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出典：IPA「教育用画像素材集サイト」 http://www2.edu.ipa.go.jp/gz/
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cell (60 Tera)

nucleus

chromosome

part of them are genes



(active oxygen)

Elementary reactions induced by radiation
AB              AB+ + e–

AB              AB*

AB+ + e– → AB*

AB* → A･ + B･

ionization
excitaion

recombination
formation of radicals

(selected)

Reactions in water
H2O              H2O+･ + e–

H2O              H2O*

H2O+･ + H2O → H3O+ + ･OH
e– (+ nH2O) → e–aq
H2O* → H･ + ･OH
H3O+ + e–aq → H･ + H2O

(hydrated 
 electron)

(hydroxyl radical)

(hydrogen radical)

oxygen effect

HO2･ 
O2–･ 
H2O2

(superoxide anion)

(hydroperoxyl radical)

(hydrogen peroxide)



DNA damages due to radiation

Direct effect : direct attack of charged particles to DNA molecules

Indirect effect : attack to DNA molecules by radicals from ionization of water

high-LET radiation

low-LET radiation

LET : Linear Energy Transfer

α-ray

β-ray, γ-ray

（書籍「図解 放射性同位元素等取扱者必携」オーム社、より引用）

(active oxygen)
radicals

 e−, γ     

heavy ions electrons



Seconds（秒）
Minutes（分）

ps（ピコ秒）

μs（マイクロ秒）

absorption of energy from radiation

ionization & excitation of molecules 
production of free radicals

DNA damage

DNA not repairedapoptosis 
disordered  

cell differentiation

DNA repair

physical    
reactions    

mutations 
accumulated

chemical    
reactions

biochemical 
reactions

early-stage 
clinical 
symptoms

late-stage 
clinical 
symptoms

deterministic effects 
impaired hematopoiesis,  

alimentary canal, skin 
infertility 

malformation 
cataract

Chronological changes of vital reactions after exposure to radiation. 

  time

stochastic effects 
cancer, hereditary effects 



Seconds（秒）
Minutes（分）

ps（ピコ秒）

μs（マイクロ秒）

（書籍「図解 放射性同位元素等取扱者必携」オーム社、より引用、彩色）

DNA damage

DNA not 
repaired

deterministic effects stochastic effects

ionization, free radicals

DNA repair

apoptosis
mutations

radiation



Base excision repair Nucleotide excision repair
DNA repair

塩基除去修復 ヌクレオチド除去修復



Homologous Recombination 
DNA Repair  相同組み換え修復

Non-homologous  
End Joining  非相同末端結合修復

DNA repair for double-strand breaking
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Very rarely removal of 
damages in the DNA fails and 

the damages can remain.

(failure to repair DNA)

Apoptosis (programmed cell death) 
fails to work.

p53 gene

captured by the natural immune system
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（自然免疫系）

Very rarely removal of 
damages in the DNA fails and 

the damages can remain.

(failure to repair DNA)

Apoptosis (programmed cell death) 
fails to work.

Natural Killer cell fails to capture 
those 

abnormal cells.

(natural immune system)
benign  良性

malignant  悪性

infiltrative 浸潤性

One or some cancer cell(s) remain(s) by chance.

p53 gene



放射線被曝の確定的影響 線量閾値あり
Deterministic effects of radiation exposure with threshold



Radiation effects to human body
deterministic effects

Radiation causes impediment or disorder of cells and tissues. 
Only at high dose (with threshold). 
Criticality of the disease depend on the dose. 
Accute effect : impaired hematopoiesis, alimentary canal, infertility etc. 
late effect : cataract.

stochastic effects
Caused by DNA damage of cells due to raditaion. 
Most of the damages are repaired, but failure of repair can result in 
cancer after a long period of time. 
The probability increases with dose. (No threshold is assumed.) 
Criticality of the disease is not related with the dose. 
late effect : cancer and hereditary effects for germ cells.

