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Uginek zafeni na organismy

Pole zareni nejsme schopni zadnymi smysly detekovat a vnimat. Proto byla
existence 1Z odhalena az pomeérné pozdé a stejné tak jeho ucCinky

Experimenty se zarenim. Kromé Iécebnych ucinkl se brzo pfislo na to, ze zareni
muze Clovéku velmi vazné ublizit. Sama Marie Curie na svou praci se zafenim doplatila.
Jiz v roce 1920 pocitovala silnou unavnost a zavraté. V roce 1930 onemocnéla
nevylécCitelnou anémii a 4 roky poté zemriela v horském sanatoriu, kde byla IéCena.
Vzhledem k neviditelnosti zareni vSak mnozi dlouho nechapali jeho Skodlivost nebo ji
brali na lehkou vahu.

V obdobi studené valky doSlo k fadé pfipadld zneuziti zareni a jak v Rusku, tak v. USA.
Dokumentuje to zprava D.O.E. ,Human Radiation Experiments®.

Napf. byl v pribéhu 2 let podavan 829 zenam plutoniovy koktejl s komentafem typu —

I

budete se citit Iépe.

Fyzici mnohdy pracovali s nadSenim bez ohledu
na sve zdravi i zdravi jinych. Tak napf.

dr. Slotin zemfel po experimentovani se
dvéma hemisférami plutonia, které rucné
posunoval k sobé dokud neucitil atomovou
reakci. Kdyz mu sjel Sroubovak, reakce

presla v intenzivni zafi a Slotin oddélil obé
hemisféry ruéné od sebe. Zemfrel po 9 dnech.
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Uginky IZ na bufku

mensi davky (mSv) 4/\ V&tai davky (Sv — desitky Sv)

poSkozeni zejména DNA posSkozeni l
 proteind (enzymy, proteiny dulezité pro fizeni
a vykonavani bunécnych a jadernych
procesu — replikace, transkripce, translace,
reparace, energeticky metabolismus atd.)
* bunécnych membran

« DNA
dle davky a stupné
poskozeni

buika preziva okamzita smrt mitoticka smrt
N (cca. 1-2 tydny PI)
reparace neuspésna uspesna reparace DK
postizeny somatické buriky postizeny gamety -1 p zdrava burka
—tp vzniku nadoru genetického postizeni u
(vSechny zname) potomstva (odhad az 10

generaci Pl)



Uginky IZ na bufku

mensi davky (mSv) 4/\ V&tai davky (Sv — desitky Sv)
e

bunka preziva s poskozenou
genetickou informaci, nebo se
ji poskozeni povede zcela
posSkozeni opravit

postizeno je jen malé mnozstvi
bunék ve tkani (obvykle umiraji
apoptdézou nebo jsou eliminovany
imunitnim systémem

UCINKY SE NEMUSI PROJEVIT VUBEC,
NEBO SE PROJEVi AZ PO
DELSI/DLOUHE DOBE LATENCE
(ROKY - DESETILETI)

*t p vzniku nadoru

! p genetického postizeni u potomstva

v

PRAVDEPODOBNOST
VYSKYTU ROSTE S ABSORB.
DAVKOU — STOCHASTICKE
UCINKY

okamzita smrt

mitoticka smrt

v v

* Okamzita smrt bunék se na urovni organismu

projevi vétSinou hodiny az 2 dny PI (po
ozareni, post-irradiation)

Klinické projevy jsou dany smrti velkého
mnozstvi bunék najednou (poskozeni je pfilis
velké a bunka ho jiz nedokaze opravit pomoci
repara¢nich mechanismu (DNA) a syntézou
novych proteint) — ZAVAZNOST
POSKOZENi ROSTE S ABSORB. DAVKOU
Mitoticka smrt — poSkozeni bunék neni natolik
tézkeé, aby doslo k okamzité smrti, nicméne je
tak zavazné, ze se burika jiz nedokaze délit
(a nasledné umira)

Klinické projevy na urovni organismu se proto
projevuji s urcitou dobou latence, obvykle dnu
az 2 tydnu

UCINKY SE OD URCITE DAVKY
PROJEVI VZDY — DETERMINISTICKE

UCINKY
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Dle doby latence

Casné
Pozdni
Dle typu ucinku
Stochastické
(téz nestochastickeé,
tkariove) Dle typu zasazenych bunék
Deterministické Somaticke

Gametickeé



Ué&inek zafeni na organismy

RozliSujeme deterministické ucinky — existuje prah, velké davky, rychly
nastup, z hlediska RO relativné maly vyznam (viceméné se tyka pouze
radiaénich nehod nebo havarii — radia¢ni pracovnici; ale také dlouhé
iterplanetarni pilotované mise, radioterapie nadort)

Stochasticke ucinky — bezprahovost, malé davky, pozdni efekt, velky
vyznam pro spoleénost (tyka se vSech — medicinské ozareni, radon,
kosmické zareni apod.)
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Early
(deterministic only)




Human Health Effects of Radiation Exposure

Somatic

effects

Genetic
effects

Acute
effects

Late
effects

— ARS*

_E Erythema
Epilation

= Sterility

Cataract
Cancer

Leukemia

BM injury

GIT injury

Cardiovas-
cular injury

Genetic disease

Deterministic
effects

Stochastic
effects

* acute radiation svndrome




Escherichia coli 100-200 Gy
Prvok 1000-3000 Gy
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Rozdily v citlivosti se objasnuji ruzné: rizné populace bunék jsou
kritické a ruzné velké.



2 400 mSv rese
2500 mSv

my3
5600 mSv

krvsa
5tn_|h 8000 mSv
15000 mSv

netopyr -

200000 mSy | vosﬁ | o it
1000000 mSv 1000000 mSv mgzﬂil(y
2000000 mSv

Citlivost na ozdfeni u riznych tvori. Ddvkovy ekvivalent, ktery pieiije polovina ozdfenych jedinei.




— tyka se celého tela a vznika po celotélnim
ozareni (nebo ozareni vetsi Casti tela)
— rozlisujeme tri formy podie velikosti davky a
podle pFiznaku:
(poskozeni krvetvorby)
(poskozeni strevniho epitelu)
(poskozeni cév mozku)
Ruzné pfiznaky jsou dany . nejcitlivéjsi
jsou rychle se delici buriky, naopak pomalu se délici bunky jsou
pomeérné radiorezistentni

davky , hejcitlivéjsi krevni
bunky, dale stfrevni a nejvice rezistentni se jevi nervove bunky, ktere se
nemnozi.



aktivni kostni dren
pohlavni organy
streva

lymfoidni organy

kUize

ocCni CoCka

epitelialni vystelky (povrchy
jicnu, zaludku apod.)

rostouci chrupavky
rostouci kosti
jemné cevy

zralé chrupavky

zralé kosti

plice a dychaci ustroji
endokrinni zlazy
zlazy traviciho ustroji

svaly
CNS (10ky Gy pro
poskozeni)



kostni dfen — ubytek kmenovych

krvetvornych bunék, které jsou velmi citlivé. Prahova davka je zhruba 1 Gy,
nastupuje za 30 min — 48 hod, dale pozorujeme
2 dny az 3 tydny nacez prichazi

Dochazi k utlumu krvetvorby , cytopenie, nejvice je
lokalizovano v pateri, dorzalnich oblastech zeber a panve — ozareni téchto
oblasti je kritické (lze v pripadé potreby stinit).

Prodromalni symptomy zahrnuji zvraceni,prajem. Pri tézkém pridjmu je
pravdépodobna smrt. Béhem prvnich dnti dochazi k prudkému poklesu
lymfocytu, ktery je davkové zavisly a muze byt pouzit jako indikator davky.

Latence je dlouha (obvykle nékolik tydnt), pancytopenie zplsobuje tézké
infekce, pokles trombocytu zplisobuje hemoragie (krvaceni). Symptomy
tedy zahrnuji vzestup infekénich komplikaci, krvaceni, anemii, Spatné
hojeni ran.

Maximalni pokles lymfocytu nastava 3. den. Podle poétu lymfocytu lze
odhadnout dalSi vyvoj nemoci z ozareni.



, davky jsou vétSi nez u samotné drenové formy (epitel je
rezistentnéjsi (>8 Gy). ve srovnani s drenovou
formou (10min — 48 h), latentni faze trva 3-5 dnu a nasleduje
manifestace onemocnéni.

Podstatou této formy je

denudace strevni sliznice, eliminace funkéni bariéry branici vstupu
mikrobu do téla a ztratam tekutin. Nejvice je postizeno tenké strevo.
Dochazi ke zpomaleni nebo zastaeni obmeény epitelu krypt.

Pri dochazi pozdéji ke vzniku atrofie, fibrotizace a
viedul. Vysledek zavisi na davce a jejim rozlozeni v case.

Klinické projevy splyvaji s projevy drenového syndromu, neexistuji
specifické projevy odpovidajici GIS. Pri mikroskopickém vysetreni lze
ve stolici nalézt tzv. zanétlivé bunky.



dochazi k nému po
expozici velmi vysokym davkam — 30 Gy a vice (vojenské operace,
nehody v jadernych zarizenich). Pri vybuchu jaderné zbrané se lidé
vystaveni takto vysokym davkam nachazeni v zéné letalni z hlediska
tlakovych a teplotnich ucinki.

nastupuje za nékolik minut, do 2 dnu nebo
uplné chybi, provazena smrti. Mechanismy souvisi s
poskozenim cév a CNS. Cévni slozka se manifestuje po 30Gy, CNS - po
davkach nad 100 Gy.

Ubytek endotelialnich bunék — zvyseni propustnosti kapilar — unik
plazmy do intersticia — pokles krevniho tlaku, edém, krvaceni do mozku
kon¢€ici smrti.

Poskozeni CNS - demyelinizace a perivaskularni edém, nekréza. V
pribéhu manifestni faze pri davkach nad 100 Gy se pozoruje
zhorsovani védomi, nasledované bezvédomim a smrti.



(Uspésna de facto jen u krevni formy)
- Prevence infekci a jejich lIécbha
- Podavani hematologickych rastovych faktoru
- Transplantace kmenovych bunék

— izolace, antibiotika (i preventivné), acyklovir (x
Herpes), riziko krvaceni pfi hluboké trombocytopenii Ize redukovat
transfazi trombocytu

— u vyssich davek, G-CSF nebo GM-CSF, co nejdrive
po ozareni a dlouhodobé (10-20 dni). Stimuluji krvetvorbu —
redukce neutropenie. Nezadouci ucinky — bolesti kosti, hlavy
horecka.

— nejlepsi by byly autologni €i syngenni kmenové
bunriky, ty jsou vsak obvykle nedostupné. Alogenni transplantace —
reakce stépu proti hostiteli a naopak. Vhodné pouze pri davkach 8-
10 Gy v pripadeé, ze nejsou poskozeny dalsi tkané.

