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Abstract: Computed tomography (CT) is a diagnostic imaging process that uses ionising radiation to
obtain information about the interior anatomic structure of the human body. Considering that the
medical use of ionising radiation implies exposing patients to radiation that may lead to unwanted
stochastic effects and that those effects are less probable at lower doses, optimising imaging protocols
is of great importance. In this paper, we used an assembled 3D-printed infant head phantom and
matched its image quality parameters with those obtained for a commercially available adult head
phantom using the imaging protocol dedicated for adult patients. In accordance with the results, an
optimised scanning protocol was designed which resulted in dose reductions for paediatric patients
while keeping image quality at an adequate level.

Keywords: computed tomography; 3D printing; radiation; dose; CTDI; additive manufacturing;
imaging

1. Introduction

Computed tomography (CT) is one of the most used modalities in medical imaging
due to its fast performance and high-quality images. The increasing demand for CT
examinations has had an extensive impact on the increase in doses of radiation being
delivered to patients and is thus a public health concern globally [1-3]. Particular concern
is given to paediatric patients, whose risk of stochastic effects is increased due to the
higher radiation sensitivity of developing organs and tissues, as well as their longer life
expectancy. Indeed, imaging parameters should be tailored to keep the radiation dose
as low as reasonably achievable, without compromising the image quality necessary to
maintain the medical objective. This summarises the concept of optimisation as a key
radiation protection principle in medical uses of ionising radiation [4].

One way to approach the optimisation process is to make use of the appropriate
imaging phantoms. Ideally, imaging phantoms should mimic the actual size, anatomy, and
tissue density of the body part being considered. Due to their likeness to a real patient
body, they are referred to as anthropomorphic. Anthropomorphic phantoms replicate
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anatomical structures of the body and emulate different tissues” attenuation of X-rays [5].
Many commercially available phantoms are currently in use. However, many researchers
have engaged in the production of self-made, personalized, and relatively low-cost an-
thropomorphic phantoms using different modes of computer-aided design (CAD) and
additive manufacturing of three-dimensional (3D) objects, commonly referred to as 3D
printing [6-12].

The accessibility of 3D printers offers flexibility in the production of specific phantoms
to be used in biomedical sciences [13,14]. The manufactured phantoms can be used for
different purposes, including the optimisation of medical imaging device settings and
imaging techniques [15,16].

Information stored in the pixels or voxels of radiological images, such as Hounsfield
units (HU), pixel values (PV), or gray values (GV), as well as their size, provide data
that could be utilized in the production of phantoms mimicking the human body [17-19].
Obtaining this information is the starting point in the analysis of materials used for the
printing process [20]. Generally, it is expected for materials to be tissue equivalent, or as
close to equivalent as possible. Soft tissues can be mimicked using polymethyl methacrylate
(PMMA) and resins, as well as some 3D-printed materials, while gypsum and many other
dense materials can be used to simulate cortical bone [21-23].

In this study, we described the processes of making an anthropomorphic phantom of
an infant patient’s head using adequate materials to simulate various tissue densities. We
outlined the process of segmentation of DICOM images, the production of the phantom,
and the evaluation of its production quality. Once completed, the phantom was used to
optimise CT scanning parameters in the protocol for scanning the heads of infant patients.
Therefore, the aim of our study is to analyze and determine whether a novel age-based CT
head imaging protocol, calibrated using 3D-printed anthropomorphic phantoms, can be
used in clinical practice without compromising image quality.

2. Materials and Methods

The optimisation of CT scanning parameters for the infant head protocol was carried
out at the Emergency Medicine Clinic of the Sarajevo University Clinical Center (KCUS),
utilising a manufactured 3D phantom printed at the Faculty of Mechanical Engineering
of Sarajevo University. We used commercially available adult head phantoms and an
adult head protocol as reference image quality parameters. In the end, we evaluated the
subjective image quality for an unoptimised and optimised scanning protocol.

2.1. CT Scanner and Scanning Protocol

In this study, we used a 16-slice Toshiba Astelion (Toshiba, Kawasaki, Japan) CT
scanner, which is capable of generating X-rays using different values of tube voltage (U),
tube current (I), rotation time (t), pitch (p), scan length (L), collimation width, beam shaping
or bow-tie filter, etc. In general, the selection of these parameters does not change for a
specific imaging study, and they are collectively referred to as “scanning protocol”. It is
common, however, for I to change during the scan, adjusting its value according to the
body size and shape. This option is referred to as automatic tube current modulation
(ATCM), and it is used in a majority of scanning protocols. Nevertheless, its use for head
imaging is not recommended [24].

