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 With respect to the low dose effects of X-rays in 
patients radio-induced malignancies are by far the 
most important effects  

 

   Risk estimation is based on the linear no-
threshold (LNT)model: the main paradigm of 
Radiation Protection 

  

 New scientific evidence related to dose threshold for 
carcinogenic effects  ? 

 



 Linear-no threshold model (LNT) :  linear 

extrapolation of epidemiological high dose data to 

zero dose without threshold (curve A) 

 LNT model questioned by French school (Tubiana)   

  Below certain dose threshold no effect  (curve C)? 

       

 Radio-induced malignancies:  dose threshold ? 



 Epidemiological studies cannot  solve the question 
of the dose –cancer relationship and the associated 
question of the existence of a dose threshold in the 
low dose range due to lack of statistical power . 

 

 Early biomarkers of radiation damage, responsible 
for the long term effects of exposure to X-rays as 
cancer can provide evidence for the existence or 
non-existence of a dose threshold 

 

 Recent data biomarkers ? 

 Radio-induced malignancies:  dose threshold ? 



DNA double strand breaks 

 Effects of  X-ray exposure in cells mainly due to 
DNA double strand breaks (DSB) in cells 

 

 

 

 

 

 At the location of the DSB, histone H2AX is 
phosphorilated as first step in DNA repair: γ-H2AX 

 By a biochemical chain reaction H2AX is phospho-
rilated over a large region (2 Mb) around the DSB 

   γ-H2AX foci : are crucial in DNA repair  

 



γ-H2AX foci: biomarker for DNA DSB 

 Visualisation of the γ-H2AX foci (DSBs) in cells by 
means of immunocytochemical staining using a γ-
H2AX specific antibody 

   DSBs visible as spots in the cell nucleus under 
the microscope 

 

 

 

 

 

 



    γ-H2AX foci   

 One γ-H2AX focus = one DNA DSB 

 

 Maximum number of foci:  15-30 minutes after DSB 

 

 Scoring of γ-H2AX foci  in lymphocytes of a blood 
sample in patients before and after the medical X-
ray exposure allows to assess directly the cellular 
effects of  the medical exposure in patients  



Study at the UZGhent: γ-H2AX foci as biomarker 

X-ray effects in pediatric interventional cardiology 

 Pediatric interventional cardiology: 

Diagnostic cardiac catheterization 

Therapeutic procedures for congenital abnor- 
malities as atrium septum defect , univentricular 
heart 

 Critical patient population from  radiation 
protection point of view 

   Extensive use X-rays: fluoroscopy and cine 

   Large fraction of the body irradiated  

   Very young patients : high radiosensitivity 

   Repeated procedures  

  

  



 Patient population:  49 children (23 male – 26 
female) who underwent a cardiac catheterization for 
congenital heart disease 

  Age: Median 9 months , 26 less than 1 year 
(range: 0-11 years) 

  Diagnostic cardiac catheterisation : n = 17  

      Therapeutic interventions : n = 32 (21 balloon         
 dilatation, 7 ASD closure )   

 X-ray equipment: Philips Integris BH5000 biplane 
configuration  

   2 Philips MRC/200/0508-GS X-ray tubes with 
high filtration: 1Al+0.4Cu+0.5Al 

 

 

Patient population of the study  





 Blood samples were taken before and immediately 
after the interventional procedure for determination 
of γ-H2AX foci. After venepuncture samples were 
kept for 15 min at 37°C and subsequently in ice 
water to block DNA repair. 

 

 Recording X-ray field characteristics for each 
patient for dose distribution reconstruction 

  Dose area product (DAP) for each fluoroscopy 
and cine run 

  For each projection: X-ray tube position(skew, 
rotation c-arm), field size, kV, SID  

 

 

    

 

 

Methodology study 



 For each patient, dose to blood, organs and tissues 

and effective dose according to ICRP 103 were 

calculated by Monte Carlo simulation of complete 

interventional procedure (MCNP-X 2.5.0 code) 

 

 Patient BMI and gender were taken into account in 

the simulation of the procedure 

 

 Blood distribution throughout the body: 12.5 % 

lungs, 10 % heart, 77.5 % remainder was taken into 

account in the blood dose calculation 

   

 

 

Methodology study 



 

 

 

 

 

 

 

 

 

 Dashed line: LNT extrapolation from in vitro 0.5 Gy 

   

 

 

Results: γ-H2AX foci induced by 

interventional x-rays versus blood dose 



 Every procedure results in an increase of foci even 

at a low blood dose of 1 mGy : DSB ! 

 Linear extrapolation of number of γ-H2AX after in 

vitro irradiation of 0.5 Gy to zero dose shows clearly 

low dose hypersensitivity 

 Induction of DSBs and triggering of repair 

machinery in every patient implicates possibility of  

misrepair event, which can lead to carcinogenesis. 