Pri sou€asném poranéni ¢lovéka radiace dale zhorsuje vyhlidky na
uzdraveni.



AKUTNI NEMOC Z OZARENI — Opakovani/Shrnuti

Dose (Grays) Immediate symptoms Latent phase Post-latent symptoms Prognosis

In this dose range no obvious sickness occurs. Detectable changes in blood cells begin
to occur at 0.25 Sv, but occur consistently only above 0.50 Sv. These changes involve
fluctuations in the overall white blood cell count (with drops in lymphocytes), drops in
platelet counts, and less severe drops in red blood cell counts. These changes set in
1.0< Mild nausea days to weeks over a period of days and may require months to disappear. They are detectable only by Almost certain survival
lab tests. At 0.50 Sv atrophy of lymph glands becomes noticeable. Impairment to the
immune system could increase the susceptibility to disease. Depression of sperm
production becomes noticeable at 0.20 Sv, an exposure of 0.80 Sv has a 50% chance of
causing temporary sterility in males. At 0.75 Sv there is a 10% chance of nausea.

Tissues primarily affected are the hematopoietic (blood forming) tissues, sperm forming
tissues are also vulnerable. Blood changes set in and increase steadily during the
latency period as blood cells die naturally and are not replaced. There is a 10% chance
of temporary hair loss. Mild clinical symptoms return in 10-14 days. These symptoms
10 - 14 days include loss of appetite (50% probability at 1.5 Sv), malaise, and fatigue (50% probability Fatality rate is about 10%
at 2 Sv), and last up to 4 weeks. Recovery from other injuries is impaired and there is
enhanced risk of infection. Temporary male sterility is universal. The higher the dosage
in this range, the more likely the effects, the faster symptoms appear, the shorter the
latency period, and the longer the duration of illness.

Mild acute symptoms occur in this range. Symptoms begin to appear at 1 Sv, and
become common at 2 Sv. Typical effects are mild to moderate nausea (50% probability
at 2 Sv) , with occasional vomiting, setting in within 3-6 hours after exposure, and lasting
several hours to a day.

1.0-20

lliness becomes increasingly severe, and significant mortality sets in. Hematopoietic
tissues are still the major affected organ system. When symptoms recur, the may
include epilation (hair loss, 50% probability at 3 Sv), malaise, fatigue, diarrhea (50%
prob. at 3.5 Sv), and hemorrhage (uncontrolled bleeding) of the mouth, subcutaneous
tissue and kidney (50% prob. at 4 Sv). Suppression of white blood cells is severe,
susceptibility to infection becomes serious. At 3 Sv the mortality rate without medical
treatment becomes substantial (about 10%). The possibility of permanent sterility in
females begins to appear. Recovery takes 1 to several months.

Nausea becomes universal (100% at 3 Sv), the incidence of vomiting reaches 50% at
2.0-35 2.8 Sv. Nausea and possible vomiting starting 1 to 6 hours after irradiation and lasting 7 - 14 days
up to 2 days

Fatality rate 35% to 40%

Hair loss, internal bleeding, severe bone marrow damage with high risk of bleeding and
infection. Hemopoietic Syndrome. Mortality rises steeply in this dose range, from around
50% at 4.5 Sv (LD) to 90% at 6 Sv (unless heroic medical intervention takes place).
Hematopoietic tissues remain the major affected organ system. The symptoms listed for
2.0-3.5 Sv increase in prevalence and severity, reaching 100% occurrence at 6 Sv.
When death occurs, it is usually 2-12 weeks after exposure and results from infection
and hemorrhage. Recovery takes several months to a year, blood cell counts may take
even longer to return to normal. Female sterility becomes probable.

35-55 Nausea and vomiting within half an hour, lasting up to 2 days 7 - 14 days Fatality rate 50% within 6 weeks

Hair loss, internal bleeding, severe bone marrow damage leading to complete failure of
blood system, high risk of infection, moderate gastrointestinal damage. Gastrointestinal
Syndrome. Survival depends on stringent medical intervention. Bone marrow is nearly or
completely destroyed, requiring marrow transfusions. Gastrointestinal tissues are
increasingly affected. The final phase lasts 1 to 4 weeks, ending in death from infection
and internal bleeding. Recovery, if it occurs, takes years and may never be complete.

55-75 Severe nausea and vomiting within 15 - 30 minutes, lasting up to 2 days 5-10 days Death probable within 3 weeks

Hair loss, internal bleeding, severe bone marrow damage leading to complete failure of
blood system, high risk of infection, severe gastrointestinal damage.

Very high exposures can sufficient metabolic disruption to cause immediate symptoms.
Above 10 Sv rapid cell death in the gastrointestinal system causes severe diarrhea,
intestinal bleeding, and loss of fluids, and disturbance of electrolyte balance. These
effects can cause death within hours of onset from circulatory collapse. Following an
5 -7 days initial bout of severe nausea and weakness, a period of apparent well-being lasting a Certain death
few hours to a few days may follow (called the "walking ghost" phase). This is followed
by the terminal phase which lasts 5 - 12 days. In rapid succession prostration, diarrhea,
anorexia, and fever follow. Death is certain, often preceded by delirium and coma.
Therapy is only to relieve suffering.
CNS Syndrome. Metabolic disruption is severe enough to interfere with the nervous
20-80 Immediate disorientation and coma will result, onset is within seconds to minutes. None system. Convulsions occur which may be controlled with sedation. Victim may linger for ~ Certain death
up to 48 hours before dying.
The U.S. military assumes that 80 Sv of fast neutron radiation (from a neutron bomb) will
>80 Coma None immediately and permanently incapacitate a soldier. Lethal within 24 hours due to Certain death
damage to central nervous system.

75-10 Excruciating nausea and vomiting within 5 - 15 minutes, lasting for several days 5-7days Death almost certain within 3 weeks. Complete recovery impossible.

Immediate nausea occurs due to direct activation of the chemoreceptive nausea center

10-20 in the brain. The onset time 5 minutes.



Deterministické u€inky zareni na organismy
Il. RADIACNi ZANET KUZE (RADIODERMATITIDA)

Akutni a chronicka forma, projevuje se lokalné v ozarené tkani
nejcastéjSi poSkozeni (u nas 150 pfipadu za poslednich 30 let)
prahova davka 2-4 Gy, pro chronickou formu desitky Gy béhem 15-30 let)
kize — 2 tfida bunék co do citlivosti (viz dfive)
3 stupné (dle stupné poskozeni)
1. STUPEN (2-4 Gy)

Prvni den po ozareni (PIl) — Casny erytréem (jako po opareni — Cerveny flek, ale
neboli, do 24h zmizi

Dva tydny doba LATENCE - nic neni patrné ani neboli

Manifestni faze — misto zdufi a znovu zCervena, velmi silné boli, celkové pfipomina
popaleninu — ,radiaéni popaleniny®“. Objevi-li se pouze z€ervenani bez puchyr,
jedna se o dobré znameni (2-3 Gy) a béhem nékolika tydnu dochazi k uplnému
zhojeni. Po davce 3 Gy dochazi k depilaci, ktera je pfi vysSich davkach trvala

2. STUPEN (cca. 10 Gy)

Vzhledem k postizeni i hlubokych vrstev kiize dochazi v manifestni fazi téz k

tvorbé velkych puchyru a hrozi zna¢né riziko infekce. Doba latence je kratsi.
3. STUPEN (desitky Gy)

Kromé vySe uvedeného dochazi i k postizeni cév vyZivujicich tkan — vytvari se
hluboky radiacni vied, dochazi k sepsi. | po |é€bé se jiz tkan nikdy zcela
nezhoji — kize je tenka, prusvitna, lamava — recidivy viedu, po nékolika
meésicich vétsinou kon¢i amputaci




DETERMINISTICKE
UCINKY I1Z
RADIODERMATITIS

Radiacni erytrema puchyre pocatecnl vred
(2-3.st radiodermatitidy)

Radiacni erytrém bez puchyfl
(chronicka radiodermatitida)

Chronicka radiodermatitida
nador ze skvamoznich buné



Il. RADIACNi ZANET KUZE (RADIODERMATITIDA)

Koncetina amputovana po
neuspesne lecbe radiacniho
viedu (Cerna oblast)

Vyskyt radiodermatitidy:
drive ¢asto u zubaru, kteri ruéné
pridrzovali film pfimo u rentgenované
oblasti — mnoho z nich amputované prsty;
dnes u chirurgu operujicich pfimo pod
svazkem RTG paprsku, relativnhé vysoke
davky na prsty — napf. nékteré operace
srdce atd.

téZ u pracovniku s malo aktivnimi
uzavienymi zdroji IZ — podcenuiji
nebezpecCi a berou je pfimo do rukou —

| slaby zdroj vS§ak muze vzhledem k
nulové vzdalenosti od tkané prfedat davku
(po souctu opakovanych expozic) pro
vznik radiodermatitidy




I1l. RADIACNI POSKOZENI OCNI COCKY

» zakal CocCky (katarakta) vyvolany 1Z
« prahova hodnota 3 Gy pro jednorazové ozareni, u nizkych opakovanych
davek dnes uvadéno zhruba 10 Gy, ale mozna mnohem citlivéjsi (5-6 Gy)
« napf. u pracovniku ¢asto sledujicich Ciselniky pristroju osvécované
radionuklidy) nebo chirurgu, ktefi operuji pod pojizdnym rentgenem
— zareni se z tela pacienta pomeérné intenzivné rozptyluje na vSechny
strany — nutno specialni ochranné bryle apod.
» projevi se az po delSim C¢ase (u protrahovanych davek az nékolik let)

IV. POSKOZENI FERTILITY
» tyka se obou pohlavi, muzi ale vyrazné citlivéjSi
* prahova davka (D,) u muzu: 250 mGy (!) pro doCasnou sterilitu
(pfechodna aspermie), cca. 3 Gy pro trvalou

* uzen je Dp 3-8 Gy, v zavislosti na véku zeny — s vékem klesa pocet
vajicek a tedy i D,
V. Radiacni zapal plic
VI. Radiacni zanet nosohltanu
atd.
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Stochastické ucinky

Pravdépodobnost vzniku stochastickych nasledkd je ve
skuteCnosti znama jen pro vySSi absorbované davky
(epidemiologické studie u obyvatel z HiroSimy, Nagasaki a okoli
Cernobylu) + Majak + Fukushima

Pro nizsi davky udaje ziskany extrapolaci z vyse uvedenych
studii a z experimentl provedenych na krysach.

