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The kerma, K, for ionizing uncharged particles, is the quotient
of dE,, by dm, where dE|, is the mean sum of the initial kinetic
energies of all the charged particles liberated in a mass dm of
a material by the uncharged particles incident on dm, thus

_ iz,

dm

Unit: J kg!
The special name for the unit of kerma is gray (Gy).

.

ol Dot ) :
[N i kinetic energy released per mass |
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The absorbed dose, D, is the quotient of d€ by dm, where d€ is
the mean energy imparted by ionizing radiation to matter of
mass dm, thus

de
dm

D=

Unit: J kg!
The special name for the unit of absorbed dose is gray (Gy).

The absorbed dose, D, is considered a point quantity, but it should be
recognized that the physical process does not allow dm to approach zero in
the mathematical sense.
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In ICRP Publication 9, para.17, the Commission recommended a
value of 1.7 as being appropriate Quality Factor for b*, b~ and e ...
...and concluded that a value of unity is appropriate within the
degree of precision required for the purpose of radiological
protection. (Health Phys. 17, 1969)
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... It is suggested that when MADE is comparable to the maximum

permissible dose, an accuracy of £30% be achieved. (ICRU20,
1971)

... If these quantities are of the order of the relevant annual limits,
the uncertainties should not exceed a factor of 1.5 at the 95%
confidence level. (ICRP35, 1982)

B ORIE - SHADIRZE. HHLE30~50%THN (- - -

(z2)] UzoExT? | W

... However, the formulation given can be subject to various
interpretations including that in which H is considered to
represent risk and to be dimensionless. ... That publication
pointed out that the information on relative radiosensitivity of
the different parts of the body is limited and that a common
scale of hurt or suffering has not been developed.

1t is appropriate, therefore, that for present use, dose
equivalent should be considered to have the same dimension
as absorbed dose and ... (ICRU19, 1973)

UAD%ERY (BUEFEXIT) OTEBRLNEWSERBH O,
UHU. F5BOYEURFRFESNTORL,
T MEHEANERETHD (J-kg!) LEBXINE,

=mEropEEsN | W
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“Operational Quantities for External Radiation Exposure”
(ICRU/ICRP Joint Report, Final Draft, July 2017)

@ EREOEEROLHOEREE
E o BRI RETS
-BUIPY MBS
-BH : EDRRE., EARE
BESAFENCEEDS
A E RN EDE ]
ERRIRLTESL
SRR = MEREONIBE (QK) 10" sttt

Photon energy (MeV)

@ KEFEPEEEORMRIE (FEEIRZE) OBLE, IRIREZE(C
EHBIEICTD (FMIREBICLZEIENSRURIRECLDEEN)
WRORIE (EREBCHIBHRENTL) ORR —ICRPOMVER ?
TREEIGE IV zorBR IR (BRRECRR) T, SE)BRBEZAVTEHEYS ?
1CO. EBHE—EF (EHEEED)

E/ @ (Svem?)
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“The Use of Effective Dose as a Radiological Protection Quantity”
(ICRP, TG79, 2018)

“The Use of Dose Quantities in Radiological Protection”, in press

(FmRE]

Equivalent dose is not required as a protection quantity. It will be
more appropriate for limits for the avoidance of tissue reactions for
the hands and feet, lens of the eye, and skin, to be set in terms of
absorbed dose (Gy) rather than equivalent dose (Sv).

HEHFZEONERLLTE, FMRELVRIVREDH MBI THS

[EHiRE]

E (effective dose) may be used as an approximate indicator of
possible risk, recognising that this is a pragmatic, but unintended,
application of effective dose.
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FARE R & RARICAIT S Webinar (202141 A258)

4% Webinar on effective dose and operational quantities

HEE RIS & A% R (RBE)

Deterministic effects and relative
biological effectiveness (RBE)

P >
‘ PR W&
Hiroshi Yasuda
-
ST R SR BOR R B2 W JE T

Research Institute for Radiation Biology and Medicine Hiroshima Universiy

Q..ST Hiroshima University |

BRI IE < DHEE I

Deterministic effects of radiation exposure

BB AT ST 59

Effects of radiation exposure on human health

BADFRA BUMNELD EL%L\ﬁifJ‘ﬁéb\mL\b\ :

