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EFFECT OF RADIATION ON
HUMAN HEREDITY :

INVESTIGATIONS OF AREAS OF
HIGH NATURAL RADIATION

First Report *
of the Expert Committee on Radiation

INTRODUCTION

The first meeting of the WHO Expert Committee on Radiation (Effects
of Radiation on Human Heredity) was held in Geneva from 28 July to
2 August 1958. Dr M. G. Candau, Director-General, opened the meeting
and welcomed the participants. Professor J. V. Neel was elected Chairman,
Professeur A. Franceschetti, Vice-Chairman, and Dr W. J. Schull, Rap-
porteur.

1. The General Protlem

With the increasing use of ionizing radiation in medicine, science and
industry, there has been concern in many quarters about the genetic effects
which might be produced in man. From a public health point of view,
modern discoveries concerning radiation hazards are disquieting, but it is
difficult to set limits to, say, the medical use of radiation, or to determine
the risks of radioactive waste discharged into the environment, until a
clearer, quantitative conception emerges of the degree of genetic or somatic
harm that might result. The need for further information was pointedly
stated by the WHO Study Group on the Effect of Radiation on Human

* The Executive Board; at its twenty-third session, adopted the following resolution :
The Executive Board

1. NOTEs the first report of the Expert Committee on Radiation (Effect of Radiation

on Human Heredity) ;

2. THANKS the members of the Committee for their work ;

3. EMPHASIZES the extreme importance of this type of study, and expresses the desire

that the Organization give all possible assistance in furthering such investigations ;

4. THANKS the Government of India for its help in the studies carried out preliminary

to the work of the Committee ; and

5. AUTHORIZES publication of the report.

(Resolution EB23.R15, Of. Rec. Wid Hith Org., 1938, 91, 13)

|
.'A)
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Heredity * as follows : *“ Only in the light of more knowledge can decisions
be taken to define more accurately the maximum amount of exposure
which may be accepted by individuals and populations without risk of
serious harm.” The Study Group recognized that the opportunities for
expanding our information on radiation-induced mutations and their fate
through studies on human populations are few in number. One untapped
source of information suggested was the study of populations exposed to
relatively large amounts of background radiation, that is, radiation of the
order of one rem per year.

There is no doubt that those concerned with radiation protection are
desirous of seeing an effort made to exploit the information potentially
available in the high-radiation areas if it is feasible to do so. It is patent,
however, that great difficulties are involved in designing and implementing
relevant studies. Furthermore, since it seems unlikely that any one area
of high natural radiation can provide sufficient data to permit firm
conclusions to be reached concerning the risks to human populations of
sustained exposure to low levels of radiation, it is clearly desirable that,
in so far as possible, studies on these special populations be conducted
with a view toward the ultimate synthesis of observations from several
areas. This and other considerations require the specification of certain
principles for the planning of investigations of high radiation areas. It
is the purpose of this report to consider the general principles of planning
investigations of high radiation areas which might apply to any part of
the world ; and to illustrate the application of these principles to a specific
situation, namely, in parts of Kerala State, and adjoining areas of
Madras State, India. The reasons for this choice will be apparent later.

2. Survey of Known Areas of High Background Radiation

A certain amount of information on natural levels of radiation in the
world is contained in the report of the United Nations Scientific Committee
on the Effects of Atomic Radiation.?2 For the convenience of the reader,
and preparatory to a consideration of the feasibility of investigating the
areas of high-background radiation, certain tables are reproduced -from
this and other pertinent documents.

Cosmic ray intensities (ionization in ion-pairs/cm? sec) and the corres-
ponding dose rates in air at NTP are given in Table 1 for certain loca-
tions. The table shows that an increase in altitude from 0 m to 3000 m gives

1 World Health Organization (1957) Effect of radiation on human heredity, Geneva,

p. 11
2 United Nations, Scientific Committee on the Effects of Atomic Radiation (1958)
Report ..., Annex B: Radiation from natural sources, New York, p. 49 (document

A[3838)
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TABLE 1. COSMIC RAY INTENSITIES AND DOSE RATES

Intensity i Dose rate
Altitude (ion-pairs/cm?® sec) i (mrad/year)
(metres) i
At 50° latitude Near equaicr : At 50° latitude Near equator

0 2.8 2.4 41 35
1500 4.5 3.0 €6 44
3050 3.8 6.1 . 128 89
4580 18 12 ( 263 175
6100 34 23 } 500 340

an approximately three-fold increase in intensity, while the latitude variation
even at 3000 m is only 50%. Neher's data for sea-level intensity, on which
Table 1 is based, are 309 higher than those of other observers. Therefore,
the values given in this table may be considered as upper limits.

Other data relating to natural sources of radiation are shown in
Tables 2 and 3.

