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The effect of the reportedly low ionizing radiation doses, such as those very often delivered to patients in interventional cardiology, remains ambiguous. As interventional cardiac procedures may have a significant impact on total collective effective dose, there are radiation protection concerns for patients and physicians regarding potential late health effects. Given that very low doses (<100 mSv) are expected to be delivered during these procedures, the purpose of this study was to assess the potency and suitability of current genotoxicity biomarkers to detect and quantitate biological effects essential for risk estimation in interventional cardiology. Specifically, the biomarkers γ-H2AX foci, dicentric chromosomes, and micronuclei, which underpin radiation-induced DNA damage, were studied in blood lymphocytes of 25 adult patients before and after interventional cardiac procedures. Even though the mean values of all patients as a group for all three endpoints tested show increased yields relative to baseline following medical exposure, our results demonstrate that only the γ-H2AX biomarker enables detection of statistically significant differences at the individual level (p < 0.001) for almost all patients (91%). Furthermore, 24 h after exposure, residual γ-H2AX foci were still detectable in irradiated lymphocytes. Their decline was found to vary significantly among the individuals and the repair kinetics of γ-H2AX foci was found to range from 25 to 95.6% of their maximum values obtained.
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INTRODUCTION

The extensive use of low doses of ionizing radiation ( ≤ 100 mSv) for diagnostic and therapeutic purposes increases concern on the radiation safety of both patients and physicians (1, 2). Ionizing radiation (IR) exposures have been significantly increased during the last decade (3), mainly due to the rise in medical diagnostic and therapeutic interventions, which are responsible for ~40% of the cumulative effective dose of radiation to the population (4, 5). Despite the wide use of low-ionizing-radiation doses and the recent evidence that cancer risk may increase even at lower doses (50–100 mSv) (4, 6), the effects of such exposures in patients exposed to cardiac images and interventional cardiology procedures remain unclear. According to epidemiologic literature, the impact of low doses is hampered by limited statistical power at radiation levels of <100 millisieverts (mSv), even for very large studies (7, 8).

The IR induced DNA damage includes double and single-strand breaks DSBs, base damage BD and DNA protein crosslinks. Among the induced biological effects, DSBs as a genuine type of clustered lesions, are considered the most cytotoxic and carcinogenic. DSBs can be repaired giving apparently normal chromosomes in daughter cells (9) that may promote genomic instability (10). There are several biological endpoints applied for genotoxicity studies and biomonitoring purposes. Among these, the phosphorylation of the H2AX histone to form γ-H2AX foci has been shown to be an accurate biomarker of IR exposure, especially at low doses (11, 12). So, the induction and repair processes of DSBs can be visualized and quantified by using the highly sensitive epigenetic biomarker γ-H2AX, a phosphorylated histone H2A variant (12). Especially, studies have shown that the immunofluorescence analysis of the γ-H2AX foci in peripheral blood lymphocytes is a very sensitive method to visualize DSBs after medical radiographic examinations (11, 13) and very low doses. The γ-H2AX method is a more recent method for radiation dose assessment as compared to earlier established methods like the dicentric chromosome analysis, the cytokinesis-block micronucleus assay (CBMN) and the FISH-translocation assay (14).

