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RECOMMENDATIONS OF THE INTERNATIONAL
COMMISSION ON RADIOLOGICAL PROTECTION*

PREFACE

THE International Commission on Radiological
Protection (ICRP) has been functioning since
1928 when it was established, under the name
of International X-ray and Radium Protection
Commission, by the Second International Con-
gress of Radiology held in Stockholm, Sweden.
It assumed the present name and organizational
form in 1950 in order to cover more effectively
the rapidly expanding field of rad1at1on pro-
tection.

The recommendations published in the
present volume represent concepts and practices
evolved from discussions at formal and informal
meetings of the Commission and its Committees,
held in recent years. Prior to World War II the
Commission published recommendations at

*rvals of about three years. The first meeting

<he post-war period was held in London in
1950. An informal meeting was held in Stock-
holm in 1952 in connection with the conference
organized by the International Joint Committee
on Radiobiology primarily to discuss the genetic
effects of radiation. The next meeting was held
in Copenhagen in 1953, at which time four of
the Committees held formal meetings for the
first time. The results of the deliberations were
published in- 1955 as Supplement No. 6 of the

British Journal of Radiology. The Commission

and its Committees met again in the spring of
1956 in Geneva, at which time most of the
recommendations in the present volume were
adopted in principle. At this meeting the
Commission became formally affiliated with
the World Health Organization (WHO) as a
“non-governmental participating organizatiog”.

The Commission (ICRP) and the Interna*
tional Commission on Radiological Units
(ICRU) held a special joint meeting in New
York in the fall of 1956 to consider an invitation
©~m the United Nations Scientific Committee

che Effects of Atomic Radiation (UNSCEAR)
for cooperation in the phase of its work involving
exposure from medical procedures.

The two

Commissions accepted the assigned task and
submitted a report to UNSCEAR, published
in the October 1957 issue of Physics in Medicine
and Biology. Funds for expenses incurred in the
preparation of the report were provided by the
UNSCEAR. At the time of this joint meeting
the Commission held an informal meeting to
discuss further the recommendations to be made
following the deliberations in Geneva earlier in
the year. Additional discussions were carried
out at another special meeting of the Commis-
sion held in New York in the spring of 1958.
At this time an ad hoc Publication Committee
was appointed to expedite the preparation of
the manuscripts. This Committee held a two-
week meeting in New York in May and prepared
a first draft of the recommendations, which was
sent out to all members of the Commission.
The Committee met again during the second
half of July and revised the first draft in accord-
ance with suggestions made by members of the
Commission. At this time, the - Committee
reviewed also the available drafts of the reports
of the Commission’s Committees.

In the preparation of the Comm1551on s
recommendations, the Publication Committee
found it necessary to fill certain gaps involving
items that had not been formally discussed and:
approved by the Commission. For this reason
advantage was taken of the presence of seven
members of the Commission in Geneva in
September 1958 to review the second draft and
make appropriate changes. The amendments
were sent to the members who could not attend
this meeting. The final draft embodies further
comments made by members of the Commission.

Many individuals, who are not members of
the Commission, were consulted in the prepara-
tion of the recommendations and their co-
operation is gratefully acknowledged. - In parti-
cular the recommendations on genetic dose were
discussed by the Chairman of the Publication

Committee with.several prominent geneticists
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at the Xth International Congress of Genetics
in Montreal, August 1958. It should be noted,
also, that Committee I at its 1956 meeting in
Geneva, prepared the first draft of the new
recommendations adopted by the Commission
at that time, which provided the basis for the
recommendations published in the present
volume.

In recent years the Commission has received
financial assistance from the International
Society of Radiology, the National Association
of Swedish Insurance Companies and private
Swedish sources for incidental secretarial
expenses. Practically all the work of the
Commission has been’ done on a voluntary
basis by its members and members of its
Committecs. ~The Commission is heavily
indebted to them for their efforts and to their
parent organizations for technical and secre-
tarial help. The World Health Organization
contributed funds for travel expenses of some
members of the Publication Committee, for
secretarial help and for incidental expenses in
the preparation and circulation of the manu-
scripts. The Commission takes this opportunity
to express its deep appreciation of these

contributions, without which the preparation
of the present recommendations would have
been greatly hampered.

The chairman of the Publication Committee
and the Temporary Secretary wish to thank the
members of the Commission for their cooperative
and prompt replies to the numerous question-
naires and ballots that had to be circulated in
the course of preparing the final manuscript.
Thanks are due also to the members of the
Publication Committee who prepared the first
two drafts.

The Commission is happy to announce that
the Pergamon Press has generously assumed
financial responsibility for the publication and
distribution (at modest prices and without
copyright restrictions) of the present volume
and others in ‘preparation embodying the
reports of the Commission’s Committecs.

"RoLr M. SiEVERT
Chairman-of ICRP

GroaccuiNo FaiLa
Vice-Chairman ICRP

Chairman of Publication -
Commitiee
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ORGANIZATION

Rules Governing the Selection and Work of the
International Commission on Radiological Protection

(1) The International Commission on Radio-
logical Protection (ICRP) functions under the
auspices of the International Congress of
Radiology. The following rules, amended in
1953 by the International Executive Committee
(IEC) of the Congress, govern the selection and
work of the ICRP.

I. (a) The International Commission on
Radiological Protection (ICRP) shall be com-
posed of a Chairman and not more than 12
members. The selection of members shall be
made by the International Executive Committee
(IEC) from a list of nominations submitted by
he national delegations and by the International
Commission on Radiological Protection itself.
Members of the ICRP shall be chosen on the
basis of their recognized activity in the fields of
radiology, radiation protection, physics, biology,
genetics, biochemistry, and biophysics, without
regard to nationality.

(b) The members of the ICRP shall be
selected during one International Congress to
serve through the succeeding Congress. Not less
than two, but not more than four, members of
the ICRP shall be changed at each Congress.
In the intervening period a vacancy caused by
conditions beyond the control of the IEC shall
be filled on the recommendation of the ICRP.

(c} In the event of a member of the ICRP
being unable to attend the ICRP meetings, a

substitute rhay be selected by the ICRP as a

temporary replacement. Such a substitute
member shall not have voting privileges at the
meetings unless specifically authorized by the
IEC. ,
(d) The ICRP shall be permitted to invite
‘ndividuals to attend its meetings to give special
&/tcchnical advice. Such persons shall not have
voting privileges, but may ask permission to
have their opinion recorded in the minutes.

II. The continuance of the records of the
ICRP shall be in the hands of a Secretary of the
ICRP elected by the ICRP from among its
regular members and subject to the approval
of the IEC, _

III. The ICRP shall familiarize itself with
progress in the whole field of radiation protec-
tion. The Secretary shall be responsible for the
preparation of a programme to be submitted to
the Commission for discussion at its meetings.
Preliminary reports shall be prepared and
circularized to all members of the ICRP and
other specially qualified individuals at least six
months before the meeting of the Congress.

IV. The Chairman shall be elected by the
ICRP during one Congress to serve through the
succeeding Congress. The choice shall not be
limited to the country in which it is proposed
to hold the succeeding Congress.

V. Decisions of the ICRP shall be decided by
a majority vote, with the Chairman casting the
deciding vote in case of a tie. A minority
opinion may be appended to the minutes of a
meeting if so desired by any member and upon -
his submission of same in writing to the
Secretary.

Policy of the Commission

(2) The policy adopted by the ICRP in
preparing its recommendations is to deal with
the basic principles of radiation protection, and
to leave to the various national protection
committees the right and the responsibility of
introducing the detailed technical regulations,
recommendations, or codes of practice best
suited to the:needs of their individual countries.

(3) The Commission’s recommendations have
been kept continually under review in order to
cover the increasing number and scope of
potential radiation. hazards, and to amend
safety factors in the light of new knowledge
concerning the effects of ionizing radiations.

xi
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Official Relations with the World Health Organi zation

(4) Inaccordance with rules laid down by the
World Health Assembly for the admission of
non-yovernmental organizations into official
relations with the World Health Organization,
such relations were established between the
ICRP and WHO in 1956 and were reaffirmed
in 1958. This arrangement has been eminently
satisfactory to the Commission and it is hoped
that'it will continue,

Ceimposition of t-2 ICRP and Its Committees

(5) During the preparation of these recom-
mendations the ICRP has had the following
compositicn: '

Main Commission

1953-1956

Sir ErNest Rock CaRLiNG, Chairman (Great
Britain)

W. Bivxs, Secretary (Great Britain)
A. j. Cieriant (Canada)

G. Fara (U.S.A))

H. HortnuseN (Germany)

J. C. JacosseEn (Denmark)

R. G. JaEGER (Germany)

W. V. MaynNeorD (Great Britain)
K. Z. Morcan (U.S.A))

R. M. SieverT (Sweden)

R. S. Stone (U.S.A))
- L. S. Tavror (U.S.A))

M. Tusiana (France)

1956~

R. M. SieverT, Chairman (Sweden)

G. Fara, Vice-Chairman (U.S.A.)

W. Binks, Secretary* (Great Britain)

L. BugNarp (France)

H. HortrHUSEN (Germany)

J. C. JacossEN (Denmark)

R. G. Jaecer (Germany)

W. V. Mavyneorp (Great Britain)

K. Z. Morcan (U.S.A)

R. S. Stone (U.S.A) -

L. S. Tayror (U.S.A))

E. A. WatkinsoN (Canada) -

Sir ERNEsT Rock CARLING, Chairman emeritus
(Great Britain)

* Mr. Binks resigned as Secretary in 3957, for health
reasons. After his resignation E. E. Smrru (Gr;a@‘?ritain)
served as Acting Secretary, and since August.d, 1957,
B. Livper (Sweden) has served as Temporary Secretary.

Committee 1 (Permissible dose for ex*ernal radiation)
1953-1956

G. FarLLa, Chairman (U.S.A.)
L. Bucenarp (France)

D. G. CatcHEsIDE (Australia)
J- C. Jacoesen (Denmark)

J. F. Loutir (Great Britain)
il. J. MuLLer (U.5.A))

JENs INiELsen (Denmark)

R. M. SiEVERT (SWEDEN)

R. S. Stone (U.S.A))

SuieLps Warren (U.S.A))

1956-

G. Faira, Chairman (U.S.A))
A. R. Gorar-AvYENGAR (India)
G. BonNIER (Sweden)

L. BugNar> (France)

.D. G. CarcHesipE (Great Britain)
J. C. Jacossen (Denmark)

T. Kemp (Denmark)

R. LaTarJeT (France)

J. F. LouTtrt (Great Britain)
H. J. MurLer (U.S.A))

JENs NIELsEN (Denmark)

R. M. Sievert (Sweden)

R. S. Stone (U.S.A))

SuieLps WARREN (U.S.A.)

Committee 11 (Permissible dose for internal radiation)
- 1953-1956

K. Z. Morcan, Chairman (U.S.A )
W. Binks (Great Britain)

A. M. Brues (U.S.A))

A. J. Creriant (Canada)

W. H. Lancuam (U.S.A))

L. D. Marmerur (U.S.A)

W. G. MarLEY (Great Britain)

G. J. Neary (Great Britain)

E. E. PocHiN (Great Britain)

1956~
Z. Morcan, Chairman (U.S.A.)
Binks (Great Britain)
M. Bruss (U.S.A))
Lancaam (U.SA))
N

.MARINF.LLI (U.S.A)
. MarrLey (Great Britain)

G

Nakamzuwmi (Japan)
. J. NeEARY (Great Britain)

Qs> En

.
.

.
.
.
.
.

g

H

D.

K

Poeepinskr (U.S.S.R.)

. E. PocHiN (Great Britain)
G. StewarT (Canada)
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ommittee 111 (Protection against X-rays up to energies of

3 MeV and B- and y-rays from sealed sources)
1953-1956

R. G. JAEGER, Chairman (Germany)
S. BEnNER (Sweden)

C. B. Braestrur (U.S5.A))

C. E. Eppy (Australia)

C. GarretT (Canada)

H. HovrTHUSEN (Germany)

P. RonneE (Denmark)

W.. J. Oosterkamp (Netherlands)
E. E. Smith (Great Britain)

H. O. Wyckorr (U.S.A))

J. Zakovsky (Austria)

1956—
R. G. JaeGer, Chairman (Germany)
E. E. SwmitH, Vice-Chairman (Great Britain)
S. BENNER (Sweden) . :
J. BoucHarp (Canada)
C. B. Braestrur (U.S.A))
B. ComBee (Netherlands)
C. GarreTT (Canada)
T. Gauwerky {Germany)
H. HortHuseN (Germany)
P. RennE (Denmark)
D. J. Stevens (Australia)*
H. O. Wyckorr (U.S.A.)
J. Zakovsky (Austria)
A. ZuppPINGER (Switzerland)
Technical Secretary: W. HUBNER (Germany)

Committee IV (Protection against electromagnetic radiation

above 3 MeV and electrons, neutrons and protons)
1953-1956

W. V. MayneorDp, Chairman (Great Britain)

L. H. Gray (Great Britain)

H. E. Jonns (Canada)
H. W. Kocu (U.S.A)

- P. LamarQue (France)

J. S. LauvchHLin (U.S.A))

J. S. MrrcueLL (Great Britain)
B. Mover (U.S.A))

C. A. Tosias (U.S5.A))

F. Wacusmann (Germany) "

1956~

H. E. Jouns, Chairman (Canada)
J. S. MircheLL, Vice-Chairman (Great Britain)
L. H. Gray (Great Britain)

F. Hercik (Czechoslovakia)

G. JoveTr (Switzerland)

W. H. Kocu (U.S.A))

J. S. LavcuLin (U.S.A))

W. V. Mayneorp (Great Britain)
C. A. Tosias (U.S.A))

M. Tuslana (France)

F. Wacnsmann (Germany)

Committee V (Handling of radioactive isotopes and disposal
of radioactive wasle)

1953-1956

. J. Creriant, Chalrman (Canada)
. P. JamMmeT (France)

. Key (Great Britain)

. G. MarLey (Great Britain)

. E. PocHiN (Great Britain)

. H. QuiMBy (U.S.A))

. P. Straus (U.S.A))

. A. Wartkinson (Canada)

. W. WesTern (U.S.A)

s
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. W. KenNY (Great Britain)
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. A. Mawson (Canada)
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G. Famra, Chairman (U.S.A))
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B. LinpELL (Sweden)
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RECOMMENDATIONS OF THE COMMISSION
A. PREFATORY REVIEW

(1) Prior to the Geneva meeting of the

Commission in April 1956, permissible levels of
exposure to ionizing radiation had been
expressed in terms of a dose in a rather short

* From March, 1958

interval of time (1 day or 1 week), that is,
essentially, in terms of an average dose rate—
the average referring to the temporal distribu-
tion of the dose in the specified interval of time.
Implicitly, if not explicitly, it was assumed that
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if this average dose rate was low enough, no
appreciable bodily injury would become appa-
rent in the lifetime of the individual. The
assumption was based largely on radiological
experience which indicated that substantial
skin recovery occurred within a few months
following a moderate therapeutic dose and that
the latent period for some long-term effects of
radiation (e.g. cancer of the skin) resulting from
residual tissue damage, was longer the lower
the dose (or dose rate in the case of chronic
exposure). Thus, in an occupationally exposed
individual a long-term effect might not become
apparent in his lifetime, even if a certain
amount of permanent injury had occurred.

(2) The basic permissible weekly dose at that
time was 0.3 rem/week. Assuming that a
person was occupationally exposed at this rate
(50 weeks a year) for 50 years, the permissible
accumulated dose would be 750 rems in the
most critical organs or essentially throughout
the body. It was realized then that this con-
stituted a “large” lifetime dose and an appro-
priate warning was included in the Commission’s
report of 1955. '

(3) The general awareness of radiation
hazards, induced caution on the part of those
responsible for the protection of workers.
Administratively, liberal factors of safety were
often used especially in large atomic energy
installations. As a result it was found that in
general the actual exposure of persormcl was
kept at levels much below the then existing
permissible limits.

(4) At the 1956 meeting of the Cornxmssmn
it became evident that stricter recommendations
were needed. The 1955 Conference on the
Peaceful Uses of Atomic Energy had aroused
great interest in the development of atomic
power plants throughout the world. In time
this would greatly increase the number of
persons occupationally exposed and wbuyld also
bring about actual or potential exposure of
other persons and the population as a whole.
More importantly, the pressure for producing
power economically might well do away with
the “safety factors” mentioned above. Also,
the average duration of occupational exposure
per individual worker might increase. On the
biological side it was considered that perhaps

INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION

“recovery” plays a less important part in the
long-term effects of radiation to be expected
from continued exposure at low levels, than was
earlier supposed. Because of the larger number
of persons who would be exposed, occupationally
or otherwise, genetic damage assumed greater
importance. This was accentuated in no small
degree by the realization that in some countries
the per capita genetic dose contributed by
medical procedures was about the same as that
contributed by background radiation.

(5) Statistical studies had shown that the
incidence of leukemia in radiologists was
significantly greater than in other physicians
who presumably were not professionally exposed
to radiation. Of necessity these radiologists
included those who had practiced their specialty
at the time when radiation protection was not
very effectively carried out. Therefore, the
accumulated doses received by those who
developed leukemia- may have been much
higher than the 750 rems mentioned above.
On the other hand, since most of the exposure
of these radiologists resulted from diagnostic
procedures carried out with low voltage X-rays,
the lifetime dose in the blood-forming organs
may have been lower than 750 rems even if the
skin dose, especially in some parts of the body
was much higher. The mechanism of leukemia
induction by radiation is not known. It may
be postulated that if the dose is lower than a
certain threshold value no leukemia is produced.
In this case it would be necessary to estimate
the threshold dose and to make allowances for
recovery, if any. There is not sufficient in-
formation to do this, but caution would suggest
that an accumulated dose of 750 rems might
exceed the threshold. The most conservative
approach would be to assume that there is no
threshold and no recovery, in which case even
low accumulated doses would induce leukemia
in some susceptible individuals; and the
incidence might Dbe proportional to the
accumulated dose. The same situation exists
with respect to the induction of bone tumors
by bone-seeking radioactive substances.

(6) Presently available longevity studies differ
as to whether there is a statistically significant
life shortening in radiologists as compared to
other specialists presumably not occupationally
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. -posed to radiation. However, in mammals
k‘nronically exposed at different daily doses a
definite effect on longevity becomes clearly
apparent at the higher daily doses. If extra-
polation to lower daily doses, and then to man,
is justified, it may be concluded that occupa-
tional exposure at presently accepted permissible
limits may entail some life shortening. This
effect may be interpreted as a slight acceleration
of the natural aging process.

(7) The effects just discussed illustrate the
two different types of possible long-term somatic
effect that must be considered in setting up
permissible limits of exposure. The first type
(leukemia) is a serious effect occurring in some
individuals and, therefore, the aim of protection
would be to reduce the incidence to the lowest
practical limit. Thé second type (life shortening)
is presumably an effect on every individual and,
therefore, the aim of protection would be to
reduce the degree of effect to the lowest practical
value. The definition of permissible dose has
been changed to include explicitly these two
+ypes of possible effect.

(8) Genetic effects manifest themselves in the
descendants of exposed individuals. The injury,
when it appears, may be of any degree of
severity from inconspicuous to lethal. A slight
injury will tend to occur in the descendants for
many generations, whereas a severe injury will
be eliminated rapidly through the early death
of the individual carrying the defective gene.
Thus the sum total of the effect caused by a
defective gene until it is eliminated may be
considered to be roughly the same. The main
consideration in the control of genetic damage
(apart from aspects of individual misfortune) is
the burden to society in future generations
imposed by an increase in the proportion of
individuals with deleterious mutations. From

this point of view it is immaterial in the long

run whether the defective genes are introduced
into the general pool by a few individuals who
have received large doses of radiation, or by
many individuals in whom smaller doses have
produced correspondingly fewer mutations.
However, even in this case it is desirable to
limit the dose received by an individual.

(9) In view of the foregoing, recommenda-
tions are made in this report in terms of

maximum permissible doses for individuals and
for population groups. In either case limits
are set on the basis of dose accumulated over
a period of years rather than in terms of a
weekly dose that could be received for an
indefinite period of time. The concept of
limiting the accumulated dose was introduced
by the Commission at its 1956 meeting in
Geneva. The limitation of accumulated dose
suggested at the time corresponds roughly to
a three-fold reduction in weekly dose, for
example, in the case of whole body occupational
exposure when the exposure takes place
approximately at a constant rate.

(10) In practice the problem of chief concern
is chronic exposure either at low dose rates
or by intermittent small doses. Under these
conditions it is reasonable to assume that the
dose accumulated over a period of years is
the controlling factor, provided the intermittent
doses are sufficiently small. Thus, in addition
to limiting the accumulated dose it is necessary
to limit the magnitude of a single dose (that is,
a dose received in a short interval of time).
Previously a single exposure equal to the
maximum permissible weekly dose (“seven
consecutive days”) was permitted. Following
the same pattern, the single dose limit for
occupational exposure recommended in the
present report is expressed in terms of the
maximum permissible dose accumulated in a
period of ““13 consecutive weeks”. The recom-
mended value for the relevant organ (e.g. 3
rems for the blood-forming organs) has been
made as high as it appears prudent, in the light
of present knowledge. The stipulation of any
13 consecutive weeks has been made to make sure
that operations are carried out in such a way
that intermittent doses approximating the
full 13 week quota do not occur at short
intervals.

(11) In the recommendations published in
1955 maximum permissible limits were set on
the basis of doses received by certain organs
and certain serious late effects known to occur
in them with sufficiently large doses. Provisions
were made by means of an arbitrary “‘dose
distribution curve’’ (in the report of Committee
I) to limit the dose in other organs and tissues.
This was made necessary by the adoption of a
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maximum permissible dose for the skin twice
as large as that for the blood-forming organs
(with an assumed effective depth of 5 cm). In
the present report separate recommendations
are made for three groups of organs or tissues:

(a) Blood-forming organs, gonads and lenses
of the eyes.

(b) Skin and thyroid gland.

(c) All other organs or tissues, specifically as
regards exposure essentially limited to the
organ or tissue in question.

(12) For the blood-forming organs, gonads
and the lenses of the eyes the limits for occupa-
tional exposure are set in terms of the dose
accumulated at various ages, according to the
formula D = 5(N — 18), where D is the dose
in rems and N is the age in years, with the
additional stipulation that the dose accumulated
during any 13 consecutive weeks shall not exceed
3 rems.

(13) For the skin and the thyroid gland the
limit for occupational exposure is set in terms
of the dose accumulated during any 13 con-
secutive weeks, and the recommended value is
8 rems. This is derived from an average of 0.6
rem/week (the maximum permissible weekly
dose formerly recommended for the skin of the
whole body) which in 13 weeks amounts to 7.8
rems, and the nearest whole number is used to
avoid the implication of greater accuracy than
is warranted by present knowledge. The limit
for the dose in these tissues accumulated in 1
. year is (0.6 X 50) = 30 rems. It should be
noted that the new recommendation refers to
the dose in the skin itself, irrespective of the
dose distribution in the subcutaneous tissues.
Therefore, the comparison should be made with
the previous recommendation for exposure to
radiation of very low penetrating power, for
which the recommended limit was 1.5 rem/week.
Accordingly, in this case also a reduction has
been made in the accumulated dose,qbut the
single exposure limit has been increased from
1.5 to 8 rems. This should provide more
flexibility in practice than was possible formerly.

(14) For all organs and tissues oﬁ the body
except the blood-forming organs, the gonads
and the lenses of the eyes, the limit for occupa-
tional exposure is set in terms of the dose
accumulated during any 13 consecutive weeks.

With the exception of the skin, the pertinent
practical cases in this category relate to exposure
from internal sources essentially limited to
individual organs or tissues. The following
points require consideration. Whereas in the
case of the blood-forming organs, the gonads,
the lenses of the eyes and the skin, the objective
of protection is%o prevent or minimize definitely
known types of injury, in the case of other
organs the type of injury is not known. (Bone
constitutes the only exception, in which case
the relevant injury is cancer and permissible
limits may be set on the basis of data furnished
by human subjects who accumulated radium
in their skeletons.) Possibly, radiation in
sufficient dosage may increase the incidence
of cancer in one of these organs (e.g. the thyroid
gland) or it may accelerate aging of the organ.
In the absence of factual data, it was deemed
prudent in earlier recommendations of the
commission to set the maximum permissible
limit for these organs, when irradiated by
internal sources, as low as that for the more
sensitive organs such as the gonads, that is,

0.3 rem/week. When the exposure is essentially

limited to one organ because of the more or less
selective accumulation of a certain radioactive
1sotope therein, it is obvious that this limit
embodies a factor of safety not present when
the whole body is exposed at the same permissible
limit. For this reason and the fact that none

of these organs is known to be as sensitive as

the blood-forming organs, the gonads and the
lenses of the eyes, the Commission has decided
to retain the previously recommended maximum
permissible dose of 0.3 rem/week for each organ
singly (with some exceptions noted in the report
of Committee II). However, the limit is now
expressed in terms of 13 consecutive weeks,
which makes it 4 rems, in round figures, with
an annual accumulated dose of 15 rems.
Committee II has made the necessary adjust-

ments to conform with the lower permissible

limits now recommended for some organs and
for what may be regarded as constituting
“whole body” exposure (e.g. isotopes distributed
throughout the body, or several isotopes present
simultaneously, each concentrating significantly
in a different organ).

(15) The Commission has given particular

M|
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L{ttcntion to the difficult problem of setting
permissible limits for exposure of persons in
the neighborhood of radiation installations.
The chief obstacle is the almost complete lack
of knowledge of the deleterious effects that may
result from low level exposure starting at con-
ception and continuing throughout life. It is
reasonable to expect a more marked effect than
in the case of exposure -starting after the
individual has reached maturity (for one thing,
because the period of exposure is longer), but
it is very difficult to decide what allowance to
make. Guidance could be obtained from suit-
able experiments carried out with mammals and
it is hoped that such studies will be undertaken
soon in some laboratories. In the meantime
caution is in order. The Commission recom-
mends that provisions be made in a controlled
area or areas to make sure that under normal
operating conditions no child residing outside
such controlled areas, receive more than 0.5
rem/year (in the appropriate organs) from
radiation or radioactive material originating in

{econtrolled area or areas. In practice it may

be expected that while fluctuations in exposure
rate would occur, they would not be such as to
require special limitations. It will be noted that
this is one tenth of the lowest annual dose in any
organ permitted for occupational exposure. It
includes contributions made by external and
internal sources but does not include doses
contributed by natural background radiation
or medical procedures.

(16) Special groups of aduits in the vicinity
of a controlled area are permitted to receive
larger annual doses in the gonads, the blood-
forming organs and the lenses of the eyes, by a
factor of three (i.e. 1.5 rems). No biological
significance should be attached to the magnitude
of this factor, since present radiobiological in-
formation is grossly inadequate in this respect.
The value recommended (1.5 rems/year) is*one
tenth of the former maximum permissible
annual dose for occupational exposure, on the
basis of 0.3 rem/week in the most sensitive
organs. (See also paragraphs 54, 56 and 57.)

(17) Planning for the future expansion of
Lﬂuclear energy programs and the more extensive
uses of radiation, requires measures intended to
vrotect whole populations. Genetic damage is
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of greatest concern in this regard. The problem
has been discussed by various national and inter-
national groups and tentative suggestions have
been made. The Commission considered the
problem at its 1956 meeting and later issued a
statement in general terms. However, recom-
mendations in quantitative terms are needed in
the design of power plants and other radiation
installations and particularly in making plans
for disposal of radioactive waste products. It is
of the utmost importance in this connection to
make sure that nothing is done now that may
prove to be a serious hazard later, which cannot
be corrected at all or will be very expensive to
correct. The Commission is aware of the fact
that a proper balance between Tisks and benefits
cannot yet be made, since it requires a more
quantitative appraisal of both the probable
biological damage and the probable benefits
than is presently possible. Furthermore, it must
be realized that the factors influencing the
balancing of risks and benefits will vary from
country to country and that the final decision
rests with each country (insofar as operations
within one country do not affectother countries).

(18) The Commission wishes to point out that
it is important to assign quotas of a maximum
permissible genetic dose to the different modes
of exposure, in order to make sure that those
responsible for the control of exposure in one
category do not take up a disproportionate
share of the permissible total in their planning.
However, at this time it is deemed best not to
assign rigid quotas. As a tentative guide an
illustrative apportionment is appended to para-
graph 65.

(19) Briefly, the suggested limit for the
genetic dose was arrived at in the following .
manner: Estimates made by different national
and international scientific bodies indicate that

+a per capita gonad dose of 6-10 rems accumu-

lated from conception to age 30 from all man-
made sources, would impose a considerable
burden on society due to genetic damage, but
that this additional burden may be regarded as
tolerable and justifiable in view of the benefits
that may be expected to accrue from the
cxpansion of the practical applications of
“atomic energy”. There is at present con-
siderable uncertainty as to the magnitude of



XViil

the burden (see for example the report of the
United Nations Scientific Committee on the
Effects of Atomic Radiation) and, therefore, it
is highly desirable to keep the exposure of large
populations at as low a level as practicable,
with due regard to the necessity of providing
additional sources of energy to meet the demands
of modern society. A genetic dose of 10 rems
from all man-made sources is regarded by most
geneticists as the absolute maximum and all
would prefer a lower dose. In some countries
the genetic dose from medical procedures has
been estimated to be about 4.5 rems (see
Report of Joint Study Made by ICRP-ICRU for the
U.N. Scientific Committee). Therefore, if the limit
for the genetic dose from all man-made sources
were set at 6 rems, the contribution from all
sources other than medical procedurés, would
be limited to 1.5 rems in these countries. This
would impose unacceptable restrictions on these
countries. Accordingly, as a matter of practical
necessity the Commission recommends that
medical exposure be considered separately and
that it be kept as low as is consistent with the
necessary requirements of modern medical
practice. The joint study of ICRP-ICRU
indicates that careful attention to the protection
of the gonads would result in a considerable
reduction of the genetic dose due to medical
procedures without impairment of their value.
In view of these considerations the Commission
suggests a limit of 5 rems for the genetic dose
from all man-made sources of radiation and
activities, except medical procedures.

(20) At the present time the contribution to
the genetic dose from all man-made sources
(other than medical procedures) is small. With
careful planning the rate of increase can be kept
under control and the ultimate value of this

B.- BASIC

OBJECTIVES OF RADIATION
ProTECTION

(23) Exposure to ionizing radiation can result
in injuries that manifest themselves in the ex-
posed individual and in his descendants: these
are called somatic and genetic injuries respec-
tively. '

(24) Late somatic injuries include leukemia
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contribution may never reach the suggested
limit of 5 rems. Since the genetic dose from
medical exposure in most countries is much
lower than 4.5 rems and since in those countries.
in which it is high efforts are being made to
reduce it, the total genetic dose from all man-,
made sources actually received by the world
population may be expected to be considerably
less than 10 rems, perhaps even less than 6 rems
in the foreseeable future. Furthermore, if a
thermonuclear reaction can be utilized as a
source of power, the problem of radiation
protection may be greatly simplified.

(21} The Commission is aware that compli-
ance with the new recommendations may entail
structural changes in some existing installations
and/or changes in operative procedures. Since
in fact the new recommendations are more
restrictive because of the greater emphasis put
on the dose accumulated over a long period of
time, it is not essential that such changes be
made immediately, although it is obviously
desirable. As a practical guide it is suggested
that the transition period during which the
necessary changes would be made, should not
exceed five years.

(22) The Commission wishes to point out
again that the setting up of maximum per-
missible limits of occupational and non-
occupational exposure (especially the latter)
requires quantitative information not yet avail-
able about the risks and benefits of an expanded
use of “atomic energy”. For this reason the
Commission will be glad to receive factual data
and suggestions from those concerned with the
production or utilization of ionizing radiation,
so that as much pertinent information as possible
may be available to it in its future deliberations.

CONCEPTS

and other malignant diseases, impaired fertility,
cataracts and shortening of life. Genetic injuries
manifest themselves in the offspring of irradiated
individuals, and may not be apparent for many
generations. Their detrimental effect can spread
throughout a population by mating of exposed
individuals with other members of the popula-
tion,
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(25) The objectives of radiation protection

—.l'e to prevent or minimize somatic injuries and

to minimize the deterioration of the genetic
constitution of the population.

CriTicaL. ORGANs AND TIsSUES

(26) The organs and tissues of the body
exhibit varying degrees of radiosensitivity, and
it is therefore necessary, for purposes of protec-
tion, to consider their radiosensitivity with
respect to specific functions as well as the doses
they receive. When this is done, some organs
and tissues assume a greater importance,
according to the circumstances under which
they are irradiated. They are then said to be
critical.

(27) In the case of more or less uniform
irradiation of the whole body, the critical tissues
are those tissues of the body that are most radio-
sensitive with respect to the ability of carrying
out functions essential to the body as a whole.
In this report these are taken to be the blood-
forming organs, the gonads, and the lenses of
the eyes. In previous reports the skin was listed

\__ as a critical organ in the case of whole body

e

exposure. The presentation of the recommenda-
tions in the present report is simplified by not
designating the skin as'a critical organ.

(28) In the case of irradiation more. or less
limited to portions of the body, the critical tissue
is that tissue most likely to be permanently
damaged either because of its inherent radio-
sensitivity, or because of a combination of
radiosensitivity and localized high dose.

