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Computed Tomography (CT) examinations have been increasingly requested and become the
major sources of patient exposure. The cancer risk from CT scans is contingent upon the amount of organ
absorbed dose. This study aims to evaluate the cumulative effective doses (CED) and risk of cancer
incidence and mortality from recurrent CT examinations in a single day. The patient data at aged 15 to 75
years old performed CT examinations during the period of five years from January 2018 to December
2022 were collected from two academic centers. The CED and organ doses were evaluated using
Radimetrics™  Enterprise Platform from Monte Carlo simulations. Lifetime attributable risk (LAR) was
determined following Biological Effects of lonizing Radiation (BEIR) VIl Phase 2 report based on the organ
dose, gender, age at exposure, attained age, and demographic statistics of the Thai population (baseline
rate of cancer and survival probability data). The number of patients who underwent CT examinations
receiving CED 100 mSv and above in a single day was 27, accounting for 0.009 percent of 285,286 CT
examinations. The highest LAR for breast cancer incidence in young female was 82 per 100,000 exposed
patients with the breast dose of 148 mGy from CT whole abdomen. The highest LAR for liver cancer
incidence in male patient was 72 per 100,000 with liver dose of 133 mGy from multiple CT scans. At low
dose, the highest LAR for breast cancer incidence in young female was 23 per 100,000 while for liver
cancer incidence in male patients was 22 per 100,000 from CTA whole aorta. Even though the LAR of
cancer incidence and mortality was less than 100 per 100,000, they should not be neglected, particularly
in young patients. The risk of cancer incidence could be increased in later life. The patient age at

exposure has a strong negative correlation with LAR for cancer incidence and the statistically significant,

p < 0.05.
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CHAPTER 1

INTRODUCTION

The man-made source of ionizing radiation continues to be the most common
applications of radiation in medicine, especially in diagnostic imaging modalities
including radiography, fluoroscopy, computed tomography (CT), mammography, and
interventional radiology [1-3]. The United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) 2020/2021 [4] reported the distribution of examinations
and radiation dose by diagnostic imaging modality worldwide. CT accounts for the
majority of radiation exposure related to medical imaging. From 2009 to 2018, CT had
been contributed 9.6 percent of all modalities, and the collective effective dose was 61.6

percent.

The National Council on Radiation Protection and Measurements (NCRP)
publication 184 [1] reported the trend of CT procedures in the US increased by 20
percent per year. CT examinations had risen consistently since 1993 from 18.3 million,
reaching a peak of 85.3 million in 2011 and then stabilizing, slightly decreasing to 73.8
million procedures in 2017. In 2016, the majority of CT examinations were as follows:
26.3 percent for abdomen/pelvis, 18.9 percent for brain, 15.9 percent for chest, and
15.5 percent for angiography-non cardiac. The remaining examinations include neck,
spine, extremities, cardiac, and miscellaneous, accounted for 23.4 percent [1, 2]. The
evolution of CT systems provided good quality imaging, fast gantry rotation time, and
high temporal resolution and became an essential examination for diagnosis in
symptomatic patients or screening of asymptomatic patients and follow-up of the

disease [3].

Cancer is one of the largest health problems in the world and the leading cause

of mortality worldwide. In 2020, the number of cancer mortality was about 9,958,133,



and the new cases of cancer, cancer incidence, was 19,292,789 [4]. Nevertheless,
cancer is also the leading cause of death in Thailand. The risk of mortality cancer was
10.2 percent at the age of 75 years old and earlier, while the risk of incidence cancer
was 16.4 percent at the age of 75 years old and earlier [5]. The top five of most frequent
cancers were lung, liver, breast, colorectal, and cervix uteri [4, 5], excluding non-
melanoma skin cancer. Although the causes of the majority of cancers are not well
defined, genetic or family history, and lifestyle behavior such as smoking, poor diet,
physical inactivity, alcohol, environment, and ionizing radiation appear to be among the

significant factors that influence cancer risk [6].

The biological effects of ionizing radiation include the deterministic and
stochastic effects. Deterministic effects are observed at the doses above a threshold,
with the severity of the effect being greater for a higher dose, such as skin burn and
cataracts. The stochastic effects or long-term effects have no threshold, and the severity
of the effect is independent of the radiation dose, such as carcinogenesis and genetic
effects [7]. The most significant concern in diagnostic imaging is cancer incidence,
which occurs many years after exposure. For example, the latent periods of leukemia
and solid cancer are 2 and 5 years after exposure respectively. As evidence after the
nuclear accidents, those who received radiation exposure resulted in long-term health
impacts or cancer [8]. The significant impact of the expansion of imaging procedures,
the number of examinations, and the frequency of repeated imaging led to a high
cumulative effective dose and increased cancer risk, especially in children and young
adult patients [10-12]. The risk of radiation-induced cancer is dependent on the age at
exposure, gender, the type of examinations, as well as the organs absorbed dose [12-
14]. The BEIR VII affirmed the linear no-threshold model (LNT), which is the association
between low-dose exposure and the incidence of solid cancers that are induced by

ionizing radiation. The LNT model could be used in radiation protection to estimate



cancer risk, even the small amount of radiation could increase the risk of cancer in later

life [7-10].

Risk models had been developed to estimate the risk of radiation-induced
cancer incidence and mortality for solid cancer and leukemia. NUREG (1993)
developed the risk model based on the assumption that the risk is proportional to the
risk coefficient and dose, while BEIR VII (2006), UNSCEAR (2006), ICRP103 (2007), and
U.S.EPA (2011) derived the epidemiological data, primary from Japanese atomic bomb

survivors [8, 10, 11].

BEIR VIl report classified low dose range from close to zero to 100 mSyv, and the
high dose from more than 100 mSv. Several publications reported that the risk of cancer
from ionizing radiation is dependent on the organ dose [1, 2, 19, 20]. At low dose,
radiation risk is associated with stochastic effect or cancer induction based on
epidemiological data from Japanese atomic bomb survivors. Cancer risks were
determined based on either excess relative risk model (ERR) or excess absolute risk
model (EAR) adjusted for age at exposure, attained age, gender and organ dose (mQGy).
The cancer risk assessment of solid cancer incidence and mortality for low LET radiation
was derived from the study of acute exposure at high dose and dose rates, then
extrapolated to lower dose and dose rates. Consequently, the risk model embedded
within the correction factor, the dose and dose-rate effectiveness factor (DDREF).
DDREF represents the ratio between risks at high-dose or high-dose rates and low-dose

or low-dose rates, BEIR VII report proposed a DDREF of 1.5 [8, 11, 12].

Many publications showed the risk of cancer from various CT protocols, such as
the abdomen, chest, head, and heart, were estimated by linear interpolation method as
described in BEIR VII table 12D-1,2 [9, 13, 14]. Lim H et al. [15] determined the risk of
cancer incidence and mortality from medical radiation imaging using Korean

background cancer incidence and mortality. Harbron RW et al. [16] reported cancer



risks attributable to radiation exposure from cardiac catheterizations based on UK
background cancer rates. A few studies reported LAR applied to the population based

on life table and baseline cancer rate receiving high to low radiation dose [15-18].

The Radiation Effects Research Foundation (RERF) in Japan reported solid
cancer has been found in 60 percent of survivors receiving radiation dose less than 100
mSv. In addition, the risk of cancer incidence increased linearly in high dose range
when the effective dose exceeded 100 mSv [1, 18-21]. The cumulative effective dose
(CED) of 100 mSv and above in a single day become more evidence, particularly from

the CT scan of the chest, whole abdomen, and CT angiography [15, 22-24].

The radiation dose from CT scan delivered to the patient should be estimated as
several internal organs are sensitive to radiation and the risk of cancer increased. The
CED at 100 mSv and above should be investigated in the patients with the recurrent CT
examinations. Therefore, the primary objective of this study is to determine the number
of patients receiving the CED from recurrent CT examinations at 100 mSv and above in
a single day, to identify the procedures, patient characteristics, to estimate the cancer
risk and determine factors influenced the risk of cancer using BEIR VII models, based
on the organ dose, gender, age at exposure, attained age, and demographic statistics
of the Thai population (baseline rate of cancer and survival probability data). The
findings of the study lead to quantify the risk of cancer from recurrent CT in Thai
patients. The factors affecting the risk of cancer can be used for the justification and

optimization of the radiation protection in the recurrent CT patients.

Common CT examinations such as brain, chest, whole abdomen, including CTA
whole aorta have been increasingly requested in recent years. The prevalence of the
vascular disease has increased significantly worldwide, similar to Thai population.
Computed Tomography Angiography (CTA) is commonly used to assess aortic

disorders, e.g., dissection or aneurysm, and follow-up patients after surgery or



endovascular aortic repair. Aortic disease has become an established treatment
modality with a lifelong follow-up by using CT scan. The recommended standard CTA
protocol for follow-up with patients after surgery or endovascular aortic repair is at
monthly and then annually for life. Furthermore, the CTA of the whole aorta
encompasses several radiosensitive organs in thoracic and abdominal regions such as
the lung, breast, red bone marrow, colon, and stomach [7]. Regarding preliminary data
gathered from CTA of the whole aorta at King Chulalongkorn Memorial Hospital and
Songklanagarind Hospital, the mean effective dose was approximately 30 mSv during
the year 2018 to 2022. Even though CT shows many advantages to the patients, the
radiation exposure from the recurrent CT is associated with the risk of cancer in the

long-term [25-271].

The secondary objectives of this study are to investigate the risk of incidence
and mortality cancer using BEIR VII models of patients who underwent common CT
protocols, especially CTA whole aorta examination. In addition, to determine parameters
that influence radiation dose and risk of cancer based on demographic statistics of the
Thai and develop mathematics model/equation to estimate the cancer risk from CTA of

an individual patient.



CHAPTER 2

REVIEW OF RELATED LITERATURE

2.1 Theory
2.1.1 Sources of radiation exposure

Human beings are exposed to ionizing radiation from various sources, including
background radiation, building materials, medical procedures, consumer products and
activities, industrial, educational, and research. The average annual exposure worldwide
to natural radiation sources ranges from 1-10 mSv. Radon gas is the primary contributor
to background radiation in the United States [1, 8]. UNSCEAR 2006 reported the
distribution of annual effective dose per-capita from several sources in the US. The total
average annual effective dose per capita from all sources was approximately 5.6 mSv

[2].

The majority of radiation exposure of the population, approximately half of the US
was attributable to medical exposure, with an annual per capita effective radiation dose
value of 3 mSv, and natural background radiation, at 2.4 mSv and approximately 0.14
mSv was from other sources [19]. In the years 2009-2018, the frequency in percentage
of conventional diagnostic radiology was 62.6, dental radiology 26.2, CT 9.6, diagnostic
nuclear medicine 1.0, and interventional radiology 0.6 of all examinations, as shown in
Figure 2.1. The percentage of annual collective effective dose from conventional
diagnostic radiology was 23, dental radiology contributed only 0.2, CT accounted for
61.6, while diagnostic nuclear medicine and interventional radiology made up 7.2 and

8.0, respectively [20], as displayed in Figure 2.2.

Although the technological improvement of CT scanners has reduced the
radiation dose of individual examinations, the benefit was obtained by the rapid increase

of CT examinations. The widespread use of and high contribution of exposure to



medical radiation have raised concerns about potential health risks from CT

examinations [21].
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2.1.2 Radiation dose quantities
The radiation doses to particular organs from CT examination are determined by
several factors. The most important are the number of scans, the tube current and

scanning time in milliampere-seconds (mAs), the size of the patient, the axial scan



range, the scan pitch (the degree of overlap between adjacent CT slices), the
kilovoltage peaks (kVp), and the specific design of the scanner being used [3]. The

following radiation dose quantity and unit will be defined.

2.1.2.1 Exposure

Exposure, X, is defined by the ICRU as the quotient of dQ by dm as in equation
2.1. dQ is the absolute value of the total charge of the ions of one sign produced in air
when all the electrons liberated by photons in air of mass, (dm) are completely stopped
in air.

d
x =2
dm

(2.1)
Exposure is expressed in the units of charge per mass, coulombs per kg.
Exposure is a useful quantity because ionization can be directly measured with air-filled
radiation detectors, and the effective atomic numbers of air and soft tissue are
approximately the same. Thus, exposure is nearly proportional to dose in soft tissue over
the range of photon energies commonly used in radiology. However, the quantity of

exposure is limited because it only applies to the interaction of ionizing photons in air

[6].

2.1.2.2 Absorbed dose

The quantity absorbed dose, D, is defined as the ratio of the energy, dE,
imparted by ionizing radiation per unit mass of irradiated material, dM as in equation
(2.2):

_dE

D =
am

(2.2)

The Sl unit of absorbed dose is gray. Absorbed dose is defined for all types of
ionizing radiation, direct and indirect. The absorbed dose would equal the KERMA if the
energy imparted to charged particles is deposited locally and the bremsstrahlung

produced by the energetic electrons is negligible. For X-rays and gamma rays, the



absorbed dose is calculated from the mass energy absorption coefficient and the

energy fluence of the beam.

2.1.2.3 Equivalent dose

Different types of ionizing radiation can produce different magnitudes of
stochastic effects or biological damage for the same value of the absorbed dose. For a
single type of radiation, R, the equivalent dose, H,, is the product of a radiation
weighting factor, w,, for radiation R and the organ dose, D,. For High LET radiations
that produce dense ionization tracks cause more biologic damage per unit dose than
low LET radiations. High LET has the potential to induce the probability of stochastic
effects such as cancer, and therefore assigns a higher radiation weight factor, e.g., w,
of alpha particles at 20 [6, 22]. The Sl unit for the equivalent dose is expressed in joule

per kilogram with the special name of the Sievert (Sv), as defined by the equation (2.3):
HT = WRDT,R (23)

2.1.2.4 Effective dose

The effective dose, E, (Sv) has been defined as a measured of the combined
detriment arising from stochastic effects for all organs and tissues in the whole body of
an average-sized adult. Effective dose is the sum over all the organs and tissues of the
body of the product of the equivalent dose, H,, to the organ or tissue and a tissue

weighting factor, w;, for that organ or tissue. E is defined as in equation (2.4)

ICRP Publication 103 determined tissue weighting factors [7] (Table 2.1) based
on population studies on cancer induction and genetic effects, which are averaged over
age and sex for a particular population. The effective dose applies to a population, not
to a specific individual and should not be used as the patient’s dose for assigning risk.

Therefore, the effective dose should not be implemented directly to estimate the
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detriment of individual medical exposures. However, effective doses are beneficial in

comparing procedures with different exposure parameters or populations [6-8, 22].

Table 2.1: Tissue weighting factors according to ICRP 103

Tissue or organ Tissue weighting factor (w;) ZWT
Bone marrow, colon, lung, stomach, 0.12 0.72

breast, remainder tissues

Gonads 0.08 0.08
Bladder, esophagus, liver, thyroid 0.04 0.16
Bone surface, brain, salivary glands, skin 0.01 0.04

2.1.2.5 Organ dose

According to an epidemiological study of the radiation-induced cancer risk for
patients undergoing CT examinations, it is essential to estimate the organ dose. The
term organ dose can refer to the mean absorbed dose into a particular organ or tissue.
Organ dose is computed in unit of MGy and is significantly affected by the anatomy of
the patient, the scan region, and the scanner output. The mean absorbed organ dose
(D;) in the specified tissue or organ is determined by the ratio of the energy imparted to
the tissue or organ and the mass of the tissue or organ, representing an estimate of the
average damage to the organ per unit mass [22]. Organ dose cannot be measured
directly on living tissues or organs, but it can be determined using Monte Carlo (MC)
methods and anatomically realistic computational anthropomorphic phantoms to

simulate CT scans.

2.1.2.5.1 Mathematical models to calculate organ dose

Mathematical models were designed to simulate standard patients and establish
conversion factors for the calculation of organ dose. Many software applications, for
instance, Monte Carlo (MC) methods, MCNPX, ImPACT, CT-Expo Virtual Dose, and

NCICT were designed to determine the organ dose from CT scan parameters.



11

MCNPX implements the Monte Carlo method and can be employed to construct
a model of the CT scanner and simulate the transport of ionizing radiation in
anthropomorphic phantoms. In contrast to stylized phantoms that are constructed using
three-dimensional geometric shapes such as spheres and cylinders, computational
anthropomorphic phantoms resemble the anatomical characteristics of actual patients
and accurately incorporate the tissue compositions of the body based on established

standards or reference datasets [23].

Most of the calculations are based on unrealistic stylized phantoms, such as
IMPACT and CT-Expo. CT-Expo (G. Stamm, Hannover and H.D. Nagel, Buchholz,
Germany), employs a set of mathematical phantoms, two adult phantoms and two
pediatric phantoms (Adam, Eva, Child, and Baby), body surface, and organs are
represented by equations. Additionally, it can simulate beam modulation during a CT
scan and select in axial and spiral modes. IMPACT software does not include an
intrinsic calculation method for the estimation of pediatric organ dose, while supplying a
set of adjustment factors that can be used to approximate the effective dose for

pediatric patients.

VirtualDose is the first organ dose and effective dose calculator available online
that includes realistic phantoms for patients of different ages (including pediatric
patients aged 0 to 15), gender, pregnancy stage, or size. NCICT software was
developed by National Cancer Institute, Bethesda, USA, using hybrid voxel
computational phantoms while NCICTX software hybrid voxel computational phantoms
family and provide 100 adult males, 93 adult females, 85 males and 73 females of
pediatric, with different mass and height combinations [23-25]. The Figure 2.3 shows

different phantoms implemented in CT-Expo, NCICT, NCICTX, and Virtual Dose.
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CT-EXPO VIRTUAL DOSE

Figure 2.3: Different phantoms implemented in CT-Expo, NCICT, NCICTX, and Virtual
Dose [25]

2.1.2.5.2 Dose monitoring software

Radimetrics™ Enterprise Platform (REP), provides organ dose and effective
dose derived from Monte Carlo simulation. Monte Carlo simulator consists of three major
components, the X-ray source's modeling, the patient phantoms, and the interaction
between X-ray photons with the patient. Patients are modeled as stylized phantoms, and
organs are represented in simple geometric shapes described in mathematical
equations. The dose monitoring software incorporates a library of nine reference
phantoms that represent the average of the population. Additionally, it features a set of
45 bariatric phantoms specifically designed to represent individuals with obesity. The
reference phantom set includes the original six Christy phantoms, including newborn, 1,

5, 10, 15 years old and adult and 3 pregnancy phantoms.

The mapping of patients to phantoms is determined by factors such as age,
gender, weight, effective diameter, or water-equivalent diameter (WED). Effective
diameter and water-equivalent diameters are calculated for each slice within the scan
region. The average diameter and the standard deviation of the distribution are
calculated. The diameter indicator used for selecting phantom is the lesser of the
maximum per slice diameter and the average diameter plus two standard deviations.

The scan parameters and patient information obtained from Radiation Dose Structured
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Report (RDSR), dose sheet, and Digital Imaging and Communications in Medicine
(DICOM) to determine which simulation is run under the setup that is the closest to the
actual exam. Subsequently, the lookup table derived from this selected simulation is
employed. For a given procedure, the total energy deposited in each organ is the sum
of the deposited energy from all slices encompassed within the scan region as shown in

Figure 2.4.

Figure 2.4: The stylized phantom and the scan region

In simulations, the CTDI phantoms are modeled using mathematical

descriptions. The measurement of CTDI.  is simulated with the same set of protocols as

vol

for the patient phantoms.

The organ dose is determined by the summation of coeff, multiplied by the

reported CTD/, , as shown in the equation.

vol’

Dorgan= Zi(coeff X CTDIvol) (2.9)

where coeff is the ratio of the simulated organ to the simulated CTD/ , and i

vol’

indicates slice specific values.
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2.1.3 Computed Tomography
2.1.3.1 Historical development of CT scanners

After conducting preclinical research and development in the early 1970s, CT
was developed rapidly and became into an essential radiological examination of clinical
situations. Sir Godfrey Hounsfield invented the first CT scanner in 1972. By the end of
1983, CT technology was already being utilized in medical practice. The first- and
second-generation CT scanners utilize the translation-rotation method to acquire CT
images. This method data was acquired by the X-ray tube and detector moving in a
linear translator pathway and was repeated with small rotational increments. For a third
generation CT scanners include a wide fan beam and detectors that rotate slowly, thus
requiring multiple breath holds to complete an axial CT exam. The implementation of slip
ring technology in 1987 enabled the tube and detectors to rotate continuously. The
fourth-generation scanners, with stationary detector rings, were not widely adopted, all

current CT scanners are designed as third-generation scanners.

In the early 1990s, spiral CT or helical CT became a new stage in the evolution
and further development of CT imaging technology. Spiral Multi-Detector CT (MDCT)
was introduced in 1998 and individual detector element was reduced to 0.25 mm per
detector element, resulting in an improvement in spatial resolution. Moreover, MDCT is
distinguished for high-quality images, fast gantry rotation time, high temporal resolution
result in rapid data acquisition, improved volume coverage, and minimized patient
movement due to the combination of multiple detector elements. Recent developments
in CT imaging have been facilitated by the advent of dual-source, dual-energy CT
(DECT). Dual source hardware is a significant technical advancement since it enables
exceptionally high pitch and fast rotation speed, reducing acquisition time and
improving temporal resolution. Furthermore, DECT uses decomposition methods to

separate density from the elemental composition of human materials [6, 26-28].
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In the medical field, CT scans are used in adults and children exhibiting
symptoms of sickness or injury. Advanced reconstruction algorithms, more potential X-
ray tubes, shorter scan times, and the availability of sophisticated visualization tools on
workstations and scanners have all contributed to significant improvements in CT image
quality. CT scans can be used for multiplanar reconstruction (MPR) in axial, coronal, and
sagittal planes, as well as volume rendering (VR), curved multiplanar reformation, and

maximum intensity projection (MIP), as shown in the Figure 2.5.

Figure 2.5: CT image reconstruction techniques

2.1.3.2 Clinical applications of CT

Computed Tomography (CT) is one of the most widely used diagnostic imaging
modalities in the medical field. It provides detailed cross-sectional images of the body's
internal structures to visualize and assess various organs and tissues [26]. The most
commonly implemented CT examinations are abdomen and pelvis, chest, head, and CT
angiography[1]. The following is a summary of the protocols and clinical indications of

the common CT procedures.
2.1.3.2.1 CT abdomen

Abdominal CT is the modality most commonly used to assess abnormalities of

the abdominal organs, including the liver, pancreas, and colon, blood vessels, and other
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structures within the abdomen. Multiphasic scanning and thinner reconstructed sections
provide enhanced characteristics, which facilitate improved diagnosis for detection and
characterization of tumors, evaluation of abdominal trauma or assessment of
Inflammatory. Tumor characterization is mainly based on lesion contrast uptake in the

different enhancement phases.

