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Introduction and outline

INTRODUCTION

A Computed Tomography (CT) scanner is a machine that provides cross-sectional
images of a human body or scanned object, e.g. medical imaging phantoms, by the use
of x-rays. After its introduction in the early seventies, CT has fundamentally changed the
practice of medicine by expanding our knowledge about diseases and management of
major health challenges [1]. With technological innovations, like high speed scanning,
diagnostic capabilities improved in both adult and pediatric patients [2]. However, the
associated radiation dose in CT scanning and the associated possible increase of the
cancer risk in individuals are of concern. Especially when the radiation dose applied
is high, or when imaging children as they are more sensitive to radiation effects [3].
Without doubt, CT scanning is the biggest contributor to the collective effective dose of
medical examinations worldwide [2, 4-6]. Over the years, CT dose reduction strategies
have been introduced, leading to a continuous decrease in radiation dose, but also an
increase in complexity to determine the appropriate doses for specific diagnostic tasks
and individual patients [7]. Even though the individual radiation dose decreases, there
is an increase in the number of CT exams performed worldwide. Therefore, justification
and optimization of a CT protocol is still important [8].

Changing CT scanning protocol parameters will influence both radiation dose and
image quality (IQ).Therefore, optimization of a CT exam is not only about reducing the
radiation dose, but also ensuring that diagnostic confidence of clinical tasks is retained.
Objective and subjective IQ estimates do not necessarily correlate with diagnostic
performance and this should be kept in mind within the optimization steps, especially
when imaging various patient body types [9, 10]. Reducing radiation dose will lead to a
decrease in lesion detectability, especially of more subtle lesions. This implies that a mini-
mum dose level is required for a certain diagnostic accuracy [10]. Overall, technological
developments resulted in a reduction of radiation dose per exam and improved 1Q [11,
12]. In the meantime, the impact of technological developments was not restricted to
optimizing a CT study itself, but played a role along the entire imaging chain: patient
planning was digitized, digital application forms were introduced, and patients got easy
access to their medical records. In addition, the image reconstruction, post-processing
and reporting of medical images has fundamentally changed over the years through
automation and artificial intelligence (Al) support.

“Knowledgeable” algorithms and tools may assist users with the deployment of new
technologies and the processing of the increased amount of data. However, are the
“knowledgeable” solutions beneficial and what does “knowledgeable” mean in this
context? Knowledge is about understanding of something, Thereby, it should be sup-
ported by rationality and evidence, and not by chance [13-17]. Therefore, chance should
be ruled out in CT imaging as much as possible by building a knowledge base on the
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outcomes of validated studies, based on both human and phantom studies. Then, the
knowledge obtained can be implemented by the team of radiographers, radiologists
and medical physicists to benefit from its full potential for the optimization of a CT scan
procedure. However, this can be quite a challenge because of several factors: interrela-
tion of numerous scan and reconstruction parameters, increased workload and human
error. In addition, updates within hardware and software requires verification and vali-
dation of (new) protocols and the variety of patients and referral questions necessitates
different acquisition strategies. This ultimately leads to the need for a “knowledgeable”
CT scanner that makes procedures more accurate, standardized and supports the users.

SCOPE AND OVERVIEW OF THIS THESIS

As developments were introduced to optimize a CT exam, the original steps within
the imaging chain remain almost the same. A CT exam consists of several consecutive
steps: Indication, logistics, the actual scan procedure and the image interpretation and
advice (Fig. 1). The urgency in planning of the appropriate acquisition technique heavily
depends on the indication. After a CT exam is ordered and planned, the patient can be
seen and positioned on the CT scanner table. Once the scanning and contrast injec-
tion protocol is tailored to the needs of an individual patient and the clinical question,
the data is acquired and the image is reconstructed, post-processed and archived by
radiographers and interpreted by a radiologist. As ongoing technological developments
are introduced into the diagnostic imaging chain, some of the reconstructions and
data (post-)processing steps blend into both the “Scanning procedure” (performed by
radiographers) and “Diagnosis & Advice” (performed by radiologists) categories (Fig. 1).
In addition, Al is integrated more and more in most of the steps of the imaging chain as
well. Even though Al is able to “learn” from analyzing more and more cases, it remains
important to know and monitor their performance, as well as to determine their accu-
racy. This thesis focuses on evaluation and implementation of technological solutions to
automate and / or improve distinct aspects of the CT imaging chain including: 1) patient
positioning, 2) scan and contrast injection tailoring to the individual pediatric patient,
3) improved image reconstruction technique to facilitate dose reduction in coronary
calcium scoring and 4) reduction of unused radiation exposure at the boundaries of the
scan range as described below.

Patient positioning

Patient positioning in the isocenter of the CT scanner is essential for optimal imaging. The
automatic exposure control (AEC) of a CT scanner continuously adapts the tube output
to every individual patient to obtain consistent image quality. The AEC uses the localizer
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radiograph, which is also used for planning of the scan ranges, as input to determine
the patient’s size and body composition. Optimal functioning of the AEC hence relies
on the consistency and quality of this localizer radiograph. Therefore, proper patient
positioning is required to overcome distortion of the localizer radiograph (Figs. 2a—c)
with resultant incorrect adaptation of the tube output.

Bowtie filters are shaped filters placed directly after the tube that increase in thick-
ness from the center to the periphery of the axial plane (resembling a bow tie, hence
its name). The bowtie filter reduces radiation dose to the peripheries of a patient and
helps to obtain a relatively uniform noise profile. For the bowtie filters to work optimally,
patient positioning in the scanner isocenter is important as well as illustrated in Figures
2d-f.

Patients are positioned in the CT scanner by the radiographer using laser beams as
guidance. However, proper positioning of a patient can be challenging, especially when
imaging children, because of the wide variation in body proportions. Incorrect patient
positioning directly affects the performance of the AEC and bowtie filter as described
above. Technological advancements for automatic patient positioning by the use of
a 3D camera for body contour detection (Fig. 3) claim to improve patient positioning
when compared to manual positioning by a radiographer. However, the accuracy of the
advancements are not yet clear and have to be investigated.

Scan and contrast injection tailoring to the individual pediatric patient

Not only can positioning of children in a CT scanner be quite demanding, several other
parts within the imaging chain can be challenging too. First of all young patients can
not be instructed and ideally sedation is avoided. Thus there is a need for fast scanning.
Cardiovascular CT scans add additional challenges since there is a need for motion free
imaging of the heart during optimal contrast enhancement. However, the often (very)
high heart rates in pedicatric patients make motion free imaging of the heart difficult
and the unpredictable contrast dynamics (especially in congentital heart disease) make
timing of the scan cumbersome. New generation scanners are equipped with several
technological features that, when appropriately applied, can solve these problems. How-
ever, practical guidelines on how to do this are not available or only available to a limited
extent. Based on our extensive experience, we describe how to tailor the cardiovascular
CT acquisition to the individual pediatric patient utilizing all available technological op-
tions with an optimal balance between image quality and radiation exposure.

Improved image reconstruction technique to facilitate dose reduction

Where cardiovascular imaging in pediatric patients is mainly suited for the investigation
of congenital heart disease, in adults it is generally used for investigation of suspected
coronary artery disease (CAD). A cardiac CT exam in adult patients normally starts with a
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Figure 2 (a-f). The importance of proper patient positioning in CT. (a-c) Graphical illustration of localizer
radiograph distortion: Phantom scans in isocenter (b) and away from the scanner isocenter with magnified
(a) and reduced width of the localizer radiograph (c). (d-f) Effect of table height position on radiation dose
distribution due to the shape of the bowtie filter: Equal distribution of radiation dose for the upper and
lower half of scanned object/patient when positioned in the scanner isocenter (e). Upper part of the body
is exposed to more radiation dose than the lower part of the body, with increased image noise for the lower
part of the body when the object/patient is positioned below the scanner isocenter (f) and vice versa (d)
when the object/patient is positioned above the scanner isocenter.

coronary artery calcium scoring, using the Agatston score as a common strategy for the
quantification of coronary calcification. A limitation of the Agatston score is the need to
acquire the images with a fixed peak tube voltage of 120 kV. Lowering the tube voltage
potentially reduces the radiation dose which would be beneficial for calcium scoring
scans as well. However, the CT numbers of calcium are tube voltage dependent. Lower-
ing the tube voltage may result in inconsistent scores, impairing the risk assessment

17
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Figure 3. 3D camera for body contour detection (white arrow and box) positioned above a dual source CT
scanner of the Erasmus MC University Medical Center Rotterdam.

potential of the Agatston score. An improved reconstruction technique aiming at tube
voltage independent CT numbers for calcium became available recently. This would be
beneficial as it allows coronary calcium scans to be obtained at lower radiation dose
whilst still providing an accurate coronary calcium score. The performance and dose re-
duction potential of this improved reconstruction technique remains to be determined.

Reduction of unused radiation exposure

One of the major developments in CT was the introduction of spiral CT and increased
longitudinal coverage by wider detectors. A downside of these detectors is the increase
of the so-called overranging effect in spiral CT. Due to this effect the radiation exposure
range in spiral CT is longer than the actually depicted range. In order to reduce the over-
ranging dose, technological improvements like dynamic collimators were introduced by
all major CT manufactures. Dynamic collimators are mechanical blades that move in and
out of the radiation area during the scan to block unused radiation at the boundaries
of the scan range. Recently, a renewed dynamic collimator was introduced in a third-
generation dual source CT (DSCT) scanner. However, the performance and efficacy of
the dynamic collimators in different DSCT scanners is unknown.

The thesis is divided into four parts:
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Part I: Preface

Chapter 1: introduction and outline of the thesis. Chapter 2 gives an overview of
technological developments in CT over half a century. In addition, the role of the as-
sociated acquisition and reconstruction parameters and the user’s influence in the CT
optimization process are highlighted. Hereby, the interrelation between radiation dose
and image quality for many acquisition and reconstruction parameters is summarized.

Part ll: Improvement of patient positioning by body contour detection with a
3D camera

Chapters 3-5 focus on the accuracy of automated patient positioning in a CT scanner
with the aid of a 3D camera for body contour detection. The results for adult patients are
presented in Chapter 3 and the results for pediatric patients in Chapter 4. In Chapter
5, the influence of an inspiratory or an expiratory breathing state on the accuracy of the
proposed patient positioning is demonstrated.

Part Ill: Improvement of acquisition and reconstruction techniques

Chapters 6-8 describe the use of several technological developments for improvement
of CT protocols, some as part of automated algorithms, while other developments are
directly adjustable by the user. Chapter 6 reviews the steps in the protocol improve-
ment of cardiovascular imaging in pediatric patients. Guidelines and the impact of
technological features applied in cardiovascular imaging of pediatrics on image quality
and radiation dose are given.

In Chapter 7, an improved reconstruction technique aiming at tube voltage indepen-
dent CT numbers for calcium and its potential for radiation dose reduction is evaluated.

In Chapter 8, the efficacy of a dynamic collimator in a third-generation DSCT scanner
was assessed and compared with the dynamic collimator used in the second-generation
DSCT scanner.

Part IV: General discussion and summary

The general discussion of this thesis is presented in Chapter 9 and the results presented
in this thesis are summarized in Chapter 10.

19
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ABSTRACT

Since the introduction of Computed Tomography (CT), technological improvements
have been impressive. The number of adjustable acquisition and reconstruction param-
eters has increased accordingly. Overall, these developments led to improved image
quality at a reduced radiation dose. However, many parameters are interrelated and part
of automated algorithms. This makes it more complicated to adjust them individually
and more difficult to comprehend their influence on CT protocol adjustments. More-
over, the user’s influence in adapting protocol parameters is sometimes limited by the
manufacturer’s policy or the user’s knowledge. Consequently, optimization can be a
challenge. A literature search in Embase, Medline, Cochrane, and Web of Science was
performed. The literature was reviewed with the objective to collect information regard-
ing technological developments in CT over the past five decades and the role of the
associated acquisition and reconstruction parameters in the optimization process.
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INTRODUCTION

Computed tomography (CT) has fundamentally changed the practice of medicine
and continues to expand our knowledge about diseases and management of major
health challenges [1]. Consequently, the number of CT scans performed worldwide is
constantly increasing. The number of CT exams obtained per year in the United States
was around 3 million at the early eighties, increasing with approximately a factor of 20
to 62 million performed CT exams in 2007 [2]. The rapid increase of CT use was seen in
European countries as well and where previously CT scans of mainly adults were per-
formed, there is an increase of CT’scans performed in pediatric patients [3, 4]. Especially
the latter are believed to benefit from technological innovations such as high-speed
CT scanning that improve diagnostic capabilities in these patients. However, just like
in adults, these scans should always be justified [2, 5]. Without a doubt, CT scanning
is the biggest contributor of radiation exposure to the collective effective dose of
medical examinations worldwide [3, 6]. Dutch researchers found that the increase in
CT exams was not primarily due to the growth and aging of the Dutch population, but
can be explained by its easy accessibility, associated technological developments and
capabilities. In parallel with the increase of performed CT scans, public awareness and
concerns about medical radiation exposure increased [7, 8]. The radiology community
is aware of this fear and technological developments for radiation dose optimization
have always been at their attention. However, optimization of a scanning protocol with
respect to image quality (IQ) and radiation dose is a delicate procedure, mainly due to
the interrelation of parameters. Furthermore, system properties and accompanying
data acquisition techniques changed and expanded over the years. In this chapter, we
present an overview of the technological developments during the evolution of CT and
the accompanying user’s influence for protocol optimization. Finally, a future outlook on
technological developments is given.

SEARCH STRATEGY

Embase, Medline, Cochrane, and Web of Science were used for the literature search for
this narrative review by combining synonyms for ‘image quality’ ‘radiation dose), and ‘CT’
with English language restriction. The full search syntax is provided in the Appendix. Du-
plicates were removed and reference lists of included articles and review articles were
searched for additional articles. First, articles were screened on title and abstract. Non-
original research articles, e.g. case-reports, and original research articles not containing
information on image quality and radiation dose regarding CT were excluded. Inclusion,
exclusion and screening of all articles was performed by one author (RBo). Selection
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criteria were articles containing information regarding key technological developments
in CT and the accompanied influence of those developments on image quality and/or
radiation dose. After the search, we continued to prospectively add recent articles of
which we thought that they supported the text.

SYSTEM PROPERTIES

The user’s influence and choices in protocol optimization depend on the CT scanner’s
technological capabilities and system properties. Main technological developments of
system properties, acquisition, and reconstruction parameters are presented in table 1
and are discussed below. An overview of the evolution of CT scanners and the technical
advances in CT is illustrated in Figure 1.

Translation-rotation and slip ring technology

Initially, CT images were acquired by the translation-rotation method in the “first- and
second-" generation CT scanners. Within this method, data was acquired by the x-ray
tube and detector moving in a linear translatory pathway and was repeated with small
rotational increments [9]. The third-generation CT scanners have a wide fan beam and
detectors that rotated slowly around the patient, requiring multiple breath holds to
complete an axial CT exam. There was a high chance in missing abnormalities due to the
multiple breath holds (Fig. 1a). Slip ring technology introduced in 1987 allowed continu-
ous rotation of the tube and detectors by transferring electrical energy to the rotating
gantry part and transmission of measured data to the computer system [10]. As the
fourth-generation scanners, with a stationary detector ring, were not widely accepted,
all currently available CT scanners are third-generation scanners by design. Therefore,
we will only briefly comment on special scanner concepts like electron beam CT and
dynamic spatial reconstructor.
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Detectors

The total beam collimation in the longitudinal, or z-direction, in the first-generation CT
scanners was limited to one detector of 8 — 13 mm in width, but detector size decreased
rapidly to 2 - 8 mm [11, 12]. With the introduction of spiral multi-detector CT (MDCT)
in 1998 (also known as multi-slice CT), the individual detector elements became even
smaller, down to 0.25 mm per detector element nowadays [13], resulting in improved
spatial resolution. Moreover, it provided more and fast longitudinal coverage since
multiple detector elements were combined (Fig. 1) [14]. Currently, for several CT
manufacturers the total beam collimation is up to 160 mm with multiple detectors in the
z-direction, allowing dynamic data acquisition of e.g. the entire brain or heart without
table movement [15, 16]. Another positive outcome of an increased total collimation is
the decrease of the overbeaming effect: The collimated x-ray beam is always wider than
the total detector width because of the penumbra, which does not contribute to the
image reconstruction, but does increase radiation dose. Although the impact of over-
beaming on radiation dose was reduced with increased total collimation, overranging
dose increases with increasing collimation and pitch values [17]. Therefore, a dynamic
collimator was introduced in 2009 to reduce the amount of pre- and post-spiral dose,
which are irrelevant for image reconstruction and is automatically applied [18].
Another approach to detector developments were improved detector efficiency to
increase radiation dose efficacy, and the introduction of dual layer detectors. These
detectors can measure x-ray attenuation for low and high-energy photons separately
in two different detector layers, enabling material identification and quantification [19].

X-Ray Tube

With the introduction of spiral CT, the x-ray tubes had to be redesigned again to cope
with overheating problems because of the need for increased tube output [20]. The in-
troduction of a periodic motion of the focal spot in the z-direction resulted in doubling
measurement positions in the longitudinal direction per rotation; thereby increasing
spatial resolution and eliminating aliasing artifacts [21]. This multifan measurement
technique is commonly known as z-flying focal spot and “double-dynamic” focus and
applied by several vendors. Recent developments also include an additional tin filtration
within the x-ray tube, which is of particular use in e.g. unenhanced CT high contrast
studies of the chest and sinus [22, 23] and is currently applied by one vendor.

Dual source CT (DSCT)

CT scanners with multiple x-ray sources can provide fast imaging and improved tem-
poral resolution (TR). The dynamic spatial reconstructor was one of the first attempts to
introduce such a CT system but was never used in clinical routine [24]. In 2005, the first
DSCT with two tubes and two corresponding detectors was introduced, demonstrating
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improved TR and dual energy imaging capabilities in clinical practice, which was widely
accepted [25].

ACQUISITION PARAMETERS

The main developments in acquisition parameters and how they influence image acqui-
sition are discussed next.

Tube current

Within the first-generation CT scanners, the user could set tube current (mA value) de-
pending on the accompanying tube voltage [26, 27]. Tube current was constant during
a scan and this remained so for almost twenty years.

Automated tube current modulation (ATCM)

ATCM was introduced end ‘90s as part of the automatic exposure control (AEC) [28]. Early
strategies consisted of online angular tube current modulation only, where nowadays it
is often applied in combination with tube current adaptation in longitudinal directions.
Some strategies enabled users to set customizable quality levels to achieve a constant
noise level, whereby tube current is adjusted for the chosen scan and reconstruction
parameters. Algorithms within the latest systems may suggest adjustments to average
tube current and image noise based on a user defined dose index and patient diam-
eter, accounting for the use of iterative reconstructions (IR) and used tube voltage.
Another strategy was to have the ATCM system measure the attenuation from patients
in a specific protocol, using this as a standard protocol body attenuation. The user can
determine a noise reference or set the tube current to individual patient habitus. A dif-
ferent approach of fully ATCM is adaptation to different anatomical regions and patient
sizes by setting a target tube current level for a standard-size reference patient [29]. The
user may set different tube current modulation schemes for different patient sizes and
anatomical regions.

A high level of awareness by the users for optimal positioning of the patient in the CT
scanners is of utmost importance [30, 31]. Both radiation dose and IQ may be affected
when the CT localizer radiograph, which is used by the AEC, is made with the patient
positioned off-center [30, 31].

Tube voltage

Within the first- and second-generation CT scanners, the user was able to set the peak
tube voltage in the range of 100 — 140 kilovolt peak (kVp) [27, 32, 33]. These high volt-
ages are much appreciated when imaging thick patients, or to reduce metal implant
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artifacts, however radiation dose is likely to be increased. Lowering the tube voltage
requires tube current to be increased, and this was often limited by tube power early on.

Automatic tube voltage selection

Changing the tube voltage in predefined scan protocols, requires understanding of its
influence on signal-to-noise ratio and contrast-to-noise ratio (CNR). Therefore, it could
be challenging for users to understand how to perceive an improved 1Q, or even the
same |Q while reducing radiation dose, when changing the tube voltage. It was until the
10s that integrated automatic tube voltage selection and accompanying tube current
adjustment became fully integrated into the AEC. Currently, it is available in most CT
systems [34]. The main goal of automated tube voltage selection is to control the CNR
and thereby minimize radiation dose. The user can define settings for the anatomical
region and exam type with or without contrast.

Dual energy imaging

Dual energy, or so-called spectral imaging, can add tissue information to the CT image
(e.g. discriminate bone from iodine-enhanced tissue). The possibility of determining the
atomic number of the materials within a slice was already discussed by Sir Hounsfield
in the seventies [12]. First attempts were done by a double scan: once with a high tube
voltage, once with a low tube voltage and in parallel by a rapid kV switching technique.
However, clinical use was rather limited due to needed technological improvements and
high costs. The introduction of DSCT in 2005 allowed the acquisition of nearly simul-
taneous dual-energy data by using two tubes (Fig. 1f) [35]. A few years later, this was
also made possible with the introduction of an improved rapid tube voltage switching
technique [36]. TwinBeam CT and Dual layer spectral CT are the latest technologies to
acquire dual energy datasets [19, 37].

Scan mode

Sequential scanning

Sequential CT imaging represents scanning with a stationary scanner table while the
x-ray tube is rotated around the patient. After the scan, the patient is transported with a
predefined incremental step. Then the next acquisition is performed and the process is
repeated to the end of the scan range.

Spiral scanning

CT entered a new era with spiral CT (also known as helical scanning) in the late 1980s
[38, 39]. The scanner table was able to travel at a constant speed through the gantry, i.e.
the table feed, with the tube rotating, allowing the acquisition of volumetric data. It also
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introduced the concept of pitch (the ratio between the table feed per full rotation and
total beam collimation) which can be adjusted by the user. With single-detector spiral
CT and a reduced rotation time, scan time was reduced. However, scans were restricted
to single organs. A complete thorax-abdomen scan required at least two breath holds
(Fig. 1b). The introduction of MDCT (Fig. 1c) gave the user the choice to scan with a small
detector row width (e.g. 4 x T mm) to increase spatial resolution (=detail) or to scan
with a large detector size, e.g. 4 x 2.5 mm, to reduce scan time (=volume). Spiral scan-
ning with a 16-row MDCT allowed isotropic datasets of large volumes and an increase
in quality of the post-processing images, as demonstrated in Figure 1b-f. DSCT made
scanning at a pitch >2 possible by filling the sampling gaps of one detector with data
of the second detector, providing clinical advantages in (cardio)vascular, trauma and
pediatric patients due to increased scan speed (Fig. 1f) [40, 41].

Rotation time and temporal resolution

Gantry rotation time directly affects TR, as data from at least a 180-degree rotation are
needed to reconstruct an image. Faster gantry rotation times result in improved TR with
less motion artifacts and improved clarity of lung and cardiac imaging [42, 43]. Gantry
rotation times have decreased from 5 — 40 seconds in rotation-translation systems in
the seventies to 0.24 - 0.30 seconds for the current CT systems [26]. Until today, most
single source scanners still cannot reach the 50 - 100 ms TR of electron beam CT scan-
ners. Those scanners were especially proposed for cardiac CT because they were able to
reach good TR thanks to its scanning without mechanical motion [44]. It was until the
introduction of DSCT to achieve similar TR with up to 66 ms with third-generation CT
systems [45].

Electrocardiogram (ECG) synchronization and ECG-guided dose modulation

Cardiac motion limited imaging of the heart in the early years of CT. However, in 1977
there were considerable achievements in technology reducing cardiac motion by ECG-
gated reconstruction and provided “stop-action” cardiac CT scans [46, 47]. However,
acquiring data for a single slice took up to 12 seconds. Multi-detector spiral CT reduced
exam time, enabled reducing contrast volume, improved spatial resolution and ECG-
gated coronary CT angiography became feasible in clinical practice. Especially from the
64-row MDCT on, robust low heart rate (HR) cardiac CT was possible (Fig. 1e) [48, 49]. At
first, only a retrospective spiral scan mode with full dose, during the whole R-R interval
at low pitch values was provided [50]. Later on, by introducing adaptive algorithms that
can react to heart rate variability and simple arrhythmia, a dose reduction was achieved
[51]. When the heart rhythm has complex arrhythmia, often a retrospective protocol is
preferred for ECG-gated data editing possibilities. However, such a protocol requires a
low pitch for oversampling to ensure enough data for reconstruction is available at the
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expense of a high(er) radiation dose. While a prospective sequential scanning technique
might have stack artifacts, a single heart beat scan mode such as a high-pitch prospec-
tive scan or a scan with a wide area detector does not. However, both single heart beat
techniques require a low and stable heart rate [52].

RECONSTRUCTION PARAMETERS

Some of the steps in the reconstruction process are not, or to a less degree, adjustable
by the user. All of the choices made within the reconstruction process directly influence
1Q. We will highlight the main technological developments in reconstruction techniques.

Image reconstruction technique

Within the first CT systems, images were reconstructed with a simple iterative recon-
struction method known as algebraic reconstruction [53]. However, due to the lack of
computing power, this technique was soon replaced by filtered backprojection (FBP)
[54]. FBP images are reconstructed by a convolution method or a direct Fourier algo-
rithm. This second group incorporated interpolation in the Fourier plane, followed by
inverse Fourier transformation. Convoluting the attenuation profiles with a so-called
kernel and the backprojection of the modified profiles into the image plane to create the
finalimage, is the method known as filtered backprojection. It is an analytical solution of
the reconstruction problem. Where FBP was the most widely used CT image reconstruc-
tion technique for decades, nowadays mainly IR techniques are applied [55].

Iterative reconstruction technique

Computing power by the late ‘00 made IR techniques feasible in clinical routine [55]. IR
techniques developed rapidly in three steps: Firstly, IR reconstruction was mainly done
in the image domain on an initial image reconstructed from the raw data; secondly,
it went to sinogram-based or so-called hybrid reconstructions. Thirdly, reconstruction
algorithms developed to full model-based IR techniques [56]. However, most algorithms
remain a “black-box” lacking specific details.

Matrix and FoV

Within the first-generation CT scanners, the image matrix size was limited to 80x80
pixels and one could only adjust the window level and width. Nowadays 512x512 is the
most commonly used image matrix size but CT scanners with sizes up to 2048x2048 are
available [57].
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Extended field of view (FoV) reconstructions allow visualization of skin and tissue
outside the primary FoV. This is of importance for PET-CT attenuation correction and
radiotherapy CT dose calculations [58].

Cardiac reconstructions

The multiple ECG cycles acquired for cardiac CT in the late seventies were needed for
acceptable effective TR with the aid of multi-segment reconstruction. Despite long
acquisition time and extensive motion artifacts, the cardiac outline and fat grooves
could be sharply visualized. Nowadays, mono-segment reconstruction is often used, but
bi- or multi-segment reconstruction techniques are still available to make scanning of
coronaries at higher heartrates feasible. These methods could improve the TR by a factor
of 2 by combining two or more heartbeats for one reconstruction, but at the cost of a
very low pitch value and consequently an increased radiation dose [50]. A disadvan-
tage of multi-segment reconstruction is a possible creation of blurry images [59]. Even
though vendors developed motion reduction algorithms, motion free imaging primarily
depends on heart rate and gantry rotation time [60, 61].

Image enhancement tools

Several tools to improve IQ are developed and can be manually selected or are inte-
grated into the reconstruction process. The most often used tools are noise and artifact
reduction algorithms.

Noise reduction

Recently, noise reduction algorithms are implemented in several reconstruction pro-
cesses, mostly running in the background e.g. in repeated low dose imaging during
dynamic CT perfusion, in order to improve spatial resolution and CNR [62]. Sometimes
it can be manually applied by the user e.g. to improve CNR in monoenergetic image
reconstruction of dual energy data [63].

Artifact reduction

Artifacts are defined as artificial structures, which deviate from reality. Examples are
artifacts occurring from voluntary and involuntary patient motion or beamhardening.
Nowadays, motion correction algorithms are often used in CT perfusion of the head
and body to correct for subtle head displacement or the breathing state during the
acquisition times. The corrections are applied on already reconstructed image data and
mainly done in post-processing software. Most of the algorithms for beam hardening
correction or metal artifact reduction use iterative algorithms and therefore have to be
applied on raw data [64].
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SCANNING PROTOCOL OPTIMIZATION

Technological developments generally resulted in a reduction of radiation dose per
exam and improved IQ [65, 66]. Both radiation dose and IQ are dictated by the ALARA
(As Low as Reasonably Achievable) principle. With the introduction of diagnostic refer-
ence levels for CT in 1996, a practical tool came available to promote radiation dose
optimization for specific diagnostic tasks [67]. With that, reference levels for CT exams
were introduced around the globe [68-71]. Together with the technological develop-
ments, it contributed to the decrease of effective dose for a CT exam [72]. However,
the diagnostic reference levels are general guidelines and do not apply to optimization
for an individual patient. In the meantime, the user is one of the “protocol optimiza-
tion factors” or may be even the most important factor in the optimization process.
The user’s contribution to the optimization process depends on the user himself and
on the technological developments. All stakeholders, e.g. radiologist, medical physicist,
and radiographer should work together and consider the whole optimization process
as a team effort. In the next paragraph, we will discuss the optimization process. Some
optimization steps are highlighted by a single case study (Fig. 2), which covers a wide

Figure 2 (a-c). Case presentation of a female child in the follow-up of cystic fibrosis. (a) Scan length and
the chest diameter are shown as vertical bars on the left y-axis. The size-specific dose estimates (SSDE) are
illustrated as diamonds on the secondary, right y-axis. At first, the patient was scanned with anesthesia on
a 6-slice CT scanner with a slice width of 2.5 mm within the period 2005 - 2008. Tube voltage was fixed
in this period and the scans in 2006 and 2008 were performed with a technician controlled breath hold.
(b). From 2010 - 2018, the patient was scanned with spirometry controlled breath hold on dual source
CT, equipped with faster rotation time and thinner detector collimation. Within this period, scan protocol
was optimized with iterative reconstruction technique, automatic tube voltage selection, and additional
tin filtration. (c) CT scan (axial view) of the chest (2018) diameter increased from 18 cm to 29 cm and the
scan length increased accordingly from 13 cm to 31 cm. SSDE dropped with almost 80%. Image noise was
increased between (b) and (c) while increasing image quality due to improved temporal resolution and
spatial resolution: White arrows in (b) show motion artifacts and the grey arrows in (c) show sharp delinea-
tion of the lung vessels and the airway wall.
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area of technological developments over more than a decade. Note: As there are several
CT manufacturers, so are (subtle) differences in their approaches in the technological
developments in system, acquisition, and reconstruction parameters. Generalizations
should come in only if features are significantly similar in all or most common vendors.

