F (“High-resolution diagnostics™).
The highest of the minimum values for response B (‘“Acceptably”) and response G (“Standard
diagnostics” for the cerebral examinations and “Sufficient” for the abdominal examinations),
were used to define the image quality sufficient for a routine examination (also referred to as
standard diagnostics in the text). For an image quality sufficient for low-resolution diagnostics
in the studies regarding the cerebral examinations, the highest minimum value identified by
the observers for response B (“Acceptably”) for question 3 (the reproduction of the ventricles)
and response H (“Low-resolution diagnostics™) was used.

3.6 The observers

Three observers (one paediatric radiologist, one paediatric neuroradiologist and a
neuroradiologist with extensive experience of paediatric patients) assessed the images in the
studies presented in Papers I and II. In the study presented in Paper V, the neuroradiologist
was replaces with another paediatric radiologist. In Study IV (which aimed to repeat Study I
in order to evaluate variability in the results) only the two paediatric radiologists from Study I
were able to assess the new images. In the study described in Paper III, two experienced
paediatric radiologists new to the approach, and the paediatric radiologist from the previous
studies, assessed the images.

3.7 Statistical analysis

3.7.1 Svensson’s method

To evaluate observer variability the non-parametric statistical method of Svensson was used
[64, 65]. This approach takes into account the properties of ordinal data. The method makes it
possible to identify and measure a systematic variability separately from random variability in
the assessments.

Cross-classification tables, also known as contingency tables, were created containing the
frequency distribution of the paired assessments between two observers X and Y (inter-
observer evaluation), or two assessments made by the same radiologist of the images at
different occasions X; and X, (intra-observer evaluation). The main diagonal, representing all
agreeing pairs, is oriented from the lower-left to the upper-right corner, see Table 3.
Agreement between the assessments was expressed as percentage agreement, PA. PA is
simply the percent of agreeing pairs out of all pairs in the table. The presence of systematic
disagreement between or within the observers is indicated by different marginal frequency
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distributions. For example, in Table 3 a) the marginal distributions are 19, 128, 76, 25 and 0,
85, 88, 75, indicating a difference in assessment.

Two measures of systematic variability apart from the level of random variability were
calculated: the relative position, RP, and the relative concentration, RC, both with possible
values ranging from -1 to 1. The RP expresses the difference between the probability of the
assessments of Observer X being distributed over lower categories (meaning higher image
quality in this thesis) than the assessments of Observer Y and vice versa. This difference
between the proportions of pairs over and under the main diagonal can be described as
P(X<Y) — P(Y<X), or P(X< X;) — P(X»<X)) for intra-observer evaluation. Zero values of RP
indicate a lack of systematic disagreement in position. Table 3 a shows the paired assessments
made by Observers X and Y. The positive RP (0.33) means that 33 % more images were
classified as belonging to the higher categories than to the lower ones by Observer Y, when
compared with the classifications made by Observer X. This means that Observer Y was more
likely to assess an image as being of poorer quality than Observer X.

The RC expresses the difference between the probability that the assessments made by
Observer Y (or occasion X;) are concentrated on the classification levels more than does
observer X (or occasion X;), and vice versa. It can be seen on the marginal distributions in
Table 3 b that Observer X tends to have a higher proportion of assessments in the central
classification levels than Observer Y, hence a negative value of RC. Zero values of RC
indicate a lack of systematic disagreement in concentration.

Table 3. Inter-observer assessments for Observer X compared to Observer Y regarding a
question with responses F, G, H and I, where F represents the highest image quality and |
the lowest. (a) shows a systematic shift in position (RP) on the rating scale as the data pairs
are in general positioned over the main diagonal, meaning that Observer X tended to assess
the images as being of a higher quality than Observer Y. (b) shows the systematic
difference in use of the grading scale (RC) as the marginal distribution reveals that the
grades used by Observer X are more concentrated to the central grades than by Observer Y.

(a) (b)
Observer X Observer X
F G H I Tot. F G H I Tot.
o | 6 45 | 24 | 75 o | 1 28 | 50 79
g H| 1 | 5729 | 1 88 g H 12 | 52 | 7 71
(D] (D]
g G| 18 | 65 2 85 g G 3 50 | 29 82
F 0 F 4 8 1 13
Tot. 19 128 76 25 248 Tot. 7 71 110 57 245

PA =48 % PA =64 %

RP=0.33 RP =0.00

RC=0.00 RC=-0.17

RV =0.01 RV =0.01
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In intra-observer disagreement, the value of RC is negative when a higher proportion of the
images have central classifications at the first review than at the second (provided that X; and
X, are on the x and y-axes, respectively). The cumulative marginal distributions can be
illustrated in so-called Q-Q plots, see Figure 10. The dotted line in the figure represents the
case of identical marginal distributions. RP is recognized here as the convex shaped curve
under the dotted line. The curve diverges from the dotted line as RP diverges from zero. A
negative RP results in a curve above the dotted line instead. RC is recognized as an S-shaped
curve crossing the dotted line. As RC diverges from zero, the S-shape of the curve enhances.
RP and RC often co-exist, which results in many different shapes of the Q-Q plot.

Random variability is estimated by calculating the variance between the ranks of the original
data pairs in relation to the ranks of a so-called rank-transformable pattern of agreement
(RTPA) between X and Y (or X; and X5). This measure is called relative rank variance, RV.
RTPA reflects the relation between X and Y (or X; and X;) when no random variability
exists. RTPA can be established if the pairs are ordered by ranks based on the marginal
distributions alone. Table 4 a and b illustrate the RTPAs for Table 3 a and b, respectively.
Possible values of RV range from O to 1, where non-zero RV indicates the presence of
random variability, and the higher the value of RV, the more heterogeneous are the pairs in
the original data.

The standard errors and 95 % confidence intervals for RP, RC and RV are estimated by means
of the jackknife technique. For more details regarding the calculations of RP, RV and RC, the
reader is referred to Svensson [64, 65].

