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Abstract

Introduction: Adolescent idiopathic scoliosis (AlS) is a spinal deformity that causes the
spine to bend laterally. Patients with AIS undergo frequent X-ray examinations to monitor the
progression of the deformity through the measurement of the Cobb angle, increasing the risk
of developing radiation-induced cancer. The aim of this study was to investigate the use of
scan projection radiograph (SPR) in computed tomography (CT) to assess AIS by quantifying
radiation dose from the SPR acquisitions and comparing it to those of digital radiography
(DR) and a dedicated scoliosis imaging system (EOS) and by evaluating the accuracy of Cobb
angle measurements on SPR images using a bespoke validated phantom.

Methods: A dosimetry phantom representing a 10-year-old child and thermoluminescent
dosimeters were used for measuring organ dose to calculate effective dose (ED) and effective
risk (ER). Twenty-seven CT SPR protocols were used. A comparison was made to doses from
imaging protocols using DR and the EOS system. The effectiveness of a scoliosis shawl for
selected projections was also tested. To test the accuracy of Cobb angle measurements on
SPR images, a scoliotic phantom was constructed and validated. Poly-methyl methacrylate
(PMMA) and plaster of Paris (PoP) were used to represent human soft tissue and bone tissue,
respectively, to construct a phantom exhibiting a 15° lateral curve of the spine. The phantom
was validated by comparing the Hounsfield unit (HU) of its vertebrae with those of a human
and an animal. Additionally, comparisons of signal-to-noise ratio (SNR) to those from a
commercially available phantom were made. The angle of the curve in the phantom was
measured directly to confirm that it was 15°. The constructed phantom was scanned in CT

SPR mode, and the resulting images were visually evaluated against set criteria to determine

XX



their suitability for Cobb angle measurements. Those deemed of insufficient quality were
excluded. Cobb angle measurements were then performed on the remaining images (n = 10)
by 13 observers.

Results: EOS had the lowest ED and ER when it was used to irradiate the phantom in AP
positions. Five SPR AP imaging protocols and seven PA imaging protocols delivered
significantly lower radiation dose and risk than their corresponding imaging positions in DR
(p < 0.05). The scoliosis shawl significantly lowered the ED and ER of SPR and DR AP
imaging protocols (p < 0.05). The validation of the PoP phantom revealed that the HU of the
PoP vertebrae was 628 (SD= 56), human vertebrae was 598 (SD= 79) and sheep vertebra was
605 (SD=83). The SNR values of the two phantoms correlated strongly (r = 0.93 [(p < 0.05]).
The measured scoliosis angle was 14 degrees. When the phantom was imaged using SPR, the
difference between the measured Cobb angle and the known angle was, on average, —2.75°
(SD = 1.46°). The agreement among the observers was good (p = 0.861, 95% CI [0.70-0.95])
and comparable to similar studies on other imaging modalities which are used for Cobb angle
estimation.

Conclusion: EOS had the lowest dose. Where this technology is not available, there is a
potential for organ dose (OD) reduction in AIS imaging using CT SPR compared with DR.
The PoP phantom has physical characteristics (in terms of spinal deformity) and radiological
characteristics (in terms of HU and SNR values) of the spine of a 10-year-old child with AlS.
CT SPR images can be used for AIS assessment with the 5° margin of error that is clinically
acceptable. A few SPR imaging protocols (CT4, 8 and 11) had the lower radiation risk

compared with the DR and provided the most accurate Cobb angle measurements.
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Implications for practice: The bespoke phantom can be used to investigate new X-ray
imaging techniques and technology in the assessment of scoliosis and has utility for the
optimisation of X-ray imaging techniques in 10-year-old children. Overall, the outcome is
promising for patients and health providers because it provides an opportunity to reduce
patient dose and achieve clinically acceptable Cobb angle measurements whilst using existing

CT technology.
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Chapter 1: Introduction and thesis structure

1.1 Introduction

Scoliosis is defined as a deformity of the spine in the form of lateral curvature in the coronal
plane. Despite it being defined as a lateral curvature, scoliosis is a deformity in three
dimensions: side to side, front to back and rotation around the spine’s longitudinal axis. It
affects not only the spine, but also the entire skeletal system. Moreover, its impact on patients
may even affect the digestive, hormonal and nervous systems. On rare occasions, patients

with severe scoliosis may have breathing difficulties and heart problems.

Scoliosis can be categorised based on the causes of the deformity as follows: neuromuscular,
congenital and idiopathic. The latter is the most common type of scoliosis, but its causes are
unknown (Heary and Albert, 2014). Idiopathic scoliosis can be categorised into four
subgroups based on age of onset: infantile (birth to 3 years), juvenile (4-9 years), adolescent
(10-18 years) and adult (after skeletal maturity). This thesis will focus on adolescent
idiopathic scoliosis (AIS) which represents 75-90% of scoliosis cases (Konieczny et al.,
2013; Blevins et al., 2018). The United Kingdom (UK) Scoliosis Association estimates that
approximately three to four children per 1,000 are diagnosed with AIS. In most cases, AlS
does not require treatment; instead, the deformity is observed until patients mature

completely.

Prior to exploring how AIS is observed, it is necessary to understand the anatomy of the

spine. The spine consists of 26 vertebrae spread over five regions: cervical, thoracic, lumbar,



sacral and coccygeal. Each region has a specific number of vertebrae: 7 cervical, 12 thoracic,
5 lumbar, 1 sacral (5 fused vertebrae) and 1 coccygeal (4 usually fused vertebrae). The spinal
regions have normal curves that give the spine flexibility, help absorb shock and support the
human body. These curves can be either concave posteriorly, i.e. in the cervical and lumbar
regions, or convex posteriorly, i.e. in the thoracic and sacral regions, as illustrated in Figure
1.1. At birth, only the convex curvature is well-developed, whereas the other curvature is
developed by the age of two years (Marieb et al., 2012). In a normal spine, no axial rotation
should be present. During development, the size of the vertebrae increases to accommodate
body growth, and this change is gender-dependent (Cunningham et al., 2016). The vertebrae

of a female spine are longer and narrower than that of a male.



C

occyx
4 fused vertebrae

Anterior view Right lateral view

Figure 1.1: Anterior and lateral view of the spine shows the five areas of the spine and the normal curves (Marieb et al.,
2012).

In scoliosis, the spine deviates in the coronal plane, creating a curvature in which the degree
of the curve is 10° or more. In some cases, patients with scoliosis may have visible symptoms
of the deformity that can be recognised. The signs can be shoulder asymmetry, where one
shoulder appears higher than the other; waistline asymmetry, a shift of the body to one side;
or rib hump, where the back ribs are pushed posteriorly due to vertebral rotation (Figure 1.2).
Depending on shape and magnitude of the curve, these signs can appear individually or

together.



Figure 1.2: Images of patients with scoliosis; some scoliosis symptoms such as body shifting and shoulder asymmetry are
obvious in the images (Weinstein et al., 2008).

Screening for scoliosis is usually carried out by visually inspecting the shoulder, spine and
pelvis. The screening may involve physical examination using the Adam’s forward bend test
(FBT) and measuring the angle of trunk rotation (ATR) using a scoliometer. If a child is
suspected to have scoliosis, then a referral for X-ray examination is made to confirm the
diagnosis. The screening aim is to identify children with scoliosis as soon as possible to
prevent the condition from worsening. However, screening for scoliosis is not common in
most countries, as can be seen in the following section. In the United States (US), the most
recent publication by the US Preventive Task Force recommends against establishing a
screening programme because its benefits would be uncertain (Grossman et al., 2018). The
UK Screening Committee concluded this as well based on similar reasoning. In its latest
review, the committee determined not to have screening programmes in the UK for the
following reasons: (1) it is not clear when children can be screened; (2) the ability of a

screening programme to identify the severity of a certain case is very low; (3) treatment plans



cannot be based on the outcomes of the screening; and (4) lastly, the added benefit of a

screening programme is questionable (UK National Screening Committee, 2015).

Due to the lack of scoliosis screening programmes, the prevalence of AlS is not well
investigated in the literature. There are few reports of the outcomes of scoliosis screening
programmes from several countries (Table 1.1). Moreover, the main weaknesses of the
existing studies are related to the lack of a standard screening protocol. First, the number and
age of participants vary among the studies. Second, the participants are from different nations,
which can greatly affect the prevalence rate. Geographic location and ethnicity affect AIS
prevalence (Machida et al., 2018). For example, AIS is more common in higher-latitude
countries than in the lower-latitude countries (Grivas et al., 2006). Finally, some studies
include curves of less than 10°, which is not scoliosis according to the Scoliosis Research
Society (SRS) definition (SRS, 2000). Nevertheless, conclusions can still be drawn from these

studies, as illustrated in the following paragraphs.



Table 1.1: Summary of the most recent scoliosis screening programmes in different countries.

Study Year Country Number of participants Age | Percentage of participants Percentage of
(total number) (females — males) | (years) | diagnosed with scoliosis participants with Cobb
(% of females — % of males) angle from 10° to 19°

Soucacos et al. 1997 Greece 82,901 (40,962-41,939) 9-14 1.73 (74.86-25.14) 87.40
Wong et al. 2005 | Singapore 72,966 (37,141-35,558) 6-14 0.59 (86.48-13.52) 65.03
Kamtsiuris et al. | 2007 Germany 17,641 (8,656—8,995) 0-17 5.2 (56.76-43.23) Not stated
Cilli et al 2009 Turkey 3,175 (1,538-1,637) 10-15 0.47 (66.66-33.33) Not stated
Nery et al. 2010 Brazil 1,340 (684-656) 10-14 1.4 (73.68-26.32) Not stated
Suh et al. 2011 | South Korea 1,134,890 (550,336-584,554) 10-14 3.29 (70.30-29.70) 89.09

Ueno et al. 2011 Japan 255,857 (127,903-127,972) 11-14 1.18 (93.08-6.92) 73.63
Adobor et al. 2011 Norway 4,000 (not stated) 12 0.55 (72.73-27.27) Not stated




The main findings of the screening programmes can be summarised as follows: children who
are diagnosed with scoliosis represent 0.55-5.2% of the participants, and the prevalence rate
increases as the children’s ages increase. This is supported by the earlier statement that AlS,
which affects children aged 10-18 years, accounts for up to 90% of scoliosis cases. The
reason behind this can be correlated to the rapid growth that takes place at this age and that
the skeletal system has not reached maturity (Sanders et al., 2007; Adobor et al., 2012; Heary

and Albert, 2014).

Another finding that can be inferred from the published studies is that scoliosis is more
prevalent in females than males. A greater number of females were diagnosed with scoliosis
than males; their spinal curvature was also more severe than that in male participants. No
obvious causative factors for this gender difference in prevalence have been discovered.
Possible causes include high levels of growth hormone (Latalski et al., 2017) and a weaker
spine due to the shape of the vertebrae in females compared to males (Cunningham et al.,
2016). As indicated earlier, female vertebrae are narrower and longer than those of males,
which renders them more susceptible to bending. Nevertheless, the causes of this gender

difference in the prevalence rate remains ambiguous.

1.2 Diagnosis of AIS

Confirmation of AIS diagnosis requires radiological examination. Patients are referred to
undergo imaging for full-length frontal (anteroposterior [AP] or posteroanterior [PA]), lateral
and lateral-bending images of the spine. These images are used to determine the severity and
flexibility of the curve and skeletal maturity (W. Kim et al., 2018; Blevins et al., 2018).
AP/PA and lateral/lateral-bending images are the usual projections undertaken for assessing

the spine at the initial visit, but sometimes other images are requested, such as assessment of



bone age (imaging of the non-dominant hand and wrist). Only before treatment AP/PA and
lateral images are required. In the follow-up sessions, the progression of the curve is
monitored, but for surgical planning, it is important to assess the prognosis of the AIS by
evaluating vertebral rotation (Yazici et al., 2001; Kim et al., 2010). Imaging might take place
at intervals of 3—12 months, depending on the curve severity, patient’s age and the
management plan: it is estimated that patients with milder cases can have three X-ray images
per year, and patients with more severe cases can have up to 12 X-ray images per year
(Presciutti et al., 2014). The number and frequency of X-ray imaging sessions are not well-
investigated in the literature; most of the recent studies are built on a cohort study carried out
in the early years of the twentieth century. These studies have estimated that patients with
scoliosis might undergo X-ray imaging up to 22 times over a 3-year period (Nash et al., 1979;
Doody et al., 2000). A more recent study that used the same cohort study found that patients
with AIS had undergone 27 X-ray examinations during the period of disorder management

(Simony et al., 2016).

1.3 Diagnostic measurements

X-ray images provide details that aid in the evaluation of scoliosis. During the initial visit, PA
and lateral images are captured (PA is preferable to AP because it lowers the risk from
radiation compared with AP [Chaparian, Kanani and Baghbanian, 2014; Ng and Bettany-
Saltikov, 2017]). The Cobb angle, vertebral rotation, skeletal maturity and curve type are
determined from the PA image. Lateral images aid in the determination of pelvic obliquity,
pelvic incidence, sacral angle and abnormal lordosis and kyphosis. In the follow-up session,

only AP or PA images are acquired to measure the Cobb angle to monitor the progression of



the disorder. The following sections illustrate how the most common radiographic measures

are quantified from an X-ray image.

1.3.1 Cobb angle

The Cobb angle was introduced to determine the severity of spinal deformity by quantifying
the degree of the curvature (Cobb, 1948). It is the gold standard for evaluating scoliosis. Lines
are drawn on the uppermost and lowermost tilted vertebrae: the intersection of these lines
forms the Cobb angle, or it is formed by the intersection of two lines drawn perpendicular to
the initial lines, as shown in Figure 1.3. The measurement can be performed manually on an
X-ray image, or digitally using specialised image viewing software. The difference between

the accuracy of these measurements is discussed in Section 2.5.1.3 on page 50.

Most tilted
vertebra
above apex

Most tilted
vertebra
below apex

Figure 1.3: lllustration of how the Cobb angle is measured (Greiner, 2002).

The Cobb method for assessing scoliosis has a few limitations. First, it is dependent on the

patient’s posture during the scanning, which can be affected by the gravitational loading on



the spine (Wessberg et al., 2006; Keenan et al., 2014). The gravitational loading is at
maximum when in the standing position, resulting in a larger Cobb angle. The other weakness
is that it does not account for vertebral rotation (Yazici et al., 2001; Lam et al., 2008; Brink,
Colo, et al., 2017). For this reason, obtaining two X-ray images (i.e. AP/PA and lateral views)
at the initial assessment are preferred for better visualisation of the deformity. In addition, the
Cobb method of assessing spinal curvature is linked with large variations. Intra-observer and
inter-observer variabilities of 3-5° and 6-9°, respectively, have been reported in the literature
(Morrissy et al., 1990; Carman et al., 1990; Pruijs et al., 1994). However, the use of digital
radiographic images and digital tools to measure the Cobb angle has helped in lowering the
variation in the measurements (further explanation of this improvement is discussed in
Section 2.5.1.3). Intra-observer and inter-observer variabilities of 2-3.4° and 3.6-5.4°,
respectively, have been reported in more recent studies (Tanure et al., 2010; Zhang, Lou, Shi,
et al., 2010; Langensiepen et al., 2013; Tauchi et al., 2016; Schmid et al., 2016). Because of
the existence of the variation in Cobb angle measurements, it is widely accepted that a change
in the measurement is considered significant only if the difference between the measurements
of two consecutive radiographs is 5° or more (Gstoettner et al., 2007; Keenan et al., 2014;

Allam et al., 2016; Tauchi et al., 2016).

1.3.2  Vertebral rotation

Vertebral rotation is associated with the lateral deviation of the spinal deformity. It is defined
as the angulation of the vertebra in the transverse plane. This plane cannot be shown from
conventional two-dimension (2D) X-ray images; therefore, several methods have been
developed to quantify the vertebral rotation from the X-ray images. The methods are
summarised in Table 1.2, and the accuracy of these methods will be discussed in Section

25.12.
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Table 1.2: Summary of the methods used for vertebral transverse rotation measurements on
2D images (Lam et al., 2008).

Cobb’s method The body of the
(Cobb, 1948) vertebra is split into
six sections. The
degree of rotation is
determined by
locating the section in
which the spinous —F=
process is. =

A

Position of spinous process A B € D beyvond D
Grading 0 1+ 2+ 3+ 4+

Nash—Moe method | The angle of rotation b
(Nash and Moe, is estimated by P
1969) calculating the
percentage of a
pedicle’s dislocation.

Percentage Displacement 0% 50% 100%
Approximate Rotation Angle 0° 50°  100°

Perdriolle method The degree of rotation

(Perdriolle and is measured by the
Vidal, 1985) Perdriolle torsion
meter which uses the c
pgdicle and vertebra’s A B
width for the
measurements.
Stokes’s method The degree of rotation e :
(Stokes et al., 1986) | is calculated with tan@ = 55

Stokes’s formula
which uses the
distance from the
centre of a vertebra to
both pedicles.

|
|
1 b 1 filmplane
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1.3.3  Skeletal maturity

The importance of quantifying skeletal maturity is that it shows the likelihood of deformity
progression. As the skeleton matures, it is less likely that the deformity will progress. Skeletal
maturity can be quantified from the iliac crest apophysis using the Risser classification system
(Ng and Bettany-Saltikov, 2017; W. Kim et al., 2018; Blevins et al., 2018). The grading

system has six stages (Figure 1.4):

e Stage 0: The iliac apophysis is not ossified.

e Stage 1: The apophysis is 25% ossified.

e Stage 2: The apophysis is 50% ossified.

e Stage 3: The apophysis is 75% ossified.

e Stage 4: The apophysis is 100% ossified but not fused with the iliac crest.

e Stage 5: The apophysis is 100% ossified and fused with the iliac crest.

Patients at stages 0-2 are at the highest risk of curve progression because their skeleton is not
mature, whereas patients at stage 5 have the lowest risk (Ryan et al., 2007). This grading
system is the US Risser staging system. However, an alternative grading system, i.e. the
European Risser system, has a similar number of stages but instead divides the iliac crest into
three segments instead of four. There is good agreement between the two systems (Kotwicki,

2008; Nault et al., 2010).
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Figure 1.4: Risser staging system (left). The X-ray image shows Risser stage 4, where the apophysis is completely ossified
but not fused with the iliac crest (Abdelgawad and Naga, 2014).

1.4 Rationale for the research in this thesis

X-ray images play a crucial role in the management of scoliosis by providing definitive
diagnosis, grading its severity, assessing skeletal maturity and monitoring its progression.
However, there are concerns about the potential for cancer induction associated with X-ray
imaging. As discussed earlier, patients with scoliosis are often exposed to X-ray radiation on
multiple occasions during management of the disorder. An X-ray is ionising radiation that can
damage human tissues, and its effects might take years to appear (Pace et al., 2013). The
induction of cancer and hereditary effects are the main concerns regarding the use of X-rays

for evaluating scoliosis.

Despite recent advances in X-ray imaging technology, the risk of developing cancer due to
exposure to ionising radiation persists. It is assumed that the risk increases as the amount of
radiation increases (Chodick et al., 2007; Brenner and Hall, 2007; Johnson et al., 2014);
however, the relationship between these elements is not wholly credible due to the random

nature of X-rays. However, other factors might contribute to the incidence of cancer, such as
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patients’ age, gender and family history. Also, the risk of developing a certain type of cancer
is associated with the type of X-ray examination (World Health Organization, 2016); in the
case of AIS, breast cancer is always the main concern (Doody et al., 2000; Ronckers et al.,

2008; Ronckers et al., 2010; Presciutti et al., 2014; Simony et al., 2016).

Several studies that followed patients with AIS for years after repeated X-ray examinations
found an increased rate of breast cancer incidence in women who had scoliosis as compared
with healthy women (John et al., 2007; Ronckers et al., 2008; Ronckers et al., 2010; Simony
et al., 2016). However, these data are based on women who had undergone X-ray
examinations for scoliosis assessment in 1912—-1990. The imaging machines at that time
delivered higher doses compared with the current machines, and there was a tendency to use
X-ray imaging on a more frequent basis (Nash et al., 1979; Hoffman et al., 1989; Levy et al.,
1996; Doody et al., 2000). The newer technologies in X-ray imaging, such as the image
receptors in digital radiography (DR), are more dose efficient than the older technologies such
as the traditional film (Korner et al., 2007; Seibert, 2008); in other words, the dose required to
acquire an X-ray image today, with the same quality level, requires a lower dose in DR than
when using the film screen. The imaging technology currently used for scoliosis assessment is
different from the earlier versions of imaging machines in term of the irradiation technology,
hence, using lower radiation dose to generate an X-ray image; however, it will likely require
years to understand the effectiveness of the new imaging machines in reducing breast cancer

incidence.

With the uncertainty regarding the risk of radiation on adolescents and the effectiveness of
new X-ray imaging machines in mind, a few factors can be highlighted as to why breast
cancer is more common in patients with AlS. Patient age at the time of radiation exposure has

a critical influence on the incidence of breast cancer (Shuryak et al., 2010). The risk of
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developing radiation-induced cancer decreases as the patient age increases. This can be due to
the following: (1) younger patients are expected to have long lifespans, which increases the
possibility of developing radiation-induced cancer later in life. Radiation-induced cancer has a
long latency period that can be measured in decades (Shuryak et al., 2009; National Research
Council, 2012; Carpenter and Bushkin-Bedient, 2013); and (2) radiation-induced cancer may
develop in patients with AIS due to changes occurring in their bodies during adolescence.
During this period, rapid cell replication takes place, and if the DNA is damaged, the effect
can be permanent. Any DNA damage at this stage can lead to the development of cancer later
in life (Shah et al., 2012; Carpenter and Bushkin-Bedient, 2013). The risk of developing
radiation-induced cancer is difficult to predict, but the influence of patient age on increased

risk can be observed.

There is another important factor that greatly influences the induction of breast cancer
following radiation exposure: the sensitivity of breast tissue to radiation. Radiation is
responsible for increasing the breast cancer incidence rate. The risk is higher for patients who
are less than 20 years old at the time of exposure (Ng and Shuryak, 2015; Brenner et al.,
2018). Breast tissues are composed of glandular and fatty tissues; the glandular tissue (i.e. the
functional part) is the main component of a young female breast, and it is particularly
sensitive to radiation (Ronckers et al., 2005). This explains the higher incidence rate of breast
cancer in patients with AIS. As females age, fatty tissue becomes the main breast tissue

component, rendering the breast less sensitive to radiation.

1.5  Study aim

As patients with AIS undergo repetitive X-ray examinations during the diagnosis and follow-

up periods, it is necessary to minimise the risk from frequent exposure to radiation as far as
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reasonably practicable. There are several X-ray imaging technologies that can be used to
assess AlS, as discussed in Sections 2.5.1 and 2.5.2. Some of these, such as conventional
radiography, have been used traditionally to assess AlS; others such as ultrasound scanning
are still under investigation, but there is the potential to use other existing technologies to
assess AIS which has not been used for this purpose before. The aim of this research is to
evaluate the potential of using computed tomography (CT) scan projection radiography
(SPR), a scanning mode used to plan the actual CT scan, in the assessment of AIS from
radiation dosimetry and the accuracy of Cobb angle measurement perspectives. The aim and

objectives will be discussed in detail in Section 2.6 on page 66.

1.6 Thesis structure

This thesis is divided into six chapters, as illustrated in Table 1.3 below.

Table 1.3: Thesis outline.

Chapter Description
One Provides an overview of AlS.
Introduces radiation dose and the image quality (1Q) aspect and discusses
the imaging modalities used in the evaluation of scoliosis from the following
perspectives:
e Imaging conditions
Two e Accuracy of AIS measurements
e Reproducibility and repeatability of the measurements
e Radiation dose and risk
e Image quality
e Cost and availability.
Provides a description of the method and materials used to achieve the aim,
Th which includes using a dosimetry phantom to quantify radiation dose level,
ree : ) LS .
constructing a phantom with scoliosis spine and testing the accuracy of
Cobb angle measurements on SPR images.
Four S_hows the result of the experiments that have been conducted to achieve the
aim.
Five Provides an overall discussion and the study’s limitations.
Six Replcirts the study’s conclusion and provides recommendations for future
work.
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Chapter 2: Radiation dose and image quality in scoliosis imaging

2.1 Chapter overview

This chapter reviews AIS imaging modalities. The review is preceded by a discussion of
radiation dose and 1Q assessment methods. The chapter is divided into three sections: (1)
radiation dose measurements, where radiation dose quantities, radiation dosimeters, and their
applications in diagnostic radiography are discussed. This section ends with a review of the
findings of previous studies that investigated radiation dose levels in AlS imaging; (2) 1Q
evaluation, where 1Q parameters, the methods of evaluating 1Q and the findings of previous
studies that investigated 1Q evaluation in scoliosis imaging are discussed. This is followed by
a review of the relationship between IQ and radiation dose in diagnostic radiography; and (3)
scoliosis image modalities, where the imaging modalities used to evaluate AlS are reviewed.
The imaging conditions, accuracy of acquired measurements and their cost and availability

are discussed. The aim and objectives of this thesis are stated at the end of this chapter.
2.2 Radiation dose measurements

Since its discovery, X-ray imaging has played an important role in medical diagnostics, but its
association with the risk of causing secondary diseases (i.e. cancer) remains concerning.
Possible biological damage from X-ray exposure can take the form of either stochastic
(random) or deterministic (non-random) effects. The latter refers to a reaction that can occur
after exposure to a certain level of X-radiation (threshold level). Examples of such reactions
include nausea, vomiting, hair loss and skin burns, even death. These reactions might appear
in the short term after exposure, and their magnitude increases as the dose increases.

According to the International Commission on Radiological Protection (ICRP), the likelihood
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of these reactions occurring increases after exposure to X-ray doses of >100 mSv (ICRP,

2007). Fortunately, these dose levels are far in excess of those used in diagnostic imaging.

Stochastic effects, on the other hand, refer to reactions that can occur after exposure to X-rays
without a threshold level. In this case, X-rays can cause cancer or heritable diseases (Ron,
2003; Louis et al., 2006; Ronckers et al., 2008; Carpenter and Bushkin-Bedient, 2013,
Hamada and Fujimichi, 2014), and the likelihood of these effects occurring is assumed to
increase with the dose, but not in terms of their severity. This assumption is based on a linear
no-threshold model (LNT) which is widely used for assessing the risk of radiation (Figure
2.1). Moreover, several factors increase the probability of stochastic effect occurrence, such
as the radio sensitivity of tissues and the patient’s gender and age. These are more concerning

for patients with AIS who are young and most of whom are females.

Linear no-threshold model

Radiation risk

Radiation dose

Figure 2.1: LNT assumes a proportional relationship between radiation dose and the risk of radiation. It is derived from high
dose incidence (e.g. Hiroshima and Nagasaki incidents), and then the data are extrapolated to low dose incidence. The
limitation of this model is discussed in the following section.
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2.2.1  Radiation risk quantities and units

It is important that X-ray doses are monitored when used in medical imaging to minimise the
risk of biological effects associated with X-ray use. Radiation dose monitoring enables the
determination of the level where the benefits of undergoing X-ray examination outweigh the
harms and enable the estimation of any potential risk. Two international bodies govern the
radiation quantities in diagnostic imaging: The International Commission on Radiation Units
(ICRU) and the ICRP. The ICRU focuses on the physical aspects of dosimetry (i.e. dose
measurements), and the ICRP focuses on quantifying the risk from X-rays (i.e. radiation
protection). The radiation dose can be quantified using two factors: (1) basic dosimetry
quantities, or (2) application-specific quantities (sometimes termed patient dose quantities)
(International Atomic Energy Agency [IAEA], 2014). The latter cannot be measured directly

and are estimated from dosimetry quantities.

2.2.1.1 Basic and application-specific dosimetry quantities

In diagnostic radiography, the fundamental basic dosimetry quantity used to measure the
patient dose is the absorbed dose (D), which is the amount of energy deposited in a unit of
mass (joules/kg); its Sl unit is the gray (Gy). It can be derived using the number of X-rays
passing through the human body (i.e. fluence) and the quantity of energy required to charge
particles in the body (i.e. kerma). However, it is not clinically possible to measure the
absorbed dose in patients; instead, application-specific quantities are used to estimate the
absorbed dose. The most common methods for estimating the absorbed dose are entrance
surface air kerma (ESAK), air kerma—area product (Pka) CT, air kerma—length product
(PkLcT), CT dose index (CTDI), and organ dose (OD) (Mccollough and Schueler, 2000;

Mettler et al., 2008; McCollough et al., 2010; Deak et al., 2010; Christner et al., 2010g;
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Cynthia et al., 2011). The guidelines for these measurements have been published in the ICRP
103 and IAEA TRS457 reports. It is worth noting that the ICRU has unified the naming of
these gquantities; however, the terms entrance surface dose (ESD), dose—area product (DAP)
and dose—length product are widely used in the literature instead of ESAK, Pka and Py cT,

respectively.

Apart from the absorbed dose, the remaining quantities can be used within in vivo and in vitro
studies to measure the absorbed dose. Using these quantities for measurement requires
recording the ‘irradiation conditions’ (e.g. beam and detector sizes) and ‘patient information’
(e.g. height, weight, age). With this information, the absorbed dose can then be derived
mathematically (i.e. indirect measurements) and Monte Carlo (MC) simulation software is

mostly used to perform this type of measurement; this will be discussed in Section 2.2.2.

2.2.1.2 Risk-related quantities

The previous quantities quantify the amount of radiation patients are exposed to during X-ray
examinations but do not provide information about the risk from the exposure. The risk is
dependent on the type of radiation used and the type of tissue irradiated. The equivalent dose
quantity (Ht) shows the amount of deposited radiation in a unit of mass and considers its type
(e.g. X-rays, y-rays or heavy particles) (Equation 1); in other words, it shows the biological
effects of a certain type of radiation in a specific organ. The radiation weighting factors (Wr),
which are determined by the ICRP, account for the relative biological damage from the
corresponding radiation (Table 2.1) but not the radio sensitivity of the tissue; thus, Hr is used
in radiation protection planning rather than in individual risk assessment (ICRP, 2007; Fisher
and Fahey, 2017). The equivalent dose is defined by the same unit as the absorbed dose

(joules/kg), but its SI unit is the Sievert (Sv):
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H; = z WgrDy, (1)
R

where R is the type of radiation, Wr is the radiation weighting factor (Table 2.1) and D is the

absorbed dose.

Table 2.1: Recommended Wr (ICRP, 2007).

Type of radiation Radiation weighting factor (Wr)
X-rays, y-rays and electrons 1

Protons 2

a-particles 20

To overcome the limited usage of the equivalent dose in assessing the risk of radiation to
patients, another measure, called the effective dose (ED), is used. The ED is the sum of the
equivalent doses if the whole body were to be irradiated and considers the difference in the
tissues’ radiosensitivities (Equation 2). This difference is represented by the tissue weighting
factor (Wt), which is a measure of the risk of ionising radiation to a specific tissue (Table
2.2). The ED can be used to compare the risk of radiation of a specific X-ray examination
with the risks from other sources of radiation (e.g. background radiation) or other X-ray
examinations (e.g. PA vs. AP, or conventional spinal radiography vs. spinal CT)
(McCollough et al., 2010; Fisher and Fahey, 2017). The ED has the same unit as the
equivalent dose, i.e. the Sievert. In its Report 103, the ICRP recommends that the ED should
be used for planning and optimisation in radiological protection, demonstrating dose limits for
regulatory purposes and for comparing typical doses from different X-ray examinations, but

not for assessing radiation doses to individual patients or for investigating individual risk:

ED = ZWTHT, (2)
T
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where ED is the effective dose to the whole body, Wr is the tissue weighting factor (Table

2.2) and Hr is the equivalent dose absorbed by tissue (T).

Table 2.2: Tissue weighting factors from last two ICRP reports (ICRP, 1991; ICRP, 2007).
Organs/Tissue Tissue weighting factor (Wr)

ICRP 60 ICRP 103
Gonads 0.20 0.08
Bone marrow 0.12 0.12
Colon 0.12 0.12
Lung 0.12 0.12
Stomach 0.12 0.12
Breast 0.05 0.12
Bladder 0.05 0.04
Liver 0.05 0.04
Oesophagus 0.05 0.04
Thyroid 0.05 0.04
Skin 0.01 0.01
Bone surface 0.01 0.01
Salivary glands i 0.01
Brain T 0.01
Remainder* 0.05 0.12
* Remainder tissues: adrenals, extrathoracic (ET) region, gall bladder, heart, kidneys, lymphatic
nodes, muscle, oral mucosa, pancreas, prostate, small intestine, spleen, thymus and uterus/cervix.
1 Not available.