Tyto modely vSak nejsou pro nizké davky zrovna nejvhodngjsi,
protoze obyvatelé ozareni po vybuchu atomové bomby obdrzeli
celou davku ve velmi kratkém Case (vysoky prikon), zatimco v
bézném zivoté je tato davka frakciovana do dlouhého obdobi

Presné udaje o vlivu nizkych davek |IZ na Clovéka proto stale
chybi. V souCasné dobé existuje nekolik hypotéz

1. (obr. b) Linearni bezprahovy narust pravdépodobnosti
vzniku stochastickych ucinkll. Kazda davka zareni
muze vyvolat efekt, pfiCemz davky se scitaji po cely Zivot a
neustale tak roste pravdépodobnost  postizeni.
Dnes uznavany model z hlediska radiaéni ochrany

2. (obr. a) Linearni narust pravdépodobnosti vzniku
stochastickych nasledkl od urcité prahové davky. Pro
podprahové davky je tedy riziko nadorll a genet. poskozeni
stejné jako u neozarenych osob.
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STOCHASTICKE UCINKY - MODELY

3.

(obr. ¢c) HYPERSENZITIVITA pfi nizkych
davkach. Model predpoklada vysokou
citlivost pro nizké davky napr. kvili

nedostatecné aktivaci DNA reparacnich
procesu.

(obr. d) EFEKT HORMEZE. Nizké davky
IZ naopak snizuji vyskyt pozdnich
ucéinkd (napr. nadorovych
onemochneéni).

urcité studie napf. naznac€uji nizsi vyskyt
nadorovych onemocneéni u lidi zijicich v
oblastech s vyssi aktivitou podlozi

h. efekt se vysvétluje napr. aktivaci
imunitniho systému nizkymi davkami IZ a
takto ,,nabuzeny“ systém potom spontanné
likviduje i ,,zarodky nadoru“, které by jinak
nemusely byt rozpoznany

I pfes prospésnost nizkych davek IZ (dle
tohoto modelu) lze v§ak patrné prepokladat
celozivotni s€itani jednotlivych davek




Stochastické ucinky zareni na organismy
POKRACOVANI

zakonitosti — velka spontanni inicidence nadori — problematické
prokazat vliv zafeni u mensich skupin (obyvatelé v okoli Cernobylu
apod.), davkové zavislosti jsou problematicky stanovitelné, maximum
vyskytu SU je ale podstatné mensi nez 100% (rozdil od DU). Davkové
zavislosti jsou uréeny pro relativhé vysoké davky ve srovnani s
priblizné 400 mGy a vysledky nasvéd€uji linearni zavislosti
pravdépodobnosti vzniku nadort na davce.

— u zvirat
jsou to mésice az roky, u lidi 2-5 let pro leukémie a 35-40 let pro solidni
tumory.

1930 byla prokazana indukce leukémie u mysi, v roce 1958 Upton
publikoval davkové zavislosti indukce myeloidni a lymfoidni leukémie.



Critical Reviews™ in Eukaryotic Gene Expression, 24(3):205-223 (2014)
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deterministic
effects
(appear after a
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threshold dose
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severity, not
probability)
increases with the
, A dose

stochastic effects

the probability stochastic IR effects

IR dose

the area of uncertainty
"""""""""""""" below about 200 mSv

positive
(hormesis)

Determining Omics Spatiotemporal Dimensions
Using Exciting New Nanoscopy Techniques to
Assess Complex Cell Responses to DNA Damage:
PART A—Radiomics

Martin Falk,"* Michael Hausmann,? Emilie Lukasova,' Abin Biswas,?® Georg Hildenbrand,?
Marie Davidkova,* Evgeny Krasavin,® Zdenék Kleibl ® Iva Falkova,' Lucie Jezkova,'®’
Lenka Stefanéikova,' Jan Sevéik,® Michal Hofer,' Alena Baéikova,' Pavel Matula,'®

Alla Boreyko, Jana Vachelova,* Anna Michaelidesova,*? & Stanislav Kozubek'

FIG. 2: The possible shapes of the dose-response curve in the range of low doses of irradiation (IR): linear non-
threshold dependence (a); the low-dose hypersensitivity (b); the hormesis effect (the low-dose hyposensitivity) (c);
a more complex dependence (here composed from hypersensitive and hyposensitive regions) (d); a threshold low-
dose dependence (e); deterministic effects appearing after higher IR doses (i.e., always after some threshold dose)

in addition to stochastic effects (f).



UNSCEAR

UNITED NATIONS SCIENTIFIC
COMMITTEE ON THE EFFECTS OF
ATOMIC RADIATION

Pravidelné reporty o efektech radiacnich
katastrof apod.



Epidemiologicke studie
Vysledky epidemiologickych studii jsou zpracovany ve zprave
UNSCEAR* 2001 a noveéjsich. Zavér je obecné takovy, ze
objem dat se od prfedchozich zprav (napf. UNSCEAR 1994)
rozSifil, zejména pribyly dalSi pfipady z Hirosimy a Nagasaki
Odhad ¢ini :
» 421 dodateCnych umrti nasledky ozareni,
* 334 na solidni nadory,
« 87 na leukémii.

« VySSi statisticka presnost umoznila trochu upresnit také zavery
o zavislostech davka-u€inek. Vysledky studii ukazuji, ze data
jsou konzistentni s

* linearnimi (solidni nadory) nebo

* linearné-kvadratickymi (leukémie) UZ(ED) zavislostmi (na
obrazcich).

také ucCinén zavér, ze epidemiologicka data sama o sobé neumozni
odpovédéet na otazku, zda existuje prahova davka v UZ(ED)
zavislosti; UZ(ED) data pro leukémii jsou konzistentni
s existenci prahu v oblasti malych davek zareni.

Byl potvrzen zavér drivéjSi zpravy o ucinku vnitfniho ozareni déti
radioaktivnim jodem a vznikem rakoviny stitné zlazy
(Cernobyl). Odhad rizika je vSak komplikovan nedostatecné
urCenou davkou. Také vysledky dalSich studii z uzemi byvalého
Sovétského svazu (Majak, feka TeCa) jsou nedostateCné pro
upfesnéni UZ(ED) zavislosti.

*United Nations
Scientific Committee
on the Effects of
Atomic Radiation

Stochastické
ucinky zareni na
organismy




Stochastické uc€inky zareni na organismy

HiroSima, NagasakKi
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Davkové zavislosti incidence
solidnich nadoru u obyvatel
HiroSimy a Nagasaki. Pro malé
davky je vidét, Ze
experimentalni data jsou
v souladu s linearni zavislosti.

Leukmie
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Leukaemia incidence rate per 105 person year
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Davkové zavislosti incidence leukémii
u obyvatel HiroSimy a Nagasaki. Pro
malé davky je vidét, ze experimentalni
data odpovidaji spise linearné-
kvadratické zavislosti nebo zavislosti
s prahem do zhruba 0.2 Sv.



Celkové riziko rakoviny na 1 Sv:

* 1% (3-5%; 2018) SOLIDNi TUMORY (chyba 2x,
tzn. 6-22%)
« 1% LEUKEMIE (pfi snizeni davky na 0,1 Sv bude

podle linearné-kvadratického modelu riziko vzniku
leukémie 20x mensi)




oCi

|

">
EV
Z O
Y
EOO
D_

©
< 3
E9
X
S 5
> S
Od
O ©
X~
LL]
O
VE

>
I'Z
O
<<
-
3.
-
<4
N L




Co se stalo:

« The accident at the Chernobyl reactor happened during
an experimental test of the electrical control system as
the reactor was being shut down for routine
maintenance.

« The operators, in violation of safety regulations, had
switched off important control systems and allowed the
reactor, which had design flaws, to reach unstable, low-
power conditions. A sudden power surge caused a
steam explosion that ruptured the reactor vessel,
allowing further violent fuel-steam interactions that
destroyed the reactor core and severely damaged the
reactor building. Subsequently, an intense graphite fire
burned for 10 days. Under those conditions, large
releases of radioactive materials took place.



CERNOBYL - REAKTOR

Reaktor RBMK-1000 (MeV): varny reaktor (jako
ve Fukushime a podobny tomu v Jaslovskych
Bohunicich, jiny nez v Temeline)

Chlazeny vodou a moderovany grafitem
Prepracovany mode reaktoru k produkci plutonia
Toto ale nebyl reaktor na plutonium, jak se
nekdy rika

Vyhoda: Ize prubézné vyménovat palivové
soubory (vyhodné pro odebirani plutonia)



CO SE STALO A PROC

» Kladna zpetna vazba pri urcitych
provoznich podminkach (s rustem teploty
roste reaktivita)

» Konce havarijnich tyci zvysovaly moderaci
(reaktivita rostla, nez se tyCe zasunuly
cele)

* Nestabilni pri rychlych zmenach vykonu a
pri velmi nizkych vykonech

* Nemél kontainment



CO SE STALO A PROC

Operatori neznali rizika (tajeno, byl to ,vojensky reaktor”
a horka oblast znalosti ve studené valce)

Experiment s vyuzitim dobehu turbiny pri ,blackoutu”
Poruseni rady bezpecnostnich pravidel

vypnuti celého fady bezpecnostnich systému, aby bylo
mozné dostatecné snizit vykon...)

NezkuSena smeéna, noCni smena (oslavy 1. Maje, Kyjev
ve dne potreboval elektrinu a na Ukrajine byl tehdy velky
nedostatek elektriny)

—> 2x parni exploze (nebo 1 parni + 1 vodikova), nikoli
tedy jaderna exploze!

