¥
UNIVERSITY OF GHANA
(All Rights Reserved)

COLLEGE OF BASIC AND APPLIED SCIENCES

DEVELOPMENT OF NATIONAL INDICATION-BASED DIAGNOSTIC REFERENCE
LEVELS AND OPTIMISATION METHODS FOR COMPUTED TOMOGRAPHY
EXAMINATIONS IN GHANA

BENARD BOTWE

DEPARTMENT OF NUCLEAR SAFETY AND SECURITY

JULY, 2020



%-J

UNIVERSITY OF GHANA
(All Rights Reserved)

COLLEGE OF BASIC AND APPLIED SCIENCES

DEVELOPMENT OF NATIONAL INDICATION-BASED DIAGNOSTIC REFERENCE
LEVELS AND OPTIMISATION METHODS FOR COMPUTED TOMOGRAPHY
EXAMINATIONS IN GHANA

BY

BENARD BOTWE
(10600444)

A DISSERTATION SUBMITTED TO THE SCHOOL OF GRADUATE
STUDIES IN PARTIAL
FULFILMENT OF THE AWARD OF DEGREE OF DOCTOR OF PHILOSOPHY IN
RADIATION PROTECTION

DEPARTMENT OF NUCLEAR SAFETY AND SECURITY

JULY, 2020



DECLARATION

| hereby, declare that this dissertation is the result of original research work undertaken by Benard
Botwe in the School of Nuclear and Allied Sciences (SNAS), University of Ghana (UG), under
the supervision of Professor Cyril Schandorf (SNAS UG-Legon), Dr. Stephen Inkoom (SNAS
UG-Legon) and Professor Augustine Faanu (SNAS UG-Legon). This work has not been
previously accepted in substance for any degree, and neither is it being concurrently submitted in

candidature for any degree.

Sign: o i Date: 05/10/2020

Benard Botwe
(Candidate)

Sign: . .AHedf . .. Date: 05/10/2020
Prof. Cyril Schandorf
(Principal Supervisor)

Sign: . KM= ...  Date: 2o:XgveY ...
Dr. Stephen Inkoom
(Co-Supervisor)

Oael Date: 05/10/2020

Sign: ...........>deeeeee. Date: XYL
Prof. Augustlne Faanu

(Co-Supervisor)


user
Typewriter
05/10/2020

user
Typewriter
05/10/2020

user
Typewriter
05/10/2020

user
Typewriter
05/10/2020


ABSTRACT

Background: Diagnostic reference levels (DRLs) and dose optimisation methods are crucial for
effective radiation dose management. Countries utilising ionising radiation for medical purposes
are required to develop and implement them, taking into consideration their clinical situations,
infrastructure, population characteristics as well as social, technical and economic factors.
However, in Ghana, there is no established national indication-based DRL.

Main Objective: The main objective of this study was to develop national indication-based DRL
values for common and prioritised indications of the adult human body for clinical application in
Ghana. It was also to assess the risk of undertaking each indication-based CT examination, and
also propose some steps for dose optimisation.

Materials and Methods: The methodological approach recommended by the International
Commission for Radiological Protection (ICRP), publication 135, for the development of DRLs,
was employed. Studies on CT infrastructure and common indications as well as quality
management systems (QMS) were conducted. Quality control (QC) tests were undertaken using a
CT dose profiler, barracuda set, uniform water phantom and an ImageQC software v.1.43.
Radiologists were mainly requested to define the basic diagnostic requirement of each indication.
Dose descriptors such as volume weighted CT dose index (CTDIvor) and dose length product (DLP)
of reported CT scans were retrieved from the picture archiving and communication system (PACS)
of scanners, constituting 71.4% of the total CT scanners in Ghana. Overall, 3,960 data sets were
collected for all the common and prioritised indications which included: cerebrovascular accident
(CVA) or stroke, head trauma/injury, brain tumour/space occupying lesion (SOL), lung
tumour/cancer, chest lesion with chronic kidney disease, abdominopelvic lesion, kidney stone,

urothelial malignancy/CT intravenous urography (CT-IVU) and pulmonary embolism (PE).



ImagelJ software version 1.52 was used to analyse the objective image qualities. Statistical Package
for the Social Sciences (SPSS) version 23.0 was used to extract the DRL values for the common
indications in CT examinations. Microsoft excel version 2013 was used to pictorially project the
results and also develop a tool (BOT®) for dose monitoring. Lifetime Attributable Risk (LAR) of
cancer incidence and mortality were estimated for various organs using a Monte Carlo-based
software (National Cancer Institute Dosimetry System CT software version 2.1) and the Biological
Effects of lonising Radiation (BEIR) VII model. An anthropomorphic Alderson RANDO phantom
and patients’ clinical data were used to explore an optimisation method for cerebrovascular
accident (CVA) imaging. Regression analyses were further used to model equations for organ
doses in CVA imaging. CT phantom PBU-60 was also used to evaluate automatic exposure control
(AEC) dose impact in facilities operating without AEC systems. In all inferential analyses, a p-
value of <0.05 was used to interpret the findings as statistically significant.

Main Results: The various indications and their respective projected DRL values in terms of
CTDlvo (mGy) and DLP (mGy.cm) were CVA/stroke (77 mGy; 1313 mGy.cm), head
trauma/injury (76 mGy; 1596 mGy.cm), brain tumour/SOL (77 mGy; 2696 mGy.cm), lung
tumour/cancer (12 mGy; 828 mGy.cm) and chest lesion with chronic kidney disease (13 mGy; 467
mGy.cm). Others were abdominopelvic lesion (17 mGy; 1299 mGy.cm), kidney stone (15 mGy;
731 mGy.cm), urothelial malignancy/CT-IVU (11 mGy; 1449 mGy.cm) and pulmonary embolism
(14 mGy; 942 mGy.cm). The risk of PE radiation-induced breast cancer ranged from 6-115.8
people in 100,000 procedures. Moreover, CT-IVU radiation-induced colon cancer risks ranged
from 53.3-66.4 people in 100,000 procedures. About 1 in 38,462 to 1 in 14,706 patients were also
likely to develop ovarian cancer due to CT-IVU examinations in Ghana. A novel examination

protocol was further developed in the study that could be used to scan CVA related conditions



with optimal image quality, while reducing the mean effective dose of the facilities by 23.8%, and
organ doses by 32% (lens), 70.7% (spinal cord), 57.2% (thyroid) and 75.6% (oral cavity).
Moreover, eight organ dose equations were developed to aid in dose management. Finally, if AEC
are used in facilities operating without such systems, radiation dose levels could also be reduced
by a range of 46.4-58.3% without any significant compromise on image quality.

Conclusion: The projected indication-based DRL values and optimisation methods could be used

to manage CT radiation dose in Ghana.
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CHAPTER ONE

INTRODUCTION

1.1 Background

Computed tomography (CT) is a special radiological imaging modality which utilises x-ray
photons to create cross-sectional images of the human body (Imai et al., 2018). It was invented in
the early 1970s by a British engineer, Godfrey Hounsfield, and a South-African born physicist,
Allan Cormack (Imaginis, 2017). CT imaging modality is considered an invaluable diagnostic tool,
which is applicable for an extensive range of clinical work and research activities (Gao et al.,
2017). Some unique benefits of CT include very fast scanning abilities, the production of images
of good resolution, assistance in disease staging, as well as planning and treatment (National
Cancer Institute, 2019). It is also relatively cheaper than other radiological imaging modalities like
magnetic resonance imaging (MRI) (Gao et al., 2017). Studies (Imai et al., 2018; Gao et al., 2017;
Pandharipande et al., 2016) indicate that CT impacts enormously and positively on patient
management, and it has assisted in saving many lives.

In spite of the enormous benefits of CT to patients, the radiation doses associated with it are
high (Pyfferoen et al., 2017) and comparatively, far higher than those utilised in conventional x-
ray examinations (Vawda et al., 2015). A publication (Storrs, 2013) argued that it would take about
150 to 1,100 conventional x-rays to obtain a similar radiation dose level in the range of a single
CT scan. The International Commission on Radiological Protection (ICRP) and the World Health
Organisation (WHO) have also stated that worldwide CT imaging constituted approximately 6%
of all medical imaging examinations. However, out of the total dose of radiation acquired through

imaging, CT examination-associated doses accounted for about 43% (ICRP, 2017; WHO, 2016).



These dose statistics make CT one of the largest contributors in the medical environment (Yeh
et al., 2016). The need to solve a plethora of clinical problems, as well as easy accessibility of the
modality, has currently led to an upsurge in CT usage globally (WHO, 2018; Bellolio et al., 2017).

Unfortunately, the relatively high radiation doses related with CT could cause genetic changes,
and induce hereditary and cancerous effects in patients (Lim et al., 2018; Goodman, 2018; Liang
et al., 2017; MacGregor et al., 2015). The cancer risk (probability) also increases linearly with
dose (Goodman, 2018; Vassileva and Rehani, 2011; de Gonzalez et al., 2009). Some cancer
predictive models used in the United States of America (USA) have even estimated that CT
examinations and their associated radiations could generate up to about 2% of future neoplasms
among residents, if the radiation levels are not optimised (Brenner and Hall, 2007).

The ICRP has suggested the use of the principles of justification and optimisation to control
and optimise medical exposures which include CT examinations (ICRP, 2007). The justification
principle implies that the utilisation of radiation in medical imaging needs to be justified at the
practice, procedure and patient levels. In particular, it requires that medical decisions involving
the usage of any ionising radiation to diagnose patient conditions, should produce more benefits
than harmful effects (Cannata et al., 2017). Dose limitation does not apply in medical exposures,
and the optimisation procedure involves that a justified procedure, having weighed the good and
the harmful effects, should be performed with the least possible dose (Cannata et al., 2017; Council
of the European Union; 2014; ICRP, 2007). The optimised dose should be as low as reasonably
achievable (ALARA) to ensure that the clinical objectives are met, while considering the current
state of societal, technical and economic factors (Cannata et al., 2017; ICRP, 2007). One of the

commonly recognised tools in the optimisation method is the development and implementation of



diagnostic reference levels (DRLs), which was formally introduced in healthcare in 1996 by the
ICRP (ICRP, 2017).

The International Atomic Energy Agency (IAEA, 2014 p. 387) defines a DRL as:

“A level used in medical imaging to indicate whether, in routine conditions, the dose
to the patient or the amount of radiopharmaceuticals administered in a specified
radiological procedure for medical imaging is unusually high or unusually low for that
procedure”

It is a numerically established optimal dose parameter that, in routine practice, practitioners should
aim at not exceeding, following adherence to standards, good practices, and technical
performances (Tsukamoto, 2017). Hence, it is employed as a trigger to detect radiological
facilities, utilising unusually high doses (outliers) in a particular radiological task, for which
optimisation measures are required (Martin and Vano, 2018; Kanal et al., 2017; Vassileva and
Rehani, 2015; Vawda et al., 2015). In fact, the implementation and usage of DRLs in healthcare
have been found to decrease the total scale of radiation doses observed in medical environments
in many countries (Gao et al., 2017; Brink and Miller, 2015; MacGregor et al., 2015).

Currently, the two CT dose descriptor values employed in establishing DRLs, in CT imaging
are the volume weighted CT dose index (CTDlIvor), and the dose length product (DLP) (ICRP,
2017; Tsukamoto, 2017; Bauhs et al., 2008). The CTDIyvo characterises the average dose per slice,
whereas the DLP represents the cumulative energy absorbed along the scan length (Vawda et al,
2015).

A few researchers are working in the area of clinical indication-based DRLs, which is a new
paradigm in DRL establishment (Jarvinen et al., 2015; Lajunen, 2015). This study seeks to provide

a national reference data for DRLsS, based upon the clinical indication for some frequently



performed CT examinations, and also to extrapolate other relevant data which could help in dose

optimisation in clinical practice in Ghana.

1.2 Statement of the Problem

It is well documented that the high doses linked with CT procedures are a major global health
concern in medicine (Liang et al., 2017; Gao et al., 2017; Kanal et al., 2017; WHO, 2016; Yeh et
al., 2016; IAEA, 2013; ICRP, 2007). Radiation dose from CT imaging represents about 43% of
the collective dose resulting from all radiological imaging examinations in medicine worldwide
and could induce cancer in patients (WHO, 2016). According to a study (Pyfferoen et al., 2017),
the radiation doses utilised to achieve comparable CT examinations of relatively similar diagnostic
quality across facilities have to be within a relatively smaller range. However, national and
multinational surveys continue to demonstrate very wide-ranging dose levels across facilities and
countries (Liang et al., 2017; Lajunen, 2015; Vassileva and Rehani, 2015). In particular, dose
parameter variations by way of a factor of 20 or more, have been found in anatomical regions
across certain CT facilities (Liang et al., 2017).

The ICRP has proposed DRL as one of the important means to optimising the high radiation
dose levels in CT imaging (Vassileva and Rehani, 2015). Further, it has been recommended that
each country ought to develop its own national diagnostic reference levels (NDRLS) because,
among countries, the health care structure, socio-economic conditions, procedure guidelines and
protocols, as well as the anatomical structures of their people, vary (ICRP, 2017). The WHO and
the IAEA have also included in their Bonn Call for Action 2, the need for the establishment, usage

of, and the frequent update of DRLs for radiological examinations (WHO, 2016; IAEA, 2013,



IAEA GSR Part 3, 2014), while the European Society of Radiology (ESR) has recently included
it in its EuroSafe Imaging Call for Action 2018 (European Society of Radiology, 2018).

However, in Ghana there are no established NDRLs against which dose parameters could
be compared with, to ensure effective dose monitoring and optimisation, despite the installation
and utilisation of several CT scanners in the country. Although some studies (Anim-Sampong et
al., 2016; Addo, 2016; Akyea-Larbi, 2015; Hasford et al., 2015; Inkoom et al., 2014; Muhogora et
al., 2010, Muhogora et al., 2009) have provided some dosimetric data (usually a single or few
centre-studies) on the anatomical parts of the body in some facilities in Ghana, no anatomical-
based NDRLs were proposed from these studies. This is largely due to the lack of adequate data
on which an NDRL could be built. Furthermore, the needed collaboration between the regulatory
authority, relevant professional bodies and interested parties, to establish the relevant DRLs has
not been exploited.

Currently, reports (Ridley, 2016; Vock and Frija, 2016) have suggested that indication-
based CT scanner protocols and DRLs, instead of anatomical references, decrease patient radiation
dose considerably. The European Society of Radiology (2017), has also indicated that NDRLSs
based on the anatomical region do not reflect clinical practice, and should be re-examined using
clinical indications. It is further argued that image quality and dose requirements vary among the
different indications for an anatomical region (European Society of Radiology, 2017; Vock and
Frija, 2016). Hence, the clinical indications dictate the main parameters (e.g. collimation, contrast
usage, scan length) which contribute to patient radiation doses from CT (European Society of
Radiology, 2017). Therefore, DRLs in CT should be indication-based (Vock and Frija, 2016;

Jarvinen et al., 2015; Lajunen, 2015). Vock and Frija (2016) have again argued that, it is not logical



to use, for instance, one abdomen DRL (anatomical) as a dose benchmark for diagnosis of liver
metastases and kidney stones, as is presently the norm in many organisations.

As a result, there have been recent calls for CT indication-based (indication specific) DRL
development and utilisation, for optimisation purposes by several international bodies, including
the European Association of Nuclear Medicine (EANM), European Society of Radiology (ESR),
European Federation of Organisations for Medical Physics (EFOM), European Federation of
Radiographer Societies (EFRS), and the European Society for Radiotherapy and Oncology
(ESTRO) (European Association of Nuclear Medicine et al., 2017).

In CT imaging, an indication is the medical condition for which a particular CT procedure is
undertaken. As such, an indication-based DRL implies a DRL that is particular to a specific disease
indication (Jarvinen et al., 2015). It is expected that the establishment and implementation of
indication-based DRLSs, has the potential to narrow down dose-monitoring and optimisation in CT
examinations, and offer another level of accountability regarding the application of radiation in
medicine. Also, an indication-based DRL offers the chance to utilise a DRL that adapts to a specific
medical condition, and reduces the variability and ambiguities in using anatomical regions. For
instance, a DRL for lung tumour could provide the chance to relate the dose parameters to CT
chest procedures, with the suspicion of a lung tumour disease, and not just chest DRLs (Lajunen,
2015). Therefore, the absence of indication-based DRLs in Ghana prevents or limits the effort of
effective dose monitoring and optimisation in certain clinical tasks, especially those which require
diverse levels of exposure. This current study seeks to fill this knowledge gap by developing
national indication-based DRLs, based on clinical data for dose optimisation in CT imaging in

Ghana.



1.3 Scope of the Study

This study was directed at developing indication-based DRLs in adult CT examinations
undertaken in Ghana. It also identifies areas and steps for dose optimisations. The ICRP (ICRP,
1996) has suggested that DRLs should be developed for the common and prioritised diagnostic
procedures which contribute significantly to the population dose. Hence, this study was limited to
common indications relating to the head, chest, and abdomino-pelvic regions for adult patients as
they account for the highest number of CT cases in Ghana (Inkoom et al, 2014). The dose
descriptors of interest in the DRLs development were the CTDIvoi and the DLP. Moreover, to
achieve the aims and objectives of the study, CT technical data, scanner performance
characteristics, common indications, image quality and diagnostic imaging requirements, were all
considered. Furthermore, to quantify the dose impact associated with undertaking these indication-
based CT procedures, and for optimisation steps to be recommended, the lifetime attributable risk
(LAR) of cancer incidence and cancer mortality for each indication were estimated, while different

steps for dose optimisation were also evaluated.

1.4 Main Objective

The main objective of this study was to develop national indication-based DRL values for
common and prioritised indications of the adult human body for clinical application in Ghana. It
was also to assess the risk of undertaking each indication-based CT examination, and also propose

some steps for dose optimisation.



1.5 Specific Objectives

The specific objectives included:

1. To obtain technical data on CT scanners in the country and information on common
indications for adult CT examinations, and as well define the basic diagnostic imaging
requirements for each common indication in Ghana;

2. To obtain performance characteristic data on CT scanners in the country;

3. To evaluate CT dose descriptors/quantities and image qualities of CT images of the
indications prioritised for DRL development;

4. To establish the national indication-based DRL values for common and prioritised
indications;

5. To estimate the dose impact and risk of cancer associated with undergoing CT imaging for
each of the indications in Ghana;

6. To propose measures for dose optimisation for the protection of patients in CT

examinations in Ghana; and



1.6 Relevance and Justifications for the Study
1.6.1 New Research Area in Ghana

CT application in healthcare in Ghana has increased dramatically in recent times (Inkoom et
al, 2014). Although, CT scans have positively contributed immensely to patient care, it delivers a
high radiation dose to patients compared to conventional x-rays in the diagnosis of diseases (Storrs,
2013; Pearce et al, 2012). Studies (Anim-Sampong et al, 2016; Inkoom et al, 2014), have
established that there are appreciably high CT radiation dose levels in the few facilities they have
studied in Ghana. As part of the optimisation process, there is a need to guarantee that the doses
used in CT facilities are judiciously and adequately accounted for, so that the harmful effects
connected with CT imaging are minimised. The development of national indication-based DRLS
in this study would be the first study in Ghana to characterise and benchmark the dose needed for
specific indications for CT investigations of body parts. This development and subsequent
implementation of the indication-based DRLSs is expected to decrease the range of doses observed
in clinical practice (ICRP, 2017; European Society of Radiology, 2017; Lajunen, 2015; IAEA,

2013).

1.6.2 Policy Implications

The use of ionising radiation in medicine requires some binding policies and regulations.
Many international recommendations (ICRP, 2017; European Society of Radiology, 2017; WHO,
2016; European Union, 2014; IAEA, 2013; American College of Radiology; 2013) have suggested
the development or adoption and implementation of DRLs, and recently, indication-based DRLs
in respective countries to further regulate radiation usage in diagnostic radiology. Ghana, (a

member of IAEA and WHO), is yet to accomplish this by the national regulatory authorities. It is



believed that the lack of extensive research-based data to support the facilitation of this has been
a drawback to the establishment of this policy. This study is timely, and its anticipated outcome
should offer a data reference and foundation on which such policies and regulations can be built.
In addition, health authorities in partnership with medical professional organisations must
be responsible for establishing or adopting DRLs, and ensuring that as much as possible, the doses
from medical imaging remain within the set levels (IAEA, 2019). The results of this study will go
a long way to provide a reliable basis on which such organisations can work together to promote

sustainable programmes to ensure optimisation of patient protection and safety.

1.6.3 Health Implications

A report (Ridley, 2016) argued that indication-based DRLs from seven CT facilities in
Switzerland have proven to significantly lower doses to patients. Therefore, the establishment and
implementation of indication-based DRLs could also narrow down dose monitoring in CT
examinations in Ghana, and offer another level of dose accountability in healthcare. Studies (Liang
et al, 2017; MacGregor et al, 2015; Vassileva and Rehani, 2015; de Gonzélez et al, 2009) have
proven cancer risks associated with CT exposures. The DRLs proposed for Ghana could also be
utilised to assess if a facility's dose index is remarkably high, and hence prompt corrective
measures. This, in turn, would help to reduce adverse impacts such as radiation-induced cancer in
patients.

Moreover, there is currently no national indication-based DRL developed for Ghanaian
healthcare which radiographers, radiologists, medical physicists, etc., may use as a country-based
guide to regulate and optimise their practices in Ghana. It is envisaged that the outcomes of this

study would offer a required tool to resolve these inadequacies.
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1.6.4 Research Implications

In Ghana, research activities on indication-based DRLs have just began with this study. It
is anticipated that the outcome of this thesis would form the foundation on which future research
studies could be based, and other DRLs developed for other pathological cases. This would not
only serve Ghana, but would also serve as a model for other African countries that may like to
develop a research focus in this area since there is no published work in the African sub-region on

indication-based DRLs.

1.7 Organisation of Thesis

This dissertation consists of five chapters. Chapter One deals with the introduction, which
outlines and explains the background, problem statement, objectives, relevance and scope of the
thesis. Chapter Two deals with the literature review relevant to existing information on the study
area under investigation. Chapter Three deals with the materials and methods used for undertaking
the study. Chapter Four presents the results and the relevant discussions using relevant literature.

Chapter Five covers the conclusions and recommendations to recognised stakeholders.
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CHAPTER TWO

LITERATURE REVIEW

2.0 Overview

This Chapter presents information on the current knowledge and developments available
in the literature on CT imaging, basic application of CT in medicine, CT dosimetry, typical
radiation doses in CT, radiation risks, dose management, and optimisation in CT imaging and
DRLs. Topics under DRLs include DRL in medicine, the role of DRLs in CT optimisation,
anatomical DRLs in CT, indication-based DRLs, existing indication-based DRLs in CT, and

theories guiding the DRL development in CT are discussed.

2.1 Computed Tomography Imaging

CT, also referred to as computed axial tomography (CAT) scanner is a specialised
radiological equipment which employs x-rays to generate cross-sectional radiological images and
diagnostic information of the human body, and was invented in the early 1970s by Godfrey
Hounsfield and Allan Cormack (Imaginis, 2017).

A typical CT scanner is made up of an x-ray tube which revolves round a patient producing
x-ray beams which transmit through a cross section of the body. It also features an array of
detectors which receive the transmitted x-ray beam intensities, and are linked to a mathematical
algorithm for image processing (Duncan and Panahipour, 2014). The x-ray tube is made up of a
cathode from which an applied current heats up the filament, releasing electrons
through thermionic emission (Radiologycafe, 2019). When a large potential difference is applied
to the anode, the electrons are accelerated towards the anode, and collide with heavy atoms in the

metal anode (Disher et al., 2006). A sudden slowdown of electrons as a result of the bombardment,
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causes the electrons to lose their energies, while part of it is converted into x-rays through the
bremsstrahlung effect. Alternatively, an incoming electron could eject an inner shell electron,
which causes an outer shell electron to move down to replace the ejected one, thereby creating an
x-ray called a “K-shell” emission (Radiologycafe, 2019). The generated photons are used in CT
imaging. A schematic diagram of an x-ray tube, the interactions leading to the emission of x-rays,
as well as a typical CT imaging setup consisting of the x-ray beam spectrum and its relationship

with the patient and detectors for CT imaging, is shown in Figure 2.1.
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Figure 2.1: Schematic diagram of an x-ray tube and production (Plate A), bremsstrahlung
interactions (Plate B), “K-shell” emission (Plate C) and a typical CT imaging setup consisting
of the x-ray beam spectrum and its relationship with the patient and detectors for CT
imaging (Plate D) (Radiologycafe, 2019; Disher et al., 2006).
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In the CT setup, the basic principle of imaging involves the production of a photon
attenuation map (image) of a body, as a result of the variable attenuation of an x-ray beam as it
goes through the body of a patient, exposing a given volume of tissue from all directions (Bauhs
et al., 2008). The philosophy underpinning CT imaging is grounded on the premise that the
structural formation of an object obtained by a detector, can be reconstructed from multiple
projections of the object, by utilising computer algorithms to create attenuation profiles of the
variation of tissue radiodensity (Duncan and Panahipour, 2014). To create an image, several
hundreds of attenuation coefficient spectra are formed in each rotation of the x-ray tube across the
body of the patient under an examination (IAEA, 2012). These attenuation coefficients are then
used to calculate the CT number values in Hounsfield units (HU) and subsequently, into a visible
image characterised by diverse shades of grey (IAEA, 2012). Older scanners used back projection
techniques to generate images (Padole et al., 2015). Filtered back projection has been used on
modern scanners for a long time. Currently, iterative reconstruction is also used to reconstruct
millions of data points when radiation transmits through a tissue in CT imaging (Ozdiev et al.,

2018). Figure 2.2 presents a simple schematic diagram of CT imaging process.
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Figure 2.2: A simple schematic diagram of CT imaging process (Sprawls, 2019).
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CT scanners have undergone a number of design changes, and there have been seven
generations since the discovery (Ali, 2015). The early generation CT scanners generated an image
per one complete tube rotation in about 5 minutes (Ali, 2015). These machines were called single-
slice CT scanners (Ali, 2015). In modern scanners, multiple slices (presently reaching 640) are
produced instantaneously in a rotation within 0.5 second and are referred to as multidetector CT
scanners (MDCT) or multislice CT scanners (MSCT) (IAEA, 2012). Early CT machines utilised
scintillation detectors including sodium iodide (Nal) or cadmium tungstate (CdWOQa) (IAEA,
2012). Subsequently, these early detectors were largely replaced by high-pressure xenon systems.
Scintillator doped ceramics like gadolinium oxysulphide (Gd20.S) or yttrium gadolinium oxide
(YGdO) (IAEA, 2012) have been utilised in recent years. High dynamic range, superior quantum
absorption efficiency, and a fast temporal response with low afterglow, are the essential
specifications and factors in their development that make them very reliable detectors (IAEA,

2012).

2.2 Basic Application of Computed Tomography in Medicine

CT modality is considered a very valuable diagnostic tool, which is applicable for an
extensive range of clinical and research purposes (Gao et al., 2017). Faster scanning speed,
isotropic spatial resolution, shorter computer reconstruction times, affordability compared to other
imaging modalities like MRI, applications in staging, and the planning and treatment of cancer,
are some of its exceptional benefits to mankind (de Basea et al., 2016; Abdulkadir et al., 2016;
Yu et al., 2009; Tsukagoshi et al, 2007). It is presently one of the extensively utilised medical

imaging machines in clinical applications, because it is often the most appropriate modality for
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certain types of screening, diagnosis, treatment and the management of patients’ diseases (Gao et
al., 2017; Dauer and Hricak, 2014).

In emergency departments for instance, CT results substantially influence diagnostic
confidence, and admission decisions (Pandharipande et al, 2016). Studies (Imai et al., 2018;
Furugori et al., 2018; Cheung et al., 2018) have shown that CT utilisation has significantly reduced
mortality levels in hospitals. The development of MDCT technology with sub-second acquisition
and CT fluoroscopy (enabling interventional radiological procedures to be undertaken) have
advanced CT applications in medicine (European Society of Radiology, 2017). Furthermore, the
development of hybrid radiological modalities such as single photon emission computed
tomography-CT (SPECT-CT), positron emission tomography-CT (PET-CT), and CT simulation
machine in radiotherapy treatment planning amongst others, is strengthening CT utilisation and
applications in radiotherapy, nuclear medicine, and other treatment planning workups in healthcare
(Sergieva et al, 2014). The positive impact of CT in medicine, has created an upsurge in its
utilisation globally. In the USA for example over 70 million CT scans are undertaken yearly, and
over 5 million in the United Kingdom (UK) with an increasing annual rate of 10% (de Basea et
al., 2016).

In Ghana, the first CT scanner was installed in 1994 at the Korle Bu Teaching Hospital.
Since then, there has been an increased number of installations in the public, private and private-
government (quasi) organisations (Schandorf and Tetteh, 1998). In 2012, the Government of
Ghana undertook a large-scale old equipment replacement exercise and also planned to provide at
least one CT scanner in each teaching or regional hospital (Ministry of Health, 2014). These
initiatives, coupled with the development of private health facilities, have resulted in the

installation of a greater number of CT scanners in the country, with the intention of improving
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patients’ access to good healthcare (Ministry of Health, 2014). Although there is no documented
data on the extent of the impact of CT scanners in Ghana, they are well known to impact positively
on patients’ care, as they are used to diagnose, plan, stage disease processes, and carry out

interventional radiological procedures.

2.3 Computed Tomography Dosimetry

The principal CT dosimetry formalism is grounded on the CT dose index (CTDI) and its
variants, which are measured in gray (Gy) (McLean and Chapple, 2015). Although it does not
explicitly provide patients’ individual doses, it characterises the average absorbed dose output per
slice, in a standard geometry, from which a patient’s dose estimation can be made (McCollough

etal., 2011).

2.3.1 Computed Tomography Dose Index (CTDI)

The term CTDI is “the integral of the single scan radiation dose profile along the z-axis,
normalized to the thickness of the imaged section (slice thickness)” (Bauhs et al., 2008 p. 246).
During CT imaging, the radiation energy deposition in the body extends outside the collimated
area, owing to scatter radiation effects, divergence of the beam, and the penumbral and restricted
efficiency of the collimator (Boone et al., 2012). CTDI accounts for the scatter tails to obtain
correct integration limits in a standardised and convenient manner. Mathematically, the CTDI is

defined in equation 2.1 as:
CTDI ——1 +j:OD(z)dz 2.1
NT - 21)

where
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D(z) is a radiation dose profile (air kerma in a phantom) along the z-axis, z, centred at z =0, N is
the number of detector channels and T is the width of each channel (Bujila et al., 2018). The
quantity NT denotes the nominal total collimation width of the scan. In MDCT scanners, many
detector elements could be organised to make one data channel, hence N > 1 (American
Association of Physicists in Medicine [AAPM], 2007). In single-detector-row CT, N=1, hence the

z-axis collimation (T) at the isocentre is the nominal scan width (Huda, 2011).

2.3.2 CTDlIrpa

The dose contribution from the scanner along the z-axis and penumbral radiation dose
profile should be accounted for in CTDI measurements. However, the exact integration limits were
not defined in CTDI (Boone et al., 2012). To normalise CTDI measurements (as infinity is not a
possible measurement quantity), the United States Food and Drug Authority (FDA) introduced the
integration limits of + 7T (CTDIrpa over 14 slices), where T signified the nominal slice width
(United States Food and Drug Administration, 1984). Mathematically, the CTDIgpa is calculated

from equation 2.2 as:
CTDI o\ = iTD(z)dz 2.2)
NT 3.

where
D(z), z, N and T maintain their usual meanings as defined in equation 2.1, and +7T and -7T are the
integration limits of radiation dose profile/output.

However, the limits of integration in CTDIrpa were not equally estimated in terms of NT,
permitting for the possible underestimation of the multiple scan average dose (MSAD) by the
CTDI, especially in thin slices or narrow slice widths (Bauhs et al., 2008; Dixon and Ballard,

2007).
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2.3.3 CTDl1oo

In order to standardise the measurement length and limits as observed in the CTDIrpa, the
CTDl1o0 was defined with the integration limits fixed at the standard length of a commercially
accessible pencil ionisation chamber (100 mm) (AAPM, 2008). It was introduced to produce an
integration of the radiation dose profile of the accumulated scan dose distribution over a 100-mm
pencil ionisation chamber from a single axial scan (McCollough et al., 2011). Mathematically, the

CTDluoo is expressed from equation 2.3 as:

1 +50mm
CTDlgp = [D(2)dz (2.3)

—50mm

where
+50 mm and -50 mm are the integration limits of radiation dose profile/output 100-mm using a
pencil ionisation chamber and D(z), z, N and T maintain their usual meanings as defined in equation
2.1.

However, CTDI1g0 only characterises the total multiple scan dose at the middle of a 100-
mm scan and could underestimate the total dose for scan lengths greater that 100 mm (McCollough

et al, 2011).

2.3.4 Weighted CT Dose Index (CTDIw)

During CT imaging, radiation dose reaching the peripherals and the centre of a phantom
under investigation are not exactly the same. To account for dose levels across varying fields of
view, and not just at the centre, and avoid the limitations of other variants of CTDI, the weighted

CT dose index (CTDIw) was developed. The CTDIw represents the weighted average radiation dose
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assessed at the centre (CTDl1ooc) and peripherals (CTDl1oop) of a standard phantom, polymethyl
methacrylate (PMMA), across a field of view (Baughs et al., 2008). It is expressed mathematically

using equation 2.4 as:

1 2
CTDI w 5 (CTDI 100,centre )+ g (CTDIlOO, periphery ) (2-4)

where the symbols bear their defined meanings.

However, CTDIw does not describe doses for helical scans. Moreover, it has a limitation in
estimations of doses for non-adjacent slices frequently seen in helical scanning where the x-ray
beams may overlap (common with MDCT), or where extended pitch leaves gaps between

rotations.

2.3.5 Volume Weighted CT Dose Index (CTDlvor)

Helical scan technology utilises continuous gantry-rotation and incremental table feed to
provide for a longer anatomic coverage in a shorter time (Fukuda et al., 2014). In estimating the
dose in a helical scan, it is crucial to consider gaps or overlays between the radiation beams from
successive revolutions of the x-ray source, when helical scans are used (Bujila et al., 2018). The
volume weighted CTDI (CTDIvor) embodies the average dose output in the central region of a
multiple scan examination, and considers scan spacing and helical pitch (Huda, 2011; AAPM,
2008). Mathematically, it is written using equation 2.5 as:

CTDI,, =—~_cTDI, (2.5)

pitch

where

CTDlyol is volume weighted CTDI and CTDIy is weighted CTDI.
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CTDlyol is measured using a1l00-mm long ionisation chamber or linear array of point dose
measurements utilising thermoluminescence dosimeters (TLDs), film, metal-oxide-semiconductor
field-effect transistors (MOSFET), optically stimulated luminescence (OSL), or solid state (diode)
detectors. The RTI Electronics Group (Md&lIndal, Sweden) in particular, makes a solid-state detector
probe known as the CT dose profiler that has proven reliability for this application (RTI Group,

2016; Bauhs et al., 2008).

2.3.6 Dose Length Product

To be able to easily calculate the absorbed radiation dose along the entire scan length of a
CT examination, the dose length product (DLP), measured in milligray-centimetres (mGy.cm) was
introduced in CT dosimetry (Fukuda et al., 2014; Boone et al., 2012; Huda, 2011; AAPM, 2008).
The concept of DLP integrates both the mean CTDlyo and the total distance (Ls) scanned (IAEA,
2013). Since the DLP is not a satisfactory risk indicator, it requires a conversion factor to express
in effective dose. Currently, it is mandatory that CT scanners display both CTDIyo and DLP on
the operator’s console (ICRP, 2017; International Electrotechnical Commission, 2011).

Mathematically, DLP is expressed in equation 2.6 as:

DLP =CTDI L, 2.6)

where Ls is the scan length and CTDIvq is the volume weighted computed tomography dose index.
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2.3.7 Effective Dose

Effective dose (Ep) is “the tissue-weighted sum of the equivalent doses in all specified
tissues and organs of the human body and represents the stochastic health risk to the whole body”
(ICRP, 2007 p.23). It is a single radiation dose descriptor that expresses the risk of a non-uniform
radiation exposure in respect of an equivalent whole-body exposure (Mullenders et al., 2009). Ep
has a unit of Sievert (Sv) and one Sv indicates a 5.5% risk of cancer development (ICRP, 2007).

Generally, the ICRP (2007) expresses Ep by the equation 2.7:

(2.7)

ED - ZWT ZWR DT,R or ED =Z[zWTHT
R z T

T

where

wr = the ICRP tissue-specified weighting factor for tissue or organ T under examination.

Wr = radiation weighting factor

D, r = absorbed dose in tissue T by radiation type R

Hror Wr DT, r = the corresponding equivalent dose to the specified tissue or organ, T (ICRP, 2007).
However, in CT imaging, this dose quantity could be estimated via multiplying the DLP

with derived conversion factors or appropriately normalised coefficients that are specific to age,

scanned region and CT geometry. This is expressed by equation 2.8 as.

E, =kxDLP =KLCTDI 2.8)

where k is the conversion factor for changing DLP to effective dose (Ep) and unit is mSv/mGy.cm.

DLP is dose length product, CTDIyel is volume weighted CT dose index and L is scan length.
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2.3.8 Size-Specific Dose Estimate (SSDE)

Measured in milligray (mGy), the size-specific dose estimate (SSDE), is a newer CT-
derived descriptor that integrates patient-size-adjusted correction factor (f) based on patient’s
effective diameter (derr) to efficiently predict patient dose (AAPM, 2014). The effective diameter
is defined as “the square root of the product of the anterior-posterior (AP) and lateral patient
diameter (LAT)” (AAPM, 2014, p.4). With knowledge of the dert, the f factor could be derived
from the AAPM Report 204 to estimate SSDE (Boone et al., 2011). A diagram of AP and LAT

diameter is shown in Figure 2.3.

lateral ——

Figure 2.3: AP and LAT diameter measurements
Mathematically, deff and SSDE (from 16 or 32 phantom size) are expressed in equations

2.9 and 2.10, respectively as:

d,; =+/(APXLAT) (2.9)

SSDE — CTDI 160r32xf 160r32 (210)

vol
where f factor is patient-size-adjusted correction factor, AP is antero-posterior, LAT is lateral

patient diameter, def is effective diameter and CTDlyol is volume weighted CT dose index.
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2.4 Typical Radiation Doses in Computed Tomography

According to the WHO, the global CT usage represented about 6% of all medical imaging
procedures performed, but it accounted for about 43% of the total dose resulting from those
procedures (WHO, 2016). Recent publications (Smith-Bindman et al., 2019; Canadian Nuclear
Safety Commission, 2019; Pyfferoen et al., 2017; Liang et al., 2017) continue to suggest CT as the
major contributor to patient radiation exposure in medicine. Particularly, national and
multinational surveys continue to indicate wide-ranging CT radiation dose levels across facilities
and countries (Smith-Bindman et al., 2019).

Reviewed international publications, with emphasis on commonly performed procedures,
indicate typical paediatric CT effective doses in the range of head (0.8-2.0 mSv), chest (1.1-5.1
mSv), abdomino/pelvic (0.6-23.5 mSv) and spine (0.6-10 mSv) (Strauss et al., 2019; Ekpo et al.,
2019; Saravanakumar et al., 2017; Kanal et al., 2017; Public Health England, 2016; European
Union, 2014; Miglioretti et al., 2013; Brady et al., 2012; Muhogoraet al., 2010). Adult CT effective
doses also fall in the range of head (1.5- 5.8 mSv), abdomen (8.0- 39 mSv), chest (2.7-24 mSv),
thorax high resolution (13.4-25 mSv), CT pulmonary angiogram (2.7-30 mSv), abdomen low-dose
for kidney stones (3.3-11 mSv), CT urography (2.5-45 mSv) and thorax-abdomen (11.5-40 mSv)
(Canadian Nuclear Safety Commission, 2019; IAEA, 2019; Ekpo et al., 2018; United States Food
and Drug Administration, 2017; Public Health England, 2016; van der Molen et al., 2013; Korir,
2012; Muhogora et al., 2009; Smith-Bindman et al., 2009; ICRP, 2000). A recent study (Smith-
Bindman et al., 2019) which evaluated the variation in adult radiation dose for CT procedures
among countries also found a large variation of about a 4-fold range (7.0-25.7 mSv) in the mean
effective dose for adult abdominal CT procedures.. The mean effective dose for chest CT

examination also ranged from 1.7-6.4 mSv, while that of combined chest and abdomen CT
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examinations varied from 10.0-37.9 mSv. Head and pulmonary embolism CT effective doses also
varied from 1.4-1.9 mSv, 8-27% and 5. 0- 33.2 mSv, respectively.

In Ghana, there is a paucity of studies on national radiation dose levels in CT. However,
available studies, mainly among few facilities, provide pertinent information on the dose levels
across some facilities in the country. In particular, studies (Sackey et al., 2018; Akyea-Larbi et
al., 2016; Anim-sampong et al., 2015; Hasford et al., 2015; Inkoom et al., 2014) reported adult CT
effective doses in the range of head (1.1-5.2 mSv), chest (2.7 - 13.5 mSv), abdomen (5.3-24.0
mSv), neck (2.58-4.5 mSv), pelvis (4.82-9.1 mSv), and lumbar spine (9.2-11.2 mSv). Another
study (Shirazu et al., 2017a) has quite recently reported mean renal doses of 10.36 mSv for females
and 11.58 mSv for males in Ghana. With respect to paediatrics, a couple of studies (Addo, 2016;
Gedel and Gablah, 2014) have reported CT effective doses in the range of head (0.9-3.2 mSv),
chest (1.14-13.3 mSv) and abdomen (1.42-17.7 mSv). These evidences indicate that the radiation
doses associated with CT imaging are high (more than 150 times) compared with conventional x-
rays (Pyfferoen et al., 2017; Storrs, 2013). Therefore, there is the need for dose management and
optimisation methods to reduce the potential health risks associated with CT radiation in Ghana

and beyond (Pyfferoen et al., 2017; Storrs, 2013; Pearce et al., 2012).
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2.5 Radiation Risks

lonising radiation could cause detrimental effects to living tissues and the mechanisms
leading to these effects are complex. Basically, during exposure of living tissues to ionising
radiation, energy is deposited in the tissues which could disrupt the organic molecules causing
direct or indirect damage to the deoxyribonucleic acid (DNA) (Desouky et al., 2015). A DNA that
is directly struck by ionising radiation could suffer direct damage, disrupting the genetic
information. Indirect damage also arises when radiation interacts near the genetic material and
releases electrons which react with a water molecule, forming a strong free radical (Pearce et al.,
2012). The radiation interactions can create several highly reactive radicals that could react with
DNA molecules to cause molecular structural injuries (Alkhorayef et al., 2017; Desouky et al.,
2015; Mazrani et al., 2007). Due to the small volume of the DNA in relation to that of the cell, the
probability of the occurrence of direct radiation damage of DNA is small (Goodman, 2018). Most
(2 in 3) x-ray radiation induced damages are caused by indirect processes, as a cell is made up of
nearly 70% water (Pearce et al., 2012). Apart from the effect of water radiolysis products, some
evidence (Wardman, 2009) suggests that radiation activated reactive nitrogen species (RNS,)
among others, could also cause molecular damage in the DNA. Damage to a DNA, through direct
or indirect means, may be repaired correctly, or have several consequences. These include cell
apoptosis or genetic mutations and alterations, which could induce health abnormalities and
carcinogenesis (manifesting themselves over several years, even decades later) (Shah et al., 2012).
The risk is much higher among children than in adults, because of the radiosensitivity of their
developing tissues as a result of their rapidly dividing cells, high metabolic rate and developing
cells (Goodman, 2018; Minami and Kudo, 2015). Figure 2.4 illustrates the direct and indirect

impact of radiation dose on the DNA.

26



X-1ays or y-rays

single strand break

| " HO? neutral hydroxide

double strand break )
B

A

Figure 2.4: Schematic diagram of radiation impact on DNA, where plates A and B show
direct and indirect impacts of radiation, respectively (Teach Nuclear, 2019).

The effect of radiation on humans has been classed into deterministic and stochastic effects.
Deterministic effects are those that ensue when a threshold of dose has been exceeded, and the
severity of the effect increases with radiation dose (Shah et al., 2012; Hall and Brenner, 2008).
Some deterministic effects and their radiation threshold levels include erythema (2 Gy), epilation
(3 Gy), cataract (2-10 Gy), sterility (2.5-3.5 Gy) and death (> 10 Gy to whole body) (Goodman,
2018).

Any radiation effects (primarily cancer and genetic effects) which occur by chance, without
exceeding a radiation threshold level are referred to as stochastic effects. The probability of its
incidence increases with dose (Alkhorayef et al., 2017; Desouky et al., 2015). At low dose levels
(below 100 mSv), including CT doses, stochastic effects could occur, though, there are
considerable uncertainties in estimating the risk of developing a radiation-induced cancer
(National Research Council, 2006). Statistical models indicate that higher radiation levels (as used

in CT) may cause more stochastic effects than low levels (as in conventional x-rays) (National
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Research Council, 2006). Radiation-induced effect responses for both deterministic (a) and

stochastic effects (b), are presented in Figure 2.5.
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Figure 2.5: Diagram of deterministic (a) and stochastic (b) effect-dose response curves
(Rahman, 2018).

Models used to predict radiation risks have been established by organisations such as the
National Council on Radiation Protection and Measurements (NCRP, 1993), the United Nations
Scientific Committee on the Effect of Atomic Radiation (UNSCEAR, 2000), the United States
Environmental Protection Agency (1999), the Biological Effect of lonising Radiation (BEIR VII)
Committee (National Research Council, 2006), and the ICRP (ICRP, 2007). In literature, the BEIR
VIl Report of 2006 (phase 2) is considered the most widely used model for estimating risk of
cancer, based on the magnitude of a single radiation exposure, and a patient’s age and sex at
exposure (National Research Council, 2006). The model was developed based on the extensive

studies on the survivors of Hiroshima and Nagasaki atomic bombs explosion, and is centred on the
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linear no-threshold model (LNT) concept, with the assumption that the smallest dose has the
potential to cause a small increase in radiation risk to humans (National Research Council, 2006).

Specific models used to express cancer risks include the excess relative risk (ERR), which
is the proportional increase in risk over the background absolute risk (in the absence of exposure),
and the excess absolute risk (EAR) which is the additional risk above the background absolute risk
(Lim et al., 2018). The lifetime attributable risk (LAR) uses different final risk models such as
EAR and ERR to predict risks for different organs (Lim et al., 2018). The LAR is defined as the
probability of radiation-induced cancers or related mortality in a population of 100,000 who have
been exposed to 100 mGy (Halid et al., 2018). The LAR at the age of “a” for a gender “g” given

an exposure of “D” at an exposure age “€” can be expressed as follows (equation 2.11).

amax S. ,
LAR(D,e,g) = _[M(D,e,a,g)%da (2.12)
e+L aj \™

where L = minimal latent period (5 year for solid cancers, 2 year for leukaemia),
Saj(a, g) = a survival rate for gender “g” aged “@” unless the person suffers exposure to radiation,
Saj(a,9)/Saj(e,g) = a conditional probability that a person survives from the exposure age “e” till an
attained age, M(a,g) = baseline risk, o = risk transport weight factor obtained from the BEIR VII
report (Lim et al., 2018).

In EAR model: M (D.e,a,g) = EAR(D,e,a,g) (2.12)

ERR model: M (D,e,a,g) = ERR(D,e a,g) (2.13)

Combined model: m (D, e, a, g) = vEAR(D, e,a,g)+ (1— @)ERR(D,e,a,g)m(a,g) (2.14)
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For simplicity, the BEIR VII report has generated lifetime attributable risk of cancer
incidence and mortality coefficients. They have been aggregated with cancer rates in 100,000 lives
for various organs based on a single dose of 0.1 Gy at several specific ages, from which many
explorations on radiation risks could be estimated (National Research Council, 2006). Tables 2.1
and 2.2 show the lifetime attributable risk of cancer and mortality coefficients, as aggregated by
the BEIR model.

Table 2.1: Lifetime attributable risk of cancer incidence coefficients from Table 12D-1 of
BEIR Report (National Research Council, 2006)

Age at Exposure (years)

Cancer Site 0 5 10 15 20 30 40 50 60 70 80

Males
Stomach 76 65 55 46 40 28 27 25 20 14 7
Colon 336 285 241 204 173 125 122 113 94 65 30
Liver 61 50 43 36 30 22 21 19 14 8 3
Lung 314 261 216 180 149 105 104 101 80 65 34
Prostate 03 80 67 57 48 35 35 33 26 14 3
Bladder 200 177 150 127 108 79 79 76 66 47 23
Other 1123 672 503 394 312 198 172 140 98 57 23
Thyroid 115 76 50 33 21 9 3 1 03 0.1 0.0
All solid 2326 1667 1325 1076 881 602 564 507 407 270 126
Leukemia 237 149 120 105 96 84 84 84 82 73 48
All cancers 2563 1816 1445 1182 977 686 648 591 489 343 174

Females
Stomach 101 85 72 61 52 36 35 32 27 19 11
Colon 220 187 158 134 114 82 79 73 62 45 23
Liver 28 23 20 16 14 10 10 0 7 5 2
Lung 733 608 504 417 346 242 240 230 201 147 77
Breast 1171 914 712 553 420 253 141 70 31 12 4
Uterus 50 42 36 30 26 18 16 13 0 5 2
Ovary 104 87 73 60 50 34 31 25 18 11 3
Bladder 212 180 152 129 109 79 78 T4 64 47 24
Other 1339 719 523 409 323 207 181 148 109 68 30
Thyroid 634 419 275 178 113 41 14 4 1 0.3 0.0
All solid 4592 3265 2525 1988 1575 1002 824 678 529 358 177
Leukemia 185 112 86 76 71 63 62 62 57 51 37
All cancers 4777 3377 2611 2064 1646 1065 886 740 586 400 214

NOTE: Number of cases per 100,000 persons exposed to a single dose of 0.1 Gy.
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Table 2.2: Lifetime attributable risk of cancer mortality coefficients from Table 12D-2 of
BEIR report (National Research Council, 2006)

Age at Exposure (years)

Cancer Site 0 5 10 15 20 30 40 50 60 70 80

Males
Stomach 41 4 30 25 21 16 15 13 11 8 4
Colon 163 139 117 99 84 61 60 57 49 36 21
Liver 44 37 31 27 23 16 16 14 12 8 4
Lung 318 264 219 182 151 107 107 104 03 71 42
Prostate 17 15 12 10 9 7 6 7 7 7 5
Bladder 45 38 32 27 23 17 17 17 17 15 10
Other 400 255 200 162 134 04 88 77 58 36 17
All solid 1028 781 641 533 444 317 310 289 246 181 102
Leukemia 71 71 71 70 67 64 67 71 73 69 51
All cancers 1099 852 712 603 511 381 377 360 319 250 153

Females
Stomach 57 48 41 34 29 21 20 19 16 13 8
Colon 102 86 73 62 53 38 37 35 3l 25 15
Liver 24 20 17 14 12 0 8 8 7 5 3
Lung 643 534 442 367 305 213 212 204 183 140 81
Breast 274 214 167 130 101 61 35 19 9 5 2
Uterus 11 10 8 7 6 4 4 3 3 2 1
Ovary 55 47 39 34 28 20 20 18 15 10 5
Bladder 59 51 43 36 3l 23 23 22 22 19 13
Other 401 287 220 179 147 103 07 86 60 47 24
All solid 1717 1295 1051 862 711 491 455 415 354 265 152
Leukemia 53 52 53 52 51 51 52 54 55 52 38
All cancers 1770 1347 1104 014 762 542 507 469 409 317 190

NOTE: Number of deaths per 100,000 persons exposed to a single dose of 0.1 Gy.

A number of publications have estimated the risk of cancer using the LAR model (Lim et
al, 2018; Pai et al., 2018). In a recently published work, a group of scientists (Lim et al, 2018)
found that CT examinations could induce LAR of cancer in 10 (bladder), 36 (colon), 48 (liver), 59
(lung), 81 (stomach), 32 (thyroid), 66 (breast) and 6 (leukaemia) per 100,000 people exposed to
CT imaging. The associated LAR of radiation-induced mortality were 3 (bladder), 9 (colon), 33
(liver), 46 (lung), 23 (stomach), 1 (thyroid), 8 (breast) and 3 (leukaemia) per 100,000 population.
These values present some worrying situations. Indeed, the ICRP models have long predicted the
excessive relative risk of cancer mortality to be 5%/Sv. Therefore, there is a collective need for
effective dose management and optimisation of radiation levels in medical exposures (ICRP,

2007).
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2.6 Dose Management and Optimisation in Computed Tomography Imaging

Due to the potential risks of radiation dose levels in medical exposures, there is the need
for effective dose management and optimisation (IAEA Safety Standards Series, 2018; ICRP,
2017). The main mechanism and technical factors that play crucial roles in the management and

optimisation of patients’ doses in CT are discussed in this section.

2.6.1 Quality Management Systems

In CT imaging, quality management systems (QMS) are essential to ensure effective
radiation protection and well-being of patients (Delis et al., 2017). QMS refers to the organisational
structures, procedures and resources needed to implement quality management in an organisation
(American Society for Quality, 2019). It includes quality assurance (QA) and quality control (QC),
as well as quality improvement (QI) systems (Kruskal et al., 2009). The QA component is defined
as an interdisciplinary management tool, including policies which offers a means for guaranteeing
that all activities, including CT imaging, are effectively planned, correctly performed and assessed,
while QC is a means of applying controls to the process to ensure that the product or service (CT
imaging and care) consistently meets specifications such as providing optimal diagnostic
information while delivering low doses (IAEA, 2006). QI, on the other hand, is a systematic,
recognised approach to the assessment of practice performance and efforts to advance performance
or a means of progressing from a particular level of performance, to a higher level of quality
performance (Delis et al., 2017). A well implemented QMS, which encompasses appropriate
policies, protocols, training and activities, enables the organisations to plan effectively, do the
needed work, check that the system is functioning properly as they have been planned, and act by

addressing any issues found in the check-up process that would ultimately lead to improved
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performance. It also involves collaboration between multiple stakeholders from referring
physicians, radiologists, radiographers, medical physicists, and patients, to ensure effective patient
care and optimal image quality for diagnosis, with the aim of preventing unnecessary radiation to

people (Vano et al., 2014; Manghani, 2011).

2.6.2 Justification

In the absence of dose limitation in medical exposures, the ICRP has long recommended
the use of the principle of justification and optimisations to further manage and optimise radiation
doses in healthcare (ICRP, 2007). The justification principle implies that the exposure of patients
to radiation in medicine needs to be justified at the practice, procedure, and patient level (ICRP,
2007). In particular, it requires that medical exposures should be justified, and should produce
more benefits than harmful effects (Cannata et al., 2017). A collaboration between the referring
clinician and the radiological practitioners (radiologists and radiographers), is needed to justify
procedures, and where appropriate, a hon-ionising modality should be considered (IAEA Safety
Standards Series, 2018). Referrer guidelines and clinical decision software solutions are known
tools in the justification process, and a study (Vom and Williams, 2017) has indicated that, 58%

of unjustified radiographic examinations could be prevented by using referral guidelines.

2.6.3 Optimisation

Optimisation is the process of ensuring the radiation dose associated with imaging
procedures are optimised as low as reasonably achievable (ALARA), while the clinical objectives
are met with a consideration of societal, technical and economic factors (Cannata et al., 2017,

ICRP, 2007). In CT imaging, this is usually applied at the design of equipment and facility level,
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as well as the day to day radiological practice level (ICRP, 2007). The design, construction of
equipment, and installation of facilities play a crucial role in avoiding radiation leakages, scatter,
and excessive exposure to patients and staff (Amaoui et al., 2020). The optimisation associated
with the radiological practice requires that all the necessary tools needed for optimisation action
in any justified radiological procedure, should be applied for radiation protection and safety
(Amaoui et al., 2020). Various methods, with the majority involving the adjustment of exposure
and technical factors, have been reported for radiation dose optimisation in CT imaging (Trattner

et al., 2014); and they include the points indicated in Sections 2.6.3.1 t0 2.6.3.10, and 2.7.

2.6.3.1 Tube Current and Tube Loading (mAS)

There is a direct proportional relationship between radiation dose and tube load (the
product of tube current and the exposure time per rotation), which determines primarily the
intensity or the number of x-ray photons (photon fluence) (Raman et al., 2013) incident on a given
area of the patient. Where all parameters remain constant, a 50% reduction in tube load will

produce halve the dose (Aweda et al., 2007). However, since the image noise is inversely
proportional to the square root of the mAs (Noise « = \/m;_AS ), the noise will increase by a factor
of V2 , (40% increase), if mAs is reduced by half of its original value (Guberina et al., 2016).
This is because a reduction in mAs would result in fewer photons forming the image (Lira, et al.,

2015). Therefore, it is important that image quality acceptability levels be considered when

utilising mAs in optimisation (Guberina et al., 2016).
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2.6.3.2 Tube Voltage (kVp)

Tube potential measured in voltage or kilovoltage (kV) is defined “as the electrical
“potential” difference between anode and cathode of the X-ray tube” (Lira et al., 2015 p.1).
Increasing the tube voltage will increase the primary energy, and to some extent, the intensity of
photons energy emitted, and dose (Raman et al., 2013). A recent study (Rusandu et al., 2018) has
indicated that reducing the kilovoltage peak (kVp) factor from 100 to 80 during a pulmonary CT
angiography could produce a desirable image quality, with approximately, 50% dose reduction.
Another study (Yu et al., 2009) has also reported a dose reduction of 23% with an improved
contrast and visualisation of mural stratification, when kVp was reduced from 120 to 100.
However, the noise change is approximately inversely proportional to the change in voltage (Kalra
et al., 2004). Therefore, there is always a need for a trade-off between kVp and image quality, to

keep the patient’s dose optimised.

2.6.3.3 Pitch

In modern CT scanners, pitch is referred to as the table distance travelled (as result of the
incremental table movement) in one gantry scan revolution (360°) divided by combined thickness
of all concurrently acquired slices (Guberina et al., 2016). Using a pitch of greater than (>) 1 or
increasing table speed and table increment per gantry rotation (pitch factors) decreases scan
duration and reduces the impacted radiation dose, although image quality can be compromised
(Stradiott et al., 2009). Conversely, a pitch of less than (<) 1 could produce a better image quality
with an associated higher patient dose, therefore, an appropriate trade-off would be needed to

ensure optimisation (Stradiott et al., 2009).
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2.6.3.4 Scan Thickness

For a given anatomical scan coverage, decreasing the slice thickness also increases scan
images, the spatial resolution along the z-axis and the dose within the given body (Raman et al.,
2013; European Commission, 1999). The number of photons per a voxel decreases with decreasing
thickness (Raman et al., 2013). This leads to increased levels of image noise, which will require
an increased radiation dose to reduce the image noise levels (Raman et al., 2013). A prudent
selection of slice thickness for a particular clinical task could, therefore, be used to optimise

radiation doses in CT (Guberina et al., 2016).

2.6.3.5 X-ray Beam-Shaping Filter

In CT imaging, x-ray beam-shaping filters are used to attenuate low energy x-rays emitted
by CT x-ray tubes to allow hard enough energy to generate the needed diagnostic information
(American College of Radiology, 2010). A bowtie filter compensates for this by attenuating the
peripheral edges of the beam more than the centre to improve image quality and lower radiation

dose, particularly to the skin and peripheral organs (Yu et al., 2009).

2.6.3.6 Scan Length and Z-Axis Overscan

CT dose output (DLP) depends on the field coverage along the z-axis. Reducing the scan
range to cover just the area of interest would reduce unnecessary radiation (Rahman et al., 2018).
A study (Zinsse et al., 2019) demonstrated a dose reduction of 39.2% (without compromise on
quality) after optimising the scan length for patients with suspected acute appendicitis. In helical
imaging, overscanning (z-axis overscan) circumstances are possible where additional layers of

tissues at the start and end positions (along the z-axis) are exposed. This is needed for interpolation
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of data from algorithms. Unfortunately, this could increase patients’ effective dose by 13.1% (in
head and neck), 35.8% (in chest), and 29.0% (in abdomen) (Tzedakis et al., 2005). The use of

dynamic z-axis collimation (collimator shutter action) decreases overscanning.

2.6.3.7 Detector Configuration

Radiation dose could also be optimised by the detector configuration (Guberina et al.,
2016). Due to the wider x-ray beam and penumbra effect (overbeaming), unnecessary radiation is
common in detectors with smaller beam collimation and vice versa (Raman et al., 2013).
Moreover, detectors with high quantum detection efficiency and geometric efficiency are known

to produce optimised dose levels (Yu et al., 2009).

2.6.3.8 Automatic Exposure Control/Tube Current Modulation

Contrary to a fixed mAs system which applies the same tube load across a body of varying
thickness, the automatic exposure control (AEC) system modulates the tube current based on the
different attenuation profiles of the various part of the object under consideration to achieve a
target image quality through the scan (Merzan et al., 2017). By adjusting the mAs, doses vary
according to the varying thicknesses of the object, unlike the fixed mAs system, where smaller and
bigger volumes of a body receive similar doses. This optimisation process is reported to have
reduced radiation to patients by about 20-40%, with an opportunity to further reduce more while
ensuring good image quality (Higaki et al., 2019; Merzan et al., 2017). Modern CT scanners utilise
three (AEC) techniques, namely the angular, longitudinal (z-axis) and combined modulations
(Higaki et al., 2019). Table 2.3 presents the principles and modulation planes supporting each

technique.
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Table 2.3: AEC techniques available in modern CT systems

AEC Angular Longitudinal (z-axis) Combined
modulation
. The tube current is The tube current is adjusted along the | The tube
Technique ) ] o ) i ]
adjusted during each scanning direction of the patient, according to | current is
gantry rotation, the size and attenuation of the anatomic region | adjusted both
according to the size, | being scanned and the predetermined image | during each
shape and attenuation | quality gantry
of body region being rotation and
scanned. for each slice
position.
Modulation plane X, Y z 2,Y,2
mA
1 Thorax Abdomen
| ;‘1 M f"\,
, \ f J Ly Both

Reference: (Higaki et al., 2019).

Different principles of AEC are utilised by each manufacturer. In each, there is an image

quality (1Q) reference parameter [such as noise index, standard deviation (SD), reference mAs,

reference image etc.] by which the tube current is modulated to ensure its consistency across the

body part being scanned (Higaki et al., 2019; Merzan et al., 2017). Moreover, some manufacturers

(Siemens and GE Healthcare) have recently introduced organ dose modulation to decrease the

radiation dose to radiosensitive anterior organs by effectively lowering the tube current once the

x-ray tube is situated in the anterior area of the human body (Dixon et al., 2016). A study (Fillon

et al., 2018) found that organ dose modulation in combination with standard AEC could further

reduce breast dose by 23% with negligible effect on image quality. Table 2.4 presents the major

CT manufacturers and their reference parameter as well as their AEC systems.
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Table 2.4: The AEC systems from major manufacturers

Siemens Philips GE Toshiba
. DoseRight: Consist of Automatic .
AEC type CareDose4D: A combined Currentg Selection (ACS) that A combine AEC (AutomA 3D) | SureExposure
and modulation together with provides patient-based AEC, D- which is made up of AutomA (z- | 3D: A combined
technique regl time, onlln(:j, ci‘or}trolled DOM that provides angular AEC axis TOdUIaJI?n)' and SmartmA | AEC
tube current modulation. and Z-DOM that provides (angular modulation).
4X-CARE  similar  as | longitudinal AEC. All do not | 4Qrgan Dose
CareDose4D  but  for | work together except ACS which | Modulation (ODM) similar as
modulation doses to anterior | combine with the other two. SmartmA but for modulation
organs doses to anterior organs
: . : Noise index corresponding toa | It provides desired
IQ Quality reference mAs A reference image of a suitable required image quality is set. SD (or image
reference  (effective mAs) for a patient examination is stored. SN uality level) of
: o Based on patients quality _
parameter reference patient (70-80kg) [ AEC modulates specific mAs pixel values in

is used as a reference, and
subsequently modulates the
mAs when different patient
size is scanned.

4 X-CARE uses Quality
reference mAs but reduces
mAS when beam is facing
anterior side at an arc of
120°

values for each patient to
achieve a constant image noise
level as that of the reference
image.

characteristics, AEC modulates
the tube current to preserve the
same level of noise in each
image.

4 ODM uses Noise index but
reduces mAs when beam is
facing anterior side at an arc of
180° arc for body protocols and
a 90° for head protocols

patient-equivalent
water phantom. In
a given body, the
tube current is
modulated to
achieve the stated
value throughout
the scan.

4

Reference: (Higaki et al., 2019; Merzan et al., 2017).
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2.6.3.9 Reconstruction Algorithm

Older generations of CT scanners used filtered back projection to reconstruct CT images.
However, because of its algorithm, images reconstructed at reduced doses present image noise and
artifacts (Kim et al., 2014). Improvement in reconstruction algorithms such as iterative
reconstruction (IR) techniques iterate CT image reconstruction several times, using mathematical
algorithms to create images with lower noise (Padole et al., 2015). Different algorithmic
approaches are used by CT manufacturers; Siemens Healthcare [lterative Reconstruction in Image
Space (IRI1S), Sinogram-Affirmed Iterative Reconstruction (SAFIRE), and Advanced Model-
Based Iterative Reconstruction (ADMIRE)], Toshiba America Medical Systems [Adaptive
Iterative Dose Reduction (AIDR)], GE Healthcare [Adaptive Statistical Iterative Reconstruction
(ASIR™) and Model-Based Iterative Reconstruction [MBIR or Veo™], Philips Healthcare
[iDose™, iDose*™ and Iterative Model Reconstruction (IMR)] and Medic Vision [SafeCT]
(Padole et al., 2015; Kim et al., 2014). Some authors (Greffier et al., 2016) have reported that the
combination of AEC and IR with adequate optimisations could reduce radiation levels by 43-91%

with good image quality.

2.6.3.10 Patient Positioning

Bowtie filters and AEC systems in CT operate with the assumptions that the patient is
isocentered during scanning (Kaasalainen et al., 2014). Off-centering of a patient away from the
isocentre and closer to the tube leads to geometric magnification of the localiser radiograph and
subsequently overestimation of the amount of attenuation in the field of view (AAPM, 2014). The
reverse is also true. Unfortunately, the errors in size estimation result in wrong calculation and

application of photon flux to the patient (AAPM, 2014). These could result in image noise and
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variation in CT number and dose (Kaasalainen et al., 2014). A study found that improper
positioning of patients in the isocentre could increase breast and thyroid surface dose by 16% and

24%, respectively (Raman et al., 2013).

