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Abstract 

Humans have evolved under a field of low level radiation, and continue to be exposed 

to ubiquitous levels from natural and man-made sources including diagnostic radiology. The 

computerized tomography scan, in particular, plays an important role in the investigation of 

disease and its use inm~ased dramatically over the years. This raises the concern that 

elevation in radiation exposure from x-ray modalities may increase an individual's risk for 

cancer. The purpose of this study is to help address this issue by measuring biological 

changes in lymphocytes before and after aCT scan. Venous blood was collected from eight 

prostate cancer patient:> before and after their scan and delivered to McMaster University at 

room temperature. For the dicentric assay, 0.5 ml whole blood/tube was irradiated with 3 Gy 

gamma rays using a 0 ;137 source and then incubated at 37°C for 46 hours. Metaphases were 

scored by microscopy. For apoptosis and y-H2AX, lymphocytes in media were irradiated on 

ice with 8 Gy and analyzed by flow cytometry. Biological effects in vivo from the CT scan 

were minimal for all e dpoints when averaged between all donors. Overall, there was a high 

degree of inter-individual variation for each effect, although no correlation was found 

between dose (dose le 1gth product) from CT and apoptosis as well as the induction of y­

H2AX foci. The adaptive response also showed patient variation, and the frequency of 

dicentrics was the only endpoint that was lower overall following CT + 3Gy in comparison to 

3 Gy alone. This research presents a challenge to current linear models of radiation 

associated genetic risk, and shows that individuals respond to radiation differently depending 

on biological factors. 
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1. INTRODUCTION 

1.1 GENERAL 

The clastogen ic effects of ionizing radiation (IR) have made it a primary 

candidate for cancer therapy, as well as a major concern for human health. The ironic 

interplay between damage and protection which defines the many roles of radiation in 

medicine and safety regulations has prompted the ongoing investigation of the molecular 

mechanisms that govern biological changes following exposure. The need for 

understanding how radiation affects living things by both the scientific and public 

communities grows as the application of radiation in medicine as well as in other areas 

such as energy production continues to advance. 

More than half of the radiation we are exposed to in our lifetime comes from 

natural sources such as radon gas, cosmic, terrestrial, and our own bodies. The remaining 

portion is from man-made sources including consumer products, nuclear medicine and 

various x-ray medical imaging modalities such as mammograms and computerized 

tomography (CT) scans [1] . 

According to the World Health Organization, approximately 20-30% of medical 

cases worldwide require the use of diagnostic imaging [2]. Although the majority of 

problems are resolved using basic x-ray and/or ultrasound examinations, CT scan use was 

reported to comprise about 12 percent of medical exams in Canada in 2006, which is 

double the use of nuclear medicine and magnetic resonance imaging technology (Figure 

1.1)[3] 
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Figure 1.1: Percentage Distribution of Diagnostic Imaging Examinations in Hospitals, Canada, 
Excluding Quebec, 2.005-2006 Taken from Medical Imaging in Canada 2007, Canadian Institute 
for Health Information3 

The CT, which was first introduced in the 1970s, has become an important tool in 

the diagnosis of medical conditions and, in the case of this study, the identification and 

evaluation of cancer progression. In 2005, over a million Canadians aged 15 and over 

reported having gone for a CT scan in the past year. At that time brain CTs were most 

common in emergency scenarios; however the most frequent CT scan for inpatients was 

performed on the abdomen or pelvis (Figure 1.2) (Also see Figure A-1 in APPENDX A) 

[3]. 

Accurate localization of prostate cancer is crucial for treatment, and current 

methods for detection and staging such as measuring circulating serum prostate specific 

antigen (PSA) have not been as successful as in vivo imaging techniques in tumour 

characterization [4]. Patients in this study have been diagnosed with carcinoma of the 
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prostate and must go through a routine pelvic CT for appropriate treatment planning and 

patient management prior to radiation therapy. 

In general, CT scans operate by producing high resolution images of internal 

anatomical and physical structures in order to aid health professionals in the identification 

and treatment of conditions relating to trauma, inflammation and cancer [5]. Unlike 

medical x-rays, CT is enabled by advanced software that forms 3-dimensional projections 

from hundreds of 2-dimensional slices. Advancements in CT technology- which have 

lead to faster rotation times, accelerated computing power and multi detectors that 

produce smaller slices with larger coverage - have contributed to its efficiency and 

preferred use against a ltemative diagnostic methods [ 6]. 
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Figure 1.2: Testing Rate per 100,000 Population for CT Exams by Anatomical Site, Ontario, 2005-2006. 
Taken from Medical Ima;':ing in Canada 2007 Canadian Institute for Health lnformation3 
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Alongside the expanding use of modernized CT technology is the growing 

concern for the increase in radiation over-exposure and possible risk for stochastic 

effects, mainly cancer. Although the dose to patients has been greatly reduced over the 

years, some research still predicts, using models, a possible increase in cancer risk 

following one or multiple CT scans, especially in children [7,8]. This brings attention to 

the linear, non-threshold (LNT) model for radiation associated cancer risk which 

estimates that the deposition of energy from IR increases cancer risk linearly with 

increasing dose. Epidemiological studies examining cancer rates in populations that were 

exposed to large, acw:e doses of radiation, such as the atomic bomb survivors, prompted 

some researchers to extrapolate data to the lower end of the dose spectrum. Although this 

linear model seems convenient for the establishment of international regulations for 

radioprotection, it is constantly challenged by molecular and animal studies that show a 

different relationship between low dose radiation and high dose induced-carcinogenesis. 

For decades radiobiological studies have observed responses to radiation at the 

cellular and physiological level. Essentially, radiation induces its effects mainly through 

DNA damage, which is a well accepted and proven notion [9-11]. Being the principle 

target of radiation, DNA can acquire a variety of lesions that, depending on the type and 

level of damage, can result in outcomes such as DNA repair, apoptosis, necrosis, or 

mutation and carcinogenesis. Modest doses of low linear energy transfer (LET) radiation 

can produce single strand breaks that are quickly repaired and thus usually have little 

biological consequen,:es [12]. Complex DNA double strand breaks (DSBs) and locally 

multiply damaged sitt:s (LMDS) are more difficult to repair [9] and may contribute to 
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mutagenesis and cancer after radiation over-exposure. These lesions can be produced by 

IR directly (such as in the case of particulate radiation and seldom in photon radiation), or 

indirectly through thf interaction of DNA with free radical products ofradiolysis and 

lipid oxidation at the cell membrane [12, 13]. Although it is logical to argue that, given 

the known interactions between energy deposited from an IR track and biological 

molecules, even the smallest dose of radiation can produce damage, it is also known that 

cells are able to respcnd through a variety of pathways and eliminate the damage. 

Mechanistic studies b ave elegantly illustrated the ability to attend to DNA damage 

through repair pathways, or eliminate damage through apoptosis. Studies have also 

shown that during thfse responses, there is an upregulation of genes involved in repair, 

antioxidant defenses [)4], and intercellular communication [15]. These observations 

again present a challenge to the LNT model of radiation carcinogenesis and promote the 

ongoing investigatior of biological changes following low-dose radiation which includes 

radiation from diagnc·stic imaging. Apoptosis, DNA damage, and chromosome 

aberrations are all induced and modified by radiation [11]. These endpoints are also the 

primary areas of interest for the following experiments. 

Overall, the purposes of this study are: 

• To measure b10logical changes in peripheral lymphocytes following in vivo 

irradiation by a pelvic computerized tomography scan 

• To examine the degree of inter-individual differences in radiosensitivity and 

compare these;: results to previous work 

5 
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• To determine whether or not lymphocytes are able to exhibit an adaptive response 

with regards tl) cell death, chromosome aberrations and DNA damage 

• To observe th1! sensitivity of these endpoints to doses delivered from aCT scan 

It is hypothesized that there will be a high degree of inter individual variability in 

radiation responses between patients undergoing a CT scan for radiotherapy planning. 

The null hypotheses He 1) that there will be no significant increase or decrease in 

apoptosis, levels of chromosome aberrations and DNA damage in peripheral blood 

lymphocytes followir g a computerized tomography scan and 2) that there will be no 

change in cellular resJonse (adaptive response) shown in CT exposed samples after the 

lymphocytes are chaLenged with a large radiation dose. 

1.2 MODEL SYSTENf 

Human peript eral blood lymphocytes were used to elucidate the biological effects 

of low dose radiation. Lymphocytes are a subpopulation ofwhite blood cells that are 

responsible for identifying and killing pathogens during the adaptive arm of the immune 

response. These cells are predominantly non-dividing and thus they are an ideal cellular 

model system due to :heir synchronicity. This helps eliminate cell cycle stage as a 

variable in any observed changes in radiosensitivity since all cells are irradiated at G0 • 

Lymphocytes are an ideal model system to observe radiobiological changes due to the 

fact that they are easy to obtain, can be processed and analyzed within weeks, and are 

demonstrated to have a high sensitivity to radiation [12,16,17] . Cell types that regularly 

undergo division will experience levels of mitotic or post mitotic/reproductive death 

6 
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following exposure. Alternatively, lymphocytes will undergo interphase death by 

apoptosis and these C1:!lls as well as cells derived from germinal lineages are considered 

highly sensitive to IR-induced apoptosis [13]. However when undamaged or if the 

damage is stable, lymphocytes cells can simply reside in the periphery for up to 20 years 

in adults [18]. 

For cytogenetic analysis, stimulation into mitosis of naive lymphocytes is 

required and this was first demonstrated by Nowell using Phytohemagglutinin (PHA) 

[ 19]. PHA is a sugar-binding protein derived from the bean plant Phaseolus vulgaris 

which can induce lyrr:,phocyte division and transformation into blastoid cells [18, 19]. 

Lymphocytes normaly take 48 hours to undergo a single division under the influence of 

a mitogen. 

Flow cytometry is an application which quantifies levels of fluorescence detected 

following the interrogation of particles that travel within a stream of fluid and pass 

through a detector one at a time. Lymphocytes are small with dense nuclei and little 

surrounding cytoplasm [18]. Their diameter, volume and overall size are well known, 

thus allowing for rapid experimental analysis when interpreting data by flow cytometry. 

The forward scatter pattern, which is indicative of cell size, and side scatter pattern, 

which determines cell granularity, is readily identified during flow set up (Figure 1.3). 

Current flow cytometry methods for analyzing both apoptosis and y-H2AX expression 

have required the prior separation of lymphocytes from the whole blood (Figure 1.4) 

[20]. Factors sequestered in the plasma such as cytokines, chemokines, and other 

7 
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mitogens within whole blood can dramatically affect the apoptotic response in 

lymphocytes during irradiation [21] 

0 

0 

SS LIN 

1023 

8 

Figure 1.3: Flow cytometry dot plot 
of Side Scatter (SS) vs. Forward 
Scatter (FS). Each dot represents a 
particle, in this case a mononuclear 
cell, as it is detected upon 
interrogation. The black line is the 
gate (named 'A') created around the 
dots of interest which are presumed 
to be lymphocytes based on their FS 
and SS pattern. The gate dictates 
which cells is to be further analyzed 
based on fluorescence 

Figure 1.4: Isolation of peripheral 
blood mononuclear cells after 
centrifugation. A) Plasma B) Buffy 
coat- mononuclear fraction C) 
Histpopaque D) Red blood cells 
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1.3 APOPTOSIS 

Apoptosis is a genetically controlled, protein-synthesis dependent mode of cell 

death characterized by a series of morphological and biochemical changes. A highly 

conserved active process, apoptosis is fundamentally different from necrosis, which is a 

more passive method of 'cell suicide' [17] marked by complete loss of membrane 

integrity, aggregation of chromatin and significant inflammatory responses. Apoptosis 

has been repeatedly observed in metastatic and normal tissue and, in both cases, can be 

initiated in different cellular components such as the nucleus, cytoplasm, and membrane 

[13]. Since early experimental observation, the criteria for identification of cells 

undergoing apoptosis have been well defined, and includes an increase in cellular 

granularity, cell shrinkage, chromatin condensation, DNA fragmentation into 

approximately 185 bp segments, membrane bleb bing, and formation of apoptotic bodies 

which are phagocytos{:d by neighbouring macrophages [22 - 25]. Apoptosis is considered 

a vital regulatory mechanism that maintains cellular tissue homeostasis and promotes the 

destruction of unwanted cells during growth and development as well as in differentiation 

and cell turnover. Both physiological and pathological cues can stimulate a cell into 

apoptosis, including extracellular stresses such as radiation, heat, and oxidative stress, as 

well as through external activation by receptor-mediated processes involving death 

receptors, growth factor withdrawal, cytotoxic lymphocyte activity, and 

chemotherapeutic drugs [ 13, 26]. 