1000 t kryt odhozen

Horici grafit rozmetan do okoli + obrovsky unik
radioaktivity



Prime obeti — deterministické +
neradiacni ujmy

2 pracovnici smrt ihned (jedno telo
doposud nenalezeno)
134 potvrzenych pfipadu NzO
28 zahynulo v nasledujicich dnech
19 pozdéji (do 2 tydnu)
3 POtAPECI (nutné oteviit ventily v siln radioaktivni vods;
nahromadeéni vody pod reaktorem nasledkem snah o jeho chlazeni, pokud
by se masa reaktoru protavila, reakci s vodou by doslo k dalsi explozi a to

by situaci znacné zhorsilo - opét ale pozor, i v ,seridoznich poradech se
nékdy mluvi o riziku ,obrovske jaderné exploze®, to zde nikoliv)

4 letci pri havarii vrtulniku



* Nutno vycistit strechy od grafitu — nejprve
zkouseli roboty, ale ti nevydrzeli radioaktivitu

* Vojaci (zalozaci) poslani likvidovat kusy silne
radioaktivnich kusu grafitu a dalSich materialu ze
strechy — pobyt na stfese mozny max. v radu
desitek sekund az minut, meli olovené zastery
ale nic moc ochrana

* | tak NoZ (nejvyssi davky krome prvnich
zasahujicich hasicu - umrti ¢asti likvidatoru



LIKVIDACE

10 dni unik radioaktivity nez se povedlo tomu zamezit

Poté dekontaminace (200 000 likvidatort; 10% davka
>250 mSyv, néktefi ale >1000 mSv)

250 mSv — limit ozareni pro pracovniky v kritickych
situacich; 100 mSv/5 let — limit pro pracovisté s |Z

Kosmonauti na ISS — 100ky (200-300) mSv — v zavislosti
na dobé pobytu a aktivite Slunce)

Let na Mars: o¢ekavani 2 Sy, ale v cca. 2 letech

Ale: zalezi zde vyrazne na davkovem prikonu — jako pfi
opalovani (hasici a prvni zachranari: 2000 mSv = NzO,
>4000 az >6000 mSv — bez Sance na preziti)

Do 1 roku postaven provizorni sarkofag

(celkove 530 000 likvidatoru; stfedni hodnota davky
pozdgéjSich likvidatoru 113 mSv)
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Figure V1. Surface ground deposition of caesium-137 released in the Chernobyl accident [I1, 13].
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* The radioactive gases and particles
released in the accident were initially
carried by the wind in westerly and
northerly directions. On subsequent days,
the winds came from all directions. The
deposition of radionuclides was governed
primarily by precipitation occuring during
the passage of the radioactive cloud,
leading to a complex and variable
exposure pattern throughout the affected
region, and to a lesser extent, the rest of
Europe.




Figure Xl. Surface ground deposition of caesium-137 released in Europe after the Chernobyl accident [D13].
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ireni radioaktivnhiho mraku

ation of Chernobyl's radiation.



CERNOBYLSKA HAVARIE 26 April 1986, zprava UNSCEAR 2001, 2006

Average effective doses ] ZvySeni primeérné radiacni davky rok po ¢ernobylské havarii
persons most affected by the accident
were assessed to be about o
120 mSv for 530,000 recovery operation ¥ o
WO I'ke rs Spanilsko
30 mSv for 116,000 evacuated persons o
and e )
V. Britame {
20 mSv during the first two decades Dk
after the accident to those who =
continued to reside in contaminated L
areas. -
. Izrael
Maximum values of the dose may be an —
order of magnitude higher. s
HER
Outside Belarus, the Russian Federation i
and Ukraine, other European countries &
were affected by the accident. Average Herko
doses there were at most 1 mSv in the ¢
- . S55R
first year after the accident E
with progressively decreasing doses in o byvalé
subsequent years. Cokoslorancko Ceskoslovensko
. . . Tugoslavie
The dose over a lifetime was estimated to Ficko ~0.35 mSv/rok
be 2-5 times the first-year dose. These ;i
doses are comparable to an annual e

dose from natural background radiation Bunato |
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Hlavné
131|
134CS
137CS

131 kratky T,, — 8 dni, ale biogenni radionuklid
(vysoky prijem v kontaminovaném mlece - deti
-> stitna zlaza)



* The isotopes of caesium have relatively
longer half-lives (caesium-134 has a halt-
life of 2 years while that of caesium-137 is
30 years). These radionuclides cause
longer-term exposures through the
iIngestion pathway and through external
exposure from their deposition on the
ground. Many other radionuclides were
associated with the accident, which were
also considered in the exposure
assessments.



CERNOBYLSKA HAVARIE
26. brezen1986, zprava UNSCEAR 2006

Apart from the dramatic increase in thyroid
cancer incidence among those exposed at a
young age, and some indication of an
increased leukaemia incidence among the
workers,

there is no clearly demonstrated increase in the
incidence of solid cancers or leukemia
radiation in the most affected populations.

CONCLUSIONS.

... Some of the people who dealt with the
emergency lost their lives. Although those
exposed as children and the emergency and
recovery workers are at increased risk of
radiation-induced effects, the vast majority of the
population need not live in fear of serious health
consequences due to the radiation from the
Chernobyl accident. For the most part, they
were exposed to radiation levels comparable
to or a few times higher than the natural
background levels, and future exposures
continue to slowly diminish as




CERNOBYLSKA HAVARIE
26 April 1986, zprava UNSCEAR 2006

Summary of average accumulated doses to affected populations from

Chernobyl fallourt

Population category Num ber
Liquidators (1986-1989) GO0 000
Evacuees from highly-contaminated zone (1986) 116 000
Residents of “strict-control™ zones (1986-2005) 270 000

Residents of other ‘contaminated’ areas ( 1986-2005) 5 000 000

zhruba odpovida RDG Zaludku nebo
panoramatickému snimku zubu (az 60
mSv)

Average dose

imsv)

nékteri

~100 4_;
33

=50 —
10=20

Oky Sv

A

4

limitni hodnota za rok pro radia¢niho pracovnika



UNSCEAR: DAVKY, shrnuti

Average effective doses to those persons most affected by the
accident were assessed to be about

120 mSyv for 530,000 recovery operation workers,
30 mSyv for 115,000 evacuated persons

and 9 mSyv during the first two decades after the accident to those
who continued to reside in contaminated areas.

For comparison, the typical dose from a single computed
tomography scan is 9 mSv

Maximum individual values of the dose may be an order of
magnitude and even more.

Outside Belarus, the Russian Federation and Ukraine, other
European countries were affected by the accident. Average national
doses there were less than 1 mSv in the first year after the accident

The average dose over a lifetime in distant countries of Europe was
estimated to be about 1 mSv. These doses are comparable to an
annual dose from natural background radiation (the global average
is 2.4 mSv) and are, therefore, of little radiological significance.



UNSCEAR: ZDRAV. DOPADY,
shrnuti

The Chernobyl accident caused many severe radiation
effects almost immediately.

Of 600 workers present on the site during the early
morning of 26 April 1986, 134 received high doses (0.8-
16 Gy) and suffered from radiation sickness.

Of these, 28 died in the first three months and another
19 died in 1987-2004 of various causes not necessarily
associated with radiation exposure.

In addition, according to the UNSCEAR 2008 Report, the
majority of the 530,000 registered recovery operation
workers received doses of between 0.02 Gy and 0.5 Gy
between 1986 and 1990. That cohort is still at potential
risk of late consequences such as cancer and other
diseases and their health will be followed closely.



Naruseni plodnosti a geneticke defekty nasledkem
Cernobylské havarie — nebyly prokazany

.2 » Obecné odhad cca. 0.3-0.5% Lk‘rc'ty n?"[r}fs’f )
_ 11 risk/Sv navyseni genetickych i S G S onlgenl 9 mt(): |
£'" ] defektt u potomstva ozafené v d S i maltormaci by
z "’ —— . pozorovan jak v
£ 4| populace (UNSCEAR 2018). ../~ o,
- o ¥ a8 zamorenych tak
g ] o ¥y
£ - I, - nezamorenych
£ °] o~ -~ oblastech —
:- : S : L . nejedna se proto
19835 19%4 198RS (956 1987 1998 1950 1480 1981 199 19N (904 1995 1995 1047 198K [9%0 o nasledek
+— oblasts wiith high rediovchids comsamination  —— oblasis with low mdlose b contamingtaon | ozéf'eni, ale

patrné lepsi

FIG. 4. Prevalence at hinth of congenital malformations in 4 oblasts of Belarus with high and lowe . €0 istrace
levels of radionuclide contamination (Lasyuk et al. | 1999). pﬁpadlfl

The Chernobyl Forum: 2003—-2005

Because of the relatively low dose levels to which the populations of the Chernobyl affected regions were exposed, there is
no evidence or any likelihood of observing decreased fertility among males or females in the general population as a direct
result of radiation exposure. These doses are also unlikely to have any major effect on the number of stillbirths,
adverse pregnancy outcomes or delivery complications or the overall health of children. Birth rates may be lower in
‘contaminated’ areas because of concern about having children (this issue is obscured by the very high rate of medical
abortions) and the fact that many younger people have moved away. No discernable increase in hereditary effects
caused by radiation is expected based on the low risk coefficients estimated by UNSCEAR (2001) or in previous
reports on Chernobyl health effects. Since 2000, there has been no new evidence provided to change this conclusion. There
has been a modest but steady increase in reported congenital malformations in both ‘contaminated’ and ‘uncontaminated’
areas of Belarus since 1986; see Fig. 4. This does not appear to be radiation-related and may be the result of increased

registration.







Nasledky Cernobylské Havarie —
Rakovina Stitné Zlazy

Jednim z hlavnich radionuklidi, které unikly pfi ernobylské havari, byl 137l

131 hral dulezitou dlohu zejména v nékolika prvnich mésicich po havarii
(poloCas rozpadu T,,, = 8 dni.

Jedna se biogenni radionuklid (viz BIOGENNI RADIONUKLIDY dale),
ktery muze byt v organismu vyuzivan namisto normalniho jédu, protoze
organismus nema zadné prostredky k rozpoznani radioaktivniho isotopu —
v tom prave spociva jeho nebezpecnost:

étl't.né zZlaza v ramci sveho metabolismu vychytava jod z krevniho obehu —
radioaktivni 137l, ktery se do téla dostal inhalaci nebo prostfednictvim
kontaminované stravy (zejména mléko obsahuje velké mnozstvi
radioaktivniho jodu) se tak akumuluje ve stitné zlaze, coz vede k
vyznamnemu ozareni tohoto organu

Stitna zlaza je navic jednim z nejcitlivéjsich organut vzhledem ke
stochastickym ucinkum IZ

Stitna zlaza tedy muze byt i pres relativné nizkou okolni kontaminaci
ozarena dostatecné vysokou davkou vedouci ke vzniku rakoviny
Nejcitlivéjsi skupinou jsou déti — piti mléka, vyssi citlivost k 1Z, sCitani davek
z vnitfni kontaminace beéhem celého zivota a dalSi faktory — da se proto i
nadale predpokladat narust pripadu rakoviny stitné zlazy nasledkem
havarie




« By 2005, more than 6,000 thyroid cancer
cases had been diagnosed in this group,
and it is most likely that a large fraction of
these thyroid cancers is attributable to
radioiodine intake. It is expected that the
iIncrease Iin thyroid cancer incidence due to
the Chernobyl accident will continue for
many more years, although the long-term
increase is difficult to quantify precisely.



