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PROJECTED GLObAL HEALTH IMPACTS FROM SEVERE NUCLEAR ACCIDENTS: 
CONVERSION OF PROJECTED DOSES TO RISKS ON A GLOBAL SCALE: 

EXPERIENCE FROM CHERNOBYL RELEASES 

ABSTRACT 

CI recent evaluation by the authors and their colleagues of 
possible health effects arising from Chernobyl releases has just 
been published by the U.S. Department of Energy (DOE/ER-0332, 
June 1987). N e w  models were used to evaluate external exposure 
and other environmental dose pathways, a5 reported in a 
companion paper (Anspaugh, et al., IAEA-CN-48/274). Estimates 
of projected collective dose and average individual dose 
commitments from these releases were made f o r  various regions. 
These results were combined with those of the Soviets to provide 
collective dose commitments for the Northern Hemisphere. 
Consideration w a 5  given to the possible effectiveness of 
protective actions taken by various countries to reduce 
projected doses to their populations. Although some preliminary 
data indicate possible mean reductions of about 25% in total 
collective doses over the first year, and of about 55% in 
collective dose to the thyroid, no corrections were made to 
these dose estimates because of the variable nature of the data. 
A new combined set of dose-effect models recently published b y -  
the U . S .  Nuclear Regulatory Commission was then applied to 
estimate the ranges of possible future additional health effects 
due to the Chernobyl accident. In this method possible health 
effects are estimated on an individual site k35i~i and the 
results are then summed. Both absolute and relative risk 
projection models are used. 

By use of these methods, "best" estimates of possible 
additional health effects were projected for the Northern 
Hemisphere as follows: 1) over the next 50 years, up to 28 
thousand radiation-induced fatal cancers, compared to an 
expected 600 million cancer deaths from natural or spontaneous 
causes; 2) over the next year, up to 700 additional cases of 
severe mental retardation, compared to,a normal expectation of 
340 thousand cases; and 3).in the irst generation, up to 1.9 
thousand radiation-induced geneti disorders, compared to 180 
million naturally-occurring cases. The possibility of zero 
health effects at very low doses and dose rates cannot be 
excluded. Due to the very large numbers of naturally-occurring 
health effects, it is unlikely that any additional health' 
effects will be demonstrable except, perhaps, for the more 
highly exposed population i n  the immediate vicinity of 
Chernobyl. 

I 

P a r t  o f  t h i s  performed under the  auspices of t h e  U.S. Department o f  Energy 
by the  Lawrence Livermore Nat iona l  Laboratory under con t rac t  W-7405-Eng-48. 
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1. INTRODUCTION 

The assessment of possible health impacts from the 
Chernobyl accident presented in this paper is based on a recent 
evaluation by the authors and their colleagues recently 
published by the U.S. Department of Energy (USDOE) C 1 3 .  New 
models were used to evaluate external exposure and other 
environmental dose pathways, as reported in a companion paper by 
Anspaugh, et al., at this Conference f21. Estimates of 
projected collective dose and average individual dose 
commitments from Chernobyl releases were made for various 
regions. These results were then combined with those of the 
Soviets C3,43 to provide the projected collective dose 
commitments over the first year and for 50 years for the 
Northern Hemisphere, as summarized in Figure 1 and used for the 
calculations in this paper. The principal 'contributions to dose 
are from external sources and ingestion of radionuclides, in 
approximately equal amounts. A s  shown in Figure 1, about half of 
the total projected do commitment occurs in the first year. 

2. EFFECTIVENESS OF PROTECTIVE ACTIONS (COUNTERMEASURES) 

Following the Chernobyl accident, various protective 
actions were taken by various nations in Europe and Asia to 
reduce possible exposures to external sources of radiation or to 
intake of radionuclides thrcugh the foodchain. The need for 
protective actions at various times and places was governed by 
the patterns of environmental dispersion of the releases, and 
the concern of health authorities over local conditions, in 
particular during early times when knowledge of such dispersion 
was scanty or absent. Much credit must be g.i,ven to Soviet and 
neighboring authorities for early actions such as sheltering, 
evacuation, and use o f  potassium iodide and other controls to 
minimize uptake of radioiodine through the milk chain. 