9 



M.Sc. Thesis- A. Asi5 McMaster University- Medical Physics 

Apoptosis has consistently been implicated in studies evaluating cellular 

responses to IR. Radiation-induced cell death in both human and murine lymphocytes is 

a kinetically slow process, triggered by damage to DNA- a critical target which in the 

case of low LET radiation is typically damaged indirectly by free radical products. 

Apoptosis following radiation-induced DNA damage shows a similar kinetic profile to 

apoptosis caused by ot~1er DNA damaging agents such as cisplatin and bleomycin [27, 

28]. Other evidence still suggests that lipid peroxidation leading to membrane damage 

caused my IR-produced free radicals may also lead to a similar fate, although membrane 

oxidizing agents such as t-butyl hydroperoxide initiate apoptosis much quicker, 

suggesting that a different pathway may be taking place [27]. Despite variations in levels 

of apoptosis amongst cell types and organisms, overall this endpoint is dose-dependent 

and as such it has been evaluated as a possible biodosimeter [29] and predictor of cellular 

toxicity in patients undergoing radiation therapy for cancer treatment [21, 30]. The 

molecular mechanism ofy- or UV radiation-induced premitotic apoptosis in lymphocytes 

is triggered by the onset of DNA damage which, if irreparable, may lead to the 

upregulation ofpro-apopotitic factors such as Bax, a protein of the Bcl-2 family, or CD95 

death receptor via stab,Jization of transcription factor p53 [13]. These proteins as well as 

reactive oxygen species can trigger the mitochondria to release caspase-activating factors. 

Prompt activation of caspases is an important step in the induction of downstream 

intrinsic and extrinsic apoptotic pathways, ultimately leading to the removal of the 

damaged cell [25] 

10 
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Flow cytometry is a sensitive method for the quantification of apoptosis following 

exposure of peripheral blood lymphocytes to low dose radiation. Other assays that 

observe cell death such as fluorescence analysis of DNA unwinding (F ADU), in situ 

dUTP nick end labeling [31] and the comet assay are only a few of many methods used to 

visually observe and qnantify apoptosis. However such experiments are time consuming, 

labour intensive and m:ually require the loss of cell viability or physical integrity [24]. In 

response to these drawbacks, flow cytometry has proven to be a rapid, highly specific and 

cost-effective method ::Or evaluating levels of apoptosis as it targets biological markers 

that are unique to the apoptotic profile. 

An early event of apoptosis is the translocation of phosphotidylserine (PS) on the 

outer layer of the plasna membrane. (Figure A-2) The loss of membrane asymmetry 

through extemalization of this phospholipid molecule may occur immediately after 

caspase activation and can be detected by the protein Annexin V, which binds to exposed 

PS in a calcium-dependent manner [32, 33] (Figure A-2). The high-affinity binding 

property of Annexin tc PS makes it a favourable candidate for flow cytometric studies. It 

is typically conjugated with Fluorescein isothiocyanante (FITC), a molecular fluorophore 

with an absorption and emission maximum of 495nm and 520nm respectively. Together 

with DNA viability dy,~ 7-Aminoactinomycin D (7-AAD), Annexin-FITC can rapidly 

detect cells in the early apoptotic stage. 

Previous ex per ments by Boreham et a/. which looked at the kinetics of radiation­

induced apoptosis noti,~ed a slow reaction in vitro, reaching a maximum at about 72 h 
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post exposure to low dose y-rays [29]. The largest increase in apoptosis took place 

between 48 and 72 hours. Based on this it was determined that in order to observe and 

measure the frequency of lymphocytes in the early apoptotic, pre necrotic stage, flow 

cytometric analysis ne~ded to be taken place after an approximately 40-45 h incubation 

period. 

1.4 v-H2AX 

H2AX is a member of the histone sub-family H2A, one of five which constitute 

the proteins around wl: ich eukaryotic DNA is packaged and organized. Approximately 

140 bp of DNA coil around a core of eight histones, forming a nucleosome. In 

lymphocytes, histone H2AX constitutes about 2% of total H2A found in the chromatin 

[34]. These proteins play an important role in the initiation of DNA DSB repair, which is 

marked by the phosphorylation of H2AX at on serine-139 located at the C-terminus, by 

PI3K-like kinases including ataxia telangiectasia mutated (ATM), ataxia telangiectasia 

and Rad3-related (ATR) and DNA-dependent protein kinases (DNA-PK) [34-36] (Figure 

A-3). The formation of y-H2AX occurs and can be detected within minutes of DSB 

induction [36, 37]. Thh step is essential for the recruitment of repair factors to the site of 

damage [20] and thus loss or impairment of this process has been linked to 

carcinogenesis. y-H2AX has become a sensitive marker for assays measuring the 

induction of DSBs [371 and its detection may be useful in identifying precancerous cells 

as well as radiosensitivity of tumour and normal tissue [34]. 

12 
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Although thou mnds of H2AX hi stones are phosphorylated following DSB 

formation, the process is transient and as breaks are repaired, foci slowly disappear. This 

places a limitation on ,:J.ssays that measure H2AX formation in order to assess radiation­

induced DNA damage as samples must be processed right away to accurately assess 

radiation-induced damage. Lobrich et al performed a study to evaluate radiosensitivity in 

vivo following CT scans based on y-H2AX. Results show that levels of phosphorylation 

increased linearly with increasing DLP values [37], which was also observed in CT 

studies conducted in o·1r lab. This and other published studies confirmed that y-H2AX 

levels are highest 0.5 b post irradiation within the 0-10 Gy dose range, and slowly begin 

to decrease after that time [20]. 

The high throughput of data using flow cytometry has made it an ideal candidate 

to enumerate y-H2AX in order to determine levels of DNA DSBs in peripheral blood 

lymphocytes. 

1.5 DICENTRICS 

Radiation-indueed chromosome aberrations have been extensively observed for 

decades, with effects d~~scribed in terms of structural changes that result from 

rearrangement ofbrokm ends formed from unrepaired DNA double stranded breaks. 

Dicentric chromosome:;, in particular, have proven to be valuable and reliable biomarkers 

for radiation damage. Chromosome aberrations are classified on the basis of their process 

of formation [38]. Chromosome-type aberrations, which are typically associated with IR, 

are produced when cells are irradiated prior to the S phase of the cell cycle. Breaks that 

13 



M.Sc. Thesis - A. Asi s McMaster University - Medical Physics 

occur in single-stranded chromatin are thus reproduced in the complementary strand 

during DNA replication and are visible on both sister strands during mitosis [12] . 

Dicentrics are chromosome-type aberrations produced when two pre-replication 

chromosomes in close proximity with double stranded breaks form an illegitimate union. 

The fused chromosomes and their corresponding leftover fragments are replicated during 

S phase, resulting in a morphologically distorted chromosome containing two 

centromeres with accompanying acentric fragments [ 12] (Figure A-4). 

The Dicentric Assay (DCA) is used for biodosimetric analysis and clinical triage 

[39] following radiation accidents or incidents where physical dosimeters are not present 

to monitor the dose to exposed individuals. Dicentrics are highly IR-specific (natural 

background frequency of ~1-2 in 1000) and dose dependent. In 2004, the International 

Organization for Standardization (ISO) produced a guideline outlining laboratory 

practices for scoring dicentrics, recognizing this assay [40] as an international 'Gold 

Standard' [39] . 

Proper execution of the Dicentric Assay and other cytogenetic preparations 

requires the artificial induction of cell proliferation of lymphocytes which are normally 

quiescent. Several mitogens are commercially available and are potent in their ability to 

stimulate lymphocyte division. Most studies use phytohaemagluttinin (PHA), a plant 

lectin widely used for the DCA [18] . Lymphocytes require approximately 48 hours to 

undergo division, and so in many experiments samples are cultured for 44-48 hours in the 

presence of PHA. Chromosomes are highly condensed and thus best observed during the 
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metaphase step of mit1)sis. In order to arrest cells at this stage an additional 2 hour 

incubation period in the presence of colcemid is also required. Colcemid acts as an 

arresting agent by inhibiting the polymerization ofmicrotubules which comprise the 

mitotic spindle. Chromosomes are therefore no longer able to attach to spindle fibres 

which they use to mig~ate to opposite poles during anaphase. 

Unstable aberrations result in a loss of genetic material in the subsequent mitosis. 

In order to acquire a proper dose estimation, cells must only be scored in the first division 

after exposure. The us~~ of colcemid and strict incubation time normally prevent cells 

from continuing through the cell cycle, but there still remains a small population that do 

so. This poses limitations in dicentric scoring as damage incurred will be diluted in the 

following division. To avoid this, a fluorescence plus Giemsa (FPG) technique is 

employed using bromc,deoxyuridine (BrdU), a synthetic thymidine analogue that is taken 

up during DNA replication. After the second division, one sister chromatid will be 

unifilarly labeled while the other bifilarly labeled. The chromatid with two BrdU labeled 

strands will not be stai:1ed, producing a 'harlequin' effect in the metaphase chromosomes 

[18]. Hoechst is a DNA-binding fluorescent stain excited by UV light. When 

incorporated into culture, BrdU and Hoechst allow for rapid detection of cells in their 

second division (M2) [18]. 

Dose-response ::urves for dicentrics are typically derived from information from 

1000 metaphases, how,~ver due to time and volume of data in this study approximately 

100-200 metaphases w~re scored for each treatment (Table 1.1 ). Although large numbers 
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of cells are available for scoring at lower doses and the greater the number of cells scored 

the greater the statistical significant, the International Atomic Energy Agency (IAEA) 

states that dose estimation and damage detection is still possible with 200 metaphases 

[18]. 

Table 1.1- Average number (N) of metaphases scored for each treatment 

·-
Treatment AverageN 

Pre 0 Gy 1 Ti' 
Post 0 Gy 1651 

Pre 3 Gy 12t· 
Post 3 Gy 111 

Being the standard for biodosimetry and clinical triage situations [39], the 

Dicentric Assay has been repeated in many labs with results that are consistent with 

current dose response 1;urves. Established scoring criteria will yield data regarding 

frequency of dicentric~;, acentric fragments, and rings [ 18] which are another type of 

lethal aberration formed when two breaks in the same pre-replication chromosome lead to 

the joining of sticky erds [12] 

Dose response ::urves possess different shapes and slopes that can vary depending 

on LET and dose-rate !38]. Due to small differences between yield curves ofx andy-

rays, it is suggested thc.t an appropriate calibration curve is produced for the specific 

radiation used. A large body of evidence shows that the, for low LET radiation, the 

relationship between tle frequency of dicentrics and dose is best fitted by a linear 

quadratic model with the following equation: 

16 



M.Sc. Thesis- A. Asi; McMaster University - Medical Physics 

Y=A +aD+ pD2 

Where D = Dose and Y = dicentric frequency 

1. 6 ADAPTIVE RESPONSE 

The adaptive response is a biological phenomenon defined by the reduced effect 

of a large 'challenge c ose' of radiation following exposure to a smaller, 'priming dose' of 

radiation. This protec1ive response has been observed using different biological endpoints 

such as: cell death, chromosome aberrations, mutation induction, clonogenic survival, 

micronuclei, cancer latency, and DNA repair [41-47]. In addition, the effect is not 

limited to radiation, b llt can also be caused by other chemical or genotoxic agents such as 

bleomycin, hydrogen peroxide, hyperthermia, and restriction enzymes [28, 44, 47, 48]. 