-0 plot

Cumulated marginal distnbution, Ohgerver ¥V

o a2 04 0.6 0.a 1
Curulated margmal distribution, Observer X

Figure 10. An illustration of the cumulated marginal distributions
of two observers relative to each other in a so-called Q-Q plot.
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Table 4. (a) and (b) illustrates the rank-transformable pattern of the cross-classification
tables in Tables 3 a and b, respectively. The distribution of the pairs is based only on the
marginal distributions, and is positioned in order from one corner to another (a so-called
rank order). The new pattern matches the marginal distributions, but has no overlapping

data pairs.
(a) (b)
Observer X Observer X
F G H | Tot. F G H I Tot.
> 1 50 | 25 75 o 1 22 | 57 | 79
§ H 62 | 26 88 g H 71 71
Yt
[P (]
é G| 19 | 66 85 é G 65 | 17 82
F 0 F| 7 6 13
Tot. 19 128 76 25 248 Tot. 7 71 110 57 245

3.7.2 Inter-scale concordance

Inter-scale concordance focuses on the relationship between different scales. It is also
appropriate for paired data, as in this work. Data pairs were created by combining the grade of
the assessed image with the tube current (that actually used or simulated) for each structure
and observer. The marginal distributions were then calculated by summing all pairs for each
tube current and for each image quality. If the left graph in Figure 11 (a, “original data”) is
used as an example, the marginal distribution would be 5 for each tube current-time product,
and 5, 24, 12 and 5 for the image qualities F, G, H, I, where F represents the highest image
quality and I the lowest.

(a) (h)
Observer 1 Observer 1
original data ordered data
F F @
8°%00
G
o| 00888888 8EEHE
| 0888 < BBC
I 8 O | @
llIIIlIIlIIIllIIllIIllIIImAS -a--:-u-:-u--.-v-...-.-.mAS
0 50 100 150 200 250 0 50 100 150 200 250

Figure 11. Illustration of (a) the original data and (b) the rank-transformable pattern of graph (a). Each
ring in the graph represents an assessment, thus there are five rings (one for each patient) for each tube
current-time product (clinically used tube current = 200 mA and simulated tube currents = 180 to 40
mA, gantry rotation time was 1s). The pattern in (b) facilitates the identification of the minimum tube
current representing the different image qualities (represented by the labels F, G, H and I).
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The pairs were then ordered by rank in accordance with the marginal distribution to form the
RTPA (as described in the previous section). This results in intervals of tube current (or
corresponding noise index) for each level of diagnostic image quality. The original data are a
combination of true and disordered pairs due to observer variability and true variations in
image quality, and hence the purpose of RTPA is to facilitate the identification of the
minimum tube current that results in a certain diagnostic image quality without these effects.
The definition of minimum tube current used in this work was the lowest level of tube current
in the RTPA where all images were assessed with at least the regarded level of quality. If
Figure 11b is used as an example, the intervals in tube current corresponding to the image
qualities F, G, H, I are 200, 180-120, 100-60 and 40 mA, respectively. The higher the intra-
observer variability in the original data, the less representative the RTPA is.

Intra-observer analysis was used in this work to estimate the observer variability. To keep
variations in image quality at the evaluated exposures to a minimum, patient groups of similar
size and development were used in all studies. Additionally, tube current modulation was used
in the abdominal study.
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4 Results

4.1 The effect of tube current in paediatric cerebral CT (Paper I)

The highest values of the minimum tube current-time products for each patient group and
diagnostic image quality, according to the three observers, were identified. The corresponding
CTDI,, values are given in Table 5. It can be seen that none of the low-contrast structures
could be differentiated “Clearly” regardless of patient age. Neither were the criteria for
“High-resolution diagnostics” considered fulfilled.

Table 5. The table presents the values of CTDI,, (mGy) corresponding to the highest minimum tube
current-time product, among the three observers, required to produce a particular diagnostic image
quality in the upper and lower levels of the brain. The values are given for each question and response
level (A to C for questions regarding the visibility of specific structures, and F to H for the assessment
of overall image quality).

0-5 months 6-11 months 1-5 years 6-10 years 11-14 years >14 years

Question Grade
uest Upper Lower UpperLower UpperLower UpperLower UpperLower UpperLower

1 Clearly _a _a _a _a _a _a _a _a _a _a _a _a
Acceptably 15  -? -2 -2 20 17 20 26 25 37 39 46
Poorly 12 12 9 9 10 10 13 13 15 18 20 20

2 Clearly _a b _a b _a b _a b a b _a b
Acceptably -2 P a b 23 P 26 P 31 P 39 P
Poorly a2k 17 P 13 P 17 P 18 P 23 P

3 Clearly -2 -2 -2 -2 23 30 35 39 41 44 43 43
Acceptably 15 12 12 9 10 13 17 17 15 21 20 20
Poorly 7 7 7 7 7 10 10 10 8 12 7 10

4 Clearly -2 -2 -2 -2 30 30 35 39 41 -2 -2 -2
Acceptably 12 15 12 9 10 13 17 23 18 31 23 26
Poorly 7 7 7 7 7 10 7 13 12 15 10 13

5 Clearly _a _a _a _a _a _a _a _a _a _a _a _a
Acceptably ~ -% -2 15 12 17 17 23 35 31 44 35 43
Poorly 9 12 7 7 10 10 17 26 15 31 17 30

6 ngh _a _a _a _a _a _a _a _a _a _a _a _a
Standard -2 -2 17 17 23 20 26 30 31 31 39 35
Low 9 9 12 12 10 10 17 17 21 21 26 20

< This image quality w as not represented due to a low original image quality

b Not applicable in this level of the brain

The final results for a routine cerebral CT examination were based on the highest value
regarding the grades “Acceptably” reproduced and “Standard diagnostics” for each age group.
For patients between 1 and 5 years of age, the highest value of the minimum tube current-time
product was 140 mAs (23 mGy) for the upper level of the brain, and 120 mAs (20 mGy) for
the lower level of the brain. This means a possible reduction in dose of 22 % (from 180 mAs
to 140 mAs) for the upper level, and 40 % (from 200 mAs to 120 mAs) for the lower level.
For patients 6 to 10 years old, the highest value of the minimum tube current-time product
was 160 mAs (26 mGy) for the upper level and 200 mAs (35 mGy) for the lower level, which
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means possible reductions of 20 % (from 200 mAs to 160 mAs) and 9 % (from 220 mAs to
200 mAs). For patients aged 11 to 14 years, the possible reduction in radiation dose in the
upper level of the brain was 17 % (from 230 mAs to 190 mAs (31 mGy)), while no reduction
in radiation dose was possible in the lower level of the brain. For patients over 14 years old,
the possible reduction in radiation dose was 8 % in the upper level of the brain (from 240
mAs to 220 mAs (39 mGy)). No reduction was considered possible in the lower level of the
brain. For patients under 1 year of age, the original image quality was found to be insufficient
for a routine examination.

