A With respect to theeffectsof ionizing radiation in
generalradio-induced malignanciesare by far the

Medical effects of exposure to most important effects _
C Risk estimation is basedon the linear no-

ionizing radiation: new data and threshold (LNT)model: the main paradigm of
insights radiation protection

A With respect to theeffectsof X-rays to specific
organsand tissuescataract formation deservesour:
specialattention especiallyfor practitioners
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Radio-induced malignancies: dose threshold ? , N )
Epidemiological studiescannot solvethe

A Linear-no threshold model (LNT) : linear questionof the dosei cancerrelationship and the
extrapolation of epidemiologicalhigh dosedata to associatedjuestion of the existenceof a dose
zerodosewithout threshold (curve A) threshold in the low doserange due to lack of

) ) statistical power .

A LNT model questionedby French school [Tubiana) A Early biomarkers of radiation damage

C Below certain dosethreshold no effect (curve C)? responsiblefor the long term effectsof exposure
to ionizing radiation ascancercan provide
evidencefor the existenceor non-existenceof a
dosethreshold
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DNA double strand breaks

A Effectsof exposureto IR in cellsmainly dueto
DNA double strand breaks(DSB) in cells

, Single Strand Break

A At the location of the DSB,histone H2AX is
phosphorilated asfirst step in DNArepair: 3-H2AX

A By a biochemical chain reaction H2AX isphospho
rilated over a large region (2 Mb) around the DSB

Y. o-H2AX foci : are crucial/in DNA repair

2-H2AX foci

A On _e-H2AX focus = one DNA DSB
A Maximum number of foci: 15-30 minutes after DSB

A If doses do not exceed the 2Gy limit: kinetics of
disappearance ob-H2AX foci correspond to the
kinetics of DNA DSB repair (half-life 2-3 h)

A Background levels are reached about 24 hours after
IR exposure

A Scoring of 9-H2AX foci_in lymphocytesof a blood
sample in patients before and after the medical X
ray exposure allows taassess directly the cellular
effects of the medical exposure

2-H2AX foci: biomarker for DNA DSB

Vi sual i s a tH2AXroci (OSBs} imcells by

means ofimmunocytochemicalstainingu s i n-g
H2AX specific antibody

Y visible asspots in the cell nucleusinder the
microscope

Study at t hld2AXfEcCas eiamarker
X-ray effects in pediatric interventional
cardiology
A Pediatric interventional cardiology:
Y Diagnosticcardiac catheterization

Y Therapeutic proceduresfor congenital abnor-
malities as atrium septumdefect ,univentricular
heart

A Critical patient population from: radiation
protection point of view

Y ExtensiveuseX-rays: fluoroscopy and cine
Y Large fraction of the bodyirradiated

Y. Very youngpatients : high radiosensitivity
Y Repeatedprocedures




Patient population of the study

A Patient population: 49 children (23malei 26
female) who underwent a cardiac catheterization for
congenitalheart disease
Y Age Median 9 months, 26 lessthan 1 year
(range: 0O-11years
Y. Diagnosticcardiac catheterisation: n = 17

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

A X-ray equipment Philips Integris BH5000 biplane
configuration

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

Methodology study

Methodology study

A For eachpatient, doseto blood, organsand tissues
and effective doseaccording to ICRP 103were
calculatedby Monte Carlo simulation of complete
interventional procedure (MCNP-X 2.5.0 code)

A Blood sampleswere taken before and immediately
after the interventional procedure for determination
of 9-H2AX foci. After venepuncturesamples were
kept for 15 min at 37C and subsequently in ice
water to block DNA repair.

A Patient BMI and genderweretaken into account in
A Recording X-ray field characteristics for each the simulation of the procedure
patient for dosedistribution reconstruction
¥ Doseareaproduct(DAR) foreacnfluoroscapy A Blood distribution throughout the body: 12.5 %

énc'i:cmerurr: ‘action: X b - K lungs, 10 % heart, 77.5 %remainder was takeninto
or eachprojection: X-ray tube position(skew, account in theblood dosecalculation
rotation c-arm), field sizg kV, SID




R e s u FH2AX:focidnduced by
interventional x-rays versus blood dose

Induced foci / cell
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Dashedline: LNT' extrapolation from in vitro 0.5 Gy

I n vitro dosHAXfoeisaffeno n
irradiation of blood samples with xrays

A Irradiation in vitro of whole blood samplesof three
donorswith doses up to 500nGy in 37°C waterbath
with 100 kV x-rays.