Radiation-induced adaptation is a concerted effort of extracellular signals and 

intracellular responses [ 15] that can occur following exposure to both low LET (y-rays, x­

rays, beta) and high LET (alpha particles, neutrons) radiation [49]. Suggested 

mechanisms which lead to cellular adaption include the upregulation of antioxidant 

defenses and an accelerated repair response [ 41]. For decades it was accepted that only 

cells which were dire,::tly traversed by radiation were subject to intracellular responses 

that lead to an adaptive response, but recent evidence shows that non-targeted cells may 

also adapt if in close proximity with cells that have been directly hit. The mechanism 

responsible for this and other related phenomena such as the maintenance of the adaptive 

response in human cells from a few hours to several months is still in question [15]. 
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Adaptation in human lymphocytes by IR was first reported in 1984 by Olivieri and Wolff 

[ 46]. Their work illustrated the effect of chronic exposure to continuous low doses of 

radiation by incorporating tritiated thymidine (3H-TdR, a radio labeled nucleoside) into 

cells prior to irradiation with a large x-ray challenge dose. They discovered that the 

combined effect of 3H-TdR and x-rays on the frequency of chromosome aberrations was 

significantly lower than that ofx-rays alone. 

Studies which ensued observed the adaptive response in populations exposed in 

vivo to occupational levels of radiation [50] or who experience very high levels of natural 

background radiation in areas such as Iran, where individuals can receive an annual 

absorbed dose up to 2<10 mSv i' [51] . Furthermore, many molecular studies 

demonstrating radioadaption have looked at a variety bioindicators of genetic damage in 

cell types including nondividing lymphocytes and fibroblasts. 

The following 3tudy will determine whether or not the dose delivered from the CT 

scan will induce an adaptive response in the peripheral blood lymphocytes of the patient 

volunteers. In terms of apoptosis, a cell undergoes programmed cell death following 

genotoxic stress to confer protection to the organism from genetic risk [74]. Thus, if the 

lymphocytes are able to adapt following the 'priming' CT dose, they should show 

decreased apoptosis in response to the 8 Gy in vitro challenge dose. 
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2. METHODS 

2.1 PATIENT CONSENT AND SAMPLE COLLECTION 

The study accrc1ed 8 patients between the ages of 62 and 77 who are currently 

being treated at the Juravinski Cancer Centre in Hamilton for adenocarcinoma of the 

prostate. The protocol outlining this study was approved by the Hamilton Health Sciences 

Research Ethics Board and a consent form informing the patients of the study was signed 

by each patient. 

Patients were then scheduled for aCT scan as part of their planning for 

radiotherapy. Blood samples (10 ml) were taken directly before and after the scan was 

performed. Each 10 ml sample of blood was collected by venipuncture and kept in 

sodium heparin collect ion tubes (Vacutainer, BD Biosciences, Mississauga, ON, 

Canada). The tubes were packaged in bubble sleeve wrap and biohazard bags and 

delivered at room temperature for further processing with an average elapsed time of 3 h 

between the first sample collection and processing. 

Isolation of lymphocytes from the whole blood required the use of a density 

gradient cell separatio medium. About 3 ml of blood from pre- and post-CT samples 

were gently and aseptically layered onto 3 ml of Histopaque-1 077 in conical tubes ( 15 

ml). Tubes were centrifuged at room temperature for 30 min at 300g as per the 

manufacturer's instructions (Sigma-Aldrich, Oakville, ON, Canada). Mononuclear 

fractions containing the lymphocytes were isolated and washed once with PBS and once 

with complete RPMI (16% Fetal Bovine Serum, 0.8% L-glutamine, 0.8% Penicillin 
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Streptomycin). Cell concentrations were quantified using a Z2 counter (Beckman 

Coulter, Mississauga, ON, Canada) and adjusted to 4-5 x 105 cells/ml with RPMI. After 

proper adjustment of cell concentration, 4 ml of sample was placed into appropriately 

labeled T25 flasks (BD Falcon™, BD Biosciences, Mississauga, ON, Canada) and placed 

on ice in a styrofoam insulator. 

2.2 IRRADIATION 

2.2.1 Computerized Tomography Scan 

Patients were inaged with aGE Lightspeed RT multislice helical scanner (120 

kV). Scans typically tc,ok 20-30s and images were acquired in axial mode with a slice 

thickness of 2.5 em fo:~ all patients. One male volunteer was used for a sham CT control. 

Table 2.1: CT details for patient volunteers 

Patient Initials Date of Scan #of Scans #of Slices Slice Thickness (mm) 

1 J-H Jun-22 1 No data 2.5 

2 V-B Jul-12 2 127 2.5 

122 2.5 

3 M-C Aug-10 3 123 2.5 

4 H-V Aug-17 2 118 2.5 

116 2.5 

5 G-B Aug-23 1 125 2.5 

6 W-W Aug-24 1 131 2.5 

7 J-G Aug-24 1 131 2.5 

8 P-H Aug-30 1 129 2.5 
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2.2.2 Irradiation Challenge 

All challenge dose irradiations were done using a 137Cs source (662 keY) at dose 

rate of 0.1 Gy/min. The distance required to maintain this rate was calculated using the 

most recent decay equation (Refer to Figure B-1 ): 

y = 14.14x-0
·
551 

Mononuclear cells in supplemented RPMI held at 0°C in ice slurry were 

irradiated with 8 Gy for the Apoptosis and H2AX assays, whereas for the dicentric assay 

whole blood was irradiated with 3 Gy at room temperature. Control samples were sham­

irradiated (Figure B-2 ). 

2.3 APOPTOSIS 

Levels of cell death were measured using the Annex in V- Fluorescein 

Isothiocyanate 17-Amino-Actinomycin D (Annexin V FITC/7AAD) flow-based assay. 

Following high dose gamma- irradiation, T25 flasks containing pre and post-CT exposed 

mononuclear cells in supplemented RPMI were transported on ice to the radiobiology lab 

and placed in a 5% C0 2 incubator (95% relative humidity, 37°C) for 44 h. After 

incubation, 500ul wa~. aseptically transferred from T25 flasks into labeled 5 ml flow 

tubes. Samples were prepared in triplicate. The tubes were spun at 300g for 5 minutes 

and the supernatant was decanted. An antibody cocktail containing Annexin and viability 

dye 7 AAD (Beckma Coulter #FI080 16) was prepared and 1 OOul of the cocktail was 

added to each sample. Controls were also prepared as followed: Annexin (5ul) only, 
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7 AAD (1 Oul) only and one tube was kept unstained. Samples were then incubated for 15 

minutes on ice and given 300ul of binding buffer prior to cytometric analysis using a 

Beckman Coulter EPICS XL Flow Cytometer (Beckman Coulter, Mississauga, ON, 

Canada). Control tubes were tested for each patient to ensure gates were set appropriately 

(Figure B-3). Lymphc·cytes were gated based on forward scatter vs. side scatter properties 

(Figure 1.3 ), and the percentage of cells positive for Annexin as determined by 

fluorescence was quantified. Information was collected from 10,000 lymphocytes and the 

average of 3 trials wa:; recorded. 

2.4 DNA DOUBLE STRAND BREAKS 

DNA double strand breaks were assessed using the H2AX assay. After irradiation 

with 8 Gy challenge cose, flasks containing pre and post-CT samples were brought back 

to the radiobiology lab and aseptically transferred into labeled flow tubes set aside for 

this part of the experiment (500uVtube). The tubes were then incubated in a water bath set 

to 37°C for 0.5 h. Samples were then fixed with 3ml of ice cold 70% ethanol and placed 

on ice for 30-60 minutes before storage at -20°C. 

Before analyzing samples on the cytometer, tubes were centrifuged at 300g for 8 

minutes. The supernatant was aspirated and the pellet was resuspended in 3ml of 1 x Tris­

Buffered Saline (TBS, Ph 7.4). They were then re-centrifuged for an additional 8 minutes 

and supernatant was aspirated before addition of 1 ml cold, freshly prepared Tris-Saline­

Triton (TST) (96% 1x TBS, 4% Fetal Bovine Serum, <l%Triton X-100). Samples were 

incubated with TST for 10 min on ice, and then centrifuged at 300g for 8 minutes. Each 

22 



M.Sc. Thesis -A. Asis McMaster University - Medical Physics 

tube was stained with l OOul of antibody cocktail consisting of TST (1 OOul/tube) and 

Alexa Fluor 488 moust! anti-human H2AX antibody (BD Pharmingen #560445, 

3ul/tube ). Tubes were gently mixed by vortex and incubated on ice for 40 min - 1 h. 

After incubation, samples were washed in 2 ml TST and labeled with 300ul of a 

TBS/Propidium Iodide (PI) solution (20ml 1x TBS, 333ul of PI) to ensure cells were at 

the Go phase of the cell cycle. Samples were kept on ice and analyzed on the cytometer 

directly after. Mean fluorescence intensity values were measured and the average of 2 

trials for each treatment was recorded. 

2.5 CHROMOSOME ABERRATIONS 

Levels of chromosome damage were measured using the dicentric assay. 

Immediately post CT ~can, 0.5 ml of whole blood was transferred into 15ml flat-sided 

tubes in duplicates and irradiated up to 3 Gy at room temperature. Complete RPMI (16% 

heat activated Fetal H:>Vine Serum, 0.8% L-glutamine, 0.8% Penicillin Streptomycin) was 

pre-warmed to 37°C end added to each tube after irradiation up to 5 ml. To stimulate 

division, 90ul of Phytohemagglutinin was added. To identify and score cells in the first 

mitosis (M1), 23ul of 5-bromo-2-deoxyuridine/BrdU (Sigma #B9285) was also added. 

Samples were incubated at 37°C under 5% C02 and 95% humidity for 44 h. After this 

period, SOul of 10ug/ml colcemid KaryoMAX® Colcemid™ Solution, #15210-040) was 

added and samples w ;!re incubated for an additional 2 h to facilitate metaphase arrest. 

After incubation, samples were centrifuged at 200g for 8 min at room temperature 

and the cell pellet wa~ isolated and resuspended. To promote cell swelling, 5 ml of 
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hypotonic KCL was gently added and samples were kept in a 3 7°C water bath for 15 min. 

A soft fix was perforrred by adding 1 ml of freshly prepared ice 3: 1 cold fixation solution 

(3 methanol: 1 glacial acetic acid) was added to each tube and samples were centrifuged 

at 200g for 8 min (5°C'). The supernatant was aspirated and cell pellets were resuspended 

with 10 ml of 3: 1 fixative solution. The fix was repeated two more times with 10 minute 

incubations on ice in between. Samples were stored at -20°C until ready for slide 

making. 