When considering adjustments of radiation dose for high-contrast structures, the highest value
was limiting regarding the criteria “Acceptably” reproduced ventricles (question 3) and “Low-
resolution diagnostics” (question 6) for each age group. For patients older than 1 year,
reductions between 33 % and 67 % were considered possible (33 % in the upper level of the
brain for patients >14 years, i.e. from 240 mAs to 160 mAs (26 mGy), and 67 % in the upper
level of the brain for patients 1 to 5 years old, i.e. from 180 mAs to 60 mAs (10 mGy)). For
newborns, no reduction was considered possible.

4.2 Observer variability analysed with Svensson’s method (Paper II)

The percentage agreement in the intra-observer evaluation ranged from 50 % to 83 % for
Observer 1, from 63 % to 83 % for Observer 2 and from 60 % to 87 % for Observer 3. None
of the RP or RC values were significant for Observer 1 with the exception of a negative value
of RP for question 4 in the lower level of the brain, i.e. the observer was more likely to assess
an image as being of a higher image quality on the second occasion than on the first.
Regarding Observers 2 and 3, the majority of the RP values indicated that both radiologists
were more likely to assess an image as being of poorer quality on the second occasion.

Regarding the evaluation of inter-observer variability, the comparison between Observer 1
and 2 showed that the disagreement consisted of Observer 2 systematically grading the
images as being of poorer quality than to Observer 1 for all questions except question 2 in the
upper level of the brain. Regarding RC, Observer 2 systematically concentrated the
assessments more than Observer 1 for all questions except question 6. For the lower level of
the brain, Observer 2 continued to concentrate the assessments, whereas the opposite relation
was found for RP, meaning that Observer 1 systematically graded the images as being of
poorer quality than to Observer 2.

Regarding the disagreement between Observers 1 and 3, Observer 1 systematically tended to
concentrate the assessments more than Observer 3 in the upper level of the brain. RP showed
no distinct pattern of disagreement regarding all the questions together, but was significant for
individual questions. There was less systematic variability in concentration in the lower level
of the brain than in the upper level of the brain. The distribution of RP in the lower level of
the brain was similar to that in the upper level.

Analysis of the disagreement between Observer 2 and 3 showed that Observer 2
systematically concentrated the assessments more than Observer 3 for both the upper and
lower levels of the brain. There was also systematic variability regarding position for
questions 3, 4 and 6, where Observer 2 was more critical. For questions 2 and 5, Observer 3
was significantly more critical. The RP values were similar in both the upper and lower levels
of the brain, with the exception of question 4.
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4.3 The effect of noise index in paediatric abdominal CT (Paper III)

For patients aged 6 to 10 years, the highest possible value of noise index (NI) was considered
to be 11 for a routine abdominal examination (the value was limited by the hepatic veins by
Observer 2 and by the pancreas by Observer 3). For patients aged 11 to 15 years, NI=12 was
considered to be the highest possible value for a routine abdominal examination (limited by
the hepatic veins by Observer 2).

In the post-processed images NI=12 was considered to give the lowest acceptable image
quality for a routine abdominal scan for patients aged 6 to 10 (limited by the visibility of the
pancreas by Observer 3). For patients aged 11 to 15 years, NI=13 was considered sufficient
(limited by the visibility of the hepatic veins by Observer 2).

Regarding the analysis of systematic disagreement, Observer 1 assessed 21 % (3 out of 14) of
the image stacks to be of a lower image quality at the second assessment than the first
assessment regarding question 2 (RP=0.21). Observer 2 assessed 41 % (7 out of 17) of the
image stacks to be of a higher image quality at the second assessment than the first for
question 5 (RP=-0.41). Observer 3 had significant RP for questions 1, 4 and 7 indicating a
trend to assess the image as being of a lower quality the second time. The RV values were
negligibly small with the exception of question 4 for Observer 3 (RV=0.1) and question 5 for
Observer 1 (RV=0.16).

In the comparison of the assessments between observers, Observer 1 and 2 had a percentage
agreement of 39 to 63 %. The disagreement between the observers could mainly be explained
by Observer 2 assessing the images as being of a lower quality compared to Observer 1.
However, Observer 1 concentrated the responses on the classification scale more than
Observer 2. The percentage agreement between Observer 1 and Observer 3 was slightly
higher (46 to 82 %). Regarding question 1, Observer 1 significantly assessed the images as
being of a lower quality than Observer 3, while the opposite was seen regarding questions 4, 5
and 7. Observer 2 and 3 had a percentage agreement between 39 and 61 %. Observer 2
noticeably assessed the images to be of a lower quality than compared to Observer 3.

4.4 Variability in the results (Paper IV)

The variability in the results when using the optimization approach based in inter-scale
concordance was investigated by evaluating image quality in new paediatric cerebral CT
images and comparing the results to that in Study 1. Table 6 shows the resulting percentage
differences in final tube current between Study I and Study IV for standard diagnostics and
low-resolution diagnostics.

Table 6. The difference in final tube current between Study I and Study IV in the upper and lower
level of the brain for each age group

Age group (years) Standard diagnostics Low-resolution diagnostics
Upper level Lower level Upper level Lower level

l1to5 7 % 17 % 50 % 33%

6to 10 0 % -15% -20 % 10 %

11 to 14 11 % -8 % 15 % 31 %
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The intra-observer analysis showed ranges of percentage agreement from 50 to 89 % and 59
to 100 % for Observer 1 in the upper and lower levels of the brain, respectively, and 56 to
78 % and 72 to 89 % for Observer 2, respectively. Calculations of RP showed a systematic
shift for questions 3 and 4 in the lower level of the brain for Observer 2. Calculations of RC
showed no significant systematic difference in concentration on the scale for the observers.
RV ranged from 0 to 0.08.