Thus, protective actions were initiated, modified, and 
terminated at different times in different places and, in some 
cases, were applied on a local or regional rather than national 
basis. Moreover, little normalization of protective action 
guide levels has occurred among nations, as illustrated in 
Figure 2 in which peak sslI concentrations in cows milk 
are compared to the action/emergency protective action guide 
PAG) levels adopted by various countries 111. The peak 
concentrations of rJ l I  generally occurred in milk from farm 
cows. Milk from dairy cows had lower concentrations, while 
peak concentrations in sheep and goat milk were found in the 

. thousands of bequerels per liter as shown in Figure 3 E l l .  
Unlike radioiodine, the foodstuff levels of ls7Cs are more 
persistent and may entail protective actions extending for 
several years. 

I 
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In terms of effectiveness of such actions for general 
populations, one such study now nearing completion indicates a 
mean reduction o out 25% in total ollective dose over the 
first year (with ange from 1 to's ) , and about 55% reduction 
in collective thyroid dose over the same period (the latter 
ranging from (1 to 6 0 X )  CSI. For limited subgroups in a few 
locations, reductions as high as 80 to 85% w e r e  reported. 

Nevertheless, because of the lack of available data, 
caution must be exercised regarding cnnclusions on the overall 
effectiveness of protective actions taken following the 
Chernobyl accident. A s  noted in the USDOE report, "The 
projection of future health effects from exposures not yet 
received, from craps not yet sown on fields that have not yet 
been calibrated in terms of radionuclide availability, and by 
using risk relationships in a region where no deleterious health 
effects have yet been demonstrated is scientifically 
difficult" 111. The preliminary dose reduction factors given 
above suggest that downward revision of the collective dose 
estimates would lie within the overall error  bands of a factor 
of two or less. Therefore, no attempt was made in the USDOE 
report to adjust exposure predictions on the basis of protective 
actions taken except where such adjustments were taken into 
account in national summaries. 

3.  DOSE-EFFECT PROJECTION MODELS - 
- 

Projected health consequences in various populations of the 
Soviet Union from exposure to radioactivity released at 
Chernobyl have been derived from the Soviet reports C3,41. 
Projections of cancer risks, both spontaneoyS&and radiation- 
induced, were given for two populations: 1) about 135,000 
evacuees.from the Chernobyl area (out to 30 km); and 2) about 75 
million persons in the European part of the USSR. These 
projections are given in Table I. Based on Soviet data, the 
lifetime cancer mortality Fisk coefficient used appears to be on 
the order of 1.4 - 1-7 cancer deaths p 100 person-sievert, 
based on a nonthreshold absolute risk, inear dose-effect 
projection model consonant with that o the ICRP L63 which uses 
a lifetime mortality risk factor for radiation-induced cancers 
of 1.7 x lo-= per sievert as an average for both tiexes and all 
ages. 

The radiation exposures following the Chernobyl accident 
r e  protracted and received at progressively decreasing low 

dose rates. As noted in the USDOE report, the 135,000 evacuees 
received their exposures aver a period of days even though some 
24,000 persons in that group were exposed to somedhat elevated 
dose rates C l l .  Only low-LET radiation is involved. Knowledge 
of dose-effect relationships in human populations is limited 
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largely to persons exposed to high doses at high dose rates. 
Interpolation of risk coefficients from these high dose levels 
at which health effects are observed in humans down to zero has 
generally been done on a linear basis to assess an upper limit 
of r i s k .  

Although many studies have been documented, the analysis of 
atom-bomb survivors is the major one underlying estimates of 
cancer mortality risk. 
order of 1 x lo'= per gray, as a first approximation. The 
dosimetry is being reevaluated and the assigned radiation doses 
will likely be lowered by a factor of up to two, which would 
increase the risk estimate up to 2 x 10'' per gray Ell. A value 
of 2 x lo-= per gray has also been calculated by Charles and 
Lindop using "all" data except that from the Japanese C7J. 

The lifetime fatal cancer risk is on the ' 
# 

t 

In its 1980 report, the BEIR Committee of the U.S. National 
Academy of Sciences/National Research Council considered the 
effect of dose rate on dose-response relationships 181. For 
low-LET radiation human data on chronic exposures at low dose 
rates  is limited. Experimental data in animals give strong 
indications that a given dose of low-LET radiation w i l l  produce 
fewer effects at low dose rates than at high dose rates. A 
reduction factor of two to three has been considered in the 1980 . .  
BEIR report, based on both human and animal data. For single 
exposures to doses not exceeding 0.2 gray delivered at any dose 
rate, and for any total dose delivered at a rate not exceeding 
0.05 gray per year, the dose-effect reduction factors are likely 
to be between two and ten 1 8 3 .  