The most important parameters of the adult patient head protocol at KCUS is summa-
rized in Table 1. The scan length would vary depending on the individual selection by the
operator. Other parameters, including I, are constant. The recommended “small” bow-tie
filter and 320 mm data collection diameter would be used in all patient examinations.
Unless individual changes were made, the volume computed tomography air kerma index
(Cvor) would be around 65 mGy for all patients, which is close to the diagnostic reference
levels (DRLs) adopted in Europe (i.e., Germany and England) [25]. The adult head protocol
is an established and accepted CT protocol at KCUS that has produced satisfying image
quality [26]. Two series are reconstructed, one suitable for low-contrast soft tissue (i.e.,
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brain) and the other for high-spatial-resolution bone images (i.e., skull). A single head
scanning protocol is used for children of different ages (0-16 years), so its image quality
and doses are not always adequate. The recommendations, however, suggest the use of
different protocols for different age groups [24]. Optimisation of the infant patient pro-
tocol (0-1 years of age) carried out within this study represents the first step of protocol
optimisation for the child population.

Table 1. Scanning protocol used for adult head imaging at KCUS: tube voltage (U), tube current (I),
rotation time (t), collimation width (w), pitch (p), slice thickness (T), and convolution kernel for two
reconstructed series.

Mode u 1 t w p T Conv. Kernel
Helical 120kV 200mA 750ms 16mm 069 3 mm/1mm FC26/FC30

2.2. Anthropomorphic Phantom

The anthropomorphic diagnostic and dental head phantom “ATOM Max” (Model
711-HN ATOM Max, CIRS, Norfolk, VA, USA) was used for reference in the image qual-
ity evaluation of the adult head scanning protocol. It is composed of materials whose
attenuation properties resemble those of normal tissue. Brain tissue (average) consists
of carbon (53.60%), oxygen (26.49%), hydrogen (8.16%), nitrogen (1.53%), magnesium
(9.98%), and chlorine (0.19%). Cortical bone includes calcium (22.91%), as well as carbon
(25.37%), oxygen (35.28%), hydrogen (3.30%), nitrogen (0.91%), magnesium (3.36%), chlo-
rine (0.03%), and phosphorus (8.82%). The density of the two materials are 1.07 gcm 3
and 1.91 gcm 3 for brain and cortical bone tissue, respectively [27]. The images produced
should match some of the general characteristics of patient images, mainly, the CT numbers
(Nct) expressed in terms of Hounsfield units (HU).

The material used for brain simulation appears to be homogeneous, with no distinction
between white and gray matter or cerebrospinal fluid in brain ventricles. Lack of such
imaging details is a typical shortcoming of imaging phantoms, especially when knowing
that the accurate representation of the gray to white matter ratio could be used for clinical
diagnosis [28]. The “ATOM Max” is designed to match an adult patient’s head, with the
approximate dimensions of 18 cm x 22.3cm x 27 cm and a mass of 6.4 kg [29]. Its use in
paediatric radiology is limited. Hence, dedicated paediatric phantoms are being produced
and used for the assessment of image quality vs. patient doses [30].

2.3. Fabrication of the 3D Model

As stated earlier, phantoms are widely used in the clinical validation and verification
of CT imaging systems. However, they are expensive and lack the complexity of the human
body’s structure and geometry, which makes the evaluation of imaging methods very
limited [31,32]. Additive manufacturing or rapid prototyping, known as 3D printing (3DP),
represents an inexpensive solution which not only provides accuracy and accessibility,
but also allows for customization [8]. The concept of 3D printing is not new, but recent
advances in technology and material selection make a compelling impact in many fields,
including medical diagnostics [12,33]. In our study, CT imaging data sets (DICOM) were
used for generating patient-specific 3D models of anatomical structures of the head, which
was the most demanding stage in the fabrication process. Protected health information
was removed from DICOM data sets, so corresponding approval from the local ethical
committee was not required. The phantom was printed as a casting mold and filled with
gypsum plaster and epoxy resin [34]. Since the DICOM format only represents a two-
dimensional image of the 3D layer of the body, a high-quality 3D model was created using
the “3D Slicer” software.

