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3aBHCUMOCTb CTOXACTHYECKOro pamdobHOIOrHYECKOTo
acpcpexTa OT HO3BI NIPU OLEHKE PalHallHOHHOrO pHCKa

BrinonHen aHanu3 pe3ynbTaToB HaOMONCHUH B3aUMOCBA3M J03a — 3¢h(exT Ha
KJIETOYHOM H OpPraHM3MEHHOM YPOBHSIX C LIE/bI0 YTOUHEHU KO3(hhHLIHEHTOB pUC-
Ka [py Majbix go3ax. Pesynbrarthl HabmoneHus NpeacTaBieHsl AByMs IPOTHBOIIO-
JOXHBIMH IPyTNIIaMH 3aBHCHMOCTEN 3ghhekTa OT HO3bl: HAAIMHEHHOH H NOOTHHENH-
Hoil. O0a THIa 3aBHCHMOCTE! OIMMCHIBAIOTCS PeLIEHHSIMH ypaBHEHHUs NpearoJiarae-
MOFO EIMHOTO 3alllMTHOrO MEXaHH3Ma M3 [BYX COCTaBRISIOLIHX: BPOXIEHHON
(KOHCTHUTYTHBHOM) U aTaNTHBHOH HIM HHAYUHUOENbHOH. AHaNN3 MOCNEqHUX AaH-
HBbIX IO HAIIMHEHHbIM 3aBUCHMOCTSM ITOKA3bIBAET 3HAYHUTEIBHYIO HEJOOLEHKY IO
cpaBHeHuio ¢ pexomenpaudamy MKP3 paauanyoHHOro pucka BCEX BHIOB paka,
KPOME JIEHKEMHH, 111 HEKOTOPbIX KPUTHYECKHX TPYTII M3 MOMYISLHH, IPH MATBIX
no3ax obnyyenus. C pocrom f03b1 HabnogaeTcsl CHIKEHHE BeTHYHHBI ahhexTa Ha
eIHHHLY JO03BI, YTO, BO3MOXKHO, CBSI3aHO C BKJIIOYEHHEM aKTHBHOCTH alalNTHBHOIO
3aLIUTHOTO MEXaHH3Ma MDY NPEBBIIIEHHH HEKOTOPBIX NOPOTrOBBIX 3HAYESHHIT AO3EL.

Pabora BrimonHena B OtaeneHuu paxmauuonﬂbxx 1 paguoOHONIOTHYECKUX HC-
cnenoBanuin OUSH.
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Dose Dependence on Stochastic Radiobiological Effect
in Radiation Risk Estimation

The analysis of the results in dose — effect relationship observation has been
carried out on the cell and organism level, with the aim to obtain more precise data
on the risk coefficient at low doses. The results are represented by two contrasting
groups of dose dependence on effect: a downwards concave and a J-shaped curve.
Both types of dependence are described by the equation solutions of an assumed
unified protective mechanism, which comprises two components: constitutive and
adaptive or inducible ones. The latest data analysis of the downwards concave de-
pendence curves shows a considerable underestimation of radiation risk in all
types of cancer, except leuceumia, for a number of critical groups in a population,
at low doses comparing to the ICRP recommendations. With the dose increase, the
decrease of the effect value per dose unit is observed. It may be possibly related to
the switching of the activity of the adaptive protectlve mechanism, with some
threshold dose values being exceeded.

The mvest1gat10n has been performed at the Division of Radiation and Radio-
blologlcal Research, JINR.
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1, INTRODUCTION - -