The range of inter-observer percentage agreement was 53 to 61 % and 39 to 68 % in the upper
and lower levels of the brain, respectively. Observer 2 was more critical of the quality of the
images of the upper level of the brain than Observer 1 regarding questions 1-3 and 7. There
were, however, no significant differences in use of the scale. Observer 2 was more critical of
the images of the lower level of the brain regarding questions 1 and 7, while the opposite was
found for questions 4 to 6. Observer 1 concentrated the assessments more on the scale than
Observer 2 for questions 1, 3 and 7. The RV values were negligible, with the exception of
those for questions 4 (RV 0.11) and 5 (RV 0.09) in images of the lower level of the brain.

4.5 Evaluation of the post-processing filter (Papers III and V)

The post-processing filter was tested in both the abdominal CT examinations (Paper III) and
in the cerebral CT examinations (Paper V). For the abdominal CT examinations the responses
“Excellent” and “Sufficient” were more common for the filtered images than in the case of the
unfiltered images. For patients aged 6 to 10, NI=12 was considered to give the lowest
acceptable image quality for a routine abdominal scan compared to NI=11 for the unenhanced
images. This represents a difference in CTDI,, of 16 %. For patients aged 11 to 15 years,
NI=13 was considered sufficient compared to NI=12. This represents a difference in CTDI,
of 15 %.

For the cerebral CT examinations two radiologists assessed the basal ganglia as poorly
reproduced in the unenhanced images of patients aged 1 to 5 y in the upper level of the brain
but acceptably reproduced in the corresponding enhanced images. For patients aged 6 to 10 y,
the requirements for image quality sufficient for routine cerebral CT examinations of the
enhanced images were fulfilled at CTDI,, =23 mGy and 28 mGy in the upper and lower
levels of the brain, respectively, compared with CTDI,, =27 mGy and 32 mGy for the
unenhanced images, respectively, thus indicating possible reductions in radiation exposure of
15 % and 13 %.

For patients aged 1 to 5 y, both enhanced and unenhanced images were sufficient for low-
resolution diagnostics at the lowest simulated dose level in the lower level of the brain (17
mG@Gy). In the upper level of the brain, no possible dose reduction was found. For patients aged
6 to 10 y, low-resolution diagnostics of the unenhanced images was considered possible at
CTDlI,, =20 mGy and 25 mGy in the upper and lower levels of the brain, respectively, and at
17 mGy and 22 mGy in the enhanced images, respectively. This indicates possible reductions
in radiation exposure of at least 15 % and 14 % since 17 mGy and 22 mGy represent the
lowest levels assessed in the enhanced images.
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5 Discussion

The optimization approach based on inter-scale concordance was tested for paediatric cerebral
and abdominal CT examinations (Papers I and III). It was also used in a repetitive study
regarding paediatric cerebral examinations in order to estimate the variability in results when
using the approach (Paper IV). The approach was also used to evaluate a post-processing filter
(Paper V). The evaluation of observer variability (Paper II) is an important part of the
approach as it provides a measure of both the disagreement between the observers and the
individual variability. A large observer variability means that the relation between the scales
(diagnostic image quality and radiation exposure), represented by the RTPA, is less
representative for the true distribution.

5.1 Analysis of the results

5.1.1 Paper 1

The results showed that the tube current for a routine cerebral CT examination for patients
between 1 and 10 years of age could be lowered by approximately 20 %. The tube current for
patients over 10 years of age could however not be reduced. For patients under 1 year old, the
results showed that the original image quality was insufficient for a routine examination.
Discussions regarding these findings of insufficient image quality in clinical use revealed that
many of the radiologists had had the impression that the images were of poor quality for this
particular age group. The results were thus useful in allowing this situation to be remedied, by
increasing the gantry rotation time from 0.8 to 1 s in order to improve the diagnostic image
quality. The poor image quality was probably due to previous attempts to restrict the dose to
these patients. The approach can thus be of help in identifying poor image quality.

As there are no DRLs for paediatric patients in Sweden yet, the results obtained in this study
were compared to those in a national survey of doses in the UK from 2003 [78]. The resulting
CTDI,, values found in this study for a routine cerebral CT were close to the values of the
first quartile (25" percentile) in the UK survey. The first quartile values were 17 mGy
(cerebrum) and 21 mGy (posterior fossa) for patients 0-1 years of age, while the results in
Paper I indicated that 15 mGy was considered insufficient and an increase to 18 mGy for both
the upper (representing the cerebrum) and lower (representing the posterior fossa) levels of
the brain was necessary. For a 5-year-old patient, the values at the first quartile in the UK
survey were 21 mGy (cerebrum) and 30 mGy (posterior fossa), while the corresponding
values in this study for patients 1-5 years of age were 23 mGy and 20 mGy. For a 10-year-old
patient, the first quartile values were 29 mGy (cerebrum) and 40 mGy (posterior fossa) in the
UK survey, compared with 26 mGy and 35 mGy in the present study. As the DRLs represent
the third quartile, the values found in this study are well below these reference levels.

Scanning protocols especially designed for follow-up examinations of shunt-treated patients
were already in use at the department prior to this study; the radiation dose levels being up to
50 % lower than those for routine cerebral examinations. These radiation dose levels agreed
relatively well with the results of this study for patients older than 1 year. The results in this
study are regarded as a verification of the existing shunt protocols.
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5.1.2 Paper 11

The evaluation of inter-observer variability showed that the paediatric radiologist was more
critical of the overall image quality, while the neuroradiologists were more critical of the
reproduction of the basal ganglia. As only three radiologists participated in the study, it is not
possible to conclude whether the results are related to their experience.

The statistical method used was able to identify and separately measure a presence of bias
apart from additional individual variability within and between the radiologists which is, at
the time of writing, not possible with any other statistical approach suitable for paired, ordinal
data.