PerMissiBLE DosE

(29) Any departure from the environmental
conditions in which man has evolved may entail
a risk of deleterious effects. It is therefore
assumed that long continued exposure to ioniz-
ing radiation additional to that due to natural
radiation involves some risk. Howeveg, man
cannot entirely dispense with the use of ionizing
radiations, and therefore the problem in practice
is to limit the radiation dose to that which
involves a risk that is' not unacceptable to the
individual and to the population at large. This
is called a “permissible dose”

(30) The permissible dose for an individual is
that dose, accumulated over a long period of
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time or resulting from a single exposure, which,
in the light of present knowledge, carries a
negligible probability of severe somatic or
genetic injuries; furthermore, it is such a dose
that any effects that ensue more frequently are
limited to those of a minor nature that would
not be considered unacceptable by the exposed
individual and by competent medical authorities.

(31) Any severe somatic injuries (e.g.
leukemia) that might result from exposure of
individuals to the permissible dose would be
limited to an exceedingly small fraction of the
exposed group; effects such as shortening of
life span, which might be expected to occur
more frequently, would be very slight and
would likely be hidden by normal biological
variations. The permissible doses can therefore
be expected to produce effects that could be
detectable only by statistical methods applied
to large groups.

(32). The permissible dose to the gonads for
the whole population is limited primarily by con-
siderations with respect to genetic effects (see
paragraphs 58-65).

CATEGORIES OF EXPOSURE

(33) These recommendations are designed to
limit not only somatic but also genetic effects;
it is therefore necessary to reduce as much as
possible the dose to the population as a whole,
as well as to the individual. In general, doses
resulting from all sources of ionizing radiation
should be considered in the appraisal of possible
biological damage. However practical considera-
tions make it necessary to consider separately
the doses resulting from two categories of
exposure, namely:

(a) Exposure tonatural background radiation.

(b) Exposure resulting from medical proce-

dures.

(34) Natural background radiation varies
considerably from locality to locality and the
doses it contributes to the various organs are
not well known. If maximum permissible limits
recommended by the Commission included
background radiation, the allowable contribu-
tion from man-made sources—which are the
only ones that can be _controlled—would be
uncertain and would have to be different for
different localities, Accordingly, doses resulting
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from natural background radiation are excluded

- from all maximum permissible doses recom-

mended in this report.

(35) In medical procedures, exposure of the
patient to primary radiation is generally limited
to parts of the body, but the whole body is
exposed to some extent to stray radiation. The
contributions to the doses in various organs and
the part played in the over-all effects on the
individual are practically impossible to evaluate
at the present time. The Commission recognizes
especially the importance of the gonad doses
resulting from medical exposure and the
attendant genetic hazard to the population.
Accordingly, it recommends that the medical
profession exercise great care in the use of
lonizing radiation in order that the gonad dose
received by individuals before the end of their
reproductive periods be kept at the minimum
value consistent with medical requirements.
However, individual doses
medical exposure are excluded from all maxi-
mum permissible doses recommended in this

‘report.

(36) The recommendations cover the follow-
ing categories of exposure. In principle both
the exposure of individuals and averages over the
whole population have to be considered, but
recommendations with regard to individual
exposure are given only for the groups A and B.

A. Occupational exposure.

B. Exposure of special groups::

(a) Adults who work in the v1cm1ty of
controlled areas (see paragraphs 71
and 72), but who are not themselves
employed on work causing exposure
to radiation.

(b) Adults who enter controlled areas
occasionally in the course of their
duties, but are not regarded as radiation
workers.

(c) Members of the public living in the
neighborhood of controlled arcas

C. Exposure of the population at large.

D. Medical exposure.

Occupational exposure

(37) Exposure of an individual who normally
works in a controlled area constitutes occupa-
tional exposure, Maximum permissible doses

resulting from
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are set for the individuals in the small portion
of the population that can be occupationally
exposed (paragraphs 46-52). The contribution
from this group to the genetic dose to the
population as a whole is discussed in paragraph 65.

Exposure of special groups
(38) Persons who only occasionally enter a

_ controlled area and persons who work or reside

in the vicinity of a controlled area may be
exposed to radiation originating in the con-
trolled area. They constitute groups that may
include children and pregnant women as well
as individuals subject to other hazards, and mav
in total constitute a large fraction of the whole
population. For these reasons the maximum
permissible dose to these persons as individuals
is set lower than for persons occupationally
exposed (paragraphs 53-57). The contribution
from these groups to the genetic dose to the
whole population is discussed in paragraph 65.

Exposure of the population at large

(39) Members of the population at large may
be exposed to radiation that cannot be related
to any specific controlled area; e.g. exposure
from environmental contamination and widely
distributed radiation sources such as wrist-
watches, TV-sets and various applications of
radioactive materials to be expected as a result
of future expansion in the atomic energy field.
As such exposure is not easily controlled, it will
be impossible to ensure that a recommended
maximum permissible individual dose is not
exceeded in any single case. Where large
numbers are involved, it will not be possible
to examine the habits of every individual. A
reasonable procedure would be to study a
sample of the group involved and to set the
environmental level so that no individual in
the sample receives any excessive exposure.
There will always remain the possibility that
someone of grossly different habits from those
in the observed sample may receive a higher
dose than the maximum in the sample.

(40) In otder to facilitate planning for the
anticipated increased uses of nuclear energy and
other sources of radiation, it is desirable at this
time to recommend a maximum for the genetic

dose to the population (paragraph 64); this

ot
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maximum will determine what average gonad

\__-xposure could be allowed. Part of the recom-

mended maximum genetic dose will have to be
used for exposure of groups such as A and B
and for medical exposure. The proper appor-
tionment for exposure of the population at large
must allow for both internal and external
exposure (paragraph 65).

Medical exposure

(41) No recommendations are given with
regard to the dose to the individual from medical
exposure. (The contribution of medical ex-
posure to the genetic dose is discussed in
paragraphs 69-70.)

RepucTioN IN Maxivuym PerwissiBLE DOSE

(42) The new recommendations were intro-
duced partly with the intention of limiting the
genetically significant radiation exposure (see
paragraph 63) of the population, and partly to
limit the probability of somatic injury by reduc-
ing the lifetime dose. This reduction does not
result from positive evidence of damage due to
the use of the earlier permissible dose levels,
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but rather is based on the concept that biological
recovery may be minimal at such low dose
levels.

TiMe INTERVAL OVER wiicH DOSE
1S TO BE ASSESSED

(43) The maximum permissible weekly doses
recommended by the Commission in 1950 have
been replaced by limits for the doses received
over longer periods of time (paragraphs 47-49).
In the case of occupational exposure the
maximum permissible dose that may be ac-
cumulated at a certain time depends on the age
of the worker. The dose to individuals in the
population at large, or in special groups other
than -occupational, may be accumulated at a
rate that is determined by a maximum
permissible annual dose. The genetic dose to
the whole population is assessed over the period
between conception of the individual and
conception of each child of the individual.
(See paragraph 63 for method of evaluation.)

(44) These extended periods of time allow
for some flexibility in the way in which radiation
exposure may be received, and at the same time
provide what is considered to be adequate
protection for each group of the population.

C. MAXIMUM PERMISSIBLE DOSES

GENERAL

(45) It is emphasized that the maximum
permissible doses recommended in this section
are maximum values; the Commission recom-

EXPOSURE OF

OccuPATIONAL EXPOSURE

(46) Ir any organ or tissue, the fotal dose due
to occupational exposure shall comprise the dose
contributed by external sources during working
hours and the dose contributed by ipternal
sources taken into the body during wotking
hours. Itshall notinclude any medical exposure
or exposure to natural radiation.

Exposure of the gonads, the blood-forming organs and

k“ the lenses of the eyes

(47) The maximum permissible total dose

mends that all dosesbe kept as lowas practicable,

and that anv unnecessary exposure be
avoided.
INDIVIDUALS

accumulated in the gonads, the blood-forming
organs and lenses of the eyes at any age over 18
years shall be governed by the relation

D = 5(N — 18)

where D is tissue dose in rems and N is age
in years.

(48) For a person who is occupationally
exposed at a constant rate from age 18 years,
the formula implies a maximum weekly dose
of 0.1 rem. It is recommended that this value
be used for purposes of planning and design.
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Rate of dose accumulation

(49) To the extent the formula permits, an
occupationally exposed person may accumulate
the maximum permissible dose at a rate not in
‘excess of 3 rems during any period of 13 con-
secutive weeks (i.e. in no 13 consecutive weeks
shall the dose exceed 3 rems). If necessary, the
3 rems may be received as a single dose, but as
the scientific knowledge of the biological effects
of differing dose rates is scant, single doses of
the order of 3 rems should be avoided as far
as practicable.

Application to special cases

(50) Setting permissible limits of exposure in
terms of the dose accumulated up to a given age
introduces certain practical complications.
Thus, some workers (previously exposed at
levels within the then permissible limits) may
have already accumulated a dose in excess of
the maximum permitted by the formula. There
are also special cases in which exceptions in the
application of the formula may be desirable for
practical reasons and are justifiable within the
context of paragraph 42. The following recom-
mendations are intended to provide guidance
on administrative policy, which may well vary
according to circumstances at the local level.
(It should be noted that this situation will
obtain only during a relatively short transition
period.)

(51a) Previous exposure history unknown. When
the previous occupational exposure history of
an individual is not definitely known, it shall
be assumed that he has already received the
full quota permitted by the formula.

(51b) Persons exposed in accordance with the
Jormer maximum permissible weekly dose. Persons
who were exposed in accordance with the
former maximum “permissible weekly dose of
0.3 rem and who have accumulated a dose
higher than that permitted by the formula,
-should not be exposed at a rate higher than 5
rems in any one year, until the accumulated
dose at a subsequent time is lower than that
permitted by the formula.

(51c) Persons starting work at an age of less than
18 years. When a person begins to be occupa-
tionally exposed at an age of less than 18 years,
the dose shall not exceed 5 rems in any one year

under age 18, and the dose accumulated to age
30 shall not exceed 60 rems. (The minimum age
at which occupational exposure is legally
permitted is lower than [8 years in some
countries.)

(51d) Accidental high exposure. An accidental
high exposure that occurs only once in a lifetime
and contributes no more than 25 rems shall be
added to the occupational dose accumulated up
to the time of the accident. If the sum then
exceeds the maximum value permitted by the
formula, the excess need not be included in
future calculations of the person’s accumulated
dose. Accidental exposure to doses higher than
25 rems must be regarded as being potentially
serious, and shall be referred to' competent
medical authorities for appropriate remedial
action and recommendations on subsequent
occupational exposure. This is intended as an
administrative guide to permit the continuation
of work with radiation, following a bona fide
accident (“once in a lifetime”), in cases in which
interruption of such work, or curtailment of
exposure, would handicap the individual in the
pursuit of his career.

(5le) Emergency exposure. Emergency work
involving exposure above permissible limits
shall be planned on the basis that the individual
will not receive a dose in excess of 12 rems.
This shall be added to the occupational dose
accumulated up to the time of the emergency
exposure. Ifthe sum then exceeds the maximum
value permitted by the formula, the excess shall
be made up by lowering the subsequent
exposure rate so that within a period not
exceeding 5 years, the accumulated dose will
conform with the limit set by the formula.
Women of reproductive age shall not be
subjected to such emergency exposure.

Exposure of single organs other than the gonads, the
blood-forming organs and the lenses of the eyes

(52) For exposure that is essentially restricted
to portions or single organs of the body, with
the exception of the gonads, the blood-forming
organs and the lenses of the eyes, a higher dose
than the one derived from the formula D =
5(N — 18) is permitted. The following recom-
mendations-are made.

(52a) A maximum dose of 8 rems[13 weeks for

Ve -
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‘he skin.* The earlier recommended weekly

Lmaximum doses for exposure of the skin, namely

0.6 rem in connection with a whole body
exposure and 1.5 rems for exposure with radia-
tion of very low penetrating power, have been
replaced by the recommendation that the dose
in the skin, accumulated over any 13 consecutive
weeks, shall not exceed 8 rems. This recom-
mendation now applies to all exposure of the
skin, except the skin of the hands and forearms,
feet and ankles. As the 8 rems are derived from
an average of 0.6 rem/week, the annual dose for
a 50 week year is limited to 30 rems.

(52b) A maximum dose of 20 rems[13 weeks for
the hands and forearms, feet and ankles. The earlier
‘recommended weekly maximum of 1.5 rems for
exposure of hands and forearms, feet and ankles
has been replaced by the recommendation that
the dose accumulated over any 13 consecutive
weeks shall not exceed 20 rems. This recom-
mendation applies to all tissues of the above-
mentioned extremities. As the 20 rems are
derived from an average of 1.5 rems/week, the
annual dose for a 50 week year is limited to 75

- T€ms.

(52¢) A maximum dose of 4 rems[13 weeks for
limited exposure of internal organs other than the
thyroid, the gonads and the blood-forming organs.
In the case of internal organs, limited exposure
originates almost exclusively from radioisotopes
within the body. As most planning of release
of radioactive isotopes to the air and water
supplies in controlled areas is made under

conditions where occupational groups rather

than single individuals are exposed, a formula
corresponding to the one given in paragraph 47
cannot in general be applied to internal
exposure. An average of 0.3 rem/week in the
organ of interest (with some exceptions noted in
the report of Committee II) is expected to be
maintained under equilibrium conditions if the
concentration in air or water of the rglevant
isotope is kept at levels given in the tables in
the report of Committee II. Variations of the
dose rate will occur in practice, and are per-
missible, provided that the dose accumulated
over any 13 consecutive weeks does not exceed

* This also applies to the thyroid, see report of Com-
mittee IT,
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4 rems. As this maximum is derived from a

weekly average of 0.3 rem, the annual dose for
a 50 week year is limited to 15 rems.

(52d) Whole body exposure from uptake of several
radioisotopes. When the radioactive isotopes in
a mixture are taken up by several organs and
the resultant tissue doses in such organs are of
comparable magnitude, the combined exposure
is considered to constitute essentially whole body
exposure. Accordingly, the permissible levels of
exposure will be those applicable to the gonads,
the -blood-forming organs and the lenses of the
eyes.

Exposure ofF SpEciAL GROUPS

(53) The total maximum permissible indi-
vidual dose shall consist of the sum of the doses
contributed by both external and internal
sources. It shall not include any medical
exposure or exposure to natural radiation.

Total annual dose to the gonads, the blood-forming
organs and the lenses of the eyes

(54) For any individual in the groups B(a)
and B(b) (see paragraph 36), the total annual
dose, including contributions from external and
internal sources, to the gonads, the blood-
forming organs and the lenses of the eyes,
due to operations within the controlled area
shall not exceed 1.5 rems, nor shall the contribu-
tion from a mixture of isotopes whose combined
exposure constitutes essentially whole body
exposure, make the total annual dose exceed
1.5 rems. There is an exception in the case of
the skin and the thyroid where an annual
maximum of 3 rems is allowed.

(55) The group B(c) differs from the groups
B(a) and B(b) in that it contains children
for whom it is considered that a lower figure,
namely 0.5 rem/year (in the gonads, the blood-
forming organs and the lenses of the eyes),
should apply. Accordingly the presence of
children in the group B(c) will require the
use of a value of 0.5 rem/year for this group
for purposes of planning and design.

Internal exposure of single organs

(56) The individual maximum permissible
annual dose will not be exceeded from internal
exposure of any single organ, if the release of
radioactive material is plannéd on the basis
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of 1% of the maximum permissible concentration
(MPC) in air or water as given for continuous
occupational exposure (“168-hour week”) in
the tables in the report of Committee II.

Whole body exposure from uptake of several radio-
isotopes applicable to group B(c)

(57) When the radioactive isotopes in a
mixture are taken up by several organs in such
a way that the combined exposure constitutes
essentially whole body exposure, a reduction
of the maximum permissible concentrations
based on the exposure of single organs (see
report of Committee II) becomes necessary.
The reduction should take into account the

number and importance of the organs in question
and the contribution to whole body exposure
made by radioactive material in the circulating
blood and in organs other than those in which
it is assumed to concentrate. In this case the
total body is considered to be the critical organ
and the MPC values for the individual radio-
isotopes are reduced so that the MPC
for the mixture corresponds to an average
annual dose of 0.5 rem to the total body. For
such mixtures of radioisotopes this is equivalent
to a reduction in the MPC values of the
individual radioisotopes in the mixture by a
factor of % or less in addition to the factor of 3
recommended in paragraph 56. -

EXPOSURE OF POPULATION

GENERAL
(58) Proper planning for nuclear power
programs and other peaceful uses of atomic
energy on a large scale requires a limitation of
the exposure of whole populations, partly by

. A

imiting the individual doses and partly by
\\’limiting the number of persons exposed.

(59) This limitation necessarily involves a
compromise between delcterious effects and
social benefits. Consideration of genetic effects
plays a major role in its evaluation. The
problem has been discussed extensively in
recent years and suggestions have been made
by different national bodies. The Commission
1s aware of the fact that a proper balance between
risks and benefits cannot yet be made, since
it requires a more quantitative appraisal of the
probable biological damage and the probable
benefits than is presently possible. Furthermore,
it must be realized that the factors influencing
the balancing of risks and benefits will vary

from country to country and that the final

decision rests with each country.

(60) Because of the urgent need for guiaa-ncc
in this regard, the Commission in the following
sections suggests an interim ceiling for the
exposure of the whole population. The proposed
level is essentially in accordance with suggestions
Dy other scientific groups that have studied

“~the problem and tried to evaluate the possible

biological effects. *+ It is felt that this level

provides reasonable latitude for the expansion
of atomic energy programs in the foreseeable
future. It should be emphasized that the limit
may not in fact represent the proper balance
between possible harm and probable benefit,
for reasons already mentioned.

(61) On the assumption that the genetic
effects are linearly related to the gonad dose and
provided that no threshold dose exists, it is
possible to define a population dose average
that is relevant to the assessment of genetic
injury to. the whole population (paragraphs
62-63). In the case of somatic effects no such
dose can easily be defined although the annnal
per capita dose to certain tissues or to the

whole body may be relevant on the assumption

of a non-threshold, linear dose-effect relation.

GeneTic Dose

Assessment of genetic dose

(62) The genetic dose to a population is the
dose which, if it were received by each person
from conception to the mean age of childbearing,
would result in the same genetic burden to the
whole population as do the actual doses received
by the individuals. A permissible genetic dose
is that dose, which if it were received by each
person from conception to the mean age of
childbearing, would result in an acceptable
burden to the whole population.

0~
o4
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(63) The genetic dose to a population can
be assessed as the annual genetically significant
dose multiplied by the mean age of child-
bearing, which for the purpose of these recom-
mendations is taken to be 30 years. The annual
genetically significant dose to a population is
the average of the individual gonad doses, each
weighted for the expected number of children
conceived subsequent to the exposure.

Maximum permissible genetic dose

(64) It is suggested that the genetic dose (see
paragraph 63) to the whole population from all
sources additional to the natural background
should not exceed 5 rems plus the lowest
practicable contribution from medical exposure.
The background is excluded from the suggested
value because it varies considerably from country
to country. The contribution from medical
exposure is considered separately for the same
reason and also because the subject is being
studied for the purpose of limiting such exposure
to the minimum value consistent with medical
requirements,

Apportionment of genetic dose

(65) The suggested maximum genetic dose
of 5 rems in addition to the dose from medical
procedures and natural background must not
be used up by one single type of exposure.
The proper apportionment of the total will
depend upon circumstances which may vary
from country to country, and the decision
should therefore be made by national authorities.

Addendum to paragraph 65

(a) Illustrative apportionment. The Commission does
not wish to make any firm recommendations as to
the apportionment of the genetic dose of 5 rems but,

for guidance, gives the following apportionment as
an illustration.

-
(A) Occupational exposure 1.0 rem
(B) Exposure of special groups 0.5 rem
(C) Exposure of the population at large 2.0 rems
Reserve 1.5 rems

(b) Fractions of population. Assuming that the ratio
. of the total population to the reproductive popula-
tion is the same in all groups, the largest fraction (e)
of the whole population that can be exposed to an

XXV
average annual dose Dj is given by the equation:
e .30. D'i = Dgo

where DY, is the apportionment of the genetic dose
to the .ith exposure group, and the average annual
dose within the group can be expressed as a fraction
of the maximum permissible individual annual dose;
ie. D} = F,Di.

(¢) Occupational exposure. Assigning 1.0 rem to
occupational exposure would mean that 0.7 per
cent of the whole population could accumulate the
maximum permissible occupational gonad dose of
60 rems by age 30. It is very unlikely that such a
figure will be approached in the foreseeable future.
At the present time, the number of persons occupa-
tionally exposed in technologically developed
countries is about 0.1-0.2 per cent of the population,
and most of these persons receive doses which are
considerably less than the maximum permissible
doses.

(d) Exposure of special groups. Since the contribution
from the special groups is largely due to group B(c)
an apportionment of 0.5 rem for the special groups
would imply that about 3 per cent could be exposed
to the maximum permissible individual annual
gonad doses for these groups. The allowable size
of these groups varies inversely with the average
dose within the groups. Thus, if this dose were only
10 per cent of the maximum individual doses, the

‘groups could amount to 30 per cent of the whole

populatiori, which is very much larger than is
likely to occur. .

(e) Exposure of the population at large. The apportion-
ment of 2.0 rems (with a long-term reserve of 1.5
rems for possible eventualities) for the genetic exposure
of the population at large is intended for planning
purposes in the development of nuclear energy
programs (with the associated waste disposal
problems) and more extensive uses of radiation
sources. In the case of internal exposure, the
radioisotopes of interest are those that contribute
to the gonad dose directly (by local concentration)
or indirectly (by radiation produced elsewhere in
the body). In either case the maximum permissible
concentrations in air and water of these isotopes
recommended by Committee II for continuous
occupational exposure (“168-hour week™) are based
on an average yearly dose of 5 rems in the gonads or
the whole body. If for these isotopes the average
concentrations in public air and water supplies are
lower than the values recommended for continuous
occupational exposure by a factor of 1/100, the
genetic dose to the population ‘would amount to
L5 rems (5 x 1/100 rems/year in the gonads x
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30 years = 1.5 rems). In this case the contribution
- from external sources should be limited to 0.5 rem
in order not to exceed the total of 2 rems.

SomaTic Dose

(66) No specific recommendations are made
at this time as to the maximum permissible
“somatically” relevant dose to the population.
However, it is expected that the maximum
permissible limits of the individual total doses
recommended in paragraphs 46-57 will keep
the average dose in any tissue at such a level
that the injuries that could possibly occur in
a population would be well within acceptable
limits. (See paragraph 31.)

(67) In the case of external exposure of the
whole body to penetrating radiation the restric-
tion imposed by the genetic dose to the popula-
tion automatically reduces the doses to internal
organs below the individual maximum permissible
annual doses recommended in paragraphs
46-57. Thus the probability of somatic injury
in these organs is considerably lower than
indicated in paragraph 66. The same thing
applies to internal exposure resulting from
radioisotopes that directly or indirectly contri-
bute to the gonad dose of a population. (See
addendum to paragraph 65.)

(68) There remain for further consideration
those isotopes that concentrate in specific
organs (other than the gonads). In view of the
existing uncertainty as to the dose-effect
relationships for somatic effects, it is suggested
that for planning purposes the average concen-.
trations of such isotopes, or mixtures thereof] in
air or water, applicable to the population at
large, should not exceed one-thirtieth of the
MPC values for continuous occupational
exposure given in the report of Committee II.

MepicaL ExPosure
(69) Estimates of the current annual genetic-
ally significant dose from medical procedures in
various countries were surveyed in a report of
a joint study group of the ICRP and ICRU to
the United Nations Scientific Committee on
the Effects of Atomic Radiation. The United

Nations Scientific Committee gives the following
summary statément in its 1958 report to the
General Assembly:

" “The contribution made by medical pro-
cedures to the radiation exposure of populations
has only lately been estimated and has increased
very rapidly in some countries in recent years,
so that it is difficult to evaluate such genetic
and somatic effects as are associated with an
increasing employment of radiological pro-
cedures in medicine. No information is yet
available for prediction of the future trend of
medical exposures. It is expected that improve-
ments in equipment and techniques may
considerably reduce individual exposures, but
the ever-expanding use of X-rays may well
increase the world population dose. Precautions
of the type described by the International
Commissions on Radiological Protection and
on Radiological Units and Measurements

.should make possible such reduction of exposure

to radiation as is without detriment to the
medical value of these procedures.”

(70) Reported values of the annual genetic-
ally significant dose in wvarious countries
range up to about 150 mrems, corresponding
to a genetic dose of 4.5 rems (from conception
to age 30 vyears, averaged over the whole
population). Even with the highest values
reported (corresponding to the genetic dose of
4.5 rems), the total genetic dose from all types
of exposure would not exceed 10 rems if the
apportionment for the contributions from other
exposure sources than medical is not exceeded.
There are indications that the highest levels of
medical exposure reported could be reduced
significantly by careful attention to techniques.
On the other hand, the use of X-rays may
increase, although probably to a lesser degree
in the countries which now report the most
extensive use. A certain allowance for medical
exposure of populations must be made and may
be made in the near future as the subject is
being studied for the purpose of limiting such
exposure to the minimum value consistent
with medical requirements.




INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION

xxvil

D. GENERAL PRINCIPLES REGARDING WORKING CONDITIONS

RESPONSIBILITY

The owner or the person in charge of a
controlled area shall be responsible for the
working conditions and for the instruction of
all persons working in the area regarding
radiation hazards and methods of control.
He shall be responsible for maintaining radiation
levels outside the controlled area resulting from
operations within the area so that exposures
do not exceed the maximum permissible doses
recommended in paragraphs 53-57.

(71) A controlled area shall be established
where persons occupationally exposed could
receive doses in excess of 1.5 rems/year.

(72) A controlled area is an area in which
the exposure of personnel to radiation or
radioactive material is under the supervision
of a radiation protection officer.

(73) A radiation protection officer is one
who has the knowledge and responsibility to
apply appropriate radiation protection regula-
tions. He may be the owner or the person in
charge of the controlled area or he may be a
technically competent person appointed by
the above.

(74) A qualified expert (or health physicist)
is a person having the knowledge and training
needed to measure ionizing radiations and to
advise regarding radiation protection. The
qualification should be of the type specified by
a National Committee.

RADIATION SURVEYS AND MONITORING
Surveys prior to use of controlled areas

(76) In those instances where the operations
in a controlled area may disturb or alter
significantly the environment with respect to
radiation hazards, adequate surveys should be
made of the radioactivity of the air, soil, and
water prior to the start of operations. ‘khis will
provide a base line from which to judge the
adequacy of radiation controls within the area.

(77) During and after installation, appro-
priate radiation surveys shall be made to ensure
that the pertinent recommendations will be
complied with when routine operations com-
mence. Routine operations shall be deferred
until such compliance is assured.

(78) When additional operations are planned
in the area, a thorough survey should be made
of the background radiation prior to the start
of the new operations. This will aid in the
identification of the operation responsible for
any increase of the background radiation or
the contamination in the area.

Routine surveys and monitoring

(79) Radiation surveys shall be made regu-
larly, at a frequency dictated by the operations
within the area, to determine the adequacy of
safety procedures This should include checks

of the facilities, equipment (radiation warning
devices, rad1at1on shields, hoods, respirators,
ventilating system etc.), and working techniques.
When there is any reasonable probability of
a radiation hazard existing, the vicinity of the
controlled area should also be surveyed.

Spécial surveys
(80) Specific and detailed recommendations
regarding radiation surveys applicable to some

special cases will be given in the Reports of the
Committees of ICRP.

HeaLTH SURVEILLANCE

Pre-employment examination

(81) All new personnel in radiation work

- shall have a pre-employment medical examina-

tion. Notes should be made of the famiily
history, of the previous occupational history,
and of previous X-ray diagnostic examination
or radiation therapy. The examination shall
include a complete blood count, with determina-
tion of erythrocyte and leukocyte levels and a
differential white cell count. It should be
recognized that the examination 4s directed
toward determining the ‘“nornial” condition
of thé worker at the time of employment, and
toward noting any abnormalities that might
later be confused with radiation damage.

(82) In cases where there has been previous
occupational exposure, the total accumulated
dose shall be recorded (see paragraphs 47-51)
and any appropriate additional medical exami-
nations performed. These should include
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ophthalmological examinations, with particular
reference to changes in the lens in cases of
exposure to neutrons and to heavy particles,
and examinations of skin and nails in the case
of partial external irradiation and external
contamination.

Routine medical examinations

(83) Medical examinations should be per-
formed at a frequency depending upon the
. conditions of the occupational exposure. Blood
counts, although they are a part of a medical
examination, are not to be considered as a
method of radiation monitoring.

(84) Persons occupationally exposed to neut-
rons and to heavy particles of significant
penetration should have ophthalmological ex-
aminations, with particular reference to changes
in the lens. The frequency of the examination
will depend upon the conditions of exposure.

PersoNNEL MonNiTORING

External radiation

(85) Doses received as a result of occupational
exposures shall be systematically checked with
appropriate instruments to ensure that the
maximum permissible doses are not exceeded

- INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION

and to make it possible to keep individual
cumulative dose records.

Internal radiation

(86) Tests should be performed to estimate
the total body burden for workers who deal
with unsealed radioactive isotopes that may
give rise to levels of ingestion or inhalation in
excess of the maximum permissible concentra-
tions. Such tests should also be performed
where radioisotopes may enter the body through
the skin or through skin punctures and open
wounds. These tests may require thé monitoring
of breath and excreta, and the direct determina-
tion of the body burden by means of a total
body monitor, according to circumstances.
The radiation doses delivered to the appropriate
organs or tissues should be calculated and noted
on the personal record, and the permitted
doses of external radiation should be adjusted
to allow for the “internal” doses.

RabpiaTioN WarNING DEVICES

(87) An appropriate form of warning shall
be provided to indicate the existence of a
radiation hazard, even if the hazard is of a
temporary nature only. In the latter case the
warning device should be removed when the
hazard no longer exists.




ADDENDUM TO
ICRP PUBLICATION I (1958 RECOMMENDATIONS)

REPORT ON DECISIONS AT THE 1959 MEETING OF
THE INTERNATIONAL COMMISSION ON
RADIOLOGICAL PROTECTION (ICRP)

INTRODUCTION

THE period since the Commission’s last regular
‘meeting in 1956 has been the most.active in its
history. Because of rapid developments in the

field of nuclear energy and the more widespread

use of radiation sources of all types, the scope of
the work has increased beyond the field of
"medical radiology into all fields of radiation
protection, including industrial uses as well as
the exposure of the general public.

In 1955 the United Nations established a
Scientific Committee on the Effects of Atomic
Radiation to collect and evaluate information
on radiation exposure and radiation effects. In
addition, bodies such as the World Health
Organization, the International Labour Office,
the Food and Agriculture Organization and the
International Atomic Energy Agency are actively
interested in radiation protection problems and
look to the International Commission on Radio-
logical Protection for guidance. Although the
primary responsibility of the Commission has
been to the radiological profession, it has had
to widen its scope and has accordingly been
active not only during the last two international
Congresses of Radiology but also in the inter-
vening period.

Amendments to the 19531 Recommendations
were reported to the Mexico Congress' and
published in 1957.¢ Revised Recommendations
of the Main Commission were adopted in 1958
and printed early in 1959.®) Reports of the
various Committees exist at present in various
stages of preparation. The Report of Committee
II on internal radioactive substances is already
in press.¥ A revised version of the Committee
III Report, which is essentially a code of
practice for the radiological profession, was
approved during the 1959 meeting and will be
published in the near future.® The Report of

Committee IV on high-energy and heavy-
particle radiation is undergoing a final revision.
Committee V has prepared a report on the
disposal of radioactive waste from hospitals and
laboratories and is proceeding as rapidly as
possible to prepare a further report on the
disposal of waste from atomic energy establish-
ments.

The Commission has an official relationship
with the World Health Organization and the
International Atomic Energy Agency. There
has been close co-operation with the United
Nations Scientific Committee on the Effects of
Atomic Radiation, and the Commission, jointly
with the International Commission on Radio-
logical Units and Measurements, has on two
occasions accepted its invitation to perform
special studies. The results of the first study
on the evaluation of gonad dose from medical
procedures were published in 1957.19 The
second study, on the evaluation of exposure
relevant to somatic damage, has been initiated
and a report is to be prepared before the end
of 1960.

The Commission also co-operates with the
International Labour Office and the Food and
Agriculture Organization and has invited them
to send observers to futare meetings. The
Commission has been invited to send observers
to appropriate meetings of the International
Organization for Standardization and the
United Nations Educational, Scientific and
Cultural Organization.

During the 1959 meeting, the Commission
discussed its basic Recommendations® and
although no substantial changes were made, a
number of explanatory statements were drafted.
These statements which will be presented in the
following text include such subjects as the
irradiation of pregnant women, the maximum

xXIX
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doses to individuals in the population at large,
- the interpretation to be placed on the paragraph
dealing with the contamination of public air
and water supplies, and the hours of work and
vacation of radiation workers.

A grant from the Rockefeller Foundation
made it possible for the Commission to invite
a number of non-member experts on dose-effect
relations to participate in the Munich discussions
and be available for consultation.