One of the main purposes. of radiological protection:is the determination of the
radiation risk (RR) level. RR evaluations are committed generally to..control
health effects of exposure and to establish exposure limits. The formalized basis
of these activities are the safety standards, as well as recommendations of the
International Commission on Radiological Protection (ICRP).' According to.these -
documents to evaluate the risk W, irrelevant to the dose, it is necessary only to
multiply two values: the ionizing radiation dose H and the risk coefficient W', the
values of the latter tabulated. [1]. The main merits of this linear no-threshold
(LNT) hypothesis are its simplicity and ability to be used-for the:collective dose.
But numerous facts, however, contradict the LNT hypothesis (as in [2-7],.for
example). The most striking example of the controversy are two mutually
excluding predictions for humans, exposed to irradiation after the Chernobyl
accident [8,9]. J.W.Gofman predicts that " ... the accident at the Chernobyl
Nuclear Power Station. (ChNPS). will cause 300.000 lethal -outcomes . from
malignant tumours..." [8]; T.D.Luckey informs on a 20.000 prevention of. lethal
outcomes from cancer in republics, subjected to :the aftermath of the ChINPS
accident. This contradiction is the result, of the: authors' attempts to rely- on
different dose — effect relationship for the same radiation .environment and
conditions. The contradiction will grow into a grave problem if we take into our
consideration the fact that the LNT hypothesis critics separated into two
confronting groups. Members of the first one support views, which are partially
close to Gofman's, members of the second hold the views of Luckey. Schematic
dose-effect relationship in representation of the two groups G (downwards
concave curve) and L (J-shaped curve) are shown in Fig.1. The given data show
a kind of uncertainty area. Inside this area, straight lines show the dose-effect
relationship, which are the basis for the ICRP Recommendations in Publications
26 [10] and 60 [1]. All the presented dependence lines must intersect in the area
of epidemiological data, which are, principally, their basis. The epidemiological
data basis is formed by the results of the survey of a cohort of Japanese survivors
after atomic ' bombardment. These data, taken as a basis of the ICRP
Recommendations [1], are in the interval of 0.2 to 3 Sv. At'doses less than 0.2 Sv
there is the extrapolation zone which goes to 10-5 Sv - the negligible individual
dose admitted in the USA [11]. Thus, the extrapolation zone covers four orders,
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in dose values as well as in effect values, if the LNT dependence is accounted for
in the last case. Concerning radiation situation and irradiation impacts almost all
population of the Earth is covered by the extrapolation zone. In this aspect, the
high significance of extrapolation models for epidemiological data in low dose
studies becomes obvious.

The given paper, on the basis of the Two Protective Mechanisms (TPM) model
[12], analysis the results of the recent years' studies which present examples of
the dose — effect relationship of G- and L-type (Fig.1). Evaluations of risk
coefficients for the dose ~ effect relationship of G-type are made on the basis of
the analysis, and they are compared to the analogeous ones, obtained with the
LNT dependence. o

2.DOSE - EFFECT RELATIONSHIP, TYPE L.

On the cell level, the example of the L-relationship is the data from papers [13,
14]). They are shown in Fig.2 together with the results of their analysis on the
basis of the TPM model [12). According to this model the effect (i.e. the
dicentrics' yield) is presented by two components:

W=W,-W,, - ‘ . (1)

where W, is the dicentrics' yield ( the formation probability) in the absence of
effective adaptive or inducible repair, W, - the successful adaptive or inducible
repair yield, W - the resulting yield of dicentrics. The TPM model allows to
present the formulae for W, and W, in the following way:

Wi=1-(1-Woexp(- D), (2)
W,=[(1-Wo) Vita/(1tn -)]fexp(-1D)- exp( -paD)]. 3)

Here 11, is the constituent or innate radiosensitivity (alteration of the number of
cells which escaped the primary damage effect, per one and the same such cell
and per dose unit), p, - adaptive or inducible radiosensitivity (alteration of the
number of cells which escaped the effect due to the action of the adaptive or
inducible protective mechanism, per one cell and per dose unit), v is the average
number of induced repair per one primary lesion (the coefficient of capabilities

of the adaptive protective mechanism [12]), W, is the effect probability (i.e.

dicentric yield) in the control. Under the concept of the primary damage any
damage is ment, which lead or could lead (in case of no adaptive or inducible
repair) to the discussed effect (dicentric). The dependence of the primary damage
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Fig.1 Dose — effect (W), relationship  in different presentations, W, -
spontaneous effect (background).
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Fig.2 Analysis of the dicentric yield dependence in the lymphocyte culture
on the dose of X-ray radiation on the basis of TPM model:
W, is the yield (formation probability) of dicentrics, with no account to the

“adaptive or inducible repair, W, is the yield of adaptive or inducible repair,

W is the resulting yield of dicentrics.