The ED does not describe the risk of radiation to individual patients of a specific age, gender
or genetic makeup. The ED estimates the risk to a reference person with an average
characteristic (ICRP, 2007; McCollough et al., 2010; Wall et al., 2011; Tootell et al., 2014;
Harrison and Lopez, 2015). The average characteristic is defined in the ICRP Publication 89
as characteristics of a hypothetical gender-averaged adult person whose relevant anatomical
and physiological parameters are at the 50th percentile of the population (ICRP, 2002). The
purpose of introducing the ED was for setting limits for radiation protection (Paquet et al.,

2016).

Another controversial aspect of the ED is the W+, which, as can be seen in Table 2.2, has

evolved over time. An expert panel calculated these factors based on the epidemiology of
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Hiroshima and Nagasaki atomic bomb survivors (Lifespan Study [LSS]), and they represent
the relative contribution of a specific tissue’s radiosensitivities to the assumed total risk
arising from stochastic effects for uniform irradiation to the entire body (IAEA, 2007; Fisher
and Fahey, 2017). However, these factors do not reflect the best knowledge of radiation risks,
but rather the experts’ views on the stochastic endpoints of cancer incidence, cancer mortality,
life-shortening and hereditary risk (Streffer, 2007; Brenner, 2008; Brenner, 2011; Brenner,

2012; Harrison and Lopez, 2015).

Given the limitations to the use of ED for assessing patient risk from radiation, the effective
risk (ER) was proposed. Brenner (2008) suggested that it be used instead of the ED for
assessing the radiation risk; he proposed replacing the W in the ED equation (Equation 2)
with factors proposed by the US National Academy of Sciences (NAS) in its Biologic Effects
of lonizing Radiation (BEIR) VI report. The difference between the two sets of factors is that
the NAS factors are not based solely on committee decision, but on more scientific methods.
That is, they are based on the latest updates of the LSS (at that time), populations living in an
environment with high background radiation, people who worked on the Chernobyl incident
and, more importantly, medically exposed cohorts (NAS, 2006; Brenner, 2008; Riihm et al.,
2015). The NAS factors also account for age, sex and tissue radiosensitivity (Equation 3)
(NAS, 2006). The ER can be estimated using the following equation:

ER = ZTT Hp ©)

T

where ER is the lifetime attributable risk, rr is the lifetime radiation-attributable T-specific

cancer risk (Table 2.3) and Hr is the equivalent dose absorbed by the tissue (T).
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Table 2.3: The rr of males and females by age (from birth to 30 years) (NAS, 2006).

Risk coefficient (cases/1000,000 persons/Gy at different ages*

Cancer Male Female

0 5 10 15 20 30 0 5 10 15 20 30
Stomach 0.76 0.65 0.55 0.46 0.40 0.28 1.01 0.85 0.72 0.61 0.52 0.36
Colon 3.36 2.85 2.41 2.04 1.73 1.25 2.20 1.87 1.58 1.34 1.14 0.82
Liver 0.61 0.50 0.43 0.36 0.30 0.22 0.28 0.23 0.20 0.16 0.14 0.10
Lung 3.14 2.61 2.16 1.80 1.49 1.05 7.33 6.08 5.04 4.17 3.46 2.42
Bladder 2.09 1.77 1.50 1.27 1.08 0.79 2.12 1.80 1.52 1.29 1.09 0.79
Thyroid 1.15 0.76 0.50 0.33 0.21 0.09 6.34 4.19 2.75 1.78 1.13 0.41
Remaining
solid 11.23 6.72 5.03 3.94 3.12 1.98 13.39 7.19 5.23 4.09 3.23 2.07
cancers
Leukaemia | 2.37 1.49 1.20 1.05 0.96 0.84 1.85 1.12 0.86 0.76 0.71 0.63
Prostate 0.93 0.80 0.67 0.57 0.48 0.35 - - - - - -
Breasts - - - - - - 11.71 9.14 7.12 5.53 4.29 2.53
Uterus - - - - - - 0.50 0.42 0.36 0.30 0.26 0.18
Ovary - - - - - - 1.04 0.87 0.73 0.60 0.50 0.34

* Number of cases per 1,000,000 persons exposed to a single dose of 0.1 Gy.




The ER is a useful measure for estimating the possible risks of using ionising radiation in
medical imaging; however, some limitations remain. The rr is built on the basic hypothesis of
the LNT, which is a widely accepted model (Little et al., 2009; Tubiana et al., 2009). It is an
assumption based on data from people who were exposed to high radiation doses (Boice,
2017; Tran and Seeram, 2017; Ulsh, 2018; Cardarelli and Ulsh, 2018), which means this is
not the best model for assessing the risk of low-dose radiation (Cardarelli and Ulsh, 2018),
with which the ICRP agrees. The linear-quadratic (LQ) model is more appropriate for
estimating the risk than the LNT (Tran and Seeram, 2017; Cardarelli and Ulsh, 2018; Ulsh,
2018). Similar to the LNT, the LQ model suggests that the risk increases as the dose and has
no threshold limit, but that it increases exponentially with repeated exposure (Figure 2.2).
Despite this, several international bodies, including the ICRP, NAS, United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR) and Canadian Nuclear Safety
Commission (CNSC), still use the LNT (Tran and Seeram, 2017). The ICRP claims that there
is no significant difference between the models for estimating the risk of low-dose radiation,

and that the LNT is the most cautious model.

LNT versus LQ

//

Radiation dose

Radiation risk

= LNT model LQ model

Figure 2.2: The difference between the LNT and LQ risk models.
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Other methods can be used to estimate the risk of radiation, namely, the excess relative risk
(ERR), excess absolute risk (EAR), lifetime attributable risk (LAR) and final risk model
(NAS, 2006). The ERR and EAR, which are defined in Equations 4 and 5, respectively,
allow estimation of the risk at a specific time after the exposure. While the ERR is suitable for
estimating the risk for a specific population in specific conditions, it cannot be applied to a
different population (O’Connor, 2017). For example, it can be used to estimate the risk of
cancer in Japanese who lived in the wartime conditions of Nagasaki and Hiroshima, but not
for any other populations. The EAR, on the other hand, is suitable for estimating the risk
between two significantly different populations (e.g. Japanese and Europeans). The LAR is
the summation of the ERR and EAR. Nevertheless, using the LAR to estimate risk has
received criticism; first, the correlation between the ERR and EAR is weak, and second, it is
difficult to estimate the risk of cancer of a single organ (O’Connor, 2017). To overcome these
limitations, the NAS committee introduced the final risk model (Equation 6). However, this
risk model has received the same criticism as the ED, for which the committee has proposed a

subjective factor (x) to resolve the limitations of the LAR.

ERR — rate of disease in an exposed population 1 y
" rate of disease in an unexposed population @

EAR = rate of disease in an exposed population

(5)

— rate of disease in an unexposed population

Final risk = x. ERR + (1 — x).EAR (6)

2.2.2  Quantifying radiation dose: Direct versus indirect measurements

To estimate the risk of radiation in diagnostic imaging, the radiation dose is quantified either

directly using radiation dosimeters or indirectly using mathematical simulation software. For
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direct measurements, the most frequently used dosimeters are thermoluminescent dosimeters
(TLDs), metal-oxide—semiconductor field-effect transistors (MOSFETS), ionisation
chambers, silicon diodes and optically stimulated luminescence dosimeters (OSLDs) (Tootell
et al., 2014; Koivisto et al., 2014; Cakmak et al., 2015). These dosimeters can be used on
patients or in phantoms to measure the absorbed dose. On the other hand, MC mathematical
simulation is widely used for estimating the absorbed dose in diagnostic radiography, and it is
used for indirect measurements (Tapiovaara, 2012). The software requires that the users input
some of the irradiation details, including ESD, DAP and imaging parameters, such as source-

to-image receptor distance (SID), to estimate the risk.

Both direct and indirect measurements of radiation risk are valid for dose measurements in
diagnostic radiography (IAEA, 2007). The main differences between the two methods are the
accuracy of the measurements and the feasibility of performing the measurements. On one
hand, direct measurement using dosimeters provides more accurate information when
compared with the computational method (Lee et al., 2014; Shrimpton et al., 2014; Sinclair et
al., 2015; Hayashi et al., 2017). MC, for example, underestimates the measurements for adults
(Harmer et al., 2018; Borrego et al., 2018) and overestimates the measurements for children
(Kiljunen et al., 2009; Borrego et al., 2018). There are different possible causes for these
inaccurate measurements in MC software: the software utilises a mathematical phantom with
unrealistic organ shape and size and it oversimplifies the anatomical structures and
unrealistically adjusts the body for adults and children (Figure 2.3) (IAEA, 2013; Borrego et
al., 2018). Second, the accuracy of the measurement is highly dependent on the accuracy of
the reproduced beam size and location (IAEA, 2007; Allisy-Roberts and Williams, 2008;
Podnieks and Negus, 2012). Failure to use the exact same beam size and location changes the

outcomes of the calculation (i.e. measurements), which may yield inaccurate results. Lastly,
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the software generates a uniform X-ray field, which does not simulate the actual X-ray beam

(Kim et al., 2015).

Skeleton

Esophagus

Lungs
|
Gall bladder

B ;
L .
~ d

Qvaries

Urinary bladder

Soft tissue

Figure 2.3: The mathematical phantom used in MC shown in PA view (left) and AP view (right) (image adopted from
(Seidenbusch et al., 2014).

MC measurements, however, are easily performed compared with the direct methods. In
general, dosimeter measurements are labour-intensive and time-consuming. The amount of
labour and time varies between dosimeters based on their type and application. While active
dosimeters, such as ionisation chambers and MOSFETS, display dose values directly, passive
dosimeters, such as TLDs and OSLDs, do not provide immediate readouts; instead, they store
the singles to be read later, which means extra work and more time are required to obtain the

dose values.
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2.2.3  Quantifying radiation dose: Measurement methods

For dose measurements in diagnostic radiography, the ideal dosimeter for direct measurement

should have the following properties as stated in the IAEA handbook (2014):

1. High sensitivity, which refers to the lowest detectable signal. The higher the
sensitivity, the higher the signal produced for the same dose.

2. Linearly proportional response to radiation dose.

3. Small energy dependence, which refers to low variation in a dosimeter response within
a range of energies (i.e. radiation quality). In diagnostic radiography, this variation is
limited by IEC 61674 to £5% (International Electrotechnical Commission [IEC], an
international body responsible for setting standards) (IEC, 2012).

4. Small angular dependence, which refers to the effect of a dosimeter response by its
shape and size and by the incident X-rays. IEC 61674 limits variation in a dosimeter
response to £3% at an incident angle of 5° (IEC, 2012).

5. Small current leakage, which refers to any recorded signal that is not generated by
radiation (e.g. electronic noise, environmental equilibrium). IEC 61674 limits this to

5% of effective air kerma for the range in use.

Other characteristics should also be considered when choosing a practical dosimeter,
including low cost, excellent reproducibility, small size and an effective atomic number
similar to that of human tissue (Koivisto et al., 2015). Moreover, the clinical or research
applications of a dosimeter and the type of measurement should be taken into account when

choosing the most suitable method.

Even though the previously mentioned dosimeters can be used for radiation risk assessment

(Lemoigne and Caner, 2010), the variety can be limited because not all of them fulfil all
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specifications of an ideal dosimeter. lonisation chambers provide accurate and precise
measurements and come in different forms; the most widely known form is the one mounted
on the collimator of the X-ray tube. lonisation chamber usage for dosimetry in diagnostic
radiography is limited to the CTDI and DAP (Kramer et al., 2012) and to indirect
measurements. lonisation chambers are mostly used for quality assurance or to quantify basic
dosimeter quantities (Meghzifene et al., 2010; Kramer, Moores and Stieve, 2012; Mahmoud,
Hamdy and Abaza, 2019). They cannot be used on patients because they are made from

materials not equivalent to human tissue and can overlay image details (Kramer et al., 2012).

Semiconductor dosimeters (i.e. silicon diodes and MOSFETS) are smaller than ionisation
chambers and can be used on patients and placed inside phantoms. They are active
dosimeters; hence, they provide instant readout. One of their disadvantages is the relatively
higher angular dependence as compared with other dosimeters (Dong et al., 2002; Wang et
al., 2004; IAEA, 2014; Koivisto et al., 2015). A 21% difference in MOSFET readings was
found when its orientation was changed; therefore, it is recommended that MOSFET
dosimeters be placed with their flat side facing the X-ray tube when used on patients’ skin or
inside a phantom (Jones et al., 2005). In general, semiconductor dosimeters are sensitive to
their positioning in the radiation field, especially the direction of the heel effect, and they have
a short lifetime (IAEA, 2014). Silicon diodes do not record side scatter and backscatter
radiation because they are absorbed by the dosimeter backing materials, which may affect
measurement accuracy. Other disadvantages of silicon diodes include short lifetime and the

requirement for frequent calibration.

The remaining dosimeters are solid-state dosimeters: TLDs and OSLDs. Their dose
measurement principles are similar: when they are irradiated, they trap a charge for a time

before the charge is released during the read-out. They are small and made from tissue-
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equivalent materials, which makes them suitable for placement on patients or within
phantoms. The main difference between these dosimeters is how the measurements are read
out; TLDs use heat to release the trapped charge, whereas OSLDs use light. When the charge
is released, light proportional to the amount of radiation is released. The response is linear in
the energy range of the X-ray used in diagnostic radiography (IAEA, 2007; Meghzifene et al.,
2010; Oliveira et al., 2010; Al-Senan and Hatab, 2011). Unlike the other dosimeters,
acquiring dose measurements requires two steps: irradiation and read-out, which renders them
less time-efficient and more labour-intensive. Their other weakness is sensitivity to the
surrounding environment, and their sensitivity varies. Compared to TLDs, OSLDs have
shorter lifetimes and require careful handling because they are light-sensitive (Alvarez et al.,

2017).
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2.3 Image quality

The definition of 1Q is broad and cannot be easily integrated into the perspective of
quantifying medical images for evaluation. It is also subjective, and a specific or widely
accepted definition does not exist (Shet et al., 2011; Singh and Pradhan, 2015). This has led to
enormous controversy in determining the optimum 1Q. However, it is not necessary for X-ray
images to be of optimum quality to be suitable for clinical use. In fact, a good X-ray image is
characterized by the fact that it has all of the needed clinical details for diagnostic purposes.
Sufficient 1Q for clinical use might be acceptable if it is associated with a lower radiation dose

to the patient (Russell et al., 2008; Seibert, 2008).

Patient dose and the 1Q are correlated. In general, the highest 1Q levels are associated with
high radiation doses, because noise levels in the image tend to be low when the dose is high.
However, obtaining high-quality images may not necessarily be ideal for certain cases, such
as scanning for tumours, because higher radiation doses decrease the contrast of images.
Therefore, it is important that an image has the right quality level for the task to be
accomplished (Table 2.4) (ICRP, 2004; Busch and Faulkner, 2006). An example of this is the
liver lesion in the two images shown in Figure 2.4: the lesion appears clearer on the image
with the lower dose despite the other image being of higher quality (i.e. the dose was reduced
by adjusting the tube potential). The trade-off between 1Q and radiation dose should be
examination-specific, as the 1Q is determined by whether the purpose of the examination was

achieved.
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Table 2.4: Examples of different clinical indications and the suggested 1Q needed for
diagnostic purposes (Uffmann and Schaefer-Prokop, 2009).

Image quality level

Clinical indication

High

Primary bone tumour
Non-displaced fracture

Control of a known displaced fracture

Medium Back pain with no indication of infection or neoplasm (i.e.
imaging lumbar spine)
Follow-up metal implantation for osteosynthesis

Low Follow-up for pneumonia

Follow-up for scoliosis

Figure 2.4: Liver lesion, circled, in left and right images. The image on the left was acquired at 120 kV; the image on the

2.3.1 1Q parameters

right was acquired at 80 kV (Fletcher, 2010).

The quality of radiographic images can be characterised by spatial resolution, contrast and

noise (Goldman, 2007; Alsleem and Davidson, 2013; Konstantinidis, 2014). The following

provides an overview of these characteristics.

2.3.1.1 Spatial resolution

Spatial resolution is the ability of an imaging system to detect small objects with different

contrast (e.g. bone—soft tissue interface). In general, it is limited by pixel size and by the

33




spacing between pixels. The smaller the pixel sizes, hence more pixels, the higher the spatial
resolution. However, other factors influence the spatial resolution of an image: subject blur,
receptor blur, motion blur and geometric blur (Williams et al., 2007; Alsleem and Davidson,
2013; Chow and Paramesran, 2016), which cause an object to appear in the image with poorly
defined boundaries. While subject blur is caused by the superimposition of the objects or by
their shape (e.g. an organ), receptor blur is caused by scattering radiation, generated when the
incident X-rays react with image receptors. Motion blur, the most common source of blur, is
caused by patient movement during the examination (Alsleem and Davidson, 2013): this blur
includes both voluntary and involuntary motion (e.g. heartbeat). The effect of motion blur can
be reduced by reducing the examination time (Alsleem and Davidson, 2013; Huda and Brad
Abrahams, 2015). Lastly, geometric blur is caused by the physical size of the radiation source
(i.e. focal spot), object-to-image receptor distance (OID) and SID (Kei Ma et al., 2014; Singh,

2016). Geometric blur increases with focal spot size and with SID (Figure 2.5).

Specimen

UMERA

Figure 2.5: The effect of focal spot size on the blur (sharpness) of an object (Singh, 2016).
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2.3.1.2 Contrast

Contrast refers to the ability of an imaging system to discriminate objects with small
differences in grey scale. This slight difference is generated by the presence of slightly similar
densities and effective atomic numbers; hence, slightly different X-ray attenuating properties
(e.g. the appearance of liver and spleen in an X-ray image) (Bushberg et al., 2012). A high-
contrast image is demonstrated by a sharp transition between light grey and dark grey (Figure
2.6). Generally, contrast is influenced by scatter radiation, beam filtration and collimation,
image receptor properties and photon number (Williams et al., 2007; Alsleem and Davidson,

2013; Sossin et al., 2017). A high-contrast image allows better visualization of image details.

Contrast Sensitivity

Object
Contrast

High

Figure 2.6: The difference between low and high contrast (Sprawls, 1995).

2.3.1.3 Noise

Noise refers to the unwanted details in an image that arise as random fluctuations in recorded

X-rays. It is non-useful information and can be explained using the standard deviation (SD) to
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show how distributed the recorded X-rays are (Alsleem and Davidson, 2013). Noise is
influenced by the number of photons logged in each pixel; the higher the number of photons,
the lower the noise level in an image (Figure 2.7). An X-ray image contains two types of
noise. One is quantum noise, which appears when too few X-rays are recorded (i.e. reaching
the image receptor) due to scatter radiation, decreasing pixel size or the size of anatomical
structure (i.e. larger structures attenuate more radiation) (Bacher et al., 2006; Goldman, 2007).
The other noise is caused by the imaging system itself (hence, it is termed system noise)
during image formation (Goldman, 2007). The latter is less problematic than quantum noise

and occurs less often (Huda and Abrahams, 2015).

Figure 2.7: An image with different noise levels: noise levels increase from left to right (IAEA, 2014).

2.3.2  1Q assessment methods

Several methods can be used to assess the quality of X-ray images, and they fall into three
broad categories (Figure 2.8): physical, clinical performance and psychophysical methods.
While the physical methods focus on the physical aspects and performance of an imaging
system, the psychophysical and clinical performance methods are used to assess the
performance of the whole chain (i.e. imaging systems and image observers). The features,

advantages and disadvantages of these methods will be discussed in the following sections.
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Figure 2.8: Summary of 1Q assessment methods.

2.3.2.1 Physical methods

The physical methods are used to describe the physical characteristics of an imaging system.
They quantitively describe the spatial resolution, contrast and noise. An example of their
application is when a new image receptor is introduced. Spatial resolution can be quantified
using point-spread function (PSF) or modulation transfer function (MTF) (Alsleem and
Davidson, 2013; Konstantinidis, 2014). Noise can be quantified using the signal-to-noise ratio
(SNR) or noise power spectrum (NPS) (Samei et al., 2005; Tasi and Matsuyama, 2015), and
contrast is mostly quantified by the contrast-to-noise ratio (CNR) (Mori et al., 2013).
Moreover, detective quantum efficiency (DQE) measures the efficiency of an imaging
receptor in converting X-ray energy into an image. These physical measures provide more
reliable and reproducible results when compared with the other methods (Yan et al., 2012;

Vodovatov et al., 2017). However, they cannot be used individually to evaluate 1Q because
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they cannot quantify some of the clinical features in the images as an observer might (Bath,

2010).
2.3.2.2 Clinical performance methods

Clinical performance methods describe the effectiveness with which an image can be used for
its intended purpose. The overall basis of this type of assessment is when experts provide their
opinion of the quality of an image based on certain criteria. This is not as reliable as the
physical methods due to the involvement of human subjectivity, but has higher validity than
the physical methods for assessing the whole imaging system, including the observers
themselves (Obuchowski, 2003; Bath, 2010; Ludewig et al., 2010; Liu et al., 2012; Bochud et
al., 2015). Clinical performance measurement methods include examining receiver operating
characteristics (ROC) and visual grading analysis (VGA) (Mansson, 2000; Bath and

Mansson, 2007; Zarb et al., 2010). This type of measurement focuses on the appearance of

normal or pathological structures in an image.

The ROC is a task-based method used to evaluate the imaging performance of an imaging
system. Observers are asked to decide whether a pathological structure is present in an image;
based on its grading system, the observers are able to state their level of confidence. ROC
indicate the ability of observers to correctly detect pathological structures in an image by
measuring the probability of identifying positive results (i.e. sensitivity) and the probability of
identifying negative results (i.e. specificity) (Obuchowski, 2003; Florkowski, 2008; Ludewig
et al., 2010; Alsleem and Davidson, 2013). Although ROC can be used for measuring the 1Q
to be evaluated, its main usage is for comparing the detectability of different imaging systems
(or observers) for certain pathologies (Bath, 2010). In addition, ROC studies are difficult to

perform because they are time-consuming and require large amounts of data to have adequate
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statistical power (Bath, 2010; Alsleem and Davidson, 2013); therefore, evaluating a large
number of images may cause observers to behave differently in the experimental environment
compared with a real experience in the clinical environment (Gur et al., 2007; Bath, 2010),
which consequently affects the accuracy of the measurements. Therefore, ROC is not

recommended for finding the optimal imaging setting or dose level.

Unlike ROC, VGA utilises normal structures in X-ray images for 1Q evaluation. The main
theory of VGA is based on the ability to detect whether the pathological structure in an image
correlates well with the precise anatomical demonstration (Bath and Mansson, 2007; Ludewig
et al., 2010). It assesses 1Q levels by evaluating the appearance of anatomical structures in the
images based on the quality criteria recommended by the Commission of the European
Communities (CEC) (CEC, 1996c; Engen et al., 2005). Observers are required to decide
whether the criteria have been fulfilled. VGA can be performed in two ways: relative grading
using reference images, and absolute grading without reference images. In comparison with
ROC, VGA is easier to perform and has higher agreement with the physical methods (Bath
and Mansson, 2007). In addition, it does not focus on the observers’ performance, but rather
the performance of the whole imaging chain. However, if a certain image is evaluated as poor
quality because some or all criteria are not fulfilled, VGA does not identify the reasons related
to the poor quality (i.e. the sources of poor 1Q could be the imaging equipment, processing or
the interpreters) (Ludewig et al., 2010). Lastly, it is less reliable than physical measurements

due to the involvement of human subjectivity.

2.3.2.3 Psychophysical methods

This type of 1Q assessment combines the features of the previous two methods. That is, it

describes the physical characteristics of an imaging system from an observer’s point of view.
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The basic principle of psychophysical assessment is that observers are asked to evaluate the
physical characteristic of an imaging system using test phantoms (Mansson, 2000; Yoshiura,
2012; Hardesty et al., 2013; Mraity et al., 2014; Zarb and Rainford, 2014). The difference
between the physical and psychophysical methods is that subjectivity has less influence on the
physical measurements. Nevertheless, human subjectivity can be eliminated entirely by
performing the psychophysical measurements on software programs to automatically evaluate
the quality of an image (Zarb and Rainford, 2014). Common examples of these measurements
are line spread-function (LSF) for evaluating spatial resolution and contrast-detail analysis
(CDA) for evaluating contrast (Figure 2.9). These measurements are easier to perform
compared with the other methods, which renders them preferable for routine checks in
hospitals (Hiles et al., 2005; Marshall et al., 2011). The disadvantages of these measurements
is that they are less relevant to clinical practice than the clinical performance measurements

due to the use of test phantoms that do not represent the human body (Mansson, 2000).
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Figure 2.9: An X-ray image of a CDRAD phantom used for CDA studies.

40



2.4 Relationship between 1Q and radiation dose

The relationship between 1Q and radiation dose level is complicated. As noted in the earlier
discussion (Section 2.3 on page 32), the main goal of medical imaging using ionising
radiation is to generate an image with sufficient 1Q and minimum dose to patients for the task
to be achieved. 1Q is dependent on the quantity and quality of the X-rays absorbed in the
image receptor (Martin, 2007; Sensakovic et al., 2017): Broadly, 1Q improves as the dose
increases. Several factors should be considered when balancing 1Q and radiation dose,
including: (1) tube kilovoltage peak (kVp), which controls the quality of the X-rays (i.e. their
energy); (2) tube current (in milliamperes [mA]), which controls the quantity of X-ray
photons; (3) time of exposure; (4) beam size (i.e. collimation); (5) SID; (6) OID; (7) focal
spot; (8) grid; (9) pitch in CT; and (10) patient size (George et al., 2004; Ramanaidu et al.,
2006; Ching et al., 2014; Mayo-Smith et al., 2014; Tavares et al., 2015; England et al., 2015;
Ofori et al., 2016; Sensakovic et al., 2017; Jumriah et al., 2018; Wells, 2018). Figure 2.10

shows a summary of the relationship among these factors and 1Q and radiation dose.
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Figure 2.10: Summary of the effects of adjusting imaging factors on image quality and radiation dose. The effect of one factor shows when the other is constant.




As shown in Figure 2.10, these imaging parameters control both the radiation dose and 1Q
levels. For quantifying the curve in AIS, 1Q level has less impact on the accuracy of the
measurements because the curve is still discernible in low image quality (Uffmann and
Schaefer-Prokop, 2009; Bonanni, 2017; Chung et al., 2018). Therefore, the main concern
when irradiating AlS patients to assess spinal curve should be the dose level rather than the
quality of the images. The accuracy of Cobb angle measurements using different images with

different 1Q levels and different imaging modalities are discussed in the following section.

2.5  Scoliosis imaging modalities

The importance of X-ray images in the diagnosis and management of scoliosis has been
discussed in the previous chapter (Section 1.3 on page 8). In addition to conventional
projection radiography, other imaging systems can be used to evaluate spinal curvature.
However, not all imaging methods use X-rays to generate an image of the spine. Images of
the spine can be acquired using magnatic resonance (MR), ultrasound (U/S) or simply by
taking a photo of the patient’s back. The following sections outline these imaging systems in
terms of their imaging characteristics/ applications, spinal curve measurement accuracy,
radiation dose levels and risk, cost and availability. These imaging systems are categorised

into ionising and non-ionising imaging modalities.
2.5.1 lonising imaging modalities

lonising imaging modalities use ionising radiation to generate an image (or a series of images)
that fulfils its diagnostic purposes. In scoliosis evaluation, these can be conventional
projection radiography, CT or EOS imaging systems (Ng and Bettany-Saltikov, 2017; W.

Kim et al., 2018). Although these imaging modalities follow similar principles for generating
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X-ray images, there are some differences among their imaging techniques and their usage for

scoliosis management.

In conventional radiography, which is the gold standard for AIS assessment, patients stand
against an image receptor for scoliosis imaging (Figure 2.11). For the equipment to capture
the entire spine, it divides the region of interest (ROI) into two or three segments depending
on the patient’s length. Then, the X-ray tube and imaging receptor move simultaneously and
irradiate each area separately (this is one of the DR features that was not available in earlier
versions of the conventional system: computed radiography [CR] and screen-film [SF]). The
resultant images are then stitched together to form one image of the spine. The images can be
acquired in AP, PA or lateral positions. In scoliosis imaging using EOS, patients stand inside
the imaging machine (Figure 2.12). Two X-ray tubes fitted perpendicular (i.e. at 90°) to each
other and paired to two detectors acquire the images, which can be either in single projection:
AP, PA or lateral or two images from different aspects, AP+Lateral or PA+Lateral,
simultaneously. The resultant images can be software-processed to produce a three-
dimensional (3D) model of the spine. Lastly, CT scanning involves patients lying in supine or
prone positions on a CT table for the imaging (Figure 2.13). The X-ray tube rotates around

the patient as the table moves horizontally while the images are acquired.
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Figure 2.11: The image receptors move up and down behind the patient to capture parts of the spine (Shimadzu Europa
GmbH, 2017).

/

Figure 2.12: The patient inside an EOS imaging system; the two white lines show the position of the X-ray tubes (EOS
imaging, 2019).
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Figure 2.13: A patient in a supine position on a CT table (Macmillan Cancer, 2019).

2.5.1.1 Imaging conditions

The gold standard for evaluating scoliosis curvature is to have patients stand during scanning.
In this position, spinal curvatures have the highest degree of deviation due to the gravitational
effect (Keenan et al., 2014; Vavruch and Tropp, 2016). AP, PA or lateral projection images
can be obtained in a standing position using projection radiography and EOS. Such images
can also be obtained using CT; however, for the current generation of CT scanners, scanning
can only be performed in the supine/prone position, due to their design. Changes in patient
positioning during imaging acquisition alters the shape of the spine due to a shift in the axial
load and a change in the patient’s posture (Yazici et al., 2001; Cheung et al., 2015). Even
though the Cobb method can be applied to images in which patients are standing, the
measurements taken using supine images will be underestimated (Keenan et al., 2014; Brink

etal., 2017).
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2.5.1.2 Accuracy of scoliosis measurements

The differences between Cobb angle measurements of images obtained in standing positions
have been described in the literature. Torell et al. (1985) collected data from 287 female
patients from 10 to 17 years of age who had been imaged in both the standing positions. The
mean difference between the two measurements was approximately 9° higher in the standing
images (SD = 6.2). In 93% of the patients, the difference between the standing and supine
measurements was from 0° to 20°. The authors found that the difference between the two
measurements was independent of the curve severity and that it decreased as the patient age
increased due to stiffening of the bone. However, how the measurements were performed for
the standing images is unclear: the authors did not state whether the most tilted vertebrae were

pre-selected.

Keenan et al. (2014) investigated the effect of changing the patient’s position on Cobb angle
measurements and the effect of pre-selecting the most tilted vertebrae. They reported an 11°
increase in the measurement, if the position was changed from supine to standing. They also
reported minor changes in Cobb angle measurement when the most tilted vertebrae were pre-
selected from a previous X-ray image; however, they noted that the difference was negligible.
Similarly, Brink et al. (2017) reported an 11° increase in the measurements when the imaging
position was changed from prone to standing. Unlike Torell et al. (1985) where the standing
and supine images were taken on the same day, the last two studies had between-image
intervals of up to 3 months. Interestingly, all studies reported a linear relationship between the
weight-bearing and non-weight-bearing measurements. Although these studies examined the
differences in Cobb angle measurements, the images used were intended for scoliosis
treatment planning and not Cobb angle measurements. The patient position on the CT scan

table, which influences the angle measurements, was not standardised as in standing imaging.
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Vertebral rotation measurement, which is one of the diagnostic measurements for AIS, can be
approximated from 2D radiography of the spine using spinal anatomical landmarks. Table 1.2
(page 11) shows a summary of the widely used methods for measuring vertebral rotation on
2D images. These methods utilise the appearance of the spinous processes and pedicles to
estimate the degree of rotation. They are simple to use and do not require exposing patients to
additional radiation; the exception is the Stokes method, which requires two X-ray images to
measure the degree of rotation. This can provide an indication of the vertebral rotation;

however, the measurements are not as precise as those taken from CT images.