TABLE 2. DOSE RATES OF EXTERNAL GAMMA IRRADIATION
FROM THE ELEMENTS Ra, U, Th AND K CONTAINED IN TYPICAL ROCKS
OF VARIOUS ORIGINS

Dose rate in mradfyear * from
Type of rock
2'Ra ==y 2 Th WK
[gneous rocks 24 25.8 36.8 34.6
Sedimentary rocks ;
Sandstones 13 7.7 18.4 14.6
Shales 20 1.7 30.6 36
Limestones 7.7 8.4 4 3.6

* Calculated from equations (1) and the data in Table VI of the report of the United Nations
Scientific Committee on the Effects of Atomic Radiation (see footnote on p. 4).

A factor which has to be taken into account in preparing figures such
as those in Table 3 is the shielding effect of the body tissues external to
the gonads. The values for this factor shown in Table 4 were calculated
by Spiers and are taken froim a report by the Medical Research Council
of Great Britain.

1 Great Britain, Medical Research Council (1956) The hazards to man of nuclear and
allied radiations, London
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TABLE 3. DOSES OF EXTERNAL AND INTERNAL IRRADIATION FROM NATURAL
SOURCES UNDER USUAL CONDITIONS AT SEA LEVEL

Dose (mrem/year)

Irradiation
To gonads and
other soft tissues *

External irradiation:

Cosmic rays 28

Gamma rays out-of-doors 47
Internal irradiation: :

0K 19

uc 1.6

226Ra ?
Tota! irradiation from all sources 95

* Including bone marrow, the contribution from radium in bone being only about 0.5 mrem
per year. _

TABLE 4. GONADAL SHIELDING FACTOR FOR GAMMA RAYS
IN THE HORIZONTAL, SITTING AND STANDING POSITIONS

Shielding factor
Position
Female Average Male Average
Horizontal 0.52 0.67
Sitting 0.58 0.56 0.70 0.70
Standing 0.59 0.72

Mean factor for both sexes: 0.63

TABLE 5. MEAN DOSE OF IRRADIATION TO GONADS AND BONES
FROM NATURAL EXTERNAL SOURCES IN NORMAL AND MORE
ACTIVE REGIONS

. Poputlation Aggregate mean dose*
Region in millions (mrem/year)
1. Normal regions 2 500 75
2. Granitic regions in France 7 190
3. Monazite region, Kerala in India 0.1 830
4. Monazite region, Brazil 0.05 315

* Using a shielding factor of 0.63 for y-rays and a dose rate of 28 mrem/year due to cosmic
rays. .
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Taking these factors into account, the figures given in Table 5 have
been advanced for different regions.

Inspection of Table 6 will afford an idea of the extent to which some
of the high-radiation areas now known differ with respect to the variables
which determine the feasibility of, and the weight to be attached to, an
investigation of a given radiation area. Not immediately evident from this
table are the difficulties within any given area of mounting and maintaining
a study of the scope necessary to detect the small differences which there
is reason to expect. It is not the purpose of this Committee to present
in detail the special problems posed by each of the areas given in Table 6 ;
it should be pointed out, however, that on the face of the data given in
this table the Kerala area of India would appear to be the only area now
known which might profitably be investigated. Although there are other
areas with larger populations, the levels of radiation obtaining there are
such that it is extremely doubtful whether an investigation would yield
significant data bearing on the radiation problem. At this juncture, it
might be well to state that the Committee is under no illusions regarding
the probability of any investigation of high background areas leading

TABLE 6. SOME PARTICULARS OF AREAS OF HIGH NATURAL RADIATION

A. Areas with increased radioactivity from soil or rock

Natural radiation

Demographic : : Possible
Area Population information re{]:sn(r]ega (trgugl;té;zly control
available gonad dose) populations
Part of Kerala State | Approx. Some information on | Approx. 1300 milli- | Similarethnic
and adjoining area in | 80 000 births and deaths: | roentgen per annum group further
Madras State could probably be | (plus about 200 mrad | along coast
developed relatively | beta rays)
easily
Monazite area in Bra- | Approx. Specially prepared Average ?
zil (States of Espirito | 50 000 statistics would be | 500 mrad/year

Santo and Rio de
Janeiro)

required

Mineralized volcanic | Pastureland, Very little Average ?
intrusives in Brazil | scattered 1600 mrad/year

(States of Minas farms, 1 vil- Peak value

Geraes and Goiaz) — | lage with 350 12 000 mrad/year

6 km® in a dozen | inhabitants

scattered places

Primitive granitic, schistous and

sandstone areas of France with slight
elevation of natural radiation said to
cover about 1/6th of French popula-

tion (7 million)

Specially prepared
statistics would be
required

180-350 mrem/year

Remainder of
France esti-
mated at 45-
90 mrem/year

There are also some areas of high natural radiation in the Belgian Congo, but these are said

to be uninhabited.




B. Areas

RADIATION

TABLE 6 (continued)

with high natural radiation in houses made of special materials

Natural radiation

' Demographic : : Possible
Area Population information regel\aegs(gultgtyly control
available gonéd dos%) populations
Sweden — houses Relatively Special statistics 158-202 mrad/year Wooden
made of light-weight | small being obtained (cosmic radiation houses 48-

concrete containing
alum shale

excluded)

75 mrad/year
(cosmic radia-
tion excluded)

United Kingdom

Population of

Leukaemia statistics

Results from a few

Approx.