Metaphase spreads were prepared manually using fresh 3:1 or 2.5:1 fixation 

solution. Clean slides were kept in 50 ml Coplin jars containing fresh methanol and taken 

out only when ready for slide making. Once slides were removed, they were wiped clean 

using Kim Wipes and 1-2 drops of sample were placed onto the slide using disposable 

pasteur pipettes. Fixative was flushed over the sample and slides were air dried using 

manual techniques and a slide warmer set to 40-50°C. Mitotic index and degree of 

chromosome spreadir g was evaluated using a light microscope. 

Slides were st:tined first with Hoechst solution (800 of 1 mg/ml Hoechst (Sigma 

#B2883) in 40 ml disjlled H20 for 2 minutes, followed by the addition of llOul 

Na2HP04. Slides were cover slipped, placed on a slide warmer set to 60°C and exposed 

to UV light for 4 minutes. They were then washed with dH20 and placed in a Coplin jar 

containing 10% Giemsa ( 4 ml Giemsa (Sigma #GS500) in 36 ml buffer solution (EMD, 

ROS003/01 pH 6.8) fl)r 10 min. Giemsa solution was rinsed off with dH20 and buffer 

solution, and slides were dried on a slide warmer set to 3 7°C for a few hours up to 
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overnight. Cover slips were mounted over each slide and metaphases were analyzed 

using an Olympus BX51 multi-purpose microscope (lOOx magnification). Approximately 

150-200 metaphases were scored for samples which showed a higher mitotic index and 

about 80-100 metaphases were scored for samples which showed a lower m-index. 

Dicentrics, acentric fragments, and rings were scored. 

2.6 STATISTICAL AAALYSIS 

The average of each treatment and for each patient was also calculated and plotted 

in each correspondin~; graph. To determine significance, a student's T-test was performed 

to determine the p-vaLue for changes before and after CT, as well as for the adaptive 

studies. For dicentric~:, the p-value was calculated using Fisher's Exact Test 
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Patient consented, CT & blood work scheduled 

Pre-CT blood draw (l Oml) Post-CT blood draw (10m I) 

Irradiation@ 0.1 Gy/min- 3 Gy total 

Figure 2.1: Flow chart of logistics throughout the study 
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3. RESULTS 

3.1 APOPTOSIS 

Inter-individual variability in lymphocyte apoptosis is seen following pelvic CT scan 

and 8 Gy exposure i11 vitro 

Variability in 1poptotic responses following CT irradiation was observed (Figure 

3.1 ). Four of the eight patients displayed an increase in apoptosis, with Patient 1 showing 

significant increase. Three patients displayed a decrease in apoptosis, and only one 

patient stayed the same. Flow cytometric analysis of lymphocytes gated based on their 

forward and side scatter patterns were Annexin V+/7 AAD-, suggesting that these cells are 

in the early apoptotic, pre-necrotic phase of cell death. Overall, when frequency of 

apoptosis was averaged for all patients there was no significant increase or decrease 

following the CT scan. The largest differences were seen in Patient 1 who had an increase 

in apoptosis of ~8%, and Patient 5 experienced a decrease of~ 13% following CT. The 

error bars represent error three flow cytometry trials for each patient and treatment (pre 

CT, post CT). Table C-3 outlines percent differences in all patients. Figure 3.1 also shows 

spontaneous levels of apoptosis for all patients (black bars). This is seen in lymphocytes 

isolated from blood collected before the CT scan, and is thus not treated. There is 

considerable variation in baseline levels of cell death, and different relationships were 

observed between spontaneous levels and level of increase or decrease in lethality 

following a CT. To d{;termine whether differences in apoptosis were due to other 

variables such as the time lapse between the pre and post sample collection ( ~ 1 h) or a 

27 



M.Sc. Thesis - A. Asis McMaster University - Medical Physics 

noise signal from flow cytometry, a sham CT experiment was conducted in a male 

volunteer within the same age range as the patients. The results show that the level of 

apoptosis did not change before and after the CT, and the spontaneous level was also 

close to what was observed in the patient volunteers (Figure C-1). 
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Figure 3.1: Percent apoptosis in human lymphocytes following CT scan. Error bars for each patient 
represent standard error in 3 flow trials 

Following exposure in vitro of lymphocytes in supplemented media to 8 Gy y rays 

resulted in dramatic increase in apoptosis for all patients by at least 28% (Figure 3.2). 

The average increase in apoptosis was ~43%. Inter-individual variation in radiation-

induced apoptotic responses was observed before and after the CT scan, as well as before 

and after 8 Gy. Table C-3 in outlines percent differences in all patients after 8 Gy. 
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Apoptosis in Human Lymphocytes after 8 Gy Challenge 
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Figure 3.2: Percent apoptosis in human lymphocytes following irradiation at 0 and 8 Gy 

Table 3.1: Apoptosis measured in human peripheral blood lymphocytes isolated from blood taken 
before and after a CT scan with 0 and 8 Gy gamma in vitro challenge doses 

Patient 0 Gy Challenge - % Apoptosis 8 Gy Challenge - % Apoptosis 

# PreCT Post CT Pre CT Post CT 

1 39.00 ± 0.14 46.77 ± 0.47 75.06 ± 0.72 76.02 ± 0.09 

2 24.90 ± 1.22 26.54 ± 0.26 81.47 ± 2.51 82.62 

3 32.78 ± 0.25 36.39 ± 2.61 81.18 ± 0.52 77.44 ± 0.31 

4 17.66 ± 0.15 16.48 ± 0.22 64.73 ± 0.72 67.17 ± 2.45 

5 50.62 ± 1.46 38.11 ± 0.60 86.99 ± 0.79 77.39 ± 0.56 

6 34.67 ± 0.97 34.91 ± 0.34 76.17 ± 1.15 75.54 ± 0.42 

7 40.68 ± 1.25 38.61 ± 2.73 68.73 ± 0.75 66.38 ± 0.42 

8 26.14 ± 0.30 27.39 ± 1.82 74.56 ± 1.91 74.98 ± 1.85 

AVERAGE 33.31 ± 3.67 33.15 ± 3.30 76.11 ± 2.37 74.57 ± 1.79 

Adaptive Response was in observed for apoptosis in less than half of patient samples 

To detect the induction of an adaptive response, lymphocytes from blood 

collected before and after the CT scan were irradiated with 8 Gy as a challenge dose and 
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apoptosis was quantified. Results from flow cytometry show that in 3/8 patients, post-CT 

lymphocytes exhibited a significant decrease in apoptotic sensitivity following the large 

dose (Figure 3.3). Only one other patient showed lowered apoptosis but it was not 

significant. The remaining patients showed either a slight increase or stayed relatively the 

same. The average of all 8 patients showed a decrease of only 2 percent. 
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Figure 3.3: Percent apoptosis in human lymphocytes following CT scan and 8 Gy in vitro challenge 
dose 
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Difference in percentage of apoptotic lymphocytes 
following radiation treatment 
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Figure 3.4: An overview of the percent differences in apoptosis in lymphocytes of all 8 patients before 
and after CT (blue) and before and after 8 Gy in vitro (red) 

Figure 3.4 sho vs that there was no pattern seen amongst patients in radiation-

induced apoptosis . For some individuals, a large increase in cell death following aCT 

scan did not show the :>arne effect in response to a larger dose of 8 Gy. Patients 5 and 7, 

however, did show both a decrease in apoptosis following the CT as well as a weak cell 

death effect following 8 Gy. Overall these results confirm that inter-patient variation can 

be seen at high and low doses as well as following both in vivo and in vitro exposures. 

3.2 DNA DOUBLE STRAND BREAKS 

The mean fluorescence intensity of the y-H2AX antibody measuring levels of 

H2AX phosphorylation was quantified before and after the CT scan as well as at a 0 and 

8 Gy in vitro challenge dose. There was no observed difference before and after CT 

(Figure 3.5) but follow ing 8 Gy there was a dramatic increase in H2AX phosphorylation 
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(Figure 3.6). This dose was able to elevate lethality in lymphocytes of every patient by a 

factor of at least 12. The error bars in both histograms represent standard error in the 

duplicate trials for each patient and treatment. 
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Figure 3.5: Gamma H2AX phosphorylation in human lymphocytes as measured by fluorescence 
intensity following CT scan (**Data not available) 
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Figure 3.6: Gamma H2AX phosphorylation in human lymphocytes as measured by fluorescence 
intensity following 8 Gy in vitro challenge dose (**Data not available) 

Table 3.2: Levels of phosphorylated histone H2AX as measured by mean fluorescence intensity in 
human peripheral blood lymphocytes before and after a CT scan with 0 and 8 Gy gamma in vitro 
challenge doses* 

Patient 0 Gy Challenge 8 Gy Challenge 

# PreCT Post CT PreCT Post CT 

1 1.1 1.0 14.6 13.8 
2 no data no data no data no data 

3 1.1 ± 0.05 1.1 ± 0.05 13.4 ± 0.05 13.5 
4 1.1 1.2 ± 0.05 13.5 ± 0.85 13.3 ± 0.25 
5 1.2 ± 0.05 1.2 14.2 ± 0.05 12.5 ± 0.20 
6 1.0 ± 0.05 1.2 ± 0.05 12.5 ± 0.40 13.0 
7 1.1 ± 0.05 1.1 ± 0.05 15.0 ± 0.15 15.6 ± 0.75 
8 1.20 1.3 ± 0.05 13.5 ± 0.90 13.3 ± 0.30 

AVERAGE 1.1 ± 0.03 1.1 ± 0.03 13.8±0.32 13.6 ± 0.37 
*Those values with nu standard error indicate that both trials yielded the same mean intensity 
value 

33 



M.Sc. Thesis -A. Asi~; McMaster University- Medical Physics 

According to Figure 3.7, there was no correlation present between H2AX 

phosphorylation and the dose length product (DLP) of the CT scan. This suggests that 

minor differences observed in the induction of DSBs are not due to differences in dose. 
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Figure 3.7: Graph showing relationship between level of H2AX phosphorylation and DLP 
values for pelvic CT. For patients who were scanned multiple times, results were obtained 
for the first scan only 

To determine whether the dose from the CT scan was able to modify the level of 

DSBs after 8 Gy, H2AX intensity was compared in pre and post CT lymphocytes. 

According to Figure 3.8, post-CT lymphocyte samples from only one patient showed a 

significant decrease in DNA damage after the 8 Gy challenge dose. This suggests that the 

adaptive response is possible but may vary depending on radiosensitivity. Level of 
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phosphorylated y-H2AX formation in the remaining patients either increased slightly or 

decreased slightly or stayed about the same. 
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Figure 3.8: Gamma H2AX phosphorylation in human lymphocytes as measured by fluorescence 
intensity following CT scan and 8 Gy in vitro challenge dose(* p-value<O.OS **Data not available) 

3.3 CHROMOSOME INSTABILITY 

3.3.1 Dose Response in Healthy Individuals 

Blood collected from three healthy volunteers was irradiated at 0, 2, and 4 Gy. 

Samples were fixed and dropped manually on slides in preparation for microscope 

scoring. Two hundred metaphases were observed for each dose and a dose curve was 

generated (Figure 3.9). The relationship between dicentric frequency and dose was linear 

quadratic. 
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Figure 3.9: Dose-respons( for curve for dicentrics at 0, 2, and 4 Gy gamma rays. Each point 
represents the average of three volunteers (two male, one female). 