CT images have the advantage of showing the accurate and true shape of the spinal vertebrae.
This accurate representation of the vertebrae allows more accurate measurements of vertebral
rotation when compared to conventional radiography (Carlson et al., 2013). The
measurements are performed using the methods summarised in Table 2.5. Although these
methods are based on sectional CT images (i.e. 2D images), the ability to visualise the
vertebrae in the transverse plane increases the accuracy of axial vertebral rotation
measurements (Vrtovec et al., 2009); however, they are still limited by the possibility that a
vertebra could be rotated in the coronal and sagittal planes. The assumption that the vertebra
rotates in one direction is not true in scoliosis and could result in measurement errors. An
alternative method for further improving the accuracy of vertebral rotation is to use 3D

images.
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Table 2.5: Summary of the methods used for vertebral rotation measurements on CT
images (adopted from Lam et al., 2008).

Aaro—-Dahlborn’s The degree of vertebral C

method (Aaro et al., rotation is the degree
1978) between two lines: (1)
AB is drawn between
the anterior midline of
the body and vertebral
foramen, and (2) BC is
drawn through the
midline of the vertebra.

Ho’s method (Ho et al., | The degree of vertebral
1993) rotation is the degree of
the angle (ACV); AC
bisects the angle BCB
(i.e. the two lines g __C
between the pedicle and
laminae), and a line runs
through midline of the
body (CV).

Spinal 3D images can be acquired using CT or EOS. CT images provide accurate and detailed
information on the structure of the deformity (Lam et al., 2008; Glaser, Doan and Newton,
2012; Brink et al., 2017). Such images can be reconstructed to generate an accurate 3D image
of the spine. EOS can also generate 3D images of the spine; however, the images do not truly
represent the spine, as they are an approximate model. Unlike CT scanning, where the
reconstructed images are based on true acquired data from every direction, EOS utilises
software to create a 3D model of the spine based on two images. The software uses landmarks
to estimate the location of each vertebra. The resultant images are not as accurate as CT

images but provide comparable measures (Pomero et al., 2004; Rousseau et al., 2007;
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Somoskedy et al., 2012; Glaser et al., 2012; Wade et al., 2013; Courvoisier et al., 2013; Al-
Aubaidi et al., 2013; Bagheri et al., 2018). Based on the foundation of generating 3D images
using two images, Kim et al. (2018) used two conventional X-ray images (i.e. AP and lateral
view images) to generate a 3D model of the spine. They found that it was possible to generate
3D images of the spine provided the images were acquired at 90° to each other; yet, the
measurements were less accurate than EOS measurements. A major drawback of their
technique is that it requires manual processing (i.e. segmentation of the vertebrae), which is

time-consuming and labour-intensive.

2.5.1.3 Reproducibility and repeatability of scoliosis radiologic measurements

Reliable and accurate measurements of spinal deformity are important when assessing
scoliosis. Decisions are made based on the findings of these measurements. As the Cobb
angle is the standard measure for quantifying spinal curvature, errors are present in the
measurements mostly due to patient positioning during the imaging session, the operator
performing the measurements and how they are performed (Vrtovec et al., 2009; Maillot et
al., 2015). As discussed in Section 1.3.1 on page 9, the clinically accepted variation in Cobb
angle measurement is 5°. The possible sources of the variation in the measurements can be
due to changes in the patient’s position between images or how the Cobb angle measurement
is performed during the measurements. In conventional X-ray images, the variation caused by
the changes in the patient’s imaging position is from 2° to 7° (Goldberg et al., 1988; Pruijs et
al., 1994). Surprisingly, the level of the observers’ experience in performing Cobb angle
measurements has no impact on the consistency of the findings (Ritter et al., 2016; Segundo
et al., 2016). A major source of error in measurements may be incorrect definition of the
vertebral endplates, which results in inaccurate drawing on the endplates, or measurement of

the angle itself (Lechner et al., 2017). The last source of measurement variation, that is, how
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the measurements are performed, can be affected by the format of the spine images (i.e.

physical and digital images).

Cobb angle measurements performed manually on X-ray film images are linked to significant
intra- and inter-measurement variations (Hwang et al., 2010; Vrtovec et al., 2013). The causes
of these variations can be inaccurate selection of the most tilted vertebra, inaccurate line
drawing on their endplates, inaccurate protractors and the use of different protractors and
markers (i.e. different line thicknesses) (Tanure et al., 2010). Overall, manual Cobb angle
measurements are subject to less intra-observer variation than inter-observer variation;
variation is also less when constant protractors and markers are used and the most tilted
vertebrae are pre-selected (i.e. when the observers are told which vertebrae they should use
for the measurements) (Maillot et al., 2015). Measurements performed on digital images
eliminate the variations from protractors and markers, but other factors such as the variation
in defining the endplates can influence the measurements. The intra- and inter-observer
measurements are improved on digital images (Dimar et al., 2008; Ritter et al., 2016). This
has led to a slight enhancement in Cobb angle measurements on digital images (Tanure et al.,
2010; Langensiepen et al., 2013). The difference between the two methods was up to 1.7°
(Jones et al., 2008), and there is excellent agreement between the two measurements (Jones et
al., 2008; Tanure et al., 2010; Somoskedy et al., 2012; Langensiepen et al., 2013). A benefit
from performing Cobb angle measurements on digital images is the ease of using image
viewing software, which allows observers to manipulate the images (i.e. increase contrast or
zoom) to gain better visualisation of spinal landmarks; moreover, the standardised measuring

tools could be major contributors to the slight enhancement in the measurements.

So far, in this context, performing the measurements on digital images refers to the process of

manually selecting the most tilted vertebra and drawing lines using a computer pointing
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device (e.g. a computer mouse). Several studies have tested software to automatically or semi-
automatically select the most tilted vertebra and measure the Cobb angle reference with
minimum human intervention (Allen et al., 2008; Zhang, Lou, Hill, et al., 2010). For such
measurements, observers highlight the ROI and, based on their entry point, develop a program
to calculate the Cobb angle. Although this method is reliable, it is only applicable to certain
types of spinal curvatures (i.e. moderate). Other studies have utilised smartphone applications
to measure the Cobb angle on either physical or digital X-ray images and compare their
measurements to manual measurements using a protractor. Measurements performed using
smartphone applications are in excellent agreement with manual measurements (Qiao et al.,
2012; Shaw et al., 2012). In summary, conventional X-ray images in both formats are reliable

for Cobb angle measurements, with digital X-ray images having a slight advantage.

CT images are not widely used for Cobb angle measurements; therefore, there are very few
studies investigating its reliability. Nevertheless, variations in Cobb angle measurement in the
coronal plane in CT images are at the same level as that of X-ray images; the intra- and inter-
observer variability is 2.6° and 3.8°, respectively (Adam et al., 2005). In addition, 3D images
of the spine have high reliability in terms of Cobb angle measurements and selection of the
most tilted vertebra (Tauchi et al., 2016; Lechner et al., 2017; Huo et al., 2017). The
variability of Cobb angle measurements on 3D images is similar to that from conventional X-
ray images: inter-observer variation for 3D CT images and X-ray images is 3.57° and 3.62°,

respectively (Lechner et al., 2017).

There have been more investigations of the reliability of EOS imaging systems in Cobb angle
measurements compared to CT. The 2D or 3D images of EOS are reliable in terms of Cobb
angle measurements (llharreborde et al., 2011; Somoskedy et al., 2012; Al-Aubaidi et al.,

2013; Yvert et al., 2015; Melhem et al., 2016; Rehm et al., 2017; Bagheri et al., 2018). The
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intra- and inter-observer variations of 3D measurements is 4.8° and 6.2°, respectively
(llharreborde et al., 2011). There is no statistical difference between Cobb angle
measurements performed on 2D and 3D EOS images (Somoskedy et al., 2012), between 2D
EOS images and conventional radiography images (Chung et al., 2018) or between 3D EOS

images and 3D CT images (Glaser et al., 2012; Al-Aubaidi et al., 2013).

Unlike measuring the degree of spinal curvature, where the method is constant, vertebral
rotation measurement uses different methods, as discussed earlier, which could contribute to
the variation in the measurements. In terms of the accuracy of vertebral rotation
measurements, the most accurate measurements can be obtained from 3D CT images (Vrtovec
et al., 2009; Illés et al., 2011). This is because CT scanners can acquire true 3D images of the
spine. Measurements obtained from EOS 3D images are comparable to CT measurements
(Glaser et al., 2012; Al-Aubaidi et al., 2013); measurements performed on 2D images are the
least accurate, because the methods mentioned in Table 2.5 all use the appearance of a single
landmark to determine the rotation, and it is usually linked to greater inter-observer variation

due to the absence of a standardised method (Vrtovec et al., 2009).

2.5.1.4 Radiation dose and risk

The main concern when using the X-ray imaging machines (i.e. conventional radiography,
CT, EOS) is the risk of ionising radiation, as patients with scoliosis undergo repeated
exposures to manage the deformity. Systematic searches of the literature were conducted to
identify studies that had investigated the radiation dose level from the range of X-ray
modalities when used for AIS imaging. A variety of terms, identified through medical subject
headings (MeSH), were considered to ensure an extensive search of the literature. Table 2.6

summarises the findings of these studies. Besides showing the dose levels from CT and EQOS,
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the table shows the radiation dose levels from different technologies of conventional

radiography (i.e. SF, CR, DR).
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Table 2.6: Summaries of studies performed to measure the radiation dose in adolescent scoliosis imaging.

Study Type of measurement Machine Projection ED (uSv)
Chamberlain et al. (2000) Indirect measurements SF AP 140
AP 800-1090
Indirect measurements SF PA 440-490
Hensen et al. (2003) Lateral 470-540
PA 30
S Lateral 36
Lee, McLean and . PA 81-123
Robinson (2005) Indirect measurements SF & CR Lateral 124-207
AP 440-470
Gialousis et al. (2008) Indirect measurements SF PA 240-250
Lateral 290-410
Abul-Kasim et al. (2008) Indirect measurements CT Supine 380- 7760
Abul-Kasim et al. (2009) Indirect measurements CT Supine 370
Abul-Kasim (2010) Indirect measurements CT Supine 370
Deschénes et al. (2010) Direct measurements EC ORS PA+Lateral Not stated #
Mogaadi, Ben Omrane and Indirect measurements SE AP 678
Hammou (2012) lateral 586
Kalra et al. (2013) Indirect measurements CT Supine 100-600
AP 113-166
Ben-Shlomo et al. (2013) Indirect measurements CR PA 62-90
Lateral 91-128
Damet et al. (2014) Direct measurements & EOS AP+Lateral 200
. PA 215¢
Luo et al. (2015) Indirect measurements CR Lateral 595 C




99

AP 121
EOS PA 69
Lateral 121
. . EOS PA 2.6
Hui et al. (2016) Indirect measurements DR PA 675
Law et al. (2016) Indirect measurements DR PA+Lateral 650-840
CR AP 545
PA 495
Pedersen et al. (2018) Direct measurements & 37 (adult phantom)
EOS AP+Lateral 29 (5-year old
phantom)
Branchini et al. (2018) Direct measurements P EC%S PA+Lateral 338
Hwang et al. (2018) Indirect measurements DR AP 188 - 300
Law et al. (2018) Indirect measurements EOS PA+Lateral 2.82-13.23

A Thirteen OSLDs were used to measure ESK instead of the ED to make the comparison. The average radiation dose measured with EQS was lower at
each location where the OSLDs were used.

B Used 5-year-old phantom.

€ This value reduced to 57 puSv for PA projection and 162 uSv for lateral projection when a lead acrylic filter was positioned at the X-ray collimator.
D Not all organs dose were measured using TLD; there was an assumption that some organ doses are equal to each other and they used on adult phantom.

E An adult phantom was used to represent 15-year old child used for the dose measurements.




The review indicates that EOS has the lowest dose and CT has the highest dose. A micro dose
protocol is utilised in the EOS imaging system to further reduce the dose to patients. The
micro dose protocol delivers 5.5 times lower radiation than the standard EOS imaging
protocol and 45 times lower radiation than conventional radiography (Ilharreborde et al.,
2016). However, it was not clear what type of conventional radiography (i.e. SF, CR or DR)
was used in the comparison in llharreborde et al.’s (2016) work. Nevertheless, the dose
ranged from 2.6-121 uSv for EOS and 3707760 uSv for CT for a single frontal projection
(i.e. AP or PA). On the other hand, the dose in conventional radiography is 81-1,090 uSv,
30-215 pSv and 188-300 pSv for SF, CR and DR, respectively. The DR values are from one
work, and they are only for an AP projection. Nevertheless, direct comparison between these
studies is difficult because the methods used differ in several aspects: (1) the dose
measurement methods were not consistent: radiation dose was measured using direct and
indirect methods; (2) the tissue weighting factors used to calculate the ED were not consistent
because they are updated regularly. Using different weighting factors changes the values of
the measured doses. The difference in measurements ranged from 7% to 25% when using the
ICRP 103 weighting factor instead of the ICRP 60 weighting factor (Christner et al., 2010b;
Huda et al., 2011); and (3) different imaging parameters and field sizes were used, and they

affect radiation dose levels directly.

Most of the studies displayed in Table 2.6 calculated the ED indirectly by measuring the ESD
or DAP using MC or conversion factors. Such measurements can indicate the radiation to
which patients are exposed, but with less accuracy as compared with direct measurements
because of the reasons mentioned in Section 2.2.2 on page 26. The other studies either used
an adult phantom (Damet et al., 2014; Branchini et al., 2018; Pedersen et al., 2018) or a

phantom representing a 5-year-old child (Damet et al., 2014; Pedersen et al., 2018) to measure
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the ED from scoliosis radiography for adolescents. In addition, Branchini et al. (2018) did not
measure the absorbed dose for the entire body, that is, they did not measure the absorbed dose
for all organs. Instead, they measured the absorbed dose for the most radiosensitive organs
(i.e. sample of organ location); thus, they assumed that different organs receive the same
amount of radiation. For example, the heart dose is similar to the oesophagus dose, whereas
the pancreas, spleen and gall bladder dose are similar to the stomach dose. This is not
necessarily accurate, as these organs are located at different levels and depths in the human
body and therefore receive different amounts of radiation which can be significantly biased
due to where the dosimeters are located (Clavel et al., 2016). Damet et al. (2014) managed to
measure the absorbed dose for all organs but failed to use the locations recommended by the
manufacturer of the phantom by reducing the number of detectors used from 273 locations to
58 (CIRS, 2016). Using these techniques to estimate the ED reduces the accuracy of the
measurements and affects the overall measurements. Lastly, Deschénes et al. (2010) did not
use a phantom nor measure the ED; instead, they placed several detectors on patients and
measured the ESD to compare CR and EOS in scoliosis radiographs. The ESD is a poor
indicator of the risk of radiation because it does not take into account the irradiated area, the

type of irradiated tissue and the penetrating power of X-rays (Chamberlain et al., 2000).

2.5.1.5 Image quality

Another systematic search of the literature was conducted to identify studies that had
investigated the 1Q of conventional radiography, CT and EOS in scoliosis radiography. The
search terms were identified through MeSH. Table 2.7 summarises the findings. When
evaluating the 1Q, the images from EOS had better 1Q compared with the images from DR
and CR (Deschénes et al., 2010; Yvert et al., 2015). However, assessing AlS does not

necessarily require high-quality images, because the spine is discernible in low 1Q, as

58



indicated earlier. When Hui et al., (2016) compared the accuracy of Cobb angle
measurements of EOS images to those of DR, no significant difference was found between

their measurements.

Table 2.7: Summary of studies investigating 1Q in scoliosis radiography.

Study Type of Machine | Image Summary of findings
measurement source

Deschénes VGA CR Patients’ | EOS was superior or equivalent to

etal., EOS images | CR in terms of image quality.

(2010)

Kalra et SNR CT Patients’ | Images had excellent image quality.

al., (2013) VGA images

Damet et MTF & NPS EOS Patients’ | Physical characteristics of the

al., (2014) images | machine were assessed and found

comparable to conventional
radiography.

Yvert et CDA DR CDRAD | EOS had better image quality.

al., (2015) EOS

Hui et al., VGA DR Patients’ | No significant difference was found
(2016) EOS images | in the overall rating of image quality

between DR and EOS.

2.5.1.6 Cost and availability

Data on the cost of installing and operating conventional X-ray, CT and EOS machines are
limited. In general, the initial installation, maintenance and operation costs of an EOS
imaging system are twice that of DR and four times that of CR (McKenna et al., 2012; Faria
et al., 2013; Mahboub-Ahari et al., 2016). No direct comparison between CT and other
machines was found; however, the National Institute for Health and Care Excellence (NICE),
an organisation that provides national guidance and advice for improving health and social
care in the UK, estimates that the initial installation cost of a new CT scanner is £350,000—
500,000 and is around £400,000 for a new EOS system (NICE, 2011; NICE, 2016). EOS is
unlike the other machines, which are multipurpose; EOS usage is limited to orthotists. A few

studies have investigated the cost effectiveness of EOS imaging systems and have
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acknowledged that dose reduction can be achieved using EOS, but that it is less cost-effective
compared with the conventional radiography imaging machines (McKenna et al., 2012; Faria
etal., 2013; Wade et al., 2013). It is worth noting that these separate studies were conducted
by the same authors; therefore, due to the lack of more recent evidence, conclusions cannot be
drawn from these studies. In terms of availability, conventional radiography machines and CT
scanners are more widely available than EOS systems (the availability of CT scan and EOS

imaging systems is discussed further in Chapter 5 [Discussion]).

2.5.2  Non-ionising imaging modalities

Non-ionising imaging modalities utilise other procedures rather than X-rays to generate
diagnostic images such as sound and magnetic waves. Therefore, they do not pose radiation
risks to patients. In scoliosis imaging, several radiation-free machines can be used to evaluate
spinal deformity, namely, magnetic resonance imaging (MRI), U/S and surface topography
(ST) machines (Adam et al., 2010; Cheung et al., 2015; Shi et al., 2015; Ng and Bettany-
Saltikov, 2017). These imaging machines function differently from the machines that use X-
rays; each works based on different principles. Therefore, the following sections discuss how
they work, how they can be used for scoliosis evaluation and the accuracy of their

measurements.

2.5.2.1 Basic principles of MRI, U/S and ST and their imaging conditions

MRI uses radio waves and magnetic fields to produce a diagnosable image. First, the machine
sends radio waves to a patient sitting in a magnetic field, which are absorbed by hydrogen
atoms in the body; then, the hydrogen atoms re-emit the absorbed radio waves, which are
captured by the system to form an image (Allisy-Roberts and Williams, 2008). During an

MRI scan, patients are in a supine position on a table; MRI cannot be performed in a standing
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position. In U/S imaging, high-frequency sound waves are sent through the body; the waves
are reflected when they hit a surface between tissues of different density. The reflections are
recorded to produce a U/S image. For scoliosis imaging, a standing U/S scan can be used
(Figure 2.14). Lastly, ST produces an image of the spine by projecting stripes of light on the
back of a patient, and then a camera captures a series of photos of the back to assess the
surface asymmetry and bony landmarks (Figure 2.15) (Frerich et al., 2012). The scan is
performed in a standing position. All of these imaging machines can produce 3D images of

the spine.

Figure 2.14: The newly emerging Scolioscan (Telefield Medical Imaging Ltd., 2019).

61



St brve B

é .-~

Figure 2.15: An illustration of how ST produces an image of the spine. Light is projected (left) and then a photo is captured
(middle), and based on the surface asymmetry and bony landmark, an image (right) is produced (Frerich et al., 2012).

2.5.2.2 MRI, U/S and ST usage in scoliosis measurements

MRI and U/S are not commonly used to assess spinal curvature for several reasons. MRI
scans are expensive and time-consuming, and MR images are inferior in terms of the
reproduction of bony structures (Cheung et al., 2015; K. Kim et al., 2018; Brink et al., 2018).
The scanning time is increased further if vertebral rotation measurements are required, as the
scanner requires repeated sending and receiving of radio waves to cover the whole spine
(Brink, Schlosser, et al., 2017). Additionally, the scan is not performed in the standing
position, which has effects on the Cobb angle as discussed earlier. MRI is mostly used in
scoliosis to diagnose the underlying causes of the deformity and investigate irregular curve
patterns for treatment planning and for following up after treatment rather than for evaluating
the curvature itself (Kim et al., 2010; Ozturk et al., 2010). Nevertheless, MRI cannot be used
in treatment follow-ups when pedicle screws are used to correct the curvature, as these cause

artefacts in MR images.

Using U/S for scoliosis assessment is still under investigation because the concept of using

U/S is relatively new. Currently, a clinical trial is underway in the US, and its outcome is
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expected to be realised towards the end of 2021. A major drawback to using U/S for scoliosis
evaluation is that it provides limited detail of the anatomical structures (Figure 2.16). This is

because the human back is not flat, and the transducer loses contact with the body.

Figure 2.16: An X-ray image of the spine (A) and the corresponding U/S image (B) (Brink et al., 2018).

Unlike MRI and U/S, ST is used more than the other machines in scoliosis evaluation.
Scanning requires a shorter time than the other approaches. ST has been developed to become
more operator-independent than its previous versions, which has aided the reduction of the
scan time and has improved the accuracy of the measurements. In scoliosis evaluation, ST is
used to monitor the progress of the curvature (Knott et al., 2010; Frerich et al., 2012; Ng and
Bettany-Saltikov, 2017), and when a change in Cobb angle measurement is noted, patients are

referred to conventional radiography.
2.5.2.3 Accuracy of scoliosis measurements

Because of their lack of popularity, or because they were recently developed, few published

works have investigated the reproducibility and reliability of these machines for evaluating
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scoliosis. MRI underestimates the Cobb angle because the scan is performed in the
supine/prone positions; however, its measurement correlates with measurements of the
standing position, and the correlation is more reliable in severe cases (Wessberg et al., 2006;
Shi et al., 2015; Brink, Colo, et al., 2017). The causes of underestimation are similar to those
for CT measurements, which have been discussed in Section 2.5.1.1 on page 46. For
vertebral rotation, which can be measured on MRI using the methods used in CT imaging
(Table 2.5 on page 49), the measurements are comparable to those from CT images (Abul-
Kasim et al., 2010). As with CT measurements, vertebral rotation measurement in axial MRI

is more accurate than that from 2D radiography.

The use of U/S for assessing scoliosis has not been widely investigated because the
technology is relatively new. The degree of the curvature is determined using the spinous
process, transverse process or vertebral lamina (Chen et al., 2013; Zheng et al., 2015; Brink et
al., 2018). U/S measurements have good agreement with measurements from radiography;
however, when compared with conventional radiography, the angle is underestimated for
moderate and severe cases (Y. Zheng et al., 2016; Zheng et al., 2018) and is overestimated for
mild cases (Zheng et al., 2018). The accuracy of measurements can be improved by using
previous radiography to select the most tilted vertebra (Young et al., 2015; R. Zheng et al.,
2016). The accuracy of the measurements is greatly affected by the operator’s level of
experience and, most importantly, by the pressure applied to the patient’s back by the U/S

transducer, which could change the patient’s posture (Zheng et al., 2018).

Lastly, ST is similar to MRI and U/S in terms of its inability to accurately determine the
degree of the curvature, but it can provide measurements that correlate with the measurements
from radiography (Figure 2.17) (Frerich et al., 2012; De Séze et al., 2013; Mangone et al.,

2013; Knott et al., 2016; Ng and Bettany-Saltikov, 2017); the correlation is weaker for curves
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in the lumbar area than the other areas (intraclass correlation [ICC] = 0.492) (Knott et al.,
2016). The Cobb angle measurements of ST can be 10° less than that of radiographic
measurements for the same case (Frerich et al., 2012; De Seze et al., 2013; Knott et al., 2016);

and, ST can be used independently to evaluate scoliosis.

Figure 2.17: Images taken by 3D topographic camera (left) and a standard X-ray imaging machine (right) showing the shape
of the same spine (Knott et al., 2016).
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2.6  Study aim and objectives

Adolescents diagnosed with scoliosis undergo frequent radiographic examinations of the
spine to monitor curve progression. The repeated examinations pose the risk of the patient
developing radiation-induced cancer later in life. As discussed earlier, much effort has been
made to develop technologies that reduce the risk of radiation to patients with AlS and
improve the outcomes of the examination. Nevertheless, no machine can provide accurate
Cobb angle measurements other than the gold standard for evaluating scoliosis, that is,
conventional radiography, except EOS, but its availability is very limited. In light of this,

there are potential benefits to using SPR in CT scanning for evaluating scoliosis.

SPR is a CT scanning mode that is used prior to the clinical CT scan to set the acquisition
parameters. For example, it is used to identify where the scan starts and ends and to calculate
and vary the tube mA value (mA modulation) (Dowsett et al., 2006; Nauer et al., 2009). It is
more commonly referred to as the scout view or scanogram. Other terms, such as localiser
radiograph and tomogram, are used in the literature. Unlike clinical scans, where the X-ray
tube moves around the patient while the CT table is moving, the tube is fixed in SPR, and the
patient is moved through a projected fan-beam X-ray. It can acquire images in AP, PA and
lateral projections based on the tube position (i.e. above the patient for AP or underneath for
PA). The radiation dose required to acquire these images is very low when compared with
that of conventional radiography or the CT examination itself: the ED ranges from 1.9-27.7
uSv (Dowsett et al., 2006; Nauer et al., 2009), depending on the examination. The use of SPR
images to assess AlS is not reported in the literature; consequently, the ED and the associated

risk from using SPR to evaluate AIS has not been investigated.
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Several studies have reported that SPR can provide diagnostic information and identify
abnormalities, such as spinal stenosis and bony metastasis (Nuri Sener et al., 1993; Brook et
al., 2007). Zhang et al. (2016) found that the spine and vertebrae are easily identifiable in SPR
images. However, one study in the literature measured Cobb angle measurements on CT SPR
images and compared them with those on conventional X-ray images. The study concluded
that the Cobb angles on SPR were less by an average 11° (SD = 5.2, range 1.9-27°), but were
strongly correlated to the measurements of conventional radiography (Vavruch and Tropp,
2016). Nevertheless, the study was retrospective; hence, the images used in the study were not
intended for Cobb angle measurements. Moreover, the study included only severe cases
(>40°); minor and moderate AIS cases, which are more common, were not compared with

conventional radiography.

The above suggests that SPR images might not determine Cobb angle measurements as
accurately as the gold standard of the conventional radiography images, but they could be
similar to ST, U/S, CT and MRI measurements used for scoliosis assessment, which in turn
suggests that reliable conversion of the parameters between the different measurements is
possible. Moreover, because SPR uses lower radiation than conventional radiography, there is
the potential for dose reduction when SPR images are used to monitor scoliosis curve
progression when EOS is not available. Additionally, CT scanners are widely available,

which means that dose reduction can be achieved at no extra cost to healthcare providers.

Radiation dose levels and the risk associated with using SPR for AIS assessment have not
been investigated. The aim of this study was to investigate the ability to use SPR mode in CT

scan to assess scoliosis by achieving the following objectives:
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1. Calculating the ER and ED for SPR when used for AIS assessment and comparing
them with ER and ED from DR and EOS.

2. Investigating the accuracy of Cobb angle measurements on SPR images.

2.7 Chapter summary

This chapter has reviewed radiation dose quantities, 1Q parameters and the imaging modalities
used for scoliosis assessment. SPR uses low-radiation doses and presents the potential for
dose reduction and thereby reduces risk of developing radiation-induced cancer in patients
with AIS. Its limitation is that the scan is performed where axial loading is absent. However, a
reliable conversion factor can be achieved because of the strong correlation that its
measurements have with the measurements of the gold standard. Therefore, the aim of this
study was to measure the radiation dose levels from the SPR mode when used for Cobb angle
measurements and to compare them with those of the other X-ray imaging machines, namely,

DR and EOS. Moreover, the accuracy of its Cobb angle measurements was tested.
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Chapter 3: Methods and material

3.1  Chapter overview

This chapter outlines the method and materials used to determine the capability of SPR in CT
for assessing scoliosis. In addition to quantifying radiation dose from SPR, DR and EQOS, this
study tested the accuracy of Cobb angle measurements on SPR images. To test the accuracy, a
novel phantom was built for this purpose. For better presentation, this chapter is divided into
three main sections: (1) radiation dose measurements, where SPR, DR and EOS radiation is
quantified and compared; (2) construction of a phantom; a detailed description of the
construction of a novel phantom with a scoliotic spine; and (3) the accuracy of Cobb angle
measurement evaluation when using SPR images. Figure 3.1 provides an outline of the

method.

Assessing scoliosis
using SPR imaging

|
| | |
Construction and
validation of a novel
phantom with a
scoliotic spine

Radiation dose
measurements

Cobb angle
measurements

Quantification of SPR,

DR and EOS radiation

dose using dosimetry
phantom and TLD

Comparison of the
SPR dose with the DR
and EOS dose

Figure 3.1: Summary of the method used for assessing the use of SPR images for Cobb angle measurements.
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3.2 Radiation dose measurements

In this study, radiation was quantified via direct measurements of the radiation dose. As
discussed in Section 2.2.2 on page 26, this enabled a more precise determination of the
radiation risk compared with indirect measurements through mathematical modelling, using
software such as the ‘industry standard” MC code PCXMC for projection radiography and
IMPACT for CT scanners (IMPACT, 2002; Visvikis et al., 2006; Tapiovaara and Siiskonen,
2008), as SPR (CT), DR and EOS use different technologies. Using PCXMC to estimate the
risk from SPR is not possible because it does not account for a bowtie filter that is used in CT
scanners (Tapiovaara, 2012). Moreover, PCXMC cannot be used for EOS dose estimation
because the EOS beam geometry is different from that of DR, and PCXMC has not
demonstrated validity for this type of beam (Clavel et al., 2016). Despite this, several studies
in the literature have used PCXMC for EOS dose estimation (Hui et al., 2016; Ben Abdennebi
etal., 2017; Law, Ma, Chan, Lau, et al., 2017; Law et al., 2018). ImMPACT, on the other hand,
could not be used for SPR dose estimation in this study because it does not estimate the dose
in paediatric patients (IAEA, 2013). Direct measurement using a dosimetry phantom enables
standardisation of the materials used for the dose measurements, provides solutions to
overcoming the drawbacks of using indirect measurements and ultimately improves the

validity of the measurements.

3.21 Materials for dose measurements

Dose measurements were performed using a dosimetry anthropomorphic ATOM® phantom
(CIRS, Norfolk, VA, US) and TLD because it is not feasible or ethical in radiography
research to conduct in vivo dosimetry on patients. The following sections list the materials and

their preparation and use in the dose measurements.
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3.2.1.1 The phantom

The dosimetry phantom is constructed from tissue-equivalent materials and is used to provide
a physical representation of the human body’s anatomy and attenuation characteristics for
radiation dosimetry studies. To provide a representation of the human anatomy, these
commercially available phantoms typically use three tissue-equivalent materials, imitating
bone, lung and soft tissue. The present study used a dosimetry phantom Model 706 (height,
140 cm; weight, 32 kg; thorax dimensions, 17 x 20 cm), representing a 10-year-old child
(CIRS, Norfolk, VA, USA). The phantom spans the head to the top third of the thigh but not
the legs or arms (Figure 3.2). To allow access to the organ locations for dosimeter placement,
phantoms are assembled in 32, 25-mm thick axial slices. The locations are drilled with 5-mm

holes and have 15 mm x 15 mm organ dosimetry spacing (Figure 3.3).

Figure 3.2: The ATOM® phantom that represents a 10-year-old child (CIRS, 2016).
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Figure 3.3: A slice from the phantom showing different tissue-equivalent materials: lung (pink), bone (brown)
and soft tissue (grey).