Both the total number of cases and the crude incidence
rate (number of cases per100,000 person-years)
basically increased monotonically over the period
2006-2015. Thetotal number of cases of thyroid cancer
registered in the period 1991-2015 in males
andfemales, who were under 18 in 1986 (for the whole of
Belarus and Ukraine, and for thefour most contaminated
oblasts of the Russian Federation), approached 20,000.
Thisnumber is almost three times higher than the
number of thyroid cancer cases registered inthe same
cohort in the period 1991-2005;



* The observed increase in the incidence of
thyroid cancer is attributable to a varietyof
factors: increased spontaneous incidence
rate with aging of the birth cohort,
radiationexposure, awareness of thyroid
cancer risk after the accident, and
improvement ofdiagnostic methods to
detect thyroid cancer



« The Committee estimated that the fraction of the
iIncidence of thyroid cancerattributable to
radiation exposure among non-evacuated
residents of Belarus, Ukraine andthe four most
contaminated oblasts of the Russian Federation,
who were children oradolescents at the time of
the accident, is of the order of 0.25. The
uncertainty range of theestimated attributable
fraction extends at least from 0.07 to 0.5;



The Committee estimated the average absorbed doses to the
thyroid of evacuated children and adolescents, and of non-
evacuated children and adolescents (at the time of the accident) in
the so-called “contaminated areas” of the former USSR to be about
900 mGy and 170 mGy, respectively [ U2]. Average doses to the
thyroid of adults were lower, and those of pre-school children were
some 2 to 4 times greater than the population average.The average
dose to the thyroid of all evacuees was estimated to have been
about 500 mGy (with individual values ranging from less than 50
mGy to more than 5,000 mGy). For the more than six million
residents of the contaminated areas of the former USSR, who were
not evacuated, the average dose to the thyroid was about 100 mGy,
while for about 0.7% of them, doses to the thyroid were more than
1,000 mGy



The background rate of thyroid cancer among children under age 10 was
approximatelytwo to four cases per million per year. Since 1990-1991, a
dramatic increase in the rate of occurrence of thyroid cancer was observed
among members of the public who had been infants or young children at the
time of the accident. Among those exposed who had been under 14 years
of age in 1986, there were 5,127 reported cases of thyroid cancer between
1991 and 2005 (for those who had been under the age of 18 in 1986, there
were 6,848 cases). Fifteen cases had proved fatal. The observed pattern
suggested that the dramatic increase in incidence for the period 1991-1995
was associated with the accident. There was no evidence for a decrease in
the annual excess incidence of thyroid cancer up to 2005 (the end of the
observation period for the report). For those born after 1986, there was no
evidence for an increase in the annual incidence of thyroid cancer



* According to the estimates of Jacob et al. [J1],
for the period 1986—-2001, about 30% of the
iIncidence of thyroid cancer in the whole of
Ukraine—and about one half in the three
northern oblasts (including Kyiv City)—was
deemed attributable to radiation from the
accident; in Belarus, about 60% of the incidence
of thyroid cancer was deemed attributable to the
accident. Generally, the excess relative rate3d
(ERR) was higher for females than for males.



There was little suggestion of an increased incidence of thyroid
cancer among those exposed as adults in the general population.
Among the recovery operation workers, elevated rates of thyroid
cancer compared to those in the general population have been
reported, but no clear association with dose from external exposure
has been found. In addition, no estimates of doses to the thyroid
from inhaled radioiodine to those who worked on the Chernobyl site
between April and June 1986 have been available. The influence of
annual screenings and active follow-up of these cohorts make
comparisons with the general population problematic



Apart from this increase, there is no evidence of a major public
health impact attributable to radiation exposure two decades after
the accident. There is no scientific evidence of increases in overall
cancer incidence or mortality rates or in rates of non-malignant
disorders that could be related to radiation exposure. The incidence
of leukaemia in the general population, one of the main concerns
owing to the shorter time expected between exposure and its
occurrence compared with solid cancers, does not appear to be
elevated. Although those most highly exposed individuals are at an
increased risk of radiation-associated effects, the great majority of
the population is not likely to experience serious health
consequences as a result of radiation from the Chernobyl accident.
Many other health problems have been noted in the populations that
are not related to radiation exposure.



CITLIVOST BUNEK K I1Z -
Stochastické ucinky

« NEJCITLIVEJSI
1.  kostni dfen

2. plice
3. Zaludek a stfeva (u zaludku se donedavna myslelo, Ze je vysoce
odolny)

« VELMI CITLIVE

1. mlééna zlaza (uvazuje se o jejim prefazeni do prvni skupiny —
prehodnoceni strategie mammografickych vysetfeni. Mnoho
vySetfovanych pacientech navic nese mutaci v genu BRCA1 nebo
BRCA2, jejichz produkty jsou dulezité pro reparaci poskozeni DNA —
tato skuteCnost v kombinaci s mammografii muze teoreticky dale
zvySovat riziko vyvoje nadoru

2. Stitna zlaza

-« ODOLNE

1. svaly a nervova tkan

2. ocni oCka (100% odolnost, doposud nebyl zaznamenan zZadny
pfipad rakoviny ¢oCky)




V kontaminovanych oblastech byl zaznamenan zretelny
narust pripadu rakoviny stitné zlazy

- 131)

Incidence, per 100 D0
£
|

14985 1985 1980 1902 1904 1908 1908 2000 2002
Years

FIG. 3. Incidence rate of thyroid cancer in children and adolescents exposed to "1 ax a result of
the Chemaobyl accident (after Jacob et al | 2005)

The Chernobyl Forum: 2003-2005



Nasledky Cernobylské Havarie —
ostatni typy rakovin a leukémie

ve skupiné likvidatoru (>150 mSv) v letech mezi 1986 a
1996 asi dvojnasobny vyskyt leukemii oproti kontrolnim
skupinam (+ katarakta)

pro ostatni obyvatelstvo je narust leukémii neprukazny.
Je mozné ze se vysledky s postupem Casu podari
upresnit, avsak vzhledem k poklesu rizika vzniku
radiacne vyvolanych leukémii nekolik dekad po ozareni
je dalsi zvySeni incidence nepravdépodobné

u ostatnich typu solidnich nadoru (kromé nadoru Stitné
zlazy) jsou zavery vzhledem k minimalnim obdrzenym
davkam a rozdilum mezi sledovanymi skupinami téz
statisticky neprukaznée

Nicméné, vzhledem k pomalejSimu vyvoiji solidnich
nadoru (10-15 let oproti leukémiim) nelze zvySeni
incidence téchto pfipadu jesté vyloudit



 Among the 106 patients surviving radiation
sickness, complete normalization of health
took several years. Many of those patients
developed clinically significant radiation-
induced cataracts in the first few years
after the accident. Over the period 1987-
2006, 19 survivors died for various
reasons; however, some of these deaths
were due to causes not associated with
radiation exposure.



* There is a tendency to attribute increases in the
rates of all cancers over time to the Chernobyl
accident, but it should be noted that increases
were also observed before the accident in the
affected areas. Moreover, a general increase in
mortality has been reported in recent decades in
most areas of the former Soviet Union, and this
must be taken into account when interpreting the
results of the accident-related studies.



Rizika jimz je €lovek vystaven (pocty umrti za
rok na1 000 000 osob)

Cardiovascular disease 4780
Cancer 1700
Motor accidents 220
Home accidents 150
Homicides 100
Fire 30
Drowning 30
Poisoning 13

Radiation effects (per rem) (100 rem =1 Sv)

Aircraft crashes

Lightning

9
8
Electrocution 6
1
1

Animal and insect bites




Tretina kancu v saskych lesich je tak radioaktivni, ze nesmi na talir

LN 4

Na Sumavé ziji radioaktivni divodaci, mize za to houba
RIRNBAKtivni kanci ziji i v Cesku. Lidé se ale bat nemusi, fika expert

®)

ation of Chernobyl's radiation

137Cs:
fyzikalni poloCas 30 let
biologicky poloCas 13

Avnim zdrojem
radioaktivity je podzemni
houba jelenka obecna
(kontaminovana
cernobylskym spadem,
hlavné v oblastech, kde
zrovna prselo)

EU limit: 600 becquereltu na kilogram masa, néktera kusy prekroCily hodnotu az 10x



DAVKY PRO OBYVATELSTVO Z JADERNYCH KATASTROF VSAK
STALE JEN MINIMALNI VE SROVNANI S PRIROZENYM POZADIM

Rozdéleni davek obyvatelstvu

prodni
radiormaklidy +

téle clowveka
2%

spad 'iem-:-b].rl
0.5 %
kosnucka
14 %

(z toho wpusti JEZ.. 0.04 %)



KATASTROFA V CERNOBYLSKE JADERNE
ELEKTRARNE

20 IR NAS INFORMOVALA MEDIA

Havarie reaktoru

MOSKVA — Rada ministed SSS5R vEara
oznamila, %8 na Cernobylské jadernd alek.
trarnd doilo k havdril, ptl niZ byl podko.
200 Joden z reaktord. Jsou podnikdny keo.
Ky K odsirandnl nésledkd a postilenym je
poskytiovdna pomoc. Byia yyivaFfana viddni
komise. Havirle v Cernobylské jadernsé
elekirdrné fa prvnf havdrll tohoto druho v
535K, V- jinfch zemich do¥lo ¥ podobnfm
incldentlm nejednou.* Podle® adajd spole-
Censké organizace Kritickd masa’ byld m).
v USA fen v roce 1979 zaznamendno 23
havarlf, poruch a {intch zdvad.

— =




Stary sarkofag uz byl na spadnuti, coz by znamenalo dalSi katastrofu...



Kryt je 150 metru dlouhy, 260 metru Siroky a 105 metru vysoky. Bylo
nutné jej postavit vedle elektrarny, protoze primo nad 4. blokem je velmi
silna radioaktivita. Jakmile byl hotov, tak se ,nasunul® nad chatrajici stary
sarkofag. Stalo se tak v zavéru roku 2016. Nyni se jeSté dokoncCuji prace
na hermetickém utésnéni. Je to ejvétsSi pohybliva stavba vlbec




KATASTROFA JADERNE ELEKTRARNY
WVEFUKUSHIWVIE

+ Silné zemétreseni (8.9, 7, 6.6) + obfi tsunami

* >19 000 lidi zemrelo

* Havarie v JE Fukishima-1

» Pfes 150 000 obyvatel evakuovano

» prozatim nebyla potvrzena zadna umrti nebo nemoci
zpUsobené ozarenim

» Vice nez 1000 evakuovanych obyvatel zemrelo na
nasledky samotné evakuace, at jiz kvuli pokrocilému
véku, nebo z ddvodu chronickych onemocnéni

 http://euroradio.fm/en/report/earthquake-and-tsunami-
destroyed-fukushima-1-npp-japan-1-year-ago-101937




| ‘Chelyabins
Kazakhstan



MAJAK

Majak (rusky: Mask, jinak téz Kystym, rusky: Kbiwtbim) je kombinat pro
zpracovani radioaktivnich materialt vybudovany pobliz meésta Ozjorsk
(O3épck) v Celjabinské oblasti v byvalém SSSR, dnes v Rusku.