In the present study we evaluate the potency and suitability of current genotoxicity biomarkers in peripheral blood lymphocytes to detect and quantitate biological effects, which may be proved critical for risk estimation in interventional cardiology. Lymphocytes are advantageous for exposure assessments because they circulate throughout the body and are continuously exchanged with lymphocytes in tissues. This means that lymphocytes with chromosome aberrations that have been induced anywhere in the body will eventually be present in the peripheral blood (15). Specifically, the biomarkers γ-H2AX foci, dicentric chromosomes, and micronuclei, which underpin radiation-induced complex DNA damage, usually misrepaired or not repaired at all, were studied in 25 adult patients before and after interventional cardiac procedures. Previous studies (16, 17) have shown that chromosomal aberrations and micronuclei (MN) frequencies detected in peripheral blood lymphocytes are directly linked to damage caused by IR and are both crucial predictors of the degree of radiation damage. From one side, it is reported that among the biological dosimetry assays applied in radiation emergency medicine, conventional chromosome analysis using Giemsa-staining to detect dicentric and ring chromosomes has been established as the gold standard for biological dosimetry (18). Studies also report that chromosomal abnormalities such as dicentrics and rings can be detected following chronic or low-dose radiation exposure (19). From the other side, the key advantages of the micronucleus assay lie in its ability to detect both clastogenic and aneugenic events (20). However, an overall estimation of IR risk at very low doses is complicated and depends on the category and dose of radiation, irradiation conditions, body and tissue radiosensitivity, all of which hugely impact the degree of damage and potential late health effects.



MATERIALS AND METHODS


Patients and Blood Sampling

Medical history was obtained from every patient, including demographic data and anthropomorphic variables [weight, height, body mass index (BMI)].

Blood samples (6–7 ml) from 25 patients who underwent ordinary interventional cardiology procedures, such as Coronary Angiography (CA), Percutaneous Transluminal Coronary Angioplasty (PTCA), and ablation were collected directly before, and immediately after the end of the procedure and incubated in heparin-containing vials for two time intervals (0 and 24 h). The blood were stored on ice to inhibit DNA repair (21) during their transfer from the hospital to the laboratory where they were incubated at 37°C for about 20 min for either cell culture initiation or cell lymphocyte isolation and fixation, depending on the assay performed.

Moreover, blood samples of each patient obtained before the cardiac procedures were transferred to the laboratory where they immediately irradiated in vitro with 1 Gy of γ-rays (Co-60 Gamma Cell 220 irradiator, Atomic Energy of Canada Ltd., Ottawa, Canada) at the National Center for Scientific Research (NCSR) “Demokritos,” to be used as a positive control. After the in vitro irradiation, the experimental procedures were performed according to the detailed protocols described in the next paragraphs. Written informed consent was obtained as the project involves the use of human genetic material and biological samples.

INCLUSION CRITERIA: Patients older than 18 years old scheduled for interventional cardiology procedures (CA, PTCA, and ablation).

EXCLUSION CRITERIA:

(1) Patients with an acute myocardial infarction and primary PTCA

(2) Patients with a history of cancer treated with radiation therapy or receiving chemotherapeutics

(3) Patients who underwent myocardial scintigraphy within the last month

(4) Patients who underwent computed tomography within the last month

(5) Patients with a PTCA, ablation, or CA, within the last month

(6) Patients with a history of leukemia or lymphoma.



γ-H2AX Foci Analysis for Estimation of the DSBs and Repair

For γ-H2AX foci analysis peripheral blood samples were kept for 20 min at 37°C and then lymphocytes are isolated using Biocoll Separating Solution (1:2) (22) following standard procedures. The cells are kept at 37°C for two time intervals (0 and 24 h). Lymphocytes were washed with a mammalian cell culture medium (RPMI 1640), centrifuged at 1,400 rpm for 10 min and washed with a hypotonic KCl solution (75 mM). An appropriate amount of the cell pellet was placed on microscope slides by means of a cytospin centrifuge at 800 rpm for 4 min. The fixation process and the immunostaining were performed according to the protocol described by Rogakou et al. (12). Afterwards, indirect immunofluorescence assay was performed. The main steps were the permeabilization of the cells, blocking of non-specific binding, immunostaining with primary γ-H2AX antibody (rabbit 1:1,000, Cat: NB100-79967, Novus Biologicals, Abingdon, UK) and secondary fluorescent antibody (Rhodamine Red-X anti-rabbit, 1:4,000, Cat: R6394, Life Technologies). The slides were dried and DAPI gel mount (2%) was added to the cells, then covered with coverslips and stored in the dark prior to analysis under a fluorescent microscope (Axioplan 2, Carl Zeiss Microscopy GmbH, Hamburg, Germany), using the Isis imaging software by Metasystems, Altlussheim, Germany. The number of foci in 200 nuclei were analyzed for each experimental point.