During the preparation of this statement the
ICRP has had the following composition.

1956-1959
(Including the Munich sessions)

R. M. Sievert, Chairman (Sweden)

G. FaiLLa, Vice-Chairman (U.S.A.)

W. Binks, Secretary* (Great Britain)

L. Bucnarp (France)

H. HortHuseN (Germany)

J- C. Jacossen (Denmark)

R. G. JaEGeR (Germany)

W. V. MavneorD (Great Britain)

K. Z. Morcan (U.S.A))

R. S. StonEe (U.S.A.)

L. S. Tavror (U.S.A)

E. A. Wartkinson (Canada)

Sir ErRNest Rock CArnLiNg, Chairman emeritus
(Great Britain)

1959-
(Present composition)

R. M. SieverT, Chairman (Sweden)

E. E. Pocuin, Vice-Chairman (Great Britain)

W. Binks (Great Britain)

L. Bucnarp (France)

H. HortHuseN (Germany)

J. C. Jacossen (Denmark)

R. G. JAEGER (Germany)

J. F. LouTtrt (Great Britain)

K. Z. Morcan (U.S.A))

H. J. MuLLer (U.S.A.)

R. S. Stone (U.S.A.)

L. S. Tavror (U.S.A))

E. A. Watkinson (Canada) «

Sir ErNest Rock CARLING, Chairman emeritus
(Great Britain) A

G. FaiLra, Vice-Chairman emeritus (U.S.A.)

B. LiNDELL, Secretary (Sweden)

* Mr. Binks resigned as Secretary in 1957, for health
. reasons. After his resignation E. E. Ssuut (Great Britain)
served as Acting Secretary, and since August 1, 1957, B.
LinpeLL (Sweden) has served as Temporary Secretary.

EXPLANATORY STATEMENTS AND
AMENDMENTS TO THE 1958
RECOMMENDATIONS

In the 1958 Recommendations all maximum
permissible doses are expressed in rems without
reference to the appropriate RBE values. Such
reference will be given in the reports of the
Committees concerning the application of the
recommendations in various specified fields.
The RBE values used in each of the Committee
reports to be published are consistent with those
published in 1955.(

The following statements refer to particular

" paragraphs in the 1958 Recommendations:

Explanatory statement of paragraph 46 (see also

paragraphs 35 and 41)

It has been recommended that ‘“medical
exposure’’ be excluded from the calculation of
the maximum permissible dose of those occu-
pationally exposed. The Commission wishes to
emphasize that “medical exposure” refers to
the exposure of patients that is necessary for
medical purposes and not to the exposure of the
personnel conducting such procedure.

Interpretation of paragraph 49 (see also paragraphs 10,
14 and 52)

A calendar 13-week period may be used
instead of a period of 13 consecutive weeks
if there is no reason to suppose that doses are being
accumulated at grossly irregular rates.

Addition to paragraph 49

The following words should be added at the
end of the paragraph—“especially in the case of
women of reproductive age.”
New paragraph to be added after paragraph Sle

“(51f) Wherework involves exposure to f-rays

of Epexy > 2.5 MeV, eye shields or other suitable

shielding may be necessary to keep the dose in
the lens within permissible limits. In the case
of exposure to f-rays of lower energy, if the
provision of such shielding is impracticable, the
small additional S-ray dose in the lens over the
dose already permitted for more penetrating
radiations, such as y-rays or neutrons, is
permissible, provided the dose in the skin is

' 4
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. limited to the level recommended in para-

graph 52a.”

Additional paragraphs regarding the application’ of
paragraphs 49, 51d and 5le fo cases of internal
exposure

With reference to paragraph 49:

*“(52e) One or more short-term exposures to
radioactive materials (together with any ex-
posure to external radiation) within a period
of 13 consecutive weeks is considered acceptable
if the total intake of radioactive material during
this period does not exceed the amount that
would result from intake for 13 weeks at the
maximum levels for occupational exposure to
such radioactive materials permitted by the 1959
Report of Committee II. The dose to the
critical organ during the following 50 years
resulting from such an intake will not exceed
the quarterly limit on dose stated in the 1958
Recommendations of ICRP. These limits are:

(1) for the whole body and the gonads: 3 rems,

(2) for the skin, thyroid and bone*: 8 rems,

(3) for other organs: 4 rems.”

With reference to paragraph 51d:

“(52f) .In the case. of an accidental high
exposure to radioactive materials where the
total intake of radioactive material exceeds the
amount that would result from intake for one
year at the maximum levels for occupational
exposure to such radioactive materials permitted
by the 1959 Report of Committee I1, an estimate
of the intake resulting from the exposure shall
be entered on the individual’s record and he
shall be referred to competent medical author-
ities for appropriate action.”

With reference to paragraph 5le:

“(52g) Emergency work involving exposure
above permissible limits to radioactive materials
shall be planned on the basis that the total
intake of radioactive material during .the
emergency period should not exceed the amount
that would result from intake for one year at
the maximum levels for occupational exposure
to such radioactive materials permitted by the
1959 Report of Committee II. The dose to the

‘\v, critical organs during the following 50 years

XXX1

resulting from such an intake will not exceed the
maximum yearly limit on dose stated in the
1958 Recommendations of ICRP. These limits
are:

(1) for the whole body and the gonads:

12 rems,

(2) for the skin, thyroid and bone*: 30 rems,

(3) for other organs: 15 rems.

When such an exposure has occurred, an
estimate of the intake shall be entered in the
individual’s record and measures shall be taken
to prevent further exposure during the period
of time it would take to accumulate this intake
at the constant level of occupational exposure
permitted by the 1959 Report of Committee 11
for such materials.”

Explanatory statement of paragraphs 53 to 57 (see also
paragraphs 15, 16, 38 and 39)

The size of a “‘group” or a “population” is a
relative concept and it is often difficult to
decide whether a group should be considered
“large” and whether relatively small national
populations should be referred to as the “whole”
population with respect to exposures of which
the importance depends on the size of the group
exposed. The size of a group is irrelevant in the
case of individual exposure, where groups are
defined only to distinguish between individuals
for whom the recommended maximum permis-
sible doses are different for various reasons or for
whom the membership of a certain group
provides for more specific recommendations
with regard to individual monitoring, medical
examinations and surveys of the protection
conditions. In the case of, for example, average
exposure, however, the “whole” population is
involved and the responsibility for the interpret-
ation of this concept will rest with national and
international administrative authorities respons-
ible for the legal application of protection
requirements.

Additional section regarding exposure of individual
members of the population at large (to follow after
paragraph 57)

A new section, under the heading “Exposure
OF THE POPULATION AT LARGE” should be added

* Based on body burden of 0-1 uc of Ra?*¢ (see Report of Committee II),
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after the section headed “ExPOSURE OF SpECIAL
Groups” (paragraphs 53-57). The text to be
added, referring to both external and internal
exposure, reads: ‘““The maximum total dose
limit for individuals in the population at large
(excluding those occupationally exposed and the
special groups B (a) and B (b)) should be that
recommended for members of the special group
B (c) (cf. paragraph 55).”

Correction to paragraph 65
The figure ““1.7” in paragraph 65, Addendum

(c), 1s a misprint for “0.7".

Interpretation of paragra;ph 68

The basis for the limits of permissible exposure
of populations to man-made sources of ionizing
radiations is the dose received by the various
organs of the body and not the MPC-values, or
other criteria by which the dose is controlled.
Nevertheless, for planning purposes some guid-
ance as given in paragraph 68 must be available.
The word “‘average’ in paragraph 68 refers to
the concentration of radioactive nuclides,
averaged over a year, in the total intake to the
average person of the population.

STATEMENTS ON ITEMS NOT INCLUDED
IN THE 1958 RECOMMENDATIONS

Occupational exposure of pregnant women

With regard to occupational exposure of
pregnant women the Commission notes that:
(1) It is especially in respect of somatic
damage in foetal tissues that pregnant
womerf present a ‘‘special-risk problem”
in case of occupational exposure.
(2) Any special recommendations for preg-
nant women must in practice apply to all
women of reproductive age.

Occupational working hours and length of vacation

The Commission considers that with the
present maximurq permissible exposure levels no

INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION

special treatment of radiation workers with
respect to working hours and length of vacation
is required. '

Emergency exposure of environmental populations

This subject was discussed extensively during
the Munich meetings and the Commuission
considers that the British Report,(” recommen-
ding criteria for acceptable levels under
emergency conditions of I'3%, Sr#% Sr% and
Cs!37 ingested in food or milk, constitutes a
useful and sound approach to the subject.
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REPORT OF COMMITTEE II ON PERMISSIBLE
DOSE FOR INTERNAL RADIATION (1959)

I. INTRODUCTION
THE task of Committee II of the International Commission on Radiological Protec-
tion, ICRP, is to recommend values of maximum permissible body burden of radio-
nuclides, ¢, and maxjmum permissible concentration of these nuclides. MPC. in air

and in_water (or food). These values are provided only for the more important

radionuclides, and they are applicable primarily to occupational exposure. This
Committee has recognized that such compilations are of limited usefulness unless
periodically revised to incorporate the best available information and extended to

Include the values required by new developments and uses. It has worked closely

with several of the national committees and in particular with the Internal Dose
Committee of the United States National Committee on Radiation Protection,
NCRP, in collecting these data and in making revisions of the earlier publications on
mnternal dose published by the NCRP (1953)M and by the ICRP (1955).®™ In
addition to revising and extending the earlier publications, the members of both
committees hope that this publication will be a means of harmonizing and unifying
the objectives and principles used by the international committee and by the various
national committees in arriving at their decisions. The hope is expressed that the
national internal dose committees will apply the same basic principles of radiation
protection and will adopt the permissible exposure values recommended by the
ICRP or will indicate the conditions and considerations which require their
modification.

The basic recommendations concerning radiation exposure have been revised in
recent years by the ICRP® and are reprinted in the present volume. Similar revisions
have been made by the NCRP.® An examination of the 1958 Report of the ICRP
reveals that the major changes of interest to Committee 11 are the following:

(1) Instead of a weekly limit, a quarterly limit is recommended thus giving

— greater flexibility for many operations.

) While the permissible quarterly rates are essentially comparable to former

~ permissible rates, a limit on integrated dose is imposed in the case of exposure

of the blood-forming organs and the gonads. The ICRP Recommendations(®

also apply the limit on integrated dose to the lenses of the eyes, but the.

relevant data are so inadequate the eyes are not considered as an organ of
reference in this report.

(3) Explicit recommendations are given for some non-occupational groups and

" limits are suggested for the whole population.

A comparison of the present publication with earlier versions will reveal the very
extensive modifications required by new data and methods of estimating internal
dose, and will indicate that the number of radionuclides listed in the earlier publica-
tions has been increased by about a factor of three. All biological and physical data

1
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used 1in the earlier versions have been reviewed, and the permissible exposure values
have been revised accordingly. Refinements in the calculations for the exposure of
the gastrointestinal tract and for chains of radionuclides in the body have resulted in
new values for many of the permissible limits. The power function model is discussed
in the Appendix as an alternative method of estimating the body burden for certain
long-lived radionuclides. The data in the tables are expressed in terms of the
exponential or compartment model for retention and elimination, but the maximum
permissible concentration (MPC) and body burden values listed in the tables were
selected after careful consideration by the Committee of the values obtained by the
use of both models. While it is clearly impossible to be completely abreast of the
literature in such a rapidly developing field, this revision probably represents the
most important findings through 1957 as well as those in a few early publications of
1958. : ‘

All MPC values are given for a 40 hr work week as well as for continuous exposure,
i.e. a 168 hr week. Previous editions of the internal dose publications gave values
based on continuous exposure, partly because these same values sometimes were

used, with an appropriate factor, to apply to cases of continuous non-occupational .

exposure and also because of variations in the actual work week. The values based on
a 40 hr work week are included because they are directly applicable to the standard
working conditions existing in many countries.

The values listed for continuous occupational exposure are convenient in obtaining
permissible levels for special groups and for the population at large in accordance
with the Report of the ICRP.(® The appropriate factors to be applied in
obtaining permissible levels for these groups are discussed in Sections II.3 and I1.4.
Because the continuous exposure values listed neglect several important considera-
tions, particularly differences between children and adults, it should be emphasized.
that, even when corrected by the above factors, these can only be regarded as
interim values for non-occupational exposure. It is hoped that the term “continuous
occupational exposure values” will emphasize the provisional nature of their use for
other purposes.

Although the data on which the MPC values are based are very incomplete and
in some cases uncertain, they embody the latest and best research of hundreds of
scientists, and it is believed that these MPC values are the best now available. They
should serve as a guide to indicate whether the operational procedures used in
practice are adequate to insure that the dose delivered by internally deposited
radioactive material does not exceed the pertinent permissible limit set by ICRP.

For many radionuclides the radiation exposure period may last for many months
or even a lifetime, although the intake may have occurred.in a relatively short time.
When radioactive contaminants are ‘dePosited in the body, it is often difficult to
make an accurate estimate of the total body burden or of its distribution in the body.
In most cases, even when the fact is established that a person carries a large internal
burden of a radionuclide, little can be done to hasten its elimination from the body.
According to one theory, any dose of ionizing radiation, no matter how small, may
produce some genetic or somatic damage, and thus, it is considered wise to avoid all
unnecessary exposure to radionuclides. This has been pointed out, also, by several
national® and international® organizations. However, in the light of present
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knowledge, occupational exposure for the working life of an individual at the
maximum permissible values recommended in this report is not expected to entail
appreciable risk of damage to the individual or to present a hazard more severe than
those commonly accepted in other present day industries. The values given in this
report are listed for occupational exposure and must be corrected by the application
of appropriate factors for other uses, and in all cases the resultant tissue doses are
intended to be in addition to those produced by the natural background and medical
exposure.

II. BASIC STANDARDS OF MAXIMUM PERMISSIBLE INTERNAL EXPOSURE

1. Exposure categories. The ICRP( has made basic recommendations or suggestions
concerning exposure to ionizing radiation for the following categories of exposure:

A. Occupational exposure.

B. Exposure of special groups:

(a) Adults who work in the vicinity of controlled areas (see paragraphs 71 and
72 of the ICRP Report,®) but who are not themselves employed on work
causing exposure to radiation.

(b) Adults who enter controlled areas occasionally in the course of their duties,
but are not regarded as radiation workers.

(c) Members. of the public living in the neighborhood of controlled areas.

C. Exposure of the population at large.

In principle both the exposure of individuals and averages over the whole popula-
tion have to be considered, but recommendations with regard to individual exposure
are given only for the groups (A) and (B). Moreover, the ICRP considers that doses
resulting from natural background radiation or individual doses resulting from
medical and dental exposure are in addition to maximum permissible doses
recommended in the report.

2. Occupational exposure (category (A). See paragraphs 46-52, ICRP Report.®») The
basic rules concerned with occupational exposure due to internally deposited
radionuclides are the following: ’

(a) The dose to the gonads or to the total body during any period of 13 consecutive
weeks shall not exceed 3 rems. The dose to the gonads or to the total body at age N
years shall not exceed 5(/N-18) rems in case occupational exposure begins after age 18.
If occupational exposure begins before age 18, the yearly dose before age 18 shall not
- exceed S-rems and the dose to age 30 shall not exceed 60 rems.

(b) The effective RBE dose delivered to the bone from internal or external
radiation during any 13 week period averaged -over the entire skeleton shall not
exceed the average RBE dose to the skeleton due to a body burden of 0.1 pc of Ra226,
"This is considered to correspond to aydose rate of 0.56 rem/week in the case of Ra22
(derived from a dose rate of 0.06 rad /week, an RBE of 10 and n = 1). In computing
the effective RBE dose to the skeleton, all absorbed energy shall be weighted by a
relative damage factor, n. The relative damage factor, n, is taken as one for all
energy absorbed from external radiation and for all internal emitters when the
element taken into the body is an isotope of radium. If the isotope taken into the
body is not an isotope of radium, the relative damage factor, #, is taken as 1 for all
energy absorbed from X- or y-radiation and as 5 for all other energy components,
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whether they originate from the parent or the daughters it produces in the body.
The effective energy is listed in Table 5 as ZEF(RBE)n. For a more detailed discussion
and examples, see Section IV.2 and V.1.

(c) The dose to any single organ of the body, excepting the gonads, bone, skin
and thyroid, shall not exceed 4 rems in any 13 week period, or 15 rems in 1 year.
The dose to skin and thyroid shall not exceed 8 rems in any 13 week period, or
30 rems in 1 year.

The decision of the ICRP® (1956) to set the average external occupational
exposure at 5 rems/year (corresponding to 0.1 rem/week) is not applied to internal
dose calculations except in the cases of radionuclides that are distributed rather
uniformly throughout the body or are concentrated in the gonads. The purpose of
limiting the average weekly total body dose (0.1 rem) to one-third of the former
maximum weekly dose (0.3 rem) was to lessen the possible incidence of certain
types of somatic damage, e.g. radiation induced leukemia and shortening of life
span, which are considered to result primarily from total body exposure. Obviously,
the reduction in the gonad dose was intended to lower the incidence of deleterious
genetic mutations that will give rise to effects appearing in future. generations.

Inasmuch as the restriction of integrated dose applies primarily to the total body
and gonad dose, there is no basic change in the permissible RBE dose rate when
individual organs® such as liver, spleen, bone, gastrointestinal (GI) tract and
kidney are the critical body organs for reasons given in ICRP report paragraph 14.()
It should be noted that the limits recommended here are maximal. In practice, the
average occupationally exposed individual would receive a much lower dose.

Because the direct estimation of the body burden or of the dose to an organ or to
the total body is generally difficult, and because in most cases measures to decrease
the body burden are rather ineffective and difficult to apply, the cnly practical
procedure for general protection of occupational workers is to limit the concentration
of the various radionuclides in the water, food or air available for consumption. It is
recommended, therefore, that:

(1) If there is no occupational external exposure, the concentration of a radio-
nuclide or a mixture of radionuclides in air and in water which might be consumed
by plant personnel during a 40 hr week be kept at levels not exceeding the appropriate
MPC values given in this report. If there is occupational external exposure, the MPC
values must be lowered to bring the total RBE doses within the limits prescribed by
the basic rules. Thus, if D rem is the quarterly dose permitted to an organ by the
basic rules and if external radiation delivers a dose E rem per quarter, then the MPC
based on this organ must be reduced by the factor (D—E) /D. The calculation of an
acceptable level for the case of a mixture of radionuclides is discussed in Section IV.8.

(2) Alternatively, over a perigd of 13 weeks, the concentrations of the various
radionuclides present in air or in water may be allowed to vary, provided the total
intake during any 13 week period does not exceed the total intake permitted by
exposure at the constant levels indicated in subsection (1) above. It should be
realized that while this method is in accordance with the basic recommendations its
use 1s cumbersome, expensive and generally difficult, because it requires accurate
and continuous monitoring of work areas and the keeping of detailed exposure
histories for each individual. Its use is, therefore, only justified in exceptional cases.
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The safest and simplest procedure to use in keeping within the basic limits (a),
(b) and (c) in Section II.2 is to keep the level of contamination of the air, water or
food consumed by plant personnel in the controlled area at or below the level
indicated by the MPC values. These values are given for an exposure period of
40 hr/week and 168 hr/week. If a person’s work assignments are such that he spends
only 8 hr each week in the exposure area, the applicable MPC values are five times
those listed for a 40 hr week in Table 1. However, this requires considerable care to
determine that he is effectively unexposed during the remainder of his working
week. If he spends 48 hr each week in the exposure area, the applicable MPC values
are five-sixths of those listed for a 40 hr work week in Table 1. Similarly, when applied
to food they generally will require modification to take account of the amount
ingested. This is further discussed in Section IV.9. ’

Although the formula 5(& — 18) permits an average yearly dose to the total

.body and gonads of only 5 rems, the rules of the ICRP permit up to 3 rems during

any mterval (e.g. 1 min, 1 day, 1 week, etc.) provided that not more than 3 rems are
received in any 13 consecutive weeks. Thus, an older person may receive up to
12 rems in a single year provided his dose does not exceed the limits prescribed by
the formula 5(V — 18). Although flexibility is also allowed in principle for internal
exposures, in practice it is risky and usually impractical to increase the MPC values
much beyond those determined for operation over an extended period. The permis-
sible levels do, however, take into account the exposure period (e.g. if the occupational
exposures last for only 1 hr/week, the MPC values for a 40 hr week may be increased
by a factor of 40), but if there are concurrent external exposures, the MPC must be
reduced so that the total dose to any organ does not exceed the maximum permissible
limits. In specific individual cases where sufficient monitoring is available (i.e.
external monitoring meters, body fluid analyses, air surveys, etc.) and where no
exposure has been received for the prior 13 week period, and if the restriction implied
by the formula 5(¥ — 18) is not exceeded, a person may work for 1 hr where the
concentration in air of an isotope with the total body as the critical organ is
40 x 13 x 12/5 = 1200 X the (MPC), values for the 40 hr week, but in such a
case no further exposure shall be permitted in 13 weeks. This practice should be
discouraged because of delays and inaccuracies in methods of estimating the body
burden and dose to the organ from such an internally deposited radioactive material.
However, if such exposures to contaminated air are unavoidable, the dose often may
be reduced materially if appropriate and properly fitting masks are worn.

3. Exposure of special groups (category (B). See paragraphs 53-57, ICRP Report.®) The
dose to the gonads or blood-forming organs of an individual belonging to either of
the groups B(a) or B(b) shall not exceed 1.5 rems/year, and the corresponding limD
for an individual of class B(c) is set at 0.5 rem/year. If no external radiation results

due to operations within the controlled area, the corresponding MPC values for ..

groups B(a) and B(b) are three-tenths of the occupational values for the 40 hr week,
and for group B(c) are one-tenth of the occupational values for continuous exposure,
l.e. for the 168 hr week. If external radiation results from operations within the
controlled area and the dose due to this external radiation is E rems/year, then these
values are to be reduced by the factor (D-E)[D where D = 1.5 for groups B(a) and
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B(b) and D = 0.5 for group B(c). The computation of the MPC for a mixture is
discussed in Section IV.8.

If the radiation field (external and internal), does not irradiate significantly the
gonads or the blood-forming organs, the MPC for an individual belonging to group
B(c) shall be one-tenth the MPC value for continuous occupational exposure. Since
the exposure of an individual belonging to group B(a) or group B(b) is directly
related to his work in or near the controlled area, the MPC for such an individual
shall be one-tenth the MPC for occupational exposure of an individual with the same
work period per week. Thus, if the working period is 40 hr/week then the MPC for
individuals of group B(a) and B(b) shall be one-tenth the MPC for the 40 hr week.

4. Exposure of populations (category (C). See paragraphs 58-68, ICRP Report.®)

(a) Genetic and total body dose. The ICRP in its recent report® suggested limits
on the average genetic dose to a population. These suggested limits are not considered
as definitive but are offered for guidance in planning nuclear energy programs.
Tentatively, allowing 2 rems to age 30 years for average genetic dose from man-
made radiation (exclusive of medical exposures), 1.5 rems is suggested as a limit for
internal dose and 0.5 rem as the limit for external dose to the gonads from such
sources. Smcc the continuous occupational levels (168 hr/week) permit 5 rems/year X
30 vears = 150 rems in 30 years to the gonads, such a continuous occupational
MPC must be multiplied by a factor of 0.01 to give an equivalent constant level of
exposure. The ICRP has suggested that the same dose limit (1.5 rems/30 years) and
reduction factor (0.01) are to be applied when the total body is the critical organ.
Except in a few cases, sufficient data for an estimate of gonad dose are lacking. In
the absence of an MPC value based on the gonads, it is recommended that 0.01
of the MPC based on total body be used. The extent to which many of these nuclides
contribute to the gonad dose is under investigation by the Committee.

(b) Somatic dose. For a radionuclide or mixture of radionuclides which does not
have the total body or the gonads as critical organ, it is suggested that the average
permissible level for large populations be one-thirtieth the continuous occupational
value (168 hr/week) computed according to the basic rules (b) and (c) given in
Section I1.2 above. The Internal Dose Committee of ICRP and of several national
organizations are studying the problem of the long-term effects of low-level exposure
to the population at large with respect to somatic damage to the exposed individual,
genetic damage to his children, ecological damage, etc.

III. MAXIMUM PERMISSIBLE VALUES FOR OCCUPATIONAL EXPOSURE

1. Assumptwns and restrictions applying to maximum permissible exposure values in Table 1.
The valiies of ¢"and MPC for” an .md1v1dual ‘will depend upon many factors such as*
his age, physical condition;, eating habits and hygienic standards. They will depend
also upon the physical and chemical properties of the radioactive material and the
method of intake—Dby ingestion, by inbalation, through wounds or by absorption
through the skin. The paucity of data concerning the effect of most of these factors
does not warrant detailed treatment. To keep the required work and the size of
this revision within manageable limits, and yet to meet the major needs of scientific
and industrial users of isotopes, it has been necessary to limit severely the number



PERMISSIBLE DOSE FOR INTERNAL RADIATION 7

of factors considered. Therefore, MPC values are listed only for relatively insoluble
and for the more common soluble compounds, and these compounds are specified
only by the extent of solubility rather than by specific chemical structure. The only |
methods of intake considered are ingestion and inhalation except in a few cases—
where submersion presents the greatest hazard criterion. All calculations are based
on a ‘“standard man’’ and thus do not provide for individual variations. The standard
man is specified in Tables 6 through 11 and is a somewhat modified version of the
standard man defined at the Chalk River Conference(® (September 1949). This
standard man is designed to represent a typical or average adult who is exposed
occupationally.

Ideally, maximum permissible body burden, ¢, and maximum permissible
concentration, MPC, should be based on studies of humans who have been exposed
to and who have consumed a particular radionuclide under working conditions and
over an extended period of time approximating those which are typical of the average
occupational exposure. However, human data are very scarce and only in the case
of radium does one have an accumulation of human experience for as long as 50 years,
which is the minimum for selecting values for chronic exposure to man. Studies using
total and partial body counters have been made recently to determine the uptake,
distribution, and elimination of trace quantities of some radionuclides in the human
body. In a few cases, certain radionuclides have been administered to humans
therapeutically, and in some cases, accidents have occurred in which radionuclides
have been taken into the body. The data from these cases of human exposure have
been studied carefully and, where possible, such data are substituted in this report
for earlier data based on animal experiments. For the majority of radionuclides,
human data are lacking, and in such cases data from animal experiments must be
extrapolated to man. Sometimes even animal data are not available and estimates
are made from comparison with elements having similar chemical behavior. Recent
studies of trace and minor stable element distribution in the human body1® have
been particularly helpful in these revisions. It is assumed that the normal stable
element distribution in the various body organs is typical of the distribution that
would result from chronic human exposure to radionuclides of these same elements
and that the chemical form is similar. Likewise, a study of the metabolic balance
between the trace and minor elements in the food, water, urine and feces of man has
yielded direct evidence for the MPC of radionuclides of these elements. Because of
the many assumptions and approximations made in applying much of the data in
this publication, it is concluded that detailed refinements in the calculations generally
are unwarranted.

In Table 1 are the recommended values of maximum permissible total body
burden, g, and maximum permissible concentration in air, (MPC),, and in water,
(MPCQC) ,, for about 240 ra,dionuclidésﬁ.‘ The daily intake of water used in calculating
(MPCQC), includes the water content of food, and thus, consideration of the intake of
a radionuclide in food is necessary only in case it concentrates in the food during
processing or enters the food from other sources. In such cases the (MPC), values
of Table 1 converted to microcuries per gram are applicable when corrected for
daily intake, i.e. to take account of the total intake of radionuclides in the complete
diet. This publication includes values for all the radionuclides listed in the previous
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publications of NCRP® (1953) and of ICRP(? (1955) together with others for which
a need has arisen and for which the necessary biological data are available. With few
exceptions (e.g. certain daughter radionuclides and isomeric states), radionuclides
with radioactive half-lives shorter than 1 hr are not considered in Table 1. The
following are the principal assumptions and conditions which are the bases of the
calculations.

(a) In all cases the values are listed both for soluble and for insoluble compounds
(an exception is the case of some of the inert gases for which values are given only
for the submersion of a person in the inert gas). The lowest values of (MPC), and
(MPC),, obtained are in bold-face type both for the soluble and insoluble forms of
the isotope. The organs on which these values are based are termed the critical
organs and are printed in bold-face type in Table 1.

(b) In all cases the values are computed for occupational exposure at the rate
of 40 hr/week, 50 weeks/year for a continuous work period of 50 years, as well as for
50 years of continuous exposure, i.e. 168 hr/week.

(c) In all cases the calculated dose rate which determines the MPC takes into
account the actual amounts-of the radionuclide in the body or critical organ rather
than an assumed state of equilibrium. The MPC values based on a critical organ are
set by the requirement that the dose rate (rems/week) after 50 years of occupational
exposure shall not exceed the values specified in (a), (b) and (c¢) of Section I1.2.
During a 50 year exposure period, equilibrium is reached for the vast majority of the
radionuclides because the effective half-life is short compared to this work period
(i.e. the term e~0-693¢T in equations (7) and (8) is approximately zero for t = 50 X
365 days). Exceptions to this rule are listed in Table 2. Column 5 of Table 2 gives
the effective half-life, and column 6 gives the percentage of equilibrium the body
burden attains over a period of occupational exposure lasting 50 years. Most of
these exceptions are in the 5 f type rare earth group of elements which are assigned
a biological half-life of 200 years. The extreme case is represented by ten of these
radionuclides which reach only 16 per cent of equilibrium in the body in 50 years of
occupational exposure.

(d) In the case of a radionuclide which decays to form radioactive daughters,
the calculation assumes that only the parent radionuclide enters the body, but the
estimated dose rate includes all the energy released by the daughter elements formed
in the body. There are two exceptional cases, Rn?2° and Rn?22 where a state of
equilibrium typical of that attained in ordinary air is assumed. These cases are
discussed further below. In all other cases, it is assumed that only the parent element
enters the body. Because the various daughter elements generally have different
effective half-lives, the percentage of equilibrium attained is generally not the same
for all elements of a chain. Alsg, the effective energies, i.e. the weighted energy
absorbed per disintegration, are nét the same for different members of the chain, so
that the dose rate after 50 years exposure will generally not be the same percentage
of the dose rate resulting from an equilibrium body burden as the figure shown in
Table 2. Thus, for radionuclides which decay to form radioactive daughters these
percentages give only a rough indication of the percentage of equilibrium dose rate
attained at the end of 50 years.

(e) The assumptions and formulas are presented in terms of a compartment
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model, i.e. each organ is assigned a biological half-life, and the radionuclide that
accumulates in the organ is considered to be eliminated at a constant rate. In
general, this is a drastic oversimplification of the situation since the organ retention
usually requires several exponentials, or perhaps a power function, for its
mathematical representation. Unfortunately, the biological information available
generally does not yield detailed information on organ retention, particularly for the
conditions and periods of exposure of interest here. In selecting MPC and body
burden values, the Committee has considered both multiple exponential and power
function models for retention when such information is available, and the values
finally selected are in some cases chosen between those calculated by these models.
In view of the large measure of uncertainty in many of these cases, and in the interest
of uniformity and economy of presentation the biological data in the Tables are
given in terms of a single compartment model for each organ considered, with a
biological half-life for each. The values of these are selected to produce in 50 years
- of constant level exposure the retention indicated. by the more detailed model, and
thus may not represent accurately the situation for short-term exposure. A discussion
of the power function model and a table of the necessary parameters for its use are
given in the Appendix.

(f) If occupational exposure continues beyond 50 years, the dose rate will continue
to rise in the case of the radionuclides listed in Table 2 because they are not in a state
of equilibrium under the assumed conditions, but for the radionuclides not listed in
Table 2 the maximum permissible dose rate would not be exceeded. However, since
the period of occupational exposure probably will not greatly exceed 50 years, and
since the maximum permissible body burden, g, would be reached only after 50 years
of occupational exposure at the MPC values given in Table 1, the average dose
rate over the working life of the individual will be well below the maximum
permissible dose rate, even for the isotopes in Table 2. While noteworthy, this
observation does not alter the fact that the terminal dose rates would be in violation
of the criteria adopted in (a), (b) and (c) of Section I1.2, although the integrated dose
undoubtedly would be considerably less than that permitted for many radionuclides
not listed in Table 2. In the previous publications, (! » the calculations were based
on a 70-year exposure. Although this change to an exposure period of 50 years has
had very little effect on the MPC values (i.e. a maximum increase of 27 per cent in
the MPC values for some of the radionuclides in Table 2), it is believed that this
change should be made in the calculations because, for most workers in atomic
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installations, the working period extends from age 18 to age 65 or less.

(8) The average breathing rate is 107 cm? per 8 hr work day; this is one-half the
air breathed in 24 hr: : . . :

(h) The average rate of water comymption is 1100 cm3 per 8 hr work day; this is
one-half the water consumed in 24 hr. , _

(i) The dose from inert gases with radiation of sufficient energy to penetrate the
minimal epidermal layer (7 mg/cm?) results from external exposure to the surround-
ing cloud of radioactive gas rather than from the amount of gas in the body.