EEMEE
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L EWRREDOHMIZIED S XS

Categorizing based on the presence of a threshold dose

BEHRASADREICREFETEEE. EFRN2I—20
EBULWMHLUTD2202KAlEh5:

- FEE IS (deterministic effects) : L E LVEEAS
HY. ThEVEFLEEENELLEL (RED
85, mMEKAE, FERE) ;

- FEER IS (stochastic effects) : L & LMREAERSH
S, PRVEIE THRECHA L TREN
KELBDEESNhD (RBALERHESE) .

BEREDO BT, BEMZEOREE
MhE. HRMZEORERZRLT L.

The aim of radiological protection is to prevent
deterministic effects and to limit the probability of
stochastic effects to acceptable levels.

THEE RS & TR 8

Deterministic and stochastic effects

TEEMRE RN

(Deterministic effect) (Stochastic effect)

Linear

Severity
Frequency

Threshold V] 4
’

DS——

7
” No threshold

Dose [Gy] Dose [Sv]

. EERRE(E) L RN EE) LRE L OBR.

(ARSI ] &R < TRV ?

Shouldn’t we use the term "tissue reaction"?

Er ST #RREEE S & (ICRP) [X. 2007&E&1& 1<
BT MEEMFE] ITRDHAEE LT MER
RG] AL, TOEAEHEELTELMS. B
BREDZ L FZRITHE CTLRL.

Though the Commission adopted the term ‘tissue
reactions’ to replace the term ‘deterministic effects’,
many of the interested parties have not responded
to their recommendation.
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Dose levels for deterministic effects

>20000 Gy
WE - 0T (T2
AVVREZBICROEES

6 Gy 14BMEICE50%D5ET
4 Gy SOBFEﬁlCSO%D‘EEI‘_‘\
2 Gy BMROMEHD~—
1Gy U/ Vi) —— A

150 Gy Y+ 711 EDHRE

~70 Gy MEIRERHR
(BPAKIE<)

SR 50 mSv BEZADERBRE

10mSv

—— 27 mSv BOEBIRE

BN 5 4 Sy BRMSHEN SOERIEE
100uSv

Lo N005 mSv BIE X IB

1Sy

Courtesy of QST-NIRS

WEE R BDOLEUViE

Threshold doses of selected deterministic effects

xR, ERHEENTE ETDOUSVIRES LUK [ICRP, 2007%].

1A, s R LELiRE B
Bt EMEEEE ~0.5 Gy 3~78
- — BT (8B1%) ~0.15 Gy 3~9E

N KATIE (BH) 3~6 Gy ~3i

. RHNE (1) ~1.5Gy ~18

KA (l) 2~7 Gy ~ 18

— AR E 3 Gy 2~3i8
L] RSATHE 2~6 Gy 14
RREEME 5~10 Gy 2~338

AL Tl P

] 6~20 Gy

FEL= (100%) 1~2i8

g, ES =

R 20 Gy~ _

- (100%) HEL

frimR i D ARSI < ITHE 5 SR

Symptoms after a high-dose whole-body exposure

Prgdrome Nausea, emesis,
(G  diarrhea, etc.

Latent

period No symptoms
ERE)

Oliiielicl | Infection, bleeding,
(FAEHR) dehydration, etc.

Recovery
or death
(E11&/%E )

Fig. Typical time change of appearing symptoms following
a high-dose whole-body radiation exposure.

2B < OBl —BfEk A P —

Example of a whole-body exposure - Tokaimura criticality accident

On September 30, 1999, a serious criticality accident
occurred at the nuclear fuel processing facility of JCO
in Tokaimura, Ibaraki, Japan.

Ibaraki
Prefecture

Pacific
Ocean

Mito

Tokyo

Pacific
y Ocean
P

Courtesy of QST-NIRS

i R FH DA

Cause of the criticality accident

The cause of the accident was “human error and
serious breaches of safety principles” (by IAEA),
as the workers poured the solution containing

235 directly into the sedimentation tank, without

Fig. A photo of the uranium sedimentation tank (left) and an illustration
of the situation of three workers when the accident occurred (right).