Peripheral Blood Culture for Dicentric Chromosomal Analysis

For dicentric chromosome analysis, cells were cultured in RPMI 1640 medium containing 10% fetal bovine serum, 1% glutamine, and antibiotics [penicillin: 10,000 U/ml; streptomycin: 10,000 μg/ml (Sigma-Aldrich)]. Phytohaemagglutinin (PHA) was dissolved in water at a concentration of 0.24 mg/ml. Cultures were incubated at 37°C in a humidified incubator in an atmosphere of 5% CO2 and 95% air for 48 h. Colcemid solution was added 3 h before cell harvest, and cells were collected by centrifugation, treated in 75 mM KCl for 10 min, fixed in methanol: glacial acetic acid 3:1 (v/v) and processed for cytogenetic analysis. Giemsa staining was achieved by immersing slides in 2% Giemsa solution for 10 min, then washed with distilled water and air dried. Slides were covered with coverslips and analyzed using a microscope (Axioplan 2, Carl Zeiss Microscopy GmbH, Hamburg, Germany). The chromosome aberration analysis, was greatly facilitated by the use of the specific software IKAROS by the semi-automated image analysis system (MetaSystems, Germany). The number of metaphases analyzed was 1,000 for each experimental time point.



Cytokinesis-Block Micronucleus Assay (CBMN Test)

The cytokinesis-block micronucleus assay (CBMN test) is a robust quantitative assay of chromosome damage by developing the cytokinesis-block technique. In this technique cytochalasin-B (Cyt-B), is added to cell cultures, an inhibitor of the mitotic spindle that prevents cytokinesis. As a consequence, cells that have completed one nuclear division are identified by their binucleated appearance.

The peripheral blood samples obtained were cultured at 37°C with RPMI 1640 medium for 26 h. Cytochalasin-B (Sigma, St. Louis, MO; final concentration, 5.56 μg/mL) has been added and samples were incubated for another 46 h. Cells were then harvested and fixed according to the standard methods (23) and stained for 12 min in 5% Giemsa. For each sample, 1,000 binucleated cells were analyzed using optical microscopy for micronuclei (MN).



Determination of Mean Effective Dose to Each Patient per Examination

The most commonly available measurement of patient's exposure to IR is the dose area product (DAP), since all modern angiographs are equipped with a DAP meter. The physical quantity DAP quantifies IR output, combined with the irradiated area, and provides a patient dose measure (24). The risk of inducing a radiogenic malignancy from a given X-ray examination can be calculated using the absorbed dose delivered to each exposed organ in the body weighted by those organs' radiosensitivity. Multiplying DAP by a conversion factor is the method of choice for calculating effective dose (ED) [in millisievert (mSv)] in several studies. In this study, a conversion factor of 0.26 mSv/Gycm2 was used (25), which has been shown to be more relevant to current practice as it is calculated for higher filtration, routinely implemented in modern systems.



Statistical Analysis

The statistical analysis of the results was performed as follows: Continuous variables were expressed as the mean ± standard deviation (SD), and the categorical variables were expressed as counts and percentages. Continuous variables were compared using a Student's t-test or paired t-test for normally distributed value. All tests were considered to be significant at a 0.05 level of statistical significance. Evaluation of normal distribution was performed using the Shapiro-Wilk and Kolmogorov-Smirnov tests. Differences between 2 not normally distributed populations have been tested for significance with the 2-tailed Mann–Whitney and Wilcoxon signed-rank tests for unpaired and paired data sets, respectively (95% confidence level). Categorical variables were compared using chi-square analyses or the Fisher exact test, as appropriate to the cell frequencies. All statistical calculations have been performed with the SPSS 16.0.2 program (SPSS Inc., Chicago, IL).