The whole scan protocol optimization process strives for optimization for an indi-
vidual patient, taking the specific organ region and the referral question into account.
Some technological developments have a direct effect on radiation dose applied to a
patient (e.g. tube current). Other developments, like iterative reconstructions or auto-
matic adaptation of tube voltage, are dependent on the user’s motivation, acceptation
and awareness. Benefits of the increased and evolved technologies are known, but the
technological developments were and could be misunderstood or misused, leading to
excessive radiation dose to the patient [73, 74]. Thereby, awareness of radiation dose
and the possible risks are not always known [75].

Within the optimization process, the user’s influence has increased, while automated
tools were integrated to assist in the optimization process. This does not mean that
changing a parameter will lead to an automatic compensation in other features/param-
eters, for example to maintain image quality. Many of the acquisition and reconstruction
parameters are interrelated, making them more complicated to adjust individually and
more difficult to comprehend, especially when they are part of automated algorithms
and, likely, in the near future with artificial intelligence. Nevertheless, technological
improvements and automated tools, combined with attention to the human side by
the radiographer, will lead to the optimal scanning procedure. For example, automati-
zation might speed up the scanning and reconstruction process, while the main focus
of the radiographer is on the patient itself. In the meantime, adjusting parameters is
like slotted dials: On the road to optimization, regardless of whether the adjustments
have been made by humans or artificial intelligence, an adjustment of an acquisition or
reconstruction parameter will have a direct influence on image quality and, directly or
indirectly, on radiation dose as well due to their interrelation (Fig. 3). Within this light,
it is mandatory to focus first on diagnostic optimization, which can be defined, and
achieved, by the determination of the minimally acceptable 1Q for diagnosis and thus
of the lower limit of the diagnostic reference level. Minimally acceptable 1Q is set by the
desired image contrast, spatial resolution, and the amount of artifacts accepted [76, 77].
The second step will be technological optimization, defined as parameter selection to
achieve this preferred lower limit IQ at the lowest reasonable dose. Figure 2 shows an
example how a thoracic scanning protocol was technologically optimized. Users should
be aware that diagnostic and technological optimization outcomes may vary between
different CT scanners and institutions with different I1Q preferences [71, 78]. The impact
of a change in acquisition and reconstruction parameters on IQ and radiation dose,
together with considerations for protocol optimization is illustrated in Table 2. This table
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is used as a guidance for the next paragraphs to discuss the impact of adaptation of a
single parameter on IQ and radiation dose.

Figure 3. Graphical illustration by slotted dials, demonstrating the balance between optimization of a scan-
ning protocol with respect to image quality and radiation dose. Changing system properties or parameters,
input of human or artificial intelligence will influence both radiation dose and image quality.

Acquisition parameters

Protocol optimization for every individual patient can be obtained by adaptation of a
single or multiple acquisition parameters. Every parameter demands its own consid-
eration for optimization (Table 2, “considerations for CT protocol optimization”). For
instance, when objects have slight attenuation differences such as in soft tissue studies,
image noise impairs contrast resolution. So again, it is essential to determine the toler-
ance level of noise in the CT images as Sir Hounsfield already stated in 1976 [79]. An
increase in noise is not problematic in objects with high intrinsic contrast, e.g. bone and
air ways. [57, 79].

Adaptation of the tube voltage will have different effects and depends on whether or
notiodinated contrast material is used (Table 2,“acquisition parameters”, “image quality”,
“radiation dose”) and on the general strategy for using automatic tube voltage selection
[80]. X-ray attenuation by objects such as bone and iodine contrast strongly depends on
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the photon energy due to their high atomic number. Therefore, when iodine material
is used, an improved CNR is possible, e.g. to better depict enhancing masses, at a low
tube voltage with a dose similar to a high tube voltage (Figs. 4a-b) [81]. On the other
hand, for scanning protocol optimization in e.g. young patients, the user may consider a
reduction of radiation dose while maintaining CNR (Fig. 4c) [82]. While the main goal of
automatic tube voltage selection is to control the CNR and thereby minimize radiation
dose, sometimes the user should adjust the proposed parameters by the scanner soft-
ware for an individual patient, instead of following the general strategy for automatic
tube voltage selection. Thus, in some cases the referral question or individual patient
demands for a higher radiation dose. For example, the user may also want to apply a
higher contrast volume or flow since a high tube voltage decreases iodine contrast
enhancement (Fig. 5a-b).

Figure 4 (a-c). Axial CT images of the same human abdomen acquired with equal CTDIvol and contrast in-
jection protocol. Window width and level were 300/30. Images made with two days in between. (a) Demon-
strating an increased contrast to noise ratio (CNR) when applying a lower tube voltage of 80 kVp compared
to the CNR observed in (b) with 120 kVp. (c) CT image (maximum intensity projection, coronal view) of the
heart of a thirteen-year-old boy. Reduced radiation dose in coronary CT angiography when applying low
tube voltage (70 kV, a total dose length product of 8.2 mGy*cm, and a SSDE of 0.77 mGy).

The presence of high attenuating materials such as a hip prosthesis (Figs. 5¢-d), war-
rants an increased tube voltage to decrease artifacts when no metal artifact reduction
techniques are available (Table 2, “risk of artifacts”).

Continuing with the parameter adaptation shown in Table 2: In general, tube current
adaptation is not dependent on the use of iodine material, but rather on the noise toler-
ated in the images. Modulation of the tube current is used throughout most of the CT
scanning protocols. Its use changes the relative dependencies in individual exposure
parameters. For example, changing the pitch or rotation time often does not affect the
patient’s dose, as a change in tube current compensates for the change in other param-
eters [83]. However, when using ATCM, one should be aware that specific parameters,
like slice thickness, kernel, and tube voltage, may affect the behavior of ATCM and that
this differs between vendors [84].

Considerations to increase TR and the pitch mostly depend on the need of decreasing
motion artifacts (Fig. 2b and 2c and 2c), mainly when imaging the heart or scanning
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Figure 5 (a-d). Axial CT images demonstrating the influence of adjusting the tube voltage on metal ar-
tifacts and image quality in contrast enhanced CT scans. (a-b) Dual energy CT angiography of a clipped
brain aneurysm with metal clip artifacts (a) 140 kV scan with low contrast HU, but with less beam hardening
artifacts than in (b) 80 kV scan with high contrast HU. (c-d) CT of the abdomen of two different patients
with hip prosthesis (c) Hip prosthesis with cobalt head causing disturbing beam hardening artifacts in the
pelvic area. Not all metal type will cause disturbing beam hardening: (d) Hip prosthesis with a head made
of titanium and a clear visualization of the pelvic area.

non-cooperative patients. However, a higher pitch value often demands a higher tube
current, especially in scanners that keep the noise and dose level constant. Faster
rotation times may increase artifacts. Therefore, in cooperative patients, the user may
decrease the pitch to decrease the overranging effect. Moreover, this will also lead to
increased 1Q in e.g. bone exams, especially when the structures are angulated relative to
scan plane [18, 85].

Reconstruction parameters

CT protocol optimization is also obtained by adaptation of single, or multiple, recon-
struction parameters (Table 2). In image reconstruction, when selecting the level of
smoothing (minimal, moderate, or maximum), the user can improve low contrast de-
tectability by reducing the amount of noise. The other way around, edge-enhancement
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filters improve spatial resolution, by “sharpening up” the CT image and are especially
useful in bone or lung exams [86]. Other filters may increase metal to tissue transition
such as stent lumen by reducing blooming effects [87]. An improved spatial resolution
comes with an increased noise level and reduced soft tissue contrast.

Within iterative reconstruction techniques, careful considerations in iterative strength,
also known as level or scale, and accompanied dose adjustments are mandatory [88, 89].
For instance, higher iterative strength can have an effect on contrast and spatial resolu-
tion, but also on image appearance [90]. The image texture might be blurred and a high
iterative strength can give rise to a noiseless image appearance. These kind of images
are often evaluated as too smooth or artificial and users often desire neither [91]. Reli-
able diagnostic quality and statistically significant dose reductions can be achieved in
adult and pediatric patients using IR [92, 93]. However, negative effects as low contrast
detectability are reported as well [94].

Spatial resolution may increase with increased matrix size thanks to a decrease of the
voxel size. In general, this will be accompanied by an increase of noise (Table 2). More-
over, users should also be aware that image data size increases with increased matrix
size.

Adaptation of the FoV is also related to the voxel size: Increasing or decreasing the FoV
will directly influence voxel size. Thereby, it may affect IQ: a smaller FoV may increase
spatial resolution, but decrease contrast resolution due to increase of noise. Balancing
between optimization of a protocol with respect to IQ and radiation dose, e.g. the in-
crease of spatial resolution, at the cost of image noise, the user may also want to adjust
the slice thickness to restore the signal-to-noise ratio. For example, when an increase in
contrast resolution is required, noise levels can be lowered by increasing slice thickness
(Figs. 6a-b). Simultaneously, spatial resolution will decrease due to the partial-volume
effect (Figs. 6¢-d).

FUTURE OUTLOOK AND CONCLUSION

CT is still evolving, even in its middle age, and bringing new technological develop-
ments and new diagnostic strategies for healthcare. Users should not only be at the
forefront in embracing latest technologies, but also be proactive on the road to highly
optimized protocols.

Currently, photon counting CT (PCCT) and artificial intelligence (Al) promise to bring
a new revolution in CT [55, 72] (Fig. 1g). PCCT is expected to provide intrinsic spectral
sensitivity, high spatial resolution, less noise and artifacts with better low-signal per-
formance, and less characteristic energy weighting [55, 95]. PCCT opens the possibility
of achieving multi-energy imaging in every scan, similar to dual energy CT, but using
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Figure 6 (a-d). CT images illustrating the influence of adjusting a reconstruction parameter (slice thickness)
and its influence on contrast and spatial resolution. (a-b) CT images (axial view) of an adult brain (soft tis-
sue) (@) 1.0 mm and b 5.0 mm. (c-d) CT images (multiplanar reconstruction, coronal view) of a wrist (bone).
Contrast resolution is increased with thicker slices due to decrease of noise. (¢) 5.0 mm and (d) 0.75 mm.
Spatial resolution is increased with thinner slices due to decrease of the partial volume effect.

a single tube voltage. Where dual layer CT uses a single tube voltage too, PCCT is able
to count the number of all incoming photons and measure its energy. Improved iodine
contrast visibility may even require less radiation dose, or lower iodine contrast material
injection [96, 97].

Al is already applied within clinical protocols for instance in artifact reduction and
image reconstruction [95]. As such, the application of Al resembles IR: its application can
be used to reduce radiation dose while maintaining IQ or increase IQ without increasing
radiation exposure [55]. Both PCCT and Al are one of the latest technological develop-
ments in almost five decades of CT, but certainly will not be the last to be introduced and
demanding an adjustment of the optimization process.
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In conclusion, technological developments in CT have led to an increased number of
processes for protocol optimization. Consequently, it is necessary that users are aware
of those developments, their operation, and how they are interrelated with respect to
image quality and radiation dose.
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APPENDIX

Literature search

Embase, Medline, Cochrane, and Web of Science were used for the narrative review by
combining synonyms for ‘image quality; ‘radiation dose), and ‘CT’ with English language
restriction. Duplicates were removed and reference lists of included articles and review
articles were searched for additional articles. Inclusion, exclusion, and screening of all
articles was performed by one author (RBo). Search strategy is provided in Appendix
Table 1.

Table A1. Literature search syntax

Search strategy performed at Before de-duplication After de-duplication
01 May 2020

Embase.com 4522 4425

Medline Ovid 4207 1422

Web of science 3603 1290

Cochrane CENTRAL 233 52

TOTAL 12565 7189
Embase.com

(‘computer assisted tomography’/mj/de OR ‘computed tomographic angiography’/
mj/de OR ‘cone beam computed tomography’/mj/de OR ‘electron beam tomography’/
mj/de OR ‘four dimensional computed tomography’/mj/de OR ‘high resolution com-
puter tomography’/mj/de OR ‘multidetector computed tomography’/mj/de OR ‘spiral
computer assisted tomography’/mj/de OR ‘whole body CT'/mj/de OR ‘x-ray computed
tomography’/mj/exp OR ‘computed tomography scanner’/mj/de OR ‘cone beam com-
puted tomography scanner’/mj/de OR ‘portable computed tomography scanner’/mj/
de OR (((compute* OR electron-beam*) NEAR/3 tomogra*) OR ct OR cbct OR mdct OR
CTA OR msct OR ssct OR dsct):ti) AND (image quality’/mj/exp OR‘image enhancement’/
mj/de OR ‘contrast enhancement’/mj/de OR ‘contrast to noise ratio’/mj/de OR ‘total
quality management’/mj/de OR ‘image reconstruction’/mj/de OR (((imag* OR contrast*
OR scan OR scans) NEAR/3 (qualit* OR enhance* OR nois* OR denois* OR acquisition*
OR reconstruct* OR performan*)) OR ((Signal OR reduc*) NEAR/3 noise )):ti) AND ('ra-
diological parameters’/de OR ‘radiation dose’/exp OR ‘rotation’/de OR ‘collimator’/de
OR ‘field of view’/de OR 'kernel method’/de OR ‘filtered back projection’/de OR ‘filtered
backprojection’/de OR ‘iterative reconstruction’/de OR parameters/de OR algorithm/de
OR‘dosimetry’/de OR ‘electric current’/de OR (((radiation OR effectiv* OR index OR level
OR reduc*) NEAR/3 (dose OR dosage*)) OR parameter* OR rotation* OR collimation OR
‘field of view’ OR fov OR kernel* OR ‘filtered back projection’ OR ‘filtered backprojection’
OR (iterative NEAR/3 reconstruct*) OR pitch OR (slice NEAR/3 thick*) OR (table NEAR/3
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feed) OR voltage OR ampere OR (current NEAR/3 (tube OR electric*)) OR ((tube OR bow-
tie) NEAR/3 filter*) OR algorithm* OR (automat* NEAR/3 exposure* NEAR/3 control*) OR
aec OR atcm OR scout-view* OR topogram* OR scanogram* OR localizer*):ab,ti) NOT
([animals]/lim NOT [humans]/lim) NOT ([Conference Abstract]/lim OR [Letter]/lim OR
[Note]/lim OR [Editorial]l/lim) AND [english]/lim

Medline Ovid

(* Tomography, X-Ray Computed/ OR * Computed Tomography Angiography/ OR * Four-
Dimensional Computed Tomography/ OR * Tomography Scanners, X-Ray Computed/
OR (((compute* OR electron-beam*) ADJ3 tomogra*) OR ct OR cbct OR mdct OR CTA
OR msct OR ssct OR dsct).ti.) AND (* Image Enhancement / OR * Radiographic Image
Enhancement/ OR * Quality Improvement/ OR * Total Quality Management/ OR (((imag*
OR contrast* OR scan OR scans) ADJ3 (qualit* OR enhance* OR nois* OR denois* OR ac-
quisition* OR reconstruct®* OR performan®)) OR ((Signal OR reduc*) ADJ3 noise )).ti.) AND
(Radiation Dosage/ OR rotation/ OR Radiometry/ OR Algorithms/ OR In Vivo Dosimetry/
OR Electricity/ OR (((radiation OR effectiv* OR index OR level OR reduc*) ADJ3 (dose OR
dosage*)) OR parameter* OR rotation* OR collimation OR field of view OR fov OR kernel*
OR filtered back projection OR filtered backprojection OR (iterative ADJ3 reconstruct¥)
OR pitch OR (slice ADJ3 thick*) OR (table ADJ3 feed) OR voltage OR ampere OR (current
ADJ3 (tube OR electric*)) OR ((tube OR bowtie) ADJ3 filter*) OR algorithm* OR (automat*
ADJ3 exposure* ADJ3 control*) OR aec OR atcm OR scout-view* OR topogram* OR
scanogram* OR localizer¥).ab,ti.) NOT (exp animals/ NOT humans/) NOT (letter OR news
OR comment OR editorial OR congresses OR abstracts).pt. AND english.la.

Cochrane CENTRAL

((((compute* OR electron-beam*) NEAR/3 tomogra*) OR ct OR cbct OR mdct OR CTA OR
msct OR ssct OR dsct):ti) AND ((((imag* OR contrast* OR scan OR scans) NEAR/3 (qualit*
OR enhance* OR nois* OR denois* OR acquisition* OR reconstruct* OR performan*)) OR
((Signal OR reduc*) NEAR/3 noise )):ti) AND ((((radiation OR effectiv* OR index OR level
OR reduc*) NEAR/3 (dose OR dosage*)) OR parameter* OR rotation* OR collimation OR
‘field of view’ OR fov OR kernel* OR ‘filtered back projection’ OR ‘filtered backprojection’
OR (iterative NEAR/3 reconstruct*) OR pitch OR (slice NEAR/3 thick*) OR (table NEAR/3
feed) OR voltage OR ampere OR (current NEAR/3 (tube OR electric*)) OR ((tube OR bow-
tie) NEAR/3 filter*) OR algorithm* OR (automat* NEAR/3 exposure* NEAR/3 control*) OR
aec OR atcm OR scout-view* OR topogram* OR scanogram* OR localizer*):ab,ti)

Web of science

(TI=((((compute* OR electron-beam*) NEAR/2 tomogra*) OR ct OR cbct OR mdct OR CTA
OR msct OR ssct OR dsct)) AND TI=((((imag* OR contrast* OR scan OR scans) NEAR/2
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(qualit* OR enhance* OR nois* OR denois* OR acquisition* OR reconstruct* OR perfor-
man*)) OR ((Signal OR reduc*) NEAR/2 noise ))) AND TS=((((radiation OR effectiv* OR
index OR level OR reduc*) NEAR/2 (dose OR dosage*)) OR parameter* OR rotation* OR
collimation OR “field of view” OR fov OR kernel* OR “filtered back projection” OR “filtered
backprojection” OR (iterative NEAR/2 reconstruct*) OR pitch OR (slice NEAR/2 thick*)
OR (table NEAR/2 feed) OR voltage OR ampere OR (current NEAR/2 (tube OR electric*))
OR ((tube OR bowtie) NEAR/2 filter*) OR algorithm* OR (automat* NEAR/2 exposure*
NEAR/2 control*) OR aec OR atcm OR scout-view* OR topogram* OR scanogram* OR

localizer*)))






PART 11

Improvement of patient positioning by
body contour detection with a 3D camera






CHAPTER 3

Acauigy of automated patient
postioning in ' usng a 3D camer for
body contour detedion

This chapter is based on the publication in Eur Radiol. 2019;29(4):2079-88

Ronald Booij, Ricardo P. Budde, Marcel L. Dijkshoorn, Marcel van Straten



58 | Chapter3

ABSTRACT

Objective
To assess the accuracy of a 3D camera for body contour detection and patient position-
ing in CT compared to routine manual positioning by radiographers.

Methods and materials

Four hundred and twenty-three patients that underwent CT of the head, thorax and/or
abdomen on a scanner with manual table height selection and 254 patients on a scanner
with table height suggestion by a 3D camera were retrospectively included. Within the
camera group, table height suggestion was based on infrared body contour detection
and fitting of a scalable patient model to the 3D data. Proper positioning was defined
as the ideal table height at which the scanner isocenter coincides with the patient’s
isocenter. Patient isocenter was computed by automatic skin contour extraction in each
axial image and averaged over all images. Table heights suggested by the camera and
selected by the radiographer were compared with the ideal height.

Results

Median (interquartile range) absolute table height deviation in mm was 12.0 (21.6) for
abdomen, 12.2 (12.0) for head, 13.4 (17.6) for thorax-abdomen, and 14.7 (17.3) for thorax
CT scans positioned by radiographers. The deviation was significantly less (p<0.01) for
the 3D camera at 6.3 (6.9) for abdomen, 9.5 (6.8) for head, 6.0 (6.1) for thorax-abdomen,
and 5.4 (6.4) mm for thorax.

Conclusion

A 3D camera for body contour detection allows for accurate patient positioning, thereby
outperforming manual positioning done by radiographers, resulting in significantly
smaller deviations from the ideal table height. However, radiographers remain indis-
pensable when the system fails or in challenging cases.



Accuracy of automated patient positioning in CT using a 3D camera for body contour detection

INTRODUCTION

The applied dose in Computed Tomography (CT) should be as low as reasonable achiev-
able. This makes scan acquisition protocol optimization important [1, 2]. Over the years
many dose optimization techniques have been introduced, such as iterative reconstruc-
tion techniques, automated tube current modulation (ATCM) and automated tube volt-
age selection [3, 4]. However, little attention has been paid to proper patient positioning
in the CT scanner. Proper patient positioning can be defined as choosing the ideal CT
table height at which the scanner isocenter coincides with the patient’s isocenter. This
may at first sight seem to be a minor action. However, it is not, as patient positioning
affects the patient’s shape and size on a CT localizer radiograph, directly affecting ATCM
behavior as well as the efficacy of bowtie filters [5-8].

Although radiographers can use laser beams to visually check the central positioning
of the patient, this method is user-dependent and therefore patient positioning at a
non-ideal table height is common [6, 7, 9, 101. If the patient is positioned away from the
isocenter (i.e. table positioned too high or too low), the localizer radiograph is either
magnified or reduced in width and the radiation dose applied by the ATCM conse-
quently increases or decreases, which might result in suboptimal image quality or an
increase in dose [6-8, 10, 11]. In a study by Saltybaeva and Alkadhi, vertical off-centering
by 20 mm in chest CT resulted in 7% organ dose differences, while off-centering of more
than 40 mm was associated with significant dose differences of 20% and higher [12].
Other studies using a phantom demonstrated a substantial increase in radiation dose
to the surface and periphery of the phantom [13], and an increase in image noise, or a
considerable effect on eye-lens and skin dose by off-centering [8]. This was partly due
to sub-optimal performance of the bowtie filter with inappropriate beam attenuation
because of off-centering. Habibzadeh et al. (2012) found that patient positioning more
than 10 mm from the ideal table height occurred in over 75% of patients in their sample
[5]. Especially in challenging patients, it can be difficult for radiographers to estimate the
ideal table height.

Body contour detection using advanced sensors and a virtual patient model [14, 15]
may improve table height selection. Recently, a 3D camera for body contour detection
based on these techniques was introduced that allows for automatic patient positioning
in the CT gantry. The aim of our study was to assess the performance and accuracy of
this system for patient positioning and compare it to routine manual positioning by the
radiographer.
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MATERIALS AND METHODS

Study Design and patient selection

The study was conducted in accordance with the declaration of Helsinki and interna-
tional standards of Good Clinical Practice. The medical ethics committee of Erasmus MC
waived the need for informed consent. Vertical patient positioning, i.e. CT table height
selection, performance was assessed on two dual source CT scanners (DSCT) from
Siemens Healthineers: SOMATOM Drive (software version Syngo CT VA62A) equipped
with a 3D camera for body contour detection (prototype; Siemens Healthineers), and
a SOMATOM Force (software version Syngo CT VA50A) with vertical patient positioning
done manually by radiographers.

All consecutive adult patients that underwent a CT examination of the head, thorax
and/or abdomen during routine clinical care on the two DSCT scanners in our institu-
tion mentioned above during a one-month period from February to March 2017 were
retrospectively included.

Patient positioning using a 3D camera for body contour detection

The 3D camera was positioned above the patient, in front of the CT gantry and equipped
with an infrared light source and sensor, as well as a visible light camera. The camera is
connected to the scanner and integrated into the patient positioning workflow.

Once the patient is positioned on the table and assumes the target pose for the CT
scan, the radiographer triggers a planning image by pressing a button on a touch display
mounted at the gantry. The image analysis starts after taking this image and it happens
independent from the target body region.

The 3D camera uses infrared light and the time-of-flight (TOF) principle [14] to mea-
sure the distance of object surfaces to the camera. The result is a scalar depth image,
where the magnitude of each pixel represents a distance with respect to the camera in
millimeters. Figure 1a shows a depth image visualized as greyscale image where brighter
colors denote larger distances. Black means no measurements are available. This may
happen at edges, e.g. those of the table, where the infrared light is not reflected back
into the camera but scattered. Aligning of the depth image to the color image, which
has a larger field-of-view, may lead to undefined areas at the border of the depth image.
The depth image taken with the 3D camera is converted to a 3D point cloud (Fig. 1b)
by inverting the perspective projection of the camera. The depth image/point cloud
is the main source of input to the algorithm, which defines the patient isocenter. The
algorithm consists of three steps that are described below: 1) Detection of the pose of
the patient and body regions, such as head, thorax, and abdomen. 2) Fallback isocenter,
and 3) Avatar fit [15].
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Figure 1 (a-e). (a) Measured depth values; (b) Depth surface after perspective correction; (c) User interface
of touch panel on CT scanner: 1. Table position and table height; 2. Selectable body region; 3. Adjustable
scan range; 4. Taking planning image; 5. Automatic position of the patient on base of selected scan range;
(d) Virtual Patient Avatar; (e) Patient positioning accuracy: Red horizontal line: average patient isocenter,
blue horizontal line: scanner isocenter, green horizontal line: average patient isocenter estimated by camera.

Within step 1, based on the detected body regions and the selected scan protocol, the
system automatically defines the horizontal range for the scan. If necessary, the user can
manually adjust the scan range on the touch panel to the preferred length and region
by dragging the boundary overlays on the color image (Fig. 1c). Within step 2, a fallback
isocenter is computed before step 3 because it is a fast method, and will be used when
the Avatar fit in step 3 fails. The center between the point cloud and the table top is a
reasonable approximation to the patient’s isocenter when the patient is lying flat on the

61



62 | Chapter3

table. Since the camera is calibrated to the gantry coordinate system of the CT scanner,
the point cloud can be mapped into gantry space by a rigid transformation. In gantry
space, the center is computed between the point cloud and the known position of the
table top along the length axis of the table. This leads to a centerline curve. The curve
is truncated to the target body region to be scanned and then averaged to obtain the
isocenter of the patient. The deviation between this isocenter and the known isocenter
of the scanner can then be applied to the table position at which the camera image
was acquired in order to automatically align the body region to be scanned with the
isocenter of the scanner.

Within the last step, an Avatar is fitted to the camera data. The Avatar is a statistical
shape model (Fig. 1d) learnt from a training database and used to obtain the isocenter
curve of the patient (Fig. 1e). During the fitting process, the Avatar assumes the pose
and the body proportions of the patient as captured by the depth data and within the
limits of the model. The Avatar currently does not model the arms, but the thorax shape
still accounts for arms behind the head or arms at the side of the body. Since the 3D
camera only sees the upward facing side of the patient, the known position and shape of
the table top are used to constrain the backwards facing side of the patient. The center
of the Avatar in the lateral direction is then computed for the target body region in
order to obtain a robust estimate of the patient’s isocenter. The Avatar model ensures
a robust isocenter estimate is obtained also in case positioning aids such as head or
knee rests are used or when blankets cover the patient. If an Avatar model cannot be fit,
the previously described fallback isocenter (step 2) will be used. The isocenter is then
estimated by averaging the depth data and the known table top. Once the move button
on the gantry is pressed, the isocenter curve (either Avatar or fallback) computed for the
whole patient will be truncated to the selected target scan region.

All described steps occur in milliseconds and only manually adjusting the scan range
will add more time (seconds) to the procedure.

Manual patient positioning by radiographers

The radiographer is using laser beam guidance as routinely available on the CT scanner
to position patients on the scanner. For vertical positioning, the scanner is equipped
with laser beams that project a horizontal line through the isocenter of the gantry on the
lateral side of the patient. All scans were acquired during routine clinical care by a team
of dedicated CT radiographers.

Calculation of patient positioning accuracy

For each patient, the positioning accuracy is expressed as a single value in mm that
represents the difference between the table height suggested by the camera or chosen
by the radiographer and the ideal table height. The latter was defined as the height at
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which the scanner isocenter coincides with the patient isocenter as calculated based
on the axial images as described below. The distribution of patients positioned higher
or lower than the ideal table height were expressed as negative or positive numbers,
respectively.

In each axial slice of the acquired CT scan, the skin contour (representing the perimeter
of the patient at that specific axial position) was extracted by thresholding. The vertical
position of the patient isocenter in each slice was defined as the average of the lowest
and highest skin contour position, i.e. the two points on the extracted perimeter closest
to the top and bottom of the axial image (Figs. 2a-b). Finally, the patient isocenter for the
total scan length was computed by averaging the vertical isocenter positions for each
individual image over all images. The computations were performed with a mathemati-
cal computing software code developed in house (MATLAB R2008a, The MathWorks Inc.,
Natick, Massachusetts, USA). Reconstructed slice thickness was 3.0 mm, reconstruction
increment 3.0 mm, and the reconstructed field of view (FoV) was chosen to include the
entire skin surface by an additional reconstruction with the maximum possible FoV.

Figure 2 (a-b). 3D region growing to extract patient isocenter. (a) Axial view of region growing to extract
patient isocenter for each slice, defined as the midpoint between the highest and lowest point (red dashed
lines) of the extracted patient skin contour; (b) Lateral MIP is created to demonstrate vertical height mea-
surement of consecutive axial images and demonstrate scanner isocenter does not coincide with patient
isocenter (blue line=scanner isocenter; dashed red line=patient isocenter).
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Exclusion of scans

In case of obvious impossibility to position the patient at the preferred table height, e.g.,
very bended knees or arms due to physical constraints and that could not be completely
extended above the head, patients were excluded from analysis. In case of obvious
patient movement after body contour detection by the 3D camera and before the CT
scan, or in case of large objects blocking the camera sight, patients were excluded from
analysis as well.