Early arterial phase at 20 seconds after the injection of contrast media, there is
avid enhancement in the arterial vessels but relatively little enhancement of the
parenchyma or hyper- vascular lesions. The late arterial phase occurs approximately
30-35 seconds after injection, while the pancreatic parenchymal phase begins at 40-45
seconds after injection. The late arterial phase is optimal for detecting hyper-vascular
primary tumor metastatic infiltration, whereas the portal vein phase provides significant
pancreas enhancements. The portal venous phase occurs 60-70 seconds post-start of
injection with maximum enhancement of the hepatic and still elevated values in the
pancreatic parenchyma. The venous phase is advantageous for the detection of tumors
with hypo-vascular tumors, for instance, colorectal metastases or pancreatic

adenocarcinoma [29], abdominal multiphase CT as illustrated in the Figure 2.6 .

Figure 2.6: The patient underwent an abdominal multiphase CT scan [29].
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2.1.3.2.2 CT Chest

CT imaging for chest examinations is vital in diagnosing various lung diseases,
such as interstitial lung diseases and pulmonary vascular diseases. The adoption of
high-resolution CT scanning of the chest has become more commonly used due to
technological advancements. Implementing contrast enhancement protocol involving a
delay of 55-90 seconds post-contrast injection. Venous-phase CT scan can
demonstrate the visualization of nodes, pulmonary and pleural lesions due to a greater
distribution of contrast in the extravascular interstitial space [30, 31]. UNSCEAR
2020/2021 [1] reported the mean effective dose for chest CT scans ranged from 3.7 to
10.1 mSv across various countries. CT chest with contrast enhancement protocol is

illustrated in the Figure 2.7.

A

Figure 2.7: Diagnosis for Patient A: squamous cell carcinoma; Patient B: non-small cell

lung cancer [30]
2.1.3.2.3 CTA of the aorta

Computed tomography angiography (CTA) of the aorta is a non-invasive
imaging technique that is used to visualize blood vessels, including the assessment of
aortic aneurysms, dissections, and other vascular conditions, as shown in Figure 2.8.
Advancements in MDCT technology provide wide z-coverage and reducing scanning
time. Scanning of the entire vascular structure can be routinely completed in a single

breath. The pitch factor, table travel per gantry rotation time divided by an x-ray beam



18

width, is generally set to be less than one, overlapped in slice and can improve
visualization of the objects but results in higher patient radiation dose [6, 26, 32]. Arterial
contrast enhancement depends on the rate and duration of contrast injection, patient

physiology, and the patient's cardiovascular status [33-35].

Aortic dissection Intramural haematoma
~

Figure 2.8: Imaging of aortic syndromes including aortic dissection, aortic intramural

hematoma, and aortic ulcer [35]

According to cardiac pulsation, the artefact mainly affects the aortic root in non-
gated CTA and is more frequently present at slower heart rates. With the launch of
electrocardiogram (ECG)-gated, the patient motion artifacts from the aortic root and
ascending aorta could be reduced [36, 37]. CTA has increased rapidly in recent years.
The hazards from radiation dose and iodine contrast media (CM) are the major concern
associated with scanning in multiphasic technique parameter settings (pitch, rotation

time and scan length).

2.1.3.3 CT dose measurement

The radiation dose delivered by CT scan is described by CT dose index (CTDI),

and dose length product (DLP).



19

2.1.3.3.1 Computed Tomography Dose Index (CTDI) [3, 22]

CTDl,,, measurements are taken with a 100-mm-long cylindrical pencil chamber.
CTDl,,, describes as the measurement of the dose distribution in air, D(z), along the z-
axis, from a single rotation (axial or sequential) of the scanner with a nominal x-ray beam

width, nT. The CTDI,, is defined as following equation.

1 f+50mm

CTDIlOO = —

— D(z)dz (2.6)

L=-50mm

The weighted CT dose index, CTDI , is calculated by combining center and

periphery measurements using 1/3 and 2/3 weighting. CTDI , is defined as;

1 2
CTDIy, = CTDIpymai00,c t 5 CTDIpmma,100p (2.7)

Where Cppyai00c 18 Measured at the center of PMMA phantom and Cpyyua 100, 1S

the average of measurements taken at four peripheral positions surrounding the

phantom.

CTDI, is a standardized parameter used to measure scanner radiation output,

vol

considering the helical scanning, the dose is inversely proportion to helical pitch. Pitch
is defined as the ratio of the table translation distance (mm) during a full rotation (360

degrees) of the gantry, and the nominal beam width nT (mm). CTDI , is defined as

vol’

following equation.

CTDI,,
pitch

CTDIL,, = (2.8)

CTDI,, (mGy) is displayed on the CT scanner console prior to the actual scan.

CTDI,, is a metric utilized to assess and compare the radiation doses delivered by

vol

various scanning protocols or achieving a specific level of image quality for a particular

patient. However, CTDI_, cannot be used as a substitute for patients' dose, either for

vol

epidemiological assessments of potential late effects or for deterministic effects [7, 38].
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2.1.3.3.2 Dose length product (DLP)

The dose length product (DLP) is the product of the CTDI,_, and the length of the

vol

CT scan along the patient's z-axis with the unit of mGy.cm, as in the equation.
DLP = CTDI,,; X scan length (2.9)

DLP is an overall radiation dose estimate for standardized phantoms but is not a
reliable indicator of patient-specific organ dose [23]. Therefore, the estimation of organ
dose, which can be utilized to assess risk and compared to other sources of radiation

exposure, necessitates using Monte Carlo simulations.

2.1.4 Biological effects of ionizing radiation
2.1.4.1 Deterministic and stochastic responses

The potential hazard of low LET radiation can be determined from experimental
and epidemiological studies. Radiation damage to tissue or organs has been
established to be contingent upon several factors, including type of radiation, the
sensitivity of different tissues and organs, dose, and the dose rate. The biological effects

of radiation exposure can be divided into stochastic and deterministic effects.

The probability of a stochastic effect increasing with dose, but the severity of the
effect remains constant. These effects are assumed to exhibit no threshold dose below
which they cannot occur, because of damage to a few cells resulting in cancer and
heritable effects. Consequently, even low dose radiation can be increased the
probability of radiation-induced cancer or genetic effects, specifically, diagnostic
radiology, while late effects which are not apparent until years after radiation exposure.
On the assumption that the probability of risk increases with the amount of radiation
dose and there is no threshold dose below which the magnitude of the risk is zero.
This is in accordance with the concept of radiation protection, the objective of which is

to keep exposures as low as reasonably achievable (ALARA).
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At low dose, the radiation risks are primarily associated with stochastic effects
rather than the deterministic effects, the characteristic of higher exposure. At very high
dose, the primary biological result is cell death, which appears clinically as
degenerative tissue changes that are classified as deterministic effects. These effects
are the result of radiation-induced cell loss or damage and occur above dose
thresholds, with severity increasing with dose. Deterministic effects may occur mostly
after exposure to moderate or high radiation doses within a few hours or days of
exposure, for example, an early skin reaction, or may take months or years, e.g.,

cataracts in the eye lens [6, 8, 12]

2.1.4.2 Radiation-Induced carcinogenesis
2.1.4.2.1 Burden of cancer

Cancer is among the most significant health concerns globally, with about one
fifth of world's population and one third of people in many industrialized countries are
diagnosed with cancer during their lifetime [12]. Furthermore, cancer is recognized as a
significant factor contributing to both morbidity and mortality. In 2020, the global cancer
mortality rate is about 9,958,133, and the number of new cases of cancer (cancer
incidence) was 19,292,789 (Figure 2.9). The five most common cancers in Thailand, with
the exception of nonmelanoma skin cancer, are liver, lung, breast, colon and cervix
uteri, as shown in Figure 2.10 [12]. The sources of cancer risk are genetic, family history,
lifestyle behaviors such as smoking, poor diet, physical inactivity, alcohol, environment,

as well as radiation [6].

According to the assumption of no threshold dose for cancer induction, the
ionizing radiation increases the probability of the risk of cancer, and is the most
significant somatic delay effect that can occur decades or even years after exposure
[6]. Even a single ionization event may theoretically lead to molecular changes in the
DNA resulting in malignant transformation and ultimately cancer. An instance can be

observed when a person is exposed to a whole-body dose of 3 mGy of low-LET
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radiation, resulting in multiple DNA lesions in every cell. Nevertheless, the occurrence of
cancer might never arise due to a host of defense mechanisms are initiated following
radiation-induced damage to prevent cancer development. These mechanisms include
the activation of DNA repair systems; free radical scavenging; cell cycle checkpoint
controls; induced apoptosis, and mitotic failure [6].

Estimated number of new cases in 2020, World, both sexes, all ages

Breast
261 419 (11.7%)

Lun
2206 771 (11.4%)

Other cancers
8 879 843 (46%)

Colorectum
1931 590 (10%)

Prostate
1414 259 (7.3%)
Stomach

1089 103 (5.6%)

Cervix uteri Liver
604 127 (3.1%) 905 677 (4.7%)

Total : 19 292 789

Figure 2.9: Global estimate of the number of new cancer cases in 2020 [5].

Liver
27 394 (14.4%)

Lung
Other cancers 23713 (12.4%)
87 110 (45.7%)

Breast

22 158 (11.6%)

Cervix uteri Colorectum
9 158 (4.8%) 21103 (11.1%)

Total: 190 636

Figure 2.10: The number of new cancer cases in Thailand, 2020
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2.1.4.2.2 Source of epidemiological data [12]
Epidemiological investigations on biological effects of low LET radiation depend

on four primary sources of population data.

e Life Span Study (LSS) cohort of survivors of the atomic bomb explosions
in Hiroshima and Nagasaki.

e Patients who were exposed to radiation during the treatment of various
neoplastic and non-neoplastic diseases.

e Persons with occupational exposures.

e Populations with high natural background exposures and environmental
exposures.

Analysis of data obtained from the atom-bomb survivors’ cohort has significantly
influenced current estimates of cancer risks associated with radiation exposure. The
population size is large and there is a wide range of doses, from which it is possible to
dose-response and the effect of modifying factors, such as age, on cancer induction.
However, data at high doses are limited; thus, the analysis included individuals in whom
the doses were 2 Gy or less. The demographics of the survivors did not reflect that of a
normal Japanese population, as a significant number of adult males were serving in the
military. Furthermore, a higher proportion of children and the elderly died shortly after
the bombing than did young adults, suggesting the possibility that the survivors may

represent a hardier subset of the population.

Another essential uncertainty is the transfer of sites specific cancer risk
estimates to the U.S. population, based on results obtained on the Life Span Study (LSS)

population, for cancers with substantially different baseline incidence rates.
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2.1.4.2.3 CT radiation risk

According to substantial of evidence, the exposure to high levels of ionizing
radiation can cause serious illness or death. The evidence from atomic bomb survivors
indicates that high doses correlated with other health effects such as heart disease and
stroke. While the health risk assessment of the low level of ionizing radiation is based on
scientific knowledge from previous radiation incidents. The primary source of
epidemiological information is the LSS of the Japanese atomic bomb survivors receiving
an acute dose of radiation. BEIR VII Report focused on investigating the health effects of
low levels of low linear energy transfer (LET) ionizing radiation. Low-LET radiation, X-ray
and gamma rays deposits less energy in the cell along the radiation path at less
destructive per radiation track than high-LET radiation. The health effects associated
with low LET include cancer, hereditary diseases, and other diseases such as heart

disease [8, 11, 12].

Epidemiological studies are particularly important to assess potential human
health risks related to radiation exposure. The term risk in radiation epidemiology

includes the relative risk, RR, and the absolute risk, AR [6, 8].

Relative Risk, RR, is the ratio of the disease (e.g., cancer) incidence in the
exposed population (R) to that in the general (unexposed) population (R ) as in equation

(2.10). Relative risk has no units.
RR =R, /R, (2.10)

Excess relative risk (ERR) is the proportional increase in risk over the
background absolute risk or baseline incidence, the ratio of the risk in an exposed

group to unexposed group (RR) minus one as in equation (2.11)

ERR=RR-1 (2.11)
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Absolute risk, AR, presumes a constant absolute increase in risk per dose unit,
regardless of the baseline risk. AR is the simple rate of disease among a population. In
radiation epidemiology, it is a rate such as the number of excess cases per person per

Sv per year.

Excess absolute risk (EAR), referred to excess attributable risk, is in terms of the
EAR per unit dose. EAR is different in the rate of cancer between the exposed

population and comparable non exposed population, as in equation (2.12).
EAR =R - R, (2.12)

2.1.5 Cancer risk models

The cancer risk models illustrate the variation of the radiation-induced excess
risk of a specific type of cancer with the magnitude of the relevant tissue-specific
absorbed dose of radiation received. Several organizations; NUREG model (1993), BEIR
VIl model (2006), UNSCEAR model (2006), ICRP 103 (2007) and U.S. EPA (2011)
developed models to estimate the LAR of radiation-induced cancer incidence and
mortality as a function of tissue-specific absorbed dose, age and gender of the exposed

reference person [10]. Following is a description of the summary risk models:

The NUREG model (1993), developed by the U.S. Nuclear Regulatory
Commission, provides cancer risk model for people exposed to radiation resulting from
nuclear accidents. The assumption is based on a linear dose-response model, the risk is
proportional to the risk coefficient and dose. The NUREG model implements risk

coefficients defined as cancer risk per dose unit for cancer risk assessment.

The BEIR VII model (2006) was derived on epidemiological data, primary from
Japanese atomic bomb survivors. Risk models of low-LET radiation for estimating the
incidence and mortality of cancer in leukemia and solid tumors have been developed as
a weighted means of ERR and EAR estimates, and are adjusted for exposure age,

attained age, and gender. The leukemia model has a linear exponential term and a
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latency period of 2 years. The solid cancer model has a linear term with an estimated

DDREF of 1.5 and a latency period of 5 years.

UNSCEAR model (2006), the cancer risk models were derived through
regression analyses of the Japanese atomic bomb survivor. The risk model of mortality
from leukemia and solid cancers is linear quadratic, and the site of solid cancer is not
specified. The risk model for the incidence of solid cancer is linear and has been
developed for various cancer sites. The ERR and EAR estimations were modified taking

into account of the age at exposure, attained age, and gender.

The ICRP 103 (2007) developed risk models for cancer incidence due to
radiation-induced health effects are stressed in relation to the incidence of cancer,
rather than cancer-related mortality. The model for leukemia and solid cancer incidence
is derived from the Japanese atomic bomb survivor data. The risk model for leukemia is
linear quadratic, while the risk model for solid cancers is linear term. Lifetime cancer risk

is determined by the LAR and weighted arithmetic mean of ERR and EAR.

The U.S. EPA (2011) developed risk models for cancer incidence and mortality,
using the same models as the BEIR VII model. Solid cancer risk models are linear terms,
whereas the leukemia risk model is linear quadratic. They developed new risk models

for thyroid, kidney, bone, and skin cancers.

2.1.6 Dose-Response Models

Several models have been demonstrated to characterize dose-response
relationships of radiation exposure in humans. Dose-response curves (Figure 2.11) have
been classified into different shapes: linear no threshold (LNT), linear-quadratic (LQ),
and threshold. The two LNT extrapolations show the components of the dose response
data, including high dose (black), and low dose (orange). The LQ dose response curve
(red) shows a decrease in radiogenic cancer induction effectiveness at lower dose, a

higher efficiency at higher dose that eventually flattens out, reflecting dose associated
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with substantial cell killing. Based on experimental and epidemiological evidence, it has
been observed that the threshold (blue), a threshold model provides the best fit for
some cancer e.g., osteogenic sarcoma risk among painters who had substantial internal

radium contamination.

The risk models are used to estimate the relationship between the low level of
low-LET ionizing radiation and the health effects. BEIR VII Phase 2 describe the linear
no-threshold model (LNT), provided the most reasonable description of cancer
incidence. ICRP, 2006 described the LNT hypothesis, combined with an uncertain
DDREF for extrapolation from high doses, remains a prudent basis for radiation

protection at low doses and low dose rates.

----- Linear No-Threshold (high dose rate)