“3D Slicer” is an open-source software widely used in the medical field, allow-
ing researchers to focus on applications such as communication, visualisation, and data
analysis [35]. In order to make a model, we determined the threshold for the bone tissue
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from the DICOM data set, and then the segmentation process was performed. Figure 1A
shows cross-sections of the head image (3 planes) used for threshold determination and
segmentation in 3D modeling. After segmentation was completed, volumisation was per-
formed to make the 3D shape of the model. The 3D slicing software itself has an option to
visualise the 3D model (Figure 1A). After the model is built, it is exported in Standard Tri-
angle Language (STL) format, a file format native to the stereolithography computer-aided
design (CAD) software, and imported into PreForm (FormLabs, Somerville, MA, USA)
(Figure 1B), a program for viewing, additional analysis, and 3D printing. The mechani-
cal properties of resins used to make the anthropomorphic phantom were tested before
and after printing. Results from examining radiographic characterization of 3D printing
materials, which include CT number characteristics of additive manufacturing (AM) mate-
rials and data that gave an indication of the uniformity of the material by density on the
macro-scale, were detailed previously [20]. The skull was 3D printed with Grey V4 material
for high-resolution rapid prototyping. This material is most commonly used for rapid
prototyping, product development, and design. Grey V4 is from the “Standard” group of
Formlabs resins and is intended for the SLA printing of strong and precise concept models
and prototypes with precise details; it has a matte finish and opaque appearance [36].

Figure 1. The process of manufacturing an anthropomorphic phantom. (A) 3D modeling process
using DICOM images in all three planes with bone thresholds; (B) After exporting the STL file, it is
loaded into PreForms to create supports and prepare for printing; (C) the printed anthropomorphic
paediatric head phantom with supports.

In addition to the printed casting mold, the resin and hardener (Pan Asel Chemicals
Sdn. Bhd Company, Setapak, Federal Territory of Kuala Lumpur, Malaysia) which comprise
the epoxy resin were filled in place of the brain and other soft tissue. After the materials
achieve enough rigidity, they are ready for further analysis and used in tests that include
CT imaging. Plaster is a common building material in the form of a dehydrated powder
that, when mixed with water, forms mineral gypsum (CaSO, - 2H,O). The bone-like
mineral composition and density make it a good candidate for mimicking the bone tissue in
imaging phantoms production [37]. In this study, we used commercially available modeling
plasters (Knauf Gesellschaft m.b.H, Weiflenbach bei Liezen, Osterreich) whose HU values
corresponded to those measured in the skull bones of children.

2.4. Assessment of Phantom Quality

The assessment of phantom quality was based on the evaluation of CT numbers in
different head regions, as well as true geometrical representation of the skull. Despite its
shortcomings and the necessity to put the Hounsfield unit onto a firmer foundation, the
following definition is widely used to define CT numbers (Nct) [38]:

Ner = 1000HU x Hm —Hw, )

Uw
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where ym and iy are the linear attenuation coefficients of the imaged material and water,
respectively. From (1), one can derive the relative difference in linear attenuation coefficients
(Au/n) of two materials as follows:

Ap _ Ncr, — Nery

— , 2
u — Ncr, +1000HU @

Initially, we assessed how changes in the scanning parameters U (the tube voltage)
and Q (product of the tube current and the scan time) would affect the image attributes. If
we try to image a perfectly uniform object, there is still a variation in the Nct about some
mean value due to the noise. The number of produced and detected X-ray photons depends
on both the tube current value (given in mA) and the scan time (given in s). Because of
the fact that the tube current and scan time similarly affect noise and patient dose, they
are usually considered together as Q = I x t, and it is given in mAs. As a consequence of
the energy dependence of 1, we were expecting the absolute value of Nc to change with
beam energy, i.e., in this case, U. Based on the above-mentioned analysis, one can conclude,
in our case, that the image noise should be affected by both U and Q.

In our investigation, we measured both average Nct and ¢, which is defined as a pixel’s
standard deviation [39,40], inside of a 500 mm? circular ROI in images of adult and paediatric
phantoms. To obtain images, we used the scanning protocol for adult heads. The patient dose,
which is based on measurements of a 16 cm cylindrical head phantom, was readily available
and provided by the manufacturer. Scanning was repeated using different values of U and Q.

One of the main challenges in this study was to produce a phantom that would
represent the anatomy of an infant’s head as close as possible with respect to its dimensions
and X-ray attenuation properties, in addition to making it affordable for manufacturing
with reasonable but limited resources. Depending on the aim of one’s study, one could
make use of different areas of the manufactured phantom for accuracy assessment. Our
study aims to optimise patient doses. Hence, we expect the CT numbers of average human
tissues (brain, bone, and muscle) to match the doses measured in the phantom, as well as
for the phantom’s dimensions to be as close as possible to those of real patients.