on the dose is represented in formula (2), in Fig.2 it is shown with a dotted line.
The broken line is described with formula (3) and shows the yield of adaptively
or inducibly, successfully reparated cells. The first component in:(3) represents
the yield of all adaptive or inducible repair, the second - unsuccessful repair
(miss-repair). The full line shows the resulting vield of dicentrics (W). The w,,
Ma, v obtained by the best agreement method of the calculated and measured
values of the dicentric yield, comprise relatively, 0.00047 ¢Gy', 1.62 ¢Gy" and
5.97. The analysis of formula (3) shows a maximum 1n the dependence of W, on
D. The D, dose; when the W, max1mum is observed, can be obtamed with (4):

Docn(u/pd(heta). S @

In our case the value of Dy, is approximately equal to 5 ¢Gy.
The effect value per dose unit or risk coefficient [1] is described by the

derivative W on the dose, which, at low doses (uD<< 1), takes the following
form [12]:

W = (1-Wo)(1-v)pn . (%)

Inserting the observed (Wc) and the obtained values py,, v into (5), we receive
the risk coefficient of -0.2 Gy. Minus before the figure means a decrease in the
dicentric yield with the dose growth.

Thus, the linear dose — effect relationship may be accepted on the cell level of
the induction effects of the X-ray radiation with the dicentric formation in the
lymphocyte culture only at doses much lower than 1 cSv and with the decrease of
the effect, while the dose rises, due to the yield in the control. It is caused by the
activation of the adaptive protective mechanism, which makes the basis of the
TPM model [12]. It is proved in paper [7] in the form of "activation of the
damage control".

On the level of human organism two papers - [15], [16] - may be regarded as
examples of L-relationship. The papers present one type of the effect, lung
cancer, as a result of the ionizing radiation exposure. On the basis of the TPM
model we analyze results [16], as the analysis of results [15] is presented in
paper [12]. The epidemiological survey data [16] are given in Fig.3 by the dose
dependence on the disease and/or on the lung cancer death RR resulting from an
exposure to X-rays in radiotherapy and fluoroscopy. The analy51s of the observed
results was performed with the following formula:

RR = W/W, = (W, - W)W, =RR,-RR,, ' ©

where RR,, is the relative risk under the condition of only the innate protective
mechanism (innate immunity, [17]), RR, is the relative risk prevented by the
action of the adaptive protective mechanism (adaptive immunity, [17]). The
components of the RR, and RR, relative risk are described with (2), (3) and (6)
at the following value definitions: , - the innate radiosensitivity (the alteration of
the number of people who avoided cancer formation due to the innate protective
mechanism only, per person and per dose unit), p, - the adaptive radiosensitivity
(the alteration of the number of people who avoided cancer formation due to the
adaptive protective mechanism action, per person and per dose unit), v - the co-
efficient of capabilities of the adaptive protective mechanism(mean number of
people who are capable to avoid cancer due to the action of the adaptive
protective mechanism or the adaptive immunity, per one cancer nidus, with the
action of the innate protective mechanism only). The control effect or the
probability of spontaneous cancer diseases and/or deaths (Wc) is adopted 0.03,
according to the data, presented in paper [3]. The analysis results are given in
Fig.3. The values pp, pa, v are obtained from the best agreement condltlon of
calculation of the observed results and estimated ones. Assumptions a priori were
used concerning the value p,, which was chosen close to the radiosensitivity
value for miners, whose adaptive protective mechanism is mainly depressed [12].
The obtained values comprised p, = 0.02 Gy, p, = 0.59 Gy, v = 1.87, W' =
0.017 Gy, Dy, = 5.9 Gy.

