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ÂWith respect to the effectsof ionizing radiation in 
generalradio-induced malignanciesare by far the 
most important effects

Č Risk estimation is basedon the linear no-
threshold (LNT)model: the main paradigm of 
radiation protection

New scientific evidencerelated to dosethreshold for
carcinogeniceffects ?

ÂWith respect to the effectsof X-rays to specific
organsand tissues cataract formation deservesour
special attention especiallyfor practitioners

New data on cataract in exposedpopulations ?

Â Linear-no threshold model (LNT) :  linear

extrapolation of epidemiologicalhigh dosedata to 

zero dosewithout threshold (curve A)

Â LNT model questionedby French school (Tubiana) 

Č Below certain dosethreshold no effect  (curve C)?

Radio-induced malignancies:  dose threshold ?
Â Epidemiological studies cannot solvethe 

questionof the doseïcancerrelationship and the 
associatedquestionof the existenceof a dose
threshold in the low doserange due to lack of 
statistical power .

Â Early biomarkers of radiation damage, 
responsiblefor the long term effectsof exposure 
to ionizing radiation as cancercan provide 
evidencefor the existenceor non-existenceof a 
dosethreshold

Is there a dosethreshold for the long-term 

effectsof ionizing radiation ?
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DNA double strand breaks

Â Effectsof  exposure to IR in cellsmainly due to 
DNA double strand breaks (DSB) in cells

Â At the location of the DSB, histoneH2AX is 
phosphorilated as first step in DNA repair : ɔ-H2AX

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

Ýɔ-H2AX foci : are crucial in DNA repair 

ɔ-H2AX foci: biomarker for DNA DSB

Â Visualisation of the ɔ-H2AX foci (DSBs) in cells by 
means of immunocytochemicalstaining using a ɔ-
H2AX specific antibody

Ývisible as spots in the cell nucleus under the 
microscope

ɔ-H2AX foci 

ÂOne ɔ-H2AX focus = one DNA DSB

ÂMaximum number of foci:  15-30 minutes after DSB

Â If doses do not exceed the 2Gy limit: kinetics of 

disappearance of ɔ-H2AX foci correspond to the 

kinetics of DNA DSB repair (half-life 2-3 h)

Â Background levels are reached about 24 hours after 
IR exposure

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

Study at the UZGhent: ɔ-H2AX foci as biomarker 

X-ray effects in pediatric interventional 

cardiology
Â Pediatric interventional cardiology:

ÝDiagnosticcardiac catheterization

ÝTherapeutic procedures for congenitalabnor-
malities as atrium septumdefect , univentricular
heart

Â Critical patient population from radiation
protection point of view

Ý ExtensiveuseX-rays: fluoroscopy and cine

Ý Large fraction of the body irradiated

Ý Very youngpatients : high radiosensitivity

Ý Repeatedprocedures
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Â Patient population: 49 children (23 male ï26 
female) who underwent a cardiac catheterization for
congenitalheart disease

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

Ý Diagnosticcardiac catheterisation : n = 17 

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

Â X-ray equipment: Philips Integris BH5000 biplane 
configuration 

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

Patient population of the study 

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

ÂRecording X-ray field characteristics for each
patient for dosedistribution reconstruction

Ý Dosearea product (DAP) for eachfluoroscopy
and cine run

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

Methodology study
Â For eachpatient, doseto blood, organsand tissues 

and effectivedoseaccording to ICRP 103 were

calculatedby Monte Carlo simulation of complete 

interventional procedure (MCNP-X 2.5.0 code)

Â Patient BMI and genderwere taken into account in 

the simulation of the procedure

Â Blood distribution throughout the body: 12.5 % 

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

account in the blood dosecalculation

Methodology study
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Dashedline: LNT extrapolation from in vitro 0.5 Gy

Results: ɔ-H2AX foci induced by 

interventional x-rays versus blood dose

Â Every procedure results in an increaseof foci even 

at a low blood doseof 1 mGy : DSB !

Â Linear extrapolation of number of ɔ-H2AX after in 

vitro irradiation of 0.5 Gy to zero dose shows clearly 

low dose hypersensitivity

Â Induction of DSBs and triggering of repair 

machinery in every patient implicates possibility of  

misrepair event, which can lead to carcinogenesis.