Measurement regions used to assess the phantom’s conformity to real patients are shown
in Figure 2a. Three different regions, denoted by letters A, B, and C, were chosen. Region A is
a 10-pixel-tall rectangle that covers areas in the vicinity of the skull, including the surrounding
air, muscle or soft tissue, bone (trabecular and cortical), and brain. The same regions were
evaluated on images belonging to a real patient (4-month-old boy), an “ATOM Max” adult
head phantom, and the 3D-manufactured paediatric phantom. Remaining regions of interest,
denoted by B and C, were chosen to obtain information about soft tissue inside the skull and
the lateral size of the skull, respectively. Detailed analyses and explanations will be given in
the next section.

2.5. Image Quality Model

Developing a new imaging protocol that would be suitable for infant patients required
an evaluation of the imaging system’s properties. In this study, we used image noise as an
image quality parameter. As we mentioned, in CT images of a perfectly uniform object,
there will still unavoidably be a variation in the Nt about some mean value, due to the
fact that interaction of the X-ray photons with matter is a statistical process. This kind
of noise is called statistical noise or quantum noise. The standard deviation () of the
CT number (NcT) in a uniform region of interest (ROI) and/or square of that standard
deviation, i.e., variance (0?) are common descriptors of image noise in general. Brooks’
formula [41] states that radiation dose and noise in CT images are connected one to another

through the following relation:
1
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(a) Locations of measurement regions. (b) Results of measuring in region A.

Figure 2. Evaluation of the manufactured phantom accuracy: (a) regions of interest used for evalua-
tion of soft tissue and skull (A), brain (B), and lateral size (C); (b) profile of 10-pixel average of CT num-
bers along the x-axis in measurement region A. Curves representing CT numbers for patient, adult
phantom and manufactured phantom are denoted by dotted, dashed and solid curves, respectively.

This relation describes an ideal situation where only quantum noise exists, or where
quantum noise is by far dominant over other noise sources such as electronic noise [42]
or noise introduced by image reconstruction techniques. To account for the possibility
that sources of noise other than quantum noise affect our CT images, we assumed that
depends on the CT air kerma index Cyqr, as follows:

2 b Cc

- =a+ + 4)

Qo o
The relation (4) was used to model and predict noise for a specific Cyor, after evaluating
parameter values using the regression model. Other similar fitting models could also be

used [43,44].

2.6. Subjective Image Quality Assessment

CT images used in this study were qualitatively evaluated using a 4-point scoring
system administered by an experienced paediatric radiologist on the Picture Archiving
and Communication System (PACS). Parameters that were evaluated included “noise and
image acceptability”, “gray white matter differentiation”, “subarachnoid space acuity”,
“visualization of posterior cranial fossa structure”, and “streak artifacts”. The categories in
each group were rated 0, 1, 2, and 3, which corresponds to the observation that they are
unacceptable, sub-optimal, acceptable/good, and excellent [45,46]. Diagnostic validity is
considered acceptable when there is sharpness in the ventricular contours and when the
tissue contrast is satisfactory. The differentiation in the gray white matter in the internal
capsule, the fourth ventricle, and the corona radiata was evaluated. Sharpness of the
subarachnoid space was observed at the ventricular margin, sulci, and cisternal space.
Visualisation of the structure of the posterior fossa was assessed by clear visualisation of
the sigmoid sinus, vermis, and cerebellum. The classification of streak artifacts is based on
the presence of streak artifacts that affect the diagnosis, the presence of streak artifacts that
do not affect the diagnosis, and the absence of streak artifacts. Image quality is assessed by
observing the most frequent counts in certain categories and the percentage taken for each
category [47].
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3. Results
3.1. Accuracy of the Manufactured Phantom

