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Ionizujici zareni

e Zareni emitované radioaktivnimi nuklidy
predstavuje proud hmotnych castic resp.
fotonu

e Elektromagnetické nebo korpuskularni
zafeni, které pFi pruniku hmotou vyvolava
ionizaci (musi mit dostatecné vysokou
energii).

e Energie je v rozmezi keV-MeV

e Soucasné dochdazi k excitaci atomu a
molekul prostredi



Druhy ionizujiciho zareni

e Korpuskularni a, B, / I
neutrony

e Elektromagneticke y
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Ionizace vs. excitace
M— M+ + e

M — > MeXCit

e Oba typy interakci jsou velice rychlé
e \/znikaji v pomeéeru 1:2
e Zareni neni omezeno jen na radioaktivni

nuklidy, ale stejné se chova i rtg zareni, castice z
vO n n 7 7 v Y 4
urychlovacu i kosmicke zareni



Ionizujici zareni

e Pro IZ se velice casto pouzivaji i
jiné nazvy

e Jaderné zareni

e Radioaktivni zareni



Jednotky

e Energie sdéelena latce je podstatou vsech
metod meéreni IZ.
e \Velicinou vyjadrujici velikost sdelene energie

je davka zareni:

D = dE/dm
(J.kg?1) - Gray (Gy)

V praxi se merene davky pohybuji v Sirokém
rozmezi



Jednotky

SIMPSONS GUIDE TO RADIATION

.
Gray [Gy] Sieverts [Sv]
Hﬁ;q;?rﬁb [Bﬂlur How brightly How many extra
Cesiur?w ?;'.3:35 Cesium will make eyes will you have
< you glow after glowing?

e Davkovy ekvivalent = davka * konstanta
e Konstanta

- Y le=1
- neutrony = 10
- a=20



Zdroje ionizujiciho
zarizeni?
e Prirozené o Arteficialni

— kosmické — medicina

e expozice roste s e diaanostika
nadmorskou vyskou gn L
terapie, sterilizace

— solarni 5 ,
e zejm. y-zareni — prumyslove
e nuklearni

- pozemské zdroje

e radioaktivni rozpad energetika
pfirozenych radioizotopu e zemédélstvi
(puda a skala) .«

— Radon

e plyn, vznika rozpadem
Radia-226 (z uranu)

e ma nejvetsi podil na
celk. davce ionizujiciho
zareni



Radioactive Seawater Impact Map (update: March 2012)

US Dept of State Geographer
Image © 2012 TerralMetrics ~ e
© 2012 Google (1(}08[(. -
Data 510, NOAA&, U.5. Navy, NGA, GEBCO - :




Chemické ucinky ionizujiciho

rF v y 4
Zarenl
e Nejlepe jsou o o —

’ lonizing Radiation -> : o
prostudovany / Vo
radiacne-chemicke it \
rce v kapalinach water 1= == == e
(mene pak v plynech \\ ’ \degei\c_

a pevnych latkach)

e Pokud voda obsahuje “W \
rozpusteny kyslik, L | o
probiha nasledujici /

+H*  superoxide

rce: \y o}

02 + H —>H02
02 + e- _'Oz_'

Kyslikovy efekt !!



Biologické ucinky ionizujiciho
zareni

e Primé ucinky = prima destrukce
biomolekul

e Neprimeé ucinky = tvorba volnych
radikalu radiolyzou vody

e Schopnost reparace

e Zasahove teorie matematicky
vztah mezi davkou a ucCinkem



Poskozeni DNA

e \/elice zavazny stav

e Poskozeni DNA se
odrazi v syntéeze
poskozenych proteinu

e Reparacni
mechanismy DNA

¢ Rozmnozovaci
schopnosti bunek



http://upload.wikimedia.org/wikipedia/commons/b/b2/Brokechromo.jpg

Eukaryotic Chromosomes

Eukaryotic chromosomes
-linear chromsomes;
-every species has a different number of chromosomes;

-composed of chromatin — a complex of DNA and proteins
-heterochromatin — not expressed
-euchromatin — expressed regions