(J) In general, chemical toxicity is not considered in estimating the body burden
or MPC values. However, in the case of uranium, the chemical toxicity_has been
considered and is the limiting criterion for the longer-lived nuclides of uranium.,
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2. Units of ionizing radiation used in Table 1. In Table 1 the units are the microcurie
(uc) and microcuric per cubic centimeter (uc/cm?®) for maximum permissible
quantities of the various radionuclides in the total body, ¢, and for the maximum
permissible concentrations, (MPC), and (MPC),, in air and in water, respectively.
One curie is a quantity of a radioactive nuclide in which the number of disintegrations
per second is 3.700 x 101°; the microcurie then, is one-millionth of this amount. In
accordance with long established usage, however, the curie of natural uranium is
considered to correspond to 3.7 X 1010 dis./sec from U238, 3.7 x 10 dis.[sec from
U234, and 1.7 x 109dis. [sec from U235, Also, the curie of natural thorium is considered
to correspond to 3.7 x 1010 dis. sec from Th?%? and 3.7 x 10° dis./sec from Th22s.
The rem is the unit of RBE dose of ionizing radiation in tissue. When a dose is
expressed in rems it is superfluous to call it RBE dose. Therefore the unqualified
term “dose’ alone is used in such cases. The rem corresponds to the dose in tissue
which results in biological damage equivalent to that produced per rad of X-
radiation (of about 200 kV) having a linear energy transfer, LET, to water of
3.5 keV/y, i.e., rem = RBE X rad. The rad corresponds to an energy absorption of
ionizing radiation of 100 ergs/g in any medium. In this case the energy absorption
is in tissue. The relative biological effectiveness, RBE, in this report is taken as one
for B-, y- and X-radiation, and conversion electrons (for low energy B-emitters,
i.e. E_ < 0.03 MeV, the RBE = 1.7), 10 for e-particles, and 20 for recoil atoms. The
reader is referred to the Handbook by the International Commission on Radiological
Units for detailed information on units.(9

3. Critical body organ. The values of body burden, ¢, in column 3 of Table 1 are
based on that amount of the radionuclide which is deposited in the total body and
produces the maximum permissible RBE dose rate to the body organ listed in
column 2. The concentration values in water (columns 4 and 6) and in air (columns 5
and 7) are in turn based on the intake by the standard man who accumulates this
bodv burden as a consequence of occupational exposure for a period of 50 years. In
most cases, significantly different values of body burden result when effects on
different organs are considered. The critical organ is considered to be that organ of
the body whose damage by the radiation results in the greatest damage to the body.
It is readily apparent that many factors must be considered in’ determining which
affected organ will cause the body to suffer the greatest damage. Criteria of prime
importance are: (a) the organ that accumulates the greatest concentration of the -
radioactive material; (b) the essentialuess or indispensability of the organ to the
well-being of the entire body; (c) the organ damaged by the route of entry of the
radionuclide into the body; and (d) the radio-sensitivity of the organ, e.g. the organ
damaged by the Towest dose; Theoretically all of these considerations are taken into
account through the use of the RBE factors and the basic standards (a), (b) and (c)
of Section I1.2, but it is apparent that the information they represent does not embody
much detail on most of the above criteria. Actually, except for a few radionuclides,
case (a) above is the determining factor in choosing the critical body organ. For this
revision, each radionuclide was studied individually. For some radionuclides as many
as twelve reasonable choices of a critical organ were made with the corresponding
permissible body burden and concentration values calculated for each organ. These
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arc listed in Table 1 with the critical organ (or organs in the case of identical MPC
values) and minimal MPC values in bold-face type. For each isotope the MPC values
are listed first for soluble materials and then for insoluble materials. The values for
soluble materials are ranked according to magnitude of (MPC),, so that the first
line in this group designates the critical organ determined solely on the basis of
(MPC) ,.. The values for insoluble materials are ranked according to the magnitude of
(MPC),. The rankings based on (MPC), and on (MPC),, may differ in some cases, so
the smallest MPC in each group is in bold-face type to indicate it as a maximum
permissible occupational exposure level for plant operation under the stated con-
ditions. The MPC values for other additional organs (tcrmed organs of reference in
Table 1) are given primarily as an aid in estimating MPC values for mixtures of
radionuclides, and thus, are not permissible levels for the single radionuclide unless
in bold-face type.

The total body is listed as an organ of reference for all nuclides except a few of the
inert gases. These values are included primarily as an aid in computing MPC values
for mixtures, and as a check on the oversimplified model used.- As mentioned in
(¢) on p. 8, this one compartment model is selected to represent the long-term
retention in the critical organ and may not represent adequately the situation in
other organs. For example, radium and strontium are long-term bone-seekers, but
during the first day or two following ingestion appreciable amounts are present in
the plasma and soft tissues. This amount is negligible so far as the 50 year accumula-
tion in the bone is concerned, but a check is necessary to determine that the whole
body limit is not exceeded by the amount present in the plasma and soft tissues.
When present in a mixture, perhaps with other isotopes that concentrate primarily
in the soft tissues, the dose delivered by this component of the total retention should
not be neglected. The MPC based on total body also supplies a ready means of
estimating the integrated dose, i.e. the dose to the body as a whole. While the basic
rules do not directly limit the integrated dose except in the case of whole body
irradiation, it is of considerable interest. Because the total body limit for constant
level exposure is based on 5 rems/year (0.1 rem/week), the total body is sometimes
the critical organ. Because the GI tract often receives a greater absorbed dose than .
any other body organ, and is frequently the critical organ for exposure to mixed
fission products, it is with few exceptions included as an organ of reference for the
radionuclides in Table 1.

IV. CALCULATION OF MAXIMUM PERMISSIBLE EXPOSURE VALUES

1. Basis for estimating maximum permissible exposure values. As indicated in the above
discussion of the basic standards for maximum permissible internal exposure, two
somewhat different criteria commonly are used in determining maximum permissible
exposure values: (a) for bone-seeking tadionuclides such as Sr?°, Pu23?, etc., which
emit significant amounts of particulate radiation, the estimate is based on a com-
parison with Ra2?% and daughter products; and (b) for all other radionuclides, the
MPC and body burden valucs are set to limit the weekly RBE dose received by the
various organs of the body*, e.g. 0.1 rem/week to the gonads and total body, 0.6 rem/
week to the skin and thyroid, and 0.3 rem/week to all other soft tissues. Thus, for a

* In the case of long-lived radionuclides of uranium, the toxic effects set the limiting body burden.
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bone-seeker, such as Sr®%, which emits only y- or X-rays, the calculation must be
based on 0.3 rem/week since the adjacent soft tissues are also irradiated to approxi-
mately the same extent as bone. The first method is the result of a calculation designed
to determine, (i) the amount (uc) deposited in the bone that will deliver the same
effective RBE dose as delivered by 0.1 uc of Ra?2? and its daughter products and
(i1) the amount (uc) deposited in the bone that will result in damage comparable to
that observed from known deposits of Ra2??¢ in the bone. In some cases, this first
method rests on rather extensive clinical experience or studies of biological damage,
either with the particular radionuclide, or with another radionuclide having similar
chemical properties and similar metabolic behavior in the body. The method based
on RBE dose rate is used generally when bone is not the critical organ or when
direct experience is not available. The biological evidence supporting the limits on
RBE dose to the various organs of the body is less direct than clinical observation
or studies of biological damage, but is consistent with general experience involving
radiation from both external and internal sources.

2. Body burden based on comparison with radium. In the case of a- and B:emitting
radionuclides that localize in the bone, the maximum permissible body burden,
g, is determined from a direct comparison with Ra2%, In 1941 an advisory
committee* to the National Bureau of Standards first established the maximum
permissible body burden for radium at 0.1 pg (~ 0.1 uc). Man has had years of
experience with radium, which is the basis of reference. in choosing the maximum
permissible body burden of similar radionuclides that are deposited in the bone. The
radium dial painters, patients treated medically with radium and persons using
public water supplies relatively rich in radium(3 have furnished the best source of
continuous human exposure from which to observe the effects of an internally
deposited radionuclide. From autoradiographic studies® of human autopsy
material, radium is known to be unevenly distributed in the bone, but other bone-
seeking radionuclides may be even less uniformly distributed.(® From animal
experiments1®) it is known that some bone-seeking radionuclides produce greater
damage to the bone than Ra22 for the same RBE dose. This greater damage is
attributed to several factors, some of which are (a) non-uniform distribution,
(b) greater radiosensitivity of the portion of bone in which the isotope is deposited,
and (c) greater essentialness of the damaged tissue. Therefore a relative damage
factor, n, is introduced into the MPC calculation to make some allowance both for
the greater relative effectiveness of some radionuclides as well as for the fact that many
have a more heterogeneous distribution in bone than radium. The relative damage
factor, n, in the formula for effective energy, JE,F, (RBE);n,is taken as one provided
(a) the parent element of the chain considered is an isotope of radium, or (b) if the
energy component considered originates as X- or y-radiation. The relative damage
factor is taken as 5 in all other cases, i.e. if the parent element of the chain is not an
isotope of radium and if the energy component considered originates as a-, 8-,
B+-, e~- radiation or from a recoil atom. Thus, the first two elements in the Th228
chain are Th?2 = Ra?% =¥ and the.value of n is 5 for the energies of both these
a-particles. In the chain Ra?%8 8 Ac?228 Ay Th?28 «¥ Ra?24 «7 the same two a-energies
are weighted with n = 1. The y-energy is always weighted with n = 1.
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When the necessary data are available, the maximum permissible body burden, ¢,
of a radionuclide may be determined by a comparative study of the clinical findings
and biological damage produced by various quantities of Ra22¢ and the radionuclide
under study. Studies of chronic exposure1—a few of which have been started—
should furnish the most direct and reliable values of ¢. Until these studies have been
completed, it will be necessary to continue to determine values of ¢ by a direct
comparison of the energy deposited in bone by the particular radionuclide with the
energy deposited by 0.1 uc of Ra?%6 and its daughter products (with an RBE of 10),
modified by the factor, n. In this case, the value of ¢ is given by the equation

LR ks 0.1(0.99) 110 11
! f2 € f2 £ f2£ ( )

i which
g®* = 0.1 pc is the maximum permissible body burden of Ra22;
- fo = fraction of radionuclide in the skeleton of that in the total body;
J2R* == 0.99 is the value of f, for radium;
¢ = effective absorbed energy per disintegration of a radionuclide =
ZEF(RBE)n; e®* = 110 is the value of ¢ for radium;
E =-energy (MeV) deposited in skeleton per disintegration;
RBE = relative biological effectiveness = 1 for X, y, B, B+, -, (it is set equal to
1.7 if the maximum energy, E_ < 0.03 MeV for 8-, B+ or ¢-), 10 for
a and 20 for recoil atoms;
F = ratio of disintegrations of daughter to disintegrations of parent See
Section V.1.

It is assumed that 99 per cent of the radium in the body is in the skeleton, and the
total energy deposited in the skeleton per disintegration of Ra22® plus 30 per cent of
its daughter products8: 19 j5 11 MeV, and thus the effective. energy deposited in
the skeleton is ZEF(RBE)n = 110*. For other radionuclides which are localized in
the bone, the effective absorbed energy is found from ZEF(RBE)x.

Thus, 0.1 uc of Ra2??% and its daughter products in the body corresponds to an
average absorbed dose rate to the bone of 0.06 rad/week or an average dose rate
to the bone of 0.56 rem/week. As indicated above, the factor, n, was set equal to
1 in arriving at these dose rates for Ra?2¢. The distribution of radium in bone is not
uniform,(*% and, for example, if there are portions of the bone in which radium is
concentrated, the dose rate in these areas might be many times the average values.
These values of RBE dose rate are based on the assumption that (RBE),6 = 10.
Many experiments(2® indicate that (RBE)_ is much smaller than 10 for biological
damage resulting from acute exposure—perhaps as small as 1.4—but for biological
damage from chronic exposures much higher applicable values have been reported. (21
Therefore, until more data from hronic exposures are available it would be unwise
to use a value of (RBE), < 10. Occupational and medical experience with radium
offers much more justification for accepting the 0.1 ue of Ra226 and for the RBE dose

* This value was given as 162 ' MeV in the 1955 ICRP report(?) but is changed to 110 MeV in this 1958
edition. The reduction to 110 MeV is the result of using the more recent data of Norris(18) which indicate a
bone retention of 30 per cent of the daughter products of Ra228, The earlier data of Evans (12) which assumed

55 per cent retention of the daughter products of Ra??% had been used to obtain the 162 MeV. Details of
calculation of this effective absorbed energy are given in Section V.1,
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it delivers to the bone as a basic reference for permissible occupational exposure
than any arbitrarily chosen dose rate to individual organs. At this time, it would be
difficult to say which is more harmful to man, (a) the dose rate to the total body of
0.1 rem/week, or (b) the dose rate to the bone resulting from a body burden of
0.1 uc of Ra?26, Certainly, if a major portion of the hematopoietic system were
irradiated, e.g. concurrently from the spleen-seeking Po?!® and from the bone-
seeking Ra226, the biological damage would be greater than if only a part of it were
irradiated. It has been shown® that in some cases a synergistic effect results when
several organs of the body are irradiated simultaneously. Thus, it is rather certain
that 0.1 rem/week to the bone is less harmful than 0.1 rem/week to the total body
but, at present, sufficient quantitative data are lacking to indicate whether or not an
average dose rate of 0.56 rem/week (involving, perhaps, a much higherlocal dose rate)
to the bone produces greater or less damage than 0.1 rem/week to the entire body.
The development of bone tumors many years after exposure (from 10 to 35 years)
has been the principal hazard to patients given large medical doses of radium and
to the radium dial painters. Although tumors have not been observed in persons
with body burdens of radium as low as 0.1 puc, the factor of safety may not be as
large as 10 because tumors have occurred in persons having a body burden less than
1uc of radium at the time the tumor was first detected. However, in all these cases
the original body burden had been greater than it was when the tumor was first
detected. Furthermore, in most cases the integrated absorbed dose received by the
radium dial painters had been much enhanced because a large amount of
mesothorium (Ra?28) was in the ingested material. There is an additional factor of
safety in the MPC values for the long-lived radionuclides in Table 1 in that the
maximum permissible body burden is reached only after an extended exposure at
the MPC level (see Section III.1). For the radionuclides (Table 2) with a long
effective half-life, e.g. Ra226, Th230 Th232 Np2%¥, Pu?3®, Am?¢3, Cm?*, etc., the
maximum permissible body burden is not reached until after 50 years of continuous
occupational exposure. Several workers(?® have described changes in skeletal
density and/or histopathological changes in the bone of patients who have 0.1 pc or
less of radium, and more pathological changes may be expected as these individuals
become older. This problem will be kept constantly under advisement, and as more
data are accumulated on the chronic effects of radium and other bone-seeking radio-
nuclides, it may be desirable at a later date to lower the basic reference of 0.1 pc of
Ra??, However, at the present time, this change does not seem to be warranted for
reasons as follows: (a) radium does not irradiate the entire hematopoietic system;
(b) body burdens of 0.1 uc of Ra22¢ probably produce detectable changes in the bone
but are not known to have caused serious damage (demonstrable harm to the
individual); (c) the principal recognizable damage from Ra?28 is the production of
bone tumors, but the lowest body burden that has resulted in a tumor is 0.5 pc ;3
(d) all radium-produced tumors have occurred in persons whose original body
burdens had been much greater than at the time the tumors were discovered;
(€) most bone tumors arising in radium dial painters may be attributed to Ra226 4
Ra2?% in which the integrated RBE dose was much greater than would be indicated
by the Ra?26 burden at the time the tumors were discovered; and (f) the maximum
permissible body burden of a bone-seeking radionuclide corresponding to 0.1 uc

“4
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of Ra228 is not reached except following continuous occupational exposure at the
MPC values. For the more dangerous bone-seeking radionuclides, this requires
continuous occupational exposure for 50 years at the MPC level.

3. Body burden based on a permissible RBE dose rate to the critical body organ. Because
specific experimental information is lacking for assessing values of safe body burdens
of the radionuclides that are not localized in the bone, the MPC and ¢ values were
calculated on the premise that a maximum permissible body burdem is timen messst
distributed throughout the body that will result in a maximum permissible RBE
dose rate to the critical organ. The maximum RBE dose rates permitted to the various
body organs are listed 1n Section I1.2. It should be emphasized that these maximum
permissible RBE dose rates are values averaged during a quarter. Variations of these
rates over shorter intervals may be expected and are permissible. As explained in
Section 11, the average dose rate of 0.1 rem/week and corresponding MPC values for
occupational exposure of the gonads or total body may be increased over a 13 week
period by a factor as large as 2.4, provided the dose at any age N does not exceed that
given by the formula 5(N - 18) and provided adequate monitoring is used to insure
that the dose in a 13 week period does not exceed 3 rems.

In the following discussion, the distribution of the isotope in the body is -
characterized by the following parameters: :

f, = the fraction of ingested radionuclides reaching the blood;

4 = the fraction of the nuclide in the blood that reaches the organ of reference;

fw =f1f4 see Section V.3; o

f. = the fraction of inhaled radionuclide reaching the organ of reference, see

Section V.3;

f» = the fraction of the body burden in the organ of reference, sce Section V.3.

The equation for maximum permissible body burden, ¢, based on a maximum
permissible dose rate R rem/week is ' '

I

_ 100 mR. - @)
7= 37 % 10° X 1.6 X 10-° X 6.05 X 100 f,¢

28 x 10-3mR
_ 3
q A (3)

and-when R = 0.3 rem/week
84 X 104tm

S P 7 4
q : s (4)

P

where 3.700 x 10* = dis/sec per uc;
1.6 X 10-% = ergs/MeV;
6.05 x 105 = sec/week;
100 = ergs/g per rad;
m = mass of the organ of reference (g);
and ¢ is defined as for equation (1).
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4. Concentrations in air and water—based on exponential model—critical organs other than
gastrointestinal (GI) tract. Maximum permissible concentrations in air and in water
in Table 1 were calculated for most of the radionuclides on the assumption that the
radioactive material is taken into the critical body organ at the rate of P uc/day and
that the biological elimination from the critical organ follows a simple exponential
law. This relationship is expressed by the equation;

T2 ot = (5)

The solution with ¢ f, = 0 when ¢t = 0 is

qfe = P(1 — e7)/A (6)

in which ¢ f, = burden of the radionuclide in the critical body organ (uc);

J» = fraction of radionuclide in critical organ of that in total body;

A = effective decay constant = 0.693/T;

T = effective half-life (7,7,)/(T, + T,) (days);

T, = radioactive half-life (days);

T, = biological half-life (days);

t = period of exposure; for occupational exposure ¢ = 50 years (in the
previous publications of NCRP® and ICRP® ¢ was set to equal
70 years);

P = rate of uptake of the radionuclide by the critical body organ
(pc/day) = (M)S, where M is the concentration (uc/cm?) of the
radionuclide in water or in air taken into the body, and § is the
product of the average rate of intake (cm3/day) of water or of air
and the fraction of the microcuries arriving in the critical body
organ. For occupational exposure at the maximum permissible
concentration (MPC) of the radionuclide in water, M = (MPC),,
and in air, M = (MPQ),. In a 24 hr day, the standard man (see
Section V.2 for a discussion of the standard man) consumes 2200 cm3
of water and breathes 2 X 107 cm3 of air. Because of his greater
activity during an 8 hr work day, it is assumed that half of this body
intake occurs during the work period, viz. 1100 cm?3 of water and
107 cm? of air. The work schedule for the standard man is 8 hr/day,
5 days/week and 50 weeks/year. Therefore for the average occupa-
tional exposure, &= 1100 x 5/7 x 50/52 f, = 750 f, cm?® of
water per day and § = 107 X §5/7 x 50/52f, = 6.9 X 108 f, cm3
of air per day.

The formulas that follow in this section are all based on a 40 hr/week exposure
period whenever specific time data are involved. For continuous occupational
exposure the MPC values should be divided by 2 x 365/(5 x 50) = 2.92 except

1/
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for submersion where they should be divided by 3 x 365/(5 x 50) = 4.38. Subs-

tituting the above values for P and A in equation (6) the MPC values are determined
by

1074
(MPC), = T e_{iga yry kefem? (7)
and
' 9.2 x 10~ ¢ f,
(MPC),, = TFo = e‘°‘6932‘/T) pc/cm3 (8)

T = effective half-life (days);

¢ = period of exposure (days).

If the radionuclide disintegrates into one or more daughter radionuclides, proper
account must be taken of the contribution to the RBE dose by the daughter radio-
nuclides that are produced in the body. Formulas (7) and (8) may be modified so
that they remain correct for a chain of parent—daughter radionuclides. This can be
done by simply augmenting the effective energy of the parent by the effective energy
of each daughter weighted by the frequency of the daughter disintegrations per
disintegration of parent. This ratio defines the factor F, ie.

Fo_ ke of ith daughter in the organ
* " uc of parent in the organ

Thus in the case(®) of a single intake, if P uc of the parent radionuclide reaches the
critical organ at time ¢ = 0, the organ burden (g f,)! of the ith daughter product at
time ¢ is given by the equation

(9f2)s = P e’

| eyt o=t
(sz)l =P X ,:Al — /\O‘l" T_Al]

. -At —At : —A,t
Ji =P XX c - -
(/2 [(Al SRR E Ry WL ey W N e yguny Ty LAl ¢y b e AZ)J
The general formula is -
(@for = Piy] 5 < ©)

In this 'formula [ﬁ /\J'] denotes the product A} x Ap X ... X X
j=1"

Ii
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If it is understood that when ¢ = 0 the empty product [IOI /\,'] is equal to 1, this
j=1

general formula (9) is applicable to the total body burden of the parent as well as
the daughtcr radionuclides. In the following discussion, the subscript, 0, as in A =
0.693/ T, etc., always refers to the parent isotope while the subscript ¢ indicates the
decay constants of the :th daughter.

When there is continuous intake of the parent radionuclide so that P uc/day of the
parent radionuclide reaches the critical organ, the organ burden (g f,); of the ith
daughter product at time ¢ is given by the equation: '

(9f2)0 = P(1 — e=%)[},

[ (1 — e—%ot) (1 —c )

@I =% =3 TN, )

(1— e~%t) !
| 20(A1—2) (Ag—2) T NGy (=AY

(1—e~MY) (1—ec-%2f)

(9f9): = P XX, T ey (=)

The general formula 1s

: i i 1 — e Mt
wfd: =] afordi—P [n A;] S (10)
‘ ° j=1 =0 /\,;g (’\p — Ah)
PF#h

It is to be noted that equation (10) includes equation (6) as a special case if it is
understood that when i = 0 the empty product is replaced by 1. The dose rate in
rems/week to the critical body organ resulting from the continuous body intake and
deposition of the parent radionuclide and from the growth of the daughter radio-
nuclides in the critical body organ is given by the equation: '

3.7x10%x 24 x 3600 x7x 1.6 x10-¢ E, (RBE)
100 m

il

R= Z(sz)

rems/week (11)

in which m is the mass of the critical organ, and E; (RBE);n, is the effective energy
corresponding to one disintegration of an ¢th daughter atom. The factor P is taken as
6.9 x 108 x (MPQC), f, for inhalation and as 750 (MPG) fo for ingestion, and
since the factor P occurs in each of the (¢ f,) terms in equation (11), and since

(gfo)o = P(1 — e~ '\"t)/Ao

4.1%10-19m R ~10
(MPC), = " pefomd = 21X 1070m R % pcjem?

faZ (¢./2): & (RBE)n/P Sa(l—e=%t) z F(RBE)n,  (12)

-

C 3
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-6 -6
BIX10-0mR o 3.7x10-m R X cfem?

é (¢ fo),E.(RBE)n,/P So(1—e—%4 Zk EF,(RBE)n, (13)

(MPC) ,=

with F, = 1 and F, = (¢ f5);/(¢ f2)e- In equations (12) and (13) R is the permissible
dose rate to the organ in rems/week. Thus if particulate radiation is involved R=0.56
when bone is the critical organ and R = 0.3 for all other organs except thyroid and
skin, in which cases R = 0.6 or for total body and gonads where R = 0.1. The
weighted sum of chain energies ZE,F; (RBE);z, and the fractions F; are listed in
Table 5(a). In all organs other than bone #; is taken as 1. Equations (12) and (13)
are based on the 40 hr week. The corresponding formulas for the 168 hr week,
i.e. continuous exposure, are obtained by replacing the constants 4.1 X 10-1% and
3.7 x 10-¢ by 1.4 x 10-10 and 1.3 x 10-8 respectively.

5. Concentrations in air and water based on RBE dose delivered to various segments of the
GI tract. When the critical organ considered is the gastrointestinal (GI) tract, the
amount (uc) of the ith daughter present at time ¢ is given by formulas similar to
equation (9), but since the material moves along the intestines at somewhat different
rates, formula (11) also needs adjustment. If = is the total time spent in a section of
the GI tract, e.g. the upper large intestine, then during a time interval dr the fraction
of the total contents which moves by a given site is, on the average, d+/=. The mass
of this material is thus dr/r X m, where m is the total mass of the contents of the
section being considered. The energy is, to a first approximation, absorbed in this
“mass. Thus if there is continuous intake of P uc/day, then the dose rate in rems/week
to the walls of the GI tract near the site is given by

3.7 x 10* x 24 x 3600 X 7 X 1.6 X 10-%¢,d~

k
_ total
= 2,0/ 2% 100 m X dej~ rems/week (14)

In the case of an isotope with no daughters, the value of (MPC), is

82 x 10-1%m R

3
(MPC), = Froe i pc/cm (15)
and the value of (MPC), is
74 X 10-m R
—_ 3
(MPQC),, = —— pc/cm (16)

If the radionuclide considered is' the parent of a chain of & daughters, the
corresponding formula for (MPC), is

2 ~10
(MPC), = > x 070mR jems (15"

o> (912
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and the value of (MPQC),, is
74 x 10-m R

k
T_Z (g.f2) e
i=0 T p i

(MPQ), =

pc/cm? (16"

The values of the biological constants used for the different sections of the GI tract
are listed in Table 11. Since daughter elements also enter the small intestine and
the large intestine, each subdaughter is the parent for a subchain and (g £,)? must be
computed by equation (9) for all such subchains and the results added to give the
amount of ith daughter in the organ. This will be denoted by (g f,). . A factor of
} has been included in formulas (14) through (19') to take account of the fact that
the dose to the intestinal wall is, on the average, only half the dose to the contents of
the GI tract. In equations (15°) and (16) (g.f,); ' represents the amount of the
ith isotope (uc) (equation (9)), and the formulas were computed in this form. Thus
the factors' F; are not needed and since the relative damage factor n, = 1 for the
GI tract, the effective energy reduces to ¢, = ZE (RBE) which is tabulated in
- Tables 5 and 5(a). Experiments®) have shown that a-particles fail to penetrate
the mucosa to an appreciable extent. Therefore, the Committee has decided to include
only 1 per cent of the energy of the a-particles in computing the effective energies,
Ze;, for the GI tract. In calculating (¢ f,),* it is assumed that there is no absorption
of the material from the large intestine, and thus A> = 0 and A, = X’ in these sections
of the tract. The same is assumed for the stomach. In the small intestine a fraction f,
is absorbed and a value of A} is chosen so that absorption at this constant rate during
the time of passage amounts to a total absorption of a fraction f; of the material.
Equations (15) and (16) are applied when the critical portion of the GI tract is the
small intestine, SI, upper large intestine, ULI, or the lower large intestine, LLI.
Since the upper large intestine and the lower large intestine have the same diameter,
the effective energy is the same for these two sections. This common value is listed
in Tables 5 and 5(a) as the value for the large intestine, LI. The calculations for the
stomach, S, are somewhat different since it is assumed that the ingested material
remains in the stomach for 1 hr. Thus, the dose to the stomach is given by

1/24

5 7 4 24 . -6 g. T
J (921X 3.7 x 10 ><2 X><103:‘3n° X T X 1O X 107 e dr s week (17)

0

R =

LM~

In the case of an isotope with no daughters the value of (MPQC), s

«
2.5 x 10-19m ), _
2y, — 2 XN oo 09
and the value of (MPC), in this case is
2.2 x 10-m A
(MPQ), = =2 X 07" % | iems (19)

& (1—e¢ ')
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If the radionuclide considered is the parent of a chain of £ daughters and the stomach
is the critical tissue, the corresponding formula for (MPC), is

2.5 x 10-10pm

(MPC)e =— i T (1 — e—WH) wc/em? (18)
LS e [zn;} > 1
=0 T NI (8, — )
p=0
p#h

and the value of (MPC), when the stomach is the critical tissue is

2.2 X 10-%m ,
(MPC) w ™ % ; ; (1 g Ah/24) /AC/CmS (19)
zepﬂz - -
= S ’\/. H('\p—/\h) .
p=0
ph

The notation in formulas (18) through (19°) is chosen in agreement with the notation
of formula (10) on which these are based. However, as explained above, no absorp-
tion occurs in the stomach'so that A} = 0 and thus A, in formulas (18) through (19)
Is equal to X, i.e. A, = A} + A = X + 0 = X For some isotopes the dose rate to the
intestinal wall passes through a maximum value during the time of passage through
the GI tract, and thus it is necessary to determine this maximum and equate it to
0.3 rem/week in determining the maximum permissible intake. The use of the single
intake formulas for (¢ f,)7 and (¢.f;);* in equations (14) through (19') instead of
continuous intake formulas for the organ burden as in equations (10) through (13)
follows from the fact that by our assumption of continuous movement at a uniform
rate through each section of the tract the isotope never accumulates in the GI tract,
and thus the dose at a position reached at time ¢ after ingestion of material is entirely
independent of what material was ingested before time ¢ = 0 or following time ¢ = 0.
This is, of course, an oversimplification since there is some irradiation of one portion
of the GI tract by any y-radiation in the body and, perhaps, by some g-rays emitted
in other portions of the tract. To a large extent this is taken into account in computing
the cffective energies, ¢;, which are calculated for each section of the tract as a whole
and not merely for a very small portion of the tract.

£
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6. Maximum permissible concentration of radionuclides” of noblé gases and other relatively

inert gases. In dealing with inert gases, such as A4! and Xe!35, the calculations are not
based on the dose delivered by the concentration of the radioactive material inside
the body, but rather on the dose the person would receive if he were surrounded by
a semispherical infinite cloud of radioactive gas. In this case, one would expect the
radiation from the radioactive cloud to deliver a much higher dose than that from
the gas held in the lungs or other body organs. It follows that the body is assumed
to be irradiated from half the solid angle by this radioactive cloud of large volume.
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The maximum permissible concentration of an inert gas under these conditions
18,

0.024 R
g P 3 (20
(MPC), T (E) po Po/ P, uc/cm )
When the maximum permissible dose rate R is 0.1 rem/week,
, 2.6 x 10-¢ 5 o
S EEA—— 21
(MPC), 09 pc/cm (21)

in which p, = density of air (= 0.0012 g/cm?3);

P,|P, = stopping power of air relative to tissue; P,/P, = 1/1.13 for 8 and
secondary electrons produced by X- and y-radiation;
2 (E) = eflective energy per disintegration (MeV); in this case RBE = 1 and
n=1;
(MPC), = maximum permissible concentration (uc/cm3) in a large cloud of
gas that will deliver a dose at the rate of 0.1 rem/week.*

Equation (21) is applied only in the case of large clouds of noble gases or other
relatively inert gases that emit y or high energy B-radiation (E_ > 0.1 MeV). This
equation is applicable to occupational exposure (i.e. 40 hr/week) and for the case
where a person is surrounded by an infinite semispherical cloud of radioactive
material that emits y-, X- or B-radiation of sufficient energy to constitute essentially
a total body exposure and necessitate limiting the dose rate to 0.1 rem/week.

The above-formula was not used for noble gases that are principally a-emitters,
e.g. Rn?2% and Rn?%° or for other relatively inert gases that emit low energy
(< 0.1 MeV) B-radiation, e.g. H3, because the radiation would not penetrate the
protective epidermal layer of skin surrounding the body. In the case of such low
energy radiation formula (20) still applies but with R = 0.6 rem/week. Such cases
are listed in Table 1 with “submersion skin” as the organ of reference. Experiments
have shown that when HTO vapor is present in air,approximately equal amounts
enter the body by inhalation and absorption through the skin. Thus the value
computed by equation (7) must be halved in this case. ’ _

In 1941 the United States Advisory Committee on X-ray and Radium
Protection(*? set 10-% pc/cm? as the value of (MPC), for occupational exposure
(40/hr week) to Rn?22 plus its daughter products. However, the ICRP( gave an
(MPC), value of 10-7 pc/cm?® for continuous exposure (168 hr/week). Despite.the
wide disparity of these values and the long record of experience with radon, there are
few, if any, well-established cases of serious damage from exposures at these levels.
Nevertheless, calculations indicate that an air concentration of 10~7 uc/cm?® might
lead to an excessively large dose tb.the bronchi, and the NCRP® previously had
recommended the value of 10-% pc/cm® as (MPC), for Rn?22 plus daughters
(168 hr/week). ‘

* In the previous publication of this report,(2) the exposure rate was taken as 0.3 rem/week rather than
0.1 rem/week, and the radioactive cloud was assumed to comprise an infinite sphere rather than an infinite
semisphere about the body. Also, the equations were given for continuous exposure rather than for the typical

week of work. Therefore, previously published MPC values have been increased by three factors, viz. 1/3 x
2 X 4.4 = 2.9. The new assumptions are thought to be sufficiently conservative in all practical cases.

t“
Y
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Recent studies®® have indicated that when radon and its daughters are present
in ordinary air the free ions of RaA constitute only about 10 per cent of the total
number of RaA atoms that would be present at equilibrium and these unattached
atoms deliver all but a small fraction of the dose to the bronchi. Based on these
measured dose rates the (MPC), for exposure to radon and daughter products is
found to be 3x 10-%/(1 + 1000 f) where fis the fraction of the equilibrium amount
of RaA ions which are unattached to nuclei.