In the first step, we needed to evaluate the quality of the manufactured phantom.
Figure 2b shows the measurement results of the Region A. All curves start from —1000 HU
(air). The patient curve (dotted line) has a 2 mm-wide plateau at 0 HU, which represents the
head’s soft tissue. The second plateau represents the bone tissue, reaching approximately
500 HU, with a small dent indicating the narrow region of the trabecular bone. The curve
representing the adult head phantom (dashed line) has distinctive features. While the 2 mm
soft tissue plateau is similar to that of a real patient, the area of the skull is represented by
two prominent peaks, each representing cortical bone with a CT number of approximately
1500 HU. The trabecular bone is close to 500 HU. In total, this area is 8 mm wide. The
manufactured phantom (solid line) is slightly different. The soft tissue area is thinner,
while the bone area reaches approximately 1000 HU, a value which is in between those
of a real patient and the adult phantom. Just like in the case of a patient, the trabecular
bone area is barely visible. The skull is approximately 5 mm thick. With the increase in
distance, all curves show constant values that represent brain tissue. It should be noted
that skull shape can be different from one patient to another, while skull thickness and
composition change rapidly in the early years of childhood [48,49]. Measurements made
in Region A provide valuable data regarding the quality of the manufactured phantom.
The lack of a 2 mm plateau indicates that the 3D-printed model could be slightly thicker
to imitate the soft tissue and skin that surrounds the skull. Indeed, as seen in Figure 1C,
the phantom did not include soft facial tissue characteristics, as they were not relevant
in the optimisation process of head CT. The bony structures in manufactured phantom,
however, resemble those of a real patient, even more so than those of the commercially
available adult head phantom. Phantom bones could be further enhanced to exactly match
the desired CT number by mixing gypsum plaster with the appropriate amount of other
materials (i.e., ground epoxy resin). The two phantom curves in Figure 2b flatten out to a
value that closely matches the CT number of brain tissue in paediatric patients. However,
Region B provides more information on brain tissue.

The measurement results in Region B were evaluated for different values of U and
Q (Table 2). Both phantoms (adult and paediatric) are solid, with no distinctive features
that would represent real brain tissue or pathological conditions. At 120 kV and the
highest selected tube loading (Table 2), for the adult phantom, the measured CT number
in Region B is (45.3 +4.4) HU, while for the manufactured phantom, the CT numbers
in this area correspond to (81.6 £ 2.6) HU. The difference is significant (Student’s t-test,
p < 0.001). The differences in CT numbers imply significant differences in the linear
attenuation coefficients (y) of two materials. Nevertheless, the calculations indicate that the
relative difference in y for those two materials, given by Equation (2), is within the range of
3.29-3.51%.

The lateral size of the heads is represented by the maximum width in a selected
tomographic projection, as shown in Region C (Figure 2a). The measured widths of
the adult and paediatric phantoms are 151.9 mm and 109.6 mm, respectively, while the
perimeters are 59.7 mm and 39.9 mm, respectively. The accuracy of the measurements was
limited by pixel size, which is 0.468 mm per pixel in the adult image and 0.351 mm per
pixel in the paediatric patient image. However, more uncertainties are associated with the
changes in skull shape [50].

3.2. Protocol Development

Table 2 shows the measurements of CT numbers in the central region of the adult
and manufactured paediatric phantom at different values of U and Q (product of I and
t). The stepwise multiple linear regression analysis (MLRA) was performed in order to
investigate which of the parameters, U, Q, or Cyor, have the greatest influence on image
noise, expressed in terms of ¢2. For both the adult and paediatric phantoms, the MLRA
showed that only Cyor was a significant predictor of 02, with p = 0.002 for the adult
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phantom and p = 0.001 for the paediatric phantom. Two other variables, U and Q, were
excluded as insignificant alone in the MLRA prediction model, with p > 0.05.

Figure 3a shows how the variance in the CT numbers in the selected ROI depends
on Cyor. Images from both the adult and manufactured paediatric phantoms obtained
using different values of U and Q were evaluated. The model (4) was used to represent the
regression lines. The fitting parameters a, b, and c for the adult head phantom curve (solid
line) are a, = (3.3+9.9) HU?, b, = (890 4 210) HU*, and ¢, = (2000 =+ 760) HU®, while
for the paediatric head phantom (dashed line) they have values of a, = (1.6 & 3.3) HU?,
bp = (320 £71) HU*, and ¢, = (330 = 260) HU®. The corresponding coefficients of deter-
mination are R2 = 0.957 and R%, = 0.965, which indicate a very strong dependence of ¢
on CVOL~

Table 2. Measurements of average (), standard deviation (¢), and variance (02) in CT numbers in the
central region B of adult and manufactured paediatric phantoms at different tube voltages (U) and
loadings (Q) and differences in calculated linear attenuation coefficients (Au /) between materials
simulating brain tissue in two phantoms.

u Q Cvor ! Adult Phantom Paediatric Phantom Auf

kV) (mAs) (mGy) x o o? x o o? HH
80 37.0 3.60 34.7 20.3 411 48.3 10.8 118 1.31%
75.0 7.20 33.8 14.1 199 46.2 7.74 59.9 1.20%

112 10.8 33.6 115 132 46.5 6.93 48.0 1.25%

150 14.4 33.6 9.71 94.3 46.7 5.74 329 1.26%

187 18.0 33.6 8.68 75.3 48.2 5.49 30.1 1.41%

100 37.0 6.20 45.8 124 154 722 7.29 53.1 2.52%
75.0 124 441 9.58 91.8 71.8 496 24.6 2.65%