The phantom is made from epoxy resins, with photon attenuation values within 1% for bone
and soft tissue and 3% for lung tissue at photon energies of 30 keV to 20 MeV, as stated by
the manufacturer (CIRS, 2013; CIRS, 2016). The phantom contains 198 locations for
dosimetry detectors in 21 internal organs (Table 3.1). These are located based on holes in the
slices (which are plugged when not in use) with tissue-, bone-, and lung-equivalent material
depending on their locations. The plugs are 5 mm wide x 25 mm long. Specifically machined
plugs were used to secure the dosimeters inside the phantom (Figure 3.4). The dosimeter
locations inside the phantom are based on a map provided by the manufacturer, which
outlines the most frequently observed organ locations and the optimised detector hole
distributions within each organ. However, these locations are spread based on the normal
anatomy of a 10-year-old child and do not account for the dislocation of some organs that

might occur in the case of scoliosis.
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Figure 3.4: The plugs designed to hold the TLDs inside the phantom.

Table 3.1: The organs and number of dosimeter locations inside the phantom (CIRS,

2016).

Organ TLD holes, n Organ TLD holes, n
Eyes 2 Pancreas 3
Brain 13 Kidneys 8
Thyroid 4 Adrenals 2
Heart 2 Intestine 11
Thymus 3 Ovaries 2
Lungs 24 Uterus 2
Liver 22 Urinary bladder 6
Gall bladder 3 Testes 2
Spleen 6 Prostate 1
Oesophagus 5 Breasts 2
Stomach 10 Active bone marrow 65

The provided map does not differentiate among the quantities of active bone marrow (ABM)

in the phantom. ABM is distributed in nine bone tissues in the human body: cranium,

mandible, cervical spine, clavicle, sternum, thoracolumbar spine, ribs, pelvis and femora, and

the quantity of marrow in each bone differs, as reported previously (Cristy, 1981).

Consequently, the absorbed dose to the ABM is calculated using the ABM distribution data
from Cristy (1981) by averaging the absorbed radiation dose to each of the bone marrow

tissues and multiplying this by their percentage of ABM. Then, the overall ABM dose is

added and multiplied by its tissue weighting factor.
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Additionally, the map does not specify the locations of some organs that require risk
assessment. For example, it does not differentiate between the large and small intestines. In
addition, it does not show specific locations for the oral mucosa, salivary glands and
extrathoracic region. Therefore, a previously described method (Tootell et al., 2014; Ali et al.,
2015; Mraity, 2015; Ali, 2016; Robinson et al., 2017; Tootell, 2018) was used to measure the
doses to these tissues. Instead of adding more dosimeters to calculate the dose, existing
locations (filled with dosimeters) were used as the equivalent locations for the missing organs

based on the cross anatomy of the human body, as illustrated in Table 3.2.

Table 3.2: The equivalent locations for missing organs from the phantom map.

Organ Equivalent locations

Salivary Gland Left and right of the lingula of the mandible and sublingual fossa
Oral Mucosa Left and right of the lingula of the mandible

Extrathoracic Region Anterior aspect of C2 and upper part of the oesophagus

The Model 706 phantom was used for measuring radiation doses. It represents a 10-year-old
child and is not gender-specific; the manufacturer only produces adult gender-specific
phantoms. In general, the main anatomical differences between female and male bodies are
the size of the breast and the reproductive system organs. Females, on average, have larger
breasts compared with the males, and their breasts have glandular tissue. According to the
Tanner staging system (also known as the sexual maturity rating), which divides puberty into
five stages and tracks the changes in the gender characteristics of children during this period,
female breasts begin to enlarge at stage 2, with a rapid increase in size at stage 3 (Marshall
and Tanner, 1969); this means that the changes occur any time from the ages of 10 to 15

years. Therefore, it was assumed that there is no difference in breast size between male and
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female 10-year-old children, as there is no specific time to which the changes can be assigned.
Second, the reproductive organs, namely the prostate, testes, ovaries and uterus, are in
different locations in the body; therefore, it was possible to measure the dose for these organs
in one irradiation cycle rather than performing gender-specific measurements. The
calculation, on the other hand, was gender-specific, where the prostate and testes doses were

discarded when calculating the risk for a female patient, and vice versa.
3.2.1.2 Thermoluminescent dosimeters

As discussed in Section 2.2.3 on page 29, multiple types of radiation dosimeters can be used
to quantify the radiation dose in the diagnostic radiography range. However, only a few can
be used for organ doses and placed inside a phantom, namely, the TLD, OSLD and MOSFET.
The ionisation chamber and silicon diodes cannot be placed inside a standard dosimetry
phantom but require a specialised phantom with a different hole design to accommodate them.
In this research, TLDs were selected for use in the experiments for the following reasons:

1. A MOSFET reader can be linked to up to five MOSFET detectors; as there are 198
dosimeter locations for the measurements, 40 readers would be required, the
acquisition of which would be cost prohibitive for this study;

2. Fewer MOSFET readers can be used for the measurements; however, this would not
be practical because it requires irradiating the phantom and then moving the detectors
to other locations until all 198 locations are covered. This would be impractical
because it requires the phantom to be disassembled and reassembled at each
irradiation, especially when the measurements are carried out on imaging machines at
fully working hospitals. In addition, there is the possibility of altering the phantom’s
position when moving the MOSFET detectors, which could affect the accuracy of the

measurements;
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3. OSLDs also would be impractical because they are very sensitive to light. For the DR
and EOS dose measurements, the irradiation was carried out at two children’s
hospitals, where adolescents undergo X-ray examinations. This meant that the
phantom had to be transported to the two hospitals and the dosimeters could have been
exposed to sunlight, consequently affecting the accuracy of their measurements (Pinto
et al., 2014). This could be avoided by transporting the dosimeters in a protective case;
however, this would mean placing them inside the phantom at the hospitals, where
space and time are limited.

TLD chips satisfy all the criteria of an ideal detector that are mentioned in Section 2.2.3 on
page 29. They are tissue-equivalent, small and sensitive to the X-ray energy range used in
diagnostic radiography, and they have a measurement range of 10 pGy to 10 Gy (Thermo
Fisher Scientific Inc., 2016). TLDs have an effective atomic number (Zefr) of 8.04 that is very
close to that of human tissue (Zess = 7.42), which renders their interaction with X-rays similar
to that of human tissue (Dong et al., 2002; Oliveira et al., 2010). Additionally, they are small
(3.2 x 3.2 x 0.89 mm), making them suitable for placement inside the phantom. They also
have a very low fading rate (approximately 3% per year) and are relatively inexpensive; one
TLD, the Harshaw TLD-100H (LiF: Mg, Cu, P) (Thermo Scientific, USA) costs around £5.
The main weakness of TLDs is their sensitivity to scratches and surface contamination, which
could affect measurement accuracy. To avoid scratching them, Dymax 5 vacuum tweezers
(Charles Austen Pumps, Surrey, UK) were used to move the TLDs (Figure 3.5). To reduce
the possibility of contamination, the TLDs were always kept in their original packaging when
not used. Additionally, the trays that were used to hold the TLDs during annealing were
cleaned regularly with alcohol spray. Another weakness of the TLDs is the variation in their
response to X-rays; the differing responses were overcome by obtaining calibration factors as

illustrated in the following paragraphs.
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Figure 3.5: The vacuum tweezer that was used to carefully handle the TLD.

As discussed in Section 2.2.3 on page 29, the TLD is a passive dosimeter, which means it
does not provide an instant measurement of the radiation dose, but stores it instead. TLDs are
made of inorganic crystals; when they are irradiated, they store part of the incident photon
energy. During the read-out, the energy from the incident photons is released by heating.
During heating, thermoluminescence occurs in proportion to the amount of absorbed energy
(Yu and Luxton, 1999). As the signal may remain in the TLD crystals after the heating (i.e.
after the read-out), the TLDs were annealed after each read-out to avoid residual signals that
could affect the accuracy of subsequent measurements (Yifrah et al., 2014). Figure 3.6 shows

the cycle of using TLDs in the dose measurements.
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Figure 3.6: The cycle of dose measurements using TLD.

A fresh batch of 250 TLD chips was purchased specifically for the dose measurements. The
sensitivity and consistency of the new TLDs were tested to ensure that the variation in their
response to X-rays was within acceptable limits. The uncertainty of TLD measurements
should be within £10% (Allisy-Roberts and Williams, 2008). The TLDs were annealed at
240° for 10 min in temperature-controlled oven trays (Figure 3.7), and then each TLD was
assigned a code by placing it on a tray with coded spaces (Figure 3.8). Next, the tray was
irradiated using a general radiography X-ray machine (Konica Minolta Medical Imaging,
Ramsey, NJ, USA). The irradiation was repeated three times. The TLDs then were read out
using a Harshaw TLD model 3500 reader (Thermo Fisher Scientific, Waltham, MA, USA)
(Figure 3.9). Based on the average readings, the TLDs were divided into two groups: A and
B; where TLDs with similar responses to radiation were placed together following the method
developed by Tootell et al. (2012). The difference in sensitivity between TLDs in the same
group was calculated using the coefficient of variation (CV) (Equation 7). The CV of both

groups was < 3%, which was achieved by removing the TLDs with extreme measurements. In
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group A, 118 TLDs had a CV of 2.87%; in group B, 103 TLDs had a CV of 2.63%. The

consistency of the measurements was tested after the TLDs had been calibrated, using the

following equation:

CV =

(7)

o
0 .

Figure 3.7: The oven (A) and the trays (B and C) used for annealing the TLDs.
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Figure 3.8: The tray used in the sensitivity test. Each TLD was assigned a code for the grouping.

Figure 3.9: Harshaw TLD model 3500 reader.

The TLDs were calibrated to minimise systematic errors that may have arisen from the TLDs

and to improve the accuracy of their measurements. However, it was impractical to calibrate
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each TLD individually due to time resources and the limited impact on accuracy, as the
sensitivity difference of both groups was < 3%; this is below the 15% of batch variance
suggested by the international standards for photon dosimeters (European Commission,
2009). Instead, 18 TLDs from each group were selected randomly for calibration following a
previously used method (Ali et al., 2015). The calibration factor was obtained using the dose—
TLD response curve (Figure 3.10). Establishing the curve requires at least five points (Shirazi
et al., 2008); therefore, six TLDs (three from each group: A and B) were irradiated at five
levels of radiation quantities (i.e. 10, 20, 40, 80, and 160 mA, which were randomly selected),
but X-ray beam quality was kept constant at 90 kV. This kV was chosen based on the imaging
factors for scoliosis in an average child. Three measurements at each mA level were averaged
to minimise random error. Three TLDs were used to measure the background radiation. The
R-squared (R?) value in the figure (R? = 99.5%) shows the linearity in the TLD response at

this energy range.
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Figure 3.10: A plot of TLD measurements against the dose.
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3.2.1.3 Scoliosis shawl

As part of the study, the efficacy of a scoliosis shawl (Rothband, Burnley, UK) for reducing
the risk of radiation-induced cancer in patients with AIS was tested. The shawl (85 cm x 20
cm) is made of thin layers of protective sheets with 0.5-mm lead equivalence and weighs 1.2
kg. It is specifically designed to protect the breast tissues when patients undergo spinal
examinations (Figure 3.11). The shawl was used during DR and SPR imaging examinations
but not in EOS, as the radiation risk EOS poses is very low (EOS imaging protocol is
discussed further in Section 3.2.2.3 on page 87). Before using the shawl, the phantom was
scanned several times, and shawl positions were adjusted to ensure that it did not cover the
spine. When the desired location was detected, markers were placed on the phantom to ensure

that the shawl was placed in the same place every time.
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Figure 3.11: The scoliosis shawl.

3.2.2  Imaging conditions

Prior to each irradiation, the TLDs were annealed and placed in the phantom. Each TLD

group was annealed in a separate tray to ensure that the groups were not mixed up. The TLDs
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were placed inside the phantom starting from the bottom (i.e. slice 32) and moving upward
until they reached the head (i.e. slice 1). Locations 101-198 were filled with group B TLDs;

locations 1-100 were filled with group A TLDs.

Prior to conducting the experiments, the CT, DR and EOS had undergone quality testing in
accordance with Institute of Physics and Engineering in Medicine (IPEM) Report 91 (Hiles,
2014), which relates primarily to imaging performance and radiation safety checks; the results
were within manufacturer tolerances. The phantom was then irradiated as described in the

following sections.

3.2.2.1 Scan projection radiography

The phantom was placed on the imaging couch of a third-generation 16-slice CT scanner
(Toshiba Aquilion; Toshiba Medical Systems, Tokyo, Japan) in the supine position with the
head towards the gantry (Figure 3.12). The scan range was set to cover the area from the
intersection between cervical vertebrae C3/C4 to the iliac crests (Whitley et al., 2005). Tape
markers were placed on the phantom and the CT imaging couch to ensure that the phantom
was in exactly the same position for each exposure. Lateral alteration of the radiation field

was not permitted in SPR mode.

Thirty-six SPR exposures were made: 18 in AP and PA positions without the scoliosis shawl,
9 in AP positions with the scoliosis shawl and 9 in lateral positions using combinations of 80,
100 and 120 kV and three mA values (10, 20, 30 mA) (Table 3.3). Each imaging protocol
was given a code to be used in the comparison with the other machine. The exposure factors
were selected based on the local teaching hospital guidelines for imaging an average 10-year-
old child. The X-ray tube position was adjusted according to the desired projection as follows:

above the phantom for AP, below the phantom for PA and to the right of the phantom (i.e.
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right lateral) because it imposes lower risk than left lateral irradiation (Ben-Shlomo et al.,
2013). With each imaging protocol, the phantom was irradiated three times to minimise
random error. The shawl was not used during PA and lateral positions because it is not
designed to shield breast tissue from a radiation beam from the back and the side. To test the
consistency of the measurements, the phantom was irradiated three times at one-week

intervals using the same projection and imaging factors.

Figure 3.12: Left: The phantom on the CT table. Right: The shawl on the phantom.

Table 3.3: Imaging factors and projections used for irradiating the phantom in SPR mode.

Imaging protocol Imaging projection kV mA
CT1 AP 120 10
CT2 AP 120 20
CT3 AP 120 30
CT4 PA 120 10
CT5 PA 120 20
CT6 PA 120 30
CT7 AP 100 10
CT8 AP 100 20
CT9 AP 100 30

CT10 PA 100 10
CT11 PA 100 20
CT12 PA 100 30
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Table 3.3: Imaging factors and projections used for irradiating the phantom in SPR mode.
Imaging protocol Imaging projection kV mA

CT13 AP 80 10

CT14 AP 80 20

CT15 AP 80 30

CT16 PA 80 10

CT17 PA 80 20

CT18 PA 80 30

CT19 Lateral 120 10

CT20 Lateral 120 20

CT21 Lateral 120 30

CT22 Lateral 100 10

CT23 Lateral 100 20

CT24 Lateral 100 30

CT25 Lateral 80 10

CT26 Lateral 80 20

CT27 Lateral 80 30
To distinguish the AP imaging protocols with the scoliosis shawl from the AP imaging protocols
without scoliosis shawl in the Chapter 4 (Results), the term (scoliosis shawl) was used with the
codes.

3.2.2.2 Digital radiography

The TLDs were prepared and placed inside the phantom at the university laboratory. Then,
the phantom was transported to a local children’s hospital to be irradiated by a radiographer at
the hospital. The phantom was irradiated using a Digital Diagnost X-ray imaging machine
(Philips Healthcare, Best, the Netherlands) (Figure 3.13) at 85 kV for AP and PA projections
and at 90 kV for the lateral projection, with automatic selection of the mA value (Table 3.4).
The SID was 180 cm. The primary radiation field was set to cover the same area imaged using
CT SPR. As the area of interest was large, the imaging system automatically divided the
acquisition into upper and lower regions; hence, two exposures were needed to capture the
whole spine, which were digitally stitched together post-acquisition. The phantom was then
transported back to the laboratory for the TLDs to be read out and prepared for the following

irradiating cycle. In total, four irradiations took place at the hospital: AP without scoliosis
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shawl, AP with scoliosis shawl, PA and lateral; also, similar to SPR, the phantom was

irradiated three times in each irradiation.

Figure 3.13: The phantom positioned for DR imaging.

Table 3.4: Imaging factors and projections used for acquiring DR images.

DR1 AP 85 5 6.67
AP 85 16.9 15.77
DR2 PA: 85 5.9 9.88
PA:; 85 14.5 14.09
DR3 Laterals 90 5 8.61
Lateral, 90 11 10.39
DR1* AP 85 5 6.65
AP 85 17 15.86

1 refers to the upper image; » refers to the lower image:* scoliosis shawl was used.

The acquisition parameters for DR were selected based on the local guidelines for imaging an
average 10-year-old child. The DAP values shown in Table 3.4 are below the suggested local
diagnostic reference level (LDRL), which is 180 pGy.m? for imaging the whole spine for

children from 9 to 11 years of age (The Christie, 2018). Nevertheless, the values could not be
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compared with the UK national DRL because paediatric DRLs for the whole spine are not

reported (Hart et al., 2010).

3.2.2.3 EOS

The TLDs were prepared and loaded into the phantom and transported to a children’s teaching
hospital for the scanning; the phantom was imaged using the EOS imaging system (EOS
Imaging, Paris, France) (Figure 3.14) and with automatic exposure factors for an average 10-
year-old child (Table 3.5). It was then irradiated by a radiographer at the hospital on three
separate occasions in different positions: (1) in the AP and lateral projections simultaneously,
(2) in the AP position and (3) in the lateral position. The irradiation was made using the micro
dose protocol, and similar to using DR, the acquisition parameters for the EOS were selected
based on the local guidelines for imaging a 10-year-old child. However, there are no
published DRL values for using the EOS for imaging the whole spine, so a comparison with

the DRL was not possible.

Figure 3.14: The phantom in the EOS imaging system.
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Table 3.5: Imaging factors and projections used for acquiring EOS images.

Imaging protocol Imaging kv mA DAP (uGy.m?)
projection

EOS1 AP * 75 200 10.003
Lateral * 95 200 14.282

EOS2 AP 75 200 8.347

EOS3 Lateral 80 80 4.253

* Indicates that imaging projections were acquired simultaneously.

3.2.3  Thermoluminescent dosimeter readings

After each irradiation, the phantom was disassembled in the university laboratory to remove
the TLDs. The removal began with the head, where TLD number 1 had been placed: the slices
were not detached from the phantom until all TLDs inside had been read. In addition, the
TLDs were removed in order, beginning with TLD number 1 and ending with TLD number
198. The TLD reader is operated with software (WinREMS, Thermo Fisher Scientific) that
saves the TLD numbers and their readings automatically to an Excel file (Microsoft,

Redmond, WA, USA).

3.24  Data analysis

The readings of each imaging protocol of the three imaging machines were stored in separate
Excel sheets. First, the background radiation was subtracted from TLD readings, and the
results were averaged. Then, the values were multiplied by their corresponding calibration
factors. The absorbed dose in each organ was calculated by adding the results read from the
corresponding TLDs and then averaged. The absorbed dose was then multiplied by Wt and
Wkrto calculate the ED and ER, respectively. Data were tested for normality based on Shapiro-
Wilk test, and p-values greater than 0.05 represented normally distributed data. To compare

SPR with the other machines, the mean absorbed dose of each SPR imaging protocol was
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compared with the DR and EOS imaging protocols using the t-test and SPSS v25.0 (IBM,
Armonk, NY, USA). The comparisons were used to show significant differences among the
imaging protocols in terms of radiation dose levels; p < 0.05 was considered to represent a

significant result.

The consistency of the measurements (i.e. reliability) was evaluated using an ICC two-way
mixed model (Rosner, 2016). The ICC demonstrates the degree of correlation and agreement
between the measurements. ICC <0.5 indicates poor reliability, ICC from 0.5 to 0.74 indicates
moderate reliability, ICC from 0.75 to 0.89 indicates good reliability and ICC >0.90 indicates

excellent reliability (Portney and Watkins, 2000; Koo and Li, 2016).
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3.3  Construction and validation of a phantom with scoliotic spine

The suitability of SPR images for assessing scoliosis were examined. To achieve this goal, an
SPR image of scoliotic spine had to be acquired, and for ethical considerations, this could not
be performed on a human. An alternative was to use an imaging phantom to acquire SPR
images. Typically, such phantoms have a normal (i.e. without scoliosis) spine, which does not
fit the purpose of the present research (i.e. assessing the degree of the curvature on SPR
images). Another possible approach was to use a curved spine model (Figure 3.15) similar to
that used by Chung et al. (2018). However, their phantom lacked soft tissue, meaning the
effect of scatter radiation was missing. This study required a phantom that represented the
spine of patients with AIS as closely as possible. Therefore, a novel phantom representing a

10-year-old female with AIS was designed and then constructed.
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Figure 3.15: The phantom used by Chung et al. (2018).
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3.3.1 Phantom design and construction

Due to the complexity of the internal tissues and their shape, it is not easy to simulate the
human body. The human body contains several types of tissue that interact differently with X-
ray photons. Therefore, a phantom to be used in diagnostic radiography applications should
have materials with photon mass attenuation and mass absorption coefficients similar to that
of human tissue (White and Constantinou, 1982; Watanabe and Constantinou, 2006). In the
energy range used in diagnostic radiography (i.e. up to 150 keV), X-ray photons interact with
the materials in two ways: the photoelectric effect and Compton effect (Aichinger et al., 2012;
IAEA, 2014). These interactions are dependent on the materials’ density (p), atomic number
(2), and photon energy (the Compton effect is independent of Z) (Allisy-Roberts and
Williams, 2008). The phantom should also mimic the size and shape of the human body

(Dewerd and Kissick, 2014).

According to ICRU Report 44, which addresses tissue substitutes in radiation dosimetry and
measurement, several materials can be used as human tissue-mimicking materials. Examples
of the soft tissue materials that have been used in radiography studies are water, urethane,
poly (methyl methacrylate) (PMMA) and wax (Regulla et al., 1998; Sanada et al., 1999;
D’Souza et al., 2001; Jones et al., 2003; Winslow et al., 2009; Caldas et al., 2011; Schropp et
al., 2012; Mann et al., 2012; Farrer et al., 2015); examples of bone tissue-mimicking materials
are polyvinyl chloride, aluminium and plaster of Paris (PoP) (Pina et al., 2009; Singh et al.,
2014; Mohammed Ali et al., 2018). Air is widely used to simulate lung tissue (Vassileva,

2002).

The materials used for constructing the phantom were PMMA and PoP, representing soft

tissue and bone tissue, respectively. The choice was based on the following: (1) PMMA is
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commonly used as a soft tissue substitute in diagnostic radiology studies, especially for non-
dosimetry phantoms (Lofthag-Hansen, 2010; Chung et al., 2010; Garcia et al., 2010; Barnes
and Temperton, 2011; McCullagh et al., 2011; Koivisto et al., 2013; Chambers, 2014; Yvert
et al., 2015; Sossin et al., 2017); (2) PMMA has similar physical properties to human tissues
(Table 3.6), and it has a mass attenuation coefficient (u/p) similar to that of soft tissue in the
diagnostic energy range (Russo, 2014) (Figure 3.16); (4) PoP has been used medically as a
bone tissue substitute (e.g. to fill in bone defects) (Sharma and Prabu, 2013), and its mass
attenuation coefficient is similar to that of bone (Figure 3.17); and (5) PMMA and PoP are
inexpensive and easy to use. The construction of the phantom consisted of two steps: (1)
building a curved spine model to be used as a template for the phantom, and (2) constructing

the remaining part of the phantom.

Table 3.6: Mean values of some of the physical properties of human tissue and PMMA
(Hubbell and Seltzer, 2004).

Material p (kg/m®) Z/mass ratio Mean excitation energy (eV)
Human Tissue 1060 0.53937 74.0
PMMA 1190 0.5499 74.7
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Figure 3.16: X-ray attenuation in soft tissue and PMMA (Hubbell and Seltzer, 2004).
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Figure 3.17: X-ray attenuation in bone and PoP (Hubbell and Seltzer, 2004).

3.3.1.1 Building a template for the phantom

The bony compartment of the spine was cut into PMMA slabs and filled with PoP. One of the
simplest methods for building a phantom using these materials is using CT images as a guide
to cut the bony compartments into the PMMA slabs (Jones, 2006; Harrison et al., 2011; Chan

and Fung, 2015; Mraity, 2015; Mohammed Ali, 2019). As discussed earlier, CT images
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provide accurate representation and measurements of the internal parts of the human body.
However, CT images of AIS are lacking because CT scanning is not widely used for scoliosis
assessment due to the higher radiation dose. Instead, a method was developed to create CT
images of the scoliotic spine. This was achieved by bending a spine model, scanning it and

then using the CT images as a guide for the cutting.

The spine model was of an adult life-size spine (Figure 3.18) and its vertebrae were mounted
on an aluminium rod (Figure 3.19). The vertebrae were removed from the rod after they had
been labelled to ensure that they were placed in the correct order. Another rod was bent in two
steps to form the base of the scoliotic spine: (1) the normal concave and convex curves in the
thoracic and lumbar regions, which were copied from the original rod; and (2) the lateral
curve, which was made based on a calculation, as illustrated in the following section. The two

steps were performed using standard bending irons.
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Figure 3.18: Skeleton model used for educational purposes.
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Figure 3.19: Aluminium rod in frontal (left) and lateral (right) views.

From the screen programs, summarised in (Table 1.1 on page 6), the most common degrees
of curvature in AIS are 10° to 20°. Consequently, 15° was selected as the degree of curvature
on the phantom. To find the offset (A) between the aluminium rod when it is straight
(representing a straight spine) and then bent (representing a scoliotic spine with angle [B] 15°)

(Figure 3.20), the following calculations were performed:

1) Calculating the radius (R) of the circle that defines the curve of the scoliotic spine model:

C 0.15m
R=——>=R=— = 1.15m
sina sin7.5°

2) Calculating €:

180° - «a 180°—-7.5°

€=8-y=€=——— - (180°-90°~ ) > € =—— - (180°-90°-7.5°) =€

3) Calculating A:

A
tan € =E:>A =tanEXC=>A=tan4° X 0.15m =>4 =~ 0.01lm = 1cm.
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Therefore, the rod was bent laterally by 1 cm (Figure 3.21). Next, the labelled vertebrae were

mounted on the bent rod (Figure 3.22).

Figure 3.20: Diagram illustrating the amount of bending (A) needed to produce a scoliotic spine of angle (B) 15°.

Figure 3.21: The bent aluminium rod in frontal (left) and lateral (right) views.
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Figure 3.22: Left: the model with a bent spine; right: its 3D image.

3.3.1.2 Designing the phantom

PMMA slabs can be obtained in various dimensions. Accordingly, the craniocaudal length
and the side to side width of the stack of slabs were chosen based on the size of an average
10-year-old girl: 50 cm and 25 cm, respectively. Two sizes were chosen for the thickness of
the slabs: 2 mm and 10 mm, to be stacked together to form a total of 18 cm anterior to
posterior thickness (the reason for choosing these thicknesses is discussed in the following
paragraph). The phantom torso size was extracted from CT images of a 10-year-old girl. The
images were anonymised, stored on an educational file at the Directorate of Radiography at
the University of Salford and used for educational purposes, so no ethical approval was
needed. The girl’s chest and waist circumferences were 62 cm and 57 cm, respectively, which
are within the anatomical reference data (ICRU, 1992; Mertz et al., 2001; ICRP, 2002; Kuba

et al., 2013). Thus, the phantom would be used to represent an average 10-year-old girl.
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The phantom was designed for Cobb angle measurements on SPR images; therefore the
AP/PA view of the phantom could be acquired to perform the measurements. This had an
important influence on designing the phantom, because constructing the phantom based on
axial or sagittal CT images would have resulted in image artefacts. The air gap between the
slabs would appear as black lines in the SPR images; therefore, the phantom was designed
based on coronal images of the bent phantom as used previously (Harrison et al., 2011;
Mohammed Ali et al., 2018). Another factor that influenced the design of the phantom was
the thickness of the slabs; the chosen thicknesses were 2 mm and 10 mm: the thinner slabs
were used in the spine area to maintain finer anatomical detail, and the thicker slabs were used
for the remaining areas of the phantom to speed up construction and where finer anatomical

detail was not present and thus not needed.

With the phantom design ready, the next step was to acquire CT images of the bent-spine
phantom, which was scanned using the same CT scanner used for the dose measurements.
The image orientation was adjusted to coronal images, and two sets of images based on the
desired thickness were produced: 2 mm and 10 mm. As stated earlier, the bent-spine phantom
had adult vertebrae; therefore, the images were scaled to match the vertebrae size of a 10-
year-old girl (approximately 2 cm long and 4 cm wide) to ensure that the phantom was as
close a representation of a 10-year-old girl as possible. After obtaining the required vertebrae
size, the images were printed on A3 paper (29.7 cm x 42 cm). Each image was then aligned to

its corresponding PMMA slab, and the details were drawn onto the slabs (Figure 3.23).
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Figure 3.23: An example of a pre-drilled PMMA slab, with the shape of the lower vertebrae and ribs.

The next step was to cut the shape of the bony compartment into the slabs. The cutting was
performed manually with a hand milling machine (Figure 3.24). After cutting the vertebrae
and the lung shapes, the slabs were combined with each, every three, four or five adjacent
slabs, depending on the formed shape. The edges of the drilled shapes in the combined slabs
were smoothed; this ensured that the holes in the slabs were connected and improved the
accuracy of the anatomical shape (Mohammed Ali, 2019). After smoothing the edges of the
combined slabs, the slabs were placed together for further smoothing. Finally, each slab was
marked at common points in two corners (opposite corners) to be drilled for plastic screws to
hold the slabs together. Additionally, a space was drilled into the slabs in the middle of the
phantom at the level of the lumbar spine to house a sheep vertebra to be used in the validation
of the phantom. This particular animal vertebra was chosen because it shares some structural

features with a human vertebra and can be used as an alternative to a human vertebra in
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radiographic research (Sheng et al., 2010). The sheep vertebra was acquired from a local
abattoir; thus, no ethical approval was required as the animal had been slaughtered for human

consumption.

Figure 3.24: The bony compartments of the ribs and spine cut in slab #36.

After cutting the bony compartments in the slabs, the cavities were filled with PoP to simulate
the bone tissue. PoP is a dry powder and must be mixed with water to form a workable paste.
However, the water-to-plaster ratio affects its density; more water makes the paste less dense
(Madu et al., 2016; Mohammed Ali et al., 2018). To identify the ratio that produces a paste
with radiological properties similar to the vertebrae of a 10-year-old girl, several mixtures
with different ratios were made and scanned with a CT scanner, while they were drying for 14
days (Table 3.7). CT scan images were used to calculate the attenuation coefficients of the

mixtures using Hounsfield units (HUs) (Homolka et al., 2002; Homolka and Nowotny, 2002;
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Guculk and Uyetlrk, 2014). Three samples of each mixture were made to ensure the accuracy
of the density. The 14-day period is required for the water to escape from the paste at room

temperature and for its density become constant, as determined by Mohammed Ali et al.

(2018).
Table 3.7: Water-to-plaster ratios used to identify the correct density.
Batch Sample Water (ml) Plaster (g)

1 20 50

1 2 30 50
3 40 50
1 42 50

5 2 44 50
3 46 50
4 48 50

The attenuation coefficients of the 10-year-old girl’s vertebrae was extracted from the CT
images. The vertebrae consist of two types of bone tissue: trabecular and cortical. The latter is
denser and forms the endplates of the vertebra, and because the Cobb angle measurement is
performed using the vertebral endplates, the HU of the girl’s vertebral endplates was
calculated and found to be 598 (SD = 79) (Figure 3.25). The HU of the water-to-plaster ratio
of 48:50 was the closest to that of the 10-year-old girl’s vertebrae. Prior to irradiating the PoP
samples, the CT scan was checked for the accuracy of HUs, and the results were within the

acceptable tolerance (CEC, 1996a; Cropp et al., 2013)
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Figure 3.25: A series of CT slices shows the variation in the density of a vertebra. The series starts from the top
left at image 1 and ends at the right bottom at image 6; images 4 and 5 are at the edge of the vertebra.