Courtesy of IAEA 15

SR SRCTEL S N T AT

Prodromal symptoms observed in the Tokaimura accident

Fig. Prodromal symptoms and those onset times observed
in three workers (A, B, C) who were highly exposed in
the Tokaimura criticality accident.

Major prodromal Time for
ymptoms onset
(E%4H X) (F%R £ T DFFRE)
A Nausea, vomiting <10 min
Diarrhoea <60 min
Loss of consciousness lasted for 10-20 sec.
High fever (38.5 °C)
B Nausea, vomiting About 1 hour
C Nausea Few hours

Courtesy of IAEA & QST-NIRS
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Blood cell counts

Table. Blood cell counts of three high-dose workers (A, B &
C) at few hours after the exposure in the Tokaimura
criticality accident.

Granulocytes Lymphocytes
(FERIER) (1) > /35K)
[cells/mm3] [cells/mm?3]
684
A 21,888 (3%)
127
B 12,446 (1%)
1,495
C 10,005 (13%)
Courtesy of QST-NIRS & IAEA 17

IfiL v B o3 DIRFRIAA

Time changes of blood cell components

Erythrocyte
(FRILER)

Granulocyte

(FEHIER)

Relative cell counts

Lympoh
[UBZ3¢: 3]

0 5 10 15

Time after exposure [days]

Fig. Typical changes of blood cell counts after
0.5~1 Gy whole-body exposure.

BT HTIT X B k- B D Sl

Neutron dosimetry using activation

= /.

—
™~

23Na(n,y)?*Na

=>

Neutrons

In measurement usig WBC, HpGe detector
is better than NaI(Tl) detector, because the
peaks of 2*Na (1369 keV) and 4°K (1461
keV) are overlapping [Momose, 2001].

changes to ?*Na (radioactive) ——

2Na (stable, 1.4 g/kg tissue)

through neutron capture. 1 Bq of 2*Na corresponds to
y-ray energy: 1369, 2754 keV exposure of 0.5 ~ 3 pGy from
Half life: 14 hours neutrons and y-rays.
[Ref. IAEA TRS-211, 1982]

Courtesy of QST-NIRS & JAEA 19

B < MR DOHEE

Estimated doses of three workers

Table. Radiation doses [GyEq] estimated for three JCO workers
(A, B & C) using different methods of dose reconstruction.

Method Worker A Worker B Worker C
Initially estimated doses
(VBORELHE) ke i 28
Prodromes
(GES=) > &9 34
Blood components, mainly
lymphocyte counts 16~23 6~8 (=5
(MR, F&LTY /)
Specific activity of 2*Na in
the blood with RBE,=1.7 ® 00 20
(1¢W24Na) [N54,v¥99] | [n29,v4.1] |[n0.81, ¥ 1.5]
Finally estimated dose
(BRNLHERE) 16-25 69 3

1) Primarily based on the 2*Na activity in peripheral blood measured within 7 days.
2) Derived from all the results of the reconstruction analyses above.

Courtesy of IAEA 20

BRPR AR BL & o o

Comparison with clinical data

RBEBLAVICKE CTRESh2MPEAES L VERRPRGER [IAEA, 1998].

LRI B hEEE BE EhHTEE Hann
(1~2 Gy) (2~4 Gy) (4~6 Gy) (6~8 Gy) (8 Gy~)
BRI (B) 30~ 18~28 8~18 ~7 ~3
PIZ%¢: <4
X 10%mm) 0.8~15 05~08 0.3~05 01~03 0.0~0.1
BHIRE
(X 10%mm®) 20~ 1.5~2.0 1.0~15 ~0.5 ~0.1
/RS
(X 10%mm®) 60~100 30~60 25~35 15~25 ~20
wam, | aw BR | AR B B0 T | ome T
B BR | Mh BEE | M0 OBE | | REEE
Bis L hiRE FREN TS b b
BREE - 0~50% 20~70% 50~100% 100%
TR - 6~8HLIE | 4~8ELlE | 1~2EBlE | 1~28Llg