For Rn??® the major portion of the dose to the bronchi is due to.free ions of ThB
which reach only 1/2000 of the equilibrium number in ordinary unfiltered air.
Because of this and energy considerations the (MPC), value will be higher and is
recommended as 6 x 10-%/(1 + 40000 f) if the free ions of ThB constitute a fraction
f of the equilibrium number of such atoms. The values given here for radon and
daughters and for thoron and daughters are for the 40 hr week.

7. Maximum permissible concentration of unidentified radionuclides (MPCU). The identity
of the radioactive contaminants in air, water and food must be established before
appropriate MPC values can be applied either for occupational exposure or for
exposure to population outside of controlled areas. In many cases there is no question
regarding the identity of a radionuclide because the operation involves only one
radionuclide. Sometimes, however, preliminary surveys reveal the presence of
radioactive contamination, and considerable uncertainty exists as to which radio-
nuclides are the major contributors. When a laboratory is using a number of radio-
nuclides, e.g. mixed fission products, an air sample may furnish only a few clues as
to the identity of the radionuclide. By using the simplest of equipment and techniques,
the level of air contamination may be established in a matter of minutes, but hours
or even days may be required to conduct the radiochemical analyses necessary to
identify the one or more radionuclides that are present in the air. Fortunately, in
such cases it usually is not necessary to go through a tedious, time consuming and
expensive radiochemical analysis. If it is determined that certain of the more
dangerous radionuclides are not present, i.e. the concentration of the more dangerous
is small compared with the MPC values in Table 1, the operation may be continued
safely regardless of the radionuclide or mixture of radionuclides, provided the
concentration does not exceed the values for MPC of unidentified (MPCU) radio-
nuclides as listed in Table 3 for water or in Table 4 for air. These MPCU values are
applicable to continuous occupational exposure (168 hr/week), and should be
multiplied by one-tenth if they are to be applied as interim values outside of and in
the neighborhood of the controlled exposure area. It should be pointed out that the
use of MPCU values may save an immense amount of effort and expense if they are
applied properly to avoid unnecessary radionuclide analyses in areas where the air,
water and food contamination is usually less than the appropriate MPCU values.
On the other hand, they can impose a needless penalty if improperly applied. For
example, if initial measurements indicate a negligible amount of Ra?2¢ and Ra2?%8 in
the drinking water of a small community near an atomic energy laboratory, and if it
1s determined by daily gross oc-, 8- and y-sample counting that the activity does not
exceed the MPCU value (4 % 1 X 10-%pc/cm?® =1 X 10-7 uc/ecm?3) it would seem
foolish to carry out a daily radiochemical analysis of this water. If, on the other hand,
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the level ranged between 10-% and 2 x 10-% uc/ecm?, it would be unwise to shut
down the plant or to instigate an expensive modification of the operation without
first identifying the radionuclides, for it might be that the contamination in the
water 1s from Na?* and P32, In this case, the appropriate MPC value for application
in the neighborhood of the plantis L X 2 x 10-3 = 2 x 10-¢ and; X 2 X 10—t =
2 X 1073, respectively (see Table 1).

8. Maximum permissible concentration of known mixtures of radionuclides. Suppose a
person is exposed to concentrations p.y, Pag, - - - Pus Pup - - - uc/cmd of isotopes
4, B, . .. in air and in water, respectively, and also to external sources of y and
neutron radiations. Assume further that the external sources give doses R, R:toa
given organ x for v and neutron radiation, respectively. If L* rem is the average
weekly dose permitted to organ x by the basic rules, then the total dose to organ X is

o P g Ped o Pus 4| ey Ry pe (22
[(MPC):A+(MPC>:B | +(MPC);A+(MPC);B+ TR R (22)

This does not exceed L* providéd

R* Rx

___P%_ ____pa_B__ . __pr .pr e T I
(MPQ);, T (MPCE, T TaieGs, Tomey, T TRtE ST )

and thus provides a criterion for assessing whether or not the exposure Is in excess of
that permitted by the basic rules. If organ x is not listed as an organ of reference
in Table 1, and if an independent estimate of the corresponding MPC values is not
available, the MPC based on total body may be used with the correction factor
L#[0.1, i.e. L*(MPC)T2/0.1 may be substituted for (MPC)zin such cases. In general
it will be necessary to calculate the dose for all the organs for which the dose may
reasonably be considered to be in excess of the prescribed limits. Often this may
include the total body even though no one of the radionuclides irradiates a major
portion of the body. Assuming that a major portion of the body is being
irradiated at somewhat comparable rates, the calculation is essentially as before
except that the MPC values based on total body are to be used. Thus the criterion is

paA C PaB ’ ’ PwA
PO T (MPoyZE T T ez T

«

.

T.B. T.B.
PwB R78+Rn8

——— . — <
MPQ)TE T T o1 Tor S1

(24)

In effect this limits the average dose rate over the body to 0.1 rem/week. There may
be some organs in which the dose rate exceeds 0.1 rem/week. but this is considered
permuissible so long as such organs do not constitute a major portion of the body. Of

7
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course, the- criteria for these organs must also be considered, and the application of
equation (23) will prevent any particular organ from exceeding the permissible limit
set for that organ. However, it would seem too conservative and contrary to the intent
of the basic rules to limit the dose to any portion of the body to a maximum rate of
0.1 rem/week merely because the entire body is receiving some dose, though it may
be very small in most of the body and only be at the rate of 0.1 rem/week in a small
portion. The values of (MPC)T-® as given in Table 1 and as applied in equation (24)
were derived on the assumption that the total body dose of interest in this case is
the gram-rem dose or the total weighted energy delivered to the total body. On this
basis the total body burden was obtained from equation (3) by setting m equal to
the mass of the total body (m = 70,000 g), f, = 1, € equal to the weighted absorbed
energy, n = 1 and R = 0.1 rem/week. ‘

The application of these criteria may be illustrated by the following example:
Suppose the mixture consists of Sr?°, Pu?3? and Na?4, and that an external y-source
is also present, and that the measured intensities are those indicated in Table A.

Table A. Calculation of MPC of a mixture of radionuclides

Example of Concurrent Exposure to Several Radionuclides (in Soluble Form) Present in
Air and Water and to an External Source of Radiation

!
Source of | Body organ |
exposure exposed In air* In water*
Sr90 Bone Pad ~ 1L.8x 107! uc/em? Pwd  _ 1.5X1077 puc/cm?
(MPC)*, 3x10-1,c/cm® | (MPC):,  4x107% puc/cm?
.06 . 038
Eoéal Pad 1.8x 101t uc/cm? Pwd 1.5% 10~7 uc/cm?
O == =3
Y (MPC)Z;;B' 9% 10710 uc/cm3 (MPC)IAB' 1x10-% puc/cm3
o.02 O, 015
P23 Bone PaB - 4x 10713 uc/cm? PwB _ 1L.3x 1075 pc/em?®
(MPC);p  2x10 ~'24¢/cm? (MPC)* 1x10~* uc/cm3
o 2 0./3
go(tial Pap_ _ 4X107% ycjem? Pwg__ _ 1.3X1075 uc/em®
oy (MPO)LP 1x 10711 uejemd | (MPC)TF 1x10-° pc/cm®
_ ol 9,2
Nazt '53:18; Pac _ _ 2x1077 uc/cm? Puc_ _ 2X107% uc/em?
(MPC) % 2x10-¢ uc/em® | (MPC)LE- 1X107% uc/cm®

R, °  0.065 rem/week
0.56 rem/week

'y T BOnC -—E
Total RI-Z 0.065 rem/week
L4 i A, /AL S

body B o

o.12.

rem/week

. ¥ The ratios given for Sr%, Pu23? and Na?t are the (uc/cm? present in air)/(MPC)#, where(MPC)#, is
the (MPC), for element 4 (Sr*0) and organ x (bone), etc.

1 The ratio given for y is the (actual RBE dose rate)/ (maximum permissible RBE dose rate).
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The concentrations have been chosen to illustrate the case of a mixture which is
below the permissible limit for one of the criteria (bone), but is barely in excess of
the limit determined by another of the criteria (total body).

Criterion (23) applied to bone gives

__Paa
(MPC);,

Puwa Pas Cud -
T (MPQy, T (MPCR, T (MPO)E,

0.1 Pac 1 Puwc : R;

0.56 | (MPCYZE " (MPC)TZ | I

1 0.065

= 0.06 4 0.038 + 0.2 + 0.13 + 9—— (0.1 +0.2) 4- 036 0.60 < 1.

0.56

Thus the average dose rate to the bone is about 0.60 x 0.56 = (.34 cftective
rem/week and is therefore within the limits set for bone.
Criterion (24) for total body gives

Paa

Puwa | PaB + Pun

______ — G — 4
MPO)TE | (MPCYTE T (MPOYZE T (MPCYTE |
paC 1 ch | R')]’—'B.

(MPC)Z2-  (MPC)ZP- © I75
0.02 4 0.015 + 0.04 4 0.013 + 0.1 + 0.2 4 0.65 = 1.038

~

and thus the calculation indicates that the mixture is slightly, though not significantly,
in excess of the permissible limit for total body.

If the y-source is removed, the dose rate to the bone becomes 0.48 > 0.56 =
0.27 rem/week while the dose rate to the total body is 0.39 x 0.1 = 0.039 rem/
week. These dose rates are 48 per cent and 39 per cent of the corresponding limits,

and thus the bone is now the c¢ritical organ. In this situation any or all of the con- -

centrations could be increased by as much as a factor of 2 without exceeding the
permissible limits. '

9. Modifications required for other applications. The MPC values listed in Table I are
intended primarily for occupational exposure and for the indicated types of exposure.
Nevertheless, they are frequently used for a variety of other purposes. In most cases
the conditions of exposure will nqt strictly conform to the conditions assumed for
the calculation of these values. Ths great care and judgment should be used to
insure that the departure from the conditions of occupational exposure assumed here
are not so great as to completely invalidate the use of these values; some of the more
common discrepancies that may often lead to large inaccuracies are mentioned. -

A 50 year exposure period is assumed here and the exposure level is assumed to be
constant. Thus a transient situation, e.g. fallout shortly after a nuclear detonation ot a
major reactor accident where the level of activity is rapidly decreasing, and even the

rds
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relative abundance of the different radionuclides may be changing, presents a
hazard widely different from the constant level 50 year occupational exposure which
is assumed. The measure of discrepancy is here so large that to attempt to correct
for it amounts to a new calculation.

The (MPQ),, values listed here may be applied to foods, but to use the (MPC),, for
the 168 hr week without correction amounts to assuming that 2200 g of the
individual’s food, i.e. substantially all his food, is contaminated at this level and
that this situation will persist for 50 years, or until equilibrium is reached in the body.
Obviously, a correction factor to take account of the intake is needed, but to naively
use the ratio of 2200 g to the gram intake of a particular food, e.g. butter, per day as
correction factor amounts to assuming no other foods or beverages are contaminated.
Again, the total situation must be considered and great judgment must be used in
making such corrections.

Frequently the MPC values are used to obtain estimates of dose from large single

" intakes of a radionuclide. In many cases this is warranted, but there may well be

many cases where the distribution in the body following an acute exposure to the
nuclide is markedly different from the distribution pattern reached following chronic,
low-level exposure. For example, many nuclides concentrate in bone with a long
biological half-life which leads to a large bone burden of the nuclide after many years
of exposure. Then the bone is the critical organ, although the fraction of the daily
intake reaching the bone may be much smaller than that passing through the GI
tract. For an acute single dose the GI tract may be the critical organ.

Many other factors may have a large effect in determining the proper value for a
maximum permissible limit. The relative abundance or scarcity in the diet of other
nuclides with similar chemical properties, the wide range of physiological differences
as well as differences in habits, age and sex, and the chemical form of the radionuclide
or the size of the particle to which it is attached, may account for large changes in the
value of the MPC in some cases. Many of these factors as well as others are being

carefully studied at the present time, and we may expect that our knowledge of their

influence on the permissible levels will be more precise. In the present state of our
knowledge, the modification or adaption of the values listed here for application to
other situations than those specified by the exposure categories of the basic rules
requires the careful consideration and mature judgment of competent experts in this

!

field. ' -

V. . FACTORS NEEDED FOR. CALC’ULATION OF MPC EQUATIONS

1. “Effective energy. The effective energy term used in the formulas for calculating
the values listed in Table 1 takes varipus forms as needed for the particular problem,
i.e. ZE(RBE), ZE(RBE)n, ZEF(RBE)n, and sometimes simply ZE. In these equations
E is the total energy absorbed in the body organ per disintegration of the
radionuclide. In these cases, all of the energy absorbed in the tissue in the process of
radioactive decay (i.e. X, v, a, B~, B+, ¢~ and atomic recoils) was included in the
effective energy term with exception of the neutrino energy which is assumed to
escape from the body. For g-radiation it was assumed that all the energy of each g is
dissipated in the critical body organ. Except for very small organs this is justified
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since it is generally the maximum dose that is of interest. Various methods have been
developed for determining the distribution of g-ray energies and for finding the
effective energy, but all are tedious and time consuming and a relatively simple
empirical equation that gives results that are in most cases accurate within about
5 per cent was found.(*7
For B--radiation the equation is
E}

E —0.33 Em.f(l —%) (1 + _4'"), (25)

in which

Z = atomic number of the radionuclide emitting the g-ray;
f = fraction of the disintegrations of the type considered;
E,, = maximum energy (MeV) of the type considered.

For B+-radiation the equation is,

. o
E = 0.33 Emf(l + 7?) 4+ 2£(0.51) (1 — e=) (26)
where

. x = effective radius (cm) of the body organ containing the radionuclide (values
are given in Table 8);
o = total coefficient of absorption minus Compton scattering coefficient in
cm-1! for the given photon energy; ,
2(0.51) arises from the energy of two 0.51 MeV gammas resulting from the
annihilation process.
For other types of radiation, the following equations were used:

For y-radiation E=E,f(1 —e) (27)

For a-radiation E=E.,f b (28)

with E,, as the énergy of the photon or a-particle.

For internal conversion, e~

E=f[(E,—n> (2 )+ (o, )<1~e-°*)+Ey(1_em)] (29)

14 ag K 14a,

L)

4

a, = internal conversion coefficient for the K shell, etc.;
n = binding energy of the daughter element;
E = y-energy (MeV) of type considered.

For K and L capture X-radiation, the simplification is made that

E=fz(1 — e=) (30)

4/

i

[
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For atomic recoils following a-emission

(energy of a-particle) (mass of a-particle)

E=f

(31)

mass of recoiling daughter nucleus

RBE = relative biological eftectiveness of the radiation; RBE is taken as 1 for

n

B~-, B*-, y- and X-radiation and conversion electrons (it is set equal to
1.7 if the maximum energy E, < 0.03 MeV for 8-, 8+ or ¢-), 10 for
a-particles, and 20 for recoil atoms;

n = relative damage factor for radionuclides deposited in the bone. The
relative damage factor, n, is defined in basic rule (b) and, a detailed
discussion of its use, with examples, is given in Section IV.2;

F, = the ratio at time ¢ of the number of disintegrations per unit time of
daughter atoms to the number of disintegrations per unit time of parent
atoms in the critical organ. It is a factor that can be multiplied by
the energy of the ith daughter so that it may be added to the energy of
the other daughters and of the parent in order to obtain the weighted
energy of a chain of radionuclides which is equivalent to that absorbed in
the critical body organ by a single radionuclide. For the ith daughter,

o 2T : Ti (1 — i) o
i T 7T T oo H
ALY ¢ A
e
p#n
which

Ay = total decay‘coefﬁcient of the parent (= 0.693/7,); the subscript, zero,
refers to the parent isotope;

A; = total decay coefficient of the ith daughter;
T, = total half-life of the ith daughter;
T? = radioactive half-life of the ith daughter;

t = occupational exposure time (50 years).

In order to explain the meaning of the notation in the previous equations,

equation (32) is expanded. For the parent F; = 1, for the first daughter

and bfor the second daughter,

F,

T,/T; 7,

. _ T
F, = 1—:;7\-07[(1 —_ e"\o‘) —YTT—T—I + (1 — e"\l‘) T—l-:l—,z_oJ (33)

«

4

(1 — e"‘l') T
(Ty — To) (T, — Ty)

(1 — e-dt) T
<n—nwn—nJ (54

+ +

T TYTiT;[ (1 —e) T2
T T—en | (T, =T (7, —T9
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etc., for all daughters of the chain. The appearance of these factors in the MPC
equations is discussed in Section 1V.4. In the case of radium isotopes which are
daughters of a thorium isotope, recent experimental work has indicated that the
radium daughter behaves as though it is absorbed into the blood. In these cases the
factor f; for radium was included in the formula for Fy, F, etc.

The effective energy can be found by simply summing the component terms of
Z EF(RBE)n,

2 EF(RBE)n = X, F, [(RBE),f} Ei + (RBE), f{ E{nj + (RBE),fI E{ n +
(35)
(RBE),. fi Ei ni, + (RBE),fi E ni + (RBE), f; £, + (RBE),f E} ]

where the subscripts J, &, s, m, v, p and 7 refer to y, negatron, positron, a, internal
conversion, electron capture, and a-recoil, respectively. The RBE of these radiations
is specified above.

Effective energies(® used for making the permissible exposure calculations of
Table 1 are given in Tables 5 and 5(a). In Table 5(a) all the daughter nuclides are
listed individually following the parent nuclide. The detailed listing is necessary here
because the formulas for the GI tract require individual energies for each daughter
nuclide. Also, the F; factors necessitate separate listings for the entire chain, so that
with the complete data as given, values for MPC and body burden for any mixture of
parent and daughter radionuclides can be calculated easily.

2. Standard man data. In order that all MPC values be calculated on a common
biological basis the so-called “standard man” or ‘““average man’ was defined. (29 39
The first committee values were stipulated at the Chalk River Conference,® but later
modified at the Sixth International Congress of Radiology,(®V) the Harriman Con-
ference on Permissible Dose,3® and the Seventh International Congress of
Radiology.(®® The values for the GI tract®¥ (Table 11) and the chemical composi-
tion of the individual organs (Table 7) are further additions to the standard man.
In Table 12 a few references have been listed, but it must be emphasized that these
are only a few of those which were consulted. For a detailed study the reader should
consult the references cited in Bibliography for Biological Data* and the references
listed below.®8-39)

~3: Other biological and related physical terms. Other relevant biological and related
physical terms that were used in the preparation of Table 1 appear in Table 12.
For each element and radionuclide, the many distribution fractions, the concentration
in the critical organs, the biologicdl half-lives, etc., were gleaned from a voluminous
amount of experimental data: data which, though great in mass, yielded in many
cases a sparse amount of information concerning the specific quantities needed.
Ideally, to establish satisfactory MPC values for occupational exposure, data are
needed of lifetime exposure of humans to each of the radionuclides. However, not
only are such data almost non-existent for man (see Section III for detailed

* Health Physics, Vol. 2, No. 3, 1959.

1 I

- a e =
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discussion) but they are extremely scarce for animals. As stated earlier, many of the
biological factors used for the continuous exposure calculations of Table 1 were not
obtained directly from continuous exposure animal data but of necessity were taken
from single exposure data. Exploratory experiments®® have indicated that extra-
polation from single dose studies to the situation corresponding to continuous
exposure is fairly satisfactory, if the single exposure data of retention in the critical
body organ yield a curve having a long straight portion when plotted as a function
of time on semilogarithmic paper. In general, the radionuclide does not seem to be
uniformly bound in an organ and the retention curve is represented as a sum of
exponentials. The component of longest half-life is generally the most significant for
the long-term exposure case, and this is obtained by extrapolating back to time ¢ = 0
the straight portion mentioned above. It sometimes happens that no data—not even
data from single exposure of animals—are available for an element. When this is the
case, it may be possible to obtain some of the desired information by assuming the
existence of an equilibrium condition between the stable isotopes of the element in
the critical body organ and in the food, water and air taken into the body from the
environment, 19 i.e. set the amount ingested and deposited in the critical organ
per day equal to the amount eliminated from it per day. For other cases where
experimental data are not found, direct comparisons sometimes are made with
elements that are chemically similar. Many equations and approximations—some

of which are listed in this section—were used to check and cross-check the values
given in these tables.

(a) I = average daily ingestion of an element (g/day).

(b) f1 = fraction of the radionuclide passing from GI tract to blood.

(c) C = average concentration of the element in the critical organ (grams of
element per gram of wet tissue).

(d) f, = fraction of the radionuclide passing from blood to critical body organ;
In some cases this is chosen to represent only the component of longest
biological half-life as mentioned above.

(e) f2 = fraction of the radionuclide in the critical organ of that in total body.
This fraction is required in the calculation of the maximum permissible
body burden, ¢. The fraction J2 is unusually difficult to find from limited
experimental data, so it is fortunate that Jf21s not required for the calcula-
tion of MPC values. Various methods employing more easily measured
fractions are often utilized for arriving at f,; they are enumerated as

follows:
(1) Under conditions of continuous exposure where equilibrium has been
reached : \ :
“ L)
‘s 7
Y =1 36
5 FHe+e+ ... ¢ (%)

in which the superscripts x, s %, etc., refer to different body organs,

€.g. ¢ = uc in organ x, ¢’ = uc in organ y, etc., and ¢ = pc in total
body.
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(i) In cases where f,, and T can be found from single exposure data,
f» can be determined by

T fx
. w 37
e P cy Ty O T (37)

Sometimes when a long time has elapsed since the radionuclide was
administered as a single exposure the biological half-lives for the

various organs become approximately equal. In such cases

. S
Al iy S (39)

(iii) For intravenous single exposure data equation (38) can be used by
setting fx= f, 3% f2 = f1.f¢ etc. Then,

S
o 39
fd z’x fz’y | ﬂz . ( )

Equations (38) and (39) also apply in all cases where T, < T, for

organs %, ¥, z, etc.
(iv) For single exposure data

e T T f: _
T TR AT )
T fix
‘ T 77+ F7 ) (#0)

in which the superscript, ¢, refers to total body and f» = fraction of
that ingested that goes rapidly to the urine. Where data are not
available for f¥, the following approximations may be used;

TR |

L)
. Tx :
iz T (42

(v) In the case of stable isotopes or radionuclides, where T, > T,

m* C*
Ji=we

IO YR

>
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Equations (37), (41) and (42) can be modified for this case so that

£ T/

= 43
T hAFhA T )

and

. Tify

f2 T[fﬁ

- . I; f:
fi= T

(44)

(45)

f) fo= fraction of that taken into the body by inhalation that arrives in the
critical organ. For soluble material

Ja= (025 +051) £+, (46)

When the fraction f;, is unknown, it is replaced by f,. It is sometimes
convenient to write f, in the form f, = (0.5 + 0.25/f1) fu- MPC values
are given in Table 1 for inhalation of insoluble and slightly soluble
materials and in these cases a portion of the GI tract or the lung is
usually the critical organ. Unless data are available for the inhalation of
specific radioactive, insoluble dust particles, it is assumed in the case of the
lungs that f, = 0.12. Some of the inhaled radioactive material is
swallowed, so that it irradiates the GI tract. In the case in which a por-
tion of the GI tract is the critical tissue, the value of £, is given by the
equation, f, = 0.62 for insoluble material and Ja = 0.5 for soluble.

(8) fw = fraction of that taken into the body by ingestion that is retained in the
critical organ. For ingestion of soluble compounds

Jo=1,1f3 (47)

/2 is sometimes used instead of /5 if no better information is available, For
ingestion of insoluble compounds a portion of the GI tract is the critica] -
tissue.

(h) 7, = biological half-life or the time required for half of the element or radio-
nuclide to be eliminated by biological processes. When T, cannot be
found from experimental data for a particular radionuclide, the assump-
tion is made that the ragionuclide has the same biological elimination
time as the stable element. Assuming the existence of an equilibrium
condition between the stable element in the food and water and the
stable element in the critical body organ, the grams eliminated per day
may be set equal to the grams deposited per day. It follows then that
for a stable element

T - 0.693mC
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In the above equation f,, may be replaced by f, if inhalation rather than
ingestion is responsible for the deposition of the stable element in the
body. For insoluble material in the lungs, T, is taken as 120 days for
all radionuclides except plutonium and thorium, in which case 7, =
1 year and 7, = 4 years, respectively, were used.

(1) T, = radioactive half-life.

(j) T = effective half-life. Because by definition the total decay coefficient is
equal to the sum of the biological and physical decay coefficients,
Le. A =) 4+ A,

Tb Tr h i
T+, . )

For a radionuclide equation (48) becomes

_0.693m C

T N

(30)

in which € = grams of radionuclide per gram of organ. If T > T,,

C for the stable element is approximately equal to C for the radioelement.

As explained previously, single exposure data can be used satisfactorily to find

biological constants for chronic exposure if the retention data plotted on a semi-

logarithmic graph as a function of time of exposure yield a curve with a long straight

portion following the initial rapid elimination. If the.data are not corrected for

radioactive decay, the effective half-life in such cases is related to the ordinate b of

the curve, taken at the beginning of the straight portion and ordinate ¢ taken at
some later time by the expression

0.693 ¢

" Tn bfc (1)
in which ¢ = time interval between b and ¢
In any two organs x and y,
fi_mC :
e (52)
a7
and,
T fifs -
TR o9

As indicated earlier, the critical body organ is that organ receiving the radionuclide
that results in the greatest body damage. However, in most cases it is the body
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organ that accumulates the greatest concentration of the radionuclide. Having
selected the critical body organ, it is useful to make a check to determine whether
or not this organ has an above average concentration. 1f the concentration in organ x
is greater than the average concentration in the rest of the body

m(l — f3)
(70,000 — m) fz =1

(54)

APPENDIX

Concentrations in air and in water based on a power function model. Although the formulas
used to calculate the maximum permissible concentrations assume that the biological
elimination follows a simple exponential function, i.e. the fraction of organ burden
eliminated per day is constant, cognizance is taken of the fact that many data®l.
support the view that the fraction of the body burden excreted per day varies
inversely with the time and could best be represented by a power function. F ollowing
a single injection of certain bone-seeking radionuclides, the body burden has been
expressed by

R(t) = A ¢t tz 1 (55)

where R(¢) = fractional retention ¢ days after injection;
A = normalized fraction of injected dose retained at end of unit time;
n = a constant.

Ingested or inhaled material may not be retained to the same degree, therefore a
factor, fi, should be included to designate the fraction of ingested radionuclide
which reaches the blood stream. If the radionuclide is long-lived so that radioactive
decay can be neglected, then the body burden after an amount, a, has been ingested
per day for T days is given by

r .
g=Adafy [ (T—r)"dr = LI S (56)
; |

1 —n

This equation assumes 7 is not close to 1. Otherwise the integration should extend
from 1 day to T days and the contribution of the first day added. In terms of the
previous notation a = P|f, = 750 M = 750 (MPC),, for ingestion or a = BJf, —
6.9 x 108 (MPQ), for inhalation,qand 7 is the period of occupational:—_’%exﬁbsure
which is set at 50 years for the values recorded in Table 1. :

If the radioactive halflife of the radionuclide is of the same order as 7, it may
be taken into account also. If the body burden following a single intravenous Injection,

R(1), is a power function, the fraction eliminated per day is given by

dR n ‘
Zt—/R =—7 (57)
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which represents only the biological elimination of the radionuclide because experi-
ments determining the best values for 4 and 7 are generally of short duration as
compared to the radioactive half-life of the radionuclides here considered (Sr, Ra,
Pu and U); thus, including radioactive decay

dR/dt = — ; R(t) — NR(1) (58)

where X" is the radioactive decay constant of the radionuclide in days.
The integral of this equation with R(1) = 4 readily is found to be

R) = Atme-xe-D ;> ] (59)
e-a"(t-l)
Hence, if the radionuclide is undergoing appreciable radioactive decay while it is

being eliminated from the body according to a power function, the body burden
under the same conditions as before is given by

(-1
r dr r e
0= aAdf[ (T — ) el A fif e A=) dy e (60)
0 [ .
or
(MPC), = 7 uc/cm? (61)
6.9, x 108 AfIJ' u=" e~ ATw-1) gy
(1} 6.7\'(}“‘)
and
(MPQC),, = 1 pc/cm? (62)
750 A f,[u—" e=AG-1) gy | -
(,J R

This integral may be evaluated with the help of a table of the incomplete
y-function. (42

In case the radionuclide has daughters which must be taken into account, the
power function estimate of elimination still may be applied. In principle, the daughter
elements might be eliminated at rates quite different from those of the parent,
i.e. the constant » may be different for different elements of the chain. In such
cases the value of n would vary frqm element to element in the chain. The formulas
for this case would be similar to thdse given above.

For example, in the case of Ra?28 it seems desirable to consider the elements of a
chain. Because all these elements are held very tenaciously in the body, the daughter
elements with radioactive half-lives of a few hours or days may be considered to
decay immediately and thus only the case of a chain of two radionuclides is discussed.
Also the same value of 7 is assumed for each of these radionuclides.
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Letting Ry(¢) and R, (¢) denote the body burden (uc) of the parent and the daughter
radionuclide, respectively, at time ¢ days following injection of 1 uc of the parent,
the differential cquations governing the changes with time are:

dR, -n

2 = 7 Ral) = X Ry(1) (63)
dR, -n
i = o RO = MR + X Ryt) (64)

The solution which gives an amount A for the parent and O for the daughters at
t = 11is given by,

Ry(t) = At=me=N (D . (63)
A X ¢ '
B :ﬁ[e% S e (66)
1 0

Except for the presence of the factor 4 ¢t these equations are identical with the
expanded form of equation (9). This solution is valid only ifn 1 < but this is true in
all the practical cases considered here. The choice of the solution where Ry(1) = 4
and R,(1) = 0 neglects the formation of the daughter radionuclides during the first
day. Because it is only applied here to radionuclides of rather long radioactive half-
life, and because the power function does not represent adequately the behavior of
the radionuclide for short periods of time after injection, this neglect seems justified.

If an amount, a uc, enters the blood per day during a period of T days, the body
burden of the ith isotope at the end of T days is given by

T

ajR,.(T— t) dt (67)

and this leads to an incomplete y-function which may be evaluated as before.
From these estimates of body burden, the (MPC), and (MPC),, can be estimated by
the method used in deriving equations (61) and (62).