Statistical analyses

To determine whether there were significant differences in patient positioning between
the radiographers and the 3D camera for body contour detection, we performed an
analysis by means of normality and a nonparametric test. The absolute table height
deviation is a continuous unpaired variable reported as median (interquartile range
(IQR)), calculated with Microsoft Excel (Microsoft Office Professional Plus 2010). Data
distribution was tested with Shapiro-Wilk test. The non-normally distributed data of the
absolute table height deviation for the different body regions within and between the
camera- and radiographer-group were compared with the Mann-Whitney U test. A two-
sided p-value of <0.05 was considered statistically significant. Statistical analyses were
performed using SPSS (version 22, IBM Corp, Armonk NY, USA). Continuous measures of
isocenter deviation (mm) was calculated and evaluated with Microsoft Excel (Microsoft
Office Professional Plus 2010).

RESULTS

Patient positioning accuracy of 3D camera for body contour detection

Two hundred and seventy-two scans were available for analysis. Eighteen (6.6%) scans
were excluded from analysis due to obvious patient movement after body contour
detection by the 3D camera or large objects blocking the camera sight. Consequently,
254 patients were included in the analysis: 58 (22.8%) abdomen, 45 (17.7%) head, 70
(27.6%) thorax-abdomen, and 81 (31.9%) thorax CT scans. Median (interquartile range
(IQR)) absolute table height deviation was 6.3 (6.9) for abdomen, 9.5 (6.8) for head, 6.0
(6.1) for thorax-abdomen, and 5.4 (6.4) mm for thorax CT scans. Median table height
deviation was largest for head CT (Fig. 3a and Table 1). A fallback was applied in three
cases since no Avatar could be fitted.

A total of 201 (79.1%) of patients were positioned higher than the scanner isocenter.
53 (20.9%) of the patients were positioned lower than the scanner isocenter (Fig. 4a).
Sub analyses of the different body parts demonstrated the same tendency, with the
exception of head CT (Table 1).
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Patient positioning accuracy of radiographers

Four hundred and twenty-six scans were available for analysis. In three cases, it was not
possible to position the patient at the preferred table height and these patients were
therefore excluded from analysis. The total study population of 423 patients comprised
115 (27.2%) abdomen, 73 (17.3%) head, 72 (17.0%) thorax-abdomen, and 163 (38.5%)
thorax CT scans.

Median (IQR) absolute table height deviation was 12.0 (21.6) for abdomen, 12.2 (12.0)
for head, 13.4 (17.6) for thorax-abdomen, and 14.7 (17.3) mm for thorax CT scans done
by radiographers. Median table height deviation was largest for the thorax (Fig. 3a and
Table 1).

A total of 133 (31.4%) patients were positioned higher than the scanner isocenter.
290 (68.6%) of the patients were positioned lower than the scanner isocenter (Fig. 4b).
Sub analyses of the different body parts demonstrated the same tendency, with the
exception of head CT (Table 1).

Comparison between radiographer and 3D camera

Figure 3a-b and Table 1 present the performance of radiographers and the 3D camera.
Median table height deviation, for all body parts combined, was 13.2 mm (IQR: 17.0)
for patients positioned by radiographers and 6.1 mm (IQR: 7.0) for patients from the CT
scanner equipped with a 3D camera. Overall p-value for difference in positioning was
p<0.05.

For each of the four body part areas that were scanned, the maximum absolute devia-
tion from the ideal table height was largest for patients positioned by radiographers.
Patient positioning accuracy for the 3D camera system and the radiographers differed
significantly for all four body parts: abdomen (p<0.05), head (p=0.039), thorax-abdomen
(p<0.05), and thorax scans (p<0.05).

65



66 | Chapter3

3D Camera

[ Radiographer

50

40

Absolute table height deviation (mm)

LB .

0 T T HTH

bdome,,  Homg, heay heag

thorg, thoray
en

thorg,

they,
ax‘ab"% ~3bdop,

en

Scanned Body parts

Figure 3 (a-b). (a) Box-and-whisker plots of patient positioning performance of all different body parts
separately for the radiographers and the 3D camera; (b) Box-and-whisker plots of patient positioning per-
formance of all different body parts combined for the radiographers and the 3D camera.

The median (horizontal line within box), interquartile range (box), and nonoutlier range (whiskers). The
largest deviations from the scanner isocenter are plotted as open dots, and represent values outside the
nonoutlier range of the IQR; the latter computed as 1.5 times interquartile range (i.e. 25—75%).
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Table 1. Patient positioning performance in numbers (%), median, and interquartile range [IQR] for radiog-
raphers and the 3D camera and all four body parts individually and combined. Patient positioning data for
absolute table height deviaton and higher/lower than the isocenter.

Thorax: Total
Al H Th
Body part bdomen ead Abdomen orax body
parts
Radiographers
115 73 72 163 423
Patients, n (%) (27%) (17%) (17%) (39%) (100%)
12.0 12.2 134 14.7 13.2
Median of absolute table height deviation, mm [21.6] [12.0] [17.6] [17.3] [17.0]
39 34 15 45 133
Patients positioned higher than isocenter, n (%) (34%) (47%) (21%) (28%) (31.4%)
76 39 57 118 290
Patients positioned lower than isocenter, n (%) (66%) (53%) (79%) (72%) (68.6%)
Median of table height deviation, mm 10.08 1.95 10.44 10.23 9.47
115 73 72 163 423
Total (100%)  (100%) (100%) (72%) (100%)
3D Camera
58 45 70 81 254
Patients, n (%) (23%) (18%) (27%) (32%) (100%)
6.3 9.5 6.0 54 6.1
Median of absolute table height deviation, mm [6.9] [6.8] [6.1] [6.4] [7.0]
49 28 61 63 201
Patients positioned higher than isocenter, n (%) (84%) (62%) (87%) (78%) (79.1%)
9 17 9 18 53
Patients positioned lower than isocenter, n (%) (16%) (38%) (13%) (22%) (20.9%)
Median of table height deviation, mm -5.97 -3.99 -5.86 -4.27 -5.35
58 45 70 81 254
Total (100%) (100%) (100%) (100%) (100%)
p value median absolute table height deviation <0.05 0.039 <0.05 <0.05 <0.05

Data are numbers (%) and median [interquartile rangel]

DISCUSSION

We assessed the possible improvement of patient positioning in the CT gantry when
using a 3D camera system with automated patient body contour detection over con-
ventional manual positioning by radiographers with the aid of laser beams. We found
that the 3D camera allowed for more accurate patient positioning than radiographers,
resulting in significantly smaller median deviations from the ideal table height.

There have been previous initial attempts at automatic vertical position (AVP) such
as described by Li et al. [16]. They assessed the effect of AVP software on radiation dose
in CT, based on matching the patient’s mean center of mass, calculated from the lateral
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localizer radiograph. They showed vertical positioning by radiographers differed from
automatic vertical positioning with an average of 33.2 mm (range 5.1 - 97 mm) [16].
Although their values were much higher than our results and no 3D camera was used,
their AVP software also outperformed the radiographers. However, a major drawback of
their approach was the inability to immediately use the recommendations given by the
AVP software, which hampers routine clinical use. The 3D camera system in our study is
fully integrated into the scanner system workflow.

We found a certain deviation from the isocenter not only for the radiographers, but
also for the camera. Possible causes for this are inaccurate 3D depth data from the
camera or inaccurate fitting of the Avatar model to this depth data. Apart from the
visualizations like the one in Figure 1d, we did not have access to the Avatar data and
thus were not able to investigate the latter possible cause any further. Nevertheless, we
believe that the Avatar model and its registration algorithm can be improved by training
and learning from clinical data.

Although we have no figures to proof this statement, we believe that automatic
positioning might be an asset to help the radiographers speed up their routinely tasks.
In clinical practice, we observed a more accurate positioning with the aid of the fast
analysis of the 3D camera and in our opinion, the radiographers are supported in patient
positioning with the aid of the camera, rather than visually checking only. Thereby they
might be faster in determining of the ideal table height. Nevertheless, we believe it
is rather the symbiosis of the human and the smart technology, which is making the
difference: After the suggestion for the scan range and table height position done by
the camera, the radiographer can easily check and adjust the proposals, while the main
focus is on the patient itself. However, radiographers play an important role and remain
indispensable in minimizing patient dose through optimized patient positioning [5],
especially in challenging patients. Therefore, patient positioning deserves increased
attention in clinical practice [10] and in education.

For the vast majority of patients different positioning was not a problem for the camera
to perform adequately. For sixteen patients, the body contour appeared to be challeng-
ing including ten cases where folds in clothing, electronic wires and blankets gave rise
to false interpretation of body shape, which would account for large deviations.

In two cases, the positioning of the head varied, as some parts of the head were
not captured in depth measurements, or a bright white surface on the head such as a
bandage led to erroneous protrusion of the forehead. This might explain the median
absolute table height deviation for the camera being largest for the patient’s head. In
four cases, the patient was partly positioned in the gantry and the body parts were not
in the full field of view of the camera. For these cases, it was possible to apply a fallback
to the depth data and perform the analysis. In this way, the depth surface as seen by the
camera and the curvature of the CT table is used, instead of the Avatar. With respect to
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Table height deviation from ideal table height (mm)
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Figure 4 (a-b). (a) Distribution of patients positioned higher (negative numbers) and lower (positive num-
bers) from the ideal table height with table height suggestion by the 3D camera; (b) Distribution of pa-
tients positioned higher (negative numbers) and lower (positive numbers) from the ideal table height with
manual positioning done by radiographers.

the false interpretation of body shape and applied fallback, we considered the data valid
for analysis.
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The difference in tendency of positioning of head CT (lower or higher than the isocenter)
for radiographers and the 3D camera can probably be explained the same as for the chal-
lenges of the 3D camera: interpretation of the head was in some cases challenging. In
addition, head CT positioning can be performed in different ways: soft cushion, carbon
head holder, soft cushion head support or even no head holder at all, making isocentra-
tion complicated. For both radiographer and camera, it could be difficult to estimate
the back of the head and to interpret the ideal table height whit varying head support.
However, the overall deviation from the ideal table height was much less extreme with
the 3D camera. This implies that most likely better dose management and image quality
can be obtained with the use of the 3D camera system, compared to manual patient
positioning by radiographers.

Positioning of the patient higher or lower than the scanner isocenter has a different
effect on the distortion of the localizer radiograph. We did not evaluate the specific dose
and image quality changes in the current study as they may be related to other factors
as well. To evaluate the effect on dose and image quality of the distortion of the localizer
radiograph, ideally each patient would be positioned and scanned twice: once with table
height selection by the radiographer and once with selection by the camera. However,
this would expose the patient to double the radiation dose. Saltybaeva and Alkadhi [12]
reported in their phantom study no significant impact of off-centering on dose and im-
age quality. However, off-centering with more than 4 cm resulted in increased radiation
dose of 20%. Considering the median absolute table height deviation in our study, the
more accurate positioning of the 3D camera has potential advantages in optimization of
radiation dose and image quality.

Recently, Saltybaeva et al. [17] also demonstrated more accurate patient positioning
with the aid of a 3D camera system similar to the one described here. They also found
a significant improvement in patient centering when using automatic positioning with
the 3D camera compared to manual positioning by radiographers. However, their study
was limited to abdominal and thoracic CT scans. Our data included thorax-abdominal
and head CT scans as well. Moreover, the number of patients included was higher in our
study: 423 patients versus 52 patients positioned by radiographers, and 254 patients
versus 68 patients with the camera. Also, we evaluated the number of patients posi-
tioned either lower or higher than the scanner isocenter for both radiographers and the
camera.

The definition of the ideal table height was based on the idea to center the patient
around the scanner’s isocenter for optimal performance of the automatic exposure con-
trol (AEC). However, it might be preferable to place the examined organ, e.g., the spine
or heart in the isocenter, because the scanner’s image quality and temporal resolution
are best near the isocenter. Therefore, a cardiac subset (n=63) was analyzed to assess
how much the isocenter of the heart differs from the patient’s body isocenter (Appendix



Accuracy of automated patient positioning in CT using a 3D camera for body contour detection

- Fig. AT). We think that the information obtained from the fitted avatar model allows for
such organ-based table height selection and could be a topic of further investigation.
The AEC algorithm should take this off-center positioning into account, for example, as
described by McMillan et al. [18].

There are limitations to this study that require consideration. Because of the retro-
spective nature of the study, multiple radiographers performed the CT scans on the
two different DSCT scanners. However, the scanners, patient groups, and radiographers
were comparable. In addition, the study took place within the same hospital depart-
ment. All radiographers had been trained to use the equipment and were experienced
in performing CT scans and positioning of patients. This reflects daily clinical practice at
our department.

For purpose of the analysis, we used all longitudinal positions of the scanned range
to calculate the algorithm isocenter. This differs from routine operation of the camera
system, whereby two-dimensional visible light information was used for automatic
planning of the scan range and was manually adjustable to preferences of length and
region before performing a localizer radiograph. The radiographer can adjust the scan
length after performing the localizer radiograph. Consequently, the suggested table
height by the, automatic or manually, planned scan range may differ. We did no further
analyses on these differences but updating of table height suggestion after performing
of a localizer radiograph would be of interest.

In conclusion, the 3D camera for body contour detection made patient positioning
in CT at the ideal table height more accurate with less extreme deviations compared
to manual positioning by radiographers. Radiographers will continue on playing an
important role and remain indispensable for optimization of radiation dose and image
quality through optimized patient positioning, especially in challenging patients.
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APPENDIX

For optimal performance of automated exposure control (AEC), accurate centering of
the patient’s body in the CT scanner is mandatory because patient positioning affects
the body size on a CT localizer radiograph. On the other hand, the optimal temporal
resolution is obtained when the patient’s heart is centered in the scanner. Possible dif-
ferences in the ideal table height with respect to exposure control and temporal resolu-
tion were analyzed.

The ideal table height for optimal temporal resolution performance was defined as
the table height at which the scanner isocenter coincides with the center of the patient’s
heart. In the axial image centrally through the heart, the position of the heart relative
to the patient isocenter was calculated (MATLAB R2008a, The MathWorks Inc., Natick,
Massachusetts, USA).

On average, the table height for optimal temporal resolution (heart isocenter in scan-
ner isocenter) of the cardiac subset (n=63) was 37.8 (IQR 8.2) mm lower than the height
for optimal ATCM performance.
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Figure A1 (a-b). Table height for proper patient positioning (a, lateral MIP) and proper heart positioning
(b, axial view). Blue line=scanner isocenter; red line=patient isocenter; green line=heart isocenter.
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ABSTRACT

Objective
To assess the accuracy of a 3D camera for body contour detection in pediatric patient
positioning in CT compared with routine manual positioning by radiographers.

Methods and materials

One hundred and ninety-one patients, with and without fixation aid, which underwent
CT of the head, thorax, and/or abdomen on a scanner with manual table height selection
and with table height suggestion by a 3D camera were retrospectively included. The
ideal table height was defined as the position at which the scanner isocenter coincides
with the patient’s isocenter. Table heights suggested by the camera and selected by the
radiographer were compared with the ideal height.

Results

For pediatric patients without fixation aid like a baby cradle or vacuum cushion and
positioned by radiographers, the median (interquartile range) absolute table height
deviation in mm was 10.2 (16.8) for abdomen, 16.4 (16.6) for head, 4.1 (5.1) for thorax-
abdomen and 9.7 (9.7) for thorax CT scans. The deviation was less for the 3D camera: 3.1
(4.7) forabdomen, 3.9 (6.3) for head, 2.2 (4.3) for thorax-abdomen and 4.8 (6.7) for thorax
CT scans (p < 0.05 for all body parts combined).

Conclusion

A 3D camera for body contour detection allows for automated and more accurate pe-
diatric patient positioning than manual positioning done by radiographers, resulting in
overall significantly smaller deviations from the ideal table height. The 3D camera may
be also useful in the positioning of patients with fixation aid; however, evaluation of
possible improvements in positioning accuracy was limited by the small sample size.
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INTRODUCTION

Technological developments in Computed Tomography (CT) enhanced the clinical im-
aging possibilities in pediatric patients, sparking off a growth in the number of CT scans
performed within this population [1; 2]. Over the years, considerable efforts have been
made to optimize radiation dose and image quality (IQ) [3; 4]. Several techniques are
used to optimize pediatric CT scanning protocols such as automated tube current and
tube voltage adaptation, as well as the use of iterative reconstruction techniques [5-8].
For an ideal working of the automatic exposure control (AEC) and to achieve ideal 1Q,
it is important to position the patient exactly in the center of the CT gantry [9]. Vertical
patient positioning is determined by setting the table height. Ideal positioning is de-
fined as the table height at which the patient’s and scanner’s isocenter coincide. Patient
positioning lower or higher than the scanner isocenter (i.e., table set too low or too high)
affects the patient’s shape and size on a CT scan localizer radiograph, which is of direct
effect on the behavior of the AEC. Positioning of pediatric patients is quite challenging,
because of the wide variation in body proportions. Furthermore, when they have to
be positioned in fixation aids such as a baby cradle or vacuum cushion due to lack of
cooperation, it is more difficult to estimate the center of the patient. Recent studies have
exhibited the benefits of using a 3D camera and a body contour detection algorithm for
the accurate positioning of adult patients, resulting in smaller deviations from the ideal
table height compared with manual positioning done by radiographers [10; 11]. The
camera algorithm is described in detail in our paper with regard to (adult) patient po-
sitioning [11]. It was not yet applicable to pediatric patients due to their different body
proportions compared with adults [10; 11]. The algorithm was improved to account for
the pose and body proportions of pediatric patients, too. The aim of this study was to
determine the accuracy of the new improved version of the algorithm in the positioning
of pediatric patients in comparison to manual positioning done by radiographers.

MATERIALS AND METHODS

Study design and patient selection

The study was conducted in accordance with the Declaration of Helsinki and interna-
tional standards of Good Clinical Practice. The medical ethics committee of our hospital
waived the need for informed consent. All consecutive pediatric (<18 years old) patients
that underwent a CT examination of the head, thorax and/or abdomen during routine
clinical care in our hospital during a five-month period from September 2018 to Feb-
ruary 2019 were retrospectively included. All scans were performed on a dual source
CT scanner (DSCT) (SOMATOM Drive (software version Syngo CT VA62A), Siemens
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Healthineers) that was also equipped with a commercially available 3D camera for body
contour detection (Siemens Healthineers).

Manual patient positioning by radiographers

Positioning and scanning of the pediatric patients were done by a team of dedicated CT
radiographers as per normal clinical routine. Patients were positioned by the radiogra-
pher with the aid of laser beams within the gantry of the CT scanner. A horizontal laser
line was projected on the lateral side of the patient and the table height was adjusted
by the radiographer so that the laser line was assumed to align the center of the body
region to be examined with the scanner isocenter. In our hospital, radiographers are
trained to pay special attention to the position of the patient. Scanning was performed
after this manual positioning done by radiographers.

Patient positioning using a 3D camera for body contour detection

3D camera images of children were collected and retrospectively used for the evalua-
tion of the accuracy in patient positioning. The 3D camera is part of the CT system (SO-
MATOM Drive, Siemens Healthineers) and is attached to the ceiling and in front of the CT
scanner, facing down onto the patient table. To start the 3D camera patient positioning
process, the radiographer triggers a planning image with the camera when the patient
is lying down on the scanner table in the target pose for the CT examination. The camera
obtains two images: a color image and a depth image. Each pixel in the depth image
describes the distance from the camera to the closest object surface. First, the algorithm
detects the pose of the patientand body regions using the depth measurements and the
known table position and shape [12]. After selection of the scan range, the ideal table
height for the individual patient and the scheduled examination is proposed by the 3D
camera such that the isocenter of the selected body region and the scanner isocenter
align. Therefore, a virtual patient Avatar is fitted to the camera data in order to cope
with areas that cannot be seen by the camera, e.g., through clothing or blankets or to
handle positioning aids. The Avatar is a statistical shape model that in the fitting process
assumes the pose and body proportions of the patient found in the depth data. The iso-
center curve of the Avatar is finally averaged across all slices of the body region selected
on the localizer radiograph. If Avatar fitting is not possible, then the isocenter curve is
automatically obtained as the geometric center between the camera depth data and the
central part of the scanner table. This is the same fallback as described before [11]. For
adult patients, the camera images are processed by an algorithm [12], as described in
detail before [10; 11]. However, the algorithm installed on the scanner that was used in
the (adult) reference study was not optimized for pediatric patients. Therefore, prior to
the start of the inclusion for this study, an algorithm training was performed on a sepa-
rate large dataset of pediatric patients (n=267) to improve the landmark detection and
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to adjust the Avatar shape model to the different body proportions found in pediatric
patients. With the adaptations made, the new version of the algorithm was expected
to work for adult and pediatric patients, but was not yet installed at the scanner during
the inclusion. Therefore, the algorithm was applied retrospectively without the need of
additional data and no user input was required afterwards. By doing so, off-line system
performance is equal to the real-world situation. When the algorithm was not able to fit
the Avatar, the regular and automatic fallback was applied for patients positioned with
and without a fixation aid, such as a baby cradle (Fig. 1) or a vacuum cushion (Fig. 2). The
algorithm is currently not commercially available.

Figure 1. A child under the age of 1 year positioned in a (vendor specific) baby cradle.
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Figure 2. A child under the age of 1 year positioned in a vacuum cushion.

Calculation of patient positioning accuracy

CT image reconstructions with a slice thickness of 3.0 mm and a reconstruction incre-
ment of 3.0 mm were used. The reconstructed field-of-view included the entire skin
surface. The skin surface was extracted from the CT data in each axial slice and used to
calculate the middle of the patient in the anterior-posterior direction. These values were
averaged over all slices along the z-axis, providing the patient isocenter, to determine
the ideal table height as described in detail before [11]. Accuracy in patient positioning
is demonstrated as the difference between this ideal table height and the table height
proposed by the camera algorithm or the radiographer. The accuracy is expressed as a
single and absolute value in millimeter. The distribution of patients with a table height
deviation lower or higher than the ideal table height is expressed as positive or negative
numbers, respectively.

Exclusion of scans

Cases with obvious patient movement or repositioning between the body contour
detection by the 3D camera and the CT scan or with large items blocking the camera
sight were excluded.

Statistical analyses

Significant differences in patient positioning between the radiographers and the 3D
camera were analyzed by means of normality and a nonparametric test. The absolute
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table height deviation is a continuous paired variable reported as median (interquartile
range (IQR)), calculated with Microsoft Excel (Microsoft Office Professional Plus 2016).
Data distribution was tested with the Shapiro-Wilk test. Wilcoxon signed-rank test was
used for comparison of the absolute table height deviation for the different body re-
gions within and between the camera- and radiographer-group. A two-sided p-value of
< 0.05 was considered statistically significant. Statistical analyses were performed using
SPSS (version 25, IBM Corp). Continuous measures of absolute table height deviation
(mm) were calculated and evaluated with Microsoft Excel (Microsoft Office Professional
Plus 2016). A post hoc power analysis was performed with G*Power (version 3.1.9.6) for
the patients positioned with a fixation aid to determine the effect size, given the power
to be achieved (80%) and the sample size available [13; 14]. The purpose of this test is to
estimate the smallest possible difference in patient positioning accuracy between the
3D camera and the radiographer that can be detected in this study.

RESULTS

Patient groups

After exclusion of sixteen scans from the analysis due to patient repositioning after body
contour detection by the 3D camera or because of large objects blocking the camera
sight, one hundred and ninety-one scans were available for analysis. Of which, 149
pediatric patients were without, and 42 patients were with a baby cradle or vacuum
cushion. Within the group without fixation aids, the median age (IQR) was 11 years (6)
and ranged between three months and seventeen years old. For patients positioned in
the baby cradle or the vacuum cushion, the median age (IQR) was 0.8 years (1.4) and
ranged between 1 day and 6 years.

Patient positioning accuracy of radiographers

Within the group without fixation aids, median (IQR) absolute table height deviation
was 10.2 (16.8) for abdomen, 16.4 (16.6) for head, 4.1 (5.1) for thorax-abdomen, and 9.7
(9.7) mm for thorax CT scans positioned by radiographers (Fig. 3 and Table 1). A total of
41 (28%) patients were positioned higher than the scanner isocenter. The majority of
patients were positioned lower than the scanner isocenter (Table 1).

For the 42 patients positioned in the baby cradle or the vacuum cushion, the median
(IQR) absolute table height deviation was 8.7 (1.1) for abdomen, 9.1 (12.9) for head, 8.0
(3.1) for thorax-abdomen, and 15.3 (15.8) mm for thorax CT scans (Table 2). A total of 12
(29%) patients were positioned higher than the scanner isocenter. Within this group,
the majority of patients were also positioned lower than the scanner isocenter (Table 2).
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Figure 3. Box-and-whisker plots of patient positioning performance of all different body parts separately
for the radiographers and the 3D camera for pediatrics positioned without fixation aid.

The median (horizontal line within box), interquartile range (box), and nonoutlier range (whiskers) which
is defined as 1.5 times interquartile range (i.e. 25—75%). The largest deviations from the scanner isocenter,
outside the nonoutlier range, are plotted as open dots.

Patient positioning accuracy of 3D camera

Within the group without fixation aids, median (IQR) absolute table height deviation in
millimeter was 3.1 (4.7) for abdomen, 3.9 (6.3) for head, 2.2 (4.3) for thorax-abdomen,
and 4.8 (6.7) for thorax CT scans (Fig. 3; Table 1). A small majority of the patients were
positioned lower than the scanner isocenter (Table 1).

Within the patient group positioned in the baby cradle or vacuum cushion, the me-
dian (IQR) absolute table height deviation was 10.8 (8.3) for abdomen, 10.2 (15.3) for
head, 17.4 (16.0) for thorax-abdomen, and 15.2 (15.0) mm for thorax CT scans. Within
this group, the majority of patients were also positioned lower than the scanner iso-
center (Table 2). An Avatar could be used in three out of nine cases when a patient was
positioned in a baby cradle and the fallback had to be applied for all cases positioned in
a vacuum cushion.
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Table 1. Pediatric patient positioning performance, without a baby cradle or vacuum cushion, in median
and interquartile range (IQR) for radiographers and the 3D camera and all four body parts individually, and

for all body parts combined.

Table 1. Pediatric patient positioning without a baby cradle or vacuum cushion: Comparison of table
height deviation for radiographers and 3D Camera

Thorax-

All body parts

Body part Abdomen  Head Abdomen Thorax combined
Total number of patients without a baby cradle 22 46 14 67 149
or vacuum cushion (15%) (31%) (9%) (45%) (100%)
Table height determined by: Radiographers
10.2 16.4 4.1 9.7 10.3
Median of absolute table height deviation, mm [16.8] [16.6] [5.1] [9.7] [12.6]
5 15 2 19 41
Patients positioned higher than isocenter, n (%) (23%) (33%) (14%) (28%) (28%)
17 31 12 48 108
Patients positioned lower than isocenter, n (%) (77%) (67%) (86%) (72%) (72%)
80.5 449 311 543
Largest deviation, mm {age in years} {13yr} {3yr} {12yr} {11yr}
Table height determined by: 3D Camera
3.1 3.9 2.2 4.8 37
Median of absolute table height deviation, mm [4.7] [6.3] [4.3] [6.7] [5.8]
8 22 6 33 69
Patients positioned higher than isocenter, n (%) (36%) (48%) (43%) (49%) (46%)
14 24 8 34 80
Patients positioned lower than isocenter, n (%) (64%) (52%) (57%) (51%) (54%)
18.2 -30.1 -13.5 -254
Largest deviation, mm {age in years} {15yr} {10yr} {13yr} {3yr}
p value median absolute table height deviation <0.05 <0.05 0.064 <0.05 <0.05

(3D camera versus radiographer)

Data are numbers (%) and median [interquartile rangel]

Negative deviaton numbers: patient positioned higher than isocenter

Positive deviation numbers: patient positioned lower than isocenter

Comparison between radiographer and 3D camera

For patients positioned without the baby cradle or vacuum cushion, the median abso-

lute table height deviations were higher for all four body parts when positioned by the

radiographer compared with table height suggestion by the 3D camera (Table 1). For

each of the four body parts, the largest deviation from the ideal table height was also

higher for patients positioned by the radiographer. The largest deviation was 80.5 mm

for an abdominal scan with the pediatric patient positioned lower than the isocenter by

the radiographer. For the 3D camera the largest deviation was 30.1 mm. Patient posi-



86 | Chapter4

tioning accuracy for the 3D camera system and the radiographers differed significantly
for all body parts (p <0.05) with the exception of thorax-abdomen scans (p = 0.064).
Figure 4 shows a case presentation with small deviations from the ideal table height of
0.13 mm and -0.82 mm for the 3D camera and radiographer, respectively.

For patients positioned with the baby cradle and vacuum cushion, the deviation from
the ideal table height by the 3D camera was up to 46.4 mm for a thoracic scan (Table 2).
For the radiographer, the largest deviation was 42.4 mm below the isocenter. Difference
between patient positioning accuracy of the 3D camera system and the radiographers
was not significant (Table 2). For both groups, the mean and standard deviation (SD) of
the table height deviation for all body parts combined (n = 42) was calculated for the
post hoc power analysis. The mean (SD) was 17.1 (15.6) mm and 12.2 (9.4) mm for the 3D
camera and radiographers group, respectively, with a correlation coefficient between
groups of 0.2. The effect size or Cohen’s d corresponding with a power of 80% was 0.45.
This is equivalent to a difference of 8.2 mm between camera and radiographers.

Positioning of young patients with lots of cabling, vital monitoring devices, or blankets
was challenging for accurate positioning by both the 3D camera and the radiographers.
Such a case presentation is presented in Figure 5 with an ideal table height deviation of
-10.3 mm and 23.8 mm for the 3D camera and radiographer, respectively.

Figure 4 (a-c). Case presentation of a 12-year old child. (a) Color image taken by the 3D camera system.
(b) Axial image of the abdomen with depth measurements (yellow line) by the 3D camera and the body
contour (green) estimated by the algorithm. (c) Sagittal image of the thorax-upper abdomen with patient
positioning accuracy: Blue horizontal line: patient isocenter estimated by the radiographer, green horizon-
tal line: average patient isocenter estimated by the camera, green dotted line: Avatar isocenter curve, red
horizontal line: average patient isocenter (ideal table height), red dotted line: patient isocenter per axial
cross-section, yellow line: depth measurements. Note: The red, green, and blue straight lines are hard to
distinguish from each other due to almost similar values as the ideal table height.
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Table 2. Pediatric patient positioning performance, with a baby cradle or vacuum cushion, in median and
interquartile range (IQR) for radiographers and the 3D camera and all four body parts individually, and

for all body parts combined.