——— Linear Quadratic

Cancer Incidence —

Linear No-Threshold (low dose rate)
~~~~~ Linear Model with a Threshold

Radiation Dose —»

Figure 2.11: Possible dose response relationship for radiation-induced cancer and

radiation dose [6]

The majority of the important epidemiologic data on low LET radiation cancer
risk is derived from the study of acute exposures. The biological effectiveness of the
radiation-induced damage to cells and tissues generally decreases at lower dose and
lower dose rates. This effect is due to the ability to repair damage during low dose
exposure or high total dose delivered in small dose fractions. Therefore, dose and dose
rate effectiveness factor (DDREF) was utilized to convert risk estimates from high-dose

and high dose rate exposures to low-dose estimates. DDREF was obtained by utilizing a
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Bayesian statistical analysis of the solid cancer incidence data from the A-bomb survivor

LSS, along with the results from laboratory animal data.

10 P The true dose-response curve for ERR {or EAR) as
& a function of dose is thought to have some inward —
féf curvature, with possible leveling off at higher doses.
c 08 §
c <F
o _'?) 2 A linear approximation at some high
§ T dose has slope s y;.
@ Lo The DDREF is the ratio
O 06 A of the two slopes, sy/s If
E known, it can be used to
] convert a risk estimate (at
o« dose D) from the high dose
g 04 - linear approximation, ERRy; =
] ’ sul, to the low dose one,
g ERR, = 5, D.f Since the low
@ dose and low dose rate slopes
o are equivalent it can also be
2 02 used 1o convert a risk
w . A better line for low-dose estimate from high dose 1o
risk estimation is the tangent low dose rates. That is, ERR,
of the dose response curve at =ERR pe=ERR /DDREF.
0, with slope s;.
00 4 =
| 1 I | |

0 1 2 3 4
Radiation Dose (Gy), D

Figure 2.12: Dose-response assessment [12]

Figure 2.12 illustrates a theoretical dose-response curve, in which a linear
approximation is employed for low doses, specifically the tangent of the curve at dose
zero. Additionally, a linear approximation is utilized based on risk at a specific high
dose, which is the line that passes through the origin and the actual dose-response
curve at the high dose of 2 Gy. The dose and dose rate effectiveness factor (DDREF)

can be determined by the ratio of larger slope (S,) and the smaller slope (S,).

An alternative approach is to estimate DDREF by utilizing the degree of
curvature of the dose-response for excess cancer after acute irradiation. According to
conventional radiobiological theory, the low-dose and low-dose-rate response will be
represented by the initial linear (Ql) term of a linear-quadratic (QDose + BDosez) dose-
response. The O and B terms of the acute dose response may be used to provide an

estimate of DDREF.
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Figure 2.12 shows the line analogous to the “high-dose linear approximation”
resulting from linear model estimation with the LSS data. If a certain degree of curvature
is presumed, then it is possible to define an LSS DDREF that correctly adjusts LSS linear

risk in order to estimate cancer risk at low doses.

If, over some dose range of interest, the dose-response curve can be
approximated by a linear-quadratic (LQ) function, OlDose + BDoseZ, then the slope of
the high-dose linear approximation (s,,) at a particular high dose (D,,) can be determined
by Ol + BDH (UNSCEAR 1993). The slope of the low-dose linear approximation (s, ) is Q,
and the DDREF corresponding to D,, is their ratio, 1 + (B / A)D,.. B / Qis a numerical
quantity that can be used to characterize curvature, which is not tied to particular high

dose. This ratio is referred to as the LQ “curvature” and is represented by 0.

If the correct curvature, 8, is determined, define an LSS DDREF using these
steps: The LQ model for ERR or EAR is estimated using LSS data, the curvature is
constrained to be 0, by fitting the relative risk model QLQ(Dose + eDoseZ) for fixed 0,
with unknown linear component OILQ. A separate linear model is estimated from the
same data: with linear component OL. Thus, LSS DDREF estimates the ratio of the two
linear components, OL / OLLQ. The resulting DDREF from the linear model projection can
be used to convert risk estimates to the linear component of an estimated LQ model with

curvature set by 0.

The two definitions of DDREF that depend on LQ curvature: the UNSCEAR
definition, which represents the fixed high-dose DDREF, DDREF = 1 + 0 x high dose,
and the LSS DDREF, which is determined through the estimation procedure described
in the previous paragraph, UNSCEAR definition of DDREF and LSS DDREF

corresponding to three values of curvature as shown in Table 2.2.
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Table 2.2: Definition of UNSCEAR DDREF and LSS DDREF®

UNSCEAR DDREF” LSS DDREF®

Curvature (8, 8v")  High Dose =1 Sv  High Dose =2 Sv  High Dose = 3 Sv

0.5 1.5 2.0 2.5 1.5
1.0 2.0 3.0 4.0 2.1
2.0 3.0 5.0 7.0 3.1

®For incidence of solid cancers and based on doses between 0 and 1.5 Sv,
°DDREF = 1 + 0 x high dose.

“From estimating LQ models forced to have curvature 0.

| 1=~ Linear Fit 0-1.5 Sv Solid Tumor with DOREF 1.5
i— Linear Fit 0—1.5 Sv Solid Tumor 61 ! | —— Linear-Quadratic Fit Leukemia
== Linear-Quadratic Fit 0-1.5 Sv Solid Tumor
bl Linear-Quadratic Fit Leukemia

==
w
L

-
(=]
L

“Law Dose Range
Law Dose Range

o
w
:

"
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v
LY
Excess Relative Risk of Leukemia
(]

Excess Relative Risk of
Solid Tumors and Leukemia

-

o
o
.
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Radiation Dose (Sv) Radiation Dose (Sv)

Figure 2.13: Dose-response models of ERR for solid cancer (Left) and leukemia (Right)

from cancer incidence data of Japanese A-bomb survivors [6].

BEIR VII presents the point estimates of ERRs of solid cancer incidence
(depicted as orange dots). These estimates are averaged across genders and
standardized to reflect individuals exposed at the age of 30 who have attained age 60
for specific dose intervals from the A-bomb survivor LSS (Figure 2.13). The orange solid
line and the green dashed line represent linear and Linear-Quadratic (LQ) dose-
response models, respectively, for the ERR of solid tumors. These models are derived
from all subjects with doses ranging from 0 to 1.5 Sv. The BEIR VIl committee applied a
DDREF of 1.5 to adjust the response observed in the high dose range making it roughly

equivalent to the line representing the LNT low-dose response (black dashed line). This
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line represents an extension of the linear portion (i.e., zero-dose tangent) of the LQ

model.

Within the low-dose range that is relevant to medical imaging and occupational
exposure to radiation (dose below 100 mSv). For the solid cancer incidence, the linear
quadratic model did not offer the statistically significant improvement in fit, so the linear
model was used. The difference between the linear fit to the solid tumor data
(represented by a black dashed line incorporating a DDREF of 1.5) and the LQ fit to the
same data (represented by a green dashed line) is relatively minor when compared to
the 95% confidence intervals. On the left and right sides of the figure, the red lines show

the ERR for leukemia that fits best with LQ dose-response model.

The value of the DDREF was derived based on Bayesian statistical analysis of
the solid cancer incidence data from the A-bomb survivor LSS, as well as the results
from selected laboratory animal data. There was considerable uncertainty in the BEIR VI
committee's estimate of a DDREF because the data from the animals was substantial
inconsistency and imprecision. Also, the DDREF estimate was particularly sensitive to
the selection of the dose range used for estimation, the particular studies chosen for
analysis, and the approach used for estimating curvature that is presumed to be the

same across all studies.

2.1.7 BEIR VIl report on cancer risk models

The BEIR VII committee developed risk models to estimate lifetime risks of
cancer incidence and mortality, considering factors such as gender, age at exposure,
organ dose, and other factors. The risk models addressing low radiation dose, low-LET
(linear energy transfer) radiation, the models are based primarily on data on Japanese
atomic bomb survivors. BEIR classified low-dose range of low LET from close to zero to
100 mSv, and high dose from more than 100 mSv. The report provides lifetime risk
estimates for cancer incidence and mortality resulting from radiation exposure and

applies these models to the U.S. population.
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2.1.7.1 Multiplicative and Additive Risk Models

A Muiltiplicative Risk Model .
B Additive Risk Model

— Incidence in exposed population

- = - Spontaneous incidence (unexposed)

1At r
§ Radiation § Radiation
C exposure g exposure / P
£ £ /)
Latency Latency /4
() 0 G
’ . /o
T T \ e :
0 X X+ 90 0 X X+ 90

Age Age

Figure 2.14: Multiplicative (A) and additive (B) risk models [6]

The multiplicative risk model, referred to as the relative risk model, assumes that
excess cancer risk increases in proportion to baseline cancer rates. In the multiplicative
risk model, the excess risk, after the latent period ([) is a multiple of the natural age-
specific cancer risk for a given population which increases with age. The multiplicative

risk model predicts the greatest increment in incidence at older ages.

The additive risk mode, referred to as absolute risk model, which assumes that
after latent period, the excess cancer rate is constant and independent of the
spontaneous population and age-specific natural cancer risk. The additive risk model, in
which a fixed incremental increased risk is added to the spontaneous disease
incidence, which is assumed to be constant over the remaining lifetime, is depicted in

the Figure 2.14.

The multiplicative and additive risk models can be used to transport risk
calculated from one population to another population. Due to the majority of radiation
risk estimates derived from the LSS of Japanese A-bomb survivors. This issue is
particularly critical for radiation risk estimates based on the US population, as the natural
incidence of several types of cancer in the U.S. and in Japan is considerably different.
For instance, Japan has a 7.5 and a 10-fold greater incidence of stomach and liver

cancer, respectively, than the US, despite the US having a three-fold higher case of
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breast cancer incidence. Models for breast and thyroid cancer are based on combined

analyses that include Caucasian subjects.

BEIR VII estimated risks for solid cancer sites using both relative and absolute
risk transport for the U.S. population, a reasonable approach would be to calculate an
average of the projections based on the two types of risk models, e.g., a weighted
arithmetic or geometric mean. The recommended point estimates are weighted means

of estimates obtained under the two models as shown in the Table 2.3.

Table 2.3: Risk transfer approaches adopted by international organizations.

Cancer site UNSCEAR BEIR VI ICRP 103
Leukemia 100% ERR 100% EAR  70% ERRand 30% EAR 100% EAR
Thyroid cancer 100% ERR 100% EAR 100% ERR 100% ERR
Breast cancer 100% ERR 100% EAR 100% EAR 100% EAR

All solid cancers 100% ERR 100% EAR  70% ERR and 30% EAR  50% ERR and 50% EAR

2.1.7.2 Models for estimating cancer risks

As stated by the BEIR VII model for estimating lifetime risks of cancer incidence
and mortality by exposure to low-linear energy transfer radiation (LET). Cancer risks are
determined based on either excess relative risk (ERR) or excess absolute risk (EAR)
models, which are adjusted for age at exposure, attained age, and gender. Risk models
are divided into solid cancer and leukemia, models for solid cancers were developed
according to the site, such as stomach, colon, liver, lung, breast, prostate, ovary,
bladder, thyroid, and others. The risk model for leukemia was derived from the
Japanese atomic bomb mortality data from the period 1950 to 2000, and the solid
cancers were derived from the Japanese atomic bomb cancer incidence data from
1958 to 1998. In this investigation, BEIR VIl provides model parameters for specific
organs for each gender and includes a parameter of age at exposure, attained age, and

dose and dose rate effectiveness factor (DDREF).



Table 2.4: Summary of BEIR VII preferred risk models

Cancer site

Solid cancers

Description
ERR and EAR increase linearly with
dose; depends on gender, age at

exposure (e), attained age (a)

34

Data sources
Excess risk is still observed among
atomic bomb survivors more than 50
years after exposure (1958-1998: LSS

cancer incidence)

Breast EAR increases linearly with dose. Effect  1958-1993 LSS breast cancer
modifiers: (e, a). Based on analysis of incidence derived from Massachusetts
pooled data (Preston et al. 2002b). TB fluoroscopy cohorts. Rochester
Breast cancer, the BEIR VII Committee infant thymic irradiation cohort
used only an EAR model to quantify
risk.

Thyroid ERR increases linearly with dose. Effect 1958-1987 LSS  thyroid  cancer
modifiers (s, e). Based on analysis of incidence (Thompson et al. 1994).
pooled data (Ron et al.1995). EAR
model not used.

Leukemia ERR and EAR are linear-quadratic 1950-2000 LSS cancer mortality

functions of dose. Effect modifiers :(s,

e, a), time since exposure (t).

(Preston et al. 2004).

2.1.7.2.1 Models for estimating all solid cancer risks
Models for estimating all solid cancer risks, ERR and EAR models are functions
of gender, attained age, and age at exposure only for exposure ages under 30 years

and are constant for exposure ages over 30, ERR and EAR are shown in equation (2.13).

ERR(e,a) or EAR(e,a) = Bs.D. exp(ye*)(%)’7 (2.13)

where € is the age at exposure in years, e* is (e-30)/10 for e < 30, and equal to

zero when e 2 30, and a is attained age in years.

The approach of BEIR VII to quantifying the parameters ﬁs, Y and 1N was to use
the estimates ERR and EAR models for site-specific cancer. The parameter derived from

age-time patterns in radiation-associated risks for solid cancer incidence.
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The estimates of ﬂM and ﬁF are for male and female, who exposed at age 30 or
older at an attained age of 60. ) is equal to the risk decay constant for every decay
since radiation exposure. 1] is the exponent of the ratio between attained age and the

reference age at 60 years

For other sites, common values of the parameter ) indicating dependence on
age at exposure could be used in all cases. With the ERR models, common values of
the parameter indicating the dependence of risks on attained age (1]) could be used in
all cases except the category “all other solid cancers.” EAR models, it was necessary to
estimate the attained age parameter, 1], separately for liver, lung, and bladder cancers,
which may reflect variation in the pattern of increase with age for site-specific baseline

rates, which are shown in Table 2.5.

Table 2.5: Parameter values for risk models in BEIR VII

ERR Models EAR Models

Cancer Site No. of

Cases B, " (95% CI) " (95% CI) ¥ n! By (95% CL) By (95% CI) ¥ n?
Stomach 3602 021 (011, 0.40) 048 (0.31,0.73) 030 -14 49(2.7,8.9) 49(32,73) 041 28
Colon 1165 063 (037, 1.1) 043 (0.19,096) 030 -14 3.2(L8,5.6) 1.6(0.8,32) -041 28
Liver 1146 0.32 (0,16, 0.64) 032 (0.10, L.OY 030 -14 2.2(1.9,5.3) 1.0(04,25) 041 41(1.9,64)
Lung 1344 0.32(0.15.0.70) 140 (0,94, 2.1) -030 -14 23(1.1,5.0) 34(23,49) 041 52(38,6.6)
Breast 952 — 051 (0.28, 0.83) 0 =20 — 9.9(7.1, 14) 051 35, L1¢
Prostate 281 0.12 (<0, 0.69) — -0.30 -1.4 011 (<0, 1.0y — 041 28
Uterus 875 — 0.055(<0,0.22) 030 -14 — 1.2(<0,2.6) 041 28
Ovwary 190 — 0.38 (0.10, 1.4) -030 -14 — 0.70 (0.2,2.1) -041 28
Bladder 352 0.50(0.18, 1.4) 1.65 (0.69, 4.0) -0.30 -1.4 1.2(0.4,3.7) 07503, 1.7y 041 6.0(3.1,9.0)
Other solid cancers 2969 027 (0.15.0.50)  045(0.27,0.75) 030 -28(4.1.-1.5) 6238 100) 483273 041 28
Thyroid” 0.53(0.14, 2.0) 1.05 (0.28, 3.9) -083 0

Table 2.5 displays the parameter in ERR models, at most cancer sites: ﬁs, and
the ERR per Sv at age-at-exposure 30 and attained age 60, tends to be higher for
females than males. Y of -0.3 means that the radiogenic risk of cancer at age e falls by
about 25% for every decade increase in age-at-exposure up to age 30. 1] of -1.4
indicates that the ERR is almost 20% lower at attained age 70 than at age 60. As a
result, ERR decreases with increasing age-at-exposure (up to age 30) and age attained.

In contrast, the EAR models indicate a ) value of -0.41 and 1] value of 2.8 for almost alll
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of sites. Therefore, EAR decreases with increasing age at exposure but increases with

increasing attained age.

2.1.7.2.2 Models for female breast cancer

BEIR VII Committee has determined models for estimating breast cancer
incidence and mortality are those developed by Preston and colleagues (2002a). These
models were based on pooled analysis of combined data on breast cancer incidence
from several cohorts, including the LSS data for the period 1958-1993, and seven
cohorts in which subjects were given radiation treatment for various diseases e.g.,
tuberculosis, an  enlarged thymus, mastitis, benign breast disease, and skin
hemangioma. The cohorts consisted of Asians, Europeans, and North Americans, who
received either single acute, fractionated, or protracted exposures. Models for both the

ERR and the EAR were developed for these cohorts as follows:

Models for Female Breast Cancer, ERR and EAR are shown in equation (2.14)

and (2.15)
ERR per Sv = f8 (%)‘2 (2.14)

where a is attained age. The committee preferred ERR model for estimating risks
for U.S. women uses ﬁ = 0.51, ﬂ indicates the ERR at an attained age of 60 instead of

50.

BEIR VII EAR model provides a reasonable fit to data from four of the cohorts:
the LSS, two cohorts of U.S. tuberculosis patients, and one of the enlarged thymus infant

cohorts. The pooled EAR model from Preston and colleagues (2002b) was as follows:
EAR =9.9.D.exp (—0.05(e — 25))(a/50)" (2.15)

where e is age at exposure and a is attained age (years); 1] = 3.5 for a < 50 and
n =1 for a 250. For the EAR, a typical value of the overall level of risk, 9.9 could be

used for all cohorts.
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Although the committee utilize both the ERR and EAR models for the
computation of lifetime risk assessments. However, the BEIR VII| Committee expressed a
preference for only utilizing an EAR model in order to quantify risk. With this model, the
estimated main effect is more stable because it is based on both LSS and U.S. women.
In addition, this model includes both age at exposure and attained age as modifying
factors and is thus more comparable to models used for other sites. While it was found

that no ERR model fit to the LSS and TB cohorts.

EAR model is dependent on both the age at exposure and the attained age, as
described by Equation 2.15. The EAR continues to decrease exponentially with age-at-
exposure throughout an individual's lifetime, and the EAR increases with attained age

less rapidly after age 50, which is the time of menopause.

2.1.7.3 Lifetime attributable risk (LAR)

The lifetime attributable risk (LAR) is employed to determine the lifetime risk of
cancer in the exposed population, which is an accumulation of risk from the initial of
radiation. In essence, LAR refers to the risk for cancer induction from exposure during
the remaining life for a person taking into account their age and gender. The concept of
LAR associated with stochastic health issues is significant relevance for current
radiation protection practices [39]. The BEIR VII report utilized LAR to assess the
potential risks associated with various cancer sites. This assessment was conducted by
employing both an excess absolute risk (EAR) model and an excess relative risk (ERR)
model. The LAR for a person exposed to dose D at age-at-exposure, €, the LAR for a

specific cancer site at attained-age a, as follows:
LAR(D,e) = Y. "™ M(D,e,a) S(a)/S(e) (2.16)

LAR is defined as the summation from a equals e + L to a,,, a is attained age
(years), a,,, is maximum age, L is a risk-free latent period (5 years for solid cancers), e

is the age at exposure, D is an organ dose, and S(a)/S(e) is the conditional probability of
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a person alive and cancer-free at age-at exposure, e, to reach at least an attained age-
a. M (D, e, a) is the excessive cancer risk model, which can be calculated using
relative risk transport and absolute risk transport based on the excess relative risk (ERR)

model and the excess absolute risk (EAR) model.

M (D, e, a) estimates using relative risk transport were based on ERR models as

follows:

M (D, e, a) for cancer incidence

M(D,e,a) = ERR(D,e,a)A;(a) (2.17)
M (D, e, a) for cancer mortality

M(D,e,a) = ERR(D,e,a)Ay(a) (2.18)

Where ERR from BEIR VII model, 7(, (a) represents sex- and age-specific 1995-
1999 U.S. cancer incidence rates from Surveillance Epidemiology, and End Results
(SEER) registries, whereas the AM(a) are sex- and age-specific 1995-1999 U.S. cancer

mortality rates.
M (D, e, a) estimates using absolute risk transport were based on EAR models
M (D, e, a) for cancer incidence
M(D,e,a) = EAR(D, e, a) (2.19)
M (D, e, a) for cancer mortality
M(D,e,a) = EAR(D,e,a) Ay(a)/A;(s,a) (2.20)

The estimation of LAR is derived by combining estimates from the excess
relative risk (ERR) and excess absolute risk (EAR) transport models on a logarithmic

scale, as given by equation 2.21.

log (LAR) = [p (log (LARggr) + (1 - p)log (LAR)gar] (2.21)
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where LARz; and LAR.,; are the estimates based on ERR and EAR transport,
respectively. The variable p represents is the risk-transfer weight or weighting factor,
which reflects the relative strength of belief in the two transport models. For most
cancers, a value of 0.7 was taken for p. Exceptions were lung cancer, where p = 0.3.
This weighting scheme has not been adopted for breast cancer risk estimates that utilize

the LAR derived from the EAR model only.

The uncertainty analysis produces an approximate variance for log (LAR),
emanating from the individual variances in LAR ., and LAR_,; (sampling variability from
the estimation of the LSS risk model). The weighting scheme, p, uncertainty of whether
absolute risk or excess risk is transportable from Japanese A-bomb survivors to the US

population.

To accomplish this, the model above is written more formally depending on
parameters in the ERR model, EAR model. w is risk-transfer weight; and DDREF, as

follows.
LAR = [(LARggg)® X (LARg,z)*~“]/DDREF (2.22)

where LAR ., and LAR;,; based on EAR and ERR transport. DDREF is 1.5 (used

to estimate the risk of solid tumors).



40

2.2. Review of related literature

Original studies showed the frequency of individuals receiving CED from
recurrent CT examinations at higher than 100 mSv and the evaluation of the cancer risk.
The studies have indicated that CED at 100 mSv and above, multiple organs have been
found to receive organ dose equal to or above 100 mGy [9]. Rehani MM et al [40] and
Suksancharoen W et al [41] published the frequency of CED at higher than 100 mSy,
without the cancer risks attributable to radiation. The finding of studies examining the
frequency of individuals receiving CED from CT examinations at 100 mSv and above for
five years is not uncommon. Many publications reported the lifetime attributable risk
(LAR) of cancer to various CT protocols, which was proposed in BEIR VII. The estimation
of LAR was computed using the linear interpolation method described in BEIR VII Table
12D-1,2. In addition, alternative methods for estimating LAR consider the survival