Various models and assumptions may be used for estimating 
possible latent health effects in exposed populations. For 
example, annual doses of 10 microsievert or a lifetime dose of 
about 500 microsievert would be unlikely to produce additional 
risk. Therefore, a major portion of the collective dose in t h e  
Northern Hemisphere might produce no additional radiogenic risk 
from Chernobyl fallout. There are no direct data that confirm 
that a few random ionizations in tissue cause fatal cancer's, as 
observed in NCRP Report No. 64 C91. Moreover, the BEIR 
Committee reports of both 1980 and 1972 noted that for low dose 
and dose rates, the likelihood of zero deleterious health 
effects is not precluded E8,lOl. 

Although the Soviet projections of additional mortality 
appear to use risk coefficients for an absolute risk, linear 
dose-effect projection model as set forth by both the ICRP E 6 3  
and in the 1980 BEIR report 181, such an approach does not 
take into account the higher risks that might be obtained by use 
of relative risk projection models. The BEIR report provided 
risk coefficients for both absolute and relative risk projection 

I 
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models generally without indication of 

N e w e r  epide ogical studies ovpr the last decade have 
resulted in thre ports issued by the US National Institutes 
of Health C l i l ,  the US Nuclear Regulatory Commission (NRC) 1121, 
and the United Nations Scientific Committee on the Effects of 
Atomic Radiation Cl31 that assign both absolute and relative 
risk projection models and dose-response models on a site 
specific basis. Overall r i s k  is obtained by the summation of 
risk estimates for each primary site. The reports are internally 
consistent on model assignments, as shown in Table 11. The 
models and parameters reported in this paper are taken from the 
NRC report that was prepared by the Harvard,University School of 
Public Health and Sandia National Laboratories. In this report 
(NUREGKR-42141, risk projection models and coefficients are 
given for upper, central and lower estimates of the top risk 
range. For the low doses and dose rates concerned, a zero risk 
model is compatible with each set of estimators. The central or 
"best" estimate is con6idered to be the most realistic by the 
authors of the USDOE report t 1 3 ,  with risk coefficients as 
given in Table IIIa. Dose rate and total dose reduction factors 
for these coefficients are given in Table IIIb. The overall 
risk coefficient for lifetime cancer mortality for  the general 
populace under review is about 2.3 x lo-= per sievert. For the 8 
to 15 week-old fetus, the projected additional incidence of 
severe mental retardation in the first year is 40% per gray, and 
for genetic i l l  health, the ri5k coefficient i 5  30 x lo-- - 

effects per gray in the first generation. 

4. PROJECTIONS DF FUTURE HEClLTH EFFECTS 
-: =& 

These risk coefficients were applied to the collective dose 
estimates presented by Anspaugh, e t  al. f23, a5 summarized in 
Figure 1, to produce "best" estimates of possible additional 
h e a l t h  ef fects  due to Chernobyl releases f o r  various regions in 
the Northern Hemisphere, as given in Table IV. Thus, for the' 
Northern Hemisphere, up to 28 thousand additional radiation- 
induced fatal cancers have been pr cted, compared to 600 
million cancer deaths expected f r o  atural of spontaneous cause 
over the next 50 years. fibout 700 ditional cases of severe 
mental retardation are projected, above the 340 thousand cases 

xpected in the first year after the Chernobyl releases. 
he first generation, up to 1.9 thousand cases of genetic ill 

And in 

health are estimated, compared to the natural expectation of 
about 180 million cases. About 50% of the additional cases are 
projected to occur within the Soviet Union, 802 of which would 
appear within the European portion. The possibility of zero 
health effects at the very l o w  doses and dose rates generally 
encountered cannot b luded. 
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Estimates of cancer mortality derived for the European 
portion of the USSR are in general agreement with those obtained 
by use of the NRC "best" estimate model and the BEIR report 
relative risk, linear-quadratic dose-effect model, as shown in 
Table V. Due to the very large numbers of health effects that 
occur from natural or spontaneous causes, it is unlikely that 
any additional effects will be demonstrable except, perhaps, f o r  
the more highly exposed population in the immediate vicinity of 
Chernobyl. Of this latter group, about 24 thousand persons are 
reported to have received an average individual absorbed dose of 
about 0.43 gray, as shown in Figure 4. Some effects, such as 
myeloid leukemia, may be seen by epidemiological pvaluation of 
this group over the next 30 years if the risk factors and 
reported levels of dose are valid. 