2.7 Diagnostic Reference Level
DRL’s introduction in medicine, its optimisation role in CT, types (anatomical, indication-
based) and existing values, and theories guiding DRL development in CT have been covered in

Section 2.7.1- 2.7.6.

2.7.1 Diagnostic Reference Level in Medicine

A Diagnostic Reference Level (DRL) is defined by the ICRP as;
“a form of investigation level, applied to an easily measured quantity, usually the absorbed
dose in air, or tissue-equivalent material at the surface of a simple phantom or a

representative patient” (ICRP, 1996 p.2).

The term “diagnostic reference level” (DRL) was first introduced in 1996 in the ICRP Publication
73 (ICRP, 1996), and then developed further in subsequently publications. The activities that
preceded the development of the DRL concept were many. However, consensus in literature
indicate that the commencement of national dose surveys promulgated the idea in medicine (ICRP,
2017; Vassileva and Rehani, 2015; Sutton et al., 2014; IAEA, 2013; ICRP, 1996; ICRP, 1991,
Shrimpton et al., 1989). The ICRP noted that, proceedings from the first nationwide x-ray dose
levels conducted in the 1970s in USA, and later in the UK during the 1980s were crucial in the

DRL concept. The consequences of these and other surveys were the reason for proposals for
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radiographic technique and dose benchmarks, of which USA and UK were the pioneers (ICRP,
2017).

The initial recommendations, which aimed at benchmarking radiation exposure level to
prevent unnecessary radiation in medicine, have been mentioned variously as exposure guides,
guideline doses, guidance levels, and reference doses (ICRP, 2017). In the UK specifically, the
Royal College of Radiologists and the National Radiological Protection Board (NRPB) jointly
agreed and introduced the concept of reference doses (Sutton et al., 2014). This was first introduced
in general radiography, and later surveys indicated “some 1300-man Sv could be saved by
persuading the 25% of hospitals with the higher doses for the six examinations they investigated
to change their technique to fall in line with the remaining 75%” (Sutton et al., 2014 p.1).

In the ICRP’s 1991 Publication 60, the concept of investigation levels (which was later
referred to as diagnostic reference levels) for diagnostic medical exposures was first proposed by
the ICRP (Hart et al., 2008). Particularly, the publication recommended the establishment of
“investigation levels, selected by the appropriate professional or regulatory agency, for application
in some common diagnostic procedures” (ICRP, 2017 p.138). Reference levels were referred to as
values of measured dose descriptors. Beyond that, specified measures or decisions ought to be
taken (ICRP, 1991; ICRP, 2007). They involved “recording levels, above which a result is
recorded, lower values being reported; investigation levels, above which the cause of the
implications of the results should be examined and interventional levels, above which some
remedial action should be taken” (ICRP, 1991; ICRP, 2007). However, these levels were not
decoupled from the principle of dose constraint, hence the need for it to be utilised with flexibility,
to permit higher doses if required in accordance with sound clinical judgment (ICRP, 1991; ICRP,

2007).
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In the ICRP Publication 73 (ICRP, 1996), the Commission decoupled the two principles
and introduced the term of diagnostic reference levels and discussed the concept in more details
(ICRP, 1996). The European Commission subsequently included DRLs in a recommendation on
diagnostic medical exposures in 1997, and the concept was advanced further, and practical advice
was given in 2001 increasing the application of DRLs to interventional radiology and providing
further guidance on flexibility in their development and implementation (ICRP, 2016). In the ICRP
publication 103, the DRLs role in optimisations were further highlighted (ICRP, 2007).

The current ICRP Publication 135 on DRLs (ICRP, 2017), was also introduced following
the need for additional advice regarding “definitions of the terms used in previous guidance,
determination of the values for DRLs, the appropriate interval for re-evaluating and updating these
values, appropriate use of DRLs in clinical practice, methods for practical application of DRL
process, and application of the DRL concept to newer imaging technologies” (ICRP, 2017 p.9).
These technologies include PET-CT, cone beam CT, dual-energy computed tomography (CT),
SPECT-CT, digital radiography, and tomosynthesis (ICRP, 2017). Recommendations to address
the challenges in paediatric practice, especially due to the broad range in sizes, were also provided.
The new definition introduced by the ICRP includes:

i DRL, which is a form of investigation level used as a tool to aid optimisation of
protection, in the medical exposure of patients for diagnostic and interventional
procedures.

ii. DRL quantity, which is a commonly and easily measured or determined radiation
metric that assesses the amount of ionising radiation used to perform a medical

imaging task.
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iii. DRL value, which is an arbitrary notional value of a DRL quantity, set at the 75"
percentile of the distribution of the medians of distributions of the DRL quantity
obtained from surveys or other means.

iv. DRL process, which is the cyclical process of establishing DRL values, using them
as a tool for optimisation, and then determining updated DRL values as tools for

further optimisation (ICRP, 2017).

2.7.2 Role of DRLs in Computed Tomography Dose Optimisation

As compared to a screen film-radiograph, CT images do not easily give indication of
over/underexposure, hence, images may appear good (often better) even if excessive and
unnecessary radiation is used (Bauhs et al., 2008). The concept of DRLs was introduced in
medicine as an additional tool to basically manage, optimise, monitor and control radiation use in
medicine without compromising image quality or patient care (ICRP, 2017, Vassileva and Rehani,
2015). It should be noted that the application of patient dose management strategies requires the
monitoring of low doses as well as high doses to ensure the preservation of the acceptable image
quality (O’Connel, 2015). DRLs are critical in addressing the wide variations in doses often
observed for same examination and similar patient groups (Kanal et al., 2017). They are not applied
to occupational and public exposures but only medical exposure (McCollough, 2017). It is also
not an ideal or a regulatory dose limit for a specific examination or an absolute upper limit for
dose, but it represents the dose level at which an inquiry into the appropriateness of the dose ought
to be initiated (McCollough, 2017). They are numerically established values expected not to be

exceeded in routine practice when standards and good practices are adhered to (Tsukamoto, 2017).
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It is simply an indicative value for identifying circumstances where the level of patient dose or
administered activity is remarkably high (Australian Government, 2016; EANM et al., 2017).

If the dose delivered by an imaging facility consistently exceeds the established DRLs, it
is a sign that the facility (including both the procedure and the equipment) should be reviewed
locally for possible causes (ICRP, 2017). The regular review of possible causes using the DRLs
as benchmarks at national, regional and local levels provides a feedback loop that ensures good
practice (IAEA, 2013). Subsequently, a corrective action could be taken to further optimise the
scanning protocols or whatever the problem might be unless clinically, the unusually high doses
could be; justified or considered necessary for that particular task (Liang et al., 2017; Australian
Government, 2016; Martin, 2016; Alessio et al., 2015; Vassileva and Rehani, 2015).

Although DRLs are considered supplements to professional judgment, and therefore do not
always offer a boundary between the ‘good’ and ‘bad’ medicine, they make a significant
contribution to good radiological practice in healthcare (Do, 2016; Rehani, 2009). As such, a DRL
is an essential tool for effective radiation dose management and QA/QC system (Tsukamoto, 2017,
Edmonds, 2009).

In jurisdictions where DRLs are well established, studies (Liang et al., 2017; MacGregor
et al., 2015; Vassileva and Rehani, 2015; Brink and Miller, 2015; Hard and Wall, 2004) have
shown that the usage of DRLs helped in reducing the range of doses in clinical practice for some
procedures. In particular, the U.K national dose surveys established a 30% reduction in
representative radiation doses for the period of 1984 to 1995, and a mean decline of approximately
50% for the period of 1985-2000 as a consequence of the establishment of DRLs and its variants
(Hard and Wall, 2004). In Canada, MacGregor et al. (2015) reported a mean radiation dose

reduction of 22% for CTDIve and 13% for DLP during the period of 2010 - 2013 as a result of
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DRLs implementation. In Finland, a study (Lajunen, 2015) has also reported a decrease of
approximately 20% in radiation dose levels between the year 2007 to 2013 following the
implementation of DRLs and other optimisation programmes. The role of the DRL
implementations in the above dose reductions is that they serve as a watch-mark for radiographers,
radiologists, medical physicists, and other medical practitioners to be mindful of in order to
optimise practices, in order to stay below the reference values.

Owing to the benefits of DRL, adult-related DRLs have been instituted in 72% of the 36
European countries, and in 81% of European Union (EU) and European free trade association
(EFTA) countries (Iceland, Norway and Switzerland) (European Commission, 2014). Moreover,
39% of the countries have instituted DRLs and 45% of EU and EFTA countries have done same
for paediatric x-ray examinations (European Commission, 2014). The WHO and the IAEA have
also included in their Bonn Call for Action 2, the need for the establishment, use of, and the
frequent update of DRLs for radiological examinations (WHO, 2016; IAEA, 2013, IAEA GSR
Part 3, 2014), while the European Society of Radiology (ESR) has recently included it in its

EuroSafe Imaging Call for Action 2018 (European Society of Radiology, 2018).

2.7.3 Anatomical DRLs in Computed Tomography

Anatomical CT DRLs are developed for a specific anatomical part/region of the body. The
most common anatomical regions of the body for which DRLs are developed include the head,
chest, abdomen, abdominopelvic, lumbar spine, pelvis, neck and a combined chest and abdomen.
Anatomical DRLs are used to benchmark radiation dose levels for examinations undertaken
around these body parts and are the most widely developed DRLs in CT (Damilakis et al., 2018).

However, the limitation associated with this type of DRLs is that, only one DRL is used to account
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for benchmark and monitor all the procedures associated with the specific anatomical area. It is
strongly argued that in CT imaging, the procedures are tailored tailed to a specific clinical question
and different imaging protocols and image quality requirements are needed for each clinical
question. Therefore, great variations in radiation dose exist among procedures performed under
the same anatomical imaging (Vocks and Frija, 2016; European Society of Radiology, 2017).
Hence, an anatomical DRL as a QA/QC tool presents some ambiguities which could lead to
unnecessary radiations (European Society of Radiology, 2017; Lajunen, 2015; Jéarvinen et al.,
2015). The European Society of Radiology (2017), has further argued that NDRLs based on
anatomical regions do not reflect clinical practice and should be re-examined using clinical
indications.

A literature search produced no established NDRLs in Ghana. However, a couple of
studies provided local anatomical reference levels. In particular, a study (Anim-Sampong, 2016)
reported anatomical adult local DRLs (LDRLs) of head (63.29 mGy; 1008.26 mGy.cm), chest
(5.92 mGy; 282.14 mGy.cm) and abdomen (6.79 mGy; 353.48 mGy.cm) for the Korle Bu
Teaching Hospital. The paediatric values were head (23.87 mGy; 406.59 mGy), chest (1.70 mGy;
67.20 mGy.cm) and abdomen (2.70 mGy; 93 mGy.cm). The adult head examination especially
was 5.5 % higher than the ICRP DRL value (ICRP, 2001). Another study (Addo, 2016) proposed
a local paediatric DRLs for the Greater Accra Region in Ghana using only four facilities. For the
head region, the age category and their DRLs were < 1 year (28 mGy; 395 mGy.cm), 1-5 years
(38 mGy; 487 mGy.cm), 6-10 years (48 mGy; 601 mGy.cm) and 11-15 years (86 mGy; 1614
mGy.cm). In the chest region, DRLs for < 1 year and 1-5 years groupings were (1 mGy; 18
mGy.cm) and (5 mGy; 110 mGy.cm), respectively. Their abdominopelvic DRLs were (3 mGy; 71

mGy.cm, < 1 year), (3 mGy; 120 mGy.cm, 1-5 years) and (10 mGy; 494 mGy.cm, 6-10 years).
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Meanwhile, other studies (Inkoom et al., 2014; Muhogora et al., 2010; Muhogora et al., 2010) have
tried to benchmark radiation doses in Ghana. However, the mean dose distribution, instead of the
75" percentile of the dose surveyed, were reported, and therefore could not be considered as DRLs
values.

Internationally, studies on anatomical DRLs are very vast. Since anatomical DRL is not
the direct focus of the study, a few of the current studies (< 8 years) have been reviewed here to
present a reflection of the current global trend on anatomical DRL values. Tables 2.5 and 2.6
present a summary of the reviewed national anatomical DRLs for adults and paediatrics,
respectively. The NDRLs for adult head CTDIvo examinations ranged from 30.4-75 mGy, while
the DLP ranged from 760 - 1358.6 mGy.cm. Other observed anatomical DRLs were in the range
of chest (9.3-30 mGy; 270-735 mGy.cm); abdomen (13.3-18 mGy; 204-555 mGy.cm);
abdominopelvic (13-35 mGy; 460-1486 mGy.cm); and a combined procedure of chest, abdomen
and pelvis (11-32.8 mGy; 421-1322 mGy.cm). Paediatric head DRLs for age groupings < 1 year,
1-5 years, > 5-10 years and > 10-15 years were in a range of (20-31 mGy; 207-1060 mGy.cm);
(35-48 mGy; 308-1493 mGy.cm); (40.3-54 mGy; 4467-1824 mGy.cm); and (35-53 mGy, 600-920

mGy.cm), respectively. The details of the reviewed DRLs are shown in Tables 2.5 and 2.6.
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Table 2.5: Reviewed existing adult national anatomical DRLs

Abdomen A .

Authors/location Head Chest /Abdominopelvic”” Chest+abd-+pelvis

CTDIlyvo DLP CTDloe DLP CTDlyo DLP  CTDlyol DLP
Ekpo et al., *
(2018), NG, 61 1310 17 735 20 1486 - -
Simantirakis et
al., (2015),GR. 66.7 1053 14.4 470 16.3 758* - -
Salama et al.,
(2017), EG. 30.4 1358.6 - - 31 1323* 32.8 1322
Butler and Kanal,
(2018), US. 57 1011 13 353 16 639* 15 779
Public Health
Er}?'a”d (2016), 63 973 12 610 13 745% 14 1000
Atag et al., 4
(2015), TR. 66.4 810 11.6 289 13.3 204 19.4 421
van der Molen et
al., (2013), NL. - 813.7 - 320 - 567" - -
Palorini et al.,
(2014), IT. 69 1312 15 569 18 555* 18 -
Foley et al.,
(2012),IE 66.2 940 9.3 393 11.6 845* - -
Zhou et al.,
(2019), CN. 51.7 906.5 10.3 412.6 18.2 886.9* - -
Santos et al., .
(2014), PT. 75 1010 14 470 18 800 - -
ARPANSA, .
(2018), AU 52 880 10 390 13 600 11 940
American College
of Radiology, *
(2018) 56 962 13 353 16 639 15 779
European Union, 760- 270- 460-
(2014) 50-75 1300 030 700 13-35 1200* i i

Key: A = abdomen (abd), A* = Abdominopelvic, NG= Nigeria, GR= Greece, EG= Egypt, US =
United States of America, UK= United Kingdom, TR= Turkey, NL=Netherlands, IT= Italy, IE=
Ireland, CN= China, PT= Portugal, AU= Australia, ARPANSA=Australian Radiation Protection
and Nuclear Safety Agency; EU= European Union. CTDIvo =volume weighted CT dose index,
DLP= dose length product. Unit; CTDIlyo =mGy; DLP=mGy.cm
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Table 2.6: Reviewed existing paediatric national anatomical DRLs

Paediatric CT <1 year 1-5 years > 5-10 years >10-15 years

part/authors CTDlva DRL CTDla DLP  CTDla DLP CTDlyo DLP

Head Atacetal., 31 288 33.4 368 40.3 467 51.3 625
(2015), TR.

Head Ekpoetal., 27 1040 48 1493 54 1824 - -
(2019), NG

Head European 20-27 270- 35-40 470- 50 620- - 850-920
Union, 340 600 900
(2014), EU

Head Vassileva et 26 440 36.0 540 43.0 690 53.0 840
al., (2015),
IAEA

Head ARPANSA, 30 470 - - - - 35 600
(2018), AU.

Chest Atagetal., 7.1 181 3.8 214 3.6 277 4.0 287
(2015),TR.

Chest  European - 12- - 55- - 105- - 200-205
Union, 200 230 370
(2014), EU

Chest  Vassileva et 5.2 130 6.0 140 6.8 170 7.3 300
al., (2015),
IAEA

Chest Santosetal., 2.42 42.75 5.6 138.5 5.65 186 7.19 194.5
(2014), PT

Chest ARPANSA, 2 60 - - - - 5 110
(2018), AU.

AP European - 27- - 125- - 240- - 400-500
Union, 130 230 400
(2014), EU

AP Vassileva et 5.2 130 7.0 250 7.8 310 9.8 460
al., (2015),
IAEA

AP ARPANSA, 7 170 - - - - 10 390
(2018), AU

AP Atac et al., 3.1 104 25 125 2.7 179 3.1 210
(2015), TR.

Key: AP= abdomen/pelvis, TR= Turkey, NG= Nigeria; EU= European Union. IAEA=
International atomic energy agency, AU= Australia, CTDIvoi =volume weighted CT dose index,
DLP= dose length product. Unit; CTDIlyo =mGy; DLP=mGy.cm
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The reviewed literature presents great variations across countries, and thus there is the need
for optimisations to harmonise the dose levels. Studies (Smith-Bindman et al., 2019; Rehani, 2015;
Vassileva and Rehani, 2015; Kalra et al., 2004) have linked the wide variations in doses, to the use
of over-age CT scanners in some jurisdictions, differences in technique factors, variation in
protocols, anatomical size and characteristics of a population, equipment technical factors,
operationalisation of scanners, and a general lack of harmonisation and application of the same

optimisation methods across countries, to improve radiation protection for patients.

2.7.4 Indication-Based Diagnostic Reference Levels

In medicine, an indication is a medical reason or a condition that leads to the
recommendation of a test, procedure or treatment (National Cancer Institute, 2017). In the
diagnostic radiology department, patients are referred for various examinations, based on their
indications.

These CT indications are several in literature. Notwithstanding, studies (Fertikh, 2015;
Marder et al., 2014) have indicated that head trauma (mostly through road traffic accidents), stroke
or cerebrovascular accident (CVA) and headaches are the most prevalent head indications in CT
imaging. In the case of stroke, a study (Marder et al., 2014) indicated that CT could differentiate
infarction from haemorrhage, and distinguish from other causes like the extracerebral haemorrhage
or glioma. Moreover, if CT is performed within 48-72 hours, it could diagnose subarachnoid
haemorrhage in over 90% of cases (Marder et al., 2014). A publication (Hamed et al., 2015)
explained that the suspicion of space occupying lesion (SOL) (usually because of malignancy,
abscess or a haematoma) is the most common reason for headache related CT examinations. In the
chest region, some literature (Purysko, 2016; Willson et al., 2014) indicated that lung cancer and
other primary neoplastic conditions affecting the chest and metastatic diseases are the most
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common chest CT indications. Other authors (Skinner, 2015; Gould et al., 2013) reported that
suspected pulmonary fibrosis, pneumonia, and solitary pulmonary nodule are the most indications
in CT chest imaging. A study (Wilson et al., 2014) also found that in emergency CT scans,
pulmonary embolism accounts for about 80% of the indications. Moreover, publications (Garcia
et al., 2018; Taylor, 2017) suggest that the common CT indications of the abdomen and the pelvic
regions include: abdominal pain, abdominal tumour or lesion, renal calculi or kidney stones and
abdominal injury. Others included acute appendicitis, bowel obstruction, obstructive jaundice and
metastasis (spread of cancer from the primary site) (Taylor, 2017).

In CT imaging in particular, different imaging protocols are set for specific indications
(Trattner et al., 2014). For instance, in the case of brain tumour, there are different sets of imaging
protocols compared to CVA indications, although they are all head-related procedures. Each
specific indication requires a specific diagnostic imaging requirement for its diagnosis. A DRL
that is based upon a radiation dose data derived as a result of CT imaging for a specific indication,
is referred to as an indication-based DRL (Jarvinen et al., 2015; EANM et al., 2017). It is also
referred to as a clinical DRL in some publications (Damilakis et al., 2018). The concept of
indication-based DRLs was mentioned many years ago by the ICRP (ICRP, 2017), however, the
vast majority of published DRLs have been on anatomical locations (Damilakis et al., 2018). The
anatomical approach has bracketed all indications for a particular anatomical region into one DRL.
For example, presently, an abdominal DRL is used as a dose benchmark for diagnosing kidney
stones, appendicitis, lesions in the abdomen and liver metastases in many establishments (Vock
and Frija, 2016). However, as mentioned earlier, the scanning protocols (such as collimation,
contrast usage, scan length, series, etc.) which have a corresponding effect on image quality and

dose, differ amongst the different indications for the anatomical part (European Society of
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Radiology, 2017). Some authors (Garcia-Mdnaco et al., 2019; Vock and Frija, 2016) have argued
that it is not logical to use the same (e.g. abdominal) DRL for the diagnosis of kidney stones and
of liver metastases. Hence, a single anatomical DRL for many indications of a body region is not
a very reasonable indictor for dose optimisation, unless the clinical indication is considered
(Garcia-Ménaco et al., 2019). Reports (Ridley, 2016; Vock and Frija, 2016) have revealed that
indication-based DRLs based on CT protocols could decrease patients’ dose considerably. A recent
publication (EANM et al., 2017) further indicated that indication-based DRLs and its
implementation could narrow down dose monitoring in CT examination and offer another level of
accountability concerning the usage of radiation in medicine. It also argued that setting up
indication—based DRLs would involve more classification of patient diseases where different dose
outputs for one anatomical part are realistic, but this will help to reduce the overall dose to patients
since, it could complement the other existing DRLs (Bujila, et al., 2018).

Due to the many indications in CT, DRLs cannot be set simultaneously for all of them.
Moreover, some indications share similar diagnostic requirement and protocols hence they could
have common DRL values. However, it is advised that initial indication DRLs should centre on
the most common ones contributing enormously to a population dose (Vock and Frija, 2016).
These could include “acute head trauma, acute stroke, pulmonary embolus, pulmonary metastases,
diffuse parenchymal disease, liver metastases, urinary calculus (stone), appendicitis, CT

colonography and calcium coronary scoring” (Vock and Frija, 2016 p. 7-8).

53



2.7.5 Existing Indication-Based DRLs in Computed Tomography

There was no literature on either local or national indication-based DRLs in Ghana.
International publications on indication-based DRLs are few, unlike the anatomical DRLs. The
available DRLs are largely from Europe, with none from Africa, to re-emphasise the importance
of this current study as a model indication-based DRLs for Africa.

Based on the literature, the most common adult indications and their DRLs were
CVA/stroke (60-80 mGy; 970mGy.cm), brain haemorrhage (58-65 mGy, 930-1000 mGy.cm),
sinusitis (9-25 mGy, 120-350 mGy.cm), lung cancer (9-16 mGy; 350-610 mGy.cm), pulmonary
embolism (13-19 mGy, 300-557 mGy.cm) and Coronary CT angiogram (20-90 mGy; 173-1510
mGy.cm). Tables 2.7-2.10 summarise the available adult indication-based DRLs as obtained from

the literature.
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Table 2.7: Adult head CT DRLs, based on clinical indications

Ind. Acute Acute Acute Head trauma/  Haemorrhage, Brain Sinusitis cholesteatoma

stroke/post stroke/ stroke/brain Injury aneurysms, metastases,

fossa Cerebrum (whole) arteriovenous SOL

Ref. malformations abscess

CTDlw DLP CTDly DLP CTDle DLP CTDlwe DLP CTDlhg DLP CTDle DLP  CTDle DLP CTDla DLP
2 - - - - - - - - 58 930* - - - - - -
10 80 - 60 - 60 970 - - - - - - - - -
112 - - - - - - - - - - - - 9 120* - -
(A& - - - - - - - - 65 1000* 65 1000 25 350* 50 250*
%A - - - - - - - - - 936* - - - 133* - -
Vi2 - - - - - - - - - - - - - 90* - -
Vi - - - - - - 60 950 - - - - - - - -

Key: Ind.= indication, Ref. = Reference. SOL= space occupying lesion. CTDIvo =volume weighted CT dose index, DLP= dose length
product. Unit; CTDIlvo =mGy; DLP=mGy.cm. References: [I: Danish Health Authority, (2015), DK; II: Public Health England, (2016),
UK; I1I: Schegerer et al., (2017), DE; IV: Treier et al., (2010), CH; V: Van der Molen et al., (2013), NL; VI: Wachabauer et al., (2017),
AT; VII: Widmark, (2018), NO].
2 Data with regulatory value implemented * single sequence procedure.
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Table 2.8: Adult chest CT DRLs, based on clinical indications

Indication Lung cancer Interstitial Interstitial Pulmonary  Coronary CT Calcium
lung lung disease embolism angiogram Scoring
disease (axial) (helical) (CCTA)
Reference
CTDl DLP CTDlwy DLP CTDle DLP CTDly DLP CTDle DLP CTDly DLP
Danish Health Authority, (DK) (2015)2 16 620’ - - 13 500* - - 29 230 - -
Public Health England, (UK), (2016)? 12 610’ 4 140* 12 350 13 440* - - - -
Schegerer et al., (DE), (2017)2 - - - - - - 15 300* - - 8 119*
Treier et al., (CH), (2010)2 - - - - - - - - - 10007 150*
Van der Molen et al., (NL), (2013)? - - - - - 276* - 371* - 671* - 51*
Wachabauer et al., (AT), (2017)2 - - - - - - - 400* - - -
Widmark, (NO), (2018)2 9 350*
Castellano et al., (UK), (2017)2 - - - - - - - - - 173* - -
Foley et al., (IR), (2012) 7 276* 13 432* - - - -
Fukushima et al., (JP), (2012) - - - - - - - - - 1510° - -
German Federal Office for Radiation - - - - - - - - 20 330* - -
Protection, (DE), (2016)?
Hausleiter et al., (2009) - - - - - - - - - 11527 - -
Japan Network for Research and Information - - - - - - - - 90 1400° - -
on Medical Exposures, (JP), (2015)2
Kanal et al., (USA), (2017) - - - - - - 19 5577 - - - -
Mafalanka et al., (FR), (2015)2 - - - - - - - - - 870* - -
Palorini et al., (IT), (2014) - - - - - - - - - 1208’ - 131*

Radiation and Nuclear Safety Authority (FI), 11 430* - - - - - - - - - -
(2013)2 and Lajunen, (2015), (FI)

Salama et al., (EG), (2017) - - - - 22 421* - - - - - -

Key: CTDlvoi =volume weighted CT dose index, DLP= dose length product. Unit; CTDlvoi =mGy; DLP=mGy.cm). 2 Data with
regulatory value implemented * single sequence procedure, “undeclared number of sequences. Letters in bracket eg. DK, UK are
internationally accepted country abbreviations.  Data with regulatory value implemented.
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Table 2.9: Adult abdomen and pelvic region CT DRLSs, based on clinical indications

Indication Liver Abdomen- Kidney Kidney Acute Pancreas
Metastases  pelvic abscess  stones/colic  tumour/colic ~ Abdomen Cancer
CT-IVU
Reference
CTDlo DLP CTDho DLP CTDlo DLP CTDle DLP CTDlo DLP CTDla DLP

Danish Health Authority, (DK), (2015)? - - - - - - - - 17 700 - -
Public Health England, (UK), (2016)2 14 910 15 745 10 460* 13 1150 - - - -
Radiation and Nuclear Safety Authority (FI) - - - - 7 330* - - - - - -
(2013) 2 and Lajunen, (2015), FI.
Salama et al., (EG), (2017) 31 1423 - - - - - - - - - -
Treier et al., (CH), (2010)2 15 400 - - - - - - - - - -
Van der Molen et al., (NL), (2013)? - - - - - 329* - 1371 - - - 1000
Wachabauer et al., (AT), (2017)2 - 400 - - - - - - - - - -
Widmark, (NO), (2018)2 11 800 - - - - 13 1300 - - - -

Key: CTDlIvo =volume weighted CT dose index, DLP= dose length product. Unit; CTDIlvo =mGy; DLP=mGy.cm). CT-IVU= computed
tomography intravenous urography. 2 Data with regulatory value implemented * single sequence procedure. Letters in bracket eg. DK,
UK are internationally accepted country abbreviations.
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Cont'd Table 2.9: Adult abdomen and pelvic region CT DRLs based on clinical indications

Indication. Abscess Virtual colonoscopy  CT angiography for ~ Suspicion of lymphoma
Lymphadenopathy  (VC) - polyps/tumour  abdominal aortic
Reference aneurysm (AAA)
CTDlvol DLP CTDlvol DLP CTDlvol DLP CTDlvol DLP
(mGy) (mGy.cm) (mGy) (mGy.cm) (mGy) (mGy.cm) (mGy) (mGy.cm)
Public Health England, (UK), (2016)® 15 745 11 950 - - - -
15 650 - - 15 650 - -

Treier et al., (CH), (2010)?
Van der Molen et al., (NL) (2013)? - -

Wachabauer et al., (AT), (2017)® - 650 -
Lajunen, (FI), (2015) - - 12 930 - - 17 970
Key: CTDIlvoi =volume weighted CT dose index, DLP= dose length product. Unit; CTDIlw =mGy; DLP=mGy.cm). # Data with

regulatory value implemented * single sequence procedure. Letters in bracket eg. UK, CH are internationally accepted country

- - 727 - -

abbreviations.

Table 2.10: Adult cervical CT DRLs, based on clinical indications

Indication. Fracture Disk pathology Adenopathy, abscesses
Reference
CTDlyol DLP CTDlyol DLP CTDlyol DLP
(mGy) (mGy.cm) (mGy) (mGy.cm) (mGy) (mGy.cm)
German Federal Office for Radiation 20* - 25* - - -
Protection, (DE), (2016)?
Public Health England (UK), (2016)? 26* 600* - - - -
Treier et al., (CH), (2010)? - - - - 30* 600*

Key: CTDlvor =volume weighted CTDI, DLP= dose length product. Unit; CTDl,o =mGy; DLP=mGy.cm).  Data with regulatory value
implemented * single sequence procedure. Letters in bracket eg. DE, CH are internationally accepted country abbreviations.
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2.7.6 Theories Guiding DRL Development in Computed Tomography

Studies (American College of Radiology, 2018; ICRP, 2017; ICRP, 2007) show that the
process leading to the establishment of DRLs requires co-operations among stakeholders within
an organisation responsible for the establishment and implementations of DRLs. Other
publications (Do, 2016; Korir et al., 2016) have suggested that although government, through the
authorised regulatory body has a duty to ensure that NDRLs are established for a country, the
development of DRL values could be conducted by an individual, institutions or professional
medical bodies. However, such derived numerical values are advisory, and the implementation is
supposed to be done by an authorised body (Do, 2016). According to the IAEA, in certain
countries, a national governmental body manages the national patient dose database for DRLs
whereas in other countries, this role is taken by a regulatory body or a professional body (IAEA,
2013). A publication (Jarvinen et al., 2017) has further stressed that successful DRLs
developments have largely been based on three factors, namely, national actions, efforts at the
level of local institutions and efforts by individuals. The current ICRP recommendation on DRLs
(ICRP, 2017) suggests that DRLs could also be adopted by institutions based upon published
values that are suitable for local conditions, yet managements must take responsibilities for such
DRLs. Same can also be done for countries where responsible bodies failed to establish DRLs
based on their own dose registry or dosimetry (IAEA, 2013). A publication (European
Commission, 2014), indicates that about 77% of adult DRLs in Europe are based on the countries’
own national dose surveys, while the remainder are adopted values. However, the disadvantage of
adopting existing DRLs is that local levels may be far lower than the set DRLs and sometimes

could defeat the purpose of dose optimisation (Rogers, 2014).
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Available literature (ICRP, 2017; IAEA, 2013) further indicates that, the DRL descriptors
(quantity) on which DRLs are developed should be centred on metric that can easily and directly
be measured in a practical way to reflect what is used in the clinical practice. Particularly, dose
descriptors from a direct measurement for a procedure, or that obtainable from the imaging
equipment which indicate the amount of radiation used are preferred (ICRP, 2017; IAEA, 2013).
The IAEA has argued that effective dose, for instance, is a key indicator for estimating radiation
risks statistically; however, in DRL it is not applicable as a key indicator because the quantity
requires additional assumptions (IAEA, 2013). Currently, in MDCTs technology, dose quantities
for DRL establishments are the CTDIvoi of each sequence and cumulative DLP for the entire
examination (ICRP, 2017), which are mandatory to display on the console of CT scanners, post
examination (International Electrotechnical Commission, 2011; Institute of Physics and
Engineering in Medicine, 2005). Size-specific dose estimate (SSDE) is thought to provide a more
accurate estimate in the future, particularly, of paediatric patient doses than the aforementioned
metrics, when scanner technology provides automatic calculation (ICRP, 2017; AAPM, 2014).

Studies (ICRP, 2017; Public Health England, 2016; IAEA, 2013, Smith-Bindman and
Miglioretti, 2011) have ascertained that CT-console-displayed quantities are reliable for
establishing DRLs, provided equipment status and validation checks are performed as part of local
QA/QC measures. This requires that scanner performance characteristics (in particular CTDlyol
and DLP) shown on CT console are comparable to the results of a well calibrated CT dose quantity
measuring device (such as ionisation chamber traceable to a primary or secondary standard
laboratory) which has been scanned under same conditions (ICRP, 2017; Public Health England,
2016; IAEA, 2013; ICRP, 2007). In instances where a particular scanner fails a performance test,

it could be excluded, or a correction factor could be applied in the DRL study (IAEA, 2012).
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There are two methods of measuring doses and developing DRLs in diagnostic imaging
like CT examinations. These involve the use of phantom data (phantom-based dosimetry) and
patient data (patient-based dosimetry) (National Council on Radiation Protection and
Measurements, 2012; Vassileva and Rehani, 2015). An advantage of the phantom-based dosimetry
is that it requires only one or two exposures for each procedure type, and for each radiologic
facility. However, the drawback of this approach is that phantom-based dosimetry does not
characterise actual clinical state (Vassileva and Rehani, 2015). In the case of patient-based
dosimetry, patients’ data are generated during a clinical task to reflect practice. Many international
bodies (ICRP, (2017; Public Health England, 2016; IAEA, 2013) strongly recommend patient-
based dosimetry as the gold standard in CT-based DRLs. Table 2.11 shows the ICRP’s
recommended method of dose assessment/survey for DRL development for various modalities in

medical imaging (ICRP, 2017).
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Table 2.11 Examination selection and ICRP’s recommended assessment method for DRLs

(ICRP, 2017).

Examination DEL recommended Method of assessment

Mammography Yes Patient survey to set DRL and
phantom measurements as
standard dose comparator

Intra-oral dental Yes Ouiput measurement on stan-

radiography dard settings

Panoramic dental Yes Measurement of air kerma-

radiography area product on standard
settings

CT Yes Patient survey

Radiography of the Yes Patient survey preferred

trunk

Skull radiography Yes Patient survey

Paediatric radiology Yes Patient survey

Paediatric CT Yes Patient survey

Extremity Yes (lower priority) Patient survey

radiography

Mobile radiography
MNeonatal
radiography
Paediatric mobile
radiography

Barium studies
Interventional radiol-
ogy and cardiology
Other luoroscopy

MNuclear medicine —
adult

MNuclear medicine —
paediatric

Bone densitometry

Yes (lower priority)
Yes

Yes (for dedicated
children’s hospitals)

Yes
Yes

Possibly, depending
on kevel of use

Yes

Yes

Yes (lower priority)

Patient survey
Patient survey

Patient survey

Patient survey
Patient survey

Patient survey

Based on administered activity
or, preferably, activity per
body weight

Based on administered activity
with adjustments for the size or
weight of the child

Patient survey

DRL, diagnostic reference level; CT, computed tomography.
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Studies (ICRP, 2017; IAEA, 2013; American College of Radiology, 2014; ICRP, 2001),
have further suggested that if patient-based dosimetry or measurements are used in DRL
developments, a large and representative patient sample, typically of 10 or more, should be
selected from each of the facilities involved. However, the current ICRP recommendation on DRLS
has suggested at least 20 patients, with 30 as its preferred sample size (ICRP, 2017). A report
(Vassileva and Rehani, 2015) further indicated that the total inclusion of available scanners in
DRLs development produces a generalisable result. However, this may not be possible in places
where there are too many facilities. Many publications (ICRP, 2017; Kanal et al., 2017; Vock and
Frija, 2016; IAEA, 2013) have also indicated that a national survey of dose quantities on which
initial DRLs could be set should randomly cover about 20-30 of the facilities including medium-
and large-sized healthcare facilities. They further suggested that the national survey should include
30-50% of facilities in small countries, while LDRLSs should comprise much of the facilities.

The ICRP Publication, 135 in particular, also indicated that the development of DRLs
should take into consideration the populations’ pertinent characteristics like weight and height or
the body mass indexes (ICRP, 2017). Many authors (Kanal et al., 2017; ICRP, 2017; Tsukamoto,
2017; Vassileva and Rehani, 2015, IAEA, 2013) agreed that x-ray beam attenuation depends on
the amount of body tissue through which the beam has to penetrate. Therefore, it is important that
DRLs are developed for a specific body size by the use of weight restrictions that reflect the
common characteristics of a population of study. According to some publications (European
Commission, 2014; IAEA, 2013), the standard mean body weight of an adult population is often
defined as 70 £ 10 kg and this has been mostly used in setting DRLs. However, a study
(Tsukamoto, 2017) noted that country populations vary in weight. Hence, using the 70 £ 10 kg as

the reference weight for adult populations may not be necessarily appropriate for all countries. In
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the case of Japan for instance, it was noted that the weight category of 50-70 kg was a suitable
standard weight for establishing DRLs for routine procedures for Japanese adults (Tsukamoto,
2017). Some authors (Vock and Frija, 2016) have also argued that, often patients vary in size from
country to country, hence setting DRLs with a standardised sample may not cover very obese and
thin patients, and thus, would have some adverse implications on its universal
implementation. Consequently, the ICRP Publication 135 has recommended a mean weight of 70
+ 10 Kkg; or a range of 50-90 kg with 70-kg mean; or an appropriate weight
standardisation/restriction set for each population of interest to be used in adult DRLs (ICRP,
2017). This is particularly, crucial if the number of patients per each facility for whom data is
collected is limited (< 50), unless large samples (> 50) are used (ICRP, 2017).

In the case of paediatrics, it has been suggested that the weight band should be categorised
at <5 kg, 5-<15 kg, 15 —<30 kg, 30 —<50 kg, and 50-< 80 kg; and where ages are required, it
should involve around the ages of 0, 1, 5, 10, and 15 years (ICRP, 2017). A study (Vock and Frija,
2016) has further suggested “age-grouping” for head related DRLs while trunk examinations
should be based on “weight and body size groupings” if possible.

There are three categories of DRLs namely, local (LDRL), national (NDRL) and regional
(RDRL) (ICRP, 2017). Both LDRL and NDRL are established using the 75" percentile of the
median values of dose distribution, although the 50" (also referred to as the achievable dose) and
25" percentiles among other values, are sometimes estimated (ICRP, 2017; Vassileva and Rehani,
2015). The LDRL is calculated on the dose distribution gained from radiology facilities in a single
large medical unit or a group of medical units within a hospital, surveyed for standardised patient
groupings, while the NDRL is calculated from a representative sample of radiology departments

in a country (ICRP, 2017). The RDRL on the other hand, is based on median value of NDRLSs of
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countries within a geographic region or a continent (ICRP, 2017). One key philosophy of a DRL
is to offer the 25% of the facilities or the practices with median radiation dose outputs above the
established DRL to work hard towards dose optimisation (American College of Radiology, 2018;
Rogers, 2014). However, it is argued that the DRL on its own is no encouragement to the other
75% of facilities that attained dose outputs lower than the DRL but should guide them to further
manage their dose and investigate those that are below the 25™ percentile (Zira and Nzotta, 2016;
Rogers, 2014). A pictorial view of how a DRL is estimated at the 75" percentile is presented in

Figure 2.6.
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Figure 2.6: A diagram showing the 75" percentile value of a dose distribution (Vock and
Frija, 2016).
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Reviewed older publications (Foley et al., 2012; McCollough et al., 2011; Watson and
Coakley, 2010; Treier et al., 2010; Matthews and Brennan, 2009; Institute of Physics and
Engineering in Medicine, 2005; ICRP, 1996) have statistically used the mean value of dose
descriptors/quantities of each facility in the DRLs estimation. However, more recent studies
(Razali et al., 2019; European Union, 2018; Wagner et al., 2018; ICRP, 2017; European
commission, 2015; IAEA, 2013) recommend the use of statistical median value, as it is noted that
a few outliers could significantly influence mean values.

Studies (Ria et al., 2019; ICRP, 2017) further indicated that for effective development of
DRLs, it is needful that all the images associated with the dose descriptors are within the acceptable
diagnostic quality. They argued that the greatest importance for any diagnostic radiological
procedure is to obtain image quality enough for the clinical task. Therefore, developing a DRL,
particularly an indication-based DRL, without considering the image quality may significantly
limit its objective. Structurally, the anatomical DRLs and indication-based DRLs are similar in
their development approaches except that the former is set using radiation dose information
associated with anatomical region of the body, while the latter is developed using data from
specific clinical indications. Of particular importance in indication-based DRLs, is that the basic
diagnostic imaging requirements and the image quality have to be taken into account during data
collection (ICRP, 2017). Radiologists or approved documented protocols could be used to define
these requirements to select the appropriate images and their corresponding dose descriptors
deemed required without including the unnecessary ones (Brat et al., 2019; Healthmanagement,

2018; ICRP, 2017).
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CHAPTER THREE

MATERIALS AND METHODS

3.0 Overview
This Chapter presents the materials and methods used for conducting the study. It highlights the
study design, study area and components, procedures, and data analyses for all the phases (1-6) of

the study, as well as ethical consideration and data handling.

3.1 Study Design

A research design is a blueprint adopted by a researcher to validly, objectively, accurately
and economically answer a research question (Bowling, 2014). There are many available research
designs. However, in DRL studies, designs based on numerical data are the gold standard (ICRP,
2017). Therefore, as the study was directed at using numerical data on the CT facilities across the
country to develop indication-based DRLs, and propose optimisation approaches for radiation
protection of patients in clinical practice in Ghana, it was necessary to use quantitative,
prospective, cross-sectional, and experimental study designs in this study. A quantitative cross-
sectional design allows a researcher to empirically gather information at one point in time to
describe a population of interest (e.g. CT facilities), while experimental design allows
interventions to be deliberately introduced, to observe their effects (Mitchell, 2015). In particular,
the prospective component of these designs offers opportunities to undertake very crucial QC
assessments of the CT scanners prior to the collection and manipulation of needed data. The
decision to use these study designs is also supported by literature, as international

recommendations (American College of Radiology, 2018; European Society of Radiology, 2018;
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ICRP, 2017, European Commission, 2015; IAEA, 2013; AAPM, 2008; ICRP, 2007; ICRP,

1996), on DRLs have all been grounded on this approach.

3.2 Study Area and Components

In order to situate the study within a research frame and outline the major component of
the project, a methodological framework was used (Figure 3.1). Many publications (American
College of Radiology, 2018; European Society of Radiology, 2018; ICRP, 2017, Vassileva and
Rehani; 2015; European Commission, 2015; IAEA, 2013; Treier et al., 2010; AAPM, 2008;
ICRP, 2007; ICRP, 1996), provided the theoretical basis for the successful composition and
development of the indication-based DRL methodological framework for this study.
Specifically, it is recommended that data for determining NDRL values ought to be based on
extensive CT data obtained from surveys or registries (ICRP, 2017). To ensure this, there was the
need to first obtain technical data on the CT scanners in the country, since there was a very limited
information on the status of the infrastructure that was expected to be used in the study.

Secondly, indication-based DRLs require information on the common indications for CT
examinations in the country (European Society of Radiology, 2018); therefore, this was part of
the scope of the study. For the needed technical dose descriptors (quantity data) of the various
indications to be appropriately selected, the basic diagnostic imaging requirements for each
indication were also considered, and the concept defined.

Moreover, scanner performance characteristics data were also considered. Since these data
constitute a dosimetry standard that radiation dose (or quantity) assessments involving CT must
relate to, they should be considered in order to account for any technical challenges that may be

associated with the scanners in a study framework (IAEA, 2012; ICRP, 2007; European
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Commission, 1999). Subsequently, CT dose quantity surveys and the image quality assessments
of the CT images of the prioritised indications were also considered crucial for the DRL
development. In addition, radiation dose impact such as cancer risks associated with the
indication-based CT examinations and steps for radiation dose optimisation for the protection of
patients in CT examinations in Ghana were also explored. The study was accordingly conducted

in phases as indicated in Figure 3.1, where P1-P6 denotes Phases 1 to 6.
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Figure 3.1 Methodological framework and flow chart.
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3.3 Phase 1 Study: CT Technical Data, Common Indications and Imaging Requirements

The Phase 1 of the study centred on survey of technical data on the CT scanners, identification of
common indications and definition of basic diagnostic imaging requirements of the common

indications. The procedures for Phase 1 are outlined in Sections 3.3.1 to 3.3.6.

3.3.1 Study Site and Population

According to the current ICRP recommendation 135 (ICRP, 2017) on DRLs, a NDRL
should be set using a representative number of facilities across the country. According to the
Nuclear Regulatory Authority (NRA) of Ghana (Appendix 1), there were 35 CT scanners in Ghana
at the time of the study (December 2017). All the CT facilities were targeted for the study and the
technical heads responsible for the CT scanners were also invited to participate in the study using
an introductory letter from NRA (Appendix I1) and an information sheet (Appendix I11). The study
sites were the CT Units in the Radiology Departments of all participating facilities which
comprised public, private and quasi-government hospitals in Ghana. Figure 3.2 displays the

regional distribution (number) of CT scanners in Ghana as at December 2017.
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Figure 3.2: Regional distribution of CT scanners in Ghana as at December 2017
Note: Number of administrative regions in Ghana changed from 10 to 16 since 2019. This occurred after
data on regional distribution of CT for this study were collected.
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3.3.2 Sample Size, Inclusion and Exclusion Criteria

A sample size typically refers to the number of chosen units from which data is gathered
(Bowling, 2014). The IAEA has suggested that NDRLs must be established, based on extensive
scale surveys of the doses corresponding to typical clinical practice, for a patient group at a range
of representative medical facilities (IAEA, 2013). A study (Vock and Frija, 2016) has also
indicated that a national survey facility, from which NDRLs could be set, should cover about 30-
50% of the facilities in small countries, while LDRLs should cover much of local facilities in the
population. In order to obtain broad data across the country, a total enumeration sample size
determination method (Laerd, 2012) was used to include all the scanners in the study, in order to
deepen the representativeness of the findings. However, four (4) of the technical heads responsible
for the scanners did not sign the consent form (Appendix IV) to involve their equipment in this
study, and were subsequently excluded (Phase 1). Therefore, 31 CT scanners and their respective

technical heads participated in Phase 1 of the study.

3.3.3 Data Collection Tool

According to studies (McElroy and Ladner, 2014; Choudhurg, 2017), a questionnaire is a
reliable, very robust and very convenient means of collecting large amounts of technical
information and useful comparable survey data from a large number of individuals in a study. The
data collection tools utilised in Phase 1 of the study therefore consisted of two self-designed, semi-
structured questionnaires, A and B (A = Appendix V; B = Appendix VI). The questionnaires in
Phase 1 of the study were used to determine the status of CT infrastructure in Ghana within a short
period of time and provided a decision roadmap for the DRL development. Questionnaire A was

developed to generally gather technical data on CT scanners and common indications from the
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assigned technical heads of the authorised CT scanners. Variables considered on the questionnaire
included respondents’ demographics (such as professional grade and gender), CT types, features
and characteristics, equipment functionality, quality management systems and driving policies,
attending professionals, nature of procedures and common indications for which CT scans were
requested.

Further to this, respondents were asked to specify indications (among the most common)
that use similar scanning protocols by using same identification (alphabet) letters to denote them.
This was done to ensure that DRLs were set for indications with different scan protocols and dose
descriptors, while those with similar protocols were grouped together. Other sub-sectioned
variables/items accounted for a total of 67 questions and statements for which answers were
required. Many studies (Adejoh et al., 2017; Ngoya et al., 2016; Maskell et al., 2015; Korir et al.,
2013; IAEA, 2013; Ofori et al., 2013; Kruskal et al., 2011; Wambani et al., 2010) provided the
theoretical background and framework for the questionnaire and based on the outcome of the first
questionnaire, the second was also developed.

The second questionnaire was aimed at defining local diagnostic imaging requirements for
each indication using mainly radiologists, since they determine the diagnostic requirements of
each indication. Dedicated documented scanning protocols for various indications were not
readily available in most facilities. Knowledge of diagnostic imaging requirements for each
indication was necessary for the selection of only appropriate images (excluding the unnecessary
ones) and their associated dose descriptors for the proposed DRLs. This was in line with the ICRP
recommendation (ICRP, 2017). The items on Questionnaire B required data on scan coverage,
scan series number including contrast usage, image quality acceptability level, required scan

thickness, acceptable scan mode, preferred scan techniques, AEC usage acceptability and
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preferred phantom type. The existing literature (ICRP, 2017; IAEA, 2012; European Commission,
1999; ICRP, 2007) on scan protocols served as a guideline to identify the number of items that

should be included in the questionnaire for the basic technical parameters.

3.3.4 Questionnaire Validity and Reliability

Validity and reliability tests are crucial for self-designed questionnaires to ensure research
accuracy and robustness. Validity is referred to as the degree to which a concept is correctly
measured in a quantitative study while reliability entails the consistency of a measure or the ability
of a tool to consistently produce the same result under the same conditions over time (Heale and
Twycross, 2015). To guarantee the validity of the questionnaires, a content validity technique (the
use of a review expert panel to evaluate the questionnaire), was employed to ensure that
questionnaires adequately covered all the required contents with respect to the variables under
investigation in Phase 1 of the study (Lobiondo-Wood and Haber, 2013). Two clinically qualified
medical physicists at the University of Ghana School of Nuclear and Allied Sciences assessed and
validated the suitability of the questionnaires. First, the developed tools (based on broad literature
reviews) were sent to each of them with a categorical rater scale (0 not important to 1 important)
to rate the importance of the items on the questionnaires. It was decided that any item/question
which scored 0 from both raters would be rejected or removed. However, any question which
scored a total of 1 or 2 from both raters was maintained. The raters were also asked to make
suggestions on the questionnaires where applicable. Finally, none of the items on the
questionnaire were rejected. However, sentences were eventually refined, and grammatical errors

corrected.

75



Cohen’s Kappa Statistic was then applied to test the agreement between scores obtained
from the first and second rater. Cohen’s Kappa Statistic tool is a very reliable tool for inter-rater
agreement testing (McHugh, 2012). The kappa scale ranges from 0 - 1 and graded as: 0 — 0.20: no
agreement; 0.21- 0.39: minimal agreement; 0.40-0.59: weak agreement; 0.60-0.79 moderate
agreement; 0.80-0.90: strong agreement; and > 0.90: almost perfect agreement (McHugh, 2012).
The 0.71 and 0.80 kappa values recorded on Questionnaire A and Questionnaire B, respectively,
suggested moderate to strong agreement in responses between the two raters for both research
instruments.

Subsequently, a pilot study (using two technical heads responsible for CT facilities) and a test-
retest reliability analysis (with one-week interval) were used to further assess the reliability of the
questionnaires. For questionnaire A, the observed test-retest reliability coefficient was 0.81 (on a
reliability coefficient scale ranging from 0-1, where 1: perfect reliability; > 0.9: excellent
reliability; > 0.8 < 0.9: good reliability; > 0.7 < 0.8: acceptable reliability; > 0.6 < 0.7: questionable
reliability; > 0.5 < 0.6: poor reliability; < 0.5: unacceptable reliability; and 0: no reliability), while

questionnaire B recorded a coefficient of 0.76 to suggest an acceptable reliability (Statisticshowto,

2019).

3.3.5 Data Collection Procedure

According to ICRP, the establishment of NDRL values should be coordinated with support
from national regulatory authorities (ICRP, 2017). The NRA of Ghana supported the data
collection process by issuing an introductory letter (Appendix Il) to facilitate the researcher’s
access to the facilities. The NRA letter and the study’s information sheet and consent form were

first sent by the researcher to all the facilities, while email addresses and telephone contacts of
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those who consented to participate were also retrieved for the study purposes. Questionnaire A
was then administered to them by an online survey platform (www.esurvey.org) (eSurvey, 2017).
Their email addresses constituted the medium for sending uncompleted and receiving completed
questionnaires. This online survey platform was chosen because it was very reliable, free and fast.
Moreover, survey responses collected could be viewed in real time.

After follow-up calls, the technical heads responsible for 31 scanners responded and
completed their respective questionnaires. This took place from December 2017 to March 2018.
Questionnaire B was also administered through the same methods to the reporting radiologists
and responsible radiographers (officers in charge, where there were no resident radiologists) for

data acquisition on the basic diagnostic imaging requirements.

3.3.6 Data Analysis

After the survey responses were received by email, the raw data were visually inspected
and where necessary, respondents were called for verification. For example, typographical errors,
missing of key data, misplaced data, and inconsistencies were checked and addressed. Descriptive
analyses of the data in Phase 1 of the study were done using Microsoft Excel version 2013, and
basic descriptive statistics such as frequencies and percentages were generated. Graphs, pie charts
and tables were then used to present the results. Details of the results are presented in section 4.2.

of Chapter Four.
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3.4 Phase 2 Study: Scanners’ Performance Characteristics (QC tests)

3.4.1 Outline

According to ICRP (2017), the quantity used for DRL establishment should be acquired in
a practical method. Currently, MDCT dose descriptors for DRL establishments are CTDIvo and
DLP, which are mandatorily displayed on the console of CT scanners (ICRP, 2017; International
Electrotechnical Commission, 2011; Institute of Physics and Engineering in Medicine, 2005).
Many studies (ICRP, 2017; Public Health England, 2016; IAEA, 2013; Smith-Bindman and
Miglioretti, 2011; ICRP, 2007; ICRP, 1996) have indicated that CT-console-displayed quantities
could be used to establish DRLs, if validation checks are performed as part of local QC measures.
This dictates that scanner performance characteristics shown on CT consoles are comparable to
the results of a well calibrated CT dose quantity measuring device (such as an ionisation chamber)
scanned under same conditions.

Since the study needed to use console-displayed CT data, dose delivery validation (QC
testing) of the displayed quantities were undertaken to ensure that scanners accurately displayed
measured quantities. This was also necessary to identify poorly functioning scanners to enable
application of appropriate corrective factors in the DRL development, where necessary (Treier et
al., 2010). The QC tests undertaken were CT dose delivery accuracy, reproducibility and geometric
efficiency. Other assessments included tube voltage accuracy, half value layer (HVL), CT number
(water), homogeneity and image noise testing. In all, twenty-five (25) scanners were involved in
Phase 2 of the study, following the exclusion of non-functional, specially dedicated and technically
challenged (inability to display dose descriptors) CT scanners that were determined in the Phase 1
study. Figure 3.3 presents a flow chart of how the scanners were selected for the Phase 2 of the

study.
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Figure 3.3: Flowchart of scanner selection.
NRA: Nuclear Regulatory Authority, CT: computed tomography, CTDl.q: volume weighted computed

tomography dose index, DLP: dose length product.
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3.4.2 Materials
The materials used in the QC assessment included:
1. CT dose profiler probe (RTI Electronics, MéIndal, Sweden). The calibration was undertaken
by Swedac Ackreditering of RTI Electronics (ISO 17025) on 11" February, 2017. (Serial
number; DP2-11110079, Certificate number; 1111F7445). A diagram of an RTI CT dose

profiler is shown in Figure 3.4.

e S ———————————————
il | CT Dose Profiler . o ﬁ
Y =

Figure 3.4: RTI CT dose profiler (RTI Group, 2016).

2. Barracuda set with Ocean Software Interface (RTI Electronics, MdélIndal, Sweden). The set
was made up of two components, the cabinet and multipurpose detector (MPD). The
calibration was undertaken by Swedac Ackreditering of RTI Electronics (ISO 17025) on 01
January, 2017. The serial number and certificate number for each device were, cabinet (EBW-
11100142; 1111G2964) and MPD (MPD-12010026; 121AB74B, respectively). A diagram of

Barracuda set is shown in Figure 3.5.

Figure 3.5: Barracuda set (A= Cabinet, and B=Multipurpose Detector, MPD) (RTI Group,
2016).

80



3. Standard CT head and body polymethyl methacrylate (PMMA) phantom (PTW, Freighburg,
Germany). The head phantom is 16 cm in diameter while the body phantom is 32 cm in
diameter. Both were 15 cm long. For the placement of dose profiler or ionisation chamber,
five probe holes were provided (one in the centre and four around the perimeter) in the
PMMA combined phantom of head and body. Figure 3.6 shows the PMMA phantoms used

in the study.

Figure 3.6: Standard PMMA Phantoms (A; head, A and B fused together to form body
phantom) (RTI Group, 2016).

&

A laptop computer (Toshiba Satellite S55-C5274, 2016 model)
5. A uniform water phantom (PTW, Freighburg, Germany).

6. Microsoft excel spreadsheet installed on a computer (Microsoft version 2013).

~

ImageQC software v.1.43 (EllenWasbo, 2018; Stavanger, Norway).
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3.4.3 Data Collection Procedure

Dose assessments for CTDI were performed using a standard CT head and body PMMA
phantoms (PTW, Freighburg, Germany) together with an RTI CT dose profiler probe (RTI
Electronics, Mdlndal, Sweden) with Barracuda set connected to Ocean Software Interface (RTI
Electronics, Mdlndal, Sweden). The advantage of the RTI CT dose profiler probe over the
traditional pencil-shaped 10-cm ionisation chamber is that it limits inaccurate dose measurements
due to underestimation of the dose profile for wide beams (RTI Group, 2016). The RTI CT dose
profiler probe provides an opportunity for dose measurements in every point of the x-ray beam
and the total dose profile is attained irrespective of beam width (RTI Group, 2016). Moreover, the
CT dose profiler is grounded on solid-state technology, robust and fits into existing standard
phantoms used for CTDI measurements (RTI Group, 2016). Another reason for using it in this
study was that, it was based on an accurate algorithm that allows the placement of a CT dose
profiler probe in the centre of a phantom and could generate a completed picture of the dose profile
such as CTDI (100), CTDI(w), CTDIlv and DLP in one exposure (RTI Group, 2016). The
allowance of only one helical scan, instead of the normal five axial scans (because of the automatic
compensations in the program) supports the comparison of measured and console-displayed values

for all the selected CT scanners in a timely manner.

3.4.3.1 CT Dose Delivery Accuracy

CT dose delivery accuracy is a QC test used to examine the accuracy level of displayed
dose quantities. To measure this, both head and body PMMA phantoms were used with the CT
dose profiler in situ. The dose delivery accuracy QC was conducted separately for each phantom

type. The CT dose profiler probe (detector) was connected to a Barracuda set with a cable which
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was also connected to a laptop computer with Ocean Software Interface (RTI Electronics, MéIndal,
Sweden). The detector was placed in the central hole of the phantom (centred in the gantry), and
the other holes were blocked with PMMA rods and secured with a tape to prevent movement
during the experiment. The phantom was adjusted and secured to align with the lasers to ensure
that the CT dose profiler was in the isocentre. Routine standard protocols for head and body
(depending on the phantom in place) were selected. Scanograms of the phantoms under
examination was undertaken and the helical scan was planned.

The planning phase of the scan utilised the scan-measuring parameter template proposed
by the CT dose profile software manual. The parameters included tube voltage, CT phantom type
(either head or body), collimation (thickness of total detector area used), pitch (in helical mode),
scan length, and tube rotation time. Scan speed and measuring time were also calculated
automictically, after inputting the aforementioned exposure parameters. Scan types were selected
to acquire the correct k-factor that allowed the CT scanner to extract all the parameters in one
exposure. The total filtration was also selected.

To begin each experiment, it was ensured that both the scanners and ocean software of the
CT profiler had same exposure parameters and features. The measurement processing on the
computer and the CT scanner were then initiated at the same time. Once the CT scan was complete,
the displayed CT dose profile on the laptop and the CT console were compared. In each accuracy
test, two experiments were conducted for both head and body phantoms using tube voltage values
commonly used at each CT centre. The accuracy level of dose delivery values (CTDI) was

estimated with equation 3.1:
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% error=wx100 (3.1)

1
where % error represents percentage of dose delivery accuracy error; Do represents the Ocean
software measured value of the dose profiler, and D is the console-displayed CT dose
descriptor/parameter.
Scanners with a deviation of less than £20% of the measured values were considered to
deliver acceptable CT dose reports on the CT console (IAEA, 2012). The experimental set up, and
a CT dose profiler dose output for dose delivery accuracy are presented in Figures 3.7. and 3.8,

respectively.

Laptop screen CT console showing
dose profile

= A : showing measured
Body PMMA | | ’ dose profile
phantom with
profiler in
situ

s

Barracuda
Cabinet

Figure 3.7: Experimental set up for dose delivery accuracy tests.
CT: computed tomography
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Figure 3.8: CT Dose profiler dose output for dose delivery accuracy.

3.4.3.2 CT Dose Delivery Reproducibility

For dose delivery reproductivity testing, the method outlined for dose accuracy was used

with the exception of comparing the results with the console dose reports. Additionally, the scans

were repeated three (3) times with the same scan parameters and settings for each phantom and

the consistency level of the dose values were determined with the Ocean software. The coefficient

of variation was used to determine the level of reproducibility of the doses for each experiment in

the three measurements via equation 3.2:

SD

CoV = S x100

X
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where CoV is the coefficient of variation of measurements, SD is the standard deviation of all
measurements, and x is the average of all measurements. An acceptable limit of <+ 5% based on
the recommendation of AAPM Report No. 35 (AAPM, 1992) was used to decide the suitability of

the scanners’ dose delivery reproducibility.

3.4.3.3 Geometric Efficiency

The geometric efficiency is defined as the ratio of the number of incident radiation quanta
on the detector in a given interval to the number emitted by the radiation source in the same
interval, expressed in percentage (Shefer et al., 2013). With respect to the geometric efficiency,
free in air profiler measurements were conducted across the facilities. The CT dose profiler was
adjusted so that the sensitive area was out of the phantom and positioned in the beam while the
body phantom served as a holder. With the help of the lasers, the detector area of the profiler was
positioned in the isocentre of the CT scanner. A scout scan was conducted for each scanner over
the CT dose profiler detector. The measuring process of the Ocean software was engaged
simultaneously with the CT scan. It was ensured that only the detector area was scanned free in air
by avoiding the phantom holding areas in the scan.

In each accuracy test, two experiments were conducted for both head and body phantoms
using tube voltage values that were commonly used at each CT centre. The measuring parameter
template proposed by the CT dose profile software manual and which included tube voltage,
collimation, pitch, and tube rotation time, were used. Scan speed and time were also calculated
automatically after inputting the aforementioned exposure parameters. Data saved in Ocean reports
were downloaded from the software to determine the geometric efficiency. Scanners with a

geometric efficiency >70% were considered to perform optimally good (Shefer et al., 2013).
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3.4.3.4 Tube Voltage Accuracy and Half VValue Layer

Tube voltage accuracy test is used to test the correctness of the displayed tube voltage on the
console of a CT machine (Public Health England, 2016). This is achieved by experimentally
measuring and comparing the true values with the displayed values using the same equipment. The
RTI MPD (RTI Electronics, Mdlndal, Sweden) connected with a laptop computer with Ocean
Software Interface (RTI Electronics, MdIndal, Sweden) was used for kVp accuracy testing. At
each CT scanner, the RTI MPD was placed at the bottom rim of the inner portion of the CT gantry
directly opposite the x-ray tube. This was achieved by ensuring that the vertical lasers coincided
at the middle of the RTI MPD detector mark. A position check was then conducted to ensure that
the detector was positioned in the middle of the beam and the lasers were correctly positioned. A
topogram scan with the tube positioned at 12 o’clock was undertaken and the right position was
ascertained with the Ocean software prior to the commencement of the scans. Subsequently,
topogram scans were obtained for each scanner using the two commonly used tube voltage factors
for head and body procedures. The results of the tube voltage accuracy measurements were
generated by Ocean software for analysis.

For each testing, the RTI MPD detector, together with the Ocean software provided
additional data of the HVL (in total filtration of aluminium) value in a single exposure. For a
specified voltage, a measurement of the HVL provides data on the total filtration (specified quality)
in the x-ray beam. Low filtration provides unnecessary radiation dose to the patient while higher
filtration leads to beam hardening (AL-Jasim et al., 2017). The RTI Group indicates that HVL
results generated by Ocean software with a single exposure is very comparable to the standard test
where 5-mm thickness of aluminium filters are used (RTI Group, 2016). The mathematical

equation used in the kVp accuracy/error calculation is given by equation 3.3:
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% kV, errorz{v"v_VS JlOO (3.3)

S

where Vo and Vs represent the measured and set voltages, respectively. The acceptable limit of <
+5% of nominal values was used to assess the CT scanners, while total filtration > 2.5 mm Al for

tube voltages >100 KV was used as the acceptable HVL limit (IAEA, 2012).

3.4.3.5 CT Number (Water), Image Noise Testing and Homogeneity
A water filled phantom (PTW, Freighburg, Germany), (Figure 3.9), was utilised for the CT
number (water), homogeneity and image noise testing. It was made up of a thin uniform plastic

container filled with distilled water.

Figure 3.9: Water-filled phantom for CT number, homogeneity and image noise testing.

During the testing procedure, the phantom was centred in the tomographic plane of each
scanner to ensure that the middle of the phantom was in the isocentre. A routine body scan
parameter was used to scan the phantom in each facility. In the absence of any image artefacts, a
centrally located image slice of each scan was selected for analysis. The QC image analysis tool -

ImageQC v.1.43 (EllenWasbo, 2018; Stavanger, Norway), was utilised in the analysis (ImageQC,
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2017). In the software, CT number and image noise were measured in a centrally placed circular
ROI (region of interest) of recommended diameter of 40% of the phantom image (ImageQC,
2017). Practically, the CT number was determined at the measured ROl mean value and the noise

was determined at the ROI standard deviation as suggested by IAEA (IAEA, 2012).

Mathematically, the CT number (Hs) of a sample of material (s) is defined by the equation 3.4:

H, :[&(E“)W('E)]K (3.4)
Hh

where: u, (E) and p,, (E) are the linear attenuation coefficients at the energy (E) of the x-ray beam
for the scanned sample and water, respectively and K is a constant (K=1000) if the CT value scale
is in HU as in the case of all modern CT units (IAEA, 2012). From equation 3.4, the CT number
for water is zero and, since the attenuation is negligible for air, the CT number for air is —1000.
Therefore, scanners that recorded CT water number of <+ 4 HU and noise derivation < =+
10% of baseline values were considered to operate within the acceptable limits (IAEA, 2012).
Figure 3.10 shows how the CT water number and image noise were analysed in the ImageQC
software version 1.43. Arrows A and B in Figure 3.10 show how the results of CT number (water)

and image noise are displayed in the software.
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Figure 3.10 : CT number (arrow A), image noise (arrow B) analysis using ImageQC v.1.43.