5.1.3 Paper 111

The highest possible value of noise index that can be used while ensuring an image of
sufficient quality for a routine abdominal examination of patients aged 6 to 10 years was
found to be 11. This represents a mean value of CTDI,, of 3.7 mGy (based on the 8 patients
in this age group). For patients aged 11 to 15 years, NI=12 was considered the highest
possible, representing a mean CTDI,, of 3.9 mGy (based on the 10 patients in this age
group). CTDI,, values were given for the 32-cm CTDI phantom.

Comparisons with other studies show similar results. Singh et al. [80] showed that it was
possible to increase noise index from 8 to 10 for patients weighing 27 to 45 kg, and from 10
to 12 for patients weighing 46-100 kg. When comparing the patient age group 6 to 10 y in this
study with the lower weight group, and the patient age group 11 to 14 y with the higher, the
results are quite similar. Honnef et al. concluded that the optimal value of CTDI,,, for patients
more than 30 kg were 5.9 mGy (n=6) [88]. This value was given for a 16-cm CTDI phantom.
Dividing values given for a 16-cm CTDI phantom by two will approximately equal the
corresponding CTDI,, value for a 32-cm CTDI phantom. This would result in approximately
3 mGy which can be compared with the values in the present study, which were slightly
higher. Different results were reported by Verdun et al. [89], who proposed CTDI,, values of
6.7, 9.4, 159 and 24.5 mGy for the weight classes: 2.5-5, 5-15, 15-30 and 30-50 kg,
respectively (given for a 16-cm CTDI phantom). Recalculating the values for the two heavier
weight classes to a 32-cm CTDI phantom in order to compare to the values in this study
would give approximately 8 and 12 mGy, which are noticeably higher.

The results of post-processing the image stacks with an adaptive filter indicated that a higher
noise index could be used (corresponding to a reduction in absorbed dose of ~15 %). Because
of the approach used, it was not possible to determine whether there was any loss of
anatomical information, however, the filter was tested on a quality assurance phantom
(section CTP 515 in the Catphan 600 phantom) for images with noise values ranging from 11
to 15, without any visible loss of contrast or details between the post-processed images and
the original image.

5.1.4 Paper 1V

The comparison of the outcome from Study I and Study IV showed mixed results. For
standard diagnostics, the final tube currents for each age group varied by 0 to 11 % compared
with the previous results for the upper level of the brain. For the lower level of the brain, the
final tube currents for each age group varied by -15 to 17 %. This indicates a variability of
less than 20 %. Some difference was expected considering the subjectivity of perceived image
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quality, and that four years had elapsed between the studies. This indicates a consistency of
the results, at least at this level of image quality.

The results for the rating “Low-resolution diagnostics™ differed more. The tube current was
reduced in steps of 20 mA, but the reductions should have been made in terms of percent, as a
20 mA reduction results in a much higher percentage difference at the lower tube currents.
For patients aged 1 to 5 y, the 20 mA difference between the results from Study I and Study
IV represented a 33 % difference at the lower level of the brain. In the upper level of the
brain, 90 mA was considered the minimum tube current in Study IV, compared with 60 mA in
Study I, resulting in a difference of 50 %. For the patients aged 11 to 14 y, the difference
between the two studies was 31 % in the lower level of the brain. This can partly be explained
by the fact that the range of tube current assessed in Study IV was 150-250 mA, compared to
70-250 mA in Study I. Acceptable image quality for “Low-resolution diagnostics” in the
lower level of the brain was obtained at 130 mA in Study I, while in Study IV, the lowest
simulated tube current was 150 mA.

Assessing a too short range of tube currents can affect the results as the ending tube currents
(both the highest and lowest represented) cannot be adjusted for random variability. For
example, if a single one out of all images is assessed as being of a lower image quality than
the others, this assessment has to be represented at the last tube current in the RTPA. In this
case, the minimum tube current for the higher image quality cannot be the ending tube current
since all images do not have the regarded level of quality. In the example given in Table 7 b,
the minimum tube current for the image quality “H” is 80 mA because one of the images was
graded as “I” at 60 mA. If tube current steps below 60 mA would have been used, this
variability could perhaps have been adjusted for, and the minimum tube current could have
been lower.

Table 7. (a) An example of the original distribution of data pairs of tube current (mA) and
assessed image quality (F to I), and (b) rank ordering of the data pairs in Table 7 a.

(a) (b)
Original data Rank-ordered data
mA F G H I Total: mA F G H I Total:
60 1 3 1 5 60 4 1 5
80 1 4 5 80 5 5
100 2 3 5 100 4 1 5
120 5 5 120 5 5
140 2 3 5 140 5 5
160 1 4 5 160 3 2 5
Total: 3 16 10 1 Total: 3 16 10 1
5.1.5 Paper V

The purpose of a post-processing filter is to improve the delineation of the structures and to
suppress noise. The approach used in this study did not evaluate the ability of the radiologist
to establish the correct diagnose. However, studies on phantoms indicate that more details are
detected, using the SharpView" filter [90].

The post-processing filter is limited by the information in the original image; too low
radiation exposure, given a signal that cannot be identified above the noise, cannot be
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compensated for by the filter. It is thus important to use the filter wisely. This study shows
that the filter enables a possible reduction in radiation exposure of ~15 %. This is a relatively
low value because of the comparison to optimized values. The benefit of the filter can be
assumed as higher at departments without optimized scanning protocols. The credit of the
reduction can however not all be given the filter in that case, as the radiation exposure
probably would have been reducible even without a filter.

5.2 Sources of errors

The number of paediatric patients used in this work has been small. The number has been
limited by both the exclusion criteria and the need to have different age groups. Regarding the
number of patients, the statistical methods used have no assumptions or approximations for
being valid other than for handling paired ordinal data; the number is thus only limited by
being representative for the group. For conclusions regarding all age groups, findings were
discussed relative clinical impressions. There were also a small number of radiologists
assessing the image quality in the studies. Three radiologists were used in all studies except
for Study IV, where only two radiologists participated. Three radiologists were considered
sufficient to represent the radiologists at the paediatric radiology department where the results
were indented to be implemented. The results from Study IV were only intended to be
compared to previous results in order to evaluate variability. The medically responsible
radiologist for the CT at the department participated in all studies.

