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• Radiation protection experts

• Radiobiologists

• Radiation epidemiologists

Biologists

Physicists

Medical Doctors

 Statisticians

Engineers . . . etc.

Is LNT the scientific truth 

even in the quite low-dose rate?

What is "DDREF”  ??

What is

“committed” dose-equivalent ???

Scientists’ Serious Issue on Low Dose Rate Exposure



Hermann J. Muller (1890-1967)
the Nobel Prize in Physiology or Medicine in 1946

・LNT仮説のルーツ
・人工変異原の発見

Science, Vol. 66, p. 84, 1927

キイロショウジョウバエの雄にＸ線照射
Ｘ染色体上における劣性致死突然変異の
発生頻度を調査

遺伝的影響（キイロショウジョウバエ）



広島・長崎原爆被ばくと全固形がん発生リスク

LSS（Life Span Study）



LQ（linear-quadratic）model

E(D) = αD + βD2 

E : the excess effects

low dose-rate:  lim E(D) ≈ αD
D→0

Dose & dose-rate effectiveness factor
DDREF＝(αD+βD2)/αD ＝1 + β/α・D

線量・線量率効果係数（Dose and dose-rate effectiveness factor）

ICRP Pub.60 (1990), Pub.103 (2007) → 2
BEIR Ⅶ委員会（NAS/NRC, 2006） → 1.5 
UNSCEAR 1998                                  → 2～10



PNAS,  Vol. 79(2), 542-544, 1982

72～90R/min
(630～790mGy/min)

0.8R/min
(7mGy/min)

マウス精原細胞にX線やγ線を照射し
７つの遺伝子座における突然変異を調査。
百万匹以上のマウスを用いた。

William L. Russell (1910-2003)

“The large mouse genetics program”

線量率効果（マウス・遺伝的影響）
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Basic concept  of  the Whack-A-Mole (WAM) Model

Mole 

= Mutant Cell

変異細胞
“pool”

変異細胞の出現 変異細胞の排除

Bando M. et al., 

“Study of mutation from DNA 

to biological evolution.”

Int. J. Radiat. Biol. (2019)

in press



The differential equation with respect to “time”, not to “total dose”

F : 変異発生頻度 = Nm / N0

dF

dt
= A – BF

Whack-A-Mole (WAM) Model

A = a0 + a1d
a0 :  自然変異とその増加分 [/hour]

a1 :  追加被ばくによる発生する変異 [/Gy] 

d : 線量率

b0 :  自然細胞死分 [/hour] 

b1 :  追加被ばくによる細胞死 [/Gy] 

変異細胞
“pool”

変異細胞の出現 変異細胞の排除

Nm: 変異細胞数

B = b0 + b1d



experimental data → parameter - fitting

マウス ショウジョウバエ トウモロコシ キク ムラサキツユクサ

a0 [1/hour] 3.2E-08 3.5E-05 N.D. N.D. 2.9E-02

a1 [1/Gy] 3.0E-05 2.0E-03 2.0E-03 6.5E-03 1.6E-01

b0 [1/hour] 3.0E-03 1.4E-02 1.8E-01 4.5E-03 6.9E-01

b1 [1/Gy] 1.4E-01 1.0E-04 N.D. N.D. 1.6E-01

ショウジョウバエマウス トウモロコシ キク ムラサキツユクサ

parameter sets（a0, a1, b1, b2）

Assessing of parameters 



Comparison of WAM-theoretical values and experimental values
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Comparison of WAM-theoretical values and experimental values

実験値

急照射条件

緩照射条件
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(<7.0mGy/min)
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Mouse

a0 [1/hour] 3.24E-08

a1 [1/Gy] 2.94E-05

b0 [1/hour] 3.00E-03

b1 [1/Gy] 1.36E-01

Y. Tsunoyama et al., “Verification of a dose rate-responsive dynamic equilibrium model on radiation-induced mutation frequencies in mice.”

International Journal of Radiation Biology (2019) in press

60 weeks

12.5 hours
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Y. Tsunoyama et al., “Verification of a dose rate-responsive dynamic equilibrium model on radiation-induced mutation frequencies in mice.”

International Journal of Radiation Biology (2019) in press



Solution of WAM equation

dF(t)

dt
= A – BF(t) 

A = a0 + a1d

B = b0 + b1d

F(t) = A/B (1-e-Bt) + F(0) e-Bt

F(∞) = A/B =  

if d is constant  - 線量率が長期にわたって一定である場合

a0 + a1d
b0 + b1d

Prediction by WAM model :  if dose rate (d) is constant …



WAM model prediction 

T. Wada et al.,  Journal of Nuclear Science and Technology, 53,1824-1830. (2016)

M. Bando et al.,  International Journal of Radiation Biology (2019) in press
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M. Bando et al.,  “Study of mutation from DNA to biological evolution.”, Int. J. Radiat. Biol. (2019) in press



WAM model prediction

Mouse

a0 [1/hour] 3.24E-08

a1 [1/Gy] 2.94E-05

b0 [1/hour] 3.00E-03

b1 [1/Gy] 1.36E-01

The parameter sets are given 

from the “mouse” data.

0.1μGy/h, 1μGy/h : the effects are too small to see in this graph.

T. Wada et al.,  Journal of Nuclear Science and Technology, 53,1824-1830. (2016)





WAM model ポータルサイト http://radi.rirc.kyoto-u.ac.jp/wam
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0.10Gy/h, 50h  (D=5Gy)

LQ model

WAM model



0.30Gy/h, 24h X 5times (D=36Gy)
LQ model

WAM model



D = 18Gy

0.03Gy/h,600hours

0.02Gy/h, 900hours

0.01Gy/h, 1800hours

0.06Gy/h, 300hours

0.04Gy/h,450hours

0.00Gy/h

≈ 1500hours (60days)



D = 25Gy

0.1Gy/h, 250hours 0.1Gy/h, 250hours

0.01Gy/h, 2500hours

250h



腫瘍

変異細胞正常細胞

変異細胞

がん細胞

変異細胞

変異

排除

変異

変異・発がん

放射線

WAM model は、がん放射線治療効果の予測にも応用可能



Thank you for your attention.