In the case of the homogeneity (uniformity) testing, five ROIs of 10 mm each were
measured at 12 o'clock, 15 o'clock, 18 o’clock, 21 o'clock and centre of the selected image slice.
The uniformity was measured as the absolute difference of CT numbers between a centrally placed
ROI with each of four ROIs placed on the edge. The ImageQC software v.1.43 was used in the
homogeneity analyses. Each of these four values and their deviations from the central value were
compared with the given tolerance of 10 HU for head and body (IAEA, 2012).

Figure 3.11 shows how the CT uniformity/homogeneity analysis was performed using the

ImageQC v.1.43.
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Figure 3.11: Uniformity/homogeneity analysis using ImageQC v.1.43.
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3.5 Phase 3 Study: CT Dose Data and Image Quality Assessment

3.5.1 Outline

The Phase 3 of the study collected dose descriptor data and image quality information on
patients’ examinations. A prospective data collection process was used following the QC
assessments to ensure that only CT quantity data generated after the QC tests were included. This
ensured that the data (e.g. CTDIvo and DLP) displayed by the CT console for collection were valid.

Details of the procedure for Phase 3 of the study are presented in Sections 3.5.2 to 3.5.7.

3.5.2 Study Population

ICRP Publication 135 recommends setting DRL values based on wide scale surveys of the
suitable DRL quantities for examinations of a representative group of patients in an agreed weight
range (ICRP, 2017). According to the Public Health England (2016), to ensure representative
results for NDRLSs, a successful national survey needs a timely gathering of important scan data
from a robust sample of key procedures covering common CT practice. In line with the scope of
this study, and as justified in Chapter One, the study population consisted of adults (18 years and
above). Adults were used for this DRLs development because they accounted for the highest
number of CT examinations in Ghana (Inkoom et al., 2014).

Since the attenuation of the x-ray beam depends on the tissue penetration depth,
standardisation of patient size (weight restriction) was needed in DRL development (ICRP, 2017).
A study (Shirazu et al., 2017b) suggested that the commonest weight range of average Ghanaians
was 48.6 - 90.0 kg. Therefore, a population of weight range of 50-90 kg was chosen as the

reference weight for the DRLs. This was in line with the ICRP’s recommendations (ICRP, 2017).
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3.5.3 Type of Data Set Collected

The ICRP has suggested that data collected for CT dose quantity surveys should, when
possible, involve the equipment manufacturer/model, procedure name, patient weight and DRL
quantities (e.g. CTDlvoi, DLP) (ICRP, 2017). The data must also include relevant scan parameters,
if appropriate and available, for the examination types being surveyed (ICRP, 2017). In this study,
the data collected in Phase 3 included equipment manufacturer/model, procedure name, patient
weight, gender, age, CTDIvoi and DLP. Where multiple scan sequences were undertaken, total DLP
per indication were recorded. Other scan parameters collected included tube voltages (kVp) and
tube loading (mAs), pitch, rotation time, scan thickness, number of series, number of slices per
scan series, scan length, and the type of CT phantom used in estimating the dose quantities.
Scanning mode, AEC application and contrast usage were also collected.

A study (Vock and Frija, 2016) has also argued that data collection for indication-based
DRLs should take into consideration image quality, since the greatest priority for any diagnostic
imaging procedure is producing image quality satisfactory for the clinical purpose. Consequently,
for each patient image, one selected slice (at the centre of a set of images) was collected alongside
the aforementioned parameters for objective image quality analysis (Section 3.5.6). Subjective
image quality information was also obtained prior to the data collection, by requesting the scanning
radiographers’ comments on whether or not the acquired images in a particular CT folder/unit were
diagnostically acceptable, not repeated, and had been accepted and reported by a radiologist.
Practically, images accepted and reported by radiologists were considered as being of sufficient
diagnostic quality to their need for the clinical purpose. Therefore, those images that the
radiologists had reported without any image quality issues were considered “good data” sets for

the study. This approach was used as the data sets were very large.
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3.5.4 Patients’ Data Size

It has been recommended in the literature (ICRP, 2017; Vock and Frija, 2016; Public
Health England, 2016; IAEA, 2013) that it is very appropriate to collect data of 20 patients per
indication in every selected CT centre for the development of NDRL. Accordingly, at every CT
unit, 20 patients who had undertaken CT procedures for the same indication were selected at
random. For indications such as CVAJ/stroke, head injury/trauma and suspicion of brain
tumour/SOL, 20 data sets were collected from all the 25 CT units that passed the QC tests.
However, for indications such as suspicion of lung cancer/tumour and CT lung lesion with CKD,
23 of the CT scanners undertook such examinations, and hence such data were not taken from the
other two CT units. With regards to suspicion of abdomino-pelvic lesion and kidney stones, data
were acquired from 24 CT units as such procedures were not undertaken at one CT unit. Nineteen
and 10 CT units undertook examinations for suspicion of urothelial malignancy (CT-1VU) and PE,
respectively. Therefore, 20 sets of data were selected from each unit for each indication, in order
to provide better suggestions of typical practice at each CT centre. In total, 3,960 data sets were

collected for the development of the indication-based DRLSs.

3.5.5 Data Acquisition Tool and Process

This section describes in detail how the data sets mentioned in section 3.5.3 and 3.5.4 were
collected. In Ghana, patient dose information recording and automatic dose tracking systems were
not mandatory and readily available in most facilities at the time of the study. Data collection
forms 1-9 (Appendix V1) were designed for the CT quantity data collection process using a similar
validation process as described in Section 3.3.4. The scanning parameters and quantity data that
were considered “good data” sets were received from the CT Picture Archiving and

Communication System (PACS), workstations and Radiation Dose Structured Reports (RDSRS).

%94



A 2-TB (Terabyte) hard-drive was used to store the soft copies of images, one each of selected
examination for subjective analysis.

The data collection process used in this Phase of the study was first tested and refined in a
pilot survey conducted at two hospitals in Accra. This process effectively managed the study,
including protocol assortment to suitability, ease of usage of the data collection forms, and data
recording. Following the pilot study, the researcher visited all the 25 facilities for the data. The
initial data were entered into Microsoft Excel spreadsheet version 2013 and errors checked. The
data was further analysed for statistical control (detailed in section 3.5.7) using a Microsoft Excel
version 2013 and Statistical Package for the Social Sciences (SPSS) version 23.0 (SPSS Inc.,
Chicago, IL USA) prior to the DRL estimation. The data collection process in this Phase of the

study took a year to complete.

3.5.6 Image Quality Assessment of the Collected Image Data

The quality of all the various images (of which CT descriptors were used in DRLS) was
assessed prior to using the data for the DRLs. The image quality was used as a QC measure of a
scanner’s performance and to optimise practice. For effective development of DRLSs, it was needful
to ensure that all the images, whose quantity data or parameters were used, were within the
acceptable diagnostic limit. Images of poor quality could lead to diagnostic challenges. As
indicated earlier (Section 3.5.3), due to the large data sets involved, radiographers at the CT units
of the study sites provided subjective image quality remarks on all the collected imaging folders
prior to data collection.

Objectively, the images were again assessed for their signal to noise ratio (SNR) properties.
Though the contrast to noise ratio (CNR) and SNR are currently the mainly used objective image

quality parameters in CT imaging, there is incoherent limitation concerning the use of CNR (Lu
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and Nishikawa, 2012). This is because at low-contrast signals, the CNR does not account for
background noise correlations across different types of reconstruction algorithms (Lu and
Nishikawa, 2012). The SNR, on the other hand, associates well with objective analysis (Lu and
Nishikawa, 2012). Mathematically, the SNR for the images at specific region of interests (ROI)

were estimated using equation 3.5:

Mean signal value witnin ROI
SD within ROI

SNR = (3.5)

where the symbols bear their defined meanings and SD is standard deviation.

An ImageJ software programme version 1.52 manufactured by the National Institute of
Health, USA, which is reliable for objective image quality assessment (Ferreira and Rasband,
2012) was used to mathematically predict the mean signal and SD values within a given ROI. The
mean signal and SD values were inputted in equation 3.5 to determine the SNR. Figure 3.12 shows

how the ROI was structured in each of the anatomical region.

Figure 3.12: Positioning of ROI in chest (A), abdomen and pelvis (B) and head (C)
examinations.

96



The Rose criterion (model), which states that an SNR of at least 5 (> 5) is required to
distinguish image features at 100% certainty (Bushberg et al., 2011), was used to evaluate the

suitability of the SNR in the images.

3.5.7 Statistical Control of Collected Dose Descriptors

In the data collection process, an unexpected outcome could happen as a result of errors
(Neuburger et al., 2017). Particularly, during the collection and entering of large data sets such as
the CT dose descriptors used in this study. Quality assessments in relation to both raw data and
their analyses, represented an important feature of data management for the national CT survey to
reinforce confidence in reported results (Public Health England, 2016). In addition to the CT QC
tests performed in the Phase 2 study to assess the performances of the CT scanners, statistical
control analyses were also used to assess the internal QC of the raw data. Internal data QC involves
a continuous, critical evaluation of the data collection process or acquired data and working
routines using a statistical method to mitigate errors (Neuburger et al., 2017). To ensure reliability
in the data entering consistency, the first 20 data sets were re-evaluated, and data re-entered and
compared with the original entries using SPSS version 23.0 (SPSS Inc., Chicago, IL USA). A
successful data entering consistency was assumed when discrepancies between the initial and
follow up entries were < 2% (Pedersen et al., 2018).

Subsequently, statistical control charts (Shewharts) (Neuburger et al., 2017) were used to
analyse performance through data collection time and also ensured no problems with the data
entering process. To generate the control chart, the mean, the standard deviation, as well as the
upper and lower control limit values of the critical dose descriptors such as CTDIvo and DLP were

calculated.
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The upper control limit (UCL) was derived from the equation 3.6:

UCL =M + (3xSD) (3.6)

while the lower control limit (LCL) was calculated from equation 3.7:

LCL =M — (3xSD) (3.7)

where: M and SD are the mean and standard deviation, respectively.

The mean UCL and LCL were plotted using Microsoft Excel to generate the X-charts for

quantity data sets. Data points above the UCL and below LCL were double-checked to ensure that

the true data sets were entered. All wrong entries were then corrected. The charts are shown in

Appendix VIII and indicate a good final control X-charts for all indications, which made the data

suitable for DRL estimation. Once the statistical control process was over and image qualities were

acceptable, the CT quantity data values for all the various indications were transferred to SPSS

version 23.0 (SPSS Inc., Chicago, IL USA) for DRLs estimation.
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3.6 Phase 4 Study: DRL Values Estimation and Dose Monitoring Tool

3.6.1 Outline
The procedures used in estimating the DRL values and developing a tool for dose

monitoring are discussed in Sections 3.6.2 and 3.6.3.

3.6.2 DRL Values Estimation

The ICRP (2017) has recommended that NDRL values ought to be established at the 75™
percentile of median values obtained in a sample of representative facilities. The median value has
been recommended over the mean values in the ICRP Publication 135 for DRL estimation, as it is
recognised to be more robust in DRLs. Accordingly, SPSS version 23.0 (SPSS Inc., Chicago, IL
USA) was used to analyse the data.

For each indication, the median, minimum, maximum, and standard deviations were
estimated. Moreover, quartiles (25", 50" and 75" percentiles) were estimated. The 50 percentile
was referred to as the achievable dose (AD). Microsoft Excel Version 2013 was used to produce
bar charts for visual presentation of frequency distribution for various key dose descriptors in the
survey. The developed DRLs were compared with previously established NDRLs reported in

literature. The results are presented in Section 4.4 of Chapter Four.

3.6.3 Tool for Dose Monitoring

For the proposed indication-based DRLs to be well established in Ghana, a simple
Microsoft Excel-based tool (also called BOTB in this study) was developed for its application in
periodic inspection and monitoring of DRLs compliance purposes. It was based on the assumption

that there would be a need for compliance assessment across the facilities once the DRLs are
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established by the appropriate authority. However, without an easy-to-use tool for assessment, the
compliance assessment exercise could be limited.

On a Microsoft Excel page, the proposed DRLs (CTDIlvoi and DLP) values were used as
benchmarks and formatting rules were set. Columns and rows (entering space) were provided for
demographics and dose descriptors/quantity data. Conditions in terms of weight and examination
sequences were also set based on the study’s results. Excel formulas were developed using
equation functions, and conditional and formatting tools. Also, colours were used to communicate
results output. The Excel interphase (Figure 4.24; for each indication) included a results box that
shows the DRLs, and a results interpretation/action section that gives interpretation to the results.
When a sample of patients’ data is entered into the entering space, the functions calculate the DRLs
and equate them to that of the national values automatically. When the calculated values are above
the NDRLSs, the colour appears red; when it turns black it indicates an acceptable level; however
when it turns blue, it indicates that the facility’s doses are below the 25" percentile and hence,
image quality tests are required to ensure that examinations of acceptable diagnostic quality are

produced.
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3.7 Phase 5 Study: Dose Impact on Patients and Cancer Risk

3.7.1 Outline
The procedures used in studying the dose impact and possible cancer risk of CT imaging

of the various indications on patients are presented in Sections 3.7.2 and 3.7.3.

3.7.2 Effective Dose

To understand the radiation dose impact associated with each of the indications and
propose appropriate optimisation methods, effective doses were first estimated for each indication
using the equation 2.8 expressed in Chapter Two. The k-factors suggested by the ICRP Publication
103 (ICRP, 2007) were used in the estimation of the effective dose for each indication with respect
to the anatomical region. The k-factors (conversion factors for changing DLP to effective dose) for

the respective anatomical regions are presented in Table 3.1.

Table 3.1: ICRP Publication 103 recommended region-specific DLP-Ep conversion factors

Anatomical region DLP to Ep coefficients (mSv /mGy cm)
Head 0.0023
Chest 0.0170
Pelvis 0.0190
Abdomen 0.0153
Abdomen-Pelvis 0.0150

DLP; dose length product, Ep; effective dose; ICRP; International Commission on Radiological Protection

To better understand the magnitude of the doses, the average effective doses for the
indications were then compared to the global average natural background radiation of
approximately 2.4 mSv (Canadian Nuclear Safety Commission, 2019). The results are presented

in Table 4.51.
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3.7.3 Cancer Risk

To understand the cancer risk associated with the observed radiation doses across the CT
facilities, the BEIR VII model was applied to predict the Lifetime Attributable Risk (LAR) of
cancer based on the magnitude of a single radiation exposure, patient’s age and gender (National
Research Council, 2006). The LAR is defined as additional cancer risk above and beyond baseline
cancer risk (Lee et al., 2012). The model was developed based on the extensive studies on the
survivors of Hiroshima and Nagasaki atomic bombs and medical, occupational and environmental
radiation studies (National Research Council, 2006). Theoretically, the model is grounded on the
linear no-threshold model (LNT) concept which is centred on the assumption that the smallest dose
has the potential to cause a small increase in radiation risk to humans (National Research Council,
2006).

LAR data as presented in Tables 2.1 and 2.2, respectively, were utilised to estimate the
cancer risks. Using the age of exposure and gender parameters, the LAR of cancer incidence (LARI)
and cancer mortality (LARm) from organ doses were subsequently extrapolated for patients (age
20, 40 and 60 years) by BEIR VIl models as presented in proportions via equations (3.8) and (3.9)

below.

LAR{ = [(% Gy) LARi f] in 100,000 patients  (3.8)

LARm = [(% Gy) LARmf | in 100,000 patients ~ (3.9)
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where LAR; and LARm represent the lifetime attributable risk of cancer incidence and mortality,
respectively. The LARIf and LARmf represent the BEIR VII organ-specific cancer incidence and

mortality coefficients, normalised to age and gender, and Dorg is the organ dose in gray (Gy).

The organ doses associated with each of the indication-based CT imaging examinations
were estimated and used in the above cancer risk equations (3.8 and 3.9). To predict organ doses
in the human body subjected to CT x-ray photons, two different methods are plausible. These
include experimental measurement and computer simulation (Lee et al., 2012). In the case of the
experimental dose measurements, physical phantoms (mostly) with capabilities to receive organ
site-specific types of dosimeters are scanned with CT (Lee et al., 2011). However, this procedure
is complex and time-consuming, and physical phantoms provide inadequate sampling of the
disparities of age, gender, and body morphometries. Moreover, the procedure cannot, in some
cases, accurately represent the average organ dose when high dose gradients exist, and also when
the distributed body tissues (e.g. active bone marrow) are of concern (Lee et al., 2012; Lee et al.,
2011).

Contrarily, computer simulation software programmes are good option when estimating
organ doses across many facilities (Lee et al., 2012) as was the case in Ghana for each of the
indications. The National Cancer Institute dosimetry system for CT (NCICT) (software version
2.1) was used in the organ dose estimations (Lee et al., 2015). The software is based on a
comprehensive library of computational human phantoms (surrogate anatomy for patients)
combined with Monte Carlo radiation simulation of reference CT scanners (Lee et al., 2015). It
has been reported to be the most current, sophisticated and reliable way to obtain accurate values
of organ dose under CT imaging (Lee et al., 2015; Lee et al., 2011). Although there are many
available computer simulation software systems such as CT Dosimetry, CT-Expo, CTDOSE,
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Radimetrics™ for estimating organ doses, the computational phantoms within some of these
existing software tools are limited to mathematical stylised phantoms which practically, may be
different from the reference anatomy recommended by the ICRP (Lee et al., 2015). Moreover,
most of these computer simulation systems are relatively old and do not have all the current CT
scanner models in the software for dose estimations. Some studies (Lee et al., 2012; Liu et al.,
2010) have reported some significant discrepancies in radiation doses between the actual and the
estimated values when the correct scanner model and information are not selected in the software
for estimation. However, the NCICT is known to provide a more realistic anatomy based on the
ICRP reference phantoms and the most up-to-date bone marrow dosimetry with several convenient
features compared to previous tools (Lee et al., 2015), hence, its usage in this study.

In this study, the CTDlIyo values were displayed by all the scanners. The organ doses were
normalised through the CTDIvo and patient- and scan-specific parameters by an algorithm.

Mathematically, the algorithm is expressed in equation 3.10:

Z=SE

D(organ,age, gender,spectrum): Z 5_ss DC(organ, age, gender, spectrum,Z)xCTDI , (3.10)

where

D (organ, age, gender, spectrum) is the absorbed dose (mGy) for the organ of interest, the
age and gender of a given scanned patient with an x-ray spectrum;

SS and SE are the respective Scan Start and Scan End distances (cm) from the top of the
head (cranially) in patients;

DC (organ, age, gender, spectrum, Z) is the 5D matrix of organ dose coefficient (DC)
(mGy/mGy) per 1-cm axial slice: organ dose (mGy) normalised to the CTDIlyo (MGy) of

the reference CT scanner used for the Monte Carlo calculations. Organ is the organ of
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interest, age and gender are derived from a given patient, and spectrum is one of the six
combinations of four tube potentials (80, 100, 120, and 140 kVp) and two filtrations (head
and body) of a particular CT scan, and Z is the slice number ranging from the top of the
head to the bottom of the patient’s feet;

CTDlvar is from the particular scan for which organ doses are calculated (Lee et al., 2015).

Through the graphical user interface (GUI), the relevant parameters were entered into the

software.

Figure 3.13 shows a NCICT software GUI which allows organ doses to be obtained based on

the entered CTDIyo and patient- and scan-specific parameters.

File Edit

Age \ Body sizeE
Organ dose (mGy)
Age Group Z T
Brain 60.88
©) 0-year ) 1-year 7 5-year Pituitary gland 5799
Lens 73.92
() 10-year (O 15-year @ Adult Eye balls 70.26
Salivary glands 4334
Gender Oral cavity 36.91
S Spinal cord 1571
@ Male ) Female Thyroid 1.58
Reference Body Size —Ls_sr:(:::us ?.Z
Height (cm) 176 Thymus 063
Lungs 041
Weight (kg) 073 Breast 019
Heart wall 0.25
| Stomach wall 1007
Scanner information Liver 0.09
= Gall bladder 0.05
Manufacturer Toshiba v Al 0.06
Model [Aquilion ONE (medium BF) | Spleen 01
. 2 - - Pancreas 0.04
@ Head filter _) Body filter Kidney 0.04
Small intestine 002
nCTDIw (mGy/100 mAs) 418 Colon T0.02
Tube potential (kVp) 120 Rectosigmoid 001
Urinary bladder 0.01
Current x time (mAs) 225 Prostate 0.01
P Uterus 0
Pitch 0.66 Teatas 0
Total collimation (mm) 10 Ovaries 0
Skin 533
CTDIvol (mGy) 86 VREdE 161
DLP (mGy-cm 1548 Active marrow 365
(mGgrem) 2t Coverage Shallow marrow 10.51
Effective diameter (cm) 18 Scan Start (cm) Scan End (cm) Scan Length (cm) Predefined protocol Effective dose(mSv) 216
SSDE (mGy) 803 1 18 18

Figure 3.13: Graphical user interface (GUI) of the NCICT program showing an example of
entered patient- and scan-specific parameters and estimated organ dose calculation for adult
male head (brain tumour/SOL) scan.
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Using the equations (3.8 and 3.9) and the estimated organ doses, the LAR; and LARn for each organ
were also estimated. The results of the organ dose and the LARi and LARm values are presented in

Tables 4.52-4.56. The organs, whose doses were estimated, have been presented in Table 3.2.

Table 3.2: Indication-related organ whose doses were estimated
Anatomical region Indication Organs
CVA, brain tumour, head injury/ trauma Brain
Pituitary gland
Lens
Eyeballs
Head Salivary glands

Oral cavity
Spinal cord
Thyroid
Lung tumour/cancer, Chest lesion with Thyroid
CKD, PE Oesophagus
Trachea
Chest Thymus
Lungs
Breast
Heart wall

Abdomino-pelvic lesion, kidney stones, Stomach wall
urothelial malignancy (CT-1VU) Liver
Gall bladder
Adrenals
Spleen
Pancreas
Kidney
Abdomino-pelvic Small intestine
Colon
Rectosigmoid
Urinary bladder
Prostate
Uterus
Testes
Ovaries
Skin
Muscle
Active marrow
Shallow marrow
Key: CVA= cerebrovascular accident, CKD =chronic kidney disease, PE= pulmonary embolism, CT-IVU
=computed tomography intravenous urography.
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3.8 Phase 6 Study: Optimisation
The procedures used in developing CT optimisation methods are outlined in Sections 3.8.1-

3.8.2.5.

3.8.1 Optimisation Method 1: Management of Scan Length

Optimisation, through the management of scan lengths utilised in the facilities for CT
imaging, was explored to improve the radiation protection of patients. The additional scan
distances (along the z-axis) covered above (DAUT) and below (DBLT) the organ or anatomical
region of interest for each indication was evaluated for optimisation options. The concept of
evaluating the DAUT and DBLT is that, CT scanning exactly to the ends of the structure/organ of
interest using a planner scanogram may lead to a cutting off of some essential part of the organ of
interest. To prevent this and the associated risk of repeats and reporting uncertainties, there is a
need to adequately cover the area/organ under examination by scanning slightly above or below
the interested organ/region.

The criteria for characterising image coverage in CT have been defined and agreed upon
in Europe for some specific adult and paediatric examinations (European Commission, 1999).
However, these criteria are now over 23 years and do not reflect all the common indications in CT.
Moreover, these criteria are mostly anatomy based. The European Commission (1999), in
particular, states that the volume of investigation for head procedures should cover from the
foramen magnum to the skull vertex. However, it does not provide recommendations for all
specific indications of the head as they vary. In Phase 1, most of the CT facilities in Ghana lacked
documented scan protocols for all the indications and the observed imaging requirements were
numerically vague on the acceptable DAUT and DBLT. The lack of standardisation could lead to
a great variation in practice and associated radiation doses.
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In evaluating extra scan coverages, all patients’ folders containing image information used
for developing the DRLs were selected with their identification numbers and the images
reconstructed. CT calibrated callipers at the CT workstations were used to undertake the DAUT
and DBLT measurements, after reconstructing the acquired image slices into grid lines on scan
planners. A template sheet used to collect the DAUT and DBLT data is presented in Appendix IX.
To ensure accuracy in the measurements, the scanned PMMA CT head phantom length (of known
length of 150 mm) used in the QC assessment was measured on the CT workstations. The
measured length on the CT workstations was compared with original length for accuracy prior to
taking the main measurement data. Each measurement was conducted twice, and the average
values were used. Diagrams showing how the measurements of DAUT and DBLT were
undertaking for each indication are shown in Figure 3.14. The DAUT measurements for head
indications were measured from the skull vertex to the last slice line above the head (cranially)
(Line D) and for the DBLT it was measured from base of skull (at foramen magnum) down the
cervical to the last slice line caudally (Line F). For all chest indications, the DAUT was measured
from the lung apex (first thoracic vertebra) to the last slice line cranially (Line H) and for the
DBLT, it was measured from the lowest costophrenic angle to the last slice line caudally (Line I).
Regarding abdomino-pelvic lesions/tumours, the DAUT was measured from the dome of
diaphragm to the last slice line cranially (Line A). For the DBLT, it was measured from the
symphysis pubis to the last slice line caudally (Line B). In the case of kidney stone and CT-IVU
for urothelial malignancy, the DAUT was measured from 1 cm above the most cranial pole of the
kidneys to where the last slice line ended upwards (Line C) and for the DBLT, it was measured

from the symphysis pubis to the last slice line caudally (Line B).
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INSRUCTIONS:

For Abdomino-pelvic cases that involve abdominopelvic lesions/tumours the DAUT was measured from the dome of diaphragm to where the last slice line ended
upwards (cranially) (Line A in the diagram). For the DBLT, it was measured from the symphysis pubis to the last slice line downwards (caudally) (Line B).

For Kidney stone, and CT IVU for Urothelial malignancy the DAUT was measured from 1 cm above the most cranial pole of the kidneys to where the last slice
line ended upwards (Line C) and for the DBLT, it was measured from the symphysis pubis to the last slice line downwards (caudally) (Line B).

For Head cases, the DAUT was measured from the skull vertex to where the last slice line ended above the head (cranially) (Line D) and for the DBLT it was
measured from bases of skull (at foramen magnum) down the cervical to the last slice line downwards (caudally) (Line F).

For all chest cases including pulmonary angiogram, the DAUT was measured from the lung apex (T1) to where the last slice line ended upwards (carnially) (Line
H) and for the DBLT, it was measured from the lowest costophrenic angle (lung base) to the last slice line downwards (caudally) (Line I).

Figure 3.14: The measurements of DAUT and DBLT for each indication
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A Microsoft excel spreadsheet version 2013 was used to generate mean and standard
deviation values for DAUT and DBUT that were used across the country for all the indications
and the results presented in Table 4.57 of Chapter Four. To recommend an appropriate standard
protocol to optimise and harmonise the extra scan length values and reduce unnecessary
radiation for clinical application in Ghana, an experimental study using routine CVVA/stroke
indication as a case study was then undertaken. This CVVA/stroke indication was selected

because it was the most observed indication in this study.

3.8.1.1 Phantom-Based Optimisation Study
An anthropomorphic Alderson RANDO phantom was used to investigate the
desirable scan coverage for CT CVVA/stroke indication. The details are presented in Sections

3.8.1.1.1-3.8.1.1.4.

3.8.1.1.1 Materials

A Siemens CT Somatom Emotion scanner and an anthropomorphic Alderson RANDO
phantom, which consists of a human skeleton embedded in plastic, were used in the experiment.
The phantom has equivalent radiological properties to human tissues. Its physical
characteristics were similar to an average male patient of weight, 73.5 kg, and height, 175 cm
tall and without arms or legs. The phantom consists of 2.5 cm-thick plastic slices with pre-
drilled holes into which TLDs can be inserted, and segmented into sections numbered from 0
at the cranial end to 35 at the caudal end. An ImageJ software version 1.52 and two radiologists
were used to assess the image quality while Microsoft Excel version 2013 was used for data
entering and processing for analysis. A diagram showing the anthropomorphic Alderson
RANDO phantom and how it was positioned in a Siemens CT Somatom Emotion scanner for

the optimisation study is presented in Figure 3.15.
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Figure 3.15: An anthropomorphic Alderson RANDO phantom as shown in Plate A, while
Plate B shows the position of the phantom in a Siemens CT Somatom Emotion scanner.

3.8.1.1.2 Procedure

First, the standard protocol for routine CVA procedure was used to scan the phantom
using a Siemens Somatom Emotion positioned for CVA procedure. A total of six different scan
coverages (scan lengths) were used to acquire different sets of images. The imaging parameters

used are presented in Table 3.3.

Table 3.3: Parameters used for performing the experimental study for scan coverage for
routine CVA

Protocol/ kVp Eff. Pitch  Trot(s) ST Coll. SL DAUT DBLT
image ID mAS (mm) (mm)  (mm) (mm)
A 110 120 0.55 15 3 16x0.6 165 ~8 ~20
B 110 120 0.55 15 3 16 x 0.6 137 0 0
C 110 120 0.55 15 3 16x0.6 132 10* 0
D 110 120 0.55 15 3 16x0.6 157 10 10
E 110 120 0.55 15 3 16x0.6 142 0 5
F 110 120 0.55 15 3 16x0.6 147 5 5

Key: * = below the vertex, kVp: peak kilovoltage, Eff. mAs: effective milliampere-second,
Trot(s): rotation time, ST: scan thickness, Coll.: collimation, SL: Scan length, DAUT: distance
above upper target, DBLT: distance below lower target. CVA: cerebrovascular accident. Note:
upper and lower targets for CVA imaging were the skull vertex and foramen magnum,
respectively.
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For study A, the scan coverage employed the mean DAUT and DBLT values used
across the facilities to scan the phantom after a scanogram. With all factors remaining the same,
the DAUT and DBLT values were adjusted to study the dose and image quality response. The
second measurement (B) was undertaken by adjusting the scan length from exactly the vertex
of the skull down to exactly the level of the foramen magnum at the base of the skull. The third
measurement (C) was also undertaken 10 mm below the skull vertex and 0 mm below the base
of the skull at the foramen magnum. The other measurements were taken; 10 mm above vertex
and 10 mm below the base of the skull (D); no extra scan lengths above vertex and 5 mm extra
scan lengths below the base of the skull (E), and 5 mm extra scan length above vertex and
below the base of the skull (F). Six different scan coverages (scan lengths) were used to acquire
different sets of images and, subsequently, the CTDIvo, DLP values were obtained from the
CT scanner’s console. The scan coverages used in scanning the Alderson RANDO phantom

are shown in Figure 3.16.
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3.8.1.1.3 Image Quality Assessment

Image quality in terms of SNR was calculated using equation (3.5) and the procedures
described in Section 3.3.3.6 using ImageJ software version 1.52. Moreover, the images of each
set of procedures were given to two senior radiologists to estimate the suitability and subjective
image quality of all the suggested protocols for their intended tasks in clinical practice in
Ghana. The two radiologists had 9-years and 5-years working experience in image reporting,
respectively. A 5-point scale (1= poor to 5= very good) was used to rate the images on:
coverage of the region of interest, image contrast resolution, acceptable spatial resolution,
diagnostic image acceptability, visualization of anatomical structures of interest and image

noise.

3.8.1.1.4 Data Analysis

An SPSS-based Intraclass Correlation Coefficients (ICC) was run to determine
statistical agreement between the two raters in image quality scoring. A p-value of < 0.05 was
considered statistically significant in the ICC tests. The dose descriptor data for all the six
protocols were descriptively compared using Microsoft Excel version 2013 and percentages of
DLP dose reduction over the current practice (originally used across the facilities) were

estimated. The results are presented in Table 4.58 of Chapter Four.
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3.8.1.2 Patient-Based Optimisation Study

As the phantom could not absolutely mimic a real CVA condition, a clinical study using
patients’ data was conducted to evaluate the application of the phantom results in clinical
practice. The average scan coverage used in the facilities was referred to as “Full range” while
the best scan coverage protocol (protocol C) observed in the phantom study was referred to as

“Reduced range”. Details are presented in Sections 3.8.1.2.1 t0 3.8.1.2.7.

3.8.1.2.1 Materials

Five CT scanners, including Toshiba Aquilion ONE, Philips Brilliance Extended, GE
Optima 660, Siemens, Somatom Emotion and Hitachi Spuria together with their workstations
with details presented in Table 3.4, were used in the patient-based study. These scanners were
used because there was the need to have a representation of all the scanner models across the

country in this study.

Table 3.4: CT equipment and scanning parameters

Scan parameters

CT scanners Pitch Tube voltage  Tube loading  Beam collimation
(kVp) (mAs) (mm)
Toshiba Aquilion ONE 0.75 120 225 32.x0.5
Philips Brilliance Extended 0.75 120 400 64 x 0.5
GE Optima 660 0.60 120 180 16 x 1.0
Siemens Somatom Emotion 0.55 130 250 6x1.0
Hitachi Spuria 0.75 120 263 16 x 1.25

kVp: peak kilovoltage, mAs: milliampere-second, CT: computed tomography
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Other materials and people engaged in this study included:

PACS connected to each of the aforementioned scanners were also used to retrieve
patients’ clinical images.

NCICT software version 2.1 (A Monte Carlo-based software developed by the
National Cancer Institute, USA).

ImagelJ software version 1.52 (National Institute of Health, USA).

Two radiologists

A Microsoft Excel version 2013.

3.8.1.2.2 Sample Size Determination

A sample size calculator was first used to determine the required sample size capable

of producing statistically reliable responses when the “Full range” (used in the facilities) and

“Reduced range” CT intervention values are compared. Charan and Biswas (2013)

recommended equation (3.11) as a suitable means of estimating the required sample size for

interventional studies involving two groups as the case for Full range CT and the “Reduced

range CT ” scans.

where

S = 2Dezv(zoclz +Zﬂ)2
= d2
(3.11)

S is the sample size,
Dev is standard deviation from previous studies of pilot study,

Z « is standard normal variate for level of significance (p < 0.05).

2

Zg is standard normal variate for statistical power

d? is the effect size.

115



At 5% type 1 error (p < 0.05), the Z« was chosen as 1.96 since the majority of studies of this
2

kind consider p-values significant below 0.05. From the DAUT and DBLT, the collective SD
for CVA was 21.3 and this was used in the formula. The precision/absolute error of 5% was
tolerable and the Zz was chosen at 80% (0.84) as it is very reliable (Charan and Biswas, 2013).
From the phantom study, effect size of 10% was considered an appreciable dose reduction.

Hence, the sample size was calculated as:

_ 2(23.1)*(1.96+0.84
10?

)2
S =83.67

From the above, the least sample size that could be used for each group (“Full range” and
“Reduced range” CT) was approximately 84. However, to account for a better statistical

outcome, a sample size of 100 was used for each study group.

3.8.1.2.3 Inclusion and Exclusion Criteria

With the exception of non-CVA indicated CT procedures and patients under 18 years
of age, all patients’ images which had been undertaken for the evaluation of CVA within the
study period (2017- 2019) in the facilities indicated in Table 3.4 were considered eligible for

their inclusion in this study.

3.8.1.2.4 Procedure

Two groups of data, consisting of “Full range” and “Reduced range” were first created
from the PACS and the CT workstations of the CT scanners. The data set in each group
comprised the DAUT and DBLT. In the “Full range” group, the DAUT and DBLT of 100
original images were collected from all the five scanner facilities. The mean DAUT was
8.3£7.1 mm above the vertex and the mean DBLT was 20.2 +11.3 mm. Subsequently,
“Reduced range” data variables covering from 10 mm below the vertex and 0 mm the below
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base of the skull at foramen magnum were reconstructed or reformatted from the original
images using CT reconstruction tools. Each image set had both full range and reduced range
values. The mean DAUT and DBLT parameters and pictorial representation of the scan

coverages for full and reduced ranges are presented in Table 3.5, and Figures 3.17 to 3.19.

Table 3.5: The DAUT and DBLT used in the patient-based study

Protocol Average coverage of skull for CVA Average
DAUT (mm) DBLT (mm) CTDlyo(MGy)

Full 8.3x7.1 mm above the | 20.2+11.3 mm below the base 546

range CT vertex of skull (foramen magnum)

Reduced 10* mm or 1 cm below or | 0 mm below the base of the

range CT inferior to the vertex skull at (foramen magnum) >4

DAUT = distance above upper target, DBLT = distance below lower target. = = below vertex, CVA =
cerebrovascular accident, CT = computed tomography; CTDI., = volume weighted CT Dose index

DAUT: = 8 mm above vertex
DBLT: = 20 mm below the
base of skull

(foramen magnum)

Figure 3.17: A typical scan coverage (grid areas) for a “Full range” CVA CT. Plate A
shows the last two slices from the base of the skull (caudally) and Plate B shows the last
two slices cranially which contain no information for CVA diagnosis. The red arrow
shows a typical mean DAUT and the black arrow shows a typical mean DBLT used across
the facilities.
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DAUT: 10 mm/1 cm below
or inferior to vertex

DBLT: 0 mm below the

base of skull at

(foramen magnum)

Figure 3.18: A typical scan coverage (grid areas) for a “Reduced range” CT for CVA.
Plate I shows the last two slices from the skull base (caudally) and Plate 11 shows the last
two slices cranially. The red arrow shows a 1 cm allowable distance from the vertex of
the skull that can be used to optimise radiation in CVA examinations without
compromising on image quality.
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Unnecessary acquired images

for CVA diagnosis

Cranial to Skull base to
caudal

Figure 3.19: Unnecessary areas (grid lines) identified with Full range scan along z-axis
and their corresponding unnecessary images for disgnosing CVA conditions are also
displayed. Red arrow shows Reduced range CT area capable for CVA eaxaminations.
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3.8.1.2.5 Radiation Dose Assessment

Following the reconstruction of the acquired images, the radiation dose descriptors
(DLP, Ep and organ doses) for the Full and Reduced scan protocols were calculated using the
NCICT software version 2.1 (National Cancer Institute, USA). The software has an interactive
tool which allows for manual adjustment of the scan range to determine the aforementioned
dose indices based on the scan parameters and the anthropometric information of the patients.
With fixed scan parameters, the scan lengths for the Full and Reduced protocols of each patient
data were reformatted and organ doses for brain, pituitary gland, eye lens, eyeballs, salivary

glands, oral cavity, spinal cord and thyroid were assessed.

3.8.1.2.6 Image Quality Assessment

The image quality assessment procedures outlined in the phantom-based study were
replicated in the patient-based study (Section 3.8.1.1.3) and the results are presented in Table
4.60. Moreover, radiologists reported on the pathologies (CVA-based and incidental findings)
on the images of both Full and Reduced range protocols. The results on the conditions that

were diagnosed on both the reduced and full range images are presented in Table 4.62.

3.8.1.2.7 Data Analysis

The data analysis procedure used in the phantom-based study (Section 3.8.1.1.4) was
also employed here. In addition, the organ doses, DLP and Ep for both protocols were then
compared. A Shapiro-Wilk test was used to test for normal distribution of the data. Based on
the normality of the distribution of data (Appendix X), a parametric T-test was used to compare
the Full-range and Reduced-range data variables. A p-value of < 0.05 was considered

statistically significant in all statistical analyses.
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The MINITAB statistical tool version 19 was also used to model relationship between
some organ doses (brain, salivary gland, eye lens, eyeballs, oral cavity, spinal cord, thyroid and
pituitary glands) and some exposure parameters (such as CTDlyol, slice thickness (T) and scan
length).

The modelling process was centred on linear regression. To satisfy the assumptions of
using linear regression, a large sample size > 20, continuous data variables and Shapiro-Wilk
test of normality (as explained above for normality test) were used in the study and the data
variables satisfied the normality rule as shown in Appendix X.

Grubbs' Test, a statistical tool for testing for outlies in MINITAB version 19 was used
to ensure that there was a lack of strongly influential outliers in the data variables, as shown in
Appendix XI. A Grubbs' Test p-value < 0.05 would suggest the presence of strongly influential
outliers. However, all the p-values were > 0.05 at 95% significance level (Appendix XI).

Studies (Stoltzfus, 2011; Tabachnick and Fidell, 2007) have suggested that there should
be an absence of multicollinearity in the independent variables for linear regression models as
correlations or multiple correlations of enough magnitude have the ability to adversely affect
regression estimate. This was achieved by using Variance Inflator Factors (VIF) to indicate the
degree to which the standard error was inflated due to the levels of collinearity (Stoltzfus,
2011). Initial assessment showed that there were high VIF greater than 3 among some of the
independent variables which showed moderately correlated independent variables (Appendix
XI1). Subsequently, those variables were eliminated to reduce the multicollinearity among the

independent variables, prior to using the regression model.
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3.8.2 Optimisation Method 2: The Role of AEC Utilisation

3.8.2.1 Overview

Follow up queries across the facilities scanning without AEC, as identified in this study
revealed that these scanners had default setting limitation where the AECs were not activated
for certain procedures. Also, some practitioners were not aware the AECs were off and due to
limited knowledge about AEC operations they were not often checked. To effectively evaluate
the impact of the AEC and make needed optimisation recommendations, an experimental study
was undertaken in four facilities in Ghana scanning without AEC using an adult whole-body

CT anthropomorphic phantom PBU-60.

3.8.2.2 Materials
The phantom and the CT scanner characteristics/specifications used in this experiment
are shown in Tables 3.6 and 3.7, respectively.

Table 3.6: Characteristics of CT phantom PBU-60
Parameters Characteristics

Phantom estimated weight 50 kilogram (kg)
Phantom estimated height 165 cm
Phantom estimated age 30 years (adult)

Manufacturer KYOTO KAGAKU Co., LTD

Phantom composition:

Soft tissue/organs: Urethane based resin
Synthetic bones: Epoxy resin
Joint attachments: Epoxy, urethane with carbon fibre

Screws: Polycarbonate
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Table 3.7: Characteristics/specifications of CT scanners

CTID Manufacturer  Model Scanning parameters
Fixed mAs  AEC
CT2 Siemens Somatom AEC: off AEC: CareDose4D
Emotion Scan length: 46 Scan length: 46 cm
cm kV: 100;
kV: 100; Pitch: 1
Pitch: 1 Rotation time: 0.5,

Rotation time: 0.5 Ref. mAs 250
Fixed mAs: 240 Mean effective mAs 166

CT8 GE Lightspeed AEC: off AEC: AutomA 3D
Pro 16 Scan length: 46 Scan length: 46 cm
cm kV: 120;
kV: 120; Pitch: 1.38;
Pitch: 1.38; Rotation time: 0.8

Rotation time; 0.8 Mean mAs: 105
Fixed mAs: 170

CT14 Toshiba Aquilion 16 AEC: off AEC: SureExposure 3D
TSX Scan length: 46 Scan length: 46 cm
cm kV: 120;
kV: 120; Pitch: 0.94;
P'tCh:. 0'9{1; Rotation time: 0.75,
Rotation time:
0.75, Mean mAs: 137.7
Fixed mAs: 221
CT19 Philips Brilliance 64  AEC: off AEC: DoseRight Z-DOM,
Scan length: 46 ACS
cm Scan length: 46 cm
kV: 120; kV: 120;
Pitch: 1.17; Pitch: 1.17;

Rotation time: 1,  Rotation time: 1,
Fixed mAs: 276 ~ Mean mAs 191.8

AEC: automatic exposure control; kV: kilovoltage, mAs: milliampere-second, CT: computed
tomography, ACS: Automatic Current Selection
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3.8.2.3 Methods and Procedure

For each facility, the phantom was placed on the CT table and positioned for a routine
AP CT examination. It was placed supine, and with the help of the laser beams, an isocentre
position was achieved. The midsagittal plane coincided with the vertical lasers while the true
coronal plane coincided with the horizontal lasers as shown in Figure 3.20. A scanogram was
acquired from the top of higher hemidiaphragm to below the symphysis pubis. Subsequently,
actual imaging, using the routine protocol of the AP region (as the case of non-contrast AP
lesion) was undertaken with and without the activation of the AEC. The position of the lasers

on the phantom and scan positions/coverage (46 cm) were kept constant for the scans.

i

Figure 3.20: Positioning of PBU-60 phantom for AEC studies

The dose output descriptors for experiments with and without AEC were documented
in a Microsoft Excel version 2013. The dose reduction was calculated from the DLP values

using equation 3.12:

DR — DLP ggc off —DLP aoEc x 100% (3.12)
DLP pEc off
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where
DR is dose reduction
DLPagc off is measured dose length product without AEC

DLPagec is measured dose length product with AEC

3.8.2.4 Image Quality and Data Analysis

Image quality in terms of noise levels (using the standard deviation, SD, of CT number)
and SNR were measured at proximal, middle and distal part of the phantom (at 577, 722 and
902 z-positions) using ImageJ version 1.52 software. First, ROls of area 10 mm? were drawn
at the specific places on image slices and the above-mentioned software programmes were used
to determine the noise (SD) and the SNR. As already shown in Figure 3.12, the same

measurement approach was used.

3.8.2.5 Data analysis

Data were then analysed using the Microsoft Excel version 2013 and SPSS version 23.0
(SPSS Inc., Chicago, IL USA). The dose descriptive data for all the protocols with fixed mAs
and those with AEC were descriptively compared using Microsoft Excel version 2013 and
percentages of DLP dose reduction over the current practice (originally used across the
facilities) were estimated. In addition, based on the normal distribution of the data, a
comparative analyses of the dose output (DLP) accruing from AEC and fixed mAs
examinations were also compared with a T-test using SPSS. A p-value of <0.05 was considered

statistically significant. The results are presented in Table 4.63.
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3.9 Ethical Consideration and Data Handling

This study was conducted in adherence to the international research ethical guidelines
and in compliance with the Helsinki declaration (World Medical Association Declaration of
Helsinki, 2001). Prior to the study, ethical clearances (Appendices XI1I- XV) were sought and
approved by the Ethics Committee for Basic and Applied Sciences (ECBAS), University of
Ghana (REF. No: ECBAS 041/17-18), the Ghana Health Service Ethics Review Committee
(REF NO: GHS-ERCO002/04/18), Korle Bu Teaching Hospital’s Scientific and Technical
Committee (KBTH-STC) and the Institutional Review Board (KBTH-IRB) (REF NO: KBTH-
IRB/00092/2017). The Nuclear Regulatory Authority (NRA) of Ghana also granted permission
and supported the study. Subsequently, permissions were sought and granted by all the Heads
and Managers of institutions responsible for the CT scanners that were used in this study. Some
of the permission letters are shown in Appendix XVI. All the CT facilities which finally took
part in the study were coded and identified with alphabets to prevent public linkage of

information to any of them.

Information sheets were used to educate all participants who provided questionnaire
data prior to recruiting them. They were made aware that the research study carries very
negligible risk and the outcome had the potential to help to establish indication-based DRL
values and dose optimisation methods for CT examinations in Ghana for policy decisions and
directions in the country. They were made aware that their participation in this research was
voluntary, and they were at liberty to decline or withdraw from the research without providing
an explanation at any time until the work is completed. In addition, they were informed that
their personal details were not going to be used in the study and consequently, their identities
were coded to ensure their confidentiality. All those who participated in the Phase 1 stage of

the study finally consented to participate in the study before their involvement.
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With respect to the patients’ image folders retrieved from the CT Archives and
workstations during the study period, the identities of patients were safeguarded by blocking
the names during the data collection. The CT scanners display software programmes had
“identity hide” tools for blocking patients’ names and identities. The activation of the tools
concealed patients’ identities during the data collection and analysis process. The collected
data sets were also stored on a computer and encrypted with a password to further ensure that
confidentiality of information and details peculiar to the patients were also protected. All
generated data sets were used for research purposes only and nothing else and would be kept
for at least five years for future review if necessary. All the aforementioned were done to ensure

patient’s anonymity and confidentiality were considered during the study.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Overview

This Chapter presents the results and the discussion of the thesis and gives account of
the six phases of the study. The results and discussions of Phase 1 covered the technical data
on the CT infrastructure in the various facilities, common indications and definition of the basic
diagnostic imaging requirements. Phase 2 addressed the CT scanner performance
characteristics data. The outcomes of Phases 3 and 4 covered CT dose descriptors data, image
quality assessment and DRLs estimations. Results and discussions on estimation of cancer risks
associated with the doses and optimisation methods are presented under Phases 5 and 6,

respectively.

4.2 PHASE 1: CT Technical Data, Common Indications and Imaging Requirements

As part of preliminary steps to achieve the objectives of the entire study, CT technical
/infrastructure data, common indications and imaging requirements were first investigated
(Phase 1 of the study). The results of Phase 1 are presented in two sections: the results on
technical data on CT scanners and common indications are presented in Section 4.2.1, while

those on basic diagnostic imaging requirements are presented in Section 4.2.2.

4.2.1 CT Technical Data and Common Indications

CT is a key component of modern healthcare in all countries. According to Statista, as
of the year 2017, the distribution of CT scanners per one million inhabitants were 64
(Australia), 44 (United States of America), 35 (Germany) and 15.28 (Canada), respectively
(Statista, 2017). However, 35 authorised CT scanners existed in Ghana at the time of the study.

This was approximately one (1) CT scanner per 850,000 inhabitants or 1.18 scanners per one
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million inhabitants (with an estimated population of 30 million inhabitants as indicated by the
Ghana Statistical Services, 2019). Comparatively, this is 5.78% of the EU average of 20.4 CT
scanners per 1 million population (Vanckavicienea et al., 2016).

Out of the 35 scanners in the country, responses on CT technical data, and common
indications were received from the technical heads responsible for 31 CT scanners,
representing 88.6% of the total number. The demographics of the technical heads are presented

in Table 4.1.

Table 4.1: Demographics of study respondents (Technical Heads)

Demographics Number Percentage (%)
Male 23 74.2
Gender Female 8 25.8
Chief Radiographer 3 9.7
Rank (Grade) Deputy Chief Radiographer 3 9.7
Principal Radiographer 16 51.6
Senior Radiographer 7 22.6
Principal Technical Officers 2 6.5

Most (n=16, 51.6%) of the technical heads were principal radiographers in their
respective hospitals and majority (n=23, 74.2%) were males. This suggests a male dominated
technical leadership at CT facilities in Ghana. A study (Steffens et al., 2019) has also noted
that gender balance has been particularly scarce at leadership level with men mostly being in
the majority.

The technical data on CT models, manufacturers, year of manufacture (YoM), year of
installation (Yol) and number of detector rows/slices identified across the CT facilities are

presented in Table 4.2.
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Table 4.2: CT models, manufacturers, years of manufacture, installation and number of
detector rows/slices (N=31)

Hospital CT Manufacturer Model YoM Yol Detector
ID row/slice
A CT1 Toshiba Aquilion One TSX-301A 2012 2012  320/640
B CT2 Siemens Somatom Emotion 6 2006 2011 6
C CT3 GE Brightspeed Elite 2011 2011 16
D CT4 Philips Brilliance ICT 2015 2016 128
E CT5 Siemens Somatom Perspective 2016 2016 16
F CT®6 GE VCT Lightspeed 2008 2009 64
G CT7 Siemens Somatom Perspective 2016 2017 64
H CT8 GE Lightspeed Pro 16 2011 2011 16
| CT9 GE Brivo CT 385 series 2015 2016 16
CT 10 Siemens Somatom Emotion 2007 2008 6
J CT11 Toshiba Aquilion GX 2012 2012 128
K CT 12 Toshiba Aquilion TSX-101A 2016 2016 16
L CT 13 Siemens Somatom Emotion 2010 2010 16
M CT14 Toshiba Aquilion TSX-101A 2013 2013 16
CT 15 Toshiba Aquilion CXL TSX-101A 2015 2015 32
N CT 16 Philips MX 16 2015 2016 16
O CT 17 Toshiba Aquilion CXL TSX101A 2012 2015 32
P CT 18 GE Revolution Evo 2017 2017 64
Q CT 19 Philips Brilliance 2009 2010 4
R CT 20 Hitachi Supria 2015 2015 16
S CT21 Philips Brilliance extended 2007 2010 64
T CT 22 Picker PICKER PQ5000 1998 2017 1
International
U CT 23 Siemens Somatom Emotion 2009 2010 16
\Y CT 24 GE Brightspeed Edge” 1998%  2009* g*
W CT 25 Siemens Somatom Emotion 2010 2011 16
X CT 26 Siemens Somatom Definition AS 2015 2016 64
Y CT 27 Philips Brilliance 16 2010 2016 16
Z CT 28 Toshiba Asteion 2009 2016 4
AA CT 29 Toshiba Aquilion TSX-101A 2015 2015 16
CT 30 Toshiba Aquilion TSX-101A 2012 2013 16
AB CT31 GE Optima 660 2016 2016 64

Key: YoM: year of manufacture, Yol: year of installation. CT: computed tomography. The sign
“#” means that that machine was replaced with a 64 slice GE Revolution 5492001. It was
manufactured and installed in 2018.

Majority of the CT scanners as indicated in Table 4.2 were Toshiba (n=9, 29.0%) and

Siemens (n=8, 26.0%) models. All recently installed public CT scanners by the Government

of Ghana were Toshiba models, which contributed to the increased tally. The detector row and

equipment slices ranged from 1 to 320 and 1 to 640, respectively, of which majority (n=14,
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45.2%) were 16 slice scanners. The results indicated that 30 out of 31 scanners, representing
96.8%, were MDCT systems. Advanced MDCT scanners with higher detector configuration
offer faster image acquisition speed, more patient body coverage, high spatial resolution,
optimal image quality and optimised radiation dose levels (if properly utilised) (Gao et al.,
2017). The year of manufacture ranged from 1998 to 2017 while installations were undertaken
from 2008 to 2017. Only three facilities had two installed scanners, while the others had a
single scanner. The mean age of the CT equipment was 7.3 + 4.4 years old and 25.6% of them
were 10 or more years old. According to a report (European Society of Radiology, 2014),
scanners older than 10 years are no longer considered state-of-the art equipment and may not
have the current technology for full patient benefits. Moreover, newer CT technologies offer
10-30% lower radiation exposure levels compared to systems installed 5 years ago (European
Society of Radiology, 2014). There is, therefore, a need to upgrade older scanners (25.6%) in
Ghana. Interestingly, one of the very old scanners (GE Brightspeed Edge manufactured in 1998
and installed in 2009) was being replaced with a 64 slice GE Revolution (manufactured in
2018) at the time of the study. This is a commendable action.

The scanners’ ability to display dose descriptors (such as CTDIlyo and DLP parameters),
scan mode systems incorporated in the CT scanners, and the availability of AEC systems on

the CT scanners are presented in Figure 4.1.
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Figure 4.1: Equipment ability to display CTDIvo and DLP parameters (a); the scan mode
systems incorporated in the CT scanners (b); availability of AEC systems on the CT
scanners (C).

From Figure 4.1(a), 30 (96.77%) of the CT scanners could display CTDIlvo and DLP
parameters on the console, while 1 (3.23%) could not. Currently, it is an international
requirement that all operational CT scanners should display dose descriptors such as CTDlyol
and DLP on the CT console, post examination (ICRP, 2017; International Electrotechnical
Commission, 2011; Institute of Physics and Engineering in Medicine, 2005). It was observed
that one of the scanners lacked a self-display dose output configuration. Consequently, there is
the need for the operator of this scanner to ensure compliance with the international mandatory
requirement of console-displayed CT dose outputs. In Figure 4.1(b), although majority (n=22,
70.97%) of the scanners had the ability to scan in both helical and sequential modes, 8 (25.81%)
and 1 (3.23%) of them were designed to scan in only helical and sequential modes, respectively.
Unfortunately, 1 scanner (3.2%) was not incorporated with as AEC system. The AEC system’s
advantage of yielding significant reductions in patient doses while maintaining appropriate
image quality could thus not be realised in this CT machine and needs to be replaced or

upgraded (Higaki et al., 2019; Fillon et al., 2018).
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The geographical distribution, ownership and functionability of the CT scanners across

the country are presented in Table 4.3.

Table 4.3: Geographical location, ownership status and functionality of the CT scanners
(N=31)

Location/ Ownership status Functionability
region Public Private Quasi Total Yes No
GA 4(12.9%)  11(355%) 3(9.7%) 18(58.1%) 17(54.9%) 1(3.2%)
Ashanti 2(6.5%)  4(12.9%) - 6(19.4%)  5(16.1%)  1(3.2%)
Northern 2(6.5%) 1(3.2%) - 3(9.7%) 2 (6.5%) 1(3.3%)
Western 1(3.2%) - - 1(3.2%) 1(3.2%) -
Eastern 1(3.2%) - - 1(3.2%) 1(3.2%) -
BA 1(3.2%) - - 1(3.2%) 1(3.2%) -
Central 1(3.2%) - - 1(3.2%) 1(3.2%) -
Total 12(38.7%) 16(51.6%) 3(9.7%) 31(100%)  28(90.3%) 3(9.7%)

GA= Greater Accra; BA= Brong Ahafo; quasi: public-private partnership.

Out of the 31 CT scanners, the majority (n=16, 51.61%) were operated by the private
sector, while 12 (38.7%) were operated in public health facilities, and 3 (9.68%) by quasi-
governmental establishments (establishments controlled both by the government and private
sectors). The CT scanners were not evenly distributed across the 10 regions of the country at
the time of the study. In particular, most (18/31) CT scanners were operated in the Greater
Accra Region inhabited by 16.3% of the national population (Ghana Statistical Services, 2019),
and none installed in the Upper West, Upper East and the Volta Regions. The lack of CT
scanners in these locations means that patients requiring CT services (even in emergency cases)
would have to travel to other regions to access the service, which could compromise effective
patient management. At the time of the study, 28 (90.32%) of the scanners were functional,

while 3 (9.7%) were out of operation and could not be used in the DRLs study.
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The categories of health professionals associated with the operation, quality and safety

maintenance, and image reporting activities of the CT scanners are shown in Table 4.4.

Table 4.4: Number of CT scanning radiographers, reporting radiologists and attending
medical physicists

Professional Number Ratio to population
Radiographers 107 1: 280,374
Radiologists 60 1: 500,000
Medical Physicists 10 1: 3,000,000

There were 107 radiographers operating the CT scanners, 60 reporting radiologists and
10 medical physicists in the diagnostic radiology responsible for CT scanners. Per the estimated
population of Ghana as of 2019 (Ghana Statistical Services, 2019), the findings further suggest
that the staff to populace ratios were 1: 280,374 for radiographers, 1: 500,000 for radiologists
and 1: 3,000,000 for medical physicists. Compared to the situation in developed countries
(Germany, USA, France) (Silvestrin, 2016), these numbers are very low, necessitating the need
to address the staffing-gap situation. In particular, the professional distribution with respect to
medical physicists is worse because of the lack of their recruitment by the public sector into
the diagnostic radiology, although they are available for employment. Due to this limitation,
many facilities mainly rely on the QC tests undertaken by the NRA for purposes of inspections,
verifications of compliance with regulatory requirements, and issuance of authorisation to
practice. This authorisation is renewed every 3 years. The inspection conducted every three
years means that there is a lot of scope for something going wrong and not being fixed for a
long time. This has the potential to compromise effective healthcare delivery. There is thus, an
urgent need to employ the relevant health professionals in CT facilities to promote patient care,

protection and safety during health delivery.
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QA is an interdisciplinary management tool including policies that offer a means for

guaranteeing that all activities, including CT imaging, are effectively planned, correctly

performed and assessed to meet specifications. The availability of QA infrastructure at the

various CT facilities is presented in Table 4.5.

Table 4.5: QA infrastructure availability at the CT facilities (N=31) in Ghana

Quality Assurance structures Responses
Yes No

n % n %
Availability of QA or QC Committee 17 548 14 452
Availability of a documented protocol for CT scanning 15 484 16 516
Post-major repair QC assessment records 21 677 10 323
Do you have records of regular QC checks 20 645 11 355
Authorisation by NRA 31 1000 O 0.0
Availability of established acceptance testing procedure 19 613 12 387
Availability of effective planned maintenance schedules 12 387 19 613
Equipment performance record keeping 29 935 2 6.5
Availability of radiation protection devices 31 1000 O 0.0
Availability of systems for justifying CT exposures 31 1000 O 0.0
Availability of adopted or established DRLs 0 0.0 31 100.0
Availability of scheduled optimisation programmes 20 645 11 355
Keeping of patient dose records 20 645 11 355
Availability of an established patient dose and image quality
audit programmes ol 20 839
Planned schedules for frequent cleaning of equipment 10 323 21 677
Documented training program and records 5 161 26 839

Key; QA: quality assurance, QC: quality control; NRA: Nuclear Regulatory Authority. DRLSs:

diagnostic reference levels, CT: computed tomography.

QMS and quality programmes are the physical and non-physical structures required by

radiology personnel to ensure patient satisfaction, protection and safety in radiology

departments (Kruskal et al., 2009). The results indicated some CT facilities in Ghana lacked
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the needed QA infrastructure. In particular, 14 (45.2%) of the facilities lacked essential
infrastructure such as QA/QC Committees, while a documented protocol for CT scanning was
absent in 16 (51.6%) of them. A study (Ofori et al., 2013) has equally observed this situation
in the general x-ray facilities in Ghana. According to the IAEA (IAEA, 2012), the QA/QC
Committees have the primary function to keep lines of communication amongst all groups with
QA, QC and QI responsibilities. These include the maintenance of acceptable standards of
quality and periodical review or audit of practices for effectiveness and compliance with quality
standards. Therefore, the absence of operational tools like documented scanning protocols and
appropriate committees to ensure functional QA, QC and QI could have severe consequences
on the radiation protection culture (Ofori et al., 2013).

A study (Schandorf and Tetteh, 1998) reported that established acceptance testing
procedures, commissioning, regular QC tests and post-major repair records are important
international indices for assessing equipment performance after an installation and over a
period of time. However, in this study, regular and post-major repair QC assessment records
were missing in 10 (32.3%) and 11 (35.5%) of the facilities, respectively, while established
acceptance testing procedures were lacking in 12 (38.7%) facilities. A similar situation was
reported in Tanzania, where only 6% of the facilities had records of all QC (Ngoye et al., 2015).

Although it is commendable that all facilities had received authorisation from the NRA
and had radiation protection devices and systems for justifying CT exposures, it was also
worrying that some facilities lacked effective planned maintenance schedules (n=19, 61.3%),
equipment performance records (n=2, 6.5%), and scheduled dose optimisation programmes
(n=1, 35.5%), respectively. Patients’ dose record keeping, and establishment of patient dose
and image quality programmes are important optimisation processes. However, these
programmes were missing in majority (n=26, 83.9%) of the facilities, respectively.

Furthermore, planned schedules for frequent cleaning of equipment and documented training
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programme and records were available in only 10 (32.3%) and 5 (16.1%) facilities. These need
to be improved.
Figure 4.3 presents the breakdown of the regularity of the routine QC among the

facilities (n=20) that indicated their involvement in regular QC testing.
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Figure 4.2: Regularity of routine Quality control (QC) (N=20)

Daily and weekly QC assessments were undertaken in two public sector facilities, while
quarterly assessments were done in 3 (60.0%) others. In the private sector category, QC
assessments were conducted daily (n=5, 41.7%), weekly (n=5, 41.7%), and quarterly (n=3,
16.7%), while same were done daily, weekly and quarterly in each (33.33%) of the 3 quasi-
government facilities. The lack of regular QC tests across all the CT facilities could be
attributed to the inadequate numbers of medical physicists in the facilities. This lack of systems
to ensure effective QC tests and record keeping across the CT facilities does not promote
quality service delivery (Korir et al., 2013). The availability of basic QI structures in the CT

facilities in Ghana is presented in Table 4.6.
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Table 4.6: Basic quality improvement (QI) structures in the CT facilities (N=31) in Ghana

QI structures Availability
Yes No
n % N %
Do you have institutional leadership and support toward QI? 31 100 - -

Do you have regular meetings involving all the stakeholdersto 5 16.1 26 83.9

communicate QC results?

Has your facility establish a culture of quality in your practice? 3 9.7 28 903
Has your facility established an improvement team? 5 161 26 839
Do you have a QI protocol or manual 3 9.7 28 903
Do you have a system that engages all the professional groupsin 6 194 25 80.6

the department on QI?

Do you have a system that regularly receives and analyses 10 323 21 67.7
feedback from customers and stakeholders?

Do you have surveillances system for monitoring QI indicators? 3 9.7 28 903
Does your facility have a system to reward hard work associated 18 58.1 13 419
with QI?

Do you have an educational programme on QI? 5 161 26 839

QI: quality improvement, QC: quality control

Apart from available institutional leadership and support toward QI (100%), and QI reward
systems (58.1%), over 67% of facilities lacked all the pertinent structures that constitute
effective QI systems. Over 90% of the facilities lacked the protocol or manual and surveillance
systems for monitoring QI indicators. This lack of effective QI infrastructures is a concern for
the imaging services in the country which may have dire consequences on improved care. This
is because the goal of QI systems, in particular, is to do the needful in a timely fashion for every
patient every time and to ensure that a particular level of quality performance is improved
(Kruskal et al., 2011). The availability of Quality Management Teams, established culture of
quality and regular meetings involving all the stakeholders for purposes of communicating QC
results for instance, were only available in 5 (16.1%), 3 (9.7%) and 5 (16.1%) of the facilities,

respectively. However, it is known that a well-functioning, cohesive team, stakeholder relations
138



and a culture that recognises quality are crucial for the effective implementation and operation
of a quality radiation protection and safety program in any facility (Ngoye et al, 2015;
UNSCEAR; 2012).

The data on CT policy driven infrastructure and their availability are shown in Table 4.7.

Table 4.7: Policy infrastructure and their availability in Ghana

Policy infrastructure Availability
Yes No

n % N %
Policy on CT authorisation for use in Ghana 31 100 - -
Policy driving CT infrastructure and distribution - - 31 100
Policy on operation and maintenance - - 31 100
Policy and availability of quality management systems - - 31 100
Policy on purchasing, construction and installations - - 31 100
Policy on decommission of a CT facility 31 100
Policy on education and training 31 100 - -
Policy and availability of diagnostic reference levels - - 31 100
Policy on CT referrer guidelines - - 31 100
Policy on recommended frequency for QC tests - - 31 100
Standardised policy on AEC application - - 31 100
Policy on patient dose optimisation, image quality and - - 31 100

audit programmes

Policy on acceptance testing and record keeping - - 31 100
Policy on human resources in CT facilities - - 31 100
Policy on CT maintenance systems - - 31 100

QC: quality control, AEC: automatic exposure control

CT infrastructure is generally driven by policies in respect of directing purchasing,
installation, commissioning and operation of CT facilities to ensure a sustainable service to the
population (Kruskal et al., 2011). However, Table 4.7 showed the lack of many structured

policies, with the exception of CT authorisation, and education and training of staff. A study

139



(Qureshi, 2019) has cautioned that the lack of practice-driven structured policies could limit
economic growth and development as well as improved care.
Table 4.8 shows the duration (down time) taken to repair broken down CT equipment

operated in the various categories of sectors.