Table 2. Pediatric patient positioning with a baby cradle or vacuum cushion: Comparison of table height

deviation for radiographers and 3D Camera

Thorax- All body parts
B A H Th
ody part bdomen ead Abdomen orax combined
Total number of patients with a baby cradle or 3 20 2 17 42
vacuum cushion (7%) (48%) (5%) (40%) (100%)
Table height determined by: Radiographers
8.7 9.1 8.0 15.3 9.2
Median of absolute table height deviation, mm [1.1] [12.9] [3.1] [15.8] [13.7]
1 4 1 6 12
Patients positioned higher than isocenter, n (%) (33%) (15%) (50%) (41%) (29%)
2 17 1 10 30
Patients positioned lower than isocenter, n (%) (67%) (85%) (50%) (59%) (71%)
10.3 -32.8 11.1 -42.4
Largest deviation, mm {age in months} {12M} {3M} {2m} {48M}
Table height determined by: 3D Camera
10.8 10.2 17.4 15.2 10.9
Median of absolute table height deviation, mm [8.3] [15.3] [16.0] [15.0] [16.6]
2 18 1 7 28
Patients positioned higher than isocenter, n (%) (67%) (85%) (50%) (47%) (67%)
1 3 1 9 14
Patients positioned lower than isocenter, n (%) (33%) (15%) (50%) (53%) (33%)
-233 -67.1 334 -46.4
Largest deviation, mm {age in months} {72M} {23M} {2M} {5M}
p value median absolute table height deviation 0.593 0167 0.655 0.850 0.105

(3D camera versus radiographer)

Data are numbers (%) and median [interquartile range]

Negative deviation numbers: patient positioned higher than isocenter

Positive deviation numbers: patient positioned lower than isocenter

DISCUSSION

We assessed the accuracy of pediatric patient positioning with the aid of a body contour

detection system (3D camera) and compared it with manual positioning by radiogra-

phers. We found that positioning with the 3D camera of pediatric patients without a

fixation aid allows for more accurate patient positioning than manual positioning by ra-

diographers. This outcome is similar to the findings in adult patients [10; 11]. Differences

in positioning accuracy between the 3D camera and radiographers were not statistically

significant for patients positioned in a baby cradle or a vacuum cushion. In virtually all
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Figure 5 (a-c). Case presentation of a 3-month old child wrapped in a blanket with a breathing support and
wires where accurate positioning is challenging for both the 3D camera and the radiographers. (a) Color
image taken by the 3D camera system. (b) Axial image of the brain with depth measurements (yellow line)
by the 3D camera. (c) Sagittal image of the head with patient positioning accuracy: Blue horizontal line: pa-
tient isocenter estimated by the radiographer, green horizontal line: Algorithm isocenter estimated by the
camera, green dotted line: Algorithm isocenter curve, red horizontal line: average patient isocenter (ideal
table height), red dotted line: patient isocenter per axial cross-section, yellow line: depth measurements.

cases of infants placed in fixation aids, like a baby cradle (Fig. 1) or a vacuum cushion
(Fig. 2), it was not possible to fit a patient Avatar due to the small body size and the large
occlusions. Instead, the fallback described above was applied, where the isocenter is
directly estimated as geometric mean between the depth measurements and the table.
This approach introduces a deviation, because these fixation aids add a considerable
layer between patient and table, which in the absence of the Avatar is wrongly attributed
to the patient, leading to an overestimation of patient size. Nevertheless, positioning of
patients in a fixation aid seems feasible with a 3D camera. Small performance differences
between camera and radiographers could not be detected due to the limited number
of patients included. However, post hoc power analysis showed that the performance
difference was not larger than 8.2 mm; otherwise, this would have been noted given our
sample size. Thus, the fallback routine facilitates automatic positioning of a pediatric
patient while keeping possible differences with a well-trained radiographer below 10
mm on average.

However, the deviation from the ideal table height could be reduced by taking the
positioning devices into account. Therefore, applying an intermediate step consisting of
the detection of the presence of a fixation aid like a baby cradle and a vacuum cushion
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(open and closed) might be of use and may be considered for further research. After
detection of such aid, a correction for the thickness of such an aid can be applied to the
geometric isocenter for these specific cases. The correction can be determined upfront
by estimating the mean error for the vacuum cushion and by accounting for the fairly
constant thickness of the baby cradle.

The two main challenges for the algorithm are the small size of the patients that are
positioned with such aids and the large degree of occlusions introduced by the aids.
Given a large amount of 3D camera training images, probably we could reliably fit the
patient Avatar also under these circumstances. Then, as usual for cases without a baby
cradle or a vacuum cushion, it would be possible to compute the center of the patient
Avatar and naturally exclude additional layers such as blankets or fixation aids. The Ava-
tar fitting was only possible in three out of nine cases when patients were positioned
in a baby cradle and the fallback had to be applied in all cases when positioned in a
vacuum cushion. Therefore, further work on the development with additional training
data might improve the algorithm even further to reliably obtain a patient isocenter
when patients are positioned in fixation aids like the baby cradle and vacuum cushion.

The 3D camera is able to assist the radiographer in positioning of pediatric patients,
especially in cases without fixation aid. It should be emphasized that radiographers
will continue to play an important role in patient positioning by patient guidance and
verification of the table height suggested by the 3D camera, especially when fixation
aids are used.

Studies demonstrated a significant impact on radiation dose and image quality when
a pediatric patient is not properly positioned in the scanner isocenter [15; 16]. In those
studies, an anthropomorphic head, thorax, and/or abdomen simulating on a 5-year-old
child was used. Organ doses and noise differences with several vertical table height
deviations were compared with organ dose and noise levels at the scanner isocenter/
center position. A noise increase of up to 45% in chest scans relative to the center posi-
tion was demonstrated for table positions in the highest (+54 mm) and lowest (-60 mm)
vertical positions and a breast dose increase of up to 16% with 40 mm lower vertical
position [16]. Although the absolute table height deviations in our study were not
always that high, maximum deviation values were high, especially with radiographers
(Tables 1 and 2). Relative breast dose increase was considered to be 7% lower with 20
mm vertical lower positioning compared with the 40 mm lower position. These vertical
positions are comparable to the values of the largest deviations between the 3D camera
and radiographers in our study. With the tendency to position pediatric patients more
often lower than the ideal table height, the noise would increase. With less extreme
deviations from the ideal table height that can be obtained with the 3D camera (Tables
1 and 2), both the radiation dose and the image quality will be more constant. The same
applies for organ radiation doses and image noise in head and abdominal CT [15]. Large
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vertical table height deviation was of substantial influence on radiation dose and image
noise, where the impact of these deviations depends on the body region and location
of individual organs within the body [15]. However, accurate and less deviations from
the ideal table height are required to consolidate image quality and radiation dose.
Our results were obtained in an academic facility with highly trained radiographers. It
is conceivable that both the median and maximum values of deviation from the ideal
positioning would be even larger when the study was obtained in a hospital without
dedicated training in pediatric CT scanning.

There are limitations to this study that require considerations. For the purpose of the
analysis, the algorithm used the actually scanned range to calculate the isocenter. This
differs from routine operation of the camera system, whereby the algorithm uses the scan
range that is defined on the planning image (=color photograph taken by the camera)
prior to obtaining the localizer radiograph and scanning the patient. Consequently, the
suggested ideal table height by the 3D camera based on the planned scan range may
differ from the suggested table height based on the actual scan range. Nevertheless, our
results demonstrate the accuracy when a 3D camera is used properly and the selected
body region on the localizer radiograph and the actual scan range are the same.

In conclusion, a 3D camera for body contour detection allows for accurate pediatric
patient positioning in CT.The 3D camera is able to assist the radiographer in positioning
of pediatric patients, especially in cases without fixation aid. Positioning of patients in
a fixation aid is feasible with a 3D camera, but evaluation of possible improvements in
positioning accuracy was limited by the small sample size.
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ABSTRACT

Objective
To assess the influence of breathing state on the accuracy of a 3D camera for body
contour detection and patient positioning in thoracic CT.

Methods and materials

Sixty-four patients that underwent CT of the thorax with both an inspiratory and ex-
piratory scan were prospectively included for analysis of differences in the ideal table
height at different breathing states. For a subgroup of 43 patients, ideal table height
suggestion based on 3D camera images at both breathing states was available to assess
the influence of different breathing state on patient positioning accuracy. Ideal patient
positioning was defined as the table height at which the scanner isocenter coincides
with the patient’s isocenter.

Results

The mean (SD) difference between the inspiratory and the expiratory breathing state of
the ideal table height was 10.6 (4.5) mm (p<0.05). The mean (SD) positioning accuracy,
i.e. absolute deviation from the ideal table height, within the subgroup was 4.6 (7.0)
mm for inspiratory scans and 7.1 (7.7) mm for expiratory scans (p<0.05) when using
corresponding 3D camera images. The mean (SD) accuracy was 14.7 (7.4) mm (p<0.05)
when using inspiratory camera images on expiratory scans; vice versa, the accuracy was
3.1 (9.5) mm (p<0.05).

Conclusion

A 3D camera allows for the most accurate patient positioning when the camera image
and the subsequent CT scan are acquired in the same breathing state. It is recommended
to perform an expiratory planning image when acquiring a thoracic CT scan in both the
inspiratory and expiratory breathing state.
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INTRODUCTION

Two of the main technological developments in computed tomography (CT) automatic
exposure control (AEC) have been automated tube current modulation (ATCM) and
automatic tube voltage selection. These optimize radiation dose while maintaining
image quality (IQ) [1]. AEC generally relies on the CT localizer radiograph to determine
patient size. Positioning of a patient lower or higher than the scanner isocenter affects
the patient’s shape on the localizer radiograph, thereby affecting the AEC behavior [2-4].
Therefore, ideal patient positioning, defined as setting the table height such that the
patient’s isocenter coincides with the scanner isocenter, is important. Deviation from
the ideal table height may result in relative organ dose differences and deviation of 1Q
from ideal settings. Besides that, the breathing state of the patient (inspiratory or expira-
tory) likely results in different anterior-posterior chest sizes and hence in different ideal
table heights. Furthermore, clinical indications may call for image acquisition in both full
inspiration and expiration to assess the lung parenchyma.

Recent studies described accurate patient positioning with the aid of a commercially
available 3D camera [5; 6]. Ideal table height is suggested by the 3D camera with the aid
of a single planning image triggered by the radiographer when the patient is lying on
the scanner table in the target pose of the examination. The ideal table height for the
individual patient and the scheduled examination is proposed such that the isocenter
of the body region to be examined and scanner isocenter align. We hypothesize that
obtaining the planning image in a breathing state that differs from the breathing state
during the scan, will result in less accurate patient positioning by the 3D camera. The
aims of this study were to: 1) determine the difference in ideal table height for a CT scan
in inspiration versus expiration and 2) assess the influence of a mismatch in breathing
state between the planning image and the actual CT scan on the accuracy of automated
patient positioning using a 3D camera.

MATERIALS AND METHODS

Study design and patient selection

The study was conducted in accordance with the declaration of Helsinki and interna-
tional standards of Good Clinical Practice. The medical ethics committee of our hospital
waived the need for informed consent. All patients (>18-year-old), scanned during
routine clinical care in our hospital on two CT scanners equipped with a commercially
available 3D camera (Siemens Healthineers) for body contour detection: a dual-source
CT scanner (SOMATOM Drive; software version VA62A, Siemens Healthineers) and a
single-source CT scanner (SOMATOM Edge Plus, software version VB10, Siemens Health-
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ineers), that underwent non-contrast enhanced CT of the thorax with both an inspira-
tory and expiratory scan over an eight-month period were prospectively included. For
the first part of the study, the difference in ideal table height between an inspiratory
and expiratory breathing state was determined by including all patients with an inspira-
tory and an expiratory CT scan. For the second part of the study, a subgroup with only
patients with both the expiratory and inspiratory 3D camera images and accompanying
CT scans were included. CT image reconstructions with 3.0 mm slice thickness and 3.0
mm reconstruction increment were used.

Patient positioning using a 3D camera for body contour detection

The 3D camera is part of the CT system and attached to the ceiling and in front of the CT
scanner, facing down onto the patient table. The camera acquires a color and a depth
image. Each pixel in the depth image describes the distance from the camera to the
closest object surface. The image analysis starts after taking the planning image. The
algorithm detects the patient and estimates the body contour of the patient using the
depth measurements and the known table position and shape. The 3D camera proposes
the ideal table height for the individual patient and the scheduled examination such
that the isocenter of the selected scan range and the scanner isocenter align. Therefore,
a virtual patient Avatar is fitted to the camera data. The Avatar is a statistical shape
model, which in the fitting process assumes the pose, and body proportions of the pa-
tient found in the depth data. The isocenter curve of the Avatar is finally averaged across
all slices of the body region selected. The used 3D camera algorithm is similar to the
algorithm described in detail before [5; 7]. For this study, a depth image and color image
were recorded in the inspiratory breathing state; for the subgroup, both the expiratory
and inspiratory breathing state were recorded (Fig. 1).

Figure 1 (a-d) (a and b) enzCase presentation of a male patient in the inspiratory (a and c) and an expira-
tory (b and d) breathing state. (a and b) Color image taken by the 3D camera system. (c and d) Gray scale
image corresponding to measured depth values.
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Calculation of patient positioning accuracy

Cases were excluded with obvious patient movement or repositioning after the body
contour detection by the 3D camera, or when large items were blocking the camera
sight. Cases where the field of view (FoV) of the CT scan did not cover the anterior-
posterior extent of the patient were excluded as well. Skin surface was extracted from
the CT data in each axial slice. The results of the skin extraction were used to calculate
the middle of the patient in the anterior-posterior direction. These values were averaged
over all slices along the z-axis, providing the patient isocenter, needed to determine the
ideal table height as described in detail before [5].

In the clinical workflow, table height suggested by the camera is based on the lat-
est planning image only. Therefore, analysis of proposed patient positioning based on
the inspiratory and expiratory camera image was assessed off-line, without the need
of additional data or user input. By doing so, off-line system performance reflect the
real-world situation. In general, a radiographer may adjust the table height proposed
by the 3D camera. However, the positioning accuracy by radiographers was beyond the
scope of this study since it was assessed in our previous paper [5]. Accuracy in patient
positioning is demonstrated as the deviation between the ideal table height and the
table height proposed by the camera algorithm. The difference in ideal table height and
the accuracy are expressed as a single and absolute value in mm.

Statistical analyses

Mean and standard deviation (SD) of the differences between the ideal table height
for an inspiratory and expiratory scan were analyzed. For the subgroup, the mean and
SD of the absolute table height deviation of the inspiratory and expiratory scans and
accompanying camera images were assessed. SPSS (version 25, IBM Corp) was used for
statistical analysis. Normality of data was tested with the Shapiro-Wilk test. Paired T-Test
was performed to evaluate statistically significant difference of the ideal table height
deviation between the inspiratory and expiratory breathing state. A p value <0.05 was
considered statistically significant.

RESULTS

After exclusion of three cases from analysis due to the anterior-posterior extent of the
patient not being fully included in the FoV, sixty-four CT studies (37 male and 27 female)
with both an inspiratory and an expiratory CT scan were available for analysis of dif-
ferences between the ideal table height for CT scans in inspiration and expiration. For
the subgroup, 43 patients (27 male and 16 female) of the 64 patients, ideal table height
suggestion by the 3D camera was collect by off-line analysis for both breathing states.
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Ideal table height as a function of breathing state

Figure 2 illustrates an example of an inspiratory and expiratory breathing state. Within
the 64 patients, the mean (SD) difference for the ideal table height between inspiration
and expiration was 10.6 (4.5) mm (p<0.05) (Fig. 3). The maximum and minimum absolute
difference of the ideal table height between the inspiratory and expiratory scan was 24.3
mm and 2.6 mm, respectively. In all cases, the ideal scanner table height position was
lower for the CT scans in inspiration than for the scans in expiration.

Figure 2 (a-b) Adult patient with an inspiratory (a) and expiratory (b) breathing state. (a) Axial image of
the thorax in an inspiratory breathing state. (b) Axial image of the thorax in an expiratory breathing state.

Figure 3 Differences between the ideal table height at the inspiratory breathing state and the expiratory
breathing state for the “female and male combined”, female, and male.
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Patient positioning accuracy of a 3D camera for inspiratory and expiratory
thoracic CT

Figure 4 demonstrates a difference in the inspiratory and expiratory breathing state and
the depth measurements. When considering the same breathing state for both the CT
scan and the planning image, the mean (SD) difference between the ideal table height
and the table height proposed by the 3D camera was 4.6 (7.0) and 7.1 (7.7) mm for the

Figure 4 (a-d). Case presentation of a male patient with an inspiratory (a and b) and expiratory (c and d)
breathing state with depth measurements. (a and c) Axial image of the thorax with depth measurements
(yellow line) by the 3D camera and the body contour (green) estimated by the algorithm. (b and d) Sagit-
tal image of the thorax with patient positioning accuracy: green horizontal line: average patient isocenter
estimated by the camera, green dotted line: Avatar isocenter curve, red horizontal line: average patient
isocenter (ideal table height), red dotted line: patient isocenter per axial cross-section, yellow line: depth
measurements.
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inspiration and expiration breathing state, respectively (p<0.05). The mean (SD) differ-
ence between the ideal table height and the table height proposed by the 3D camera
for both the inspiratory and the expiratory CT scan was higher for males than females
and considered statistically significant (Table 1). The differences between the ideal
table height and the table height proposed by the 3D camera for both the inspiratory
(p=0.340) and expiratory (p=0.093) breathing state scans were considered not statisti-
cally significant for females (Table 1).

The mean (SD) difference between the 3D camera proposed table height based on
the inspiratory planning image compared to the ideal table height of the expiratory CT
scan was statistically significant (Table 1). The mean (SD) difference between the table
height proposed by the 3D camera based on the expiratory planning image compared
to the ideal table height of the inspiratory scan was considered statistically significant
for female/male combined and for females, but not for males (Table 1). The accuracy in
patient positioning was less when an inspiratory 3D camera planning image was used
for an expiratory CT scan with 14.7 (7.4) mm than when an expiratory 3D camera plan-
ning image was used for an inspiratory CT scan with an accuracy of 3.1 (9.5) mm.

Table 1 3D camera mean patient positioning accuracy and standard deviation (SD) for all combinations of
breathing state while taking the camera image and performing the subsequent CT scan.

Table 1. Absolute table height deviation from ideal table height as a function of breathing state

Breathing state CT scan

Inspiratory Expiratory
Breathing state 3D planning image I;eaaallz Female  Male I;‘eaaallz Female Male
Inspiratory
46(7.0) 1.7(7.1) 6.3(6.6) 14.7 (74) 11.7 (6.8) 16.6(7.2)
<0.05 0.340 <0.05 <0.05 <0.05 <0.05
Expiratory

3.1(9.5) 6.3(10.1) 1.2(8.7) 71(7.7) 36(8.1) 9.2(6.8)
<0.05 <0.05 0.502 <0.05 0.093 <0.05

Data are mean (SD) in mm with p-value per gender and for both genders combined

DISCUSSION

We assessed the influence of breathing state on the differences in ideal table height and
on the accuracy of automated patient positioning using a 3D camera. In the first part of
our study, different ideal table heights were observed between an inspiratory and an ex-
piratory breathing state CT scan. Previously we reported on the accuracy of automated
patient positioning, where we assumed that the camera image and the subsequent CT
scan were acquired in the same breathing state [5]. The results in positioning accuracy
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by the 3D camera of this study were comparable with the results of our previous study,
which had a statistically significant median (interquartile range) deviation of 5.4 (6.4)
mm. When taking a different breathing state used for the planning image and the sub-
sequent CT scan into account, a less accurate patient positioning by the 3D camera was
observed in most cases, as demonstrated in Table 1.

Accurate body contour detection by the 3D camera might be affected when ripples
and folds in clothing are present, giving rise to false interpretations of body shape, as
described before [5]. Consequently, both situations may lead to larger deviations from
the ideal table height and might explain why no statistically significant differences were
found. Interestingly, the difference in table height between the expiratory planning
image and an inspiratory CT scan was smaller than the difference between the inspira-
tory planning image and expiratory CT scan, but the SD was larger when combining
the expiratory planning image and the inspiratory CT scan (Table 1). Nevertheless, from
a “practical work around” perspective, positioning of a patient for both an inspiratory
and expiratory CT scan based on the expiratory planning image seems to be the best
choice. Further research is needed to look into other solutions which do not demand a
change in workflow e.g. possibilities to adapt the table height in between the CT scans
for different breathing state.

Several studies demonstrated a significant impact on radiation dose or image quality
(1Q) due to deviation from proper patient positioning [2; 8; 9]. For instance, an anthropo-
morphic phantom study demonstrated that off-centering above 40 mm was associated
with 20% higher organ dose changes [3]. Vertical off-centering of a patient not only
affects radiation dose, but also image noise. Even though subjective IQ is not necessarily
significantly affected with small changes in the amount of image noise, organ dose can
still be higher [3]. Additionally, another study demonstrated a variation in CT numbers
of nodules near the center of the lungs or spine [10]. In our pursuit of optimization, it
remains important to do everything possible to achieve optimal scanning procedures,
even when individual optimization steps seem small. Therefore, it is of the essence to
strive for proper patient positioning to retain optimal radiation dose and 1Q by a correct
operation of the bowtie filtering and ATCM applied [11].

One limitation of this study requires consideration. The calculation of the isocenter for
both the expiratory and inspiratory 3D camera images and accompanying CT scans was
based on the actually scanned range. In routine operation, the algorithm uses the scan
range that is defined on the planning image (=color photograph taken by the camera)
prior to obtaining the localizer radiograph and scanning the patient. Consequently, this
suggested table height may differ from the suggested table height based on the scan
range defined on the planning image.

In conclusion, a 3D camera allows for the most accurate patient positioning when the
camera image and the subsequent CT scan are acquired in the same breathing state. It
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is recommended to perform an expiratory planning image when acquiring a thoracic CT
scan in both the inspiratory and expiratory breathing state.
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ABSTRACT

Cardiovascular CT acquisition protocol optimization in pediatric patients, including
newborns is often challenging. This might be due to non-cooperative patients, the
complexity and variety of diseases and the need for stringent dose minimization. Mo-
tion artifacts caused by voluntary and involuntary motion are most frequently seen
in cardiac imaging with high heart and respiratory rates. Dual source scanners of the
second and third-generation are particularly well suited to respond to these challenges.
This can be accomplished with advanced scan options, such as high pitch scanning,
short rotation times, automated tube voltage selection, tube current modulation and
iterative reconstruction.
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INTRODUCTION

Ultrasound is the procedure of choice in the identification of congenital heart disease.
Good and informative ultrasound images of extra-cardiac structures and of right ven-
tricular morphologic features are difficult to obtain. MRl demonstrates superior soft tis-
sue contrast in comparison to ultrasound or CT; however, the limitation of this imaging
technique is the long scan time and the frequent need for sedation. Despite its inherent
advantages in visualizing complex anatomy, CT is generally not the modality of choice
for cardiovascular imaging in pediatric patients. The use of ionizing radiation, the pres-
ence of a high heart rate (HR) and the inability to instruct patients are well-documented
drawbacks and limiting factors [1]. State-of-the-art dual source CT (DSCT) scanners are
equipped with modern technology including low tube voltage acquisition, high-pitch
scanning, and iterative reconstruction that may mitigate these obstacles.

This paper will provide practical guidelines for cardiovascular CT imaging with
regard to the use of above mentioned technological features, patient positioning and
intravenous contrast material injection, tips to avoid artifacts of contrast agent and ECG
electrodes and at an optimized radiation dose.

PATIENT POSITIONING

Patient positioning is an essential part in imaging pediatric patients, especially in
newborns. Artifacts can arise from poor positioning of the arms or ECG electrodes in
the thoracic region (Fig. 1). The use of a vacuum cushion for pediatric patients (aged
0-4 years) is highly recommended for comfort and safety, movement prevention and to
secure the position of the arms above the head (Fig. 2).

The radiation dose might increase or image quality could be affected when the CT
localizer radiograph is made with the patient positioned off-center, therefore, a visual
check that the child is centrally positioned in the axial plane using the laser beams on
the scanner is mandatory (Fig. 3). Furthermore, in pediatric cardiac CT imaging, an ad-
ditional bowtie-shaped filter is automatically positioned between the X-ray tube and
patient to reduce the radiation dose in the patient’s periphery, which makes central
positioning vital (Fig. 4). Scanning of pediatric patients is a challenging procedure,
which requires a collaboration between a radiographer and radiologist to set-up scan
and injection protocol to be certain to obtain all clinically useful information.
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Figure 1 (a-d). ECG electrodes and cables can cause serious beam hardening and streak artifacts by posi-
tioning them in the scan range (a+c). Placement of the ECG electrodes on the arms and upper abdomen
(b) will avoid artifacts. MRI compatible carbon ECG patches (yellow arrows in d) are preferred and generate
far less artifacts than normal ECG patches.

Figure 2 (a-d). Vacuum cushion with a doll representing a pediatric patient (a, b, ¢) and CT localizer radio-
graph of a pediatric patient positioned in vacuum cushion (d). Special care should be taken to conduct the
ECGelectrodes and arms away from the thorax (b, c).
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Figure 3 (a-c). Positioning the patient off-center will cause different scaling of the CT localizer radiograph
compared to a centralized position. This changes the projected body size and influences the automated
exposure control algorithm. Compared to a properly positioned patient in the isocenter (b) higher posi-
tioning (a) makes body habitus appear bigger on an AP survey and dose will increase in comparison to the
optimal situation (b).

Positioning the patient lower than the isocenter (c) will in turn make body habitus seem smaller and under-
expose the exam in comparison to the optimal situation. This may lead to unacceptably high noise levels.
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Figure 4 (a-b). The (additional) bowtie filters (orange arrows) reduce radiation dose at the lateral sides of
the patient (a). Positioning the patient off-center (b) may cause an uneven noise distribution in the image.

CONTRAST INJECTION AND TIMING

Contrast injection in pediatric cardiothoracic imaging is difficult to standardize. In chil-
dren, especially neonates it is more difficult to get venous access and is often located
more peripherally like in the hand, foot or forehead. Suggested flow rates adapted to
body weight can be found in Table 1.

Table 1. Suggested flow rates for contrast and saline push injection in pediatric CTA.

Body Weight (kg) Minimum Flow (ml/s) Maximum Flow (ml/s)
0.5-5 kg 03 0.8
5-15 0.7 1.2
15-24 1.2 2.0
25-34 2.0 3.0
35-44 3.0 4.0

Congenital cardiovascular anomalies might alter the normal order of vascular enhance-
ment. This has implications for contrast timing and therefore the contrast phases should
be tailored to anatomy, diseases, congenital anomalies or variants to make your diag-
nosis. Therefore, it is of the essence to decide which contrast phases are needed and
deliberation between radiologist and technologist might be needed. In adults often,
multiple scan phases are planned. In pediatrics, this leads to an unacceptable increase
of radiation dose. For children it is beneficial to combine several contrast phases in a
single scan to keep radiation dose to a minimum. Split-bolus and contrast mixing tech-
niques are helpful to achieve this goal. Either reducing the flowrate or applying a mixing
technique of contrast agent and saline can reduce the iodine delivery rate (IDR). The
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mixing technique however is not always available on injectors. With injection from an
antecubital vein, the start of the scan can occur at a fixed delay, but is age range related
and depends on the clinical situation. It is often sufficient for the more adolescent aged,
but can be too long in neonates and in imaging of a Fontan pathway. With a more distal
location of the intravenous access and/or in neonates, the aortic enhancement timing is
more uncertain. In these cases, the use of a bolus tracking technique is recommended.
However, several issues of automatic bolus tracking in children have to be considered.
The most important ones being the movements of the patient during the bolus mea-
surement, which can cause the scan to start too early or too late and second, high bolus
tracking frequencies, which result in higher radiation dose. (Fig. 5). These issues can be
solved by a visual tracking approach and with manual kV and mA values adapted to the
size and weight of the patient for the automatic bolus tracking. A real-time measure-
ment of the bolus arrival may be used. It is recommended to switch off the automatic
tracking and manually start the scan when sufficient enhancement has been reached.
Instead of measuring at the level of the aortic root, a mid-cardiac level is advised as this
enables the visualization of the cardiac chambers and descending aorta in the same
plane. The real-time visualization of the order and strength of enhancement of different
structures can help to adapt the scan start accordingly. Basically, the scan can be started
when sufficient contrast is present in all four hear chambers and the descending aorta.
If the scan triggers to start while the bolus is still being injected, the injection can be
manually stopped at this point.

Figure 5. Dose report and bolus tracking images in a 6-month old patient. Bolus tracking was started to
early (delay 4 seconds, IV was positioned on head) and 16 static images were acquired. Note that the bolus
tracking dose (yellow circles) was almost as high as the spiral CT of chest (“CF prot. EXP”).
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FAST SCAN OPTIONS AND SLICE THICKNESS IN DUAL SOURCE CT SCANNER

The advent of second-generation DSCT scanners has made it possible to scan non-
cooperative (especially pediatric) patients without anaesthesia because of the high scan
speed and improved temporal resolution [2]. Imaging speed has further increased with
third-generation DSCT scanner due to the wider detectors and even faster rotation time,
thereby reducing possible breathing/motion artifacts even more Breathing artifacts can
be quite tricky and are often seen in single-source CT, but hardly in DSCT.

In spite of higher heart rates in pediatric patients, the scan speed of the high pitch
mode will provide sufficient diagnostic image quality in most scans [3]. The high pitch
mode provides the shortest acquisition time while the individual slices maintain the
highest temporal resolution (66 ms for the third-generation DSCT and 75 ms for the
second-generation DSCT). There is a craniocaudal gradient, if scanned craniocaudally,
of the phase of the cardiac cycle within the scanned volume (Fig. 6). Meaning the whole
scan is made during a large part of the cardiac cycle and has different time phases from
top to bottom of the heart.

Figure 6. Illustration of high pitch mode regarding scan time and maintained highest temporal resolution
for individual slices with the craniocaudal transition of the phase of the cardiac cycle within the scanned
volume.