Cell and Chromatin

Non

dividing In cell division
cell

Hetero _
chromatin

Eu- ..—-"""F 1

chromating

RESTING (:;T?EV;EIE\IIE?G) SRLL CHROMOSOME
INTERPHASE APPEARANCE

S
AV
NUCLEUS PREPARING TO DIVIDE
CHROMOSOME DUPLICATION
DNA REPLICATION
S PHASE OF CELL CYCLE
&
NUCLEUS DURING DIVISION
unduplicated duplicated

chromosome chromosome



Mechanismy poskozeni DNA

Crlludau LI Light loniring Chamical Heplication
Metabalem Expeina Hadialan Expodiire Efrom

r b
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¥ Hase pomision ropair

¥ MLk e Encrinn repall

# Mismalch repair

¥ IDoubde sirard braak repain
¥ Hemoligous
MEGOETIC] nahon




Alkylating agents X-rays
Ceygen radicals

Spontaneous réaction

R l l)b(

IR

L light
UV light X-rays
Polycyclic aromatc Replication Hydroxyurea(Hu)
hydrocarboms (FaHs) &rors Anti-tumor agents

Qg = methyi - Uracil 6-4 photoproducts A-G mismatch Interstrand crosslink
guanine Abasic site Bulky adducts T-C mismatch Double strand breaks (DSB)
8 - Oxoguanine Cyclobutane pyramidine  Small inserton
Single strand breaks dimers Small deletion
Direct Single Base Nucleotide Excision Repair Mismatch DSB8 Repair (DSBR) Checkpoint
Reversal  Strand  Excision (NER) Repair 4 N Signaling
Break Repair 7 . (MMR)  Non-homologous Homologous l
Repair {BER) Global Transcription- End-Joining Recombination Cell
(SSBR) Genomic Coupled (NHEJ) (HR) Cydle
Repair Repair Arrest
(GG-NER) {TC-NER)



Reparacni mechanismy
DNA

axogenaus NOgaN0UE
mamaze K Metabolism “2™399

P \rl_llm a’ re p a ra Ce x!/ t*. rate of DNA damage = rale of repalr
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http://upload.wikimedia.org/wikipedia/en/6/60/Dnarepair1.jpg

Systém oprav chybneho
’ ’ ’ 77 O
parovani bazi u savcu

\Y4 FaRRY; v . 5
Poskozeny retezec DNA obsahuje 3 T
nespravne parovanou bazi (T). wowomsz |
Toto nespravné parovani je rozpoznano

proteinovym heterodimerem MSH6- Vs
MSH2 (MutS o). MutPMsz  (ATP
Proteiny MLH1/PMS2 (MutL a) a PCNA
(proliferacni jaderny antigen) utvori na
DNA strukturu smycky (angl. loop
structure).

Enzymy DNA exonukleaza a DNA
helikaza degraduji tu Cast retézce DNA,  iinseeess

@ o

ktera obsahuje chybné parovani. ; .
Vznikla mezera je poté dopInéna diky \ Fr—
replikaCnimu aparatu spravnou PONA RPA | ¥ DNAlgese
sekvenci bazi. 5 G

F c



Z3avislost I1Z na fadé faktord

e Davka zareni
e Davkovy prikon

e Druh IZ



http://upload.wikimedia.org/wikipedia/commons/4/46/DNA_Repair.jpg

UCinky ionizujiciho zareni
na lidsky organismus

y 4 Fy \Im

e Stochastické ucinky (prahova
hodnota)

e Deterministicke ucinky



Deterministické ucinky

e Jsou takove, které se projevi po
ozareni celého téla, nebo urcité
tkane jednorazové

e Zavislost pravdépodobnosti
vyskytu urcitého poskozeni na
ekvivalentni davce ma esovity
charakter



K deterministickym
G¢inkum Fadime:
e Akutni nemoc z ozareni (radiacni
syndrom)
e LokdIni akutni poskozeni kuze
e Poskkozeni plodu

e Poruchy plodnosti
e Zakal oCni cocky




Stochastické ucinky

e Jsou dusledkem posgkozeni malého
poctu bunék

e Mohou se projevit po
jednorazovém ozareni
podprahovou davkou, nebo pri
chronickém ozarovani tkane nebo
celeho téla