function and baseline cancer rate of the population. The literature relevant to our

research are described below,

Zewde N et al. [9] - their research published on organ doses and cancer risk
assessment in patients exposed to high doses from recurrent CT exams. This study was
a retrospective study of 8,956 patients, ages 16-80 years old, who received a
cumulative effective dose of 2 100 mSyv through recurrent CT exams within five years
(2013-2017). They used commercial software, Radimetrics™ Enterprise Platform (Bayer
HealthCare, Whippany, NJ, USA), which provided several measures of radiation dose
from CT, including organ dose and effective dose calculated from Monte Carlo
simulations. BEIR VII report was used to estimate lifetime attributable cancer mortality
risks (LACMR). They reported organ doses for the age group of 16-44 years, since
younger patients have higher radiosensitivity. Overall, the results demonstrated that in
patients with CED 2 100 mSv, the organ doses were above 100 mGy, and some
exceeded 200 mGy. Out of the 8,956 patients, 6.7% were 16-44 years of age, with

median organ doses higher than 200 mGy were stomach and liver. LACMR for the 16—



41

44-years was 0.6 to 0.7 deaths per 100 individuals for males, and 0.8 for females. The
mortality estimate figure was highest for age groups 16-54 years with slightly lower
values for the higher age group. Except for the highest bracket of 75-84 years, the
LACMR values for 55-74 years are not lower by order of magnitude, and thus one

cannot ignore the risks in this age group.

Einstein AJ et al. [42] conducted CT coronary angiography study to determine
organ-specific lifetime attributable risks (LARs) of cancer incidence and assess the
influence of age, gender, and scanning protocols on the risk of cancer. The assessment
of the LAR of cancer incidence was performed by utilizing the organ equivalent dose
derived from Monte Carlo simulation (ImpactDose software).The findings of this study
indicate that there is a significant variation in risk, which is notably higher for women,

younger patients, and for combined cardiac and aortic scans.

Shubayr N et al. [43] reported the estimation of radiation doses and LAR of
radiation-induced cancer in the uterus and prostate from abdomen pelvis CT
examinations. The organ doses obtained from the NCICT software was used to estimate
the LAR of prostate and uterus cancer incidence and mortality. The findings
demonstrated that LAR of uterus and prostate cancer incidence was 1.75 + 1.19 cases
and 2.24 + 1.06 cases per 100,000 persons, respectively. The LAR of cancer mortality
rates from uterus and prostate cancers were 0.36 + 0.22 and 0.48 + 0.18 cases per
100,000 persons, respectively. A minor increase in risk could help to alleviate concerns

regarding well-justified abdomen pelvis CT procedures.

Ghetti C et al. [44] investigated the assessment of LAR from high resolution
thorax CT scans during the COVID-19 outbreak. The LAR for lung and major cancers
was computed based on the equivalent dose to organs for each patient using a
methodology proposed in BEIR VII which considers age and gender. In summary, the

results showed that the average LAR of all solid cancers was 2.1 cases per 10,000
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patients, while the average LAR of leukemia was 0.2 cases per 10,000 patients. The
COVID-19 outbreak caused a substantial increase in thoracic CT exams, and high-

resolution low-dose procedure provided low doses and a low LAR risk estimation.

The following research estimates cancer risk and applies it to the population

based on a life table data and the baseline cancer rate.

Lim H et al. [15] reported an evaluation of the cancer incidence and mortality
risks attributed to diagnostic medical radiation exposure in Korea. The researchers
utilized the estimation model developed based on data from the cohort of Japanese A-
bomb survivors to estimate the proportions of cancer incidence and mortality in Korea
that can be attributable to exposure to low-dose radiation. The risk of cancer incidence
and mortality from medical radiation imaging using background cancer incidence and
mortality in 2013 were obtained from the Korea Central Cancer Registry and the National
Mortality Database provided by the Korean Statistical Information Service, respectively.
Additionally, the probability of surviving data was provided by the Korean Statistics
Information Service. The EAR and ERR model values can be weighted for obtaining
LARs. They use the method in the BEIR VII report that calculates combined estimates
using the weighted averages of the logarithmic scale of the estimates obtained from the
EAR and ERR models. The researchers assigned a weight of 0.7 to the relative risk
transport and a weight of 0.3 to the absolute risk transport. Finally, dose and dose-rate
effectiveness factor (DDREF) 1.5 was applied to all the combined estimates. The result
show that LAR for cancer incidence for males indicate 0.38 cases of stomach cancer,
0.31 cases of lung cancer, and 0.27 cases of colon cancer per 100,000. For females,
the figures are 1.45 cases of thyroid cancer, 0.60 cases of lung cancer, and 0.95 cases
of breast cancer per 100,000. The LAR for cancer mortality reveals that lung cancer was
the top cause of cancer mortality in both sexes, with a rate of 0.25 per 100,000 for males

and 0.40 per 100,000 for females.
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Huang B et al. [18] conducted a study to assess the radiation dose and cancer
risk resulting from retrospectively and prospectively ECG-gated coronary CTA in a
cohort of adult patients from England, the US, and Hong Kong. LAR for the English
population was derived using data from the Cancer Registration Statistics England 2005
and United Kingdom Interim Life Tables. The weights of EAR and ERR for the English
population were chosen to be the same as those used in the BEIR VII report for the US
population, as no weights were suggested for other populations in the BEIR VII report. A
DDREF of 1.5 was also used to account for the lower risk of the low-dose radiation.
Similarly, LAR for the USA and Hong Kong using baseline cancer and life table data for
their population ranging between 20 and 80 years of age. The results show LAR of
cancer incidence for a representative 50-year-old subject was calculated for
retrospectively ECG-gated CTA to be 0.112% and 0.227% for English males and
females, respectively, 0.103% and 0.228% for US males and females, respectively, and
was comparatively higher at 0.137% and 0.370% for Hong Kong males and females,

respectively.

From the above literature reviews, the radiation dose delivered to the patient had
been reported especially the LAR of the internal organs. A few studies have explored
the number of patients receiving high doses, CED of 100 mSv and above, in a single
day. Therefore, the CED at 100 mSv and above are explored for the patient dose of the
recurrent CT examination in our study. Moreover, the LAR of cancer incidence and
mortality from CT examinations at high dose and low dose from the common CT
procedures, especially in CTA whole aorta are investigated. The cancer risk derived
from the risk models described in the BEIR VII report using survival probability data as
well as baseline cancer incidence and mortality rates for the Thai population are

estimated.



CHAPTER 3

RESEARCH METHODOLOGY

3.1 Research hypothesis

The percentage of patients receiving CED from recurrent CT in a single day at
100 mSv and above is less than 0.01 per total CT examinations in five years
(2018 — 2022) at King Chulalongkorn Memorial Hospital and Songklanagarind
Hospital.

Lifetime attributable risk (LAR) of cancer incidence and mortality of major
internal organs are less than 0.3 per 100 or 300 per 100,000 patients receiving

CED from recurrent CT in a single day at 100 mSv and above.

3.2 Research questions

How many patients received CED from recurrent CT in a single day at 100 mSv
and above from CT examinations in five years (2018 — 2022) at King
Chulalongkorn Memorial Hospital and Songklanagarind Hospital?

How much is the risk of cancer incidence and mortality of major internal organs
for patients receiving CED from recurrent CT in a single day at 100 mSv and
above?

How much is the risk of cancer incidence and mortality for patients who
underwent common CT examinations, including CTA of the whole aorta?

Which parameters influence the risk of cancer?

What is the risk model for CTA whole aorta examinations?
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3.3 Research objectives
3.3.1 Primary objectives

3.3.1.1 To identify the number of patients receiving the CED recurrent CT at 100 mSv
and above in a single day, the patients’ protocols, patient characteristics, and the
percentage of patients for all CT examinations at both hospitals within 5 years (2018-

2022).

3.3.1.2 To estimate the risk of cancer, LAR in each target organ and determine

parameters that influenced the cancer risk.
3.3.2 Secondary objectives

3.3.2.1 To investigate the risk of cancer, the patient underwent CT common

examinations, including CTA of the whole aorta.

3.3.2.2 To determine parameters that influence radiation dose and risk of cancer.

3.3.2.3 To develop model/equation to estimate the cancer risk from CTA of the whole

aorta of individual patient.
3.4 Scope of work

The scope of this study is to determine the Lifetime Attributable Risk (LAR) of the
target organs, which represent the risk of cancer incidence and mortality from CT
examinations at high dose, (CED2100 mSv) in a single day to low dose, (CED<100 mSv)
from the common CT protocols, including CTA of the whole aorta. Refer to the BEIR VI
model based on the organ dose, gender, age at exposure, attained age, and
demographic statistics of the Thai population (baseline rate of cancer and survival
probability data). In addition, a mathematical model derived from multivariate analysis
will be developed to assess the cancer risk from CTA of the whole aorta of individual

patient.



3.5 Research design

This is an observational descriptive research design in a type of retrospective

study.

3.6 Conceptual framework

N 4 N\
Organ dose (mGy) Patient characteristics
- Lung - Age at exposure (yrs)
- Liver - Attained age (yrs)
Patient radiation risk of
- Colon - Gender
cancer from CT
- Breast examinations - Bodyweight (kg)
- Uterus - Patient body parts'
- Brain diameter
\_ J \_ J

4 )
Demographic Statistics
- Baseline cancer rates
-Survival probability
data

\ J/
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3.7 Research design model

Verify the displayed CTDI
Verifiy the CT radiation -
dose Compare organ dose in Rando phantom inserted with the
glass dosimeter to Radiation Dose Monitoring Software
(RDMS)
. \
: .
- Select patients underwent CT examinations at
x high dose, (CED2100 mSv) in a single day
Collect 2 groups of patient \_
data from CT examinations (
Select patients underwent CT examinations at low
dose, (CED<100 mSv) from the common CT
- procedures
. \
. )
n - Lun
¥ g
- Li
Estimate 6 organ doses (mGy) using wer
- Colon
Monte Carlo simulation (Radimetrics ™
- Breast
software) 4 N\
- Uterus
. - Brain Develop the cancer
. N~ )
; risk model from CTA
} of the whole aorta
Identify the parameters
Estimate the cancer risk according examination of
affected with radiation LEERL
to BEIR VIl report L o ) o individual patient
dose in CT examinations
\_ J




48

3.8 Expected benefit

e Obtain the number and percentage of patients receiving CED at 100 mSv and
above in a single day from total CT Examinations within 5 years at two University
hospitals.

e Quantify the risk of cancer from CT examinations at high dose to low dose from
the common protocols and identify the impact factors on the radiation dose and
cancer risk in different age groups, below 40 years old (young patients), and
above 40 years (elder patients). In order to justify and optimize the radiation
protection of patients. Using BEIR VIl model and demographic statistics:
abridged life table data and baseline cancer incidence and mortality rates for
the Thai population.

e Obtain the cancer risk model for CTA of the whole aorta examination to estimate
the LAR.

3.9 Variable measurements

The independent variables are CT radiation dose, patient characteristics, and

demographics of the Thai population.

The dependent variables are the number and percentage of patients receiving

CED at 100 mSv and above in a single day and the lifetime attributable risk (LAR).
3.10 Data collection

Data were collected of patients aged 15 to 75 years old who performed CT
examinations during the period of five years at two University hospitals. The patient data
consists of the age, gender, body weight, body part diameter, patient radiation dose in
the effective dose, mSv and organ dose, mGy from the DICOM header and RDMS,
Radimetrics™ Enterprise Platform. LAR was estimated by the BEIR VIl report including
parameters of age at exposure, attained age, organ dose, and dose and dose rate

effectiveness factor (DDREF).
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3.11 Outcome

The number and percentage of patients who received cumulative effective dose
(CED) at 100 mSv and above in a single day, as well as the lifetime attributable risk

(LAR) for all CT examinations, are obtained.
3.12 Statistical analysis

Descriptive statistics were used and presented as mean, standard deviation,
median, percentage mean, standard deviation, frequency, and range (min-max). A
regression model was implemented to analyze the relationship between one or more

independent variables and dependent variables.
3.13 Ethical Consideration

This research involved the determination of patient dose and the cancer risk
estimation from CT examinations. The patient data had been collected during the period
of 5 years from January 2018 to December 2022 in adult patients who underwent CT
examinations. The research proposal was approved by the Ethic Committees of the
Faculty of Medicine, Chulalongkorn University, and the Faculty of Medicine, Prince of
Songkla University, Thailand. The certificates of approval from the Institutional Review

Boards (IRB) are shown in Figures 3.1 and 3.2.
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Figure 3.1 The Institutional Review Board (IRB) Certificate,

Faculty of Medicine, Chulalongkorn University.
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CHAPTER 4

MATERIALS AND METHODS

4.1 Materials

The materials to be used in each section of the experiment are as follows:
4.1.1 Verification of displayed CTDI,,

1) PMMA phantoms

2) Pencil-type ionization chamber and the electrometer

4.1.2 Verification of organ dose

1) Radio-Photoluminescence Glass Dosimeter (RPLGD) system
2) Anthropomorphic Rando phantom

3) Low-dose radiation measuring equipment (ionizing dosimeter)
4) General X-ray equipment

4.1.3 Patient study: Lifetime attributable risk (LAR)

1) CT Scanners

2) Data population and radiation dose determination; DICOM headers, Radimetrics ™

Enterprise Platform

3) Demographic statistics of Thai population
3.1 Baseline rate of cancer
3.2 Survival probability data

4) R Studio software

5) Stata software
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4.1.1 Verification of displayed CTDI

vol
1) PMMA phantoms

Two cylindrical phantoms are made of polymethyl methacrylate (PMMA): the
body phantom with diameter of 32 cm, and the head phantom, with 16 cm diameter and
15 cm length had been used. There are five holes, one hole located at the center and
four holes located peripherally at the 3, 6, 9, and 12 o'clock positions of the phantom, as

shown in Figure 4.1.

[ P |

Figure 4.1: PMMA head phantom 16 cm (left) and body phantom 32 cm diameters
(right).

2) The pencil-type ionization chamber and the electrometer

The ionization chamber for CT dosimetry is a non-sealed cylindrical chamber
with a sensitive length of 10 cm. It was designed to fit in a hole of a PMMA phantom at
various locations. The ionization chamber, manufacturer RaySafe Model X2 (Unfors
RaySafe AB, Havas, Sweden) with temperature and pressure corrections, was used in
this study. The measurement provides the estimation of the CTDI and DLP, in the unit of
mGy, and mGy.cm, respectively. The dosimetric quantity was recorded on the digital
display. The pencil-type ionization chamber and the electrometer are shown in Figure

4.2.



54

Figure 4.2: Pencil-type ionization chamber RaySafe X2 CT Detector and the electrometer

4.1.2 Verification of organ dose
1) Radio-Photoluminescence Glass Dosimeter (RPLGD) system

The RPLGD, Dose Ace system, was manufactured by Asahi Techno Glass
Corporation (ATGC, Shizuoka, Japan). Glass dosimeter is a type of solid-state dosimeter
that relies upon the radio photoluminescent phenomenon of silver-activated phosphate
glass. The dosimeter system consists of a rod-shaped silver-activated phosphate glass,

a plastic capsule, and an FGD-1000 reader unit.

The RPLGD model GD-352M (Figure 4.3) is equipped with a tin filter to
determine the organ dose in the Rando phantom. The tin filter decreases the energy
dependence identified in radiation diagnosis within the range of energy below 100 keV
and compensates for the high response in low-energy photons. The dimensions of the
RPLGD model GD-352M are 1.5 mm in diameter and 12 mm length, the effective atomic
number and density are 12.04 and 2.61 g.cm'a, respectively. RPLGDs model GD-352M
have a wide dose range from 10 UGy to 10 Gy with a small fading effect of 0.4% after
100 days, and several repeated readouts [45, 46]. Table 4.1 displays the manufacturer
specifications and characteristics of RPLGDs [47]. The annealing process and
preheating were conducted using a Laboratory oven (Carbolite Gero) and the

accumulated value was read out using an FGD-1000 reader, as shown in Figure 4.4.



Table 4.1: Specifications of RPLGD model GD-352M
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Dosimeter element

Glass element dimensions

Weight

Measuring range (gamma ray & X-rays)
Reader (FGD-1000)

Display value unit

Display value range

Reproducibility, Coefficient of variation (CV)
Continuous reading

Read-out time

Specifications

1.5x12 mm (cylindrical shape) (with ID and
filter)
Several tens of mg

10 UGy (KSv) to 10 Gy (Sv)

Gy (Sv)

1UGy (Sv) to 10 Gy (Sv)

<5% (at 100 MGy), <2 % (at 1 mGy)
20 glass elements

< 6 seconds / element

Figure 4.3: Radio-photoluminescence Glass Dosimeter (RPLGD), model GD-352M with

filters in capsule (Left), Glass rod (Right)
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Figure 4.4: Laboratory oven (Carbolite Gero), (Left) and glass dosimeter reader (FGD-
1000), (Right)

2) Anthropomorphic Rando phantom

A female adult anthropomorphic Rando phantom (Alderson Research Labs,
Stanford, CA,USA) is made of tissue-equivalent materials, a physical representation of
the human body, and simulated the radiation attenuation characteristics [48]. Each
phantom slice contains holes plugged with bone-equivalent, soft-tissue-equivalent or
lung tissue-equivalent pins enable insertion of RPLGD. The slab phantom was used to
determine the organ absorbed dose in the lung, colon, liver, uterus, and breasts, as

shown in Figure 4.5.

Figure 4.5: Female anthropomorphic Rando phantom (Left), Slab of lung phantom with

holes for RPLGD insertion (Right)
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3) Low-dose radiation measuring equipment (ionizing dosimeter)

The ionizing dosimeter- an unsealed cylindrical, model 10X6-6, general purpose
in beam chamber; Radcal, Monrovia, CA, USA and an electrometer Model9096 (Accu-
PRO™) (Figure 4.6) were used to calibrate the RPLGD, with large energy response
throughout the diagnostic energy range. The ionizing dosimeter had been calibrated by
the Secondary Standard Dosimeter Laboratory (SSDL) in Thailand and considered as

the gold-standard for radiation dosimetry.

Figure 4.6: A 6-cc ion chamber Model 10X6-6 and Radcal 9096 electrometer
(Radcal, Monrovia, CA, USA)

4) General X-ray equipment

A diagnostic imaging system for radiographic, Siemens Healthineers (Model

Luminos Argile X-Ray System) is used to calibrate RPLGDs, as shown in Figure 4.7.

Figure 4.7: Siemens Healthineers radiographic system
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4.1.3 Patient study: Lifetime attributable risk (LAR)
1) CT Scanners

CT scanners from two academic centers, King Chulalongkorn Memorial Hospital
and Songklanagarind Hospital, had been used to acquire and process the medical
imaging in this study. CT scanners with details on manufacturer and model, site, and

year of installation were displayed in Table 4.2 and 4.3, as followings:

Table 4.2: CT scanners at King Chulalongkorn Memorial Hospital

Manufacturer Model Detector Year of Number of CT
Row CT installation scanners
Siemens SOMATOM Force 192 2015 1
Healthineers, dual-source

Forchheim, Germany

GE Healthcare, Revolution 256 2017 1
Milwaukee, WI, USA

Table 4.3: CT scanners at Songklanagarind Hospital

Manufacturer Model Detector Year of Number of CT
Row CT installation scanners
Canon Medical Aquilion Prime 80 2016 2
Systems, Otawara,

Japan

Philips Healthcare, Brilliance iCT 256 2016 1
Cleveland, OH, USA

GE Healthcare, Revolution Apex 256 2017 1
Milwaukee, WI, USA
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2) Data population and radiation dose determination

The data were collected from adult patients aged 15 to 75 years old who
underwent CT examinations for a period of five years from January 2018 to December
2022. The patient data and patient dose were extracted from digital imaging and
communications in medicine (DICOM) headers on the Synapse workstation and dose
monitoring software, Radimetrics™ Enterprise Platform (Bayer HealthCare, Whippany,

NJ, USA).

Radimetrics™ Enterprise Platform provides radiation dose from CT scan, which
the organ dose and effective dose were obtained from Monte Carlo simulations. The
patients are represented as stylized phantoms, where the organs are modelled using
simple geometric shapes described by mathematical equations. The organ dose is

calculated from the ratio of the simulated organ dose to the simulated CTDI _, multiplied

vol

by the reported CTDI,, [49]. The stylized phantom, along with the scan region and organ

vol

dose, resulting from the use of the software are displayed in Figure 4.8.

Organ Dose Examination

organ

347

Figure 4.8: The organ dose estimated by the dose monitoring software, Radimetrics ™

Enterprise Platform (Bayer HealthCare, Whippany, NJ, USA)
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3) Demographic statistics of Thai population

3.1 Baseline rate of cancer

The baseline rate of cancer incidence and mortality rates of gender and age-
specific of the unexposed population in Thailand for the year 2020, were provided by
CANCER TODAY (WHO) and International Agency for Research on Cancer [4] (Figure
4.9).

wwamone 722\ | CANCER
%/ TODAY

CANCER TODAY

Figure 4.9: The baseline rate of cancer provided by CANCER TODAY, WHO

3.2 Survival probability data

The survival function represents the probability of surviving, provided by the life
table for the Thai population with age less than one to eighty years old, and obtained

from the National Statistical Office of Thailand [50].
4) R Studio software

R Studio is an integrated development environment for R, programming
language for statistical computing and graphics. R Studio version 1.4.1103 has been

used to calculate the cancer risk, LAR.

GStudiow
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5) Stata software

The Stata program, statistical software is commonly used in the field of data
science. STATA version 18 was utilized to create a mathematical model to assess the

risk of cancer obtained from CTA of the whole aorta examinations.

sTara

4.2 Methods

The methods consist of four sections,
4.2.1 Verification of displayed CTDI,,
4.2.2 Verification of organ dose

4.2.3 Comparison of the organ dose in Rando phantom and Radimetrics™ Enterprise