(Aberdeen) — Aberdeen being studied buildings indicate 78 mrad/year
houses and build- approx. ° 102 mrad/year in other cities
ings made of granite | 186 000 with brick
buildings,
e.g., Dundee
— population
178 000
Austria — granite ? Special statistics Granite houses Wooden
houses necessary 85-128 mrad/year houses 54-
Brick or concrete 64 mrad/year
houses R
75-86 mrad/year
C. High-altitude areas *
: Natural radiation .
Demographic : : Possible
Area Population information reggn{)egs(gulgtgzly control
available gonéd‘ dose) populatlons‘
La Paz, Bolivia (alti- | Approx. Some statistics Approx. 3-fold in- | This might
tude about 11909 ft | 319 600 available but not crease in cosmic rays | present diffi-
(3630 m); latitude comprehensive near equator at 3000- | culties as
16°8) . 4000 m above sea | lower oxygen
level. Cosmic radia- | tension at
tion tends to be about | high altitude
a third of total is a compli~

external natural radia-
tion

cating factor

Other high towns in South America —

Quito, Ecuador
Bogota, Colombia

— altitude 9350 feet (2850 m) ; latitude
— altitude 8660 feet (2640 m) ; latitude 4°N;

0°;

population 212 873
population 325 658

Cerro de Pasco, Peru — altitude 13 973 feet (4259 m) ; latitude 10°S; population 19187

Himalayan area — altitude 12 087 feet (3684 m); latitude 30°N ; population (Lhasa) about 20 000

* Populations and altitudes from the Columbia Lippincott Gazetteer of the World (1952)
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to the demonstration of significant genetic changes. The Committee
is cognizant, however, of the desirability cf obtaining meaningful data,
imperfect though they may be, on the consequences of prolonged exposure
to low doses of radiation. Such is the present status of knowledge of the
somatic and genetic effects of chronic low-level exposures that any proper
investigation of areas of high natural radiation is certain to contribute to
the fund of biological knowledge and the ultimate specification of the
genetic risks accruing from increasing exposure to ionizing radiations.

PRINCIPLES OF PLANNING INVESTIGATIONS
OF HIGH-RADIATION AREAS

3. Type of Information Needed

Before commenting on the kind of information to be sought in studies
of this nature, some general remarks should be made concerning the
factors which determine the significance or ** resolving power > of such a
study, since they bear on the type of data to be collected.

These factors, as enumerated in Annex H of the report of the United
Nations Scientific Committee on the Effects of Atomic Radiation,! are:

(@) the (cumulative) dose to the parents of the individuals under study ;
(b) the number of individuals whose parents have been so exposed ;
(c) the number of characteristics of genetic significance to be recorded ;

(d) the manner in which information on these characteristics is
collected ;

(e) the availability of a suitable control population.

In view of a recent finding ? that in the mouse fewer mutations occur
in response to chronic irradiation than are caused by acute irradiation
with the same dose, an added factor may be present in evaluating a
study in which the dose in question is accumulated over a long time.

It is difficult to consider these factors independently of one another
since, for instance, the decision as to the number (and type) of characteristics
to be recorded cannot but be influenced by the cumulative dose to the
parents of the individuals under study and the number of individuals
whose parents have been so exposed.

! United Nations, Scientific Committee on the Effects of Atomic Radiation (1958)
Report ..., New York, p. 172 (document A/3838)

2 Russell, W. L. & Russell, L.B. (1958) Radiation-induced geneftic damage in mice.
In: Proceedings of the Second United Nations International Conference on the Peaceful
Uses of Atomic Energy, Geneva, Vol. 22, p. 360



10 RADIATION

3.1 Principles determining the type of information sought

Two seemingly different approaches to the study of genetic effects in
areas of high natural radiation exist. On the one hand, effort could be
directed toward the study of characters known to appear, or at least
thought to appear, as a result of single-gene mutations. This method of
study can be termed the “ specific phenotype > approach, and it is assumed
that each of the phenotypes chosen for study arises as a consequence of
the mutation of one or a small number of genes. On the other hand, effort
could be directed toward the study of those genetic characteristics of the
population which it is assumed reflect the cumulative effect of mutation
at many loci, such as the sex ratio. This may be termed the * population
characteristics ” approach. These two approaches are not necessarily
mutually exclusive, and are so presented here largely for convenience.
In fact, the “ population characteristics” approach would under most
circumstances lead to an accumulation of some information bearing on
the frequencies of specific phenotypes.

In general, the genetically more appealing “ specific phenotype”
approach will not be feasible as it requires larger numbers of children
born to highly exposed people than will be available except under very
unusual circumstances. This assertion rests on two considerations. Firstly,
the number of characters with simple modes of heredity which are at
present known and which pose minimum diagnostic problems is limited,
perhaps in the neighbourhood of 100. Secondly, it may be anticipated
that the probability of a mutation per locus per unit dose will be of the
order of 1x10~7. Thus, the probability that any given individual will
possess one or more of the requisite phenotypes is extremely small. It
follows then that to obtain a sufficient number of individuals possessing
the requisite phenotypes for a statistically significant result to emerge,
a rather large number of observations must be made. It does not appear
that the prerequisites for this approach are met by any existing population,
and so in this presentation attention will be concentrated on the approach
which relies on less specific indicators for the demonstration of genetic
effects. Unfortunately, practically all of the less specific indicators of
genetic change which it is feasible to employ are influenced by a variety
of environmental factors, which makes the question of adequate controls
especially critical.