The exclusion criterion of not including images with pathology was based on the possibility
that pathology could conceal or overlap structures of interest, making assessments impossible.
As the original images were the origin of the simulated images, it was appropriate to use
original images that could guarantee a high level of useful data. Since paediatric patients are
not examined with MDCT unless there are strong indications, the number of patients without
pathology was clearly limited. It can however be argued that excluding more complicated
cases facilitates the distinction of structures, and may thus affect the outcome and validity of
the study. In a visual grading study, however, different structures of various sizes and contrast
are used to allow the results to be generalised to the range of contrast and resolution found in
clinical images for a group of individuals. Allowing pathology to change the conditions of
these structures randomly among the individuals would undermine the possibility of
comparing changes in image quality between and within different age groups.

The analysis of image quality has been based on two images in the cerebral examinations
(representing 2x0.5 cm) and on 8 images in the abdominal examinations (representing 4 cm).
It is thus not the entire structures of interest that have been evaluated. This could be a source
of error if the visibility of a structure was different in the other images. As the results were
based on the evaluation of several structures, the risk of this affecting the final results were
reduced.

Another source of error could be mispositioning of the patients in the gantry isocentre. Upon

viewing the images prior to each study, no image contained a miscentring of such a size that it
could have had a large effect on the final results.
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5.3 Sources of errors due to the approach

It is very important to identify sources of error that origins from the approach, or pitfalls in
the use of the approach that could affect the results. Using an optimization approach based on
inter-scale concordance is a balance as it means that the categories on the ordinal scale are
given a meaning more than just ordering the image quality. The benefit of using statistical
methods that evaluate data based on change between two groups is that the observers are
allowed to have different interpretations of the categories, and it does not affect the final
result. Using inter-scale concordance, as in this work, requires that the radiologists interpret
the categories similarly. It does however not require that they are of the same opinion
regarding the image quality as the approach takes this into account. Giving more meaning to
the categories than just being ordering, simplifies the finding of a specific level of image
quality that is considered sufficient for the purpose of the examination. Much effort was put
on explaining and discussing the criteria with the radiologists. Prior to all studies in this
thesis, there were discussions regarding the structures of interest and how to interpret the
categories, there were also sessions of viewing and assessing images together.

One source of error was the variability in the assessments of the observers. This was
especially important as the results in this thesis were based on the RTPA. The observer
variability is an indicator of how well the RTPA represents the true relation between the
scales. Significant RP and RC values in the intra-observer analysis indicated that the
radiologists shifted in the way they assessed the images. Whether this was due to true changes
in opinion or changes in interpretation of the category was difficult to evaluate. Perhaps these
shifts were due to stress and fatigue, which can affect the way in which the radiologists assess
the images [91]. As significant RP and RC values mostly were seen in the first study, it was
perhaps most likely due to insufficient training of assessing the visibility of structures prior to
the study. These shifts were mostly small and only for a few images thus indicating a small
effect on the final results. Furthermore, there have been no corrections regarding multiple
testing in the intra and inter-observer evaluations. RV (the measure of random variability) was
mostly well below 0.1 but exceeded this value on a few occasions. What lacks today is
experience on what specific value of RV that is considered too high for the RTPA to be
representative.

Figure 2 in Paper I shows the original data and corresponding RTPA (‘ordered data’) of all
three observers. The observer variability for each of the observers regarding this question was
small, meaning that RTPA was representative. If assuming that the original data represents the
images from a real clinical situation and that the assessments represent actual opinions on
whether the image quality is suitable or not for a routine cerebral examination, then the
application of the minimum tube current means that some of the images would be considered
as being of a lower quality than intended. This brings up the question if the resulting radiation
exposure levels in this thesis are too low. It should be kept in mind that obtaining an image
quality directly below acceptable reproduction does not automatically mean the need for a
rescan. A rescan of a child will most likely require more than that. Comparing the results in
Paper I with the DRLs from the UK in 2003 [78] showed that the results approximately were
at the level of the first quartile. This means that 25 % of the users in the UK use even lower
radiation exposure levels. When comparing the results in Paper III with the results from other
optimization studies, there was a relatively good agreement with two of the studies. This
indicates that the results gained with this optimization approach are relevant.
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There is a risk of bias in assessing the overall impression of image quality as radiologists tend
to recognize and favour their old settings [43]. However, this is believed to be of minor
concern as the radiologists in this thesis already were accustomed to a wide range of image
noise.

The evaluation of the inter-observer variability showed significant difference in how the
radiologists assessed the images. The resulting minimum tube currents for the observers were
also different. There are evidently differences between the assessments of the observers,
presumably in opinion. The strategy of limiting the reduction in dose according to the most
critical observer was used so that no radiologist at the department would perceive the general
image quality as poor or inadequate. However, the approach of using the most critical
observer should be used with caution as it is not acceptable for one radiologist to differ too
much regarding requirements on image quality and thus radiation exposure. The evaluation of
inter-observer disagreement should serve as the basis for discussions regarding the perception
of image quality after the study.

A limitation in the evaluation of the minimum radiation exposure was identified in Paper IV
at the ending tube current. The lack of a sufficient range of tube currents made it difficult to
evaluate the true variability in results in the lower levels of the tube current. This could have
been avoided by using a sufficient range of the radiation exposure scale. The reductions
should also have been made in terms of percent instead of fixed steps of 20 mA. This resulted
in higher percentage difference for disagreeing results at the lower tube current levels than at
the higher. According to Mayo et al. [92], the intra observer variability increases at low levels
of radiation exposure, perhaps this also could contribute to the larger variability in results for
the lower regions of tube current.

Another source of error is the estimation of observer variability based on the assessments of
the test-retest images. It would be preferable to evaluate the variability directly on the original
data. A suggestion is to divide the tube current scale for the original data into intervals
according to the RTPA. If the data from this work were used, this means creating 4x4 cross-
classification tables, which Svensson’s method could be applied directly upon. The intervals
should be based on where the majority of the assessments in the RTPA are. If using Figure 11
b in section 3.7.2 as an example, the tube current scale would be divided into 200 mA = F,
180-100 mA = G, 80-60 mA = H and 40 mA = I. Applying these intervals on the original data
(Figure 11 a) would give Table 8. If Svensson’s method were used, the information in Table 9
would be obtained.

