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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 
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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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*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 

82 



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

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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