Charakter biologickeho

7 \/a

UCIN

Deterministick\'/

- zavaznost ,ZaVISI (“je
determinovana”) na davce

- manifestace specificka
e poskozeni typickych tkani a
organu
- efekt se objevuje jen
prekroceni pral ové avky

- poskozeni je dusledkem zaniku
velkého mnozstvi bunék

— nastup pfiznakd brzy po expozici
(kré\tﬁélp latence)

- typy:
e akutni radiacni syndrom (ak.
nemoc z ozarenl)
- celotélové ozareni davkou >1Gy
e chronicky post-radiacni syndrom
(celkové nebo lokalné)

- sterilita, katarakta, radia¢ni
dermatitida, alopecie,
endarteritis obliterans,
pneumonitis, ...

e poskozeni plodu in utero

ku

e Stochasticky

- pravdepodobnost roste s
davkou (ne zavaznost!)

- manifestace nespecificka
e poskozeni rliznych tkani a
organu
- plynuly narust rizika bez
‘bezpecné” prahové
davky

- k efektu staci poskozeni
jediné bunky

- manifestace opozdéna
(dlouha latence, typicky
roky)

- typy:
e somatické mutace - nadory
- leukemie, St. Zlaza, plice,
ml. zlaza, skelet
e germinativni mutace (oocyt,
spermie) — vrozeny
geneticky defekt



Stochastickeé vs. Deterministicke
ucinky — grafické znazorneni

UCinky stochasticke d¢inky deterministické

mira uéinku
mira ucinku

prah

Davka (Gy) Davka (Gy)
a b



Akutni radiacni syndrom

e postihuje
hematopoeticky,
gastrointestinalni a
cerebrovaskularni

nd Symptoms

Relative Severity of
Sligns and Symploms
Relative Severity of

Slgns a

systém

— ¢asovy prubéh, rozsah a
zavaznost odstupnovana
podle davky >

Relative Severity of

Slgns and Symptoms
Relathve Severity of

Slgns and Symptoms

deterministicky efekt!!! [
e od nékolika hodin do S
nékolika mésict po
eXpozici



Mortality of Chernobyl firefighters

1 (M1 %

Chemobyl
workers /
20721
death ratc .
T5%
504
" T2
i
25%ar
0/140 1/55 /

] I 2000 4000 OO0 ROO0 | G000
L dose/m=ss

above 4,000 mSv 27/42 died in a few weeks Acute Radiation Syndrome
below 4,000 mSv 1/195 died.

(the curve 1s for laboratory rats, shifted a little)
27 June 2011 Bristol Cafe



3 PLANT WORKERS SUFFERED FROM
ACUTE RADIATION SICKNESS




Akutni radiacni syndrom

Haematopoeticky syndrom (>1Gy)

- 1) retikulocytopenie, lymfopenie + granulocytoza
— 2) granulocytopenie (— immunodeficience)

— 3) trombocytopenie (— krvacivost)

- 4) anemie (— hypoxie)

GIT syndrom (>10Gy)

— casny (hodiny) - nevolnost, zvraceni, diarrhea

- pozdni (dny) - ztrata intestinalni integrity

e malabsorpce, dehydratace, toxemie/sepse, ileus,
krvaceni

Cerebrovaskularni syndrom (desitky Gy)

- bolest hlavy, porucha kognitivnich funkci,
dezorientace, ataxie, kreCe, vycerpani a hypotenze

Kozni

- erytém, popaleniny, edém, porucha hojeni ran

— epilace



Priklady nékterych expozic ionizujicimu zareni

v&etné limita platnych v CR

Expozice
{micro sievert - LSV)
200 000
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Q 9
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Jednotky : LSV
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-l CT - snimek hrudniku

1 000 WSvirok

Obecny limit ozéfeni obyvatelstva
{(mimo lékarské ozareni a ozareni

z pfirodnich zdrojii)

46 WSvirok = JE Dukovany
43 WSvirok = JE Temelin

Auteorizovany limit pro ozafeni z
= yypusti jadernych elektraren

20 ILSvishimek
RTG shimek hrudniku

Pmm e ————
|
|
|

-



Radiation Dose Chart

Thiz iz o chort of the ionizing rodiotion dose o
will have on the calls of the body. One sievsrt
: The sose rumber of sieverts
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Whole-body absorbed dose (Gy)