Calculation of Lifetime Attributable Risk (LAR)

This study was not specifically designed for risk estimation. Nevertheless, indicative assessments of the lifetime attributable risk (LAR) for cancer incidence and mortality due to exposure during the interventional procedure were performed using two distinct approaches, to facilitate comparison with corresponding results in the literature. Estimates of sample patient effective dose were combined with sex and age specific LAR estimates per unit dose from the BEIR VII report (26) under the assumption of the linear-no threshold (LNT) model. Additionally, the above mentioned sex and age specific LAR estimates per unit dose were weighted by the relative number of γ-H2AX foci per cell induced by the interventional procedure and the ex vitro irradiation for each sample patient.




RESULTS

Baseline patients' demographics in the overall cohort are shown in Supplementary Table 1. The dicentric analysis was performed in 24 out of 25 patients, immunofluorescence analysis (γ-H2AX foci) in 22 out of 25 patients, whereas the CBMN assay was performed in 20 out of 25 patients. The mean effective dose to the 25 patients was 14.33 ± 12.8 mSv (median 11.2 mSv, range 1.74–52.52 mSv). The mean value of BMI was 29.2 ± 4.8 kg/m2 and the mean age was 63 ± 13 years.

The exposure even to low doses of IR (<100 mSv) seems to have biological effects on DNA. Particularly, with the immunofluorescence analysis, we observed significantly higher γ-H2AX foci frequencies (Figures 1A–C) after the interventional procedures and after in vitro irradiation compared to baseline (γ-H2AX foci frequencies before cardiac interventional procedures) (from 0.64 ± 0.43 at baseline to 1.66 ± 1.03 and 11.59 ± 0.89 for in vivo and in vitro 1 Gy exposures, respectively, p < 0.001 by paired t-tests, Tables 1, 2). All patients presented higher γ-H2AX foci after the interventional cardiac procedures and in the 91% of them the increase was statistically significant compared to baseline (p < 0.001 by paired t-tests, Figure 2). However, the number of γ-H2AX foci declined after 24 h but rarely reached the baseline level, irrespective if the exposure was at low or at high doses (0.91 ± 0.52 and 2.15 ± 1.10 for 24 h after in vivo and in vitro exposures, respectively, p < 0.001 compared to baseline, Tables 1, 2). After reaching their maximum value, the percentage of γ-H2AX foci that were repaired 24 h after the cardiac procedure varied between 25% and 95.6% (Table 1). The percentage of the remaining foci 24 h after in vivo exposure for the whole study group was 33.5% of their maximum value, whereas the percentage of the remaining foci after in vitro exposure was 13.7%. Finally, it was found that there is a correlation between the frequency of γ-H2AX foci and the fluoroscopy time (r = 0.520 and p = 0.013, by regression analysis) as well as a positive correlation between the frequency of γ-H2AX and the effective dose delivered to the patients (0.540 and p = 0.010, by regression analysis).


[image: Figure 1]
FIGURE 1. γ-H2AX foci are visualized by means of immunofluorescence staining. (A) Before the exposure, (B) after in vivo exposure, (C) after in vitro irradiation with 1 Gy, (D) using Giemsa staining, rings, and dicentric chromosomes can easily and accurately be detected and quantified in patients' blood samples. Arrows indicate chromosome aberrations. On the left there is a centric ring with acentric fragment and on the right there is a dicentric chromosome with acentric fragment, (E) using Giemsa staining: micronuclei can easily and accurately be detected and quantified in patients. Arrows indicate micronuclei.



Table 1. Mean values of chromosomal aberrations, frequency of Micronuclei (MN), and γ-H2AX foci per cell before the exposure, immediately after the interventional procedure (in vivo radiation), and 24 h later, as well as the percentage of γ-H2AX foci repaired at 24 h.
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Table 2. Mean values of γ-H2AX foci and frequency of Micronuclei (MN) per cell after cardiac interventional procedures (in vivo radiation) and after irradiation with 1 Gy in the laboratory (in vitro radiation).
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FIGURE 2. γ-H2AX foci for 22 individuals before the exposure, immediately after interventional cardiology procedure and 24 h following exposure.