Two adjacent slabs were combined in preparation for the PoP filling. The combined slabs
were weighted to ensure that the PoP would not go between the slabs. The PoP powder had
been prepared in small cups in 50-g portions (Figure 3.26); water was added only when the
portion was about to be used for filling. After the water was added, the mixture was stirred
until the desired consistency was obtained just when it was about to solidify. It was not
practical to use a loose mixture because it would go between the slabs even with pressure
applied on the combined slabs. The mixture was then poured into the cavities and pushed
inside them to ensure that the cavity areas were entirely filled. Then, the mixture was
flattened, and the excess was removed. Finally, the PoP was left to dry for 6 days before HU
monitoring began. During this process, a problem was encountered; the PoP was not drying at
the anticipated rate because the slabs of the phantom had been combined, which prolonged the
drying period before the phantom would be ready for the experiments. Therefore, the phantom

was disassembled and left to dry; the phantom was reassembled only to be scanned. The PoP
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had dried by around day 25; however, it was left for more than one month to ensure that it

was completely dry, before commencing imaging (Figure 3.27).

Figure 3.26: The PoP was prepared in small cups.
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Figure 3.27: Drying rate of PoP after being poured into the phantom.
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3.3.1.3 Validation of the phantom

The phantom was built to provide a tool for measuring the Cobb angle on SPR images.
However, before experiments could be carried out on the newly constructed phantom, it had
to be validated for representing the human body and fulfilling the purpose for which it had
been designed. This included comparing the density of the phantom’s spine with that of the
10-year-old girl and the sheep vertebra. It also included comparing the phantom’s pixel values
with those of a commercially available phantom (with a normal spine) to ensure that the

constructed phantom delivered a similar response.

The HU of the simulated bone and PMMA in the PoP phantom were compared with the spine
and the soft tissue of the 10-year old girl, respectively. The comparison was made using the
HU because it shows the attenuation characteristic of materials. The HU is an accepted
measure for identifying the density of materials (Homolka and Nowotny, 2002; Mattsson and
Thomas, 2006). The phantom was scanned using CT and the acquisition parameters used were
similar to those used to scan the girl because the HU is affected by the quality of the radiation
(i.e. kV) (Zurl et al., 2014). In addition to the density, bone homogeneity was evaluated using
the SD of the HU values. All HU measurements were performed using RadiAnt image

viewing software v4.6.9 (Medixant, Poland) (Figure 3.28).
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Figure 3.28: HU measurements on the 10-year old girl image (left) and PoP phantom (right).

The other measure used to validate the phantom was pixel values. Here, the signal and noise
level in the phantom’s images were compared with that of a commercially available and
validated phantom: a multipurpose anthropomorphic chest phantom (Lungman; Kyoto
Kagaku Co., Kyoto, Japan). This phantom represents a male chest torso and has an embedded
portion of a synthetic spine (i.e. epoxy resin) that is similar to human bone (Dewerd and
Kissick, 2014). The images of the two phantoms were acquired with an Aero DR system
(Konica Minolta Medical Imaging, Ramsey, NJ, USA) using a range of kV and mA values
(Table 3.8). The kV values were selected based on local diagnostic reference figures, and the
selected range of mAs values would cover the possible values of automatic exposure control

when irradiating a 10-year old child.
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Table 3.8: The variation of kV and mAs values used to acquire the two phantom images for

SNR calculation.

kV mMAS
75 1
80 2
85 3.2
90 4
95 5
100 6.3
105 7.1
110 8
115 9
120 10
11
12.5
14
16
18
20

For SNR calculation, the post-processing of the acquired images was set to quality control to
avoid any manipulation in the pixel values. SNR was calculated using ImageJ (Rueden et al.,
2017). The average pixel values (i.e. the signal) of several vertebrae and the noise were
calculated from the background (Figure 3.29). The ROI used for the calculation had a similar
size and location for all images. The SNR was calculated as the ratio of singles to noise

(Smans et al., 2010).
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Figure 3.29: ROI used to calculate SNR; Lungman (left) and PoP phantom (right).

In addition, the appearance of the spine and its vertebrae of the PoP phantom (Figure 3.30)
was compared against CT based date of a 10-year old female patient (Figure 3.31). The
images of the PoP phantom and the patient were reconstructed using RadiAnt image viewing
software v4.6.9 (Medixant, Poland). The comparison was made against a normal spine and
only with the lumbar vertebrae and part of the thoracic vertebrae due to the lack of CT image
of an entire spine. As mentioned previously, the images of the 10-year old female were
anonymised, stored on an educational file at the Directorate of Radiography at the University
of Salford and used for educational purposes, so no ethical approval was needed. An AP view
of the PoP was compared with an AP image of a 10-year old female patient with AIS as
shown in Figure 3.32. Lastly, the Cobb method was performed directly on the phantom. This
was possible because the PMMA is transparent and the PoP vertebrae were visible. The
reason for performing the measurement on the phantom was to confirm that the spinal

curvature angle was 15°.
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Figure 3.31: 3D images of the abdominopelvic region of a 10-year old female patient: AP view (left), lateral view (middle)
and PA view (right).
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Figure 3.32: AP view images of the spine: a 10-year-old female patient with no sign of AIS (left), AP view image of a 10-
year old with AIS (middle) and AP view image of the PoP phantom (right). Patients images were adopted from Deogaonkar
et al. (2008).

3.3.2 Initial visual evaluation of the PoP phantom images to determine suitability for

inclusion in Cobb angle analysis

The PoP phantom was scanned in SPR mode in the CT using the imaging parameters applied
for the dose measurements (Table 3.3 on page 84). As the images were intended for Cobb
angle measurements, only AP and PA projections were acquired; additionally, the design of
the phantom did not permit lateral images (Figure 3.33). In total, 18 SPR images were
acquired. Each image was assigned a code so that, when evaluated later, observers would be

blinded to the imaging parameters.
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Figure 3.33: The PoP phantom on the CT table.

As discussed earlier, Cobb angle measurements depend on locating the endplates of the most
tilted vertebrae. Therefore, the 18 images were inspected visually to determine the eligibility
of an image for Cobb angle measurements. A 5-megapixel monochrome reporting monitor
(DOME E5; NDSsi, Santa Rosa, CA, USA), calibrated in accordance with Royal College of
Radiologists (RCRs) guidelines (RCRs, 2019), was used for the evaluation. Two
radiographers with at least two years’ experience and two medical physicists with experience
in evaluating medical images through their work in radiation dose optimisation evaluated the
clarity of the endplates based on the European guidelines on quality criteria for diagnostic
radiographic images (CEC, 1996b). The guidelines recommend evaluating seven areas in the
region; however, these criteria are not specific for scoliosis imaging, but for spine images in
general. Therefore, most of the areas are irrelevant to Cobb angle measurement, which was
the purpose of constructing the phantom. Consequently, the observers were asked to evaluate
the appearance of the upper and lower endplates of all vertebrae in the images. The evaluation
involved a strict scale similar to that used by AlQaroot (2012): if an endplate was not clear in
the image, then the entire image would be marked as illegible for Cobb angle measurements.

Ultimately, only images that had been marked as eligible for measurement by the four
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observers were selected for the next stage. The use of the strict scale ensured that only images
with good quality for Cobb angle measurements were selected. Ethical approval was obtained

from the university for this evaluation (HSR1718-104).

3.3.3 Data analysis

SNR values were tested for normality based on the Shapiro-Wilk test, and p-values greater
than 0.05 represented normally distributed data. The relationship between the SNR values of
the PoP phantom and the Lungman phantom was analysed using Pearson’s correlation test (r)
for normally parametric data and Spearman’s test (p) for non-parametric data. A correlation
coefficient <0.20 is considered very weak, 0.20 to 0.39 is weak, 0.40 to 0.59 is moderate, 0.60
to 0.79 is strong and 0.80 or greater is a very strong correlation (Evans, 1996). ICC was used

to analyse the agreement between the observers, who evaluated the SPR images visually.
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3.4  The task: Cobb angle measurements

Thirteen observers (seven radiographers and six orthotists) were invited to perform Cobb
angle measurements on the 5-megapixel monochrome reporting monitor (DOME E5, NDSsi).
The monitor had been calibrated in accordance with the RCRs guidelines (RCR, 2019). The
Cobb angle was measured digitally using RadiAnt image view software v4.6.9 (Medixant,
Poland) to simulate the clinical environment. The observers’ level of experience varied: the
radiographers had at least two years’ experience; however, four of the orthotists were mostly
prosthetics and orthotics students, and their experience ranged from low (year-one students) to
students who had practiced the measurement in a hospital (year-three students), and two were
academics. The reason for choosing radiographers and orthotists is that in clinical practice,
Cobb angle measurements are performed by orthotists. Moreover, orthotists and radiographers
have done the measurements in previous studies (Shea et al., 1998; Cheung et al., 2002;
Gstoettner et al., 2007; Shaw et al., 2012; Melhem et al., 2016; Vavruch and Tropp, 2016;
Chung et al., 2018). The level of experience also varied among the observers; however, this
should not have had an impact on the accuracy of Cobb angle measurements as mentioned in
Section 2.5.1.3 on page 50. Nevertheless, all observers were given the same half-hour
training session to ensure that they were familiar with the measuring software and,

importantly, how to place ‘lines’ on the image in order to calculate the Cobb angle.

In the training sessions, which were delivered individually to each observer before the Cobb
angle was measured, the basic concepts of the Cobb method were explained, and the
observers were familiarised with the software. One important part of the Cobb method is
identifying the most tilted vertebrae; therefore, the observers were trained to identify the most
tilted vertebrae. To do so, the observers had to select all possible tilted vertebrae and perform

the Cobb method on each two vertebrae. For example, if they selected T5, T6 and T7 as the
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possibly most tilted superior vertebrae, and L1, L2 and L3 as the possibly most tilted inferior
vertebrae, they had to perform the angle measurements nine times as follows: T5and L1, T5
and L2, T5and L3, T6and L1, T6and L2, T6and L3, T7 and L1, T7 and L2, and T7 and L3.
Then, the measurements were compared, and the pair of vertebrae with the highest angle
value was selected as the most tilted vertebrae. This step was introduced to increase the
accuracy of the measurements and to ensure that the most tilted vertebrae were selected. The
second part of the training session was to perform the measurements on two conventional
radiography images of patients with AIS that had been downloaded from an online library and
anonymised (Science Photo Library Limited, 2018). After finishing the training session, the
observers were asked to determine the degree of the curve in the images of the PoP phantom.
The observers were blinded to the imaging parameters, and the vertebrae in the images were
numbered so that the observer could track their progress easily. The measurements were
performed once in an attempt to reflect clinical practice and increase the validity of the
outcomes. All measurements from the training session and the actual measurement were

recoded. The university had granted ethical approval for this study (HSD1718-104).

3.5 Data analysis

The number of observers (N = 13) needed for the study was determined using G*power (Faul
et al., 2007), with 90% power to detect the difference from a constant with a-error of 5%. The

agreement between the observers’ Cobb angle measurements was analysed using ICC.
3.6  Chapter summary
This chapter details the method used to test the suitability of SPR images for assessing AlS.

First, a dosimetry phantom, representing a 10-year-old child, and TLDs were used to quantify
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the radiation dose levels of the SPR mode in CT when used for assessing scoliosis. The
amount of radiation was compared with the dose levels from the commonly used scoliosis
assessment imaging machines, DR and EOS. Then, the building and validating of a novel
phantom with a scoliotic spine were described. Finally, the accuracy of Cobb angle

measurements was assessed using SPR images of the PoP phantom.
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Chapter 4: Results

4.1  Chapter overview

This chapter reports the results of the experiments carried out to investigate the possibility of
using SPR imaging for assessing AlS. It is divided into three sections to correspond with the
sections in Chapter 3 (Methods and material). In the first section, the SPR radiation dose
levels are analysed and compared with those of DR and EOS. The second section presents the
findings of the building and validating of a novel phantom with a scoliotic spine. In the last

section, the accuracy of Cobb angle measurements using SPR images is reported.
4.2 Radiation dose measurements

This section reports the finding of the dose measurement experiments that were carried out to
quantify the radiation dose from SPR, DR and EOS when used to assess AlS. It reports the
organ dose (OD) values (i.e. TLD readings for the evaluated organs) for SPR with and
without using the scoliosis shawl. Then, it compares them to the OD values of DR and EOS.

This is followed by the ED and ER from using SPR, DR and EOS to assess AlS, respectively.
4.2.1  OD for SPR exposures

As a quality control step, the reliability of the dose measurements was assessed by irradiating
the phantom three times at one-week intervals using the same projection and imaging factors.
Table 4.1 shows the results of the repeated exposures. The assessment revealed a high level

of consistency for the method used for measuring OD with ICC value of 0.994 (p <0.001).
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Table 4.1: OD values (mGy) of the reliability test results that was performed using SPR.
Organs First scan Sgggrr]nd Third scan Average SD
Thyroid 0.279 0.237 0.244 0.253 0.022
Oesophagus 0.178 0.156 0.153 0.162 0.014
Lungs 0.105 0.087 0.094 0.095 0.009
Breasts 0.073 0.066 0.066 0.068 0.004
Liver 0.156 0.121 0.132 0.136 0.018
Stomach 0.119 0.086 0.111 0.105 0.018
Bladder 0.198 0.138 0.165 0.167 0.030
Colon 0.153 0.106 0.106 0.121 0.027
Ovaries 0.032 0.028 0.028 0.029 0.002
Salivary Glands 0.003 0.002 0.003 0.003 0.000
Thymus 0.430 0.392 0.391 0.405 0.022
Spleen 0.057 0.033 0.046 0.045 0.012
Kidneys 0.042 0.028 0.032 0.034 0.008
Adrenals 0.071 0.050 0.054 0.058 0.011
Heart 0.257 0.246 0.241 0.248 0.008
Pancreas 0.178 0.107 0.145 0.144 0.036
Gall Bladder 0.075 0.049 0.041 0.055 0.018
Uterus 0.036 0.029 0.030 0.032 0.004
Oral Mucosa 0.005 0.004 0.005 0.005 0.000
Small Intestine 0.199 0.130 0.170 0.166 0.035
Extrathoracic Region 0.199 0.130 0.170 0.166 0.035

Figure 4.1-Figure 4.5 show the OD values for the critical organs (thymus, breasts, heart,
thyroid and stomach) of the phantom that represent a 10-year-old child without using the
scoliosis shawl. The figures present the data in terms of the imaging projections and
acquisition parameters that were used to irradiate the phantom in order to illustrate the
changes in the OD values as these factors change. The data in the figures are sampled from
the overall OD data. The figures show the OD values of the most radio sensitive organs (i.e.
the breasts and thyroid) and the other organs that received the highest radiation dose, which
are the thymus, heart and stomach. All the OD data are presented in Tables I-111 on pages
186-188. The highest measured OD values were 0.480 mGy (thymus), 0.436 mGy (breasts),

0.369 mGy (heart), 0.359 mGy (thyroid) and 0.344 mGy (stomach).
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Figure 4.1: The thymus OD from different SPR imaging protocols.
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Figure 4.2: The breasts OD from different SPR imaging protocols.
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Figure 4.3: The heart OD from different SPR imaging protocols.

Thyroid (AP vs PA) from SPR

30mA 20mA 10mA 30mA 20mA 10mA 30mA 20mA 10mA

120 kv 100 kV 80 kV
Acquisition parameters

HAP mPA

Figure 4.4: The thyroid OD from different SPR imaging protocols.
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Figure 4.5: The stomach OD from different SPR imaging protocols.

There was a significant difference among the OD values for all imaging protocols between
AP and PA (p < 0.05). The OD for most organs was lower in PA than in AP. In line with
expectations, organs closer to the X-ray tube received a higher dose compared with organs
that were farther away. For example, based on the imaging protocol, the breasts received, on
average in the AP projection, 0.148 mGy (SD = 0.134, range 0.027 to 0.436 mGy) and in the
PA projections, 0.041 mGy (SD = 0.042, range 0.006 to 0.135 mGy) (Figure 4.2); that was,
on average, a dose that was 73.78% (SD = 3.05) higher in the AP projection compared with
the PA projection (Figure 4.2). The kidneys, on the other hand, received, on average in the
PA projection, 0.086 mGy (SD = 0.078, range 0.016 to 0.256) and in the AP projection, 0.036
mGy (SD = 0.031, range 0.005 to 0.101) (Figure 4.6), which is a dose that was 58.20% (SD =

10.98) lower in the AP projection compared with the PA projection.
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Figure 4.6: The kidneys OD from different SPR imaging protocols.

Organs located outside the primary beam while irradiating the phantom received fewer
photons, as expected compared with the organs inside the primary beam. For example, the
brain, eyes and testes, each received, on average, 0.001 mGy (SD = 0.0001 [brain], 0.0005
[eyes], and 0.0009 [testes]) when using imaging protocol CT 3 (AP, 120 kV, 30 mA), which
as shown later in Table 4.8, is the SPR imaging protocol that had the highest effective dose
compared with the other imaging protocols. Figure 4.7 shows the OD of several organs inside

and outside the primary beam to illustrate the difference in dose levels among these organs.
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Figure 4.7: The OD levels of several organs when using CT 3 imaging protocol, which had the highest ED (as will be
discussed later in section 4.2.2 on page 136).

The OD values from lateral projection radiation were low compared with those of AP and PA
projections. The highest measured OD of lateral projection was 0.135 mGy, which
represented the amount the spleen received when using imaging protocol CT21 (lateral, 120
kV, 30 mA). The breasts received, on average, 0.028 mGy (SD = 0.017) (range 0.006 to 0.061
mGy). Figure 4.8 and Figure 4.9 show the OD levels of the spleen and breasts, respectively,
of lateral projection imaging when using SPR. The data in the figures are presented in term of
the acquisition parameters. All the OD data of the remaining organs of lateral projections are

presented in Table V on page 189.
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Figure 4.8: The OD of the spleen from the SPR imaging protocol with lateral imaging projection.

Breasts OD from SPR in lateral projection
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Figure 4.9: The OD of the breasts from the SPR imaging protocol with lateral imaging projection.

Figure 4.10-Figure 4.12 show the effect of using the scoliosis shawl on the OD values of the

breasts, lungs and kidneys. The shawl significantly reduced the radiation dose to these organs

(p < 0.05); it reduced the dose to the breasts from an average of 0.148 mGy (SD = 0.134,

range 0.027 to 0.436 mGy) to an average of 0.021 (SD =0.021, range 0.002 to 0.073 mGy),

which was, on average, an 87.15% (SD = 3.29, range 83.16 to 94.26 %) dose reduction. The
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lungs also received a lower dose when the shawl was used; the dose was reduced from an
average 0.102 mGy (SD =0.089, range 0.020 to 0.297 mGy) when the shawl was not used to
an average of 0.029 mGy (SD = 0.031, range 0.004 to 0.105 mGy), which was, on average, a
73.42% (SD = 3.83, range 64.79 to 79 %) dose reduction when the shawl was used.
Additionally, with the scoliosis shawl, there was no statistical difference (p > 0.05) between
PA and AP with the scoliosis shawl for all the imaging protocols except for imaging protocol
CT 2. However, for the breasts and lung ODs, it was significantly lower in AP projections
when using the scoliosis shawl compared with that of PA (p < 0.05). Figure 4.13 and Figure
4.14 compare the breast and lung ODs in the SPR PA projection with the SPR AP projection
when using the scoliosis shawl, respectively. All the OD data of the remining organs are

presented in Table IV on page 189

Breasts OD from SPR in AP projection (shawl vs no
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Figure 4.10: The effect of using the scoliosis shawl on the breasts OD in different SPR imaging protocols.
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Lungs OD from SPR in AP projection (shawl vs no
shawl)
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Figure 4.11: The effect of using the scoliosis shawl on the lungs OD in different SPR imaging protocols.
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Figure 4.12: The effect of using the scoliosis shawl on the kidneys OD in different SPR imaging protocols.
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Breasts OD from SPR in PA projection vs AP with
shawl
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Figure 4.13: Breasts OD in PA projections in comparison with AP with scoliosis shawl.
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Figure 4.14: Lungs OD in PA projections in comparison with AP with scoliosis shawl.

4.2.1.1 Comparison of SPR OD with DR and EOS

Unlike SPR, where several acquisition parameters were used to irradiate the dosimetry
phantom, only one set of acquisition parameters per projection was used to irradiate the
phantom when using DR and EOS. These acquisition parameters were based on the local

guidelines of the hospitals where the dose measurements were carried out. Table 4.2 reports
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the OD values when using DR to irradiate the dosimetry phantom with the following
protocols: DR1 (AP), DR2 (PA) and DR1 (AP with scoliosis shawl) and when using the EOS

with the following protocols: EOS1 (AP+Lateral) and EOS2 (AP).

Table 4.2: OD values (mGy) when using different imaging projections in DR and the EOS.

Organ DR1 (AP) | DR2 (PA) DR1 (AP EOS1 EOS2
with scoliosis | (AP+Lateral) (AP)
shawl)

Active Bone Marrow 0.028 0.026 0.010 0.015 0.003
Thyroid 0.108 0.012 0.067 0.049 0.016
Oesophagus 0.035 0.023 0.026 0.033 0.006
Lungs 0.055 0.056 0.017 0.033 0.009
Breasts 0.119 0.028 0.009 0.039 0.015
Liver 0.120 0.047 0.070 0.027 0.008
Stomach 0.167 0.037 0.058 0.045 0.010
Urinary Bladder 0.121 0.014 0.089 0.028 0.006
Colon 0.087 0.039 0.067 0.028 0.006
Ovaries 0.084 0.019 0.012 0.028 0.005
Salivary Glands 0.001 0.004 0.041 0.031 0.011
Thymus 0.071 0.008 0.047 0.034 0.014
Spleen 0.080 0.091 0.020 0.044 0.005
Kidneys 0.039 0.147 0.014 0.021 0.002
Adrenals 0.033 0.143 0.021 0.024 0.002
Heart 0.053 0.032 0.090 0.037 0.009
Pancreas 0.092 0.053 0.070 0.025 0.006
Gall Bladder 0.055 0.009 0.024 0.008 0.003
Uterus 0.081 0.014 0.013 0.021 0.005
Oral Mucosa 0.002 0.006 0.036 0.026 0.009
Small Intestine 0.118 0.035 0.096 0.030 0.006
Extrathoracic Region 0.028 0.025 0.009 0.026 0.005
Prostate 0.051 0.006 0.003 0.016 0.007

For DR, the stomach, urinary bladder, liver, breasts and thyroid received the highest radiation
dose in the AP projection, whilst in the PA projection, the kidneys received the highest dose.
When using the EOS to acquire two projections (i.e. AP and lateral) simultaneously, the
thyroid, stomach, spleen and breasts received the highest radiation dose. However, when the

EOS was used to acquire an AP projection, the thyroid, breasts and thymus received the
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highest dose. In general, the EOS delivered a significantly lower OD than DR when they were
used to acquire AP projections (p < 0.05). Similarly, the EOS delivered a significantly lower

radiation dose than DR when they were used to acquire lateral projections (p < 0.05).

Figure 4.15 - Figure 4.19 compare the OD values of stomach, liver, breasts, thyroid and
kidneys of SPR imaging protocols, respectively, with those of DR and EOS. For example, the
breasts received lower radiation dose when using CT10 (PA, 100 kV, 10 mA) (0.014 mGy),
CT16 (PA, 80 kV, 10 mA ) (0.006 mGy) and CT17 ( PA, 80 kV, 20 mA ) (0.012 mGy)
compared with using EOS2 (AP) (0.015 mGy), as shown in Figure 4.17. More interestingly,
the breast OD when using CT13 (AP, 80 kV, 10 mA) (0.027 mGy) and DR2 (PA) (0.028
mGy) were almost equal. Figure 4.20 and Figure 4.21 show the OD values of the breast and
stomach when the scoliosis shawl was used and compare them with the values from using DR
and EOS. As shown in Figure 4.20, the breast OD when using the scoliosis shawl with these
imaging protocols: DR1 (AP) (0.009 mGy), CT7 (AP, 100 kV, 10 mA) (0.006 mGy), CT13
(AP, 80 kV, 10 mA) (0.002 mGy) and CT14 (AP, 80 kV, 10 mA) (0.006 mGy) were lower

than the breast OD when using EOS2 (AP) (0.015 mGy).
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Figure 4.15: The stomach OD when irradiating the phantom using SPR, DR and EOS without using the scoliosis shawl.
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Figure 4.16: The liver OD when irradiating the phantom using SPR, DR and EOS without using the scoliosis shawl.
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Figure 4.17: The breasts OD when irradiating the phantom using SPR, DR and EOS without using the scoliosis shawl.
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Figure 4.18: The thyroid OD when irradiating the phantom using SPR, DR and EOS without using the scoliosis shawl.
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Figure 4.19: The kidneys OD when irradiating the phantom using SPR, DR and EOS and without using the scoliosis shawl.
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Figure 4.20: The breasts OD when irradiating the phantom using SPR, DR and EOS and using the scoliosis shawl.
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Figure 4.21: The lungs OD when irradiating the phantom using SPR, DR and EOS and using the scoliosis shawl.

Table 4.3 and Table 4.4 report a summary of the OD values of the imaging protocols used to
irradiate the dosimetry phantom without and with the scoliosis shawl, respectively. Table 4.5
reports a summary of the OD values when using DR and EOS to irradiate the dosimetry
phantom. Compared with DR, five SPR imaging protocols that were used to acquire AP,
namely, CT1, 7, 8, 13 and 14, delivered overall significantly (p < 0.05) lower radiation dose
to the phantom than DR when used to acquire an AP image. No SPR AP imaging protocol
delivered a radiation dose lower than the EOS when it was used to acquire an AP image.
However, seven SPR PA imaging protocols: CT4, 5, 10, 11, 16, 17 and 18 delivered, in total,
significantly (p < 0.05) lower radiation dose than DR when used to acquire a PA image. When
comparing AP and PA imaging protocols of SPR to the PA of DR, only CT13 (AP) delivered
a significantly lower radiation dose than DR (PA). However, seven SPR PA imaging
protocols: CT4, 5, 10, 11, 16, 17 and 18 delivered significantly lower radiation dose than DR

AP with and without the scoliosis shawl.
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Compared with the DR imaging protocol (AP) where the scoliosis shawl was used, six SPR
imaging protocols with the scoliosis shawl: CT1, 7, 8, 13, 14 and 15 delivered significantly (p
< 0.05) lower radiation dose. Interestingly, three SPR imaging protocols without the scoliosis
shawl: CT7, 13 and 14 delivered significantly (p < 0.05) lower radiation dose than DR (AP)
with the scoliosis shawl. Additionally, imaging protocol CT13 with the scoliosis shawl
delivered a radiation dose to the phantom similar to that of the EOS (AP) with no significant

difference (p > 0.05) .

Table 4.3: Summary of the SPR OD values in AP and PA imaging projection without using
the scoliosis shawl.

Imaging protocols plrrgja;%'t?gn kV mA A(\\r:]ecr;z;g)e SD 'Elr'r?g;;t
CT1 AP 120 10 0.044 0.032 0.111
CT2 AP 120 20 0.079 0.057 0.183
CT3 AP 120 30 0.192 0.145 0.480
CT4 PA 120 10 0.014 0.013 0.049
CT5 PA 120 20 0.031 0.027 0.102
CT6 PA 120 30 0.089 0.078 0.293
CT7 AP 100 10 0.024 0.018 0.064
CT8 AP 100 20 0.048 0.036 0.135
CT9 AP 100 30 0.124 0.100 0.373

CT10 PA 100 10 0.009 0.008 0.030
CTi11 PA 100 20 0.016 0.016 0.062
CT12 PA 100 30 0.053 0.050 0.189
CT13 AP 80 10 0.013 0.010 0.037
CT14 AP 80 20 0.021 0.018 0.068
CT15 AP 80 30 0.072 0.060 0.224
CT16 PA 80 10 0.004 0.004 0.020
CT17 PA 80 20 0.009 0.009 0.037
CT18 PA 80 30 0.025 0.027 0.108
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Table 4.4: Summary of the SPR OD values in AP projections when using the scoliosis
shawl.

Imaging protocols Average SD Highest
< mA 1 (mey) (mGy)
CT1 120 10 0.020 0.018 0.070
CT2 120 20 0.036 0.034 0.141
CT3 120 30 0.109 0.104 0.430
CT7 100 10 0.011 0.011 0.04
CT8 100 20 0.022 0.022 0.09
CT9 100 30 0.068 0.070 0.294
CT13 80 10 0.006 0.006 0.027
CT14 80 20 0.012 0.013 0.054
CT15 80 30 0.033 0.406 0.177

Table 4.5: Summary of DR and EOS OD in AP and PA projections.

: Imaging Average Highest
Imaging protocols orojection kv mA (MGy) SD (MGy)
DR1 AP 85 (5.9, 9.5)* 0.063 | 0.045 0.167
DR2 PA 85 (4.3,12.2)* 0.033 0.38 0.147
DR1 (with AP 85 5,17y | 0.035 | 0.030 | 0.09
scoliosis shawl)
AP+ 75 (AP),
EOS1 Lateral 95 (lateral) 200 0.026 | 0.012 0.049
EOS2 AP 75 200 0.007 | 0.004 0.016

* DR acquired spine images in two irradiations and stitched the images together.

Table 4.6 reports the OD when DR and EOS were used for acquiring lateral images. Figure
4.22 and Figure 4.23 show the breasts and spleen OD values when using SPR, DR, and EOS
to irradiate the phantom in lateral projections. The spleen OD values were presented because
the spleen received the highest dose in the lateral projection among all the used imaging
machines. Table 4.7 shows a summary of the OD values of SPR, DR and EOS when used to
acquire lateral images. EOS delivered the lowest dose, whereas all the SPR imaging protocols

except CT21 delivered significantly lower radiation dose than the DR (p < 0.05).
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Table 4.6: OD level (mGy) when using DR and the EOS to acquire lateral images.

Organ DR (lateral) EOS (lateral)
Active Bone Marrow 0.028 0.001
Thyroid 0.042 0.004
Oesophagus 0.052 0.004
Lungs 0.063 0.003
Breasts 0.033 0.003
Liver 0.119 0.002
Stomach 0.033 0.004
Urinary Bladder 0.041 0.001
Colon 0.053 0.002
Ovaries 0.049 0.002
Salivary Glands 0.017 0.003
Thymus 0.026 0.002
Spleen 0.027 0.005
Kidneys 0.078 0.002
Adrenals 0.065 0.004
Heart 0.062 0.004
Pancreas 0.092 0.002
Gall Bladder 0.037 0.000
Uterus 0.023 0.001
Oral Mucosa 0.025 0.002
Small Intestine 0.068 0.002
Extrathoracic Region 0.025 0.003
Prostate 0.009 0.001
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Figure 4.22: The breasts OD when irradiating the phantom using SPR, DR and EOS in lateral projections.
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Figure 4.23: The spleen OD when irradiating the phantom using SPR, DR and EOS in lateral projections.
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Table 4.7: Summary of the SPR, DR and EOS OD values in lateral projections

Imaging protocols kV mA A(\\r:]ecr;e;%e SD Highest (mGy)
CT19 120 10 0.016 0.013 0.051
CT20 120 20 0.030 0.025 0.093
CT21 120 30 0.043 0.035 0.135
CT22 100 10 0.008 0.007 0.029
CT23 100 20 0.017 0.015 0.058
CT24 100 30 0.026 0.022 0.085
CT25 80 10 0.004 0.004 0.017
CT26 80 20 0.008 0.008 0.030
CT27 80 30 0.013 0.012 0.046
DR3 90 (5,11)* 0.042 0.028 0.119
EOS3 80 80 0.002 0.001 0.005

* DR acquired spine images in two irradiations and stitched the images together.

422 ED

Table 4.8-Table 4.11 show the ED for patients when using SPR, DR and EOS for assessing

AIS. The EOS delivered the lowest dose compared with the other machines. The EOS ED of

the AP projection was 0.01 mSv, and the DR ED of the AP projection was 0.08 mSv, while

the SPR ED was, on average, 0.09 (SD = 0.07, range 0.02 to 0.25 mSv). For PA projections,

the EOS ED was not calculated (this imaging projection is not used where the measurements

were performed), the DR ED of the PA projection was 0.03 mSv and the SPR ED was, on

average, 0.03 mSv (SD = 0.03, range 0.001 to 0.10 mSv). Using the scoliosis shawl further

reduced the SPR and the DR ED significantly (p < 0.05): the SPR ED was reduced by an

average of 62.5% (SD= 6.75), and the DR dose was reduced by 50%. Figure 4.24 on page

139 shows the ED values of SPR (with and without using the scoliosis shawl), DR (with and

without using the scoliosis shawl) and the EOS.
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Table 4.8: The ED using AP and PA projections when using SPR mode with and without
the scoliosis shawl.