The length of the RR-interval in pediatric patients is around 500 ms at a heart rate of
around 120 beats per minute. An ECG-triggered high pitch scan witha 11 cm scan length
takes up to 150 ms. With increasing heart rate, the mean velocity of all coronary arteries
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significantly increases [4]. ECG-triggered high pitch scanning in the end systolicand mo-
tion free phase is possible but due to the high heart rate and relative short motion free
acquisition time, motion artifacts at the end of the scan may still occur, despite the high-
est available temporal resolution and fast pitch. In contrast to adults, the length of the
heartis shorter in children. Consequently, scan time will be shorter. Mostly only informa-
tion on the anatomy is required and not the rule out of atherosclerotic stenosis as in
adults. Therefore, slight motion can often be tolerated and as a result, higher heartrates
are eligible for the high pitch mode than used in adults. When imaging larger structures
such as the ventricles in children, the use of thin slices is less important. Normally imag-
ing the heart of a child, will be done with 0.5-0.75 mm thick slices and a 0.25-0.4 mm
increment. When imaging larger structures or for quantification of ventricular function
(in case of unclear ultrasound results or contraindicated MRI) the use of 1.5 mm slice
thickness and low kilovoltage is recommended to reduce radiation dose. An increase
in slice thickness allows the use of decreased mA. For some scanner types and other
vendors, the use of thicker collimation in combination with decreased mA is an option,
because the z-coverage of the thicker and thinner collimation is different. However, this
is not the case in the second- and third-generation DSCT, where the 0.6 and 1.2 mm
collimation have identical z-coverage.

SCAN PHASE AND ECG MODULATION

A sequential prospective triggered protocol in the systolic phase will provide the proper
ECG phase selection to optimize images from the motion free perspective with lower
dose in comparison to retrospectively triggered acquisition [2]. An inconvenience of the
sequential prospective technique in comparison to the high pitch mode is the possibil-
ity of a stack artifact when scanning a larger length in the z-axis than the collimation
width. Nevertheless, it has advantages in comparison to the retrospective mode because
prospective requires less stacks than retrospective due to the absence of oversampling
from low pitch. The high temporal resolution of dual source scanners eliminates the
need for dose intensive multi-segment retrospective protocols, which are required for
single source scanners at high heart rates.

In children, the focus is mainly on assessment of anatomy, the stack artifacts can
be less problematic, yet can still affect the diagnosis or interpretation of images. A
retrospectively triggered acquisition is an option, but should only be considered in
very challenging irregular heart rates where the need for ECG editing is expected at
the cost of a higher radiation dose. In retrospective mode the pulsing technique, es-
pecially the Mindose technique, will still keep the dose at a low level but the pulsing
will lose efficiency because of less efficient slope-up time and slope-down time of the
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ECG-based tube current modulation [5]. The sequential prospective mode is preferred
with a systolic padding range in ms to achieve comparable diagnostic performance with
lower dose [6].

Especially in children, the heart rate may change considerably during the scan
because of contrast injection, stress or a Valsalva manoeuvre. Modern scanners are
equipped with online ECG modulation to correct for ECG variation. In case of heart rate
variability, the scanner will widen the ECG radiation window to ensure data acquisition
in the requested percentages of the R-R interval (Fig. 7a). This wider acquisition (and ra-
diation) window provides more possibilities to select the proper heart phase for motion
free reconstruction. However, increasing the radiation window results in an increase of
radiation dose. To prevent a radiation dose increase because of automatic ECG radiation
adaptation, the use of a protocol with absolute scan time in milliseconds (ms) instead
of a relative R-R interval in percentages (%) is recommended (Fig. 7b) and can be done
within prospective and retrospective mode (Mindose). Choosing the absolute value
prevents the radiation window to open up and ensures shorter exposure times with
consistent imaging in end systole. Although this technique is less robust, it prevents
large increase in radiation dose with irregular heart rate. It is recommended to keep a
wider acquisition and radiation margin, allowing flexibility in reconstruction window
to minimize motion. To set up such a protocol in ms, a recalculation of the percentage
settings to ms is needed, for instance to have a safe margin with 35% to 55% of the R-R
interval, but can be set smaller based on user preference. The recalculation has to be
done for the lowest and highest relative phase preferred and for different heart rate
groups. Creating these groups can be done by combining the highest and lowest ms of
the heart rate group preferred. Table 2 shows an example how to recalculate percentage
to ms. If coronaries are not the aim of the scan but just the cardiac chambers and/or

Table 2. Suggested scan windows in absolute ms for prospective coronary CTA based on a recalculation
of a 35% to 55% systolic percentage scan phase. Recalculation is recommended to prevent the increase of
radiation window with heart rate variability.

HR group HR RRinms 35% 55% Scan Range 35% - 55% converted to ms
60to 75 60 1000 350 550 280-550
75to 100 75 800 280 440 210 - 440
100 to 125 100 600 210 330 168 - 330
125 to 150 125 480 168 264 140 - 264
150to 175 150 400 140 220 120-220
175 to 200 175 343 120 189 105-189
200 300 105 165 0-165
Variable HR Prospective in ms; choose ms of highest and lowest HR

Irregular HR Prospective in ms; 120 - 500 ms
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great vessels, a high pitch scan or prospective acquisition without padding is sufficient.
One can also use a low dose ECG-triggered high pitch scan for anatomy and/or for a
delayed scan in addition to an arterially timed scan.

Figure 7 (a-b). ECG as presented on the scanner console of a third-generation dual source ct. Blue dots
indicates the R-peak to set the scan range (straight blue arrow). The dark blue area (red arrow) represents
the temporal resolution (66ms) and image reconstruction position. The red numbers indicate the heartrate.
(a) Radiation pulsing range was initially set to only 68% of the R-R interval. Due to RR-variability and the
use of a relative delay, the radiation window was widened (light blue parts indicated with }) to ensure data
acquisition in the requested range and the possibility to reconstruct the suitable phase(s) with the least
possible motion artifacts. As a result, dose there is a severe dose increase. (b) The predefined scan range in
absolute time (ms) and systolic phase prevented the opening of the radiation window with variable heart-
rate (indicated with the blue circle).

AUTOMATED TUBE CURRENT MODULATION, AUTOMATIC TUBE VOLTAGE
SELECTION AND DOSE CURVES

The CT acquisition starts with obtaining a CT localizer radiograph. The dose of the

localizer should be adapted according to body size as instructed in the manufacturers’

manuals. This is normally done by adjusting the 100 kV (which is used in adults) to 80kV
and keeping the mA the same. Although often only regarded as a means to determine
the scan range, the CT localizer radiograph is used to assess the patient’s size and shape.
Based on this information, the system will automatically select the optimal tube voltage
and determine the required exposure given a predefined image quality (milliampere
second per rotation=mAs/rot).

Tube voltage and mA settings to be applied are often selected based on patient
weight or age. Novel auto exposure control systems can select the optimal tube voltage
and adapt the tube current to body size by using automatic tube current modulation
(ATCM) [7, 8]. Especially in contrast enhanced examinations the use of a low tube voltage
(70-80 kV) is recommended because of higher contrast to noise ratio of iodine at low kV
and reduced radiation dose [9].

Despite being an automated feature, advanced settings of the ATCM can be custom-
ized. Most importantly different dose curve strengths can be selected. The dose curve
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strength determines the slope of the increase and decrease of the tube current in
patients deviating from the reference patient (70-80 kg). This adaptation can be set for 3
different body types and for each organ characteristic with 5 different strengths (Fig. 8)
of the mA adaptation curve.

Figure 8. Different tube current adaptation curves for the automated tube current modulation (image
courtesey of Siemens Healthineers.

When changing the curve strength and protocols, monitoring of image quality is
recommended. This should be done by collaboration between radiographers, a medical
physicist and/or radiologist, to ensure that the image quality of the different CT exam
types is still sufficient.

Itis not recommended to use estimations of the effective dose in pediatric CT because
the International Commission on Radiation Protection (ICRP) clearly states that effective
dose cannot provide a patient specific radiation dose or detriment [10, 11]. Itis therefore
recommended to use the Dose Length Product (DLP) and CTDI,, instead to compare
doses between scanners and protocols. In order to estimate corresponding radiation
risks another approach is required because CTDI,, is based on standardized 16 or 32 cm
PMMA phantoms and the body size of pediatric patients differs significantly from these
phantoms and as a consequence, direct use of these dose values might lead to dose and
radiation risk underestimations (factor 5-10). Therefore, recently developed approach
should be used instead, i.e. the Size-specific Dose Estimates and age-specific risk factors
are more of use in this case [12].
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Iterative reconstruction techniques (IR) can increase image quality with equal dose or
potentially get similar image quality as in filtered back-projection (FBP) with less dose.
[3, 13]. The baseline of in setting up pediatric protocols could be the same as in adults
However, one should avoid lowering the dose too far, because noise might increase
which has a negative impact on image quality. Dose reduction potential depends on
the current dose level, the anatomy of interest, body size and weight. Each factor has to
be taken into account when creating protocols.

CASE EXAMPLES

Two case examples are provided. Case 1 (Fig. 9 and Table 3) and case 2 (Fig. 10 and Table 4).

Figure 9 (a-f). Case 1: A 3 year old boy with a history of TGA, hypoplastic aortic arch and double outlet
right ventricle (DORV), which was surgically corrected (a) with an arterial switch operation, closing of the
ventricular septal defect (VSD, marked with * in (e) and aortic arch correction using a homograft. CTA
demonstrated normal anatomy of RCA (b, ¢ and d; marked with a white arrow) and LAD. (f) 3D volume
rendering (VRT) of the heart.
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Table 3. Scan, reconstruction and dose parameters of case 1.

Scan parameters Case 1
Reference tube voltage 120 kv
Reference mAs/rot 230 mAs/rot
Dose saving slider position 11 (vascular)
Child dose adaptation curve strength Very strong
ECG scan range 210 to 440 ms
Collimation 2x96 x 0.6 mm *
Rotation time 0.25 seconds
Patient instruction None **

Reconstruction parameters

Slice width Recon 1:0.75 mm & recon 2: 0.5 mm
Slice increment Recon 1:0.4 mm &recon 2: 0.25 mm
Kernel Bv40

ADMIRE strength Recon 1:3 &recon 2: 4
Cardiac phase Best Systolic phase (ms)
Window width (FAST) 900/200

Dose parameters:

CTDl, (32 cm) 3.27 mGy

DLP 33.4 mGy*cm

* Collimation and feed/rotation were automatically adapted by scanner to fit scan range
** Instruction of patient was not possible, therefore no patient breath hold command was given

Figure 10 (a-b). Case 2: CTA of the heart of a 3-month-old-boy. The ALCAPA is indicated with the green (a)
and with a white arrow (b).
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Table 4. Scan, reconstruction and dose parameters of case 2.

Scan parameters Case 2
Reference tube voltage 120 kV
Reference mAs/rot 160 mAs/rot
Dose saving slider position 11 (vascular)
Child dose adaptation curve strength very strong
ECG scan range 130 to 280 ms
Collimation 2x64x0.6 mm
Rotation time 0.285 seconds
Patient instruction None *

Reconstruction parameters

Slice width Recon 1:3.0 mm & Recon 2: 1.0 mm
Slice increment Recon 1:3.0 mm & Recon 2: 0.5 mm
Kernel Recon 1:126 & Recon 2:170
SAFIRE strength 3

Cardiac fase Best Systolic fase (ms)
Window width (FAST) 900/200

Dose parameters:

CTDl,o (32 cm) 1.03 mGy

DLP 11 mGy*cm

* Instruction of patient was not possible, therefore no patient breath hold command was given

SUMMARY

Despite its excellent spatial and temporal resolution CT is often not the modality of
choice for thoracic cardiovascular evaluation in pediatric patients. This article shows
how thorough knowledge on recent improvements in DSCT image acquisition time,
temporal resolution and dose reduction as low as reasonable achievable have reduced
some of the major drawbacks of CT and allows one to visualize the complex anatomy
which helps to determine treatment policy. Just copying’ the adult parameters is not
ideal, and special attention is needed to optimization in the pediatric population. A
pediatric specific protocol should be used because of the extra bowtie filter, algorithms
and several background parameters.
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ABSTRACT

Objective

To assess the dose reduction potential of a calcium-aware reconstruction technique,
which aims at tube voltage independent computed tomography (CT) numbers for
calcium.

Methods and materials

A cardiothoracic phantom, mimicking different patient sizes, was scanned with two
calcium inserts (named D100 and CCl), containing calcifications varying in size and
density. Tube voltage was varied both manually (range 70- 150 and Sn100 kVp) and
automatically. Tube current was automatically adapted to maintain reference image
quality defined at 120 kVp. Data was reconstructed with the standard reconstruction
technique (kernel Qr36) and the calcium-aware reconstruction technique (kernel Sa36).
We assessed the radiation dose reduction potential (volumetric CT dose index values
(CTDl,q)), noise (standard deviation (SD)), mean CT number (HU) of each calcification,
and Agatston scores for varying kVp. Results were compared with the reference acquired
at 120 kVp and reconstructed with Qr36.

Results

Automatic selection of the optimal tube voltage resulted in a CTDI,,, reduction of 22%,
15%, and 12% compared with the reference for the small, medium, and large phantom,
respectively. CT numbers differed up to 64% for the standard reconstruction and 11% for
the calcium-aware reconstruction. Similarly, Agatston scores deviated up to 40% and 8%
for the standard and calcium-aware reconstruction technique, respectively.

Conclusion

CT numbers remained consistent with comparable calcium scores when the calcium-
aware image reconstruction technique was applied with varying tube voltage. Less
consistency was observed in small calcifications with low density. Automatic reduction
of tube voltage resulted in a dose reduction of up to 22%.
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INTRODUCTION

Ischemic heart diseases remain one of the leading causes of death worldwide [1, 2].
Within the framework of individual risk prediction for these diseases, the assessment
of coronary artery calcium has become increasingly important. Currently, the most
common strategy for quantification of the coronary artery calcium score (CACS) is on
computed tomography (CT) examinations using the Agatston method [3]. Despite the
excellent prognostic value of this CT-based strategy, the Agatston scoring method has
some limitations [4, 5]. Recent guidelines demand a fixed tube voltage of 120 peak kilo
voltage (kVp) in combination with filtered back projection (FBP) or iterative reconstruc-
tion with 100 kVp acquisition after site- and literature-based validation [5, 6]. However,
there is a main argument for the use of lower, or even patient-specific, tube voltages: the
need to reduce radiation dose given the increase in the number of CT examinations [7].

Lowering tube voltage potentially reduces radiation dose in CACS at the cost of in-
consistent scores because CT numbers, expressed in Hounsfield units (HU), are energy
dependent. In this case, the standard calcium scoring threshold should be made tube
voltage or patient-specific.

Recently, a calcium-aware reconstruction technique was introduced via the applica-
tion of a new reconstruction kernel (Sa36f). The technique is also known by the name
“Agatston score equivalent calcium scoring,” “artificial 120 kV equivalent CT images,” or
“artificial 120." Please refer to the vendor’s whitepaper for a detailed explanation [8].
With this technique, CT numbers of calcium are scaled to match the CT numbers that
would have been measured at 120 kVp, enabling the use of the standard 130 HU thresh-
old [9]. The technique might enable acquiring images at reduced radiation dose, while
preserving the Agatston score and its risk assessment potential. In contrast to tube volt-
age-dependent threshold adjustments, the calcium-aware reconstruction technique
seems an easy tool to implement clinically.

The purpose of our phantom study was to evaluate the calcium-aware reconstruction
technique with regard to coronary calcium quantification for a wide range of tube volt-
ages and calcifications varying in size and density and for different chest sizes. Moreover,
the radiation dose reduction by automatic tube voltage selection was assessed for these
cases.
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MATERIALS AND METHODS

Phantom

An anthropomorphic (cardio) thoracic CT phantom (QRM Thorax, QRM GmbH) in combi-
nation with two different inserts was used for quantitative assessment of CACS for both
the standard and the calcium-aware reconstruction technique (Fig. 1).

Figure 1 (a-d). Phantom inserts: (a) Calcium cylinders of the D100 insert (0.5 mm — 2.0 mm). (b) Calibration
rods of the D100 insert (30 mm), nominal hydroxyapatite (HA) 90 — 540 mgHA/cm?®. (c) HU measurement of
the central calcium insert in the CCl insert. (d) Cylindrical calcification inserts of three different HA densities:
800 mgHA/cm? at 2 o'clock position, 200 mgHA/cm® at 6 o'clock position, and 400 mgHA/cm® at 10 o'clock
position of the CCl insert.
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Oneinsert (D100, QRM GmbH) contained 100 calcifications of different diameters (0.5 to
2.0 mm) and hydroxyapatite (HA) densities (90 to 540 mg HA/cm?®) [10]. The other insert
was a cylindrical cardiac calcification insert (CCl, QRM GmbH) with nine calcifications
varying in size (1.0 to 5.0 mm) and density (200 to 800 mg HA/cm3). To simulate different
chest sizes, the thorax phantom was scanned with and without fat-equivalent exten-
sion rings (QRM GmbH), resulting in three different chest sizes: small (300 x 200 mm),
medium (350 x 250 mm), and large (400 x 300 mm). To ensure a realistic translation
of the results from different phantom sizes to human chest sizes, the water equivalent
diameter (Dw) was used. Dw reflects the x-ray attenuation of the patient and is therefore
a preferred patient size metric [11]. Retrospective analysis of Dw's in 41 patient scans for
CACS performed in our hospital showed that these diameters mostly matched with the
Dw of the medium and large extension rings.

Acquisition and reconstruction parameters

Scans were performed on a dual source CT (DSCT) system (SOMATOM Force, Siemens
Healthineers, Syngo CT VB10). A reference tube voltage of 120 kVp in combination with
automated tube current modulation (ATCM) CARE Dose4D was used for both inserts
(Table 1). The calcium-aware reconstruction technique was assessed by acquiring data
with varying tube voltages of 70-150 kVp, in steps of 10 kVp. Additionally, automatic
tube voltage selection (“kVon") was set to keep the contrast to noise ratio for calcium
constant when selecting the optimal tube voltage for radiation dose optimization. Fi-
nally, a scan was performed using a dedicated CACS Tin filtration protocol with an adap-
tation of the reference tube voltage to Sn100 in combination with ATCM CARE Dose4D
(Table 1). All scans were repeated five times after manual repositioning (approximately 2
mm translation and 2 degrees rotation) of the phantom to assess positioning influence
and interscan variation.

Images were reconstructed with the conventional calcium scoring reconstruction tech-
nique (kernel Qr36) and the dedicated calcium-aware reconstruction technique (kernel
Sa36), both based on FBP. For the latter technique, calcium is identified in preliminary
reconstructed images and a lookup table is used to correct the CT numbers of calcium
in the finally reconstructed images [8]. The exact working of the algorithm is proprietary
information of the vendor. The algorithm is fully integrated within the standard im-
age reconstruction interface and can be activated by selecting the corresponding
reconstruction kernel (Sa36). It does not need an additional workstation or increased
reconstruction times.
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Table 1. Acquisition and reconstruction parameters.

Scanner* SOMATOM Force SOMATOM Force-tin filtration
Acquisition mode Sequential Sequential

Scan length (mm) 100.5 100.5

Reference tube voltage 120 Sn100

Reference tube current product 80 534

Manual tube voltage settings 70-150 Sn100

CARE kV dose optimization slider**

5 (bone/calcium)

5 (bone/calcium)

Collimation (mm) 32x1.2 32x1.2
Rotation time (sec) 0.25 0.25

Image reconstruction (FBP) Qr36 and Sa36 Qr36 and Sa36
Slice thickness (mm) 3.0 3.0

Increment (mm)*** 1.5 1.5

FoV (mm) 180 180
Reconstruction matrix 512x512 512x512

*Siemens Healthineers, Syngo CTVB10
**The dose optimization slider from the default calcium scoring protocol was retained
***Increment of 1.5 mm is the standard for calcium scoring with Siemens equipment

Image and dose analysis

The volumetric CT dose index values (CTDI,,) in mGy were noted to assess potential ra-
diation dose reduction. Consistency of CT numbers (mean and standard deviation (SD))
was determined in the central calcium insert (200HA) of the CCl insert. Noise SD was
determined within a homogeneous region of the CCl insert. Agatston score, together
with different image quality metrics, was computed using an in-house developed Py-
thon script (Python version 3.7) for the D100 and CCl insert. Resulting Agatston scores of
the Python script were validated against the standard vendor-specific scoring software
(Syngo.via, Siemens Healthineers) with the aid of CCl data and proven equal (maximum
deviation 0.1%).

This study addresses directly the CT number or CT value in HU of calcifications. CT
numbers are related to the linear x-ray attenuation coefficients and depend on the den-
sity, the effective atomic number, and x-ray tube voltage [12]. The attenuation coefficient
of the phantom base material does not resemble the attenuation coefficient of human
soft tissue equally well at all tube voltages. Allmendinger et al previously described a
base material-specific correction, necessary for correct Agatston scores at varying tube
voltages by adjustment of the standard 130 HU threshold [8]. This correction was ap-
plied automatically in our study as well as for all reconstructions.

Image noise was compared with recommended noise targets (in HU) for calcium scor-
ing CT scans defined for different chest sizes (small, medium, large chest width): 20 HU
for the small and medium chest width, and 23 HU for the large chest width [13].
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Additionally, an Agatston score was determined in a non-calcium region (55 X 55 mm),
therefore depending purely on noise. This score was called the background Agatston
score (BAS). For acquisitions with a non-zero BAS, the Agatston scores of calcifications
could be less reliable, as it was uncertain if a calcification was seen at a specific location,
or just noise. These scores were noted.

Reference values for both inserts were the Agatston scores acquired with a tube volt-
age of 120 kVp and reconstructed with the standard technique (Qr36). Each deviation in
acquisition or reconstruction was compared against this reference.

Statistical analyses

SPSS (version 25, IBM Corp) was used for statistical analysis. Normality of data was
tested with the Shapiro-Wilk test. Wilcoxon signed-rank test was performed to evaluate
statistically significant difference of the median Agatston scores. Intraclass correlation
coefficients (ICC) with a 95% confidence interval (Cl) and Bland-Altman plots of the
Agatston scores between two different techniques were assessed. A p value of < 0.05
was considered statistically significant. Agatston scores are given as median values of
the five measurements.

RESULTS

Radiation dose and noise values

Reference dose levels at 120 kVp for the small, medium, and large phantom size were
1.57, 2.59, and 3.84 mGy respectively. For the scans with automatic tube voltage selec-
tion, tube voltage was reduced to 90 kVp for the small and medium phantom size, while
100 kVp was selected for the large phantom. In comparison with the corresponding
reference, radiation dose levels decreased by 22%, 15%, and 12% for the small, medium,
and large phantom size, respectively.

Within the dedicated Tin CACS protocol, dose values were 55% lower for both smalland
medium phantom size and 60% for the large phantom size compared with the reference
dose levels at 120 kVp.

Median noise values for the 120 kVp and the images obtained with automatic tube
voltage selection increased with increasing phantom diameter for both reconstruction
techniques (Fig. 2). The noise level in all three phantom sizes was highest when using
Tin filtration. Moreover, the recommended noise target for calcium scoring CT scans was
exceeded for some tube voltages in the medium phantom and for all tube voltages in
the large phantom size (Fig. 2). Despite the high number of noise limit exceeding scans,
BAS values were zero for most reconstructions. A BAS > 0 was found only for the large
phantom in combination with a tube voltage of 70 kVp or Sn100.
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Figure 2. Box-and-whisker plots of the noise measurements of the homogeneous central slice of the CCl
insert. Recommended noise targets (in HU) for calcium scoring CT scans defined for different chest sizes
were applied to the images as dotted lines: 20 HU for the small and medium chest width, and 23 HU for the
large chest width. The automatic tube voltage selection is illustrated by “kVon".

CT number constancy

Considering the large calcification with 200 mg HA/cm? in the CCl insert for all phantom
sizes, CT numbers increased with decreasing tube voltage for the standard reconstruc-
tion technique, while these numbers remained virtually constant for the calcium-aware
reconstruction technique (Table 2). Median HU (min HU-max HU) of the reference
(120 kVp + Qr36) was 266 HU (265HU—268HU), 257 HU (257HU—258HU), and 247 HU
(246HU—248HU) for the small, medium, and large phantom size, respectively. Com-
pared with the reference, the deviation was up to 64% with the standard reconstruction
technique and up to 11% with the calcium-aware reconstruction technique when vary-
ing the tube voltage (Table 2).
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Figure 3 (a-b). (a) Box-and whisker plots of the Agatston score within the CCl insert with the standard
reconstruction technique. (b) Box-and- whisker plots of the Agatston score within the CCl insert with the
calcium-aware reconstruction technique. Scores are given per phantom size-tube voltage combination.
The automatic tube voltage selection is illustrated by “kVon".

Figure 4 (a-b). (a) Box-and-whisker plots of the Agatston score within the D100 insert with the standard
reconstruction technique. (b) Box- and whisker-plots of the Agatston score within the D100 insert with the
calcium-aware reconstruction technique. Scores are given per phantom size-tube voltage combination.
The automatic tube voltage selection is illustrated by “kVon".
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Figure 5. Visualization of calcifications in the D100 insert with all voxels with a CT number above the thresh-
old colored red. From left to right, the phantom size increases. The upper row images were reconstructed
with the standard reconstruction technique with a tube voltage of 120 kVp. Lower row images were recon-
structed with the calcium-aware reconstruction technique and automated tube voltage selection (90 kVp
for the small and medium size phantom and 100 kVp for the large size phantom).

Agatston score

When varying the tube voltage, Agatston scores deviated up to 40% and 8% from the
reference for the standard and calcium-aware reconstruction technique, respectively
(Table 3). The overall spread in median Agatston scores for varying tube voltages de-
creased for the calcium-aware reconstruction technique for both the CCl and D100
insert (Fig. 3 and Fig. 4). Considering all phantom sizes, the Agatston scores in the CCl
insert increased with 14% for the automated tube voltage selection and decreased with
14% within the tin-filtrated scans for the standard reconstruction technique (Fig. 3a).
For the calcium-aware reconstruction technique, Agatston score deviations from the
reference were much less: 3.6% at automated tube voltage selection and 2.4% with the
tin-filtrated scans (Fig. 3b). For the D100 insert, we observed similar results; however,
the deviations from the reference were larger than in the CCl insert, especially for the
varying tube voltage in combination with the standard reconstruction technique (Fig.
4). Representative images of the D100 insert for the standard reconstruction technique
with 120 kVp and the calcium-aware reconstruction technique at reduced tube voltage
for all three phantom sizes are shown in Figure 5. This Figure shows calcifications with
an Agatston score of zero for the reference, while the calcium-aware reconstruction
technique Agatston scores are non-zero.
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Figure 6 (a-d). The ICC of the Agatston score for the small, medium, and large phantom for. (a) The standard
reconstruction technique with automatic tube voltage selection compared with the standard reconstruc-
tion with 120 kVp. (b) Detail of the graph in a representing the low density and small calcifications. (c) The
calcium-aware reconstruction technique with automatic tube voltage selection and the standard recon-
struction with 120 kVp. (d) Detail of the graph in (c) representing the low density and small calcifications.

There was a very high ICC (0.991) and 95% Cl for the automated tube voltage selec-
tion with the standard reconstruction technique compared with the reference when
considering all calcifications (Fig. 6a). When considering only the low Agatston scores,
both the ICC and 95% Cl decreased (Fig. 6b). There was a very high ICC (0.998) and 95%
Cl for the automated tube voltage selection and the calcium-aware reconstruction tech-
nique compared with the reference (Fig. 6¢c). When considering only the low Agatston
scores, both the ICC and 95% Cl decreased (Fig. 6d). However, this decrease was less than
observed within the standard reconstruction technique. A Bland-Altman analysis of the
data is shown in Figure 7. The Bland-Altman plots demonstrate the agreement between
the two reconstruction kernels. The negative mean difference within Figure 7 a, b,and d
demonstrates that, regardless of reconstruction technique, Agatston scores are higher
for automatic tube voltage selection in comparison with 120 kVp. The opposite applies
for the calcium-aware reconstruction technique and automatic tube voltage selection
(Fig. 7).

For the CCl insert, increasing the phantom diameter from small to large demonstrated
no statistically significant decrease (p = 0.5) of the median (range) Agatston scores
from 671 (656.2—686.5) to 669.9 (651.1—689.4) for the reference (120 kVp and Qr36).
A statistically significant increase (p < 0.05) in Agatston score from 639 (626.9—642.4)
to 657.4 (652to 664.5) was observed for the calcium-aware technique with automated

137



138

Chapter 7

tube voltage selection. For the D100 insert and increasing phantom size from small to
large, there was a statistically significant decrease (p < 0.05) in Agatston score from 29.3
(26.5—31.2) to 25.6 (21.4—27.8) for the reference (p < 0.05). A statistically significant
(p < 0.05) decrease was observed for the Agatston score from 49.0 (47.4—56.7) to 37.1
(34.0—39.4) for the calcium-aware reconstruction technique with automatic tube volt-
age selection.

Figure 7 (a-d). Bland-Altman Plots with mean difference and 95% limits of agreement for the small, me-
dium, and large phantom with the CCl and/or D100 insert. All plots show an Agatston score comparison
between the reference at 120 kVp (with standard reconstruction technique) and scans with automatic tube
voltage selection (with standard reconstruction technique (a, b) and with calcium-aware reconstruction
technique (c, d).

DISCUSSION

Our results demonstrate that CACS with a calcium-aware image reconstruction tech-
nique allows for consistent CT numbers when varying the tube voltage and allows for
reduced radiation exposure with automatic reduction of tube voltage. The Agatston
scores with the calcium-aware reconstruction technique deviated up to 8% for the
calcifications of the CCl insert across 70 to 150 kVp and Sn100, whereas the Agatston
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score with the standard reconstruction deviated much more with up to 40%. The latter
might be explained by the increase of the photoelectric effect for calcium when scan-
ning with low tube voltage settings. In contrast to the CCl insert, Agatston scores were
not stable for the calcifications of the D100 insert when varying the tube voltage. For
the calcium-aware reconstruction technique, this might be explained by a sub-optimal
identification of the voxels containing calcifications of small diameter and low density
and subsequently a sub-optimal correction of the CT numbers.