3.3.2 Frequency of Aberrations in patients following CT scan and 3 Gy 

Whole blood collected before and after the CT was fixed and good quality slides 

yielding a high percen·:age of M 1 metaphases were used to score dicentrics for each 

patient and treatment (pre and post CT, pre CT + 3 Gy and post CT + 3 Gy). No 

significant effect on the frequency of chromosome aberrations was detected following CT 

(p=0.1 ). However, 4/8 patients showed slight elevation above the natural background 

frequency with~ 1-2 dicentrics scored in 150-200 cells. 
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Table 3.3: Frequency of d icentrics per cell for each patient with average values for each treatment 

Treatment 

Patient PreCT Post CT Pre CT+3 Gy Post CT+3 Gy 

1 0.005 0.005 0.365 0.167 

2 0 0 0.523 0.432 

3 0.005 0 0.528 0.525 

4 0 0.005 0.382 0.451 

5 0 0.007 0.510 0.530 

6 0 0.013 0.640 0.470 

7 0 0.007 0.588 0.536 

8 0 0 0.510 0.480 

Average 0.001 0.005 0.506 0.449 

Figure 3.92 shows that after irradiation with 3 Gy, there was a dramatic increase 

in the frequency of dicentrics/cell with a large degree of variation across patients. Some 

metaphases showed ur to 4 dicentrics and there was also presence of tricentrics 

(chromosomes having 3 centromeres) in a small proportion of cells (Figure 3.91). Only 

cells with 46 chromosomes and found within the first division were scored to eliminate 

offsetting the frequency of aberrations. Interestingly, some patients also showed a greater 

reduction in mitotic index than others after 3 Gy, which is further evidence for variation 

in radiation sensitivity. Full data on number of metaphases scored and number of 

dicentrics identified can be found in Table C-4. 
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• 

,-

Figure 3.91: Mlicroscopy images of metaphase spreads. Top L) Normal met 
with 46 chromosomes and no apparent aberrations present. Top R) Taken 
from a 3 Gy sample, note the presence multiple dicentrics with 
corresponding acentric fragments within a single metaphase (arrow) Bottom 
L) Also from 3 Gy. Note presence of tricentrics (arrow). Bottom R) Also 
from 3 Gy with dicentrics and tricentrics present 
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Figure 3.92: Frequency o f dicentrics in whole blood following 3 Gy in vitro 
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Figure 3.93: Frequency of dicentrics in human lymphocytes following CT scan and 3 Gy in vitro 

challenge dose (p-value=0.3) 

Figure 3.93 shows that the adaptive response may have occurred in the cells of 

some patients (1 , 2, 6, 7, and 8) following the CT priming dose and subsequent 3 Gy 

challenge dose. Other patients, however, either showed the same frequency (patient 3) or 
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an increase ( 4 and 5). Overall there was an average decrease in dicentric frequency in the 

CT + 3Gy samples (gr·~Y bars) vs. 3 Gy only (no CT, black bars) but it did not appear to 

be significant (p=0.3) 
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4. DISCUSSION 

Individual differences in radiation induced biological effects and radiosensitivity 

Inter-invidivual variation in radiosensitivity is a genetically controlled biological 

phenomenon whose investigation spans decades. The differences in cellular responses to 

radiation present a challenge to international limits enabled by LNT models of 

mutagenesis and carcinogenesis [55]. These policies are based on the assumption that 

people respond to radi.1tion the same and thus succumb to the same increased risk for 

cancer upon exposure [30]. It would be very difficult to tailor dose limits to 

accommodate all degrees of radiosensitivities amongst individuals. However, 

understanding the biological mechanisms that give rise to such variation and the degree 

to which a specific population of interest varies is beneficial for medicine, biodosimetry, 

and risk assessment [30]. 

A cell's DNA ,;ontrols all metabolic and physiological processes within a cell, but 

is also a major target for radiation-induced damage. Given this it is expected that, upon 

exposure to both high and low-LET radiation, biological changes resulting from DNA 

damage will occur. Erdpoints such as apoptosis, DNA DSBs, and chromosome 

aberrations, mutation frequency, clonogenic survival [52], activation of checkpoint arrest, 

and micronuclei [53] are all sensitive to radiation and have also shown some level of 

inter-individual variatton. This disparity can be further exaggerated by differences in age, 

lifestyle, and cellular microenvironment. 
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The main purposes for this study were not only to examine the biological effects 

of CT scans, but also the degree to which individuals vary in their responses to radiation. 

A series of similar experiments were completed in this lab but with only 6 patients. The 

results of that study were limited by the small sample size and thus we have added 

additional patients to further strengthen the evidence previous seen. 

Flow cytometry was used to determine the degree of programmed cell death and 

DNA DSB induction in lymphocytes. Percent apoptosis is the proportion of gated 

mononuclear cells ( de·:ermined to be lymphocytes based on forward and side scatter) that 

are positive for Annex in V, which binds to externalized phosphatidylserine on the outer 

membrane during early apoptosis. Cells proceeding into the late apoptotic-early necrotic 

phase were excluded by enumerating cells which were Annexin + and negative for the 

viability dye 7 AAD. 

The results these experiments show that, after irradiation of lymphocytes in vitro 

with 8 Gy, both levels of apoptosis and phosphorylation of histone H2AX increased 

dramatically in all 8 patients (Tables 3.2 and 3.6). Patients 1, 5 and 7 displayed a 

relatively larger incre;lse in H2AX intensity after 8 Gy, translating to greater genomic 

damage. These three patients however experienced a relatively lower radiation-induced 

increase in apoptosis :tfter 8 Gy (Note the red bars in Figure 3.4). Although more 

phosphorylation of H lAX is interpreted as enhanced DSB damage, it can also be seen as 

increased foci formatlon or repair activation. Phosphorylation of the histone protein 

H2AX is a critical step in the DNA repair process, downstream of damage detection by 
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sensor proteins and ATM autophoshorylation. The formation of H2AX foci is required 

for further deconstruction of the chromatin and subsequent recruitment of repair factors 

such as 53BP1 and BRCAl/2 [34, 54]. Lymphocytes from these patients may have 

undergone repair in an attempt to restitute the radiation-induces lesions before resorting 

to the apoptotic pathway. This split decision between death and survival is dependent on 

the speed and accuracy of mechanisms whereby a cell can monitor genomic integrity and 

repair IR-induced assault as it occurs [54]. Whether or not this may be the case, results 

from this part of the study are another example of variation in radiation responses for 

both apoptosis and H2 AX phosphorylation and prompts further investigation on the 

mutual exclusivity of these two processes within a cell. 

Inter-individual variation can also be seen in spontaneous levels of apoptosis 

alone. The black bars in Figure 3.1 show that after a 44 hour incubation period with 

supplemented RPMI, ~.pontaneous levels of programmed cell death in lymphocytes 

ranged anywhere from 17-50% (Table C-3, Part A). The average percentage of apoptotic 

lymphocytes for all patients was 33.31 ± 3.67%, a value almost 10 percent higher than 

that obtained in the previous experiment amongst the 6 patients. The percent frequency of 

apoptotic lymphocytes following 8 Gy was also significantly higher this time (the highest 

recorded value in the first experiment was 40%, whereas in this case the average percent 

apoptosis was 76.11 ± 2.37%). There are several reasons why this may be the case. 

Previously, the averag~ elapsed time from blood collection to processing was ~2 hours, 

an hour less than this time. Although blood was transported at the same temperature and 

in heparanized tubes, the difference in time can lead to intracellular perturbations that can 
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alter the kinetics of spc•ntaneous lymphocyte apoptosis. Additionally, in the first 

experiment the PS-binding Annexin V/7 AAD flow kit was used in conjunction with an 

anti CD45-antibody. CD45 is a found on the surface ofleukocytes, with the highest 

fluorescence expression in both T and B lymphocytes. Identification of this protein has 

vital implications in monitoring disease progression in HIV+ patients [57, 58] who 

experience a steady depletion in their CD4+ helper T cells. The use of this probe during 

flow analysis can help identify with high specificity the lymphocyte population within a 

heterogeneous monoc)te culture. Although the FS and SS patterns are tight and easily 

identified for lymphocytes, confirming that the gated population from which fluorescence 

data is extracted are indeed T and B cell will yield more accurate results. Other factors 

such as differences in disease progression, age, medical history and even changes in CT 

scan protocol may haw contributed to the difference observed between results from this 

cohort and the previou:' one. Dose Length Product (DLP) values in both studies were 

similar, which excludes dose from the CT as a possible factor in differences. Those 

patients who underwer1t multiple CTs were treated the same, with one blood collection 

taking place before and after the first scan only. 

Aside from genetic predisposition, there are other possible reasons for the 

observed patient differ~nces in intrinsic susceptibility oflymphocytes to radiation­

induced apoptosis. A study published in 2003 by Schmitz eta/. [59] looked at 

radiosensitivity oflymphocyte subpopulations irradiated in vitro. Annexin V-labeled 

CD4+ helper T cells, CD8+ killer T cells, and B cells were evaluated using flow 

cytometry, which showed that there are differences in both spontaneous and radiation-
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induced apoptosis amongst these subsets, with T cells showing greater radioresistence 

than B cells. This divergence in apoptotic sensitivity may explain patient differences 

observed in this and other studies. Monocyte fractions isolated on Histopaque are 

heterogeneous populations containing variable ratios ofCD4+, CD8+, and B cells. The 

level of apoptosis measured in these samples will therefore depend on the proportion of 

each lymphocyte subpopulation. 

The notion that DNA damage repair processes and apoptotic responses vary 

among individuals ha~; further importance with regards to radiotherapy, which comprises 

a large portion of cancer treatment regimens. A percentage of patients that undergo 

external beam radiation therapy (EBRT) will experience normal tissue toxicity years after 

treatment [30]. Using current knowledge on inter-individual variation in tissue sensitivity 

to radiation, research on a rapid, functional in vitro assay that can help physicians identify 

patients who may experience an adverse reaction to treatment becomes of increasing 

importance [30, 52, 60-62]. A study published in 2009 by Schnarr et al [21] observed 

apoptosis in lymphocytes from prostate cancer patients who experienced increased late 

toxicity using flow analysis Annexin V -FITC labeled cells. Results from this predictive 

assay showed that pa1:ients succumbing to late toxicity had an apoptotic response at or 

below the mean for all patients undergoing radiotherapy. This confirmed the hypothesis 

that low levels of apc•ptosis may confer radiosensitivity and thus increase the likelihood 

of a patient experiencing unfavorable symptoms due to the reduced ability of cells to 

recognize and eliminate damage [21, 47]. 
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Other studies have attempted to predict intrinsic levels of radiosensitivity using 

other biological marke s such as the frequency of chromosome aberrations [61], and rate 

of DSB induction and -epair following IR exposure in vitro and in vivo [3 7, 60]. 

Following fibroblast analysis of a patient who experienced severe side effects of radiation 

therapy, Lobrich eta/ were able to identify a significantly higher excess of H2AX foci up 

to 24 hours after a CT scan in comparison to the other patients, which suggests that this 

person may have repai r deficiencies resulting in negative symptoms. There is enough 

convincing evidence that following IR, the slow loss of H2AX foci observed translates to 

a slow rejoining ofDSBs [37, 60]. Another question stemming from this is whether this 

'slow' response meam. greater radiosensitivity. Although y-H2AX holds promise as a 

biological indicator of tissue resistance as it is an endpoint that can be quantified at very 

low doses, there are st ill challenges assigned to this assay as repair fidelity may be of 

greater importance than speed of repair, and that is much more difficult to measure [60] . 

When establishing an appropriate method for predicting radiosensitivity in 

patients in order to enhance patient care following radiation therapy, reproducibility is 

most important. Potential biological markers should ideally be radiation-specific and their 

detection requires high sensitivity. For apoptosis, intraindividual variation may depend 

on factors such as infection, fatigue, exercise, or drug and alcohol consumption [21]. 

Undertaking several experiments with each patient after a specified amount of time in 

between can help researchers better recognize patterns in lymphocyte apoptosis and other 

endpoints to determine the degree of radiosensitivity. 
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Inter-individual differences were observed not only for apoptosis and DNA DSBs, 

but also for chromosome aberrations. After irradiation with 3 Gy, whole blood collected 

from volunteers for the dicentric assay was fixed and scored using microscopy. 