112 18.6 44.6 7.62 58.1 72.7 422 17.8 2.69%

150 24.8 447 6.40 41.0 72.9 3.83 14.7 2.69%

187 34.0 444 5.62 31.6 71.9 3.50 12.3 2.64%

120 37.0 9.10 45.7 9.97 99.4 82.0 5.68 32.3 3.47%
75.0 18.3 46.4 7.31 53.4 81.8 3.98 15.8 3.38%

112 27.4 47.3 6.08 37.0 81.8 3.35 11.2 3.29%

150 36.5 459 4.89 23.9 82.6 2.99 8.94 3.51%

187 50.2 453 4.39 19.3 81.6 2.63 6.92 3.47%

135 37.0 11.6 434 9.12 83.2 84.1 5.19 26.9 3.90%
75.0 23.2 42.7 6.37 40.6 84.8 3.67 13.5 4.04%

112 34.8 45.5 517 26.7 84.6 3.25 10.6 3.74%

150 51.0 435 4.18 17.5 83.7 2.89 8.35 3.85%

187 63.8 43.0 3.75 14.1 84.3 2.65 7.02 3.96%

1 The correlation between Cyoy, and o2 is significant for both phantoms (Pearson correlation test, p < 0.001).

Figure 3b provides a graphic representation of the model. The four curves, one for
each value of U, indicate the appropriate tube loading for paediatric patients at the desired
value of adult Cyor .

In order to obtain the CT air kerma index for paediatric patients (Cyor,p) that would
produce the same variance as the corresponding Cyor, for adults (¢2), the inverse function
of (4) needs to be calculated using the following expression:

bp + \/blz, — dapcp + 4epo?
CvoLp = 2

, ©)

02 —ap)

where ap,, by, and c;, are fitting parameters for the paediatric regression curve from Figure 3a.
Based on the results presented in Table 2 and the fact that Cyoy, is directly proportional

to Q, one can now calculate the values of Q that would produce the desired CyoL  at any

U. A look-up table can be created with conveniently arranged results (Table 3).
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Figure 3. (a) Dependence of CT numbers variance (¢%) on volume computed tomography air kerma
index (Cyor ) obtained using different tube loadings (mAs) and voltages (kV) on a 16-slice Toshiba
Astelion computed tomography unit, measured in the centre of the adult and paediatric head
phantom. Coefficients of determination for two fitting curves are R2 = 0.957 and RIZD = 0.965. Data
for adult and paediatric phantom are given by symbols + and X, respectively, while fitted curves
for adult and paediatric phantom data are given by solid and dashed curves, respectively; (b) tube
loading for paediatric patients at different tube voltages corresponding to adult volume computed
tomography air kerma index (Cyor) at 120kV with the same image noise as the 16-slice Toshiba
Astelion computed tomography unit. The four curves account for 80 kV (solid curve with symbol +),
100 kV (dashed with symbol x), 120 kV (dotted with symbol *), and for 135 kV (dash-dotted with [J).

For example, if one wants to change the paediatric protocol to lower values of tube
voltage (i.e., 100 kV), but maintain the same noise as for adult patients at 120 kV and
50 mGy, the recommended value of Q would be approximately 96.4mA s (Table 3). The
new Cyor, will be 16.3 mGy, only one-third of the original dose. Some CT scanners might
struggle with the use of high tube currents, I. This should be taken into consideration when
selecting the appropriate value of U.

Table 3. The look-up table for calculated values of the tube current-rotation time product (Q)
necessary to achieve volume computed tomography air kerma index for paediatric patients (Cyorp)
at different tube voltages that would produce an image with the same noise (¢ or ¢?) in adult images
at 120 kV and selected values of Cyor..