Table 4.8: Duration to repair broken down equipment (down time)

Organisation Sector Duration
Public 1 day -2 years
Private 1 hour -1 month
Quasi 1 day - 3 months

A fault is a key index for determining the down time of CT imaging equipment. Depending
on the type, broken-down CT equipment in the public hospitals were repaired between a day
to 2 years. On the contrary, shorter down times of an hour to one month, and a day to 3 months
were required in the private and quasi-government hospitals, respectively. Many health
institutions have applied planning and scheduling to their maintenance functions to enhance
the use of their equipment, decrease unplanned downtime and more efficiently manage their
maintenance budgets. However, effective planned maintenance schedules, which were missing
in 61.3% of the facilities, could be the cause for long down times in the public facilities in
particular. A study (Korir et al., 2013) had also found in Kenya that only 22% of the health
centres had reports of semi-annual preventive maintenance. As a result, equipment faults are
likely not to be detected on time, and when a breakdown occurs, it could take a long time to
have the equipment fixed. The lack of parts supply, after sales service and training of local
human resource to perform maintenance has long been noted as part of the major problem
(ICRP, 2007). The absence of formal organisational structures for effective planned

maintenance systems for CT facilities in Ghana, QMS and management culture have clinical,
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radiation protection and financial implications due to the long downtimes. The Information on
the equipment down time was crucial in determining when a broken-down equipment could be
waited upon to be fixed and included in this DRL study.

Schematic data on whether or not CT facilities benchmark their dose information with
internationally established indication-based DRLs, and agreement levels of respondents on the

need for the establishment indication-based DRLs in Ghana are presented in Figure. 4.3.
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Figure 4.3: Responses on (A) whether or not CT facilities benchmark their dose
information with internationally established indication-based DRLs and (B) respondents
agreement levels on the need for the establishment indication-based DRLs in Ghana.

A DRL is a QA/QC tool used as a trigger to find imaging centres using remarkably high
radiation doses in a particular examination, for which optimisation measures are needed (ICRP,
2017; IAEA, 2013). It needs to be established or adopted so that dose outputs from facilities
could be benchmarked (ICRP, 2007) for effective management practices. Figure 4.3 shows that
CT facilities in Ghana do not compare their dose parameters with any indication-based DRLSs.

However, all the respondents agreed on the need for the establishment and consequent practice

of indication-based DRLs in Ghana.
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The various examination indices (number and percentage) performed each year across

the facilities are presented in Table 4.9 and Figure 4.4.

Table 4.9: CT examinations undertaken in a year

Location

Examinations

(Region) Head Neck Chest Abdomen Pelvic AP L/S Ext Special Total
GA 66462 1873 11204 7737 3174 21713 1313 636 8398 122510
Ashanti 25387 1133 3073 1009 872 10364 773 297 2242 45150
Northern 6434 621 1460 201 310 1565 342 556 192 11680
Western 3391 278 705 239 71 819 210 38 88 5840
Eastern 3559 262 652 278 147 1321 196 13 117 6545
BA 3899 260 169 141 141 821 157 26 78 5690
Central 4385 385 611 398 277 864 185 75 164 7345
Total 113517 4812 17874 10003 4990 37467 3177 1640 11280 204,760

GA= Greater Accra; BA= Brong Ahafo; Ext= Extremities; L/S= Lumbar spine, AP=
abdominopelvic.
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Figure 4.4: Percentage distribution of CT examinations per region (Plate A), anatomical
part (Plate B) and hospital type (C).
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Table 4.9 and Figure 4.4 show that 204,760 CT examinations were performed in a year,
of which head (n=113,517, 55.4%), AP (n=37,467, 18.4%) and chest (n=17874, 8.7%) were
the most prevalent examinations. These three types of examinations accounted for 82.4% of
the CT procedures conducted in Ghana in a year. The frequency of these procedures is generally
consistent with the worldwide trend (Jaffe et al., 2010). The extremities (n=1640, 0.8%) were
the least prevalent CT procedures. The Greater Accra and Ashanti Regions contributed 59.8%
and 22.0% of the CT examinations, respectively, because of the larger number of installed CT
scanners in the two Regions. Majority of CT examinations were undertaken in the public
(n=121,279, 59.2%) and private (n =73,366, 35.8%) imaging facilities. While only 5.0% were
reportedly performed in quasi hospital organisations. The total number of CT examinations
performed in a particular year translates into a lower national annual average of 6.8 CT
procedures per 1000 people compared to 226.6, 94.4 and 85 CT procedures per 1000 people in
the USA, Canada and UK, respectively (OECD, 2019; Statista, 2017). However, Kenya has a
national annual number of 3 CT procedures per 1000 inhabitants, which is about twice less
than the Ghanaian annual average (Korir et al., 2016).

The results of the analysis of the various common indications for adult CT examinations

as well as their scanning protocol similarity index are presented in Table 4.10.
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Table 4.10: Identified common CT indications for adult head, chest and abdomino-pelvic

regions
Indication per anatomical Number  Percentage Scanning Prioritised
region (n) (%) protocol indications for
similarity index DRLs
Head region
CVA/Stroke 37234 32.8 A v
Head injury/trauma 25314 22.3 B v
Headaches with suspicion of
SOL/tumour 17482 15.4 C v
Sinusitis 2724 2.4 D
Dizziness 1135 1.0 C
Loss of consciousness 1249 1.1 C
Psychiatric disorder 3406 3.0 C
Others 24974 22.0 -
Chest region
Cough with suspicion of lung 5720 39 E /
cancer/tumour
Suspicion of chest lesion with
chronic kidney disease (CKD) 1752 9.8 F v
Tuberculosis (TB) 1662 9.3 E
Chronic obstructive pulmonary
disease (COPD) 429 2.4 E
Pulmonary embolism (PE) 2681 15 G v
Pneumonia 518 2.9 E
Pleural effusion 500 2.8 E
Lung abscess 894 5 E
Interstitial lung disease 894 5 E
Haemoptysis 375 2.1 E
Others 2449 13.7 -
Abdomino-pelvic regions (include abdomen, pelvis, both)
Suspicion of AP lesion/abscess 14584 27.8 H v
Kidney stones (plain) 9705 18.5 I v
Liver metastasis 5403 10.3 J
Urothelial malignancy 7974 15.2 K v
Bowel obstruction 1626 3.1 H
AP distension 2990 5.7 H
Prostate cancer 2361 4.5 L
Bladder mass 1312 2.5 L
Others 6505 12.4 -

Key: AP: Abdomino-pelvic. CVA: cerebrovascular accident. Note: Indications with similar scanning
protocol index (eg. C, E, H, L alphabets) were scanned with very common protocol such as collimation,
number of sequences, contrast usage or not, scan length etc. Indication with exclusive alphabet (eg. A,
B, D, F, G, I, J and K) used a unique scan scanning protocol. DRLs: diagnostic reference levels.
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Many publications (ICRP, 2017; European Society of Radiology, 2017; Vocks and
Frija, 2016; Lajunen, 2015) have recommended baseline DRLs for common diagnostic
procedures and indications which contribute significantly to the population dose. CVA/stroke,
a brain cell death condition, resulting from poor blood flow to the brain, and the second leading
cause of death worldwide (WHO, 2019), was identified as the most common (n=37234, 32.8%)
indication for head CT imaging. Sanuade et al. (2019), indicated that it was 2.6% prevalent in
Ghana. Other common indications included head injury (n=25314, 22.3%) and headaches with
suspicion of SOL or tumour (n=17482, 15.4%). Indications such as sinusitis, dizziness and loss
of consciousness were less common. Scanning protocols for the former three indications as
well as sinusitis differed from the rest. However, scanning protocols for dizziness and
psychiatric disorder were similar to those of headaches with suspicion of SOL/tumour. Based
on the frequency and protocol dynamics, CVA/Stroke, head injury/trauma, and headaches with
suspicion of SOL/tumour were prioritised for DRLs in the head region.

In the chest category, as indicated in Table 4.10, cough with suspicions of lung
cancer/tumour, chest lesion with CKD, TB, COPD, PE, pneumonia, pleural effusion, lung
abscess and interstitial lung diseases were identified as the common indications for adult patient
CT examination of the chest region. However, cough with suspicion of chest lung
cancer/tumour (n=5720, 32%), suspicion of chest lesion with CKD (n=1752, 9.8%) and PE
(n=2681, 15%) were the prioritised indications for DRLs in the chest region because of their
prevalence and differences in the scanning protocol.

For the abdomen and pelvis region, the most common indications identified for adult
patient CT examinations were suspicion of AP lesion/abscess (n=14584, 27.8%), kidney stones
(n=9705, 18.5%) and urothelial malignancy (n=7974, 15.2%). Based on their frequency, they
were prioritised for DRLs development. The prioritised indications across the body regions

were similar to those suggested in literature (Vocks and Frija, 2016).
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4.2.2 Definition of Basic Imaging Requirements for Indications

From the initial results (Table 4.5), it was found that most of the facilities did not have
written down working protocols for imaging. Hence, in order to select the appropriate technical
dose descriptors for the various indications, the basic diagnostic imaging requirements were
investigated, and the concept defined. In particular, this was needful for selecting the
appropriate images (without including the unnecessary ones) and their associated dose
descriptors for the DRL development. The findings of the basic diagnostic imaging
requirements for each of the prioritised indications are summarised and presented in the Tables

4.11-4.13. The demographic characteristics of the respondent are presented in Figure 4.5.

m Chief Radiogarpher

m Speacialist Radiologist
Consultant Radiologist

® Principal Radzilggrapher

2\l

8%

= Male mFemale

Figure 4.5: Grade of the respondents

Figure 4.5 shows that the majority of the respondents were male (n=20, 80%), and
specialist radiologists (n=17, 68%) who are qualified in image interpretations. Therefore, their
involvement provided crucial determinants for basic clinical diagnostic imaging requirements
in this study. The basic diagnostic imaging requirements for CVA/stroke, head injury and brain

tumour/SOL procedures in Ghana are presented in Table 4.11.
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Table 4.11: Basic diagnostic imaging requirements for CVA/stroke, head injury and brain tumour/SOL procedures in Ghana (Number of
respondents =25).

CVA/stroke Head injury Brain tumour/SOL
Diagnostic imaging requirements Response Response Response
Yes No Yes No Yes No
n (%) n (%) n (%) n (%) n (%) n (%)

Scan coverage: Scan should cover from just below
the base of the skull to the vertex
Scan should cover from C3 to the

25 (100%)

- 12 (48%) 25 (100%) -

vertex if the base of the skull injury - - 13 (52%) - - -
is suspected
Scan series: None contrast 25 (100%) - 25 (100%) -

Once (only IV contrast phase) - - - - 2 (8%) 23 (92%)

Twice (both non-contrast and i i i i 0 0

contrast phases) 23 (92%) 2 (8%)
Image quality should be acceptable to the reporting

radiologists and should meet national/international 25 (100%) - 25 (100%) - 25(100%) -
standards
Slice thickness- 5mm-10 mm 16 (64%) 9 (36%) 16 (64%) 9 (36%) 17 (68%) 8 (36%)
<5 mm 9(36%) 16(64%) 9(36%) 16 (64%) 8 (32%) 17 (62%)
Scan mode: Helical only - - - - - -
Axial only - - - - - -
Both 25 (25%) - 25 (25%) - 25 (25%) -
Scan Technique: Low dose - - -
Optimised dose 25(100%) - 25 (25%) 25(25%)
High dose - - -
AEC usage: Yes 25 (25%) - 25 (25%) 25(25%)
No - - -

Key: C3= Third Cervical vertebrae; CVA=cerebrovascular accident; SOL =space occupying lesion; AEC= automatic exposure control system, IV
=intravenous, n= frequency.
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From Table 4.11, the basic diagnostic imaging requirements for CVA/stroke examinations
in Ghana are that, the scan should cover regions just below the base of skull to the vertex, no
contrast media is needed, and the scan should be performed once, while the quality of the images
should be acceptable to the reporting radiologists and meet national and international requirements.
Many (n=16, 64%) of the facilities preferred a scan thickness of 5-10 mm for CVA/stroke
examinations while few (n=9; 36%) preferred scan thickness of less than 5 mm. In addition, the
scan could be either helical or sequential (axial) and the technique should be optimised dose with
AEC activated.

For a head injury/trauma, about half (n=12, 48%) of the facilities required a scan coverage
of regions just below the base of the skull to the vertex while the majority (n=13, 52) indicated
that the scan should cover from the third cervical vertebra (C3) to the vertex. Moreover, just one
optimised plain scan is required, which could be in either helical or axial modes. In addition, scan
thicknesses of 5-10 mm were preferred by many (n=16, 64%) facilities while few preferred scan
thicknesses of less than 5 mm. It was also necessary that images were generated with AEC and the
image quality acceptable to the reporting radiologists and meet national/international standards.

With CT brain tumour/SOL examinations, all the facilities preferred the scans to cover from
just below the base of skull to the vertex and the majority (n=23, 92%) required a dual scan (both
non-contrast and contrast phases) while few, (n=2, 8%), required one-phase scan (only 1V
contrast). All the respondents required acceptable resultant image qualities by the reporting
radiologists that met national/international standards. Scan thicknesses of 5-10 mm were required
by many (n=17, 68%), and few (n=8, 32%), required scans thicknesses of less than 5 mm. Either
helical or axial scanning was acceptable to all facilities, except that the scanning technique had to
be optimised and utilising AEC systems.

The basic diagnostic imaging requirements for CT lung tumour, chest lesion with CKD and

PE procedures in Ghana are presented in Table 4.12.
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Table 4.12: Basic diagnostic imaging requirements for lung tumour, chest lesion with CKD and PE CT procedures in Ghana (Number of
respondents: lung tumour = 23; Chest lesion with CKD = 23, PE = 10).

Lung tumour CL CKD PE
Diagnostic imaging requirements Yes No Yes No Yes No
n (%) n (%) n (%) n (%) n (%) n (%)
Scan coverage: Scan should cover from just above lung apicesto ~ 23(100%) - 23(100%) - 10(100%) -
below lung bases
Scan series: Once (only non- contrast phase) - - 23(100%) - - -
Once (only IV routine contrast phase) 2(9%) - - - - -
Once (only IV contrast “angiogram” phase) - - - - 3(30%) 7(70%)
Twice (both non-contrast and contrast - - - - 7(70%) 3(30%)
“angiogram” phases
Twice (both non-contrast and contrast phases) 20(87%) - - - - -
Twice (IV contrast scan of the lung filed and 1(4%) - - - - -
scan of the liver)
Image quality should be acceptable to the reporting 23(100%) - 23(100%) - 23(100%) -
radiologists and should meet national/international standards
Slice thickness <5 mm 3(13%) - 3(13%) - 10(100%) -
5 mm-10 mm 20(87%) - 20(87%) - -
Scan mode: Helical only 23(100%) - 23(100%) - 10(100%) -
Axial only - - - - - -
Both - - - - - -
Scan Low dose - - - - - -
technique: Optimised dose 23(100%) - 23(100%) - 10(100%) -
High dose - - - - - -
AEC usage: Yes 23(100%) - 23(100%) 10(100%) -
No - - - - - -

Key: Chest lesion with CKD= CL CKD, AEC= automatic exposure control system, IV= intravenous, f=frequency.

149



Table 4.12 shows that all respondents (100%) specified that lung tumour CT scans should
cover regions just above lung apices to below lung bases. Few centres preferred only IV contrast-
phase, while 1 (4%) required IV contrast scan of the lung filed and scan of the liver (2 sequences).
Majority (n=20, 87%), of the facilities required both non-contrast and contrast phases (2
sequences). Scan thicknesses of 5 to 10 mm were required by the majority (n=20, 87%), and few
(n=3, 13%) facilities preferred scan thicknesses of less than 5 mm. All the imaging facilities wanted
acceptable image qualities that met national/international requirements. Additionally, all facilities
also needed lung tumour CT images to be acquired in helical mode utilising AEC systems.

It was evident that a CT scan for a ‘chest lesion with CKD’ examination had to cover from
just above lung apices to below lung bases, with only a single non-contrast phase and scanned in
helical mode. The basic requirement for most (n=20, 87%) facilities was scan thickness of 5 -10
mm, and less than 5 mm for a few (n=3, 13%). The elementary requirements for all the CT imaging
facilities included dose optimisation, utilisation of AEC systems, and acceptable image qualities
that meet national/international standards.

It was also evident that the diagnostic imaging requirements for CT PE examinations
included scanning of lung apices to below lung bases (n=10, 100%). Seven (70%) of the facilities
undertaking such examinations required a two-sequence scan (both non-contrast and contrast
angiogram phases), and only the angiogram phase by a few (n=3, 30%). Scan thicknesses of <5
mm with helical mode were considered necessary by all. In addition, AEC application, as well as
dose optimisation, was required. All the facilities also required image qualities to be acceptable to
the reporting radiologists and meet national/international standards.

The basic diagnostic imaging requirements for abdomino-pelvic lesion, kidney stone and

urothelial malignancy indication (CT-1VU) examinations in Ghana are presented in Table 4.12.
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Table 4.13: Basic diagnostic imaging requirements for abdomino-pelvic lesion, kidney stone and urothelial malignancy indication (CT-
IVU) examinations in Ghana (Number of respondents: abdomino-pelvic lesion =24, Kidney stone =24, urothelial malignancy =19).

AP lesion Kidney stone UM (IVU)
Diagnostic imaging requirements Yes No Yes Yes No Yes
n (%) n (%) n (%) n (%) n (%) n (%)
Scan coverage: Scan should cover from just top of higher 24(100%) - 24(100%) - 19(100%) -
hemidiaphragm to below the ischium or
symphysis pubis
Scan series: Once (Non-contrast phase) - - 24(100%) - - -
Once (only contrast phase; “oral with IV”) 2(8%) 22(92%)
Twice (both non-contrast and contrast phases) 22(92%) 2(8%) - - - -
*3-4 phases (pre-contrast and 2-3 other post IV - - - - 17(89%) 2(11%)
contrast phases including nephrographic,
corticomedullary* and excretory phases)
2 phases (slip bolus technique involving - - - 2(11%) 17(89%)
nephrographic and excretory phases)
Image quality should be acceptable to the reporting radiologists and  24(100%) - 24(100%) - 19(100%) -
should meet national/international standards
Slice thickness: <5mm 12(50%) 12(50%) 13(54%) 11(46%)  19(100%) -
7-10 mm 12(50%) 12(50%) 11(46%) 13(53%) - 19(100%)
Scan mode: Helical only 24(100%) - 24(100%) - 19(100%) -
Axial only - - - - - -
Both - - - - - -
Scan technique: ~ Low dose - - - - - -
Optimised dose 24(100%) - 24(100%) - 19(100%) -
High dose - - - - - -
AEC usage: Yes 24(100%) - 24(100%) - 19(100%) -
No - - - - - -

Key: IV represents intravenous; UM=Urothelial malignancy; CT-1IVU= computed tomography intravenous urography, AP = Abdomino-pelvic lesion; AEC=
automatic exposure control system, n =frequency.

151



From Table 4.13, one of the basic diagnostic imaging requirements for AP lesion is that
the scan should cover from just top of higher hemidiaphragm to below the symphysis pubis.
The majority (n=22, 92%) of the centres preferred both contrast and non-contrast phases while
only a few (n=2, 8%) needed one phase scan (contrast phase involving oral and intravenous,
IV). Helical scanning and AEC applications are key requirements. Also, the protocol involved
the use of optimised dose and image quality acceptable to the reporting radiologists and
meeting other national and international requirements. Half of the facilities required 7-10 mm
scan thickness while the rest preferred <5 mm cuts.

For a CT of kidney stone indication, a hon-contrast scan covering from the top of the
higher hemidiaphragm to below the ischium or symphysis pubis was a basic diagnostic imaging
requirement by all the facilities. Scan thickness <5 mm was a basic requirement for 13 (54%)
centres, while scan thickness of 7-10 mm was required by 11 (46%) centres. Other
requirements included helical mode scanning and utilisation of AEC systems. As observed for
CT imaging of other body regions, all the facilities required dose optimisation and acceptable
image qualities that meet national/international standards.

Urothelial malignancy indication examination that falls under CT-IVU required
scanning regions from the top of higher hemidiaphragm to below the symphysis pubis. The
majority (n =17, 89%) of the centres preferred 3 to 4 scan phases (pre-contrast and 2-3 other
post IV contrast phases including nephrographic, corticomedullary and excretory phases).
However, as a basic requirement, few (n = 2, 11%) centres required only two phases (split
bolus technique involving nephrographic and excretory phases). Also, all the centres preferred
scan thickness of <5 mm, helical scanning, optimised dose and AEC applications, and image
quality acceptable to the reporting radiologists and meeting national and international
requirements. The above basic diagnostic requirements were relied upon to select the

appropriate data for the DRLSs.
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4.3 PHASE 2: Performance Characteristics Data on CT Scanners

No major scanner deficiencies were found from the various QC and dose delivery
validation tests undertaken. The various deviations were within the acceptable limits as
suggested by many international bodies (Shefer et al., 2013; IAEA, 2012; AAPM, 2008;
Institute of Physics and Engineering in Medicine, 2005; European Commission, 1999; AAPM,
1992). Details of the results are presented in Tables 4.14-4.21. Table 4.14 shows the
comparison of measured and console displayed CTDIvo values for head phantom (16 mm

diameter).

Table 4.14: Comparison of measured and console displayed CTDIvol values for head
phantom

1% Measurement 2" Measurement
CT(ID) kVp Measured Displayed % Deviation | kVp Measured Displayed % Deviation
CTDlyor CTDlyor (CTDlval) CTDlyor CTDlyol (CTDlval)
(MmGy) (MGy) (MGy) (MGy)
CTO01 100 48.1 48.5 -0.8 120 55.4 56.0 -1.1
CT02 110 35.7 35.9 -0.6 130 61.1 60.3 1.3
CT03 100 37.6 36.1 4.0 120 69.4 68.2 1.7
CT04 120 36.9 34.8 5.7 140 54.0 51.3 5.0
CTO05 100 32.3 34.1 -5.6 120 49.3 50.8 -3.0
CTO06 100 33.2 34.5 -3.9 120 52.6 51.9 1.3
CTO07 110 26.1 23.53 9.9 130 374 35.5 5.1
CT08 100 41.7 40.3 3.4 120 65.2 64.3 14
CT09 100 25.7 25.4 1.2 120 39.3 38.1 3.1
CT10 110 40.1 39.4 1.7 130 61.3 62.1 -1.3
CT12 100 45.0 43.9 2.4 120 68.2 66.8 2.1
CT14 100 37.9 37.4 1.3 120 67.6 69.4 -2.7
CT15 100 45.6 45.9 -0.7 120 67.7 69.3 -2.4
CT17 100 31.1 30.1 3.2 120 47.8 48.3 -1.0
CT18 120 14.1 13.1 7.1 140 23.3 21.4 8.2
CT19 120 67.8 67.0 1.2 140 48.6 47.2 2.9
CT20 100 42.3 414 2.1 120 63.3 65.0 -2.7
CT21 100 28.7 29.2 -1.7 120 40.2 38.1 5.2
CT23 110 33.6 32.3 3.9 130 55.6 54.8 14
CT24 100 14.3 13.2 1.7 120 25.9 26.3 -1.5
CT26 110 30.6 31.5 -2.9 130 47.4 46.7 1.5
CT28 100 26.6 26.0 2.3 120 39.9 40.1 -0.5
CT29 100 33.29 34.1 -24 120 514 52.6 -2.3
CT30 120 18.59 20.17 -8.5 135 125.9 127.3 -1.1
CT31 120 84.72 83.1 1.9 140 87.6 86.1 1.7

CTDlv: volume weighted computed tomography dose index, DLP: dose length product, kVp=peak
kilovoltage, CT (ID): computed tomography identity.

153



The CTDIvo delivery accuracy tests involving the head phantom showed that the
discrepancies between measured and console displayed CTDIvo values were all within the
acceptable deviation limit of 20% of the displayed manufacturer’s specifications (IAEA, 2012,
AAPM, 2008). The first measurements recorded a deviation range from -8.5% to 9.9%, while
the second measurements ranged from -2.7% to 8.2%. These results suggest that the scanners
were delivering acceptable CTDIvoi readings on head projections on the console.

The inter-comparison results of the measured and console displayed CTDIyq values for
the body phantom (32 mm diameter) are presented in Table 4.15.

Table 4.15: Comparison of measured and displayed CTDIva values for body phantom

1% Measurement 2" Measurement
CT(ID) kVp Measured Displayed % kVp Measured Displayed % Deviation
CTDlyol CTDlyol Deviation CTDlyol CTDlyal (CTDlva)
(mGy) (mGy) (CTDlyvo)) (mGy) (mGy)
CTO01 110 17.8 17.2 3.4 130 27.5 26.7 2.9
CT02 110 7.9 8.0 -1.3 130 10.9 11.2 -2.8
CTO03 100 15.7 16.1 -2.5 120 18.9 19.0 -0.5
CT04 120 19.5 17.8 8.7 140 22.1 21.3 3.6
CTO05 100 12.6 12.7 -0.8 130 18.8 18.2 3.2
CTO06 100 15.3 14.3 6.5 120 19.4 20.2 -4.1
CTO07 110 11.9 11.3 5.0 130 17.2 15.9 7.6
CT08 100 26.2 26.9 -2.7 120 28.7 28.1 2.1
CT09 100 9.0 94 -4.4 120 154 16.0 -3.9
CT10 110 10.6 11.1 -4.7 130 16.4 15.5 55
CT12 100 19.1 18.9 1.0 120 23.5 23.4 04
CT14 100 25.6 25.0 2.3 120 27.4 27.6 -0.7
CT15 100 14.1 14.3 -14 120 17.9 18.1 -1.1
CT17 100 16.9 17.5 -3.6 120 20.1 21.4 -6.5
CT18 120 11.9 11.2 5.9 140 17.7 17.9 -1.1
CT19 120 16.5 16 3.0 140 24.3 23.9 1.6
CT20 100 11.3 11.5 -1.8 120 17.4 18.7 -71.5
CT21 100 7.9 8.3 -5.1 120 11.3 10.7 5.3
CT23 110 10.9 10.6 2.8 130 16.6 15.3 7.8
CT24 100 7.9 7.2 8.9 120 145 14.8 -2.1
CT26 110 9.8 9.0 8.2 130 16.0 15.7 1.9
CT28 100 26.6 26.2 15 120 23.4 24.2 -3.4
CT29 100 17.3 18.2 -5.2 120 26.3 27.0 -2.7
CT30 120 31.4 34.1 -8.5 135 32.0 33.7 -5.3
CT31 120 15.9 14.9 6.3 140 23.6 24.0 -1.7

CTDlv: volume weighted computed tomography dose index, DLP: dose length product, kVp=peak
kilovoltage, CT (ID): computed tomography identity.
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From the CTDIvo dose delivery accuracy test using body phantom (32 mm diameter),

the measured and the console displayed values were within the acceptable deviation limit (< +

20% of the displayed manufacturer’s specifications) as recommended by IAEA (2012) and

AAPM (2008). The minimum observed deviations for the first measurements ranged from -

8.5% to 8.9%, while the second measurements ranged from -7.5% to 7.8%. The findings

indicated a satisfactory dose delivery accuracy for body projections which was important in

the utilisation of dose descriptors in the DRL study.

The results of the CTDIyvo dose delivery reproducibility tests are also presented in Table 4.16.

Table 4.16: CTDIvol dose delivery reproducibility for both head and body phantoms

Head phantom

Body phantom

CT(ID) kVp Measured CTDlvo (MGY) kVp Measured CTDlvol (MGY)
1 2 3 CoV (%) 1 2 3  CoV (%)

CTO01 100 481 48.1 48.2 0.12 110 17.8 17.6 17.7 0.56
CT02 110 35.7 35.7 35.7 0.00 110 7.9 7.9 7.9 0.00
CT03 100 37.6 37.5 37.6 0.15 100 15.7 15.6 157 0.37
CT04 120 36.9 36.8 36.8 0.16 120 19.5 19.6 194 0.51
CTO05 100 323 32.4 32.3 0.18 100 12.6 12.4 125 0.80
CT06 100 332 332 331 0.17 |100 153 153 153 0.00
CTO07 110 26.1 26.1 26.1 0.00 110 11.9 11.9 11.9 0.00
CT08 100 41.7 41.6 41.6 0.14 100 26.2 26.3 26.3 0.22
CT09 100 25.7 25.7 25.6 0.22 100 9.0 9.1 9.1 0.64
CT10 110 401 40.2 40.1 0.14 110 10.6 10.5 10.6  0.55
CT12 100 45.0 45.1 45.0 0.13 100 19.1 19.1 19.2 0.30
CT14 100 379 379 379 0.00 |100 25.6 255 255 0.23
CT15 100 456 455 45.6 0.13 100 14.1 14.2 141 041
CT17 100 311 311 312 049 |100 169 169 169 000
CT18 120 141 142 142 4 |120 119 119 119 gp
CT19 120 67.8 67.7 67.8 0.09 120 16.5 16.6 165 0.35
CT20 100 423 424 423 14 |100 113 114 113 (51
CT21 100 287 287 286 Qoo |100 7.9 79 79 000
CT23 110 336 33.6 33.7 0.17 110 10.9 10.9 109 0.00
CT24 100 143 14.4 14.3 0.40 100 7.9 7.9 7.9 0.00
CT26 110 306 306 306 0.00 | 110 9.8 9.7 9.7 0.59
CT28 100 266 266 266 (oo | 100 266 268 267 (37
CT29 100 3329 3329 3329 (g9 |100 173 173 173 44
CT30 120 1859 1859 1859 (go |120 314 315 314 (18
CT31 120 84.72 84.73 84.72 0.01 120 15.9 15.9 159 0.00

CTDlv: volume weighted computed tomography dose index, DLP: dose length product; CoV:

coefficient of variation, kVp: peak kilovoltage, CT (ID): computed tomography identity.
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In general, dose delivery reproducibility provides information on the ability of a scanner

to consistently generate similar dose outputs over time under the same conditions (AAPM,

2008). The variations in dose output observed (Table 4.16) over three different exposures under

same conditions were within the acceptable limit of < + 5% or within a coefficient of variation

(CoV) 0f <0.05 (AAPM,1992). Hence, all the scanners passed the dose delivery reproducibility

tests and were reliable for generating dose outputs for the DRL study.

Table 4.17 shows results of the geometric efficiency (GE) assessments undertaken at

the study sites.

Table 4.17: Measured geometric efficiency values for CT scanners

15t Measurement

2" Measurement

CT(ID) kVp Measured Geometric kVp  Measured Geometric Efficiency
Efficiency (%) (%)
CTO01 100 87.9 120 86.3
CT02 110 88.6 130 87.8
CTO03 100 83.2 120 85.2
CT04 120 100 140 100
CTO05 100 76.3 120 79.2
CTO06 100 80.4 120 87.9
CTO07 120 82.0 140 75.2
CTO08 100 70.8 120 73.1
CT09 100 100.0 120 76.0
CT10 110 79.5 135 80.4
CT12 100 76.7 120 78.2
CT14 100 75.2 120 77.3
CT15 100 87.3 120 88.8
CT 17 100 717 120 81.8
CT18 120 87.3 140 95.6
CT19 120 71.4 140 73.4
CT20 100 88.7 120 88.6
CT21 100 87.2 120 89.1
CT23 110 78.3 130 84.1
CT24 100 80.5 120 96.0
CT26 110 90.4 130 97.5
CT28 100 80.1 120 80.3
CT29 100 71.0 120 83.3
CT 30 120 74.0 135 71.8
CT31 120 72.4 140 100

kVp=peak kilovoltage, CT (ID): computed tomography identity.
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The geometric efficiency (GE) of a detector system is the percentage of the radiation
quanta incident on the detector in a given interval. The recommended GE acceptable limit is
>70% (Shefer et al., 2013, IAEA, 2012; AAPM, 2008). In this study, the minimum and
maximum recorded GEs were 70.8% and 100%, respectively, for two measurements across the
facilities. Therefore, all the scanners were performing satisfactorily in this regard.

The outcomes of the tube voltage accuracy testing at the various CT facilities are shown

in Table 4.18.
Table 4.18: Measured kVp accuracy values for CT scanners
1%t Measurement 2" Measurement
an-lt-re I kVp M kVp % I kVp M kVp %
(ID) Deviation Deviation

CTo1 100 97.9 2.1 120 122.2 -1.8
CT02 110 111.9 -1.7 130 132.1 -1.6
CT 03 100 101.3 -1.3 120 116.5 3.0
CT 04 120 117.6 2.0 140 136.3 2.7
CT 05 100 101.0 -1.0 120 122.0 -1.6
CT 06 100 101.7 -1.7 120 121.1 -0.9
CT 07 120 117.5 2.1 140 138.1 1.4
CT 08 100 101.6 -1.6 120 117.2 2.4
CT09 100 99.9 0.1 120 119.8 0.2
CT 10 110 107.5 2.3 135 134.1 0.7
CT12 100 99.1 0.9 120 118.3 1.4
CT14 100 102.8 -2.7 120 119.6 0.3
CT 15 100 102.5 -2.4 120 122.1 -1.7
CT 17 100 102.0 -2.0 120 117.4 2.2
CT 18 120 118.6 1.2 140 137.1 2.1
CT19 120 119.9 0.1 140 139.7 0.2
CT 20 100 102.8 -2.7 120 118.7 1.1
CT21 100 97.8 2.2 120 123.3 -2.7
CT 23 110 111.8 -1.6 130 126.3 2.9
CT24 100 102.6 -2.5 120 116.8 2.7
CT 26 110 111.7 -15 130 132.5 -1.9
CT 28 100 101.5 -15 120 118.5 1.3
CT 29 100 102.4 -2.3 120 121.7 -1.4
CT 30 120 121.3 -1.1 135 137.8 -2.0
CT 31 120 121.6 -1.3 140 138.8 0.9

kVp=peak kilovoltage. | kVp = Indicated kVp; M kVp = Measured kVp; % = percentage; CT (ID):
computed tomography identity.
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Tube voltage accuracy testing was undertaken to ensure optimal tube potential for each

x-ray exposure and that the peak energy of the output beam did not differ significantly to ensure

an acceptable image is produced. All the scanners (Table 4.18) recorded acceptable tube

voltage accuracy deviations consistent with the IAEA and AAPM recommended limit of + 5%

nominal value (IAEA, 2012; AAPM, 2008). The minimum and maximum obtained deviations

for the first tube voltage measurements were -2.7% and 2.3%, while the minimum and

maximum deviations for the second measurements were 2.7% and 3.0%, respectively. The

results further indicated that all the scanners optimally displayed values which were integral to

a successful DRL development.

Table 4.19 shows the measured half value layer (HVL) values for the various CT

scanners.

Table 4.19: Measured HVL values for CT scanners

CT (ID) kVp  Measured HVL (mmAl)  Acceptable deviation value
CTo1 130 7.85 > 2.5 mm Al for kV >100
CT 02 130 7.65 > 2.5 mm Al for kV >100
CTO03 120 7.51 >2.5 mm Al for kV >100
CTO04 140 8.81 > 2.5 mm Al for kV >100
CTO05 120 7.34 > 2.5 mm Al for kV >100
CT 06 120 7.32 >2.5 mm Al for kV >100
CT 07 140 8.79 > 2.5 mm Al for kV >100
CT 08 120 7.51 > 2.5 mm Al for kV >100
CT 09 120 7.57 > 2.5 mm Al for kV >100
CT10 135 7.83 >2.5 mm Al for kV >100
CT 12 120 7.45 > 2.5 mm Al for kV >100
CT 14 120 7.61 >2.5 mm Al for kV >100
CT 15 120 7.62 > 2.5 mm Al for kV >100
CT 17 120 7.53 >2.5 mm Al for kV >100
CT 18 140 8.87 > 2.5 mm Al for kV >100
CT 19 140 8.84 > 2.5 mm Al for kV >100
CT 20 120 7.54 > 2.5 mm Al for kV >100
CT21 120 7.51 > 2.5 mm Al for kV >100
CT 23 130 7.98 > 2.5 mm Al for kV >100
CT24 120 7.61 > 2.5 mm Al for kV >100
CT 26 130 8.83 > 2.5 mm Al for kV >100
CT 28 120 7.64 > 2.5 mm Al for kV >100
CT 29 120 7.54 > 2.5 mm Al for kV >100
CT 30 135 8.78 > 2.5 mm Al for kV >100
CT31 140 8.85 > 2.5 mm Al for kV >100

kVp: peak kilovoltage, HVL: half value layer; CT (ID): computed tomography identity.
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Table 4.19 shows that the measured HVLs in aluminium thickness (mm Al) equivalent
were all acceptable according to the United States Food and Drug Administration (2017)
recommendations, which requires > 2.5 mm Al for kVp >100. The minimum and maximum
HVLs were 7.32 mm Al at 120 kV and 8.79 mm Al at 140 kV, respectively. The acceptable
outcome is important because low filtration gives unnecessary radiation to patients while
higher filtration leads to beam hardening minimising skin dose (AL-Jasim et al., 2017).

The measured CT number for water in Hounsfield Unit (HU) and image noise in the
various CT scanners are presented in Table 4.20.

Table 4.20: Measured CT number for water and image noise in scanners

CT number and acceptable deviation Image noise and acceptable deviation
CT Measured  Acceptable Noise  Acceptable limit Remarks
(ID) water CT deviation  Remarks |level
number (HU) limit (HU)
CTO01 1.65 <+4 Pass 5920 < =£10% baseline value Pass
CT 02 1.00 <+4 Pass 6.956 < =+10% baseline value Pass
CT 03 0.00 <+4 Pass 4945 < =+10% baseline value Pass
CT 04 0.00 <+4 Pass 5130 < =+10% baseline value Pass
CTO05 2.00 <+4 Pass 6.001 < =£10% baseline value Pass
CT 06 2.50 <+4 Pass 6.105 < =£10% baseline value Pass
CT 07 0.00 <44 Pass 3.231  <+10% baseline value Pass
CT 08 0.00 <+4 Pass 5,988 < +10% baseline value Pass
CT 09 0.70 <44 Pass 5911 < +10% baseline value Pass
CT 10 0.00 <44 Pass 6.337 < +10% baseline value Pass
CT 12 1.45 <+4 Pass 5989 < +£10% baseline value Pass
CT 14 4.00 <+4 Pass 8.710 < =+10% baseline value Pass
CT 15 4.00 <44 Pass 9.830 < =+10% baseline value Pass
CT 17 0.50 <44 Pass 8.960 < +10% baseline value Pass
CT 18 0.80 <+4 Pass 8.800 < =£10% baseline value Pass
CT 19 1.03 <+4 Pass 9.660 < =£10% baseline value Pass
CT20 0.00 <+4 Pass 9.800 < =£10% baseline value Pass
CT21 0.97 <4 Pass 6.880 < +10% baseline value Pass
CT 23 4.00 <44 Pass 7.830 <+10% baseline value Pass
CT24 0.50 <4 Pass 4990 <=£10% baseline value Pass
CT 26 4.00 <4 Pass 6.780 < +£10% baseline value Pass
CT 28 2.00 <44 Pass 8.560 < =£10% baseline value Pass
CT 29 2.00 <+4 Pass 9.230 < =£10% baseline value Pass
CT 30 1.00 <4 Pass 7.400 <+£10% baseline value Pass
CT 31 0.00 <44 Pass 5,330 < =£10% baseline value Pass

HU: Hounsfield Unit; CT (ID): computed tomography identity.
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The attenuation coefficient of radiation within a tissue is used during CT reconstruction
to produce a grayscale image (DenOtter and Schubert, 2019). Based on a linear transformation
of the original linear attenuation coefficient, the HU scale is calculated as gray tones to project
image details (DenOtter and Schubert, 2019). The HU values are associated as CT number
scale and are checked regularly during normal QC tests of the CT system. To test for the HU
display of the scanners, the CT number in water was evaluated for each of them which
according to the literature is 0 HU (Pan, 2009). However, there is an acceptable limit of + 4
HU from which optimally functional scanners should be able to display x-ray attenuation
information (AAPM, 2008). The minimum (0.0 HU) and maximum (4.0 HU) measured values
from Table 4.20 suggest that all scanners passed the CT number (water) tests.

Image noise in CT imaging is “the degree of uncertainty in measuring attenuation of an
X-ray beam passing through a patient” (Zarb et al., 2010, p. 3). Excessive image noise can
degrade image quality; hence, it has to be corrected whenever detected (Zarb et al., 2010). The
image noise levels ranging from 3.2 to 9.8 observed across the scanners were all within the
tolerable limit of <+10% baseline value as recommended by the IAEA (IAEA, 2012), and thus
suggest optimal CT noise levels in images produced by the scanners.

The results of the image uniformity (homogeneity) analyses performed at the various

CT facilities are presented in Table 4.21.

160



Table 4.21: Image uniformity (homogeneity) findings at different locations
CTID 12 15 18 21 Centre  Diff Diff Diff Diff
o'clock o'clock o'clock o'clock HU C12 C15 C18 Cc21
CTO01 2.189 2.321 1.053 1.679 135 0.839 0.971 -0.297  0.329

CTO02 2.047 1.587 0.909 1872 1407 0.84 0.181  -0.498 0.465
CT03 2159 1.909 1.443 1.719 1197 0.962 0.713 0.247  0.522
CT04 2473 1.874 1.537 2295 1138 1.335 0.736 0.399  1.157
CT05 2143 2.209 1.459 2318 0.683 1.460 1.526 0.776  1.635
CT06  3.364 3.130 3.108 2.604 1120 2244 2.010 1.989  1.484
CTO7 1.785 1.377 0.820 1405 0.871 0.914 0.507  -0.050 0.535
CT08 2129 1.965 0.869 1515 1466 0.663 0.499  -0.597 0.050
CT09 2907 2.967 2.690 2840 1.200 1.707 1.767 1.49 1.639
CT10 2.392 1.953 1.587 2221 1078 1314 0.875 0509 1.143
CT12 1.788 1.864 1.344 2021 1255 0.534 0.609 0.09 0.766
CT1 1977 1.58 1.385 1624 1301 0.676 0.278 0.084 0.323
CT15 2641 2.223 1.619 1.770 1270 1371 0.955 0.348  0.500
CT1l7 2461 2.008 0.995 2.045 1114 1.347 0.894 -0.12 0.93
CT18 2541 1.483 1.61 1587 1319 1.222 0.165 0.291  0.269
CT19 2452 1.726 1.289 2.05 1.448 1.004 0.278  -0.159 0.601
CT20 2309 1.851 1.025 1.639  1.097 1212 0.753  -0.072  0.541
CT21 2430 2.109 1.275 1574 1255 1.174 0.854 0.02 0.318
CT23 2391 2.144 1.404 1953 1181 1.211 0.963 0.223 0.772
CT24 1.869 1.963 1.601 1566 1267 0.602 0.696 0.334 0.298
CT26 2159 2.164 1.144 1778 0942 1.217 1.222 0.202 0.836
CT28 2.687 2.815 2.064 2642 0.822 1.866 1.994 1.242  1.820
CT29 2433 2.143 1.624 1983 1277 1.156 0.866 0.347  0.706
CT30 2403 2.488 1.350 2501 1246 1.157 1.243 0.105  1.255
CT31 1.737 1.927 1.174 2.008 1.136 0.802 0.791 0.038 0.872

HU: Hounsfield Unit; CT (ID): computed tomography identity.

The image homogeneity test results (Table 4.21), describe how uniform a homogenous
material appears, and indicated that the scanners operated within the IAEA tolerable
recommended limits of £10 HU for a head and body phantom (IAEA, 2012). In particular, the
deviations of uniformities at all the five ROIs (12 o'clock, 15 o'clock, 18 o'clock, 21 o'clock

and the centre) of the respective images were all within the £10 HU of the central ROI (HU).
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4.4 PHASES 3 & 4: CT Dose and Image Quality Assessment and Estimation of DRLs

This section presents the results of the sample demographics, scan parameters, and DRL

values for various indications as well as the developed tool for dose monitoring, following a

successful data validation. The age, gender and weight of the patients are shown in Table 4.22.

Table 4.22: Demographic characteristics of patients’ data

Indication Age (years) Weight (kg) Gender
Mean (Range) Mean (Range) Male Female
CVA or stroke 60.7+15.0(18-96)  71.4+8.9(50-90) 239(42.8%) 261(52.2%)
Head trauma/Injury 41.7+18.2(18-97)  72.6£9.9(50-90) 332(66.4%) 168(33.6%)
Brain tumour/ SOL 44.4+175(18-92)  73.3£9.7(50-90)  227(45.4%) 273(54.6%)
Lung tumour/cancer 54.0£16.7(18-93)  74.4+8.7(50-90) 236(51.3%) 224(48.7%)
Chest lesion with CKD  52.1+16.2(18-87)  74.1+8.9(50-90)  226(49.1%) 234(50.9%)
Abdominopelvic lesion  51.6+16.1(18-96)  76.6+9.5(50-90) 228(47.5%) 252(52.5%)
Kidney stones 49.9+16.2(18-94)  74.849.4(50-90) 249(51.9%) 231(48.1%)
Urothelial malignancy ~ 45.9+15.7(18-89)  73.4+8.4(50-90) 226(59.5%) 154(40.5%)
Pulmonary embolism 58.8£14.1(23-88)  74.4+9.4(55-90) 86(43.0%) 114(57.0%)
Overall 50.5+17.4(18-97)  73.8+9.3(50-90) 2049(51.7%) 1911(48.3%)

CVA: cerebrovascular accident, SOL: space occupying lesion, CKD: chronic kidney disease; kg: kilogram

The CT dose descriptor and image quality data were collected from 25 scanners
following the exclusion of non-functional, specially dedicated and technically challenged
(inability to display dose descriptors) CT scanners (Figure 3.3). This number represented
71.4% of the CT scanners in Ghana. The ICRP has recommended NDRL surveys to include at
least 30-50% of facilities, where all the facilities could not be used (ICRP, 2017). The large
number of CTs used in this study gives a representative sample. In total, 3,960 patient data sets
were used to develop the indication-based DRLs. Majority (2,049, 51.7%) of the study samples
were males. The overall mean age and weight of participants were 50.5 £ 17.4 years and 73.8
+ 9.3 kg, respectively, which was similar to a reference mean weight of an adult population
(ICRP, 2017). The scan parameters and factors used for generating the dose output data for the

respective indications are presented in Table 4.23.
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Table 4.23: Descriptive statistics of scanning parameters used to acquire images

Indication

CVA/stoke

HT/I

BT/S

LT/C

CLCKD

APL

KS

UM

PE

Scan parameters (mean = SD)

Tube voltage  Tube loading Pitch Trot Slice thickness No. of slices Scan length  No. of Phantom
kVp mAS (s) (mm) per series (mm) series*  Diameter
(cm)

1218+74 2380+806 075+02 097+03 430%11 51.4+£61.9 1619240 1 16
120.3+6.4 2294+735 072+02 096+04 440%1.1 612+711 197.1+400 1 16
121.0+7.8 2382+831 074+02 1.01+15 440+1.1 53.1+66.4 1645+210 2 16
1190+74 1140+768 116+0.2 0.71+0.3 550+25 93.2+1250 313.4+430 1-2 32
1190+7.3 1140+747 115+02 070+03 550%25 91.7+123.0 3102+430 1 32
1187+75 137.0+914 111+03 0.76+03 540+26 162.0+208.0 4599+43.0 1-2 32
1180+83 1384+984 112+03 080+03 530+25 1520+187.0 4551+410 1 32
1180+85 1140+820 109+03 0.71+04 510%+24 1654+200.0 461.2+56.0 2-4 32
1178+4.0 1675+929 1.20+03 0.64+0.2 220+17 2946+216.0 303.7+410 1-2 32

HT/I=Head trauma/Injury; BT/S=Brain tumour/SOL; LT/C= Lung tumour/cancer; CLCKD=Chest lesion with CKD; APL=Abdomino-pelvic
lesion, KS=Kidney stones; UM=Urothelial malignancy, PE=Pulmonary angiogram, SD=standard deviation, kVp=peak kilovoltage,
mAs=milliampere-second, Trot=rotation time. *For a number of series, the scout or scanogram sequences and monitoring phases (e.g. in the
cases of PE) were not included as it is the situation for all established DRLSs.
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For the CVA/stroke indications, the mean tube voltage was 121.8 + 7.4 kVp while the

tube loading, pitch and gantry rotation time (Trot) were 238.0 £ 80.6 mAs, 0.75 £ 0.2, and 0.97
+ 0.3 s, respectively. The average scan slice thickness used was 4.3 + 1.1 mm and an average
of 51.4 + 61.9 images were acquired over an average scan range of 161.9 £ 24 mm.
The mean scan parameters used in the case of head trauma or injury were 120.3 £ 6.4 (kVp),
229.4 £ 73.5 (mAs), 0.72 £ 0.20 (pitch), 4.40 £ 1.10 mm (slice thickness) and 197.1 + 40.0 mm
(scan length). Both CVA/stroke and head injury procedures were scanned using a single
sequence while brain tumour/SOL procedures were scanned twice. The scan parameters of
brain tumour/SOL were closely similar to CVA/stroke indications except the number of scan
sequences. A 16 cm phantom was utilised for generating dose outputs for all head related
indications such as head injury, CVA/stroke and brain tumour/SOL while a larger mean scan
length was utilised in the former indication compared to the rest. Hence, a correspondingly
larger DLP was envisaged in the dose output.

The mean scan parameters for lung tumour/cancer imaging were 119.0 + 7.4 kVp, 114.0
+ 76.8 mAs, 1.16 + 0.2 (pitch), 5.5 £ 2.5 mm (slice thickness) and 313.4 £ 43.0 mm (scan
length). Lung tumour/cancer and chest lesion with CKD parameters were similar except that
scan sequences for the latter was 1, and the former was 1-2.

Moreover, the mean scan parameters for AP lesion, kidney stones and urothelial
malignancy (CT-1VU) were closely related except that kidney stone procedures were scanned
in a single sequence mode while AP lesion and CT-IVVU procedures were scanned using 1-2
and 2-4 sequences, respectively.

PE scans were also generated with parameters which included voltage (117.8 £ 4.0
kVp), tube loading (167.5 £ 92.9 mAs), pitch (1.20 £ 0.3), slice thickness (2.2 + 1.7 mm), scan
length (303.7 £ 41.0 mm) and scan sequence of 1-2. All the body procedures were undertaken

with a 32-cm diameter phantom in conformity with the international norm (AAPM, 2008).
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The descriptive statistics of scanning mode, contrast and AEC utilisation are described

in Table 4.24.

Table 4.24: Descriptive statistics of scanning mode and contrast and AEC utilisation

Indication Contrast Scanning mode AEC

Used Unused Helical Axial Used Unused
CVA/stroke - 500 (100%) 344 (68.8%) 156 (32.2%) 241(48.2%) 259 (51.8%)
HT/I - 500 (100%) 389 (77.8%) 111 (22.2%) 219 (43.8%) 281(56.2%)
BT/S 500 (100%) - 340 (68.0%) 160 (32.0%) 190 (38.9%) 310 (62.0%)
LT/C 500 (100%) - 460 (100%) - 440 (95.7%) 20 (4.3%)
CLCKD - 500 (100%) 640 (100%) - 440 (95.7%) 20 (4.3%)
APL 480 (100%) - 480 (100%) - 400 (83.3%) 80 (16.7%)
KS 480 (100%) - 480 (100%) - 400 (83.3%) 80 (16.7%)
UM 380 (100%) - 380 (100%) - 380 (100%) -
PE 200 (100%) - 200 (100%) - 200 (100%) -

HT/I=Head trauma/Injury; BT/S=Brain tumour/SOL; LT/C=Lung tumour/cancer;
CLCKD=Chest lesion with CKD; APL= Abdomino-pelvic lesion, KS=Kidney stones UM=
Urothelial malignancy, PE= Pulmonary angiogram.

Table 4.24 indicates that contrast agents were not used in routine CVA/stroke, head
injury, chest lesion with CKD and kidney stone examinations. They were, however, used for
the rest of the indications. Moreover, for CVA/stroke, head injury and brain tumour/SOL
indications, it was found that 156 (32.2%), 111 (22.2%), 160 (32.0%), were scanned in axial
mode. However, the rest (representing the majority) were all scanned in helical mode. AEC
systems were not utilised in some indication-based procedures during scanning, albeit few in
the body examinations. According to Higaki et al., (2019) and Merzan et al., (2017), such
examinations may not benefit from the radiation dose reduction advantages of AEC

configurations and hence, would require dose optimisation in those CT facilities.
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Following a successful data validation, where all dose descriptors were in statistical
control (within the upper and lower control limits) (Appendix VII1), the DRL values for each
indication were projected. The descriptive statistics and projected DRL values for CT CVA
indications with respect to CTDlyq are presented in Table 4.25 and Figure. 4.6, respectively,
while those of DLP are shown in Table 4.26 and Figure 4.7. A comparison of developed DRL

values (CTDIvo and DLP) for CVA with international values is shown in Table 4.27.

Table 4.25: Descriptive statistics of representative CTDIvo values for CVA CT
Total AD Min. Median Max. Median SD
scanners CTDlvo (MGy) CTDlvo (MGy) CTDlvo (MGy)

25 50.9 28.1 91.9 20.1

CT14
CT8
CT1
CT12
CT17
CT29
CT30
cT28 | 75 percentile=77.2 MGy |
cTt10 | 25 percentile=39.3 mGy

CT19 |
CT23
CT15
CT21
CT6
CT18
CT3
CT20
CT4
CT2
CT26
CT9
CTS
CT31
CT24
CT7

CT Scanners

o

20 40 60 80 100
CTDI,, (mGy)

AD= Achievable dose; CTDlyo: volume weighted computed tomography dose index, DLP: dose length

product, SD: standard deviation, Min: minimum, Max: maximum.

Figure 4.6: Distribution of representative CTDIvo values for CVA CT.
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Table 4.26: Descriptive statistics of representative DLP values for CVA CT

Total AD DLP (mGy.cm) Min. median DLP  Max. median DLP SD
scanners (mGy.cm) (mGy.cm)

25 845.0 513.4 1540.2 350.2

CT17
CT1
CT14
CT29
CT30
CT12
CT8
Ccr21
CT28
CT10
CT19
CT23
CT15
CT4
CT3
CT2
CT20
CT6
CT26
CT5
CT31
CT18
CT9
CT24
CcT7

4 75" percentile

4 =1312.9 mGy.cm
4 25" percentile —
4 =635.2mGy.cm |1

CT Scanners
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DLP (mGy.cm)

o

The DLP values are from 1 sequence (Non-contrast examination). AD: Achievable dose; CTDlyo:
volume weighted computed tomography dose index, DLP: dose length product, SD: standard deviation,
Min: minimum, Max: maximum.

Figure 4.7: Distribution of representative DLP values for CVA CT

Table 4.27: A comparison of CVA indication-based DRL values with international values.

Country 75" percentile Image quality
CTDlvo (MGy) DLP (mGy.cm) Mean SNR
Current study (Ghana) 77 1313* 8.7+ 2.1
Public Health England, (2016), UK 80 970* -
Treier et al., (2010), CH 65 1000* -

*=Single sequence procedure; CH represents Switzerland and UK represents the United Kingdom.
SNR: Signal to noise ratio, CTDI.o: volume weighted computed tomography dose index, DLP: dose
length product.
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In accordance with the Rose criterion (model) (Bushberg et al., 2011), the image quality
test results (SNR = 8.7+ 2.1) indicated that images from which dose descriptors were used for
CVA DRLs, were within the clinical requirements needed to distinguish image features at
100% certainty. The calculated 75" and 25" percentiles for CVA CT indications have been
displayed in blue and green dashed lines, respectively, in both Figures 4.6 and 4.7. The results
indicated that the minimum and maximum median CTDIvo values across the facilities varied
by a factor of 3.3. The proposed NDRL for CVA with respect to CTDIyo was approximately
77 mGy. The achievable CTDIlyvor which is the 50" percentile of the calculated doses was
approximately 51 mGy. The projected NDRL for CVA with respect to DLP was approximately
1313 mGy.cm and the achievable DLP dose was approximately 845 mGy.cm.

Compared to internationally established values, it was observed that Ghana’s NDRL
values for CVA (CTDlva = 77 mGy; DLP = 1313 mGy.cm) were higher than those reported
by Treier et al. (2010) in Switzerland, although SNR values were not reported in the latter
results. Comparatively, the UK CTDIvo value (80 mGy) was higher but with an interestingly
lower DLP (970 mGy.cm). Since DLP is a product of CTDIvo and scan length, it may be
projected that longer scan lengths are used in Ghana compared to their UK counterparts, if all
other factors remain the same.

The descriptive statistics and projected DRL values for head trauma/injury CT with
respect to CTDIyol are presented in Table 4.28 and Figure 4.8, respectively, while that of DLP
are shown in Table 4.29 and Figure 4.9. A comparison of developed DRL values (CTDlIyo and

DLP) for head trauma/injury with international values is shown in Table 4.30.
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Table 4.28: Descriptive statistics of representative CTDIvol values for head trauma/injury
CT
Total AD CTDlyol Min. median CTDlo  Max. median CTDlyo SD
scanners (mGy) (mGy) (mGy)
25 51.7 27.0 91.9 18.8
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AD: Achievable dose; CTDlIyo: volume weighted computed tomography dose index, DLP: dose length
product, SD: standard deviation, Min: minimum, Max: maximum.
Figure 4.8: Distribution of representative CTDIvol values for head trauma or injury CT
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Table 4.29: Descriptive statistics of representative DLP values for head trauma/injury
CT

Total AD DLP (mGy.cm) Min. median DLP  Max. median DLP SD
scanners (mGy.cm) (mGy.cm)
25 1206.5 485.2 2331.2 480.3

CT30

CT1
CT29
CT12
CT10

CT17 | 75% percentile
CT14 | =1595.7 mGy.cm
CT23 | 25t percentile

€2 | =797.7 mGy.cm
CT15

CT19
CT28
CT21
CT8
CT20
CT3
CT24
CT4
CT18
CT6
CT5
CT26
CT9
CT31
CT7

CT Scanners

0 500 2000 2500

1000 1500
DLP (mGy.cm)
The DLP values are from 1 sequence (Non-contrast examination). AD: Achievable dose; CTDlyo: volume
weighted computed tomography dose index, DLP: dose length product, SD: standard deviation, Min:

minimum, Max: maximum.
Figure 4. 9: Distribution of representative DLP values for head trauma/injury CT

Table 4.30: A comparison of indication-based DRL values for head trauma/injury CT,
with international values.

Country 75" percentile Image quality
CTDlw(mGy)  DLP (mGy.cm) Mean SNR
Current study (Ghana) 77 1596* 71+13
Widmark, (2018), NO 60 950* -

*=Single sequence procedure; NO represents Norway. SNR: Signal to noise ratio, CTDl,: volume
weighted computed tomography dose index, DLP: dose length product.
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The CT dose levels used for head trauma/injury examinations varied across the facilities
in Ghana. The minimum and maximum median CTDIvo values varied by 3.4-fold. The mean
SNR of 7.1 £ 1.3 indicated that head trauma/injury images were of acceptable image quality.
The calculated 75" and 25" (CTDIvo and DLP) percentiles for CT of head trauma/injury are
displayed in red and green dashed lines, respectively, in Figures 4.8 and 4.9. The findings
indicated that the projected national CTDIvo DRL for CT of head trauma/injury was
approximately 76 mGy, while the achievable dose was approximately 52 mGy. The
corresponding projected DLP DRL was approximately 1596 mGy.cm, while the achievable
DLP DRL was also approximately 1207 mGy.cm. Comparatively, this study’s DRLs for head
trauma were higher than the projected NDRLs (CTDlvo = 60 mGy; DLP= 950 mGy.cm) in
Norway (Widmark, 2018).

Table 4.31 and Figure 4.10 show the descriptive statistics and projected CTDIvo DRL
values for CT of brain tumour/SOL indication, while the descriptive statistics and projected
DLP DRL values for the same indication are also presented in Table 4.32 and Figure 4.11. A

comparison of these developed DRLs with international values are shown in Table 4.33.
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Table 4.31: Descriptive statistics of representative CTDIvol values for brain tumour/SOL
CT indication
Total AD CTDlyo (mGy) Min. median CTDlyor  Max. median CTDlyol SD
scanners (mGy) (mGy)

25 51.7 21.7 91.9 20.6

75" percentile=77.2 mG
25" percentile=39.3 mGy

CT Scanners
(@]
_|
[
()]

0 50 6
CTDI,, (mGy)
AD: Achievable dose; CTDlIyo: volume weighted computed tomography dose index, DLP: dose length
product, SD: standard deviation, Min: minimum, Max: maximum.

Figure 4.10: Distribution of representative CTDIvol values for brain tumour/SOL CT
indication

0 70 80 90 100
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Table 4.32: Descriptive statistics of representative DLP values for brain tumour/SOL CT
indication
Total AD DLP Min. median DLP ~ Max. median DLP SD
scanners (mGy.cm) (mGy.cm) (mGy.cm)
25 1845.2 985.4 3119.0 726.2

CT17
CT1
CT30
CT12
CT29
CT14
CT19
CT8
CT2
CT21
CT10
CT28
CT15
CT23
CT4
CT3
CT20
CT26
CT31
CT5
CT6
CT18
CT24
CT9
CT7

75" percentile
=2696.0 mGy.cm
25" percentile

=1291.3 mGy.cm

CT Scanners

0 500 1000 1500 2000 2500 3000 3500
DLP (mGy.cm)

The DLP values are from 1-2 sequences (Pre- and post-contrast examinations). AD: Achievable dose; CTDlq:
volume weighted computed tomography dose index, DLP: dose length product, SD: standard deviation,
Min: minimum, Max: maximum.

Figure 4.11: Distribution of representative DLP values for brain tumour/SOL CT
indication

Table 4.33: A comparison of indication-based DRL values for brain tumour/SOL CT,
with international values.

Country 75" percentile Image quality
CTDloi (mGy)  DLP (mGy.cm) Mean SNR
Current study (Ghana) 77 2696 6.7+15
Treier et al., (2010), CH 65 1000* -

+

*=Single sequence procedure; * =1-2 sequences (pre- and post-contrast examinations). CH
represents Switzerland. SNR: Signal to noise ratio, CTDIyo: volume weighted computed tomography
dose index, DLP: dose length product.

173



As seen in Figures 4.10 and 4.11, the red and green dashed lines represent the calculated
75" and 25" (CTDIvo and DLP) percentiles for brain tumour/SOL indication CT, respectively.
Image quality in terms of SNR for brain tumour/SOL CT indication was 6.7 £ 1.5, which was
considered good for diagnostic purposes. The observed dose variation in CTDIyv values
(minimum and the maximum) was 3.3-fold. The projected NDRL for brain tumour/SOL CT
with respect to CTDIyo was therefore approximately 77 mGy, while the calculated achievable
dictation CTDIvo dose was approximately 52 mGy. Moreover, the projected NDRL for brain
tumour/SOL CT with respect to DLP and the calculated achievable DLP dose were
approximately 2696 mGy.cm and 1845 mGy.cm, respectively.

Comparatively, the projected brain tumour/SOL DRL values from this study were
higher than the established values (CTDIvor = 65 mGy; DLP = 1000 mGy.cm) in Switzerland
as reported by Treier et al., (2010). A critical factor effecting the large variation in DRL values
across the two studies was the scan sequences. Particularly, it was observed that radiographers
in Ghana used 1-2 sequences (pre- and post-contrast), while their Swiss counterparts used a
single sequence (post-contrast) to diagnose brain tumour/SOL conditions. It may be important
for medical professionals in Ghana to explore the possibility of using a single sequence in brain
tumour/SOL conditions since it is practicable in Switzerland. Its implementation may further
optimise patient’s radiation levels.

The projected CTDIvoi DRLS (CTDIvor) for lung tumour/cancer CT indication as well
as the respective descriptive statistics are presented in Table 4.34 and Figure 4.12. The
corresponding descriptive statistics and projected DLP DRLs are also presented in Table 4.35
and Figure 4.13. A comparison of these developed DRL for lung tumour/cancer CT indication

with international values is shown in Table 4.36.

174



Table 4.34: Descriptive statistics of representative CTDIvol values for lung tumour/cancer
CT indication

Total AD CTDlyol Min. median CTDlyol Max. median CTDlyol SD
scanners (mGy) (mGy) (mGy)

23 7.7 3.4 21.3 4.4

CT14
CT8
CT20
CT4
CT18
CT31
Cr21
CT3
CT12
CT6
CT28
CT29
CT30
CT24
CT17
CT23
CT10
CT7
CT26
CT9
CT1
CT2
CT15

75" percentile
=12.4 mGy

25" percentile
=5.7mGy

CT Scanners

0 5 20 25

10 15
CTDlI,, (mGy)

AD: Achievable dose; CTDlI.o: volume weighted computed tomography dose index, DLP: dose length
product, SD: standard deviation, Min: minimum, Max: maximum.

Figure 4. 12: Distribution of representative CTDIlvo values for lung tumour/cancer CT
indication
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Table 4.35: Descriptive statistics of DLP values for lung tumour/cancer CT indication
Total AD Min. median Max. Median SD
Scanners DLP (mGy.cm) DLP (mGy.cm) DLP (mGy.cm)

23 463.7 160.4 1290.6 310.5

CT14
CT8
CT4

CT20

CT31
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CTe
CT3

CT29

CT12

CT18
CT1

CT24
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CT17
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The DLP values are from 1-2 sequences (Pre- and post-contrast examinations). AD: Achievable dose; CTDlq:
volume weighted computed tomography dose index, DLP: dose length product, SD: standard deviation,
Min: minimum, Max: maximum.

Figure 4.13: Distribution of DLP values for lung tumour/cancer CT indication

Table 4.36: A comparison of indication-based DRL values for lung tumour/cancer CT,
with international values.