C B A

Courtesy of IAEA

SRR SR D R 8

Health effects of the Tokaimura accident

> Persons exposed: 667

> Radiation-induced deaths: 2
- Worker A died in 3 months
- Worker B died in 7 months

Courtesy of QST-NIRS 23
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TEP AR R EE (RBE)

Relative biological effectiveness (RBE)

Yt Y o ) VS ) B AT

Difference of energy deposition depending on the radiation quality

1 PARTICLE TRACK

10 mGy 10 mGy
1 MeV GAMMA RAY 1 MeV NEUTRON Fe (z = 21
~4 TRACKS/CELL ~1TRACK/20 CELLS MANY CELLS/TRACK

Fig. lllustration showing the difference of energy depositions to tissue cells
from photon (left), neutron (center) and heave ion (right).

Courtesy of NCRP

MR F—fH5 (LET) &%

Linear energy transfer (LET)

HMFRBPOEMES (BEEim) H=YITWE
ISfFEEhBIRILE—.

The energy transferred from a radiation to the material
per unit length of the track.

Pyrimidine Low-LET Medium- High-LET
particle LET particle

nterstrand /' sinoie sirang Hydraion
croRs ok Doube-strand

breaks (DS8)

Courtesy of NCRP

RBEDE 7%

Definition of RBE

EMFRZIRIE RBE) (£, ®ERE T DHHARD.
HE LG DBGHR GBREy X)X, B CEYH
RELELDDICETIREDOLL LTER SIS,
The relative biological effectiveness (RBE) is defined as
the ratio of the dose of a radiation in respect to that of a
reference radiation (usually y/X-rays) required by those
radiations to cause the same level of biological effect.

Dy /-
RBE = X/y-rays )

Particle

Drotar = DX/y—rays + RBE X Dpgricie [GYEq] (2)

PR R (RBE) — AR —

Relative biological effectiveness (RBE) — Survival ratio —

Dhw D Dose [Gy]
1 — -
! 1
! 1
! 1
! 1
! 1
2 i X
o \ h
TR O N VR
2
E High-LET Low_—LET )
@ particle p_amcle with
high dose rate
0.01F RBEHL = DLL/DHL

Fig. Relationship between dose and severity of a deterministic effect.
RBE is calculated as the ratio of the high-LET particle dose (D) to
the low-LET particle dose (D, ) at the same level of severity.

SR R (RBE) — 23R —

Relative biological effectiveness (RBE) — Survival ratio —

1 Di D Dose [Gy]
o
©
0 1 S N S
2
g I Low-LET
5 H;gr:é\LeET particle with
{ low dose rate
0.01} RBEHL - DLL/DHL

Fig. Relationship between dose and severity of a deterministic effect.
RBE is calculated as the ratio of the high-LET particle dose (Dy,) to
the low-LET particle dose (D, ) at the same level of severity.
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Relative biological effectiveness (RBE) — Severity —

High-LET LO‘Q{'L‘ET "
particle I‘f\'ﬂ: Idcoes;w
rate
2
@
>
®
%]
__________________________ T EC e
1 1 —
I i RBEy =D /Dy
1 1
| 1
V2
Dy Dy, Dose [Gy]

Fig. Relationship between dose and severity of a deterministic effect.
RBE is calculated as the ratio of the high-LET particle dose (D) to
the low-LET particle dose (D, ) at the same level of severity.

R R (RBE) — RS —

Relative biological effectiveness (RBE) — Severity —

g LET peric with
rticl [ Wi
particle high dose
rate
2
5]
>
o
(2]
1 1 —
! 1 RBEHL - DLL/DHL
1 1
1
4 Y.
Dy Du Dose [Gy]

Fig. Relationship between dose and severity of a deterministic effect.
RBE is calculated as the ratio of the high-LET particle dose (D) to
the low-LET particle dose (D, ) at the same level of severity.