Platform.
4.2.4 Determination of the Lifetime attributable risk (LAR) of patients

The details will be as follows:

4.2.1 Verification of displayed CTDI,,,

The CTDI , was estimated by axial scanning of each PMMA cylindrical phantom

vol

with pencil ionization chamber insertions at various kVp values from 80 to 140. The

measured and the displayed CTDI , were compared with the acceptable limit at

vol

+20%[51].The measurement of CTDI_, followed the IAEA Human Health Series No.19, as

vol

follows:

1) PMMA phantom was placed on the patient couch. Position the phantom at the
center along the scan plane, both vertical and horizontal using CT laser light.
Scan projection radiographs (SPR) in both the anterior-posterior and lateral
planes to ensure the phantom is centered in both the vertical and horizontal

axes. An acceptable level of position accuracy is within a range of +1 cm [51].
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2) The 100 mm pencil chamber was inserted in the center hole of PMMA

phantom, then insert the jigs at the other holes.

3) The scan parameters were set for the head and body protocols, 100 mA and
1 second rotation time, axial mode, then vary the kVp at 80, 100, 120, and 140.

Record the measured dosimeter reading.

4) lon chamber was moved to each peripheral hole of the phantom, record the

CTDI values at all positions.

5) The measured and displayed CTDI__, on the scanner console were compared.

vol

The CTDI_, is calculated using Equations 2.7 and 2.8 of Chapter 2.

vol

4.2.2 Verification of organ dose

The organ doses were obtained from dose monitoring software based,
Radimetrics™ Enterprise Platform based on Monte Carlo simulation. The organ doses
were verified by exposing the anthropomorphic phantom inserted with glass dosimeters

of the clinical protocol technique.

4.2.2.1 Measurement process of RPLGDs

The RPLGDs were annealed before irradiation. Following the irradiation, they
were preheated in an oven, and then read out the cumulative value using FGD-1000

reader. The measurement process of glass dosimeters is shown in Figure 4.10.



63

Annealing

Reading out the background (before exposing)

Exposing

Preheating in oven

Reading out of accumulated value (after exposing)

Figure 4.10: Measurement process of RPLGDs

4.2.2.2 Calibration of RPLGDs

The ionization chamber and the RPLGD were set at 150 cm (SDD) from the focal
spot with a field size of 5 cm x 5 cm. Each RPLGD was calibrated using diagnostic X-ray
beam of 120 kVp (7.7 mm Al HVL). An exposure of 120 kVp and 16 mAs in free air to the
IC and RPLDs were displayed in Figure 4.11. 5 RPLGDs in each group at an interval of
approximately 1 cm to avoid scatter radiation and exposing 20 groups were set with the
same parameter settings. The dose was determined using a calibrated ionizing

dosimeter by SSDL Thailand as the gold standard.
Calculation of calibration coefficient

RPLGDs calibration coefficient for a diagnostic X-ray beam of 120 kVp was

determined by the following equation.

Calibration coefficient of RPLGD=

Dose value from IC x Calibration coefficient of the ionizing dosimeter x Correction factor for air density

Dose value from RPLGD
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Figure 4.11: Set the SDD for the ionization chamber and RPLGDs at 150 cm for the

calibration.

4.2.3 Comparison of the organ dose in Rando phantom and Radimetrics™ Enterprise

Platform.

A Rando phantom, inserted with the RPLGD Model GD-352M at the lung, liver,
colon, uterus, and breast to determine organ doses, was scanned using chest and

abdomen CT protocol. The steps of this process are as follows:

1) 100 RPLGDs, 90 RPLGDs were placed at various organs (Table 4.4). Each
RPLGD was positioned near the center of the organ. 10 RPLGDs were used
to measure background radiation.

Table 4.4: 90 RPLGDs inserted in each tissue or organ.

Organ Section of anthropomorphic phantom Number of
dosimeters
Breast Left Breast 8
Right Breast 8
Lung 1" 4
12 6
13 6
14 6
15 10
16 10
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17 10

18 8

19 6

20 2

21 2

Liver 21 3

22 1

Colon 25 2
27 1

28 2

Uterus 29 3
30 2

2) The phantom was positioned on the CT couch.

3) Rando phantom inserted with the RPLGD was scanned using the protocol for
the chest and abdomen using the Siemens Healthineers SOMATOM Force CT
scanner. Acquisition parameters and radiation dose for chest and abdomen CT

examination are shown in Table 4.5.

Table 4.5: Acquisition parameters and radiation dose for chest and abdomen CT

examinations

Acquisition Protocols Chest and abdomen
Mode SECT; single energy mode
Tube voltage (kVp) 120
Effective mAs 200
Rotation time (s) 0.5
Scan time (s) 6.53
Pitch 1.2
Detector configuration (mm) 192x0.6
CTDI,, (MGy) 13.4
DLP (mGy.cm) 1141
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4) After exposure, the RPLGDs were placed in an oven and preheated before
reading out. The net dose for each RPLGDS was determined by subtracting the

background radiation and read-out value.

5) Organ absorbed dose in the lung, liver. colon, breast, and uterus were
calculated by multiplying the calibrated dose values by the mass energy
coefficient ratio of each tissue to air [52-54]. The organ dose was calculated

from the following equation.

Absorbed organ dose (mGy)

( Dose value from RPLGD-Background va/ue) x calibration coefficient of RPLGD x (I':)e”) med
(H) air
P

(%) med and (5) air are the mass energy absorption coefficients for the organ

and air, which obtained from the ICRU Report 44 (International Commission on

Radiological Unit and measurement).

The difference and percent relative difference of organ doses from the phantom

to the dose monitoring software, which has a diameter of 228 mm, were compared using

the following equation.

% Relative dif ference

_ (OTgan dose from (Radimetrics)(mGy) — Organ doses from RPLGD measurement(mGy)

X 100
Organ doses from RPLGD measurement(mGy) )

4.2.4 Determination of the Lifetime attributable risk (LAR) of patients

The patient aged 15 to 75 years old who underwent CT examinations were

collected for a period of five years from January 2018 to December 2022 in the following

steps:

1) Patient data (age, gender, body weight, body diameter) and scanning protocols were

surveyed at both hospitals from DICOM header, dose monitoring software of patients,

obtain

- high dose range, CED at 100 mSv and above in a single day
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- low dose range, CED below 100 mSv, from common CT procedures of brain without
and with contrast enhanced phase, chest with contrast-enhanced phase, whole
abdomen with triphasic phased including without contrast enhanced, arterial and portal
phase, and CTA of whole aorta, without contrast, arterial and delayed phase had been
acquired. The protocols were designed by the radiologists based on the patient's

clinical indications.

Divide the patient data into two age groups: below 40 years old—called young patients,

and above 40 years old—called elder patients.

2) Effective dose (mSv) and organ dose (mGy) - such as lung, liver, colon, breast,
uterus, and brain were estimated based on Monte Carlo simulation (Radimetrics™

software).

3) LAR was determined according to the BEIR VIl report [8] which provided model and
parameters for specific organs of each gender including parameters of age at exposure,
attained age, organ dose, and dose and dose rate effectiveness factor (DDREF). The
LAR of cancer incidence and mortality in each patient was estimated using Equation

2.16 from Chapter 2 and applied to survival probability data of the Thai population.

LAR(D,e) = Y. "™ M(D,e,a) S(a)/S(e)

LAR is defined as the summation from a equals e + L to a__ , where a is attained

age (years), a,,, is maximum age (80 years), L is a risk-free latent period (5 years for
solid cancers), e is the age at exposure (15 to 75 years), D is an organ dose, and
S(a)/S(e) is the conditional probability of a person alive and cancer-free at age-at

exposure, e, to reach at least an attained age- a, obtained from abridged life table

provided by National Statistical Office of Thailand [50].

M (D, e, a) is the excessive cancer risk model, which can be calculated using
relative risk transport and absolute risk transport based on the excess relative risk (ERR)
model and the excess absolute risk (EAR) model. Models for estimating solid cancer

risks and breast cancer: ERR and EAR are in equations 2.13 to 2.15 of Chapter 2. M (D,
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e, a) was estimated using Equation 2.17 to 2.20 from Chapter 2 and applied to baseline

cancer rate of the Thai population.

Excess for cancer incidence risk:
M(D,e,a) = EAR(D,e,a)
M(D,e,a) = ERR(D,e,a)A;(a)
Excess for cancer mortality risk:
M(D,e,a) = EAR(D,e,a) Ay(a)/A;(s,a)
M(D,e,a) = ERR(D,e,a)Ay(a)
where A (a) represents sex and age-specific of baseline cancer incidence rates,
whereas the A,,(a) represents sex and age-specific cancer mortality rates obtained from
cancer statistics Thailand for the year 2020, published by the World Health Organization

(WHO), International Agency for Research on Cancer [4].

For the estimation of LAR, the risk-transfer weight or weighting factor was
obtained with EAR and ERR transport models for the site of solid cancers (liver, colon,
uterus, and brain), BEIR VIl recommended a weighting factor(W) of 0.7. The weighting
factor(W) of 0.7 was estimated using ERR transport and 0.3 to estimate using EAR
transport. For lung cancer, the weighting factor was reversed, 0.7 for the EAR transport
and 0.3 for the ERR transport. The LAR of breast cancer was estimated based on the

EAR model.

For the LAR estimation, the ERR and EAR models were combined via the
weighting factor(W) and subsequently adjusted by dividing DDREF of 1.5, as suggested

by the BEIR VIl report.

LAR = [(LARggrg)" X (LARg4z)™"]/DDREF

For determining LAR, we programmed a library in R studio that contains an
application of mathematical functions to calculate LAR based on ERR and EAR (Figure

4.12). Details are illustrated in the appendix.
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Figure 4.12: R Studio library development

4). The parameters affected with radiation dose and risk of cancer in CT examinations

were identified.

5). Mathematics model/equation has been developed for estimating to estimate the

cancer risk from CTA of individual patients with multivariate regression model analysis.

The multivariable prediction model was developed for predicting the individual
LAR for cancer incidence and mortality in patients who underwent CTA whole aorta. The
process of multiple linear regression involves the application of a linear equation to the
data that has been observed in order to figure out the relationship between two or more

metric explanatory factors and LAR of cancer incidence and mortality.
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4.3 Sample population
4.3.1 Target population

Adult patients underwent CT examination who received CED 100 mSv and
above in a single day and common protocols from January 2018 to December 2022 at

King Chulalongkorn Memorial Hospital and Songklanagarind Hospital.
4.3.2 Sample size determination

Estimate single proportion, 95% CI of T =p+d

2509
==

Where a: Probability of type | error = 0.005 (2-sided), Z, ,,; = 1.96
p: Estimated proportion, 0.5 (in order to estimate the maximum sample size)
g:.1-p=0.5
d: Margin of error in estimating, 5%

Consequently, the determination of the sample size was 385.

4.3.3 Sample population and eligible criteria
The inclusion criteria

1) The inclusion criteria for primary objective in this study are Thai adult patients of the
age 15 to 75 years old and receiving the effective dose at 100 mSv and above in a

single day.

2) The inclusion criteria for secondary objective in this study are Thai adult patients with

the age 15 to 75 years old and underwent common CT examinations.

The exclusion criterion in this study is patients with incomplete demographic data (e.g.,

age, gender, body weight).
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4.4 Statistical analysis

Descriptive statistics is used and presented as mean, standard deviation,
median, percentage mean, standard deviation, frequency and range (min-max). A
regression model that provides the relationship between one or more independent

variables and dependent variables are used.



CHAPTER 5

RESULTS

5.1 Verification of the displayed CTDI,

The CTDI, , displayed on the monitors of CT scanners was verified by comparing

vol

the displayed and measured CTDI . The percent difference from all CT scanners were

vol*

within +20 [51]. The results at various kVp were displayed in Tables 5.1, 5.2, and 5.3.

5.1.1 Siemens Healthineers CT scanner

Table 5.1: Measured and displayed CTDI, _, on the Siemens CT monitor in head and

vol

body phantoms.

CTDI , (mGy) in 16 cm head phantom (5 mm slice thickness)

kVp Measured CTDI Displayed CTDI % Difference
100 7.79 7.21 7.45
120 12.50 11.57 7.44
140 17.80 17.01 4.44

CTDI,,, (mGy) in 32 cm body phantom (5 mm slice thickness)

100 3.59 3.46 3.62
120 5.99 5.82 2.84
140 8.76 8.65 1.26

5.1.2 GE CT scanner

Table 5.2: Measured and displayed CTDI__, on the GE CT monitor in head and body

vol

phantoms.
CTDI ,, (mGy) in 16 cm head phantom (5 mm slice thickness)
kVp Measured CTDI Displayed CTDI % Difference
80 6.86 8.21 19.68
100 12.62 14.88 17.91

120 19.72 22.75 15.37
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140 27.70 32.00 156.52

CTDI ,, (mGy) in 32 cm body phantom (5 mm slice thickness)

80 3.16 3.74 18.35
100 5.98 6.94 16.05
120 9.56 10.87 13.70
140 13.67 15.49 13.31

5.1.3 Canon CT scanner

Table 5.3: Measured and displayed CTDI,_, on the Canon CT monitor in head and body

vol

phantoms.
CTDI , (mGy) in 16 cm head phantom (8 mm slice thickness)
kVp Measured CTDI, Displayed CTDI % Difference
80 9.28 10.00 7.76
100 16.60 18.30 10.24
120 2712 28.1 3.61
135 35.74 37.10 3.81
CTDI , (mGy) in 32 cm body phantom(8 mm slice thickness)
80 4.05 4.40 8.64
100 8.58 9.00 4.90
135 19.10 20.40 6.81

5.2 Verification of organ dose

5.2.1 Calibration of RPLGDs

The meant S.D. of the air kerma measured by the ionization chamber was
307.17+£0.08 nGy. The meant S.D. of the air kerma measured by 100 RPLGDs was
303.80+9.59 UGy as shown in Table 5.4. The readout value for 100 RPLGDs is

displayed in Figure 5.1. The outlier is excluded.

Table 5.4: Air kerma measurement from 100 RPLGDs

Descriptive statistics Mean  S.D. CV(%) Maximum Minimum

Air kerma value from RPLGDs (LLGy) 303.80 9.59 3.17 318 240
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Figure 5.1: Air kerma measurement from 100 RPLGDs

5.3 Comparison of organ doses from measurements and Radimetrics

The 90 RPLGDs were inserted in 5 organs in the Rando phantom. The other 10
were used to measure the background. Organ doses measured by RPLGDs were
compared to the organ doses calculated by Radimetrics. The results show the

difference in mGy and the percent relative difference in Table 5.5 and Figure 5.2.

Table 5.5: Comparison of organ doses using RPLGD measurement and Radimetrics
Organ Organ doses Organ dose The difference,
(RPLGD) (mGy) (Radimetrics) (mGy) mGy and (%

relative difference)

Breast 15.3 21.8 6.5 (42)
Lung 23.6 24.5 0.9 (3.8)
Liver 26.2 21.7 4.5(17.2)
Colon 24.2 17.6 6.6 (27.3)

Uterus 18.9 17.4 1.5(7.9)
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Figure 5.2: The comparison of 5 organ doses measured by RPLGD and calculated by

Radimetrics

5.4 Patient study on CT examinations

For a period of five years, 285,286 CT examinations were collected from two
academic centers. CT examinations were CT chest (27.2 percent), whole abdomen
(20.3 percent), brain (13.3 percent), and vascular (9.0 percent). The rest were

extremities, spine, cardiac, and neck. (30.2 percent).

5.4.1 Patient radiation dose from CT examinations with CED 100 mSv and above

The number of patients who underwent CT examinations in a single day with
CED 100 mSv and above was 27, or 0.009 percent of 285,286 CT examinations. The
median CED was 113 mSv for females (n=15) and 114 mSv for males (n=12), as shown
in Figure 5.3. There is no significant difference in the median CED between females and
males. The maximum CED from CT abdomen examination was 160 mSv from male
patient, and the maximum CED from CT angiography at the thoracic aorta was 139 mSv

from female patient.
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Figure 5.3: 27 patients with high CED in a single day (15 females and 12 males).

The acquisition protocols for 27 patients following the multiple CT scans in 6 cases were
e CT C-spine, whole abdomen, CTA neck, and CTA chest
e brain, neck, and whole abdomen
e brain, C-spine, and whole abdomen
e Drain, C-Spine, CTA run off of upper extremity
e shoulder, chest and whole abdomen
e CTA run off of lower extremity, chest, and whole abdomen
6 cases of whole abdomen
3 cases of chest and whole abdomen
3 cases of angiography of the thoracic aorta

9 cases of a single protocol

Seven of 27 (3 females, 4 males) were young patients with an age below 40
years old, and 20 of 27 (12 females, 8 males) were elder patients, with an age above 40
years old. For the groups of young and elder patients, the descriptive statistics of patient
demographics and radiation dose were shown in Tables 5.6 and 5.7, respectively. The
maximum organ dose of 201 mGy at the colon was received by a young patient and the

maximum organ dose 313 mGy at the lung was received by an elderly patient.
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Table 5.6: Patient demography and radiation dose from CT examinations in young

patients with the high dose

Descriptive Statistics: Among the young age group receiving high
dose
Mean S.D. Minimum Maximum

Age at the exam (year) 32 7 22 39
Patient Weight (kg) 112 46 55 188
Cumulative effective dose, CED (mSv) 108.4 6.7 100.2 121.4
Organ dose (mGy);
Lung 100.4 53.2 37.0 180.0
Liver 151.9 16.5 133.2 183.1
Colon 123.9 48.8 36.7 201.2
Breast 103.9 79.2 12.5 151.5
Uterus 100.8 93.1 7.4 193.7
Brain 17.2 441 0.1 117.2

Table 5.7: Patient demography and radiation dose from CT examinations in elder

patients with the high dose

Descriptive Statistics: Among the young age group receiving high
dose (n=20)
Mean S.D. Minimum Maximum

Age at the exam (year) 61 9 46 73
Patient Weight (kg) 82 30 50 160
Cumulative effective dose, CED (mSv) 115.7 15.2 101.5 160.0
Organ dose (mGy);
Lung 152.7 78.5 38.7 313.4
Liver 164.0 38.6 120.7 246.4
Colon 105.4 62.3 5.8 226.8
Breast 147.8 76.5 16.1 306.0
Uterus 79.8 57.7 1.5 166.1
Brain 19.9 39.6 0.1 153.3

Table 5.8 presents the patient demographic information of the age at exam,

gender, body weight, clinical indications, CT protocols, CED (mSv), and organ doses

(mGy) of seven young patients, aged between 22 and 39 years. Patient No. 3 underwent
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multiple CT examinations, and all organ doses were higher than 100 mGy. Patient No. 4,
underwent CT abdomen examination, all organs received over 100 mGy except the

brain.

Table 5.8: Patient demography and organ dose from CT examinations in young patients

with the high dose

Patie Age(yr) BW Clinical CT CED Organ dose (mGy)

nt /gender (kg) indications Protocols (mSv)

No. Lung Liver Colon  Breast Uterus  Brain

1 38/Female 73 Cryptogenic Upper 121.3 37.0 183.1 201.2 125 193.7 0.2
cirrhosis for abdomen

liver
transplantati
on
2 35/Female 55 Takayasu CTA 103.8 179.9 159.0 36.7 151.5 7.4 25
arteritis with thoracic
severe aortic aorta with

regurgitation gated

3 22/Male 80 Motorcycle Brain/ C- 110.4 1604 1332 1126 - - 117.2
accident spine/ CTA
Run off
arterial
upper
extremity
4 22/Female 188 R/O renal Whole 109.1 111.8 1498 1129 147.6 101.3 0.4
mass abdomen
5 35/Male 122 Fatty liver Whole 107.2 69.4 1559 1425 - - 0.1
and R/O abdomen
renal calculi
6 31/Male 135 R/O KUB KUB 106.7 85.8 142.7  130.7 - - 0.2
stone
7 39/Male 130 F/U of KUB KUB 100.2 58.6 139.3  130.9 - - 0.1

*R/O: Rule Out (usually refers to a diagnosis or condition that your provider is actively trying to figure out if you do

not have), * F/U: Follow-up
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Table 5.9: Patient demography and organ dose from CT examinations in elder patients

with the high dose

Pt.

10

"

12

13

14

15

16

17

18

No.

Age (yr)

/gender

60/
Female
52/
Female
57/
Female
72/
Female
56/
Female
46/
Female
69/
/Male
73/
/Male
61/
/Male
47/
/Male
54/
/Male

73/

Female

55/
Female
46/
Female
70/
Female
60/

Female

61/
Female
73/
/Male

BW
(kg)

80

160

67

75

50

55

62

70

59

73

117

57

57

83

110

61

7

80

Clinical

indications

Rule out
lymphoma
Hypermenorrhea
with anemia

F/U Aortic
dissection

Dermatomyositis

Rheumatic heart
disease
Abdominal
bleeding

Aortic aneurysm

Staghorn renal
stones
Coronary Artery
Bypass Grafting
Aortic root
aneurysm
Epidural
abscess and
psoas abscess
severe stenosis
coronary artery
disease

F/U symptoms

F/U symptoms

F/U groin nodes

F/U advanced
stage CRC

Renal artery
stenosis
High mechanism

trauma

CT Protocols

Chest and
abdomen

Whole abdomen

CTA of thoracic
aorta

Brain/ Neck/
Abdomen

CTA coronary

Chest and
abdomen

CTA of thoracic
aorta

Whole abdomen

CTA coronary

CTA whole aorta

Brain/C-spine /
Abdomen

CTA coronary
and CTA whole
aorta
Shoulder/Chest
and abdomen
Chest and
abdomen

Whole abdomen

CTV Lower
Extremity/ Chest
and abdomen
CTA abdominal
aorta
C-spine//CTA
Chest/Abdomen

CED
(mSv)

116.1

101.6

139.3

105.0

129.2

102.9

122.2

101.5

106.7

109.4

101.5

108.6

125.4

117.6

107.7

106.8

107.7

132.6

Organ dose (mGy)

Lung

128.8

38.7

270.8

109.3

313.4

144.0

286.7

66.2

267.4

178.6

122.6

196.2

101.7

182.3

82.4

113.1

130.4

94.8

Liver

154.6

140.5

213.9

1295

165.0

127.3

246.4

147.4

220.2

1565.1

162.9

131.5

170.3

139.7

142.7

120.7

131.8

199.7

Colon

115.2

170.5

95.0

5.8

75:9

1560.3

106.0

139.7

161.4

138.9

112.7

1156.3

199.1

Breast

165.8

16.1

245.8

125.7

306.0

128.2

185.1

89.7

186.7

106.3

118.7

Uterus

166.1

6.0

73.7

1.5

43.6

165.2

131.7

109.0

113.8

Brain

0.6

0.1

2.6

153.

0.6

43.0

0.1

0.6

22.0

0.3

24.8

0.2

0.4

0.8




80

/CTA neck

19 66/ 92 Arch aneurysm CTA whole aorta 111.6 148.8 151.6 125.0 - - 3.1
/Male

20 70/ 145 Perirenal Whole abdomen ~ 159.9  77.4 2395 2268 1658 995 0.1
/Male abscess

As indicated before, most patients who received a high dose, specifically 6 out
of 27, underwent CT whole abdomen examinations with four-phase protocol. The mean
CED + S.D. (range) of 6 patients was 114.5+ 22.5(101.5-160.0) mSv. The mean organ
doset S.D. (range) of the lung was 74.3+23.8(38.9-111.8) mGy, liver,162.7+38.1(140.5—
239.5) mGy, colon, 156.9+38.9 (112.9-226.8) mGy, female breast, 89.9+67.3 (16.1-
147.6) mGy, and female uterus, 133.1£32.4 (101.3-166.1) mGy, as shown in Figure 5.4.

Organ dose in abdominal CT examination
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Figure 5.4: Organ doses obtained from CT abdomen examination in six patients.



5.4.2 Patient radiation dose from CT examinations with CED below 100 mSv

The patient data and CED (mSv) classified by gender in common CT protocols
following CT brain without and with contrast-enhanced phase (n=802), chest with
contrast-enhanced phase (n=1207), abdomen with triphasic phased including without
contrast-enhanced, arterial, portal phase (n=391) and CTA of whole aorta, without

contrast, arterial phase, and delayed phase (n=694) were shown in Table 5.10. The

mean *SD of organ dose (mSv), from common CT protocols in young and elder patients,

as shown in Table 5.11.

Table 5.10: Patient demography and CED (mSv) from common CT protocols

CT Protocols CED Age at exposure Body weight WED
(mSv) (yr) (k@)

Brain

Female (n=683) 5.4+0.6 53+13 58.1+12.6 158.546.1

Male (n=119) 6.1£1.0 52116 69.0+16.2 166.2+7.0

Chest

Female (n=759) 10.4+2.8 51+14 55.6+12.5 238.1428.2