Regarding the dicentric analysis and based on 1,000 analyzed cells per experimental point, we observed significantly higher frequencies of dicentric chromosomes and centric rings for the total study group after the exposure compared to the baseline (Table 1). The baseline mean value of chromosomal aberrations was 0.00038 ± 0.000875 per cell and the yield increased to 0.00163 ± 0.00128 (p < 0.001 by Wilcoxon signed-rank test) following interventional cardiac procedures and exposure to low doses. In contrary, no significant increase in chromosomal aberrations frequency was observed at the individual patient level (p > 0.05 by Wilcoxon signed-rank test). Images from chromosomal aberrations are shown in Figure 1D.

Using the CBMN assay, the number of micronuclei in 1,000 binucleated lymphocytes after the interventional procedures were significantly increased (p < 0.001 Wilcoxon signed-rank test) for the total study at the group level (0.0204 ± 0.0143) as compared to the cells analyzed before medical exposure (0.0073 ± 0.0032) (Table 1). Only in 25% of the donors showed a statistical significant increase in the number of micronuclei after the interventional cardiac procedures. Images from micronuclei are shown in Figure 1E.

Finally, concerning the calculation of the lifetime attributable risk, under the assumption of the LNT model, the median LAR for total cancer incidence and mortality in the patient sample was found equal to 0.046% (range: 0.005–0.291) and 0.032% (range: 0.004–0.179), respectively. Corresponding results from γ-H2AX foci measurements were 0.625% (range: 0.051–1.999) and 0.423% (range: 0.036–1.354).



DISCUSSION

In the present study, we used biomarkers such as γ-H2AX foci and formation of dicentric chromosomes and micronuclei (MN), which underpin radiation-induced DNA damage, to assess the potency and the suitability of these genotoxicity endpoints to detect and quantitate biological effects in peripheral blood lymphocytes of 25 patients undergoing interventional cardiology treatment. Even though the mean values of all patients as a group for all three endpoints tested show increased yields relative to baseline following medical exposure, our results demonstrate that only the γ-H2AX biomarker enables detection of statistically significant differences at the individual level (p < 0.001) for almost all patients (91%).

The present observations agree with cytogenetic studies carried out in patients exposed to low IR doses. Particularly, according some studies the numbers of dicentric and ring chromosomes were significantly increased after a CT scan in patients (13, 19, 27–29). In our study, after the cardiac interventional procedures, which have resulted in a mean dose of about 14 mSv a total of 48.000 cells have been analyzed. The mean frequency of chromosomal aberrations caused by cardiac interventional procedures is 0.00163 ± 0.00128 per cell. However, despite the statistically significant increase in the frequency of chromosomal aberrations as compared to the baseline of the whole group of patients, no significantly higher frequency of dicentrics was observed for each patient individually after the interventional procedures.

Moreover, several reports noted significantly higher numbers of micronuclei after exposure to low doses of IR (13, 29). Our results are in agreement with these findings implying that even low ionizing radiation doses may cause a higher incidence of MN. Specifically, in our study our recorded values of effective doses for these catheterization procedures ranged between 2–52 mSv and there was a significant higher frequency in MN for the total study group reaching the mean value of 0.0204 ± 0.0143, as compared with the baseline (0.0073 ± 0.0032) per cell. Nevertheless, at the individual level, only in 25% of them the increase was statistically significant. The micronucleus assay in human lymphocytes is one of the most commonly used method for measuring DNA damage (20) but it is considered to have a less sensitivity compared to the dicentric analysis (30). On the other side, the key advantage of the micronucleus assay lies in its ability to detect both clastogenic and aneugenic events such as asymmetrical cell divisions, which may partially explain our results. The disadvantage of the CBMN assay is related to the variable micronucleus background frequency, and this is an important limitation in these studies (31). However, MN and chromosomal aberrations are considered to be cellular biomarkers of chromosome damage and early predictors of increased cancer risk (32). Indeed, radiation-induced MN may contribute to genomic instability through chromosome shattering and chromothripsis within MN caused by premature chromosome condensation in case of asynchronous cell-cycle progression between main and MN (33). Also, according to Vral et al., the conventional CBMN assay is a thoroughly validated and standardized technique in the field of radiation biology as it can be used to evaluate in vivo radiation exposure of occupational, medical, and accidentally exposed individuals and to assess individual in vitro radiosensitivity or cancer susceptibility. Radiation-induced chromosome aberrations such as MN are mainly the result of unrepaired or misrepaired DSBs (31).