As seen in Figure 5, there were additional calcifications detected when lowering tube
voltage. Thus, it might be possible that a patient with a zero Agatston score at 120 kVp
might have a non-zero Agatston score at a lower tube voltage, despite the application
of the calcium-aware reconstruction technique. This might influence the work-up of
patients suspected for coronary artery disease. However, the increase of Agatston score
in the D100 insert, as demonstrated in Figure 5, is due to true calcified lesions. Instead of
improving the calcium-aware reconstruction technique presented in this study to bet-
ter resemble the Agatston scores at 120 kV, we prefer to reinvent calcium imaging and
think it is time to let go the conventional scoring method (14, 15]. For example, Groen
et al described a correction applied to the 130 HU calcium scoring threshold for the
increased CT numbers of calcium when varying tube voltage and applying the standard
reconstruction technique (16].

Our study demonstrated a decrease in Agatston score with increasing phantom size,
as previously described for the standard reconstruction technique and the D100 insert
(17]. However, our study used both the CCl and the D100 insert and in addition the
calcium-aware reconstruction technique. We observed an increase of the Agatston score
for the CCl insert when using the calcium-aware reconstruction technique. The increase
in Agatston score might be explained by the suboptimal identification of the voxels
containing small and low-density calcifications, while noise increased.

Calcium CT numbers were constant for the calcium-aware reconstruction technique
with automated tube voltage selection, irrespective of phantom size. However, Agatston
scores varied more than the reference for different patient sizes. The reason for this is
twofold. First, the constancy of CT numbers is calculated as the mean of a large ROl en-
closing the calibration rod of the CCl phantom, while Agatston scores are calculated for
the smaller nine calcifications. Second, despite the use of clinical scan protocols, higher
noise levels were shown especially for the lower tube voltages and the automated tube
voltage selection (Fig. 2). Our computation of the Agatston score was validated to the
standard vendor-specific software, calculating every single voxel above a threshold of
130 HU for CACS. With higher noise levels, Agatston scores also increase.

Technological developments like tin filtration and automated tube voltage selection
allow for a substantial dose reduction. For example, a 100 kVp with tin filtration CACS
protocol demonstrated similar Agatston scores as the reference protocol with 120 kVp
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despite using the standard reconstruction technique (18]. Larger deviations are ex-
pected for tube voltages like 70 and 80 kVp (Table 2). A great advantage of the currently
considered calcium-aware reconstruction technique is that CACS can be obtained more
accurately from any acquisition, regardless of applied tube voltage and filtration. This
allows CACS to be considered within cancer screening protocols. The use of a CACS with
the aid of tin filtration combined with an early prototype of a calcium-aware reconstruc-
tion technique was described in a patient study and considered potentially feasible for
calcium scoring (19]. However, in this study and our study, an increased image noise
for the tin-filtrated scans was observed. The noise levels were above the recommended
noise levels by the SCCT in all three phantom sizes, especially for the large phantom
size. Possible solutions for sub-optimal identification of calcification when applying tin
filtration with increased noise levels are proposed, e.g., a HU threshold correction for
CACS (20] or investigation to apply iterative reconstructions. Within our study, we ob-
served BAS of > 0 for the tin-filtrated vendor-recommended scans in the large phantom
size. Therefore, caution must be taken when applying the tin-filtrated scans in clinical
routine, especially when CACS is obtained for calcification of small diameter and low
density, as the calcium-aware reconstruction technique is also not able to correct these.

The recommended noise levels were not only exceeded for the tin-filtrated scanning
protocols but also for all tube voltage settings within the large phantom diameter,
despite the use of the vendor-recommended scanning protocols. This warrants further
investigation for adjusting the reference tube current value or the adaptation strength
of the CARE Dose4D dose curve to achieve the recommended noise target level (13].
However, it seems that the recommended noise target limit comes with a very safe
margin. After all, the BAS was zero for all reconstructions in the small- and medium-sized
phantoms and for the calcium-aware reconstruction technique with automated tube
voltage selection in all phantoms.

There are limitations in this study that need to be considered. This study was phantom-
based and despite the effort to represent clinical routine, patient studies are necessary
to validate our findings. CTDl,,, is an indicator of the CT scanner radiation output. The
dose received by a patient depends on this CTDl,, and the individual patient size. It is
recommended to use the size-specific dose estimates (SSDE) to reflect estimated doses
for the individual patient (21]. Furthermore, it might be of interest to use a non-stationary
phantom model instead of a stationary one. This makes it feasible to assess whether or
not heart rate variability will influence Agatston scores when using the calcium-aware
reconstruction technique.
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CONCLUSION

In general, CT numbers remained consistent with comparable calcium scores when the
calcium-aware image reconstruction technique was applied with varying tube voltage.
Less consistency was observed in small calcifications with low density. Automatic reduc-
tion of tube voltage resulted in a dose reduction of up to 22%.
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ABSTRACT

Objectives

The purpose of this study was to assess the efficacy of the renewed dynamic collimator
in a third-generation dual source CT (DSCT) scanner and to determine the improve-
ments over the second-generation scanner.

Methods

Collimator efficacy is defined as the percentage overranging dose in terms of dose-
length product (DLP) that is blocked by the dynamic collimator relative to the total over-
ranging dose in case of a static collimator. Efficacy was assessed at various pitch values
and different scan lengths. The number of additional rotations due to overranging and
effective scan length were calculated based on reported scanning parameters. Based on
these values, the efficacy of the collimator was calculated.

Results

The second-generation scanner showed decreased performance of the dynamic
collimator at increasing pitch. Efficacy dropped to 10% at the highest pitch. For the
third-generation scanner the efficacy remained above 50% at higher pitch. Noise was
for some pitch values slightly higher at the edge of the imaged volume, indicating a
reduced scan range to reduce the overranging dose.

Conclusions

The improved dynamic collimator in the third-generation scanner blocks the overrang-
ing dose for more than 50% and is more capable of shielding radiation dose, especially
in high pitch scan modes.
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INTRODUCTION

Spiral Computed Tomography (CT) has proven its superiority over sequential CT in rou-
tine clinical practice. A downside of spiral CT, particularly at an increased detector width
and higher pitch values, is the increase of the overranging effect, resulting in a higher
dose to the patient [1-4]. Overranging dose is defined as primary radiation that is given
to the patient outside the imaged volume [5-7]. The dose penalty due to overranging
relative to the total patient dose increases with shorter scan lengths as in paediatrics,
the coronary arteries or head and neck imaging [8-10].

In order to reduce the overranging dose, manufacturers introduced dynamic or adap-
tive collimators to block the dose, which is irrelevant for image reconstruction [11-13].
Dynamic collimators are mechanical blades, which move in and out of the radiation area
to block the irrelevant radiation. With the introduction of a third-generation dual source
CT (DSCT) scanner, the speed of the blade movement of the dynamic collimator was
improved compared to the second-generation DSCT scanner. To our knowledge, no lit-
erature is available on the performance of dynamic collimators in state-of-the-art DSCT
scanners. Since DSCT is often used at high scan speeds, it is important to be aware of
the impact of overranging dose especially in protocols with short scan ranges in (high)
radiation-sensitive organs, where overranging can contribute to a larger dose.

The purpose of this study was to assess the efficacy of the renewed dynamic collimator
of the third-generation DSCT scanner and compare it to the second-generation DSCT
scanner. This was examined by determining the amount and nature of the overranging
dose as a function of pitch and scan length.

MATERIALS AND METHODS

Scanners, phantom and scanning protocols

Overranging dose was assessed for a second- and third-generation DSCT scanner. The
software version of the second-generation DSCT scanner (SOMATOM Definition Flash;
Siemens Healthcare, Forchheim, Germany) was Syngo CT 2012B and that of the third-
generation DSCT scanner (SOMATOM Force; Siemens Healthcare, Forchheim, Germany)
was Syngo CT VA50A.

A 32-cm-diameter CTDI phantom of 15 cm length was positioned at the isocenter of
the scanner. Scans started at the center of the phantom in order to assess the image
quality at the edge of the imaged volume in a homogenous object.

Scans were made at various pitch values with a thorax protocol. The pitch values used
in single source mode were 0.35, 0.7, and 1.4. Using the dual source mode, the pitch
values were 1.55 and 3.2. In addition to the thorax protocol, scans were made with a
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dedicated dual source mode cardiac ECG-gated protocol at pitch 3.4 and pitch 3.2 on
the second- and third-generation scanner, respectively.

The other scanning parameters were 120 kVp tube voltage for both tubes, and a com-
bined fixed tube load for both tubes of 100 effective milliampere second (eff. mAs). For
the second-generation DSCT scanner the rotation time was 0.285 seconds and the beam
collimation was 64 x 0.6 mm. For the third-generation DSCT scanner a rotation time of
0.25 seconds was used and a beam collimation of 96 x 0.6 mm. All scans were made at
three distances between the first and last reconstructable slice position: 100, 200 and
300 mm. For each scan, the DICOM radiation dose structured report (RDSR) was stored.

Collimator efficacy

The collimator efficacy is defined as the percentage of overranging dose in terms of
the dose-length product (DLP) that is blocked by the dynamic collimator relative to the
total overranging dose in case of a static open collimator. The efficacy is derived from
information available in the DICOM RDSR.

The overranging scan length L, s, is defined as the length of the actual scan range
outside the range of the reconstructable volume [14]:

Loscan = Lscan — Ly

Where Ly, is the reported scan range and L, is the length of the reconstructable volume
[15], i.e. the distance between the first and last reconstructed slice position plus the
nominal value of the largest possible slice thickness. The nominal slice thickness is used
instead of a value based on measurements of the slice sensitivity profile (SSP) because
unambiguous measurements are complicated in the context of this study. The SSP might
depend on the position in the axial plane and on the position of the axial slice in the im-
aged volume. The latter possible dependency was investigated by noise measurements
(see “Image reconstruction and noise measurements”).

The number of additional scan rotations N, s, due to overranging is calculated by

_ Loscan

Ng scan = M-Sp

Where M is the single detector row width, S is the number of detector rows and p is
the pitch. Thanks to the dynamic collimator, the additional dose due to overranging is
smaller than one would expect from the additional scan length. The effective overrang-
ing length L, 4.5 associated with the increase of the DLP due to overranging is derived
from the reported DLP and CTDI,, values for a given reconstructable volume length L;:

DLP

Logose = W —L,
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Finally, the efficacy E of the dynamic collimator is calculated as follows:

Lu,scan - Lu,duse

E= - 100%.

Loscan

The uncertainties in the calculated values for N, scans Lordose and E depend on both the
accuracy and precision of the underlying variables CTDI,,, DLP, Ly, and L,. Repeated
scans proved that these variables are very precisely reported in the DICOM RDSR. The
precision is limited only by the number of significant figures of the data representation in
the RDSR. The imprecision in E is therefore estimated by propagation of the imprecisions
in the underlying variables CTDlI,,, DLP, L., and L,. The inaccuracy of the underlying
variables and its influence on the uncertainties in the calculated values were negligible
as determined below.

The length L, of the reconstructable volume was assumed highly accurate. The ac-
curacy of the reported scan range L., was checked by comparing the corresponding
scan time with scan time measurements made with an ionization chamber. Preliminary
experiments confirmed that the reported scan times are equal to the total time the x-ray
tube is on and thus that the reported scan range is equal to the actual scan range.

It is known that the reported CTDI,, value might deviate as much as 30% from the
true dose value. The scanner software calculates the DLP value via multiplication of the
reported CTDI,, value by the effective scan length. It is safe to assume that the error in
the CTDI,, value is independent of the error in the effective scan length. Therefore, the
errors in the CTDI,, value and DLP value correlate, and the error in the CTDI,, cancels
out in the calculation of L,, 4. because the CTDI,, value and DLP value appear in the
denominator and numerator of the same fraction, respectively. Consequently, any
deviation of the reported CTDI,, value from the true dose value does not affect the
calculation of the efficacy E.

An inaccurate estimation of the effective scan length by the scanner software results
in an inaccurately reported DLP value. Therefore, the accuracy of this effective scan
length was checked by comparison of reported DLP values with measured DLP values
for various pitch values and scan lengths. Preliminary experiments showed a coefficient
of determination R2 of 1.00. Therefore, it was assumed that the reported DLP values
accurately reflect any change in effective scan length and no additional DLP measure-
ments were performed.

Image reconstruction and noise measurements

All axial images were reconstructed with a slice thickness of 0.6 mm, 3.0 mm and 10
mm (minimum, mid and maximum slice width reconstruction) using a standard kernel
(second-generation scanner: B30, third-generation scanner, Br40). In addition, images
with an iterative reconstruction algorithm were reconstructed, with a level 3 iterative
strength. Sinogram Affirmed Iterative Reconstruction (SAFIRE, Siemens Healthcare,
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Forchheim, Germany) was used in the second-generation scanner. Adaptive Model-
based Iterative Reconstruction (ADMIRE, Siemens Healthcare, Forchheim, Germany) was
used in the third-generation scanner [16-18]. The iterative reconstructions were made to
verify whether iterative reconstruction methods influenced the image noise assessment.
Allimages were reconstructed at the maximum field of view available for all pitch values,
i.e. 332 mm for the second-generation scanner and 354 mm for the third-generation
scanner.

Noise measurements were performed for each reconstructed image throughout
the phantom. Measurements of the standard deviation of the CT numbers in a homo-
geneous region of interest were performed with mathematical computing software
(MATLAB R2008a, The MathWorks Inc., Natick, Massachusetts, U.S.A.). It was assumed
that a constant image noise level as a function of the longitudinal position of the image
corresponds to a constant slice thickness equal to the nominal thickness throughout the
reconstructed volume.

RESULTS

Collimator efficacy
Figure 1 shows the number N, ., as a function of pitch for both generations of DSCT
scanner. This number is slightly higher than 1 for pitches less than 1.55. For pitches of
1.55 or more, this number drops to approximately 0.4. No large differences between
the second- and third-generation DSCT scanner were observed, with the exception of
the considerably lower number of extra rotations at pitch 1.55 for the third-generation
scanner.
Figure 2 shows the effective overranging length L, 45 as a function of pitch for both gen-
erations of DSCT scanner. The length is comparable for the second- and third-generation
DSCT scanner for pitches less than 1.55 (differences less than 0.8 cm). In these cases, the
overranging length is virtually absent at pitch 0.35 and increases with increasing pitch.
For pitches of 1.55 or more, the length is 2 — 4 cm lower for the third-generation DSCT
scanner than for the second-generation DSCT scanner.
Figure 3 shows the efficacy E as a function of pitch for both generations of DSCT scanner.
For the second-generation scanner, efficacy is high at low pitch and rapidly decreases to
approximately 10% at the maximum pitch. For the third-generation scanner, efficacy is
high at low pitch as well and remains above 50% for higher pitch values.

The results in Figure 1-3 are for a scan length of 300 mm. For scan lengths of 700 mm
and 200 mm, the efficacy values did not change more than 1 percentage point compared
to the corresponding values at a length of 300 mm, except for the third-generation scan-
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ner at pitches of at least 1.55 and a scan length of 100 mm. In these cases the efficacy
was 46% - 65% instead of 61% - 76%.

Figure 1. Number N,,,, of additional rotations as a function of pitch for both generations DSCT scanners.
Values labeled with “ECG” correspond with a pitch of 3.4 and 3.2 for the second- and third-generation scan-
ner, respectively. A substantial difference between scanner generations is present at pitch 1.55 only.
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Figure 2. Effective overranging length L, as a function of pitch for both generations DSCT scanners.
Values labeled with “ECG” correspond with a pitch of 3.4 and 3.2 for the second- and third-generation scan-
ner, respectively. L, 45 is up to 4 cm shorter for the third-generation DSCT scanner than for the second-

generation DSCT scanner.

Figure 3. Efficacy E as a function of pitch for both generations DSCT scanners. Values labeled with “ECG”
correspond with a pitch of 3.4 and 3.2 for the second- and third-generation scanner, respectively. For the
second-generation scanner, efficacy can be as low as 10%. For the third-generation scanner, efficacy lies
above 50% for all pitch values. The error bars illustrate the uncertainty in E as estimated by propagation of
the uncertainties in the underlying variables.
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Image noise measurements

In general, measured image noise varied less than 1 HU as a function of the z-position of
the reconstructed slice. In Figure 4 a typical example of constant image noise is shown
for the second-generation scanner at pitch 1.55 (dashed red line), scan length of 300
mm and a reconstructed slice thickness of 10 mm. There were three exceptions to this
flat noise profile: a slight noise increase was present at the edge of the imaged volume
for the third-generation scanner at pitch 1.55 (solid blue line in Fig. 4). Such an increase
was present at pitch 0.35 for both scanners as well (not shown).

The noise increase at the edge of the imaged volume is assumed to be the result of the
smaller amount of data and thus dose used for image reconstruction of the correspond-
ing slices, compared to the amount of data used for reconstruction of the more centrally
located slices in the volume. Consequently, the effective slice thickness at the edges of
the imaged volume might be smaller than the nominal thickness of 10 mm.

In cases in which iterative reconstruction techniques were used, the image noise level
decreased, as expected. The reconstruction technique and the reconstructed slice thick-
ness did not affect the shape of the image noise profiles as a function of slice position.

Figure 4. Standard deviation of image noise as a function of z-position for the second-generation scanner
(dashed red line) and third-generation scanner (solid blue line). Position z=0 mm corresponds with the first
position that can be reconstructed. Scan and reconstruction parameters: pitch 1.55; kernel B30f (second-
generation) and Br40 (third-generation); slice thickness 10 mm.
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DISCUSSION

The improved performance of the third-generation DSCT scanner over the second-
generation DSCT scanner with respect to the reduction of overranging dose in spiral CT
for the full range of pitch values was investigated and quantified.

At least two overranging dose reduction strategies exist. One can reduce the number
of rotations required for image reconstruction of the very first and last slice of the im-
aged volume or one can block the radiation that is not used for image reconstruction
with the aid of a dynamic collimator. Both strategies are applied in the DSCT scanners
investigated.

For a given pitch value, the number of overranging rotations was approximately equal
for the second- and third-generation scanner (see Fig. 1), except at pitch 1.55 where
the third-generation scanner used approximately half the number of overranging
rotations compared to the second-generation scanner. Consequently, the overrang-
ing dose showed the largest relative change at this pitch value (see Fig. 2). In general,
however, overranging dose was reduced by improved performance of the dynamic
collimator. Note that a relatively low efficacy can be due to the particular reconstruction
algorithm used and not technical limitations of the dynamic collimator. Overranging
might therefore be even further reduced by dedicated reconstruction techniques that
are able to reconstruct images beyond the boundaries of the currently imaged volume
[19]. Connected to this issue, it would be impossible to gain an efficacy of 100% for high
pitch scan mode because of incomplete sampling and arising artifacts, which would
deteriorate image quality.

As a results of the inclusion of the nominal slice width (10 mm) in the definition of the
length of the reconstructable volume and thus in the definition of the effective over-
ranging length and efficacy, some paradoxical results were present at pitch 0.35: the ef-
fective overranging length had a negative value and the efficacy was higher than 100%
for the second-generation scanner. Given the exceptional noise behaviour at pitch 0.35,
an explanation can be found in the fact that the effective slice thickness of the first and
last slice most likely was smaller than the nominal value. This leads to an overestimation
of the length L, and an underestimation of the overranging dose. Similarly, the efficacy
for the third-generation scanner at pitch 0.35 and at pitch 0.7 might be lower than
reported because of the possibly reduced effective slice thickness and overestimated
volume length L,.

For high pitch values and a short scan length of 100 mm, the efficacy was less than
at long scan lengths of 200 mm and 300 mm. This can be explained by the additional
slot plate with a fixed opening taking over in dynamic collimation in dual source mode.
The slot plate is designed to fully perform the opening phase, even if the trigger for the
closing phase is received during the opening phase. For short scans, the time needed



for fully opening and fully closing may be longer than the total scan time. Hence, at the
end of a short scan, the collimator may not be fully closed. However, these conditions
are very rarely met clinically.

Even with a perfectly working dynamic collimator, the dose penalty will increase with
increasing pitch. This is because the scanner keeps the effective mAs constant when
increasing the pitch by increasing the tube current [11]. Consequently, the overranging
dose will increase although the number of additional rotations does not change. This
effect can nicely be seen in Figure 1 where the number of additional rotations does not
change when changing the pitch from 1.55 to 3.2 in a third-generation scanner while in
Figure 2 the effective overranging length does increase in this case.

Nevertheless, this study showed an improved performance of the dynamic collima-
tor in the third-generation DSCT scanner at high pitch mode. This is clinically relevant
information to determine optimal scan protocols. When high scan speeds are preferred
as a result of non-cooperative patients (e.g. newborns), it is useful to know that with
the dual-source, high pitch, scan modes the dose penalty can be less than the penalty
in single-source, low pitch, mode thanks to the combination of an effectively working
dynamic collimator at high scan speeds and the smaller number of additional rotations
made in dual source mode.

CONCLUSION

Thanks to dynamic collimation, approximately 50% or more of the overranging dose is
blocked in the latest generation DSCT scanner. In comparison to the second-generation
scanner, the improved dynamic collimator is better capable of shielding the overranging
dose, especially in the high pitch, high-speed scan modes.
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General discussion

In general, technological developments have always driven users to investigate their
added value and to implement them in order to optimize processes. The process of CT
imaging is no exception. Currently, most of the steps within the chain of CT imaging are
still driven by humans, rather than by smart technologies. At the same time, technolo-
gies for automation, optimization and standardization within the whole imaging chain
are being developed by vendors and introduced into clinical practice. These technologi-
cal advancements may help to exploit all options available within a CT scanner and to
optimize the CT procedure. Merging of knowledge obtained by man and machine may
assist in making a CT scan procedure more accurate, standardized and automated; in
other words: making the CT scanner more “knowledgeable”.

In this thesis, the performance, advantages and weaknesses of several technological
advancements in the “data acquisition” and the “data (post-)processing” parts of the im-
aging chain were investigated (Fig. 1). As there is a wide variety in patient characteristics,
the“knowledgeable” CT scanner may overcome the challenge to optimize a CT scanning
procedure for every individual patient. Additionally, it may assist in optimizing the exam
for different referral questions, as this may demand different imaging strategies.

It must be noted that the developments demonstrated and investigated in this thesis
were restricted to one CT vendor. Vendors often restrict the disclosure of proprietary
information on the working and validation of algorithms, for example in automatic
exposure control (AEC). Vendors developed AEC strategies with different relationships
between image noise, radiation dose and patient size. The same restrictions apply to
several aspects within the parts of the imaging chain discussed in this thesis, as some
specifications are unknown to the users. Therefore, knowledge on technological devel-
opments is often also vendor specific.

In this chapter, first the subject of patient positioning with a 3D camera is discussed;
including the importance of proper positioning, the possible influence of off-center
positioning on image quality (IQ) and radiation dose, and other potential applications of
this camera. Next, the performance and possibilities of several technological develop-
ments in data acquisition and image reconstruction are discussed; including insights of
dynamic collimator efficacy, contrast injection and scan parameters tailoring in pediatric
patients and a new reconstruction method in Agatston scoring. Finally, future perspec-
tives for a “knowledgeable” CT scanner are given.
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General discussion

PATIENT POSITIONING IN CT

Proper patient positioning

In this thesis, proper patient positioning for a CT examination is defined as using the
(ideal) table height at which the average isocenter of all slices of the body region to
be scanned, coincides with the scanner isocenter. Proper positioning is essential for an
optimal working of AEC and bowtie filters. Unfortunately, improper patient positioning
is a common problem in clinical routine and is user-dependent [1-3]. Several studies
assessed off-center positioning (manual positioning only) and found a mean off-center
positioning of 1 cm [4] - 2.5 cm [5]. A study with 20.316 patients reported off-centering
with more than 2 cm in almost 20% of the cases [6]. Extremes with more than 4 cm
off-center positioning were observed in all studies as well.

Software for proper patient positioning was proposed earlier [5], but was not widely
adopted by users of CT scanners since the positioning software was not integrated
into the CT scanner. We demonstrated that a 3D camera, fully integrated into the scan-
ner system workflow, allows for accurate patient positioning and even outperformed
radiographers (Chapter 3). Therefore, a 3D camera may be a good step to be included
in the process of making a CT scanner more “knowledgeable”. Even though the mean
deviations of the ideal table height for different body parts within the 3D camera studies
were not large at our institute, we still reported deviations larger than 2 cm from the
scanner isocenter like others did as well [1, 2, 4-7].

Significant improvements in patient positioning accuracy were also demonstrated by
another group applying a similar 3D camera as the one described within this thesis [7].
They described patient off-centering of approximately 1.9 (+ 1.0) cm for both CT scans
of the chest and abdomen when positioning manually, which was comparable to the
results found in our study with 1.3 (+ 1.7) cm. Automatic patient positioning reduced
the average off-center positioning to less than 1 cm. This is in agreement with the results
found in our study as well.

Until now, very little is known about the influence of the breathing state on proper
patient positioning. We demonstrated differences of the ideal table height for CT scans
of the thorax between inspiration and expiration of on average 1.1 cm, but differences
of up to 2.4 cm were observed too. Additionally, we analyzed the influence of different
breathing states on the accuracy of automated (adult) patient positioning in thoracic CT
with a 3D camera. When both aninspiratory and expiratory CT scan are made, we recom-
mend the use of an expiratory planning image for the most accurate result. The 3D cam-
era planning images in Chapter 3 were obtained while the patient was free breathing,
which is similar to the current clinical routine workflow. So theoretically, more accurate
positioning can be achieved when an expiratory planning image is obtained. It must be
noted, however, that the mean difference was very small (0.2 cm) between the results
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obtained in Chapter 3 and 5. Therefore, for the sake of simplicity, the free-breathing
workflow seems more appropriate in clinical practice. Further research on accuracy of
patient positioning in abdominal CT is not recommended, as it is not likely that the dif-
ference in anterior-posterior abdomen size would be larger than for chest sizes.

Accurate positioning of pediatric patients can be even more challenging than position-
ing adults. As the median absolute table height deviation for all body parts combined
was approximately 1 cm (radiographers) and 0.4 cm (3D camera), we found deviations
up to 8 cm from the scanner isocenter as well when positioning manually. Median values
for off-centering of 2.5 to 3.5 cm below the scanner isocenter and deviations up to 5 cm
were reported by another study [8]. We demonstrated that extremes in deviation from
the isocenter were smaller for pediatric patients positioned with a 3D camera than for
positioning by radiographers (Chapter 3). Therefore, automated patient positioning is
recommended. The knowledge obtained from these studies (Chapter 3-5) may help in
the further development and improvement of the 3D camera system.

Off-center positioning: Image quality and radiation dose

We did not evaluate the effect of improper patient positioning on radiation dose and im-
age quality. We know from previous studies that off-centering patients in a CT scanner
may influence IQ and radiation dose. Monte Carlo simulations in a phantom study already
showed relative organ dose differences above 7% when a patient was more than 2 cm
off-center [9]. Off-centering more than 4 cm resulted in organ dose differences around
20%. A change in CT number, expressed in Hounsfield units (HU), is expected in patients
and may be more pronounced in obese patients, especially with improper positioning;
possibly affecting the diagnostic accuracy. Interestingly, an absolute CT number change
for the anterior versus the posterior part of an anthropomorphic thorax-abdomen
phantom was observed in a study when off-centering with 10 cm and applying AEC
[6]. Another study demonstrated that more than 4 cm off-center positioning may result
in up to 15 HU decrease for the mid thorax [6]. Additionally, a 20 HU change when off-
centering 6 cm was reported. A wide variation and inconsistency in off-centering may
influence diagnostic confidence due to less effective working of AEC and bowtie filters.
Nevertheless, it is hard to draw conclusions based on reported average off-centering
values only, as the impact of reduced 1Q depends on the referral question(s), the body
part examined and the general acceptance by radiologists.

Most protocols have a certain bandwidth of acceptable noise levels, since there is a
certain level of image noise variation when imaging different body types, like slim and
obese patients [10-12]. Consequently, this allows for small deviations from the ideal
table height as well. A recent article by Ria et al. addressed a certain bandwidth in noise
change [13]. They demonstrated a noise variation of approximately 5 HU for patients
with the same size. The variation was observed for different scan protocols, scanner
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systems and for different patient diameters. Additionally, they demonstrated different
trends in terms of noise magnitude across patient diameter when applying different
implementations of AEC.

The current table height position suggested by the 3D camera is such that the patient
and scanner isocenter coincide, aiming for an optimal working of the AEC. During the
study presented in Chapter 3, a cardiac subset (n=63) was also assessed for the table
height for optimal temporal resolution, i.e. when the heart isocenter coincides with the
scanner isocenter. The results were included in the Appendix of Chapter 3. We found
that the ideal cardiac table height was a median of 37.8 (interquartile range: 8.2) mm
lower than the height for optimal AEC performance. Therefore, cardiac CT may benefit
from more “knowledgeable” scanners with the aid of the body contour detection system
and taking the isocenter of the organ of interest into account. After all, for optimal tem-
poral resolution, the heart isocenter should coincide with the scanner isocenter.

As the 3D camera positions patients better than radiographers, more consistent im-
age quality and diagnostic accuracy is expected. Altogether, the large deviations found
when positioning patients manually and the overall preferred consistency of diagnostic
confidence in the population, argue for the use of a 3D camera.

Potential of a 3D camera in CT

In a medical world with continuously emerging technologies, it can be difficult to keep
up with the latest developments. Added to this is an increase in workload and a demand
for high quality images and reports. As the recent outbreak of the coronavirus disease
COVID-19 (SARS-CoV-2) [14] also demonstrated, there is a need for automation and,
like in this pandemic, minimal contact with patients during the scanning procedure for
protection of the radiographers. A study demonstrated that artificial intelligence (Al)
empowered image acquisition, with a 3D camera identical to the one discussed in this
thesis, can significantly help to automate the scanning procedure and reshape the work-
flow, minimizing physical contact to patients [15]. This may also lighten the workload for
radiographers.