2 ERR R (RBE) — R —

Relative biological effectiveness (RBE) — Severity —

High LET paricie it
rticl ([ wi
particle high dose
rate
2
@
>
o I S
n i
1 1
1 1
1 1
1 |
| ! RBE,, = Dy /Dyy
1
A2 2
Dy Do Dose [Gy]

Fig. Relationship between dose and severity of a deterministic effect.
RBE is calculated as the ratio of the high-LET particle dose (D) to
the low-LET particle dose (D, ) at the same level of severity.

RBEfE D4 Bk

Variability of the RBE value

F LREOHEAEHETYH. UTOFUMNRLSH L
RBEfEIEIXECEDLYRS :

« XIRER/ R

« BB HER

- BREE

cREX %

Even for the same combination of two radiations, the
RBE value could considerably change due to the
following conditions:

* Tissue/Organ

* Biological endpoint

* lonization density

¢ Dose rate

il

Bone marrow

Table. The RBE values of neutrons for bone marrow
(effects on CFU-S of mice).

Particle Energvicy RBE value Reference
source

Neutron Reactor 3.0 Davids (1972)
Neutron ~2.5 MeV 20 Ainsworth et al. (1970)
Neutron ~6 MeV 2.5 Silini et al. (1965)
Neutron 14 MeV 1.4 Carsten et al. (1976)
Neutron 15 MeV 1.2 Broerse et al. (1971)
Neutron 67 MeV 1.7 Hanson et al. (1981)
Neutron 600 MeV 15,20 Hendry et al. (1979)

Courtesy of Dr. Arifumi Hasegawa (Fukushima Medical Univ)

]

Skin
Table. The RBE values of fractionated carbon ions for
moist desquamation of mice.
Particle  Fraction LET R Reference
value
Carbon 1 14 keV/pm 1.45 Ando et al. (1998)
.Vs. Y-rays 20 keV/pym 1.75
42 keV/pm 2.15
77 keV/pym 2.50
Carbon 8 14 keV/pm 1.60 Ando et al. (1998)
.Vs. Y-rays 20 keV/pm 1.90
42 keV/pm 2.25
77 keV/pym 3.20
Carbon
77 keV/uym 1.36 Sorensen et al. (2015)
.vs. X-rays

Courtesy of Dr. Yukari Yoshida & Prof. Akihisa Takahashi (Gunma Univ.)
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Intestine
Table. The RBE values of fractionated carbon ions for
jejunum crypt survival of mice. i
Particle LET RBE value Reference

Carbon 14 keV/pm 1.3 Gueulette et al. (1998)
41 keV/pm 1.6
49 keV/um 1.7
71 keV/pm 1.9

Carbon 42 keV/pm 14—15 Uzawa et al. (2009)
50 keV/pm 1.6
74 keV/um 1.8

Carbon 20 keV/um 1.01 Yoshida et al. (2015)
77 keV/um 1.72

Courtesy of Dr. Yukari Yoshida & Prof. Akihisa Takahashi (Gunma Univ.)

By —hiER—

Reproductive organs — Testis —

Table. The RBE values of neutrons and selected heavy ions for
spermatogorium killing in mice [Wang and Yasuda, 2020].

Particle Enslovie RBE value Reference
source

Neutron 1 MeV 5.7 Gasinska et al. (1985)
Neutron 5.5 MeV 4.6 Gasinska (1985)
Helium from 21°Po 6.7 Rao et al. (1991)
Carbon 400-670 MeV/u <3 Alpen et al. (1981)
Oxygen 400-670 MeV/u <3 Alpen et al. (1981)
Neon 400-670 MeV/u <3 Alpen et al. (1981)
Argon 400-670 MeV/u <3 Alpen et al. (1981)

Courtesy of Dr. Bing Wang (QST)

I

By —INHR—
Reproductive organs — Ovary —
Table. The RBE values of neutrons and selected heavy ions
for oocyte killing in mice [Wang and Yasuda, 2020].