The indicators which may be utilized in the *“ population characteristics *
approach are of two types, depending on whether they emerge from the
essentially non-medical vital statistics of an area, or whether they depend
on medical and allied efforts in that same area.

From properly collected vital statistics, such items as birth-rates,
death-rates, life expectancies, fertilities and sex ratio can be extracted,
all of which may, with suitable reservations, be used as a basis for evaluating
genetic differences between populations. ‘
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On the medical side, population data of especial value for the evaluation
of genetic change include the frequency (and tvpes) of congenital defects,
patterns of growth and development, and morbidity and mortality data.
In order that population comparisons with respect to any of these indicators
of genetic difference be valid, extensive information must be available
on the two or more populations concerned with respect to such mat-
ters as:

(a) geography of the areas occupied by the populations ;

(b) origin of the groups in question ;

(¢) inbreeding levels ;

(d) effective population size ;

(e) migration ;

(f) diet;

(g) cultural and religious practices affecting reproduction ;

(h) socio-economic conditions ;

(i) other factors influencing morbidity and mortality patterns.

Equally important, but generally less readily obtainable, is information
of a historical nature bearing upon several of the above.

An extension of the * specific phenotype > approach which appears to
merit exploration when comparing large populations, one of which is
subjected to a relatively small increase in radiation exposure, involves the
study of maternal and paternal ““ age effects > in the appearance of mutant
phenotypes. Such age effects, even in the male, are undoubtedly com-
pounded of many factors, only one of which is an increasing probability
with the passage of time of induced murtation due to ionizing radiation.
However, a significantly increased age effect in the population exposed
to the greater amount of radiation could be construed as evidence for
the induction of mutation, and a quantitative treatment derived.

3.2 The possible usefulness of studies on consanguinity effects

In populations long exposed to increased amounts of ionizing radiation,
there will presumably have occurred an accumulation of induced recessive
mutations. The magnitude of this accumulation will presumably depend
on many factors—severity of natural selection, degree of inbreeding, etc.
The possibility exists that this accumulation can be assessed by studies
comparing the magnitude of consanguinity effects in this population with
the magnitude of such effects in a suitable control group.

3.3 Approaches not depending on large population surveys

Several recent scientific developments, although still in need of technical
improvements, appear to offer alternative approaches to those just
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enumerated. These approaches do mnot involve the surveying of large
populations but the study of somatic mutation in the individual, e.g.,
the frequency of erythrocytes altered in their serological behaviour, or
the appearance of chromosome changes or altered serological or biochemical
behaviour in somatic cells as studied in tissue cultures.

Whatever the contribution of these studies will be to the general problem
of the effects of radiation on man, it is clear that they can only complement
population studies but cannot replace them. In fact, while they will
contribute to the problem of the frequency with which mutations are
induced, whether they will contribute to the equally important question
of the fate of induced mutations in human populations is uncertain.

4. Collection of Specific Information

In offering the following general remarks concerning the specific
information to be sought, the Committee recognizes clearly the extent to
which the exact details will be shaped by the particular circumstances
surrounding any given study. If, however, studies in a variety of geographic
areas are to be comparable, then some measure of uniformity of approach
is obviously desirable. It seems reasonable to expect that such studies
will differ mainly in the intensiveness of the investigation. Accordingly,
the Committee urges that studies of areas of high natural radiation evolve
through certain specified stages, proceeding from data easily collected by
a minimum of medical personnel to a more elaborate programme where
success will involve rather substantial medical support.

4.1 The different levels at which information can be collected

The Committee suggests that it is appropriate to think in terms of
levels of information, the lowest level being that at which information is
most readily collected although, in some instances, it may be indispensable
to the acquisition of information at higher levels. At least six levels ”’
can be recognized :

(1) Accurate demographic statistics, from which can be calculated
birth-rate, life expectancy, sex ratio, etc. This is essentially non-medical
data, an important consideration in countries whose medical personnel

are in short supply.

(2) Growth and development’ data. These can be collected at various
levels of complexity, according to techniques abundantly discussed in the

1 Atwood, K. C. & Scheinberg, S. (1958) Science, 127, 1058
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literature. Again, much of this information can be collected by non-
medical personnel.

(3) Patterns of congenital defect. In the simplest form these are based
on observations by physicians on all new-born infants. A re-examination
at age nine months will approximately double the amount of defect observed,
and a further examination at age 10 years should more than triple the
number of defects for evaluation.