V zavodé doslo 29. zari 1957 k technogenni havarii s rozsahlym unikem
radioaktivnich materialt do okoli, zejména do feky Te€a (Teua). Havarie vznikla
v dusledku tepelné destrukce zasobniku vysoce radioaktivniho materialu
(pravdépodobné koncentratu kobaltnatych soli) v dusledku poskozené chladici
soustavy a material proniknul az do vodotece.

Majak byl postaven v letech 1945 az 1948 v rychlosti a v naprosté tajnosti
spolu s mestem Ozjorsk vézni z pracovniho taboru Gulagu, ktery lezel na misté
dnesniho Ozjorsku, jako soucCast sovetského jaderného programu. Zavod se
tehdy jmenoval Kombinat Cislo 817 (KombuHaT Ne 817) (do roku 1967) a mésto
Zakladna-10 ( baza-10). 19. Cervna 1948[2]zde spustili prvni rusky reaktor A-1
(pfezdivany Annuska (AHHyLwKa), ktery vyrobil i palivo pro prvni ruskou
atomovou bombu RDS-1.

Béhem provozu zavodu se zde stalo mnozstvi havarii a nehod, které znacné
znecistily okoli. Nejhorsi z nich byla havarie v roce 1957 se stupném vaznosti 6
na 7-dilné stupnici jadernych havarii INES.
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MAJAK

K nejhorsi z mnozstvi havarii doslo 29. zari 1957 v 16:20 mistniho Casu,
kdy vybuchla nadrz, ve které se skladovala smés acetatu a nitratu sodnych,
vCetné nitratl vSech moznych radionuklidu. K vybuchu doslo nasledkem
odpareni chladici vody, bez které se nadrz zahrala na 350 °C. Chemicky
vybuch pfiblizné 70—-80 tun smési rozptylil asi 20 M Ci radioaktivity do vysky
1km, z Cehoz asi 90% dopadlo v nejblizS§im okoli a zhruba 2 MCi se
rozptylilo na nékolik stech CtvereCnich kilometrech ve "vychodouralské
radioaktivni stopé" smérem na severoseverovychod.[4] Havarie je
povazovana za treti nejrozsahlejsi radiacni havarii ve svetovem méritku
(pfedCily ji pouze Cernobylska havarie a Havarie elektrarny Fukusima ).
Béhem rozvoje havarie a jeji likvidace byly ozareno nekolik tisic lidi.



MAJAK

Od roku 1948 odkdy je zavod v provozu se zejména v prvnich letech
vypoustélo hodné radioaktivni odpadni vody, obCas pfimo vyuzité na
chlazeni jaderného paliva do mistni freky TeCa. NebezpecCny odpad se tak
ukladal do pudy na bfehu. Obyvatelé byli vystaveni zafeni a poziti
radioaktivnich izotopu (jako napf. 90Sr). Nejvétsi znecisténi probihalo
béhem let 1950 a 1951.[3] Bfehy rfeky obyvalo cca 100 000 lidi. Pro
omezeni Sifeni nuklidu byly na fece TeCa vybudovany dvé prehradni nadrze
— objekt N10 v roce 1956 a objekt N11 v roce 1960. Tyto dve nadrze spolu s
tremi jiz existujicimi obsahuji odhadem aktivitu 2x106 Ci. Dnes se
vynakladaji velké zdroje na jejich likvidaci. Je zajimavym faktem, Ze
nehledé na pritomnost radiaCni stopy a samotného zpracovatelskéeho
podniku je radiaéni pozadi v Ozersku niz$i, nez Celjabinsku, Jekatérinburgu
nebo v Moskvé a pohybuje se v hodnotach kolem 80—-100 nSv/hod. VySSi
uroven vykazuje feka TeCa, kaskada vodojemu dolu po proudu a brfehy v
Sifce nékolika kilometrd. Vysvétlenim muze byt vitr, ktery vane na
severoseverovychod (ur€ujici i tvar a smér vychodouralské radiacni stopy),
priéemz Ozjorsk a Kyst jsou na zapad od zavodu a také to, Ze jsou proti
proudu znecisteneé rekou TeCou, kde uz takové priznivé hodnoty namerené
nebyly.



MAJAK

* Do rozsireneé kohorty osob sledovanych v
ramci vlivu havarie bylo zahrnuto 29 873
osob, narozenych pred rokem 1950 a v
letech 1950-1960 pobyvajicich na brezich
reky TecCa. Pro vetsinu osob zarazenych
do této kohorty jsou k dispozici udaje o
jejich zdravotnim stavu a pricinach umrti.
Ty zahrnuji 1842 pfipadu umrti na
nadorova onemocneni a 61 umrti na
leukemie.






OBDOBI SKEPSE AZ RADIOFOBIE

Skutecné nasledky ale i medialni anti-kampan

Tretina kancl v saskych lesich je tak radioaktivni, Ze nesmi na talif

Na Sumavé ziji radioaktivgi divocaci, mliZe za to houba jelenka
Radioaktivni kanci ziji i v Cesku. Lidé se ale bat nemusi, rika expert

)
ation of Chernobyl's radiation
137Cs:

fyzikalni polocas 30 let
biologicky polocas 13 dni

hlavnim zdrojem
radioaktivity je podzemni
houba jelenka obecna
(kontaminovana
cernobylskym spadem,
hlavné v oblastech, kde
zrovna prselo)

EU limit: 600 becquereld na kilogram masa, nékterd kusy prekrocily hodnotu az 10x
Problém (pouze/zejména) u nékterych myslivct >40 kg masa
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< + Minor release of radioactive material unlikely to + Fuel melt or damage to fuel resulting in more than 0.1% release
4 Accident with Local result in implementation of planned of core inventory.
Consequences countermeasures other than local food controls. + Release of significant quantities of radioactive material within an
+ A least one death from radiation. installation with a high probability of significant public exposure.
* Exposure in excess of ten times the statutory * Mear-accident at a nuclear power plant with no
annual limit for workers. safety provisions remaining.
* Non-lethal deterministic health effect. * Lost or stolen highly radioactive sealed source.
3 Serious Incident * Exposure rates of > 15v/h in an operating area, * Severe contamination in an area not expected by
* Misdelivered highly radioactive sealed source design, with a low probability of significant public
a without adequate procedures in place to handle it.  exposure.
=
. + Exposure of a member of the public > 10 mSv.  * Significant failures in safety provisions but with no
o + Radiation levels in an operating area > 50 mSv/h. actual consequences.
E 2 Incidant » Significant contamination within the facility into * Exposure of a worker in excess of the statutory annual
an area not expected by design, lirmiits.
* Inadequate packaging of a highly radioactive  * Found highly radioactive sealed orphan source, device
sealed source. or transport package with safety provisions intact.
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GLOBAL NUCLEAR INCIDENTS SINCE 1956 COUNTRY

Year - Location - Scale

BRITAIN
2005 Sellafield 3 !
CANADA 1957 Windscale Pile § = RUSSIA & - JAPAN
1958 Chalk River 5 SWEDEN “g . e 1957 Kyshitym 6 2011 Fukushima 7
s 2006 Forsmark 2 a0 =U1993 Tomsk 4 1999 Tokaimura 4
U.S.A. - o UKRAINE 1981 Tsuraga 2 g
1979 Three Mile Island 5 E?EEHEEELEUFM dos Eauxq 1986 Chemnobyl 7 1999 Ishikawa 2 %
1993 Cadarache 2 TURICE VS
BiSRIN 1999 Ikitelli 3
1989 Vandellos 3 SEOVAIIA _
BELGIUM 1877 Jastovske Bohunice 4
2006 Fleurus 4 HUNGARY
BRAZIL 2003 Paks 3
Sl 5 INES SCALE*
SgEEnY T 7 M Major

1992 Yanangio 3 :
J Aﬂcidenll 5 Serious

5 [ With wider consequences
4 | With local consequences

~ ARGENTINA 3 Serious incident
2005 Atucha 2 9 Incident " Internalional Nuclear and
Radiclogical Event Scale
Sowrce: Infernational 18 Anomaly

Atomig Energy Agency L) REUTERS



Majur Nuclear Disasters Around the Wurl

April 26,1986
-Chermbyl, Chernobyl Ralon (Now Ivankiv Ralon), | L

_—

T P T Kiev Oblast, Ukrainian 55R, Soviet Union

> ' October 10, 1957 .
Sellafield aka Windscale fire, il - :
| Cumberland, (United Kingdom) __— —-i - ‘\ j Harch 11,2011
! September 29, 19 5?" Fukushima, |
. January 21, 1969 V \ . . Mayak, Kyshtym {apan)
e i | Lucens reactor, Vaud, = m_] :
g | (Switzerland) \ L : fi
January 3,1961 \ Tt R September 30,1999
Idaho Falls, Idaho, March 28, 1979 January 5, 1976, Ibaraki Prefecture,
(United States) Three Mile Isiand February 22, 1977 (Japan)
Pennsylvania " Jaslovské Bohunice, \
(United Stm.e;} (Czechoslovakia) |
]
|
a 1,500 B-DEIEI Miles
: T . T +
] 1,500 3000 Kilometers
Date Location of Accident Dead INES Level
March 11, 2011 Fukushima, lapan i 7
April 26,1986 Chemaobyl, Chernobyl Raion (Now Ivankiv Ralon),
Kiev Oblast, Ukrainian 55R, Soviet Union 53 7
September 29, 1957 Mayak, Kyshtym, Russia PA 3
October 10, 1957 Sellafield aka Windscale fire, Cumberland, United Kingdom 0 5
Januar;_qr 21_, 19{:9 Lwl:\?n:'t reactor, Waud, Switzerland i 0 _5
March 28,1979 | Three Mile Island, Pennsylvania, United States 0 5
February 22, 1977 Jaslovske Bohunice, Czechoslovakia [i] 4
lanuary 5,1976 laslovske Bohunice, Czechoslovakia pi 4
September 30,1999 | |baraki Prefecture, lapan 2 4
lanuary 3, 1961 | Idaho Falls, Idaho, United States 3 4
)
g -

Copyright © 2018 www.mapsofworld.com Robinson Projection




I Rating nuclear danger

Selected events, INES® scale, 7=maximum

Level Place Year Incident

Chernobyl, Ukraine 1986 An explosion and a fire in the reactor core at the Chernokbyl
nuclear power plant sent a radioactive plume across large swathes
of Europe. Chernobyl remains easily the worst nuclear accident
in history

Fukushima, Japan 2011 Fallowing an earthquake and a tsunami, a series of partial core
meltdowns and a fire in a fuel pond at the Japanese Fukushima
Dai-ichi plant caused fluctuating releases of radiation into the
sea and the surrounding countryside

Kyshtym, Russia 1957 A failed cooling system caused an explosion that destroyed a tank
containing 70-80 tonnes of liquid radioactive waste at a waste-
reprocessing plant. Current best estimates suggest that more than
10,000 people received significant doses of radiation