According to Figure 3.92, the frequency of chromosomes possessing two centromeres as 

a result of replication of misrepaired DNA increased significantly after irradiation but 

also varied amongst individuals. Patient 6 demonstrated a significant increase in 

frequency of dicentric5, starting from none scored to more than half of cells possessing 

dicentric chromosome~ • . while the frequency observed in patients 1 and 4 increased up to 

just 30% after 3 Gy. Interestingly, two of the eight patients scored 1 dicentric in -200 

cells analyzed (frequency= 0.005) which is higher than the documented natural 

background rate for dicentrics in observed human populations (background rate is -1 in 

2000, 0.0005). Although dicentrics are a lethal aberration, some cells are still able to 

maintain the misrepaired DNA damage in the nucleus, formed by increased exposure to 

natural or man-made sources of radiation or by other genotoxic agents. A low 

spontaneous level of d icentrics was also present in the first study, however after a 3 Gy 

challenge dose, the frequency increased to those -0.1-0.3 die/cell, which is almost 50% 

less than what was seen this time. 

Fluorescence plus giemsa revealed a small but insignificant increase in dicentric 

frequency observed before and after the CT within this cohort (p-value=0.1). Stephan et 

al [8] reported an enhmced yield of aberrations in pediatric patients aged 0.4-15 years 

old following CT, with emphases on the younger group of children whose increase was 

significant. Although this might be expected as younger children are deemed more 
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radiosensitive, evidence from our study show no age-effect for dicentrics, at least from a 

high dose. 

To demonstrate the dose-dependent nature of dicentric formation, a dose 

response curve was generated using blood from three, young healthy volunteers. Samples 

were irradiated with 0. 2 and 4 Gy, and a linear quadratic relationship was discovered 

(Figure 3.9). Interestir.gly, the dicentric frequency value obtained for 3 Gy using this 

curve (0.49 die/cell) was very similar to the average value scored for all 8 patients (0.51 

die/cell). This suggest~ that, as stated, dicentric frequency may not be dependent on age, 

although more volunteers should be included to strengthen the statistical power of this 

claim. A recent publication from Health Canada and the Canadian Cytogenetic 

Emergency Network (CEN) reported a dicentric frequency of -0.75 from a 3 Gy in vitro 

exposure to Cs 137 y-rays. This value is slightly higher but includes the number of rings as 

well [63]. 

It is ideal to score between 500-1000 metaphases in the case of low doses. 

Doses greater than 1 Gy produce more breaks and thus -100 metaphases should provide 

an accurate estimation of dose or damage produced by a known dose [40]. For this study, 

-150-200 metaphase~. were analyzed for each treatment - before and after CT, and before 

and after CT + 3 Gy zn vitro y-rays. If additional cells were scored perhaps the frequency 

would be altered slightly. The previous study using 6 patients only scored 50 metaphases 

which may be the reason for the observed differences in frequency. 
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In the future. adding to current evidence using alternative cytogenetic 

techniques may be useful in determining the level of radiation-induced chromosome 

aberrations. Stable translocations, for example have been validated as a useful biomarker 

and has been looked at in this lab using mice and human lymphocytes as well as cells 

within the bone marrow. Its use in dosimetry and implications in radiocarcinogenesis, 

however, is limited due to a higher background frequency (up to 10/1000 cells) than 

dicentrics and reported significant inter-individual variation above the age of 40 [38]. 

Methods such as SKY are also costly and more time consuming than conventional 

Giemsa staining (although the latter cannot detect the presence of balanced 

translocations). M'kacher et al [64] measured the aberration frequency in lymphocytes of 

10 patients before aftt:r a CT scan using Fluorescence in situ Hybridization (FISH). They 

were not able to detect a significant increase in aberration frequency, but did measure an 

increase in fragments when using the Premature Chromosome Condensation (PCC) 

assay. 

Intrinsic cellular responses to radiation for in vivo and in vitro exposures 

There is ongoing debate and conflicting evidence regarding the differential 

responses of cells to I ow and high doses of radiation. The LNT model for radiation­

associated carcinogenic risk is based mainly on data from populations exposed to high 

doses such as the surrivors of the atomic bomb in Hiroshima and Nagasaki. Estimates 

drawn for this back extrapolation form the basis of radiation protection standards. 

Epidemiological data on low doses, however, is limited and lacks statistical evidence to 
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accurately estimate cancer risk from low dose and dose-rate exposures [65]. In 2005, The 

Joint Report of the French National Academies of Science and of Medicine published the 

"French Report" outlining data on risks associated with low dose ionizing radiation. The 

document maintained ·hat there were no epidemiological studies showing in increase in 

cancer incidence for doses less than lOOmSv [66]. This adds importance to animal and 

cellular experiments which have become increasingly in the elucidation of 

radiobiological effects at lower doses and dose-rates. 

When considering a linear, non-threshold model one of the underlying 

assumptions is that irradiation of a cell will lead to an increasing probability of mutations, 

error-free repair, misrepair, or apoptosis proportional to increasing dose [52]. The data 

from this study demonstrate that that is not the case. Rather, lymphocytes from the 8 

patients show a high degree of inter individual variation in: spontaneous levels of 

apoptosis, apoptosis induced by a single CT scan, apoptosis induced by 8 Gy and 

apoptosis changes dun ng the adaptive response. While some patients display a dramatic 

increase in apoptosis following either the CT scan or in vitro challenge dose, others show 

a decrease in cell death or stay relatively the same. The next question would be whether 

radio-induced apoptotlc responses can predict an individual's radiosensitivity or 

robustness of repair and antioxidant mechanisms. 

Lymphocytes J-i·om Patient 1 showed a significant increase in apoptosis following 

CT scan but a weak apoptotic response following 8 Gy exposure in vitro. This is evidence 

that cells respond to low and high doses of radiation differently, and that experiments 
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which assay apoptosis at low levels may not be able to predict cellular reactions to high 

doses. The 8% increa~:e in apoptosis seen in this patient following CT may be an 

indication of low-dose hypersensitivity more so than conferred radioresistence. This may 

also be due inactivated repair mechanisms at low dose exposures. Some evidence based 

on biomarkers for DNA. damage signaling pathways such as ATM, ATR and H2AX 

phosphorylation show that although repair takes place at higher doses of radiation, they 

appear to absent at lower dose and dose rates [37, 68]. If the dose is too low for this 

patient's lymphocytes to undergo sufficient repair it may lead to an elevation in cell death 

[55]. Whatever the case, apoptosis is regarded as a kinetically slow, protein-synthesis 

dependent process [27], which can help to explain the different responses observed after 

8 Gy in comparison to the CT scan. Perhaps this hypersensitivity promoted the 

upregulation of repair and antioxidant genes, resulting in lowered cell death than what 

was seen in other pati,;mts after high dose IR. In the context of predicting tissue 

radiosensitivity in clinical practice, one could argue that the lowered apoptotic response 

for this patient after 8 Gy means he is radiosensitive due to the inherent inability to 

eliminate damaged cells. However, a small increase in apoptosis could also be interpreted 

as an increase in repar, cell surival, although it remains unclear whether it is an error-free 

restitution of genomic integrity. 

Low-dose hypersensitivity is defined as an increase in cell lethality following low 

doses of radiation with greater resistance at higher doses [70]. The excessive sensitivity 

alters the cell-survival curve and thus cannot be predicted by back extrapolating using 

data from high doses [71]. Although this hypersensitive response is clearly observed in 
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the first patient, the outcome does not seem to apply to the other patients sampled in this 

study, particularly patients 5 and 7. Cytometric analysis oflymphocytes from these 

patients showed a decrease in apoptosis following a CT scan, but also showed a relatively 

low induction of apopwsis following 8 Gy. Although they appear to be slightly more 

resistant to radiation induced lethality at high doses, they also exhibit resistance to cell 

death at low doses. It is possible that individuals such as these patients possess robust 

radioprotective pathways that maintain cell surival or, alternatively, lack the ability to kill 

cells harboring damage from any dose. 

In order to fully test the level of radiosensitivity of patients, it would be ideal to 

monitor them throughout the course of their radiation therapy. Observing signs of cellular 

toxicity or sampling lymphocytes at different time-points can shed light on whether the 

increase or decrease in apoptosis observed early on match any clinical symptoms or 

cellular changes in v1vo. It may also be possible to observe clonogenic capacity by 

culturing lymphoblas':oid cell lines from the peripheral blood of each patient, which was 

achieved by Leong et al. [52] in their attempt to observe radiosensitivity in lymphocytes 

of patients who experienced severe toxicity from treatment. 

A more interesting result from the apoptosis experiment was that, despite a 

significant decrease i1 apoptosis following the CT scan as well as a relatively lower cell 

death response after lR with 8 Gy, patient 5 showed the highest level of spontaneous 

apoptosis. About 50 percent of the gated unirradiated lymphocytes for this patient were 

Annexin v+, meaning nearly half of the cells were apoptotic in the absence of any 

52 



M.Sc. Thesis - A. Asis McMaster University- Medical Physics 

treatment. Patient 7, w: ich also showed a weak apoptotic response to both the CT and 8 

Gy, also showed high levels of spontaneous apoptosis, with 40% oflymphocytes dying 

without any IR. This present additional difficulty in using apoptosis, at least naturally 

occurring apoptosis, to determine radiation responses, either to high doses in vitro or in 

the clinical setting. Th is also, once again, challenges the LNT model for carcinogenic risk 

which assumes that, at doses below 100 mGy, individuals will exhibit the same rates of 

mutation, DNA damage repair, and apoptosis resulting in a defined value of increased 

risk for cancer. 

Patient 2, 3 and 8 cells showed the largest increase in apoptosis following an 8 Gy 

challenge. In contrast to was seen with patients 5 and 7, samples collected from these 

men after their CT scan showed slight elevation in apoptosis ( -1.5-4% increase), but it 

was not significant. Again this illustrated patient differences in responses to radiation, 

with even greater variation in the responses to high vs. low doses. For patient 1, the 

observed hypersensitivity did not confer an elevated response following 8 Gy. 

Alternative, for patients 2, 3, and 6, where apoptosis still increased but only slightly, 

there was a dramatic devation in apoptosis following the challenge dose (- 48-57% 

increase). If apoptosis can be used as a measure of sensitivity, then these patients in 

particular may be considered radioresistant. Based on this notion it can be assumed that if 

they decide to pursue radiotherapy they will be less likely to succumb to normal tissue 

toxicity due their ability to eliminate cells containing radiation damage [ 4 7]. The same 

theory applies to nonnal cells that have been exposed to mutagenic agents. Failure to 

remove cells with genetic damage can contribute to the development of cancer [73]. 
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However we go back t•) the question of whether these patients may also have defective 

repair mechanisms at b igh doses, leading to a 50 percent increase in apoptotic 

lymphocytes. According to Graph, patients 3 and 8 show similar levels of H2AX 

phosphorylation following 8 Gy, in comparison to patients 5 and 7 which show slightly 

higher levels of phosphorylation which may support this speculation that the increase in 

H2AX intensity may b~ a signal for increased repair, resulting in a relatively lower level 

of apoptosis for patien1 s 5 and 7. 

Patient 4, 5, and 7 cells showed a decrease in apoptotic levels following the CT 

scan. The decrease wa11 especially significant in patient 5, who interestingly had the 

highest level of sponta:1eous apoptosis. This could mean that higher spontaneous levels of 

cell death may dictate 1 ncreased radiosensitivity as shown here with a very pronounced 

decrease in apoptosis bllowing the CT scan. This patient may be more likely to 

experience negative side effects from cancer therapy due to their inability to remove 

damaged cells, although this seems inconsistent with the fact that, under unirradiated 

conditions, apoptosis levels are high. Again, this could be the result of the relative 

proportions of lympho.;yte subpopulations in the sample. It could be that more B cells 

were present, altering values for positive Annexin V binding. 