Phase Symptom
1=-2 Gy 2-6 Gy 6-8 Gy 8-30 Gy =30 Gy
Nausea and
N 5-50% 50-100% 75-100% 90-100% 100%
vomiting
Time of onsef 2-6h 1-2 h 10-60 min =< 10 min Minutes
Duration =24h 24-48h =48 h =48 h N/A (patients die in = 48 h)
Diarrhea Mone Mone to mild (< 10%) Heavy (= 10%) Heavy (> 95%) Heavy (100%)
Time of onsef — 3-8 h 1-3h =<1h <1h
Immediate | Headache Slight Mild to moderate (50%) Moderate (80%) Severe (30-90%) | Severe (100%)
Time of onsef — 4-24 h 3-4n 1-2h <1h
Moderate increase (10- Moderate to severe
Fever Mone Severe (100%) Severe (100%)
100%) (100%)
Time of onsef — 1-3h <1h =<1h <1h
) ) . Cognitive impairment 6— Cognitive impairment = | Rapid Seizures, Tremor, Ataxia,
CMNS function Mo impairment ) o
20h 24 h incapacitation Lethargy
Latent
. 25-31 days 7—28 days < T days MNone MNone
period
Severe leukopenia
i Mausea
) Moderate to severe High fever Vomitin
= mc!derate Leukopenia Diarrhea Severegtliianhea
lliness LEQKDDEHIa Purpura Vomiting High fever N/A (patients die in < 48h)
SHLgLE Hemorrhage Dizziness and g pa
) o ) Electrolyte
Weakness Infections disorientation )
Alopecia after 3 G Hypotension disturbance
= b biE ) Shock
Electrolyte disturbance
Without care 0-53% 5-95% 95-100% 100% 100%
Mortality With care 0-53% 5-50% 50-100% 99-100% 100%
Death 68 weeks 4-6 weeks 2—4 weeks 2 days—2 weeks 1-2 days

Table Sourcel®!




RESEARCH ARTICLE

Cancer Incidence Among 10,211 Airline Pilots:

& (W | | ~a | |

CANCER INCIDENCE AMONG PILOTS—PUKKALA ET AL.

TABLE II. OBSERVED (OB5) AND EXPECTED (EXF) NUMBERS OF CANCER CASES AND STANDARDIZED INCIDENCE RATIOS (SIR)
WITH 95% CONFIDENCE INTERVALS (Cl) AMONC MALE AIELINE PILOTS IN THE NORDIC COUNTRIES,
BY CAMCER 5ITE AND TIME SINCE FIRST EMPLOYMENT.

Time Since First Employment

Whole Cohort 10-19.9 years 20+ Years

Primary Site Obs  Exp SIR a5% Cl1 Obs  Exp SIR a5% Cl1 Obs  Exp SIR 95% C1
ALL SITES* 466 4556 1.02 0.893-1.12 67 69,1 0.97 0.75-1.23 363 3388 107 095119
Stomach 21 218 0.96 0.59-1.47 3 36 0.83 0.17-2.43 16 167 09a 0.55-1.56
Colon 31 329 0.94 (.ad-1.34 5 44 1.14 0.37-2.66 25 2n5 094 0.61-1.39
Larynx 9 7.a9 1.19 0.56-2.29 2 12 1.68 0.20-6.06 f f.00 1.00 037217
Lung a1 665 077 0.57-1.01 1 8.1 012 0.00-0.68 50 5549 0.89 066118
Prostate 64 R29 1.21 0.93-154 3 19 160 0.33-4.67 B0 504 1.19 0.91-1.53
Testis 10 106 0.94 0.45-1.73 8 5.5 1.46 0.63-2.87 3 27 1.09 0.23-3.19
Kidney 14 185 0.76 0.41-1.27 3 3.0 (.99 0.20-2.85 11 14.3 077 0.35-1.37
Bladder 29 338 .86 0.57-1.23 3 41 0.73 0.15-2.13 26 2709 0483 0.61-1.37
Skin melanoma 56 244 2.29 1.73-2.98 15 6.1 245 1.37-4.04 35 13.4 260 1.81-3.62