Windscale, Britain 1957 The core of a reactor at Windscale in Cumbria
(now called Sellafield) caught fire; the plume of smoke deposited
radiation across the surrounding countryside and parts of Europe

Three Mile Island, 1979 A stuck valve led to a partial core meltdown at a Pennsylvania

United States nuclear power plant. Despite the severity of the accident,
comparatively little radiation was released
Goiania, Brazil 1987 Thieves stole a canister of highly radicactive caesium chloride used

in nuclear medicine from an abandoned hospital. It ended upina
scrapyard, exposing many people to high doses. Four subsequently
died from radiation sickness

& Tokaimura, Japan 1999 Nuclear workers were preparing a batch of fuel for an experimental
reactor. Fuel stored in a tank accidentally reached "critical mass”,
began undergoing nuclear reactions and emitted enough radiation
to Fﬂll two wnrke

3 o Eell.aﬁeLd,Bntam o ECIEIE Eh.'er ED tunnes Dfnuclear quL dl5snL1.rEd in n1tnc aml leaked I'mm
a pipe at a nuclear reprocessing plant, on the same site as the 1957
Windscale fire. None made it out lntu the mder BNV mnment

-----------------------------------------------------------------------------------------------------------------------------------------

2 Forsmark, Sweden 2006 A reactor was shut down I‘nllamng an electrical fault. Two of four
back-up diesel generators, designed to power the cooling systems
in an emergency, failed to start properly

Gravelines, France 20049 A bundle of nuclear fuel got stuck during an operation to replace
fuelin the core of a reactor. The reactor building was evacuated,
but no radiation was released

Sources: IAEA: The Ecanomist *International Nuclear and Radiological Event Scale
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K havarii v jadrovej elektrarni Jaslovske
Bohunice, pri ktorej zahynuli dvaja ludia a
do ovzdusia uniklo znacné mnozstvo
radioaktivneho oxidu uhliCitého, prislo 5.

januara 1976.



Jaslovské Bohunice |.

Co sa stalo v roku 1976

Dna 5. januara 1976 vymienali v prvom bloku elektrarne A1 palivo. Pri vymene jedného
palivoveho Clanku, ktoru technici robili poCas prevadzky, vystrelil clanok do vysky, narazil na
Zeriav a rozbil sa. Po vystreleni Clanku zostal otvoreny technologicky kanal a do reaktorovej saly
zacal unikat’ oxid uhli€ity, pouzivany na chladenie reaktora.

Pracovnici, ktori clanok vymienali, museli zo saly okamzite utiect, pretoze by sa zadusili. V sale
vSak zostal otvoreny technologicky kanal, ktorym chladiaci plyn unikal do ovzdusSia.

Zabranili tomu najhorsiemu

Keby sa kanal nepodarilo utesnit v priebehu 30 az 60 minut, vSetok plyn by unikol do vzduchu,
nebolo by ¢im chladit’ reaktor a teplota v nom by stupala na uroven, kedy by sa zacali tavit
ostatné palivové Clanky. V tom pripade by sa v elektrarni v Jaslovskych Bohuniciach mohlo
odohrat to, o sa o desat rokov stalo v Cernobyle.

Upratat’ zvysky rozbitého palivového Clanku a upchat otvoreny kanal sa podarilo dvom mladym
zamestnancom elektrarne, ktori tak zabranili najhorSiemu.

Nehoda si vyziadala zivoty dvoch likvidatorov jadrového odpadu. Ti totiz pracovali v podzemi,
nestacili pred smrtiacim plynom vybehnut cez zamknuté unikové dvere a udusili sa. Neskorsie
vySetrovanie ukazalo, ze dvere boli zamknuté kvoli zamedzeniu kradezi.

Do ovzdusia unikli radioaktivne latky

Pocas havarie uniklo do okolia elektrarne 1011 Bq aerosolov a 109 Bq radioaktivnych izotopov
jodu, 11 km severne od Jaslovskych Bohunic namerali 480 Bqg/kg cézia-137 v trave a 407 Bqg/kg
j6du-131 v kukurici.



Jaslovskeé Bohunice |l.

JASLOVSKE BOHUNICE A-1 (CSSR 1977)

K havarii tézkou vodou moderovaneho a plynem (CO2) chlazeného reaktoru Cs.
jaderné elektrarny A -1 s vykonem 103 MWe doslo po Ctyrletém ovérovacim provozu
22. unora 1977 pfi vyméne paliva. Ve snaze urychlit vyménu palivového Clanku, aby
nedoslo k samovolnému odstaveni reaktoru, neodstranila obsluha jeho ochrannou
silikagelovou vlozku. Ta v kanalu znemoznila pritok chladiciho plynu a palivo se
zacalo tavit. Kdyz se protavila i kanalova trubka, dostala se do primarniho okruhu
téZka voda. Rychlou erozi narusila povlak ¢tvrtiny z 570 zaloZenych ¢lankad.
Radioaktivni zplodiny zamofily primarni okruh a pfes netésnosti parogenerator doslo
i ke kontaminaci sekundarniho okruhu parovodd, turbiny a kondenzatoru. Ani zde
nebyl nikdo zranén nebo nadmérné ozaren. ProtoZe pod natlakem SSSR se musela
nase jaderna energetika dale orientovat jen na sovétské vodo-vodni reaktory, nebyl
provoz A-1 uz obnovovan. Likvidace zarizeni konCi teprve v sou€asné dobé.



Risk of heavy contamination (%/yr)
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Global risk of radioactive contamination. The map shows the annual probability in
percent of radioactive contamination by more than 40 kilobecquerels per square
meter. In Western Europe the risk is around two percent per year. Daniel Kunkel,
MPI for Chemistry, 2011



RISKS

 Based on new calculations from scientists
at the Max Planck Institute, the likelihood
of a nuclear accident is far greater than
previously thought. The research shows
that nuclear accidents, such as core
meltdowns, may occur every 10 to 20
years, 200 times more often than

estimated in the past.

 https://scitechdaily.com/likelihood-of-nuclear-accident-
200-times-greater-than-previously-thought/



ATMOSPHERIC NUCLEAR TESTS (1945 - 1980)
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UCINKY A OCHRANA PROTI UCINKY IR NA BUNKY A MOLEKULY

NiZKYM DAVKAM IR Karcinogeneze
Reparace DNA
MAKROSKOPICKE UCINKY IR Non-target effects (Bysteander e.,
OCHRANA PROTI VYSOKYM genomova nestabilita)

DAVKAM IR

Mol-gen. priciny
radioresistence/sensitivity

IBCT

Radiosensitizace na molekul. drovni
Radioprotekce — nizké davky
Radioprotekce vysoké davky

Energetika

Radioterapie

Studena valka,

Project Manhattan,
Hiroshima + Nagasaki

Vesmirné lety

“Radium Girls“
procitnuti, uvédomeéni si negativnich
ucinkd

Terorismus (dirty bombs)
Studena valka 2; S. Korea, Iran

Fukushima Daichi

Nové typy radioterapie

Obrovsky rozvoj na poli vypocetni techniky
Obrovsky rozvoj mol.-biol. vyzkumnych metod

Vseobecné nadseni,
RADIOAKTIVITA — |ék pro vSechno

Objev radioaktivity

Obrovsky rozvoj technologii (urychlovace,...)



Podet tumrti

Cinnost na I milion
ebyvatel za rok
Dobrovolna rizika
Koureni (20 cigaret denné) 5 000
Piti (jedna ldhev vina denné) 75
Jizda na motocyklu 20 000
Automobilové zavody 1 200
Horolezectvi 140
Rizeni automobilu 170
PouZivini antikoncepinich pilulek 20
Nedobrovolna rizika
Piejeti automobilem (Velka Britanie) 60
Povodné (USA) 2.2
Zemétfeseni (Kalifornie) 1,7
Tornada (stfedni zapad USA) 22
Bouie (USA) 0.8
Pfirodni katastrofy celkem I
Zficeni letadla (Velka Britinie) 0,02
Vybuch tlakovych nadob (USA) 0,05
Unik z jadernych elektriren (na hranici pozemku elektrimy -USA) 0,1
Emise oxidu sifi¢itého 3
Protrzeni hrazi (Holandsko) 0,1
Chfipka 200

Tabulka 1: Dobrovolnd a vaucend rizika



Rizika jimz je Clovek vystaven (zkraceni zivota
ve dnech pri urcéitém zaméstnani)

Industry AVE. ESTIMATED
DAYS LOST

Mining 328
Construction 302
Agriculture 277
Radiation dose of 5 rem/yr 250

for 50 years

Transportation/Utilities 164
Government 55




Uéinky zafeni na organismy
- odhad rizika -

» kazde zareni ma jiny biologicky ucinek
(RBU)

» a téz kazdy organ (typ bunék) jinak
citlivy ke vzniku nadoru

 casto komplikovano kombinaci vnejsiho
a vnitrniho ozareni



Uéinky zafeni na organismy
- odhad rizika, RBU -

Odhad biologického ucCinku s ohledem na vlastnosti zareni

a: nabité (2+) velké Castice, velmi silne ionizujici zareni — mnoho
poskozeni na trase pruletu Castice tkani (ionizaCni kanal)

RTG a y: vysoka pronikavost, ale ve srovnani s alfa mnohem mensi
poskozeni podél drahy pruletu

B: nabité a Casticové povahy jako alfa, e- je vSak oproti alfa maly a
pronika hloubegji do tkané. Biologicky ucinek je blizSi zareni gama.

Pro kvantifikaci relativniho biologického ucinku ruznych druht zareni

byl zaveden tzv. tkanovy radiacni faktor W, nékdy téz nazyvany

jako relativni biologicka ucinnost RBU (relative biological
efficiency, RBE)



RADIACNI VAHOVY FAKTOR

Druh zareni W

Fotony a elektrony vSech energii 1

(gama, RTG, beta)
Neutrony s energii 10 keV 5
+ protony

Neutrony s energii 10 - 100 keV 10
Neutrony s energii 0,1 - 2 MeV 20
Neutrony s energii 2 - 20 MeV 10
Zareni o 20
tézké ionty >20




- odhad rizika, RBU, ekvivalentni davka -

« pro odhad deterministickych ucinku (kromé nemoci z
ozareni se tykaji ozarené oblasti téla) se pouziva tzv.
EKVIVALENTNI DAVKA H- (ekvivalentni davka pro
organ T):

Hr = Dg X Wg

H pro organ T (napf. CoCku) = absorbovana davka zareni R v organu T x radiaCni vahovy faktor

[WR je bezrozmérny, rozmeér je tedy J/kg = Gy, pro odliSeni vsak
zavedena jednotka Sv (Sievert)] starsi jednotkou byl rem = 0,01 Sv

« Jednotka Sv tedy jiz zohlednuje biologickou u€innost toho kterého zareni a upfesnuje tak
odhad moznych nasledku ozareni

« Z biologického hlediska ma rozliSovani Gy a Sv vyznam pro davky do cca. 10 Gy. Od této
hranice je jiz rozdilny efekt riznych zareni zanedbatelny oproti efektu vyplyvajicimu z
davky — jednotka Sv od této hranice ztraci vyznam a uziva se Gy

« Je-li Clovék ozaren vice druhy zareni zaroven (napf. gama a neutrony), jednotlivé davky
H;g se pro dany organ T scitaji (Htg(y) + Hyr(n0) atd.)