Summarizing, we state that the analysis of the discussed formulae and results
allows to assume that the L-type of the dose — effect relationship takes place at
v>1, i.e. when the active ability resource of the adaptive protective mechanism is
sufficient not only for the damage elimination after ionizing irradiation, but for
the removal of a part of spontaneous damage. It is observed in the region of low
doses. However, with the increase of the dose and the amount of the adaptive
radiation-induced damage, the relative yield of the adaptive protective
mechanism in damage removal grows lower and lower.. The decrease in the
activity of the adaptive protective mechanism can be the cause of it, after passing
the maximum at D,. The dose-effect relationship of the similar quality is
presented in paper [7]. The model, suggested by the authors of [7], like the TPM
model, is a resulting effect of two components, one of which (adaptive) is
described by two terms. The sumhanty of the dose — effect relationship analysis,
type L, in the present paper and in paper [7], testifies the efficiency of the TPM
model. ’
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Fig.3 Relative risk (RR) of disease and/or death from lung cancer as a £ sl . - : . :
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. Fig.5 Dose — effect relationship in cells.of different biological objects:
Fig.4 The yield of S1 mutations per 100,000 survived mammalian cells at HT29 human lines, V79 Chinese hamster lines and root meristem of barley grains
their irradiation with alpha particles 90 keV/um (¢[18]); two variants of the - fitting results by the TPM observation data.
analysis are presented: the first one - inducible repair starts acting at two. o-
particles through a nucleus (1 - mutation yield in the absence of inducible repair -
Wi, 4 - prevented by inducible repair mutation yield - W,, 3 - resulting mutation
yield - W), the second one - inducible repair starts acting at three o-particles
through a nucleus (1 - W,, 5-W,, 2 - W).
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3. DOSE - EFFECT RELATIONSHIP, TYPE G

On the cell level G - relationship may be represented by the data from papers
[18-21], together with the analysis results (Fig.4) and fitting (Fig.5). The data
analysis of paper [18] is conducted with formulae (1)-(3). There, W is the yield
of mutations, D is a-particle number through a nucleus, p, and p, are
radlosensmwty constitutive and inducible, respectfully, a- partlcles through a
nucleus™ (o). It-was supposed durmg the analysis that the adaptive or inducible
protective methanism set out acting with two o- partlcles through a cell nucleus
(the first variant) or with three a-pamcles ( the second varlant) The analysis
resulted in the following values:
in the first variant - p, = 0.00106 o ud 0.0408 ! v =0, 83
in the second variant - p, = 0.00106 o™, p, = 0.357 o', v=1.9.
The variant analysis results differ con51derably, but in both cases a decrease is
observed in the effect per a-particle (dose unit) after 2-3 o-particles through the
nucleus, which is characteristic of the G- relationship. The percentage of dead
cells of the HT29 line of human tumour is determined as the diversity between
the initial percentage of cells (100%) and the survived cells' percent, measured in
paper [19]. The data for the cell V79 line of the Chinese hamster are taken from
paper [20], for the cells of barley root meristem - from paper [21]. ‘The effect
alteration per dose unit in the interval of 5-50 c¢Gy or 2-3 a-pamcles in the
frames of the TPM model is interpreted as the beginning of the action of the
adaptive or inducible protective mechanism.

On the organism level the G-type dose — effect relationship is presented by the
data from papers [22, 23], shown in Fig.6 together with the results of the analysis
at doses lower than 40 cSv (weighted colon dose H). The analysis was done with

(7).
ERR =RR - | = (1-W)(1-/)W,, A @)
where ERR is the excess of the relative risk; RR is the relative risk, and f is

deteﬁniped in [12] with formula (8) for the case of the adaptive protective
mechanism on several levels (cell, tissue, orga_njsm):

oo -

f= exp( -u, H)+Z

at (H-H) 20 and Hy = 0.

In accordance with the foundations of the TPM model, 1, is accepted constant
in relation to the // dose, the adaptive radiosensitivity z; and the coefficient of

8 N

]*exp[—#nH H)]} .  (‘8)‘

-

i

capabilities of the adaptive protective mechanism v; are presented changing
discretely on the boarders of the dose region / and i+/; and they remain constant
in the interval between the boarders. The regions' boarders may be interpreted as
a recurrent level of the adaptive protective mechanism (the cell level, the tissue
level, the organism level), which starts acting at the dose A;. The line on Fig.6 is
the results of the observed data fitting with formula (8) at m=1 and H=3.8 cSv.
The analysis was not conducted as there could be a poss1ble influence in the
result inhomogeneity of a Japanese ¢ohort bn the innate radiosensitivity. Fig.7 is
the extension of Fig.6 into the high dose region. The data presented there, are
borrowed from paper [23] for the dose intervals bigger than those in paper [22].
The values 14, t; and v; are found from the best agreement condition of the
calculated and measured values (Fig.6, 7); the effect probability in the W, control
(background risk) is assumed to be equal to 0.28 death from solid cancer [23].