A After theirradiation blood sampleswere kept for 15
min at 37°C, followed by 10 min in ice water to
simulate patient treatment.

A Subsequently lymphocytes were isolated and the
same protocol for scoring ofb-H2AX foci as in thein
vivo experiments was followed.

A Foci yields atdose ratesof cine (10mGy/min) and
fluoroscopy (0.1mGy/min) not different

R e s u FH2AX:focianduced by
interventional x-rays versus blood dose

A Every procedure resultsin an increaseof foci even
at a low blood doseof 1 mGy : DSB !

A Linear extrapolation of number of 9-H2AX after in
vitro irradiation of 0.5 Gy to zero dose shows clearly
A Induction of DSBs and triggering of repair

machinery in every patientimplicates possibility of
misrepair event, which can lead taarcinogenesis.

Y. Doseresponseafter in vitro irradiation of blood
samples ?

Comp ar i sHEAX fooi fnduoedin vivoin
pediatric patients versusin vitro irradiation

Induced foci / cell

Dashed line: LNT extrapolation from in vitro 0.5 Gy




I n vitro dosHAXfoeisaffeo n
irradiation of blood samples with xrays

A In vitro doseresponse showsiphasic behaviour:
steepincreaseup to 6 mGy followed by a more flat
linear increasewith dose

Y Low dosehypersensitivity observedin vivo
confirmed in vitro !

A In vivo data somewhatlower than expectedfrom in
vitro, very probably by timespan ofinterventional
procedureslasting from 30 min up to 2 h {Ti;, 2 h).

Bystander effect: signaling molecules

Mechanism of radiation-induced bystander effects

TOX-2 promater,
& os promoter
AP-1 (Jun-Fos)

Bystander response

'
Bystander signal propagates

A Cytokines, TGFh, COX-2, ROS, NO, gap junctions ..

Low dose hypersensitivity ?

A In vitro biphasic dose response behaviour points to
existence obystander effect:double strand breaks
not only present in cells hit by the ionizing particle
but also in neighbouring cellsof cells hit by the
ionizing particle
Y Double strand breaks induced byextracellular
factors

1. Sparse irradiation 2. Bystander signal

&

Recent literature data bystander effect

A 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, 906 2011)

A Bystander effects areoncogenic!!!

C Location secondarytumours in children treated
with radiotherapy (Diallo etal.lJROBP 74: 876883 2009)

C Medulloblastoma incidence in mice partially
irradiated (Mancuso PNAS 105: 124482450 2008)




Conclusions Non-existence-of a-threskold @lso supported by
chromosometranslocationsin US radiologic
A The 2-H2AX foci assay in lymphocytes allows to technologistsversusoccupational & diagnostic dose
visualisethe initial DNA damage (DSBs) leading to (Cancer Research 68: 8828831 2008)
the late effects in patients undergoing Xay
examinations: blooddoses as low as Gy can be
detected

A The in vivo and in vitro data show alow dose
hypersensitivity indicating that the LNT model may
also lead to anumn imation and not nec
oy imsti ks after exposure to

Transtocation frequeney/100 CE

(Beelset al. Circulation 2009;120:19031909) oo o e E0 0 %

Cumulative diagnostic red bone marrow radistion dose score

Radiation induced cataract: recent data

A Cataractis a clouding of thee y e 0 {
lensleadingto a progressiveblurring
and dimming of vision
A The transparency of the lensis due
to the optical homogeneityof the lens
fibres, related to the tighly ordered
packing of small soluble proteins (crystallins)

A Lossof transparency is due to thedegradation of
theseproteins resulting in clumping and lossof the
ordered packing of fibers

A Cataract: result of continuousincreaseof lens opacity




Cataract : classification

A Slit lamp images of eyeresult in
grading of lensopacitiesaccording
to LOCS Il (Lens Opacities
Classification System)

A Classification according to location
of opacity in lens

C nuclear : agerelated

C cortical ; diabeticsradiation

C  subcapsularposterior:radiation
-diabetics (faster progression)