- odhad rizika, RBU, davkovy ekvivalent -

z hlediska biologickeé ucinnosti je obdobou ekvivalentni davky
davkovy ekvivalent (H):

H = soucin absorbované davky a jakostniho Cinitele (Q), ktery je
funkci linearniho prenosu energie Q(L)

jednotkou je opét [Sv]

H=DxQ[Sv]

POZNAMKA: rozdil mezi radiacnim vahovym faktorem a jakostnim
Cinitelem spociva v jejich definici, Ciselné si vsak viceméné
odpovidaji. Wg odrazi zavaznost biologickych ucinkl vyvolanych
zarenim a je nespojity, zatimco Q odrazi ionizacni vlastnosti zareni
a funkce Q(L) ma spojity charakter.

Z biologického hlediska si tedy ekvivalentni davka a davkovy
ekvivalent Ciselné odpovidaji



- dalsi veliciny pouzivané v radiacni
ochrane -

- Osobni pronikavy hloubkovy davkovy ekvivalent Hp(10)

(jednotka Sv) - je soucet davkovych ekvivalenttu od ruznych druht
zareni v mekké tkani v hloubce 10 mm pod povrchem téla (povrch
organu). Tato veli€¢ina muze byt méfena dozimetrem na povrchu téla
pokrytym tkani ekvivalentnim materialem vhodné tloustky.

- Osobni povrchovy davkovy ekvivalent Hs(0,07)

(jednotka Sv) - stejna def. jako Hp(10) pro hloubku 0,07 mm pod
povrchem téla (hloubka zivé ¢asti kize pod zrohovatélou vrstvou).

- Kolektivni efektivni davka (S, KED)

suma davek vSech ¢lenl analyzované skupiny (pracovnikl s IZ v
daném podniku apod.)

jednotka Sv, zejména v anglicky psané literature se Casto uvadi
manSy, coz je Sievert kolektivni davky




- odhad rizika stochastickych ucinku,
efektivni davka -

 pro odhad stochastickych ucinku 1Z je nutné stanovit
davku absorbovanou vSemi ozarenymi organy a tuto
davku korigovat na citlivost prislusného organu k |Z

. zavadi se proto tzv. EFEKTIVNI DAVKA (E)
E=ZT1HwaT=2TZwaRwa

kde E je efektivni davka, H; je ekvivalentni davka a wy je tkanovy vahovy faktor
w+ je bezrozmérny a jednotkou je tedy opét Sv (Sievert)

suma wy pro vSechny organy = 1

wy vyjadruje relativni riziko vzniku stochastickych poSkozeni v organu T

Efektivni davka - soucet absorbovanych davek vazenych jak
s ohledem na biologickou ucinnost zareni (soucet ekvivalentnich

organy
zahrnuje jak davky z vnéjSiho ozareni, tak i z vnitini kontaminace



Radiacni ochrana — vypocet efektivni
ekvivalentni davky

Tkanove vahove faktory pro stanoveni efektivni davky

bladder 0.05
bone surface 0.01
breast 0.05
esophagus 0.05
gonads 0.20
liver 0.05
skin 0.01
thyroid 0.05
everything else 0.05

whole body 1.00



RADIACNiI OCHRANA - zakladni veliginy

meritelnost |tyka se: hodnoti
riziko:
DAVKOVY ANO davky v nema biologicky
EKVIVALENT referencnim bodé smysl
(dozimetr)
(H, Sv)
EKVIVALENT | pouze davky vdaném | deterministické
NI DAVKA vypod&tem organu ucinky
(Hp, Sv)
EFEKTIVNI | teoreticky ano, |celého tla stochastické
DAVKA prakticky ne* | (Soucetdavek | gginky
E S pres vSechny
( ’ V) organy)

* museli bychom mit detektor ve tvaru organu, ze stejného materialu jako organ atd.




VNITRNi KONTAMINACE- odhad rizika,
UVAZEK EFEKTIVNI DAVKY -

vnitfni kontaminace je vzdy velice nebezpecna, jelikoZ odpada ochrana vzdalenosti,
stinénim i Casem

(viz. napt. 21°Po ,proslavené” pfipadem Litvinénko — témér vyluéné alfa-zafic,

0.6ug ?1°Po odpovida davce po ingesci fadové nékolika Gy)

Jakmile je radionuklid pritomen v téle, jeho biokinetika je velmi slozita
a k jejimu popisu je tfeba zaveést zjednodusujici predpoklady.

Kinetika radionuklidu je vzdy ur€ovana jeho chemickou formou
a fyzikalné chemickymi vlastnostmi.

Vigewviiv s

a ingesce, a to jak pro obyvatele, tak pro pracovniky. Dale se mlze radionuklid
dostat do téla pres poranénou nebo neporusenou pokozku.

Slozeni lidského téla: kyslik, uhlik, vodik a velké mnozstvi ostatnich prvku -
témer vSechny tyto prvky maji radioaktivni izotopy, které, kdyz se dostanou do téla,
sleduji stejné biokinetické cesty jako jejich neradioaktivni izotopy. Néktere prvky
(napf. fosfor, j6d, draslik) se podileji na zcela specifickych metabolickych procesech,
Cimz je téz fizena jejich distribuce a transport v téle.




BIOGENNI RADIONUKLIDY

* nebezpelné jsou tedy zejmeéna tzv. biogenni radionuklidy, které
mohou byt v organismu inkorporovany namisto ,fyziologickych®
prvku

Biogenni radionuklidy Prvek Kriticky organ
131] 132 | Stitna zlaza
37Cs > K > svalovina
90Sr Ca kost
T (tricium) celé télo

atd.

Organy, kde se kumuluji biogenni radionuklidy se nazyvaji KRITICKE ORGANY. Kritické
organy mohou akumulavat velké mnozstvi daného radionuklidu, takze vysledna koncentrace
v ném muzee napfiklad 1000x prekrocit koncentraci v sousednim organu. Proto, i kdyZ je
tento organ napfiklad odolny vuci pisobeni IZ, mize byt po kontaminaci pfislusnym
biogennim radionuklidem snadno poskozen.



Problemy vypoctu davek z vnitrniho
ozareni

Z uvedenych hledlsek e odhad davek Z vnltrnlho ozarem ponekud

A V&b ad

duvody:
« davky z vnitrniho ozareni nelze merit primo

 distribuce radionuklidu v téle muze byt velmi nehomogenni
« davky z vnitrniho ozareni se realizuji v delSim casovem obdobi
« kazdy prvek se chova jinak

« chovani radionuklidu v organizmu zavisi na jeho fyzikalni a
chemické forme a cesté vstupu do organizmu

« distribuce radionuklidu se muze casem meénit; jsou-li pfitomny nebo
vznikaji-li dceriné radionuklidy, jejich konetika v organizmu se muze
liSit od kinetiky radionuklidu materskeho

 Tyto problemy se resi matematickym modelovanim chovani
radionuklidu v organizmu.



VNITRNI KONTAMINACE- odhad rizika,
UVAZEK EFEKTIVNI DAVKY -

VELICINY POPISUJICI VNITRNIi KONTAMINACI

Ozarovani_organt_a_tkani je nerovnhomérné a ¢asové proménné v zavislosti na
postupné zmené obsahu radionuklid( v jednotlivych ¢astech téla vnitinim
transportem a radioaktivni pfeménou. Ozarovani trva, dokud se radioaktivni latka
vylou¢enim nebo pfeménou z téla neodstrani (coz vSak zcela nenastane nikdy)

BIOLOGICKY POLOCAS Tg

- doba, za niz mnozstvi radioaktivni latky v téle klesne vyluCovacimi procesy na polovinu

EFEKTIVNI POLOCAS T,

- je to polocas, ktery zohlednuje jak fyzikalni polo€as rozpadu kontaminujiciho
radionuklidu, tak i biologicky poloCas jeho vyluCovani

_tip xTg
P

Te



VNITRNi KONTAMINACE- odhad rizika,
UVAZEK EFEKTIVNI DAVKY -

.MnoZstvi radioaktivnich latek je charakterizovano v jednotlivych fazich postupné tfemi veli¢inami:

-prijem I(t) radionuklidu [Bq]-mnozstvi radioaktivni latky vyjadfené jeji aktivitou A,
které vstoupi nékterou z moznych cest do organismu (inhalaci,ingesci a resorpci intaktni nebo
poranénou kuZzi; v nuklearni mediciné zavedenim pfimo do krevniho fecisté).

RozloZeni prijmu v ¢ase:

- obyvatelstvo - typicky trvaly pfijem inhalaci (produkty radonu), ingesci pres potravinové retezce
(prirodni radionuklidy, globalni spad, havarie jadernych zafizeni)

- pracovnici s I1Z- typicky jednorazovy kratkodoby prijem prfevazné inhalaci (nehoda)
POZN:Dale uvazujeme jednorazovy prijem.

- retence R(t) radionuklidu [Bq]- mnozstvi radioaktivni latky vyjadrené jeji aktivitou A
zadrzovane v celem organismu v ¢ase t po jednorazovem pfijmu I.

Analogicky Ri(t) v i-té ¢asti (organu a pod.)

Casovy priibéh je popsan_retenéni funkci.

-exkrece E(t) radionuklidu [Bq]- mnozstvi radioaktivni latky

vyjadrene jeji aktivitou A, které se vylouci v ¢ase t po jednorazovéem prijmu | nékterou z moznych
cest.

Casovy priibéh je popsan_exkreéni funkci.
-_exkrec¢ni rychlost E'(t) [Bq*s-1] pouZiva se [Bq*d-1]




VNITRNi KONTAMINACE- odhad rizika,
UVAZEK EFEKTIVNI DAVKY -

pfijem {0 — vnittni kontaminace

davky \J

pfikon efektivni

\

pokles aktivity

/777

davky dE/dt

|

E(50) = | E.dt

uvazek efektivni davky za
dobu 50 let od expozice

davkovy pfikon limitné klesa
nikdy nedosahne 0

> roky

50 let od expozice

E(50) E(70)— u déti