(4) Morbidity and mortality patterns as based on clinical data. With
the addition of data of this type, the medical picture of the population
is brought near to completion. This, again, is not an all-or-none type
of observation—one can begin with certain key diseases and increase the
degree of reporting as facilities expand. Moreover, in contrast to many
developmental anomalies, progressive diseases such as malignant neoplasia
inevitably reach a stage where they impel recognition. Early recognition,
though perhaps most desirable for the welfare of the individual, may
imply a much greater expenditure of diagnostic effort than is requisite
for study purposes. In the studies of the type under consideration, some
compromises must be made to achieve a working balance between the
medical needs of the people and the available resources of the project.

(5) Laboratory studies. ILaboratory studies are expensive, often
time-consuming, and require a high degree of technical skill which may,
in large population studies, confine their application to restricted samples.
They are, however, more objective in their nature, and can be made prac-
tically free of any possible bias on the part of those carrying out the tests.
Suitable objects of study are blood groups, haemoglobins and other genetic
markers regarding the heritability of which information is being accu-
mulated. Cytological studies on the chromosome complement of the
exposed populations may also prove fruitful. In addition, laboratory
services will be needed for the proper support of the studies essential for
the determination of individual health status.

(6) Necropsies. The final level will consist of post-mortem studies on
a substantial fraction of the population.

The transition from one level to the next is of course not necessarily
on an all-or-none basis ; there may be a substantial degree of overlapping.
Thus, under most circumstances a necropsy programme will be introduced in
conjunction with efforts to obtain patterns of morbidity and mortality.
In collecting data such as that under discussion, it is necessary to bear
in mind from the beginning that the unit of study in genetics is generally
the family, and information should be collected with a view toward family
relationships.

Not enough is known concerning human genetics to permit accurate
statements concerning the relative value of the various types of observations
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here enumerated. There are, however, increasing grounds for thinking
that the sex ratio and length of life may be relatively sensitive indicators
of radiation-induced mutations.» 2 On the other hand, congenital defects
may, to a considerable degree, be the manifestation of complex genetic
systems whose expression is significantly influenced by environmental
variables and whose phenotypic response to increased mutation rates is
complicated and at present poorly understood.® If this is correct, then
the type of data -which is most easily collected under a wide variety of
circumstances may actually be that which is most pertinent to an evaluation
of radiation effects. Otherwise stated, if the amount of information of
genetic value which could be extracted from a population were to be
graded on a quantitative scale, it might well be that by the expenditure
of a certain effort 95% of the information could be extracted, whereas
the expenditure of only a quarter of that effort would yield 757; of the
information. Attention is again directed toward the critical role played
by the control population in the final analysis of data with reference to
any of these levels of information.

4.2 Classification and nomenclature of specific anomalies

If the various studies which are to be undertaken on this problem
are to be comparable, one requirement is for a uniform system of nomen-
clature with which to record observations. For a variety of reasons, the
WHO Manual of the International Statistical Classification of Diseases,
Injuries and Causes of Death (1955 revision) has much to recommend it.
However, this classification is not sufficiently detailed with respect to
many entities of genetic interest ; the possibility is raised that at the time
of the next revision of this manual some thought be devoted to expanding
certain sections to make them more useful for genetic purposes.

4.3 Standardization of anthropological measurements

The human body lends itself to a variety of measurements and ways
of measuring. It is suggested that in approaching the question of the
appropriate techniques to be employed, Martin’s handbook * be used as
a reference manual. Attention is directed to the fact that these measurements
are overlapping rather than independent approaches to bodily proportions
and development. In comparing two populations, then, the comparison

L Scﬁull, W. J. & Neel, J. V. (1958) Science, 128, 343
2 Russell, W. L. (1957) Proc. nat. Acad. Sci. (Wash.), 43, 324
3 Neel, J. V. (1958) Amer. J. hum. Genet., 10, 398

4 Martin, R. (1928) Lehrbuch fiir Anthropologie in systematischer Darstellung, 2nd
ed., Fischer, Jena, 3 vols
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of individual measurements does not easily lend itself to a clear picture
of the significance of any differences which may be observed. It seems
inevitable that multivariate analysis of the anthropometric data will have
to be adopted. To a rather large degree, the scope of the multivariate
analysis will be dependent upon the computational facilities which are
available. In the absence of electronic computers, it would be inadvisable
to attempt to handle more than, say, six or eight variables. The variables
should be so selected as to represent both the linear and circumferential
components in growth, and, further, to minimize the correlations between
the measurements chosen.

4.4 Correlative studies on plant and animal material

At some point in the development of such studies, consideration must
be given to correlative observations on plant and animal material. For
instance, the frequency of chromosomal abnormalities in the dividing cells
of long-lived plant material might be a valuable observation. The possibility
of genetic studies on the local fauna, and especially on genetically well-
investigated forms, such as Drosophila and mice, must be entertained.
The possibility that organisms living in high-background areas may
show an increased radiation resistance may deserve investigation.

4.5 Physical environment and dosimetry

Ultimately, the interpretation of any biological changes encountered
in these studies involves an adequate exploration of the environment.
Physical measurements and radiochemical analyses may be required to
describe fully the radiation field with respect to : (1) intensity and energy
levels of the various components ; (2) air transport of particulate material ;
(3) concentration of specific radioisotopes in elements of the food chain ;
and (4) determination of the body burdens and distribution of the significant
radioactive substances.