Imaging | Imaging KV ED (mSv) without the ED (mSv) with the
N mA . gy

protocol | projection scoliosis shawl scoliosis shawl
CT1 AP 120 10 0.06 0.02
CT2 AP 120 20 0.11 0.04
CT3 AP 120 30 0.25 0.11
CT4 PA 120 10 0.02 Not measured*
CT5 PA 120 20 0.04 Not measured*
CT6 PA 120 30 0.10 Not measured*
CT7 AP 100 10 0.03 0.01
CT8 AP 100 20 0.06 0.02
CT9 AP 100 30 0.16 0.07
CT10 PA 100 10 0.01 Not measured*
CT11 PA 100 20 0.02 Not measured*
CT12 PA 100 30 0.06 Not measured*
CT13 AP 80 10 0.02 0.01
CT14 AP 80 20 0.03 0.01
CT15 AP 80 30 0.1 0.03
CT16 PA 80 10 >0.01 Not measured*
CT17 PA 80 20 0.01 Not measured*
CT18 PA 80 30 0.03 Not measured*

* The scoliosis shawl was not used in the PA projection because it is not designed to protect the
breasts in this projection.

The ED values of lateral projection in SPR, DR and EOS were, in general, lower than the AP
and PA projections. On average, the SPR ED from the lateral projection was lower than that

of DR but higher than that of the EOS.

Table 4.9: The ED from using lateral projection in SPR mode.

amag gy Simaging s SN v ED (mSv)

protocol | projection
CT19 Lateral 120 10 0.02
CT20 Lateral 120 20 0.04
CT21 Lateral 120 30 0.06
CT22 Lateral 100 10 0.01
CT23 Lateral 100 20 0.02
CT24 Lateral 100 30 0.03
CT25 Lateral 80 10 0.01
CT26 Lateral 80 20 0.01
CT27 Lateral 80 30 0.02
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Table 4.10: The ED from using DR with and without the scoliosis shawl.

AP 85 5.9 0.04
DRI AP, 85 95 0.08
PA1 85 4.3 Not measured*
= PA: 85 12.2 bt
Laterals 90 5 Not measured*
DR3 Lateral, 90 11 0.05

1 Refers to the top image; 2 refers to the bottom image (i.e. DR takes two images in order to capture
the entire spine and then stitches them together).

* The scoliosis shawl was not used in the PA projection because it is not designed to protect the
breasts in this projection.

Table 4.11: The ED from using the EOS imaging system.

AP* 75 200

EOS1 Lateral * 95 200 0.03

EOS?2 AP 75 200 0.01

EOS3 Lateral 80 80 <0.01
* Indicates that the imaging projections were acquired simultaneously.
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Figure 4.24: The ED values when irradiating the phantom using SPR, DR and EOS in AP, AP with scoliosis shawl and PA.



423 ER

Table 4.12-Table 4.15 show the ER for developing radiation-induced cancer from exposure
to X-rays from SPR, DR and the EOS. In general, females were found to be at higher risk
than males, and a statistical difference was observed (p < 0.05). In AP projections, the SPR
ER for females was, on average, 2.75 cases/10° (SD = 2.39, range 0.53 to 7.9 cases/10°), and
SPR for males was, on average, 1.14 cases/10° (SD = 0.95, range 0.23 to 3.17 cases/10°). In
PA projections, the SPR ER for females was, on average, 0.97 cases/10° (SD = 0.95, range
0.14 to 3.10 cases/10°%), and SPR for males was, on average, 0.45 cases/108 (SD = 0.43, range
0.06 to 1.40 cases/10°). By comparison, the DR ERs for females and males were 2.26 and
1.03 cases/10°, respectively, for acquiring AP projections, and 0.92 and 0.52 cases/10°,
respectively, for acquiring PA projections. The EOS ER for acquiring the AP projection was
0.25 and 0.09 cases/10° for females and males, respectively. Using the scoliosis shawl reduced
the ER significantly for both females and males (p < 0.05); however, the reduction was more
noticeable for females than for males. On average, ER was reduced by 64.5% (SD = 3.83,

range 58.88 to 69.81%) for females and by 51.5% (SD = 8.05, range 35.05 to 60%) for males.
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Table 4.12: The ER from using AP and PA projections in SPR with and without the
scoliosis shawl.

ER (female | ER (female | ER (male ER (male
imagina | Imagin patients/10°) | patients/10°) | patients/10°) | patient/10°)
ging | 'maging | v/ | mA | withoutthe | withthe | withoutthe | with the

protocol | projection .. . . L
scoliosis scoliosis scoliosis scoliosis
shawl shawl shawl shawl

CT1 AP 120 | 10 1.61 0.56 0.75 0.34
CT2 AP 120 | 20 3.07 1.03 1.35 0.57
CT3 AP 120 | 30 7.9 3.22 3.17 1.78
CT4 PA  |120| 10 0.50 ek 0.24 et
measured* measured*
CT5 PA  |120]| 20 1.04 Not 0.49 Not
measured* measured*
CT6 PA  |120| 30 3.10 et 1.40 et
measured* measured>
CT7 AP 100 | 10 0.94 0.32 0.4 0.18
CT8 AP 100 | 20 1.81 0.64 0.82 0.37
CT9 AP 100 | 30 5.07 1.92 2.03 1.09

CT10 PA | 100 10 0.3 et 0.13 et

measured* measured>

CT11 PA | 100 20 0.58 Not 0.27 Not

measured* measured*

CT12 PA | 100 30 1.9 et 0.85 et

measured* measured>

CT13 AP 80 | 10 0.53 0.16 0.23 0.1

CT14 AP 80 | 20 0.9 0.37 0.34 0.22

CT15 AP 80 | 30 3 0.94 1.2 0.48

CT16 PA | 80 | 10 0.14 Not 0.06 Not

measured measured

CT17 PA | 80 | 20 0.32 Not 0.15 Not

measured* measured>

CT18 PA | 80 | 30 0.91 Not 0.41 Not

measured measured

* The scoliosis shawl was not used in PA projections because it is not designed to protect the
breasts in this projection.
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Table 4.13: The ER from using lateral projections in SPR.
Imaging | Imaging W mA ER (female ER (male
protocol | projection patients/10°) patients/10°)
CT19 Lateral | 120 | 10 0.59 0.25
CT20 Lateral | 120 | 20 1.03 0.47
CT21 Lateral 120 | 30 1.45 0.66
CT22 Lateral 100 | 10 0.31 0.13
CT23 Lateral | 100 | 20 0.59 0.26
CT24 Lateral | 100 | 30 0.88 0.40
CT25 Lateral 80 | 10 0.15 0.07
CT26 Lateral 80 | 20 0.31 0.13
CT27 Lateral 80 | 30 0.47 0.20
Table 4.14: The ER from using DR.
Imaging | Imaging | Acquisition | ER (female | ER (female | ER (male ER (male
protocol | projection | parameter | patients/10° | patients/10° | patients/10° | patients/10°
) without ) with the ) without ) with the
the scoliosis | scoliosis | the scoliosis | scoliosis
KV | mAs shawl shaw! shaw! shawl
DR1 | AP; 85 | 5.9 2.26 0.84 1.03 0.59
AP 85| 95
DR2 PA; 85 | 4.3 0.92 Not 0.52 Not
measured* measured*
PA; 85 | 12.2
DR3 Laterals 90 5 1.15 Not 0.64 Not
measured* measured*
Lateral, 90 11

1 Refers to the top image; 2 refers to the bottom image (i.e. DR takes two images in order to capture the
entire spine and then stitches them together).
* The scoliosis shawl was not used in the PA projection because it is not designed to protect the breasts

in this projection.
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Table 4.15: The ER from using EOS imaging system.

Acquisition
Imaging | Imaging parameter ER (10-year-old ER (10-year-old
protocol | projection female patients/10°) male patients/10°)
kV mA
AP* 75 200
EOS1 Lateral™ 95 500 0.86 0.37
EOS2 AP 75 200 0.25 0.09
EOS3 Lateral 80 80 0.07 0.03

* Indicates that these imaging projections were acquired simultaneously.

Figure 4.25 shows the ER for females, and Figure 4.26 shows the ER for males when using
SPR (with and without scoliosis shawl), DR (with and without scoliosis shawl) and EOS.
Compared with DR and EOS, five SPR AP imaging protocols CT1, CT7, CT8, CT13 and
CT14 posed lower risk of developing radiation-induced cancer than DR1 (AP) for both males
and females. On the other hand, six SPR PA imaging protocols CT4, CT10, CT11, CT16,
CT17 and CT18 posed lower risk than DR2 (PA) for both males and females. However, CT5

(PA) posed a lower risk than DR2 (PA) for male patients only.

When using the scoliosis shawl, the risk from radiation was lower for male patients when
using CT1, CT2, CT7, CT8, CT13, CT14 and CT15 compared with DR1 (AP with shawl); the
OD values of these imaging protocols were significantly lower than those of DR (p < 0.05)
except for CT2. On the other hand, the risk for female patients was lower than those of DR1
(AP with shawl) when using CT1, CT7, CT8, CT13, and CT14, whose OD values were
significantly (p < 0.05) lower than those of DR. EOS had the lowest risk; however, lower
levels could be achieved by using CT13 (AP) with the scoliosis shawl and CT16 (PA) for

female patients and CT16 for male patients.

143



Effective risk (female)

ao~NLOINT MANAO

(VWOT-A%08-vd) 9T1D
(YWOT-A08-dV) €T1D
(dv) zso3
(YWOT-AM00T-Vd) 0T1D
(YWOT-AI00T-dV) £1D
(YWOzZ-A08-Vd) LT1D
(YWOzZ-A08-dV) ¥T1D
(VWOT-AM0ZT-Vd) ¥1D
(YWOT-A08-dV) €T1D
(YWOT-AM0ZT-dV) T1D
(YwO0z-A%00T-Vd) TT1D
(YWOzZ-A00T-dV) 81D
(les3e1+dV) TSO3
(Imeys yum dv) 140
(YWOzZ-A08-dV) ¥T1D
(YWOE-AY08-Vd) 8T1D
(vd) 2ya
(VWOE-A08-dV) ST1D
(VWOT-AM00T-dV) £1D
(VWOZ-AN0ZT-dV) 21D
(YWOzZ-AI0ZT-Vd) S1D
(YWOT-AM0ZT-dV) T1D
(VWOZ-AY00T-dV) 810
(VWOE-AM00T-Vd) ZT1D
(VWOoE-AI00T-dV) 61D
(dv) TH@
(YWOE-A08-dV) ST1D
(YWwoz-MI0TT-dV) 71D
(0€-A0ZT-Vvd) 91D
(YWOE-AI0TZT-dV) €10
(VWOoE-AI00T-dV) 61D
(YWOE-AM0TZT-dV) €10

(;0T/s1uanned ajeway) ¥3

Imaging protocols

DR m EOS

m SPR (shawl)

m SPR

Figure 4.25: The ER for females from using SPR, DR and EOS.
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Figure 4.26: The ER for males from using SPR, DR and EOS.
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4.3 Construction and validation of a phantom with scoliotic spine

4.3.1 Validation of the PMMA/PoP phantom with AIS

The phantom that was constructed to represent a 10-year old child with AIS needed to be
validated. For this, HU and SNR values and visual inspection of the PoP phantom were used;
a HU shows the attenuation properties of the materials used to build the phantom, and SNR
allows comparing the phantom response to the X-ray. The HU of the PoP was compared with
the HU of the spine of a 10-year human female and the HU of a vertebra from a sheep spine,
whereas the SNR from the PoP phantom was compared with a commercially available

phantom that was used for 1Q evaluation.

Table 4.16 reports the HU for the human vertebra, sheep vertebra and vertebra made of PoP.
The correlation between the HU of the vertebra made of PoP and the HU of the human
vertebra was strong (r = 0.90, p < 0.05) and the correlation between the HU of the PoP
vertebra and the HU of the sheep vertebra was also strong (r = 0.88, p < 0.05). Table 4.17
reports the HU values of PMMA and that of the 10-year old girl (soft tissue). Table 4.18 and
Table 4.19 show the relationship between the SNR values of the PMMA/PoP phantom and
Lungman phantom over a range of kV and mA values (Table 3.8 on page 106). The
correlation was strong and positive (r = 0.93, p < 0.05). Figure 3.30-Figure 3.32 on pages
108-110 confirmed that the PoP phantom had a spine that was a close representation of the
shape of that a 10-year-old girl. Lastly, Cobb angle measurement on the phantom confirmed
that the constructed scoliosis curve was 14°, which was 1° lower than the target angle. The

vertebrae pairs that formed the angle were TS5 and L2, T5 and L3 and T6 and L3.
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Table 4.16: Comparison of HU of different bone tissue with HU of PoP.

Real spine Real spine Sheep Sheep
Vertebra (whole) (endplates™) (whole) (endplates™) PoP vertebra
Mean HU 460 598 116 605 628
SD 107 79 155 83 56

* Measurements preformed only on the endplates.

Table 4.17: Comparison of HU of PMMA the soft tissue of the 10-year old girl.

PMMA Soft tissue (10-year-old girl)
Average 85.38 78.83*
SD 27.95 56

Huge variation was observed due to the heterogeneity of the human body (further discussion is in
Section 5.3.1 on page 169.

Table 4.18: The correlation between the SNR values of the PMMA/PoP phantom and

Lungman phantom across a range of kV values when changing mAs value.

kV Spearman correlation p-value
75 0.99 <0.001
80 0.99 <0.001
85 0.99 <0.001
90 0.97 <0.001
95 0.95 <0.001
100 0.97 <0.001
105 0.97 <0.001
110 0.97 <0.001
115 0.72 <0.001
120 0.91 <0.001
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Table 4.19: The correlation between the SNR values of PMMA/PoP phantom and
Lungman phantom across a range of mAs values when changing kV values.

mAS Pearson correlation p-value
1 0.88 <0.001
2 0.88 <0.001
3.2 0.97 <0.001
4 0.95 <0.001
5 0.96 <0.001
6.3 0.97 <0.001
7.1 0.99 <0.001
8 0.90 <0.001
9 0.98 <0.001
10 0.98 <0.001
11 0.95 <0.001
12.5 0.99 <0.001
14 0.94 <0.001
16 0.96 <0.001
18 0.97 <0.001
20 0.97 <0.001

4.3.2 Initial visual evaluation of the PoP phantom images to determine suitability for

inclusion in Cobb angle analysis

The observers (N = 4) marked 10 of the 18 images as suitable for Cobb angle measurements
based on the clarity of the endplates. The 10 images and their imaging protocols are shown in
Table 4.20. Inter-observer reliability was good, as shown by the ICC value of 0.76 with a

95% confidence interval (CI) between 0.60 and 0.86.
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Table 4.20: The 10 images that were indicated by observers as eligible for Cobb angle
measurements, based on endplate clarity.

Imaging protocol Imaging projection kV mA

CT3 AP 120 30

CT4 PA 120 10

CT5 PA 120 20

CT6 PA 120 30

CT8 AP 100 20

CT9 AP 100 30

CT10 PA 100 10

CT11 PA 100 20

CT12 PA 100 30

CT15 AP 80 30

4.4  Cobb angle measurements

The observers (n = 13) trained to perform the angle measurements using Cobb’s method on
two images of AIS patients. The inter-observer variation was within the 5°, except for
observer 10 in image 1 and observer 13 in image 2. Table 4.21 shows a summary of Cobb
angle measurements of the two training images, which the participants did prior to doing the
experimental images. For the PoP phantom images, the average difference from the true angle
of the phantom spine (i.e. 14°) was —2.75° (SD = 1.46, range —4.26° to 0.90°) and the inter-
observer agreement was good, that is, 0.861 (95% CI [0.70-0.95]). Table 4.22 reports the
measured Cobb angle for each image, Figure 4.27 shows the average measured Cobb angles

in each image and Figure 4.28 shows them in the order of radiation dose level.

Table 4.21: Cobb angle measurement on the training images.
Image 1 Image 2
Average 87.7° 50.9°
SD 1.8° 2.8°
Maximum 89.8° 56.5°
Minimum 82.5° 45.6°
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Table 4.22: The measured Cobb angle in each image.

:)Toi%::”cﬂ CT3 | CT4* | CT5 | CT6 | CT8* | CT9 | CT10| CT1l | CT12 | CT15*
Projection | AP | PA | PA | PA | AP | AP | PA | PA | PA | AP
KVp | 120 | 120 | 120 | 120 | 100 | 100 | 100 | 100 | 100 | 80
mA 30 | 10 | 20 | 30 | 20 | 30 | 10 | 20 | 30 | 30
Average

angle | 9.84 | 11.31 | 14.91|11.69 | 11.48 | 10.28 | 9.74 | 11.15 | 10.53 | 11.48
(degrees)

SD | 2.81 | 1.30 | 1.69 | 1.50 | 2.38 | 1.93 | 1.30 | 1.62 | 212 | 1.85
Maximum | 15.9 | 135 | 17.2 | 146 | 16 | 131 | 11.8 | 15 | 152 | 147
Minimum | 6.2 | 86 | 121 | 86 | 7 | 61 | 72 | 91 | 7 7

* Indicates that the dose in these SPR imaging protocols is significantly (p < 0.05) lower than their
corresponding positions in DR.
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accuracy.
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The difference from the true angle (in order of the dose
level)
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Figure 4.28: The average difference of the measured angle from the true angle per image in order of radiation
dose in which the highest level dose is on the left.
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Figure 4.29: Radiation dose level of each imaging protocol used to acquire the 10 selected images for Cobb
angle measurements.

In conclusion, Cobb angle measurements on all SPR images used in this part of the
experiment had less than a 5° difference from the constructed angle (14°). The difference
varied based on the imaging protocols. The image that was acquired using CT5 provided the
most accurate Cobb angle measurements compared with the images (+0.9°), and its ER (0.49

cases/10) was slightly lower than DR2 (PA) (0.52 cases/10°) for males only. The most
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accurate Cobb angle measurements with the lowest risk for both genders were achieved using

the images that were acquired using CT4, 8 and 11.

4.5 Chapter summary

This chapter reported the results of this study. The radiation dose level of SPR mode in CT
scanning was compared to that of the two imaging machines currently used for assessing AlS,
namely DR and EOS. The EOS had the lowest radiation dose; however, for females and
males, AP imaging protocols CT1, CT7, CT8, CT13 and 14 had lower risk than DR (AP), and
PA imaging CT4, CT10, CT11, CT16, CT17 and 18 had lower ER than DR2 (PA) protocols;
the OD values of the SPR were significantly lower than that of DR. Using the scoliosis shawl
reduced the dose significantly. Using the shawl with CT13 had a lower risk than EOS2 (AP)

for female patients only.

To test the accuracy of the Cobb angle measurements on SPR images, a phantom with
scoliotic spine was constructed from tissue-equivalent materials and validated. The phantom
was then irradiated using the SPR mode in CT to acquire images for Cobb angle
measurements. The images were visually evaluated, and 10 images were chosen for Cobb

angle measurements.

The accuracy of measuring Cobb angle measurements on SPR images was reported and
showed that the images can provide results within the clinically acceptable margin for error.
Overall, the difference from the true angle was —2.75°. The most accurate Cobb angle
measurements were obtained from CT5 (PA), which had lower radiation risk than DR2 (PA)
for male patients. CT4, 8 and 11 were among the imaging protocols that had lower risk than
their corresponding imaging protocols in DR, and they provided Cobb angle measurements

within the clinically acceptable error.
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Chapter 5: Discussion

5.1  Chapter overview

The use of ionising radiation in medical imaging plays an essential role in medicine. For
patients with AIS, X-ray images enable the determination of the severity of the spinal
deformity and the monitoring of its progression. This means that patients with AIS undergo
several X-ray examinations during the management of their deformity. These repeated
examinations bring with them an amount of radiation dose and subsequent increased risk of
developing radiation-induced cancer. The aim of this study was to investigate the use of the
SPR mode in CT scanning for assessing AlS to reduce the risk associated with using ionising
radiation in such patients. This scanning mode is known for delivering a low radiation dose
and, most importantly, is available at most hospitals, which means that, if proven to be valid,
not only will it benefit patients by reducing the risk from radiation, it will also benefit health
providers by reducing the cost of installing specialised imaging machines, such as the EOS,

and consequently the staff will require minimal additional training.

This study represents the first investigation into the possibility of using SPR mode of CT
scanners for the assessment of AlS by establishing the organ-specific radiation dose using
direct measurement. Moreover, the accuracy of Cobb angle measurements on SPR images
was also assessed by building a novel phantom to represent an adolescent patient with

scoliosis.

The present chapter discusses the results of the experiments of this study and uses the same
structure used in Chapters 3 (Method and materials) on page 69 and 4 (Results) on page 115.

First, the dose measurements are discussed, in which the radiation dose from SPR, DR and
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EOS are quantified. This is followed by a discussion of the construction and validation of the
phantom with a curved spine, and the accuracy of Cobb angle measurements on SPR images
is discussed. At the end of this chapter, the implications of using SPR to assess AlS in clinical
practice are discussed. That includes looking at the features of the currently used CT scanners
and the possibility of the optimisation for assessing AlS. Lastly, the limitations encountered

in this study are discussed.

5.2 Radiation dose measurements

The radiation dose from using SPR for assessing AlIS was quantified, analysed and compared
with those from DR and EOS. For this purpose, a dosimetry phantom representing a 10-year-
old child and TLDs were used. Unlike many published studies that estimated the risk
associated with AIS imaging using indirect mathematical measurements (i.e. PCXMC) or
using a sample of organ locations to measure the OD, this study measured the radiation dose
to all organs, as indicated in the ICRP report 103 (2007) using TLDs. Using all the dosimetric
locations inside the dosimetry phantom allowed for more precise evaluation of the OD
compared with assessing the OD by a sample of locations (Clavel et al., 2016). The benefit of
measuring the radiation dose to all organs for SPR, DR and EOS is that it reduces the

potential of introducing errors in the dose estimation.

As discussed in Section 2.2.2 on page 26, quantifying radiation dose using direct
measurements provides more accurate information compared with the computational
methods. Moreover, the computational methods are usually designed for calculation of the
radiation dose from a specific machine since the operating principles and the geometry of
imaging varies with the technology. In this study, the radiation dose from SPR, DR and EOS

were compared. Therefore, using one modelling software to estimate the risk from these
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imaging machines might have introduced inaccurate measurements. For example, PCXMC,
which is designed for dose calculation for projection radiography, is not valid for EOS dose
calculation because of how X-rays are projected differently by projection radiography (Clavel
et al., 2016), and it does not account for the bowtie filter in CT scanners (Tapiovaara, 2012) as
discussed in Section 3.2 on page 70. The outcomes of the dose measurements are more likely
to represent reality in comparison with work already published that used indirect

mathematical measurements.

Performing radiation dose measurements is complicated and requires time and resources,
which are often lacking. Several previous studies (Chamberlain et al., 2000; Hensen et al.,
2003; Lee, McLean and Robinson, 2005; Abul-Kasim et al., 2008, 2010; Gialousis et al.,
2008; Abul-Kasim et al., 2009; Deschénes et al., 2010; Mogaadi, Ben Omrane and Hammou,
2012; Ben-Shlomo et al., 2013; Ilharreborde et al., 2013; Kalra et al., 2013; Damet et al.,
2014; Luo et al., 2015; Hui et al., 2016; Law et al., 2016, 2018; Branchini et al., 2018;
Hwang et al., 2018) were carried out using conventional radiography imaging machines (i.e.
SF, CR, DR) and EOS; however, direct comparison between data in this study and those in
these publications’ studies is difficult for several reasons. First, the risk estimation methods
vary among the published studies: this includes using either direct (e.g. TLD for OD
estimation) or indirect measurements (e.g. mathematical modelling) of the radiation dose and
different types of radiation detectors, phantoms, representative ages and imaging machines.
Within this study, to ensure fair dosimetric comparisons among the imaging systems and
increase the validity of the measurements, the same method and materials were used to

quantify radiation dose from SPR, DR and EOS.

In addition to the dosimetry phantom and TLDs, the scoliosis shawl made from 0.5-mm lead-

equivalent materials was assessed during the dose measurements to establish its effectiveness
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in reducing the risk of developing radiation-induced cancer when using SPR and DR for
assessing AlS. This study is, to the best of the author’s knowledge, the first to use the
scoliosis shawl in the dose measurements and report its effect on radiation dose. In the
dosimetry experiment, the shawl was used when measuring radiation dose for AP projections
only for SPR and DR. It was not used when using the EOS, and this was so for two reasons:
1) the EOS can acquire two projection simulations (i.e. AP and lateral projection), whereas
the shawl is not designed to protect the breast while acquiring lateral images; and 2) because
further reduction in the dose delivered to patients can be achieved using specialised imaging

protocols (e.g. the micro dose imaging protocol) (Hui et al., 2016; Newton et al., 2016).

521 OD for SPR exposure

5.2.1.1 Analysis of the OD: without using the scoliosis shawl

The radiation dose delivered by the SPR mode in a CT scan when used to image the spine has
not been previously investigated. In general, studies that investigated the radiation dose from
SPR are very limited. This is probably so because of the widespread assumption that the
amount of delivered radiation is negligible (Nauer et al., 2009); for example, the ED of an
abdominopelvic examination in SPR is 0.27 mSv (Schmidt et al., 2013) compared with 14.4
mSv of the standard (i.e. helical) CT examination of the same area (ICRP, 2007).
Consequently, there is little information on the delivered dose when using SPR, and where
this information exists, it describes the amount of radiation from using SPR for scanning other
parts of the body, other than the spine (Daniel et al., 2005; Nauer et al., 2009; Schmidt et al.,
2013; M.S. Kim et al., 2017). In the SPR mode, the radiation dose delivered to the
[dosimetry] phantom used in this study was affected strongly by the acquisition parameters

(i.e. kV and mA) and tube position. These findings are in agreement with the existing
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literature on SPR of other body parts (i.e. head, thorax and abdominopelvic) (Daniel et al.,

2005; Nauer et al., 2009; Schmidt et al., 2013; M.S. Kim et al., 2017).

When assessing AlS using SPR to acquire AP images without the scoliosis shawl, the thymus,
breasts, heart, thyroid and stomach received the highest radiation dose. As the scanning range
was set to include the entire spine, these organs were inside the primary beam. Figure 4.1—
Figure 4.5 on pages 117-119 show the OD values for these organs in terms of the imaging
parameters and projections. The figures show that the OD was affected by the projection of
the imaging in SPR mode (i.e. AP or PA), in which organs in close proximity to the X-ray
tube received a significantly (p < 0.05) higher radiation dose than the organs located further
away. Overall, organs received a lower OD in PA when the phantom was in the PA position.
The reduction was achieved due to the low-energy X-rays being absorbed by the superficial
tissue and organs closest to the X-ray tube. The X-ray beam is attenuated as it progresses
through the body, consequently reducing the number of X-rays available for absorption

(Wong et al., 2011).

The above finding can be clarified by way of an example. The breast OD was reduced, on
average, from 0.148 mGy (SD = 0.134, range 0.027 to 0.436 mGy) to 0.041 mGy (SD =
0.042, range 0.006 to 0.0135 mGy) when the imaging projection was changed from AP to PA.
Because of the breast positions in PA projections in relation to the X-ray tube, the body
attenuated the X-ray photons as they passed through it. Additionally, when the tube was
positioned to acquire PA images, the CT table contributed to absorbing some of the X-ray
photons before they reached the phantom (Daniel et al., 2005). A recent study investigated the
effect of the CT table on patient dose and found that the table attenuates approximately 20%

of breast OD (Nowik et al., 2017). It is worth mentioning that the study was performed using
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simulation software, and the measurements were performed on an adult phantom with and

without the presence of the table.

Figure 4.1- Figure 4.5 on pages 117-119 also show that the OD values are affected by
changes in the tube kV and mA. Lowering the kV and mA decreased the OD values. This is
because, as the kV decreases, X-ray photons become less penetrative (i.e. lower energy),
meaning they are more likely to be absorbed by the superficial tissue (Ofori et al., 2016). The
OD decreases exponentially as the kV decreases (Mayo-Smith et al., 2014; Kaza et al., 2014,
Hoye et al., 2019); a study by Kaza et al. (2014) demonstrated that reducing the kV from 120
to 80 (~33% reduction) resulted in a 65% reduction in the dose. Similarly, lowering the mA
decreases the quantity of the generated X-ray photons; hence, fewer X-ray photons interact
with the phantom (Elojeimy et al., 2010; Chang et al., 2013). However, the relationship
between the dose and the mA is linear; meaning a 50% decrease in the mA results in a 50%

decrease in the dose (Raman et al., 2013; Zacharias et al., 2013)

When acquiring lateral images where the right side of the phantom faces the CT image
receptors (Whitley et al., 2005), the spleen received the highest dose (0.135 mGy) because it
is on the left side of the body and was, therefore, close to the tube. In clinical practice, the side
of lateral projection is selected based on the direction of the curve in the AP or PA images, in
which the bent part of the spine is positioned near the imaging receptor for better image
visualisation; despite that, the right lateral projection is preferred because the radiation risk is
slightly lower (Ben-Shlomo et al., 2016). Nonetheless, no significant difference between the
overall dose received at right and left lateral projections has been reported (Chaparian et al.,

2014).
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5.2.1.2 Analysis of the OD: with using the scoliosis shawl

When using the scoliosis shawl on the phantom and when irradiated using the SPR mode in
AP projections, the dose to the breasts was reduced by more than 80%; on average, the dose
was reduced from 0.148 mGy (SD = 0.134, range 0.027 to 0.436 mGy) to 0.021 mGy (SD =
0.022, range 0.002 to 0.073 mGy) (Figure 4.10 on page 123). The shawl significantly (p <
0.05) reduced the dose to the breasts by absorbing most of the X-ray photons from the
primary beam, but the breasts still received a few higher-energy photons that passed through
the shawl and some of the scatter radiation inside the phantom. Figure 4.11 on page 124
shows the effect of using the shawl on the lungs OD. Similar to the breasts OD, the lungs OD
was reduced significantly (p < 0.05) by more than 70%; on average, the dose was reduced
from 0.102 (SD = 0.089, range 0.020 to 0.297 mGy) mGy to 0.029 mGy (SD = 0.0313, range
0.004 to 0.015 mGy). Overall, the shawl reduced the dose to a similarly low level achieved
when the phantom was irradiated in the PA projection with no significant difference (p >
0.05). However, for the radiosensitive organs, the breasts and lungs, the shawl reduced the
dose significantly in the AP projection compared with the PA without using the shawl (p <
0.05). This suggests that, for SPR images, AP with scoliosis shawl is better than PA in terms
of breast dose reduction. The shawl could potentially have greater implications on the
reduction of the risk associated with the repeated use of X-rays when assessing AlS using

SPR because of the substantial dose reduction.

5.2.2  Comparison of SPR OD with that of DR and EOS

Only a few studies have investigated the risk associated with using X-ray for assessing AIS
(Table 2.6 on page 55). As shown in Table 5.1, the breast OD values were lower for DR and

EOS than those published by Damet et al. (2014), Branchini et al. (2018) and Hwang et al.
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(2018). For DR, this dose difference could have been due to the use of different dose
measurement/estimation methods. Hwang et al. (2018) used PCXMC to calculate the OD
from DR when used for assessing AlS. PCXMC has been shown to significantly overestimate
OD values, especially for paediatric patients because of how the [stylised] phantoms used in
PCXMC oversimplify the human body (Siiskonen et al., 2007; Borrego et al., 2018).
Moreover, the difference between the OD values could have been due to differences in the
acquisition methods and parameters used in the imaging experiments. In the case of the EOS,
Damet et al. (2014) and Branchini et al. (2018) used the standard EOS protocol, the dose of
which is higher than the microdose used in this study (llharreborde et al., 2016). Additionally,
they used phantoms representing adults; therefore, they used higher kV and mA values during
imaging. They used 90 kV and 200-250 mA for AP images and 105 kV and 250-320 mA for
lateral images, whereas for the work in this study used 75 kV and 200 mA for AP images and
95 kV and 200 mA for lateral images. As discussed previously, lowering the acquisition

parameters reduces the dose delivered to patients.