Country 75" percentile Image quality
CTDlvoi (MGy) DLP (mGy.cm) Mean SNR
Current study (Ghana) 12 828" 11.3+3
Widmark, (2018), NO 9 350* -
Public Health England, (2016), UK 12 6107 -
Danish Health Authority, (2015), DK 16 6207 -

Radiation and Nuclear Safety 1 430 -
Authority, (2013), (FI)
*=Single sequence procedure; * =1-2 sequences (pre- and post-contrast),” =undeclared number of
sequences. NO represents Norway, UK represents United Kingdom, DK represents Denmark, FI
represents Finland. SNR: Signal to noise ratio, CTDI.a: volume weighted computed tomography dose
index, DLP: dose length product
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A mean SNR value of 11.3 £+ 3 was observed across the images whose dose descriptors
were used in developing DRL values for lung tumour/cancer. The result indicated a good
objective image quality following successful subjective comments by radiographers. The dose
levels used for diagnosing lung tumour/cancer across the facilities were wide-ranging. In
particular, the CTDIlvo values between the minimum and maximum varied by a factor of 6.2.
The red and blue dashed lines in Figures 4.12 and 4.13 show the respective 75" and 25™
(CTDlIyvorand DLP) percentiles for lung tumour/cancer CT indications. The suggested NDRL
for lung tumour/cancer CT indication with respect to CTDIlyo Was approximately 12 mGy,
while the observed achievable CTDIvo dose across the facilities was approximately 8 mGy.
The corresponding projected DLP was approximately 828 mGy.cm and the observed
achievable DLP was approximately 464 mGy.cm.

Compared with available literature, this study’s DRLs were higher than the projected
Norwegian NDRL values (CTDIvo = 9 mGy; DLP = 350 mGy.cm) (Widmark, 2018) and and
Finish DRLs (CTDIlvo = 11 mGy; DLP = 430 mGy.cm) (Radiation and Nuclear Safety
Authority, 2013), respectively. The CTDIvo DRL was similar to the established national value
(12 mGy) in the UK, but less than the 16 mGy reported in Denmark (Danish Health Authority,
2015). However, the projected DLP value in this study was higher than all its counterparts. In
Ghana, the diagnostic imaging requirement for tumour/cancer largely required a two-sequence
(pre- and post-contrast) procedure with few facilities scanning with a single sequence (Table
4.12). On the contrary, the Norway and Finland DRLs were based on a single sequence values
due to their practice norm. However, the number of scan sequence from which the DLP values

were established for the UK and Denmark was unclear as available literature was silent on it.

177



For lung lesion with CKD indications, the descriptive statistics and projected DRL
values are presented in terms of CTDIlvo (Table 4.37 and Figure 4.14) and DLP (Table 4.38

and Figure 4.15), respectively.

Table 4.37: Descriptive statistics of representative CTDIvo values for CT of chest lesion
with CKD indication

Total AD CTDlyo Min. median CTDIlvot  Max. median CTDlyol SD
scanners (mGy) (mGy) (mGy)

23 7.7 3.0 21.3 4.9

CT14
CT12
CT8
CT4
CT20
CT18
CT21
CT31
CT3
CT6
CT28
CT29
CT24
CT23
CT30
CT17
CT7
CT10
CT2
CT26
CT9
CT1
CT15

75" percentile
=13.4 mGy

25" percentile
=5.9 mGy

CT Scanners

o e

0 5 10 15 20 25
CTDl,, (mGy)

AD: Achievable dose; CTDI.o: volume weighted computed tomography dose index, DLP: dose length
product, SD: standard deviation, Min: minimum, Max: maximum.

Figure 4.14: Distribution of representative CTDIlvol values for CT of chest lesion with
CKD indication
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Table 4.38: Descriptive statistics of DLP (mGy.cm) values for CT of chest lesion with
CKD

Total AD DLP Min. median DLP Max. median DLP SD
Scanners (mGy.cm) (mGy.cm) (mGy.cm)

23 230.8 131.4 644.4 150.7

CT14
CT4
CT18
CT8
CT21
CT20
CT31
CT12
CT3
CT6
CT29
CT24
CT17
CT1
CT30
CT7
CT28
CT23
CT9
CT10
CT2
CT26
CT15

75" percentile
=467.3 mGy.cm

25" percentile
=195.3 mGy.cm

CT Scanners

0 100 200 300 400 500 600 700
DLP(mGy.cm)

The DLP values are from 1 sequence (Non-contrast examination). AD: Achievable dose; CTDlyo: volume
weighted computed tomography dose index, DLP: dose length product, SD: standard deviation, Min:
minimum, Max: maximum.

Figure 4.15: Distribution of DLP values for CT of chest lesion with CKD indication

Available literature (Patschan et al., 2018) indicates that patients suffering from kidney
diseases such as CKD do not often undergo CT with iodinated contrast agents because it could
increase serum creatinine and potentially cause nephropathy. The observed median dose levels
(CTDlIvor) used for this indication using non-contrast imaging varied by a factor of 7. The
proposed national CTDIvor DRL was approximately 13 mGy, while the observed CTDlyo
achievable dose (50" percentile) across the facilities for CT of lung lesion with CKD indication

was approximately 7.7 mGy. The projected associated DLP value was approximately 467
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mGy.cm, while the achievable DLP dose was also approximately 231 mGy.cm. The mean SNR
associated with the indication-specific images was 11.8 = 2.2 which implied that the DRLs
were derived from dose descriptors whose image characteristics were within an acceptable
level (Bushberg et al., 2011). Moreover, no internationally established DRL value was found
for chest lesion with CKD. Hence, this was the first time it has been projected.

The descriptive statistics and DRL values for AP lesion are presented in Table 4.39 and
Figure 4.16. for CTDIvol descriptors and in Table 4.40 and Figure 4.17 for DLP descriptors. A

comparison of developed DRL values with international values is shown in Table 4.41.

Table 4.39: Descriptive statistics of CTDIvol (MGy) values for CT of AP lesion indication
Total AD CTDIlvo (mGy) Min. median CTDlvor  Max. median CTDlyol SD
scanners (mGy) (mGy)

24 10.9 4.8 27.2 6.1

CT14
CT29
CT20
CT19
CT21
CT30
CT17
CT8
CT12
CTe6
CT4
CT31
CT3
CT28
CT7
CT18
CT23
CT24
CT9
CT2
CT26
CT10
CT15
CT1

75" percentile
=16.7 mGy

25" percentile
=7.3mGy

CT Scanners

0 5 10 15 20 25 30
CTDl,, (MmGy)

AD: Achievable dose; CTDlIyo: volume weighted computed tomography dose index, DLP: dose length

product, SD: standard deviation, Min: minimum, Max: maximum.

Figure 4.16: Distribution of representative CTDIvol values for CT of AP lesion indication
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Table 4.40: Descriptive statistics of representative DLP values for CT of AP lesion
indication

Total AD DLP (mGy.cm) Min. median DLP Max. median DLP SD
Scanners (mGy.cm) (mGy.cm)

24 1026.4 432.5 2688.8 583.4

CT29
CT14
CT20
CT21
CT8
CT31
CT19
CT6
CT4
CT17
CT30
CT3
CT12
CT18
CT7
CT24
CT2
CT23
CT9
CT15
CT28
CT26
CT1
CT10

75" percentile
=1298.6 mGy.cm

25" percentile
=674.5 mGy.cm

CT Scanners

0 500 1000 1500 2000 2500 3000
DLP (mGy.cm

The DLP values are from 1-2 sequences (Pre- and post-contrast examinations). AD: Achievable dose; CTDlyo:
volume weighted computed tomography dose index, DLP: dose length product, SD: standard deviation,
Min: minimum, Max: maximum.

Figure 4.17: Distribution of DLP values for CT of AP lesion indication

Table 4.41: A comparison of indication-based DRL values for CT of AP lesion, with
international values.

Country 75" percentile Image quality
CTDlvoi(mGy)  DLP (mGy.cm) Mean SNR
Current study (Ghana) 17 1299* 11.8+2.2
Widmark, (2018), NO 11 800* -
Public Health England, (2016), UK 15 7457 -
Treier et al., (2010), CH 15 650* -
Wachabauer et al., (2017), AU - 650* -

*=Single sequence procedure; * =1-2 sequences (pre- and post-contrast),” =undeclared number of
sequences. NO represents Norway, UK represents United Kingdom, CH represents Switzerland and AU
represents the Australia. SNR: Signal to noise ratio, CTDIyq: volume weighted computed tomography dose
index, DLP: dose length product.
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For AP lesion, the observed CT dose levels (CTDIlvo) between the minimum and
maximum median values across the facilities varied by 5.7-fold. The estimated 75" and 25"
(CTDlIvorand DLP) percentiles for CT of AP lesions are respectively displayed in red and blue
dashed lines in Figures 4.16 and 4.17. The projected national CTDIlvo DRL and calculated
CTDIvol achievable dose values for CT of AP lesion were approximately 17 mGy and 11 mGy,
respectively. The corresponding national DLP DRL and calculated DLP achievable doses for
CT of AP lesion were approximately 1299 mGy.cm and 1026 mGy.cm, respectively. A good
image quality (mean SNR = 11.8 + 2.2) was observed across the images. The projected DRL
values were higher than those reported in literature by Widmark, (2018), Public Health
England, (2016), Treier et al., (2010) and Wachabauer et al., (2017). Particularly, the DLP
values reported by Treier et al., (2010), and Wachabauer et al., (2017) were about half of values
projected in this study. The scan diagnostic imaging requirement where some radiographers in
Ghana used a pre- and post-contrast protocol, while radiographers in some other countries
utilised a single sequence procedure for AP lesion CT imaging could be one of the factors
leading to the wide variation between the projected and literature values.

Table 4.42 and Figure 4.18 present the descriptive statistics and projected CTDIvo DRLs for
kidney stone indication, respectively, while the same for the DLP DRLSs are also presented in
Table 4.43 and Figure 4.19. A comparison of developed DRLs for kidney stone with

international values is shown in Table 4.44.
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Table 4.42: Descriptive statistics of CTDIvol values for CT of kidney stone indication

Total AD CTDlyo (mMGy) Min. median CTDIvol ~ Max. median CTDlyol SD
scanners (mGy) (mGy)

24 9.9 4.4 26.6 6.1

CT14
CT29
CT20
CT21
CT18
CT19
CT8
CT12
CT30
CT3
CT4
CT31
CT28
CT17
CT6
CT7
CT2
CT23
CT10
CT24
CT9
CT26
CT15
CT1

<€ 75" percentile
=15.2 mGy

25" percentile
=6.9 mGy

CT Scanners

0 5 10 15 20 25 30
CTDI,, (mGy)

AD: Achievable dose; CTDlI.o: volume weighted computed tomography dose index, DLP: dose length
product, SD: standard deviation, Min: minimum, Max: maximum.
Figure 4.18: Distribution of CTDIvol values for CT of values for kidney stone indication
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Table 4.43: Descriptive statistics of representative DLP values for CT of kidney stone
indication

Total AD DLP (mGy.cm) Min. median DLP Max. median DLP SD
Scanners (mGy.cm) (mGy.cm)

24 455.4 231.2 1251.2 296.4

CT29
CT14
Ccr21
CT18
CT20
CT8
CT31
CT19
CT4
CT3
CT12
CT30
CT6
CT2
CT23
CT7
CT24
CT10
CT28
CT17
CT9
CT15
CT1
CT26

75" percentile
=731.1 mGy.cm

A

25" percentile
=312.5mGy.cm

CT Scanners

et e

0 200 400 600 800 1000 1200 1400
DLP (mGy.cm)

The DLP values are from 1 sequence (Non-contrast examination). AD: Achievable dose; CTDlv,: volume
weighted computed tomography dose index, DLP: dose length product, SD: standard deviation, Min:
minimum, Max: maximum.

Figure 4.19: Distribution of DLP values for CT of kidney stone indication

Table 4.44: A comparison of indication-based DRL values for CT of kidney stone
indication with international values.

Country 75" percentile Image quality
CTDlyol DLP Mean SNR
(mGy) (mGy.cm)
Current study (Ghana) 15 731* 6.7+1.4
Public Health England, 2016 (UK) 10 460* -
Lajunen (2015 (FI) 7 330* -
Wachabauer et al., 2017 (AU) - 329* -

*=Single sequence procedure; UK represents United Kingdom, FI represents Finland and AU
represents the Australia. SNR: Signal to noise ratio, CTDIvo: volume weighted computed tomography
dose index, DLP: dose length product.
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The projected 75" and 25" (CTDIvorand DLP) percentiles for CT of kidney stone have
been displayed in red and blue dashed lines, respectively, in Figures 4.18 and 4.19. The median
dose values (CTDlvo) varied by a factor of 6, although they were all of acceptable image quality
with amean SNR of 6.7 £ 1.4. The suggested national CTDIyo DRL and the calculated CTDlyol
achievable doses for CT of kidney stone are approximately 15 mGy and 10 mGy, respectively.
Accordingly, the proposed national DLP DRL is approximately 731 mGy.cm. Additionally,
the achievable DLP dose was approximately 455 mGy.cm. Values reported in the literature
were generated from a single sequence as done in this study. However, the DRL values were
higher than those reported by Public Health England (2016) (CTDIvo = 10 mGy; DLP = 460
mGy.cm), Lajunen (2015) (CTDIvo = 7 mGy; DLP = 330 mGy.cm), and Wachabauer et al.
(2017) (DLP = 329 mGy.cm) respectively.

The descriptive statistics and projected DRL values for urothelial malignancy (CT-
IVU) indication with respect to CTDIvo are presented in Table 4.45 and Figure 4.20
respectively, while those of DLP are shown in Table 4.29 and Figure 4.9. A comparison of
developed DRL values (CTDIvoi and DLP) for urothelial malignancy (CT-1VU) indications

with international values are shown in Table 4.47.
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Table 4.45: Descriptive statistics of representative CTDIvol values for CT of urothelial
malignancy indication

Total AD CTDlyol Min. median CTDlyor  Max. median CTDlyol SD
scanners (mGy) (mGy) (mGy)
19 9.1 4.3 20.4 4.2

cr21
CT18
CT4
CT30
CT17
CT28
CTe
CcT9
CT31
CT12
CT3
CcT7
CT24
CT2
CcT23
CT15
CT10
CT26
CT1

< 75" percentile
=11.1 mGy

25" percentile
= 5.8 mGy

CT Scanners

0 5 20 25

10 15
CTDI,, (mGy)
AD: Achievable dose; CTDly: volume weighted computed tomography dose index, DLP: dose length

product, SD: standard deviation, Min: minimum, Max: maximum.
Figure 4.20: Distribution of CTDIvo values for CT of urothelial malignancy (CT-1VU)
indication
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Table 4.46: Descriptive statistics of representative DLP values for CT of urothelial
malignancy indication

Total AD DLP (mGy.cm)  Min. median DLP ~ Max. median DLP SD
Scanners (mGy.cm) (mGy.cm)
19 1101.4 607.6 3024.0 641.8

Cr21
CT18
CT4
CTe6
CT17
CT31
CT9
CT30
CT12
CT28
CT7
CT3
CT1
CT24
CT15
CT2
CT26
CT10
CT23

< 75 percentile
=1448.6 mGy.cm

25M percentile
=813.8 mGy.cm

CT Scanners

0 500 1000 1500 2000 2500 3000 3500

DLP (mGy.cm)
The DLP values are derived from between 2-4 sequences (Pre-contrast and 2-3 other post-contrast series). AD:
Achievable dose; CTDlIyo: volume weighted computed tomography dose index, DLP: dose length
product, SD: standard deviation, Min: minimum, Max: maximum.

Figure 4.21: Distribution of DLP values for CT of urothelial malignancy indication

Table 4.47: A comparison of indication-based DRL values for CT of urothelial
malignancy indication/ CT-1VU with international values.

Country 75" percentile Image quality

CTDIvol DLP Mean SNR
(mGy) (mGy.cm)

Current study (Ghana) 11 1449** 10.8+24

Widmark, (2018), NO 13 1300° -

Public Health England, (2016), UK 13 11507 -

Lajunen (2015), (FI). - - -

Van der Molen et al., (2013), (NL) - 13717 -

**=2-4 sequences (pre-contrast and 2-3 other post-contrast series),” = undeclared number of
sequences. NO represents Norway, UK represents United Kingdom, FI represents Finland and NL
represents Netherlands. SNR: Signal to noise ratio, CTDIv,: volume weighted computed tomography
dose index, DLP: dose length product.
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Nineteen CT facilities undertook CT-IVU scanning mainly for the urothelial
malignancy indication. A mean SNR of 10.8 + 2.4 observed across the images suggested that
good images were produced for such examinations in the facilities. The median dose observed
across the facilities varied by a factor of 4.7. The estimated 75" and 25" (CTDIlyvoi and DLP)
percentiles for the CT-1VVU (urothelial malignancy indication) procedure have been displayed
in green and blue dashed lines, respectively, in Figures 4.20 and 4.21. Accordingly, the
proposed national CTDIvw DRL for urothelial malignancy (CT-IVU) indication was
approximately 11 mGy, while the achievable CTDIvo dose was approximately 9 mGy. The
projected national DLP DRL for the same indication was approximately 1449 mGy.cm,
whereas the achievable DPL dose was approximately 1101 mGy.cm.

Comparatively, the DRL (CTDIvo) value CT for urothelial malignancy from this study
was lower than the established value of 13 mGy in Norway (Widmark, 2018) and the UK
(Public Health England, 2016). Interestingly, the corresponding DRL value in terms of DLP
was slightly higher than values from their counterparts (Table 4.47). It is worth noting that
facilities in Ghana use 2-4 sequences (pre-contrast and 2-3 other post-contrast series) to
produce diagnostic images in CT-1VU examinations for the detection of urothelial malignancy
and its related conditions. However, there was a lack of information about the number of
sequences used by other countries outlined in Table 4.47. Therefore, conclusions have to be

drawn with caution.
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Table 4.48 and Figure 4.22 present the descriptive statistics and projected DRL values
with respect to CTDIvol for PE, respectively. The respective DRL values with respect to DLP
are also presented in Table 4.49 and Figure 4.23. A comparison of developed DRL values

(CTDlIyvorand DLP) for PE with international values is shown in Table 4.44.

Table 4.48: Descriptive statistics of representative CTDIvol values for CT of pulmonary
embolism indication

Total AD CTDlvoi (MGY) Min. median Max. median CTDlyol SD
scanners CTDlvol (MGY) (mGy)
10 9.9 4.2 22.8 6.0
e e e
cT6 | | | I
o CT18 1 |< 75" percentile
2 : : : | =13.8 mGy
= |
f €1 | | :< 25" percentile
o Cn - | = 6.9 MGy
1 I
7 | | : I
CT24 I
1 | I |
CT26 ,
CT23 ! l
0 5 10 15 20 25
CTDlI,, (mGy)

AD: Achievable dose; CTDlI.o: volume weighted computed tomography dose index, DLP: dose length
product, SD: standard deviation, Min: minimum, Max: maximum.
Figure 4.22: Distribution of CTDIlvol values for CT of pulmonary embolism indication
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Table 4.49: Descriptive statistics of representative DLP values for CT of pulmonary
embolism indication

Total AD DLP Min. median DLP  Max. median DLP SD
scanners (mGy.cm) (mGy.cm) (mGy.cm)
10 710.6 184.0 1111.7 330.4
cT9 | | . | | |
| | 1! | | [ |
CT6 ! | |
cr1| 75" percentile ; e
=942 mGy.cm - | |
%) CT4 | " | | I
qg) cT21| 25" percentile I |
S r1g| =4352mGy.cm |
()] = | ! I
5 cr24 : | ; I
cT7 I
4 | I I
CT23
CT26 ‘
0 200 400 600 800 1000 1200
DLP (mGy.cm)

The DLP values are derived from between 1-2 sequences (Pre-contrast phase and actual PE phase). The
monitoring phases are not included as it is the situation for all established DRLs. AD: Achievable dose;
CTDlyq: volume weighted computed tomography dose index, DLP: dose length product, SD: standard
deviation, Min: minimum, Max: maximum.

Figure 4.23: Distribution of DLP values for CT of PE indication

Table 4.50: A comparison of indication-based DRL values for CT of pulmonary embolism
indication with international values.

Country 75" percentile Image quality

(Cn:g)'/)' DLP (mGy.cm) Mean SNR

Current study (Ghana) 14 942* 125+5.1

Public Health England, (2016), UK 13 440* -

Foley et al., (2012), IR 13 432* -

Kanal et al., (2017), USA 19 557* -

Schegerer et al., (2017), DE 15 300* -

Van der Molen et al., (2013), NL - 371* -

Wachabauer et al., (2017), AU - 400* -

+

*=Single sequence procedure; ™ =1-2 sequences (pre- and post-contrast). UK represents United
Kingdom, IR represents Ireland, USA represent the United States of America, DE represents Germany,
NL represents the Netherlands, AU represents Australia. SNR: Signal to noise ratio, CTDly,: volume
weighted computed tomography dose index, DLP: dose length product.
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The DRL values for PE are presented in Figures 4.22 and 4.23, and the 75" and 25"
percentile (CTDIlvoi and DLP) values have been displayed in red and blue dashed lines,
respectively. The results showed that the proposed national CTDIyo DRL for PE was about 14
mGy. Approximately 10 mGy was found to be the achievable CTDIyo dose value for PE CT
examination. In terms of the DLP descriptor, the proposed NDRL for CT of PE was
approximately 942 mGy.cm. The achievable DLP for PE was also estimated to be
approximately 711 mGy.cm. The image quality in terms of mean SNR value (12.5 £ 5.1) was
considered acceptable across the images, although the dose levels varied by a factor 5.4.

The projected CTDIvo DRL value was lower than those reported in the USA (19 mGy)
and Germany (15 mGy), but higher than those reported in UK (13 mGy) and Ireland (13 mGy).
The corresponding DLP was, however, higher than those reported in the UK (440 mGy.cm),
Ireland (432 mGy.cm), USA (557 mGy.cm), Germany (300 mGy.cm), Netherlands (371
mGy.cm) and Australia (400 mGy.cm) (Public Health England, 2016; Foley et al., 2012; Kanal
etal., 2017; Schegerer et al., 2017; VVan der Molen et al., 2013; Wachabauer et al., 2017).

The projected indication-based DRL values as outlined are recommended for adoption
and implementation by the NRA in collaboration with relevant professional bodies for dose
management and accountability of CT imaging in Ghana. The national values may be revised
at regular intervals (every 5 years), especially when significant changes in technology and new

imaging procedure standards and protocols are available.

For an effective implementation of the proposed DRLs, a Microsoft Excel-based tool
(BOT®) for inspection and monitoring of DRL compliance purposes was developed in this

study. An interphase of the tool is presented in Figure 4.24.
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NIBDRLV
Percentile CTDlIval DLP HOSPITAL NAME CT MODEL/mfr DETECTOR ROW
75% 77 2696 A Toshiba Aquilion one 320
25% 39 1291 2020

CONDITION: Adults 18 = ;Weight 50 =X =90 kg
CTDwvat (mGy). DLP (mGy.cm). Sequuce: 2

INSPECTOR  |CONTACT:TEL

Date | Age(y) | Weight(kg) | CTDIvat [DLP(m)]
RESULTS INTERPRETATION/ACTION 20-Jun-19 77 65 78 45 1455
PASS 20-Jun-19 77 70 60 1990 56 77 34 1450
PASS, IMAGE QUALITY TEST REQUIRED 20-Jun-19 66 50 10 1200 75 67 33 1234
FAIL, INVESTIGATION & OPTIMISATION REQUIRED 20-Jun-19 75 89 58 689 55 56 24 678
20-Jun-19 65 78 56 678 47 78 24 678
RESULTS 20-Ju-19 56 77 67 678 65 77 23 567
YEAR Median CTDIvel Median DLP 75th per.CTDIwval 75th per. DLP 20-Jun-19 75 67 76 567 45 67 12 568
2019 68 683.5 77.25 975 20-Jun-19 55 56 66 568 65 78 45 589
2020 38 1001.5 36.5 1450 20-Ju-19 47 78 45 589 43 56 41 769
2021 20-Jun-19 65 77 77 769 65 78 35 700
2022 20-Jun-19 45 67 66 700 56 77 34 556
2023 20-Ju-19 65 78 77 556 75 67 43 455
2024 20-Jun-19 43 56 66 455 55 56 4 678
2025 20-Jun-19 43 55 78 678 47 78 21 1455
2026 20-Jun-19 4 65 81 356 65 77 34 1450
2027 20-Jun-19 67 65 56 555 45 67 43 1234
2028 20-Jun-19 49 60 69 2345 65 78 23 1455
2029 20-Ju-19 56 67 69 2345 a3 56 31 1450
2030 20-Jm-19 56 67 80 1239 75 89 34 1234
2031 20-Jun-19 66 70 86 778 65 78 32 1234

> ‘ CVA | Htrauma | BTSOL | Lung T ‘ CHEST LESION CKD | ABDOMINQPELVIC LESION | KIDNEY STONE | CT VU | F.. @ P
Figure 4.24: Interphase of a Microsoft Excel-based developed tool (BOTE) for inspection and monitoring of DRLs compliance purposes.
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The tool (BOT®) shown in Figure 4.24 has been developed for each indication-based
DRL. The interphase enables input of demographic data (such as age, weight, etc.), and dose
output/descriptor (CTDIlvo, DLP) data. The dose output data entries are calculated
automatically for 75" and 25" percentiles. The results are displayed in the ‘results’ section of
the interphase. Results displayed in black and red are interpreted as pass (within National
indication-based DRL value [NIBDRLV]) and fail (above NIBDRLV), respectively. A blue
coloured displayed result indicates that a facility’s doses are below the 25" percentile and
hence, image quality tests are required to ensure examinations of acceptable diagnostic image
quality are produced.

Once the developed indication-based DRLs in this study are approved and duly
implemented by the appropriate authority, such as the NRA, this simple tool could be used as
part of the NRA’s QMS to encourage DRLs compliance purposes. Crucially, individual
facilities could also use this tool for internal audit purposes to monitor their compliance to
NIBDRLYV and where necessary, corrective actions could be taken when typical patient dose

output values are higher than the indication-based DRLSs.
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4.5 PHASE 5: Dose Impact and Estimation of Cancer Risk Associated with the Doses
Effective doses and cancer risks were estimated for purposes of understanding the impact of
the dose associated with each of the indications. The results are presented in Tables 4.51-4.56.

Table 4.51: Indication-specific effective doses and their equivalent background radiation
levels

Effective dose, Ep, (mSv)

Indications Non- Contrast Overall for ~ Background
contrast phase examination  radiation
phase equivalent*
Meant SD  Meanz SD Mean+ SD
CVA/stroke 2.23+0.80 - 2.23+£0.80 11 months
Head trauma/Injury 2.73+1.20 - 2.73+1.20 13.7 months
Brain tumour/ SOL 227+090 226+£090 453+1.70 22.7 months
Lung tumour/cancer 550+£151 510+£050 10.37x3.10 4.3 years
Chest lesion with CKD 5.40 £ 3.00 - 5.40 £ 3.00 27 months
Abdomino-pelvic lesion 830+524 8.87+518 17.17+10.00 7.2 years
Kidney stones 8.51+5.01 - 8.51+5.01 3.5 years
Urothelial malignancy (CT-IvU) 6.71+3.78 14.26 +8.74 20.09 +12.19 8.4 years
Pulmonary angiogram 504+£450 6.56+3.70 11.61+ 6.5 4.8 years

*Average yearly natural background radiation used =~ 2.4 mSv (Canadian Nuclear Safety Commission, 2019).
CVA: cerebrovascular accident, CKD: chronic kidney disease, SD: standard deviation, Ep: effective dose.

The estimated mean effective doses (Table 4.51) for single phase (non-contrast)
procedures were generally lower than multiple phase (both contrast and non-contrast)
procedures, due to the number of examination series. The result was consistent with that
previously reported (Smith-Bindman et al., 2009). The highest (20.09 = 12.19 mSv) and least
(2.23 £ 0.80 mSv) mean effective doses were recorded for the CT-IVU examination for
diagnosing urothelial malignancy, and CVA/stroke procedure, respectively. The doses
associated with these two examinations differ by a factor of 9. The results further showed that
the high dose examinations could subject a patient to radiation levels equivalent to 8.4 years of
natural background radiation. Radiation dose optimisation is therefore very important in CT
imaging.
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Table 4.52: Various organ doses associated with the CT imaging for the CVA, head trauma/Injury and brain tumour/SOL indications

Organ doses (mMGy)
Organ CVA Head trauma/Injury Brain tumour/ SOL
20 yrs 40 yrs 60 yrs 20 yrs 40 yrs 60 yrs 20 yrs 40 yrs 60 yrs
Meant SD MeantSD Mean+xSD MeantSD MeantSD Mean+ SD Meant SD Mean+ SD Meanx SD
Brain 40.2+17.3 39.2414.4 39.9+14.2 40.2+13.4 42.6+135 43.7+145 845+279 81.9+26.2 82.2+31.1
Pituitary gland 329+10.7 3244129 33.5+11.8 36.6%124 38.3+13.1 37.1+120 68.1+245 67.7+22.8 67.7+23.7
Lens 46.7 +18.0 44.7+18.8 46.5+17.6 47.9+15.7 50.7+16.2 51.2+16.9 94.0+37.3 94.0+ 33.6 95.5+34.8
Eyeballs 444 +174 43.0+16.7 445+16.0 45.6+15.0 48.1+154 48.7+16.1 90.9 £33.3 90.8+29.4 90.9+33.2
Salivary glands 219+17.9 19.9+155 17.1+#13.3 35.2+20.2 37.1+21.4 323+16.7 43.9+28.2 40.0+ 24.8 425+ 23.6
Oral cavity 145+149 116+11.3 10.8+11.2 26.8+16.6 288+184 248+156 28.1+21.4 255+ 20.7 25.1+17.1
Spinal cord 3.7+46 3.2+18 2.5+2.7 7.0+6.3 6.9+ 6.3 6.2+5.1 8.249.1 54+46 55+3.9
Thyroid 2337 1.2+1.1 1.1+1.3 8.5+9.7 4.2+ 6.3 5.8+2.2 48 +4.0 44+24 24+1.7

CVA: cerebrovascular accident, SOL: space occupying lesion, SD: standard deviation, Yrs: years
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The results in Table 4.52 indicated that varying amounts of organ doses were delivered
to patients of different ages during CT imaging for various head indications. The lenses of the
eye in particular, were impacted the most among all the organs in the head region. For the CVA
indication, the mean lens doses were 46.7 mGy, 44.7 mGy and 46.5 mGy for patients aged 20,
40 and 60 years old, respectively. The upper range value was lower than the upper limit (41.7-
71.0 mGy) as reported by a study (Yamauchi-Kawara et al., 2010) for similar examination.

The higher mean lens doses of 47.9 mGy, 50.7 mGy and 51.2 mGy were recorded for
20, 40- and 60-years old patients in head injury examinations, respectively. Brain tumour/ SOL
imparted the highest lens dose of 94.0 mGy, 94.0 mGy and 95.5 mGy in patients of the stated
age categories, respectively. The lens doses were relatively high because the gantry angulation
needed to project the lenses out of the primary beam during head CT imaging was often not
utilised at various facilities. According to a study (Nikupaavo et al., 2015), head CT imaging
performed with gantry angulation of 15-20° to project the x-ray beam parallel to the
infraorbitomeatal line effectively reduced lens doses. Apart from the lenses, other organs which
were greatly impacted by head related CT radiation in a descending order were: eyeballs, brain,

pituitary gland, salivary glands, oral cavity, spinal cord and thyroid.
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Table 4.53: Various organ doses associated with CT imaging for lung tumour/cancer, chest lesion with CKD and PE indications

Organ doses (mGy)

Organ Lung tumour/cancer Chest lesion with CKD PE
20 yrs 40 yrs 60 yrs 20 yrs 40 yrs 60 yrs 20 yrs 40 yrs 60 yrs
Meant SD MeanxSD MeantSD MeantSD Meant SD Meant SD Mean+ SD Mean+ SD  Meant SD
Thyroid 294+156 405+248 38.1+214 159+98 20.0+115 204+10.7 36.7+329 229+104 26.7+13.9
Oesophagus 17.3+8.7 256+159 241+138 9.2+57 125%7.1 129+6.8 244+219 145+6.2 170+ 8.8
Trachea 224+120 30.81+88 29.0%+163 121+7.6 152+8.8 155+8.2 27.7+248 175279 203+104
Thymus 249+139 337203 319+179 13.7+£8.7 16.7x9.7 171 +£9.0 29.2+26.2 19.2+89 221+109
Lungs 21.3+11.0 31.2+190 296+16.7 115+72 152%8.7 15.8 £ 8.3 288+258 17.7x7.7 205%10.2
Breast 178+11.4 292+180 275+155 97+73 140£85 147 7.7 27.0+242 165+7.3 19.3+10.0
Heart wall 21.7+123 328+200 31.1+176 11.8%+7.7 159%93 16.7 £ 8.8 303+27.1 187+81 214+104

CKD: chronic kidney disease, PE: pulmonary embolism, SD: standard deviation, Yrs: years.
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Table 4.53 indicated that the highest organ dose during CT imaging for lung
tumour/cancer, chest lesion with CKD and PE was received by the thyroid gland, which is
sensitive to the carcinogenic effect of ionising radiation. The mean ranges of thyroid dose for
the various indications were 20.4-40.5 mGy (lung tumour/cancer), 15.9-40.4 mGy (chest lesion
with CKD), and 22.9-36.7 mGy (PE). Relatively lower mean organ doses in the ranges of 17.8-
29.2 mGy and 21.3-31.2 mGy were received by the breast and lungs in lung tumour/cancer
examinations, respectively. A previous study (Saltybaeva et al., 2016) however, reported a
lower lung dose of 8.6 mGy for 60-year-old patients undergoing lung tumour/cancer CT
imaging.

The organ doses for the breast and lungs ranged from 16.5-27.0 mGy and 17.7-28.8
mGy, and from 9.7-14.7 mGy and 11.5-15.8 mGy, for PE, and chest lesion with CKD indicated
examinations, respectively. A recent study (Haspi et al., 2019) in Malaysia reported lower
breast organ dose range of 10.9-23.8 mGy and lung organ dose range of 10.6- 23.4 mGy during
PE examination. Other ograns such as oesophagus, trachea, thymus and heart wall also received

mean organ doses in a range of 11.8-32.8 mGy across the indications in the chest region.
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Table 4.54: Various organ doses associated with CT imaging for AP lesion, kidney stones and urothelial malignancy indications

Organ doses (MGy)
Organ AP lesion Kidney stones Urothelial malignancy
20 yrs 40 yrs 60 yrs 20 yrs 40 yrs 60 yrs 20 yrs 40 yrs 60 yrs

Mean = SD Mean+SD Mean+SD Mean+SD Mean=SD Mean + SD Mean =+ SD Mean+SD Mean = SD
Stomach wall 39.3+£258 39.0+228 383+228 17.2+11.1 17.2+104 16.3£9.9 38.0+241 495+30.2 51.7+30.2
Liver 379+251 37.7x222 372%+222 16.7+108 16.7+10.2 15.6+9.5 36.6+233 49.1+£295 49.6+28.9
Gall bladder 356+228 355+202 355+211 156+99 15790 15.1+94 349+219 46.4+£276 47.7%28.3
Adrenals 327+£209 327+185 327%+194 143+90 144+82 13.9+8.7 321+20.1 428+256 44.0%26.1
Spleen 36.6+240 36.4+21.3 36.1+215 16.1+104 16.1+9.7 152+£9.3 355+225 4731283 48.2+282
Pancreas 38.0+254 378225 37.2+223 16.7+x109 16.7%+103 15695 36.7+234 49.0+294 495%288
Kidney 39.9+25.7 39.8+228 39.7+23.6 175+11.1 17.6x102 16.8+104 39.0+245 51.7+30.7 53.3x315
Small intestine  39.9+25.1 40.2+223 40.4+241 176110 17.8+99 173x109 39.7+248 52.0+£304 54.9+33.0
Colon 41.7+26.4 418234 419+249 18.3x115 185%x104 179+11.2 411+£257 544+321 56.7%33.8
Rectosigmoid 29.8+19.0 325+£17.7 323x20.0 139+91 143738 13.6+8.7 32.2+20.2 39.7+247 455x284
U. Bladder 340+£219 374x212 36.2+221 16.2+106 16.3+£95 150+9.2 36.2+23.0 43.4+26.3 50.9%30.9
Prostate 81+£109 11.0x142 121+162 42z%6.1 4656 55x7.0 11.3+158 141+213 226+27.6
Uterus 139+19.2 153+194 120+171 7.0x9.1 6.6 £9.2 3.8x57 127+18.6 16.2+18.7 135+194
Testes 16+3.1 21+38 3.81+8.0 0.6x+0.9 1.0+£23 2057 16+24 19+34 50x7.0
Ovary 149+205 16.3+206 128+182 75+9.6 7.0+9.8 41+6.1 135+19.8 16.1+19.6 14.4+20.7
Skin 11.2+7.2 11.8+65 120+£72 51+34 53%£3.0 5.0x£3.0 11671 141+85 165+£9.7
Muscle 12.7+8.3 13675 138+£85 59+40 6.1+35 56x35 134+82 16.6+9.3 19.1+£11.3
*Act. marrow 169+11.0 175+101 172+103 75£50 76x4.6 7.1+44 170+10.8 21.6x125 234+139
*S. marrow 145+9.6 13.8+8.1 142+86 59+31 6.4+4.1 58x+35 141+9.2 183%x10.7 19.3+11.3

*Act. = Active marrow; *S = Shallow; AP= abdominopelvic, SD = standard deviation, Yrs = years.
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Table 4.54 explains that many organ doses were estimated for CT examinations
involving AP lesion, kidney stones and urothelial malignancy. These organs included very
radiosensitive ones such as colon, uterus, testes, ovary, active marrow and shallow marrow,
among others.

The highest organ dose for CT imaging was received in the colon associated with AP
lesion (41.7-41.9 mGy), kidney stones (17.9 - 18.5 mGy) and urothelial malignancy (41.1 -
56.7 mGy) across all ages (20, 40 and 60 years old). A study (Pai et al., 2018) also reported
colon organ doses of 9.33-24.2 mGy in kidney stones indicated CT imaging, with an upper

limit 30.8% higher than the observed value in this study.
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Table 4.55: Cancer and mortality risks associated with CT doses for lung tumour/cancer, lung lesion with CKD and PE indications.

Lung tumour/cancer Chest lesion with CKD PE
Ca‘_rlcer Ages Organdose LARi/ LARm/ Organ LARi/ LARm/ Organdose LARi/ LARM/
site
(yrs) (mGy) 100,000 100,000  dose (mGy) 100,000 100,000 (mGy) 100,000 100,000
20 213+110 527 48.6 115+7.2 28.5 26.2 28.8+25.8 713 65.7
Lung 40 31.2+19.0 537 49.8 15.2+8.7 26.1 24.2 17777 30.4 28.2
60 29.6+16.7 429 40.8 15.8+8.3 22.9 21.8 20.5+10.2 29.7 28.3
20 29.4+156 19.7 - 159+9.8 10.7 - 36.7+32.9 24.6 -
Thyroid 40 405+248 101 - 20.0+ 115 5.0 - 229+104 57 -
60 38.1+214  20.6 - 20.4+10.7 0.1 - 26.7 +13.9 0.2 -
20 178+11.4 76.4 18.0 9.7£7.3 41.6 10.0 27.0+24.2 115.8 27.3
Breast 40 29.2+180 412 10.2 14.0+85 19.7 4.9 16.5+7.3 23.3 5.8
60 275+£155 8.5 2.5 147 +7.7 5.3 1.3 19.3+10.0 6.0 1.8

LARi: lifetime attributable risk of cancer incidence, LARm: Lifetime attributable risk of cancer mortality, CKD: chronic kidney disease, PE:
pulmonary embolism, Yrs: years.
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The risks of radiation-induced lung, thyroid and breast cancer incidence and mortality
from CT imaging of the investigated indications were relatively low as upper LAR values were
within 1 in 10,000 to 1 in 1,000 of the population (Table 4.55). However, the risk of PE
radiation-induced breast cancer was moderate (1 in 1,000 to 1 in 500) (Varghese et al, 2019).
In particular, the LAR of lung cancer incidence for patients aged 20, 40 and 60 years old due
to CT scans for lung tumour/cancer detection were 52.7, 53.7 and 42.9 in 100,000 patients,
respectively. Their corresponding risk of death was 48.6, 49.8 and 40.8 in 100,000 patients,
respectively. For patients who received radiation for chest lesion with CKD indication, the
populations in 100,000 patients likely to develop lung cancer were 28.5 (among 20 years old),
26.1 (among 40 years old) and 22.9 (among 60 years old); and possibly deaths were 26.2, 24.2
and 21.8, respectively. The risk of developing PE examination-induced lung cancers and
resulting in death were more likely in the 20 years group compared with their counterparts who
received radiation from other indications in the chest region. Numerically, 71.3 (among 20-
years old), 30.4 (among 40 years old) and 29.7 (among 60 years old) were likely to develop
lung cancer, from which 65.7, 28.2 and 28.3 were likely to die, respectively.

The number of patients at risk of developing thyroid cancer from CT of lung
tumour/cancer, chest lesion with CKD and PE ranged from 10.1-20.6, 0.1-10.7 and 0.2-24.6 in
100,000 patients, respectively. Radiation induced-breast cancer from CT of lung tumour/cancer
was also likely in 76.4 (among 20 year old), 41.2 (among 40 years old) and 8.5 (among 60
years old) patients among a population of 100,000, while, 18.0, 10.2 and 2.5 were likely to die,
respectively. Radiation subjected to patients for chest lesion with CKD and PE examinations
were likely to induce breast cancer in 5.3-41.6 (1 in 18,868 to 1 in 2,404) and 6.0-115.8 (1 in
16,667 to 1 in 857) patients per 100,000 procedures, respectively. The corresponding likely
radiation-induced cancer deaths were estimated at 1 in 76,923 to 1 in 10,000 patients for chest

lesion with CKD and 1 in 55,556 to 1 in 3,663 patients for PE examinations.
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Table 4.56: Cancer and mortality risks associated with CT doses for AP lesion, kidney stones and urothelial malignancy

AP lesion Kidney stone Urothelial malignancy/CT-I1VU
Cancer “Age Organ LARi/  LARm Organ LARi/ LARM Organ LARI/ LARM

S (yrs) dose (mMGy) 100,000 /100,000 dose (mMGy) 100,000 /100,000  dose (MGy) 100,000 /100,000
20 39.3+258 18.1 98  172+111 79 43 38.0 +24.1 175 95
Stomach 40 39.0+228 105 66  172+104 46 3.0 49.5 +30.2 13.4 8.7
60 38.3+22.8 7.7 3.0 16.3+9.9 3.3 2.2 51.7 +30.2 10.3 7.0
20 37.9+251 8.3 66  16.7+10.8 3.7 2.9 36.6 +23.3 8.1 6.4
Liver 40 37.7+222 7.9 45  167+102 35 2.0 49.1 4295 10.3 5.9
60 37.2+22.2 5.2 35 156 +9.5 2.2 15 49.6 +28.9 6.9 4.7
20 417+264 598 286  18.3+115 263 125 4112257 59.0 28.2
Colon 40 418+234 510 203  185+104  22.6 9.0 54.4 +32.1 66.4 26.4
60 41.9+249 394 168 17.9+112 168 7.2 56.7 +33.8 53.3 22.7
20 81+109 38 0.7 42+6.1 2.0 0.4 11.3+1538 5.4 1.0
Prostate 40 11.0+14.2 3.9 0.7 4.6 +5.6 16 0.3 14.1 4213 5.0 0.8
60 12.1+16.2 3.2 0.9 55+7.0 1.4 0.4 22.6+27.6 6.0 16
20 16.9+11.0 14.1 10.0 75+5.0 14.6 103 17.0 £10.8 14.4 10.1
Leukaemia 40 17.5+10.1 12.8 10.4 76+46 12.8 105 21.6 +12.5 125 10.2
60 17.2+10.3 12.0 11.0 71+4.4 15.0 13.8 23.4+13.9 16.3 15.0
. 20 340+219 37.1 184  162+106  17.7 4.4 36.2 + 23.0 39.5 9.8
|L3J|r 'ggry 40 37.4+21.2 29.5 75 16.3+95  12.9 3.3 43.4+26.3 34.3 8.7
adder 60 362+221 235 7.1 15.0£9.2 0.8 2.9 50.9 + 30.9 33.1 9.9
20 13.9+19.2 3.6 08 70+9.1 18 0.42 12.7+186 33 0.76
Uterus 40 15.3+19.4 2.4 0.6 6.6+90.2 11 0.31 16.2 +18.7 2.6 0.65
60 12.0+17.1 1.9 0.4 38+5.7 0.3 0.11 13.5+ 19.4 12 0.41
20 14.9+205 75 4.2 75+96 3.8 2.1 135+19.8 6.8 3.8
Ovary 40 16.3+20.6 5.1 3.3 70+08 2.2 14 16.1+19.6 5.0 3.2
60 12.8+18.2 23 1.9 41+6.1 0.7 0.6 14.4+20.7 2.6 22

LARI: lifetime attributable risk of cancer incidence, LARm: Lifetime attributable risk of cancer mortality, AP: abdomino-pelvic, CT-1VU: computed
tomography intravenous urography, Yrs: years.
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Among the organs subjected to CT exposures for various indications in the abdominal
and pelvic regions, radiation-induced colon cancer risks were highest and likely among 39.4 -
59.8 patients in 100,000 AP lesion procedures. The risk was even higher in CT-IVU
examinations, in a range of 53.3- 66.4 patients in 100,000 procedures but were less (16.8-26.3
patients) in kidney stone procedures. Accordingly, the risk of radiation-induced colon mortality
was common in CT-1VU than AP lesion and kidney stone procedures.

Although the organ dose likely to cause radiation-induced leukaemia was lower than
that received by the urinary bladder across all indications, the LAR of leukaemia mortality was
higher than those observed in the urinary bladder. This suggests a high likelihood of leukaemia
mortality. The ovaries were likely to develop AP lesion radiation-induced cancer in
7.5/100,000 (1 in 13,000), 5.1/100000 (1 in 19,608), and 2.3/100,000 (1 in 43,478) people at
age 20, 40 and 60 years, respectively. Kidney stone examinations were also likely to induce
ovarian cancer in 3.8, 2.2 and 0.7 patients in a pool of 100,000 procedures at ages of 20, 40 and
60 years, respectively. More so, about 1 in 38, 462 to 1 in 14,706 patients were also likely to
develop ovarian cancer due to CT-IVU examinations in Ghana. Since the ovaries contain
reproductive information, it is indicative that hereditary effects were also possible in patients
who received high ovarian doses. Although all the upper LAR values for all the indications
were within 1in 10,000 to 1 in 1,000 of the population and suggested a low radiation risk, there
was a need for further optimisation to reduce the dose levels and risks, as noted by Varghese
et al., (2019). This is because small individual risks applied to a large population could lead to

a public health issue some years in the future (IAEA, 2018; Do, 2016).
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4.6 PHASE 6: Optimisation Methods
As observed in the descriptive comparison, the developed NDRLs were relatively
higher than some European values. Optimisation interventions were investigated to manage the

observed dose levels to further reduce the radiation risks.

4.6.1 Optimisation method 1: Dose reduction through optimisation of scan length

The tolerable additional scan length (along the z-axis) provided above upper target
(DAUT) and below lower target (DBLT) were first investigated and the results are presented

in Table 4.57.

Table 4.57: Descriptive statistics of average extra scan length allowed above and below
the target anatomic regions/areas.

Indication Average extra scan length (mm)
Total
DAUT DBLT
DAUT+ DBLT
Routine CVA 8.1+9.4 20.1 +13.7 28.2+ 21.3
Head trauma/Injury 9.0+129 40.1£335 49.1+254
Brain tumour/ SOL 7.1+£8.0 20.7+14.8 27.8 £ 10.7
Lung tumour/cancer 24.1+16.1 340+£17.0 58.1 +16.6
Chest lesion with CKD 220+14.1 30.9+15.2 52.9+149
Abdominopelvic lesion 25.1+16.4 23.6+17.3 46.7+17.1
Kidney stones 245+17.38 20.1+16.4 446 £17.3
Urothelial malignancy 27.7+£18.6 21.9+16.6 49.6 £ 16.9
Pulmonary angiogram 30.0+12.3 33.3+19.0 63.3+14.5

DAUT= Distance above upper target; DBLT= Distance below lower target; CVA= cerebrovascular
accident; CKD =chronic kidney disease.

Table 4.57 shows that varying DAUT and DBLT values were used across the facilities
for each indication. These have the potential to cause detrimental effects to patients. For CVA,
the average DAUT and DBLT were 8.1+ 9 mm and 20.1+13.7 mm, respectively, making a total

of 28.2 + 21.3 mm extra scan coverage along the z-axis and considered as unnecessary radiation
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coverage. The estimated total average extra scan length ranged from 27.8 to 63.3 mm across
all the indications. The largest extra total scan coverage of 63.3 £ 14.5 mm was recorded for
PE examinations, while brain tumour/SOL (27.8 + 10.7 mm) followed by routine CVA (28.2
+ 21.3 mm) were scanned with smaller extra total scan coverage. Moreover, the DBLT values
recorded the highest extra scan coverage along the z-axis which suggested that more extra scan
coverage was allowed at the distal part of the organ compared to the proximal part. The
difference between the smallest and the largest extra total scan coverage was 2.3 folds. The
results indicated the need to explore optimal scan coverage for indication-based CT procedures.

The results of a CT phantom-based study that explored optimal scan coverage for
routine CVA imaging are presented in Table 4.58. Evaluated extra scan length (z-axis), mean
scores for subjective image quality analysis, and level of agreement between raters are also

presented.
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4.6.1.1 Phantom-Based Optimisation study

Table 4.58: Extra scan length (z-axis) evaluated, mean scores for subjective image quality analysis, and level of agreement between raters
in head region examination; routine CVA

Protocol/ Average extra scan length CTDlvol DLP SNR % DLP Subjective image quality scores
image ID  DAUT (mm) DBLT (mm) (mGy) (mGy.cm) reduction over  Mean SD ICC  p-value
current practice value

A 81+94 20.1 £13.7 21.28 385.58 5.3 - 3.92 0.74

B 0 0 21.28 323.87 5.3 16.0 3.92 0.67

C 10* 0 21.28 307.17 5.4 22.0 3.92 0.74

D 10 10 21.28 366.43 5.3 5.0 3.89 0.67 0.78 <0001

E 0 5 21.28 335.58 5.1 13.0 3.92 0.67

F 5 5 21.28 345.15 5.2 10.5 3.90 0.67

Key: * = below the vertex, A= Average extra scan used across the CT facilities (approximately 8 mm above the vertex and 20 mm below the base of skull; B=
No extra scan length above the vertex and below base of skull; C= 10 mm below the skull vertex and 0 mm below the base of skull at foramen magnum; D=10
mm above vertex and 10 mm below the base of skull; E= No extra scan lengths above the vertex and 5 mm extra scan lengths below the base of skull; F=5 mm
extra scan length above the vertex and below the base of skull; DAUT= Distance above upper target; DBLT= Distance below lower target; ICC = Intraclass

Correlation Coefficients; CTDIyo = volume weighted computed tomography dose index; DLP= dose length product, SD =Standard deviation.
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Among the scan coverage protocols (A-D) investigated, Table 4.58 indicates that image
sets A, B, C and E had the highest subjective image quality with mean score of 3.92 each out
of a maximum of 5. This indicated that they presented the best image quality among all
evaluated protocol-based images. Image D also had a mean lower score of 3.89. Intraclass
correlation coefficient tests were run using SPSS version 23.0 (SPSS Inc., Chicago, IL USA)
to determine statistical agreement between the two raters about the image quality scores.
Studies (Koo and Li, 2016; McHugh, 2012), have indicated that an ICC value of 0.78, p <0.001
suggests a good agreement between the two raters. Hence, protocol C (a brain scan covering
10 mm below the vertex and 0 mm below the base of skull at foramen magnum) was considered
a very suitable intervention for dose reduction in CVA CT imaging, since it produced a very
good objective (SNR = 5.3) and subjective image qualities similar to the original protocol, and

also generated the best dose output (DLP) reduction of 22.0% (Table 4.58).

4.6.1.2 Patient-Based Optimisation Study
A patient-based optimisation study was undertaken to evaluate the application of
phantom results in clinical practice. The demographic characteristics of the patients used in

this particular evaluation are presented in Table 4.59.
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Table 4.59: Demographics and clinical history of the patients

Variables Categories n % MeanSD (yrs) Range (yrs)
Age - - 57.92 £15.9 28 — 92
Gender Male 54 54 - -
Female 46 46 - -

Weight - - - 70.8+10.3 50-90
Clinical CVA- Suspicion of ischemic 41 41
based History infarctions

Suspicion of recurrent bleed 15 15

Transient ischemic attack 7 7

Hemiparesis 5 5

Recurrent CVA 14 14

Haemorrhagic stroke 10 10

Hypertensive, mild stroke 8 8

n= frequency, % = percentage, SD=standard deviation

The ages of the sample size of 100 patients used in the patient-based interventional

study ranged from 28 to 92 years with a mean age of 57.92 + 15.9 years. The weight range was

50 - 90 kg with a mean of 70.8 + 10.3 kg. There were more males (54.0%) than females

(46.0%). Ischemic infarction was presented as the clinical history of majority (41%) of them

while 5% presented with signs of hemiparesis, which are both conditions relating to poor blood

supply to the brain. Ischemic infarction is common because it accounts for about 68% of all

strokes globally, while haemorrhagic types are 32% prevalent (Chugh, 2019).

Table 4.60 shows the results of the measured SNR and subjective image quality scores

for full and reduced CVA CT procedures.

209



Table 4.60: Measured SNR and subjective image quality scores for full range and reduced
range CVA CT procedures

Protocol/ image 1D SNR Subjective image quality scores
Mean + SD, Range Mean + SD ICCvalue  p-value
Full range CT 8.4+1.8(5.1-15.3) 4.6 £0.56
0.9 0.001
Reduced range CT 8.4 +1.8(5.1-15.3) 4.6 +0.54

SNR: Signal to noise ratio, SD: standard deviation, ICC: interclass correlation coefficient; CT:
computed tomography.

A subjective analysis of the resultant images using radiologists indicated a similar (4.6
out of 5) subjective image quality scores for both full and reduced range CT scanners. The
agreement between the two raters were statistically similar (ICC value: 0.9; p = 0.001).
Similarly, a mean SNR value of 8.4 was observed across the image set which was 68% above
the needed value to distinguish image features at 100% certainty (Bushberg et al., 2011). These
results suggested that the reduced protocol was capable of achieving similar diagnostic quality
as the full range CT for purposes of identifying CVA pathologies which constitute the second
leading cause of death and a major cause of disability worldwide (Katan and Luft, 2018).

The dose output characteristics in terms of DRL, effective dose (Ep) and organ dose for
both full range and reduced range CVA CT procedures are presented in Table 4.61.
Comparative descriptive statistics of dose impact of full range CVA CT and reduced range
CVA CT procedures are presented in Table 4.61. Figure 4.27 provides the pictorial presentation

of the organ doses for the reduced and full range CVA CT scans.
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Table 4.61: Comparison of dose impact of full range and reduced range CVA CT procedures

Parameter Full range Reduced DR p-value t-value Mean 95% Confidence
CT range CT (%) difference interval of difference
DLP (mGy.cm) 926.7+£280 715.1+213 22.8 <0.001 21.21 211.65 (191.850, 231.450)
Effective dose (Ep)(mSv) 21106 1.6+£05 23.8 <0.001 21.21 0.487 (0.441, 0.532)
Brain 39.3+13.8 35.0+115 10.9 <0.001 13.34 4.285 (3.648, 4.923)
Pituitary gland  33.3 £10.3 23.2+7.9 30.2 <0.001  10.76 10.04 (8.193, 11.896)
Lens 46.1+154  31.3+15.6 32.0 <0.001 6.98 14.76 (10.56, 18.950)
Organ dose Eyeballs 4391147 30.2+13.4 31.1 <0.001 7.44 13.64 (10.000, 17.280)
(mGy) Salivary glands  21.3+9.3 53148 75.0 <0.001 17.68 15.982 (14.189, 17.776)
Oral cavity 14.4+7.7 35+29 75.6 <0.001  16.09 10.907 (9.562, 12.253)
Spinal cord 29+16 08+0.6 70.7 <0.001 15.64 2.016 (1.760, 2.272)
Thyroid 1.1+0.7 05+0.3 57.2 <0.001 14.58 0.637 (0.550, 0.723)

DR: dose reduction, DLP: dose length product; CT: computed tomography.
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Figure 4.25: Pictorial presentation of the organ doses for reduced and full range CVA CT
scans.

Table 4.61 and Figure 4.25 indicated that when the reduced range intervention was used in
patient-based stroke/CV A examinations across the CT facilities in Ghana, the DLP and Ep values
reduced by 22.8% and 23.8%, respectively. In terms of organ doses, the brain, pituitary gland, eye
lens and the eyeballs doses reduced by 10.9%, 30.2%, 32.0% and 31.1%, respectively. Moreover,
the doses to the salivary glands, oral cavity, spinal cord and thyroid reduced by 75.0%, 75.6%,
70.7% and 57.2%, respectively. All the dose reductions were found to be statistically significant.
A recent study (Zinsser et al., 2019) which also explored reduced scan length in patients with
suspected acute appendicitis demonstrated that a judicious use of scan range could reduce
testicular, breasts and red marrow doses by 81%, 97.4% and 29.6%, respectively. Therefore, an
implementation of the developed reduced scan range protocol in CT facilities could reduce
radiation exposure levels in routine CVA examinations. This could potentially reduce the

population organ dose, since CVA is the most common indication in CT imaging in Ghana.
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The effect of the proposed reduced scan protocol on diagnosing CVA-related and other

conditions through radiologists’ reports are presented in Table 4.62.

Table 4.62: Diagnoses based on radiologists’ reports

Diagnosis Full Reduced  Sensitivity of
range range reduced range
detection  detection

n N (%)

Normal CT brain 34 34 100
CVA-related diagnosis

Thalamus infarcts 3 3 100
Small vessel ischemic disease 23 23 100
Posterior limb of the internal capsule infarcts 11 11 100
Bilateral cerebral infarcts 14 14 100
Bilateral subacute cerebral and pontine infarcts 5 5 100
Lacunar infarct 13 13 100
Chronic occipital lobe deep white matter infarct 4 4 100
Midbrain infarcts 3 4 100
Frontal lobe infarct 12 12 100
Parieto-temporal infract 6 6 100
Subarachnoid haemorrhage 2 2 100
Intracerebral haemorrhage 9 9 100
Subdural haemorrhage 9 9 100

Incidental findings

Maxillary sinus disease 12 6 50
Ethmoid sinus disease 4 1 25
Sphenoid sinus disease 3 0 0

Frontal sinus disease 2 2 100
Pneumatized mastoid air cells 1 1 100
Brain atrophy 51 51 100

Note: There were multiple disease conditions in some patients, CVA: cerebrovascular accident
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During the subjective image analysis, radiologists reported on the diagnosable conditions
on both the reduced and full range images. Table 4.62 shows that the reduced range images had
the same sensitivity (100%) as the full range regarding the identification of normal brain and CVA-
related pathologies. This is expected as the CVA-related pathologies are found mainly within the
brain region (Mayo Clinic, 2020). However, for incidental findings, the sensitivity was 100%,
100%, 50%, 25% and 0% for detection of brain atrophy, frontal sinus disease, maxillary sinus
disease, ethmoid sinus disease and sphenoid sinus diseases, respectively. The results further clarify
that the proposed reduced range could provide 100% results on normal brain and CVA-related
diagnoses. However, it could not be utilised to provide accurate diagnostic information on some
conditions (such as sphenoid, maxillary, and ethmoid sinus diseases) outside the brain tissue.
Therefore, this reduced range protocol is a recommended procedure targeted for only CVA-related

diagnosis.

4.6.2 Regression Modelled Equations

From the patient-based study data, equations (4.1-4.8) were produced for easy estimation
of organ doses from CVA examinations using CTDlyol, slice thickness (ST) and scan length (SL)
parameters. These are supportive tools for optimisation of radiation dose levels. All variables used
in modelling the equations passed normality tests [The significant levels, p-values, of Shapiro-
Wilk and Grubbs' tests for outlies were all > 0.05). The optimum multicollinearity tests (VIF
ranged from 1.767 — 2.065] (Appendices X-XII).

Mathematical algorithms developed for estimating brain dose (BrainD), salivary gland
dose (S-glandD), eye lens dose (E-lensD) and eyeballs dose (E-ballsD) have been expressed in

equations 4.1, 4.2, 4.3 and 4.4, respectively. Other equations for oral cavity dose (O-cavityD),
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spinal cord dose (S-cordD), thyroid dose (ThyroidD) and pituitary gland dose (P-glandD) have

been also been expressed in equations 4.5 to 4.8, respectively.

BrainD (MGy) = -5.19 + 0.7218 CTDlyoi + 0.285 ST + 0.0241 SL (4.1)
(SD=2.12, R-S4=97.7%, p-value = <0.001).

S-glandD (MGy) = -104.5 + 0.3874 CTDlyor - 0.358 ST + 0.6158 SL 4.2)
(SD=6.22, R-Sg= 56.09%, p-value =<0.001)

E-lensD (MGy) = -12.35 + 0.8392 CTDlvor - 0.148 ST + 0.0764 SL (4.3)
(SD=2.50, R-Sq=97.44%, p-value =<0.001).

E-ballsD (MGy) = -10.79 + 0.7970 CTDlyoi - 0.102 ST + 0.0668 SL (4.4)
(SD=2.24, R-Sq=97.74%, p-value =<0.001).

O-cavityD (mGy) = -98.91 + 0.2738 CTDlvor - 0.117 ST + 0.5747 SL (4.5)
(SD=4.49, R-S¢=66.66%, p-value =<0.001).

S-cordD (mGy) = -18.15 + 0.05423 CTDlyoi + 0.0935 ST + 0.1031 SL (4.6)
(SD=1.13, R-Sq=50.81%, p-value =<0.001).

ThyroidD (mGy) = -5.04 + 0.02214 CTDlyo + 0.0836 ST + 0.02715 SL 4.7)
(SD=0.54, R-S¢=32.8%, p-value =<0.001).

P-glandD (MGy) = -19.69 + 0.5890 CTDlyol - 0.778 ST + 0.1363 SL (4.8)

(SD=3.05, R-Sq=91.51%, p-value =<0.001).
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From equations 4.1 to 4.8, the respective R-squares (R-Sq) indicated the influence of the
independent variables (CTDIvo, ST and SL) in the model on the respective organ doses. Per
equations 4.1, 4.3 and 4.4, the models suggested that over 97% of the respective organ doses were
predicted by CTDlIvo, ST and SL. In the case of equations 4.2, 4.5, 4.6, 4.7 and 4.8, the variation
in respective doses were accounted for by 56.1%, 66.7%, 50.8%, 32.8% and 91.5% of the
respective independent variables. Models with low R-square values, particularly, equation 4.7

must be used with caution because the model could not entirely predict the respective organ doses.

4.6.3 Optimisation Method 2: The role of AEC Utilisation

In the Phase 5 study, it was observed that some of the CT scanners were operated without
activating their AEC systems. The impact of AEC systems was investigated in those facilities. A
pictorial diagram with four plates (A-D) showing tube loading variations across different z-
positions for different scanners operating with and without the activation of AEC systems is

presented in Figure 4.26.
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Figure 4.26: AEC modulated tube current and fixed tube current profiles across different
z-positions

As illustrated in plate A-D, the blue and red lines show the variation of the tube loading
with and without activation of AEC systems, respectively, as the phantom was scanned from the
dome of the liver to the pubic symphysis. The above shows that with the use of AEC (of various
models), the tube loading varied with the density of the anatomical region along the z-axis.
However, constant tube loading was used along the entire z-axis positions for fixed-mAs

procedures. This phenomenon was same for all the types of AECs used in the study, hence, for
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examinations without AEC activation, both smaller and bigger abdominal regions along the z-axis
would receive the same dose without any optimisation.

The dose output results of the study undertaken to compare AEC and fixed tube current
systems (in facilities operating without AEC systems) for optimisation actions have been presented

in the Table 4.63.

Table 4.63: Comparison of dose output for abdomino-pelvic procedures undertaken with
and without AEC systems.

Scanner AEC setting Mean CTDlyol DLP DLP Mean noise Mean
models mAs  (mGy) (mGy.cm) DR (%) (SD) SNR
Siemens  AEC: off 240 16.1 731.0 - 7.2 7.3
Somatom CareDose4D
] 166 6.9 312.0 57.3 11.1 12.1
Emotion
GE AEC: off 200 12.5 572.1 - 5.6 6.4
Lightspeed AutomA 3D
105 6.6 306.8 46.4 8.6 9.7
Pro 16
Toshiba  AEC: off 187 22.3 1027.6 - 6.1 5.3
Aquilion  SureExposure
54.45 9.3 428.2 58.3 9.1 7.9
16 TSX 3D
Philips AEC: off 355 14.1 637.0 - 5.3 5.6
Brilliance DoseRight Z-
278.9 5.9 284.0 55.4 7.8 12.2
64 DOM, ACS
Cumulative comparative results
AEC 7.2+09 3328+64.8 55.2, 6.5+£0.9
Without AEC 16.3+1.4 741.9+29.6 p=0.01 105+2.1

DR: dose reduction: AEC: automatic exposure control: CTDIy,: computed tomography volume weighted
dose index, DLP: dose length product, SD: standard deviation. ACS: automatic current selection.
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Table 4.63 shows the cumulative mean dosimetric results of AP CT imaging with AEC and
fixed mAs. The cumulative mean CTDlvo values were 7.2 + 0.9 mGy and 16.3 + 1.4 mGy,
respectively. The corresponding mean DLP values were 332.8 + 64.8 mGy.cm and 741.9 £ 296.0
mGy.cm, respectively. The results indicated that the non-AEC scanning CT facilities could reduce
CT radiation dose output (DLP) by a factor of 2.2 (55.2%) while ensuring acceptable image quality
if the AEC systems were activated and utilised. The DLP dose reduction found across the four
facilities varied from 46.4-58.3% which was closely similar to values (36.8 -73.8%) reported by
Sulemana et al. (2020) in a single centre. Moreover, the dose reduction benefits observed with
respective AEC systems were even higher compared with values (about 20-40%) reported by
Higaki et al. (2019) and Merzan et al. (2017). It suggested lack of training, policy on CT
infrastructure and proper organisational programmes driving CT purchasing, installation,
acceptance testing, commissioning and operations are some of the drawbacks in the utilisation of
AEC systems. Due to some of these challenges, CT machines are sometimes purchased and
commissioned for work without any training offered by application specialists, thereby, creating a
knowledge gap on the best ways to utilise equipment configurations such as the AEC. Therefore,
training of radiographers on technical application of AEC systems, particularly, before equipment
commissioning is absolutely crucial for dose management in Ghana. Moreover, strict adherence
to policies regarding AEC usage is necessary in order to ensure that dose optimisation benefits are
derived from the available CT scanners with AEC activated systems.