The information in Table 9 is that the disagreeing pairs (33 %) are explained by random
variability and a small systematic difference in position. The variability in this data is
considered sufficiently low to conclude that the RTPA is possible to use. What also could be
added to the evaluation is the measure of disorder (denoted “D”), which also is defined by
Svensson [62]. This is a measure of discordance, which equals the proportion of disordered
pairs relative the RTPA. Future investigations regarding the most accurate and efficient way
of estimating the variability in the original data are necessary.
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Table 8. A cross-classification table where the
tube current scale has been divided into 4 intervals
and applied to the data in Figure 11a.

The distribution of assessments

° F G H 1 Tot
2 1 1145
o

S H 20711110
=

S G| 41]18] 3 25
=

i F|l1]|4 5
™ Tot. 5 24 11 5

Table 9. Information obtained when using Svensson’s
method on the data in Table 8. PA is the percentage
agreement, RP is the relative position, RC is the relative
concentration, RV is the relative rank variance and D is a
measure of disorder.

Confidence intervals

PA 67 % -

RP -0.02 -0.13 t0 0.09

RC 0.00 -0.15t0 0.15

RV 0.01 0.00 to 0.03
D 0.03 :

The approach used in this thesis is suggested as a simple tool for optimization of CT scanning
protocols. Claiming that the approach is simple requires that the department has access to a
noise simulation software. In the moment of writing, this technique, whether it is simulations
onto raw data or directly onto the images, is not easily accessible. The technique is however
published [47] and there are manufacturers that have started to integrate or to separately sell
this technique. The interest for this technique is large and will most likely be more easily
attainable in the future.

5.4 Future research

More research and experience regarding the optimization approach based on inter-scale
concordance is required. For example, more appropriate tests of the consistency of the results
for the lower tube current levels should be conducted. A study testing the findings from Mayo
et al. [92] regarding higher intra-observer disagreement at lower radiation exposures would
also be interesting and informative. Further investigations regarding the appropriate estimate
of the variability in the original data relative RTPA is necessary. It is also necessary to
evaluate which observer variability is considered too high.
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In the moment of writing, the CT used in all studies has been replaced with a newer CT
equipped with iterative reconstruction and dual energy scanning. The efforts of this thesis
have not only been of use for the old CT but it has also enabled a chance to compare the new
technique, and thus new radiation exposure levels, with the old CT and settings. New research
regarding optimal settings of the iterative reconstruction for paediatric patients is already in
process. The results regarding the radiation exposure levels found in this thesis have perhaps
short validity; the approach however, can hopefully be useful for a longer period.
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6 Conclusions

The effect of tube current on diagnostic image quality in paediatric cerebral CT examinations
was established in Paper I. The use of inter-scale concordance enabled the identification of
minimum CTDI,, values to reproduce different levels of diagnostic image. The study showed
that reductions in radiation exposure were possible for patients 1 to 10 years old. No
reductions were concluded possible for patients above 10 years old. The original image
quality for patients under 6 months of age was found to be inadequate for acceptable
reproduction of low-contrast structures. The study also showed that it was possible to further
reduce the radiation exposure for shunt-treated patients.

The analysis of intra- and inter-observer variability using Svensson’s method was in focus in
Paper II. Svensson’s method enabled the identification of systematic disagreement and the
level of additional individual variability in data from Study I. The obtained information is, at
the time of writing, not attainable by any other statistical approach suitable for paired, ordinal
data.

In Paper III the approach based on inter-scale concordance was used to identify the highest
possible values of noise index (representing the lowest possible absorbed doses) to obtain
images of sufficient diagnostic quality for a routine paediatric abdominal CT examination.
The results indicate that for patients aged 6 to 10 years (n=8), NI=11 (representing a mean
value of CTDI,, of 3.7 mGy) was sufficient for acceptable reproduction of abdominal
structures and thus a sufficient image quality for a routine abdominal CT examination. For
patients aged 11 to 15 years (n=10), NI=12 (representing a mean value of CTDI,, of 3.9
mGy) was considered sufficient. The CTDI,, values were given for the 32-cm CTDI
phantom. The possibility of reducing the radiation exposure using a 2D post-processing
adaptive filter was also investigated. For patients aged 6 to 10 years, NI=12 was sufficient for
acceptable reproduction of abdominal structures when using the filtered images (representing
a mean value of CTDI,, of 3.1 mGy). This suggests a possible reduction in mean absorbed
dose of 16 %. For patients aged 11 to 15 years, NI=13 (representing a mean value of CTDI,;
of 3.3 mGy) was sufficient, which suggests a possible reduction in mean absorbed dose of
15 %.

In Paper IV the variability in results when using the optimisation approach based on inter-
scale concordance was estimated. A less than 20 % difference in the results for standard
diagnostics was found between the studies (Study I and Study IV). This indicates a
consistency of the results, at least at this level of image quality. Variability in the results for
acceptable reproduction of high-contrast structures was difficult to estimate due to insufficient
representation of tube currents at the lower levels of the tube current scale. Conclusions
regarding how to make the best of the approach were to reduce tube current in steps of percent
and to assure that the tube current scale used reached sufficiently low tube currents in order to
let observer variability to be adjusted on the scale. The steps of the approach and experiences
regarding the methodology are summoned in the Appendix.

Paper V further investigated the 2D post-processing adaptive filter. For patients aged 6 to 10y
it was found that dose reductions from CTDl,, = 27 mGy to 23 mGy (15 %) in the upper
level of the brain, and from 32 mGy to 28 mGy (13 %) in the lower level of the brain, were
possible for routine cerebral CT examinations. For low-resolution diagnostics, it was found
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that reductions from CTDI,, = 20 mGy to 17 mGy (15 %) in the upper level of the brain, and
from 25 mGy to 22 mGy (12 %) in the lower level of the brain were possible. Further
reductions may have been possible as 17 and 22 mGy were the lowest tube current levels
assessed. For patients 1 to 5 y, the results for standard diagnostics in the upper level of the
brain and for low-resolution diagnostics in the lower level of the brain were inconclusive. For
standard diagnostics in the lower level of the brain and for low-resolution diagnostics in the
upper level of the brain, it was found that no reductions were possible.