確定的影響

確率的影響

(generative cell)

(not observed for human)

急性影響：造血障害、消化管障害、不妊（生殖細胞）など
晩発性影響：白内障

遺伝的影響はヒトでは観察されていない。

Death : half population killed at 4 Gy, all killed at 7 Gy (acute exposure).
急性被曝

no effect below 150 mSv

500 – 5000 mSv

150 –  
6000 mSv



急性放射線障害 
全身被曝による死亡 

骨髄死   4 Gy 

腸管死   10 Gy 

中枢神経死 20 – 100 Gy以上 

　全身被曝による死亡　

東海村 JCO 事故

チェルノブイリの消防隊員
原爆

（東京大学医学部附属病院放射線科 作見明先生のスライドより借用、一部加筆）

Acute radiation syndrome : Death by full-body exposure

death with impaired hematopoiesis (bone marrow)

death with alimentary canal problem

death with problems in the central nervous system

Accident at JCO company in Tokai-mura village

Firemen at Chernobyl NPP Accident

Atomic Bomb



図　LSS (寿命調査) 集団における固形がん発生の過剰相対リスク（線量別）1958－1998年。 
太い実線は、被爆時年齢30歳の人が70歳に達した場合に当てはめた、男女平均過剰相対リスク
（ERR）の線形線量反応を示す。太い破線は、線量区分別リスクを平滑化したノンパラメトリックな
推定値であり、細い破線はこの平滑化推定値の上下1標準誤差を示す。

（財）放射線影響研究所 データ

図. DS02とDS86による白血病のノンパラメトリックな線量反応、1950－2000年。 
　被爆時年齢20－39歳の人の1970年における男女平均リスク。

solid cancer (carcinoma) leukemia

Epidemiological survey of  
effects due to radiation exposure 

for A-bomb survivors  
in Hiroshima & Nagasaki

80 000 inhabitants + 40 000 control

白血病
固形がん

It is very difficult to deduce decisive conclusions about the effects of low-dose exposure from the 
result of the epidemiological survey, due to statistical uncertainties.
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広島・長崎の原爆生存者に対する
放射線被曝による影響の疫学調査
対象８万人＋対照４万人
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Assumptions:
> No threshold
> Dose response is linear at low doses

Extrapolating cancer risk at low doses

ICRP (International Comission on 
Radiological Protection) accepts 

LNT (Linear Non-Threshold) hypothesis.(  
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Survey of Hiroshima & Nagasaki survivors
give important epidemiological data.
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国際放射線防護委員会 (ICRP) は
線形閾値なし (LNT) 仮説を採用。

Whether the threshold exist or not cannot be
judged from the epidemiological survey because 
of statistical uncertainty, and opinions of the 
specialists vary. 閾値があるかないかは、疫学調査から

統計学的に判断がつかず、意見が分かれる。

Risk assessment for effects  
of low-dose radiation

10% extra of A-bomb survivors with 1,000 mSv 
exposure died of cancer.

原子爆弾などにより1,000mSvを被ばく	
した人全員のうち、10%の人が被曝を	
原因とするがんで死亡している。
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Risk of future 
cancer death for Japanese people:
26% for male, 16% for female.

国際放射線防護委員会 (ICRP) は
線形閾値なし (LNT) 仮説を採用。

Whether the threshold exist or not cannot be
judged from the epidemiological survey because 
of statistical uncertainty, and opinions of the 
specialists vary. 閾値があるかないかは、疫学調査から

統計学的に判断がつかず、意見が分かれる。

日本人の将来の
ガン死亡リスクは
男性が 26%、女性が 16%

Risk assessment for effects  
of low-dose radiation

10% extra of A-bomb survivors with 1,000 mSv 
exposure died of cancer.

原子爆弾などにより1,000mSvを被ばく	
した人全員のうち、10%の人が被曝を	
原因とするがんで死亡している。

線量・線量率効果係数 DDREF = 2

慢性被曝が急性被曝に比べて効果が何分の１になるかの係数
Dose	and	Dose-Rate	Effectiveness	Factor