Overall these d [fferences verify that, at both low and high doses of ionizing 

radiation, cells respond differently through genetically controlled mechanisms that. Some 

patients showed a considerable increase or decrease in apoptosis following either aCT 

scan or 8 Gy in vitro challenge dose, while other patients showed less change or no 
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change at all. Whatever the case, these changes are most likely due to radiation exposure. 

To further demonstrate this, a sham CT experiment was conducted in a male volunteer 

whose age fell in between the range of the 8 patients. According to Figure C-1 the level 

of apoptosis stayed tht: same before and after the CT and was very similar to the average 

frequency of apoptosi~. measured in the cohort as well as the average spontaneous level of 

apoptosis. Although only one control was conducted, the results demonstrate that the 

changes observed in the lymphocytes are more likely due to radiation than noise because 

of the more prominent differences seen in comparison to the sham CT control. Previous 

studies have argued that the spontaneous frequency of apoptosis in unirradiated cells is a 

vital determinant of apoptotic responses following radiation [23]. However in this study 

the variation observed amongst patients and the inability to find a relationship between 

background apoptosis and apoptosis induced by both a small and large dose disputes this 

notion. Additional implications of this work are the effect of age on radiation-induced 

apoptosis, particular the correlation between age and assays such as the Annexin-7 AAD 

and other similar flo\\--based techniques. Schnarr et al discovered a weak positive linear 

relationship between age and percent apoptosis as determined by Annexin binding. The 

results also that abovt: 60 years of age, the number of apoptotic lymphocytes is much 

more dispersed and ranged anywhere from 0% up to 30% [30]. Perhaps in the case of this 

study age may have been a factor in variation observed, and so further investigation into 

that area is required. 
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Double strand breaks in lymphocytes following a CT scan 

Early techniqttes developed to assay the induction of DNA DSBs were able to 

identify the histone H2AX as a target protein whose phosphorylation is vital to repair 

following ionizing radiation [36]. Previous similar studies involving microscopy and 

pulse-field gel electrophoresis (PFGE) show that the amount of DNA DSBs induced by 

IRis in fact proportional to the level of phosphorylation of histone H2AX, validating y­

H2AX as a highly sp{:cific marker genotoxicity [37]. Some reviews, however, still argue 

that although it is acc,;:pted that a DSB break results in an H2AX focus, not all H2AX foci 

may necessarily be DSBs. There have been ways to overcome the challenges in assaying 

for H2AX as a measure of DSB induction, including the use of PI to determine those 

cells that are not eyeing and therefore would not have elevated baseline H2AX levels 

cause by normal endogenous processes such as V(D)J recombination [11] and DNA 

replication. Although kinetics for y-H2AX detection are normally optimized in each 

experiment, there is still ongoing work being done on rate of repair as determined by loss 

ofH2AX foci over time. Complete repair requires full restoration of the chromatin 

structure which may be facilitated by the presence ofy-H2AX [34]. Therefore the 

detection of residual :Oci hours up to days following IR may translate to an ongoing 

repair process long after the damage had been attended to. 

One of the central purposes of this study was to examine the induction of DNA 

DSBs in lymphocyte~• following a CT scan and in vitro irradiation with 8 Gy using flow 

cytometric analysis ofy-H2AX. Lymphocytes collected before the CT were irradiated at 
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the Taylor source, incllbated at 37°C for half an hour and kept in 70% ethanol for one 

week, at which point ~;amples were labeled with an anti H2AX antibody and analyzed 

based on fluorescence intensity. Following exposure with 8 Gy, levels of H2AX 

phosphorylation in 1 ymphocytes increased up to 14 times validating its presence as an 

indicator of DSBs. Some patients showed slightly less DNA damage than others, which 

could be based on a nllmber of factors including genetically controlled radiosensitivity, 

age, and lifestyle. Variation between individuals was not as large as what was observed 

for apoptosis following 8 Gy. Low levels of y-H2AX were still detected in unirradiated 

lymphocytes, which may be due to the presence of 'microfoci' which have been observed 

in senescent cells and do not associate with repair factors [34]. 

H2AX phosphorylation, however, was absent at all in cells before and after the 

CT scan. This raises questions regarding: time allowance for repair, sensitivity of the 

H2AX flow assay at lower doses, and the possibility of repair evasion at low dose and 

dose-rates. From the :ime of initial blood collection to the arrival of samples at McMaster 

for processing approximately 3 hours--ha4. passed, with the second collection taking place 

-1 hour after the first (patients needed time to prepare for the scan and walk to and from 

the blood lab). Similar with apoptosis, the induction and subsequent loss of H2AX foci 

following IR depend~; on the dose, irradiation conditions, radiation quality and the use of 

whole blood versus i:;olated lymphocytes [69]. Upon careful review of previous studies 

observing y-H2AX induction in lymphocytes reveals different results as each of the 

aforementioned conditions are modified. 
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A recent public:ation by Beels et al [69] observed delayed repair in lymphocytes 

following in vitro irradiation with 5 and 200 mGy x-rays. After 24 hours, 40% of foci 

were still present in th~ whole blood, and 10% was still observed in isolated T 

lymphocytes. Values were slightly lower for Co60 y-rays, where almost half of the initial 

H2AX foci had disappeared 3 hours post treatment. Overall their data confirms 

speculation that at doses -200 mGy, lymphocytes exhibit a repair half-life of about 3.5-4 

hours which brings up the question of whether, in this CT study, there was too long of 

time lapse between th<! scan and processing of the blood at McMaster. It must be kept in 

mind, however, that in the above experiments irradiations were done in vitro and a more 

rapid repair response was observed for y-rays, where in our case the lymphocytes were 

exposed in vivo to x-rays from the CT. 

When looking at the rate of H2AX loss following 3-phase CT scans of the thorax 

and abdomen (DLP values from 150-1500 mGy em), LObrich et al. analyzed isolated 

lymphocyte samples at 30 and 60 mins post CT IR. They discovered a peak value for foci 

formation at 30 minu·:es and that at this time, the number of foci increased linearly with 

increasing DLP value for each patient. They argued that the high foci number at 30 mins 

coincides with the notion that DNA repair typically occurs between 30 to 60 min. This 

brings up additional concern for my study, which also detects in vivo DSB induction in 

lymphocytes following a pelvic CT. If there a possibility for repair within a 30-60 minute 

window post irradiat on, then the value measured hours later in this case may not be a 

true indication of damage produced by the radiation. However, in the same CT study by 

Lobrich, they also lo,)ked at the in vivo kinetics of y-H2AX foci loss and found that 
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phosphorylation of this histone was still apparent up 24 hours post IR when levels 

returned to baseline [J 7]. In addition to this, researchers also irradiated the lymphocytes 

in vitro with 5 mGy and observed 50% of foci remaining after 5 hours. They also 

performed an additional irradiation with 500 mGy, and observed a 90% loss of foci after 

5 hours. The in vitro experiments show slower repair than what was seen in vivo 

following the CT scan, which may be a reflection of the differences caused by changes in 

irradiation settings. Regardless, both components of the study demonstrate the existence 

of a very low detection limit for DBSs assayed by phosphorylated H2AX, and that foci 

can still persist hours after irradiation, although this value declines with time making it 

difficult to determine how much damage was initially produced. 

Both studies t:xemplify the degree to which the formation of y-H2AX foci and 

subsequent loss over time post-IR vary based on changes in dose, irradiation conditions, 

and radiation quality. Further, differential H2AX responses in lymphocyte subsets appear 

to be minimal [20], which is not the case for apoptosis and may explain why more inter 

patient variation was observed in the latter. 

What is more interesting is the observation that, upon exposure to low dose 

radiation, cells appear to evade the repair response. This may explain why no changes in 

y-H2AX formation were seen following the CT scan in this study. Collis et al [67] 

reported a dramatic reduction in ATM phosphorylation in several human cell lines 

following exposure to a dose of ionizing radiation delivered at a low dose rate versus the 

same dose delivered at a high dose rate. Flow cytometric analysis also revealed lowered 
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levels ofH2AX phosphorylation which re-affirms the role ofy-H2AX as a DNA damage 

repair signal downstream of ATM. This is evidence of an inactivated or abrogated repair 

response in cells following low-dose radiation in comparison to cells treated with a dose 

rate several orders of magnitude higher. This inactivation may have contributed to an 

observed increase in cell lethality. This 'inverse dose rate' effect was also demonstrated 

in human fibroblasts, and lead researchers to believe that the evasion of DNA damage 

sensing and repair activation may be done to avoid surviving at an increased risk of 

mutation. This response was seen again by Rothkamm and L()brich who, after treatment 

of nondividing human fibroblasts with radiation as low at 1 mGy x-rays, discovered the 

presence of unrepaired DBSs by monitoring the persistence of foci which increased 

above background levels but did not subside until days after exposure [69]. 

Overall, the lack of a significant increase or decrease in H2AX phosphorylation 

observed in lymphocytes of patients following a CT scan may be the result of repair 

given foci half-life and the time lapse between collection and processing, or due to the 

detection limit of the assay developed in the lab. However studies such as those by 

Lobrich have reported the ability to measure y-H2AX at low and very low doses of 

ionizing radiation. It could also be the case that low-dose radiation from the CT scan may 

not be sufficient to activate repair processes and instead may result in cell death or 

chromosome aberrations, which were both slightly elevated in some patients post CT. 

Future studies looking at y-H2AX following in vivo exposures to radiation from CT scans 

should focus the kinetics of foci formation and loss in lymphocytes collected and isolated 

immediately before and after exposure at a nearly laboratory to full assess DSB induction 
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and repair. y-H2AX has already been described as a potential bioindicator for radiation 

sensitivity of both normal and malignant tissue. However in this context it is the rate of 

repair that is of greater importance, although repair fidelity is still in question. That being 

said, it would also be interesting to look at patient variation in lymphocyte repair kinetics 

following either aCT scan or a dose as large as 8 Gy. 

Adaptive Response 

The adaptive response is a radiobiological phenomenon in which the deleterious 

effects of a large dost: of radiation is reduced following a previous exposure to a smaller 

'priming' dose of radiation, which is speculated to trigger the activation of repair and 

antioxidant pathways [ 43]. Olivieri and Wolff [ 46] were the first to show that 

chromosome aberrations were less prominent in lymphocytes exposed to chronic low 

doses ofx-rays prior ~o a higher challenge dose in comparison to cells treated with a high 

dose only. The reproducibility of this study and subsequent others which looked at 

different biological endpoints [15] formed the premise of this part of the Masters Project. 

It was hypothesized flat the in vivo dose from the CT scan would be sufficient to 

upregulate protective mechanisms in the lymphocytes, allowing them to adapt in response 

to the 3 or 8 Gy in vitro challenge doses ofCs 137 y rays. 

A study by Cregan et al [ 4 7] compared the ability of ionizing radiation versus 

membrane oxidizing .:tgents in the induction of apoptotic adaptive response. A low dose 

rate of0.01 Gy/min y-rays was delivered to cells as the adaptive treatment, and this was 

sufficient to significa,1tly increase the level of apoptosis in 8 out of the 12 patients. They 
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concluded that pre-exposure of lymphocytes to ionizing radiation produced a 

sensitization to apoptosis which was apparent at 2 Gy and this response is an adaptive 

mechanism by which cells can eliminate genetic damage. However they also argued the 

heightened apoptotic effects can confer radiosensitivity for deterministic effects such as 

skin damage. 