Large scale epidemiological study of the
NENERES)

i R i of éataract after exposureto low
dosesof ionizing radiation: a 20 year
prospective cohort study among US
radiologic technologistsi

Chodick et al. Am Journal of Epidemiology
2008; 168: 628631

Cataract: symptoms

C Blurred vision (cloudy view)

C Double vision (diplopia) Slit lamp image
€ Colors appearfaded and decreasedability to
distinguish somecolors

€ Seeinghalosaround lights

C Glare or sensitivity to light from oncoming
headlightswhile driving

C Difficulty seeingat night

Study setup

A Very large study population: 35705cataract-free US
radiologic technologistsaged24-44 yearsin 1983

A Follow up period for cataract formation of 20years
(19832004)

A Baseline andtwo follow-up guestionaires 10, 20
yearslater

A Information in the guestionaires 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




Study setup

A Information on medical exposure history
(radiotherapy and diagnostic Xrays) in the
questionaires RT (head & neck, any), number of X%
rays (skull, face/neck, other, CT)

A Information on occupational exposurgirom film
badge dose records.Monte Carlo simulations to

convert film badge doses t@ye lens doses

A Occupational life time lens dose considered as
categorical variable (0.95,16.1,22.0,28.9,37.2,491Gy)

A Estimations of UV exposure from sunlight based on
residential exposure measurements.

Results: risk factors

A Other base line risk factorsnot related to radiation
exposure resulting from multivariate analysis

Y Eemaleversus male: RR 1.12

YBMIO 30 versus <20: RR

Y Smoking> 15 packyearsversusnever. RR 1.25
Hypercholesterolemia>240 mg/dl: RR 1.49

Y

Y Hypertension: RR 1.24

Y Diabetesmellitus: RR 4.10
2\

Arthritis : RR 1.51

Results: cataract incidence

A In the study period of 20 years 2382 cataracts were
observed in 35705 individuals with 647 cataract
extractions

A 591 cataracts occurred before age of 50 years with

posterior subcapsularcataract as most frequent
cataract type, suggesting relation to Xay exposure

A Cataract incidence is strongly dependent on age: risk
increases with 15 %/year ( relative risk RR of 4.0 for
age 4044 versus 3684 at baseline !)

A Relative risk RR is the ratio of the probabilities in
group under study versus control group

Results: RR for cataract according to
diagnostic xrays and RT history

Y Multivariate analysis taking into account all
confounding factors regarding the effect of number
of diagnosticrays

Skull Faceheck Clavicle

1 1 1
1.10(1.061.22) 1.09 (0.951.25) 0.90 (0.711.15)
1.03(0.881.22) 1.11(0.921.33) 1.07 (0.771.50)
1.11 (0.921.33) 1.25(1.061.47) 0.68 (0.451.05)

Y RT head and neck: RR 1.34




Results: cataract and occupational exposure Results: cataract and occupational exposure

A Data from epidemiological studies often expressed in A Multivariate analysis for occupational lens dose
AfExcess relative risko taking into account all confounding factors results in
following dose response of ERR
O-E

ERR=

O: incidence in an exposed population
E: incidence in a control matched norexposed
population of equal size

A ERR=1- doubling of number of cataracts

A ERR=RR-1 s ; .5 20025 30 35 40 45 50 55 60 65 70 75 80

tional dose to the lens of the eye (mGy}

Z 000

-0.10

Source: Am J Epidemiol © 2008 Oxford University Press.

Results: cataract and occupational exposure Discussion

A Best fitting linear model givesERR of 2 perGy lens A No apparent threshold levelfor cataract formation
qose for cataract A Significant increase of risk atoccupational doses at
Y Three times more cataract perGy lensdose the level of 100mGy and not grays (Legislation:

A Best fitting linear model for diagnosis before age of annual dose limit now 150nGy !).
50givesERR of 3.3 perGy lens dose for cataract A Occupational data supported by observation of

A Best fitting linear model givesERR of 1.5 perGy. significant increase of risk after three and more x
lens dose forcataract extraction rays to face/neck

A Most cataracts were ofposterior subcapsularor A Different other studies (a.o. Chernobyl cleanup
cortical type, in agreement with literature regarding workers) support the conclusions of this large scale

radiation induced cataracts epidemiological study
Radiation Research 174 88894 (2010)