Ý Doseresponse after in vitro irradiation of blood

samples ?

Results: ɔ-H2AX foci induced by 

interventional x-rays versus blood dose

Â Irradiation in vitro of wholeblood samples of three

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

with 100 kV x-rays.

Â After the irradiation blood samples werekept for 15 

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

simulate patient treatment.

Â Subsequently lymphocytes were isolated and the 

same protocol for scoring of ɔ-H2AX foci as in the in 

vivo experiments was followed. 

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

fluoroscopy (0.1 mGy/min) not different 

In vitro dose response of ɔ-H2AX foci after 

irradiation of blood samples with x-rays

Comparison of ɔ-H2AX foci induced in vivo in 

pediatric patients versus in vitro irradiation

Dashed line: LNT extrapolation from in vitro 0.5 Gy
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Â In vitro doseresponse shows biphasic behaviour: 

steepincreaseup to 6 mGy followed by a more flat 

linear increasewith dose

Ý Low dosehypersensitivity observedin vivo

confirmed in vitro !

Â In vivo data somewhatlower than expectedfrom 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 ɔ-H2AX foci after 

irradiation of blood samples with x-rays
Â 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 

Ý Double strand breaks induced by extracellular 

factors 

Low dose hypersensitivity ?

Bystander effect: signaling molecules

ÂCytokines, TGFb, COX-2, ROS, NO, gap junctions ..

Recent literature data bystander effect

Â In vitro low dosehypersensitivity to X-rays also
observedin different fibroblast cell lines
(confirmation results our study in lymphocytes)

( Ojima et al. Radiation Research 175, 90-96 2011)

Â Bystander effects are oncogenic!!!

Č Location secondary tumours in children treated 
with radiotherapy  (Diallo et al.IJROBP 74: 876-883 2009)

Č Medulloblastoma incidence in mice partially 
irradiated (Mancuso PNAS 105: 12445-12450 2008)
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Conclusions

Â The ɔ-H2AX foci assay in lymphocytes allows to 

visualisethe initial DNA damage (DSBs) leading to 

the late effects in patients undergoing X-ray 

examinations: blood doses as low as 1 mGy can be 

detected.

Â The in vivo and in vitro data show a low dose 

hypersensitivity indicating that the LNT model may 

also lead to an underestimation and not necessary 

overestimation of radiation risks  after exposure to 

ionizing radiation.

( Beelset al. Circulation 2009;120:1903-1909)

Non-existence of a thresholdalsosupported by

chromosometranslocations in US radiologic

technologistsversus occupational& diagnosticdose

(Cancer Research 68: 8825-8831  2008)

Presentdata of the initial DNA damage
leading to radiation carcinogenesis
support the non-existence of a dose
threshold . On the contrary data point
to a low dosehypersensitivity.

ñkeepingpatient and practitioner 
doses under controlò

is more than ever important for public 

health preservation

ÂCataract is a clouding of the eyeôs

lensleading to a progressive blurring

and dimming of vision

Â The transparency of the lensis due 

to the optical homogeneityof the lens

fibres, related to the tighly ordered

packing of small soluble proteins (crystallins)

Â Lossof transparency is due to the degradation of 

theseproteins resulting in clumping and lossof the 

ordered packing of fibers

ÂCataract: result of continuous increaseof lensopacity

Radiation induced cataract:  recent data 
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Â Slit lamp images of  eyeresult in 

grading of lensopacitiesaccording

to LOCS III (Lens Opacities

Classification System) 

ÂClassification according to location

of opacity in lens:

Č nuclear : age-related

Č cortical : diabetics-radiation

Č subcapsularposterior:radiation

-diabetics(faster progression)

Cataract : classification

ČBlurred vision (cloudy view) 

Č Double vision (diplopia) Slit lamp image

Č Colors appear faded and decreasedability to 

distinguish somecolors

Č Seeinghalos around lights

Č Glare or sensitivity to light from oncoming

headlightswhile driving

Č Difficulty seeingat night

Cataract: symptoms 

Large scale epidemiological study of the
NCI-NIH (US)

ñRiskof cataract after exposureto low
dosesof ionizing radiation: a 20 year
prospective cohort study among US
radiologic technologistsñ