At a molecular level, there are certain studies that report an increase of DSBs after exposure to low ionizing radiation doses. Kuefner et al. (34) and Alipoor et al. (35) observed an increase in the percentage of DSBs after exposure to angiography, compared to pre-exposure time. Similarly, in our study, not only a statistically significant increase in the mean value of DNA DSBs was observed for the total study group, but also at the individual level, this increase was statistically significant in the 91% of patients after their cardiac interventional procedures and residual γ-H2AX foci were still detectable in irradiated lymphocytes, 24 h after.

Among the three biomarkers used, the γ-H2AX foci assay, demonstrated a positive correlation between the frequency of γ-H2AX foci and the fluoroscopy time (r = 0.520 and p = 0.013) and a linear positive correlation between the frequency of γ-H2AX foci and effective dose (r = 0.540 and p = 0.010). This result is in accordance with earlier studies that reported a positive correlation in patients exposed to low radiation doses (35, 36).

Furthermore, Geisel et al. (37) found that 1 day (24 h) after irradiation there was a complete repair of DSBs (as visualized by γ-H2AX foci) to background levels, whereas Grudzenski et al. found that barely any foci loss was observed after 24 h after 10 mGy (38). These results are in agreement with several studies which showed a higher significant foci mean value 24 h following irradiation compared to the pre-irradiation baseline mean value (38, 39). However, the decline in the γ-H2AX foci values 24 h after irradiation varied significantly among the different individuals, ranging from 25 to 95.6%.These results indicate a great variability in the repair kinetics of γ-H2AX foci.

The repair kinetics of γ-H2AX foci are complex and depend on many factors (36). Studies indicate that the rate of foci loss and presence of residual foci has been correlated with cellular radiosensitivity (40). One cannot exclude the possibility of de novo generation of DSBs due to the processing (repair) of clustered DNA lesions even at such low doses (41).

It has become apparent over recent years that there is a variability in the radiation sensitivity among different individuals in the population (42). The detrimental effects of IR on DNA are well-known and profound, however, the dependence of radiosensitivity on the repair capacity is also explored to clarify the open questions in radiobiology which may be very crucial at the level of low doses. The DNA damage induced after low dose exposure in combination with a possible increased intrinsic radiosensitivity, may underlie the increased level of γ-H2AX foci in individuals 24 h following the interventional cardiac procedures.

It has also been reported by Grudzenski et al. that the kinetics of γ-H2AX foci loss are strongly dependent on dose, with cells exposed to 200 mGy or higher showing much faster repair kinetics than cells irradiated with a few milligray of X-rays (38). Furthermore, a recent study from Jakl et al. indicated that human lymphocytes seem to be more sensitive to low doses ( ≤ 10 cGy) as compared to higher doses as ionizing radiation-induced foci (IRIF) induced in human lymphocytes by low doses persist longer (43). It is important though to be mentioned that in our study, our experiments were not performed at 72 h post-irradiation time point but up to 24 h and that was accomplished into the laboratory in vitro. So, we didn't receive blood samples from each patient 24 h after their medical treatment to investigate the repair kinetics in an in vivo way. The in vitro repair of DSBs may be less efficient than it could be the after in vivo repair. According to Belyaev it is more likely that residual foci represent some unprepared changes in chromatin conformation (44) so, some of complex DSB require longer time to be repaired. In this way formation of chromosomal exchanges may be produced (44).