Table 5.1: Breast OD when using DR and EOS compared with breast OD reported in the
literature.
Study Imaging | Human age that Type of Imaging Breast OD
machines the phantom measurements | projection (mGy)
represents
Damet et al. EOS Adult Direct (TLD) | AP+Lateral ~0.34
(2014)
Branchini et EOS Adult Direct (TLD)T | AP+Lateral 0.34
al. (2018)
This study EOS Child Direct (TLD) | AP+Lateral 0.04
(10-year-old)
Hwang et al. DR Child Indirect AP 0.38-0.85
(2018) (10-year-old)
This study DR Child Direct (TLD) AP 0.12
(10-year-old)
+ Breast OD was not measured directly; instead, the liver and stomach OD values were averaged to
obtain the breast OD.
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For DR and EOS OD values, a similar trend for the SPR OD values was observed, in which
organs in close proximity to the X-ray tube had higher OD values (Table 4.2 on page 126).
Moreover, the breast was among the organs that received a high radiation dose. The effect of
changing the imaging parameters on the OD for DR and EOS was not tested because the
irradiation of the phantom was carried out once in each projection (i.e. AP, PA and lateral for
DR and AP+Lateral, AP and lateral for EOS). As mentioned in Section 3.2.2 on page 82, the
imaging parameters used to irradiate the phantom were based on the local guidelines for

imaging an average 10-year-old child.

When comparing the average OD values of the SPR imaging protocols with those of DR and
EOS and as shown in Table 4.3 on page 132 and Table 4.5 on page 133, some of the SPR
imaging protocols used to irradiate the phantom delivered lower radiation dose than those of
DR. These SPR imaging protocols are were: CT1 (AP, 120 kV, 10 mA), CT7 (AP, 100 kV,
10 mA), CT8 (AP, 100 kV, 20 mA), CT13 (AP, 80 kV, 10 mA) and CT14 (AP, 120 kV, 10
mA), and they delivered significantly (p < 0.05) lower radiation dose than DR1 (AP, 85 kV,
[5.9 and 9.5 mA]) when acquiring AP images. On the other hand, when acquiring PA images,
CT4 (PA, 120 kV, 10 mA), CT5 (PA, 120 kV, 20 mA), CT10 (PA, 100 kv, 10 mA), CT11
(PA, 100 kV, 20 mA), CT16 (PA, 80 kV, 10 mA), CT17 (PA, 80 kV, 20 mA) and CT18 (PA,
80 kV, 30 mA) delivered significantly (p < 0.05) lower radiation dose than DR2 (PA, 85 kV,
[4.3 and 12.2 mA]). The single projection EOS imaging (i.e. EOS2) delivered the lowest

radiation dose compared with the AP imaging projections of SPR and DR.

The reason behind lower radiation dose in SPR imaging protocols compared with DR, even
with higher values of kV and mA used with SPR, could be the auto-stitching feature in DR.
This feature was introduced to enable DR to capture the entire spine in one image. To do so,

DR irradiation is overlapped at the area where the images will be stitched together; the
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overlap enables the software used in DR to identify the end of one image and the start of the
other (Yang et al., 2016; Hwang et al., 2018). An overlapping regain might occupy 16-32%
of the image (Yang et al., 2016). This occurred as some of the TLDs inside the phantom were
exposed twice, resulting in recording in high radiation dose when using DR compared with

SPR.

Using the scoliosis shawl contributed to dose reduction when using DR and SPR. Several
SPR imaging protocols with the scoliosis shawl: CT1, CT7, CT8, CT13, CT14 and CT15
delivered significantly lower radiation dose than DR with the scoliosis shawl. However, the
dose measurement results confirmed that three SPR AP imaging protocols without the shawl
were capable of delivering significantly (p < 0.05) lower radiation dose than DR with the
shawl. The benefit of this is that SPR could be used instead of DR, especially in AIS with
severe cases, in which using the shawl could interrupt the appearance of the spine. More
interesting is that SPR imaging protocol CT13 with the shawl delivered a similar level of
radiation dose to the dosimetry phantom to that of the EOS when it was used to acquire an AP
image with no significant difference (p > 0.05). This could be promising for patients in terms

of reduction where EOS is not available.

Acquiring lateral images using SPR, DR and EOS, in general, delivered lower radiation dose
to the phantom compared with acquiring AP and PA images. As discussed earlier, this is
because most of the organs are not in close proximity to the X-ray beam as in the AP and PA
projections. Compared with DR3 (lateral), eight out of nine SPR lateral imaging protocols
delivered significantly lower radiation dose. EOS delivered the lowest dose when acquiring
lateral images. The DR delivered the highest for lateral images, which could be because of the
auto-stitching feature, as previously mentioned. These findings illustrate the advantages of the

EOS over SPR and DR in terms of dose reduction to the phantom; however, SPR has the
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potential of reducing the dose to AIS patients compared with DR when optimised to acquire

lateral images.

The results from the SPR OD values indicated that, from a dose level perspective, SPR can be
used instead of DR with significant does reduction to AIS patients compared with DR.
Further reduction in the SPR dose can be achieved by using the scoliosis shawl. However, the
OD values only show the amount of radiation delivered to the dosimetry phantom without
providing information about the radiation-related risk. As discussed in Section 2.2.1.1 on
page 19, the OD does not take into account the radiation type and the sensitivity of the organ
to be radiated. The following section discusses the ED, which has a better description of the

risk associated with radiation than the OD.

523 ED

Though ED has been criticised recently (NAS, 2006; Brenner, 2008; Brenner, 2012;
Andersson et al., 2017), it is worth including it in this study as many publications have
reported on this concept in recent years. Unlike the OD, the ED provides a better description
of the risk of health damage from radiation. The ED accounts for the type of radiation and the
sensitivity of the organ to radiation (Costa et al., 2016). Despite the controversy regarding
how organ sensitivity to radiation is calculated and its periodical review, the ED is a useful
tool for comparing the potential risk delivered by different imaging systems and their imaging
protocols (Mettler et al., 2008; IAEA, 2013; Harrison and Lopez, 2015). As discussed earlier
(Section 2.2.1.2 on page 20), the calculation of the ED is dependent on the basic dosimetry

quantities and cannot be directly measured by a dosimeter (Bor et al., 2004; ICRP, 2007).

The ED of the SPR imaging protocols (Table 4.8 on page 137) varied with the imaging

projection, acquisition parameters and the usage of the scoliosis shawl. As the ED is
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calculated based on the OD, a trend for changes similar to that of the OD was observed when
these factors were altered. The ED of SPR, when used for assessing AlS, has not been
reported in the literature; consequently, the data in this study are novel. However, the ED
from the conventional radiography machines (SF, CR, DR) and the EOS have been widely
investigated (Chamberlain et al., 2000; Hensen et al., 2003; Lee, McLean and Robinson,
2005; Abul-Kasim et al., 2008, 2010; Gialousis et al., 2008; Abul-Kasim, Strombeck, et al.,
2009; Deschénes et al., 2010; Mogaadi, Ben Omrane and Hammou, 2012; Ben-Shlomo et al.,
2013; llharreborde et al., 2013; Kalra et al., 2013; Damet et al., 2014; Luo et al., 2015; Hui et
al., 2016; Law et al., 2016, 2018; Branchini et al., 2018; Hwang et al., 2018) (Table 2.6 on

page 55).

From the OD data in this study, the calculated ED of AP projections for SPR without using
the scoliosis shawl was 0.02—0.25 mSv depending on the acquisition parameters compared
with 0.08 mSv (AP using DR), 0.03 mSv (AP+Lateral using EOS1) and 0.01 mSv (AP using
EOS2) (Table 4.8 on page 137). The ED of five SPR imaging protocols for AP projections,
CT1, CT7,CT8, CT13 and CT14, were lower than the ED of the DR imaging protocol DR1
that was used for irradiating the phantom in the AP projection. As discussed previously, the
OD values of those SPR imaging protocols were significantly lower than those of DR1 (p <
0.05). The ED of SPR AP imaging protocols and DR AP imaging protocol were higher than

those of the EOS2 (AP).

For SPR, the calculated ED of the PA imaging protocols (Table 4.8 on page 137) ranged
from >0.01 mSv to 0.10 mSv, depending on the acquisition parameters, whereas the

calculated ED for the PA projection when using DR was 0.03 mSv. The EDs of five SPR
imaging protocols, CT 4, CT10, CT11, CT16 and CT17, were lower than the ED of DR2

(PA). The OD values of these SPR imaging protocols were significantly (p < 0.05) lower than
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the OD values of DR2. As previously noted in Section 4.2.1.1 on page 125, the OD values of
CT18 were found to be significantly lower than DR2; however, the ED of CT18 and DR2 are
equal (0.03 mSv), which confirms the limitation of the OD in describing the risk of radiation.
Lastly, the ED of PA imaging projections in SPR were all lower than the ED of the AP
imaging projections of the same acquisition parameters because organs receive a lower

radiation dose in the PA projections than in the AP projection, as discussed earlier.

Table 5.2 shows the ED of DR and EOS in this study compared with the reported ED in the
literature. The calculated ED of DR1 (AP) and DR2 (PA) were lower than the findings of
Hwang et al. (2018) and Hui et al. (2016), respectively, because, as mentioned previously,
they used PCXMC to calculate the ED, which overestimates the risk for paediatrics.
Additionally, Hwang et al. (2018) scanned a larger area (from the supraorbital margin to ~2.5
cm below the symphysis pubis) compared with this study (from the C3 to the upper part of the
pelvis), which could have contributed to the increase in the dose (Hwang et al. 2018). In Hui’s
work, the authors had to calculate the ED in ‘three sections’, using auto-stitching, to simulate
the imaging conditions of DR when used for assessing AlS, which could have led to overlap

in their simulation; in turn, this could have increased the ED.

For EOS, the ED of the AP projection with the EOS2 was much lower than the ED reported
by Luo et al. because they used the standard EOS imaging protocol, indirect measurements to
estimate the dose and a different age-representing phantom, and they scanned a larger area.
For the EOS when used to acquire two images simultaneously (i.e. AP and lateral images), the
ED of EOS1 (0.03 mSv) was higher than the findings of Pedersen et al. (2018) when they
used a phantom representing a 5-year old child (0.02 mSv), but lower than their findings with
the phantom representing an adult (0.04 mSv). This slight difference in the measurements

could be because of size difference in the scanning area in this study and that of Pedersen et
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al. (2018). However, the ED of EOS1 (0.03 mSv) was much lower than Damet et al.’s (2014)

(0.20 mSv) findings mainly because they used the standard EOS imaging protocol.

Table 5.2: ED from DR and the EOS when used for assessing AlS.
Imagi_ng Study Im_agipg Type of dose ED (mSv)
machine projection measurement
Hui et al. (2016) PA Indirect 0.07
DR Hwang et al. (2018) AP Indirect 0.2-0.3
This study AP D!rect 0.08
PA Direct 0.03
Damet et al. (2014) Indirect 0.2
H A
Pedersen et al. (2018) AP+Lateral D!rect 0'043
EOS _ D!rect 0.02
This study Direct 0.03
Luo et al. (2015) AP Indirect 0.12
This study Direct 0.01
A A phantom representing an adult.
B A phantom representing a 5-year-old child.

Using the scoliosis shawl significantly (p < 0.05) reduced the ED of all AP positions in SPR

and DR, giving an overall 2-3 fold reduction in ED compared with using the same imaging

parameters without the scoliosis shawl as shown in Table 4.8 on page 137. In SPR, the ED of

the AP positions when using the scoliosis shawl was almost equal to that of the PA position

(Table 5.3). Furthermore, three SPR AP imaging protocols without the shawl (namely CT7,

CT13 and CT14) had a lower ED than DR with the shawl. The average OD values of these

imaging protocol were significantly (p < 0.05) lower than DR1 with the shawl. The ED of DR
in all positions, even with the scoliosis shawl, were higher than those of the EOS; however,
several SPR AP imaging protocols: CT 7, CT13 and CT14 with the shawl had similar EDs to

that of the EOS2 (AP).

For the AP and PA positions, these results suggest that a substantial reduction in ED for AIS
patients can be achieved by using SPR in two ways: 1) using PA positions instead of AP

positions or 2) using the AP position with the scoliosis shawl. For DR, using the shawl not
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only reduced the dose but also improved the appearance of the spine, as the spine is closer to
the image receptors in AP images, which means it appears less magnified and distorted (Ben-
Shlomo et al., 2016), and the shawl could also reduce scatter and thus reduce noise in the
image. Figure 4.24 on page 139 illustrates an overall comparison of the ED for SPR, DR and
EQOS; the results indicate that ED levels comparable to that of EOS can be achieved using

SPR and the scoliosis shawl.

Table 5.3: The ED of PA in SPR compared to AP when using the scoliosis shawl when using
the same kV and mA values*.
Imaging PA ED (mSV) Imaging AP with scoliosis shawl ED
protocol protocol (mSv)
CT4 0.02 CT1 0.02
CT5 0.04 CT2 0.04
CT6 0.10 CT3 0.11
CT10 0.01 CT7 0.01
CT11 0.02 CT8 0.02
CT12 0.06 CT9 0.07
CT16 > 0.01 CT13 0.01
CT17 0.01 CT14 0.01
CT18 0.03 CT15 0.03
* For example, the kV and mA values used with CT4 and CT1 are 120 and 10, respectively (list of the
imaging protocols is shown in Table 3.3 on page 84).

For lateral projections, the ED of EOS3 (lateral) was the lowest compared with SPR and DR
lateral imaging protocols. The ED of all SPR lateral imaging protocols, except CT21, were
lower than that of DR3 (lateral). Overall, the ED of lateral projections was lower than that of
AP and PA projections across SPR, DR and EQS, as radiosensitive organs such as the breasts
do not face towards the X-ray tube in lateral projections. The DR3 (lateral) ED of this study
(0.05 mSv) was lower than that of Mogaadi, Ben Omrane and Hammou (2012) (0.59 mSv).
However, Mogaadi et al.’s values cannot be compared easily to the data in this study because

their measurements were performed on CR using PCXMC; additionally, they did not use up
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to date tissue weighting factors when they calculated the ED. Moreover, the lateral ED values

for DR have not been reported in the literature.

The findings from calculating the ED for SPR, DR and EOS suggest the risk from radiation
dose to AIS patients can be lowered by using SPR. From the radiation dose level, SPR can be
used as an alternative to DR for AIS assessment in order to lower the risk from radiation to
the patients. The risk could be lowered further to the levels of the EOS by using the scoliosis
shawl. However, the ED does not describe the risk of radiation in terms of age and gender
(Brenner, 2008), so a better description of the radiation risk can be obtained by calculating the

ER, which is the main topic of the following section.
524 ER

The ER describes the risk of X-ray examinations as a function of gender and age. Like ED,
the ER in this study was calculated based on the OD. This means that the ER changes with the
imaging projections and parameters in a similar trend to that of the OD. The results showed
that, when female and male patients with AIS are exposed to the same number of X-ray
examinations, female patients are at higher risk of developing cancer than male patients. This
is probably due to the higher sensitivity of breast tissue in female patients (Ronckers et al.,

2005; Ronckers et al., 2008; Brenner et al., 2018).

As shown in Table 4.12 on page 141, when the projection was changed for SPR from AP to
PA, female patients’ risk of developing radiation-induced cancer was reduced, on average, by
66% (SD = 3.9, range 61% to 74%); the risk was, on average, reduced from 2.76 cases/10°
(SD = 2.40, range 0.53 to 7.9 cases/10°) to 0.98 cases/10°® (SD = 0.95, range 0.14 to 3.1
cases/10°). The main contributor to this risk reduction was, again, the breasts receiving a

lower radiation dose in PA projections. The breasts received a dose that was on average 73%
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(SD = 3.06, range 68% to 77%) higher in the AP projection compared with the PA projection,
which makes PA projections preferred for imaging female patients because the breasts are
further away from the beam point, and consequently the risk of developing radiation-induced
cancer is reduced (Levy et al., 1996; Ron, 2003; Ronckers et al., 2010; Shuryak et al., 2010;

Simony et al., 2016).

For the AP and PA projections, the risk of developing radiation-induced cancer is lower, on
average, by 56% (SD = 2.88, range 52 to 62 %) for male patients than for female patients. In
general, this agrees with the literature (Boice, 1996; German Commission on Radiological
Protection, 2009; Lin, 2010; Frush, 2013; Andersson et al., 2017) and several studies that
investigated the radiation risk from AIS imaging (Knott et al., 2014; Law et al., 2017;
Yamato and Matsuyama, 2018). The higher risk for female patients with AIS is, compared
with males, more likely because of the radio sensitivity of the breast tissue. The incidence of
breast cancer in male patients is negligible compared with that in female patients (Table 2.3
on page 24) (NAS, 2006; Feng et al., 2010; Brenner et al., 2018). Another factor that
contributes to the higher risk of cancer in female patients is the lungs. The lungs have a large
volume which cannot be avoided during irradiation due their location; the incidence of lung

cancer due to its radio sensitivity is double in females compared with males.

Using the scoliosis shawl during SPR and DR imaging for the AP projections reduced the
amount of radiation received by some radiosensitive organs, such as the breasts, lungs and
kidneys, and the reduction was significant for those organs (p < 0.05). The female patients’
risk of developing radiation-induced cancer dropped on average by approximately 64% (SD =
3.82, range 58% to 69%); on average, the risk dropped from 2.76 cases/10° (SD = 2.39, range
0.53 to 7.9 cases/10°) to 1.02 cases/10° (SD 0.97, range 0.16 to 3.22 cases/10%) (Table 4.12 on

page 141). When using SPR, the breasts received, on average, an 87% (SD = 3.29, range 83%
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to 94%) lower radiation dose in the AP projection when using the shawl compared with not
using the shawl. Compared with the risk from the imaging in the PA, the risk from imaging
the spine in the AP and using the scoliosis shawl was slightly increased, on average, by 7%
(SD = 5); in PA projections, the risk was, on average, 0.98 cases/10°, while in AP projections

when using the shawl, it was 1.02 cases/10°.

In conclusion, the findings of this section have shown that EOS, when it was used to irradiate
the dosimetry phantom in the AP position, had the lowest ED and ER compared with SPR and
DR when irradiating the phantom at the same position. However, further reduction in the
potential risk from using SPR for female patients can be achieved by using the scoliosis shawl
and using the following parameters: 80 kV and 10 mA, or changing the position in SPR to the
PA and using 80kV and 10 mA. Compared with DR, multiple SPR imaging across all
evaluated kV and mA values was capable of reducing radiation risk for AIS patients
significantly. From the radiation dose perspective, the results suggest that SPR can be an

alternative to DR and EOS for AIS assessment.

5.3  Construction and validation of a phantom with a scoliotic spine

5.3.1 Phantom construction and validation

A phantom was built to test the accuracy of Cobb angle measurements and for optimising AIS
imaging. In previously published studies, the 1Q of AIS radiographic images was evaluated
using patient images and optimised AIS imaging techniques using phantoms with a normal
spine or an 1Q phantom (e.g. the CDRAD) (Deschénes et al., 2010; Yvert et al., 2015; Ernst et
al., 2018). Such studies evaluated IQ as a surrogate rather than considering the accuracy of the
measurements per se. For this study, the accuracy of the Cobb angle method was considered

to be a more valid approach, rather than using the surrogate measure of 1Q from which an

169



inference might be made about accuracy. Moreover, SPR has not been used for AIS
assessment; therefore, it was necessary to test the accuracy of its Cobb angle measurements.
Consequently, a novel anthropomorphic phantom with AIS was constructed of a 10-year-old
child. The phantom used in this study was made of inexpensive and widely available
materials, and its manufacturing process was not complicated, though the time to produce it

was not insignificant.

The physical characteristics of the phantom were validated using HU and SNR values. The
HU of the PoP was compared with that of the endplates of a human vertebra (10-year-old girl)
and a sheep vertebra, the latter being within the phantom. For validation purposes, the whole
vertebra of the human or sheep was not included in the comparative evaluation because the
Cobb method only uses the endplates. The vertebral body of human and sheep comprises
trabecular tissue, whereas the endplates are a denser cortical bone (Bogduk, 2014; Palepu et
al., 2019). The PoP vertebra was made of a mixture that simulated the endplates only to
simplify the process of the phantom manufacturing. Table 4.16 on page 146 shows that the
HU values of the human, sheep and PoP vertebrae are comparable. The cortical tissue of the
human vertebra showed an average HU value of 598 (SD = 79), which was 4.78% lower than
the average HU value of the PoP vertebra (HU = 628, SD = 56). The cortical tissue of the
sheep vertebra was, on average, 605 HU (SD = 83), which was 2.87% lower than the average
HU value of the PoP vertebra. The SD of HU values can be used to show the homogeneity of
the material from the CT images (Homolka et al., 2002), which means that the PoP had the
same level of homogeneity as the cortical bone of the human and sheep vertebrae. Overall, the
HU measurements showed that PoP is radiographically suitable to substitute for the spine of a
10-year-old child in the phantom; this is in agreement with previous studies and is within the

acceptable 5% margin of error (Watanabe and Constantinou, 2006; Mohammed Ali et al.,
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2018). Table 4.17 on page 146 shows the HU values of PMMA, which was used as a soft
tissue substitute when constructing the phantom, and the HU values of soft tissue of the 10-
year-old girl. The HU value of the PMMA had a small variation due to the its homogeneity;
however, when the HU values of soft tissue of the girl were calculated, a huge variation was
observed due to heterogeneity of the human body. Nevertheless, PMMA has been identified
as an adequate soft tissue substitute in radiation dosimetry and measurement (Report 44)
(ICRU, 1989) and is widely used as such, especially for non-dosimetry phantoms (Lofthag-
Hansen, 2010; Chung et al., 2010; Garcia et al., 2010; Barnes and Temperton, 2011,
McCullagh et al., 2011; Koivisto et al., 2013; Chambers, 2014; Yvert et al., 2015; Sossin et

al., 2017).

The other measure used to validate the phantom was SNR. The PoP phantom and the
anthropomorphic chest phantom (Lungman) were irradiated using different kV and mAs
values (Table 3.8 on page 106) to determine the correlation between the PoP phantom and the
Lungman phantom when irradiated under the same conditions. The correlation coefficient
between the PoP and Lungman phantoms was positive and very strong (p < 0.05), indicating
high validity for the PoP phantom when compared with the Lungman phantom. Table 4.18
and Table 4.19 on page 146 demonstrate the correlation between the SNR values of the two
phantoms over the range of kV and mA; a strong or very strong correlation was observed for
each kV and mA value. This high level of correlation between the PoP and Lungman
phantoms illustrates the high level of physical properties (i.e. radiological properties)

replication of the PoP phantom.

5.3.2 Initial visual evaluation of the PoP phantom images to determine suitability for

inclusion in Cobb angle analysis
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After validating the PoP phantom, the SPR images of the phantom were acquired to test the
accuracy of the Cobb angle measurements. However, prior to assessing Cobb angle accuracy
from the images, the images were visually evaluated to check their suitability for the Cobb
angle measurement in order to eliminate images that were not fit for the purpose. Images
deemed fit for the purpose had to have clearly demonstrated vertebral endplates. Using a
scale, observers evaluated the endplates of the PoP spine and, based on their clarity, decided
whether an image was suitable for Cobb angle measurement. Only when all observers (N = 4)
agreed that the endplate clarity was of an acceptable standard were the endplates considered

for performing Cobb angle measurements.

The scale used for selecting the images was a hybrid scale that combined the European
criteria for 1Q (CEC, 1996b) that was suitable for the phantom, and a scale previously used by
AlQaroot (2012). This ensured that only images with a clear endplate appearance would be
chosen for the measurements. In previous studies, AIS 1Q was evaluated using the European
criteria for 1Q (CEC, 1996b), and Cobb angle measurements were evaluated by the mean
inter- and intra-observer agreement (Hui et al., 2016; Ernst et al., 2018). However, these
studies were performed to optimise an existing technology (i.e. DR and EOS), whereas this
was not possible at this stage in the present study because this imaging mode and the PoP
phantom had not been used for 1Q assessment. The aim of the visual assessment in this study
was to identify SPR images that were suitable for Cobb angle measurement, which is
discussed in the following section. Accordingly, 10 images were selected to be of suitable

quality for Cobb angle assessment.

Ultimately, the PoP phantom was constructed from low-cost materials. The cost of building
this phantom was less than £200, excluding labour; in comparison, phantoms designed for

radiological studies cost, on average, £10,000 or more, and normally these have a normal
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straight spine. An alternative method for constructing the phantom could be 3D printing.
Although this approach is still under development, the technology is promising for phantom
production. The technology has enabled researchers to produce phantoms for specific
purposes, such as the inclusion of pathologies (Mitsouras et al., 2015; Hazelaar et al., 2018).
However, the process of constructing a phantom using 3D printers is complex and expensive
(M.-J. Kim et al., 2017; Filippou and Tsoumpas, 2018; Squelch, 2018). The technology is
capable of mimicking the geometry of the human body accurately; however, the materials
used to produce the phantoms are still not tissue equivalent materials (M.-J. Kim et al., 2017;
Solc et al., 2018; Hazelaar et al., 2018). Besides testing the accuracy of Cobb angle
measurements in SPR images, as was done in this study, the phantom has the potential of

becoming a tool for optimising imaging machines for AIS assessments.

54 Cobb angle accuracy analysis

The observers (n = 13) were trained to perform the Cobb angle measurements on two images
of patients with AIS. Overall, the observers’ measurements of the training images were
consistent and within the clinically acceptable margin of error; consequently, all observers
were processed for inclusion in the study. The SD of the measurements for both images were
small, meaning there was not much variation in the data, suggesting that the difference

between and within observers was small, as shown in Table 4.21 on page 148.

For the Cobb angle measurements of the SPR images, the results from the observers suggest
that SPR images can be used for evaluating AIS using Cobb’s method. The Cobb angle
measurements of the 10 images were within an acceptable variation of 5° among the
observers, which is clinically acceptable (Figure 4.27 on page 149) (Carman et al., 1990;

Shea et al., 1998; Cracknell et al., 2015; Lechner et al., 2017). The average difference from
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the true angle of the phantom was —2.75° (SD = 1.46°). Averages of 6.34°, 3.62°, 2.1° and
3.75° of variation in Cobb angle measurements have been reported in recent studies
(Gstoettner et al., 2007; Chan et al., 2014; Lechner et al., 2017; Chung et al., 2018,
respectively). The finding of this study is in agreement with the published variations. It is
worth mentioning that the measurements were compared with a known angle of the curved
spine, unlike in the previously published studies where the comparison was made within the
measurements of the observers. The inter-observer agreement of the Cobb angle
measurements in this study (ICC = 0.86) showed very reliable measurements and was
comparable to the ICC of the conventional methods (CR and DR) with an ICC range of 0.83—
0.99 (Allen et al., 2008; Srinivasalu et al., 2008; Tanure et al., 2010; Zhang, Lou, Hill, et al.,
2010; Qiao et al., 2012; Langensiepen et al., 2013). The measurements were also comparable
to those of EOS imaging systems with an ICC range of 0.73-0.99 (Somoskedy et al., 2012;
Ilharreborde et al., 2016; Newton et al., 2016; Goodbody et al., 2017; Bagheri et al., 2018;

Morel et al., 2018).

However, when comparing the Cobb angle measurements with the known angle of the
phantom spine (i.e. 14°), it appears that the angle was underestimated in 9 out of 10 images
(Figure 4.27 on page 149). Given the number of images used for the measurement (N = 10),

this underestimation could not be linked to a specific reason.

The finding of this section suggests that SPR can be used in the assessment of AIS in 10-year-
old children. The outcomes are promising for patients and health providers. Out of the 10
images used to test the accuracy of the Cobb angle on SPR images, the images of CT4, 8 and
11 for both genders and CT5 for male patients only were capable of providing Cobb angle
measurements with the clinically acceptable margin of error at lower risk from the radiation

compared with the widely used DR. Health providers will benefit from saving the cost of
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installing specialised imaging machines, such as the EOS, and staff training by utilising the

CT scanners which are widely available for AIS assessment.

5.5  The implications of using SPR for assessing AlS

The SPR mode in CT scanning is currently used to plan the actual CT examinations and
control the acquisition parameters (i.e. mA) based on the attenuation recorded in the SPR
mode. Despite being named differently by various CT manufacturers, the main principle of
the SPR is similar for all such machines, in that the X-ray tube and detectors are stationary
while acquiring the images. The findings of this study suggest that SPR has the potential to be
used in the assessment of AIS in 10-year-old children, especially when the number of X-rays
acquired during the disorder management is estimated to be between 22 and 27 as indicated in
Section 1.2 on page 7. Prior to using a CT scanner for this purpose in the SPR mode,
optimisation needs to occur in order to reduce the dose whilst providing images of acceptable
quality for Cobb angle evaluation. In many cases, such optimisation should produce dose
reductions compared with DR imaging as an alternative, and the use of a radiation shield can
reduce the dose for the AP position. Compared with DR, SPR has the additional advantage of
not requiring image stitching. Compared with technology dedicated to AIS imaging, such as
EOS, optimised SPR imaging can offer a similar or, in some circumstances, reduced dose
along with the advantage of still offering images for acceptably accurate Cobb angle

assessments.

CT scanners are widely available as they have many applications and are cited in various
guidelines for diagnosis and treatment planning. In 2015, the Clinical Imaging Board,
representing the RCRs, Society and College of Radiographers (SCoR) and Institute of Physics

and Engineering in Medicine (IPEM), reported that there are 298 CT scanners in the UK.
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These CT scanners are in 117 National Health Services (NHS) organisations representing
64% of NHS organisations in the UK (Clinical Imaging Board, 2015). The remaining
organisations did not provide information about their CT scanners in this report. This figure
shows the availability of CT scanners in the UK, which suggests performing SPR is possible
in wider regions compared with the EOS, of which, as of October 2018, only three imaging

machines were operating in the UK (Table 5.4).

Table 5.4: The availability of EOS imaging systems in the UK (Chris Davis, 2018, personal
communication, 1 October).

Hospital Status

Alder Hospital Liverpool Installed

Sheffield Children’s Hospital Installed

Great Ormond Street Hospital London Installed

St George’s Hospital London Awaiting final installation

CT scanners are an essential part of radiography departments. The Diagnostic Imaging Data
Set published by NHS England showed that, from March 2017 to March 2018, 5.15 million
CT scans were performed (NHS, 2018) and 0.5 million scans were performed in March 2019
(NHS, 2019). On average, the number of patients per day is 32 (Clinical Imaging Board,
2015) (Table 5.5); this means that an average of four patients are scanned in one hour per 8-
hour work day. However, using SPR to assess AIS might add pressure to the current
appointment system and staff working time. Patients would require the same amount of time
for preparation and positioning for the SPR examination as would for CT scan; however, the
duration for acquiring SPR images is much shorter than the actual CT examination. In the
actual CT examination, an CT operator acquires SPR images first to visualise the patient’s

anatomy and set the scanning range, and then the actual examination is performed (Goldman,
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2007; Hsieh, 2009). The potential of dose reduction for AIS patients when using SPR might
slightly affect the current work flow, but at the same time, it could reduce the cost of

installing specialised AIS imaging systems and addressing the associated staff training

needed.
Table 5.5: Number of patients scanned per day by CT scanners in the UK (Clinical
Imaging Board, 2015)
Daily throughput (patients/day) Number of scanners
<10 12
10-19 31
20-29 85
30-39 95
40-49 43
>50 26
Unknown 6
Total 298

The current CT systems allow for changing the acquisition parameters and tube position when
acquiring SPR images. Table 5.6 shows all CT systems that are in the NHS Supply Chain
(NHS Supply Chain, 2019) and their different manufacturers. These CT scanners share the
same feature, where an operator has a limited selection of kV and wide range of mA in the
SPR mode. The X-ray tube in these imaging machines can be positioned as required, which
allows for acquiring images from different positions. Manipulating the acquisition parameters
and imaging projection in SPR provide an opportunity for dose optimisation (Schmidt et al.,
2013; Saltybaeva et al., 2019). Recent studies have shown that the SPR dose can be
significantly reduced while maintaining the quality of its images (Bohrer et al., 2017; Schmidt
et al., 2017); that means the SPR mode in CT scanning can be optimised to be used for AIS

assessment.
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Table 5.6: Specifications of all CT scanners in the NHS Supply Chainf.