As part of the study, all the facilities operating fixed-mAs settings have been assisted to

activate their AEC systems.
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CHAPTER FIVE

SUMMARY, CONCLUSION AND RECOMMENDATIONS

5.0 Overview
The summary, conclusion, challenges/limitations and recommendations from this study

are presented in this chapter.

5.1 Summary and Conclusion

The main objective of this study was to develop national indication-based DRL values for
common and prioritised indications of the adult human body for clinical application in Ghana, and
assess the risk of undertaking each indication-based CT examination, and also propose steps for
dose optimisation. Studies on CT infrastructure and common indications as well as assessment of
QMS were undertaken. The study found that there were 28 functional CT scanners out of the 31
that participated in the study. Most of the scanners (58.1%) were installed in the Greater Accra
Region, and all those included in the DRL study (n=25) passed the QC tests. However, the needed
infrastructure for QMS was unavailable in some of the CT facilities. Particularly, more than half
(51.6%) of the facilities lacked a documented protocol for CT scanning for some indications.
Radiologists were, therefore, used mainly to define the basic diagnostic requirements of each
indication, prior to collecting the needed dose descriptors for the DRL study.

The observed common indications and their projected DRL values in terms of
CTDlyoi (MGy) and DLP (mGy.cm) were CVA/stroke (77 mGy; 1313 mGy.cm), head
trauma/injury (76 mGy; 1596 mGy.cm), brain tumour/SOL (77 mGy; 2696 mGy.cm), lung
tumour/cancer (12 mGy; 828 mGy.cm) and chest lesion with chronic kidney disease (13 mGy; 467

mGy.cm). Others were AP lesion (17 mGy; 1299 mGy.cm), kidney stones (15 mGy; 731
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mGy.cm), urothelial malignancy/CT-IVU (11 mGy; 1449 mGy.cm) and PE (14 mGy; 942
mGy.cm). These values could be used as a QA/QC tool and a trigger to detect CT imaging centres
utilising remarkably high doses (outliers) in a particular indication-based radiological task, for
which optimisation measures are required.

It is also anticipated that these benchmarks would guide stakeholders to further unearth
better ways of optimising radiation doses in CT imaging.

For an effective implementation of the proposed DRL values, a Microsoft Excel-based tool
(BOT®) for inspection and monitoring of DRLs’ compliance was developed in this study. The tool
had a capability for internal audit purposes to monitor individual facility’s compliance to the
national indication-based DRL values and where necessary, corrective actions could be taken to
promote dose management.

The estimated risk of PE radiation-induced breast cancer ranged from 6-115.8 people in
100,000 procedures. Moreover, the risk of CT-1VU radiation-induced colon cancer ranged from
53.3-66.4 people in 100,000 patients. About 1 in 38, 462 to 1 in 14,706 patients were also likely
to develop ovarian cancer due to CT-IVU examinations in Ghana. The risk of leukaemia mortality
as a result of radiation accruing from CT-IVVU for urothelial malignancy, also ranged from 1 in
1,901 to 1in 6,667 patients. Although the LARi and LARm were considered minimal to moderate
levels across the various indications, there was a need for further optimisation measure in CT
imaging to reduce the dose levels and radiation risks.

The study found a novel protocol that could be used to scan stroke/CVA related conditions
with optimal image quality, while reducing facilities’ radiation dose levels. In particular, it found
that using a scan range covering 10 mm below the vertex and 0 mm below the base of skull at

foramen magnum could reduce the mean effective dose of the facilities by 23.8%, and organ doses
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by 32% (eye lens), 70.7% (spinal cord), 57.2% (thyroid), 75.6% (oral cavity), 10.9% (brain),
31.1% (eyeballs) and 30.2% (pituitary gland) with negligible effect on the image quality. However,
this protocol was not 100% sensitive in diagnosing incidental findings that were not within the
brain region. Therefore, it was strictly recommended for stroke/CVA-related CT imaging. Eight
organ dose equations were also developed to aid in dose management. It is believed that CT
imaging facilities could utilise these equations to estimate organ doses with ease, and guide in
appropriate decisions. Finally, the study concluded that if AEC systems were used in facilities
operating with fixed tube loading systems, radiation doses could also be reduced by a range of
46.4-58.3% without any significant compromise on image quality. Therefore, there was a need to

ensure proper utilisation of AEC systems in all the CT facilities in Ghana.

5.2 Challenges/Limitations

Many challenges were encountered during the study. Some of them include:

i Though the study attempted to include all the CT facilities in the study, four of them
did not to participate. These few numbers did not affect the generalisation of the
findings. However, their inclusion would have provided full information on CT
scanners and dose levels for their inclusion in the DRL values and implementation of
optimisation measures where necessary.

ii. Long equipment downtimes prevented the inclusion of broken-down CT scanners in
the study, although several follow-ups were made to inquire about their status and

possible inclusion in the study.
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In Ghana, patient dose information recording, and automatic dose tracking systems are
not mandatory, and are not readily available in most facilities. In the absence of these,
several days were spent in the facilities collecting data.

The study was solely focused on adults. Paediatrics were therefore not considered.

5.3 Recommendations

5.3.1 Nuclear Regulatory Authority

The developed indication-based DRL values are recommended for adoption and
implementation by the NRA, in collaboration with the relevant professional bodies for
dose management and accountability of CT imaging in Ghana. The national values may
be revised at regular intervals (every 5 years), especially when significant changes in
technology, and new imaging procedure standards and protocols are available.

The developed monitoring tool (BOT®) in this study could be used by the NRA for
inspection and monitoring of DRLs compliance purposes, if the proposed DRL values
are implemented.

In view of the observed lack of QMS in the various CT facilities, the NRA should liaise
with the Ministry of Health and all appropriate stakeholders to ensure that all policies

needed for CT QMS in Ghana are implemented, and adhere to accordingly.
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5.3.2 Managers and Health Professionals in CT Imaging

Managers and professionals in CT imaging such as radiologists, radiographers and
medical physicists may use the proposed indication-based values as a country-based
guide to regulate and optimise their CT practices in Ghana.

A scan range covering from 10 mm (1 cm) below the vertex and 0 mm below the base
of skull at foramen magnum is recommended in CT imaging of stroke/CVA specific
conditions or indications in order to significantly optimise radiation dose, while

ensuring good image quality.

5.3.3 Future Research

Future research focusing on the development of paediatric indication-based
diagnostic reference levels and optimisation methods for computed tomography
examinations in Ghana is recommended.

Future research focusing on the development of adult indication-based diagnostic
reference levels for indications not considered in the study (non-common
indications), and optimisation methods for computed tomography examinations in

Ghana is also recommended.

224



REFERENCES

. AAPM, (2007). The Measurement, Reporting and Management of Radiation Dose in CT:
Report of the AAPM Task Group 23. Report No. 96, American Association of Physicists
in Medicine, New York.

. AAPM, (2008). AAPM Report No. 96. The Measurement, Reporting, and Management of
Radiation Dose in CT Report of AAPM Task Group 23: CT Dosimetry. New York:
American Association of Physicists in Medicine.

. AAPM, (2014). "Use of water equivalent diameter for calculating patient size and size-
specific dose estimates (SSDE) in CT: The report of AAPM Task Group 220. Los Angeles:
American Association of Physicists in Medicine.

. Abdulkadir, K.M, Schandorf, C. and Hasford, F. (2016). Determination of Computed
Tomography Diagnostic Reference Levels in North-Central Nigeria. The Pacific Journal
of Science and Technology, 17(2), 341-348.

. Addo, P. (2016). Computed tomography (CT) radiation dose in children: A survey to
propose regional diagnostic reference levels in greater Accra Ghana. MPhil Thesis:
University of Ghana. http//ugspace.ug.edu.gh.

. Adejoh, T., Nwogu B.N, Anene, N.C, Onwujekwe, C.E, Imo, S.A, Okolo, C.J, Chiegwu,
U. H, Nzotta, C.C. (2017). Computed Tomography Scanner Distribution and Downtimes
in Southeast Nigeria. Journal of The Association of Radiographers of Nigeria, 31(1), 8-15
. Akyea-Larbi, K.O., Schandorf, C., Hasford, F., Inkoom, S., Sackey, T. A. and Acquah, G.
F. (2016). Assessment of cancer incidence and mortality risks associated with effective
dose of computed tomography examinations. Journal of Applied Science and Technology,

20(1 and 2),17 — 22.

225



10.

11.

12.

13.

14.

Alessio, A.M., Farrel, M.B., Fahey, F.H. (2015). Role of reference levels in nuclear
medicine: a report of the SNMMI dose optimisation task force. Journal of Nuclear
Medicine, 5(12), 1960-1964.

Ali, M.U. (2015). Role of CTDI to estimate patient dose from a single slice to multi slice
CT scanners. International Journal of Multidisciplinary Research and Development, 2
(10), 262-266.

Alkhorayef, M., Babikir, E., Alrushoud, A., Al-Mohammed, H, Sulieman, A. (2017)
Patient radiation biological risk in computed tomography angiography procedure. Saudi
Journal of Biological Sciences, 24, (1), 235-240.

Amaoui, B., Semghouli, S., Kharras, A.E., Fahssi, E.M. (2020). Medical exposure and risk
estimation during routine radio-diagnostic examinations in Agadir City in 2012. Journal
of Radiation Research and Applied Sciences, 13(1), 69-72.

American Association of Physicists in Medicine (AAPM), (1992). Recommendations on
performance characteristics of diagnostic exposure meters. AAPM REPORT NO. 35.
Medical Physics. 19(1), 231-241.

American College of Radiology, (2010). Image filters improve image quality and lower
patient radiation dose associated with CT scans. ScienceDaily. Retrieved from
www.sciencedaily.com/releases/2010/05/100503161221.htm

American College of Radiology, (2014). ACR-AAPM practice parameter for diagnostic
reference levels and achievable doses in medical x-ray imaging. Retrieved from
wwwe.acr.org/~/media/796 DE35AA407447DB81CEB5612B4553D.pdf. Accessed on:

25th August, 2017.

226



15.

16.

17.

18.

19.

20.

American College of Radiology, (2018). ACR-AAPM practice parameter for diagnostic
reference levels and achievable doses in medical x-ray imaging. Retrieved from
http://www.acr.org/~/media/ ACR/Documents/PGTS/guidelines/Reference_Levels_Diagn
ostic_Xray.pdf. Published 2013. Revised 2018. Accessed 4/11/ 2019.

American Society for Quality (2019). what is a quality management system (QMS)? --
ISO 9001 and other quality management system. Retrieved from https://asq.org/quality-
resources/iso-9000. Accessed on:9/4/2019.

Anim-Sampong, S., Antwi, A.K., Botwe, O.B., Boateng, S.R. (2016). Comparison of 640-
slice Aquilon ONE CT scanner’s measured dosimetric parameters with ICRP dose
reference levels for head, chest and abdominal CT examinations. Safety in Health, (2016)
2(7),1-8. DOI 10.1186/s40886-016-0019-4.

Atag, G.K, Parmaksiz, A., inal, T., Bulur, E., Bulgurlu, F., Oncii, T., Giindogdu, S. (2015).
Patient doses from CT examinations in Turkey. Diagnostic and Interventional Radiology.
2015 Sep; 21(5), 428-434.

Australian Government, (2016), National Diagnostic Reference Level Fact Sheet...
ARPANSA. Retrieved from https://www.arpansa.gov.au/research/surveys/national-
diagnostic-reference-level-service/frequently-asked-questions Accessed on: 25th August,
2017.

Australian Radiation Protection and Nuclear Safety Agency, [ARPANSA] (2018).
Current Australian national diagnostic reference levels for multi detector computed
tomography. Retrieved from https://www.arpansa.gov.au/research-and-
expertise/surveys/national-diagnostic-reference-level-service/current-australian-drls-

update/mdct. Accessed: 7/11/2019.

227



21.

22.

23.

24,

25.

26.

27.

Aweda, M.A, Arogundade, R.A. (2007). Patient dose reduction methods in computerized
tomography procedures: A review. International Journal of Physical Sciences, 2 (1), 001-
009.

Bauhs JA, Vrieze TJ, Primak AN, Bruesewitz MR and McCollough CH. (2008). CT
Dosimetry: Comparison of Measurement Techniques and Devices. RadioGraphics. 28(1),
245-253.

Bellolio, M.F., Heien, H.C., Sangaralingham, L.R., Jeffery, M.M., Campbell, R.L.,
Cabrera, D., ... Hess, E.P. (2017). Increased Computed Tomography Utilisation in the
Emergency Department and Its Association with Hospital Admission. Western Journal of
Emergency Medicine, 18(5), 835-845. http://doi.org/10.5811/westjem.2017.5.34152.

de Gonzélez, A.B., Mahesh, M., Kim, K.P, Bhargavan, M., Lewis, R., Mettler, F., Land,
C. (2009). Projected cancer risks from computed tomographic scans performed in the

United States in 2007. _Archives of internal medicine, 169 (22), 2071-2077. doi:

10.1001/archinternmed.2009.440.

Boone J., Strauss K., Cody D., McCollough C., McNitt-Gray M., Toth T., ... Frush D.
(2011). “Size-specific dose estimates (SSDE) in paediatric and adult body CT
examinations,” Report of AAPM Task Group 204, 2011.

Boone, J.M., Brink, J.A., Edyvean, S., Huda, W., Leitz, W., McCollough, C.H., and
McNitt-Gray, M.F. (2012). 4. Overview of Existing CT-Dosimetry Methods. Journal of
the ICRU, 12(1), 35-45. doi:10.1093/jicru/nds004.

de Basea, M., Salotti, J.A., Pearce, M. S., Muchart, J., Riera, L., Barber, 1., ... Cardis, E.

(2016). Trends and patterns in the use of computed tomography in children and young

228


http://doi.org/10.5811/westjem.2017.5.34152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Berrington%20de%20Gonz%C3%A1lez%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20008689
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mahesh%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20008689
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20KP%5BAuthor%5D&cauthor=true&cauthor_uid=20008689
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bhargavan%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20008689
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lewis%20R%5BAuthor%5D&cauthor=true&cauthor_uid=20008689
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mettler%20F%5BAuthor%5D&cauthor=true&cauthor_uid=20008689
https://www.ncbi.nlm.nih.gov/pubmed/?term=Land%20C%5BAuthor%5D&cauthor=true&cauthor_uid=20008689
https://www.ncbi.nlm.nih.gov/pubmed/?term=Land%20C%5BAuthor%5D&cauthor=true&cauthor_uid=20008689
https://www.ncbi.nlm.nih.gov/pubmed/20008689

28.

29.

30.

31.

32.

33.

34.

adults in Catalonia - results from the EPI-CT study. Pediatric Radiology, 46(1), 119-129.
doi:10.1007/s00247-015-3434-5.

Bowling, A., (2014). Research Methods in Health: Investigating Health and Health
Services (UK Higher Education OUP Humanities and Social Sciences Health). 4" eds.
London: Open University Press.

Brady, Z., Ramanauskas, F., Cain, T.M., and Johnston, P.N. (2012). Assessment of
paediatric CT dose indicators for the purpose of optimisation. The British Journal of
Radiology, 85(1019), 1488-1498. doi:10.1259/bjr/28015185.

Brat, H., Zanca, F., Montandon, S., Racine, D., Rizk, B., Meicher, E., and Fournier, D.
(2019). Local clinical diagnostic reference levels for chest and abdomen CT examinations
in adults as a function of body mass index and clinical indication: a prospective multicenter
study. European Radiology, 29 (12), 6794-6804 doi:10.1007/s00330-019-06257-
Brenner, D.J., Hall, E.J. (2007). Computed tomography — an increasing source of
radiation exposure. The New England Journal of Medicine 357(1),2277-2284.

Brink, J.A., Miller, D.L. (2015). U. S national diagnostic reference levels: Closing the gap.
Radiology, 277(1), 3-6.

Bujila, R., Kull, L., Danielsson, M., and Andersson, J. (2018). Applying three different
methods of measuring CTDIfree air to the extended CTDI formalism for wide-beam
scanners (IEC 60601-2-44): A comparative study. Journal of Applied Clinical Medical
Physics, 19(4), 281-289. doi:10.1002/acm2.12363.

Bushberg, J.T., Seibert, J. A, Leidholt, M, E., Boone, J.M. (2011). The essential physics of

medical imaging. 2nd edition, London: Lippincott Williams and Wilkins; 2011.

229



35.

36.

37.

38.

39.

40.

41.

Butler, P. F., Kanal, K. M. (2018). Diagnostic reference levels for adult patients in the
United States. Journal of the American College of Radiology, 15(6), 932-933. doi:
10.1016/j.jacr.2017.12.012.

Canadian Nuclear Safety Commission (2019) Radiation doses. Retrieved from
http://nuclearsafety.gc.ca/eng/resources/radiation/introduction-to-radiation/radiation-
doses.cfm#target Text=A%20typical%20annual%20dose%20received,energy%20workers
%20is%2050%20mSv. Accessed on: 30/10/19.

Cannata, V., Genovese., E., Longo, M. (2017). Radiation risk. In MC Garganese and GFL
D’Errico (Eds.), Conventional Nuclear Medicine in Pediatrics (pp.11-18). Cham: Springer
International Publishing.

Mitchell, O. (2015). Experimental Research Design. Philadelphia: John Wiley & Sons, Inc.
https://doi.org/10.1002/9781118519639.wbecpx113.

Castellano, I.A, Nicol, E.D, Bull, R.K, Roobottom, C.A, Williams, M.C, Harden, S.P.
(2017). A prospective national survey of coronary CT angiography radiation doses in the
United Kingdom. Journal of Cardiovasc Comput Tomography.11(4), 268-73.

Charan, J., and Biswas, T. (2013). How to calculate sample size for different study designs
in medical research? Indian Journal of Psychological Medicine, 35(2),121-126.
doi:10.4103/0253-7176.116232.

Cheung, L.C., Katki, H.A., Chaturvedi, A.K., Jemal, A., Berg, C.D. (2018). Preventing
lung cancer mortality by computed tomography screening: The Effect of Risk-Based
Versus U.S. Preventive Services Task Force Eligibility Criteria, 2005-2015. Annals of

Internal Medicine. 168(1),229-232. doi: 10.7326/M17-2067.

230



42.

43.

44,

45,

46.

47.

Choudhurg, A. (2017). Questionnaire Method of Data Collection: Advantages and
Disadvantages. Retrieved from http://www.yourarticlelibrary.com/social-research/data-
collection/questionnaire-method-of-data-collection-advantages-and-disadvantages/64512.
Accessed on:17/11/17.

Chugh, C. (2019). Acute Ischemic Stroke: Management Approach. Indian
Journal of Critical Care Medicine, 23(Suppl 2), S140-S146.

Council of the European Union, (2014) Council directive 2013/59/ Euratom of 5 December
2013 laying down basic safety standards for protection against the dangers arising from
exposure to ionising radiation, and repealing Directives 89/618/Euratom, 90/641/ Euratom,
96/29/Euratom, 97/43/Euratom and 2003/122/Euratom. In: Official Journal of the
European Union, 2014; 13.

Damilakis, J., Frija, G., Hierath, M., Jaschke, W., Mayerhofer-Sebera, U., Paulo, G.,
Repussard, J. ... Verius, M. (2018). European Study on Clinical Diagnostic Reference
Levels for x-ray Medical Imaging Most studies conducted in CT DRLs have been
Anatomic DRLs. Retrieved from http://www.eurosafeimaging.org/wp/wp-
content/uploads/2017/09/D2.1_Report-and-review-on-existing-clinical
DRLs_final_published-on-website.pdf

Danish Health Authority, (2015). CT Reference doser. Copenhagen; Danish Health
Authority.

Dauer, L.T, Hricak, H. (2014). Addressing the challenge of managing radiation use in

medical imaging: Paradigm shifts and strategic priorities. Oncology-Ny. 28(3),243-244.

231



48.

49,

50.

51.

52.

53.

54,

55.

56.

Delis, H., Christaki, K., Healy, B., Loreti, G., Poli, G.L., Toroi, P., Meghzifene, A. (2017).
Moving beyond quality control in diagnostic radiology and the role of the clinically
qualified medical physicist. Physica Medica, 41 (1), 104-108.

DenOtter, T.D, Schubert, J. (2019). Hounsfield Unit. In: StatPeals (internet). Treasure
Island (FL): StatPeals Publishing.

Desouky, O., Ding, N., Zhou, G. (2015). Targeted and non-targeted effects of lonising
radiation. Journal of Radiation Research and Applied Sciences, 8(2), 247-254.

Disher, B., Lenarduzzi, L., Lewis, B., and Teeuwen, J. (2006). The Physics of Computed
Tomography. Retrieved from
https://web2.uwindsor.ca/courses/physics/high_schools/2006/Medical _Imaging/ctphysics
.html. A ccesed on: 29/11/20109.

Dixon, M.T., Loader, R.J., Stevens, G.C., and Rowles, N.P. (2016). An evaluation of organ
dose modulation on a GE optima CT660-computed tomography scanner. Journal of
Applied Clinical Medical Physics, 17(3), 380-391. doi:10.1120/jacmp.v17i3.5724.
Dixon, R.L., Ballard, A. C. (2007). Experimental validation of a versatile system of CT
dosimetry using a conventional ion chamber: Beyond CTDli00. Medical Physics, 34(8),
3399-3413.

Do, K. (2016). General principles of radiation protection in fields of diagnostic Medical
Exposure. Journal of Korean Medical Science, 2016; 31(1), S6-9.

Duncan, J.R.,, Panahipour, S. (2014). Tissue attenuation of X-rays. Retrieved from
http//www.ImageWisely.org

Edmonds, K.D. (2009). Diagnostic reference levels as a quality assurance tool. The

Radiographer, 56 (3), 32-37.

232



S7.

58.

59.

60.

61.

62.

63.

Ekpo, E.U. Adejoh, T. Erim, E.A. (2019). Dose benchmarks for paediatric head computed
tomography examination in Nigeria. Radiation Protection Dosimetry. 185(4), 464-471.
https://doi.org/10.1093/rpd/ncz036

Ekpo, E.U., Adejoh, T., Akwo, D.J., Emeka, C.O., Modu, A.A., Abba, M... Chiegwu, H.U.
(2018). Diagnostic reference levels for common computed tomography (CT) examinations:
results from the first Nigerian nationwide dose survey. Journal of Radiological Protection.
38 (2018), 525-535.

eSurvey, (2017). Features Overview. Retrieved from
https://esurv.org/docs/?Features_Overview. Accessed on 2/12/17.

European Association of Nuclear Medicine, (EANM), European Federation of
Organisations for Medical Physics (EFOMP), European Federation of Radiographer
Societies (EFRS), European Society of Radiology (ESR) and European Society for
Radiotherapy and Oncology (ESTRO). (2017). Common strategic research agenda for
radiation protection in medicine. Insights Imaging; 8(1),183-197.

European Commission, (1999). European guidelines on quality criteria for computed
tomography. EUR 16262 EN. Office for Official Publications of the European
Communities, Luxembourg.

European Commission, (2014). Radiation Protection N° 180. Diagnostic Reference Levels
in Thirty-six European Countries. Luxembourg: Publications Office of the European
Union, 2014.

European Commission, (2015). European Guidelines on DRLs for Paediatric Imaging

Retrieved from

233


https://esurv.org/docs/?Features_Overview

64.

65.

66.

67.

68.

69.

70.

71.

file://IC:/Users/user/Downloads/Livelli_di_dose_di_riferimento_in_Radiologia_Pediatric
a_(Draft_2015).pdf. Accessed on: 25th Sep, 2017.

European Society of Radiology, (2014). Renewal of radiological equipment. Insights
Imaging. 5(5),543-546.

European Society of Radiology, (2017). Diagnostic Reference Levels. Retrieved from
http://www.eurosafeimaging.org/webinars/diagnostic-reference-levels.  Accessed  on:
19/02/18.

European Society of Radiology, (2018). EuroSafe Imaging Call for Action 2018. Retrieved
from http://www.eurosafeimaging.org/about/call-for-action. Accessed on: 14 Nov, 2018
European Union, (2014). Medical Radiation Exposure of the European Population (Part
1/2), and Diagnostic Reference Levels in Thirty-six European Countries. Luxembourg:
European Union.

Ferreira, T., Rasband, W. (2012). ImagelJ User Guide-1J1.46r.
Retrieved from http://imagej.nih.gov/ij/docs/guide. Accessed on: 16 august, 2018.
Fertikh, D. (2015). Head Computed Tomography Scanning. Available
at:https://emedicine.medscape.com/article/2110836-overview. Accessed on: 7/01/2020.
Fillon, M., Si-Mohamed, S., Coulon, P., Vuillod, A., Klahr, P., Boussel, L. 92018).
Reduction of patient radiation dose with a new organ based dose modulation technique for
thoraco abdominopelvic computed tomography (CT) (Liver dose right index). Diagnostic
and Interventional Imaging. 99(7-8),483-492.

Foley, S.J., McEntee, M.F., Rainford, L.A. (2012). Establishment of CT diagnostic

reference levels in Ireland. British Journal of Radiology. 85(1018),1390-1397.

234


http://www.eurosafeimaging.org/webinars/diagnostic-reference-levels
http://www.eurosafeimaging.org/about/call-for-action
http://imagej.nih.gov/ij/docs/guide
https://emedicine.medscape.com/article/2110836-overview

72.

73.

74.

75.

76.

77.

Fukuda, A., Lin, P.J., Matsubara, K., Miyati, T. (2014). Measurement of table feed speed
in modern CT. Journal of Applied Clinical Medical Physics, 15(3),275-281.
doi:10.1120/jacmp.v15i3.4703.

Fukushima, Y., Tsushima, Y., Takei, H., Taketomi-Takahashi, A., Otake, H., Endo, K.
(2012). Diagnostic reference level of computed tomography (CT) in Japan. Radiation
Protection Dosimetry. 151(1),51-57.

Furugori, S., Kato, M., Abe, T., Iwashita, M., Morimura, N. (2018). Treating patients in a
trauma room equipped with computed tomography and patients' mortality: a non-controlled
comparison study. World journal of emergency surgery, 13, (16), 1-11.
doi:10.1186/s13017-018-0176-3.

Gao, Y., Quinn, B., Mahmood, U., Long, D., Erdi, Y., St. Germain, J., ........ Dauer, L.T.
(2017). A comparison of pediatric and adult CT organ dose estimation methods. BMC
Medical Imaging 17(28),2-17. DOI 10.1186/s12880-017-0199-3

Garcia, E.M., Camacho, M.A., Karolyi, D.R., Kim, D. H., Cash, B.D., Chang, K. J., ...
Carucci, L.R. (2018). ACR Appropriateness Criteria® Right Lower Quadrant Pain-
Suspected Appendicitis. Journal of the American College of Radiology, 15(11), S373-
S387. doi: 10.1016/j.jacr.2018.09.033

Garcia-Monaco, R.D.,  Andisco, D.E., Blanco, S.A. A., Ulla, M. (2019). Clinical
diagnostic computed tomography reference levels (DRLs) for adults and children at
Hospital Italiano de Buenos Aires. EuroSafe Imaging 2019 Poster No: ESI-

0077http://dx.doi.org/10.26044/esi2019/ESI-0077.

235



78.

79.

80.

81.

82.

83.

84.

85.

Gedel, A.M., Gablah, P.G. (2014). Management of radiation dose to pediatric patients
undergoing CT examination at Korle-Bu Teaching Hospital, Accra — Ghana. Advances in
Physics Theories and Applications, 37(1),30-38.

German Federal Office for Radiation Protection (2016). Bundesamt fiir Strahlenschutz.
Diagnostische Referenzwerte fur diagnostische und interventionelle
Rdntgenanwendungen. Bundesanzeiger. AT 15.07.2016: B8.

Ghana Statistical Services (2019). Population and Housing Census projection 2019.
Available at: http://www.statsghana.gov.gh/. Accessed on: 7/3/2019.

Goodman, T.R. (2018). lonising Radiation Effects and Their Risk to Humans. Retrieved
from https://www.imagewisely.org/Imaging-Modalities/Computed-
Tomography/Imaging-Physicians/Articles/lonising-Radiation-Effects-and-Their-Risk-to-
Humans. Accessed on 13/1/2018.

Gould, M.K., Donington, J., Lynch, W.R., Mazzone, P.J., Midthun, D. E., Naidich, D. P.,
and Wiener, R.S. (2013). Evaluation of individuals with pulmonary nodules: When is It
lung cancer? Chest, 143(5), €93S-e120S. doi:10.1378/chest.12-2351

Greffier, J., Pereira, F., Macri, F., Beregi, J-P., Larbi, A. (2016). CT dose reduction using
Automatic Exposure Control and iterative reconstruction: A chest paediatric phantoms
study. Physica Medica. 32(4),582-589.

Guberina, N., Lechel, U., Forsting, M., Ringelstein, A. (2016). Efficacy of high-pitch CT
protocols for radiation dose reduction. Journal of Radiological Protection. 36(4),N57-N66.
Halid B., Karim M.K.A., Sabarudin A., Bakar K.A., Shariff N.D. (2018) Assessment of
Lifetime Attributable Risk of Stomach and Colon Cancer During Abdominal CT

Examinations Based on Monte Carlo Simulation. In: Vo Van T., Nguyen Le T., Nguyen

236


https://www.imagewisely.org/Imaging-Modalities/Computed-Tomography/Imaging-Physicians/Articles/Ionizing-Radiation-Effects-and-Their-Risk-to-Humans
https://www.imagewisely.org/Imaging-Modalities/Computed-Tomography/Imaging-Physicians/Articles/Ionizing-Radiation-Effects-and-Their-Risk-to-Humans
https://www.imagewisely.org/Imaging-Modalities/Computed-Tomography/Imaging-Physicians/Articles/Ionizing-Radiation-Effects-and-Their-Risk-to-Humans

86.

87.

88.

89.

90.

91.

92.

Duc T. (eds) 6th International Conference on the Development of Biomedical Engineering
in Vietnam (BMEG6). BME 2017. IFMBE Proceedings, vol 63. Springer, Singapore

Hall, E.J, Brenner, D.J. (2008). Cancer Risks from Diagnostic Radiology. Br J Radiol.
81(965),362-78.

Hamed, S.A., Mekkawy, M.A., and Abozaid, H. (2015). Differential diagnosis of a
vanishing brain space occupying lesion in a child. World Journal of Clinical Cases,
3(11),956-964. doi:10.12998/wjcc.v3.i11.956.

Hart, D., Wall, B.F. (2004). “U.K. Population dose from medical X-ray examinations,”
European Journal of Radiology, 50(3),285-291.

Hart, D., Wall, BF, Hillier, M.C., Shrimpton, P.C. (2008). Frequency and collective dose
for medical and dental X-ray examinations in the UK, 2008. Oxfordshire: National

Radiological Protection Board; 2010.

Hasford, F., Wyk, B.V., Mabhengu,T., Vangu, M.D.T., Kyere, A.K., Amuasi J.H.
(2015). Determination of dose delivery accuracy in CT examinations. Journal of
Radiation Research and Applied Sciences, 8 (2015),489-492.

Haspi, H.H., Abdul, K.M.K., Abbas, Z., Muniandy, S.C., Sabarudin, A., Hoong, N.K.
(2019). Patient-specific radiation dose and cancer risk estimate in computed tomography
pulmonary angiography examinations based on lung effective diameter. Preprints.org.

DOI: 10.20944/preprints201907.0269.v1.

Hausleiter, J., Meyer, T., Hermann, F., Hadamitzky, M., Krebs, M., Gerber, T.C.,
McCollough, C., ... Achenbach, S. (2009). Estimated radiation dose associated with
cardiac CT angiography. The Journal of the American Medical Association, 301(5),500-

507.

237



93.

94.

95.

96.

97.

98.

99.

100.

Heale, R., Twycross, A. (2015). Validity and reliability in quantitative studies. Evidence
Based Nursing, 18(3),66-67. 10.1136/eb-2015-102129.

Healthmanagement, (2018). Clinical diagnostic reference levels in medical imaging.
Retrieved from https://healthmanagement.org/c/imaging/issuearticle/clinical-diagnostic-
reference-levels-in-medical-imaging. Accessed on: 24/10/2019.

Higaki, T., Nakamura, Y., Fukumoto, W., Honda, Y., Tatsugami, F., Awai, K. (2019).
Clinical application of radiation dose reduction at abdominal CT. European Journal of
Radiology, 111(1),68-75.

Huda, W. (2011). Radiation dosimetry in CT: the role of the manufacturer. Imaging in
Medicine, 3(2),247-259.

IAEA GSR Part 3. (2014). Radiation protection and Safety of radiation sources:
International basic Safety standards. Vienna: IAEA.

IAEA, (2012). IAEA human health series No. 19: Quality Assurance Programme for
Computed Tomography: Diagnostic and Therapy Applications. Vienna: IAEA. Retrieved
from https://www-pub.iaea.org/MTCD/Publications/PDF/Pub1557 web.pdf

IAEA, (2013). Diagnostic Reference Levels (DRLSs) in Medical Imaging. Retrieved from
https://rpop.iaea.org/RPOP/RPoP/Content/InformationFor/HealthProfessionals/1_Radiolo
gy/Optimisation/diagnostic-reference-levels.htm. Accessed on: 20/10/2017.

AEA, (2018). IAEA Safety Standards for protecting people and the environment:
Radiation Protection and Safety in Medical Uses of lonising Radiation. Vienna:

International Atomic Energy Agency. IAEA Safety standards Series No. SSG-46.

238



101. IAEA, (2019). Referring medical practitioners.  Retrieved  from
https://www.iaea.org/resources/rpop/health-professionals/other-specialities-and-imaging-

modalities/referring-medical-practitioners. Accessed on: 20/10/19.

102. ICRP, (1991). 1990 Recommendations of the International Commission on
Radiological Protection. ICRP Publication 60. Ann. ICRP, 21 (1-3).

103. ICRP, (1996). Radiological Protection and Safety in Medicine (Report 73). Ann
ICRP, 26(2), 1-31.

104. ICRP, (2000). Managing patient dose in computed tomography. A report of the
International Commission on Radiological Protection. Task Group on Control of Radiation
Dose in Computed Tomography. Ann ICRP, 30(4),7-45.

105. ICRP, (2001). Diagnostic reference levels in medical imaging: review and
additional advice. Ann ICRP, 31:33-52.

106. ICRP, (2007). The 2007 recommendations of the international commission on
radiological protection. ICRP publication 103. Ann ICRP, 37(2-4),1-332.

107. ICRP, (2017). Diagnostic reference levels in medical imaging. ICRP Publication
135. Ann. ICRP, 46(1). https://journals.sagepub.com/doi/pdf/10.1177/0146645317717209

108. ImageQC, (2017). Image analysis for quality control. Retrieved from
https://www.imageqc.com/. Accessed on: 3/01/18.

109. Imaginis, (2017). Brief History of CT. Retrieved from http://www.imaginis.com/ct-
scan/brief-history-of-ct. Accessed on: 13/12/17.

110. Imai, S., Akahane, M., Konishi, Y., Imamura, T. (2018). Benefits of computed
tomography in reducing mortality in emergency medicine. Open Medicine 13(1),394-401.

d0i:10.1515/med-2018-0058.

239



111. Inkoom., S., Schandorf, C., Boadu, M., Emi-Reynolds, G. Nkansah, A. (2014).
Adult medical x-ray dose assessments for computed tomography procedures in Ghana - a
review paper. Journal of Applied Science and Technology, 19 (1 and 2),1 - 9.

112. Institute of Physics and Engineering in Medicine, (2005). IPEM report 91:
recommended standards for the routine performance testing of diagnostic x - ray imaging
systems. London: U.K; IPEM.

113. International Electrotechnical Commission, (2011). Medical Electrical Equipment
— Part 2-44: Particular requirements for the safety of X-ray equipment for computed
tomography. International Electrotechnical Commission Standard 60601-2-44: 2009+AL1.
Geneva, IEC.

114. Jaffe, A.T, Hoang, J.K, Yoshizumi, T.T., Toncheva, G., Lowry, C., and Ravin, C.
(2010). Radiation Dose for Routine Clinical Adult Brain CT: Variability on Different
Scanners at One Institution. American Journal of Roentgenology, 195(1),433-438.
10.2214/AJR.09.3957.

115. Japan Network for Research and Information on Medical Exposures (2015).
Diagnostic reference levels based on latest surveys in Japan — Japan DRLs 2015.
Retrieved from http://www.radher.jp/J-RIME/report/DRLhoukokusyoEng.pdf Accessed
on: 28/8/18.

116. Jarvinen, H., Seuri, R., Kortesniemi, M., Lajunen, A., Hallinen, E., Savikurki-
Heikkild, P., Laarne, P., Perhomaa, M., Tyrvédinen, E. (2015). Indication-based national
diagnostic reference levels for paediatric CT: a new approach with proposed values.

Radiation Protection Dosimetry, 165(1-4),86-90.

240



117. Jarvinen, H., Vassileva, J., Samei, E., Wallace, A., Vano, E., Rehani, M. (2017).
Patient dose monitoring and the use of diagnostic reference levels for the optimisation of
protection in medical imaging: current status and challenges worldwide. Journal of
medical imaging (Bellingham, Wash.), 4(3), 031214. do0i:10.1117/1.JM1.4.3.031214

118. Kaasalainen, T., Palmu, K., Reijonen, V., Kortesniemi, M. (2014). Effect of patient
centering on patient dose and image noise in chest CT. American Journal of
Roentgenology, 203(1),123-130.

119. Kalra, M.K., Maher, M.M., Toth, T.L., Hamberg, L.M., Blake, M.A., Shepard, J.-
A., Saini, S. (2004). Strategies for CT Radiation Dose Optimisation. Radiology, 230(3),
619-628. d0i:10.1148/radiol.2303021726

120. Kanal, K.M., Butler, P.F., Sengupta, D., Bhargavan-Chatfield, M., Coombs, L.P.,
Morin, R.L. (2017). U.S. diagnostic reference levels and achievable Doses for 10 adult CT
examinations. Radiology, 284(1),120-133.

121. AL-Jasim A.K., Hulugalle, S.N.CW.M.P.S.K., Al-Hamadani, H.K. (2017). A
quality control test for general X-ray machine. World Scientific News, 90 (1); 11-30.

122. Katan, M., Luft, A. (2018). Global Burden of Stroke. Seminars Neurology,
38(2),208-211. doi: 10.1055/s-0038-1649503. Epub 2018 May 23.

123. Kim, M., Lee, J.M,, Yoon, J.H., Son, H., Choi, J.W., Han, J.K., Choi, B.l. (2014).
Adaptive iterative dose reduction algorithm in CT: effect on image quality compared with
filtered back projection in body phantoms of different sizes. Korean Journal of Radiology,

15(2),195-204. doi:10.3348/kjr.2014.15.2.195

241



124, Koo, T.K,, Li, M.Y. (2016). A guideline of selecting and reporting intraclass
correlation  coefficients  for  reliability  research. Journal of  Chiropractic
Medicine, 15(2),155-163. doi:10.1016/j.jcm.2016.02.012

125. Korir G.K., Wambani, J.S., Korir, 1.K. (2012). Patient doses using multidetector
computed tomography scanners in Kenya. Radiation Protection Dosimetry, 151(1),267—
271.

126. Korir, G. K., Wambani, J. S., Korir, I. K., Tries, M. A., and Boen, P. K. (2016).
National diagnostic reference level initiative for computed tomography examinations in
Kenya. Radiation Protection Dosimetry, 168(2),242—-252. doi:10.1093/rpd/ncv020

127. Korir, G.K., Wambani, J.S., Korir, 1.LK., Tries, M., Mulama, B. (2013). Quality
management systems in radiology. South African Journal of Radiology. 17(3):84-88.
DOI:10.7196/SAJR.886.

128. Kruskal B.J., Eisenberg, R., Sosna, J., Yam, S.C., Kruskal, J.D., Boiselle, MP.
(2011). Quality improvement in radiology: Basic principles and tools required to achieve
success. RadioGraphics, 31(1),1499-1509.

129. Kruskal, J.B., Anderson, S., Yam, C.S., Sosna, J. (2009). Strategies for Establishing
a comprehensive quality and performance improvement program in a Radiology
Department. Radiographics, 29(2),315-330.

130. Lajunen, A. (2015). Indication-based diagnostic reference levels for adult CT-
examinations in Finland. Radiation Protection Dosimetry. 165(1-4),95-97.

131. Lee, C., Kim, K.P., Long, D.J., Bolch, W.E. (2012). Organ doses for reference
pediatric and adolescent patients undergoing computed tomography estimated by Monte

Carlo simulation. Medical Physics, 39(4),2129-2146. doi:10.1118/1.3693052.

242



132. Lee, C., Kim, K.P., Long, D., Fisher, R., Tien, C., Simon, S.L, ... Bolch, W.E.
(2011). Organ doses for reference adult male and female undergoing computed
tomography estimated by Monte Carlo simulations. Medical. Physics. 38(1),1196-206.

133. Lee, C., Kim, P, K., Bolch, E., W., Morozl B., E., and Folio, L. (2015). NCICT: a
computational solution to estimate organ doses for pediatric and adult patients undergoing
CT scans. J. Radiol. Prot. 35 (2015), 891-909.

134. Liang, C.R., Chen, P.X.H., Kapur, J., Ong, M.K.L., Quek, S.T., and Kapur, S.C.
(2017). Establishment of institutional diagnostic reference level for computed tomography
with automated dose-tracking software. Journal of Medical Radiation Sciences, 64(2),82—
89. http://doi.org/10.1002/jmrs.210

135. Lim, H., Choi, J., Kim, J.-H., Cheong, H.-K., Ha, M. (2018). Estimation of cancer
incidence and mortality risks attributed to diagnostic medical radiation exposure in Korea,
2013. Journal of Korean Medical Science, 33(29),1-11. doi:10.3346/jkms.2018.33.e211.

136. Lira, D., Padole, A., Kalra, M.K., Singh, M. (2015). Tube potential and CT
Radiation dose optimisation. American Journal of Roentgenology, 204(1),W4-W10.

137. Liu, H., Gu, J., Caracappa, P.F Xu, X.G. (2010). Comparison of two types of adult
phantoms in terms of organ doses from diagnostic CT procedures. Physics in Medicine &
Biology. 55(1),1441-51.

138. Lobiondo-Wood, G, Haber, J. (2013). Nursing research in Canada. Methods,
critical appraisal, and utilisation. 3rd Canadian edn. Toronto: Elsevier.

139. MacGregor, K., Li, I., Dowdell, T., Gray, B.G. (2015). Identifying institutional
diagnostic reference levels for CT with radiation dose index monitoring software.

Radiology, 276(2),507-515.

243


http://doi.org/10.1002/jmrs.210

140. Mafalanka, F., Etard, C., Rehel, J.L., Pesenti-Rossi, D., Amrar-Vennier, F., Baron,
N., ... Aubert, B. (2015). Establishment of diagnostic reference levels in cardiac CT in
France: A need for patient dose optimisation. Radiation Protection Dosimetry, 164(1-
2),116-119.

141. Manghani K. Quality assurance: Importance of systems and standard operating
procedures. Perspect Clin Res. 2011; 2(1),34-7.

142. Marder, C. P., Narla, V., Fink, J. R., Tozer Fink, K. R. (2014). Subarachnoid
Hemorrhage: Beyond Aneurysms. American Journal of Roentgenology, 202(1), 25-
37.doi:10.2214/ajr.12.9749.

143. Martin, C.J. (2016). The application of diagnostic reference levels for optimisation
of x-ray imaging in the UK. Radiation Protection Dosimetry, 169(1-4),211-6.

144, Martin, C.J. and Vano, E., (2018). Diagnostic reference levels and optimisation in
radiology: where do we go from here? Journal of Radiological Protection. 38 (1),E1-E4

145, Maskell, G., Smith, K., Keevil, S. (2015). CT equipment, operations, capacity and
planning in the NHS. Retrieved from https://www.sor.org/sites/default/files/document-
versions/ct_equipment_in_the_nhs_report_- cib_may 2015 sk v2.0 _1.pdf.Acess
0n:26/2/2019.

146. Matthews K, Brennan P.C. (2009). The Application of diagnostic reference levels:
General principles and an Irish perspective. Radiography,15(2),171-178.

147. Mayo Clinic, (2020). Stroke. Retrieved from https://www.mayoclinic.org/diseases-

conditions/stroke/symptoms-causes/syc-20350113. Accessed on: 09/01/2020.

244


https://www.mayoclinic.org/diseases-conditions/stroke/symptoms-causes/syc-20350113
https://www.mayoclinic.org/diseases-conditions/stroke/symptoms-causes/syc-20350113

148. Mazrani, W., McHugh, K., Marsden, P. J. (2007). The radiation burden of
radiological investigations. Archives of Disease in Childhood, 92(12),1127-1131.
d0i:10.1136/adc.2006.101782

149. McCollough, C.H. (2017). Diagnostic Reference Levels. Retrieved from
http://lwww.imagewisely.org/Imaging-Modalities/Computed-Tomography/Medical-
Physicists/Articles/Diagnostic-Reference-Levels. Accessed on: 25th August, 2017.

150. McCollough, C.H., Leng, S., Yu, L., Cody, D.D., Boone, J.M., McNitt-Gray, M.F.
(2011). CT dose index and patient dose: they are not the same thing. Radiology,
259(1),311-316.

151. McElroy, L.M., Ladner, D.P. (2014). Defining the Study Cohort: Inclusion and
Exclusion Criteria. In: Pawlik T., Sosa J. (eds) Success in Academic Surgery: Clinical
Trials. Success in Academic Surgery. London: Springer.

152. McHugh, M.L. (2012). Interrater reliability: the kappa statistic. Biochemia Medica,
22(3),276-282.

153. McLean, D., Chapple C.L. (2015). CT dosimetry. In: C.J Martin, and D.G Sutton
(Eds). Practical Radiation Protection in Healthcare (2 ed). Oxford: Oxford University
Press.

154, Merzan, D., Nowik, P., Poludniowski, G., Bujila, R. (2017). Evaluating the impact
of scan settings on automatic tube current modulation in CT using a novel phantom. British
Journal of Radiology, 90(20160308),1-14.

155. Miglioretti, D.L., Johnson, E., Williams, A., Greenlee, R.T., Weinmann, S.,
Solberg, L.I., ... Smith-Bindman, R. (2013). The use of computed tomography in pediatrics

and the associated radiation exposure and estimated cancer risk. The Journal of the

245



American Medical Association pediatrics, 167(8),700-707.
doi:10.1001/jamapediatrics.2013.311

156. Minami, Y. Kudo, M. (2015). Imaging modalities for assessment of treatment
response to nonsurgical hepatocellular carcinoma therapy: Contrast-enhanced US, CT, and
MRI. Liver Cancer, 4(2),106-114.

157. Ministry of Health (2014). Health Ministry to supply new equipment to 85
hospitals. Retrieved from
https://www.ghanaweb.com/GhanaHomePage/NewsArchive/Health-Ministry-to-supply-
new-equipment-to-85-hospitals-296975. Accessed on: 20/18/18

158. Muhogora, W.E. Ahmed, N.A., Beganovic, A., Benider, A., Ciraj-Bjelac, O.,
Gershan, V., ...Rehani, M.M. (2009). Patient doses in CT examinations in 18 countries:
initial results from international atomic energy agency projects. Radiation Protection
Dosimetry, 136 (2),1-9.

159. Muhogora, W.E., Ahmed, N.A., AlSuwaidi, J.S., Beganovic, A., Ciraj-Bjelac, O.,
Gershan, V., ... Rehani, M.M. (2010). Paediatric CT examinations in 19 developing
countries: frequency and radiation dose. Radiation Protection Dosimetry, 140(1),49-58.
doi:10.1093/rpd/ncq015

160. Mullenders, L., Atkinson, M., Paretzke, H., Sabatier, L., Bouffler, S. (2009).
Assessing cancer risks of low-dose radiation. Nature Reviews Cancer, 9(1),596-604.

161. National Cancer Institute, (2017). NCI Dictionary of Cancer Terms. Retrieved from
https://www.cancer.gov/publications/dictionaries/cancer-terms?cdrid=348991. Accessed

on; 21/08/2017.

246


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4682875/
https://www.ghanaweb.com/GhanaHomePage/NewsArchive/Health-Ministry-to-supply-new-equipment-to-85-hospitals-296975
https://www.ghanaweb.com/GhanaHomePage/NewsArchive/Health-Ministry-to-supply-new-equipment-to-85-hospitals-296975
https://www.cancer.gov/publications/dictionaries/cancer-terms?cdrid=348991

162. National Cancer Institute, (2019). Computed Tomography (CT) Scans and Cancer.
Retrieved from https://www.cancer.gov/about-cancer/diagnosis-staging/ct-scans-fact-

sheet. Accessed on: 24/01/20.

163. National Council on Radiation Protection and Measurements, (1993). lonising
radiation exposure of the population of the United States. NCRP, Bethesda, MD

164. National Council on Radiation Protection and Measurements, (2012). Reference
levels and achievable doses in medical and dental imaging: recommendations for the
United States. Bethesda, MD: NRCP, 2012: report 172

165. National Research Council, (2006). Health Risks from Exposure to Low Levels of
lonising Radiation: BEIR VII Phase 2. Washington, DC: The National Academies Press.
https://doi.org/10.17226/11340. BEIR VII Report Pg 259-267 (2006).

166. Neuburger, J., Walker, K., Sherlaw-Johnson, C., van der Meulen, J., Cromwell,
D.A. (2017). Comparison of control charts for monitoring clinical performance using
binary data. BMJ Quality and Safety, 26(11),919-928. doi:10.1136/bmjqgs-2016-005526

167. Ngoya, P.S, Muhogora, W.E, Pitcher, R.D. (2016). Defining the diagnostic divide:
an analysis of registered radiological equipment resources in a low-income African
country. The Pan African Medical Journal, 25(99),1-7.
doi:10.11604/pam;j.2016.25.99.9736

168. Ngoye, W.M, Motto, J.A, Muhogora, W.E. (2015). Quality control measures in
Tanzania: Is it done? Journal of Medical Imaging and Radiation Sciences, 46(3),523 - S30.

169. Nikupaavo, U., Kaasalainen, T., Reijonen, V., Ahonen, S.-M., and Kortesniemi, M.

(2015). Lens dose in routine head CT: Comparison of different optimisation methods with

247



anthropomorphic phantoms. American Journal of Roentgenology, 204(1),117-
123. doi:10.2214/ajr.14.12763

170. O’Connel, W.J, (2015). Diagnostic Reference Levels and Achievable Doses in
Medical Imaging. GE Healthcare. Retrieved from
http://lwww3.gehealthcare.co.uk/~/media/downloads/uk/services/dose%20management/ec
r%?20highlights/diagnostic%20reference%?20levels%20and%?20achievable%20doses.pdf.
Accessed on: 31/August, 2017

171. OECD, (2019). Computed tomography (CT) exams (indicator). doi:
10.1787/3¢994537-en (Accessed on 08 July 2019). Retrieved from
https://data.oecd.org/healthegt/computed-tomography-ct-scanners.htm.

172. Ofori, E.K, Antwi, W.K, Scutt, D.N. (3013). Current status of quality assurance in
diagnostic imaging departments in Ghana. The South African Radiographer, 51(2),19-25.

173. Ozdiev, A.H., Afornu, B.K., and Sednev, D.A. (2018). Optimised filtered back-
projection tomographic reconstruction algorithm for the step-shift scanning of a sample.
Research in Nondestructive Evaluation, 30(3),179-187.
doi:10.1080/09349847.2018.1498960

174. Padole, A., Khawaja, A.D.R., Kalra, M.K, Singh, S. (2015). CT Radiation Dose
and Iterative Reconstruction Techniques. American Journal of Roentgenology, 204(4),
W384-W392.

175. Pai, R., Modh, R., Lamoureux, R.H., Deitte, L., Wymer, D.C., Mench, A., ...
Canales, B.K. (2018). Image quality and patient-specific organ doses in stone protocol CT:
A comparison of traditional CT to low dose CT with iterative reconstruction. BioMed

Research International, 2018(1),1-6. doi:10.1155/2018/5120974

248


https://data.oecd.org/healtheqt/computed-tomography-ct-scanners.htm

176. Palorini, F., Origgi, D., Granata, C., Matranga, D., Salerno, S. (2014). Adult
exposures from MDCT including multiphase studies: First Italian nationwide survey.
European Radiology. 24(2),469-83.

177. Pan, T. (2009). Computed tomography: from photon statistics to modern cone-
beam CT. Journal of Nuclear Medicine, 50(7),1194—
1194. doi:10.2967/jnumed.109.064501

178. Pandharipande, P.V, Reisner, A.T, Binder, W.D, Zaheer, A., Gunn,

M.L, ..... Gazelle, G.S. (2016). CT in the emergency department: a real-time study of
changes in physician decision making. Radiology, 278(3),812-821

179. Patschan, D., Buschmann, I., Ritter, O. (2018). Contrast-induced nephropathy:
update on the use of crystalloids and pharmacological measures. International Journal of
Nephrology, 2018(1),1-8. doi:10.1155/2018/5727309

180. Pearce, M.S., Salotti, J. A., Little, M.P., McHugh, K., Lee, C., Kim, K.P., ... de
Gonzélez, A.B. (2012). Radiation exposure from CT scans in childhood and subsequent
risk of leukaemia and brain tumours: a retrospective cohort study. Lancet, 380(9840),499—
505.

181. Pedersen, C.C.E., Hardy, M., Blankholm, A.D. (2018). An Evaluation of Image
Acquisition Techniques, Radiographic Practice, and Technical Quality in Neonatal Chest
Radiography. Journal of Medical Imaging and Radiation Sciences, 49(3),257-
264. doi:10.1016/j.jmir.2018.05.006

182. Public Health England, (2016). National Diagnostic Reference Levels (NDRLS)

Vol. 11. Retrieved from https://www.gov.uk/government/publications/diagnostic-

249


https://www.ncbi.nlm.nih.gov/pubmed/?term=Pandharipande%20PV%5BAuthor%5D&cauthor=true&cauthor_uid=26402399
https://www.ncbi.nlm.nih.gov/pubmed/?term=Reisner%20AT%5BAuthor%5D&cauthor=true&cauthor_uid=26402399
https://www.ncbi.nlm.nih.gov/pubmed/?term=Binder%20WD%5BAuthor%5D&cauthor=true&cauthor_uid=26402399
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zaheer%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26402399
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gunn%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=26402399
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gunn%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=26402399
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gazelle%20GS%5BAuthor%5D&cauthor=true&cauthor_uid=26402399

radiology-nationaldiagnostic-reference-levels-ndrls/national-diagnostic-reference-
levelsndris#fnref:2 Accessed on 21/11/2016.

183. Purysko, C.P., Renapurkar, R., Bolen, A.M. (2016). When does chest CT require
contrast enhancement? Cleveland Clinic Journal of Medicine, 83(6),423-426.

184. Pyfferoen, L., Mulkens, T.H., Zanca, F., De Bondt, T., Parizel, P.M., and
Casselman, J.W. (2017). Benchmarking adult CT-dose levels to regional and national
references using a dose-tracking software: a multicentre experience. Insights into Imaging,
8(5),513-521. http://doi.org/10.1007/s13244-017-0570-5

185. Qureshi, Z. (2019). The Role of Public Policy in Sustainable Infrastructure.
Retrieved from https://www.brookings.edu/wp-content/uploads/2016/07/public-policy-
sustainable-infrastructure-qureshi-1.pdf. Accessed on: 5/4/19

186. Radiation and Nuclear Safety Authority, (2013). Reference levels for patient
radiation exposure in computed tomography examinations of adults. Helsinki: Radiation
and Nuclear Safety Authority. 2013.

187. Radiologycafe,  (2019).  Production of  X-rays. Retrieved  from
https://www.radiologycafe.com/radiology-trainees/frcr-physics-notes/production-of-x-
rays. Accessed on: 29/11/2019.

188. Rahman, A.O.R (2018). Principles and Applications in Nuclear Engineering
Radiation Effects. London: IntechOpen.

189. Raman, S.P., Mahesh, M., Blasko, R.V., and Fishman, E.K. (2013). CT Scan
Parameters and Radiation Dose: Practical Advice for Radiologists. Journal of the American

College of Radiology, 10(11),840-846.

250


http://doi.org/10.1007/s13244-017-0570-5
https://www.brookings.edu/wp-content/uploads/2016/07/public-policy-sustainable-infrastructure-qureshi-1.pdf
https://www.brookings.edu/wp-content/uploads/2016/07/public-policy-sustainable-infrastructure-qureshi-1.pdf

190. Razali, M.A.S.M., Ahmad, M.Z., Roslee, M.A.A.M., Osman, N.D. (2019).
Establishment of institutional diagnostic reference level for CT imaging associated with
multiple anatomical regions. Journal of Physics: Conference Series, 1248(1),1-5.
doi:10.1088/1742-6596/1248/1/012067

191. Rehani, M.M. (2009). Patient doses in CT examinations in 18 countries: Initial
results from international atomic energy Agency projects. Radiation Protection Dosimetry,
136(2),118-26. doi: 10.1093/rpd/ncpl44.

192. Rehani, M.M. (2015). Limitations of diagnostic reference level (DRL) and
introduction of acceptable quality dose (AQD). British Journal of Radiology. 88(1045), 1-
3. doi: 10.1259/bjr.20140344

193. Ria, F., Davis, J.T., Solomon, J.B., Wilson, J.M., Smith, T.B., Frush, D.P. (2019).
expanding the concept of diagnostic reference levels to noise and dose reference levels in
CT. American Journal of Roentgenology, 213(4),889-894. doi: 10.2214/AJR.18.21030.
Epub 2019 Jun 10.

194. Ridley, E.L. (2016). DRLs should be tied to clinical indication, not anatomy
Retrieved from
http://www.auntminnie.com/index.aspx?sec=roadandsub=ris_2016andpag=disanditemId
=115607. Accessed on:12/12/17.

195. Rogers, A.T. (2014). An approach to local diagnostic reference levels (DRL'S) in
the context of national and international DRL's. IAEA-CN-85-77. 440-443. Retrieved from
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/32/039/32039907.pdf.

Accessed on: 29/08/2017.

251



196. RTI Group (2016). RTI CT Dose Profiler. Retrieved from http
https://rtigroup.com/accessories/detail/rti-ct-dose-profiler [Last accessed on May 2017].

197. Rusandu, A., @degard, A., Engh, G.C., Olerud, H.M. (2018). The use of 80 kV
versus 100 kV in pulmonary CT angiography: An evaluation of the impact on radiation
dose and image quality on two CT scanners. Radiography, 25(1),58-64.

198. Sackey, T.A., Schandorf, C., Fletcher, J. J., Mensah, Y.B., Shirazul, I., Akyea-
Larbi, K.O., ... Odonkor S.T. (2018). Cancer risk assessment of patients undergoing
computed tomography examination at the Korle-Bu Teaching Hospital. International
Journal of Scientific Research in Science and Technology, 4(2),861-868.

199. Salama, D.H., Vassileva, J. Mahdaly, G., Shawki, M., Salama, A., Gilley, D.,
Rehani, M.M. (2017). Establishing national diagnostic reference levels (DRLs) for
computed tomography in Egypt, Physica medica, 39(1),16-24.

200. Saltybaeva, N., Martini, K., Frauenfelder, T., Alkadhi, H. (2016). Organ dose and
attributable cancer risk in lung cancer screening with low-dose computed tomography.
PLoS ONE, 11(5),e0155722. doi:10.1371/journal.pone.0155722

201. Santos, J., Foley, S., Paulo, G., McEntee, M., Rainford, L. (2014). The
establishment of computed tomography diagnostic reference levels in Portugal. Radiation
Protection Dosimetry, 2014;158(3),307-317.

202. Sanuade, O.A., Dodoo, F.N-A., Koram, K., de-Graft Aikins, A. (2019). Prevalence
and correlates of stroke among older adults in Ghana: Evidence from the study on global
ageing and adult health (SAGE). PLoS ONE, 14(3),1-17 e0212623.

https://doi.org/10.1371/journal.pone.0212623

252



203. Saravanakumar, A., Vaideki, K., Govindarajan, K.N., Jayakumar, S., Devanand, B.
(2017). Assessment of regional pediatric computed tomography dose indices in Tamil
Nadu. Journal of Medical Physics, 42(1),48-54. doi:10.4103/0971-6203.202425

204, Schandorf, C., Tetteh, G.K. (1998). Analysis of the status of X-ray diagnosis in
Ghana. The British Journal of Radiology. 71(850),1040-1048.

205. Schegerer, A.A., Nagel, H.D., Stamm, G., Adam, G., Brix, G. (2017). Current CT
practice in Germany: Results and implications of a nationwide survey. European Journal
of Radiology. 90(1),114-28.

206. Sergieva, S., Mihaylova, I., Alexandrova, E., Dimcheva, M., Mansi, L. (2015).
SPECT-CT in Radiotherapy Planning, with Main Reference to Patients with Breast
Cancer. Current Radiopharmaceuticals, 8(1),9-18.
https://doi.org/10.2174/1874471008666150316221722

207. Shah, D.J., Sachs R.K., Wilson D.J. (2012). Radiation-induced cancer: a modern
view. British Journal of Radiol., 85(1020),1166-1173

208. Shefer, E., Altman, A., Behling, R., Goshen, R., Gregorian, L., Roterman, Y., ...
Zarchin, O. (2013). State of the art of CT detectors and sources: A literature review.
Current Radiology Reports, 1(1),76-91.

2009. Shirazu, I. Mensah, Y.B. Schandorf, C. Mensah, S.Y. (2017a). Estimate of
reference effective dose and renal dose during abdominal CT scan for dose optimisation
procedures in Ghana. International Journal of Scientific and Technology Research,

6(2),215-224

253



210. Shirazu, 1., Mensah, Y. B., Schandorf, C., Mensah, S., Y. (2017b). Determination
of Standard Reference Body Indices for Clinical Application in Ghana. International
Journal of Scientific and Technology Research, 6(2),225-231.

211. Shrimpton, P, Wall B, Jones D, Fisher E, Hillier M, Kendall G, et al. A national
survey of doses to patients undergoing a selection of routine X-ray examinations in English

hospitals. NRPB Report R200. Chilton, UK: National Radiological Protection Board; 1986

212. Silvestrin, C. (2016). Europe’s Looming Radiology Capacity Challenge A
Comparative Study. TMC. Retrieved from: https://www.telemedicineclinic.com/wp-
content/uploads/2016/11/Europes_looming_radiology capacity challenge-
A_comparitive_study.pdf. Accessed on: 11/1/2020.

213. Simantirakis, G., Hourdakis, C.J., Economides, S., Kaisas, ., Kalathaki, M.,
Koukorava, C., ... Dimitriou, P. (2015). Diagnostic reference levels and patient doses in
computed tomography examinations in Greece, Radiation Protection Dosimetry, 163(1),
319-24.

214, Skinner, S. (2015). Guide to thoracic imaging. The Royal Australian College of
General Practitioners, 44(8),558-563.

215. Smith-Bindman, R., Miglioretti, D.L. (2011). CTDIvo, DLP, and effective dose are
excellent measures for use in CT quality improvement. Radiology, 261(3),999.
https://doi.org/10.1148/radiol.11111055

216. Smith-Bindman, R., Lipson, J., Marcus, R., Kim, K.P., Mahesh, M., Gould, R., ...
Miglioretti, D.L. (2009). Radiation dose associated with common computed tomography
examinations and the associated lifetime attributable risk of Cancer. Archives of Internal

Medicine, 169(22),2078-2086.

254


https://www.telemedicineclinic.com/wp-content/uploads/2016/11/Europes_looming_radiology_capacity_challenge-A_comparitive_study.pdf
https://www.telemedicineclinic.com/wp-content/uploads/2016/11/Europes_looming_radiology_capacity_challenge-A_comparitive_study.pdf
https://www.telemedicineclinic.com/wp-content/uploads/2016/11/Europes_looming_radiology_capacity_challenge-A_comparitive_study.pdf
https://doi.org/10.1148/radiol.11111055

217. Smith-Bindman, R., Wang, Y., Chu, P., Chung R., Einstein, A. J.J., Balcombe, J...
Miglioretti, D.L. (2019). International variation in radiation dose for computed tomography
examinations: prospective cohort study. British Medical Journal, 364(k4931), 1-11

218. Sprawls, 2019. Computed Tomography Image Formation. Retrieved from
http://www.sprawls.org/resources/CTIMG/module.htm#beginning. Accessed on: 2/12/19

2109. Statista, Number of computer tomography (CT) scanners in selected countries as
of 2017 (per million population). Retrieved from
https://www.statista.com/statistics/266539/distribution-of-equipment-for-computer-
tomography/. Accessed on 1/3/2019.

220. Statisticshowto, (2019). Calculating Test-Retest Reliability Coefficients. Retrieved
from https://www.statisticshowto.datasciencecentral.com/test-retest-reliability/. Accessed
on: 4™ /06/19.

221. Stoltzfus, J.C. (2011). Logistic regression: a brief primer. Academic Emergency
Medicine, 18(10),1099-104. doi: 10.1111/j.1553-2712.2011.01185.x.

222. Storrs, C. (2013). How Much Do CT Scans Increase the Risk of Cancer? Retrieved
from https://www.scientificamerican.com/article/how-much-ct-scans-increase-risk-
cancer/ Accessed on: 8/08/2017.

223. Stradiotti, P., Curti, A., Castellazzi, G., andamp; Zerbi, A. (2009). Metal-related
artifacts in instrumented spine. Techniques for reducing artifacts in CT and MRI: state of
the art. European Spine Journal, 18(Suppl 1),102-108.

224, Strauss, K.L., Somasundaram, E., Sengupta, D., Marin, J.R., Brady, S.L. (2019).
Radiation Dose for Pediatric CT: Comparison of Pediatric versus Adult Imaging

Facilities. Radiology. 291(1), 158-167.