5 ,  UNCERTAINTIES AND LIMITS OF RISK ESTIMATION 

Uncertainties in these projections arise because the 
quantitative risk assessment models used for low dose and dose- 
rate exposures are based on extrapolations from observations of 
high dose and dose-rate experiences. Refinements of the models 
occur as n e w e r  data become available. The "best" (or central) 
and upper estimate values are less likely to underestimate true 
risk because large errors in this direction would become 
apparent in epidemiological and laboratory studies. Hadiation- 
induced cancer risk models all use assumptions that are not 
proven but are generally compatible with observations. Caution 
mltst be taken also in applying risk factors derived f r o m  one. 
population to another. Some of the differences between national 
and regional cancer statistics may be due to varying age 
distributions or to competing risks. Others may be due to 
differences in reporting, in population dief; or in 
environmental factors. Still others may arise from true genetic 
variations. 

I 

The radiation dosimetry for the various exposed populations 
ha5 been assessed and reported only to an initial degree. In 
some instances, several years of observation will be required to 
determine future exposures from Chernobyl radionuclide releases 
passing through the -foodchain, and the effects of mitigating 
actions to reduce dose are incompletely documented and 
evaluated. A s  indicated previously, protective actions already 
taken could reduce projected health effects by a factor perhaps 
as high as 2 in some instances. 

6. SUMMARY 

In summary, it appears that the number of fatal cancers in 
the Northern Hemisphere due to Chernobyl could possibly increase 
by as much as 28 thousand or 0.004% over the next 50 years, a5 
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shown i n  Table V I .  This may be compared t o  the expected 600 
m i l l i o n  cancer deaths from natural  o r  spontaneous tauses, 
inc lud ing up t o  6 l i o n  f a t a l i t i e s  r 1X due t o  natura l  

or  0.02% from worldwide nuclear tests. A possible increment of 
700 cases of  severe mental re tardat ion of ch i ldren i r rad ia ted  a5 
fetuses i n  1986 could also appear i n  the more heavi ly i r rad ia ted  
population groups i n  Europe, an increase o f  about 0.2% over the 
number of  spontaneous cases. F ina l l y ,  a genetic disorder 
increment i n  the f i r s t  generation could range up t o  about a 
O.001% increase. T h i s  pro ject ion i s  h igh ly  speculative, being 
based on extrapolat ions from animal data. Such e f fec ts  have not 
been demonstrated i n  humans. I n  any event, the projected 
increment would not be expected t o  be detected even w i th in  the 
more h igh ly  exposed populations i n  the general area of 
Chernobyl. 

background r a d i a t  p lus up to lob housand cancer deaths 

E 1 3  

c 2 3  

E 3 3  

c 4 3  

C 6 3  
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C 
TABLE I. 

ERNOBYL HEALTH EFFECTS PROJECTIONS (USSR W87)  

Excess Spontaneous 
Group Cancer Cancer 
at Risk Source Deaths Deaths 

Chernobyl External 270 - 17,000 
Evacuees 
(1 35,000) 

Eirropean/USSR External 2,850 -9.5 million 
(74.5 million) 

Eu ropean/USSR 1-1 31 150* 15,000* 
(74.5 million) 

EuropeanAJSSR Internal 3,800 -9.5 million 
(74.5 million) 

Totals -7,000 -9.5 million 

*lo Increase 

1.6% 

0.03% 

1 o/o - 

0.04% 

[ 0.04% Avg .] 



TABLE 11, 
COMPARISON OF RISK PROJECTION MODELS 

Projection Model' 

Site of 
Merest NIH NUREGICR-4214'g UNSCEAR (7986) - 

Leukemia A A-A-A A 
Bone Cancer A 
Breast Cancer (F) R 
Lung Cancer R 
Ca of thyroid R 
Ca of GI tract R 
Other Ca R 

A-A-A 
R-A-A 
R-R-A 
A-A-A 
R-R-A 
R-R-A 

A 
R 

A o r R  
A - 

* .  

' ' A = Absolute, R = Relative model 
'* Model order: Upper-best-lower estimate (bottom = 0) 



TABLE IIIA, 
RADIOGENIC RISK MODELS 

(N UR E G/C R -4 2 f 4, '' B E S 7"' EST I M AT E) 
Cancer Site or Effect Risk Coefficient 

Leukemia 

Bone 

Breast 

Lung 

GI tract 

Thyroid 
(external) 
(131 I) 

Other ca. 

In utero ca. 