Particle Energy or RBE value Reference
source

Neutron 0.43 MeV 1.7 Straume et al. (1987)
Neutron from 252Cf 16-35 Satow et al. (1989)
Carbon 80 MeV/u 18=1 Zhang et al. (2006)
Neon 450 MeV/u 0.4—0.6 ICRP (1989)

Silicon 670 MeV/u 0.4-3.0 ICRP (1989)

Argon 570 MeV/u 04-22 ICRP (1989)

Courtesy of Dr. Bing Wang (QST)

RO IR A

Lens of the eye

Table. The RBE values of neutrons and selected heavy ions
for lens opacification [Hamada and Sato, 2016].

Energy or

Particle e RBE value Reference
Neutron Thermal 8—15 Storer & Harris (1952)
Neutron 0.44 MeV 8—500 Worgul et al. (1996)
Proton 55 MeV =& Lett et al. (1991)

Carbon 400 MeV/u 1—2 Jose & Ainsworth (1983)
Neon 425 MeV/u 1-3 Jose & Ainsworth (1983)
Argon 570 MeV/u 4—200 Brenner et al. (1991)
Iron 450 MeV/u 2—200 Brenner et al. (1993)

Courtesy of Dr. Nobuyuki Hamada (CRIEPI) and Prof. Akihisa Takahashi (Gunma Univ.)

LETERBED AR

Relationship between LET and RBE

RBE

N
I

0.1 1 10 100 1000
LET [keV/um]

Fig. A typical LET dependency of RBE.

JBCS IR AR 2

Radiation weighting factors

Table. Radiation weighting factors (wg) [ICRP, 2007].

Radiation type Radiation weighting factor, wg

Photons 1

Electrons and muons 1

Protons and charged pions 2

Alpha particles, fission fragments, 20

heavy ions

2.5-20
Neutrons (continuous function of

neutron energy)

* All values relate to the radiation incident on the body or, for internal radiation
sources, emitted from the incorporated radionuclide(s).
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Investigation in JRRS Summary - in regard to dose —

BABRSHREEPRRTE. BIEERICHTZ ornnsees o sy BT [ = [ — i [ = =
REEFEI-IE R0 5RO EEORRIA AL R eI R RR RG]
MEEICEYFLOHDERICRMYBATLS. .

% BAEMREEERICRI SO (HENPBORBEINT S vVEEFOERBHFINBET JEEICEK. £Y

NERR) DA . FHMEL (RBE) ISk YEAHT LIGEE
EHREBL S =84 R ' AVBRENSHS.

RS - Bl ERHEE | BEAS
MR EallEE | BBRIERAY v RBED{EIX. MEHRDLET/ T RILF—VOHE
SoTTETIT PETFINL e p—— £ EBTHIEREFICKH>TELRTS.
i g VBRI L RBOBEICONT, REOHH
BAREZ Oft: B BA BEXS (Gy, GyE, GyEq, Gy(RBE)&)&#fi— <2 E
RBEMEBL. %2 RE BT | LERAS ZAR RKHb.

FUOENISE EEMEICBIT BWebinar (2021515258)
“HEREBNSSE & A M RUSIEREL (RBE)
REB & (LBAZ)

Thank you for your attention.

RE EE

Hiroshi YASUDA, Prof.
Department of Radiation Biophysics,
Hiroshima University

Email: hyasuda@hiroshima-u.ac.jp
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Relative Biological Effectiveness (RBE)
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MABEX., HEBF. WERERY AIRE EE5R, 20205

RBEIZH T EE R #R RERFT#R)

. 1954¢®The National Bureau of Standardsi=&k %
ETIIRBEITXRD L S IZEESINTLNS,

The RBE of some test radiation (r) compared with x-

ray is defined by the ratio D250/Dr, where D250 and

Dr are, respectively , the doses of x-rays and the test
radiation required for equal biologic effect.

- 250kVODXIRAEEMSHR E L TREN-EAI,
1954 LR D& L REM B IARICAL L
PWRETH =M THD,

Eric Hall, Amato Giaccia, Radiobiology for the Radiologist (5584k), 2018
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KRBV ETER DLET (Linear Energy Transfer)
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Eric Hall, Amato Giaccia, Radiobiology for the Radiologist (5584k), 2018
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