The reverse effect was seen in the results of this study, which showed a 

significant decrease in apoptosis in 3 of the 8 patients, as well as a slight decrease in one 

patient and an average decrease of ~2 which on a clinical scale is not a concern. The 

largest decrease in apoptosis was 10%, whereas in the study by Cregan the measured 

increase in lymphocyte apoptosis was ~26%, however dose conditions were different. 

Although no distinct pattern was seen for all patients overall, it is still interesting to 

compare the level of )pontaneous apoptosis and apoptosis following a low-dose CT scan 

with the adaptive response results. For example, patient 5 demonstrated the largest 

decline in apoptosis following CT, as well in the adaptive experiment (CT + 8 Gy). This 

patient may be considered radiosensitive based on the reduced radiation-induced 

apoptotic responses but to fully test this speculation the experiments should be 

reproduced at a later time. 

Another valiable that can affect the degree of radioadaption is the time between 

the adaptive and challenge doses. Early reviews suggest that a 4-6 hour time period 

between exposures is required for full activation of pathways and protein synthesis to 

take place [44]. This is supported by Cregan's work on adaptation kinetics which 
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displayed a significant increase in radiation-induced apoptosis when the priming dose 

was given 6 h prior to the challenge dose in comparison to 0 h. Other studies looking at 

the adaptive response in lymphocytes stimulated into proliferation for endpoints such as 

mutations administered the priming dose and challenge dose at 24 h and 48 h into culture 

respectively and still <)bserved a protective effect. For dicentrics, the average time 

difference between the CT scan and the 3 Gy in vitro challenge dose was ~3.5 hand 

interestingly, 5/8 pati;::nts displayed a reduction in the frequency of dicentrics following 

CT + Gy in com paris :m to 3 Gy alone which may suggest an adaptive response. The 

average difference in frequency, however, was not significant as some patients stayed the 

same or increased slightly but perhaps these results would have been different if more 

time was added in be·:ween exposures. 

The adaptivt: response is found to be dependent upon factors such as the priming 

dose, dose rate, irradiation conditions, as well as the cell cycle stage [44, 47]. Although 

there is strong evidence that adaption occurs in vitro, the concept bears less significance 

in radioprotection gutdelines and risk models that associate IR with carcinogenesis. Some 

animal studies have observed some level of radioprotection from low doses, including 

one by Bhattarcharje~~ [56], who pre-irradiated mice with 1 cGy y-rays for 5 days and 

noticed a dramatic dt:crease in the incidence of thymic lymphomas following a challenge 

dose of2 Gy in comparison to mice who were irradiated with 2 Gy only. In our lab we 

continue to perform ~;imilar experiments that focus on cancer latency in mice that are 

cancer prone due to a truncated p53 protein. 
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5. CONCLUSION 

The primary goals of this work were to evaluate the degree of inter-individual 

variation in patients, examine the biological effects of a low dose CT scan, and determine 

whether this dose was sufficient to induce an adaptive response. Previous experiments in 

the lab observed the s 1me endpoints in prostate cancer patients in order to develop a 

predictive assay for n.diosensitivity. The results of this study supported two main 

conclusions: that there is considerable variation in radiation responses, which may have 

critical implications in determining sensitivity to radiotherapy, and that lymphocytes 

responds to low and 1:: igh doses of radiation differently. This work also corroborates 

mounting evidence which suggests that the LNT model may not be ideal in predicting 

risk at low dose expo:mres. Due to the high degree of variation amongst patients, 

spontaneous levels of apoptosis were not able to determine how the cells will respond to 

CT radiation or a large in vitro dose of gamma rays. Similarly, there was no apparent 

correlation between fle induction of apoptosis after CT and that observed after 8 Gy. 

While some patients ·~xhibited in increase in apoptosis following both exposures, others 

showed reversed responses or no changes at all. The CT scan also showed no significant 

biological effect in tl:: e formation of y-H2AX foci and dicentrics, however a dramatic 

increase in both endpoints was observed following a larger dose which was expected due 

to the induction of DNA DSBs. The adaptive response was observed for all endpoints but 

not all patients, which again exemplifies the variation in sensitivity. 
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These results spur debate regarding the detection limit for each endpoint and 

corresponding assay rerformed. While many studies have shown that at low (<100 mGy) 

and very low (1-lOmGy) doses biological effects can be measured, perhaps additional 

dose and kinetic studies with lymphocytes should be performed to optimize the signal 

and determine the appropriate time point to measure changes. The adaptive response, in 

particular, is a proces~; by which a cell must first upregulate genes involved in repair and 

antioxidant pathways in order for it to establish inherent radioprotection. 

Additional nethods which measure these endpoints can help determine with 

better accuracy the mechanisms taking place during and after irradiation treatment. For 

example, flow-based assays that measure other steps in the apoptotic pathway such 

alterations in mitochcndrial transmembrane potential, measured through DiOC6 activity, 

and caspase activation can confirm with more certainty that cells are undergoing 

radiation-induced programmed cell death. It has also been shown that alternative routes 

may be taken by a cell to repair and eliminate genetic damage, which require many key 

proteins as well as cross-talk between different signal transduction pathways. Mutation 

experiments may estLblish which proteins are most important during specific cellular 

responses, for example altering the H2AX histone in order to determine if a cell can still 

undergo repair in the absence of phosphorylation. 

Finally, gene expression analysis experiments may also prove valuable for this 

study. Molecular methods observing p53 or ATM activation can shed more light on the 

mechanisms that give rise to variation in radiation responses. Overall, although this 
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research shows that low dose radiation from a CT scan does not significantly affect levels 

of lymphocyte death and DNA damage, there still exists a concern for health risks that 

imaging modalities pose patients whom require their use. To eliminate any exposure to 

ionizing radiation, physicians may also use magnetic resonance imaging to observe and 

contour internal structures. However in comparison to CT, MRI provides less detail on 

bone anatomy, is much more costly and often associated with greater discomfort for the 

patient. 
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Figure A-1: Percent contribution of CT scan types to total number of 
scans (67 mi llion) in 2006* 

*Source: NCRP Report No. 160 Section 4 
<http://www .ncrponline.org/images/160 _pie_ charts/Fig4-2.pdf> 
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A 8 

Figure A-2: Ill normal cells (A) there is an asymmetry in the cell 
membrane and phosphatidylserine is typically located on the inner 
leaflet (bottom layer). In apoptotic cells (B) PS is externalized on the 
outer leaflet (top) of the membrane and can be detected by Annexin V 
(Purple)* 

*Adapted from Orrenius et al. Nature Reviews Molecular Cell Biology 2003; 
4 74 
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Figure A-3: Steps in the formation of a dicentric chromosome. The 
interaction of the cell nucleus with energy from ionizing radiation can 
produce genomic lesions. If breaks occur in two separate pre­
replication or G 1 chromosomes (A), they as well as their 
corresponding broken DNA fragments can join. When replication 
occurs in the S phase (B), there now exists two sister ch romatids that 
also join at the sticky ends, forming a grossly distorted chromosome 
with two cent romeres. Under a microscope (C) the dicentrics and 
their acentric fragments (chromosomes with no centromeres), 
indicated by the red arrows, are scored within each metaphase. The 
first two imag;es are taken from Hall 6th edition Radiobiology for the 
Radiologist 200612 
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Figure A-4: DNA strand breaks produced by ionizing radiation and 
other genotm ic agents can be immediate detected by members of the 
Phosphatidyl inositol 3-kinase-related kinase (PIKK) family (A TM, 
ATR and ON A-PK) as well as other sensor proteins. A TM in 
particular undergoes autophoshorylation (P) and subsequently 
phosphorylates the histone protein H2AX at amino acid Ser-139. 
Formation of y-H2AX by this phosphorylation event is required for 
the recruitment of DNA repair factors such as 53BP1 and BRCAl. 
53BP1 also functions to couple A TM with additional downstream 
targets including p53. The primary outcome of this pathway is 
damage repair, however the cell can also undergo apoptosis following 
y-H2AX induction* 

*Adapted from Abraham Nature Cell Biology 2002; 475 
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Distance calculation fo r dose rate: 0. 1 Gy/min 

y = Distance 

x=Dose rate 

Relationship: 

y = 14.14x.055 1 

= 14.14(0. 1)"055 1 

= 50.29cm - 6cm (distance from source to opening) 

= 44.29 em from opening to surface* 

*surface refers to bottom of flat side tube for DCA and bottom ofT25 flask for apoptos is!H2AX 

Figure B-1: Dose rate map for the Taylor Radiobiology Facility Cs 137 gamma 
ray source at McMaster University. Updated April 2010 
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Figure B-2: Irradiation set-up at the Taylor source. For apoptosis and 
y-H2AX, isolated lymphocytes in supplemented media were aliquoted 
into duplicate T25 flasks (Left) and irradiated on ice 44.29 em (dose 
rate= 0.1 Gy/min) from the opening of the Cs137 source. For the 
dicentric assay, 0.5 ml of whole blood was irradiated in flat-side tubes 
(Right) at room temperature 44.29 em from the opening of the source 
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Figure B-3: Dot plots of controls from Annexin-FITC/7 AAD apoptosis assay. Isolated 
lymphocytes were ad:iusted to 5 x 105 cells/ml and labeled with either Annexin only (A), 7AAD 
only (B) and an unsta ined control (C) prior to flow analysis. Annexin was analyzed for green 
fluorescence (FITC- green dots) and red fluorescence (7AAD- red dots). Blue dots indicate those 
cells that are negativf• for both Annexin and 7AAD (bottom left quadrant). L Panel: Lymphocytes 
gates on forward scatter (FS) and side scatter (SS) patterns. R Panel: Percentage of Gate A that is 
positive for Annexin V 
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CT 

PATIENT PRE CT {%)-SPONTANEOUS POSTCT {%) DIFFERENCE 

1 39.00 46.77 7.77 

2 24.90 26.54 1.64 

3 32.78 36.39 3.60 

4 17.66 16.48 -1.18 

5 50.62 38.11 -12.51 

6 34.67 34.91 0.24 

7 40.68 38.61 -2.07 

8 26.14 27.39 1.25 

Average 33.31 33.15 -0.16 

A 

8 Gy CHALLENGE 

PATIENT 0 GY {%) 8 GV {%) DIFFERENCE 

1 39.00 75.06 36.06 

2 24.90 81.47 56.57 

3 32.78 81.18 48.40 

4 17.66 64.73 47.07 

5 50.62 86.99 36.37 

6 34.67 76.17 41.50 

7 40.68 68.73 28.05 

8 26.14 74.56 48.42 

Average 33.31 76.11 42.81 

B 

ADAPTIVE 

PATIENT PRE CT + 8 GV {%) POST CT + 8 GV {%) DIFFERENCE 

1 75.06 76.02 0.96 

2 81.47 82.62 1.15 

3 81.18 77.44 -3.74 

4 64.73 67.17 2.44 

5 86.99 77.39 -9.6 

6 76.17 74.54 -1.63 

7 68.73 66.38 -2.35 

8 74.56 74.98 0.42 

Average 76.11 74.57 -1.54 

c 

Table C-1: Comparison data for all patients. These tables show the percept 
difference following different radiation treatments. A) Difference before and after 
CT B) Difference b~fore and after 8 Gy in vitro C) Difference between 8 Gy only 
(left) and 8 Gy following CT scan (right). For all tables, negative values indicate a 
decrease before and after CT 
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Figure C-1: Percent apoptosis results from sham CT control experiment. 
Lymphocytes that were collected before and after sham CT were also irradiated in 
vitro with 8 Gy apoptosis was compared before and after treatment 
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