Dosimetric computations made possible by precise characterization of
the radioactive environment may be supplemented by direct dose measure-
ments, utilizing the most efficient instruments available at the time. Data
of the type indicated would permit later review and increasing refine-
ment.

The dosimetric problems will vary from one area to another, depending
upon the nature of the radioactive deposits; however, it is important
that deposition of radioactive substances in tissues such as those of bone
or lung, which would appear to have little significance with reference to
gonadal dose, should not be overlooked, as it may be of significance in
the production of somatic effects.
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5. Interrelationship of Genetic Studies with Work which might
be Undertaken on the Somatic Effects of Radiation

It is of paramount importance in studying the effects of radiation to be
able, if possible, to distinguish the purely somatic effects on the individual
who is born and who lives in a radioactive environment from the mani-
festations of the genetic burden that may have been passed on to him
as a result of previous generations of exposure. The manifestations of
genetic changes are themselves, however, somatic, and it is important
to remember the degree to which the measure of seemingly *“ pure > somatic
effect turns out to involve a genetic component. Despite this interplay
of genetic and somatic effects, observations on the several variables to
be enumerated in 5.1 and 5.2 seem justified, since they will bear on such
questions of basic interest as:

(1) What are the forms of the dose-response curves in man at low
levels of radiation with reference to such varied phenomena as leukaemia,
bone sarcoma, etc. ?

(2) Are there threshold values below which somatic effects associated
with radiation exposure are not observed ?

(3) When a shortening of the life-span is encountered, to what extent
is it (a) a genetic effect ; (b) a direct somatic effect of radiation, possibly
of greatest importance in intra-uterine life and early childhood ; and (c) a
combination of both?

5.1 Shortening of life-span

Shortening of the life-span following exposure to radiation is best
studied by an examination of age-specific death-rates. The interpretation
_of such observations rests upon the general premise that the death-rates
in a population are a reflection of the biological state of the entire population
and not just something that pertains to those who die. :

5.2 Other manifestations of somatic injury

The second class of somatic manifestation consists in the occurrence
of specific events, such as an increase in the frequency of various tumours
or of leukaemia, or the onset of some of the anaemias, which may be related
to radiation injury. There are lesions such as cataracts and other ocular
alterations where one can make observations which are pertinent to the
question of somatic injury. Special attention should be paid to such
phenomena in early childhood.
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6. Statistical Considerations

An attempt to state general statistical principles applicable to the
investigation of high-background areas is apt to lead either to the statement
of principles so broad that they contribute nothing, or to voicing what
would appear to be the obvious. At the risk of doing the latter, the Com-
mittee affirms the general principle that the most important consideration
is the prior specification of the question or questions which the data can
hope to answer. Aside from this general consideration, there exists a
number of other statistical problems which may, to some degree, be antici-
pated from the nature of investigations of chronic low level exposures.
These problems can be seen more clearly if one enumerates the types of
variates liable to be encountered. These variates may be grouped into
four classes, namely :

(1) the  experimental > variables, the objects of the investigation ;

(2) controlled extraneous variables, the control being through selection
of the .comparison population ‘or estimation procedures ;

(3) uncontrolled extraneous variables which can be treated as randomized
errors ;

(4) confounded extraneous variables, these being uncontrolled variates
intimately interwoven into the fabric of the experimental variates, so
as to favour one group over another.

In a very real sense, the worth of a survey will be directly proportional
to the ability to recognize and delineate these variates. Clearly in an
“1ideal ” experiment confounded extrancous variables would not occur ;
cither by design or randomization these variates would be controlled or
become part of the randomized errors. In surveys, since it is frequently
impossible or not feasible to randomize the otherwise confounded
uncontrolled variates, one may attempt to select as experimental variates
those characteristics of the organism which, while subject to change by
the stimulus under investigation, are least influenced by other factors which
may be dissimilarly distributed in the groups under study. The alternative
is to attempt to separate the experimental and confounded variates through
selection of the comparison population and/or recourse to multiple ways
- of classification, stratification, partial correlations, etc. It is unfortunate,
but true, that most of the measurements indicative of radiation-induced
genetic damage which are readily obtained are also influenced by a wide
variety of extraneous variables, among these being such things as maternal
age, size of family, and nutrition.
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6.1 The value of general calculations, e.g. of the numerical criteria which
comparative surveys of an irradiated and a control population would
have to satisfy

From the introduction it will be evident that general calculations are
apt a priori to have only limited usefulness. This stems from the necessity
to make certain assumptions in the calculations which may or may not,
in fact, be satisfied. Moreover, since as a rule, the effect of confounded
variates cannot be specified in advance, the calculations are generally
with respect to an idealized situation, namely, one where it is assumed that
any difference which may exist between the two populations under compar-
ison will be due to the *treatment” alone. Despite the uncertainties
which surround general calculations, they may serve as a guide to intelligent
planning, and afford some prior indication of the possibility of demon-
strating effects of radiation or the worth of negative findings.