At present the use of a power function is possible in only a few cases. There is
some indication that. it does not represent precisely the true situation since the
exponent n has been found to vary with time.®3) However, for the radionuclides
with long physical half-lives, the poWer function does seem to represent adequately
the available long-term data. Unfortunately, its metabolic significance remains
unexplained, and it does not seem desirable to extrapolate an empirical formula
far beyond the range where it has been verified experimentally. For comparison,
MPC values have been computed both according to the exponential model and the
power law for the radionuclides of Sr, Ra, Pu and U which have an effective half-
life exceeding 20 days. In these cases, the Committee has considered the MPC
values obtained both by the power function as well as by the exponential method in
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selecting the values listed in Table 1. The values of the constants considered and
the MPC values obtained in the case of the more important isotopes of these four
elements are listed in Table B. These values were selected by a Subcommittee on
the Power Function.*

Table B. MPC values as calculated by the power function model
(168 hr/week)

Radionuclides and (MPC),, . (MPC), Critical
retention constants {uc/cm?) (uc/cm?) organ
- |
Strontium
A =065, n=0.35
Sr#s 6 x 10—3 5 x 107 Bone
Srae 4 x 104 4 x 108 Bone
Srve 8 x 10— 7 X 10~ = Bonc
Strontium
A=0.95n=0.25 .
Srss 3 x 10-3 2 x 10-7 Bone
Srss 2 x 104 2 x 108 Bone
Sroo 6 x 10— 3 x 10—10 Bone
Radium
A4 =054, 1= 0.52
Ra226 1 x 10-8 1 x 10—10 Bone
Ra228 2 x 10— 1 x 10—10 Bone
Uranium
A=0.72,n=0.80
Uz3s 8 x 10— 4 x 10-11 Kidney
U-nat x 104 4 x 10-11 Kidney
Plutonium
4 =099, n=0.01
Puy238 S x 105 6 x 10-13 Bone
Puz23® 4 x 10-5 S x 10-13 Bone
P20 4 x 10-5 5 x 10—13 Bone
Puzit 2 x 103 3 x 10—t Bone
Pu242 S x 103 6 x 10—13 Bone

In the cases considered, the power function method seems to yield a higher estimate
of the MPC values than does the exponential method. Since, in principle, the
retention data can be fitted with a° multiple exponential curve, this undoubtedly is
in large part due to conservatism in assigning a long biological half-life and a rather
large value to the fraction of material in the blood that has the long half-life, i.e. to
Jo- While the MPC values listed in the accompanying table were considered by the

* The data in Table B were developed and agreed upon by a special subcommittee which was organized to
evaluate the application of the power function in obtaining MPC values. The members were: W. H. LANGHAM.
Chairman, E. C. ANDERsON, P. Harris, 1. W. HEaLy, W. P. Norris and W. S. SNYDER. :

It

(3}
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Committce in making their final decision, they are not to be considered as
recommended values. They are listed to indicate that the Committee has considered
carefully this method of estimation and to stimulate rescarch concerning the inter-
pretation and validity of this model. The presentation of the biological data in
Table 12 on the basis of the exponential model is in large part dictated by the desire
to give a unified and economical presentation of the material.
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Table 1. Maximum permissible body burdens and maximum permissible concentrations of
radionuclides in air and in water for occupational exposure

* The abbreviations GI, S, SI, ULI and LLI refer
large intestine, and’lower large intestine, respect

l Maximum Maximum permissible concentrations
Organ of permissible |
Radionuclide reference* burden For 40 hr week i For 168 hr week
and type (critical organ | in total |
of decay bold face) l body (MPC),, (MPQC), . (MPC),, (MPQC),
| g(uc) (uc/cm?®) | (uc/ems3) + (ucfem®) | (uc/em?)
{H*HTOor H20) | Body tissue | 10° 0.1 5 x 10-s | 0.03 |2 x 10-¢
8- [(sol.) | Total body 2 x 108 0.2 8 x 108 || 0,05 ‘ 3 x 10-¢
i |
(H}) (submersion) | Skin 2 x 107 | ’| 4 x 10~
. I
Be? (sol.) | GI (LLI) . 0.05 10-5 1002 |4 x 10
oy ‘Tota! body 600 6 16x10°| 2 |2 107
Kidney 800 9 8 x 106 | 3 13 x 108
Liver 800 9 8 x 1078 | 3  13x 10
Bone 2 x 103 20 2 x 1073 | 7 6 x 108
Spleen 4 x 10° 50 4 x 10-5 | 20 2 x 10-3
(insol.) | Lung 10-¢ | 4 x 107
: GI (LLD 005 | 9x 107 0.02 |3x 10
«C*(CO,)  (sol.) | Fat 300 0.02 | 4 x 10~ ‘, 8 X 10— | 10-¢
8- Total body 400 0.03 5x 107 | 0.01 2 x 10-8
| Bone 400 0.04 6 x 10 | 0.01 2 X 10~
[ i
< (
(submersion) ' Total body 5 x 103 ‘} 103
JF18 (sol.) | GI (SD 002 | 5x10°¢| 8x 102 |2 x 10-¢
B+ Bone and
teeth 20 0.2 3 x 10-% 0.06 9 x 108
Total body 20 0.3 4 x 10-5 0.09 105
(insol.) | GI (UL 0.01 3x10 | 5% 10| 0 107
Lung 2 x 10-5 f 6 x 10-¢
Nat2 (sol.) | Total body 10 10712107 | 4 x 10~ | 6 x 10~
B+, v GI (LLI) 0.01 2x107% 1 3 x 103 | 7 x 10-7
. (insol.) | Lung , 9.x 10~ 3 x 10~°
GI (LLY) IX10™ 12X 1077 | 3 x 10~ | 5 x 10-8
v
1:Nazt (sol.) | GI (SI) ) 6 X 10~ | 10-¢ 2x107% | 4 x 107
B-, v : Total body 7 10.01 2x 1078 | 4 x 103 | 6 x 10-7
(insol.) | GI (LLI) '8 x 10~ | 10~7 3x 10~ |5 x 10-8
Lung 8 x 10—7 3 x 10~7

to gastrointestinal tract, stomach, small intestine,
ively,

upper
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Maximum Maximum permissible concentrations
Organ of permissible i
Radionuclide |~ rcference burden For 40 hr week I For 168 hr weck
and type  (critical organ | in total " |
of decay | bold face) body | (MPC). | (MPC), ” (MPC), | (MPC),
| ahc) | (ucfem?) | (ucfem?) | (ucfem?) 1 (ucjem?)
L,Sis (sol.) - GI(S) 0.03 | 6x 10°° ,‘ 9 % 10~ 2 x 10
B v ¢ Lung 10 0.1 2 x 1075 - 0.0 7 x 1078
' . Adrenal 30 0.3 4 x 105 0.1 10-3
- Total body 30 0.3 4 x 10-® 0.1 | 2 x 103
| Testis 40 0.4 5% 10-° 0.1 $ 2% 1073
Ovary 60 0.6 8 x 103 ;1 0.2 13 x 1078
Skin 100 1 2% 107 | 0.3 ! 7 % 1073
(insol.) | GI (ULI) 6 x 10~ ' 10~ 2% 107 | 3 x 10~
 Lung : 10-5 4 x 1078
P (sol.) | Bone 6 5% 10 7x10°|2x 1072 x 10-
B~ i Total body 30 3x 107% | 4 x 1077 | 9 x 10=% | 107
GI (LLI) 3% 1073 | 6 % 107 || 9 x 10=% | 2 x 107
Liver 50 5x 1073 16 x 1077 | 2 x 1073 |2 x 1077
Brain 300 0.02 3 x 1078 | 8 x 10-3 1 10~
{(insol.) | Lung 8 x 1078 3x10°®
GI (LLD) 7 x 10— | 1077 2 x 107t 4 x 1078
1,593 (sol.) | Testis 90 12x107|3x 107 6x 107 |9 x 10~
B~ Total body 400 7 x 10731 108 h3x 10731 4 x 1077
Bone 800 0.02 2% 107% || 5 x 103 | 8 x 107
Skin 3 x 103 0.07 10— 0.02 3 x 10-8
GI (LLI) 0.2 4 x 10-8 0.05 105
| i
- j :|
(insol.) | Lung 3% 1077 | 9 x 10~
GI (LLD) 8 x 1073 | 10 13 x107% | 5 x 1077
12Cl136 (sol.) | Total body 80 2x107% 1 4x1077 || 8 x 107 | 1077
B~ ; GI (LLI) 0.04 8 x 108 0.01 3 x 10-¢
(insol.) | Lung 2 x 10 8 x 10~°
GI(LLD) 2x107% | 3x 1077 | 6 x 107 | 1077
1, Cl138 (sol.) | GI(S) 0.01 3x 1078} 4x103|9 x 1077
By | Total body 9 0.3 4 x 10-8 0.1 2 x 10-%
(insol.) | GI (S) *. 001 |2x10-°|4x103|7x 10~
Lung 10-5 | 5 x 10—
1A% (submersion) | Skin 6 % 103 10-3
c | |
1sA%  (submersion) | Total body 2 x 107 | 4 x 10~
B,y ’ !
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr weck I'or 168 hr week
and type (critical organ | in total
of decay bold face) body (MPC),, | (MPC), | (MPC), | (MPC),
auc) | (ucfem®) | (ucjem®) | (ucfem®) | (ucjcmd)
K2 (sol.) | GL(S) 9X1072 | 2x10°%| 3 x102|7x 107
8-, v Total body 10 0.02 |3 x 1078 || 8 x 10-3 | 10~
Brain 20 0.04 6 x 106 0.01 2 x 10-¢
Spleen 20 0.04 6 x 108 0.01 2 N 1078
Muscle 20 0.04 6 x 106 0.02 P2 N 108
Liver 50 0.08 {103 0.08 |4 x 10-3
(insol.) | GI (LLI) 6 x 10| 107 2 X107 4 x 10-¢
Lung 9 x 1077 31T
2 Cais " (sol.) | Bone 30 13X 1073 x 107 || 9 x 10~5 | 10-3
8- Total body 200 2x 107213 x 1077 || 7 x 10-* ] 9 x 10-8
GI (LLD) 0.01 3 x 1078 || 4 x 103 l 10—8
(insol.) | Lung 10-7 j 4 x 108
GI (LLD) 5X 10729 x 1077 | 2 x 10-3 F 3 x 1077
o Cai? (sol.) | Bone 5 |10 2% 107 |5 x 10~ | 6 x 10~
B, ¥ GI (LLI) 2 X 1073 | 5 x 10~7 || 8 x 10~% | 2 % 107
Total body 10 4 X 1073 |5 x 1077 | 2 x 1073 | 2 x 10-7
(insol.) | GI (LLI) 10~ 2x 1077 | 3 x 10~ | 6 x 103
Lung 2 x 1077 6 x 10~
215c%8 (sol.) | GI (LLI) ‘103 2X 1077 |4 X 10~¢ | 8 x 10-#
B,y Liver 10 6 2 x 107 2 8 x 1078
Kidney 10 6 3 x 107 2 9 x 10-8°
Total body 20 6 3 x 107 2 10-7
Bone 60 20 10-8 8 4 x 107
(insol.) | Lung 2 x 108 8 x 10—
GI (LLY) 10-3 2X 107711 4x10~*| 7 x 108
215¢c%7 (sol.) | GI (LLY) 3X107*16X 10779 x 10°* |2 x 10~7
By Liver 50 100 6 x 10—8 50 2 x 10—
Kidney 60 200 8 x 10~ 60 3 x 108
Bone 60 200 8 x 108 60 3 x 108
Total body 80 200 10-5 80 3 x 10—
(insol.) | GI (LLI) - 3% 107 (5% 1077 | 9 x 10~ | 2 x 10—
Lung 108 3 x 107
215c48 (sol.) | GI (LLD) 8X 107 /2x107 |3 x 10| 6 x 10-®
B,y Total body 9 50 2 x 10— 20 7 X 107
Liver 9 50 2 x 10-8 20 7 x 107
Kidney 10 80 3 x 10—8 30 10-¢
i Bone 30 200 8 x 10— 60 3 x 10—t
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Maximum Maximum permissible concentrations
Organ of permissible I
Radionuclide ! reference ’ burden For 40 hr week ]‘ For 168 hr week
and type | (critical organ | in total
of decay bold face) | body (MPC),, | (MPC), (MPC),, | (MPC),
| alue) | (uc/em®) | (uc/em?®) | (uc/em®) | (uc/cm?)
1 ,

(insol.) | GI (LLD) 8 x 10~* | 10— 3X107* |5 x 1078

Lung 4 x 107 10-7
W\ (sol.y | GI (LLI) 9X 10| 2x 1077 3 x 10~*| 6 x 10-*
Bty ey i Kidney 8 0.03 3 x 107 0.01 9 x 10—

Total body 10 0.04 4 x 10-7 0.02 10-7
Spleen 20§ 0.06 S x 107 0.02 2 x 10-7
| Liver 20 0.09 8 x 10-7 0.03 3 x 10-7
| Bone 60 0.2 2 x 10-8 0.08 7 x 10-7
(insol.) | Lung 6 x 10~ 2 x 103
GI (LLI) 8 X 107% | 107 3 X107 |5 x 1078
24Crdt (sol.) | GI (LLI) 0.05 10— 0.02 4 x 10-°
€ v - i Total body 800 6 103 2 4 x 10-¢
- | Lung 103 10 2 x 103 4 8 x 10~

- ' Prostate 2 x 103 20 3 x 105 5. 10-3
- Thyroid 4 x 103 30 6 x 10-5 10 2 x 10-8
- Kidney 8 x 103 60 10—+ 20 4 x 105
(insol.) | Lung 22 2 x 108 8 X 10~
GI (LLI) 0.05 8 x 108 0.02 3 x10-¢
o3 Mnd2 (sol.) | GI (LLI) 102 2X 1077 || 3 x 107* | 7 x 10-5
By ey Pancreas 5 0.01 4 x 1077 | 4 x 1073 | 2 x 10-7
Liver 6 0.01 S x 1077 | 4.x 103 | 2 x 10-7
Total body 9 0.02 8 x 1077 || 7 x 10—3 | 3 x 10-7
(insol.) | Lung 10-7 - S x 1078
GI (LLI) 9x 1071 2x 1077 | 3x10* |5 x 10-*
o5 Mns4 (sol.) | GI (LLD) 4 X107 | 8 x 10-7 || 10-3 3 x 107

&y Liver 20 0.01 4 X 1077 || 4 x 1073 | 107
Total body 40 0.02 8 x 107 || 8 x 10-3 | 3 x 10-7
Pancreas 50 0.02 9 X 1077 || 9 x 10-3 | 3 x 10-7

(insol.) | Lung 4 x 108 10-8
GI (LLD) 3X107% |6 x 10-7 | 10-3 2 x 1077

L)

2sMn®e (sol.) | GI (LLY) ¢ 4X107°| 8% 10-7 || 10-3 - 3 x 1077
B,y Pancreas 2 0.2 6 x 10~ 0.05 2 x 10-¢
Liver 5 0.4 10-3 0.1 S x 108

Total body 10 0.9 3 x 10-8 0.3 10-5
(insol.) | GI (LLI) 3 X107 |5 x 107 || 103 2 x 1077
Lung . S x 10-8 2 x 108

-
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Maximum Maximum permissible concentrations
Organ of permissible [
Radionuclide reference burden For 40 hr week For 168 hr week
and type i (critical organ | in total

of decay bold face) body (MPC),, | (MPC), (MPC),, | (MPC),
q(rc) (uc/cm?®) | (uc/em?®) || (uc/em®) | (uc/cm3)
25 Fes? (sol.) | Spleen 108 0.02 9 X 1077 | 8 X 1073 | 3 x 10~7
€ Liver 2 x 103 0.04 2 x 108 0.01 5 x 107
Total body 3 x 103 0.06 2 x 108 0.02 8 x 107
Lung 4 x 103 0.07 3 x 10-8 0.03 9 x 10-7
GI (LLI)’ 0.08 2 x 10-8 0.03 6 x 10—8
Bone 7 x 103 0.1 5 x 10-8 0.04 2 x 10-8
(insol.) | Lung 10— 3 x 1077
GI (LLD) 0.07 108 0.02 4 x 10-¢

. Fed? (sol.) | GI(LLD 2X107214x1077] 6 x 10~% | 107
B,y Spleen 20 4 x 1073 1077 - 103 5 x 108
Total body 20 Sx 107312 x 1077 | 2 x 103 | 7 x 10-8
Liver 30 6 X 1073 [ 2 x 1077 | 2 x 10-3 | 7 x 10-8
Lung -100 0.02 8 x 1077 || 7 x 103 | 3 x 10—7
Bone 100 0.03 10-¢ 0.01 4 x 107
(insol.) | Lung 5 x 10-8 2 x 108
GI (LLI) 2X1073 |3 x 1077 5x10%|9 x 10-®

2:Co% (sol.) | GI (LLD 0.02 3X107% | 5x 10-3| 10~
€ v, € Total body 200 0.07 6 x 10~ 0.03 |2 x 108
Pancreas 700 0.2 2 x 10— 0.08 7 x 10—¢
Liver 103 0.4 2 x 108 0.1 6 x 108
Spleen 2 x 103 0.7 6 x 105 0.2 2 x 10-3
Kidney 3 x 103 0.9 8 x 10—3 0.3 3 x 10-3
(insol.) | Lung 2 x 1077 6 x 108
GI (LLD) 0.01 2x107% | 4x107%| 7 x 107
2 Co%8m (sol.) | GI (LL) 0.08 2 x 10°® 0.03 6 x 10—°
B ey Total body 200 2 104 0.6 5 x 10-8
Pancreas 800 6 S x 10—¢ 2 2 x 104

Liver 103 9 4 x 10— 3 10—¢
Spleen 2 x 103 20 10-3 5 4 x 104
Kidney 3 x 103 20 2 x 103 8 6 x 10—
(insol.) | Lung - 9 x 10—¢ 3 X 108
GI (LLD &, 0.06 10—8 0.02 4 x 10-¢
2:Cod8 (sol.) | GI (LLY) 4 X107 8x 10-7 || 10-3 3 x 1077
B*, € Total body 30 0.01. 10—¢ 4 x107* | 3 x 1077
Pancreas 200 0.06 S x 10-¢ 0.02 2 x 10-8

Liver 200 0.08 4 x 10— 0.03 10-¢
Spleen 400 0.1 10-5 0.05 4 x 10—8
Kidney 600 0.2 2 x 10-¢° 0.07 6 x 10—
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total
of decay bold face) body (MPC),, | (MPC), (MPC),, | (MPC),
2(u) | (ucfem?) | (ucfem®) | (uefem®) | (uc/cm®
(insol.) | Lung 2.7 5 x 10-8 2 % 10~
GI (LLI) 3 X103 | 51077 9% 10| 2% 10-7
2:Co8? (sol.) | GI (LLY) 103 3X 1077 | 5§ x 10~¢ | 107
B™, vy Total body 10 4 x 107 | 4 x 107 | 103 107
Pancreas 70 0.02 2Xx 1078 17 % 103 | 6 x 10-7
Liver 90 0.03 10— 9 x 1073 | 5 x 10-7
Spleen 200 0.05 4 x 10-8 0.02 2 x 106
Kidney 200 0.07 6 x 10— 0.03 2 > 10-8
(insol.) | Lung 1.2 9 x 10-° 3 x 10~
GI (LLD 103 2X 1077 13X 10| 6 x 108
2giNI%9 (sol.) | Bone 108 6 X107 | 5x 1077 | 2x 103 |2 x 107
€ Total body 3 x 103 0.01 10— 4 x 1073 | 3 x 10+7
Liver 4 x 103 0.02 10-s 6 x 1073 | 5 x 10-7
GI (LLI) 0.08 2 x 10-8 0.03 6 x 108
(insol.) | Lung 8 X 107 3 X 1077
GI (LLD) 0.06 10—3 0.02 3 x 10-8
2qiN183 (sol.) | Bone 200 8X107% | 6 x 1078 | 3 x 10~¢ | 2 x 10-°
B~ Total body 900 4 x 1073 ['4 x 10-7 || 2 x 10~3 | 10~7
Liver 103 6 x 1072 | 5 x 10-7 || 2 x 10-3 | 2 x 107
GI (LLI) 0.03 6 x 10— 0.01 2 x 108
(insol.) | Lung 3 X 1077 -1 1077
GI (LLY) 0.02 4 X107 | 7 x 10-3 | 10-°
25IN13 (sol.) | GI (ULD 4 X107 | 9 x 10-7 || 10-3 3 X 107
By Bone 4 0.1 105 0.04 3 x 10-8
Total body 10 0.4 3 x 10~ 0.1 10—3
Liver 20 0.5 4 x 105 0.2 103
(insol.) | GI (ULD) 3X107% |5 x 107 || 10-3 2 x 1077
Lung S x 108 2 x 10—
29Cu®t (sol.) | GI (LLI) ) 0.01 2X107% |3 x 103 |7 x 10~7
B, B, € Spleen « 10 0.08 6 x 10~ 0.03 2 x 10—
Kidney * 30 0.2 2 x 105 0.07 S x 10-¢
Total body 80 0.5 4 x 10—5 0.2 10-5
‘Liver 100 0.6 5 x 10-5 0.2 2 x 10-3
Heart 200 0.9 7 x 105 0.3 3 x 10~
Brain 600 4 3 x 10—¢ 1 10—
(insol.) | GI (LLY) 6 X 1073 | 10— 2X107% | 4 x 10~7
Lung 7 X 10—t 3 x 10—
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| Maximum Maximum permissible concentrations
l Organ of permissible
Radionuclide | reference burden For 40 hr week For 168 hr week
and type | (critical organ | in total
of decay r bold face) body (MPQC),, | (MPC), (MPC),, | (MPC),
| 2u) | (ucfem®) | (ucfemd) | (ucfom?) | (ucfem?)
170 (sol.) | Total body 60 |3 x 10~ | 10~ 10-2 4 x 10-°
B ey | Prostate 70 |4 x 1073 107 10-3 4 x 10~
: Liver 80 4 x 1073 | 1077 103 5 x 10-8
| Kidney 100 6 x 10732 x 1077 || 2 x 10-3 | 7 x 10-8
' GI (LLYL) 6 x 10-3 | 108 2 x 10-3 | 4 x 10-7
| Pancreas 200 |7 x 1073 3 x 10-7 | 3 x 103 | 9 x 10~
| Muscle 200 0.01 4% 1077 | 4 x 10-3 | 10-7
+ Ovary 300 0.01 S X 1077 {1 4 x 1073 | 2 x 10-7
| Testis 400 0.02 6 x 1077 | 6 x 1073 | 2 x 107
| Bone 700 0.04 | 10-¢ 0.0 !4 x 107
(insol.) | Lung ) 6 x 108 2 x 108
. GI (LLD S5x1073 |9 x 1077 2x10% |3 x 107
VAN . (sol.) | GI (LLY) 2X 1073 14X 1077 7x 10 |2 x 1077
y, e~ B~ Prostate 0.7 0.01 4x1077 | 4 x 1073 | 107
{ Pancreas - 3 0.07 3 x 10-8 0.02 9 x 107
Liver 8 0.1 S x 10— 0.05 2 x 10-8
Kidney 10 0.2 8 x 10-8 0.07 3 x 10—¢
Ovary 10 0.2 8 x 10~ 0.07 3 x 106
Total body 30 0.5 2 x 105 0.2 6 x 108
Testis 30 0.5 2 x 10-8 0.2 6 x 10—8
.| Bone 40 0.6 2 x 10-8 0.2 7 x 108
Muscle 100 2 8 x 103 0.7 3 x 103
(insol.) | GI (LLD 2XxX 1073 |3 x1077| 6 x 10~¢ | 10~
’ Lung 2 x 10-8 8 x 10~7
30 Zn®? (sol.) | GI (S) 0.05 10-3 0.02 4 x 10-¢
B~ Prostate 0.8 02 | 7 x 10-¢ 0.07 2 x10°¢
. Pancreas 5 1 5 x 10-3 0.5 2 x 10-3
Liver © 10 3 10—+ 1 4 x 10—
Ovary 20 4 10—¢ 1 S x 103
Kidney 20 4 2 x 10~ 2 5 x 10-5
Testis 30 9 3 x 104 3 10—+
Bone 40 10 4 x 10-* 3 10—+
Total body 50 10 5 x 104 5 2 x 10—
Muscle 200 60 2 x 10-3 20 7 x 104
(insol.) | GI(S) ‘ 005 |9x10°| 002 |3x10°
Lung 5 x 108 2 x 10-5
11Ga™ (sol.) { GI (LLY) 103 2X1077 | 4 X 10-¢ | 8 x 108
B,y Liver 5 9 4 x 10— 3 10-¢
Total body 10 20 8 x 10-8 6 3 x 10-¢
Bone 10 20 105 8 3 x 10-8
Spleen 10 20 10-5 8

4 x 10—
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total
of decay bold face) body (MPC), | (MPC), (MPC),, | (MPC),
9(u) | (uc/em?) | (ucjem?) | (ucfem®) | (ncjemd)
Kidney 10 20 10-5 ‘ 8 4 x 10-¢
(insol.) | GI (LLI) 103 2X1077 1 4% 10| 6 x 10-%
Lung 10—¢ 4 x 107
12Ge’l (sol.) | GI (LLD 0.05 10~ 1 0.02 4 x 10-¢
¢ Kidney 100 10 5 x 10-5 | 4 2 % 10-3
Liver 103 100 6 x 10=4 1 30 2 X 104
Total body 2 x 108 200 9 x 104 70 3 x 104
(insol.) | Lung 6 x 10— 2 x 10°¢
GI (LLD 0.05 8 x 108 0.02 3 x 108
a3As73 (sol.) | GI (LLY) 0.01 3 X 1078 5x 10~% | 10-¢
6y Total body 300 0.2 2 X 107% )  0.06 7 x 1077
Kidney 600 0.3 4 x 10-¢ 0.1 10-¢
Liver 103 0.5 6 x 10~ 0.2 2 x 10~
(insol.) | Lung 4 x 1077 107
GI (LLD 0.01 2x107°|5x 102 |8 x 10~7
33As™ (sol.) | GI (LLI) 2 X107 3 x 107 S X 107 | 10-7
B~ B*, ¢ ¥ Total body 40 0.07 8 x 107 0.02 3 x 10-7
Kidney 80 0.1 2 x 10~ 0.05 6 x 10-7
Liver 100 0.2 3 x 10~ 0.08 108
(insol.) | Lung 107 4 x 108
GI (LLD 2X107°3x107 5% 10| 9 x 10-8
33As™6 (sol.) | Gl (LLD) 6 x 10~¢ | 107 2 X107 | 4 x 108
By Total body 20 0.4 5 x 10-s 0.1 2 x 10-¢
Kidney 20 0.6 8 x 10~ 0.2 3 x 10-¢
Liver 40 1 10-5 0.4 5 x 108
(insol.) | GI (LLI) 6 x 107 | 10~ 2 X 1074 |3 x 108
Lung 6 x 107 2 x 10-7
33As™? (sol.) | GI (LLD) 2xX107° 55X 1077 | 8 x 104 | 2 x 10-7
B~y Total body 80 2 2 x 10-8 0.5 7 X 10-¢
Kidney *100 2 2 x 10~ 0.7 8 x 10-¢
Liver 200 - 4 S x 108 | 2 x 105
(insol.) | GI (LLD) 2X107 1 4x 1077 || 8 x 10~ | 10~7
Lung 2 x 10~ 6 x 10-7
345e™ (sol.) | Kidney 90 9 X 103 | 10-¢ 3X107% | 4 x 107
&y Total body 100 0.01 10-¢ 3x1021!5x 107
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total
of decay bold face) body (MPC),, | (MPC), (MPC),, | (MPC),
q(uc) (uc/fem®) | (uc/cm?) || (uc/em?) | (uc/cm?)
Liver 100 0.01 2x 1078 | 4 x 107335 x 107
Spleen 200 0.02 3 x 1078 1 8 x 10-3 | 10-8
GI (LLI) 0.07 2 x 103 0.03 6 x 10-8
(insol.) | Lung 10—7 4 x 1078
GI (LLD) 8 x 1073 10-¢ 3x1073 |5 x 107
35Br8? (sol.) | Total body 10 8 X 103 | 10~ 3x 1073 | 4 x 1077
B~y GI (SD 8§ X102 2x107% |3 x 103 | 6 x 107
(insol.) | GI (LLI) 10-8 2X 10771 4x107%| 6 x 108
" | Lung 6 x 10-7 2 x 107
36 K% (submersion)| Total body 6 x 10—¢ 10-¢
By
36Kr%® (submersion) | Total body 10-3 3 x 108
8-
36Kr8? (submersion) | Total body 10-¢ 2 x 1077
B,y
37 Rb%® (sol.) | Total body 30 2 X107 [ 3x 1077 || 7 x 10~ | 107
B~y , Pancreas 30 2X107% 13 x1077 ) 7x 107t | 107
Liver 40 3 x 1073 | 4 x 10-7 || 10-3 10—
Spleen 30 3 x 10-% 135 x 10-7 || 10-3 2 x 107
Muscle 70 SX 1078 7x 1077 || 2 x 10-% | 2 x 10~7
GI (LLI) 0.01 3 x 1078 | 5 x 10-3 | 10-®
(insol.) | Lung 7 x 1078 2 x 108
GI (LLD) 7 X 10—* | 1077 2 X 107¢ | 4 x 108
37Rb?* (sol.) | Pancreas 200 I X103 5x 107 | 103 2 X 10~
B~ Total body 200 4 X 107216 x 1077 || 2 x 1073 | 2 x 107
Liver 200 SX 1072 | 7x 107 || 2 X 1073 | 2 x 107
Muscle 1{00 17 x 10-3 | 10-¢ 2 x 1073} 4 x 107
Spleen 400 7 x 10—3 | 10~ 2 x 1078 | 4 x 107
GI (LLI) 0.1 2 x 10-8 0.03 8 x 10-8
" (insol.) | Lung 7 x 108 2 x 10-8
GI (LLI)) SX107* 19 x 1077 2% 1072 |3 x 1077
25 5r88m (sol.) | GI (SD 0.2 4 x 105 - 0.07 108
€y Total body 50 3 2 x 104 1 8 x 10~
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ “in total
of decay bold face) body (MPC),, | (MPC), | (MPC), | (MPC),
g(pc) (ucfem?®) | (uc/em®) | (ucfem?) | (uc/cm®)
Bone 70 3 4 x 10-14 2 10—
(insol.) | GI (SD 02 | 3x10%| 007 | 10 ¢
Lung ! I (e ‘ 3 x 10—
. f |
26518 (sol.) | Total body ‘ 131072 x 1077 || 10-¢ | 8 x 10-8
ey Bone 700 4% 1073 [ 4% 1077 [ 2 X 1073 | 10-7
GI (LLI) |7 % 10=% | 2 x 10~ l 2% 1073 | 5 x 10—7
_ | .
(insol.) | Lung ( ‘ 107 i -4 X 1078
GI (LLD 5 x 107319 x 1077 | 2 x 1073 3 x 10~7 ‘
. % I ‘
565189 (sol.) | Bone 4 3x 1043 x 108 | 10~* 10-8
8- GI (LLI) 10-3 3x 1077 || 4 x 107t | 9 x 10-8
Total body 40 2X 1073 | 2x 1077 | 7 x 104 | 6 x 10-8
(insol.) | Lung 4x10°% | 10-¢
GI (LLD 8 x 10~¢ | 107 3x 1075 x 10-¢
Il (sol.) | Bone 2 4 x 107 | 3 x 1010} 10~¢ 10-10 Lo
8- Total body 20 | 10 9 x 10710l 4 x 10=8 | 3 x 10-10 7 .
GI (LLI) 10-3 3x 1077 || 5 x 10~¢ | 10~7 S
N 4 d
i A 7 - L 41 JT KI 3
s e < — (insol.).| Lung 0,761 5x 10— 2 x 10— %
- GI (LLD 102 2Xx 1077 | 4% 10 |6 x 108 lor
S (sol.) | GI (LLI) 2x107% '4x 1077 || 7x 10~ | 2 x 10~7 Y]
B,y Bone 3 '0.02 2x 10-8 || 7 x 10~3 | 5 x 10~7 ‘
Total body 9 0.07 6 x 10-* 0.02 2 x 108
(insol.) | GI (LLI) 103 3Xx1077|5x10-*]9 x 10-®
Lung 10—¢ 4 x 107
265192 (sol.) | GI (ULI) 2X1073 |4 x 1077 || 7x 10~* | 2 x 10~7
B~y Bone 2 0.05 4 x 108 0.02 2 x 10-¢ b
Total body 8 0.2 2 x 10-5 0.07 6 x 10-¢
(insol.) | GI (ULI) 2x102 | 3x1077 || 6 x 10~ | 10~7
Lung « 3 x 10-8 10-¢
39 Y °° (sol.) | GI (LLD) 6 X 10~ | 107 2X 10| 4 x 10-®
B~ Bone 3 10 5 % 10~7 4 2 X 10-7
Total body 20 80 3 x 10~ 30 10— (#
(insol.) { GI (LLI) 6 x 10~ | 107 2x104|3 x 10-*
Lung 3 x 107 10—7

D



PERMISSIBLE DOSE FOR INTERNAL RADIATION

51

Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden IFor 40 hr week For 168 hr week
and type (critical organ | in total '
of decay bold face) body (MPC),, | (MPC), (MPC),, | (MPC),
q(uc) (uc/em?®)  (uc/em®) || (ucfem?) | (uc/cm?)
Y ?im (sol.) | GI (SI) 0.1 2 x 10-8 0.03 8 x 10-¢
B~ v Bone S 103 6 x 10-3 400 2 x 10-3
Total body 20 6 x 103 |2 x 1074 || 2x 10® |8 x 10-3
(insol.) | GI (SI) 0.1 2 x 10 0.03 6 x 10-*
Lung 4 x 10-5 10—5
WY (sol.) | GI (LLI) 8x 10~ [ 2 x 107 | 3 x 10~ | 6 x 10-*
B,y Bone 5 08 [ 4x108 0.3 108
Total body 30 S 2 x 10-7- 2 8 x 10-8
(insol.) | Lung 3 x 108 10-8
GI (LLD 8 x 107 | 107 3X 1075 x 1078
wY?? (sol.) | GI (ULD 2X 1073141077 | 6 x 10~ | 107
B, v Bone 2 100 6 x 10-¢ 40 2 x 10-¢
Total body 10 800 3 x 10-s 300 10-3
(insol.) | GI (ULI) 2X 1073 | 3x1077 |6 x 10~* | 107
Lung 3 x 10-® 10—¢
30Y %2 (sol.) | GI (LLD 8 X 107* | 2 x 1077 | 3 x 10~* | 6 x 10~
B, v, e~ | Bone 2 30 2 x 10-8 20 7 x 10—7
Total body 10 250 10-3 90 4 x 10—
(insol.) | GI (LLI) 8 X 10~* | 107 3X10* |5 x 10~
Lung 108 4 x 107
0Zr®? {sol.) | GI (LLD) 0.02 5X107% || 8 x 102 | 2 x 10-¢
B™ v, e Bone 100 3 107 0.9 4 x 108
. Kidney 300 6 3 x 10-7 2 9 x 108
Spleen 500 10 4 x 107 3 10-7
Total body 900 20 8 x 107 6 3 x 1077
Liver 103 30 10—¢ 9 4 x 107
(insol.) | Lung 3 x 1077 107
GI(LLD) 0.02 4 X 10% | 8x 102 | 10°
wZr® (sol.) | GI (LLD & 2X 1073 | 4x1077 || 6 x 10| 107
By v, e” Total hody 20 3 107 1 4 x 108
Bone 30 4 2 x 107 2 6 x 108
Kidney 30 4 2 x 107 2 6 x 108
Liver 40 6 3 x 107 2 9 x 108
Spleen 40 7 3 x 107 2 10-7
(insol.) | Lung 3 x 10~ 108
GI (LLY) 2X10* |3 Xx1077)6x 10"} 107
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J