Male (n=448) 8.612.2 53+16 58.5+11.9 242.2+24.2

Whole abdomen

Female (n=188) 28.6+8.3 55+15 58.2+14.2 259.4+29.9

Male (n=203) 26.1+£9.0 56+14 64.6+12.7 260.5+27.2

CTA of the whole aorta

Female (n=147) 37.5+13.9 58+15 57.0+10.1 248.5+25.9

Male (n=547) 33.8¢12.7 5615 68.0+15.4 262.7+28.4
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Table 5.11: Mean organ dose (mGy) in common CT protocols from all patients
Organ CT protocols
dose _ CTA of the whole
(mGy) Brain Chest Whole abdomen sorta
Age group: < 40 years old

Female Male Female Male Female Male Female Male
Gender

(n=118) (n=25) (n=180) (n=89) (n=33) (n=30) (n=21) (n=97)
Lung 0.9+0.2 1.0£0.2 18.1+4.6 18.9+4.9 18.8+11.1 14.0+£6.9 47.5+15.7 52.3£15.2
Liver 0.1£0.01 0.08+0.01 15.1+3.8 16.5+4.2 46.2+14.1 30.8+13.7  44.4%156 48.0+14.2
Colon 0.01£0.001  0.01£0.002 2.541.7 3.241.9 43.4+16.3 34.8+11.6  35.0+15.7 35.1£12.0
Breast 0.3+0.04 16.2+4.6 11.8+14.0 44.5+15.8 -
Uterus  0.01+0.002 0.5+0.3 38.5+15.9 31.5+16.5 -
Brain 105.7410.7  100.2+11.2 0.240.1 0.1£0.1 0.03£0.02 0.01%0.01 7.547.3 7.645.6

Age group: > 40 years old

Female Male Female Male Female Male Female Male
Gender (h-565) (n=94) (n=579)  (1=359)  (n=142)  (n=150)  (n=126)  (n=450)
Lung 0.940.2 1.1+0.3 19.4+4.9 19.144.7 19.549.6 16.648.7 44.8+16.6 48.5+20.3
Liver 0.0840.01 0.07+0.02 16.2+4.0 16.7£4.0 46.3+12.6 46.2+14.7 44.9+16.6 46.8+17.2
Colon 0.01£0.001 0.01+£0.002 2.6+1.7 3.1+£1.9 41.2+11.4 40.1+£12.1 36.8£16.5 36.8£15.7
Breast  0.25:0.04 17.4+4.8 10.248.9 44.4+17.6 -
Uterus  0.01+0.002 0.640.33 35.1£10.8 33.2417.3 -
Brain 105.349.1 97.6+12.6 0.2+0.13 0.1£0.1 0.03+0.03 0.02+0.01 5.617.7 4.47+5.9

5.4.3 Lifetime attributable risk (LAR) at 5 organs for incident and mortality cancers in

high dose

Box plots display the median, and IQR values of LAR for solid cancer incidence

(top) and mortality (bottom) per 100,000 exposed patients from high CED categorized

by gender across 27 patients, (15 females, 12 males) as shown in Figure 5.5. The

median LAR of the lung in female and liver in male were higher than other solid cancers.
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Figure 5.5: LAR for incidence (top) and mortality (bottom) of 5 cancer sites from high CT
dose for both genders among 27 patients.

Table 5.12 shows the LAR of cancer incidence and mortality from CT
examinations for each young patient per 100,000 at 6 organs, along with 7 patients. LAR
for breast cancer incidence and mortality were 82 and 35 per 100,000, respectively, the
highest among young females. The incidence and mortality rates for liver cancer were
72 and 34 per 100,000, respectively, the highest among young males. In both cases, the
patient's age was 22 years old.

Table 5.13 and 5.14 display the LAR of cancer incidence and mortality in young

and elderly patients.
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Table 5.12: LAR of cancer incidence and mortality from CT examinations for each

young patient

Patient Age (yr)
No. /gender

1 38/Female
2 35/Female
3 22/Male

4 22/Female
5 35/Male

6 31/Male

7 39/Male

LAR of cancer incidence*

LAR of cancer mortality*

Lung

9.2

45.0

324

38.1

10.4

12.7

8.6

Liver

30.9

27.3

715

34.1

62.7

57.6

53.8

Colon

51.6

9.6

70.9

67.0

61.4

59.7

Breast

6.1

77.2

82.4

Uterus

9.4

0.4

8.2

Brain

0.01

0.3

16.9

0.1

0.01

0.02

Lung

8.0

39.2

28.0

9.0

11.0

7.5

Liver

30.0

26.4

70.3

32.7

61.7

56.7

53.1

Colon

25.6

4.7

34.4

32.9

30.0

29.7

Breast

2.7

34.0

Uterus

5.5

0.2

Brain

0.01

0.2

141

0.1

0.01

0.01

* LAR per 100000 exposed patients

Table 5.13: LAR of cancer incidence and mortality from CT examinations to 7 young

patients
N Mean S.D. Median Minimum  Maximum

LAR for incidence cancer
Lung 7 22.3 15.6 12.7 8.6 45.0
Liver 7 48.3 17.4 53.8 27.3 71.5
Colon 7 51.5 211 59.7 9.6 70.9
Breast 3 55.2 42.6 7.2 6.1 82.4
Uterus 3 5.9 4.9 8.2 0.4 9.4
Brain 7 25 6.4 0.02 0.01 16.9
LAR for mortality cancer
Lung 7 19.4 13.5 11.0 7.6 39.2
Liver 7 47.3 17.4 53.1 26.4 70.3
Colon 7 25.3 10.3 29.7 4.7 34.4
Breast 3 24.0 18.5 33.9 2.7 354
Uterus 3 3.3 2.8 4.2 0.2 55
Brain 7 2.1 5.3 0.01 0.01 14.10

* LAR per 100000 exposed patients
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Table 5.14: LAR of cancer incidence and mortality from CT examinations to 20 elder

patients

N Mean S.D. Median Minimum Maximum
LAR for incidence of cancer
Lung 20 21.0 16.7 18.4 2.1 63.5
Liver 20 21.4 13.3 20.7 3.8 52.3
Colon 20 17.9 14.4 16.0 11 50.2
Breast 12 23.9 24.9 13.2 2.7 81.4
Uterus 12 1.6 1.6 1.3 0.04 4.9
Brain 20 0.8 1.7 0.03 0.0004 6.9
LAR for mortality cancer
Lung 20 19.1 15.1 17.1 1.9 57.6
Liver 20 21.3 18 20.2 3.7 51.9
Colon 20 10.6 7.9 9.8 0.6 271
Breast 12 11.5 11.4 6.4 1.2 37.6
Uterus 12 1.3 1.2 1.0 0.03 3.6
Brain 20 0.7 1.5 0.03 0.0004 6.3

* LAR per 100000 exposed patients

Table 5.15: LAR of cancer incidence and mortality from CT whole abdomen with the

high dose

Patient  Age(y)

No. /gender

1 52/Female
2 73/Male

3 70/Female
4 22/Female
5 35/Male

6 70/Male

BW,

(kg)

160
70

110
188
122

145

LAR per 100,000 of cancer incidence

LAR per 100,000 of cancer mortality

Lung

8.3

2.1

7.7

38.1

10.4

4.6

Liver

19.7

i{(

8.1

34.6

62.7

25.0

Colon

36.2

40.0

67.0

33.2

Breast

2.7

4.8

82.4

Uterus

4.9

Lung Liver
7.4 19.2
1.9 7.8

7.3 8.1

329 327
9.0 61.7
4.2 252

Colon

18.6

8.0

7.6

Breast

1.2

Uterus

3.6

0.9

4.2

*LAR per 100000 exposed patients
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5.4.4 Lifetime attributable risk (LAR) at 6 organs for incident and mortality cancers in

low dose

Table 5.16 shows the LAR for cancer incidence and mortality of young and elder
patients of both genders. A significant difference between males and females was
observed in LAR for lung, liver, and colon cancer incidence and mortality from CT brain
and CTA of the whole aorta (p<0.05), except for LAR of brain cancer incidence and
mortality. LAR of all solid cancers from CT whole abdomen and chest were significantly
different between females and males, (p<0.05). Table 5.17: Lifetime attributable risk per
100,000 of cancer incidence and mortality of the elder patients with both genders in

common CT protocols.

Table 5.16: Lifetime attributable risk per 100,000 of cancer incidence and mortality of

the young patients with both genders in common CT protocols

CT CTA of the whole
Brain Chest Whole abdomen
Protocols aorta
Female Male Female Male Female Male Female Male
Gender
(n=123) (n=28) (n=180)  (n=89) (n=33) (n=30) (n=21) (n=97)

LAR for incidence cancer;

Lung 0.2+0.1 0.2+0.1 5.0£1.4 3.4£1.0 5.3+3.6 2.3x1.1 13.6+4.8 8.8+2.8

Liver 0.01+0.003 0.04+0.01 2.8+0.8 7.9£2.3 8.7£2.9 17.7+6.1 8.5+£2.9 21.7£7.8
Colon 0.003+0.001 0.006+0.002  0.7x0.5 1.8+1.0 12.6x4.9 18.2+6.4 10.2+4.1 18.6+7.1
Breast 0.13£0.02 - 8.4+2.4 - 6.2+7.4 - 23.247.6 -

Uterus 0.001+0.0001 - 0.03£0.02 - 2.4+1.1 - 1.9+0.9 -

Brain 12.7+4.3 13.2+5.7 0.03£0.01  0.01+0.01 0.004+0.003  0.001+0.001 1.0£1.1 0.9+0.7

LAR for mortality cancer;

Lung 0.2£0.1 0.2+0.1 4.3£1.2 3.0+0.9 4.6+3.1 2.0£0.9 11.7+41 7.6x2.4
Liver 0.01+0.003 0.04+0.01 2.70.7 7.82+2.3 8.4+2.8 17.4+6.0 8.2+2.8 21.4x7.7
Colon 0.002+0.0003 0.003+0.001  0.3%0.2 0.9+0.6 6.2+2.4 8.9+3.9 5.0£2.0 9.1£3.4
Breast 0.06+0.01 - 3.7£1.0 - 2.7+3.2 - 10.1+3.4 -

Uterus 0.0003+0.0001 - 0.02£0.01 - 1.320.6 - 1.0£0.5 -

Brain 10.7+3.2 11.0+4.3 0.02+0.01  0.01+0.001  0.003+0.003  0.001+£0.001  0.87+0.92  0.7+0.6




Table 5.17: Lifetime attributable risk per 100,000 of cancer incidence and mortality of

the elder patients with both genders in common CT protocols

CcT CTA of the whole
Protocols  Brain Chest Whole abdomen aorta

Female Male Female Male Female Male Female  Male
Gender

(n=565) (n=94) (n=579) (n=359) (n=155) (n=173) (n=126)  (n=450)

LAR for incidence cancer;

Lung 0.2+0.1 0.1£0.1 3.5£1.4 1.9+0.9 3.1£2.0 1.56¢1.0 6.5+4.0 4.4+2.8
Liver 0.01+0.004 0.02+0.01 1.9+£0.7 3.5+1.9 4.6£2.3 9.2+¢5.6 4.1£2.7 8.8+6.3
Colon 0.002+0.001 0.003+0.001 0.4+0.3 0.8+0.7 5.8+3.1 10.3+5.8 4.8+£3.6 8.8+6.1
Breast 0.05+0.04 - 3.2+#2.8 B 1.56+2.3 - 6.0£7.5 -
Uterus 0.0002+0.0001 - 0.01£0.01 I 0.7+0.5 - 0.6+0.6 -
Brain 4.70+2.37 3.51+£1.98 0.01+0.01 0.03+0.003 0.001+0.001 0.0006+0.0005 0.2+0.3 1.2#0.3

LAR for mortality cancer;

Lung 0.1+0.1 0.10+0.04 3.2+1.2 1.7£0.7 2.8+1.8 1.4£0.9 5.9+3.6 4.0£2.5
Liver 0.01+0.003 0.02+0.01 1.84£0.8 3.5+1.9 4.542.2 9.2¢55 4.1£2.6 8.8+6.2
Colon 0.001+0.0004 0.002+0.001  0.2+0.2 0.5+0.3 3.4£15 5.9+2.9 2.8+1.9 5.2+3.2
Breast 0.02+0.02 - 1.5£1.2 b= 0.7x1.1 - 2.9+34 -
Uterus 0.0002+0.0001  ~ 0.01+0.01 o 0.5+0.3 - 0.5+0.4 -

Brain 4.4x2.1 3.3£1.8 0.01+0.01  0.003+£0.003  0.001+0.001  0.0005+0.0004  0.2+0.3 0.2+0.3
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5.4.5 LAR, organ dose and related patient parameters in common CT protocols

The Pearson Correlation Coefficient (r) has been used to quantify the degree of
two associated variables. The correlation between LAR of cancer incidence and patient

parameters of various protocols is displayed in Table 5.19-5.28.

Table 5.18: Correlation of patient parameters and LAR in common CT protocols

Protocol
CT Chest lung cancer incidence
CT Abdomen breast cancer incidence

liver cancer incidence

colon cancer incidence

uterus cancer incidence

CTA whole aorta examination | lung cancer incidence

liver cancer incidence

colon cancer incidence

breast cancer incidence

uterus cancer incidence
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Table 5.19: Correlation of LAR for lung cancer incidence and patient parameters: CT

Chest examination

LAR for lung cancer  Organ dose:  Age at exam Bodyweight WED

incidence Lung
Organ dose: Lung 0.4547* 1.0000
Age at exam -0.6838* 0.0561 1.0000
Bodyweight 0.2653* 0.5185* - 0.0844* 1.0000
WED 0.2570* 0.6664* 0.0630* 0.8371* 1.0000

*P value<0.05

From the table above, there was a positive moderate correlation between LAR
for lung cancer incidence and organ dose with statistically significant, r = 0.45, p <
0.05. A negative moderate correlation was found between LAR for lung cancer
incidence and age at the exam with statistically significant, r = -0.68, p < 0.05. There
was a moderate correlation between lung dose and body weight and water equivalent
diameter with statistical significance, r = 0.52, p < 0.05 and r = 0.67, p < 0.05,

respectively.

Table 5.20: Correlation of LAR for breast cancer incidence and patient parameters: CT

Chest examination

LAR for breast Organ dose: Age at exam Bodyweight WED
cancer incidence Breast
Organ dose: Breast 0.2834* 1.0000
Age at exam -0.8323* 0.0676 1.0000
Bodyweight 0.3302* 0.6288* -0.0844* 1.0000
WED 0.2446* 0.7658* 0.0630* 0.8371* 1.0000

*P value<0.05

A negative moderate correlation between LAR for breast cancer incidence and
age at exam was found with statistical significance, r = -0.83, p<0.05. A moderate
correlation was observed between breast dose and body weight and water equivalent

diameter, r = 0.63, p < 0.05, and r = 0.77, p < 0.05, respectively.
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Table 5.21: Correlation of LAR for liver cancer incidence and patient parameters: CT

Abdomen examination

LAR for liver Organ dose: Age at exam Bodyweight WED
cancer incidence Liver
Organ dose: Liver 0.2895* 1.0000
Age at exam -0.7160* 0.1333* 1.0000
Bodyweight 0.2828* 0.5679* 0.0537 1.0000
WED 0.1819* 0.7190* 0.1613* 0.8307* 1.0000

*P value<0.05

There was a negative moderate correlation between LAR for liver cancer
incidence and age at exam with statistical significance, r = -0.72, p<0.05. A statistically
significant moderate correlation was observed between liver dose and body weight, and

water equivalent diameter, r = 0.57, p < 0.05 and r = 0.72, p < 0.05, respectively.

Table 5.22: Correlation of LAR for colon cancer incidence and patient parameters: CT

Abdomen examination

LAR for colon Organ dose: Age at exam Bodyweight WED
cancer Colon
incidence
Organ dose: Colon 0.3187* 1.0000
Age at exam -0.7581* 0.0950 1.0000
Bodyweight 0.2964* 0.5835* 0.0537 1.0000
WED 0.2101* 0.7374* 0.1613* 0.8307* 1.0000

*P value<0.05

There was a negative moderate correlation between LAR for colon cancer
incidence and age at exam with statistical significance, r = -0.76, p<0.05. A moderate
correlation between colon dose and body weight, and water equivalent diameter was
found with statistical significance, r = 0.58, p < .0.05 and r = 0.74, p < 0.05,

respectively.
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Table 5.23: Correlation of LAR for uterus cancer incidence and patient parameters:

Abdomen examination

LAR for uterus Organ dose: Age at exam Bodyweight WED
Uterus
cancer
incidence

Organ dose: Uterus 0.4349* 1.0000
Age at exam -0.8985* -0.0477 1.0000
Bodyweight 0.2647* 0.5913* 0.0537 1.0000
WED 0.2027* 0.6818* 0.1613* 0.8307* 1.0000

*P value<0.05

A statistically significant positive moderate correlation was observed between
LAR for uterus cancer incidence and organ dose, r = 0.43, p < 0.05. The negative
strong correlation between LAR for uterus cancer incidence and age at the exam was
statistically significant, r = -0.90, p < 0.05. There was a moderate correlation between
uterus dose and body weight, and water equivalent diameter with statistical

significance, r=0.59, p <.0.05 and r = 0.68, p < 0.05, respectively.

Table 5.24: Correlation of LAR for lung cancer incidence and patient parameters: CTA

whole aorta examination

LAR for lung Organ dose: Age at Bodyweight WED
cancer Lung exam
incidence
Organ dose: Lung 0.5689* 1.0000
Age at exam -0.7652* -0.1212* 1.0000
Bodyweight 0.1741* 0.1520* -0.2195* 1.0000
WED 0.2063* 0.1865* -0.2017* 0.6981* 1.0000

*P value<0.05

The positive moderate correlation between LAR for lung cancer incidence and
organ dose was statistically significant, r = 0.57, p < 0.05. The negative strong
correlation between LAR for lung cancer incidence and age at the exam was statistically

significant, r = -0.77, p < .0.05.
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Table 5.25: Correlation of LAR for liver cancer incidence and patient parameters: CTA

whole aorta examination

LAR for liver Organ dose: Age at exam Bodyweight WED
cancer Liver
incidence
Organ dose: Liver 0.4821* 1.0000
Age at exam -0.8133* 0.0803* 1.0000
Bodyweight 0.3952* 0.2624* -0.2195* 1.0000
WED 0.4096* 0.4180* -0.2017* 0.6981* 1.0000

*P value<0.05

There was a positive moderate correlation between LAR for liver cancer
incidence and organ dose, body weight, and water equivalent diameter with statistically
significant, r = 0.48, r = 0.40, and r = 0.40 respectively. The negative strong correlation
between LAR for liver cancer incidence and age at the exam was statistically significant,
r =-0.81, p < 0.05. A moderate correlation between liver dose and water equivalent

diameter was statistically significant, r = 0.42, p < .0.05.

Table 5.26: Correlation of LAR for colon cancer incidence and patient parameters: CTA

whole aorta examination

LAR for colon Organ dose: Age at exam Bodyweight WED
cancer colon
incidence
Organ dose: Uterus 0.4779* 1.0000
Age at exam -0.7690* 0.0189 1.0000
Bodyweight 0.3615* 0.1506* -0.2195* 1.0000
WED 0.3766* 0.2752* -0.2017* 0.6981* 1.0000

*P value<0.05

A positive moderate correlation between LAR for colon cancer incidence and
organ dose was statistically significant, r = 0.48, p < .0.05. The negative moderate
correlation between LAR for colon cancer incidence and age at the exam was

statistically significant, r = -0.77, p < .0.05.
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Table 5.27: Correlation of LAR for breast cancer incidence and patient parameters: CTA

whole aorta examination

LAR for breast Organ dose: Age at exam Bodyweight WED
Breast
cancer
incidence

Organ dose: Breast 0.3713* 1.0000
Age at exam -0.8960* -0.0334 1.0000
Bodyweight 0.3361* 0.4653* -0.2195* 1.0000
WED 0.2654* 0.5390* -0.2017* 0.6981* 1.0000

*P value<0.05

The negative strong correlation between LAR for breast cancer incidence and
age at the exam was statistically significant, r = -0.90, p < .0.05. There was a moderate
correlation between breast dose and body weight, and water equivalent diameter with

statistically significant, r = 0.47, p < 0.05 and r = 0.54, p < 0.05, respectively.

Table 5.28: Correlation of LAR for uterus cancer incidence and patient parameters: CTA

whole aorta examination

LAR for uterus Organ dose: Age at exam Bodyweight WED
Uterus
cancer
incidence

Organ dose: Uterus 0.4897* 1.0000
Age at exam -0.8450* -0.0132 1.0000
Bodyweight 0.2953* 0.1822* -0.2195* 1.0000
WED 0.2032* 0.1837* -0.2017* 0.6981* 1.0000

*P value<0.05

There is a positive moderate correlation between LAR for uterus cancer
incidence and organ dose with statistically significant, r = 0.49, p < 0.05. A negative
moderate correlation between LAR for uterus cancer incidence and age at the exam was

found with statistical significance, r = -0.85, p < .0.05.



94

5.4.6 Risk Model for incident cancer risk from CTA examinations

Multivariate regression risk model for incident cancer risk from CTA examinations
includes the following;
1) LAR for lung cancer incidence
2) LAR for liver cancer incidence
3) LAR for colon cancer incidence
4) LAR for breast cancer incidence

5) LAR for uterus cancer incidence

1) Model for LAR for lung cancer incidence

® Normal distribution of the variable
We used Shapiro-Wilk test to check the normality of the data, (P>0.001). The
LAR for lung cancer incidence conformed to a normal distribution when LAR was
represented in square root form. The organ dose of the lung was under normal
distribution. The histogram in age at exam data shows non-normally distributed, it is
obvious that the variable displacement is skewed to the right. Hence, we categorize the
data based on age at exam; Age group 1: age at exam <=40, 2: age at exam 41-60, 3:

age at exam 61-70, 4: age at exam 71-75 years old.
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Figure 5.6: The normal distributed square root form of LAR (Top) and dose in the lung

(Bottom)

® Univariate linear regression

Simple linear regression analysis revealed the p-value was below the significance
level of P<0.001. This indicates that the predictor variables, organ dose in the lung, age
at exam, and gender, had a statistically significant association with the LAR for lung
cancer incidence. Therefore, the variables are being added to the multiple linear

regression model (Table 5.29).
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Table 5.29: Univariate linear regression of LAR for lung cancer incidence

Univariate linear regression Standardize Coefficient (B) 95% CI P-value

Organ dose in the lung 0.02 0.02-0.03 <0.001

Age group; 1:<=40 yr (ref)

2:41-60 yr -0.41 -0.52—-(-0.29) <0.001
3:61-70 yr -1.04 -1.16—(-0.92) <0.001
4:71-75yr -1.83 -1.97—(-1.71) <0.001

Gender; Female (ref)

Male -0.46 -0.60—(-0.31) <0.001

Significance level: ** p < 0.001

® Multivariate Linear Regression
The multiple linear regression model is used to predict the LAR, the summary output
is provided below.

Table 5.30: Multiple linear regression of LAR for lung cancer incidence

Linear regression Number of obs = 694
F (8, 685) = 730.58
Prob > F = 0.0000
R-squared = 0.9093
Root MSE = .24752
| B Robust
sqrt_LAR | Coefficient std. err t P>t [95% conf. interval]
___________________ +________________________________________________________________
agegr0l |
2 | -.3520255 .1028428 -3.42 0.001 -.5539505 -.1501005
3 | -.6114648 .1109667 eyl 0.000 -.8293405 -.3935891
4 | -1.057818 .1180392 -8.96 0.000 -1.289581 -.8260563
\
Lung dose | .027605 .0019164 14.40 0.000 .0238422 .0313677
\
agegr0l#c.Lung dose|
2 | -.0006651 .0020332 -0.33 0.744 -.0046572 .0033271
3 | -.0073138 .0022393 -3.27 0.001 -.0117105 -.002917
4 | -.0136418 .0024753 -5.51 0.000 -.0185019 -.0087817
\
l.male | -.6090101 .0281845 -21.61 0.000 -.6643485 -.5536717
cons | 2.130729 .099274 21.46 0.000 1.935811 2.325647

There is an equation for multiple linear regression.

sqrt LAR for lung cancer incidence (per100000)
= 2.13 + f1l(age group) + B2(Lung dose(mGy) + [3 (male)
+ B4(agegr01#c. Lung dose)
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From the obtained multiple linear regression, residuals had a normal distribution,
(Figure 5.7) and there was no evidence of multicollinearity, with mean VIF=1.57.
Additionally, the R® value was relatively high, 0.91 and very low Root MSF, 0.24. A
scatterplot displays the relationship between actual and predicted value while line plots

represent regression of the actual data. As can be seen in Figure 5.8.

Kernel density estimate

>
'T’g 14 — Kernel density estimate
8 —— Normal density

T T T T

-1 -5 0 5 1 1.5
Residuals
kernel = epanechnikov, bandwidth = 0.0579

Figure 5.7: Kernel density estimation of residuals follow normal distribution in multiple

linear regression analysis (Blue)

*  Predicted Values
— Actual Values

T T T T
0 5 10 15 20 25
LAR for lung cancer incidence (per 100000)

Figure 5.8: Two-way scatterplot with a linear regression line of LAR for lung cancer

incidence



Risk Model for 2) - 5) will be included in the Appendix.

2) LAR for liver cancer incidence
3) LAR for colon cancer incidence
4) LAR for breast cancer incidence

5) LAR for uterus cancer incidence
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CHAPTER 6

DISCUSSION

Lifetime attributable risk (LAR) of radiation-induced cancer incidence and
mortality was studied among patients undergoing CT examinations. Patients who
received a high dose (CED2100 mSv) from recurrent CT in a single day and a low dose,
(CED<100 mSv) obtained from common CT examinations, especially on CTA whole
aorta were included in this study. The BEIR VIl model was used to evaluate the risk of
site-specific solid cancers of the lung, liver, colon, breasts, and uterus, as a function of
age at exposure, attained age, organ dose, life table data, and baseline cancer
incidence and mortality rates of the Thai population. In order to obtain the accurate LAR

at each cancer site, the displayed CT dose and the organ doses had been verified.
6.1 Verification of the displayed CTDI,,

The CTDI , displayed on the CT scanner monitor has been compared to the

vol
measured values from both PMMA phantoms and the pencil ion chamber. The
percentage differences from GE were highest among three CT scanners. (Table 5.1-
5.3). The similar results were the highest difference recorded from the low kVp of both
phantoms and then reduced at higher kVp. Siemens CT scanner showed the lowest

difference especially from body phantom. Canon scanners showed the medium

difference and not really according to kVp in head phantom.
6.2 Verification of organ dose
6.2.1 Calibration of RPLGDs

The mean air kerma measured by RPLGDs was 1.1 percent lower than the mean
measurement by an ion chamber. The lowest read out by RPLGD no. 40 at 21 percent

difference, had been excluded from the study.
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6.2.2 The organ doses from measurements and Radimetrics

The measured organ doses by RPLGDs were compared to the readouts from
Radimetrics. The measured breast and lung doses were lower than Radimetrics
readouts, while the measured liver, colon and uterus were higher than Radimetrics as

shown in Table 5.5.
6.2.3 Comparison of the organ doses to other studies

Iriuchijima A et al. [55] compared the organ doses from CT examinations using
Monte Carlo simulation of Radimetrics, to female Rando phantom inserted by RPLGD
model 352 M in different organs. The CT chest and abdomen were scanned by Siemens
SOMATOM Definition Flash and GE LightSpeed VCT. The scanning parameters and
results from Siemens were 120 kVp, 330 mA, and a rotation time 0.5 seconds, CTDI
was 20 mGy. The organ dose measured by RPLGD were lower from Radimetrics

software in breast while the other 4 organ doses were higher.

This study supported our results. The organ doses measured by RPLGD were
lower than Radimetrics at the breast and lung while liver, colon and uterus were higher

than Radimatrics as shown in Table 6.1.