CVOL 0'2 o CVOL,p Q (mAs)

(mGy) (HU?) (HU) (mGy) 80 kV 100 kV 120 kV 135 kV
20 52.86 7.27 7.2 74.2 46.3 33.9 28.2
30 35.50 5.96 10.4 107.9 64.0 45.8 37.3
40 27.24 5.22 13.4 139.6 80.7 57.1 46.0
50 22.42 4.74 16.3 169.7 96.4 67.8 54.1
60 19.27 4.39 19.0 198.1 111.4 77.9 61.8
70 17.04 413 21.6 225.1 125.5 87.5 69.1
80 15.39 3.92 24.1 250.7 139.0 96.6 76.1
90 14.11 3.76 26.4 275.1 151.8 105.3 82.7

3.3. Patient Doses

The newly created protocol was tested. Following the baseline of 70 mGy Cyor, at 120kV
for adults, we decided to select U = 100kV, I = 170mA, and ¢t = 0.75s for our paediatric
protocol. Table 4 shows average values of observed scanning parameters and dose descriptors,
Cvor or CTDlyor, and Pxp 1 or DLP. Both Cyoy, and Py, ct are normally distributed (Shapiro—
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Wilk test, p > 0.2). The two-sample ¢-test indicates significant differences in Cyor, between the
unoptimised and optimised protocols (p = 0.021). The dose received by the patients under the
optimised protocol is significantly smaller. We observe that doses in the unoptimised protocol
are widely distributed, with ¢ = 14mGy. This is clearly visible in Figure 4a. Although a
dedicated inquiry could be carried out to investigate the reasons for such a wide distribution,
we assume it is caused by the arbitrary selection of scanning parameters. Thus, protocol
optimisation was deemed to be necessary. The boxplot of the optimised Cyor, indicates the use
of a constant Cyor, in all patient examinations. On the other hand, some deviations exist for
Px1,c1, which are caused by varying scan lengths L (Figure 4b).

3.4. Subjective Analysis

The results of the subjective image quality analysis are shown in Figure 5. The mean
grades of the five selected image quality criteria are shown in Figure 5a, while the box
plot in Figure 5b describes the distribution of the total grades given by the radiologist.
The results of the Mann-Whitney U test indicated that no significant differences in image
quality exist between the unoptimised and optimised protocol (p = 0.379), while all mean
grades are above 2, which is a grade that represents acceptable/good images.

Table 4. Mean values (X) of scan length (L), tube voltage (U), tube current (I), maximum tube current
(Imax), and mean values and standard deviation (¢) of volume computed tomography air kerma
index (Cyor) and air kerma length product (Pxy, cT) in unoptimised and optimised imaging protocol
for infant heads.

) Age L u I Imax Cvor? PxicT
Protocol Patient  (y)  (cm) (kKV) (mA) (mA) (mGy) (mGycm)

n X X X X X X o X o
Unoptimised 12 0.3 159 107 2 167 167 27 14 432 243
Optimised 30 0.5 171 100 170 170 21 0 365 33

2 The average value of four selectable options; P the difference between two protocols is significant (Student’s
t-test, p = 0.021).

50 1.0 -
40 0.8
& g
E 30 & 06
101~ 02
0 — — 0.0
Unoptimized Optimized Unoptimised Optimised
Protocol Protocol

@) (b)
Figure 4. The box plot represents the distribution of dose descriptors for infant patients who underwent
head computed tomography examination: (a) volume computed tomography air kerma index (CyoL);
(b) air kerma length product (Pgy,ct). In both box plots, the left-hand side stands for unoptimised
protocol data and the right-hand side stands for the optimised one. Outliers are represented with circles.
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Figure 5. Subjective image quality grades for unoptimised and optimised scanning protocol:
(a) mean grades of five criteria explained in Section 2.6 of the main text and (b) box plot of to-
tal grade. No significant differences in quality of patient images using unoptimised and optimised
scanning protocol (Mann—-Whitney U test, p = 0.379). In both diagrams, the left-hand side stands for
unoptimised protocol data and the right-hand side stands for the optimised one.

4. Discussion

Exposure to ionising radiation is a health concern in both adults and children. How-
ever, the paediatric population is at a greater risk than adults for developing cancer after
being exposed to radiation [51,52]. Therefore, it is necessary to adjust paediatric protocols
that make use of ionising radiation. One way of adjusting these protocols is taking into ac-
count the paediatric patient’s age due to the existence of age-related variations in the size of
humans’ anatomical structures. Since 2015, a few studies have been conducted to estimate
and optimise the dose received by paediatric patients subjected to CT head examinations.
They are dominantly based on the size-specific dose estimate (SSDE) as an approach that is
introduced for better-personalized dose estimation [46,53-55]. Other investigations include
national surveys of radiation exposure in children from CT practice [56,57]. Comparing
our optimised Cyor, value of 21 mGy and median or DRL values reported in the above-
mentioned studies, one can conclude that our optimised value is below or comparable to
other reported median/DRL values. This is also valid for older results published from
countries worldwide, as is clearly visible from the upper left diagram of Figure 4 in [57]. In
addition, it is important to stress that our optimised value is below the values proposed
by the European guidelines on DRLs for Paediatric Imaging published in 2018 [58]. More
precisely, in accordance with the guidelines, median Cyop, values of 24 mGy and 28 mGy
of DRL distribution were established for the 0—<3 months and 3 months—<1 y age groups,
respectively. Both values are greater than the optimised value we obtained for the 0—<1y
age group.