The excess of the absolute risk (EAR) of death from leukemia among Japanese
of both sexes and all ages is presented in Fig.8. Also, there are the fitting results
of the observed data with the following formula of the TPM model:

EAR= (1bWod-p. - - T )

The background risk from leukemla (Wc) is assumed to be equal to O 006 on data,
base [23]. ‘
Death probability (W) per dose unit (W) or the risk coefﬁc1ent can be obtained

with the following formulae:

= (EAR) = W(ERR). e (10)
The results of the W' determination at the dose, going to "0", are shown in the
table; in the same table, for comparison, the values of W' from other papers are
given. It may be concluded from the table that the values of the risk coefficient
change more than one order, depending on the method of determination, dose
range and the initial information. The ICRP Recommendations are not considered
to be the evaluations overestimating the risk, as some specialists think [2-4]. The
risk coefficient determination at low doses with results' extrapolation to high
doses, as ICRP recommend [1], may lead to grave errors.

4. CONCLUSIONS

Nowadays, we have to admit that the forecast of consequences of exposing
humans to radiation, especially at low .doses, tends to a great extend of
uncertainty. - It is testified by the facts as well as by the model estimations. In
human population exposed to radiation, there is always a group, whose health
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Fig.6 Excess of the relative risk (ERR) of death from all types of cancer
except leukemia among the inhabitants of Hiroshima and Nagasaki, subjected to
the atomic bombardment at the age of 30:

e, 0 - the results of epidemiological surveillance with definition into small (at low
doses [22]) and large intervals [23], respectfully,
— - results of the TPM model fitting.
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Fig.7 Excess of the relative risk (ERR) of death from all types of cancer
except leukemia among the inhabitants of Hiroshima and Nagasaki, subjected to

the atomic bombardment at the age of 30: o
« - epidemiological surveillance results [23], —- TPM fitting results.
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Risk coefficients, death from cancer W'
(different data and determination methods)

Table

W10? Cancer type Category of | Determination Year,
Sv'! | exposed humans | methods references
1.2-11 all all linear no-thres- 1972 - 1990
5 all hold model 1990, ICRP
0.12-251{ leukemia (LNTM) 1972-1990; [1]
0.07 leukemia Japanese, at dose 10 cSv 1996[9]
age 30
10 solid Japanese men | LNTM at dose 1996 [9]
’ age 30 <300 cSv '
10 solid Japanese men . | LNTM at dose present paper*
age 30 < 50 cSv
45 solid Japanese men | LNTM at dose present paper*
age 30 <5cSv
56 ~ solid Japanese men | TPM model, | present paper
age 30 LSM** at dose| on data base [8]
going to 0
-0.02 leukemia Japanese TPM - model,| present paper
LSM** at dose | on data base [8]
going to 0 '

*) The W' value is obtained as a multiplication of death probability from
spontaneous cancer during life-time (0.28) by the value of the relative risk excess
of death from cancer in Japanese men, who were 30 years old at the time of
bombardment, per 1Sv [8].

**) LSM -the least square method.
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Fig.8 Excess of the absolute risk (EAR) of death from leukemia among the
inhabitants of Hiroshima and Nagasaki during the observation period, from 1950
till 1990: o - epidemiological surveillance results, :

— - TPM fitting results.
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damage must be evaluated . with maxunum nsk values which are much higher
than those recommended by ICRP. At the same time, in the human population
exposed to radiation there can be found a group, to whom the risk is. negligible, it
can even take negative values, like in the exposure at doses on the _professional
workers level The ICRP recommendatlons cannot be con51dered the upper
overestlmated evaluation of the risk, as many specialists believe. One of the
conditions to increase the trustworthiness of radiation risk evaluation is the
necessary information about people radiosensitivity and theu,_prlotectlve;system_
TEServes.