~ 

2.24/104 PY-Gy x F 

0.1/104 PY-Gy x F 

45%/Gy 

l8%/Gy x F 

39%/Gy x F 

0.25/104 PY-Gy (age < 20) 
0.125/104 PY-Gy (age 2 20) 
[1/3 of above values] 

20%/Gy x F 

21 / lo4 PY-Gy (to fetuql, 

Severe mental retardation 4Oo/o/Gy (incidence) (8- to 15-wk- 
old fetus) 

Genetic ill health 30/104 Gy (effects per generation) 



, 

# 

TABLE 1118. 
REDUCTION FACTOR (F) 

FOR RADIOGENIC RISK MODELS 
F 

0.3 
0.30 + 0.47 D(Gy) 

F 

Dose Rates 

< 0.05 Gy/day 

2 0.05 Gy/day 

Total Dose D(Gy) 

0.01 0.30 

0.10 0.35 

0.25 

0.50 

0.75 

1 .oo 

0.42 

0.54 

0.65 

0.77 

1.25 0.89 

1 1.50 1 .oo 



TABLE IV. 
PROJECTED CHERNOBYL HEALTH IMPACTS 

Estimates of Spontaneous and Radiation-Induced Effects* 

Fatal Cancer Severe Mental Retard. 

Natural Rad-lnduceda Natural Rad-lnduceda 
(lo", (lo", . (10") (103) - 

USSR evacuees 17 0.41 0.01 3 0.018 
0.27 European USSR 9.400 

Asian USSR 28,000 2.5 22 0.06 
0.33 Europe (other) 

0.6 240 - Asia (other) 450,000 

22 - 
Northern Hemisphere - 600,000 28 340 0.07 

11 7.2 

72,000 13 38 

United States 41,000 0.02 

"The possibility of zero health effects at very low doses and dose rates cannot be excluded. 

Genetic Disorders 

Natural Rad-lnduceda 
(1 0") (1 0") 

6.9 

3,900 

12,000 

21,000 

130,000 

12,000 

180,000 

0.06 

0.75 

0.18 

0.93 

0.04 
- 

1.9 

-_ 



TABLE V, 
COMPARISON OF MODEL PROJECTIONS 

Excess Cancer Mortality in European USSR 

Risk Model 

NUREGICR-4214* BElR (1980)' 
USSR 

Population Estimate Best 
at Risk (derived) Est ima te REL-LQ ABS-LQ 9 .  

_- Chernobyl 
Evacuees 

EuropeanAJSSR 
3,300 

Total 7,000 10,700 8,800 3,500 
' Possibility of zero health effects is not precluded 

(1 35,000) 270 41 0 360 120 

- 8,400 - I (75 million) 6,800 . 10,300 



TABLE VI. 
FATAL CANCER RISKS (LIFETIME) PROJECTED 

Northern Hemisphere 

Population at Risk: 3.5 Billion Persons (3.5 E + 09) 

- 600,000,000 Cancers from natural or 
spontaneous causes 
- Including cancers from Up to 6,000,000 - 

natural background radiation (1 O/O) 

- Plus cancers from 
nuclear tests 

<e.- up to 100,000 
(0.02%) 

- Plus cancers from 0 UP to -28,000 
- Chernobyl Releases 0.004% 



USSR (European) - 

-1 470 
USSR (Asian) 

Europe (non-USSR) 
4 1  580 
Asia (non-USSR) 

United States 

Canada 

m-1110 

E827 

I 1.2 

10.09 

. 

50 year projection 
n 

1st year component 
liBzBl 

Northern Hemisphere 
:I i -.& 1200 
I I I I 1 I I I I I I I I 

500 1000 0 
Collective Dose Commitment (Thousands of Person-Gy) 

Figure 1. Total collective dose commitment projected for the 
Northern Hemisphere. 
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Figure 2. Peak concentrations of l3’I in cow’s milk: comparison with 
protective action guides (critical group: infant). 
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'Human mllk peak of 4 BqA in Italy and Flnland. 

Figure 3. Peak l3'I concentration in different milk.* 
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Leukemia Leukemia All Cancers All Cancers (Rad-Induced) (ff atural) (Rad - f n d u c e d) - (N at u r a I) 1-1 

High Dose Group (Average 0.43 Gy) (24,200 population) 
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Chernobyl evacuees (30-km radius). Projected cancer mortality (135,000 population). 

Figure 4. Estimates of possible effects in the Chernobyl evacuees. 