Perhaps the most meaningful general calculation which can be made
is to determine the approximate difference between a control and irradiated
population which may be demonstrable with the number of observations
to be expected in a given instance. This calculation does not require
assumptions regarding genetic mechanisms, selection, etc. For illustrative
purposes and to provide certain figures for planning, let us assume an
irradiated population of approximately 100 000 persons, that an adequate
control of equal size can be obtained, and, for the moment, that the observa-
tions to be made will be based upon persons newly born. Clearly the
number of observations will be a function of the yearly birth-rate, and
the duration of the study (see Table 7).

TABLE 7. MAXIMUM NUMBER OF NEWBORNS. IN AN INITIAL POPULATION
OF 100000 FOR DIFFERENT BIRTH-RATES AT 5-YEAR INTERVALS

Population of new-borns in
Average yearly
birth-rate
5 years 10 years 15 years 20 years
25 per 1000 12 500 ) 25 000 37 500 50 000
30 per 1000 15 000 30 000 45 000 60 000
35 per 1000 17 500 35 000 52 500 : 70 000
40 per 1000 20 000 40 000 60 000 80 000
45 per 1000 22 500 45 000 67 500 90 000

To simplify subsequent calculations, let us assume that the study will
continue for either 10 or 20 years, and that during this interval the average
yearly birth-rate will be 35 per 1000. This implies, then, a total (in the
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combined populations) of 70 000 observations in 10 vears, or 140 000 in 20.
Now the difference which one may reasonably expect to detect is a function
of (1) the sample size ; (2) the confidence level (the frequency with which
one rejects the null hypothesis when it is true) ; and (3) the power of the
test (the frequency with which one rejects the null hypothesis when it is
false). Suppose one were interested in contrasting in these two populations
the frequency of some event such as the occurrence of a congenitally
malformed child, the frequency of stillbirths, etc. Toillustrate the differences
which would be demonstrable, we shall assume (1) one-tailed tests of
significance, with a confidence level of 0.05; (2) a power of the test equal
to 0.90; and (3) that one will be contrasting a single exposed population
with its control. If two-tailed tests were used, the necessary difference
would be larger for a given proportion and sample size ; conversely, if
the power of the test were reduced, the necessary difference would be
smaller for a fixed proportion, sample size, and test hypothesis. It should
be noted that the efficiency of the study could be measurably improved if
exposures could be quantified so that regression techniques might be
employed in the analysis. Under the conditions previously given, the
minimum differences demonstrable are approximately as shown in Table 8.

TABLE 8. MINIMUM INCREASE IN FREQUENCY OF A GENETICALLY CONTROLLED
EVENT DEMONSTRABLE IN AN IRRADIATED POPULATION

Minimum frequency in irradiated population demonstrably
Estimated frequency different from that in contro! group
in control population
for pop. of 35000 for pop. of 70 000
0.001 0.0018 0.0016
0.01 0.0123 0.0116
0.02 0.023 0.022
0.05 0.055 0.054
0.10 0.107 0.105
0.50 i 0.511 0.508

The demonstrable difference between means or standard deviations
can similarly be computed.

So far, one is on rather firm statistical footing, but as soon as one
turns to the obvicus question * Are these the differences we might expect
on genetic grounds ?”, a very large element of speculation enters. From
the data compiled in Hiroshima and Nagasaki® one would be tempted

* Neel, J. V. & Schull, W. I. (1936) The effect of exposure 10 the atomic bombs on
pregnancy termination in Hiroshima and Nagasaki. National Academy of Sciences —
National Research Council, Washington, D.C.
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to assert that the genetic effects might well be smaller than could be demon-
strated with the samples suggested above. For example, the Japanese
data suggest that the change in the sex ratio following maternal exposure
is 0.0060 per 100 reps.! This value would be just large enough to be
significant in a sample of 140 000 in a 20—year study. Whether the same
difference could be expected to. obtain in a population whose exposure
in any one generation is less than 100 reps, but where exposure has extended
over numerous generations, is a moot question. The problem of the
weight to be given to an accumulated exposure extending over generations
—which was not the case in Japan—has been accentuated by the recent
report of Russell and Russell 2 that in.the mouse a series of divided doses
does not produce the effect obtained from a single exposure equal to the
sum of the divided doses. . :

A somewhat different approach to the same problem is discussed in
Annex H of the report of the United Nations Scientific Committee on
the Effects of Atomic Radiation.? Although the argument given there
proceeds from a more strictly genetic orientation, the ultimate conclusion
is the same as that reached in the present report.

6.2 General principles of methodology of reporting

Since the difference between control and irradiated populations is
expected to be small, the number of observations which will be required
is large ; but since the population under study is itself only of moderate
size, the observations must extend over a rather long period of time. These
two requirements, namely, a long observational period and a large number
of observations are, perhaps, the two most important considerations
shaping the form of the study. Clearly the method of reporting must
be such that it can be held constant, both within and between populations,
for a considerable period of time. This, of course, leads to the recom-
mendation of an uncomplicated approach devoid, in so far as possible,
of measurements which are subject to changing interpretations.