Table 6.1: Comparison of the organ doses from Iriuchijima A et al. and our study

Iriuchijima A et al Our study
Organ Measurement  Radimetrics  The difference, Measurement Radimetrics) The difference,
(mGy) (mGy) mGy and (% (mGy) (mGy) mGy and (%
relative relative
difference) difference)
Breast 254 32.7 7.3(28.7) 15.3 21.80 6.5 (42.5)
Lung 41.8 36.6 5.2(12.4) 23.6 24.50 0.9 (3.8)
Liver 42 32.7 9.3.(22.1) 26.2 21.70 45(17.2)
Colon 31.8 28.9 2.9(9.2) 24.2 17.60 6.6 (27.3)

Uterus 29.9 27.9 2(6.7) 18.9 17.40 1.5(7.9)
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Guberina N et al [56] verified the organ doses from Radimetrics, based on
Monte Carlo Simulation in thoracic CT protocols and from the measurement of a
phantom inserted by TLD. The inter-modality comparison demonstrated a strong

correlation between Monte Carlo, Radimetrics and measured by TLD as in Table 6.2.

Table 6.2: Comparison of the organ doses from Guberina N et al. and our study

Guberina N et al Our study
Organ Measurement  Radimetrics The difference, Measurement Radimetrics) The difference,
(mGy) (mGy) mGy and (% (mGy) (mGy) mGy and (%
relative relative
difference) difference)
Breast 2.2 2.5 0.3(13.6) 15.3 21.80 6.5 (42.5)
Lung 2.7 2.8 0.1(3.7) 23.6 24.50 0.9(3.8)
Liver 2.3 1.7 0.6 (26.1) 26.2 21.70 4.5(17.2)
Colon 0.07 0.06 0.01(14.3) 24.2 17.60 6.6(27.3)
Uterus n/a n/a n/a 18.9 17.40 1.5(7.9)

The organ doses from the breast and lung measured by TLD were lower than the
Radimetrics. While the measured organ dose for the liver and colon were higher. This
agreed with our study, breast dose was lower while lung, liver, colon and uterus were

higher even though the dosimeters were different.

The minimal difference between the two methods is observed in the lung dose,
with a difference value of 0.9 for our study, and 0.1 for Guberina N et al. For the lung
region, RDLPGs were placed in the central axis of the organ in every slab to obtain more
dose distribution information (Figure 6.1). However, the other organs such as colon did
not have clear boundaries. The identification of organ locations remain uncertain,

especially in uniform tissue-equivalent materials [57] .
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Figure 6.1: RPLGDs were inserted into the holes along the central axis of the lungs.

The difference in organ dose values between the two methods results from
differences in phantom types, Rando phantom and the Radimetrics software (stylized
phantom). This discrepancy is further influenced by the calculating algorithms utilized

by Radimetrics and the positioning of glass dosimeters within the Rando phantom slab.
6.3 Patient study on CT examinations
6.3.1 Patient radiation dose from CT examinations with CED 100 mSv and above

The number of patients receiving CED 100 mSv and above in a single day was
27 or 0.009% of the total of 285,286 patients who performed CT scans during five years.
They underwent multiple CT exams, and whole abdomen. The sources of high CED are
the patient’s size, clinical protocols involving multiple phases, and frequent or repeated

scanning.
The age distribution of 27 patients could be separated into 3 groups:
1. 37 percent (10 patients) was less than 50 (23-50) years old
2. 33 percent (9 patients) was 51-65 years old, and
3. 30 percent (8 patients) was over 65y

The age distribution from other published studies were as the following:
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Brambilla M et al. [58] reported the number of patients receiving CED 100 mSv
and above in a single day was 70 of the total of 28,780 patients underwent CT
examinations from 2017 to 2018. The mean age was 67113 years, of 51 males and 19
females. The age distribution of 70 patients was as following: 14 percent (10 patients)
<50 years old; 21 percent (15 patients) aged 51-65 years; and 64 percent (45 patients)

aged >65 years.

Rehani MM et al.[40] reported high dose, 100-200 mSv frequently encountered
in older age groups at greater than 60 years old. While Zewde N. et al. [9] showed a
large distribution of patients receiving CED above 100 mSv were between 55 and 84

years old.

The patient age from our study were uniformly distributed among three groups
from young to middle age of 23-50 years at 10 patients, middle to elder age 51-65 years
at 9 patients and the eldest at higher than 65 years at 8 patients. Therefore, the risk
estimation among three groups are necessitated according to organ dose, gender, age

at the CT scan, for the cancer incidence and mortality.

The acquisition protocols resulted in high radiation doses including multiple CT
scans (6 patients) and whole abdomen (6 patients). The median CED was 113 mSv for
females and 114 mSv for males. Two patients received the maximum CED from CT

angiography and CT abdomen according to the following information:

A 57-year-old female with the clinical indication of aortic graft replacement from
the ascending aorta to the aortic arch underwent CT angiography at the thoracic aorta
with 3 scanning phases. A Dual-Energy CT with retrospective ECG-gated technique was
applied to scan almost the entire length of the thoracic aorta. The motion artifact in the
aortic root and ascending segment can be minimized by the data from an ECG-gated

system. She received the maximum CED at 139 mSv. [27].

A 70-year-old male patient underwent the 4 phases CT abdomen examination.
His demography was 145 kg body weight, with abdominal diameter at 409 mm. In order

to maintain sufficient image quality for clinical interpretation, the acquisition protocols
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were: tube voltage (kVp) at 140 and the mean tube current-time (mAs) at 530. He

received maximum CED of 160 mSv.

Similar study from Moghadam N et al who reported the CED from CT
examinations of 75,252 patients over one-year period. 7 patients (0.009%) received a
CED > 100 mSv from CT abdomen. The highest CED was 129 mSv received by a 23-
year-old male who underwent 3 phases of CT abdomen. His abdominal diameter was
491 mm. The patient size and number of phases are major parameters of high CED of

CT abdomen.

The organ doses from high CED patients were as high as 300 mGy (Table 5.8
and 5.9). Similar results reported by Zewde N. et al. [7] for most organ doses in excess

of 100 to 200 mGy.

Six of the 27 patients in our study underwent CT whole abdomen examinations
with four-phase protocol. The mean CED + S.D. (range) was 114.5+ 22.5 (101.5-160.0)
mSv. Most patients were heavy weight, with the age under 40 years old. In addition, the

organ dose for the colon and liver were over 200 mGy in patient No.3 (Figure 5.4).

Two patients who received highest breast dose were patient no.4 in the young
adult group (Table 5.8), who underwent CT abdomen, a breast dose was 147 mQGy.
Another patient no.17 in the older age group (Table 5.9), who underwent CTA abdominal
aorta, received a breast dose of 118.7 mGy. In large patients, the scan setting could be
influenced by the overlapped of the breast and abdomen regions, and the patient's

breathing pattern.

6.3.2 Patient radiation dose from CT examinations with CED below 100 mSv

Among 4 CT protocols of brain, chest, whole abdomen and CTA of the whole
aorta, the organ doses among gender and age groups were considered from Table
5.11. For CT brain protocol, the brain doses were approximately 100 mGy for both
gender and age groups. Female brain doses were a little higher than male. For CTA of

the whole aorta, the lung and liver organ doses in male were higher than female in both
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age groups. Furthermore, the female breast doses were highest among 4 CT protocols.
For CT chest: the lung dose was similar in both genders but little higher at old age. For
CT whole abdomen, young female liver and colon doses were higher than male doses
and similar to old age group. The uterus dose was higher than dose from CTA protocol

in female.

6.3.3 Lifetime attributable risk (LAR) at 5 organs for incident and mortality cancers in

high dose

LAR for incident and mortality cancers was estimated by considering the
frequent cancer sites, such as lung, liver, breast, colon, and uterus in Thai population[4,
5]. In both young and old patient groups, the LAR for cancer incidence of the lung, liver,
and uterus are slightly higher than cancer mortality. Meanwhile, the LAR for cancer
incidence of the colon and breast is nearly twice LAR for mortality cancer. LAR for
cancer incidence and mortality in young patients are higher than the old group (Table

5.13 and Table 5.14).

The high LAR for cancer incidence and mortality in female patient belongs to
patient no.4, who underwent CT whole abdomen, 188 kg body weight, age at CT exam
of 22 years old (Table 5.8, 5.12). LAR for breast cancer incidence and mortality were 82

and 35 per 100,000, respectively.

The high LAR for cancer incidence and mortality in male patients belongs to
patient no. 3 who underwent multiple CT examination, 80 kg body weight, age at CT
exam of 22 years old (Table 5.8, 5.12). LAR for liver and colon cancer incidence and

mortality were 71.5, 70.9 and 70.3, 34.4 per 100,000, respectively.

The upper evidence agreed with the epidemiological principle reported by BEIR
VIl that radiation exposure in younger patients is associated with a dose-related
increase in the rates of cancer, with a higher lifetime risk of cancer compared to the

aged patients.
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Bosch de Basea M. et al [17] estimated of the organ dose and LAR for organs in
the scanning regions such as the stomach, colon and rectum, pancreas, liver, and
kidneys from CT abdomen. Meanwhile, Khan NA et al. [14] determined the organ dose

and LAR in organs exposed to scattered radiation.

Our study estimated the organ dose and LAR not only within the scan area, but
also in the periphery, for example from CT abdomen, 6 patients receiving high dose,
CED > 100 mSv, the average organ dose of the lung was 74.3+23.8 (38.9-111.8) mGy
while female breast was 89.9+67.3(16.1-147.6) mGy.

6.3.4 Lifetime attributable risk (LAR) at 6 organs for incident and mortality cancers in

low dose

In common CT examinations, the LAR of the young patient’s organ is also higher
than in the old patient for all cancer sites (Tables 5.16 and 5.17). The high LAR for
cancer incidence in male obtained from CTA of the whole aorta (Tables 5.16), with high
organ dose was compared to other examination. The maximum average LAR for breast
cancer incidence in young female was 23 per 100,000 while for liver cancer incidence in

male patients was 22 per 100,000 from CTA whole aorta.

The LAR of the radiation sensitive organ outside the scan area was also
estimated. The organ dose and LAR were significantly low. For CT chest, the organ dose
at uterus was 0.5+0.3 mGy (Table 5.11), the LAR for uterus cancer incidence was
0.03+0.02 per 100,000 (Table 5.16). Therefore, the estimation of LAR of the organs
situated outside the CT scan region based on the scattered radiation, were very low and

negligible.

As the CT chest was performed at 27.2 percent of our study and higher than
other CT examinations, the average LAR for lung cancer incidence was estimated and
the average LAR for female was higher than males. Table 5.16 shows CT chest
examination, it can be observed that the trend in the data is illustrated in Figure 6.2,

showing that the LAR of lung cancer incidence in younger females was higher than
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males and decreased with increasing exposure age. This is consistent with the results of
the estimated cancer incidence provided by BEIR VI, in Table 12D-1 (Figure 6.3), LAR

for lung cancer incidence in females is higher than in males and decreases with age.

The average lung dose in female was 18.1+4.6 mGy and males, 18.9+4.9 mGy
whereas the parameter of ERR and EAR model derived from BEIR VIl report of females
was greater than males. The mean = S.D. of LAR for lung cancer incidence of young
females and males from CT chest examinations was 5.0+1.4 and 3.4+1.0 per 100,000
respectively. Although the amount of LAR per 100,000 is relatively low, it is necessary to
consider the potential cancer risk resulting from radiation especially in young adults who
may receive recurrent CT scans from follow-up or diagnose their diseases, the risk of

cancer may increase significantly.

-
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Figure 6.2: LAR for lung cancer incidence from CT chest examination
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Figure 6.3: The LAR for lung cancer incidence per 100,000 persons (BEIR VII)

For the CT abdomen, LAR for colon cancer incidence has a higher average
value than other cancer sites. From the graph (Figure 6.4), it can be seen that the trend
of LAR data for colon cancer incidence in male is higher than that in female, and the
LAR decreases with increasing age. This is consistent with the results of LAR for colon

cancer incidence from Table 12D1 in the BEIR VII report (Figure 6.5).
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Figure 6.4: LAR for colon cancer incidence from CT abdomen examination
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Figure 6.5: The LAR for colon cancer incidence per 100,000 persons (BEIR VII)

According to epidemiological data from the LSS cohort, radiation-induced breast
cancer rates were high, especially in young adult [12]. In our study, the average LAR for
breasts cancer incidence of patients performing CTA of the whole aorta was 23 in

100,000 (Table 5.16).

Bosch de Basea M. et al. [17] determined the lifetime cancer risk for young
patients from CT scans, providing useful data to promote radiation protection,
particularly in the young cohorts. It is beneficial to categorize the levels of cancer risk
associated with radiation exposure according to the procedures, age group, and

gender in order to justify the health risks, benefits and optimized parameter settings.

6.3.5 LAR, organ dose and related patient parameters in common CT protocols

For the common CT examinations which the CED was lower than 100 mSy, the
correlation between LAR and patient parameters such as: patient size, age at exposure,
and organ dose has been expressed as Pearson Correlation Coefficient (r). LAR of
cancer incidence has a strong negative correlation with the age at exposure with

statistically significant p < 0.05 (Table 6.3).



Table 6.3: Correlation of LAR for lung cancer incidence and age at exposure

Protocol LAR r

CT Chest lung cancer incidence -0.6838

CT Abdomen breast cancer incidence | -0.8323
liver cancer incidence -0.7160
colon cancer incidence -0.7581
uterus cancer incidence | -0.8985

CTA whole aorta examination | lung cancer incidence -0.7652
liver cancer incidence -0.8133
colon cancer incidence -0.7690
breast cancer incidence | -0.8960
uterus cancer incidence | -0.8450

110

LAR for cancer incidence has a positive moderate to low correlation with the

organ dose with statistically significant, p < 0.05 as shown in Table 6.4.

Table 6.4: Correlation of LAR for lung cancer incidence and organ dose

Protocol LAR r
CT Chest lung cancer incidence 0.45
CT Abdomen breast cancer incidence | 0.28
liver cancer incidence 0.29
colon cancer incidence 0.32
uterus cancer incidence | 0.43
CTA whole aorta examination | lung cancer incidence 0.57
liver cancer incidence 0.48
colon cancer incidence 0.48
breast cancer incidence | 0.37
uterus cancer incidence | 0.49
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The relationship between organ dose and water-equivalent diameter (WED),
appears to have varying degrees of correlation, ranging from 0.18 to 0.76, with statistical

significance.

6.3.6 Risk Model for incident cancer risk from CTA examinations

As the LAR calculations for each cancer site are not simple, the mathematical
model to predict cancer risk has been established. The risk model/equation for the

multiple linear regression is:

sqrt LAR for lung cancer incidence (per100000)
= 2.13 + B1(age group) + B2(Lung dose(mGy) + (3 (male)
+ f4(agegr01#c. Lung dose)
The residuals follow a normal distribution (Figure 5.7). There is no evidence of
multicollinearity, as demonstrated by a mean Variance Inflation Factor (VIF) of 1.57. R
value was relatively high, 0.91, indicating that this set of variables can explain 91% of

the LAR for lung cancer incidence.

M Ali RMK et al [59] studied on the mathematical model of radiation-induced
cancer risk from breast screening by mammography, multiple linear regression
equations were employed to assess the lifetime risk. Various factors such as organ
dose, gender, age, and the frequency of screenings were considered. The obtained R’
value of 0.870 indicates that the multiple linear regression models can be useful for

predicting radiation-induced cancer risks from screening programs.

From our study and M Ali RMK et al., it could be confirmed that the equations
can predict cancer risk effectively and be useful information for clinicians, referrers, and

screening clients.
6.4 Limitations

There are limitations in this study. First, the BEIR VII method is implemented to
estimate the risk of cancer based on the linear dose-risk relationship. The risk

coefficients and risk-transfer weights were adopted to calculate LAR for each cancer
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site, while these factors were obtained from the cohort of Japanese and U.S.
populations. Consequently, the uncertainty of this issue should be considered and
mentioned. Second, LAR has been calculated using the maximum age of 80 years in
this study, based on the average typical life expectancy for both genders of Thai
subjects [39]. Due to Thailand's demographic life table showed a limited probability of
surviving longer than 80 years. While CT scans were performed in the general
population aged 0 to 100 years or higher. Third, the baseline rates for cancer incidence
and mortality were based on data from the World Health Organization (WHQ) for
Thailand in the year 2020. The estimation of cancer rates may introduce some

uncertainty into our study.



CHAPTER 7

CONCLUSION

This study was aimed to evaluate the organ doses and lifetime attributable risk
(LAR) for cancer incidence and mortality from CT examinations at high dose (CED=100
mSv) in a single day to low dose (CED<100 mSv) from the common CT procedures
including CTA whole aorta. BEIR VII model and abridged life table data as well as

baseline cancer incidence and mortality rates for the Thai population had been applied.

The number of patients underwent CT examinations receiving a high dose, CED
100 mSv and above in a single day was 27, accounting for 0.009 percent of 285,286 CT
examinations. 7 of 27 were young patients with the age below 40 years old, and 20 of 27
were elder patients, with the age above 40 years old. The median CED of male and
female was 114 and 113 mSv respectively. The male patient received the maximum
CED from CT abdomen examination at 160 mSyv, and the female patient received the
maximum CED from CTA of the thoracic aorta at 139 mSv. Six patients received high
dose from multiple CT scans (22.2 percent), and another six patients received high dose
from CT whole abdomen with four-phase protocol (22.2 percent). The mean CED + S.D.
(range) was 114.5+ 22.5(101.5-159.9) mSv received by the heavy weight patients with a

mean body weight of 133 kg.

Some patients received the organ dose at the lung, liver, and colon exceeded
200 mGy, and over 300 mGy for the breast. LAR for breast cancer incidence of 22 years
old female who underwent CT whole abdomen was 82 in 100,000 with a breast dose of
148 mGy. LAR of liver cancer in 22 years old male patients underwent multiple CT scans
was 72 in 100,000 with a liver dose of 133 mGy. Both LARs were higher than other

cancer sites.
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The average range of LAR for cancer incidence and mortality in the common CT
procedures of the brain, chest, whole abdomen, and CTA whole aorta in young patients,
were 0.0003-13.2, 0.01-8.4, 0.001-18.2, and 0.7-23.2 per 100,000, respectively. While

elder patients were 0.0002-4.70, 0.003-3.49, 0.0005-10.32, 0.16-8.84 per 100000.

Although the LAR was a small amount per 100,000, the estimation of radiation-
attributable cancer risk of the patient who received CED below 100 mSv in the common
procedure or over 100 mSv in a single day, should not be negligible, especially in young
adults, which the risk of cancer in later life may significantly increase. It is necessary to
consider the appropriate parameter settings, particularly the impact on cancer risk. It is
recommended to justify the health risks and benefits of clinical outcomes in order to
increase awareness of the use of medical radiation. The patient dose of the CED at 100
mSv and above should be recorded and monitored individually for justification,
optimization, and dose reduction with recurrent CT imaging in a particular young adult

patient.

The patient age at exposure is a strong negative correlation with LAR for cancer
incidence with statistically significant, p < 0.05. The organ dose is positive moderate to
weak correlation with LAR for cancer incidence and with statistically significant, p <
0.05. In the multiple linear regression equation, R* value of 0.91 and residuals had a
normal distribution have shown that mathematical modelling can efficiently predict

cancer risk.

Finally, it can be concluded that, our findings confirm the research hypothesis as

follow:

e The percentage of patients receiving CED from recurrent CT in a single
day at 100 mSv and above is less than 0.01 per total CT examination in

five years.
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e LAR of cancer incidence and mortality of major internal organs are less
than 300 per 100,000 patients from recurrent CT in a single day at 100

mSv and above.



RECOMMENDATIONS

® Unique considerations for children: they are considerably more sensitive to
radiation than adults, they have a longer life expectancy than adults, they may
receive a higher radiation dose than necessary if CT settings are not adjusted for
their smaller body size. The risk for developing a radiation-related cancer can be
several times higher for a young child compared with an adult exposed to an
identical CT scan. Minimizing radiation exposure from pediatric CT, whenever
possible, will reduce the projected number of CT-related cancers.

® A national survey is highly recommended to establish a national diagnostic
reference level for CTA. A CTA procedure is operator-dependent. Therefore,
continuous training in CTA use and safety is crucial. Special concern is
recommended in justifying CTA procedures for young female patients.
Comprehensible justification of examinations is highly recommended, and

repetition of examinations should be avoided.
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APPENDIX |

Quality Control of Multi-Detector Computed Tomography System
Canon CT scanner:

1. Position dependence and S/N ratio of C.T. numbers

Method:

Place the C.T. head phantom at the center of the gantry. Acquire a single scan
with a 1 cm slice thickness using the typical head technique. Select a circular region of
interest measuring approximately 400 sg. mm. Record the mean C.T. number and

standard deviation for each of positions 1 through 5.

Technique: 120 kV, 300 mA, 1 second, 250 mm. FOV

Results
Position Mean C.T. S.D. C.V.
1 89.2 10.0 0.112
2 88.9 9.9 0.111
3 87.8 10.4 0.118
4 88.8 10.7 0.120
5 89.3 1.4 0.128

*CV = Standard deviation/mean CT number

Tolerance: The coefficient of variation of mean CT numbers of the four scans should be

less than 0.2.

Comment: Pass
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2.Reproducibility of C.T. Numbers

Method:

Using the same setup and technique as in the position dependence study,
conduct three scans. Utilize the same region of interest (ROIl) as employed in the