Chodick et al. Am Journal of Epidemiology
2008; 168: 620-631

Study setup

Â Very large study population: 35705 cataract-free US 

radiologic technologistsaged24-44 yearsin 1983

Â Follow up period for cataract formation of 20 years

(1983-2004)

Â Baseline and two follow-up  questionaires 10, 20 

yearslater

Â Information in the questionaires: age, gender,  

marital status, BMI, age start of work as radiologic 

technologist, number of years worked, cigarette 

smoking, alcohol consumption hypercholesterolemia, 

hypertension, diabetes mellitus, myocardial 

infarction, arthritis, vitamin C and E supplements 
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Study setup

Â Information on medical exposure history 

(radiotherapy and diagnostic X-rays) in the 

questionaires: RT (head & neck, any), number of X-

rays (skull, face/neck, other, CT)

Â Information on occupational exposure from film 

badge  dose records.Monte Carlo simulations to 

convert film badge doses to eye lens doses

ÂOccupational life time lens dose considered as 

categorical variable (0.95,16.1,22.0,28.9,37.2,49.1 mGy)

Â Estimations of UV exposure from sunlight based on 

residential exposure measurements. 

Results: cataract incidence

Â In the study period of 20 years 2382 cataracts were 

observed in 35705 individuals with 647 cataract 

extractions

Â 591 cataracts occurred before age of 50 years with 

posterior subcapsularcataract as most frequent 

cataract type, suggesting relation to X-ray exposure

ÂCataract incidence is strongly dependent on age: risk 

increases with 15 %/year ( relative risk RR of  4.0 for 

age 40-44 versus 30-34 at baseline ! )

ÂRelative risk RR is the ratio of the probabilities in  

group under study versus control group

Results: risk factors

ÂOther base line risk factors not related to radiation 

exposure resulting from multivariate analysis

Ý Femaleversus male: RR 1.12

Ý BMI Ó 30 versus <20: RR 1.44

Ý Smoking > 15 pack yearsversus never: RR 1.25

Ý Hypercholesterolemia>240 mg/dl: RR 1.49

Ý Hypertension : RR 1.24

Ý Diabetes mellitus: RR 4.10

Ý Arthritis : RR 1.51

Results: RR for cataract according to 

diagnostic x-rays and RT history

Number Skull Face/neck Clavicle

0 1 1 1

1 1.10 (1.00-1.22) 1.09 (0.95-1.25) 0.90 (0.71-1.15)

2 1.03 (0.88-1.22) 1.11 (0.92-1.33) 1.07 (0.77-1.50)

Ó3 1.11 (0.92-1.33) 1.25 (1.06-1.47) 0.68 (0.45-1.05)

ÝMultivariate analysis taking into account all 

confounding factors regarding the effect of number 

of diagnostic-rays 

Ý RT head and neck: RR 1.34
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Results: cataract and occupational exposure

ÂData from epidemiological studies often expressed in 

ñExcess relative riskò 

O: incidence in an exposed population 

E: incidence in a control matched non-exposed 

population of equal size

Â ERR=1 ­doubling of number of cataracts

Â ERR = RR - 1 

E

EO
ERR

-
=

Results: cataract and occupational exposure

ÂMultivariate analysis for occupational lens dose 

taking into account all confounding factors results in 

following dose response of ERR  

Results: cataract and occupational exposure

Â Best fitting linear model gives ERR of 2 per Gy lens 

dose for cataract

Ý Three times more cataract per Gy lens dose

Â Best fitting linear model for diagnosis before age of 

50 gives ERR of 3.3 per Gy lens dose for cataract

Â Best fitting linear model gives ERR of 1.5 per Gy

lens dose for cataract extraction

ÂMost cataracts were of posterior subcapsularor 

cortical type, in agreement with literature regarding 

radiation induced cataracts 

Discussion

ÂNo apparent threshold level for cataract formation

Â Significant increase of risk at occupational doses at 

the level of 100 mGy and not grays (Legislation: 

annual dose limit now 150 mGy !).

ÂOccupational data supported by observation of 

significant increase of risk after three and more x-

rays to face/neck

ÂDifferent other studies ( a.o. Chernobyl cleanup 

workers) support the conclusions of this large scale 

epidemiological study

Radiation Research 174 889-894 (2010)