255


https://www.statisticshowto.datasciencecentral.com/test-retest-reliability/
https://www.scientificamerican.com/author/carina-storrs/
https://www.scientificamerican.com/article/how-much-ct-scans-increase-risk-cancer/
https://www.scientificamerican.com/article/how-much-ct-scans-increase-risk-cancer/

225. Sulemana, H., Inkoom, S., Sosu, E.K, Schandorf, C. (2020). Estimation of absorbed
and effective doses in organs through computed tomography examinations using automatic
exposure control and fixed tube current techniques: A phantom case study. Iranian Journal
of Medical Physics, 17(1),58-65. 10.22038/ijmp.2019.34196.1432

226. Sutton, D.G., McVey, S., Gentle, D., Hince, A.J., MacDonald, N., McCallum, S.
(2014). CT chest abdomen pelvis doses in Scotland: has the DRL had its day? The British
Journal of Radiology, 87(1041), 20140157. http://doi.org/10.1259/bjr.20140157

2217. Tabachnick, B.G, Fidell, L.S. (2007). Using Multivariate Statistics. 5th ed. Boston,
MA: Pearson Education, Inc

228. Taylor, C.R. (2017). Abdominal Computed Tomography Scanning. Retrieved from
https://emedicine.medscape.com/article/2114236-overview. Accessed on: 7/01/2020

229. Teach Nuclear, (2019). Effects of lonising Radiation on DNA. Retrieve from:
https://teachnuclear.ca/all-things-nuclear/radiation/biological-effects-of-radiation/effects-
of-lonising-radiation-on-dna/

230. Trattner, S., Pearson, G., Chin, C., Cody, D.D., Gupta, R., Hess, C.P., ... Einstein,
A.J. (2014). Standardisation and optimisation of CT protocols to achieve low dose. Journal
of the American College of Radiology, 11(3),271-278. doi: 10.1016/j.jacr.2013.10.016

231. Treier, R., Aroua, A., Verdun, F.R., Samara, E., Stuessi, A., Trueb, P.R. (2010).
Patient doses in CT examinations in Switzerland: implementation of national diagnostic
reference levels. Radiation Protection Dosimetry. 142(2—-4),244-54.

232. Tsukagoshi, S., Ota T., Fujii, M., Kazama, M., Okumura, M., Johkoh, T (2007).
Improvement of spatial resolution in the longitudinal direction for isotropic imaging in

helical CT. Physics in Medicine and Biology, 52 (3),791-80.

256


http://doi.org/10.1259/bjr.20140157
https://emedicine.medscape.com/article/2114236-overview

233. Tsukamoto, A. (2017). Explanation of the DRLs 2015 Published in Japan. Japanese
Journal of Radiological Technology, 73(7),565-570.

234, Tzedakis, A., Damilakis, J, Perisinakis, K. and Stratakis, J. (2005). The effect of z
overscanning on patient effective dose from multidetector helical computed tomography
examinations. Medical Physics, 32(6),1621-1629.

235. United Nations Scientific Committee on the Effect of Atomic Radiation
(UNSCEAR), (2000). Sources and effects of lonising radiation. United Nations Scientific
Committee on the Effects of Atomic Radiation UNSCEAR 2000 Report to the General
Assembly. Volume 1, New York: United Nations.

236. United State Environmental Protection Agency, (1999). Estimating radiographic
cancer risks. Addendum: uncertainty analysis. Washington, DC: US EPA.

237. United States Food and Drug Administration (1984). Diagnostic X-Ray Systems
and Their Major Components. Code of Federal Regulations. 21 CFR 1020.33

238. United States Food and Drug Administration, (2017). What are the Radiation Risks
from CT?. Retrieved from https://www.fda.gov/radiation-emitting-products/medical-x-
ray-imaging/what-are-radiation-risks-ct. accessed on: 12/05/2017.

2309. UNSCEAR (2012). Sources and effects of lonising radiation. United Nations
Scientific Committeeon the Effects of Atomic Radiation, Report to General Assembly.
Annex B Exposure from Natural Radiation Sources. 2012. New York United Nations.

240. van der Molen, A.J., Schilham, A., Stoop, P., Prokop, M., Geleijns, J. (2013). A
national survey on radiation dose in CT in The Netherlands. Insights into Imaging,

4(3),383-390. doi:10.1007/s13244-013-0253-9

257



241. Vanckavicienea, A., Starkienec, L., Macijauskiene, J. (2014). Supply and demand
for radiographers in Lithuania: A prognosis for 2012-2030. European Journal of
Radiology, 83(7),1292-1300.

242. Vano, E., Lau, L., Kwan-Hoong, Ng. (2014). How radiation protection influences
quality in radiology. In Lau L, Kwan-Hoong Ng (eds). Radiological Safety and Quality:
Paradigms in Leadership and Innovation (pp 35-54). London: Springer.

243. Varghese, A., Keshava, S.N., Moses, V., Koshy, G., Mammen, S., Ahmed, M.,
Livingstone, R.S. (2019). Radiation dose reference card for interventional radiology
procedures: Experience in a tertiary referral centre. The Indian Journal of Radiology and
Imaging, 29(3),247-252. doi:10.4103/ijri.IJR1_35_19

244, Vassileva, J. and Rehani, M. (2015). Diagnostic reference levels. American Journal
of Roentgenology, 204(1),W1-W3.

245. Vassileva, J., Rehani, M., Kostova-Lefterova, D., Al-Naemi, H.M., Al Suwaidi, J.
S., Arandjic, D., ... Zaman, A. (2015). A study to establish international diagnostic
reference levels for paediatric computed tomography. Radiation Protection Dosimetry,
165(1-4),70-80. doi:10.1093/rpd/ncv116

246. Vassileva, J., Rehani, M.M (2011). IAEA survey of pediatric CT practice in 40
countries in Asia, Europe, Latin America, and Africa: Part 1, frequency and
appropriateness. American Journal of Roentgenology, 198(1),1021-1031.

247. Vawda, Z., Pitcher, R., Akudugu, J., Groenewald, W. (2015). Diagnostic reference
levels for paediatric computed tomography. South African Journal of Radiology, 19(2),1-

4.

258



248. Vock, P., Frija, G. (2016). Diagnostic reference levels based on clinical indications.
Poster  Prsentation. EuroSafe Imaging Congress. No ESI-0034. DOI:
10.1594/esi2016/ESI-0034

249. Vom, J., Williams, 1. (2017). Justification of radiographic examinations: What are
the key issues?. Journal of Medical Radiation Sciences, 64(3), 212-219.
doi:10.1002/jmrs.211

250. Wachabauer, D., Réthlin, F. (2017). Aktualisierung der diagnostischen
Referenzwerte fiir Osterreich. Wien; 2017. Retrieved from https://jasmin.goeg.at.
Accessed on: 27/05/2018.

251. Wagpner, F., Bize, J., Racin, D., Le Coultre, R., Verdun, F., Trueb, P.R., Treier, R.
(2018). Derivation of new diagnostic reference levels for neuro-paediatric computed
tomography examinations in Switzerland. Journal of Radiological. Protection, 38
(2018),1013-1036.

252. Wambani, J.S., Korir, G.K., Onditi, E.G., Korir, I.K (2010). A survey of computed
tomography imaging techniques and patient dose in Kenya. East African Medical Journal,
87(10),400 — 407.

253. Wardman, P. (2009). The importance of radiation chemistry to radiation and free
radical biology (The 2008 Silvanus Thompson memorial lecture). British Journal of
Radiology, 82(974),89-104.

254, Watson, D. J. Coakley, K.S. (2010). Paediatric CT reference doses based on weight
and CT dosimetry phantom size: local experience using a 64-slice CT scanner. Pediatric

Radiology, 40(5),693-703. doi: 10.1007/s00247-009-1469-1.

259


https://jasmin.goeg.at/

255. WHO, (2018). Diagnostic imaging. Retrieved from
http://www.who.int/diagnostic_imaging/imaging_modalities/dim_plain-
radiography/en/index4.html. Accessed on: 7! April, 2018.

256. WHO, (2019). Stroke: a global response is needed. Retrieved from
https://www.who.int/bulletin/volumes/94/9/16-181636/en/. Accessed on 16/July/2019.
257. Widmark, A. (2018). Representative doses in Norway - 2017. Results from
reporting and auditing and the establishment of new ones national reference values.
Radiation Protection Report 2018: 3, @sterds: The Norwegian Radiation Protection

Agency, @steras 2018.

258. Willson, T., Larsen, B., Blecha, M., Connolly, M., Podbielski, F. (2014). Computed
Tomography of the Chest: Indications and Utilisation in the Community Hospital
Emergency Department. Chest, 145(3),533A. doi:10.1378/chest.1836673

259. World Health Organisation (WHO), (2016). lonising radiation: Chapter 1:
Scientific background. Retrieved from
http://www.who.int/lonising_radiation/pub_meet/radiation-risks-paediatric-imaging/en/
Accessed on: 29/July/2017

260. World Medical Association Declaration of Helsinki, (2001). Ethical Principles for
Medical Research Involving Human Subjects. Bulletin of the World Health Organisation.
79(4), 373-374.

261. Yamauchi-Kawara, C., Fujii, K., Aoyama, T., Yamauchi, M., Koyama, S.
(2010). Radiation dose evaluation in multidetector-row CT imaging for acute stroke with
an anthropomorphic phantom. The British Journal of Radiology, 83(996),1029-

1041. doi:10.1259/bjr/52267127

260


http://www.who.int/diagnostic_imaging/imaging_modalities/dim_plain-radiography/en/index4.html
http://www.who.int/diagnostic_imaging/imaging_modalities/dim_plain-radiography/en/index4.html
https://www.who.int/bulletin/volumes/94/9/16-181636/en/
http://www.who.int/ionizing_radiation/pub_meet/radiation-risks-paediatric-imaging/en/

262. Yeh, D.M., Tsai, H.Y., Tyan, Y.S., Chang, Y.C., Pan, L.K., Chen, T.R. (2016). The
population effective dose of medical computed tomography examinations in Taiwan for
2013. PLoS ONE, 11(10), e0165526. https://doi.org/10.1371/journal.pone.0165526

263. Yu, L., Liu, X., Leng, S., Kofler, J.M., Ramirez-Giraldo, J.C., Qu, M., ...
McCollough, C.H. (2009). Radiation dose reduction in computed tomography: techniques
and future perspective. Imaging in medicine, 1(1), 65-84. doi:10.2217/iim.09.5

264, Zarb, F., Rainford, L., McEntee, M.F. (2010). Image quality assessment tools for
optimisation of CT images. Radiography, 16(2),147-153. doi:10.1016/j.radi.2009.10.002

265. Zhou, D-D., Sun, P., Jia, Z., Zhu, W., Shi, G., Kong, B., ... Zhang, H. (2019).
Multisection computed tomography: Results from a Chinese survey on radiation dose
metrics. Journal of the Chinese Medical Association, 82(2),155-160 DOI:
10.1097/JCMA.0000000000000019

266. Zinsser, D., Maurer, M., Do, P.-L., Weil, J., Notohamiprodjo, M., Bamberg, F.,
Othman, A.E. (2019). Reduced scan range abdominopelvic CT in patients with suspected
acute appendicitis - impact on diagnostic accuracy and effective radiation dose. BMC
Medical Imaging, 19(1),1-7. doi:10.1186/s12880-019-0304-x

267. Zira, D.J. Nzotta, C.C. (2016). The need to establish national dose reference levels
for radiological examinations in Nigeria: radiographer's role. Nigerian Journal of Medical

Imaging and Radiation Therapy, 5(1),25-40.

261


https://doi.org/10.1371/journal.pone.0165526

APPENDICES

APPENDIX I: NUMBER OF SCANNERS ON NRA’S RECORDS

—
:;.u ot :::- the number NUCLEAR REG
ULATORY
e date letter should House Nos 1 & 2, MM“:IHOWR"Y

Our Ref. No- N
Your Ref. No... .
Tel. +233-(0) 303

Email: offi org.gh REPUBLIC OF GItaANA

Date: 19" December 2017

The Head of Department

Department of Nuclear Safety & Security
School of Nuclear & Allied Sciences
University of Ghana

Atomic Campus

Dear Sir,
E: RE EST AT

Your letter No. DNSAS/SNAS/ADM/3/17 dated 14™ December 2017 on the above
refers.

Please find attached the number of computed tomography (CT) s in the Y
as requested for your necessary action.

NUMBER OF COMPUTED TOMOGRAPHY SCANNERS IN THE COUNTRY

No. REGION NUMBER
1 | Greater Accra 20 )
2 Ashanti 8
3 | Northern 3
4 | Western 1
5 Central 1
6 Eastern 1
7 Brong Ahafo 1
TOTAL 3S
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APPENDIX II; INTRODUCTORY LETTER FROM NRA
In case of reply the number NUCLEAR REGULATORY AUTHORITY
:'.":' m this Wﬁ%‘/\/ 12/%5 House Nos 1 & 2, Neutron Avenue
L ' P.0. Box AE 50
3:.’.!‘:2."&4??:::.::'.::::‘.::::::;::;_:::::. Atomic Energy
Kwabenya

Tel. +233-{0) 303-965928
Email: official. mail@gnra.org.gh

REPURLIC OF GHANA

TO WHOM IT MAY CONCERN

Dear Sir/Madam,
INTRODUCTION: BENARD BOTWE

Mr. Benard Botwe is a second year PhD Radiation Protection student at the Department of Nuclear
Safety and Security of the School of Nuclear and Allied sciences (SNAS), Ghana Atomic Energy
Commission.

His research area is “Development of Indication-Based Diagnostic Reference Levels for Computed
Tomography (CT) Examinations in Ghana”. The main aim of the study is to develop national
radiation dose diagnostic reference levels and benchmarks for dose monitoring and optimization
procedures to reduce radiation doses associated with CT examinations. For reasons that dose limits
are not applicable in medical exposures, it is required that every country establishes diagnostic
reference levels to guide users in the medical field and this research seeks to contribute to that
course. The data will help in the formulation of guidelines for the safe operation of these facilities
and ultimately contribute to improve the radiation protection infrastructure in Ghana.

The data from the study will be very useful to Nuclear Regulatory Authority (NRA) since it will
facilitate the work of the Authority in the development of regulations and guides in the field.

It is for these reasons that the NRA wishes to associate itself with the research to be undertaken by
Mr. Botwe and would be very grateful if access could be granted him by your facility to enable
him carry out the needed measurements.

Counting on your usual cooperation.

Yours faithfully,

Dr. Augustiné Faanu
Ag. Director, Radiological & Non-lonising Inst.
Nuclear Regulatory Authority
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APPENDIX I11: PARTICIPANT INFORMATION SHEET

Participant Information Sheet

Researcher: My name is Benard Botwe and I am a PhD candidate in Department of Nuclear Safety

and Security at the University of Ghana.

Project Title: Development of Indication-Based Diagnostic Reference Levels and Optimization

Methods for Computed Tomographyv Examinations in Ghana

General Qutline of the Project:

Description and Methodology: Diagnostic Reference level (DRL) is a numerically
established radiation dose value for which, when standards and best practices as well as standard
technical performances are adhered to, thev are expected not to be exceeded. The concept of DEL
has been introduced into medicine to offer standard dose parameters agaimnst which patients' dose
estimates can be related to i order to assess practices with the overall aim of reducing radiation
doses, including that of computed tomographv (CT). However, there are no established national
DELs in Ghana, against which doses could be compared to ensure effective dose management.
This project 1s aimed at developing indication-based DELs for common indications in CT imaging
and also propose some steps for dose optimization for clinical application 1n Ghana.

Participants: The study intends to administer gquestionnaires to technical heads and
radiologists responsible for the CT scanners to gather information on technical data on the CT
infrastructure, common indications and basic diagnostic imaging requirements. CT dose data and
image quality information would be collected from the scanners directly.

Use of Data and Feedback: The data will be used for my thesis write-up. In addition, the
data will be published in a peer-review journal. Feedback in the form of a summary of the research
will be made available to participants through emails.

Project Funding: The BaNGA-Africa project funded by the Carnegie Corporation of New
York with University of Ghana and the ISRRT-Chesnewy research fund provided financial support.
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The Ghana-Norway NORPART project also provided a scholarship package for an exchange
studies at NTNU, Norway.

Participant Involvement:

Voluntary Participation and Withdrawal:
Your participation in this research is voluntary, and vou mayv decline to take part or to withdraw
from the research without providing an explanation at any time until the work 1s completed. Within
the research, vou may also decline to answer any question. If vou withdraw, the data vou have

provided prior to withdrawal will be destroyved and not used.

‘What does participation in the research entail?
You are invited to take part to provided answers to questionnaires and where appropriate help to
gather CT quantity data and image quality information. With vour consent, I would provide vou
with a questionnaire to fill and subsequently follow up with the dose quantity and image quality
information collection.

Location and Duration:
The completion of the questionnaire 15 expected to last about I hour, and will be conducted at a
place of vour choosing. The other CT data and image quality information would be collected on
the CT units and it may take a total duration of about 6 months.

Risks: The research carries very negligible risk although vou may feel distressed 1f vou
have had negative experiences with CT DRLs.
Benefits: It 1s unlikely that vou will personally benefit from participation in this research.
However, the work would be used as a trigger to identify radiologic facilities using unusually high
doses in a specified procedure, for which optimisation actions are required. This will help to put
in place measures to mitigate the challenges and subsequently help to promote CT imaging
practices in Ghana. This could also provide some information on which some policy decisions and

directions can be built.
Exclusion criteria:
Participant Limitation: Excluded will be those who will not consent to participate or those

who will voluntarily withdraw from the study.
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Confidentiality:

Confidentiality: Confidentiality will be protected as far as the law allows. No participant
details will be linked with his or her responses. Moreover, no CT facilities and their identifiers

would be linked in the final data analysis.

Data Storage:
Where: The data will be stored on the computer hardrive of the researcher’s computer. This
will be secured with a password.
How long: The data will be available for five years from the date of the analvsis and 1t will
be archived for future research projects if necessary.
Queries and Concerns:
Contact Details for More Information: Should have any concerns, yvou may contact me on:

0244029365, email: sirbenard13@gmail com/ bebotwe@ug.edu.gh

Ethics Committee Clearance:

Ethical clearance for this study was first sought and granted by The Ethics Committee For Basic
and Applied Sciences (ECBAS), University of Ghana (REF. No: ECBAS 041/17-18), The Ghana
Health Service Ethics Review Committee (REF NO: GHS-ERC002/04/18) and The Korle Bu
Teaching Hospital’s Scientific and Technical Committee (KBTH-STC) and the Institutional
Review Board (KBTH-IEB) (REF NO: EBTH-IRB/00092/2017).
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APPENDIX IV: CONSENT FORM

I confirm that I have been briefed on the nature of the research and myv role as a participant. [
understand that the researcher is a student in the Department of Nuclear Security and Safety,
University of Ghana and this research 13 a PhD student’s dissertation.

I have read the foregoing information, or it has been read to me. [ have had the opportunity to ask
questions about it and any question I have asked have been answered to my satisfaction. I consent
voluntarily to participate as a subject in this study and understand that I have the right to withdraw

from the study at anv time without in any way it affecting my further medical care

Participant’s Signature Date

Researcher’ Signature Date
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APPENDIX V: QUESTIONNAIRE A
PART 1

(To be completed by a radiographer, radiologist or a medical physicist in charge as the

© 0 N o gk~ w DdpPRE

e e
N R O

13.
14.
15.
16.

17.
18.

19.
20.

technical head)
Your professional grade/rank........................ Gender:....................

Name of Centre/HOoSpital: .........oiiuiiri e e
Ownership: Private [] Public [
Region of 1o0cation LOoCAtION. ... ..ottt et et e e

O B 174 171 [0 £

. Is the CT equipment WOTKING?. ...ttt
. How many CT scanners do you have in your facility? .............ccooeviiiiiiiiiiiiniennn.

. Is your equipment having an automatic exposure control/tube current modulation system?

Yes|:| No|:|

Number of CT operating radiographers. ..........o.ooiriiiiiiiiii e

Number of CT attending medical phySICIStS. .......ccoviriiriiririinieireeeeeeee e
Are data on the following dose descriptors displayed on the control console?

(i) CTDlho Yes L1 Nol ]

(i) DLP  Yes _J Nol_l
Is there any AEC system incorporated in the CT in your facility? Yes ] No [
How long does it normally take to repair your equipment when it is broken down?
Overall average number of CT cases Per a year: .........coeeuierineinieriirieaeaeananeananns,
Average number of CT cases per a year for the following:
Heead: .o
O] T PP
N 0T [0 L) &

| S A P



ADBAOMINOPECIVIC ...ttt et e
UMD AT SPINC. ..ttt e e

(01117 4T

21. Indicate the commonest indications and their average frequencies (example, 2 a day or
100 a year) for which adult patients come for Head CT examinations [Please select more
than one(1) but not more than four (4)] For the selected ones, use alphabets (A-Z) to

represents those that are scanned with uses similar scanning protocol.

. CVAJ/Stroke ] Frequency ...........ccocevevennn.
Il.  Head injury/trauma [ ] Frequency .............coevvnnen.
1. Tumour(Metastasis/cancers/lesion) [ ] Frequency ............ccovvenen.
IV.  Sinusitis[__ Frequency ...............ooeel.
V.  Facial bone injuries/trauma [ ] Frequency ........................
VI.  Blurred vision L] Frequency ...........coccevnennnn.
VIl.  Dizziness L] Frequency .............cooevvnnen.
VIIl.  Psychiatric disorders [ ] Frequency ........................

IX.  Others and their frequencies, please specify

22. Indicate the commonest indications and their average frequencies (example, 2 a day or
100 a year) for which adult patients come for Chest CT examinations [Please select
more than one (1) but not more than three (3)] For the selected ones, use alphabets (A-

Z) to represents those that are scanned with uses similar scanning protocol.

I.  Chest tumour (nodules/cancer/abscess) [ Frequency ...............oooeinn.
[1.  Chest injury/trauma [ ] Frequency ...........cocooenennnn.
I1l.  Plueral effusion/Airway assessment [ ] Frequency ........................

IV. Interstitial lung diseases [ Frequency ......................e.
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V.  Pulmonary embolism [ ] Frequency ........................

VI.  Others and their frequencies, please specify

23. Indicate the commonest indications and their average frequencies (example, 2 a day or
100 a year) for which adult patients come for CT examinations involving the abdomino-
pelvic region of the body [Please select more than one (1) but not more than five (5)]
For the selected ones, use alphabets (A-Z) to represents those that are scanned with uses

similar scanning protocol.

. Liver metastases | Frequency .....oooveriiiii e
Il.  Kidney stone/colic [ ] FIeqUeNCY ...vviniitii e,
1. Abdomino-pelvic abscess/tumour/cancer [ ] Frequency ..........ccoooviiiiiiinnnl.
IV.  Pelvic tumour [ ] Frequency ......cooovviniiiiiiiii
V.  Pancreatic tumour ] Frequency.......ooovvviriiiniiiiiiieceeeeeaes
VI.  Chrohn’s disease [ Frequency ... c.ooviriiii
VII.  Bowel obstruction [ FIrequency ... .o.ooiiiniiiii
VIl Ischemia [ Frequency ... .ooovviiniii
IX.  Urothelial malignancy (CT-IVU) [ ] Frequency ... ...cocooevvviiiiiininnn.
X.  CT Colonoscopy (for Polys/tumour) [ ] Frequency............cooovviiinin.n.

XI.  Others and their frequencies, please specify

24. Which indication-based diagnostic reference levels (DRLs) do you compare your CT dose
parameters With? Please SPECITY ...
25. Do you think there is the need to develop Indication-Based Diagnostic Reference Levels

(IBDRLs) for CT examinations in Ghana? Yes [ ] No [
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PART 2

Quality Assurance structures available at the CT facilities in Ghana

Quiality Assurance structures Availability

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

Yes No
Availability of QA or QC Committee
Availability of a written down protocol for CT scanning
Post-major repair QC assessment records
Do you have records of regular QC checks
Certification/authorisation by Nuclear Regulatory Authority
Availability of established acceptance testing procedure
Availability of effective planned maintenance schedules
Equipment performance record keeping
Availability of radiation protection devices
Availability of systems for justifying CT exposures
Availability of accepted or established DRLs

37.

Availability of scheduled dose optimisation programmes

38.

Keeping of patient dose records

39.

Availability of an established patient dose and image quality audit

programmes

40.

Planned schedules for frequent cleaning of equipment

41.
42.

Documented training program and records

If yes to question 41, please indicate the frequency of the QC test..................
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Basic Quality improvement structures in the CT facilities

43.

Quality improvement structures

Do you have institutional leadership and support toward quality

improvement?

Availability

Yes

No

44,

Do you have regular meetings involving all the stakeholders to

communicate QC results?

45.

Has your facility establish a culture of quality in your practice?

46.

Has your facility established an improvement team?

47.
48.

Do you have a quality implementation protocol or manual
Do you have a system that engages all the professional groups in the

department on quality improvements?

49.

Do you have a system that regularly receives and analyses feedback

from customers and stakeholders?

50.

Do you have surveillances system for monitoring quality improvements

indicators?

51.

Does your facility have a system to reward hard work associated with

quality improvement?

52.

Do you have an educational programme on quality improvement?
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iii. Policy infrastructure and their availability in Ghana
Please indicate whether or not the following are available in your facility or you are aware of

it in the country by indicating yes or no against each statement

Policy infrastructure Availability
Yes No

53. Policy on CT authorisation for use in Ghana

54. Policy driving CT infrastructure and distribution

55. Policy on operation and maintenance

56. Policy and availability of quality management systems

57. Policy on purchasing, construction and installations

58. Policy on decommission of a CT facility

59. Policy on education and training

60. Policy and availability of diagnostic reference levels

61. Policy on CT referrer guidelines

62. Policy on recommended frequency for QC tests

63. Standardised policy on AEC application

64. Policy on patient dose optimisation, image quality and audit

programmes

65. Policy on acceptance testing and record keeping

66. Policy on human resources in CT facilities

67. Policy on CT maintenance systems
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APPENDIX VI: QUESTIONNAIRE B

(To be completed by a radiologist)

Please tick () the basic requirement that pertains to your facility regarding each of the routine indications

I. Basic diagnostic imaging requirements for CVA/stroke, head injury and brain tumour/SOL procedures in Ghana.

CVA/stroke Head injury Brain tumour/SOL
Diagnostic imaging requirements Yes No Yes No Yes No
Scan coverage: Scan should cover from just below the base of skull to
the vertex

Scan should cover from C3 to the vertex if the base of
skull injury is suspected

Scan series: None contrast

Once (only IV contrast phase)

Twice (both non-contrast and contrast phases)

Image quality should be acceptable to the reporting radiologists and should
meet national/international standards

Slice thickness- 5 mm-10 mm
<5 mm

Scan mode: Helical only
Axial only
Both

Scan Technique: Low dose
Optimised dose

High dose

AEC usage: Yes
No

C3= Third Cervical vertebrae; CVA: cerebrovascular accident, 1V: intravenous; SOL: space occupying lesion.
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Please tick ( #) the basic requirement that pertains to your facility regarding each of the routine indications

ii. : Basic diagnostic imaging requirements for CT lung tumour, Chest lesion with CKD and PE procedures in Ghana

Diagnostic imaging requirements

Lung tumour

CL CKD

PE

Yes

No

Yes

No

Yes

No

Scan coverage:  Scan should cover from just above lung apices to below lung bases

Scan series: Once (only non- contrast phase)

Once (only 1V routine contrast phase)

Once (only IV contrast “angiogram phase)

Twice (both non-contrast and contrast “angiogram” phases

Twice (both non-contrast and contrast phases)

Twice (IV contrast scan of the lung filed and scan of the liver)

Image quality should be acceptable to the reporting radiologists and should meet
national/international standards

Slice thickness- <5 mm
5 mm-10 mm

Scan mode: Helical only

Axial only
Both

Scan Low dose
technique: Optimised dose

High dose

AEC usage: Yes
No

Key: Chest lesion with CKD= CL CKD, PE: pulmonary embolism, IV: intravenous.

275




Please tick ( #) the basic requirement that pertains to your facility regarding each of the routine indications

iii. Basic diagnostic imaging requirements for abdomino-pelvic lesion, kidney stone and urothelial malignancy indication (CT-1VVU) examinations

AP lesion Kidney stone UM (I1VU)

Diagnostic imaging requirements Yes No Yes Yes No Yes

Scan coverage: Scan should cover from just top of higher hemidiaphragm to
below the ischium or symphysis pubis

Scan series: Once (Non-contrast phase)

Once (only contrast phase; “oral with IV”)

Twice (both non-contrast and contrast phases)

*3-4 phases (pre-contrast and 2-3 other post IV contrast phases
including nephrographic, corticomedullary* and excretory
phases)

2 phases (slip bolus technique involving nephrographic and
excretory phases)

Image quality should be acceptable to the reporting radiologists and should
meet national/international standards

Slice thickness: <5mm
7-10 mm

Scan mode: Helical only
Axial only
Both

Scan technique:  Low dose
Optimised dose
High dose

AEC usage: Yes
No

Key: 1V represents intravenous; UM=Urothelial malignancy. IVU: intravenous urography
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APPENDIX VII: CT DOSE PARAMETERS DATA SHEET
CT DOSE PARAMETERS DATA SHEET (1)

NAME OF INSTEULION.......oviiiieie e e s b e s baee s sabee s CT MANUFACTURER/ MODEL.......ooiiiiiie ettt ettt
Indication: CVA/STROKE

Patient | Age | Sex | Wt | kVp | mAs | CTDlyo DLP SE|P | RT | No. |ST A | SM C SCAN COVERAGE

ID (mGy) (mGy.cm) Olf_ (mm) Scan length/range (mm)
slices

OC|lO(N|O||AR|W|IN|E

[ERN
o

[y
=

[ERN
N

[ERN
w

[ERN
H

[EnY
(6]

[EnY
[e)]

[EnY
~N

Iy
0o

[EnY
(Vo]

20
Key: Wt. =weight, kVp= tube potential, mAs=milliampere second, SE= number of sequences, P=pitch, RT=rotation time, ST= slice thickness, A= AEC, SM=scan mode,
C=contrast usage
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CT DOSE PARAMETERS DATA SHEET (2)

NamMe Of INSEEUTION. ..o CT MANUFACTURER/MODEL.........coiitiniieeineieeseie s
Indication: HEAD INJURY / TRAUMA

Patient | Age | Sex | Wt | kVp | mAs | CTDly DLP SE | P | RT | No. ST A C SCAN COVERAGE

S
ID (mGy) (mGy.cm) Olf_ (mm) M Scan length/range (mm)
slices

Ol ([N W|IN|KE

[EnY
o

[y
=

[ERN
N

[EnY
w

[EnY
»

[EnY
(6]

[EnY
[e)]

[EnY
~N

Iy
0o

[EnY
(Vo]

20

Key: Wt =weight, kVp= tube potential, mAs=milliampere second, SE= number of sequences, P=pitch, RT=rotation time, ST= slice thickness, A= AEC, SM=scan mode,
C=contrast usage
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Name of Institution

Ind

ication:

CT DOSE PARAMETERS DATA SHEET (3)

HEADACHES? SOL/TUMOUR

Patient
ID

Age

Sex

Wt

kVp

mASs

CTDlvol
(mGy)

DLP
(mGy.cm)

Pre
CE

Post
CE

Pre
CE

Post
CE

Total
DLP

SE

RT

No. of
Slices
per SE

ST
(mm)

SM

SCAN
COVERAGE

SL (mm)

OO |N|O|OR(WIN| -

[EEN
o

[N
[EEN

[y
N

[EN
w

[EN
N

[EEN
[S)]

[y
»

-
-

[EN
(o]

[EEY
©

20

Key

AEC, SM=scan mode, C=contrast usage, SL= scan length.

: Wt =weight, kVp=tube potential, mAs=milliampere second, CE= contrast, SE= number of sequences, P=pitch, RT=rotation time,? = suspicion of, ST= slice thickness, A=
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Name of Institution

Indication:

COUTH and CHEST PAIN? LUNG CANCER/TUMOUR

CT DOSE PARAMETERS DATA SHEET (4)

Patient
ID

Age

Sex

Wt

kVp

mASs

CTDlvol
(mGy)

DLP

(mGy.cm)

Pre
CE

Post
CE

Pre
CE

Post
CE

Total
DLP

SE

RT

No. of
Slices
Per SE

ST
(mm)

SM

SCAN
COVERAGE

SL (mm)

OO |N|O|OR(WIN| -

[EEN
o

[N
[EEN

=
N

[EN
w

[EN
N

[EEN
[S)]

[N
o]

[
-

[EN
(o]

[EEY
©

20

Key: Wt =weight, kVp= tube potential, mAs=milliampere second, CE= contrast, SE= number of sequences, P=pitch, RT=rotation time,? = suspicion of, ST= slice thickness,
A= AEC, SM=scan mode, C=contrast usage, SL= scan length.
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Name of Institution

Indication:

CT DOSE PARAMETERS DATA SHEET (5)

SUSPICION OF LUNG LESION WITH CKD

Patient
ID

Age

Sex

Wt

kVp

mASs

CTDIvol
(mGy)

DLP
(mGy.cm)

SE

RT

No.
of
slices

Slice
thickness
(cm)

ST
(mm)

SM

SCAN COVERAGE

Scan length/range
(mm)

OOV W|IN|E

[
o

[y
=

[ERN
N

[ERN
w

[ERN
H

[EnY
(6]

[EnY
[e)]

[EnY
~N

[EnY
0o

[EnY
(o]

20

Key

: Wt =weight, kVp= tube potential, mAs=milliampere second, SE= number of sequences, P=pitch, RT=rotation time, ST= slice thickness, A= AEC, SM=scan mode,
C=contrast usage
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Name of Institution

Indication:

? ABDOMINO-PELVIC TUMOUR/ LESION

CT DOSE PARAMETERS DATA SHEET (6)

Patient
ID

Age

Sex

Wt.

kVp

mASs

CTDIvol
(mGy)

DLP

(mGy.cm)

Pre
CE

Post
CE

Pre
CE

Post
CE

Total
DLP

SE

RT

No. of
Slices per
SE

ST
(mm)

SCAN COVERAGE

SL (mm)

OO (N[ W|IN|F

—
o

[ER
=

[uny
N

[y
w

-
S

[uny
[

[uny
(o)}

[uny
~

[EEY
0o

[EEY
©

20

Key: Wt =weight, kVp= tube potential, mAs=milliampere second, CE= contrast, SE= number of sequences, P=pitch, RT=rotation time, ? = suspicion of, ST= slice thickness, A=

AEC, SM=scan mode, C=contrast usage, SL= scan length.
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NAME OF INSEIEUTION.....oiiviiiiici et st sre s e be s

Indication: ? KIDNEY STONES

CT DOSE PARAMETERS DATA SHEET (7)

Patient | Age | Sex | Wt | kVp
ID

mAS

CTDIvol
(mGy)

DLP
(mGy.cm)

SE

RT

No. of
Slices per SE

ST
(mm)

SM

SCAN COVERAGE

SL (mm)

OO |IN[O(OBRWIN|F-

[y
o

[N
[EEN

[y
N

[y
w

[y
N

[y
]

[EEN
»

[EEN
-

-
(o]

[Ey
©

N
o

Key: Wt =weight, kVp= tube potential, mAs=milliampere second, SE= number of sequences, P=pitch, RT=rotation time, ? = suspicion of ST= slice thickness, A= AEC, SM=scan

mode, C=contrast usage, SL= scan length.
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CT DOSE PARAMETERS DATA SHEET (8)
NAME OF INSTEUTION......oeiii e b e s baae s sabee s

Indication: ? UROTHELIAL MALIGNANCY (CT-1VU)
ID |Age | Sex |Wt |kVp |mAs CTDlyvol DLP SE P RT | No. of ST SM SCAN
. (mGy) (mGy.cm) Slices | (mm) COVERAGE
per SE SL (mm)
Pre Post CE series Pre Post CE series Total
CE 2 3 4 CE 2 3 4 DLP
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Key: Wt =weight, kVp= tube potential, mAs=milliampere second, CE= contrast, SE= number of sequences, P=pitch, RT=rotation time, ? = suspicion of. ST= slice thickness,

A= AEC, SM=scan mode, C=contrast usage, SL= scan length.
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Name of Institution...........ccccoeevvveevvereneen.

Indication:

CT DOSE PARAMETERS DATA SHEET (9)

CT MANUFACTURER/ MODEL
? PULMONARY EMBOLISM (Pulmonary Angiogram

Pati
ent
ID

Age | Sex |Wt | SE

mAs

kVp

CTDIvol
(mGy)

DLP

(mGy.cm)

SE DLP

Total

DLP

P

R
T

No.
of
slices

SCAN
COVERAGE

SL

PRE CE

1t SE

2nd SE

34 SE

4th SE

5t SE

PRE CE

1t SE

2nd SE

3 SE

4th SE

5t SE

PRE CE

1t SE

2nd SE

34 SE

4th SE

5th

PRE CE

1t SE

2nd SE

34 SE

4th SE

5th SE

PRE CE

1t SE

2nd SE

34 SE

4th SE

5th SE

314 SE

4th SE

5t SE

This data sheet continues to page 20.
Key: Wt =weight, kVp=tube potential, mAs=milliampere second, CE= contrast, SE= number of sequences,
P=pitch, RT=rotation time,? = suspicion of. ST= slice thickness, A= AEC, SM=scan mode, C=contrast

usage, SL= scan length.
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APPENDIX VIII: CONTROL CHART FOR ALL INDICATION DATA SETS
(CTDIvoL AND DLP)
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Figure 1: Control chart for CVA data sets (CTDIyoand DLP)
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Figure 2: Control chart for head injury/trauma data sets (CTDIyo1 and DLP)
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Figure 3: Control chart for brain tumour/SOL data sets (CTDIvo and DLP)
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Figure 4: Control chart for lung tumour/cancer data sets (CTDIvo and DLP)
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Figure 5: Control chart for chest lesion with CKD data sets (CTDIvol and DLP)
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Figure 6: Control chart for abdominopelvic lesion data sets (CTDIvorand DLP)
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Figure 7: Control chart for kidney stone data sets (CTDIvor and DLP)
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Figure 8: Control chart for Urothelial malignancy data sets (CTDIvo and DLP)
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Figure 9: Control chart for PE data sets (CTDIyvo and DLP)
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Name of Institution

APPENDIX IX: DISTANCES COVERED ABOVE AND BELOW UPPER TARGETS

Patient CVA Head injury Headaches? Couth and Suspicion of ? Abdomino- ? Kidney ? Urothelial
ID / trauma SOL/tumour chest pain? lung lesion with | pelvic tumour/ | stones malignancy PE
Lung CKD lesion (CT-IVU)
cancer/tumour
DAUT| DBLT DAUT DBLT | DAUT | DBLT | DAUT | DBLT | DAUT | DBLT DAUT | DBLT | DAUT [DBLT| DAUT | DBLT | DAUT | DBLT
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

etc

Key: DAUT=distance above upper target, DBLT=distance below lower target.
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APPENDIX X: TESTING OF NORMALITY

Kolmogorov-Smirnov? Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
BrainO .220 39 .060 .832 39 .060
BrainR .185 39 .052 .890 39 .061
EDoriginal .210 39 .060 .900 39 .052
EDreduced 116 39 .200" .925 39 .073
Reduced 116 39 .200" .925 39 .073
ORIGINAL .210 39 .060 .900 39 .052
P.glandO .215 39 .075 .865 39 .070
Eye lensO 217 39 .057 .849 39 .060
EyeballsO .218 39 .076 .845 39 .076
S.glandO 222 39 .089 .924 39 .067
O.cavityO .215 39 .068 .871 39 .067
S.cordO .235 39 .076 .863 39 .068
ThyriodO .255 39 .056 .803 39 .091
p.glandR 179 39 .083 .874 39 .067
Eye lensR .245 39 .087 .875 39 .085
EyeballsR .203 39 .052 .905 39 .067
S.glandR 212 39 .056 791 39 .067
O.cavityR .323 39 .080 .534 39 .089
S.cordR .308 39 .060 .553 39 123
ThyroidR .236 39 .000 762 39 .057
DLP .240 39 .100 .872 39 .089
N.Slices 241 39 .006 .837 39 .097
CTDuwol .224 39 .060 .801 39 .060
kVp 475 39 .070 522 39 .062
mAs .187 39 .071 .856 39 .067
P .347 39 .080 .768 39 .087
Thickness .369 39 .052 .728 39 .056
SL 145 39 .057 .928 39 .016
DAUT 151 39 .025 .916 39 0.17
DBLT .184 39 .002 .897 39 0.07
BOTHDAUTDBLT .103 39 .200" .940 39 0.08

*, This is a lower bound of the true significance.

a. Lilliefors Significance Correction
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APPENDIX XI: TESTING FOR OUTLIES

Grubbs' Test

Variable N Mean StDev Min Max G P
SNR 100 9274 3401 5437 15760 1.91 1.000
Wt. 100 72780 9.138 51.000 90.000 2.38 1.000
Age 100 5792 1587 2800 9200 2.15 1.000
kVp 100 121.90 3.94 120.00 130.00 2.05 1.000
mAs 100 2233 1025 1000 4000 1.72 1.000
CTDlyol 100 5459 1899 3027 86.00 1.65 1.000
DLP 100 1028.1 336.7 486.6 1699.6 1.99 1.000
P 100 0.6883 0.1692 0.4000 1.0000 1.84 1.000
N. slices 100 4844 1576 29.00 80.00 2.00 1.000
N. slices 100 4844 1576 29.00 80.00 2.00 1.000
SL 100 171.87 1421 13500 202.32 259 0.845
DAUT 100 8.065 7.078 0.000 32.000 3.38 0.052
DBLT 100 2021  11.33 6.00 50.30 2.66 0.697
DAUT+ABLT 100 2828  13.55 6.00 60.60 2.39 1.000
Original SL 100 9267 279.7 486.6 15824 234 1.000
ED full range 100 2.1315 0.6434 1.1192 3.6395 2.34 1.000
10* 100 7151 2133 3958 12384 245 1.000
ED reduced 100 1.6447 04905 0.9103 2.8483 245 1.000
BrainO 100 3931 1375 2127 6544 1.90 1.000
P. glandO 100 3327 1030 17.67 57.03 231 1.000
Eye lensO 100 46.09 1541 2590 7593 1.94 1.000
Eye ballsO 100 4385 1467 2458 7197 1.92 1.000
S. glandO 100 21.297 9251 5600 52810 341 0.086
O.cavityO 100 14420 7.663 3.600 41930 3.59 0.721
S. cordO 100 2.852 1581 0950 9340 4.10 0.562
ThyroidO 100 1.1141 0.6527 0.4500 3.5500 3.73 0.081
BrainR 100 3502 1153 2009 6128 228 1.000
P. glandR 100 23224 7949 1790 47970 3.11 0.144
Eye lensR 100 3133 1565 3,53 69.08 241 1.000
Eye ballsR 100 3022 13.36 503 64.59 257 0.901
S. glandR 100 5314 4846 1.160 29.060 4.90 0.090
O.cavityR 100 3,513 2888 1300 23.080 6.78 0.060
S. cordR 100 0.8362 0.6362 0.3200 5.1400 6.77 0.064
ThyroidR 100 04773 0.2837 0.1700 1.9600 5.23 0.067
Oeff.dose brain 100 0.3931 0.1375 0.2127 0.6544 1.90 1.000
Reffe.dose brain 100 0.3502 0.1153 0.2009 0.6128 2.28 1.000
Oeffec.dose Thyroid 100 0.04456 0.02611 0.01800 0.14200 3.73 0.071
Reffec.dose Thyroid 100 0.01909 0.01135 0.00680 0.07840 5.23 0.670
OEffective dosesalivary gland 100 0.21297 0.09251 0.05600 0.52810 3.41 0.076
REffective dosesalivary gland 100 0.05314 0.04846 0.01160 0.29060 4.90 0.700
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APPENDIX XII: TEST FOR MULTICOLLINEARITY

Ist test for multicollinearity

Coefficients?

Model Collinearity Statistics
Tolerance VIFE

CTDlvol AT74 2.110
P 716 1.396
Slice thickness 211 4.730

! SNR 179 5.587
SL .558 1.791
kVp 273 3.658

a. Dependent Variable: LensO

Final test for multicollinearity after removal of some highly corelated variables

Coefficients?

Model Collinearity Statistics
Tolerance VIF
CTDlvol .566 1.767
1 Slice thickness 484 2.065
SL .559 1.789

a. Dependent Variable: LensO
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APPENDIX XII1: ETHICAL APPROVAL-UNIVERSITY OF GHANA ETHICS
COMMITTEE FOR BASIC AND APPLIED SCIENCES (ECDAS)

UNIVERSITY OF GHANA

ETHICS COMMITTEE FOR BASIC AND APPLIED SCIENCES (ECBAS)

= s+ P 0.BoxLG 1195, Legon, Accra, Ghana

Ref. No: ECBAS 041/17-18

4™ May, 2018,

Mr. Benard Botwe

Dept. of Nuclear Security and Safety
School of Nuclear and Applied Sciences
University of Ghana

Legon, Accra

Dear Mr. Botwe,

ECBAS 041/17-18: DEVELOPMENT OF INDICATION-BASED DIAGNOSTIC
REFERENCE LEVELS FOR COMPUTED TOMOGRAPHY EXAMINATON IN GHANA

This is to inform you that the above reference study has been presented to the Ethics Committee for
Basic and Applied Sciences for a full board review and the following actions taken subject to the
conditions and explanation provided below:

Expiry Date: 3/05/19

On Agenda for: Initial Submission
Date of Submission: 27/02/2018
ECBAS Action: Approved
Reporting: Annual

Please accept my congratulations.

Yours sincerely,

—

Professor Daniel Bruc%lg
ECBAS Chairperson

Tel: +233-207684121 Email: eoghartey@ug.edu.gh / ethicscbas@ug.cdu.gh
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APPENDIX XIV: ETHICAL APPROVAL-GHANA HEALTH SERVICE ETHICS

REVIEW COMMITTEE

GHANA HEALTH SERVICE ETHICS REVIEW COMMITTEE

In case of reply the ;4:,“-‘-'!::_.,‘ Research & Development Division
number and date of this 3’ V4 X@ 3 Ghana Health Service
L etter sho od &/ (g ) PA.O.BoxMBI‘)O
& cera
g Tel: +233-302-681109
2 Fax + 233-302-685424

MyRef. GHS/RDD/ERC/Admin/App{ lx‘ a*s Email: ghserc@gmail.com
Yowr Ref. No. 23" May, 2018
Benard Botwe

University of Ghana
School of Nuclear and Allied Sciences

Accra

The Ghana Health Service Ethics Review Committee has reviewed and given approval for the implementation of
your Study Protocol,

| GHS-ERC Number GHS-FRC002/04/18
|
Project Title Development of Indication-Based Diagnostic Reference Levels for Computed
Tomography Examinations in Ghana
Approval Date 23 May,2018
Expiry Date 22" May, 2019

GHS-ERC Decision | Approved

This approval requires the following from the Principal Investigator

-

Submission of yearly progress report of the study to the Ethics Review Committee (ERC)
Renewal of ethical approval if the study lasts for more than 12 months,

Reporting of all serious adverse events related to this study to the ERC within three days verbally and
seven days in writing.

Submission of a final report after completion of the study
Informing ERC if study cannot be implemented or is discontinued and reasons why

Informing the ERC and vour sponsor (where applicable) before any publication of the research findings.

Please note that any modification of the study without ERC approval of the amendment is invalid.

The ERC may observe or cause to be observed procedures and records of the study during and after
implementation,

Kindly quote the protocol identification number in all future correspondence in relation to this approved protocol

SIGNED..... Cgu\wﬁ ................. T —_—

DR. CYNTHIA BANNERMAN
(GHS-ERC CHAIRPERSON)

Ce: The Director, Research & Development Division, Ghana Health Service, Accra
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APPENDIX XV: ETHICAL APPROVAL -THE KORLE BU TEACHING HOSPITAL
INSTITUTIONAL REVIEW BOARD (KBTH)

KOGRLE BU FEACHING HOSBITAL
P.O. BOX KB 77,

Lo wuse of roply tho number
KORLE BU, ACCRA.

And the date of this
Lettor should he quoted ‘

My Ref. Nu.%ﬂﬁ.l.?.‘.&.\.c‘—g \

Your Refi Now.emcea.

Tel: +233 302 667759/673034-06
Fax: +233 302 667759

Email: Info@kbth.gov.gh
priakbth.gov.gh

Website: www. kbth.gov.gh

26" April, 2018

BERNARD BOTWE
SCHOOL OF NUCLEAR AND ALLIED SCIENCES
UNIVERSITY OF GHANA, LEGON

DEVELOPMENT OF IND 5 - ED DIAGNOSTIC REFERENCE LEVELS FOR
COMPUTED TOMOGRAPHY EXAMINATIONS AT THE KORLE BU TEACHING HOSPITAL

KBTH-IRB /00092/2017

Investigator: Bernard Botwe

The Korle Bu Teaching Hospital Institutional Review Board (KBTH IRB) reviewed and granted
approval to the study entitled “Development of indication-based diagnostic reference levels for
computed tomography examinations at the Korle Bu Teaching Hospital”

Please note that the Board requires you to submit a final review report on completion of this study
to the KBTH-IRB.

Kindly, note that, any modification/amendment to the approved study protocol without approval
from KBTH-IRB renders this certificate invalid.

Please report all serious adverse events related to this study to KBTH-IRB within seven days
verbally and fourteen days in writing.

This IRB approval is valid till 30" March, 2020. You are to submit annual report for continuing
Sincere mgaxds, ( :

TevView.

‘\ &\ R J -
OKYERE BOA){'FN(. (MRY'_ \
CHAIR (KBTH-IRB)

Ce: The Chief Executive Officer

Korle Bu Teaching Hospital

The Director of Medical Affairs
Korle Bu Teaching Hospital

295



— MEDICAL DIRECTORATE

KORLE BU TEACHING HOSPITAL

a0 May, 2018

BERNARD BOTWE
SCHOOL OF NUCLEAR AND ALLIED SCIENCES
UNIVERSITY OF GHANA, LEGON

INSTITUTIONAL APPROVAL: KORLE BU TEACHING HOSPITAL-SCIENTIFIC AND
TECHNICAL COMMITTERINSTITUTTONAL REVIEW BOARD (KBTH-
STC/ARBAOGO92/2017

Following approval of your study entitled “Development ol indication-hased diagnostic relerence
levels for computed omography examinations al KBTIL A sludy at the Korle Bu Teaching
Hospital” by the Karle Bo Teaching dospilal-Seiennfic and lechnical Lommutteesnstitutional
Review Board. 1 am pleased to inform you that institutionz] approval has been granted for the
conduet of vour study in Korle Bu Teaching 1ospital.

Please contaet the Head of Department to discuss the commencement date ol the stucy.

Ilease note thal, this mstitutional approval is rendered invalid if the terms of the lostitutional
Reviewed Buard/Scienlific and Technical Committee approval are violated.

e F
Sincere regards, {",
o "-l.

f, /\ S .\/\\

Dr. §\:nuel‘.-'\siumuh
Dircetar of Medical A Tairs
For; Caicf Executive Olicer
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APPENDIX XVI: OTHER PERMISSION LETTERS

Dr . Kymints

MR LGS PNACS LIPS

DrJV/ Bzrgman

N LG FORSAIRAECS S D I SA
Drd Ross

B HR LT Tk R e

Quest Medical Imaging
RADIOLOGISTS

Dr. S. Anim-Sampong

Head of Department

Department of Radiography

School of Biomedical and Allied Health Sciences
College of Health Sciences

University of Ghana

Accra. Ghana.

Dear Sir,
| am happy to inform you that management has agreed to your request for
permission for Mr Bernad Ohene Botwe to carry out research studies at Quest

Medical Imaging Limited, Accra. Ghana.

The following are our research project requirement. Please can you provide us
wilh copies of the following:

(i) Documentation of approval hy the appropriate ethical committee
(ii) The detailed study orotocol to review

In additionr, we will sign an Non-Disclosure Agreement (NDA) with you and
then set up an in-house protocol to guide the studies.

We zre looking forward to this co-operation.

Yours cerfly
Dr Pgul $- %a
Dinector

Exc+ti

ATIVE DIRECTOR
ICAL IMAGING LTD.
7 MASERU ST.
| EAST LEGON

ACCRA, GHANA

Uuwms: Padicel Imaging 0 assaz@ton wit MCE Lancet & E¢'gan 2035 & Pare's Sadiiogy, Cape Towr
27 M S, Seat Lisgan, Aot CEana Tel G2F 754 45201 24 AN 258 | T25 S0 220
(D0 En 2o prerdses 95 MOS Lontit Laniated v Ewl ugeal

AT Skl e g BT
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NYAHO

MEDICAL CENTRE

April 24, 2018

Head, Department of Nuclear Safety and Security

Nuclear Regulatory Authority

Dear Dr. Kpeglo,

We acknowledge receipt of your letter dated April 6, 2018 regarding vour intent to
access our facility and to collect CT dose parametric data from our CT scanner.

Your letter has been forwarded to the Diagnostics Manager who will provide assistance
during your visit.

Please note that all data obtained from the Centre must be de-identified. Under no
circumstances will the identifiers be made available,

Yours Sincerely,

AbdGoFG.H.S Amod
Operations Director

Cc: Dr. Elikem Tamaklo
Managing Director

Magzy Frimpong Dumfeh
Diagnostics Manager

SPECIALISTS
WORKING TOGETHER
FORYOU

i NYAHO MEDICAL CENTRE. 35 KOFI ANNAN STREET, AIRPORT RESIDENTIAL AREA ACCRA
T+233 307 086490 * *233 2436001135 F <233 302 777603 ¢  info@nyahomedicalcom o ryahomedicat com
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GHANA COCOA BOARD

COCOA BESE ¢/ it

PO BOX 033 TEL: 233-302- 6617526661727
ACCRA 617576750 6/6780T2
GHANA FAX: 231-302-867104/660808

L-mail: coenbadi@eozobied gh
WEBSITE: wwwecocobod. gh
{CABLE: COCOBOD, ACCRA.

N YOLR REPLY .
praase puom, SEMTT 3 0 3/29. DATE: .. 397 Al 208

The Ag. Director, Radiological
& Non-lanising inst.

KRuclzar Repulatory Authority
P, O. Box AE 5D

Atomic Energy

Kwabenya

Cear Sic/Macam,

RE: INTRODGUCTION =~ MR. BENARD BOTWE

We cefer to your letter No. NRASSH 17/35 dated 6 apsl, 2018 or the ahave-mentioned
subjert and wish o convey Maragemert's approvsl for Mr. Benard Botwe to carry out his
research by cbiaining data from the Cline

Wiz however, wish 1o recuest that 2 copy of the findings should be made available to
Manzgement for our perusal end guidines. We shauld also be served with a copy of the
guestionnaire for our guidance bufere administering zo our client.

Yau can count on our co-aperation,

Yours Taichiully,
|

— IL. ;b‘c}

i
AUGUSTA NYAKD {MRS5.)
HOSFPITAL ADMINISTRATOR
FOR: DIRECTOR (HEALTH]

o birecior {Healtn) s

Head, Raciology «»/
Mr. Boracrd Bolwen
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APPENDIX XVII: SUPPORTING DOCUMENT SHOWING AN EXPANDED VERSION
OF THE METHODOLOGICAL/CONCEPTUAL FRAMEWORK (FIGURE 3.1) USED

FOR CONDUCTING PHASES 1 TO 4 STUDIES.

-prioritised
-eg. adult,
children

Selection of facilities
& equipment

QC & validation of

console displayed | RaLdJ'Soelgg'sts
. - | |
dose descriptors _Radiographers

/quantities -Protocols

eg. -scan

coverage
-series

image

Population
considerations
eg. Weight, 50-

90kg

-Application of Y

correction factor if Final inclusion of

\ 4

necessary scanners

Development of
dose survey
collection tool

> 20-30 or 30-50%

Median values Random selection
from each facility
Collection qf 20-50 Selection of
Development of dose quantity data s
Indication -based sets (eg. CTDI A4 patients  image
- I A 9. vol folder- registry and
Dlh?L value using -DLP) for each image quality
l H . . .
75" percentile rule indication per each assessment
scanner
Statistical data Exclusion criteria
control eg. repeats

QC: quality control, DRL: diagnostic reference level, CT: computed tomography, CTDIy.: volume weighted computed

tomography dose index, DLP: dose length product.
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2. Authors: Botwe, B., Schandorf, C., Inkoom S., Faanu, A. (2020). Status of Quality
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Radiography departments. (Student Research Conference, 6™ December 2018).
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APPENDIX XX: AWARDS ASSOCIATED WITH THE STUDY

The research won the International Society of Radiographers and Radiological
Technologists (ISRRT) 2019 Chesney Award (Winner) for the best research likely to
improve quality of services in practice in the discipline of medical imaging and/or

radiation therapy.

{2019-chesney-award-winner-announcment

» ISRRT B f

3] mTERNATIONAL
7J SOCIETY OF w
¥ RARIQGRAPHERS
& RABIOLOGICAL
TECHMNOLOGISTS

ABOUT = MEMBERSHIP + COMGRESS&EVEMTS = | EDUCATION = COMMUNICATION = | PROFESSIOMAL PR

Home > Bleg » 2019 Chesney Award Winner announcment

2019 Chesney Award Winner announcrnent

ISRRT announces that the winner of the Chesney-ISRRT Research Fund 2015 is Mr. Benard
Ohene Botwe, a radiographer and a doctoral student at the University of Ghana. His research
title is the "DEVELOPMENT OF INDICATION-BASED DIAGHOSTIC REFERENCE LEVELS FOR
COMPUTED TOMOGRAPHY EXAMINATIONS IN GHAMA".

Mr. Benard Ohene Bokwe is a Radiographer from Ghana and a Clinical Tutor at Department of
Radiography, S5chool of Biomedical and Allied Health sciences, University of Ghana. He is also a
Ph.D. student ak the School of Muclear and Allied Sciences, University of Ghana.

Benard obtained his undergraduate and postgraduate degrees in radiography from the
University of Ghana and Cardiff University {UK) respectively. He is also an alumnus of the
Morwegian University of Science and Technology (NTHU) and has published 20 articles and
successfully supervised 33 undergraduate radiography studenks to complete their research
projects. He has broad clinical experience in Fluoroscopy, CT, MRI and interventional
radiography.

Currently, his research interests include Diagnostic reference levels in computed tomography,
radiation dose optimization in diagnostic imaging, optimization of imaging prackices,
interventional radiography, Forensic radiography and radiography ethics and education.

His current research project is entitled “Development of indication-based diagnostic
reference levels For computed tomography examinations in Ghana". In line with the Bonn call
For action 2, Benard is trying to develop an indication-based radiation monitoring kool that
can be used as a trigger to identify radiologic Facilities using unusually high doses in a
specified procedure, for which optimisation actions are reguired.
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The candidate received an exchange studentship at the Norwegian University of Science and

Technology as part of the PhD studies and thesis write-up under the NORPART PROJECT.

® NTNU R O,

20180621

Norwegian University of Science and Technology Your letter dated  Your reference

Faculty of Natural Sciences and Technology
Department of Physics

Botwe, Benard

Dear Mr Botwe,

Confirmation of Scholarship

This letter is to confirm that you are awarded an Exchange Student Scholarship for the period
01.08.2018-31.12.2018 from the NORPART-PROJECT 2016-10470 "Ghana-Norway Collaboration
in Medical Physics and Radiography Education™.

The monthly amount of the scholarship is NOK 16.000, in total for five months: NOK 80.000. This
scholarship is meant to cover all living expensed. including housing. In addition you are awarded a
travel scholarship of NOK 12.000. The total scholarship amounts to NOK 92.000.

Our Exchange Student Coordinator Dr. Mercy Afadzi in collaboration with the International
Section at NTNU will assist you with the preparations of your stay in Trondheim. Dr Afadzi will
book your flight tickets and arrange housing. The monthly rent is NOK 5640, in total for five
months NOK 28200. The cost for the flight and the housing will be deducted from your scholarship
before payout. A deposit of NOK 9.000 for housing will also be deducted from the scholarship.
This deposit will be payed out upon leaving your room at the end of the stay in good condition as
specified by the housing contract. The scholarship (after deductions) will be payed out after your
arrival in Trondheim.

Please contact Dr. Mercy Afadzi (mercy .afadzi @ntnu.no, +47 948 77 294) for more information
about the practical arrangements regarding the scholarship, housing and travel.

On behalf of NORPART-PROJECT 2016-10470

I B e

Pil Erik Goa. Associate Professor
Project Coordinator

Address Org. no. 974 767 880 Location Phone Contact person
NO-7491 Emaal Hpgskoleringen 5 + 4773593478

Troadheim postmottak G phys. ntau no Realfaghygget D5-170 Fax

Norway herpewww nenu nalfysikk Glashaupen + 47 Phoae + 47

All correspondance (hal ks part of the case being processad i= to be addressed to the ralevant uni at NTNU. not u
individuats. Please use our referenca with all onguines
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Appendix XXI: COPIES OF PUBLISHED ARTICLES
First article link: https://pubmed.nchi.nim.nih.gov/32057744/

“.) Journal of Medical Imaging
and Radiarion Sciences

s -

Journal de l'imagerie médicale

surnal of Medical Imaging and Kadiassion Sciences 51 (2020) 165172 $
Ay
www.elsevier.com locateSjmir
Besearch

An Investigation into the Infrastructure and Management of Computerized
Tomography Units in Ghana

Benard Botwe, MSc™™, Cyril Schandorf, PhD", Stephen Inkoom, PRD™ and
Augustine Faanu, PhD™

. ﬂrpam ﬁ:,l"."'d'lu'&ur S'.nﬁn- anmd .’S'ururir)c. Sohasl n_.l".l"n"m:inm' and Allied Sciences, Uru'w‘m'!_r f(&m} Aremic (."am_pu.r. Aeera, (rifurn, .Ltgow
bhil'ﬂgmp.b} Diepariment, School of Bismedinal and Allind Health Scienoes, Collegue of Hexlth Sciences, University of Ghana, Kovie-Bu Campas, Acera, CGhana
© Medical Physics Depariment, School af Nuclear and Allied Sciences, University of CGhara, Atomic Campus, Acora, Ghana
4 feadiation Pretecrion Insinute (REF), Civena Atomic Enrrgy Commision, Accra, Ghana
* Radiolsgical and Nen-ionizing Radiasion Directorate, Nudear Regulatory Auwihority, Acora, Ghana

CT examinations were performed yearly (6.8 CT procedures per
1000 people in Ghana). Head CT procedunes were the most common,
and suspicion of cerebrovascular accident or stroke (32.8%) was the
most common indication. Some basic quality management system
and policy driving CT infraseructure in Ghana were lacking,

ABSTRACT
Introduction: In Ghana, there is a need o document compured w-
mography (CT) infrserucure and  management systems for the
development of interventions w promore CT practices while
ensuring patient protection through the esablishment of diagnostic
reference levels and improved dose management syspems. Conclusion: The results have provided essential information on the
stanus of CT infrastructere and management systems for policy devel-
Methods: A quantirive inquiry wsing a descriptive, cross-secrional opment and planning in CT fcilides in Ghana. This study provides
approach was used vo collect data, using a semistructured questionnaire those inverested in CT services, jobs, or medical equipment investment

related vo CT infrastructure and management from the rechnical heads in Chana the information needed to appropriate decisions.
responsible for CT scanners. Data collected included the seanner char-

acteristics, basic management system and organizational arrange-
ments, number of arending practitioners, clinical indications for

CT examinations, and the operation of CT facilities in Ghana, RESUME

Resules: OF the 35 CT scanners installed across the country, 31 were Introduction 1 Au Ghana, il e nécessaire de documenter |'infras-
involved in the srudy. The majority (29%) were Toshiba models. pructure € L gygmm_de gestion dz.wmn:dummmzm.z (TDM)
Equipment slices ranged from 1 to 640, of which 45.2% were 16- afin de développer des interventions visant 3 promouvoir les pra-

tiques de TDM towr en assumant la prowection des patients par
I'tablissement de nivean de référence pour le disgnostic et de
systimes améliorés de gestion de la dose.

slice scanners. Many (n = 28, 90.3%) were functioning, and most
were installed in the capital city, Accra. The equipment men age
was 7.3 £ 4.4 years, and 25.6% were 10 or more years old. There

were 107 operating radiographers, 60 reporting adielogiss, and 10 Méthodelogie : Une éoude quantitaive wiilisant une approche
medical physicists employed across the fcilities. A ol of 204,760 descriptive transversale a éué utilisée pour recueillir, au moyen d'un

The first aushor received gran: from the BaNGA-Africa project funded by the Carnegie Cosporation of Mew York with University of Ghana.
Competing interests: The first aushor received 2 sudy grane from the BaNGA-Africa projecs funded by the Camegie Corporation of New York with University of
Ghana. However, there was no relatonships or acmvites thar could appear to have influenced the submirred work. All other authors declare no financial reladon-
ships with any arganizarions that mighs have an inserest in the submited work in the previcus 3 vears and no other relationships or activides thar could appear o
have influenced the submirred work.
Authors' contriburions: All authars coneribuzed to the conception of the work. First author (BB) mainly contibuted 1o the design of the wark, the acquisicen,
analysis, or inserpretation of the dara. All authors were involved in drafting and commenting on the paper and have approved the final version.
Echical iPP[D’\'JJ: Before the study, ethical clearance was mughl and ip‘prm'cd by the Ethics Commiree for Basic and ﬂpp]i:d Sciences, University of Ghana {Ref. Mao-
ECBAS 041/17-18), che Ghana Health Service Ethics Review Committee (Ref no: GHS-ERCD02/04/1 8}, and the Korle Bu Teaching Haspiral's Scientific and Tech-
nr::] Committee and the Instirutional Review Board (Fef No: KETH-IRB/D0092/ 21 7). This was in compliance with the Helsinki Dedlaration. Subsequently, per-
ions were soughs and g d by the technical heads responsible for the CT scanners in the country for the sudy w be undemaken in their facilises.
- f.‘nrr:rp-nﬂlmg 1.1.I.I|'|Bl' Benard Borwe, M35, Deparrment of Nuclear Safery and Securiry, Univeszy of Ghana, Accra, Ghana P.OBax LG 80, Legons
Depammen: of Radiography, School of Biomedical and Allied Health Sciences, Univessity of Ghana, Kode-Bu Campus, Acora, Ghana P.O Bax KB 143,
E-mail addresses: sichenard] 3&gmail.com, beborweug edu gh (B. Borwe).

19386548 - zee fronr marrer © 2030 Published |:|5r Elzevier Inc. on behalF of Canadian Associarion of Medical Radiamson Ted||:|n]n:|gis|‘s.
herps:fidaiong 101016/ jmir. 201 9.1 1. 140
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questionnaire semi-structuré, des données sur infrastructure de
TDM et les systimes de gestion aupris des chefs vechniques respon-
sables de Iéquipement de TDM. Les données recueillies compren-
nent les caraceéristiques de Pappareil, le systime de gestion de base
et les arrngements organisationnels, le nombre de praticdens, le in-
dications cliniques pour les examens de TRM et le fonctionnement
des installations de TDM au Ghana.