‘e

| Maximum Maximum permissible concentrations
! Organ of permissible {
Radionuclide reference burden ” For 40 hr week ‘ For 168 hr week
and type . (critical organ | in total ! — ‘

of decay ' bold face) body | (MPC), | (MPC), | (MPC), (MPC),
| 2ue) | (ucjem?) | (ucjem?) ! (ucjem?)  (uc/omd)
WZr® (sol.) | GI (LLI) } 5x 10~ | 10~ 12X 107 4 x 10

B, v | Bone 5 60 | 3x10=s [ 20 o=
Kidney ] 100 | O x 1078 40 2 x 10-8
| Total body 9 100 13x 10-8 1~ 40 2 % 10~
| Liver 10 | 200 |7 x 1078 | 60 3 x 10—
| Spleen 101 200 8 x 10 " G0 3 x 10-s
(insol.) ~ GI (LLD S X107 9 X 107 | 2 X 1071 x 108
. Lung | 16 x 107 ;‘ 2 x 107
< Nbsn (sol.)  GI(LLI) 0.01 | 3x 107 4x 10 9 x [0
v, &= | Bone 200 3 107 | l 4 x 10~
Kidney 300 5 2 x 10-7 2 7 x 10~
Spleen 400 5 2 x 107 2 S x 10-8
Liver 100 6 3 x 107 2 9 x 10-8

Total body 500 8 3 x 10~7 3 10-7
(insol.) | Lung 2 x 107 5 x 1078
GI (LLD 0.01 2x 1071 4x 1073 |7 x 107
1 Nb9s (sol.) | GI (LLI) 3 X 1072} 6x 1077 || 1073 2 X 1077
B,y Total body 40 10 5 x 107 4 2 X 1077
Liver 60 20 7 x 10-7 6 3 x 107
Kidney 60 20 8 x 10-7 6 3 x 107
Bone 80 20 9 x 107 7 3 x 10~7
Spleen 80 20 10-¢ 7 3 x 1077
(insol.) | Lung 107 3 x 108
GI (LLD 3 X 1073 | 5x 1077 | 10-3 2 x 1077
1 Nb¥? (sol.) | GI (ULD 0.03 6 X 107% || 9 x 103 | 2 x 10~*
B,y Bone 10 2 x 103 | 9 x 10-5 700 3 x 10-3
Kidney 20 4 x 103 | 2 x 10-¢ || 108 6 x 10-3
Total body 20 4 x 10 | 2 x 10— || 103 6 x 105
Liver 30 4 x 103 2x 107 ] 2 x 103 7 X 10—
Spleen 30 S x 103 2 x 104 || 2 x 103 7 x 108
(insol.) | GI (ULD 0.03 SX10°% 19 x 103 |2 x 10-*
Lung « 2 x 10-8 7 x 108
12Mo??® (sol.) | Kidney 8 SX107° | 7x1077 || 2x 102 | 3 x 10~
B~y GI (LLI) 7X 1071 2x 1070 || 2x 103 |5 x 10~7
Liver 20 0.01 2x107% Il 5x 103 |6 x 10~7

Total body 40 0.02 3x 10~¢ || 8 x 103 | 10-¢
(insol.) | GI (LLI) 102 2X 1077 1 4 X 1074 | 7 x 108
Lung 5 x 107 2 x 107

——t
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|
{ Maximum |

Maximum permissible concentrations
Organ of permissible:
Radionuclide ,  reference burden For 40 hr week For 168 hr week
and type | (critical organ | in total |
of decay . bold face) body (MPC),, | (MPQC), (MPC),, | (MPC),
| a(ke) | (ucfem®) | (ucfem?) | (ucfem?) | (ucfcmd)
[}
o Tcvsm (sol.) | GI (LLI) 0.4 8 x 10-5 0.1 3 x 10-3
€ y. e " Kidney 60 3 4 x 10-¢ 1 10-4
- Total body 70 ; 4 4 x 10— 1 i 10—
' Liver soo | 40 4 % 1073 14 10-3
| Lung 2 x 103 130 0.01 40 5 x 10-3
| Bone 104 700 0.08 200 0.03
| Skin 2 x 104 800 0.09 300 0.03
|
(insol.) | Lung 3 x 103 103
i GI(LLD) 0.3 5 X 10-3 0.1 {2 x 103
a3l (sol.) ! GI (LLI) 3 X 1072 ] 6 x 107 || 10-2 2 x 1077
6y | Kidney 10 0.03 3 x 10-8 0.01 10-s
| Total body 10 0.03 4 x 10~ 0.01 10-6
| Liver 200 0.4 4 x 10-5 0.1 10—3
j Lung 500 1 10—¢ 0.4 4 x 103
Bone 2 x 103 4 S x 10 1 2 x 10—
Skin 104 20 3 x 10-3 9 9 x 10—*
(insol.) | GI (LLI) 10-3 2X1077 ) 5x 10| 8 x 10-8
Lung 3 x 10-7 9 x 108
43 Tco7m (sol.).| GI (LLD) 0.01 2X107% | 4 x 103 | 8 x 107
e v, e~ Kidney 20 0.03 4 x 10~ 0.01 10-s
Total body 200 0.4 4 x 10-5 0.1 2 x 103
Liver 200 0.4 5 x 103 0.1 2 x 10-8
Skin 500 1 10-¢ 0.3 4 x 10-5
Bone 700 1 10— 0.5 S5 x 103
Lung 2 x 103 4 4 x 10—¢ 1 2 x 10—
(insol.) | Lung 9.3 2 % 10~ 5 x 10~
GI (LLY) 7.1 SX107% |9 X 1077 || 2 x 10°3| 3 x 10~7
alc? (sol.) | GI (LLI) 0.05 10-8 0.02 4 x 10—*
€ Kidney 60 0.1 10-% 0.04 4 x 10—
Liver 800 2 2 x 10— 0.5 6 x 103
Total body 103 2 2 x 10— 0.6 7 x 10-3
Bone 6 x 103 10 10-3 4 4 x 10—
Lung 9 103 20 2 x 10-3 . 6 7 x 10—3
Skin 3 x’104 60 6 x 10-3 20 2 x 10-3
(insol.) | Lung i 3 x 1077 107
GI (LLD 0.02 4 x 107¢ || 8 x 102 | 10—
e (sol.) | GI (UL 0.2 4 x 10~° 0.06 10-3
B,y Total body 200 2 2 x 10— 0.8 9 x 10-3
Kidney 800 7 8 x 10— 3 3 x 10—

S S




54

REPORT OF COMMITTEE TWO

Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total :
of decay bold face) body (MPC), | (MPC), (MPQG),, | (MPC),
q(uc) (ucfem?®) | (uc/em?) | (ucfem®) | (uc/cm?)
Liver 104 100 0.01 30 4 1073
Lung 2 x 104 200 0.02 70 8~ 103
Bone 105 103 0.1 400 0.04
Skin 105 103 0.1 400 0.04
(insol.) | GI (ULD) 0.08 10-3 0.03 [5x10-¢
Lung - 8 x 103 3 v 10-3
. L i
1t i~ 1
aTc?? (sol.) | GI (LLD Wi 0.01 2X107% 3 x 10737 x 107
B~ Kidney 10 0.02 3x 1078 | 8 x 1073 | 9 x 107
Liver 200 0.3 4 x 103 0.1 10-3
Total body 200 0.4 4 x 10-% | 0.1 10-3
Skin 400 0.7 7 x 105 0.2 3 v 108
Bone 500 0.9 9 x 103 0.3 3 1075
Lung 2 x 103 4 4 x 10— 1 10-14
(insol.) | Lung 6 x 108 2 x 108
GI (LLD) 510721 8x 1077 2x 103 |3 x 107
uRu? (sol.) | GI (LLD 0.01 2X107% 1 4x102|8x 107
€ vy, &~ Kidney 30 0.4 5 x 10-8 0.1 10-8
Total body 100 2 3 x 10-s 0.7 9 x 108
Bone 900 10 2 x 10— 5 6 > 10-3
(insol.) | GI (LLD) 0.01 2X107% |3 x107%| 6 x 107
Lung 2 X 108 7 x 1077
4 Rutos (sol.) | GI (LLD 2X107% 15X 1077 || 8 x 1074 | 2 x 107
B, vy, e~ Kidney 20 0.08 10~ 0.03 3 x 10-7
Total body 50 0.2 3 x 10— 0.08 9 x 107
Bone 100 0.6 7 x 10-s 0.2 2 x 10~
(insol.) | Lung 8 x 108 3 x 10-8
GI (LLD 2x107%14x 1077 || 8 x 10* | 107
s Rutos (sol.) | GI (UL) 3X 107 | 7x 107 || 103 2 x 107
B, v, e~ Kidney 2 0.3 3 x 108 0.09 10—¢
Total body 20 3 4 x 10— 0.9 10-3
Bone ‘40 6 8 x 10-5 2 3 x 10-3
(insol.) | GI (UL 3X107% 15 x 107 || 103 2 x 107
Lung 4 x 10— 10—
waRulo® (sol.). GI LD 4x 1074 |8 x 10-8 | 10— 3 x 10¢
B, ¥ Kidney 3 0.01 10-7 4 x 1073 ] 5 x 10-8
Bone 10 0.04 5 x 107 0.01 2 x 10-7
Total body 10 0.06 7 X 107 0.02 3 x 10-7
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Maximum Maximum permissible concentrations
Organ of permissible |
Radionuclide rcference burden For 40 hr weck For 168 hr week
and type (critical organ | in total
of decay bold face) body (MPC),, | (MPC), (MPC),, | (MPC),
q(uc) (ucjcm?®) | (uc/em?) || (uc/em?) | (uc/cm?)
(insol.) | Lung 0.4 6 x 107° 2 X107
GI (LLD 3 X 107% 6 x 1078 4 10— 2 x 1078
s Rhtuzm (sol.) | GI(S) 0.4 8 x 10—* 0.1 3 x 10~°
yo oo Kidney 200 20) 10-3 7 4 x 101
Spleen 200 30 2 x 10-3 10 6 x 10—
Total body 400 40 3 x 10-3 20 10-3
Liver 700 80 5 x 10-3 30 2 x 10-3
Bone 103 100 9 x 103 50 3 x 10-3
(insol.) | GI.(S) 0.3 6 X 105 0.1 2 x 1073
Lung 3 x 10~ 10—4
;s Rh1os (sol.) | GI (LLI) 4 x 107% | 8 x 1077 || 103 3 X 1077
B~ v Bone 200 0.8 S x 10— 6.3 2 x. 103
Kidney 40 0.1 9 x 10-¢ 0.05 3 x 10-8
Spleen 60 0.2 10-5 0.07 S x 10-8
Total body 100 0.4 2 x 105 0.1 7 x 10-8
Liver 200 0.6 4 x 10-5 0.2 10-3
(insol.) | GI (LLI) 3X107% | 5x 1077 || 103 2 X 1077
Lung 2 x 108 8 x 107
g Pd103 (sol.) | GI (LLI) 0.01 2x107% | 3 x 1073 | 8 x 10°°
€& v, e Kidney 20 0.02 108 7 %1073 | § x 1077
Spleen 100 0.1. 8 x 106 0.04 3 x 10—¢
Liver 100 0.1 8 x 10—¢ 0.04 3 x 108
Total body 300 0.4 2 x 10-5 0.1 8 x 10—¢
(insol.) | Lung 7 X 1077 3 x 1077
GI (LLD 8 X 1073 | 108 3x 10| 5 x 10~7
s Pdioe (sol.) | GI (LLD) 3X107® 16X 1077 | 9x 107¢ |2 x 107
B y.e” Kidney 7 0.06 4 x 10—¢ 0.02 106
Spleen 30 0.3 2 x 10-8 0.09 5 x 10-¢
Liver 40 0.3 2 x 10-8 0.1 7 X 10—8
Total body 50 0.4 3 x 105 0.1 9 x 10—
(insol.) | GI (LLI) * 2X107® 1 4x 1077 | 7 x 10|10~
Lung ’ 3 x 108 108
wAgh® (sol.) | GI (LL) 3x107%|6x 1077 || 10-3 2 x 10~7
& v Total body 30 0.6 3 x 108 0.2 10—
Kidney 30 0.7 3 x 10— 0.2 10-¢
Liver 70 1 6 x 108 0.5 2 x 108
Bone 200 4 2 x 108 1 6 x 10—
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# Maximum Maximum permissible concentrations
| Organof |permissible —
Radionuclide . reference burden For 40 hr week For 168 hr week
and type ! (critical organ | in total
of decay | bold face) body (MPC),, | (MPC), (MPC),, | (MPC),
/ a(uc) | (ncfem®) | (ucfem?) || (uc/em®) | (uc/em?)
(insol.) | Lung 8 x 10-* 3 x 10-8
GI (LL)) I X 1073 | 5 x 1077 || 108 2x 1077
aAgiiem (sol.) ; GI (LLD 9 X 107* 2% 1077 || 3 x 10~ | 7 x 108
B,y | Kidney 10 0.2. 8 x 107 || 0.06 3 x 107
’ Total body 10 0.2 9 x 1077 0.07 3 x 10-7
| Liver 20 0.4 2 x 108 0.1 5 x 10~7
i Bone 40 0.7 3 x 10-8 0.2 10-%
|
(insol.) | Lung 10-8 3 x 107
' GI(LLD 9X 107 2x 1077 | 3x107¢ 5 108
sAgt (sol.) i GI (LLD 103 3X 1077 | 4x 10 1077
8=, ¥ | Kidney 20 0.7 3 x 108 0.2 10-¢
| Total body 50 1 6 x 108 0.5 2 x 10-8
Bone 60 ’ 2 8 x 108 0.6 3 x 108
Liver 80 | 2 10-3 0.8 3 x 108
f
| |
(insol.) | GI (LLY) 10-2 2X 10771 4x 107¢; 8 x 108
Lung 3 x 107 9 x 103
1Cd 109 (sol.) | GI (LLI) S x 1072 | 10-¢ 2x1073% (4 x 107
& y, € Liver 20 0.05 5 x 108 0.02 2 x 10~
Kidney 20 0.05 6 x 108 0.02 2 x 108
Total body 200 0.5 S x 107 0.2 2 x 107
(insol.) | Lung 7 x 108 3 x 108
GI (LLD SX103 |9 X 1077 2x 10723 x 10-7
4sCd11em (sol.) | GI (LLI) 7x107% |2 1077 || 3x 10~ | 6 x 10~
B, v, e” Liver 3 0.03 4 x 108 0.01 108
Kidney 4 0.04 4 x 10°8 0.01 2x10-¢
Total body 30 0.4 4 x 107 0.1 10-7
(insol.) | Lung 4 x 108 108
GI (LLD 7 %X 107* | 107 3 X107 4 x 108
MCd“f’ (sol.) | GI (LLI) 103 2X1077 13 x 10| 8 x 10-®
B~y vy, e Liver « 3 0.6 6 x 107 0.2 2 x 107
Kidney '5 0.8 8 x 107 0.3 3 x 107
Total body 30 S S x 10-¢ 2 2 x 10—*
(insol.) | GI (LLI) 10-3 2X1077 | 4 x 10| 6 x 10-°
Lung 6 x 107 2 x 107
lniidm (sol.) | GI (UL) 0.04 8 x 108 0.01 3 x 10—¢
y, €~ Kidney 30 200 2 x 10— 70 6 x 10—
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total

of decay bold face) body (MPC),, | (MPC), (MPC),, | (MPC),
q(uc) (uc/cm?) | (uc/em?®) | (uc/cm?) | (uc/cm?)
" Spleen 30 200 2 x 10— 70 6 x 103
Liver 50 300 3 x 10—¢ 100 9 x 103

' Total body 70 400 4 x 10—¢ 200 10—
Bone 90 600 5 x 10—¢ 200 2 x 10—
. Skin 100 900 8 x 10—¢ 300 3 x 10—

- Thyroid 300 3 x 10 |3 x 10-3% | 103 10-3
(insol.) ' GI (ULI) 0.04 7 x 10-¢ 0.01 2 x 10-°
. Lung 5 x 103 2 x 108
golntiim (sol.) GI(LLID) 5% 104} 1077 2x 107 |4 x 108
B, e v, e~ i Kidney 6 0.1 107 0.04 4 x 1078
. Spleen 7 0.1 10-7 004 |4x10°
i Liver 10 0.2 2 x 1077 0.07 16 x 108
~ Bone 10 0.3 2 x 1077 0.09 8 x 10-#

" Skin 20 0.4 3x 1077 | 0.1 107

. Total body 20 0.4 4 x 107 0.1 10-7
' Thyroid 50 0.9 8 x 10-7 0.3 3 x 107
(insol.) ' Lung 689 2 x 10-* 7 x 10-°
i GI (LLD) 0 7] 51074 | 8x 1078 2x10% |3 x 10
spIntism (sol.) 7 GI (ULI) 0.01 2 X 107% | 4 x 10% | 8 x 1077
B~y v, e . Kidney 30 80 7 x 105 30 2 x 10-5
! Spleen 30 80 7 X 105 30 2 x 10—3
Liver 50 100 10— 40 4 x 10-5
Total body 80 200 2 x 10 60 6 x 10—
Thyroid 80 200 2 x 10 70 6 x 103
Bone 90 200 2 x 10— 70 6 x 103

Skin 100 300 3 x 10— 100 10—
(insol.) | GI (ULI) 14.2 001 |2x10-¢| 4x10°|6x 10~
Lung 4‘2 2 x 10—8 6 x 108
lntts (sol.) | GI (LLD 3 X103 |6 X 10771 9% 10* |2 x 107
B8~ Kidney 30 0.3 2 X 1077 0.1 9 x 108

Spleen 40 04 3 x 107 0.1 10-7 .

Liver 50 0.5 4 x 107 0.1 102
Bone * 60 0.6 5x 10-7 || 0.2 2 x 107
Skin 80 0.8 7 x 107 0.3 2 x 1077
Total body 100 1 10— 0.4 3 x 107
Thyroid 3 x 103 30 2 x 10-8 9 8 x 10—¢

(insol.) | Lung 3 x 1078 10-8
GI (LLI) 3X 107351077 9x 1042 x 107
©Sni13 (sol.) | GI (LLI) 2xX1072 5% 1079 x 10~ |2 x 107

———
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| Maximum Maximum permissible concentrations
' Organ of permissible
Radionuclide ;. reference burden For 40 hr weck For 168 hr weck
and type ' (critical organ | in total
of decay i bold face) body (MPC),, | (MPC),. | (MPC), | (MPC),
| 9(uc) | (ucfem?) | (uc/em?®) || (uc/ecm®) | (uc(fem?
&y, e Bone 30 0.02 4 x 1077 | 6 x 1073 | 10—
Total body 60 0.04 8 x 107 0.01 3> 107
Prostate 70 0.04 9 x 10-7 0.02 3 % 1077
Liver 400 0.3 3 x 108 0.09 2 1078
' Thyroid 103 0.9 2 x 10-3 0.3 6 x 106
(insol.) | Lung 5 x 1078 2 x 10-¢
GI (LLI) 2X 107714 x 1077 8 x 10~* | 107
505Nt (sol.) . GI(LLD S x 107 107 2 X107 1 4 x 10
B, y, e~ Bone 7 0.02 3 X 107711 6 x 1073 | 19-—F
Prostate 10 0.03 6 X 1077 1 9 x 1073 | 2 3 [0-7
Total body 20 0.05 10-8 0.02 4 < 107
Liver 100 0.3 7 X 10-¢ 0.1 2 108
Thyroid 300 0.8 2 x 108 0.3 S % 108
(insol.) | Lung 0,87 8 x 10-* 3% 10-¢
GI (LLI) 0 7 SXT107* 19X 1078 | 2 x 10~* | 3 x 10-®
519b122 (sol.) | GI (LLD) 8 X107 |2 x 1077 || 3 x 10~* | 6 x 10-8
B,y Total body 20 0.3 4 x 10-8 0.1 10-4
Lung 40 0.5 6 x 10-8 0.2 2 > 108
Bone 40 0.5 6 x 10—t 0.2 2 x 108
Liver 103 10 2 x 104 ' 4 S % 1075
Thyroid 3 x 103 40 4 x 104 10 2 > 1p—
(insol.) | GI (LLI) 8 X 10~¢ | 107 I X104 5x 10°®
Lung 4 x 107 10-F
510D (sol.) | GI (LLI) 7TX107% |2 X 1077 || 2 x 10~ | 5§ x 10-¢
By Total body 10 0.02 2X1077 1 6 x 103 | 7 x 10-8
Lung 20 0.02 3 x 1077 || 8 x 10-3 | 10-F
Bone 30 0.04 S x 107 0.01 2 x 1077
Liver 800 1 10-5 0.4 4 x 10~
Thyroid 104 20 2 x 10— 6 7 X 108
(insol.) | Lung 2 x 108 7 x 10~°
GI (LLI) 7 x 10~¢ | 10-7 22X 107% | 4 x 108
s19b128 (sol.) | GI (LLD) ., 3 X103 |6 x 107 | 10-3 2 x 1077
B v, e Lung 40 0.04 S x 107 0.01 2 x 107
Total body 60 005 |6 x 1077 002 |2x 107
Bone 70 0.06 8 x 1077 0.02 2 x 107
Liver 3x 10 3 3 3 x 108 0.9 103
Thyroid 7 x 104 . 60 7 x 10— 20 2 X 10—
(insol.) | Lung 3 x 108 9 x 10~*
GI (LLD) 3 X107 | 5% 1077 il 10-3 2 x 107
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total

of decay bold face) body (MPC),, | (MPC), (MPC),, | (MPC),
q(uc) (ucfem?) | (uc/em?) || (uc/em?®) | (uc/cm3)

501 c12m (sol.) ' Kidney 20 $X107% | 4x 1077 || 2 x 103 | 107
v, 0 ! GI (LLI) 5x107% | 10-¢ 2x107% 14 x 107
‘ Testis 20 6 X 1073 5% 1077 || 2 x 102 | 2 x 107
! Spleen 50 0.02 108 6 x 1073 | 4 x 107
i Liver 100 0.04 3 x 10-¢ 0.01 9 x 107

Total body 100 0.04 3 x 108 0.01 10-8

Bone 100 0.04 3 x 10-6 0.02 10~
Thyroid 500 0.2 103 0.05 4 x 10—¢
(insol.) | Lung 107 4 x 1078
GI (LLD) 3x 10736 x 1077 | 10-3 2 x 1077
5o Let2im (sol.) | Kidney 7 2 X 1073 | 107 6 X 107 |5 x 108
2. v e Testis 7 2 X 1073 | 107 7% 107 |5 x 108
GI (LLID) ' 2X 107 5% 1077 8 x 10*| 2 x 107
Spleen 20 |6 x 1073 |5 x 1077 || 2 x 1073 | 2 x 10-7
Bone 30 0.01 9% 1077 | 4 x 10-3 | 3 x 107
Liver 30 0.01 10-¢ 5x 1073 | 4 x 107
Total body 60 0.02 10~ 6 x 1073 | 4 x 107

.i Thyroid 200 0.05 4 x 108 0.02 10-¢

(insol.) | Lung 4 x 108 10-8
| GI (LLD 2X 107 13X 10771 5% 10749 x 108
s2let? (sol). | GI (LLI) 8 X103 12x10%||3x 1036 x 107
B~ Kidney 20 0.1 10-5 0.05 4 x 10—
Testis 20 0.2 103 0.05 4 x 10—8

Spleen 50 0.5 4 x 10-8 0.2 10-3
Total body 80 0.8 6 x 103 0.3 2 x 10-8
Bone 100 1 7 X 10— 0.3 2 x 10—5
Liver 100 1 9 x 10-s 0.4 3 x 105
Thyroid 100 1 10— 0.5 4 x 10—®
(insol.) | GI (LLI) 7| 5% 1072 |9 x 1077 | 2 x 10=° | 3 x 10~7
— -8 —8

Lung 2,5 8 x 10 3 x 10

splelzsm (sol.) | GI (LLD 103 2x 107711 3 x 104 |7 x 108
By, e Kidney o 3 103 8 X 107% | 4 x 104 | 3 x 1078
Testis T3 103 9x 1078 || 4x10*|3 x 108
Spleen 10 4 x 1073 | 3 x 107 || 10-3 9 x 108
Total body 20 6 x 1073 | 5 x 1077 | 2 x 10—3 | 2 x 10-7
Liver 20 8 x 1073 | 6 x 1077 | 3 x 10-3 | 2 x 10~7
Bone 20 9 X 1072 | 6 x 1077 | 3 x 103 | 2 x 107
Thyroid 70 0.03 2x 10% | 8 x 103 | 6 x 1077

(insol.) | Lung 3 x 1078 10-8
GI (LLI) 6 x 10~ | 107 2x107% |4 x 108




60

REPORT OF COMMITTEE TWO

Maximum Maximum permissible concentrations
Organ of permissible |
Radionuchde rcference burden For 40 hr week | For 168 hr week
and type " (critical organ | in total ‘ l ; :
of decay bold face) body (MPC),. | (MPC), } (MPC),, | (MPC),
g(nc) (uc/em?) | (pc/em?) i (uc/em?) | (uc/em?)
o Te12s (sol.) | GL(S) 002 5x 107 | 8x 10 2 x 10-°
By, e~ " Kidney 5 0.4 3 1078 1 0 103
~ Testis 6 0.4 3 10738 02 107
Splcen 20 L L0530
I Total body 20 2 S (Y 0.5 I 4 x 1073
i Liver 40 3 S 2 107 1 1 7 > 10-8
' Bone 40 3 P2 % 1071 1 P8 % 1
. Thyroid 60 4 3 x 107 1 10
(insol.) | GI (ULI) 0.02 | 4x10-° | 8 x 10-% | 10-°
Lung 2 x 10-% {7 % 106
saleldlm (sol.) | GI (LLY) 2x 1072 1 4 x 1077 | 6 x 10-* : 107
B, vy, e~ Kidney 4 0.01 10-¢ 5 x 10-3 | 3 x 16-7
Total body 10 0.04 3 x 108 0.01 l 106
Spleen 20 0.05 4 x 108 0.02 1108
Liver 30 0.09 7 X 108 0.03 12 x 108
Bone 50 0.1 10-3 0.05 4 x 10-6
Thyroid 50 0.2 103 0.06 4 x 108
M [ \4L -3 -7 -4 —8
(insol.) | GI (LLD 10 2x1 4x 10t} 6 x 10
| Lung D‘SA 6 x 107 2 x 107
52 132 (sol.) | GI (LLD 9 x107* 2 x 1077 | 3 x 10~ |7 x 1078
B, vy, e~ Kidney 3 S5 X 1073 1 4 x 1077 || 2 x 10-3 | 10-7
Testis 5 7X 107315 %1077 2 % 10-% |2 x 107
Total body 10 0.02 10-8 5% 10-3 | 4 x 107
Spleen 10 0.02 108 6 x 1073 1 4 x 10-7
Liver 20 0.03 2 x 108 0.01 8 x 1077
Bone 30 0.05 4 x 10-¢ 0.02 10—%
Thyroid 30 0.07 5 x 10-¢ 0.02 10-6
(insol.) | GI (LLI) 6 x 10— | 107 2 X 107 4 x 10°®
Lung 2 x 107 7 x 108
3128 (sol.) | Thyroid 1 5X107° 18 x10™° | 2x 105 |3 x 10~°
B ey Total body 90 - 6 x 107319 x 1077 || 2 x 10-3 | 3 x 10-7
GI (LLD) ‘ 0.05 10-3 0.02 4 x 10—
%
(insol.) | Lung 3 x 107 107
GI (LLD 3X 1071 5% 1077 | 9 x 10~ | 2 x 107
591129 (sol.) | Thyroid 3 103 2X107° 1 4x10%|6x 10-1°
B, v, e~ Total body 200 2x 107812 x 1077 | 5x 104 | 7 x 10-8
GI (LLI) 0.1 3 x 10-8 0.04 9 x 10-8
(insol.) | Lung {0.72 7 x 10-8 2 x 108
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Maximum Maximum permissible concentrations BN ag
Organ of permissible M I
Radionuclide . reference burden For 40 hr week i For 168 hr week
and typc . (critical organ | in total |
of decay i bold face) body (MPC),, | (MPC), i (MPC), | (MPC), E\*L .
| a(bc) | (wejem®) | (ucfem®) | (ucjem?) | (ucfem?) WO
{ GI (LLI) 6 x 10-3 | 10~ 12 x 107 | 4 x 1077
X ' - ,/,5 g
N EEY (sol.) | Thyroid 0.7 6x 109 x 10~° | 2 x 10~ | 3 x 10> 4. 3/”‘- o
B,y e Total body 30 5 X 1073 18 x 1077 1 2 x 1073 | 3 x 107 5 .
GI (LLI) 0.03 |7 x 10= | 0.1 2 x 10~ /47 o j
|
(insol.) | GI (LLI) 2x 107 {3 x 1077 6 x 10~* | 10~
Lung 3 x 1077 | 107
- |
sal132 (sol.) | Thyroid 0.3 2X 1073 12X 10776 x107* 8 x 108
B, y. e~ GI (SD) 0.01 3% 1078 | 4 x 1073 | 9 x 107
Total body 10 0.1 2 x 108 0.04 6 x 108
(insol.) | GI (ULD 51079 x 1077 | 2x 1073 |3 x 1077
Lung 7 x 108 “ 2 x 108
(1133 (sol.) | Thyroid 0.3 2 X107 | 3 x 10°% | 7 x 10~ | 10-*
B, v, e GI (SI) 0.02 4 x 1078 1 6 x 10-3 | 10~
Total body 20 0.02 4% 107¢ | 9 x 103 | 10-¢
(insol.) | GI (LLD) 10-3 2XxX 1077 | 4 x 104 | 7 x 10-®
Lung 10— | 4 x 10-7
sgl 13 (sol.) | Thyroid 0.2 4 x 1073 5 x 107 : 10-3 2 X 1077
By GI (S) 0.02 4 x 1078 | 6 x 10-3 | 10-8
Total body 10 0.3 5 x 1073 0.1 2 x 103
(insol.) | GI(S) 0.02 3x 107}l 6 x 1073 | 10-¢
Lung 2 x 103 7 x 10-8
53138 (sol.) | Thyroid 0.3 7 x 107 | 107 12 x 1074 | 4 x 108
B, v, e GI (SD) ' 0.01 3 x 1078 | 5 x 10~3 | 10-¢ '
Total body 20 0.05 7 x 10-8 0.02 3 x 108
(insol.) | GI (LLI) 2X107° | 4x1077 | 7x 10| 107
Lung 3 x 10-¢ 10—
saXe!31™ (submersion)| Total body 2 x 10-8 4 x 10-°
¥, €~ : *.
seXe!?? (submersion)| Total body 105 3 x 10"
7y €
t
54Xe!* (submersion)| Total body 4 x 10—° 10-¢
By
55Cs13! (sol.) | Total body 700 0.07 103 0.02 4 x 108

)
z]
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total
of decay bold face) body (MPC),, | (MPC), | (MPC),, | (MPC),
a(uc) | (ucfem?) | (wcfem?) || (ucfem?) | (ucfem®)
€ Liver 800 0.09 103 0.03 4 x 10™°
Spleen 103 0.1 2 x 103 0.04 6 x 10—
Kidney 103 0.1 2 x 103 0.05 7 X 108
Muscle 2 x 10° 0.2 3 x 103 0.07 10-3
GI (SI) 0.5 10— 0.2 4 x 10-8
Bone 8 x 108 0.9 104 0.3 4 x 105
Lung 104 1 2 x 104 0.4 S x 1078
(insol.) | Lung 3 x 1078 10-¢
GI (LLI) 0.03 510719 x 1073 |2 x 10°®
53Cs134m (sol.) | GI(S) 0.2 4 x 103 0.06 10—°
B, v, e Total body 100 0.7 10— 0.3 4 x 108
Liver 100 1 10—4 0.3 5 x 10-8
Spleen 200 1 2 x 10 0.5 7 x 1075
Kidney 200 2 2 x 10— 0.6 8 x 105
Muscle 200 2 2 x 10+ 0.6 9 x 10-3
Bone 600 4 6 x 104 1 2 x 104
Lung 2 x 103 10 2 x 103 4 6 x 10—
(insol.) | GI (ULD ‘4'7'!0 0.03 6 x 10°° 0.01 2 x 10°¢
Lung 4494 3 x 10—3 10-5
55Cs13¢ (sol.) | Total body 200 13X10™*/4x 108 9x 1075|108
B,y Liver 30 4 X 107% | 6 x 1078 | 10— 2 x 108
Muscle 30 4 x 10716 x 108 | 2 x 10~% | 2 x 10-8
Spleen 40 6 x 107 1 9 x 1078 || 2 x 107* | 3 x 10-®
Kidney 90 103 2x 1077 | 4 x 107* | 6 x 108
Bone 200 2x 107313 x 1077 || 7 x 10~¢ | 107
Lung 300 4 x 1073 | 5 x 10-7 || 103 2 x 107
GI (SI) 0.01 3 x 1078 || 5 x 10-3 | 10~
(insol.) | Lung 10-8 4 x 10-°
GI (LLI) 10-3 2XxX 1077 | 4 x107¢| 7 x 108
55Cs138 (sol.) | Liver 200 3X107* | 5 x 1077 || 1073 2 X 1077
B~ : Spleen 300 4 x 107215 x%x 1077 || 102 2 X 107
Total body 300 4x 107} 6 x 1077 || 103 2 X 1077
Bone « 400 6 x 1072 1 8 x 107 | 2 x 1073 | 3 x 10~7
Muscle 500 6 x 1073 1 9 x 10-7 || 2 x 103 | 3 x 10~7
Kidney 600 9 x 103 | 10~ 3 x 1073 4 x 107
Lung 2 x 108 0.03 4 x 108 0.01 10-¢
GI (LLI) 0.1 3 x 10-5 0.05 10—
(insol.) | GI (LLY) 7 X 1073 | 108 2x107% |4 x 107
Lung 9 x 10-8 3 x 1078