As nowadays the individual profile of the patient geometry derived from a 3D camera
is primarily used for accurate patient positioning, patient height and weight are impor-
tant clinical parameters that could be derived from the camera images as well. Tailoring
contrast injection protocols to an individual patient can be difficult in clinical routine,
especially when contrast media administration has to be manually adapted to a wide
variety of patient characteristics [16, 17]. In addition, injection protocols have to be
adapted to CT scanner type and type of exam. This might be challenging. A logical next
step in deploying a 3D camera would be the determination of a patient and CT study
specific contrast injection protocol.
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PATIENT SCANNINGIN CT

One of the major developments in CT was the introduction of spiral CT that enabled
faster scan times. Especially developments like multi-detector, dual source CT (DSCT)
and the dynamic collimator opened up possibilities in challenging pediatric imaging
cases, as described in Chapter 6 and 8. The dual source mode is preferred in imaging
of (very young) children because of the improved temporal resolution and the ability to
scan with a high pitch (3.0) to reduce scan time and decrease motion artifacts. However,
with increasing pitch, the overranging dose increases too. Previous studies described
the impact of the overranging dose, but only assessed it in single source CT scanners.
Consequently, the used pitch values were lower than in our study (Chapter 8) [18, 19].
Nevertheless, the results of these studies corresponded well with the results of the 2™
generation DSCT described in our study: the efficacy is higher with low pitch values. In
addition, less overranging dose is blocked when applying a high pitch: only 10% efficacy
remains at a pitch of 3.2. Fortunately, a reduced radiation dose was observed thanks to
improved dynamic collimator efficacy (Chapter 8). Even at high pitch mode, the dynamic
collimator of the 3™ generation DSCT blocked approximately 60% of the overranging
dose. Nevertheless, we demonstrated that still a higher efficacy was achieved in dual
source mode (76%) when lowering the pitch to 1.55. As most of the dose reduction tools
available have to be selected and set by the users and saved in scan protocol settings,
some are available or applied automatically in the background, like the dynamic collima-
tor. Given the above facts and with this new insight of the dynamic collimator efficacy,
a knowledge base could support the user in using the most appropriate protocol: One
with the fastest scan option for non-cooperative patients by using the fastest rotation
time, widest longitudinal collimation, and the highest pitch. Secondly a protocol with a
lower pitch and the highest dynamic collimator efficacy when motion is not of concern.

By applying several technological improvements, a DSCT is able to acquire motion
free images of pediatric patients (Chapter 6). A DSCT high pitch mode allows for low
radiation dose without impairing 1Q for diagnosis in congenital heart disease [20].
However, ECG-triggered high pitch scanning may lead to unsatisfactory 1Q in coronary
arteries due to a relatively short time window available with high heart rate to cover
the entire heart motion free within one R-R interval [20]. The use of an ECG-triggered
prospective mode may be a robust alternative. A prospective ECG-triggered scan
protocol with an absolute scan time in milliseconds (ms), instead of the relative scan
method in percentage (%), prevents an increase in radiation dose (Chapter 6) and
the technique was previously described as suitable for coronary artery imaging [21].
Despite our results being based on clinical practice only, rather than a controlled clinical
study, the scan method described within this thesis seems from a technical perspective
more robust compared to their approach, as we provided scan windows for six heart



General discussion

rate groups (Chapter 6). Either way, the prospective scan mode has no overranging, as
this is a static image acquisition technique. The wider acquisition window as discussed
in Chapter 6 seems from a technical perspective more appropriate in achieving an
optimal visualization of the coronary arteries. Hereby, contrast injection tailoring to
the individual patient is challenging, especially with congenital anomalies in pediatric
patients. A study described the same injection flow rates as we suggested in Chapter
6 [22]. Additionally, they provided information about the injection site having a slight
impact on 1Q and radiation dose. The latter was in accordance with our results were we
highlighted an increase in radiation dose due to a longer bolus tracking time when a
long route from injection site to the heart was used.

As highlighted in this chapter, technological developments may come with challenges
to implement them properly in clinical practice. Thereby, not all the possibilities of a CT
scanner are always known to all users. In order to use the full potential of a CT scanner,
optimization is achieved by human interaction and by incorporating and implementing
newly provided technological developments. By doing so, a “knowledgeable” CT scan-
ner may be of support in optimization of a CT exam.

IMAGE RECONSTRUCTION IN CT

Changing an acquisition or reconstruction technique (Chapter 7) requires understand-
ing of its influence on 1Q, radiation dose and, in case of quantified data like the Agatston
score method, the impact on the prognostic value. Quantification of coronary artery cal-
cifications (CAC) to predict cardiovascular risk is often performed by using the Agatston
score method [23]. The Agatston score is validated on CT scans acquired with 120 kV,
3mm thick slices reconstructed with filtered backprojection and 130 HU as the threshold
for calcifications. Several strategies in data acquisition and image reconstruction to
reduce the radiation dose, while preserving the Agatston score and its risk assessment
potential, have been introduced over the years [24-28]. However, adaptations made in
the CAC scoring protocol often have an influence on detectability of small coronary
calcifications. This has been demonstrated before in e.g. applying a different patient
scanning technique, like spectral shaping by a tin filter [26]. Improvements by adapt-
ing the HU threshold for increased CT numbers of calcium when varying tube voltage
have been demonstrated as well [24]. In this thesis, it was shown that a new reconstruc-
tion method, fully integrated within the standard image reconstruction interface, in
combination with automatic selection of tube voltage allowed for a dose reduction.
However, less consistency was observed with small, low-density calcifications. Other
studies described possible affected quantification of CAC as well when applying a new
reconstruction technique, like iterative reconstruction [29, 30]. With this knowledge,
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it remains important to validate technological developments, as improvement is not
guaranteed without additional adaptations.

FUTURE PERSPECTIVES FOR A“KNOWLEDGEABLE” CT SCANNER

In this thesis, it was shown that first steps have been taken to make a CT scanner more
“knowledgeable”. With new technologies on the horizon, the number of adjustable
acquisition and reconstruction parameters continues to increase and many of these
parameters are interrelated. This makes optimization even more difficult. Nevertheless,
every step forward is one-step closer to the optimal scan protocol and personalized CT
scan.

Incorporation of “smart” technologies or Al is not limited to performing a CT scan. For
instance, relevant (patient) information provided by referring physicians for CT examina-
tions, the patient scheduling, or information to prepare patients for a CT exam could pos-
sibly be integrated in the patient management system. Especially in the area of medical
image analysis, there is a profound role for these “smart” technologies, supporting the
use of “big data”to achieve personalized medicine. An example of upcoming challenges
in optimization a CT exam is photon counting CT (PCCT). PCCT is likely able to extract
quantitative imaging biomarkers from biological tissues and improve visualization of
anatomy and pathology. This requires a large storage capacity to reconstruct and anal-
yse the (raw) data. Consequently, this may require additional algorithms in processing
the high amount of data and the deployment of PCCT and other new technologies in
clinical practice.

Al driven workflow may support the optimization process of a CT exam by assisting
the users with automation, efficiency and accuracy. Additionally, it may contribute to
the development of a “knowledgeable” CT scanner. Therefore, applications of Al need
to have a prominent role within the data acquisition, data (post-)processing, material
decomposition and the image analysis domain. Prominent does not mean dominant. Al
causes changes and changes are often received with fear. In general, Al is still seen as a
“new frontier” and futuristic, but scenarios with computers taking over like “HAL9000”
in “2001: A Space Odyssey” [31] or “The Matrix” [32] are, most likely, unfounded. Nev-
ertheless, it is without a doubt that Al will change our life and work, most likely with
great benefits, but also pitfalls. However, it cannot and should not replace properly
educated operators. The user’s knowledge remains essential in successful optimization
of a scanning protocol. In addition, humans can easily adapt to (exceptional) situations
that deviate from common cases or circumstances, where Al may perform less in such
a situation. For example, in patients with physical constraints or (non-cooperative)
pediatric patients. Users should therefore not rely completely on the technologies, nor



General discussion

should they mistrust their capabilities. As a professor in Al (Toby Walsh) already stated:
“l think the things we should be fearful of are actually not the intelligent machines,
but the stupidity of machines. And that we'll be giving responsibility to machines that
don't have the appropriate intelligence.”[33]. Knowledgeable solutions like Al should be
embraced, as they can be an important factor in assisting medical healthcare workers.
In addition, a high knowledge base among the users of intelligent machines is essential
for the (future) development and correct application of Al. Human interference and
interaction by data normalization and (neural network) training on clinical datasets will
further optimize machine analysis and accuracy. Along these lines, accuracy, efficiency
and most of all, optimization can be achieved. An example in radiology and nuclear
medicine is machine learning for automatic analysis, image-based diagnosis, disease
prognosis, and tissue segmentation. Perhaps the biggest strength and profit lies in the
opportunity of man-computer symbiosis, in which man and machine interact [34]. The
man-machine symbiosis was first described by Licklider [35]. He argued for cooperation
between a human user and a machine in fast decision making and controlling complex
situations. Most likely, we are on the eve of such symbiosis as Al is integrated more and
more in the daily practice of medical imaging [36]. The merge of knowledge obtained
by man and machine will create ample opportunities for a “knowledgeable” CT scanner.
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Summary

The aim of this thesis was to evaluate the performance and accuracy of several tech-
nological advancements within the CT acquisition chain. Hereby, the influence of
“patient positioning”, “scan and contrast injection tailoring to the individual patient’,
“patient scanning” and “image reconstruction” on scanning protocol optimization was
highlighted. An overview of technological developments over the past five decades
was presented and considerations in optimization within the imaging chain, whether
or not based on artificial intelligence (Al) software, were discussed. The accuracy of an
automated patient positioning system was explored and further protocol optimization
by technological developments in data acquisition and data (post-)processing was as-
sessed. While the optimization process executed by humans can be time consuming
and prone to errors, the process can be automated, standardized and reproducible with
the aid of technological developments. Thereby, a knowledge base can be used to make
the best use of the latest innovations for a given diagnostic question and could support
the user in using the most appropriate protocol. Overall, these technological develop-
ments provide increasingly accurate and optimized CT exams. From these findings the
development of a“knowledgeable” CT scanner are presented.

Part | (Chapter 2) focused on the technological developments in CT over the past 50
years and their influence on radiation dose and image quality. In the early years of CT
scanning, technological developments were mainly introduced to reduce scan times,
while later the focus was more on optimization of the scanning protocol. At first, a CT
scan was performed with a stationary scanner table while the x-ray tube translated-
rotated around the patient. Exam times could be several minutes, and the slice thickness
was around 5-10 mm. The introduction of spiral CT in the late 1980s opened up new
clinical imaging possibilities, like imaging of complete sub volumes of the lungs in a
single breath hold. Another breakthrough came in the late nineties with multi-detector
CT. From then on, scanning protocols evolved to imaging large volumes with isotropic
image resolution, ECG-correlated image reconstruction, decreased scan times, and
radiation dose optimization with the aid of automatic exposure control (AEC). The in-
troduction of dual source CT (DSCT) and wider area detectors not only decreased scan
times, but also made dual energy or spectral imaging and dynamic scanning possible.
Within the optimization process, the user’s influence has increased, while automated
tools were integrated to assist in the optimization process. There is an interrelation
between radiation dose and image quality for many acquisition and reconstruction
parameters, making them more complicated to adjust individually and more difficult to
comprehend. Especially when they are part of automated algorithms and, likely, in the
near future controlled by Al. In the end, technological improvements and automated
tools, combined with attention to the human side by the radiographer, will lead to the
optimal scanning procedure.

177

10



178

Chapter 10

Part Il focused on the assessment of accuracy in automated patient positioning in
CT with the aid of a 3D camera for body contour detection. The importance of proper
patient positioning has not changed over the years. The image quality with respect
to spatial, contrast and temporal resolution are best at the center of the CT scanner,
due to the increased influence of the fan angle and bowtie filter at off-center positions.
Moreover, positioning of a patient away from the isocenter directly affects the patient’s
size and shape on a CT localizer radiograph. A magnified patient width on the localizer
subsequently increases the applied radiation dose when automatic exposure control is
applied. Vice versa, a reduced patient width on the localizer will decrease the applied
radiation dose and might result in suboptimal image quality. In Chapter 3, the accuracy
of automated adult patient positioning with a 3D camera for body contour detection
was assessed and compared to manual positioning by radiographers. Median (IQR) table
height deviation, for all body parts combined, was 13.2 (17.0) mm for patients (n=423)
positioned by radiographers and 6.1 (7.0) mm for patients (n=254) positioned by a 3D
camera (p<0.05). Therefore, a 3D camera for body contour detection allows for accurate
patient positioning and outperformed radiographers. The 3D camera demonstrated less
extreme deviations from the ideal table position for all body parts than was seen in the
group of patients positioned by radiographers. As the algorithm was not yet applicable
to pediatric patients, due to their different body proportions compared to adults, an
algorithm training was performed to improve this. With the adaptations made, auto-
matic positioning of pediatric patients was evaluated (Chapter 4). Optimal positioning
of pediatric patients can be quite challenging, partly because of the wide variation in
body proportions. In addition, it is more difficult to estimate the patient’s center when
they need to be placed in fixation aids such as a baby cradle or a vacuum cushion due
to lack of cooperation. It was concluded that a 3D body contour detection camera al-
lows for accurate positioning of pediatric patients in CT. The 3D camera can assist the
radiographer in positioning pediatric patients, especially in cases where no fixation aids
are used. Positioning patients in a fixation aid is feasible with a 3D camera, but evalua-
tion of possible improvements in positioning accuracy was limited by the small sample
size. Radiographers will continue to play an important role and remain indispensable for
optimization of radiation dose and image quality through optimized adult and pediatric
patient positioning. Especially in (exceptional) situations that deviate from common
cases, like in patients with physical constraints or non-cooperative patients.

In Chapter 5, the results of the influence of the kind of breath hold (inspiratory or
expiratory) on the positioning accuracy are presented. The results of this study demon-
strated a difference for the ideal table height between the inspiratory and expiratory
breathing state (p<0.05). The 3D camera allows for more accurate patient positioning
when the camera image and the subsequent CT scan are acquired in the same breath-
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ing state (p<0.05). It is recommended to perform an expiratory planning image when
acquiring a CT exam where both an inspiratory and expiratory thoracic scan is required.

Part lll focused on improvement of CT acquisition and reconstruction techniques by
using several technological developments.

Cardiovascular CT acquisition protocol development and optimization in pediatric
patients, including newborns, is often challenging. This is due to non-cooperative pa-
tients, the complexity and variety of diseases, small patient sizes and the relatively large
attention for dose minimization. Motion artifacts caused by voluntary and involuntary
motion are most frequently seen in cardiac imaging with high heart and respiratory
rates. In Chapter 6, the optimization of performing cardiovascular CT in pediatric pa-
tients with a DSCT is described. Options for acquisition and reconstruction optimization,
contrast agent injection and timing in children, and the possible effects of the optimiza-
tions on the radiation dose and image quality are highlighted. Despite excellent spatial
and temporal resolution, CT is generally not the modality of first choice for thoracic
cardiovascular evaluation in pediatric patients due to the use of ionizing radiation. Tech-
nological developments, like DSCT, have reduced radiation dose substantially. DSCT also
makes it possible to visualize the complex anatomy that helps determine the treatment
policy. For optimization of pediatric scan and injection protocols, it is not recommended
to“just copy”the parameters of adult protocols. Rather, optimization in pediatric CT pro-
tocols requires the knowledge and skills of a whole team, consisting of the radiographer,
radiologist and medical physicist, to optimize CT scans in pediatric patients.

Quantified image data is often used in the analysis of CT scans. If adjustments are
made in the scanning and reconstruction domain, other than required for the quantified
data, the quantification might be affected. In Chapter 7, a new reconstruction method
used in the quantification of calcium in the coronary arteries was assessed. The most
common strategy of quantifying coronary artery calcifications is using the coronary
calcium score (CACS) with the Agatston method. Recent guidelines still adhere to the
fixed tube voltage of 120 kVp in combination with an imaging method using filtered
back projection (FBP), or iterative reconstruction with 100 kVp acquisition (after site and
literature validation). However, there is an important argument for the use of lower, or
even patient specific, tube voltages: the need to reduce the radiation dose. Lowering the
tube voltage may decrease the radiation dose in CACS at the expense of inconsistent
scores because CT numbers, expressed in Hounsfield units (HU), are energy dependent.
In this case, the standard calcium score threshold should be made tube voltage specific.
By introducing a new reconstruction technique, the so-called “calcium-aware image
reconstruction’, it should be possible to scale calcium CT numbers according to the CT
numbers that would have been measured at 120 kVp. This should make it possible to
obtain images with a reduced radiation dose while maintaining the Agatston score and
risk assessment potential. The conclusion of the study is that the calcium-aware recon-
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struction technique allows for consistent CT numbers with comparable calcium scores
when varying the tube voltage. Less consistency was observed with small, low-density
calcifications. Automatic reduction of the tube voltage resulted in a dose reduction of
up to 22%.

With the introduction of spiral CT and the continuously increasing detector, the
overranging effect increased too. Hereby, the radiation dose to the patient increased.
In Chapter 8, the efficacy of a renewed dynamic collimator in a third-generation dual
source CT (DSCT) scanner was assessed and the improvements compared to the second-
generation scanner were determined. The results of the study demonstrated that over-
ranging dose is to a large extent blocked by the dynamic collimator and the efficacy is
strongly improved within the third-generation DSCT scanner. Especially when using fast
scan speed, i.e. a high pitch value, often used in imaging of pediatric patients, optimiza-
tion in radiation dose is obtained with the use of the renewed dynamic collimator.

CONCLUSIONS

In conclusion, technological advancements, like a 3D camera for body contour detec-
tion, allows for a patient specific CT examination and assist users with the deployment
of new technologies. Advantages and disadvantages of several insights in the CT scan
protocol optimization were highlighted. Accurate positioning with the aid of the 3D
camera has potential advantages in optimization of radiation dose and IQ. Therefore,
consistent diagnostic accuracy is to be expected, as deviations were smaller within the
groups of patients positioned with the aid of a 3D camera. Optimization was achieved by
incorporating and implementation of newly provided technological developments and
building of a knowledge base. Knowledgeable solutions like Al should be embraced, as
they can be an important factor in assisting medical healthcare workers. For instance,
Al empowered image acquisition may help to automate the acquisition procedure and
reshape the workflow. This may also lighten the workload of radiographers. In addition,
a high knowledge base among the users of intelligent machines is essential for the de-
velopment and correct application of Al. The human side remains necessary for further
optimization in clinical practice and for future developments. Therefore, optimization is
achieved by deploying smart technologies and by merging of knowledge obtained by
man and machine, creating opportunities for a “knowledgeable” CT scanner. Ultimately,
this may lead to a symbiosis between man and machine.
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DUTCH SUMMARY (NEDERLANDSE SAMENVATTING)

Computertomografie (CT) scans worden ingezet om meer inzicht te verkrijgen in ziekte-
beelden. Sinds de introductie van de techniek begin jaren 70 van de vorige eeuw, zijn er
vele technologische ontwikkelingen geweest binnen de CT, met name op het vlak van
scansnelheid, resolutie en stralingsdosisreductie. Hierdoor is het aantal parameters en
diverse keuzemogelijkheden bij het instellen, vervaardigen en uitrekenen van de CT-
beelden sterk toegenomen. Daarnaast zijn deze parameters vaak aan elkaar gerelateerd,
waardoor het lastiger is deze individueel aan te passen en de invloed van de aanpas-
singen op de beeldkwaliteit en dosis te begrijpen. Hierdoor is optimalisatie van CT-scans
voor de individuele patiént vaak een uitdaging. Kunstmatige intelligentie (in het Engels:
artificial intelligence (Al) genoemd) en geavanceerde software zouden kunnen bijdragen
aan het”slimmer” maken van CT-scanners (in het Engels: the “knowledgeable” CT-scanner
genoemd). Dit maakt het mogelijk om het scan- en reconstructieproces meer te auto-
matiseren, standaardiseren en reproduceerbaar te maken. De CT-scanner ondersteunt
hierbij als het ware de uitvoerders van CT-scans in het maken van beslissingen, het
accuraat uitvoeren van een CT-scan en het analyseren van beelden. Dit proefschrift
beschrijft de prestaties en nauwkeurigheid van verschillende technologische ontwik-
kelingen binnen de keten van een CT-onderzoek. Hierbij worden de ontwikkelingen op
het gebied van patiéntpositionering, het scannen van een patiént en het aanpassen van
het contrast voor een individuele patiént en de beeldreconstructie uitgelicht. Daarnaast
wordt de invloed van de technologische ontwikkelingen op het optimaliseren van een
patiént specifiek CT-onderzoek belicht.

In deel I (Hoofdstuk 2) worden aan de hand van een literatuurstudie de ontwikkelin-
gen van de afgelopen 50 jaar en hun invloed op de stralingsdosis en beeldkwaliteit
beschreven. In de beginjaren van CT werden vooral technologische ontwikkelingen
doorgevoerd om de scantijden te verkorten, terwijl later de focus meer op optimalisatie
van het scanprotocol lag. In eerste instantie werd een CT-scan uitgevoerd met een
stationaire scannertafel, terwijl de réntgenbuis rond de patiént van positie veranderde
door een combinate van translatie en rotatie. De scantijd bedroeg enkele minuten en
de “plakdikte” van het beeld was ongeveer 5-10 mm. De introductie van spiraal CT aan
het eind van de jaren tachtig van de vorige eeuw zorgde voor nieuwe mogelijkheden,
zoals het verder verkorten van de scantijd waardoor een CT-scan van de longen na één
ademteug in zijn geheel vervaardigd kon worden. Een andere doorbraak kwam eind
jaren negentig met de introductie van multi-detector CT waarbij er meerdere rijen met
detectoren naast elkaar geplaatst zijn. Hierdoor werd het mogelijk langere afstanden te
scannen in dezelfde tijd, dan wel dezelfde afstand in kortere tijd. Doordat de detectoren
ook steeds kleiner werden, werd het mogelijk om een hogere resolutie te behalen en
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werd het mogelijk om bijvoorbeeld gedetailleerde beeldvorming van de bloedvaten
te verrichten. ECG-gecorreleerde beeldreconstructie maakte daarbij afbeeldingen van
de kransslagaders mogelijk. De introductie en verdere ontwikkelingen in automatische
dosismodulatie zorgde voor een verdere optimalisatie van de dosis en beeldkwaliteit.
De introductie van dual source CT (DSCT) en detectoren met een nog groter bereik in de
longitudinale richting verminderde niet alleen de scantijden nog verder, maar maakte
ook respectievelijk spectrale (dual energy) beeldvorming en dynamisch scannen moge-
lijk.

Binnen het proces van optimaliseren van een CT-scan is de invloed van de gebruiker
toegenomen en tegelijkertijd zijn geautomatiseerde tools geintegreerd om hierbij
helpen. Er is een verband tussen stralingsdosis en beeldkwaliteit voor veel acquisitie- en
reconstructieparameters, waardoor het ingewikkelder wordt om ze individueel aan te
passen en te begrijpen. Vooral als ze deel uitmaken van geautomatiseerde algoritmen
en in de nabije toekomst waarschijnlijk worden aangestuurd door kunstmatige intel-
ligentie. Uiteindelijk zullen technologische verbeteringen en geautomatiseerde tools,
gecombineerd met aandacht voor o.a. de menselijke kant door de medisch beeldvor-
mend deskundige (MBB'er), leiden tot de optimale scanprocedure.

Deel Il richt zich op de beoordeling van de nauwkeurigheid van geautomatiseerde pati-
entpositionering met behulp van een 3D-camera. Een juiste (centrale) positionering van
de patiént in de CT-scanner is 0.a. nodig voor het optimaal functioneren van automati-
sche dosismodulatie en van de buisfilters (de zogenaamde “bowtie filters”). De hoogte
van de CT-tafel wordt idealiter zo ingesteld dat het isocentrum van de scanner precies
samenvalt met het isocentrum van de patiént; de zogenoemde optimale tafelhoogte.
Als een patiént hoger of lager dan het isocentrum van de scanner gepositioneerd is,
dan wordt de patiént op de planningsréontgenfoto (vervaardigd voorafgaand aan iedere
CT-scan) vergroot of verkleind weergegeven. Hierdoor wordt de stralingsdosis die door
de automatische dosismodulatie wordt toegepast, verhoogd of verlaagd, wat kan leiden
tot respectievelijk een suboptimale beeldkwaliteit of een onnodige dosisverhoging. Het
instellen op de optimale CT-tafel hoogte (en dus de positie van de patiént in de scanner)
is in sommige gevallen lastig voor de MBB'er. Recent is automatische patiéntpositio-
nering beschikbaar gekomen met behulp van een 3D-camera die is gekoppeld aan de
CT-scanner. Voorafgaand aan een CT-scan wordt een foto gemaakt middels het 3D-
camera systeem. Op basis van deze foto wordt een 3D-model van de patiént gemaakt
en is het mogelijk om de juiste positie van de patiént in de CT-scanner te bepalen. Het
doel van ons onderzoek was om de prestaties en nauwkeurigheid van dit systeem te
beoordelen. Verder is deze vergeleken met handmatige positionering door een MBB'er.
In Hoofdstuk 3-5 worden de resultaten besproken van ons onderzoek naar geautoma-
tiseerde patiéntpositionering middels het 3D-camera systeem. De resultaten behaald
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bij volwassen patiénten zijn gepresenteerd in Hoofdstuk 3. De mediane afwijking van
de optimale tafelhoogte, voor alle lichaamsdelen samen, was 13,2 mm (interquartile
range (IQR): 17,0) voor patiénten (n=423) gepositioneerd door MBB'ers en 6,1 mm (IQR:
7,0) voor patiénten (n=254) op de CT-scanners uitgerust met een 3D-camera (p<0,05).
Hieruit werd geconcludeerd dat de 3D-camera in staat is om patiénten accuraat te posi-
tioneren. Daarnaast toonde de 3D-camera minder extreme afwijkingen van de optimale
tafelpositie dan gezien werd bij de groep patiénten gepositioneerd door MBB'ers. Het
algoritme dat gebruikt wordt voor de 3D-modellering van de patiént is voornamelijk
getraind op datasets van volwassen patiénten. Vanwege het verschil in lichaamsverhou-
dingen was het algoritme nog niet geoptimaliseerd voor pediatrische patiénten (kinde-
ren). Om het algoritme te verbeteren is er een additionele algoritmetraining uitgevoerd.
Hierna zijn de prestaties van de 3D-camera bij kinderen onderzocht (Hoofdstuk 4).
Optimale positionering van kinderen kan flink uitdagend zijn. Niet alleen door de grote
variatie in lichaamsverhoudingen, maar ook door het gebruik van fixatiemiddelen. Deze
worden voornamelijk ingezet bij hele jonge kinderen die minder coéperatief zijn en met
meer kans op beweging. Om beweging te beperken wordt er vaak gebruik gemaakt
van fixatiemiddelen zoals een speciaal voor CT onderzoek ontwikkelde babywieg of een
vaculimkussen. De conclusie van ons onderzoek was dat positionering met behulp van
een 3D-camera zorgt voor een nauwkeurige positionering, vooral in gevallen waarbij er
geen fixatiemiddelen gebruikt worden. Het positioneren van patiénten in een fixatie-
middel is mogelijk met een 3D-camera, maar de evaluatie van de nauwkeurigheid werd
beperkt door de kleine steekproefomvang. MBB'ers spelen sowieso een belangrijke
rol bij het positioneren van patiénten met fysieke beperkingen of niet-codperatieve
patiénten.

In Hoofdstuk 5 worden de resultaten gepresenteerd van het onderzoek naar de
invloed van een inademing of uitademing op de nauwkeurigheid van de voorgestelde
patiéntpositionering middels een 3D-camera. De resultaten van dit onderzoek lieten
zien dat er een verschil in optimale tafelhoogte is voor een inademing en uitademing
(p<0,05). Het onderzoek toonde aan dat het benaderen van de optimale tafelhoogte
het best bereikt kan worden wanneer het camerabeeld en de daaropvolgende CT-scan
worden verkregen in dezelfde ademhalingstoestand. Daarnaast wordt aanbevolen om
het 3D-beeld in uitademing te maken bij het vervaardigen van CT-scan van de thorax
(borstkas) waarbij zowel een inademing als een uitademing scan nodig is.

Deel Il (Hoofdstuk 6-8) richt zich op de invloed van technologische ontwikkelingen
binnen het acquisitie- en reconstructiegedeelte van een CT-onderzoek en het geven
van aanbevelingen voor het optimaliseren van scans met behulp van deze ontwik-
kelingen. In Hoofdstuk 6 is de optimalisatie van een cardiovasculair scan bij kinderen
beschreven. Hierbij zijn mogelijkheden voor acquisitie- en reconstructieprotocol
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optimalisatie, het belang van goede patiéntpositionering, contrastinjectie en timing
en de mogelijke effecten op de stralingsdosis en beeldkwaliteit benoemd. Ondanks de
uitstekende ruimtelijke en temporele resolutie is een CT-scan vaak niet de eerste keuze
voor thoracale en cardiovasculaire diagnostiek bij kinderen. We beschreven hoe kennis
van recente verbeteringen in DSCT enkele van de belangrijkste nadelen van CT, zoals de
stralingsdosis, hebben verminderd. Tevens maakt DSCT het mogelijk om de complexe
anatomie goed in beeld te brengen; wat weer verder kan helpen in het bepalen van
het behandelbeleid. Optimalisatie van CT-scans bij pediatrische patiénten wordt dan
ook voornamelijk behaald door de kennis en kunde van een heel team, bestaande uit
de MBB'er, radioloog en klinisch fysicus. Scan- en reconstructieparameters die gebruikt
worden voor volwassenen ‘gewoon kopiéren’ naar scanprotocollen voor kinderen wordt
dan ook niet aangeraden.