Head and neck® 7 251 2.49 1.00-5.14 3 0.6 4.68 04895137 3 1.7 182 035532

Trunk® 32 13.7 2.33 1.60-3.30 & 34 2.32 1.00-4.58 21 7.7 272 169416

Limbs® 14 6.12 2.29 1.25-3.584 3 16 1.85 0.35-5.42 10 3.0 3.29 1.58-6.05
Other skin® 27 13.0 2.08 1.74-2.79 2 15 1.37 017496 24 10.6 226 1.45-3.36
Brain/nervous system 18 214 0.84 0.50-1.33 4 54 0.74 0.20-1.90 12 11.0 1.09 0.56-1.90
Thyroid 3 340 0.88 0.15-2.58 — 0.8 — 0.00-4.53 3 1.7 173 0.3-5.05
Leukemia 15 123 1.21 0.68-2.00 3 23 1.28 0.26-3.74 11 79 139 0.70-2.49

Chronic lymphatic

{CLL)* 4 3.58 1.03 0.26-2.64 — 0.5 — 0.00-5.77 4 3.2 1.31 0.3-3.36

Non-CLL? 11 .46 1.30 0.e5-2.33 3 19 1.62 0.33-4.72 7 47 1.50 0.60-3.08

Acute myeloid (AML)® (3] 427 1.41 0.52-3.06 2 09 229 0.25-8.27 4 2a 156 0.43-4.01

Not included above:
Basal cell carcinoma of the

skin® 61 24.8 2.46 1.88-3.16 14 4.4 3.19 1.74-5.34 44 18.5 237 1.72-3.18

Statistically significant SIRs are bolded. For additional cancer categories, see Table A online at www.asma.org.
* Excludes basal cell carcinoma, and in Denmark all non-melanoma skin cancers diagnosed before 1970,

b Subcategory also included in the main category:
“Only Denmark (1979-1996) and Finland (1953-1997).
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Hematopoeticky syndrom

ozareni kostni drene (>1Gy)
vede k exponencialnimu
zaniku bunék -
hematolog|cka Krize

- hypoplazie az aplazie drené +

periferni pancytopenie
(infekce, krvaceni)

subpopulace kmenovych bb
je selektivneé vice
EadloJeZIiltebntnzj 1
pravdépodobné diky prevaze
bb. v G, fazi)

- nezbytne pro regeneraci

anemie je pozdnim dusledkem
(erytrocyty ~120 dni)!
masivni stresova reakce
(glukokortlkmdyP prispivaji k
lymfopenii (cytolyticky efekt)
a paradoxné oddaluji nastup
granulocytopenie (uvolnéni
zasob. granulocytu ze sleziny)

blood elements (%)

Leukocyte Count, cells/mm?

02 4 6789 1012141618202224 26283032 3436 3840
Time since Exposure, d

granulocytes erythrocytes

‘ o C.“‘ o

time (days)



Embryo, fetus, germinativni bb.

e Tehotenstvi — poskozeni plodu in utero

- <3 tydny (blastogeneze)

e “vSe nebo nic”
— genové a chromozomové mutace zpravidla vedou k abortu

- 3. - 8. tyden (organogeneze)
e rUstova retardace

e teratogenni - kongenitalni deformity
— mikrocefalie, mikroftalmie, spina bifida, rozstépy, ...

— 8. - 15. tyden (casné fetalni obdobi)

e mentalni retardace

e zvys. nachylnost k nadorovym onem. u deéti (leukemie)
- pozdéji

e znacna rezistence

e Sterilita

e spermatogeneze - dodasnad sterilita u muzl
e ovaria — nutna velka davka k vyvolani sterility u zen

e Germinativni mutace
— vrozené abnormality



Lecebné ucinky
ionizujiciho zareni

e Teleterapie (°°Co)

e Kontaktni terapie (32P, °0Sr)
e Brachyterapie (°9Co, 13/Cs)
e Endoterapie (Nal31ll)

e Radioimunoterapie



Ionizujici zareni a
medicina

Diagnostika RIA