It need hardly be pointed out that a system of reporting dependent
entirely upon voluntary contributions is apt to be both incomplete and
biased. It seems doubtful whether the normal channels for collecting
demographic statistics, dependent as they often are upon harassed and
overworked 1nd1V1duals (midwives or physicians), will be adequate in

1 Schull, W. J. & Neel, J. V. (1958) Science, 128, 343
2 Russell, W. L. & Russell, L. B. (1958) Radiation-induced genetic damage in mice
In: Proceedings of the Second United Nations International Conference on the Peaceful
Uses of Atomic Energy, Geneva, Vol. 22, p. 360
_ 3 United Nations, Scientific Committee on the Effects of Atomic Radiation (1958)
Report ..., New York, p. 172 (document A/3838)
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studies of the kind under discussion. Accurate diagnosis will be of the
utmost importance, and this demands an interest and level of training
which cannot be enforced. Now it may be argued that so long as diag-
nostic errors are randomly distributed between the study populations the
errors are immaterial. This is only partly true, for in so far as diagnostic
errors increase the error variance they magnify the difference which must
exist to be statistically demonstrable. While the general level of reporting
of vital statistics could te improved by introducing a system of “ spot
checking ”, it remains questionable whether this would suffice to meet
the accuracy of reporting which a study demands. Clearly, the ideal
would be a system of follow-up, by a specially trained team, of every
individual. This may not be feasible either in terms of cost or available
personnel. The study in Japan * can provide data on the personnel required,
and some of the special problems which arise in implementing a follow-up
study of this type.

Under all circumstances, a limited pilot study of the area seems
mandatory if the larger study is to be adequately and intelligently planned.
The pilot study should be especially directed towards revealing extraneous
sources of variation which may be distributed unequally in the radiated
and control populations, and which could, therefore, be confounded with
the experimental variates. The pilot study would also serve to indicate
the types of measurements which might profitably be obtained. There is
a real danger in studies of this kind of * over-measuring ”, that is to say
of obtaining measurements which are not pertinent to the main argument.
Not only is this ineflicient, but it may actually jeopardize the programme
by increasing the investigative burden. It would be well to be guided
by the principle that for each and everv measurement obtained there must
exist an argument specifying why this variable should Le measured.

Finally, it seems appropriate to emphasize the desirability of introducing
a measure of methodological uniformity into such studies as may be under-
taken in the future, not with the intent of forcing all studies into a common
mould but to facilitate a comparison of the findings of various studies.
Such standardization is admittedly difficult when the techniques concerned
are still so imperfect. Even so, there are at this time certain field procedures
on which it should be possible to reach an agreement. For instance, the
desirability of bringing the registration of births and deaths to at least
the 959 level before undertaking a comparison of the demographic statistics
of two regions is apparent. On quite another level, if one were interested
in the possibility of utilizing studies on the frequency of leukaemia,
standards for the diagnosis of leukaemia must be set.

I Neel, J. V. & Schull, W. J. (1956) The effect of exposure to the atomic bombs on
pregnancy termination in Hiroshima and Nagasaki, National Academy of Sciences —
National Research Council, Washington, D.C.
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6.3 Sources of error and fallacies which could arise in field recording

The types of errors or fallacies which could arise in field studies can
arbitrarily be divided into two groups. Firstly, there will be errors which
are more or less unique to the area being studied. These could be specified
in advance only by someone thoroughly familiar with the region. Most
of these errors will have their roots in an imperfect understanding of the
culture of the people ; and presumably a number of them would be revealed
by a pilot study. Secondly, there exists a class of errors common to all
large-scale studies. Only three of these sources of error are singled out for
comment. The first of these is the problem of maintaining uniformity
of examination when a number of examiners are employed. There is no
simple solution to this, and only constant surveillance and careful indoc-
trination of the examiners will minimize this source of error. The second
important source of error in studies on areas of high-background radiation
results from the examiner knowing to which population the examinee
belongs. With field recording and the differing geographical distributions
of the two populations, this type of error is inevitable, especially in view
of the emotionally charged atmosphere which surrounds the problems
of the effects of radiation. Some idea of the magnitude of this bias might
come from the inclusion in any programme of study of selected laboratory
procedures which could be conducted so that the technician was unaware
of the population from which the specimen was drawn. The third source
of error stems from the simple fact that intensive observations can hardly
be continued for any length of time without the population changing to
some degree. Perhaps the change is most apt to take the form of an increased
awareness on the part of the examined individual of the objectives of the
study, and, as a consequence, some loss of perspective. It is possible to
combat this only through a scrupulous attention to completeness of
examination from the inception of the project, and the selection of the
most objective, incontestable measurements possible, such as sex, anthropo-
metric, or laboratory measurements.

7. Side Benefits from ad hoc Studies

It is apparent that properly organized studies of the type under discussion
cannot fail to result in many contributions to human biology other than
those concerned with human radiation genetics. :

7.1 Opportunities for training young geneticists and other workers

The professional staff engaged in these studies will often consist of
five to ten highly-trained individuals—geneticists, statisticians, physicians,
etc. Opportunities will exist to provide students with a type of field
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experience which can be an int