The author would like to thank Prof. EA. Krasavin for support of the work.
REFERENCES

1. ICRP. International Commission on Radiological Protection. 1990
Recommendation of the ICRP Pub. 60. Annals of the ICRP, 21, No 1-3.
Pergamon Press, Oxford 1991.

2. Wnvun JLA., Memmnﬂcxaa pazHoIOrua U paJualHoHHasd 6€30MacHOCTh 43
8, 1998, '

3. Keupum- MapKyc U.B., Aromnas aueprus 79, 279 1995,

4. Paterson HW., Health Physics 72, 450, 1997.

5. Bond V.P., Wielopolski L., Shani G., Health Physics 70, 871, 1996.

6. Hoel D. G,, Li P., Health Phy51cs 75, 241, 1998.

7. Feinendegen L. E Bond V.P., Sondhaus CA Altman K.I, C. R. Acad. Sci.
Paris. Sciences de la vie / Life Smences 322,245, 1999. x

8. Fodman [I., UepHoGbIIbCKAS aBapHa : paaMaUMOHHBIE nocnencnswl bilif: o
HACTOAIEro u Gyaymmx noxoneHui. Brimmiimas mxona, Munck, 1994,

9. Luckey T.D., Radiation hormesis. CRC Press, BocaRaton, Florida, USA,
1991.

10. ICRP Publication 26. Recommendations of the International Commission on
Radiological Protection, Pergamon Press, Oxford, 1977.

11. National Council on Radiation Protection. Limitation of exposure to ionizing
radiation, MD: NCRP; NCRP Report 116, Bethesda, 1993.

12. Komouxos M.M., OHAH, P16-96-70, NyGua, 1996.

Komochkov MM.: In Proceedings of the NATO Advanced Research
Workshop on Fundamentals for the Assessment of Risks from Environmental
Radiation. Bmo, Czech Republic, 6-10 October 1997. NATO Science Series: 2.
Environmental Security - Vol. 55, p. 25-34. Kluwer Academic Publishers,
Dordrecht, 1999.

13



13. Lloyd D.C., Edwards A.A,, LeonardA Deknudt G.L., Vershaeve L.,
NatarajanAT Darraule Obe G, PallttlF TanzarelaC TawnEJ Int. J.

Radiat. Biol. 61, 335, 1992,

14. Pohl-RuhngJ Fisher P., Haas O., Obe G. Natara_]anAT van Buul PP.W

Buckton K.E.; BianchiN. O Larramendy M Kucerova M Polikova Z.,

Leonard A, FabryL Palitty F., SharmaT., BmderW MukherjeeRN

MukherjeeV Mutation. Res. 110, 82 1983.

15. Cohen B., Health Physics 67, 157, 1995.

16. RossiHH , Zaider M., Radiat. Environ. Biophys. 36, 85, 1997.

17. Janeway C. A and Travers P., Immunobiology: The immune system in health
and disease. Garland publishing inc., New York and London, 1994 '

18. Hei TK., Wu L.-J., Su-Xian L Vanais D., Waldren C.A, Randers-Person
G. Proc. Natl Acad. 501 94,3765, 1997

19. Joiner M.C., Lambin P., Malaise E.P., Robson T, Anand J I Skov K. A

Marples B. Mutatlon Res. 358, 171, 1996.

20. IlImaxosa H.JI., ®aneesa E.A., Kpacasun E.A. PalmoGuonoma 38, 841

1998.

21. Geraskin S. A., Dikarev V.G., Oudalova A A., Alexakhin R.M. "Problem of
correct assessment of cytogenetic effect induced by low doses of ionising
radiation". Proceedings of an international conference on Low Doses of
Radiation: Biological Effects and Regulatory Control. Seville, Spain, 17-21
November 1997, p.687, IAEA, Vienna, 1998, ‘

22. Preston D. L. "Low dose radiation and human health. Risk estimates."
Proceedings of an international conference  on Low Doses of Radiation:

Biological Effects and Regulatory Control. Invited papers and discussions.

TAEA, Vienna, 1998, p.217.

23. Pierce D.A., Shimizu Y., Preston D.L., Vaeth M., Mabuch1 K., Radiation
Research 146, 1, 1996.

Received by Publishing Department
on November 12, 1999.

14