position dependence study at location 5, which corresponds to the center of the

phantom, to retrieve mean C.T. numbers for each scan.

Results:
Run Number 1 2 3
Mean C.T 88.9 89.2 88.9
Mean Global C.T Number 88.9
Standard Deviation 0.13
Coefficient of variation 0.001

Tolerance: The coefficient of variation of mean C.T. numbers of the four scans should be

less than 0.002
Comment: Pass
3. Linearity of C.T. Numbers
Method:

Set up the CATPHAN performance phantom as described in beam alignment.
Select the section containing the test objects of different C.T. numbers. Select the head
technique and perform a single transverse scan. Select a region of interest (ROI) of

sufficient size to cover the test objects. Place the ROI in the middle of each test object

and record the mean C.T. number.
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Results

Material Expected CT # Measured CT #
Acrylic 120 117.42
Polystyrene -35 -49.38
LDPE -100 -103.91
PMP -200 -191.28
Delrin 340 320.06
Teflon 990 893.38
Air (inferior) -1000 -1008.2
Air (superior) -1000 -983.06
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Tolerance: R-square between measured CT number and linear attenuation coefficient

(W) more than 0.9
Comment: Pass
4. High contrast resolution

Set up the Catphan phantom in beam alignment. Select the section containing
the high-resolution test object. (CTP528 21-line pair high-resolution Module). Select the
head technique and perform a single transverse scan. Select the area containing the
high-resolution test objects. Select the appropriate window and level for the best

visualization of the test objects.

Results

"W
. " l w,

Slice Thickness in mm Resolution Gap size

4 mm 7 Ip/mm 0.071 cm
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Tolerance: > 5 Ip/cm visible

Comment: Pass

5.Low contrast resolution

Method:

Set up the Catphan 600 phantom in beam alignment. Select the section
containing the low-resolution test object CTP515 Sub-slice and supra-slice low contrast
Module. Select the head technique and perform a single transverse scan. Select the
area containing the low-resolution test objects. Select the appropriate window and level

for the best visualization of the test objects. Record the smallest test object visualized.

Slice Smallest target(spokes) diameter (mm)

thickness in

mm Contrast level of supra-slice Length of sub-slice 1.0%
1.00% 0.50% 0.30% 7 mm 5 mm 3 mm

4 mm 7 4 4 4 4 3

Tolerance: The smallest target diameter at 0.5% contrast level of supra-slice should

be seen 4 spokes.

Comment: Pass
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6. Image uniformity
Method:

Set up the Catphan phantom as described in beam alignment. Select the
CTP486 solid image uniformity module. Select the head technique and perform a single
transverse scan. Select a region of interest (ROI) of sufficient size to cover the test

objects. Place the ROI in the middle of each test object and record the mean C.T.

number.
Results:
Position Mean C.T Number S.D. Difference (HU)
1 713 4.71 0.44
2 714 4.64 0.45
3 7.51 4.35 0.82
4 7.43 4.64 0.74
5 6.69 5.05

Different = |CT number center — CT number peripheral
Tolerance: Less than 5 HU

Comment: Pass
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7. Measurement of Computed Tomography Dose Index (CTDI) in air (CTDI,,)

Method:

Position the 100 mm pencil chamber at the isocenter of the CT bore. The scan
parameters for the head protocol were set at 100 mAs and 1 second scan time. Perform
axial mode scanning and vary the kilovoltage settings at 80, 100, 120, and 140. CTDI
free in air is measured and recorded in mGy units. The calculation CTDI,  in air

according to equation 2.6 in Chapter 2.

Results

1) Siemens Healthineers CT scanner

Table I. 1: The measured CTDI free in air (mGy) for head protocol

CTDI free in air (mGy) for head protocol with 180 mm FOV(s)
kVp 80 100 120 140

Detector configuration (mm)

1X5 0.065 0.117 0.182 0.259

2) GE CT scanner

Table I. 2: The measured CTDI free in air (mGy) for head protocol

CTDI free in air (mGy) for head protocol with 180 mm FOV(s)
kVp 80 100 120 140

Detector configuration (mm)

1.25 X4 0.134 0.227 0.336 0.461
0.625 X 64 0.091 0.154 0.228 0.313
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3) Canon CT scanner

Table I. 3: The measured CTDI free in air (mGy) for head protocol

CTDI free in air (mGy) for head protocol with 180 mm FOV(s)
kVp 80 100 120 135

Detector configuration (mm)

1X1 0.513 0.849 1.282 1.729

2X4 0.171 0.281 0.414 0.534




131

APPENDIX Il

Measurement process of RPLGDs

1. Annealing

For the annealing process, place the glass dosimeter on the tray. The annealing
process takes about 20 minutes at 400 °C using an annealing oven (Figure
4.11). After annealing, observe the temperature to ensure it is not higher than

40°C before removing the tray.

Figure Il. 1: Annealing RPLGDs

2. Reading out the background (before exposing)

Read out the background using a standard read-out magazine before

irradiation. The value should be ranged from 10 to 30 UGy.
3. Exposing

Place the RPL Glass Dosimeter into holders and make sure the cap is securely

closed before exposing.
4. Preheating in oven

Position the RPL Glass Dosimeter into the preheat tray and set the preheating
environment to 70 °C for 30 minutes. After that, allow the dosimeter to cool to

room temperature.
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5. Reading out of accumulated value (after exposing)

Detach the glass parts from the holders after the dosimeter elements cooled.
Then, put them into the magazine, set the mode, and read out the parameter
using FGD-1000 software (AGC Techno Glass Co., LTD, Shizuoka, Japan),
(Figure 4.12).

Figure Il. 2: The reading-out process utilizing the FGD-1000 reader.

Calibration of RPLGDs

From the experimental results of the calibration of RPLGDs in section 5.2.1, air
kerma was measured three times by the ionization chamber as shown in Table 11.1. Air
kerma measurement from 100 RPLGDs as shown in Table I1.2. Which can be observed
that RPLGD No. 40 has a lower air kerma value than the others. The Figure 1.1 displays

the RGLGDs' calibration coefficient.

Table 1. 1: Air kerma measurement from ionization chamber (IC)

Measurement Air kerma measured by IC:
(uGy)
1 30717
2 307.26
3 307.07
Average 307.17




Table Il. 2: Air kerma measurement from 100 RPLGDs

Number of Air kerma (uGy) Number of Air kerma (uGy)
RPLGDs RPLGDs
1 301 51 317
2 314 52 309
3 305 53 313
4 304 54 296
5 299 55 291
6 291 56 300
7 300 57 305
8 298 58 307
9 300 59 297
10 297 60 298
1" 300 61 311
12 314 62 298
13 314 63 308
14 306 64 294
15 303 65 293
16 301 66 302
17 304 67 312
18 306 68 306
19 307 69 285
20 309 70 289
21 310 4l 312
22 312 72 302
23 301 73 313
24 307 74 305
25 292 75 305
26 295 76 311
27 308 e 314
28 303 78 310
29 297 79 309
30 285 80 304
31 305 81 294
32 310 82 318
3 309 83 302
34 302 84 297
35 299 85 305
36 301 86 309
37 304 87 306
38 311 88 303
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Calibration coefficient of the

glass dosimeter

39 309 89 304
40 240 90 300
41 297 91 304
42 297 92 314
43 301 98 308
44 296 94 301
45 297 95 287
46 317 96 306
47 295 97 311
48 296 98 311
49 309 99 311
50 293 100 302
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Figure Il. 3: The calibration coefficient of the RGLGDs
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APPENDIX III

Lifetime attributable risk (LAR)

1) LAR in high dose for each elder patient

135

Lifetime attributable risk (LAR) at 5 organs for incident and mortality cancers in

high dose of 20 patients with aged above 40 years old, CED at 100 mSv and above in a

single day, as shown in Table Ill. 1.

Table Ill. 1: LAR of cancer incidence and mortality from CT examinations for each older

patient
Patient Age  (yr)
No. /gender
1 60/Female
2 52/Female
3 57/Female
4 72/Female
5 56/Female
6 46/Female
7 69/Male
8 73/Male
9 61/Male
10 47/Male
" 54/Male
12 73/Female
13 55/Female
14 46/Female
15 70/Female

LAR per 100,000 of cancer incidence

LAR per 100,000 of cancer mortality

Lung

8.3

71

33.7

16.3

2.0

24.8

156.6

9.7

42.6

7.7

Liver

19.7

4.9
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25.2

7.7

5228]

43.2

3.8

8.1

Colon

35.2

4.1

4.7

1.1

17.8

3.4

11.0

3.6

43.7

50.2

2.0

Breast

2.7

3.8

55.9

4.2

4.8

Uterus

2.0

4.9

0.14

0.4

0.2

4.0

0.6

Brain

0.01

0.1

5

3.16

0.01

0.0004

1.4

0.01

0.2

0.1

6.9

0.003

Lung

7.4

6.7

29.8

156.2

1.9

14.0

9.2

7.3

Liver

17.4

19.2

26.3

4.9

19.4

255

7.8

47.6

619

43.0

i

8.1

Colon

18.6

23

3.5

0.6

€

24

8.0

21

271

6.8

7.6

Breast

9.5

16.0

24

20.8

25.8

26

6.4

3.0

Uterus

3.6

0.1

0.4

0.15

3.1

0.4

0.9

Brain

0.02

0.01

0.12

0.03

289

0.01

0.0004

0.02

0.01

0.2

0.1

6.2

0.003
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16 60/Female 205 138 1841 11.5 2.2 2.0 19.0 136 10.6 5.7 1.8 1.9
17 61/Female 227 143 175 12.8 21 0.01 21.0 142 104 6.5 1.8 0.01
18 73/Male 2.9 10.5 145 = = 0.01 2.7 106 10.6 = = 0.01
19 66/Male 114 216 244 - - 0.07 106 219 16.0 - - 0.06
20 70/Male 4.5 25,0 332 = = 0.002 4.2 2562 243 = = 0.002

2) Organ dose and LAR of whole aorta with dual energy CT protocol

CTA protocol includes 3 phases including non-contrast, arterial phase and a
delay. Dual-Energy CT conducted in arterial Phase of CT whole aorta. The Independent
Samples t-test was used to compare the means of organ dose in male and female
patients. The results indicate that there were no statistically significant differences
between the two groups, with a P value greater than 0.05 (Table lll. 2). The highest LAR
for breast cancer incidence in young female was 17 per 100,000 exposed patients, with
a breast dose of 36 mGy at the age of the exam being 44 years old, body weight 95 kg,
and WED 311 mm. The highest LAR for colon cancer incidence in male patients was 20
per 100,000, with a colon dose of 55 mGy at the age of the exam being 56 years old,

body weight 102 kg, and WED 341 mm (Figure IIl. 1).

Table Ill. 2: Mean organ dose (mGy) in common CT protocols from all patients

Gender

Female Male
Organ dose (mGy) (n=255) (n=54)
Lungs 29.4+7.6 31.4+9.9
Liver 27.1+6.8 28.3%8.5
Colon 23.0+5.7 23.846.6
Breast 28.9+£8.6
Uterus 21.9+5.4
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Gender
Female Male
[s]
*
* & ‘
s}
Lung Liver Colon  Breast Uterus Lung Liver Colon  Breast Uterus

Figure 1ll. 1: LAR of whole aorta with dual energy CT protocol
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3) Risk Model for incident cancer risk from CTA examinations

In the section 5.36 (Chapter 5) Risk Model for incident cancer risk from CTA
examinations Multivariate regression risk model for incident cancer risk from CTA

examinations includes the following

2) LAR for liver cancer incidence

3) LAR for colon cancer incidence

4) LAR for breast cancer incidence

5) LAR for uterus cancer incidence

2) Model for LAR for liver cancer incidence

® Normal distribution of the variable

The LAR for liver cancer incidence conformed to a normal distribution when LAR
was represented in square root form. The distribution of organ dose in the liver was
normal. The histogram in age at exam data shows non-normally distributed, we
categorize the data based on age at exam; Age group 1: age at exam <=40, 2: age at

exam 41-60, 3: age at exam 61-70, 4: age at exam 71-75 years old.

® Univariate linear regression

Univariate linear regression analysis revealed that the p-value was below the
significance level of P<0.05. This indicates that the predictor variables, organ dose in
the liver, age at exam, and gender, had a statistically significant association with the
LAR for liver cancer incidence. Therefore, the variables are being added to the

regression model.
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® Multiple Linear Regression

Linear regression Number of obs = 694
F (8, 685) = 801.37
Prob > F = 0.0000
R-squared = 0.9087
Root MSE = .37366
\ B Robust
srlarincliver | Coefficient std. err. t P>t [95% conf. interval]
____________________ o
agegr0l |
2 | -.2392218 .1777557 -1.35 0.179 -.5882332 .1097895
3 | -.6766941 .1753464 -3.86 0.000 -1.020975 -.3324132
4 | -1.283971 .19917 -6.45 0.000 -1.675028 -.8929137
\
Liver dose | .0491369 .0038542 12.75 0.000 .0415694 .0567045
\
agegr0l#c.liver dose |
2 | -.0121602 .0041411 -2.94 0.003 -.020291 -.0040294
3 | -.0237788 .0040913 -5.81 0.000 -.0318118 -.0157459
4 | =-.0313195 .0046755 -6.70 0.000 -.0404994 -.0221395
\
l.male | .8635288 .0387213 22.30 0.000 .7875022 .9395554
cons | 1.256385 .1577105 9, 0.000 .9467306 1.566039

Multiple linear regression equation with interaction term:

LAR for liver cancer incidence (per100000)=1.26+,81 (age group) +ﬁ2(Liver dose(mGy)+ ,83

(male) +,84(agegr0] #c.Liver dose)

From the obtained multiple linear regression equation, residuals had a normal
distribution and there was no evidence of multicollinearity,(mean VIF=1.56). Additionally,
the R® value was relatively high, indicating that this set of variables can explain 91% of
the LAR for liver cancer incidence. The Root MSF, 0.37 was low indicating that the
original values and predicted values are close to each other. A scatterplot displays the
relationship between actual and predicted value while line plots represent regression of

the actual data ( Figure IlI. 2).
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Figure Ill. 2: Two-way scatterplot with a linear regression line of LAR for liver cancer

incidence

3) Model for LAR for colon cancer incidence

® Normal distribution of the variable

The LAR for colon cancer incidence conformed to a normal distribution when LAR
was represented in square root form. The distribution of organ dose in the colon was

normal.

® Univariate linear regression

Univariate linear regression analysis revealed that the p-value was below the
significance level of P<0.05. This indicates that the predictor variables, organ dose in
the colon, age at exam, and gender, had a statistically significant association with the
LAR for colon cancer incidence. Therefore, the variables are being added to the

regression model.
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® Multiple Linear Regression

Multiple linear regression equation with interaction term:

. reg srlarinccolon

Linear regression

Colon dose

agegr0l#c.colondose

bl.agegrOl##c.colonsvmc b0.male, robust

Number of obs = 694

F (8, 685) = 875.86

Prob > F = 0.0000

R-squared = 0.9089

Root MSE = .34614
| Robust
| Coefficient std. err. t P>|t| [95% conf. interval]
+ ________________________________________________________________
|
| -.3329248 .1378236 -2.42 0.016 -.6035322 -.0623174
|  =.7910097 .1364032 -5.80 0.000 -1.058828 -.5231911
| -1.400251 .1590283 -8.81 0.000 -1.712493 -1.08801
|
| .05422064 .0038911 el 0.000 .0465864 .0618664
\
|
| -.0096897 .0042371 -2.29 0.023 -.018009 -.0013704
| -.0219241 .0042133 -5.20 0.000 -.0301965 -.0136516
| -.0319288 .0048437 -6.59 0.000 -.041439 -.0224186
|
| .7588918 .031535 24.07 0.000 .696975 .8208087
| 1.519085 .1201268 12.65 0.000 1.283224 1.754946

LAR for colon cancer incidence (per100000)=1 .52+ﬁ 1(age group) +ﬁ2(colon dose(mGy)+ ﬁ3

(male) +,84(agegr0] #c.Colon dose)

From the obtained multiple linear regression equation, residuals had a normal

distribution and there was no evidence of multicollinearity,(mean VIF=1.56). Additionally,

the R® value was relatively high, indicating that this set of variables can explain 91% of

the LAR for colon cancer incidence. The Root MSF, 0.35 was very low indicating that the

original values and predicted values are close to each other. A scatterplot displays the

relationship between actual and predicted value while line plots represent regression of

the actual data ( Figure Ill. 3).



142

40 >
- /-///
30 -
F ik
- ’//‘
Y
g Predicted Values
—— Actual Values
Ll Ll Ll
20 30 40

LAR forcolon cancerincidence (per 100000)
Figure Ill. 3: Two-way scatterplot with a linear regression line of LAR for colon cancer

incidence

4) Model for LAR for breast cancer incidence

® Normal distribution of the variable

The LAR for breast cancer incidence conformed to a normal distribution when LAR
was represented in square root form. The distribution of organ dose in the breast was

normal.

® Univariate linear regression

Univariate linear regression analysis revealed that the p-value was below the
significance level of P<0.05. This indicates that the predictor variables, organ dose in
the breast, and age at exam had a statistically significant association with the LAR for
breast cancer incidence. Therefore, the variables are being added to the regression

model.



® Multiple Linear Regression

Linear regression

Number of obs

F(5, 141)
Prob > F
R-squared
Root MSE

147
256.35
0.0000
0.9229
.41973

Robust

std. err.

[95% conf. interval]

_________________________ ey

I B
srlarincbreast | Coefficient
agegrbreast
2 | -1.392945
3| -1.99989
I
breastdose | .0394929
I
agegrbreast#c.breast dose
2 | -.0180244
3 | -.0262771
I
cons | 2.683854

.2830686
.2924638

.0064235

.0067671

.006965

.2671671

-1.952553 -.8333381
-2.578071 -1.421709

.0267942 .0521916
-.0314026 -.0046462
-.0400464 -.0125078

2.155683 3.212025

Multiple linear regression equation with interaction term:

LAR for breast cancer incidence (per100000)=2. 68+,8 1(age group) +ﬂ2(breast dose(mGy)+ ﬁ3

(agegr01#c.breast dose)
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From the obtained multiple linear regression equation, residuals had a normal

distribution and there was no evidence of multicollinearity,(mean VIF=1.33). Additionally,

the R® value was relatively high, indicating that this set of variables can explain 92% of

the LAR for breast cancer incidence. The Root MSF, 0.42 was very low indicating that

the original values and predicted values are close to each other. A scatterplot displays

the relationship between actual and predicted value while line plots represent

regression of the actual data ( Figure Ill. 4).
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Figure lll. 4: Two-way scatterplot with a linear regression line of LAR for liver cancer

incidence

5) Model for LAR for uterus cancer incidence

® Normal distribution of the variable

The LAR for uterus cancer incidence conformed to a normal distribution when LAR
was represented in square root form. The distribution of organ dose in the uterus was

normal.

® Univariate linear regression

Univariate linear regression analysis revealed that the p-value was below the
significance level of P<0.05. This indicates that the predictor variables, organ dose in
the uterus, and age at exam had a statistically significant association with the LAR for
uterus cancer incidence. Therefore, the variables are being added to the regression

model.



® Multiple Linear Regression

Linear regression

Number of obs
F (5, 141)
Prob > F
R-squared
Root MSE

147
194.57
0.0000
0.8775
.14287

Robust
std. err.

[95% conf. interval]

_________________________ e

srlarincuterus | Coefficient
agegruterus
2 | -.3353623
3 | -.5567481
I
Uterus dose]| .0137107
I
agegruterus#c.uterusdose |
2 | -.002908
3 | -.0066499
I
cons | .7748857

.0742058
.0738838

.0014952

.0017924

.0017692

.0665383

-.482062 -.1886625
-.7028113 -.4106848
.0107548 .0166666
-.0064514 .0006354
-.0101474 -.0031524
.6433441 .9064274

Multiple linear regression equation with interaction term:

LAR for uterus cancer incidence (per100000)=0.7 7+,8 1(age group) +ﬂ2(uterus dose(mGy)+ ﬁ3

(agegr01#c.uterus dose)
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From the obtained multiple linear regression equation, residuals had a normal

distribution and there was no evidence of multicollinearity,(mean VIF=1.32). Additionally,

the R® value was relatively high, indicating that this set of variables can explain 88% of

the LAR for uterus cancer incidence. The Root MSF was very low indicating that the

original values and predicted values are close to each other. A scatterplot displays the

relationship between actual and predicted value while line plots represent regression of

the actual data ( Figure Ill. 5).
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Figure Ill. 5: Two-way scatterplot with a linear regression line of LAR for liver cancer

incidence



4) R command for computing LAR

library(dplyr)

LAR ESTIMATION
#beta.male <- 0.32
beta.female <- 1.4

gamma <--0.3

c <- ifelse(Age.data<30, (Age.data-30)/10, 0) #c <- ifelse(test, yes, no) #if age<30 = age-30/10, age>30 = age
a <- if(Age.data<76){seq(from = Age.data+5, to = 80,by = 1)}else{Age.data+5}

a.start <- Age.data

eta <- (-1.4)

ERR.female <- beta.female*sv*exp(gamma*c)*((a/60)" eta)

#M calculation
lambda.M15 = 0.09
lambda.M20 = 0.64
lambda.M25 = 0.92
lambda.M30 = 1.5
lambda.M35 = 3.1
lambda.M40 = 6.5
lambda.M45 = 11.3
lambda.M50 = 18.5
lambda.M55 = 29.9
lambda.M60 = 45.6
lambda.M65 = 63.2
lambda.M70 = 86.7
lambda.M75 = 123.3

147

lambda.lung.M <- ifelse(between(a,15,19),lambda.M15, ifelse(between(a,20,24),lambda.M20,ifelse(between(a,25,29),

lambda.M25,ifelse(between(a,30,34),lambda.M30

Jifelse(between(a,35,39),lambda.M35, ifelse(between(a,40,44),lambda.M40, ifelse(between(a,45,49),la

mbda.M45

Jifelse(between(a,50,54),lambda.M50, ifelse(between(a,55,59),lambda.M55, ifelse(between(a,60,64),la

mbda.M60

Jifelse(between(a,65,69),lambda.M65, ifelse(between(a,70,74),lambda.M70, lambda.M75))))))))))))



M.female <- ERR.female*lambda.lung.M

#Se parameter in age range by gender
Se.female5 = 0.99965 #<1-19 years
Se.female6 = 0.99891

Se.female7 = 0.99446

Se.female8 = 0.99421

Se.female9 = 0.98616

Se.female10 = 0.98614 #20-44 years
Se.female11 = 0.98600

Se.female12 = 0.98781

Se.female13 = 0.95821

Se.female14 = 0.93886

Se.female15 = 0.90184 #45-69
Se.female16 = 0.85888

Se.female17 = 0.79194 #75-79
Se.female18 = 0.79194 #70-84
Se.female19 = 0.79194 #85+

age<- if(Age.data<76){seq(from = Age.data+5, to = 80,by = 1)}else{Age.data+5}

148

#Note that if e+5 = 80 is maximum cannot calculate for 76+ years, however age max can be 84 based on Se =!=0

#do not vary, using at a.start

Se <-ifelse(a<1,Se.female1, ifelse(between(a.start,1,4),(Se.female?2),ifelse(between(a.start,5,9),(Se.femaled),ifelse(bet

ween(a.start,10,14),(Se.female4),

ifelse(between(a.start,15,19),(Se.femaleb),ifelse(between(a.start,20,24),(Se.femaleb),ifelse(between(a.star

t,25,29),(Se.female7),

ifelse(between(a.start,30,34),(Se.female8),ifelse(between(a.start,35,39),(Se.female9),ifelse(between(a.star

t,40,44),(Se.female10),

ifelse(between(a.start,45,49),(Se.female11),ifelse(between(a.start,50,54),(Se.female12) ifelse(between(a.s

tart,55,59),(Se.female13),

ifelse(between(a.start,60,64),(Se.female14),ifelse(between(a.start,65,69),(Se.female15),ifelse(between(a.s

tart,70,74),(Se.female16),

ifelse(between(a.start,75,79),(Se.female17),ifelse(between(a.start,80,84),(Se.female18),(Se = Se.female1

MMMMIMNMN)
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ifelse(a>80,Se==0.77,Se)

Sa <-ifelse(age<1,Se.female1, ifelse(between(age, 1,4),(Se.female2),ifelse(between(age,5,9),(Se.femaled),ifelse(betw
een(age,10,14),(Se.female4),

ifelse(between(age,15,19),(Se.femaleb) ifelse(between(age,20,24),(Se.femaleb),ifelse(between(age,25,29),(Se.f
emale?),

ifelse(between(age,30,34),(Se.female8),ifelse(between(age,35,39),(Se.female9) ifelse(between(age,40,44),(Se.f
emale10),

ifelse(between(age,45,49),(Se.female11),ifelse(between(age,50,54),(Se.female12),ifelse(between(age,55,59),(S
e.female13),

ifelse(between(age,60,64),(Se.female14),ifelse(between(age,65,69),(Se.female15),ifelse(between(age,70,74),(S
e.female16),

ifelse(between(age,75,79),(Se.female17),ifelse(between(age,80,84),(Se.female18),(Sa=Se.female19))))))))))))))
))

ifelse(age>80,5a==0.77,Sa)

LAR.female_function <- function(M.female,Sa,Se){

LAR.female <- M.female*Sa/Se #LAR equation

#print(LAR.female) #individual LAR

LAR.sum <- sum(LAR.female) #LAR summation

return(LAR.sum)

LAR.female_function(M.female,Sa,Se)

b
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