Moreover, the fate of the misrepaired radiation-induced DSBs still remains to be elucidated and the potential ability of chromosome aberrations to induce asymmetric cell division, micronuclei, and chromosomal instability according to the intrinsic radiosensitivity of each individual. Erroneous repair of DNA DSBs can result in chromosomal rearrangements which are associated with tumorigenesis. An increase in chromosomal aberrations as it happens in ataxia-telangiectasia patients, leads to genetic instability which enhances the rate of cancer development (45). Even though many studies point toward a link between carcinogenesis and exposure to radiation, the exact mechanism is still not clear. Induction of genomic instability is suspected to play a major role in malignant transformation after high-dose irradiation, and it might be responsible for potential carcinogenesis after exposure to lower doses (46).

Finally, results of γ-H2AX foci induction per cell of this work also suggest a considerably greater LAR from the interventional procedure in the patient sample relative to that estimated under the LNT model assumption. This is in agreement with findings of Beels et al. (47) reporting mortality risk estimates based on γ-H2AX foci much higher than those expected from the LNT model in a sample of pediatric patients who underwent cardiac catheterization procedures. The remarkable difference in the magnitude of this increase [~4-fold in Beels et al. (47) relative to 13-fold in this work] is explained, in part, by the use of 60Co for the in vitro irradiation in this work, since the risk from exposure to x-rays could be greater than that for γ rays by a factor of 2 or 3 (26).

The estimation of the radiation risk of low-dose radiation ( ≤ 100 mSv), remains challenging and our study is in line with Beels et al. (47). Especially, according to Raavi et al. (48) measurement of γ-H2AX foci is a rapid and sensitive method that does not require culturing and thus it can be used as a potential marker to study the levels of DNA damage after CT procedures (48). CBMN assay has limitations on using as a biological dosimeter particularly for low doses due to the great variability (49).



CONCLUSION

From the three different endpoints investigated in the present study the γ-H2AX foci could function as biomarker of exposure after interventional cardiac procedures displaying low dose radiation effects. In addition, the number of γ-H2AX foci declined 24 h following exposure, but rarely reached the baseline level, irrespective of the radiation dose, illustrating variability in the kinetics of the γ-H2AX foci among the different individuals. Furthermore, in this study, it is clearly being proved that the immunofluorescence assay is a very sensitive method to detect DNA damage after exposure to very low doses as the increase was statistically significant in the 91% of patients studied.

Regarding the cytogenetic and MN data obtained, an increase in the frequency of chromosomal aberrations and MN after the interventional procedures was observed for the whole study group but not at the individual level for the dicentrics, whereas only a 25% of the whole group studied showed a significant increase in the MN. These observations point up the clear advantage of the use of γ-H2AX foci over the conventional dicentric and micronuclei assays for low level doses. Finally, results of γ-H2AX foci induction per cell of this work also show a considerably greater LAR from the interventional procedure in the patient sample relative to that estimated under the LNT model assumption. Thus, more radiobiological research is needed and a better understanding of the molecular mechanisms involved would be crucial for low-dose exposure risk estimation for radiation workers, patients, and people exposed to high background radiation.



STUDY LIMITATIONS

An undoubted limitation of our study is that patient's follow-up is not available. This leads unavoidably to a true difficulty in delineating the risk of the biological effects and investigating the repair mechanisms after exposure to low-doses as the samples from patients could not be repeatedly obtained.

MN assay also has some limitations that need to be acknowledged. The value of MN frequency as a long-term predictor of cancer was recently established, but more confirmatory data, which means more patients are certainly needed at this point. In addition, a wide range of clastogenic and aneugenic agents (i.e., agents causing chromosome breakages and abnormal number of chromosomes, respectively) can induce MN.
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