Manufacturer Model kV selection mA range | SPR acquiring
time
Toshiba Aquilion CT 16 80, 100, 120, 135 | 10-1050 Images appear
(used in this as soon as the
study) scan finishes.
Canon* Aquilion Lightning 80, 100, 120, 135 10-420
Aquilion Prime SP (80 | 80, 100, 120, 135 10-600
and 160 slice)
Aquilion One Genesis | 80, 100, 120, 135 10-900
GE Revolution CT 70, 80, 100, 120, 10-740
140
Revolution Frontier 80, 100, 120, 140 10-835
Revolution EVO 80, 100, 120, 140 10-560
Optima 520 and 540 80, 100, 120, 140 10-440
Cardiographe 80-140 50-600
Optima 660 SE 80,100, 120, 140 10-560
Revolution SE 70, 80, 100, 120, 10-740
140
Revolution GSi and 80, 100, 120, 140 10-835
HD
Neurologica | Body Tom 80-140 0-300
Cere Tom 80, 100, 120, 140 1-7
NeuViz 16 90, 120, 140 30-420
NeuViz 64 80, 100, 120, 140 30-420
NeuViz 128 80, 100, 120, 140 30-667
Philips MX 16 EVO 90, 120, 140 30-420
Brilliance iCT SP 80, 100, 120, 140 | 10-1000
Ingenuity Flex, Core 80, 100, 120, 140 20-665
and Elite
Igon Spectral CT 80, 100, 120, 140 | 10-1000
Incisive 70, 80, 100, 120, 10-420
140
Siemens Somatom Scope 80, 110, 130 25-345
Power
Somatom Force 70-150 20-1300
Somatom Drive 70-140 650 and
750
Somatom Definition 70, 80, 100, 120, 20-666
AS+ 140
Somatom Definition 70, 80, 100, 120, 20-800

Stellar Edge

140
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Somatom Edge Plus 70-140 20-800

SOMATOM 70, 80, 90, 100, 28-800

Definition Flash 120, 140

SOMATOM Go.Up 80, 110, Sn110, 13-400

and Go Now 130, Sn130

SOMATOM Go.Top 70, 80, 90, 100, 13-825

and Go All 110, 120, 130,

140

Somatom Perspective | 80, 110, 130 20-345

64 and 128

Somatom Perspective | 80, 110, 130 20-345

64 and 128
* In 2016, Canon acquired Toshiba Medical System and changed their CT to the Canon CT scanner.
+ The data in this table were gathered from the following sources: (Philips Healthcare, 2010a;
Philips Healthcare, 2010b; GE Healthcare, 2010; Siemens Healthcare, 2012; Siemens Healthineers,
2017; Siemens Healthcare, 2018; Siemens Healthineers, 2018; NHS Supply Chain, 2019; Imaging
Technology News, 2019; Philips Healthcare, 2019).

A major drawback of using SPR to assess scoliosis is that the scanning is performed in a non-
weight bearing position. This means the scoliosis measurements are slightly underestimated
when using the Cobb angle (Torell et al., 1985; Lee, Solomito and Patel, 2013; Keenan et al.,
2014; Brink et al., 2017). However, previous studies have shown that these measurements are
reliable and strongly correlated to measurements performed on standing images, meaning a
mathematical correction to a weight-bearing measurements is achievable (Wessberg,
Danielson and Willen, 2006; Brink et al., 2017). The difference between Cobb angle
measurements of SPR images and those of upright images might be minimal when patients
are wearing spinal orthoses, such as a Boston brace that helps to straighten the spine and
prevent spinal deformity. Therefore, as spinal movement is limited (Lee, 2018; Rolin and
Carter, 2019), accurate measurements can be achieved from images acquired in a non-weight
bearing position while patients are wearing a brace. In addition, the difference between
standing and supine measurements is reduced as the AIS patients ages due to bone stiffening,
as indicated in Section 2.5.1.2 on page 47. In these occasions, the difference between

standing and supine measurements is minimum, which suggests that Cobb angle
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measurements comparable to the DR can be achieved using SPR. Recommending the use SPR
in the initial assessment was not the intention for this study. Instead, the SPR mode can be
used for follow-up imaging where the progression of AIS is monitored. By doing so, the dose
to patients can be lower than with DR, and further reduction can be achieved by using the

scoliosis shawl.

5.6 Limitations

Every possible effort was made to ensure the accuracy and validity of the findings.
Nevertheless, the study was carried out under ideal conditions and using phantoms. In doing
so, some factors that usually influence AIS examinations were not considered, such as patient
movement during the scan. The following sections detail the limitations of each section of this

study.

56.1 Limitations of radiation dose measurements

The study findings provide an indication of the risk associated with the X-ray imaging system
used to irradiate the phantom; however, due to the stochastic nature of X-rays and the
differing output of the various imaging systems, radiation dose measurements might be
different when using other CT scanners. The dosimetry phantom should be used to estimate
the dose for the SPR mode in the other CT scanners. Using other measures such as CTDI
(CTDIvo for SPR, in particular) for estimating patients’ dose is not recommended. Despite
being used by several CT manufacturers for measuring patients’ dose in the SPR mode, the
American Association of Physicists in Medicine (AAPM) recommend against using CTDI for
this purpose because it was adopted by the manufacturers without scientific support
(Andersson et al., 2019). AAPM claims that CDTI is designed for estimating dose ina CT

scanner with a rotating X-ray tube, contrary to SPR, where the tube is fixed during the
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irradiation. If CTDlIyo for SPR validity is eventually approved, this could speed the process

for estimating with different types of CT scanners.

The phantom used for the dose measurements represented an average 10-year-old child,;
however, children at that age develop at different paces and have different shapes. With the
current valid approaches for dose measurement, this can be overcome by using another
phantom representing the patients from 15 and 18 years of age to estimate the dose from SPR
when used for AIS assessment. This would provide a range of dosimetry data that could be
used as indications of radiation risk for AIS patients who are 10 to 18 years of age. Another
limitation in the dose measurements is that the dosimetry phantom represents a child with a
normal spine, and the phantom does not account for the organ dislocation associated with
AIS. Additionally, since the locations of organs inside the human body are not fixed, as in a
dosimetry phantom, moving from a standing position to supine may affect the radiation
dosimetry estimations. Further, the effect that the mass of the scoliosis shawl used in this
study has on the spine and Cobb angle measurements is unknown. A further limitation
concerning the shawl is that, in this study, the optimum location for placing the shawl was
identified by irradiating the phantom several times. This is not possible when the shawl is

used for humans for ethical reasons.

5.6.2 Limitations of the PoP phantom and selection of SPR images

Although the PoP phantom represented the spine of a patient with AIS very well, it was not,
however, without limitations. The PoP phantom did not permit for lateral images, as the

configuration of the PMMA slabs produced considerable artefacts. Second, the PMMA and
PoP had a uniform representation of soft tissue and bone, respectively, which did not reflect

the nature of the human body. The geometry of the phantom may not be similar to the
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geometry of a human in reality, which is complex and cannot be replicated using the
inexpensive materials used in this study. For instance, an approximate shape was used for the
lungs to ensure the presence of air inside the phantom. In general, phantoms suffer from this
problem in experimental research as they only intend to approximate a clinical situation. In
addition, the phantom did not include the pelvis region, which could have had an impact on
scatter within the image. The inclusion of the pelvis in the phantom is suggested for future
work. Lastly, the spine inside the phantom was fixed, so it did not allow the testing of weight-
bearing position changes. It is expected that, as 3D printing becomes more available in the
future, tissue substitute materials for 3D printing might be introduced. Thus, 3D printing
technology could offer better presentations of human body geometry compared with the PoP

phantom.

5.6.3 Limitations of Cobb angle measurements

A relationship between the dose and the accuracy of the Cobb angle could not be established.
The reasons behind this are: 1) large variation in the Cobb angle measurements is expected
and 2) variation also existed in the selected most tilted vertebrae. Establishing this would
require the acquisition of several SPR images with different acquisition parameters and the
recruitment of a large number of observers to perform the measurement, which could not be
performed in the present study due to time and resource restrictions. Further, the phantom
used for the measurements represents one type of AIS (i.e. mild case), using phantoms that
represent the other types (i.e. moderate and severe) would have increased the validity of the

study.
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5.7  Chapter summary

This chapter has discussed the results of quantifying radiation dose measurement from SPR,
DR and the EOS for assessing AlS. Due to the different methods used for quantifying the
radiation dose, it was difficult to compare the present findings with those of published studies.
Comparison in the present study found that the EOS has the lowest dose, and SPR delivered a
lower radiation dose than DR. The construction and validation of a phantom with a scoliotic
spine was also discussed; the phantom has been proven valid for testing the accuracy of Cobb
angle measurements or for optimising an imaging system for assessing AlS. Further, the
phantom was used to test the accuracy of Cobb angle measurements on SPR images; it was

shown that the SPR mode can yield measurements with an acceptable margin of error.
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Chapter 6: Conclusion

This study aimed to test the suitability of using the SPR mode in CT scanning to assess AlIS
from the perspective of radiation dose and the accuracy of the Cobb angle measurement. All
imaging machines that are currently used clinically or that are being developed for assessing
AIS were examined. The advantages and disadvantages of each imaging system were
evaluated. Reviewing the literature indicated that the SPR mode is not widely used for
diagnostic purposes and, in particular, not for assessing AlS, despite the possibility of
providing valuable information. Therefore, to test this scanning mode for assessing AlS, its
radiation dose levels were quantified and compared with those of DR and the EOS using the
same method and materials to ensure a fair comparison. SPR delivered lower radiation and
had less risk compared with DR at certain acquisition parameters. Additionally, using the

scoliosis shawl reduced the radiation dose by >80%.

To evaluate the accuracy of Cobb angle measurements on SPR images, a phantom with a
scoliotic spine was built and validated. The phantom was scanned using SPR, and the findings
suggested that SPR imaging can be used for assessing AlS. Accurate measurements were
achieved with radiation dose lower than those of DR; however, prior to implementing the
recommendations into practice, it is essential that optimisation be conducted to identify the
SPR imaging parameters that lead to the most accurate Cobb angle measurements along with

low dose.

Overall, the outcome of the present study is promising for patients and healthcare providers
because it offers an opportunity to reduce patient dose and achieve clinically acceptable Cobb
angle measurements while using existing CT technology that is available in most hospital

settings. The latter, of course, could be important in a cost-challenged healthcare
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environment. Patients will benefit from the reduction of the risk associated with using X-ray
for scoliosis assessments while health providers will benefit from cost reduction by using an
existing imaging technology instead of installing specialised imaging machines such as EOS.
Patients are in the supine position when performing the scan using SPR, which is not ideal
due to the absence of the gravitational load leading to an underestimation of Cobb angle,
therefore this study recommends using SPR only for monitoring the progression of the curve.
The measurements from SPR can then be correlated to the measurements from the initial
assessment images acquired while patients are standing. In addition, SPR should not be used
for AIS assessments where the EOS and other specialised non-ionising imaging machines

such as the ST are already available.

6.1  The novelty of the study

This study is the first to measure the OD using TLD for all organs recommended in the ICRP
103 to estimate the risks associated with using X-rays to assess AlS. It is the first to quantify
and analyse the radiation dose from the SPR mode in CT scanning for a phantom representing
10-year-old child. It is also the first to quantify the radiation dose from a DR imaging system
with auto-stitching features using direct measurement and to measure the OD for all organs
recommended in the ICRP 103. This study also used a scoliosis shawl in the dose
measurements to evaluate its effectiveness in reducing patients’ dose and, consequently, the
risk associated with using radiation. The SPR data provide a comprehensive overview of the
radiation dose levels to which a patient can safely be exposed. This study is also the first to
test the accuracy of Cobb angle measurements on SPR images using a novel phantom with a

scoliotic spine.
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6.2 Future work

This study has shown that the SPR mode in CT scanning can be used to assess AlS by
describing its radiation dose level and its Cobb angle measurements. Further work, however,

can be carried out in the following areas:

1. Optimising SPR in CT scanners from different manufacturers to identify SPR image
parameters could result in the most accurate Cobb angle measurements with the lowest
dose for AIS measurements.

2. Acquiring more SPR images of the PoP phantom for Cobb angle measurements using
similar acquisition parameters, recruiting observers to perform the measurements and
repeating the measurements at specific intervals, such as one week, could establish, if

any, a relationship between the accuracy of Cobb angle measurements and the dose.

3. Conducting clinical trials on patients positioning on the CT table to determine the
optimum patient’s position that provide Cobb angle measurements in supine position
with the least difference to a weight-bearing position. However, this type of trails
should not be conducted on adolescent for ethical reasons, and to the best of the
author’s knowledge, phantoms with flexible spine do not exist. An alternative to
adolescents and phantoms can be adolescent cadaver; nevertheless, obtaining such a

cadaver with scoliotic spine might be difficult.
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Appendices

Appendix I. OD values for SPR, DR and EOS

Table I: OD values (mGy) when using different mA values and imaging projections in
SPR at 120 kVp
Imaging projection AP PA
mA 10 20 30 10 20 30
Imaging protocol CT1 CT2 CT3 CT4 CTS CT6
Brain 0.001 0.001 0.001 0.001 0.001 0.002
Active Bone Marrow | 0.022 0.045 0.105 0.013 0.028 0.082
Eyes 0.000 0.001 0.003 0.001 0.001 0.001
Thyroid 0.068 0.129 0.359 0.009 0.019 0.064
Oesophagus 0.041 0.084 0.256 0.025 0.054 0.153
Lungs 0.062 0.110 0.297 0.035 0.071 0.200
Breasts 0.075 0.158 0.436 0.019 0.040 0.135
Liver 0.073 0.131 0.311 0.018 0.038 0.107
Stomach 0.080 0.149 0.344 0.015 0.032 0.094
Urinary bladder 0.071 0.139 0.257 0.006 0.012 0.033
Colon 0.068 0.119 0.230 0.016 0.034 0.086
Ovaries 0.047 0.088 0.156 0.008 0.019 0.046
Salivary Glands 0.001 0.002 0.008 0.000 0.000 0.003
Thymus 0.111 0.183 0.480 0.009 0.021 0.072
Spleen 0.045 0.087 0.190 0.030 0.058 0.155
Kidneys 0.027 0.048 0.101 0.046 0.088 0.256
Adrenals 0.025 0.044 0.118 0.049 0.102 0.298
Heart 0.081 0.128 0.369 0.017 0.042 0.106
Pancreas 0.070 0.115 0.275 0.024 0.048 0.131
Gall Bladder 0.031 0.056 0.134 0.003 0.007 0.021
Uterus 0.016 0.032 0.054 0.002 0.007 0.018
Oral mucosa 0.001 0.003 0.011 0.000 0.001 0.005
Small Intestine 0.082 0.140 0.294 0.015 0.030 0.093
Extrathoracic region | 0.032 0.055 0.178 0.017 0.036 0.113
Prostate 0.006 0.010 0.017 0.001 0.005 0.041
Testes 0.001 0.004 0.004 0.001 0.001 0.001
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Table Il : OD values (mGy) when using different mA values and imaging projections in
SPR at 100 kVp

Imaging projection AP PA
mA 10 20 30 10 20 30

Imaging protocol CT7 CT8 CT9 CT10 CT11 CT12
Brain 0.001 0.001 0.001 0.001 0.001 0.001
Active Bone Marrow | 0.013 0.032 0.065 0.008 0.016 0.048
Eyes 0.001 0.001 0.001 0.001 0.001 0.001
Thyroid 0.042 0.081 0.237 0.005 0.010 0.035
Oesophagus 0.036 0.050 0.158 0.013 0.027 0.085
Lungs 0.035 0.069 0.185 0.020 0.040 0.127
Breasts 0.048 0.084 0.284 0.014 0.023 0.084
Liver 0.039 0.076 0.200 0.010 0.021 0.063
Stomach 0.047 0.089 0.225 0.008 0.017 0.053
Urinary bladder 0.037 0.084 0.162 0.002 0.006 0.020
Colon 0.032 0.069 0.152 0.008 0.017 0.050
Ovaries 0.028 0.056 0.081 0.004 0.008 0.025
Salivary Glands 0.001 0.001 0.002 0.001 0.001 0.001
Thymus 0.064 0.135 0.373 0.006 0.012 0.041
Spleen 0.024 0.045 0.113 0.016 0.032 0.096
Kidneys 0.011 0.026 0.065 0.028 0.051 0.170
Adrenals 0.012 0.025 0.067 0.030 0.062 0.189
Heart 0.039 0.080 0.233 0.012 0.025 0.063
Pancreas 0.036 0.078 0.180 0.012 0.027 0.079
Gall Bladder 0.016 0.033 0.088 0.002 0.004 0.012
Uterus 0.008 0.015 0.039 0.001 0.000 0.010
Oral mucosa 0.000 0.001 0.004 0.000 0.000 0.001
Small Intestine 0.039 0.087 0.192 0.008 0.017 0.051
Extrathoracic region | 0.021 0.032 0.111 0.010 0.019 0.063
Prostate 0.001 0.006 0.007 0.001 0.001 0.008
Testes 0.001 0.001 0.001 0.001 0.001 0.001
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Table I11: OD values (mGy) when using different mA values and imaging projections in
SPR at 80 kVp

Imaging projection AP PA
mA 10 20 30 10 20 30

Imaging protocol CT13 CT14 CT15 CT16 CT17 CT18
Brain 0.001 0.001 0.001 0.001 0.001 0.002
Active Bone Marrow | 0.022 0.045 0.105 0.013 0.028 0.082
Eyes 0.000 0.001 0.003 0.001 0.001 0.001
Thyroid 0.068 0.129 0.359 0.009 0.019 0.064
Oesophagus 0.041 0.084 0.256 0.025 0.054 0.153
Lungs 0.062 0.110 0.297 0.035 0.071 0.200
Breasts 0.075 0.158 0.436 0.019 0.040 0.135
Liver 0.073 0.131 0.311 0.018 0.038 0.107
Stomach 0.080 0.149 0.344 0.015 0.032 0.094
Urinary bladder 0.071 0.139 0.257 0.006 0.012 0.033
Colon 0.068 0.119 0.230 0.016 0.034 0.086
Ovaries 0.047 0.088 0.156 0.008 0.019 0.046
Salivary Glands 0.001 0.002 0.008 0.000 0.000 0.003
Thymus 0.111 0.183 0.480 0.009 0.021 0.072
Spleen 0.045 0.087 0.190 0.030 0.058 0.155
Kidneys 0.027 0.048 0.101 0.046 0.088 0.256
Adrenals 0.025 0.044 0.118 0.049 0.102 0.298
Heart 0.081 0.128 0.369 0.017 0.042 0.106
Pancreas 0.070 0.115 0.275 0.024 0.048 0.131
Gall Bladder 0.031 0.056 0.134 0.003 0.007 0.021
Uterus 0.016 0.032 0.054 0.002 0.007 0.018
Oral mucosa 0.001 0.003 0.011 0.000 0.001 0.005
Small Intestine 0.082 0.140 0.294 0.015 0.030 0.093
Extrathoracic region | 0.032 0.055 0.178 0.017 0.036 0.113
Prostate 0.006 0.010 0.017 0.001 0.005 0.041
Testes 0.001 0.004 0.004 0.001 0.001 0.001
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Table 1V: OD values (mGy) when using the scoliosis shawl and different kVp and mA values and

in SPR
Imaging projection AP
kVp 120 100 80
mA 10 20 | 30 10 | 20 | 30 10 20 | 30
Imaging protocol | CTL1 | CT2 | CT3 | CT7 | CT8 | CT9 | CT13 | CT14 | CT15
Brain 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Af\ﬂ“;"ﬁri‘/’v”e 0.011 | 0.019 | 0.060 | 0.007 | 0.012 | 0.035 | 0.004 | 0.007 | 0.019
Eyes 0.000 | 0.000 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Thyroid 0.048 | 0.089 | 0.279 | 0.031 | 0.059 | 0.183 | 0.018 | 0.035 | 0.113
Oesophagus | 0.031 | 0.063 | 0.178 | 0.018 | 0.032 | 0.106 | 0.008 | 0.018 | 0.056
Lungs 0.016 | 0.030 | 0.105 | 0.009 | 0.018 | 0.050 | 0.004 | 0.009 | 0.024
Breasts 0.010 | 0.025 | 0.073 | 0.006 | 0.012 | 0.038 | 0.002 | 0.006 | 0.017
Liver 0.030 | 0.059 | 0.156 | 0.017 | 0.034 | 0.099 | 0.009 | 0.018 | 0.049
Stomach 0.026 | 0.045 | 0.119 | 0.013 | 0.029 | 0.078 | 0.007 | 0.016 | 0.032
Urinary bladder | 0.042 | 0.056 | 0.198 | 0.020 | 0.043 | 0.131 | 0.014 | 0.030 | 0.046
Colon 0.033 | 0.052 | 0.153 | 0.016 | 0.035 | 0.096 | 0.010 | 0.020 | 0.031
Ovaries 0.007 | 0.013 | 0.032 | 0.003 | 0.008 | 0.019 | 0.001 | 0.003 | 0.006
Salivary Glands | 0.000 | 0.000 | 0.003 | 0.000 | 0.000 | 0.001 | 0.000 | 0.000 | 0.000
Thymus 0.070 | 0.141 | 0.430 | 0.048 | 0.092 | 0.294 | 0.027 | 0.054 | 0.177
Spleen 0.011 | 0.019 | 0.057 | 0.005 | 0.011 | 0.032 | 0.002 | 0.005 | 0.012
Kidneys 0.008 | 0.015 | 0.042 | 0.003 | 0.008 | 0.024 | 0.001 | 0.003 | 0.007
Adrenals 0.011 | 0.021 | 0.071 | 0.005 | 0.011 | 0.035 | 0.002 | 0.005 | 0.015
Heart 0.046 | 0.091 | 0.257 | 0.029 | 0.055 | 0.161 | 0.015 | 0.029 | 0.085
Pancreas 0.034 | 0.058 | 0.178 | 0.014 | 0.034 | 0.110 | 0.009 | 0.023 | 0.052
Gall Bladder | 0.016 | 0.030 | 0.075 | 0.009 | 0.017 | 0.049 | 0.005 | 0.011 | 0.022
Uterus 0.006 | 0.011 | 0.036 | 0.003 | 0.007 | 0.020 | 0.001 | 0.003 | 0.007
Oral mucosa | 0.000 | 0.001 | 0.005 | 0.000 | 0.000 | 0.002 | 0.000 | 0.000 | 0.000
Small Intestine | 0.046 | 0.062 | 0.199 | 0.023 | 0.047 | 0.120 | 0.013 | 0.026 | 0.050
EXtﬁgi‘g;ac'c 0.020 | 0.035 | 0.120 | 0.010 | 0.020 | 0.078 | 0.005 | 0.012 | 0.038
Prostate 0.001 | 0.001 | 0.012 | 0.001 | 0.001 | 0.006 | 0.001 | 0.001 | 0.003
Testes 0.001 | 0.001 | 0.003 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001
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Table V: OD values (mGy) when using different k\VVp and mA values and in SPR

Imaging projection Lateral
kVp 120 100 80
mA 10 20 30 10 20 30 10 20 30
Imaging protocol | CT19 | CT20 | CT21 | CT22 | CT23 | CT24 | CT25 | CT26 | CT27
Brain 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001
Active Bone
Marrow 0.011 | 0.020 | 0.029 | 0.006 | 0.011 | 0.018 | 0.003 | 0.005 | 0.008
Eyes 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Thyroid 0.020 | 0.034 | 0.048 | 0.011 | 0.021 | 0.032 | 0.005 | 0.011 | 0.018
Oesophagus 0.033 | 0.064 | 0.090 | 0.019 | 0.041 | 0.056 | 0.010 | 0.021 | 0.031
Lungs 0.028 | 0.052 | 0.075 | 0.017 | 0.033 | 0.046 | 0.008 | 0.017 | 0.026
Breasts 0.028 | 0.044 | 0.061 | 0.014 | 0.025 | 0.036 | 0.006 | 0.013 | 0.021
Liver 0.018 | 0.032 | 0.046 | 0.009 | 0.018 | 0.027 | 0.004 | 0.009 | 0.013
Stomach 0.039 | 0.070 | 0.095 | 0.020 | 0.039 | 0.061 | 0.011 | 0.022 | 0.029
Urinary bladder | 0.009 | 0.019 | 0.023 | 0.004 | 0.005 | 0.014 | 0.001 | 0.003 | 0.004
Colon 0.018 | 0.034 | 0.048 | 0.009 | 0.015 | 0.028 | 0.004 | 0.008 | 0.011
Ovaries 0.019 | 0.034 | 0.049 | 0.011 | 0.017 | 0.031 | 0.005 | 0.010 | 0.014
Salivary Glands | 0.000 | 0.000 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Thymus 0.019 | 0.032 | 0.050 | 0.009 | 0.018 | 0.027 | 0.004 | 0.009 | 0.014
Spleen 0.051 | 0.093 | 0.135 | 0.029 | 0.058 | 0.085 | 0.017 | 0.031 | 0.046
Kidneys 0.021 | 0.040 | 0.058 | 0.011 | 0.021 | 0.033 | 0.005 | 0.009 | 0.015
Adrenals 0.021 | 0.046 | 0.069 | 0.014 | 0.029 | 0.042 | 0.008 | 0.015 | 0.023
Heart 0.039 | 0.070 | 0.092 | 0.019 | 0.038 | 0.053 | 0.009 | 0.020 | 0.030
Pancreas 0.020 | 0.035 | 0.050 | 0.008 | 0.019 | 0.024 | 0.004 | 0.008 | 0.014
Gall Bladder 0.003 | 0.007 | 0.008 | 0.001 | 0.004 | 0.005 | 0.001 | 0.001 | 0.002
Uterus 0.003 | 0.007 | 0.009 | 0.001 | 0.002 | 0.005 | 0.000 | 0.000 | 0.001
Oral mucosa 0.000 | 0.001 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Small Intestine 0.019 | 0.037 | 0.046 | 0.010 | 0.018 | 0.031 | 0.005 | 0.008 | 0.012
Extrathoracic

region 0.017 | 0.030 | 0.041 | 0.008 | 0.019 | 0.025 | 0.004 | 0.010 | 0.015
Prostate 0.001 | 0.003 | 0.004 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001
Testes 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001
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Table VI: OD values (mGy) when using different imaging machines and imaging projections in DR

and EOS.

Imaging machine DR EOS
Imaging protocol DR1 DR1 DR2 DR3 EOS1 EOS2 | EOS3
Imaging projection AP AP PA Lateral | AP + Lateral | AP Lateral

Scoliosis shawl No Yes No No No No No

Brain 0.000 0.000 0.001 0.003 0.003 0.001 | 0.001
Active Bone Marrow | 0.028 0.010 0.026 0.028 0.015 0.003 | 0.001
Eyes 0.002 0.003 0.001 0.001 0.001 0.001 | 0.001
Thyroid 0.108 0.067 0.012 0.042 0.049 0.016 | 0.004
Oesophagus 0.035 0.026 0.023 0.052 0.033 0.006 | 0.004
Lungs 0.055 0.017 0.056 0.063 0.033 0.009 | 0.003
Breasts 0.119 0.009 0.028 0.033 0.039 0.015 | 0.003
Liver 0.120 0.070 0.047 0.119 0.027 0.008 | 0.002
Stomach 0.167 0.058 0.037 0.033 0.045 0.010 | 0.004
Urinary bladder 0.121 0.089 0.014 0.041 0.028 0.006 | 0.001
Colon 0.087 0.067 0.039 0.053 0.028 0.006 | 0.002
Ovaries 0.084 0.012 0.019 0.049 0.028 0.005 | 0.002
Salivary Glands 0.001 0.041 0.004 0.017 0.031 0.011 | 0.003
Thymus 0.071 0.047 0.008 0.026 0.034 0.014 | 0.002
Spleen 0.080 0.020 0.091 0.027 0.044 0.005 | 0.005
Kidneys 0.039 0.014 0.147 0.078 0.021 0.002 | 0.002
Adrenals 0.033 0.021 0.143 0.065 0.024 0.002 | 0.004
Heart 0.053 0.090 0.032 0.062 0.037 0.009 | 0.004
Pancreas 0.092 0.070 0.053 0.092 0.025 0.006 | 0.002
Gall Bladder 0.055 0.024 0.009 0.037 0.008 0.003 | 0.000
Uterus 0.081 0.013 0.014 0.023 0.021 0.005 | 0.001
Oral mucosa 0.002 0.036 0.006 0.025 0.026 0.009 | 0.002
Small Intestine 0.118 0.096 0.035 0.068 0.030 0.006 | 0.002
Extrathoracic region | 0.028 0.009 0.025 0.025 0.026 0.005 | 0.003
Prostate 0.051 0.003 0.006 0.009 0.016 0.007 | 0.001
Testes 0.017 0.000 0.001 0.001 0.002 0.001 | 0.001
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Appendix Il1. CT performance and safety report

NHS

The Christie

NHS Foundation Trust
Christie Medical Physics & Engineering

The Christie NHS Foundation Trust
Withington, Manchester

M20 4BX, UK

Diagnostic X-Ray Equipment Performance and Radiation Safety Report

Report No: 0940/SUSFU/17

Report Date: 22 November, 2017

Visit

Establishment:
Equipment location:
Equipment summary:
Date of tests:

Performed by:

Salford University

CT Suite, Mary Seacole Building
Toshiba TSX-101A/GC Aquillion S16
9/11/17

J Czajka, D Carrington

Reason: Routine equipment performance measurements
Report
Sent to: Andrew Tootell, Radiation Protection Supervisor

Previous relevant reports:

Chris Beaumont

Radiation Protection Supervisor

Christie Theodorakou, CMPE
743/susfu/16

Areas needing attention Urgency

None

Additional notes:

Follow-up
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Please report any action taken and outcome to the contact below

Contact:

Damian Carrington on (0161) 446 3551

or e-mail damian.carrington@christie.nhs.uk

Diagnostic Radiology and Radiation Protection Group

1. List of Measurements Performed

BSI registered - certificate number: FS 37543

Outcome
Measurement Tolerance Pass Fail Ref
General Radiation Safety
Operation of controls and warning devices Functioning as expected Pass
CT System
Dosimetry CTDI Baseline +15% Pass 211
Variation of output with mA, scan time, helical pitch Mean +20% Pass
Scan plane location indication Within £5mm (£2mm RT) laser lights; Pass
Within £2mm SPR
Image noise analysis Inter slice mean +10% Baseline Pass
+10%
CT number values Baseline +5HU(water) or +10HU Pass
CT number uniformity Difference between centre/periphery Pass
Body: Small £10HU, Large +20HU

Image slice width Within = 1mm for slices >2mm Pass
Artefacts No visible artefacts Pass

Functioning as expected Pass

Automatic Exposure Control/Dose Modulation
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2. Summary of Results and Recommendations

The results below are included for information or because there are recommendations concerning

performance or safety. The results of all other measurements were satisfactory.
2.1.1 Computed Tomography Dose Index (CTDI)

The measured CTDlig0 at the isocentre in air were:

Beam/detector CTDl100

kv collimation (mm) Mode/SFOV (MGy/100 mAs)
12 (4x3) 30.4
2 (4x0.5) 77.8
4(1x4) 50.7
120 8 (4x2) 36.1
16 (4x4) 30.5
24 (4x6) Head/Small 29.0
32 (4x8) 29.3
80 12.7
100 12 (4x3) 20.6
135 38.3
12 (4x3) 45.4
2 (4x0.5) 104.1
4(1x4) 67.0
120 8 (4x2) 47.8
16 (4x4) 41.4
24 (4x6) Body/Large 41.7
32 (4x8) 39.5
80 22.3
100 12 (4x3) 33.6
135 55.8

These results are consistent with our previous measurements

3. Conclusions

The results of our measurements were satisfactory and there are no recommendations to

report.
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