   Dose response after in vitro irradiation of blood 

samples ? 

 

   

 

 

Results: γ-H2AX foci induced by 

interventional x-rays versus blood dose 



 In vitro irradiation of whole blood samples of three 

donors with doses up to 500 mGy in 37°C waterbath 

with 100 kV X-rays. 

 After in vitro irradiation blood samples were kept 

for 15 min at 37°C, followed by 10 min in ice water 

to simulate patient treatment. 

 Subsequently same protocol for scoring of γ-H2AX 

foci in lymphocytes as in the in vivo experiments was 

followed.  

 Foci yields at dose rates of cine (10 mGy/min) and 

fluoroscopy (0.1 mGy/min) not different  

   

 

 

In vitro dose response of γ-H2AX foci after 

irradiation of blood samples with x-rays 



 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

Comparison of γ-H2AX foci induced in vivo in 

pediatric patients versus in vitro irradiation 

 

 

 

 

 

 

 

 

 

 

 

 

Dashed line: LNT extrapolation from in vitro 0.5 Gy 
 



 In vitro dose response shows biphasic behaviour: 

steep increase up to 6 mGy followed by a more flat 

linear increase with dose 

  Low dose hypersensitivity observed in vivo 

confirmed in vitro ! 

 

 In vivo data somewhat lower than expected from in 

vitro, very probably by timespan of interventional 

procedures lasting from 30 min up to 2 h (T1/2 2 h). 

   

 

 

In vitro dose response of γ-H2AX foci after 

irradiation of blood samples with x-rays 



 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

Kinetics of γ-H2AX foci in lymphocytes after in 

vitro irradiation whole blood with 5 and 200 mGy  

 

 

 

 

 

 

 

 

 

 

 

 

 Residual foci after 24 h of incubation 
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 In vitro biphasic dose response behaviour points to 

existence of bystander effect: double strand breaks  

not only present in cells hit by the ionizing particle 

but also in neighbouring cells of cells hit by the 

ionizing particle  

  Double strand breaks induced by extracellular 

factors  

 

 

Low dose hypersensitivity ? 



Bystander effect: signaling molecules 

 

 

 

 

 

 

 

 

 Cytokines, TGF, COX-2, ROS, NO, gap junctions .. 

 

 



Low dose hypersensitivity in fibroblasts  
(Ojima et al. RR 170, 365-371 2008) 

 In vitro low dose hypersensitivity to X-rays also 
observed in primary human lung fibroblasts (MRC-
5)  () 

 

  Low dose hypersensitivity 

 disappears if fibroblasts  

 are treated with lindane  

 (gap junction blocker)  

 prior to X-ray exposure() 

 

  Bystander effect  !!  

 

 



Low dose hypersensitivity in fibroblasts  

(Ojima et al. RR 170, 365-371 2008)  

 Subtraction of X-ray foci data after lindane treatment 
of MRC-5 cultures from X-ray foci data without 
lindane results in dose response of bystander effect 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

Kinetics of  foci in fibroblasts after in vitro irradiation 

with 1.2 (), 20 (),200 () and 1000 () mGy  
(Ojima et al. RR 175, 90-96 2008)  

 

 

 

 

 

 

 

 

 

 

 

 
 Without lindane  With 40 µM lindane 



Bystander effects are oncogenic (Mancuso PNAS 

105: 12445-12450 2008) 

 Medulloblastoma incidence in neonatal mice of 
radiosensitive mouse strain partially irradiated with 
X-rays (head& upper body shielding)   

 Observed γ-H2AX foci induced in shielded 
cerebellum cannot be explained by scattered 
radiation  

 

 

 

 Bystander effect !! 

 

 



Bystander effects are oncogenic  
(Mancuso PNAS 105: 12445-12450 2008) 

 Medulloblastoma mortality in mice irradiated whole 
body with 3 Gy X-rays (), irradiated partial body 3 
Gy with shielding () irradiated whole body 
calculated scattered radiation 0.036 Gy ()  

 



Dose response: combination of direct (target) 

effects and bystander effects 



Biomarker DNA DSB misrepair: chromosome 

aberrations (CA) 
 

 DNA DSBs Chromosome 

aberrations 
Cancer 

Translocation 

stable CA  



 Non-existence of a threshold also supported by 

chromosome translocations in US radiologic 

technologists versus occupational & diagnostic dose 

 (Cancer Research 68: 8825-8831  2008) 



 Contemporary data of initial DNA 
damage and chromosome aberrations 
leading to radiation carcinogenesis 
support the non-existence of a dose 
threshold .  On the contrary data point 
to a low dose hypersensitivity. 

 

 “keeping patient doses under control” 

  

 is more than ever important for public 

health preservation  
  

   



 

   

   

Thanks for your 

attention 