Although the automatic exposure control (AEC) is widely used to reduce radiation
dose to patients, its use in head CT protocols has not been clearly defined. Areas where
the patient is more rounded and uniform, such as the head, have less adjustment [59,60].
In some cases, the tube current in head CT protocols is modified to only vary along the
scan direction of the patient (longitudinal adjustment), while no angular modulation is
performed [61]. It is important to realize that AEC techniques will only reduce doses
efficiently as much as the specified/desired image quality allows [62]. We also stress
that, when using AEC, the radiation exposure depends on the type of AEC software, the
parameters input into the software, and the direction of the localizer images [63]. There are
facilities where AEC is not used for head /brain CT, which is actually in the majority of the
cases in the above-cited literature.
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Using different manipulations of the imaging parameters for the CT protocols, the
radiation dose delivered to the patient can be significantly reduced. Tube loading (Q) and
radiation dose (Cyor) have a linear relationship, so reducing Q by 50% will reduce the
dose by half [64]. In addition to the tube loading, the remaining important parameters are
tube voltage, given in kV, and level of iterative reconstruction [39,40]. The last one was not
considered in our study.

Image quality parameters, such as image noise, or signal-to-noise ratio (SNR), and
contrast-to-noise ratio (CNR), are commonly considered in optimising the CT protocol.
However, exposure and reconstruction-related parameters, as well as the tissue to be
imaged, should be considered in addition to the image quality parameters to create an
optimal protocol for paediatric imaging [65].

Additive manufacturing is a promising technology that can be used to produce imag-
ing phantoms in radiology. These phantoms can be used for training professional staff,
calibrating the devices themselves, dosimetry, quality assurance, as well as evaluating and
validating protocols and image processing methods. This study describes the production
of an anthropomorphic phantom of a child’s head with a realistic equivalent of a CT bone
count. The geometry of the created phantom resembles a paediatric patient and includes
the production of bone structures with the same heterogeneous properties of bone tissue.
Another strength of this study is reflected in the description of the production workflow,
which includes segmentation, material selection, as well as the successful optimisation of
imaging parameters in protocol for the head imaging of paediatric patients. The obtained
CT number values allow the entire head phantom to be reasonably manufactured and used
in clinical surroundings using a single commercially available resin and a single 3D printing
device. Results and findings of the recently published articles [66,67] can spark new inves-
tigations in this area of science and can pave the way to directions of future investigations.
In the first paper, the authors were able to reproduce a commercial Rando phantom with
appropriate HU values for bone and soft tissue [66]. The obtained 3D-printed head phan-
tom was suitable for use in phantom-based, patent-specific Quality Assurance (QA), which
is very important in radiotherapy. In the second paper mentioned [67], the authors report
on manufacturing a novel anthropomorphic head phantom for quantitative image quality
assessment in cone beam computed tomography (CBCT). This is a significant step forward
because the authors paid attention to the radiodensity and X-ray scattering properties of
different materials used for manufacturing. These investigations will encourage similar
attempts in other branches of radiology.

5. Conclusions

Our study demonstrated that the development of paediatric CT head imaging protocols
using a 3D-printed anthropomorphic paediatric head phantom may result in a reduction in
patient doses of ionising radiation without compromising diagnostic information.

By describing the SLA 3D printing technology, we created detailed anthropomorphic
paediatric phantom heads using commercially available materials that simulate the radio-
logical properties of human tissue. In conclusion, SLA printer technology can be used to
produce an anthropomorphic phantom possessing complex anatomical parts that mimic
the corresponding CT numbers, which in turn can be used to optimise the age-related CT
protocols and significantly reduce the radiation dose delivered to the paediatric population.

Due to constant improvement in imaging techniques, there is a need for more real-
istic physical phantoms, both anatomical and practical. According to the results given
above, our phantom lacks structural complexity, so contrast analysis studies could not be
performed. Furthermore, the epoxy resin used in the manufacturing process and human
brain matter do not have the same HU values, which means that the phantom could not
be used in radiotherapy. The new anthropomorphic head phantom will also provide data
for calculations of ionising radiation dose and its biological effects in investigations of
radiation protection for patients and may therefore serve as a basis for advances in radiation
safety internationally.
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