In CT-scans wordt vaak gebruik gemaakt van gekwantificeerde beelddata. Als er
aanpassingen gedaan worden in de manier van scannen of reconstrueren, dan heeft
dit invloed op de resultaten. In Hoofdstuk 7 wordt een nieuwe reconstructiemethode
beoordeeld die gebruikt wordt bij het kwantificeren van kalk (calcium) in de krans-
slagaders. De meest gebruikelijke manier voor het kwantificeren van verkalkingen in
de kransslagaders of coronaire slagaders is de Agatston coronaire calcium score (CACS).
Middels deze score is het mogelijk om aan de hand van de gemeten hoeveelheid
calcificaties een risico inschatting te maken op coronaire hartziekten. Recente richtlij-
nen houden (nog steeds) vast aan een buisspanning van 120 kVp in combinatie met
een reconstructiemethode die gebruik maakt van gefilterde terug projectie (filtered
backprojection, FBP). Volgens de richtlijnen van de “Society of Cardiovascular Computed
Tomography” kan een iteratieve reconstructietechniek met 100 kVp-acquisitie gebruikt
worden, mits deze gevalideerd is in het eigen instituut. Er is echter een belangrijk ar-
gument voor het gebruik van een lagere, of zelfs patiént specifieke, buisspanning: de
noodzaak om de stralingsdosis te verlagen door optimalisatie. Echter, het verlagen van
de buisspanning in CACS kan ten koste gaan van inconsistente calcium scores omdat CT-
nummers, uitgedrukt in Hounsfield-eenheden (Hounsfield units, HU), energieafhankelijk
zijn. Door de invoer van een nieuwe reconstructietechniek, de zogenoemde “calcium
bewuste beeldreconstructie”, is het mogelijk om CT-nummers van calcium te reconstru-
eren die zouden zijn gemeten bij 120 kVp. Hierdoor zou het mogelijk moeten zijn om
beelden te verkrijgen met een verlaagde stralingsdosis, terwijl de Agatston-score en het
potentieel van de risico inschatting behouden blijven. Ons onderzoek toonde aan dat,
dankzij de “calcium bewuste beeldreconstructie” techniek, nauwkeurigere CT-nummers
en vergelijkbare calcium scores behaald werden als bij de standaard buisspanning van
120 kVp. Echter, er werd minder consistentie waargenomen bij kleine verkalkingen met
een lage dichtheid. Automatische verlaging van de buisspanning resulteerde daarnaast
in een dosisverlaging tot 22%.
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Met de introductie van de spiraal CT en het steeds langer worden van de detector in de
lengterichting van de patiént, nam het zogenaamde “overstralingsgebied” (overranging)
toe. Hierdoor nam ook de stralingsdosis voor de patiént toe. Deze stralingsdosis kan
gereduceerd worden met een dynamische collimator voor de rontgenbuis. In Hoofd-
stuk 8 is de werkzaamheid van zo'n collimator in een derde generatie DSCT-scanner
onderzocht, waarbij er ook bekeken is of deze beter presteerde dan de dynamische
collimator in de tweede generatie DSCT-scanner. De resultaten toonden aan dat de ver-
beterde dynamische collimator ongeveer 50% van de overkoepelende dosis blokkeert.
In vergelijking met de scanner van de tweede generatie is de verbeterde dynamische
collimator beter in staat om de overranging dosis af te schermen, ook als er gebruik
gemaakt moet worden van een hoge scansnelheid.

CONCLUSIES

Technologische ontwikkelingen, zoals de 3D-camera en nieuwe beeldreconstructie-
technieken, helpen de gebruiker om een CT-onderzoek te optimaliseren voor een
individuele patiént. Nauwkeurige positionering met behulp van de 3D-camera heeft po-
tentiéle voordelen bij het optimaliseren van de stralingsdosis en de beeldkwaliteit. Een
3D-camera lijkt dan ook een consistente diagnostische nauwkeurigheid te bieden. Bij
het positioneren van zowel volwassenen als kinderen geldt dat MBB'ers een belangrijke
rol blijven spelen, vooral als het gaat om uitdagende patiénten zoals niet-codperatieve
patiénten.

Optimalisatie van een CT-scan zal bereikt worden door het implementeren van
technologische ontwikkelingen en door de ontsluiting van de door mens en machine
verkregen kennis, ondersteund door slimme technologieén. Als het ware door het “in-
telligenter” (“knowledgeable”) maken van een CT-scanner. Slimme oplossingen zoals Al
moeten worden omarmd, omdat ze een belangrijke rol kunnen spelen bij het helpen
van medische zorgverleners. Al-gestuurde beeldacquisitie kan bijvoorbeeld helpen
om de acquisitieprocedure te automatiseren en de huidige manier van werken op-
nieuw vorm te geven. Mogelijk verlicht dit ook de werklast. Daarnaast is kennis over
de werking van “intelligente” machines essentieel voor gebruikers om te zorgen voor
verdere ontwikkeling en correcte toepassing van Al. Over het algemeen leveren de
ontwikkelingen nauwkeurigheid, efficiéntie en de mogelijkheid om de blootstelling aan
straling te verminderen. De menselijke kant blijft echter noodzakelijk voor het verder
optimaliseren van processen in de klinische praktijk en bij toekomstige ontwikkelingen.
Optimalisatie wordt daarom bereikt door het inzetten van slimme technologieén en
door het samenvoegen van door mens en machine verkregen kennis, waardoor kansen
ontstaan voor een “intelligente” CT-scanner. De ontwikkelingen gepresenteerd in dit
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proefschrift tonen aan dat de eerste stappen in het proces tot een “perfecte symbiose
tussen mens en machine”zijn gezet, maar dat nog vele stappen zullen (moeten) volgen.
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(Inter)national conferences
- 1. RSNA 2017 (scientific poster presentation) 2017 1 ECTS
- 2.ECR 2018 (RC course) 2018 1 ECTS
- 3 SSCT Texas (poster presentation) 2018 1 ECTS
- 4.Radiologendagen (two oral presentations) 2018 2 ECTS
- 5.NVMBR CT symposium (two oral presentations) 2018 2 ECTS
- 6.Talk @ CTatSea2018 in Helsinki, Finland 2018 2 ECTS
- 7.Seminar master MIRO Haarlem 2018 2 ECTS
- 8.Parkstad CT Symposium Heerlen 2018 2 ECTS
- 9.Kinder CT Congres (organization and presentation) 2019 2 ECTS
- 10. ECR 2020 (Online congress; RC course) 2020 1ECTS
Other
- Several obligated e-learnings and practical training like BLS, 2017-2020 2 ECTS

Coaching, patient safety, etc.

191

10



192

Chapter 10

2.Teaching
Year Workload
(Hours/ECTS)

Lecturing

- Masterclass “CT(A) Thoracic and Cardiac imaging in 2017-2020 135 hours
Child and Adult at Emrin and Inholland

- Post-graduate courses at Emrin and Fontys 2017-2020 120 hours

- CTTechnique courses for Bachelor CT students at 2017 10 hours
Zorgacademie Rotterdam

- Clinical courses at Erasmus MC 2017-2020 40 hours

- E-learning lecture + multiple choice questions ESR 2018 10 hours
“Education on Demand”

- Post-graduate course CT in Curagao 2020 70 hours

Supervising practicals and excursions, Tutoring

- Radiographers (students) in scientific presentations 2017-2020 70 hours
and teaching courses (practicals and educationals)

Teaching experience

«  Setting up learning units and objectives of the theoretical and practical 2007
learning programme of Computed Tomography for the InService education of
radiographers at the Zorgacademie Erasmus MC, Rotterdam
Teacher of Computed Tomography in clinical practice at the Erasmus MC for Since 2007
radiographers, physicians, radiologists and (medical) students

«  Teaching postgraduate education in multislice CT at Emrin and providing 2011-2018
masterclasses in CT(A) Thorax and CTA Cardiac (adult & child).
Providing In-company training in almost every CT aspect preferred Since 2013
Teaching at Master Medical Imaging and Radiation Oncology in multislice CTat ~ Since 2015
InHolland university of applied science, providing lessons in CT(A) Thorax and
CTA Cardiac (adult & child)
Invited lectures in CT at the St. Elizabeth ziekenhuis/ Curacao Medical Center 2020
provided by Fontys Hogescholen.
Invited lecturing at CT Learning in CT(A) Thorax and CTA Cardiac pediatrics 2020
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Supervising Master’s theses
Lifelong learning programme Erasmus subprogramme. Multiple thesis guidance (2008-2010):

o "Reduction of dose to the female breast with the use of partial and tube current modulated (X-CARE) CT
examinations: a phantom and patient study overview”

o "The effects of different adaptations of AEC system on patient dose and image quality varying patient
size”

o “Evaluation and recommendations on image quality and dose with the use of partial CT scanning”

«  Afstudeerscriptie MBRT Fontys Hogescholen: “Low voltage, high advantage” door Khang Vu, Korstiaan
Spruijt, René Charan (juni 2011)

Afstudeerscriptie MBRT Inholland Hogescholen: “Low dose, high advantage!?” door Marlies van der Geer,
Roeli Zandvliet, Mariélle Brusse (augustus 2012)

«  Afstudeerscriptie MBRT Fontys Hogescholen: “Toepassingen van verschillende sterkten van de mAs-
aanpassingscurve” door Merel Albers (juni 2012)

«  Afstudeerscriptie MBRT Fontys Hogescholen: “Toepassingen van verschillende sterkten van de mAs-
aanpassingscurve bij een CT-onderzoek van volwassen thorax-fantomen” door Barbara Brérmann (juni
2012)

«  Afstudeerscriptie MBRT Inholland Hogescholen: “Metaalartefactreductie in het KNO gebied” door Alle
Minnema (augustus 2014)

Afstudeerscriptie Communication and multimedia design, Avans university of applied sciences te Breda:
“Fixation in Computed Tomography” door Katie Verschueren (mei 2020)

Other

International Congress participations:

2005 RSNA (Chicago)

2007 SOMATOM World Summit (Berlin)

2009 SOMATOM World Summit (Valencia)

2010 ECR (Vienna) and ISCT (San Francisco)

2011 ECR (Vienna)

2011 RSNA (Chicago)

2012 RSNA (Chicago)

2013 ECR (Vienna)

2013 RSNA (Chicago)

2014 ESPR (Amsterdam)

2014 RSNA (Chicago)

2015 ECR (Vienna) invited lecture

2016 ECR (Vienna) invited lecture

2017 RSNA (Chicago) scientific presenter

2018 ECR (Vienna) invited lecture

2019 ECR (Vienna) scientific presenter

2020 ECR (Vienna) invited lecture (online congress) 10
(Co-)author of several publications and educational/scientific contributions and regular contributor/speaker at
(inter) national symposia like Parkstad (two oral presentations October 2, 2015; one oral presentation October 5th
2018), Dag van Marc (February 10, 2015), NVMBR jaarcongres (2014, 2015, 2018), Radiologendagen (2018), ECR,
and RSNA

Leading organization member of the “Pediatric CT Congres” as owner of Nederlands CT Netwerk, January 12,
2019, Rotterdam

Awards and honors

«  Certificate of Merit at RSNA, Chicago, Dec. 2011

«  Education award 2011, Erasmus MC, Rotterdam, Dec. 2011
Winner of the international Right Dose Excellence Award 2013, category “Trauma’, Siemens Right Dose
Image Contest, Chicago, Dec. 2013

- Certificate of Merit at RSNA, Chicago, Dec. 2014
Employee of the year, Erasmus MC, Rotterdam, Dec. 2016
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Reviews

Reviewer for NVMBR, Digital Magazine “MBB'er in Beeld” sinds 2016

Reviewer for Journal of Cardiovascular Computed Tomography (JCCT) October 2016
Reviewer for European Radiology January and June 2020

Reviewer for European Journal of Radiology October 2020

Committees
June 2016 — October 2017 EFRS expert committee member for Medical Imaging

(represent: Computed Tomography)

Contributor to EFRS European Paediatric Dose Collection project (EPDC)
Funding

Individual project agreement (IPA) with Siemens Healthineers: Projects regarding the 3D camera supported
workflow at the CT scanner
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Beste lezer,

Dank voor het lezen van mijn proefschrift! Of ben je stiekem hier begonnen ©? Dan
wil ik je alsnog uitnodigen om de andere delen van dit boek te lezen. Al is het maar
de discussie en de Engelse of Nederlandse samenvatting. Maar zonder gekkigheid...De
inhoud van dit boekje was niet tot stand gekomen zonder de hulp van diverse mensen.
Mijn dank is dan ook groot! Een aantal wil ik hieronder in het bijzonder bedanken.

Allereerst mijn promotor. Professor Krestin, graag wil ik u bedanken voor het mogelijk
maken om als eerste radiologie laborant (MBB’er) in Nederland te mogen promoveren.
Ik herinner mij ons gesprek na het kerstfeest van 2012 nog goed. U was direct bereid
een PhD traject te steunen, maar u gaf ook terecht aan dat ik eerst maar eens moest
proberen een artikel te schrijven. Kijken hoe ik dat proces, met kans op diverse tegen-
slagen, zou vinden. De gevolgde master en het daaropvolgende PhD traject heb ik als
buitengewoon interessant en leerzaam ervaren. Mijn dank aan u is groot!

Professor Prokop, ik ben bijzonder vereerd dat u deel uitmaakt van mijn promotiecom-
missie! Uw naam was een van de namen waar ik eind jaren negentig van de vorige eeuw
als MBB'er op de CT-scan mee in aanraking kwam. Uw boek “Computed Tomography of
the Body” heb ik dan ook veelvuldig ingekeken. Dank voor het verder aanwakkeren van
mijn “liefde” voor CT.

Professor van der Lugt, beste Aad, ik vind het prachtig om te zien hoe je bent uitgegroeid
tot hoogleraar! Ik waardeer het heel erg dat je altijd even tijd neemt om samen te zitten
bomen over mijn ambities of ideeén, dan wel even wat te overleggen. Bedankt!

Professor Tiddens, beste Harm, dank voor het deelnemen aan de kleine promotiecom-
missie. Onze samenwerking gaat inmiddels alweer meer dan tien jaar terug. Je bent
altijd geinteresseerd geweest in de mogelijkheden van CT en vooral ook in hoe we de
meeste informatie uit de plaatjes kunnen halen. Ik hoop nog jaren met je te kunnen
werken!

Hartelijk dank ook aan de leden van de grote commissie: Prof.dr. Wiro Niessen, prof.dr.
Natasja de Groot en dr. Marcel Greuter voor de bereidheid om met mij van gedachten te
wisselen over dit proefschrift.
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Mijn copromotoren, dr. ing. Marcel van Straten en dr. Ricardo Budde. Jullie zagen het
zitten om een MBB’er te gaan begeleiden tijdens het PhD-traject. Ik wil jullie dan ook
danken voor jullie inzet en de uitstekende begeleiding! Ik heb erg genoten en veel
geleerd van deze periode en dat is voornamelijk jullie verdienste. Dank!

Beste Marcel (van Straten), we ontkomen er op de afdeling niet aan omwille van de dui-
delijkheid je voornaam te vergezellen van een achternaam. Als fysicus van onze afdeling
hadden we al nauw contact en deze samenwerking is alleen maar intenser geworden
tijdens mijn PhD traject. Ik heb veel respect voor je nauwkeurigheid en je geduldig
gegeven (en soms standvastige) feedback. Natuurlijk waren al die rode markeringen
in een manuscript niet altijd leuk; ze waren wel effectief en scherp. Ik kijk ernaar uit om
onze samenwerking verder te continueren en verder uit te bouwen.

Beste Ricardo, jij bent medeverantwoordelijk voor het kickstarten van dit PhD traject. Na
het behalen van een certificate of merit (RSNA 2014) stelde jij voor dat ik het educational
eens in een artikelvorm zou proberen te gieten. Dit resulteerde uiteindelijk in mijn eerste
paper als “eerste auteur” Ook jij was altijd scherp, had goede feedback en mede middels
jouw suggesties zijn de papers naar een hoger niveau getild. Dank!

Mijn paranimfen Joyce Kazmierczak en Marcel Dijkshoorn! Onze goede band gaat al
terug naar het begin van mijn carriére in het Dijkzigt! Jullie zijn veel meer geworden
dan collega’s. Wat hebben wij mooie tijden beleefd: Rock Werchter, Pinkpop, diverse
concerten, verjaardagen, uitgaan en ga zo maar verder. Laten we hopen dat we in het
“Post-COVID-tijdperk” weer vele mooie momenten met elkaar gaan beleven.

Lieve Joyce, jij bent ondertussen al vele jaren een vriendin. Ondertussen niet alleen meer
van mij, maar ook van Sandra en de kinderen (tante Joyce). Mijn waardering en respect
voor jou is groot. Je hebt genoeg voor je kiezen gehad en bent meer dan een sterke
vrouw. Ik ben dan ook verheugd dat je in Gedeon een toffe gozer en fijne partner hebt
gevonden! Dank voor de persoon die je bent! Mij rest nu alleen nog maar het volgende
woord: Proost!

Marcel! Ook jij bent al weer twee decennia meer dan een collega. Ik heb altijd genoten
van onze momenten al discussiérend over de CT. Zelfs tijdens privé momenten kwam
dat mooie woord (CT) altijd wel een keer (of honderd) ter tafel. Ik heb in jou een gelijke
(lees: vakidioot) gevonden! Maar ook zonder gesprekken over de CT is het natuurlijk
gezellig met je. Ik hoop dat we nog vele jaren samen het gebied van CT mogen blijven
ontdekken en wie weet kunnen we zelfs de weg plaveien voor verdere ontwikkelingen
en implementaties!

Niels van der Werf, eigenlijk kan ik met een woord af: “Mand!”
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Maar ja...dat is weer zo kort. Je weet dat ik daar niet van houd ©. Een paar jaar geleden
kwam je bij ons op de afdeling werken. Ik heb altijd genoten van onze (helaas de laatste
tijd schaarse) koffie momenten. Even bijkletsen over thuis en natuurlijk over die ...
kalkjes. Ik heb de momenten van sparren en analyseren en scannen en analyseren en
scannen en... als waardevol, maar ook als gezellig ervaren. Een steekje onder water en
het terug plaatsen ervan, dan wel een woordgrap waren aan jou wel besteed. Dank voor
je hulp, dank voor je samenwerking en dank voor je gesprekken. Laten we er nog vele
mooie jaren van maken. Wie weet wat de nabije toekomst brengt ... ©.

Mijn CT-collega’s, Annelies, Anneke Hopman, Anneke Koch, Annemarie, Alle, Daan,
Danielle van der Zande, Danielle Viallé, Donna, Edwin, Erwin, Floor, Joél, Kelly, Maarten
Dirks, Maarten Kremer, Marieke, Martin, Pauline, Richard, Rufi, Sylvia, Tony, Thomas
Brands, Thomas de Man, Wilma en Wouter, bedankt voor jullie (in)directe steun tijdens
dit traject. Zonder jullie hulp had ik nooit zoveel inclusies gehad. Dank voor jullie me-
dewerking. Jullie zijn een geweldig stel hardwerkende, leuke en fijne collega’s! Weet dat
ik altijd open sta om eens van gedachten te wisselen over het schrijven van een weten-
schappelijk artikel, dan wel om mijn ervaringen van mijn master en het PhD traject te
delen.

Natuurlijk wil ik ook mijn dank uitspreken aan onze medisch technici CT: Robbert en
Renald. Dank voor jullie technische ondersteuning!

Jolanda Wisselo, jou wil ik bedanken voor de vele fijne gesprekken en steun. Daarnaast
was het erg leuk om samen met Marcel en jou het “Pediatrisch CT-congres” in Blijdorp
namens het “Nederlands CT Netwerk” te organiseren! Ik ben blij dat ik je destijds hebt
“weggekaapt” uit het Haga ©. Ik hoop dat we nog vele jaren samen zullen werken om de
kennis binnen onze CT-unit te behouden en verder te kunnen uitbreiden.

Dank ook aan al mijn andere collega’s van de afdeling Radiologie & Nucleaire Genees-
kunde! Het was altijd leuk als iemand vroeg hoe het ervoor stond en wat mijn plannen
waren voor na het PhD traject. Of de vraag of ik dan “eindelijk eens rustig aan ga doen
na de PhD” (het antwoord is dus nee). Lieve Leni, dank voor je begrip als je nachtzuster
was en je mij op bepaalde momenten midden in de nacht liet doortypen of fantoom
scans liet maken. Dank!

Jolanda Meijer, ik heb je aardig wat “lastig” gevallen met (te lange) mails en gesprekken
m.b.t. een carriere als MBB’er met een master of een PhD. Ik heb de (koffie en café/res-
taurant) gespreksmomenten hierover, met name op de RSNA en ECR, erg gewaardeerd.
Ik ga er alles aan doen om zoveel als mogelijk uit mijn “post-PhD carriére” te halen!
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Monique de Waard, jou heb ik ook aardig “gestalkt” en gesproken over “wat kan een
MBB'er met een PhD". Onze gesprekken hierover, maar ook over allerlei contracten of
privézaken, heb ik als prettig en fijn ervaren. Dank je wel! Ik hoop dat we nog vele jaren
zo verder kunnen werken.

Professor Vernooij, lieve Meike. Met jou heb ik hele fijne gesprekken gehad. Al toen we
(tijdelijk) kamer genoten waren in het Ca-gebouw beantwoorde je met alle geduld mijn
vele vragen. In de afgelopen jaren bleef je geinteresseerd of bereidt tot een gesprek.
Dank je wel!

Beste Daniel, ik kon je altijd benaderen met vragen. Vaak gingen ze over statistiek, maar
ik heb ook genoten van onze andere gespreksonderwerpen, zoals “hoe pak je dat aan;
een PhD?! Jouw tips hebben mij meer inzicht gegeven over hoe ik dit traject moest
starten. Daarnaast heb ik alle respect voor hoe je jouw onderzoeksgroep leidt en ben ik
blij met mijn toevoeging aan de “Vascular Imaging Group” meetings.

Collega’s van het imagingbureau: dank voor jullie hulp bij het anonimiseren van de
CT-data van de honderden patiénten. Laurens, dank voor alle hulp en support bij het
activeren van mijn account voor de Resto-server. Renée, Milja, Leontien en alle anderen:
Dank!

Dear Andreas Wimmer, Ulrike Haberland, Matthias Senn and many others at Siemens
Healthineers. It was, and still is, a pleasure to work with you! | really love debating and
discussing with you about the “future of CT". Thank you for all the years as a collaboration
partner and | hope the next years will be even more fruitful! Vielen Dank!

Michiel de Bruijn en Peter Melger, ik ken jullie inmiddels ook al meer dan twintig jaar.
De samenwerking met Siemens Nederland is natuurlijk ook geweldig en ik geniet van
onze gesprekken, met name over de toekomst van CT. Aan beide: succes in jullie nieuwe
rol binnen Siemens Healthineers en ik ben ervan overtuigd dat we elkaar nog genoeg
zullen zien en spreken.

Ton Everaers, ik heb genoten van onze koffiemomenten op Na25! Het was altijd goed
om bij te praten, dan wel te horen dat mijn muziek smaak helemaal geen herrie is, maar
gewaardeerd wordt! Dank voor het aandragen van andere bands en dank voor je hulp
bij het creéren en aanpassen van de figuren voor mijn eerste publicatie. Ik maak nog
steeds gebruik van je CT-afbeelding!
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Berend, je bent dan al enige jaren niet meer werkzaam, maar als “unithoofd CT” was jij
het die destijds een balletje opgooide bij professor Krestin of het niet mogelijk zou zijn
dat een laborant/MBB'er zou promoveren. Jij hebt altijd een open blik gehad en ging
een uitdaging niet uit de weg. Bedankt voor je enthousiasme en het “kick starten” van
het promotie avontuur!

Heren van Symposium Parkstad: Armand en Kris. Kris! Onze samenwerking en gezellige
app-gesprekken ervaar ik als een teken van wederzijds respect en daarnaast buitenge-
woon leuk! Wie weet zitten we gauw een keer met onze zoons op Spa naar het eerste
F1 kampioenschap van Max te kijken! Armand, dank voor de mooie samenwerkingen en
gesprekken van de afgelopen jaren. Dat er nog vele zullen volgen!

Dank aan de medewerkers van de NVMBR en met name Sija: dank voor je mail wisselin-
gen die we hadden over wat de meerwaarde van een MBB'er met een PhD zou kunnen
zijn.

Brechtje en Sabine, jullie vraag om naar Curagao te gaan voor een post-hbo-cursus CT
overviel mij even. Ik heb echter een geweldige tijd gehad daar en ben jullie dankbaar
voor hoe alles is gelopen. De samenwerking was fantastisch! Dank ook voor jullie lieve
mails en gesprekken aangaande het verloop van mijn PhD.

Thom Roding en Marcel Hakkert, tijJdens mijn master of tijdens mijn lessen als gastdo-
cent waren jullie altijd fijne gesprekpartners en toonden jullie oprechte interesse in mijn
vorderingen. Ik hoop dat er gauw weer een tijd aanbreekt om elkaar weer in het echt te
zien en wie weet weer een seminar bij te wonen! Beste Jelle, dank voor je begeleiding
en sturing tijdens mijn master. Ik heb je wijze raad gebruikt tijdens mijn PhD en ik hoop
dat dit boekje hiervan een bewijs is. Beste Geert de Vries, dank nogmaals voor de bege-
leiding bij mijn scriptie en ik wens jou alle succes toe met het zelf afronden van je PhD!
Beste Freia, dank voor de fijne mailing de afgelopen tijd en het altijd goed regelen van
de diverse bijeenkomsten.

Beste Anne, dank voor de lange samenwerkingen die we hadden op het gebied van
post-hbo CT! Ik heb de gesprekken met je over de ontwikkelingen als MBB'er als bijzon-
der nuttig en leuk ervaren. Ik wens je nog alle goeds toe!

Beste Roos, jij bent nog zo een persoon die ik veel heb“lastig” gevallen...lk wil je danken
voor je geduld met mij, je hulp en natuurlijk voor het doorlezen van de introduction,
discussion en de summary. Het heeft mede de definitieve versie vormgegeven. Dank!
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Mayjean, super dank voor het checken van diverse tekst onderdelen en de tips! Het
heeft zeker bijgedragen aan de verhoging van de leesbaarheid van de tekst!

Channah, dank voor je bereidheid om de drukproef door te nemen. Jij hebt de puntjes

win
|

op de “i" gezet. Dank!

Medewerkers van Optima, dank jullie wel voor jullie werk! Ik ben super blij met dit
resultaat. Erwin, jij bent diegene die vier A4’tjes met ideeén voor de cover en de lay-out
kon omzetten naar het prachtige resultaat dat voor je ligt. Ik ben er super blij mee! Dank
je wel!

Lieve vrienden, oud-collega’s en familie, hier is het dan! Het boekje waar ik al die jaren
aan heb gebikkeld is af. Dank voor jullie support!

Roelof, vriend van het eerste uur! Letterlijk zelfs! Ik ken je al 40 jaar. Man, wat een ge-
weldige jeugd heb ik met je beleefd. Onze eerste keer uitgaan, de keren stappen die
daarop volgde, de eerste kus van een meisje: wat hebben wij toffe gesprekken gehad.
Vaak midden in de nacht met MTV aan of “Bottom” en na een bord shoarma, friet met
frikandellen en natuurlijk de Grolsch beugel uit de vriezer (wel de timer zetten op 45
minuten!). Diverse ups-and-downs in ons leven: jou kan ik vertrouwen en op jou kan ik
bouwen. Je bent een fijne vriend. Helaas woon je nu wat verder weg (al is het nog geen
Spanje), maar je bent altijd bereikbaar voor een luisterend oor of een goed gesprek. |

love you man!

Roeland: hier is het dan!! Mijn eerste boek! In de middelbare schoolperiode hebben we
leuke gesprekken gehad over een boek schrijven. Welke hoofdpersonen erin moesten
komen, wat hun namen zouden zijn... Nou...de hoofdpersonen in dit boek zijn dus iets
anders dan ik destijds dacht. Ik hoop dat je plezier beleeft aan het lezen van dit boek.

Erik en Mirella, of het nu spelletjes avond was, F1 kijken, of op visite bij jullie op de
camping: Gezellig was het altijd! Een aangename afleiding tijdens deze periode. Dat er
nog vele mooie dagen en avonden zullen volgen. “Huppethee!”

Mijn vader, moeder en grote zus. Lieve pa, jij bent de liefste vader die ik mij wensen
kan. Je staat altijd voor ons klaar, je bent lief en erg begaan met iedereen. Hoe jij bent
omgegaan ten tijde van ma haar ziekte vind ik bewonderenswaardig. Heen en weer naar
de Daniel den Hoed, de vele bestralingen, je stond altijd voor haar klaar. Lieve pa, ik hou
van je en ik hoop dat je nog vele jaren gezond en wel bij ons blijft!
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Lieve ma, ondanks dat je dit nooit zult lezen, wil ik het woord aan je richten. Zonder jou
en pa zou ik nooit geworden zijn zoals ik ben. En dat bedoel ik zeker positief! Je was een
lieve moeder die mij altijd steunde en stimuleerde bij alles wat ik wilde ondernemen.
Lieve ma, ik mis je nog iedere dag. De afbeelding in “het oog van de CT -scanner”aan het
begin van het “Dankwoord” is een eerbetoon aan jou.

Lieve Mirella, wat is het fijn dat we af en toe samen kunnen lunchen in het Erasmus MC.
Even bijkletsen over thuis en werk. Je bent een fijne zus en een lieve schat. Ik houd van
je!

A special thanks to The Editors, Nirvana, Foo Fighters, Daft Punk (Tron Legacy!!), Tool and
Radiohead! Your music pulled me through all the difficult moments!

Last, but not least: Mijn gezin! Lieve, lieve Sandra, woorden kunnen niet beschrijven
hoeveel ik van je houd en wat je betekent voor me. Je bent een ontzettende schat en
een lieve moeder. Sorry voor al dat eindeloze getik (of geram) op dat toetsenbord als ik
naast je in bed zat te werken aan mijn master en PhD. Of die tientallen keren dat ik mid-
den in de nacht zachtjes probeerde naar bed te sluipen (met zoeklicht) na een avondje
doorwerken aan een artikel. | love you!

Lieve Julia en Timo, ondertussen zijn jullie tieners! Interesse voor de inhoud van dit
boekje is nog een “ver van jullie bed show”, maar wie weet mag het op de Engelse boe-
kenlijst? Weet dat ik onwijs veel van jullie houd en ik erg van jullie geniet. Jullie zijn de
liefste kinderen die ouders zich kunnen wensen. Liefs, papa.

Mocht ik iemand vergeten zijn persoonlijk te noemen: mijn excuus!

Dan sluit ik dit mooie traject af met de volgende woorden: Werk hard. Durf te dromen.
Durf paden te betreden die onbegaanbaar lijken. Durf jezelf uit te dagen! Of zoals Mi-
chael Jordan het mooi verwoord heeft: “You have to expect things of yourself before you
can do them”. Het harde werken wordt vast en zeker een keer beloond.

Lange dagen en aangename nachten! En ...vergeet niet nog even op zoek te gaan naar
de Easter eggs in 0.a. de cover ©.

Ronald Booij
December 2020
Rotterdam
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