Résultars : Sur les 35 appareils de TDM inseallés an Ghana, 31 one
é1é couverts par émude. La majorité (29 %) sont des appareils Tosh-
iba. Le nombre de tranches de [équipement varie de 1 4 640, domt
45,2 % sont des appareils 3 16 eranches. Plusieurs appareils (n = 28,
90,3 %) sone en étar de foncrionner e la plupart sont insallés dans
capitale, Accra. L'age moven des appareils est de 7344 4 ans, & 25,6
% ont plus de 10 ans. Les différents érablissements emploient au

Keywardr Imaging: scanners characrerierics; organizamsonal policies

wotal 107 radiographes, 60 radiologistes et 10 physiciens médicaus.
Au roral, 204 760 examens de TDM sont effecrnés chaque année
(6,8 procédures par 1000 personnes au Ghana). Les procédures de
TDM de la tére sone les plus communes, et la suspicion d'accident
cardiovasculaire ou vasculaire cérébeal (32,8 %) érair 'indication la
plus commune. Certaing $0G0) et cerines poliiques de base de I'in-
frastruceure de TDM au Ghana émient déficiens.

Conclusion « Les résultats one permis d'obrenie des renseignements
esentiels sur ['éar de Uinfrastruciure et des systémes de gestion de la
TDM en vue du développement des politiques er de la planification
des installations de TDM au Ghana, Cente énede fournit aux person-
nes et organismes intéressés par les services de TDM, les emplois et
linvestissement dans |'équipement médical au Ghana les renseigne-
ments nécessaine i ka prose de dévisions appropries.

Introduction

Compured tomography (CT) is a critical tool in medicine
[1.2]. Although CT is associated with higher radiation doses
compared with planar radiographic imaging, it is often the
most appropriate modality and first line of examination. In
emergency departments alone, sudies have shown thar CT
utilization has significantly reduced mormlity, especially
among patients who sustained injuries associated with road
rraffic accdents [3-5].

Because of the enormous clinical benefits of CT, it is used
worldwide to establish medical diagnoses and perform image-
guided interventions [6]. The rapid development of CT tech-
nology and the increased incidence of cancer cases globally, as
well as other health conditions, have further placed more de-
mands on CT scanners, especially in developing countries
| 7.5] where access o CT can be limired.

In Ghana, the first CT scanner was installed in 1994 ar the
Korle Bu Teaching Hospiral. Since then, the number of CT
installations in the public, private, and private-government
{quasi} organizations has increased. In 2012, the Government
of Ghana undertook a large-scale equipment replacement ex-
ercise to replace obsolere scanners. They also planned o pro-
vide at least one CT scanner in each teaching or regional
haspital. This, coupled with the development of private health
facilities, has resulted in the installadon of a grearer number of
T scanners in the country, with the intention of improving
patient access. Unfortunately, there is no publication on the
seatus of CT characreristics and infrastrucmire in Ghana.

The World Health Organizarion has encouraged countries
to develop health care infrastrucrure [9], which includes
radiological equipment, such as CT machines, because quality
infrastructure can have a significantly positive impact on the
provision of quality health services [9]. In response, Ghana,
is making efforts toward developing CT infrasmucrure and
management systems [10,11]. In the aspect of radiadon pro-
tection, these effors involve the development of interventions
to promote T pracrices while ensuring patient protection

through the development of diagnosdec reference levels
(DRLs) and dose management systems. As a first step, this
srud}r was, therefore, directed ar exploring and dﬂcribing
the available CT infrastrucoure and management syseems,
including the scanner characreristics, basic management sys-
rem and organizarional arrangements, number of arending
practitioners, clinical indicarions for CT examinations, and
the operation of CT facilities in Ghana. Apan from providing
these pertinent dara to local stakeholders to drive CT infra-
structural expansion, the outcome was also envisaged o
help international professionals—especially those with ingerest
in CT services, jobs, or medical equipment investment in
Ghana—in order to make appropriate decisions.

Method

A d-l:n:ripti.v:, cross-secrional srud}r dﬂign was undertaken
between Diecember 2017 and March 2018. Before the study,
ethical clearance was sought and approved by the Ethics Com-
mitree for Basic and Applied Sciences, University of Ghana
(reference number: ECBAS 041/17-18). the Ghana Health
Service Ethics Review Commitee (reference number: GHS-
ERCO002/04/18), the Korle Bu Teaching Hospital's Scientific
and Technical Commirtes, and the Insdrrional Review
Board (reference number: KBETH-IRB/AOO092/2017). The
study was also in compliance with the Helsinki Declaration.
Subsequently, permissions were sought and granted by the
technical heads responsible for the CT scanners in the counery
for the study o be undertaken in their facilites.

According to the Nuclear Regulatory Authority (NRA),
Ghana, there were 35 authorized CT scanners across the
country at the tfime of the study. Figure 1 shows the geograph-
ical location of the scanners. A census sampling method was
used to contace the technical heads of the CT facilities. An on-
line, 42-item, semistructured questionnaire was then sent o
the technical heads responsible for each of the 35 CT scan-
ners, including a description of the aims of the study and

166 8. Bavwe et al fournal of Medical Imaging and Radiation Sciencer 51 (2020) 165-172
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Figure 1. Geographical locasions of the CT scanners in Ghana, 2017. CT, compured tomography.
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Table 1

CT Modes, Manufacurers, Years of Manufacrure, Inszallanion, and Number of Detecor RowsMSlices (V= 31)

Hmpiu] CT ID Manufacurer Model Yabd Yol Dietecrar Row/Slice
A CT1 Tashiba Aquilion Cne TSX-301A 2012 M2 3200640
B Tz Skemens Somarom Emaotion & 2006 11 6
C CT 3 GE Brightspeed Elite 2011 M1 16
[ CT 4 Philips Brilliance ICT 2015 16 128
E i Skemens Spamaom I‘enpﬂ:dve 2l F1G 14
F CT & GE VT Lightspeed 2008 MR i1
G cTr Siemens Somarom F:npecl:ive 2016 M7 %1
H CTE GE Lightspeed Pro 16 2011 1 16
1 CTo GE Brive CT 385 series 2015 MG 1a
1 CT1o Skemens Somarom Emaotion 2007 HHIE 6
T Tashiba Aguilion GX 2012 M2 128
K CTiz2 Tashiba Agquilicn TEX-101A 2016 16 16
L CT13 Siemiens Somarom Emaorion 2010 K10 16
M CTi4 Tashiba Agquilicn TEX-101A 2013 3 16
M CT15 Tashiba Aguibion CXL TSX-101A 2015 5 3z
CTi6 Philips Philips MX 16 2015 16 16
o CcT17 Tashiba Aquillion CXL TSX-101A 2012 5 3z
P CTi8 GE Revolution Evo 2017 17 i1
0} CT19 Philips BRILLIANCE 2006 10 4
R CT20 Hirachi Supria 2015 015 16
5 T2 [’hi|ips Brilliance extended 2007 H¥10 %1
T T2z Picker PMICKER PCys000 1998 7 1
L] CT»3 Siemiens Somarom Emaorion 200F K10 16
W CT24 GE Brightspesd Edge® 1998° 2009 B
W CT2s Siemiens Somarom Fmarion 010 1l 16
X CT» Seemens Somarom Definiton AS 2015 H¥lG [t
Y CT27 Philips Brilliance 16 2010 G 16
Z CT28 Tashiba Aszeion 2006 G 4
Al CTH™ Tashiba Aguilicn TEX-101A 2015 s 16
AR CT3 Tashiba Al:ll.'u'lin-rl TEX-101A 2012 3 16
T3 GE Opama 660 2016 G ol

The sign “#" means thar thar machine was repl:.n:ﬂl with a #d-glice GE Bevolunon 492001, It was manufaoured and installed in 201E.
CT, computed romagraphy; Yol. vear of insallation; YoM, vear of manufacrure.

an informarion sheet that assured confidentiality and the op-
tion to decline participation at any stage.

The questionnaire was self-developed after reviewing lirer-
arure [3-7] to identify conceprual informarion needed for this
study and included both dosed- and open-cnded questions.
Before arriving ar the final questdonnaire, a draft was devel-
npnd that addressed the Fnllawing indices: CT model; manu-
facturer; year of manufacture; installation and number of
derecror rows and slices; geographical locarion; ownership sta-
tus; funcrionality; number of CT scanning radiographers, re-
porting radiclogists, and artending medical physicists:

number of cxaminarions undertaken in a year; and the com-
mon indications for which adult CT procedures are requested
and undertaken. The questionnaire also covered qualicy man-
agement systems ((QMSs) thar included qualicy assurance
(QA) syscems, quality improvement (QI) sraregics, qualiny
control ((JC) records, and policies driving CT infrasoruciure
in Cihana

Two qualified medical physicists at the School of Nuclear
and Allied Sciences took part in an exercise 1o validare the
suitability of the questionnaire by raring the imporance of
cach of the 45 questions for the intended objective. A scale

Tahle 2
Geographical Region, Ownership Stans, and Funcrionality of the CT Scanners
Geographical Region Orwnership Stamus Funcrianal
P'ublic Privaze (uasa Tol Yes Mo

Gireaser Accra 4 (12.90%%) 11 {35.46%) 3 (9.6E%) 18 (58.06%) 17 (54.Ed4%) I (323%)
Ashanti 2 [6.45%) 4 {12.90%) - & (19.35%) 5016001 3%} 1 (3.23%)
Momhemn 2 (6.45%) 1 {3.23%) = 3 (h.GE%) 2 [6.45%) I (323%)
Weszern 1 (3.23%) E 1 (3.23%) 1 (3.23%) .
Eastern 1 (3.23%) = = 1 (3.23%) 1 (3.23%) =
erls Ahafo 1 (3.23%) E 1 (3.23%) 1 (3.23%) .
Ceniral 1 (3.23%) = = 1 (3.23%) 1 (3.23%) =
Tatal 12 (38.71%) 16 {51.61%:) 3 (9.6E%) 31 (100%) 28 (903 %) 3 (GESp

CT. Dnmpu'r\ed ||:|r.r|.vngn.p|1}'; (puasi, private-government P:.rmership.
168 8. Bovwe et alfournal af Medical Imaging and Radiation Sciences 51 (20200 165-172
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Table 3
Mumber of CT Sarming Radingrz.phers. ['lqmning H.:.d.in]ngi.ns. and
Anereling Medical Physiczses

Professsonalks Mumber Rario o Popularson
Radsographers 1ar 1= 280,374
Rad'lnl-ngisls G0 1= S0, (00
Medical physcists 1m 1: F0HW_ 000

of { {nor important) to 1 (important) was used to score each
question. Three questions that scored 0 were considered irrel-
evant and were removed. Subsequently, a pilot study and a
test-retest reliability analysis were used to assess the reliabiliny
of the walidated questionnaire. The Cohen's unweighted
Kappa Staristic was used to test the agreement berween scores
obtained from the first and second questionnaires during the
test-retest analysis. The Kappa value was found to be 0.80,
which is considered a substantial agreement and a reliable
questionnaire. The dara obtained in the study were analysed
with a Microsoft Excel version 2010, and the generared infor-
marion were descriptive satistics.

Results

Responses were received from 31 of the 35 authorized fa-
cilities, representing an 88.6% response rate. The CT models,
manufacturers, years of manufacrure, installation, and num-
ber of detecror rows and slices (m =31) have been presented
in Tahle 1. Toshiba scanners (v = 9, 29%) were the most
common models. The detecror configuration of the scanners
ranged from 1 to 640 slices (1-320 detector rows). The
mean age of the equipment was 7.3 £ 44 years, and
25.6% of the scanners were 10 or more years old. Aparc
from three facilities thar had two CT scanners, the remaining
facilities had a single scanner cach. The majority (30/31) of
the scanners had the abiliy to display CTDL, and DLP
values on the console, whereas one (3.2%) could not. Auro-
maric exposure control (AEC) systems were incorporated in
A0 CT scanners (96.8%). The distribution of CT faciliries
in the public, private, and quasi sectors in the various
geographical locations are presented in Table 2 and
Figure 1. In particular, 16 of the 31 scanners were operated

by the private sector, and most (7 = 18, 58.1%) were located

Tahle 4
Annual Frequency of CT Examinasions by Regional Locarions

4.54%

W Fublic
W Privabe
 Guash

Figure 2. Percentage dizmbution of CT examinatons in public, privare and
:I'l.usi I‘u:wrpiuh. T, cnn'l.pul:r! mngnpl‘r_l.-.

in the Greater Accra Region. There were 107 scanning radiog-
raphers, 60 reporting radiologises, and 10 medical physicists
working in the CT facilities and responsible for CT scanners
(Table 3). Table 4 shows the breakdown of the 204,760 CT
cxaminations performed cach year. The majority (59.2%)
were undertaken in public hospitals {Figure 2) and in the
Cireater Accra region (59.8%).

Table 5 shows the common indicadons for adule CT head,
chest, and :hdnminnpclvic imaging p-rrfurm:d. The suspicion
of cerebrovascular accident/stroke (32.8%) was the most com-
mon indication in all locarions. As shown in Table 6, apan
from the availability of policy on CT authorization and edu-
carion and training, many importane policics relating o the
wse of CT facilities in Ghana were absent. Moreover, there
were no established DRLs, referrer guidelines, and policy di-
rection on the recommended frequency for QC testing. The
basic quality management souctures as shown in Table 7
were also lacking in some of the facilities.

Diiscussion

CT is a key component of modern health care in all coun-
trics. In addition o providing fast and accurare diagnosis, ad-
vances in CT technology provided new options for treatment
guidance with low morbidity, resulting in the improvement of
health care ourcomes and qualicy of life for patents [12].
However, there is marked inequality in global access to such

Locadan (Region) Examinations
Head Meck Chest Abdomen Pebvic AP Lis Extremines Specal Tl
Grearer Accra b 462 1873 11,204 TIAT 3174 21.713 1313 636 Bl 122,510
Ashanri 25387 1133 373 1009 E7F2 10,364 773 297 2242 45,150
Morthem v 34 621 1460 o1 3 1565 Fi2 556 192 11,630
Weszern 3391 I7E 05 239 71 B9 pali} 38 ER S840
Eastern 3559 X 052 I7R 147 1321 196 13 (Rra 6545
ang Ahafo 3R9M 20 169 141 141 A21 157 26 7R 5690
Central 4385 3ES a1l 398 L Rivd 1B5 75 lisd TS
Toxal 113.517 4812 17 874 10,003 4990 37 467 nrF 1640 11,280 NMLTG0
AP, abdonimapelvic; CT, compused tomagraphy; L%, lumbosacral spine
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Tahle 5

Common Indscamsons for Adule CT Head, Chese, and AIF Regiﬂu 1denrified

Bn-d}' Fl:si;nﬂ Indication Per Anammic Regiun a %)

Head CVAlsmoke 3723 (32.8)
Head mjury/mrauma 25314 (22.3)
Headaches? SOLrmumaur 17482 {15.4)
Simusins 3724 (2.4)
Dimziness 1135 {1.00
Lass of consciousness 1249 {1.1)
Psychiamric disorder F0G (3.00
(hihers 24974 (22.0)

Chest ':Di.l#l? Jung cancer/ numour 5720 {32)
? chest lesion with CKD 1752 (9.8)
Tuberculosis 1662 {9.3)
Chronic absnucrive pulmonary disease 429 (2.4)
annu'_v embalEm TRl {150
I"neumonia 518 (2.9)
Meural effusion 5000 {2.8)
Lung abscess B (5)
Interseirzal |1.|.|15 dizease B4 (5)
Hemioprysis 375 (2.1)
(vhers 2449 (13.7)

AP ? AP lesion/abscess 14,584 (27.8)
Klrl.rbey SLONES I'Pla.in] oS (1B.5)
Liver memastasis 403 (10.3)
Urathelial malignanqr 774 {1520
Bowel ohstruction 1626 (3.1
Al' distension 340 (5.7]
Ca prostase 361 (4.59)
Bladder mass 1312 {2.5)
(hhers G505 (12.4)

2, suspicion of; AP, abdonimopelvic; Ca, cincer; CKD, chronic kidney
diseane CWVA, cerebhrovascular accident; SOL, space ocl:u'p@'ing lesion.

imaging services [13]. Equipment and staff availability have
been suggested as the main contributors to this inequalicy.
Low- and middle-income countries, including Ghana, have
the greatest need [13].

According to Statista [14], as of the year 2017, CT scan-
ners per one million inhabitants were 64 (Australia), 44
(USA), 35 (Germany), and 1528 {Canada), respectvely. In
the United Kingdom, a report [15] indicated that there
were nine scanners per one million inhabirants as far back
as 2014. The present smudy revealed thar there s approx-
matd}' one CT scanner per 850,000 inhabitants in Ghana
{35 CT scanners for a population estimated by the Ghana Sta-
ristical Service [11] to be 30 million). Given that only 28 of
31 CT scanners were functional ar the rime of this study,
the situation is even worse. This pus Ghana's CT infrasoruc-
ture in abour 94% less than the EU average (204 CT scan-
ners per | million [16]).

In addirion, only three facilities had more than a single CT
scanner. This docs not make for a resilient service. The CT
scanners were not cvenly distributed across the country.
Mose (18/31) were concentrated in the capital dry, Accra
{which has 4,943,075 inhabitanes, representing 16.3% of
the population [11]), and none were installed in the Upper
West, Upper East, and the Volta Regions (Figure 1). This
finding suggests inequality in accessibility o CT imaging

Table &
Policy Infrascrucure and Their Availability in Ghana

Availabiling
Yes Mo

Policy Infrascrsoure

r %) u (%)
31 {100

Policy on CT authorizaton for
use in Ghana
Policy driving CT

infrastrucrure and

30 {100k

distriburion

Pn]LC}' on npenl:i.nn and 30 { 1oap
Mg NEEnance

Policy and availabilicy of
qualiry management sysems

Policy on purchasing,
construcion, and
imstallarons

30 { 1m0k

30 { 1m0k

Policy on decommission of a 30 {100y
CT facilicy

Policy on educarion and
mmaIning

Policy and availabilicy of
di:.gnmi: reference levels

Policy on CT referrer
guiddi.nﬂ

Policy on recommended
frequency for (C s

Standardized policy on AEC
app|i|::.1:in|1

Policy on pasiens dase
optimizatian, image qualiny,
and audir programs

Policy on acceprance cesting
and record keeping

Policy on human resources in
CT facilivies

Policy on CT maintenance
systems

31 {100

30 {100p

30 {100p

30 {100p

30 {100p

30 {100k

30 {10k

30 {10k

30 {10k

AEC, auromaric exposure consral; CT, compured romagraphy; G}, qual-

ity coneral

services, particularly for persons living in regions with no
CT scanners. The Ghana Statistical Services [11] indicares
that there are abour 4,730,796 people living in these regions.
The lack of CT scanners in these locations means thar patdents
requiring T T services {even in emergency cases) would have o
travel to ocher regions to access the service, which could
compromise effective patient management. In the case of
Kete Krachi residents, patients requiring CT often travel
423 km o the capital, Accra, for the examinartion.
Schandorf and Tewmeh [17] reporied chart the firse CT scan-
ner was introduced to Ghana in 1994, Currendy, the age of
the available scanners ranged from 2 to 20 years (mean
7.3 & 4.4 years), with 8 of 31 aged more than 10 years. Ac-
cording to the European Society of Radiology [12], scanners
older than 10 years are no longer considered state-of-the ar
equipment and may not have the current technology for
full patient bencfies. Moreover, newer CT technologies offer
10%%—30% lower radiation exposure levels compared with sys-
tems installed 5 years ago [12]. There is, therefore, a need o
replace older scanners in Ghana. Interestingly, one of the very
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Table 7
Basic (QMS Semuctures in the CT Facilities

OMS Serucures Findings
Yes Mo
PRL] u (%)
Availabilizy of QA ar OC 17 (54.8) 14 {45.2)
Commirtes
Aﬂil:biliqr af a decumenged 15 {4B.4) 16 {51.46)
promcol for CT scanning
Availabiliny of established 19 (61.3) 12 {38.7]
scceprance () testing
procedure
Begular (T check records 20 (64.5) 11 {35.5)
Fnu-m:jnr rep:i.r QC 21 {B7.7) 10 {32.3)
assemment records
Availabiliny of effective 12 {3B.7) 19 {61.3)
planned mamrenance
schedule
Availability of radianon 31 {100} o qa)
protectian devices
Availability of effective qL‘li]'lT_l' 10 {32.3) 21 {a67.71

i.mprm.m:n'r sIrucrures

CT, Dnmpumd mrnngnphr. Q..ﬂ.. qu:]'n'_l.- ASTUTAILCE; Ql:. |:|1.u]ir}' conrrol;
(M3, quality managemens system.

old scanners (GE BrightSpeed Edge manufactured; 1998 and
installed; 2009) was being replaced during the study with a
Gd-slice GE Revoludon (manufactured in 2018), which is
commendahle.

Many (30/31) scanners were multidetector CT (see
Table 1) with AEC configurations, and Toshiba models {9/
31) were the majority. Sixteen of the 31 scanners were oper-
ated by the private sector. However, one of them (a single-
slice CT) lacked AEC configuration and could nor display
CT dose ourpur paramerers. The AEC system's advanrage
of yiclding significant reductions in patient doses while main-
taining appropriate image quality [18] could thus not be real-
ized using this machine. In addition, advanced multidetector
CT scanners offer faster imaging acquisition speed, more pa-
tient body coverage, high sparial resolurion, optimal image
quality, and optimized radiation dose levels [18].

With respect st:lﬂi.ng, there were 107 ndingﬂph.cn
operating CT scanners, 60 reporting radiologists, and 10
medical physicists in dizgnostic radiology imaging responsible
for the scanners. The findings suggest char the saff o popu-
larion rario were 1: 280,374 for radiographers, 1: 500,044} for
ndin]ngjm, and 1: 3,000,000 for medical ph}s'u:ism, respec-
tively. These numbers are very low, necessitating the need
to address the staffing gap situadon. In particular, the sima-
tion with respect o medical physicists is worse because of
the lack of recruitment by the public secror into the diagnostic
mdin]ng}r SECTOT, all:hnugh they are available for employment.
Because of this limitation, many facilities mainly rely on the
QC tests undertaken by the Nuclear Regulatory Authority
of Ghana for purposes of inspections, verificarions of compli-
ance with regulatory requirements, and issuing authorization
o practice, which are renewed every 3 years. A check every

3 years means there is a lor of sCope for TJ.'Ling;s 0 g0 WIOng

and machines to remain broken, which has the potential 1o
compromise cffective health care delivery. There is thus an wr-
gent need o employ the relevant health professionals in CT
facilities to promote patient care and parient prorecrion
and safery and to achieve susminable development goals in
health.

Evidence further indicates thar 204,760 CT examinations
were performed yearly. This cranslates into a lower narional
annual average of 6.8 CT procedures per 1000 people to
226.6, 94.4, and 85 CT procedures per 1000 people in the
United Stares, Canada, and che Unired Kingdam, n:spcct'wd}'
[14,15]. However, Kenya has a national annual number of
three CT procedures per 1000 inhabitants, which is compara-
ble to the Ghanaian annual average [19]. The most commonly
performed CT examinations were head, abdomen, and chest,
which is generally consistent with the worldwide trend [20].
Cerebrovascular accidentfstroke (32.8%), which is the second
leading cause of death worldwide, was identified as the most
commaon indicarion for head CT procedures [21].

CT infrastructure is generally driven by policies with
respect o dirccting pqrch:sing, installarion, commissioning,
and operation of CT fadlities to ensure sustainable serviee
for the population. However, as indicated in Table 6, this
study revealed the lack of many structured policics, with the
exception of CT authorization and educarion and training
of staff. Qureshi [22] has cautioned thar the lack of structured
policies to drive practices could limit economic growth and
development. From our dara, it seems that bemer policy devel-
opment is required to cnable a more even disriburion of ser-
vices o the populadon of Ghana.

Regarding DRLs, the International Commission on
Radiological Protection [23] and International Atomic En-
ergy Agency [24] have recommended thar each counery
should develop and implement is own. These internarional
recommendarions have been included in the Bonn Call for
Action [24] for radiation dose monitoring and optimization.
It is currently argued that indicarion-based DRLs decrease pa-
tient radiation dose considerably [12]. However, there was no
national DRL or policy driving its development, as well as
standardized CT referrer guidelines and policy on AEC appli-
cation, patient dose management, and image quality audi
programs in Ghana. The consequence of these strucmural lap-
scs is the probable lack of uniformity of protocols, which

3 4

could exponentially increase the dose [8,24-26].

QbS5 enable organizarons o p]:ln CHI:I:I:i\"I:I].", do the
needed work, check proper system funciions as planned.
and act by addressing any issues found in the checkup process
that would ultimartely lead ro improved performance. Howev-
er, some facilities lacked QA/QC committees (45.2%), estab-
lished acoeprance testing pmcndurﬂ (38.7%), and effective
quality improvement structures (67.7%). Furthermore, apart
from the availability of radiadon protection devices in all
the faciliies, some facilities lacked regular QC check records
(35.5%), postmajor repair (M assessment records (32.3%),
and effecrive planned maintenance schedule (61.3%) and
documented promocol for CT scanning (51.6%), which are
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a concern to the standardization of practices and patient pro-
tection. Korr et al [26] had also reported the lack of writen
(JA manual thar wok into consideration the radiation safery
issucs concerning workers, patients, and the public in Kenya,
alrl'iuugh its x-ray imaging CMSs were scored G1.0 + 3% out
of a possible 100%%. Obviously, there is the need for the insti-
turonalization of the right QMS and policies to promote pa-
tient care and prorection in Ghana and beyond.

A limiration of this work is thar not all the CT facilicies
participated in the study.

Condusion

This study found there are few CT scanners across the
country, with none in some regions, and this inequality could
affect the health care of the population. Many of the CT scan-
ners were ﬁm.ctinning and could ::Espl:l}r CT dose ourpur;
however, one-fourth of the scanners were 10 or more years
old, and OQMSs were lacking in some of the CT facilicdes.
There is the need for a narional policy o govern and drive
CT infrastructure in Ghana. There is also a need o develop
national DRLs (including indicadon-based DRLs) for the
common CT examinations identified in this study to promote
health care and radiarion protecrion of patients in Ghana.

Acknowledgments

This rescarch serves as part of the PhD study of Benard
Borwe. The authors wish to thank the Technical Heads of
the CT facilities who supported and participated in this soudy.
The author acknowledges with thanks the support of Prof
Mary Boadu, Dr. William K. Anrwi, Dr. Samuel Anim-
Sampong. Dr. David Okoh Kpeglo, Dr. Francs Hasford,
Dir. lssahaku Shirazn, Mr. Carl Edem Kokah, Ghana Sweden
Medical Centre, and the Nucear Regulatory Authority,
Ghana. The authors also thank the radiographers, medical
physicists, and radiologists who helped to make this work a
success. The authors’ special appreciation goes o the
Ghma—Nnmu}r MNORPART project. ]:'in:lll}l'1 the first author
thanks the BaNGA-Africa project funded by the Carnegie
Corporation of New York wich University of Ghana for finan-
cial suppor

References
[1] WHO. Compured romography. Available ac hoeps:/ e owhooined

diagniosric_imaging/imaging_miodaline/dim_compeomaographylen.
Accessed February o6, 21w

[2] Takagi, H., Tanaka, B., & Nagaa, K., et al. (2018). Diagnostic perfor
mance n:l'n:n-mm:ry{."l'uuginf_nphy with ultra high. resohution CT: com
pariscn with invasive coronary angiography. Eur [ Rxdial 101, 30-37.

[3] Imai, 5., Akshane, M., Konishi, ¥, & Imamura, T. (2018). Benefis of
computed comography in reducing morealiny in emergency medicine.
Chpenr Med (Wiars) 13, 394-401.

[4] Pandharipande, . V., Retsner, A T.. & Rinder, W. D, e al. (2016}

CT in che emergency depanmient a real-rimie ssudy of changes in physi
clan decision making. Radiolsgy T78(3). B12-E21.

[5] Bamal, K. M., Buder, P. F_, Sengupna, D, Bhargavan-Chafield, M.,
Coombs, L P, & Morin, B L (2017). LS. diagnastic reference levels

172

313

and achievable dases for 10 adule CT examinavons. Radalgy 284(1),

120=133.

Mayo Smith, W. W., Hara, A K., Mahesh, M., Sshan, D V., &

Parlicek, W (2014). How [ do i managing raduton dose in CT. Rady

D.I'ng}' 2T73(3). 657072,

Adejoh, T., Oowujdowe, C. E.. & Abba, M., er al. (2018). Compused

mwmagraphy scanner census and aduls bead dase in Nagena. Egpee [ o

atred MNived Med 41, Gb=T0L

Amim .\'arn.pnnr,. 5., Anven, W, K., Boowe, B. O, & En:u.rc:ng. R 5

{2016). Campanson of Gill-slice Aquilon ONE CT scanner’s measured

desimerric paramerers with ORI dose reference levels for hesd, chese

and abdominal CT examinacons. Saf Health 2, 7.

[9] Powles, ], & Comim, F. WHO public health infrasrucrure and
knowledge. Available an hopeiiwaw who.imrrade/distance_learning/
gpehigpphitfenfindex? heml. Accessed February 26, 2019.

[10] International Monetary Fund (IMF) (20018). Waedd economic outlook
datshase. Inernational Maonetary Fund. Available as: IMF_org. Accessed
February 2, 20019,

[11] Ghana Scaristical Services, Populasson and housing census projecticn
2019 Awalable ar hop/fwww starsghana gov.ghl. Accessed July 3, 2019,

[12] European Saciery af Radsology (ESE) (2014). Renewal of radialogscal
equiprrm-m. .|'.l|suig'f:lr1 J'erg.w'g S5, 543540,

[13] Ngoya, P. 5., Mubogora, W. E., & Piccher, B. D_ (2016). Defning the

disgnostc divide: an amalysis af regisered radiolagical squipment re

saurces in a low-income African counery. Pan Aff Mad [ 25, 99,

Srtista, Number of compurer tomagraphy (CT) scanners in seecred

cowriries as of 2017 (per milllon populasen). Available ar: hapsl/

WL st ooy starisnes 266539/

distribution-of-equipment-for-computer-tomography!. Accesced March

1, 2019,

QECD, Compured romagraphy (CT) exams (indscasor). Available ar:

hreps:/fdam.oecd_orglhealtheqricompured-ramagraphy-cr-scanners. him.

Accessed July 8, 2019,

[18] Vandkavicienea, A, Smrkienec, L, & Macijausksene, . (2014). Supply
and demand for radicgraphers in Lichuania: a progeoess for 20012-2030.
Eur | Radiol B¥7]. 1292-1300.

[17] Schandarf, C.. & Temeh, G. K. (1998). Analysis of the stamus of X-ray
diJ.glvmis in Ghana, ar Raaliod 718501, 1040=1048.

[18] Gao, Y., Quinn, B, & Mahmoaod, U., et al. (20017). A comparison af

pcdi:l:n: and adule CT OTgan dase estimarion methads. BAC Mad fm

agimg 17, 28_

Korir, G. E., Wambani, 1.5, karr, I K., Tries, M. A, & Boen, P K

{2016). Narional diagnostic reference level initianve for compured o

[&]

&

[14]

[15]

[19]

:'m'igraph\l.' oaminatons n Renya. Radixt Prer Dastmetry 168(2], 242
52
jJ:ITn:. A T. :Hm:ng. | N . Yoshizumi, T. T., Tancheva, G.. Laoveery, ..
& Ravin, C. (2010). Radiamon dose for rourine clinical adulr brain CT:
wvariahilicy on differens scanners ar one instimnon. A J .‘I'a:'.lh'gf?\.'ﬂ.ll 195,
433435
[21] WHON. Scroke: a E]nln' respomnse Is needed. Available ar: hllps:.'.l'“mw.
wha.ing bulletin/volumes/ 4/ % 16- 1816 36/en/. Accessed July 16, 201%.
[23] CQureshi, Z_. The mle of Pl.lﬂi.c P-nl.lqr in ssminable infrastrucore.
Available ar: heeps:! e, brookangs. edufwp-contensfuploads! H1 6/07/
puhlic p-n|:|q.' sustainable-infrasmmucrure |:||.|.ru|'u L.pdf. Accessed May 4.
2014
ICRP (30073, The 2007 recommendations of the intemanonal commis
sion on radinlogical prosecrion. JCRP publicanon 103, Aue fCRP37(2
4), 1=33L
IAEA. Bonn aall for acson. Available ar: hope/irpopisea.org/RPOPS
PP Cantent/Mews/poster-on-bann-call-far-action.hem. Accessed
July 29, 2017.
Deliz, H., Chrsmk, K., & Hl’:.l.l:". B., e al. (2017). .'H.m-i:ng hc:mnd
qualiy conral in daagnoscic radsobogy and the role of the clincally qual
thed medical ph}!\.iuiu. J"J'ly Med 41{1), 104=108.
Korir, G K., Wambani, |. 5, Konr, . K., Tres, M., & Mulama, B
{2003]. {Jualiry MANIGEMENt Sysems in :r.1|.‘|inlng;g.'. 54 f Radbad 17(3),
Hi=HE.

[20]

[23]

[24]

[25]

[26]

8. Botree dd%ﬂafﬂﬁﬂf%ﬂkﬂi&ﬁm Setemces 51 (2020 165-172



Second article link: https://pubmed.ncbi.nlm.nih.gov/32102860/

Original Article

Status of Quality Management Systems in
Computed Tomography Facilities in Ghana

Benard Botwe, MSc
Cyril Schandorf, PhD
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Augustine Faanu, PhD

Purpose To assess the status of quality managemment systemns in computed tomography (CT) facilities in Ghana,
Methods 4 questionnaire and quality control measurements were used to assess the status of quality management systerns
in CT facilities in Ghana. Thiry-one CT facilities took part in the study. The evaluation induded quality assurance (0QA), qual-

ity contral (2C), and quality improvement (1)

Results S=venteen (54.8%) of the 31 CT facilities had a QA-QC committes in place to ensure patient protection. Fifteen facili-
ties (48.49%) had documented protocols for CT scanning. Ten facilities (32.3%) lacked QC assessment and recordkeeping
after notable repairs. Regular QC check records were available in 20 (54.5%) facilties. All scanners passed the QC assess-
ments; howewver, none of the fadlities had established local diagnostic reference levels.

Discussion Qualty managernent systerms in some Ghanian CT facilities are unsatisfactony; not all facilities have the needed
infrastructure in place for quality management system purposes.

Condusion Quality management systemns in Ghanaian CT facilities should be strengthened to optimize patient protection

and safety with acceptable image quality.

uality management systems are an important
component of medical practice management
and, in particular, medical imaging, The
International Organization for
Standardization (150) 9000—a set of standards that
organizations follow to ensure their products or services
meet customer and other stakeholder needs—defines
quality management systems as the organizational
structures, procedures, and resources needed to imple-
ment quality management in an organization and
encompasses all aspects that affect the quality of prod-
ucts delivered to the customer.’ Quality management
systems consist of quality assurance (QA), quality con-
trol (QC), and quality improvement (QI) components.”
The QA component, as an interdisciplinary manage-
ment tool, provides a means of ensuring that all work is
adequately planned, correctly performed, and thor-
oughly assessed. QC is a means of applying controls to
the process to ensure that the produet or service consis-
tently meets specifications.” QI is a systematie, formal

324

314

approach to analyzing and improving performance.
Properly understanding and implementing QI is essen-
tial to a well-functioning practice aiming to improve
efficiency, patient protection, and clinical outcomes.”
Quality management systems provide confidence that a
system will perform according to established
quality requirements. ™"

Advances in medical imaging, higher disease
prevalence, and population explosions can increase
the number of radiographic examinations needed and
performed, which can inerease the workload of medieal
personnel.” This development adversely can affect the
quality of services a facility provides, especially in loca-
tions that have insufficient numbers of skilled medieal
staff. Quality management systems can help mitigate this
factor, ensuring that facilities provide proper patient care
and diagnostic image quality and prevent unnecessary
radiation exposure that can cause health complications
for patients and staff”* Essential components of quality
management systems in imaging departments include

SN PUDICIIONS



adhering to the basic principles of quality management,
developing QA structures, and appropriate use of quality
tools and QI structures.” The nature and extent of these
programs vary with facility size and type, examinations
conducted, and other technical factors.™

In many countries, including Ghana and the United
States, computed tomography (CT) is 1 of the most
widely used imaging modalities." " A disadvantage
of CT is that it delivers a higher radiation dose than
does other imaging modalities such as radiography;
CT scans represent 12% of imaging procedures but
contribute nearly half the total radiation dose to
the U.5. population from medical imaging."” The
inereased contribution of CT to the population dose
has raised concern because of the potential for radi-
ation-induced malignancies. Therefore, the quality
management systems and structures in imaging facili-
tes must be functional for staff and patient protection
and should cover physical and technical parameters
associated with the modality and the examination
being performed.”

Studies reporting high radiation dose levels at some
CT facilities in Ghana have prompted these facilities”
attemnpts to improve their quality management systems
and, therefore, improve patient protection.'" However,
limited research resources for surveys and lack of lit-
erature regarding quality management systems status
in Ghanaian CT facilities stymied policy development
in this area. The objective of this study was to assess
the baseline quality management systems status in
Ghanaian CT facilities and provide updated informa-
tion about quality management systems in CT imaging.

Methods

This study took place between December 2017
and August 2018 using a questionnaire and QC
measurements. Ethics Committee for Basic and
Applied Sciences, University of Ghana, the Ghana
Health Service Ethics Review Committee, the Korle
Bu Teaching Hospital's Scientific and Technical
Committee, and the Korde Bu Teaching Hospital's
institutional review board granted ethical clearance for
this study.

Thirty-one of the 35 CT facilities authorized by the
Muclear Regulatory Authority of Ghana took part in
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this study. Before the data collection process started,
letters were sent to the technical heads responsible
for the CT facilities, inviting them to partake in this
study. The data collection process was divided into 2
phases: phase 1 focused on QA and QI, whereas phase
2 focused on QC. In phase 1, a questionnaire was
used to gather information on the status of QA and QI
infrastructures in the CT facilities. The assessment
items were based on a review of the relevant literature
and included**":
® (A and QC committee availability
documented protocols for CT scanning
QC assessment records of notable repairs
regular QC check records
Muclear Rl‘_'gulah}r}r Authority authorzation
acceptance testing procedure
effective maintenance schedules
equipment performance recordkeeping
radiation protection devices
systems for justifying CT exposures
diagnostic reference levels
scheduled dose optimization programs
patient dose and image quality audit programs
patient dose recordkeeping
schedules for frequent cleaning of equipment
automatic exposure control systems on the
CT scanners
B volume CT dose index and dose length product
parameters displayed on the scanner console
B documented training programs and records
The QI assessment items, based on Kruskal et al
recommendations, included®:
B institutional leadership and support for QI
B regular meetings involving all stakeholders to
communicate QC results
® guality and improvement team culture
B system that engages all the professional groups in
the department in QI
B systemn that regularly receives and analyzes feed-
back from customers and stakeholders
quality implementation protocol or manual
surveillance system for monitoring QI indicators
Q1 education program
system to reward hard work associated with
quality improvement
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Two clinically qualified medical physicists from the
School of Nuclear and Allied Sciences assessed the suit-
ability of the questionnaire. The assessment tool was
sent to validators with a request to rate the importance
of each item ona 0 to 1 scale: 0 representing not impor-
tant, | representing important. The validators also were
asked to make suggestions regarding the assessment
tool. The authors decided that any item or question that
scored 0 would be rejected. The Cohen'’s unweighted
kappa statistic was used to test the agreement between
scores obtained from the first and second rater, and the
kappa value was found to be 0.71, which is considered a
strong agreement and a reliable questionnaire. Aftera
content validity assessment was performed, the assess-
ment tool was revised and used for the study.

For phase 2, QC tests undertaken were:

CT dose delivery accuracy
geometric efficiency
kilovolt (kV) accuracy
halfvalue layer (HVL)
CT (water) number
homogeneity

B noise
The materials used in the QC assessment included:

8 T dose profiler probe (RT1 Electronics)

® Rarracuda et (Cabinet and Multipurpose
Detector) with Ocean Software interface
(RTI Electronics)
standard CT head and body polymethyl
methacrylate phantom (PTW)
laptop computer (Toshiba Satellite $55-C5274,
2016 model)

Microsoft Excel 2013

® yniform water phantom (PTW)

® Image()C software v.1.43 (EllenWasbo, 2018)

The CT dose profiler, Barracuda (Cabinet) with
Ocean Software interface connected to a laptop com-
puter, and standard CT head and bady pelymethyl
methaerylate phantom were used to assess the CT
dose delivery accuracy and geometric efficiency.
Barracuda (Multipurpose Detector) was used to
assess the KV accuracy and HVL. The CT number
testing, homogeneity, and noise were assessed with a
uniform water phantom. The methods suggested by
the International Atomic Energy Agency,” Institute
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of Physics and Engineering in Medicine,” and the
American College of Radiology” were employed in

the testing of KV accuracy, HVL, CT number testing,
homogeneity, and noise. The methods recommended
by Elimpex-Medizintechnik" and RT1 Group AB"
were used in measuring the CT dose delivery accuracy
as well as the geometric efficiency. Twenty-five CT
facilities participated in the QU assessments becanse of
equipment breakdowns. The data collected were ana-
lyzed using Microsoft Excel. The images generated for
the CT number (water) testing, homogeneity, and noise
were evaluated using ImageQC software version 13.

Results

The results of the quality management systems
are presented under QA structures, QC tests, and
QI structures.

Quality Assurance

Seventeen (54.8%) of the CT facilities had a QA or
QC committee in place to ensure patient protection,
although 14 (45.2%) did not (see Table 1). Fifteen of
31 facilities (48.4%) had documented protocols for
CT scanning, whereas 16 (51.6%) did not. Moreover,
21 (67.7%) facilities had QC assessment records of
notable repairs, and 10 (32.3%) did not. Regular QC
check records were available in 20 (64.5%) facilities,
and CT scanners in all 31 facilities (100%) had received
Nuclear Regulatory Authority of Ghana authorization.
Nineteen (61.3%) had acceptance testing procedures,
and 19 (61.3%) did not have maintenance schedules.
Twenty-nine (93.5%) had an equipment performance
recordkeeping system, and 31 (100%) had radiation
protection devices and some procedures for justifying
CT exposures.

In addition, 20 (64.5%) facilities had scheduled
dose optimization programs, and a similar number
of facilities had established along-term system for
keeping patient dose records. All facilities had auto-
matic exposure control systems on their CT scanners,
and 30 (96.8%) could display volume CT dose index
and dose length product or parameters on the con-
sole. However, 21 (67.7%) facilities lacked schedules
for frequent cleaning of equipment, and 26 (83.9%)
lacked patient dose and image quality audit programs.
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Table 1

QA Infrastructures at CT Facilities in Ghana®

QA Structure Yes, n (%) Mo, n (%)
04 or O committee 17 (54.8) 14 {45.3)
Documented protocols for 15 [48.4) 16 (51.6)
CT scanning

0 assessment reconds of 21 (677 10(323)
rotable repairs

Regular QC check reconds 20 (54.5) 1 (35.5)
Muckear Ragulatory 31 (1040) 0
Authority of Ghana

Certification/utharization

Acceplance testing 19 (51.3) 12(38.7)
procedure

Effective maintenance 12 (38.7) 19 (61.3)
schedules

Equipment performance 29(93.5) 2(635)
recardkeeping

Radiation protection devices 31 (100) 0
Procedures for justifying CT 31 (100) 0l
[Shdalal {2

DRLs 0 (o 31 (100
Scheduled dose optimiza 20 (54.5) 11 (355}
tion prograrms

Maintained patient dose 20 (54.5) 11 (355}
recards

Patiernt dese assessment 50160) 26 (839)
and image quality audit

LFOGrams

Schedules for frequent 10 (32 3) 2 (B77)
cleaning of equipment

AEC systerns oni the CT 31 (100) 0l
SCANNErS

Ability to display CTD = 30 (96.8) 1(33)
and DLP pararmeters an the

consale

Documented training 50160 26 (839

program and records

"M = 21} percanéages might not okal 100 becowse of rounding.
Abbreviahions: AFC, automatic exposue condrod CT, computed fomogng-
phy; CTON, volurme CT dose index; DR, diose hangth peodisct; DRLs, disg-
nastic reference levels; OA, quality assurance; OC, quality conteol
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In addition, 26 (83.9%) facilities lacked records and
documentation on training programs, and none had
diagnostic reference levels values for their facilities.

Quality Control

Among the 20 facilities that indicated routine QC
was undertaken, 5 were from the publie sector, 12
were from the private sector, and 3 were public-private
partnerships. One of the public facilities indicated QC
asgessments were undertaken daily, 1 indicated that QC
assessments were undertaken weekly, and 3 indicated
that QC assessments were undertaken quarterdy. In the
private sector category, 5 out of the 12 indicated that
QC assessments were undertaken daily, 5 mentioned
that QC assessments were undertaken weekly, and 3
indicated that QC assessments were undertaken quar-
terly. Among the public-private partnership facilities,
all respondents indicated that QU assessments were
undertaken daily, weekly, and quarterly. The study also
showed that 10 medical physicists were available in all
the diagnostic CT facilities.

Moreover, all the CT scanners passed the QC tests
as the determined values conformed with the standards
of International Atomic Energy Agency” and Institute
of Physics and Engineering in Medicine.” For CT dose
accuracy, in particular, the observed discrepancies
between the displayed and measured volume CT dose
index were within the acceptable tolerance limit of 20%
(see Table 2)." The geometric efficiency of the equip-
ment (e, the number of radiation quanta incident on
the detector in a given interval divided by the number
emitted by the radiation souree in the same interval
expressed in percentage) ranged from 70.8% to 100%,
which is above the acceptable level of greater than
70%.** The homogeneity of images at all the facilities—
measured with region of interest at 12 o'clock, 3 o'dock,
6 oclock, 2 oclock, and the center—as well as the CT
number (water) also were within the achievable limit
of = 4 suggested by the International Atomic Energy
Agency and Institute of Physics and Engineering in
Medicine, whereas the image noise levels were all
within = 10% of baseline values (see Table 2)."*

In addition, the total filtration (HVL) was within
the acceptable limit (observed; Min: 7.3 for 120 kV;
Max: 8.8 for 140 kv).*
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Table 2

Measured Parameters During QC Tests and the Available Limits and References®

Parameters Measured Acceptable Limit Achievable Limit  Reference  Comment

CT dese delivery % Deviation (CTDL.) =+ 20% of manufacturer's specifications & 10% of basaline  1AEA" Pass

accuracy Mir: —8.5
Ma: 29

KVp accuracy % Error * 5% riominal *+ 2% nominal IAEA'" Pass
Mir: —2.7
Ma: 29

GE Mir:: 70.8% = T0% Shefer et al™  Pass
Mz 1005

CT fwater) number  Min: 0.0 + 5 HIJ (water), £ 10 HU father material) = 4 HU IAEA" Pass
Max: 4.0 compared with baseline valwes

Image naise Mir; 3.2 + 25% of baseline + 1056 of baseline  IAEA" Pass
Mz 98

Image uniformity’  Variation =+ 10 HU for head and body =+ 4 HU for head IAEA" Pass

hamogenaity Mir: —0.3 and body
Ma: 2.3

HvL Mirr: 7.3 for 120 kW = 25 mrn Al for kY =100 FOa Pass
Max: B8 for 140 kY

l|'|‘1 =25}

Abbreviations: Al aluminurrg FOW, U5, Food and Dirug Administration; GE, geomeatnc efficiency; HvL, haiwalue layer; IAEA, infernamional Afomic Enargy Agancy;

kvip, kilowvoltage peak.

Quality Improvement
With respect to QI, most of the facilities lacked
structures for implementing QI (see Table 3). In
particular, other than the availability of institutional
leadership and support for QI in all the facilities,
26 (83.9%) lacked a QI team. Moreover, quality
implementation protocols and surveillanee systems for
monitoring QI indicators were missing in 28 (90.3%)
facilities. In addition, 25 (80.6%) facilities had no
system that engaged all the professional groups in the
department to discuss Qls, and 21 (67.7%) facilities
lacked systems that regularly received and analyzed
feedback from customers and stakeholders. Only
3 (9.7%) facilities had a culture of quality in practice
and 5 (16.1%) had an educational program on QL
However, 18 (58.1%) facilities had a system that
rewarded the hard work associated with QL.
Depending on the type of equipment fault, it
took between 1 day and 2 years to have broken CT
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equipment repaired in the public hospitals. However,
it took 1 hour to 1 month in the private hospitals and
1 day to 3 months in the private-public partnership
hospitals, depending on the type of fault diagnosed.

Discussion

To improve the quality of care radiology depart-
ments provide and to allow radiclogy staff to remain
competitive in an increasingly complex environment,
imaging departments should establish and maintain
managed, comprehensive, and effective performance
improvement programs.” Quality management sys-
tems provide the physical and nonphysical structures
that would help radiology staff achieve the aforemen-
tioned goals and ensure patient satisfaction, protection,
and safety.

In the United States, evidence suggests that CT
facilities have effective quality management systems
in place, as evidenced by protocols and validation
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processes compliant with the American Association

of Physicists in Medieine Medical Physics Practice
Guidelines and a number of the 150 9001 clanses. ™ To
set up quality management systems in U5, CT facili-
ties, some institutions hired a part-time credentialed
quality consultant to work with the CT protocol and
quality management team.” However, this study found
indications that not all CT facilities in Ghana have

the needed infrastructures for quality management
systems. With respect to QA in particular, 45.2%

and 51.6% of facilities, respectively, lacked a QA-QC
committee and documented protocols for CT sean-
ning. Ofori et al observed similar situations in general
radiography facilities in Ghana® In the radiology
department, QA-QC committees maintain lines of
communication among all groups with QA, QC, and
QI responsibilities, including maintaining accept-

able quality standards and periodic review or audit of
practices for effectiveness and compliance with quality
standards. Therefore, the absence of operational tools
(eg, documented scanning protocols and appropri-

ate committees to ensure funetional QA, QC, and

Q) could have severe consequences on the radiation
protection culture.”

Although an established acceptance testing proce-
dure, equipment commissioning, regular QC check
records, and records of notable repairs are all important
international indices to assess equipment performance
after an installation, this study showed that QC assess-
ment records of notable repairs were available in
21 (67.7%) of the facilities and that regular QC check
records were available in 20 (64.5%) of them.” Ngoye et
al reported that 6% of facilities in Tanzania had records
of all QC tests.™ Of the 20 facilities in the current study
that kept records of routine QC tests, 5 were from the
public sector, 12 were from the private sector, and 3
were public-private partnerships. Three of 5 public
facilities perform quarterly QC, whereas 12 of 15 pri-
vate facilities perform daily QC. In the public-private
partnership sector, each facility performed daily,
weekly, and quarterly QC. The lack of regular QC tests
across the facilities could stem from inadequate num-
bers of medical physiciste in the facilities overall (10),
and the lack of effective QC systems across CT facilities
potentially stymies quality service delivery.™
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Although the facilities have Nuclear Regulatory
Authority of Ghana authorization, as well as automatie
exposure control systems on the CT seanners, radia-
tion protection devices, and systems for justifying CT
exposures, the absence of pertinent quality manage-
ment systems could limit quality service delivery. In
particular, the fact that not all facilities had a patient
dose and image quality audit program, equipment per-
formance recordkeeping, scheduled dose optimization
programs, patient dose records, and documented train-
ing programs suggests weak QA structures across the
CT facilities that must be addressed.

Diagnostic reference levels are a QA tool used to
identify radiologic facilities using unusually high
doses for a specified procedure, for which optimiza-
tion actions are required. ™™ In the United States,
federal and state recommendations support the use
of diagnostic reference levels.™ On January 15, 2015,
the U.S. Environmental Protection Agency's Federal
Guidance Report No. 14 recommended that imag-
ing facilities using lonizing radiation should promote
development of national diagnostic reference levels
for use ag QA and QI tools in every examination.™
Kanal et al recommended the use of local diagnostic
reference levels and provided diagnostic reference
levels for typical examinations in the United States.”
In the United Kingdom, the application of diagnostic
reference levels was reported to have resulted in a 30%
decrease in radiographic doses from 1984 to 1995
and an average drop of about 50% between 1985 and
2000." Therefore, the absence of established local
diagnostic reference levels in CT facilities in Ghana
could limit efforts to optimize dose because of the lack
of supervision and monitoring of quality.

Many health institutions have implemented
planning and scheduling in their maintenance opera-
tions to improve use of their CT equipment, reduce
unplanned downtime, and more effectively manage
their maintenance budgets. This study observed
that effective maintenance schedules were missing
in 61.3% of the facilities. Korir et al found that 22%
of the facilities in Kenya reported semiannual pre-
ventive maintenance.” As a result, equipment faults
are likely not to be detected on time, and when a
breakdown occurs, it can take a long time to have
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the equipment fixed. This current study found that
the situation is worse in public hospitals. Although it
takes 1 hour to 1 month to fix equipment in private
hospitals and 1 day to 3 months to fix CT equipment
in public-private partnership hospitals, it takes 1 day
to 2 years to fix broken equipment in publie facilities,
depending on the fault type. The lack of parts sup-
ply, after-sales service, and training for local service
personnel who perform maintenance have long been
noted as part of the problem.” The absence of for-
mal organizational structures for effective scheduled
maintenance for CT facilities in Ghana have clini-
cal, radiation protection, and financial implications
because of long equipment downtimes.

Limited resources restricted the QC tests performed
in the current study to:
CT dose delivery accuracy
geometric efficiency
kV accuracy
HVL
CT (water) number
homogeneity
noise
The QC test results found no notable deficiencies
with scanners; the various deviations were within tol-
erable limits suggested by the International Atomic
Energy Agency, Institute of Physics and Engineering in

Medicine, Shefer et al, and the European guidelines on
quality criteria. "

Alack of effective QI infrastructures (see Table 3)
is a concern for imaging services in Ghana because
the goal of (31 systems is to do the right thing in a
timely fashion for every patient every time and to
ensure that quality performanece levels improve ™
The lack of QI might have dire consequences for
improved care. Only 5 (16.1%) facilities had a quality
management team, 3 (9.7%) had a culture of qual-
ity, and § (16.1%) reported having regular meetings
involving all the stakeholders for communicating QC
results. However, a well-functioning, cohesive team;
stakeholder relations; and a culture that recognizes
quality are essential for successful implementation
and functioning of a quality protection and safety
program in any facility. Moreover, Kruskal et al indi-
cated that whether one is identifying opportunities or
processes for improvement, collecting and analyzing
data, identifying contributing factors, or implement-
ing and monitoring countermeasures, it is essential to
correctly use the most appropriate tool because it is
possible to manage only that which can be measured
accurately.™ In this study, 3 (5.7%) facilities had sur-
veillance systems for monitoring QI indicators, and
10 (32.3%) had a system that regularly received and
analyzed feedback.

Table 3
Basic Quality Improvement Structures in CT facilities*
Yes, n (%) Mo, n (%)
D you have institutional leadership and support toward guality improvernent? 31 (100)
Da you have regular meetings imvolving all the stakeholders 1o communicate OC results? 5 (16.1) 26 (B35

Has your facility established a culture of quality in your practice?

Has your facility establiched an irmprovernent team?

Do you have a guality implermantation pratocal o rmanual?

3N 28 (303
50148.0) 16839
3B 23 (903

Der you have a systern that engades all the prafessional groups in the depanment on quality improvements? & (19.4) 25 (305}
Do you have a systern that reqularly receives ard analyzes feedback from customers and stakehalders? 10 (32.3) 21 (677}
Do you have surveillance systems far monitoring guality improvement indicators? 3@ 28 (903
Does your facility have a systern to reward hard work associated with quality improvement? 18 (581) 136419

Do weu have an educational program on quality impraverment?

5(16.1) 261839

"W = 31} percentages might naf tokal 100 because of rounding.
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Although quality management systems in the
facilities were not satisfactory, that all facilities had
institutional leadership and support for quality
improvement is a good window through which the
other QI components could be improved, facilitat-
ing continuous improvement in protection and safety,
performance, and outeomes.™ Worth noting is that QI
systems also thrive effectively in the presence of quality
educational programs and motivation of all stakehold-
ers. Hence, a need exists to revamp the current systems
for training and for rewarding hard work associated
with quality improvement. Moreaver, all stakeholders
involved in CT imaging in Ghana must be committed
to ensuring that QA, QC, and QI culture and infra-
structures are in place and functional to continuously
improve quality and meet patients” needs for better
health care.

Limitations

A limitation of this work includes that not all the
CT facilities participated in the study becanse of
equipment breakdown.

Conclusion

The quality management systems in CT facilities
in Ghana need improvement because not all facilities
have the needed infrastructure in place for quality man-
agement systems purposes. Strengthening the quality
management systems and infrastructures across all CT
facilities is needed to improve patient protection and
quality of the care. There should be a conscious effort by
CT facility managers and, in particular, CT managers
in public hospitals, to fix equipment in a timely manner.
To improve the use of CT equipment, effective main-
tenance schedules, reduced unplanned downtime, and
effectively managed maintenance budgets are needed.

To meet patient needs for better health care, man-
agement, staff, and supporting organizations must be
committed to working together to implement an effec-
tive quality management systems compatible with ISO
standards in CT facilities in Ghana.

Benard Botwe, M5¢, is a PhD candidate at the School
of Nuclear and Allied Sciences, University of Ghana, and a

RADHOLOG. TECHNOLOGY, March4pnl 2020, Volume 81, Number 4

321

Original Article

Botwe, Schandorf, Inkoom, Faanu

clinical tutor for the Department of Radiography, University
of Ghana School of Biomedical and Allied Health Sciences.

Cyril Schandorf, PhD, is an associate professor of physics
as applied in radiation protection and medical physics for
the Department of Nuclear Safety and Security, School of
Nuclear and Allied Sciences, University of Ghana.

Stephen Inkoom, PhD, is a senior lecturer for the School
of Nuclear and Allied Sciences, University of Ghana, and
a principal research scientist for the Radiation Protection
Institute of the Ghana Atomic Energy Commission,

Augustine Faanu, PhD, is an associate professor for the
School of Nuclear and Allied Sciences, University of Ghana,
and acting director of Radiological and Non-iomizing
Installations Directorate, NRA, Ghana.

This research serves as part of the PhD study of Benard
Botwe. The authors wish to thank the technical heads of
the computed tomography facilities who supported and
participated in this study. The authors thank Dr S Anir-
Sampong, Professor Mary Boadu, Dr William K Antwi, Dr
David Okoh Kpeglo, Dr Francis Hasford, Mr Carl Edem
Kokah, Dr Issahaku Shirazu, Ghana Sweden Medical
Centre, and the Nuclear Regulatory Authority, Ghana. The
authors also thank the radiographers, medical physicists, and
radiologists who helped to make this work a success. Special
appreciation goes to the Ghana-Norway NORPART project.
Finally, the authors thank the BaNGA-Africa project funded
by the Carnegic Corporation of New York with University of
Ghana for financial support.

Received May 17, 2019; accepted after revision July 18, 2019.

Reprint requests may be mailed to the American Society
of Radiologic Technologists, Publications Department,
15000 Central Ave SE, Albuguergue, NM 87123-3908, or
ermailed to publications@asrt.org

& 2020 American Society of Radiologic Technologists.

References

1. Whatisa quality management system (QMS)? American
Society for Quality website. hitps: //asq.org /quality-resources
Squalsty-management-cystem. Accessed September 4, 20019,

1 Kruskal |B, Anderson §, Yam C5, Sosna |. Strategies for estab-
lishing a comprehensive quality and performance improvement
program in a radiology department. Radisgr. 2009,29(2):315-
320, doa: 101 148,/ 292085090

3. Intersational Atomic Energy Agency. Quality Assurance for Rad-
ivactivily Measueremernt in Nudear Medicine, Vienna: LAEA; 2006.

in



Original Article

Status of Quality Management Systems in Computed Tomography Facilities in Ghana

10.

1L

12

13.

14.

15.

16.

17.

18.

332

Basics of quality improvement. American Academy of Family
Physicians website. https://www.aafp.org/practice-manage
ment/improvement/basics html Accessed September 4, 2019.
Ofori EK, Antwi WK, Scutt DN. Current status of quality assur-
ance in di imaging departments in Ghana. S Afr Radiogr.
2013;51(2):19-25.
Delis H, Christaki K, Healy B, et al. Moving beyond quality con-
trol in diagnostic radiology and the role of the clinically qualified
medical physicist. Plys Med Eur | Phys Med. 2017;41(1):104-108.
doi:10.1016/j.¢jmp.2017.04.007
1SO 9000:2015. Quality management systems-fundamentals
and vocabulary. International Organization for Standardization
website. https://www.iso.org/standard /45481 html. Published
2015. Accessed August 3, 2019.
Mangham K. Quality assurance: importance of systems and
stand procedures. Perspect Clin Res. 2011;2(1):34-
37. doi:10.4103/2229-3485.76288
Korir GK, Wambani |S, Korir IK. Establishing quality assurance
baseline for radiological ion of patients in diagnostic radi-
ology. S Afr | Radiol. 2011;15(3):70-79. doi:10.4102 /sxjev15:3.370
Zewdu M, Kadir E, Berhane M. Analysis and economic implica-
tion of x-ray film reject in diagnostic radiology department of
Jimma University Specialized Hospital, southwest Ethiopia.
Ethiop ] Health Sci. 2017;27(4):421-426. doi:10.4314/ejhs
V27113
Anim-Sampong S, Antwi AK, Ohene-Botwe B, Boateng RS.
Comparison of 640-slice Aquilon ONE CT scanner’s measured
dosimetric parameters with ICRP dose reference levels for
head, chest and abdominal CT examinations. Safety Health.
2016;2(7):1-8. doi:10.1186/540886-016-0019-4
Inkoom S, Schandorf C, Boadu M, Emi-Reynolds G, Nkansah
A Adult medical x-ray dose assessments for computed tomog-
raphy procedures in Ghana - a review paper. ] Appl Sai Technol.
2014;19(1-2):1-9.
National Council on Radiation Protection and Measurements.
Report No. 160, ionizing radiation exposure of the population of
the United States. Bethesda, Md: NCRP, 2009.
Iball GR, Moore AC, Crawford EJ. A routine quality assurance
test for CT automatic exposure control systems. | Appl Clin Med
Phrys. 2016;17(4):291-306. doi:10.1120/jacmp.v17i4.6165
International Atomic Energy Agency. Quality assurance pro-
gramme for computed tomography: diagnostic and therapy

5 . https://www-pub.izea.org/ MTCD/Publications
/PDF/Publ557 web.pdf. Accessed May 16, 2019.
IPEM. Direct digital radiography. In: IPEM Report 91
Recommended Standards for The Routine Performance Testing of
Diagnostic X-Ray Imaging Systems. England: IPEM; 2005.
CT accreditation program testing instructions. American
College of Radiology website. https://www.acraccreditation
org/~/media/ACR Accreditation/Documents/CT/CT
-Accreditation-Testing-Instructions. pd2la=en. Published 2018.
Accessed May 16, 2019.
CT dose profiler. Elimpex-Medizintechnik gesmbH website.
hetp:// www.elimpex com/new/products/diagnostic _radiol

322

19.

20.

2L

22

23.

24.

25.

26.

27

28.

30.

3L

32

ogy/_measuring _instruments/CT DoseProfiler
/CTDoseProfiler.html. Accessed June §, 2019.

RTL CT Dose Profiler: probe for evaluation of CT

systems manual. https://rtigroup.com/wp-content
/uploads/2019/11/9630512-006.7A-CT-Dose-Profiler-Users
-Manual-English pdf. Published 2019. Accessed May 2019.
Shefer E, Altman A, Behling R, et al. State of the art of CT detec-
tors and sources: a literature review. Curr Radiol Rep. 2013;1:76-
91. doi:10.1007/540134-012-0006-4

Resource manual for compliance test parameters of diagnostic
x-ray systems. U.S. Food and Drug Administration website.
https://www.fdagov/radiation- emﬁmng pmducts/modn:al
xray-imaging/
-diagnostic-x-ray-systems. Published Decanber 5, 2017.
Accessed May 2019.

Szezykutowicz TP, Bour RK, Pozniak M, Ranallo FN.
Compliance with AAPM practice guideline 1.a: CT protecal
management and review — from the perspective of a university
bospital. ] Appl Clin Med Pitys. 2015;16(2):443-457. doi:10.1120
/jpempv16i2.5023

Schandoef C, Tetteh GK. Analysis of the status of x-ray diagnosis
in Ghana. Br ] Radiol. 2014;71(850):1040-1048. doi:10.1259
/bjz.71.850.10211064

Ngoye WM, Motto JA, Muhogora WE. Quality control
measures in Tanzania: is it done? | Med Imaging Radiat Sci.
2015;46(3):23-30. doi:10.1016/}.jmir.2015.06.004

Korir GK, Wambani JS, Korir IK, Tries M, Mulama B. Quality
management systems in radiology. S Afr | Rad. 2013;17(3):84-88.
Mastin CJ, Vano E. Diagnostic reference levels and optimisa-
tion in ra : where do we go from here? | Radiol Prot.
2018;38(1):E1-E4. doi:10.1088/1361-6498 /aa9cid

Kanal KM, Butler PF, Sengupta D, Bhargavan-Chatfield

M, Coombs LP, Morin RL. U.S. diagnostic reference levels

and achievable doses for 10 adult CT examinations. Radiol.
2017;284(1):120-133. doi:10.1148/radiol. 2017161911
Vassileva ], Rehani M. Diagnostic reference levels. Am |
Roentgenol. 2015;204(1):W1-3. doi:10.2214/A]R 14.12794
Brink JA, Miller DL. U.S. national diagnostic reference levels:
closing the gap. Radiol. 277(1);3-6.

Hart D, Wall BE. UK. population dose from medical x-ray
examinations. Eur | Radiol. 2004;50(3):285-291. doi:10.1016
/S0720-048X(03)00178-5

Jensen K, Panzer W, Shrimpton P, et al. Europ ideli

on quality criteria for computed tomography. Publications
Office of the European Union website. https://op.europa.eu/en
/publication-detail /-/publication/d229¢9e1-1967-49de-b169
-59ee68605f1a. Published 2000. Accessed May 16,2019.
Kruskal |B, Eisenberg R, Sosna ], Yam CS, Kruskal JD, Boiselle
PM. Quality improvement in radiology: basic principles and
tools required to achieve success. Radiogr. 2011;31(6):1499-
1509. doi:10.1148 /g 316115501

asrtovg/publications