The overall aim of the work described in this thesis was to find an optimization approach with
which the absorbed dose to paediatric patients undergoing CT examinations could be
minimized with regard to diagnostic requirements on image quality and observer variability.
The approach based on inter-scale concordance has been shown useful for identifying
excessive radiation exposure and insufficient image quality, but also for identifying and
estimating observer variability. The low variability in results for standard diagnostics
indicates that the approach is consistent at least at that level of image quality. Further
investigations and applications of the approach are however necessary, especially of how to
estimate the observer variability in the original data.
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8 Appendix

The following text is a short step-by-step explanation of the optimization approach presented
in this thesis.

1. Collect the image material. The images should represent standard patients for the
scanning protocol of concern. The radiologists assessing the images should be
representative for the department.

2. Discuss the criteria and possible responses (freeware for Svensson’s method is given
for 4, 6 and 11 categories) with which the image quality will be evaluated. Structures
of interest should be of different size and contrast and they should either be
diagnostically interesting in themselves or situated at a diagnostically important level
of the head/body. Be aware of different phases of the contrast media that could effect
the evaluation. Discuss whether it is practical/necessary to assess the whole stack or
just a few images per patient.

3. Arrange with a noise simulation software that either adds artificial noise directly to the
raw data or directly to the images. Make sure that the noise simulation tool is accurate
for the actual settings used in the scanning protocol of concern. Add noise that
represents reductions in radiation exposure in percent. Steps of 10 or 15 % are
recommended based on experience.

4. Include a test session with the radiologists with discussions regarding how to interpret
the criteria, the appropriateness of the structures and the range of radiation exposure.
Make adjustments if required.

5. Perform a training session allowing the radiologists to have some experience of
assessing. If using ViewDEX for the evaluation, training sessions can be included
within the personal login of the radiologists.

6. Create doublets of at least 10 % of the image material for intra-observer evaluation
and include in the study. Make sure assessments from both high and low radiation
exposures are represented.

7. Perform the study; be sure that the medical monitor used is appropriate according to
clinical practise and calibrated according to standards. The evaluation should take
place under conditions representative for the clinical situation.

8. Sort the results for an easy overview in e.g. Microsoft Office Excel®. Create

tabulations on the distribution of responses for each patient and radiation exposure
level. As an example see the following:

43



Appendix

10.

11.

12.

Question
Patient mA 1 2 3 4 5 6 Question 3
4859 30 CcC ¢C C C D H D C B A4
4859 50 B C C B C H 30 1 2 3
4859 70 C C B B B G 50 3 3
4859 90 B C B B B G 70 2 1 3
4859 110 B B B A B G 90 1 2 3
110 1 1 1 3
4975 30 D D D C C 1 1 9 4 1
4975 50 C D C C C H
4975 70 C D C B B H Question 3
4975 90 B F C B B H D C B A4
4975 110 C D C B B G 30 1 2 3
50 3 3
4784 30 D D C D C 1 70 3 3
4784 50 D D C C C H 90 1 2 3
4784 70 C D C D B H 110 2 1 3
4784 90 C D B C B G 1 9 4 1
4784 110 C C A C A G

The table to the left shows an overview of the assessments (response A to E
for questions 1 to 5 and response F to J for question 6. A and F represents the
highest image quality and E and J the lowest) for each level of tube current
(30 to 110 mA) for three patients (4859, 4975 and 4784). The assessments are
from one observer. The table to the upper right shows the distribution of
responses for each tube current level. For example, there is one response A,
one response B and one response C for 110 mA regarding question 3. The
summarized distribution for each response and tube current is noted at the
marginal (marginal distribution). Create an empty table with only the marginal
distributions left. Create in this table, new pairs of data by pairing off the tube
current with the response according to the marginal distributions by starting in
the upper left corner for example (see lower right table). The pairs are now
ordered into the RTPA.

Create RTPA for each observer, question and patient age group. If using Microsoft
Excel, it is recommended by experience to use ‘If-rules’ in order to automatically sort
the original data into RTPA. This speeds up the evaluation.

Identify the minimum radiation exposure in the RTPA. In the example above the
minimum tube currents are 110 and 50 mA for the responses B and C. The minimum
radiation exposure is at the lowest exposure where all images in the RTPA have at
least that level of image quality for that exposure.

The final level of radiation exposure for a specific age group is set by the highest of
the minimum radiation exposures among the observers for the question(s) regarded as
relevant for the type of examinations. This provided that the variability between
observers seems reasonable.

Create cross-classification tables of the distribution of the assessments from the intra-
and inter-observer evaluation, for example see the following:
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(14.)

Appendix

Observer X (X))

A B C D
g DI| O 0 1 1 |»
; cl ol o0]10] 0 |10
§ Bl 2|13 2] 0 |17
S Al 1| 0] 0|0
313 13 1

The cross-classification table represents the assessments of the test-retest
images of one observer at different occasions (X; and X;) (intra-observer
evaluation) or for two observers (X and Y) assessing the same images (inter-
observer evaluation).

Discussions regarding the uncertainty of the resulting minimum radiation exposure
should be based on findings of systematic bias (RP and RC) and high RV.

Estimate the variability in original data relative the RTPA by dividing the original data
into intervals according to the RTPA. The intervals should be based on where the
majority of the assessments in the RTPA are. An example of this is given in section
5.3 where Table 8 is an evaluation of the RTPA in Figure 11. Apply Svensson’s
method on the cross-classification table with the radiation exposure scale on one axis
and the image quality categories on the other axis. Svensson’s method is available for
4, 6 and 11 categories at: http://www.oru.se/Akademier/Handelshogskolan/Kontakt-
och-presentation/Personliga-sidor/Statistik/Elisabeth-Svensson/Svensoons-
metod/Svenssons-metod---fri-programvara-och-dokumentation/
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