- ‘«———»«‘: :w--.!@)‘”u....1

Ah
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total
of decay bold face) body (MPC),, | (MPQ), (MPC),, | (MPQ),
qke) | (ucfem?) | (ucfem?®) || (ucfem?) | (ucfom?)
55Cs 136 (sol.) | Total body 30 2x107% [ 4x1077 | 9x 10~¢| 107
B, v Liver 60 S X 10731 7 x 1077 || 2 x 1073 | 2 x 10—
Splcen S0 7 x 1073 | 10-8 2 x 1073 1 4 x 10-7
Muscle 90 8 x 10-3 ] 10-8 . 3 x 1073 | 4 x 107
Kidney 100 8 x 103 | 10-¢ 3 x 1073 1 4 x 107
GI (SI) 0.02 S X 1078 | S x 103 | 2 x 106
Bone 400 0.03 4 x 10=¢ 4 0.01 2 x 10-8
Lung 800 0.06 9 x 106 0.02 3 x 108
(insol.) | Lung 2 x 107 6 x 1078
| GI (LL)) 12X 1073 | 3 x 1077 || 6 x 10~ | 10~7
55Cs137 (sol.) | Total body 30 4 X107 |6 X108 2x 10-¢|2x 108
B™, vy, €™ Liver 40 SX 1074 | 8Xx107® || 2x10~¢ |3 x 108
Spleen 50 6 X107 |9 X 107% || 2 x 104 | 3 x 10-8
Muscle: S0 7 x 1074 | 107 12X 107% | 4 x 108
Bone 100 10-3 2x 1077 || 53 x 10~ | 7 x 108
Kidney 100 10-3 2x 1077 | 5 x 1074 | 8 x 10~
Lung 300 SX 1073 |6 x 1077 || 2 x 1073 | 2 x 10-7
GI (S1) 0.02 S 1078 | 8 x 10-3 | 2 x 10-%
(insol.) | Lung 2.7 108 S x 10™°
GI (LLD) 103 2xX 1077 4 x 10~*| 8 x 10-8
seBals! (sol.) | GI (LLD S x 1073 | 10—¢ 2 X 1073 | 4 x 107
& ¥ : Total body 50 0.1 2 x 10-¢ 0.03 7 x 1077
Bone 80 0.1 3 x 10-¢ 0.05 10—
Liver 104 20 4 x 104 7 10—¢
Muscle 2 x 104 40 7 X 104 10 2 x 104
Lung 2 x 104 40 7 X 104 10 2 x 104
Spleen 3 x 104 60 103 20 4 x 104
Kidney 4 x 104 70 10—3 20 S x 10—
(insol.) | Lung 4 X 107 107
GI (LLD S5X107% 9% 1077 2x10-%| 3 x 10~7
ssBald® (sol.) | GI (LLD) 8xX10*|2xX 1073 x10~*|6x 108
B,y Bone 4‘ 6 x 103 | 107 2xX107% | 4 x 108
Total body 97 0.01 3 x 1077 [ 5 x 10-2 | 10-7
Liver 103 2 S x 108 0.9 2 x 10-5
Lung 3 x 103 4 9 x 10-8 2 3 x 103
Muscle 3 x 103 5 10— 2 4 x 103
Spleen 4 x 103 6 10— 2 4 x 10-3
Kidney 4 x 103 8 2 x 104 3 S x 10—
(insol.) | Lung 4 x 108 10—
GI (LL)) 7 x 107¢ | 107 2X107¢| 4 x 108
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i
l Maximum Maximum permissible concentrations
é Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total
of decay bold face) body (MPC), | (MPC), | (MPC),, | (MPC),
q(pc) (ucfem?®) | (uc/ecm?®) { (uc/em®) | (pc/cm?)
s Lald (sol.) | GI (LLI) Tx107*|2x 1077 | 2 x 10°* |5 x 1078
8-, y Liver 9 50 2 x 10-¢ 20 7 x 10-7
Bone 10 60 2 x 108 20 8 x 107
Total body 10 60 2 x 108 20 9 x 1077
(insol.} | GI (LLI) 7 x 107 | 1077 2x 107 | 4 x 108
Lung 4 x 107 10-7
ssCeldt (sol.)-1 GI (LLI) 3 X 107316 x 1077 9 x 107t |2 x 1077
B,y Liver 30 10 4x1077 ) 3 2 x 1077
Bone 40 10 6 x 107 | 5 2 x 1077
Kidney 70 20 9 x 1077 | 7 3 x 1077
Total body 90 30 108 ! 10 4 x 107
(insol.) | Lung 2 x 1077 S x 108
GI (LLI) 3x107° | Sx 10779 x 10| 2x 1077
ssCelid (sol.) | GI (LLI) 103 I3 X107 | 4x10%|9 x 10°®
B~y Liver 7 50 2 x 108 20 7 x 1077
, | Bone 10 70 3 x 10-% 20 10—
Kidnecy 20 ¢ 100 5 x 10-8 40 2 x 108
Total body 20 | 100 6 x 10-¢ | 50 2 x 108
(insol.) | GI (LLI) 103 2X 1077 | 4x 107 |7 x 1078
Lung 6 x 1077 2 x 107,
5Celdd (sol.) { GI (LLI) 3 X107 8 x 108 | 10 Ix 107
a B,y Bone 5 0.2 10-° 008 [3X10° .5 «f
Liver 6 0.3 10-8 0.1 4 x 107°
Kidney 10 0.5 2 x 10-8 0.2 7 x 10—?
Total body 20 0.7 3 x 108 0.3 10-8 '
(insol.) | Lung 6 x 10-° 2 x 10-°  oOUAT
GI (LLI) 3x 107 | 6 x 1078 | 10~¢ 2 x 10°8
soPrle? (sol.) | GI (LLI) 9X10* 12X 1077 | 3x10¢ |7 x 108
By Bone - 7 80 4 x 10— 30 10-¢ :
— | Liver 9 100 4% 10-6 40 2 x 10 !
Kidney 20 200 8 x 10-¢ 60 3 x 10-¢ 4
Total body “20 300 10— 90 4 x 10—¢ {
(insol.) | GI (LLD) 9X107 12X 1077 |3 x 10~¢|5 x 10-8
Lung 10-¢ 4 x 107
soPridd (sol.) | GI (LLY) 10—3 '3 x 1077 || 5§ x 10—¢ | 107
B~ BQne 20 10 5 x 1077 4 2 x 107 {
| Liver 20 20 /7 x 10-7 ) 2 x 107
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total

of decay bold face) body (MPC), | (MPQ), (MPC),, | (MPQ),
, 2k) | (ucfem) | (ucfem®) || (ucfem®) | (ucjems)
Kidney 40 30 108 9 4 x 10-7
Total body 60 10 2 x 108 10 6 x 10-7
(insol.) | Lung 2 x 107 6 x 108
GI (LLD) 103 IX 10771 5% 107 | 9 x 10-8
soiNd 144 {sol.) | Bone 0.1 2X107% | 8 x 107111 7 x 10=¢ | 3 x 10-1
a GI (LLD 2X107% | 5x 1077 || 8 x 10-4 | 2 % 10—7
Kidney 0.3 4 x 10-3 2 x 10-10 10-3 S x 10-11
Liver 0.7 0.01 4 x 107191 3 % 10-3 | 2 % 10-10
Total body 1 0.01 6 x 10-19) 5 x 10-3 | 2 % 10-10

(insol.) | Lung 3 x 10-10 1010

GI (LL) 2Xx107° |4 x 1077 || 8 x 10~ 10-7

solNd 147 (sol.) | GI (LLY) 2X107° | 4X 1077 6 x 10~¢ 10-?

a, B, Liver 10 8 4 x 1077 3 107
Kidney 20 10 6 x 1077 | 5 2 x 10-7
. Bone 20 20 8 x 10-7 6 3 x 10~7
Total body ‘50 40 2 x 10— 10 6 x 10~7
(insol.) | Lung 2 x 107 8 x 108

GI (LLD) 2X107° 3 x 1077 || 6 x 10~4 10—7
solNd 14¢ (sol.) | GI (LLI) 8 X107 |2x10-¢|3x 1036 X 10~7
8-,y Liver 3 300 10-3 100 5 x 108
Kidney 5 600 3 x 10~ 200 9 x 10~

Bone 7 700 3 x 10-5 300 105
Total body 20 2x10% |9 x 10-5 700 3 x 10-5
(insol.) | GI (ULI) 8 X 10—% | 10-¢ 3 X 1073 |5 x 107
Lung 9 x 10~ 3 x 108

|

¢1Pm1¥ (sol.) | GI (LLD 6 < 103 | 10-¢ 12X 1073 |5 x 10-7
a, f- Bone 60 1 |6x10%] 05 2 x 10-*
Kidney 200 4 2 x 107 2 7 x 108

Total body 300 7 3 x 107 2 10~7

Liver 3OQ 8 4 x 107 3 107
(insol.) | Lung 2.0 107 3 x 10-8
GI (LLD) g 1; 6 X 102 | 10-¢ 2 X107 | 4 x 10~7

¢1Pm1ss (sol.) | GI (LLYD) | 103 3 X 1077 || 4 x 10~¢ | 10—

B,y Bone 20 70 3 x 10-8 20 10—
Kidney 30 100 6 x 10-¢ 40 2 X 108
Total body 40 200 7 x 10~ 50 2 x 10~
Liver 50 200 105 30 3 x 10—
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr weck For 1688 hr week
and type i (critical organ | in total
of decay bold face) body (MPC),, | (MPC), (MPC),. | (MPCy,
g(pc) (ucfecm?) | (uc/cm?) || (pcfem®) | (uc/em?}
(insol.) | GI (LLI) 103 2% 1077 | 4 x 107 | 8 » 10°3
Lung 7 x 10-7 3 x 1077
soSm 17 (sol.) | Bone 0.1 2 x107% | 7 x 1071 6 x 107 | 2 x 107
a GI (LLD 2x 1078 14 x 1007 1 7 x 107+ 2 x 1077
Kidney 0.6 8 X 1073 | 4 x 107190 3 x 1073 | 1010
Liver 0.6 9 x 1073 1 4 x 10719 3 x 10-3 | 10—
Total body 0.9 0.01 Sx 107100 4 x 10°3 f 2 % 10710
(insol.) | Lung 3 % 10-10 9 x 10-11
GI (LLD 2x 107 4 x 1077 | 7% 10| 1077
geSm13! (sol.) | GI (LLI) 0.01 2x 107% 14 x 10738 x 1077
B= vy Bone 100 2 6 x 10— 0.5 2 x 10°8
Kidney 300 4 2 x 1077 2 6 x 1073
Liver 300 5 2 x 1077 2 7 x 1073
Total body 500 7 3 x 1077 2 10-7
(insol.) | Lung 107 S x 1078
GI (LLD) 0.01 2x107% | 4x107% | 7 x 1077
§25m183 (sol.) | GI (LLID) 2xX107% | 5x 1077 ) 8 x 107 |2 x 1077
B,y . Liver 20 70 3 x 108 30 10—¢
Bone 30 100 6 x 10-¢ 50 2 x 10-8
Kidney 50 200 10-5 80 4 x 108
Total body 70. 300 105 100 5 x 108
i
(insol.} | GI (LLI) 2,84 2% 10| 4 x 107 | 8 x 10~ | 10—
Lung 3 2‘5 . 10-¢ 5 x 1077
ool
¢aEu®? (9.2 hr) (sol.) | GI (LLD) 2XxX107% | 4x1077 | 6 x 107¢ | 107
B, 6 ¥ Liver 8 200 9 x 10— 70 3 x 10—
Bone 10 300 108 90 4 x 108
Kidney 10 300 10-5 100 5 x 10-¢
Total body 20 500 2 x 10-8 200 8 x 10-¢
(insol.) | GI (LLD 2.84- |2x102|3x 107 | 6 x 10~ | 10~
Lung N 3 x'10~8 9 x 107
J 11D
saEul®? (13 years) (sol.)| GI (LLI) 2xX102 | SXx1077 | 8x10*|2x 1077
B, ey Kidney 20 0.3 108 0.09 4 x 10—*
Total body 30 0.5 2 x 108 0.2 7 x 10—°
Bone 30 0.6 3 x 108 0.2 8 x 10—°
Liver 80 1.0 6 x 108 0.4 2 x 10-8
(insol.) | Lung 2.55%5 2 x 10~* 6 x 10~
GI (LLD) 2.84 12x107|4x 107 | 8x 10| 10—

[l s

A
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr weck For 168 hr week
and type (critical organ | in total
of decay bold face) body (MPC}),, | (MPC), (MPC),, | (MPC),
q(uc) (pc/cm?) | (ucfem®) || (uc/em®) | (uc/cm?)
ssEul® (sol.) | GI (LLI) 6 X 10~* | 1077 2x107% |5 x 10-8
B . ey ‘ Kidney S 0.09 4 x 10°° 0.03 10—°
' Bone 5 0.09 4 x 10~° 0.03 103
. Total body 20 0.2 10-8 0.08 4 x 10-°
Liver 30 0.5 2 x 10-® 0.2 7 x 10—
(insol.) | Lung 7 x 107° 2 x 10-°
GI (LLD 6 x 10~* | 1077 2 x 107* | 4 x 10-8
saEu13s (sol.) i GI (LLD 6 x 10~3% | 10°¢ 2 X 1073 i 4 x 1077
B~. v Kidney 70 2 9 x 108 0.7 3 x 1078
Bone 80 2 10-7 0.8 3 x 1078
Total body 100 4 2 x 10—7 1 S x 108
Liver 200 5 2 x 107 2 8 x 108
(insol.) | Lung 8.9 7 x 16-3 3 x 10
GI (LLD 6 x 1073 | 10—* 2 X 1073 4 x 107
6,Gd 133 (sol.) | GI(LLI) 6 x 102 | 10-¢ 2 X 102 |5 x 1077
€ v, e~ Bone 90 5 2 x 1077 2 8 x 10-8
Total body 100 7 3 x 107 2 10-7
Liver 100 7 3 x 107 2 10-7
(insol.) | Lung 9 x 108 3 x 10°8
GI (LLD 6 x 1073 | 10—* 2 x 1073 | 4 x 1077
caGd 18 (sol.) | GI (LLD 2Xx107%|5Xx 1077 || 8 x 1074 |2 x 107
B~y Bone 20 200 9 x 108 70 3 x 108
Liver 40 400 2 x 103 200 -7 x 108
Total body 50 700 3 x 105 200 10-3
(insol.) | GI (LLI) 2x107% | 4x 1077 || 8 x 10~* | 10-7
Lung 3 x 108 106
55 TH160 (sol.) | GI (LLD 10-3 3X 1077 | 4 x 10~ | 10—
B,y Bone 20 2 1077 0.8 3 x 1078
Kidney 20 3 107 1 4 x 108
Total body « 20 3 107 1 5 x 1078
(insol.) | Lung 3 x 108 108
GI (LLD 103 2x 1077 || 4 x 10~ | 8 x 10-®
ss DY 19® (sol.) | GI (ULD) 0.01 3X107% ) 4x10°%|9 x 107
B~y Bone 10 103 5 x 10-5 400 2 x 105
Total body 40 4 x 103 {2 x 104 | 108 6 x 10—3
Liver 60 6 x 10% |3 x 107 |2 x 103 |9 x 10-3
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total

of decay bold face) body (MPC), | (MPC), (MPCY,, | (MPC),
g(pc) (pc/em?) | (uc/em?®) || (uc/em?) | (uc/cm?)
(insol.) | GI (UL 0.01 2 X 107% | 4 x 1073 | 7 x 1077
Lung 2 x 10-8 6 x 107%
e Dy 188 (sol.) | GI (LLD 103 2xX 1077 | 4 x 107t | 8 X 108
By, e Bone 5 10 6 x 1077 4 2 x 1077

Total body 30 70 3 x 108 20 10-8

Liver 30 80 4 x 10— 30 10-8
(insol.) | GI (LLI) 103 2X 1077 || 4 X 107% | 7 X 108

Lung 3 x 1077 10—
s-HO186 (sol.) i GI (LLD) 99X 107¢ |2 X 1077 | 3x107¢|7 x 1078
B, vy, e~ Bone S 40 2 x 10-8 10 6 x 107
Kidney 20 200 7 x 10¢ 50 2 x 10-¢
Total body 30 200 10-¢ 80 4 x 1077
Liver 40 300 10— 100 4 x 10-¢
(insol.) | GI (LLI) 9x 107 | 2x 1077 | 3 x 107 | 6 x 108
Lung 10-8 3 % 16077
e Er1e® (sol.) | GI (LLI) 3 X107 | 6x 107719 x107*|2x 1077
B,y Bone 30 30 10-¢ 10 S x 1077
Total body 50 50 2 x 10—% 20 8 x 1077

Kidney 70 60 3 x 10-8 20 108
Liver 1200 200 9 x 108 70 3 x 10—¢

(insol.) | Lung 4 x 10~ 4 10—7
GI (LLD) I3 X103 6 X 1077 |9 x 107%} 2 x 1077
ssEri7l (sol.) | GI (ULI) 3 X103 17 x 1077 | 10 2 x 1077
87, y, e Bone 9 300 - 10-3 90 4 x 10—

Kidney 30 800 4 x 108 300 10-%

Total body 30 - 900 4 x 10-® 300 103
(insol.) | GI (ULI) 3x107% 6 x 1077 || 103 2 x 1077
Lung S x 10-¢ 2 x 10—

1 ml?? (sol.) | GI (LLD) : 103 3 X 1077 | 5§ x 107 | 1077
B e v, e Bone &, 9: 0.8 4 x 108 0.3 108 )
Kidney 30 4 2 x 107 1 6 x 108
Total body 60 5 2 x 1077 2 7 x 10-8

(insol.) | Lung 3 x 10 10-®
GI (LLI) 103 2x 10771 5x107*| 8 x 10—®

e Imi?l (sol.) | GI (LLI) 0.01 3x107* | 5x10°%| 10°¢
B~ Bone 90 3 107 0.9 4 x 10—

iy Ay

o Lm0
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Maximum Maximum permissible concentrations
Organ of permissible |
Radionuclide reference burden For 40 hr weck | For 168 hr week
and type (critical organ | in total
of decay bold face) body (MPC),, | (MPC), “‘ (MPC),, } (MPC),
d(ue) | (ucjem?) | (ucfem® | (uejem?) | (ucjem?)
Kidney 700 2 8 x 1077 | 6 3 < 1077
Total body 700 20 8 % 10-7 6 |3x 107
(insol.) | Lung 2 x 1077 8 x 108
GI (LLD 0.01 3 X 107%{5x107% |9 x 1077
-0 Yb17® (sol.) | GI (LLD 3x10°*17 x 107 | 103 2 . 1077
B™ ¥ Bone 30 60 3 x 1078 20 9~ 1077
Kidney 30 80 3 x 1078 ) 30 10-¢
Total body 100 300 103 100 4 x 108
(insol.) | GI (LLI) 3x 1072 |6 %1077 | 10°° 2 x 1077
Lung 105 4 x 1077
5 Lut®? (sol.) | GI (LLD) 3xX107%|6x 1077 | 10°8 2 x 1077
B,y Bone 20 30 10-# 10 4 x 107
Total body 100 200 7~ 108 60 2 % 10-¢
Kidney 200 200 10-3 S0 3 x 10-*
(insol.) | GI (LLD) 3x107®|5x 1077 {1073 2 x 1077
Lung 7 x 1077 2 X 1077
. Hf181 (sol.) | GI(LLI) 2x 1073 |4 x 1077 | 7 x107* | 2 x 1077
B, v Spleen 4 0.9 4 x 1078 0.3 108
Liver 10 2 107 0.8 4 x 10-8
Total body 40 9 4 x 1077 3 107
Kidney 50 10 5 x 1077 4 2 x 1077
Bone 100 20 9 x 1077 7 3 x 1077
(insol.) | Lung 7 x 10-8 .13 x 108
GI (LLD) 2x 1073 |4 x 1077 | 7x 107 | 1077
Tal®? (sol.) | GI (LLI) 103 3x 1077 4x107¢|9 x 1078
By Liver 7 0.9 4 x 1078 03 108
Kidney 20 2 8 x 108 0.7 3 x 108
Total body 20 2 9 x 108 0.7 3 x 10~8
Spleen 30 4 107 1 5 x 108
Bone 50 6 3 x 1077 2 9 x 108
-
(insol.} | Lung 2 x 10°® 7 x 10—
GI (LLD) 103 2x 1077 || 4 x 107* | 7 x 10~8
s W18l (sol.) | GI (LLD) 0.01 2x 10| 4x 107 |8 x 1077
&y Liver 70 0.6 2 x 10~* 0.2 8 x 10—
Total body 100 0.9 3 x 10-% 0.3 10—
Bone 200 2 7 x 10-5 0.7 2 x 10-%




REPORT OF COMMITTEE TWO

Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total |
of decay bold face) body (MPC),, | (MPC), (MPC), 1 (MPC),
au) | (ucfem®) | (ucjem?) | (ucfem®) | (uc/cmd)
(insol.) | Lung 10-7 | 4 x 10—
GI (LLD 0.01 2x 10781 3x 102 !6x 1077
LV (sol.) | GI (LLI) 4% 107 | 8 x 1077 |, 107 3 x 1077
B~ ' Bone 30 0.3 10-3 | 009 |3 x 107
+ Liver 40 0.4 2 x 1073 5 0.1 5 x 10—
| Total body 100 1 5x 10=5 | 0.5 P2 x 1073
(insol.) ' Lung b, CC 10-7 ‘ 4 x 1078
| GI(LLD 4.2@ 3x 10736 x 1077 | 1073 P2 x 1077
| : |
S WET (sol.) i GI (LLD) 2 %1072 4x1077 7% 107 2 x 1077
By I Total body 30 0.5 2 x 10=% | 0.2 7 x 10-¢
‘i Liver 30 0.6 2 x 10-% 0.2 8 x 108
i Bone 60 1 4 x 10-3 \ 04 103
(insol.) | GI (LLI) 2% 1072 | 3 x 107 | 6 x 10~* ' 10~
| Lung 2 x 10— i 6 x 107
|
.sRel#? (sol.) l GI (LLD) 0.02 4 x 10~¢ || 6 x 1073 { 10~
€ ¥ \ Total body 80 - 0.02 3x 107 8 x 10719 x 1077
' Thyroid 300 0.09 103 - 0.03 3 x 108
© Liver 800 0.2 3 x 10-° 0.08 8 x 10—8
Skin - 4 x 108 1 10— | 0.4 4 x 103
Bone 2 x 104 6 6 x 104 | 2 2 x 10—
(insol.) | Lung : 2 x 1077 5x 1078 .
GI (LLI) 8 x 1073 | 10~¢ 3x 1073 5x 1077
.sRel8é (sol.) | GI (LLD 3xXx102 | 6Xx107719x10|2x 1077
B, vy Thyroid 20 0.01 2 x 10-¢ || 3 x 1073 | 5 x 1077
I Skin 30 0.02 2 x 10¢ || 7 x 1072 | 8§ x 107
Total body 50 0.04 4 x 108 0.01 10-¢
Liver 300 0.2 3 x 103 0.08 9 x 108
Bone 800 0.6 7 x 105 0.2 2 x 10-8
(insol.) | GI (LLJY) 1073 2X1077||5x 10| 8 x 108
Lung S x 1077 2 X 1077
s Retd? (sol.) | GI (LLD) 0.07 2 X 1078 0.03 6 X 10-8
B~ Skin 300 0.08 9x10°%) 0.03 3 x 10°°
Thyroid 900 - 0.2 3 x 10—5 0.08 9 x 10-¢
Total body 2 x 102 0.4 5 x 10-8 0.2 2 x 103
Liver 6 x 103 2 2 x 10-¢ 0.5 6 x 10-3
Bone 4 x 104 9 10-3 3 4 x 10—
(insol.) | Lung 5 x 1077 2 x 1077
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Maximum Maximum permissible concentrations
Organ of permissible '

Radionuclide reference burden For 40 hr week 1 For 168 hr week
and type {critical organ | in total ‘ —
of decay bold face) body (MPC),, | (MPC), | (MPC), | (MP Ca

guc) | (wclem?) | (acfem?) || (uc/cm?) i (ucjcm?)
i 1
GI (LLI) 004 |7x 10 002 . 2x10°
i i

.sRel®® (sol.) | GI (LLD 2xX107* 14X 1077 6 x 107 1077
B, v Thyroid 7 0.02 2 x 1078 | 7 x 10-* | 7 x 1077
Skin 20 0.05 Sx 1078 1 0.02 2 108
Total body 20 0.06 7 % 1075 || 0.02 2 % 10
Liver 200 0.5 S x 1075 0.2 2~ 1078
Bone 300 0.9 10—1 i 0.3 E3 1078
(insol.) | GI (LLI) 9% 10~ | 2 x 10~7 | 3 % 10~¢ | 6 x 10~
: Lung : 10-¢ ‘ 4 ¢ 10-7
,6Os183 (sol.) | GI (LLD) 2x 1073 |5 x 1077 7x 10| 2x 1077
€ y. € Kidney 8 0.04 10-¢ | 0.01 5 x 1077
Total body 40 0.2 6 x 108 I 0.08 2 x 108
Liver 50 0.2 8 x 10-8 1 0.08 3 x 10-8
(insol.) | Lung 5 x 10 | x 10~

GI (LLI) 2x107% 3 x 1077 || 7 x 107 | 1077
24Ostotm (sol.) | GI (LLD 0.07 2 x 1075 | 0.03 6 x 10°¢
B, v, e~ Kidney 100 2 8 x 10-3 0.8 3 x 1078
Total body 300 7 2 x 107 | 2 8 x 10-3
Liver 600 10 5 x 10— 4 2 x 10+
(insol.) | Lung 9 x 10-° 3 x 10"
GI (LLD) 0.07 103 0.02 4 x 10-8
20s1?t (sol.) | GI (LLD) S$x107% 107  [12x107%|4x 1077

B, v, e Kidney 20 0.1 4 x 10-8 0.04 10-¢
Total body 100 0.6 4 x 103 0.2 8 x 10-8
Liver 100 0.7 3 x 10-° 0.2 9 x 1078

(insol.) | Lung 7.0 4 x 1077 10-7
GI (LLD) 7,1 5x 102 | 8x 1077 | 2 x 107% | 3 x 1077

2605193 (sol.) | GI (LLI) 2x107%14x1077 ) 6 x 10°¢| 1077
B~ Kidney 10 0.1 4 x 108 0.04 2 x 108
Total body %0, 0.6 2 x 10-3 0.2 7 x 108

Liver 70 0.9 3 x 103 0.3 10-3
(insol.) | GI (LLD) 2xXx10%13x1077||5%x 1079 x 1078
Lung 10— S x 1077
4711190 (sol.) | GI (LLI) 6 x 1073 | 10-¢ 2 X 10724 x 1077
6 v : Liver 40 0.04 2 x 10-8 0.02 5 x 1077
Kidney 40 0.04 2 x 10-8 0.02 6 x 107
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REPORT OF COMMITTEE TWO

Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total .
of decay bold face) body (MPC),, | (MPC), || (MPC), | (MPC),
q(uc) (pcfem®) | (pc/ecm?) || (pc/em?) | (uc/cm?)
Spleen 40 0.05 2 x 108 0.02 6 x 107
Total body 50 0.06 2 x 10-8 0.02 S x 107
(insol.) | Lung 4 x 1077 1077
GI (LLD) SX 107319 x 10771 2x107%| 3 x 1077
o lri®? (sol.} | GI (LLI) 103 3 X 10771 4x107%| 9 x 108
B,y Kidney 6 4 x 1073} 1077 103 4 x 108
Spleen 7 4 x 1073 | 107 103 5 % 108
Liver 8 Sx 107312 x 1077 1 2 X 1073 | 6 x 1078
Total body 20 0.01 4 x 1077 1 4 x 1073 | 1077
(insol.) | Lung 3 x 108 9 x 10~°
GI (LLI) 103 2x 1077 4 x 107*| 6 x 1078
7 Ir1o (sol.) | GI (LLD) 103 2x 1077 || 3x 10| 8 x 108
B~ Kidney 7 0.08 3 x 10— 0.03 108
Liver 8 0.09 3 x 10—8 0.03 10-8
Spleen 8 0.09 4 x 108 0.03 10—%
Total body 20 0.3 10-3 0.1 4 x 10-*
(insol.) | GI (LLD) 9x 1074 |2x 1077 |3 x 105 x 10"
‘ Lung 10-8 4 x 1077
s Pt1%1 (sol.) | GI (LLD) 4% 102 | 8 x 1077 || 1073 3 x 1077
€y Kidney . 10 0.04 108 0.01 5 x 1077
.Total body 30 0.1 4 x 108 0.03 10-¢
Liver 30 0.1 4 x 108 0.04 2 x 108
Spleen 70 0.2 8 x 10—¢ 0.08 3 x 10-¢
(insol.) ; GI (LLD) 3x1086x 1077 || 1073 2 X 1077
| Lung 8 x 1077 3 x 1077
g Pt183m (sol.) | GI (LLI) 0.03 7 x 108 0.01 2 x 10-¢
& ¥ Kidney 100 0.3 10—3 0.1 4 x 108
: Total body 300 - 0.8 3 x 10-3 0.3 10—
Liver 300 1 4 x 10—% 0.3 10—
Spleen 600 2 7 x 10-8 0.7 2 x 10-8
(insol.) | GI (LLI) 0.03 Sx 10— 0.01 2 x 10t
Lung 7 x 108 2 x10°*
s Pt193 . (sol.) | Kidney 70 0.03 10-¢ 9 x 1073 | 4 x 107
€ GI (LLI) 0.05 10— 0.02 4 x 10—
Spleen 500 0.2 6 x 10— 0.06 2 x 10—+
Total bady 500 0.2 6 x 10— 0.06 2 x 10—
Liver 600 0.2 9 x 10—¢ 0.09 3 x 10—¢
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N\ Maximum Maximum permissible concentrations
Organ of permissible |
Radionuclide reference burden For 40 hr weck For 168 hr week
and type (critical organ | in total
of decay bold face) body (MPC),, | (MPC), (MPC),, | (MPQC),
g(uc) (uc/em?) v (uc/em®) i (uc/em®) | (uc/cm?)
(insol.) | Lung 3 x 1077 107
GI (LLI) 0.05 8 x 107!  0.02 3 x 10-¢
. (sol.) | GI (ULD 003 |6x 10 0.01 2 X 10°®
B, y. e Kidney 5 0.8 3 x 103 0.3 10-5
Liver 20 3 10— 1 4 x 1073
Spleen 30 S 2 x 10— 2 7 x 103
Total body 40 6 ]2x 10 2 7 X 108
(insol.) | GI (ULI) 0.03 SX 1079 x107% |2 x 10-8
Lung 2 x 108 8 x 10-8
2 P17 (sol.) | GI(LLI) 4x 10} 8 x 10-7 | 10-3 3 X 1077
B,y Kidney 10 0.1 5 x 108 0.05 2 x 10-¢
: Liver 40 0.6 2 x 105 0.2 7 x 108
Spleen 70 0.8 3 x 10-5 0.3 10-3
Total body 80 1 4 % 10-8 0.3 10-3
‘ (insol.) | GI (LLD) 3xXx107* |6 x 1077 | 103 2 X 1077
N Lung | 4% 10-8 10~
20AUL® (sol.) | GI (LLD 5x107% | 10-¢ 2x1073 | 4% 1077
B~ vy, e “Total body 40 0.07 3 x 108 0.03 9 x 10—7
Kidney 50 0.09 4 x 108 0.03 10-8
Spleen 200 0.3 105 0.1 4 x 10-¢
Liver 200 0.3 10— - 0.1 4 x 10-8
(insol.) | Lung 6 x 107 2 X 1077
GI (LLY) 4 X102 | 8 x 107 | 102 3 x 1077
AUt (sol.) | GI (LLI) 2x 107313 x1077)5x 10°*| 10~
B,y Kidney 20 0.07 3 x 108 0.02 9 x 1077
Total body 30 0.1 4 x 10-¢ 0.04 2 x 108
Spleen 60 0.2 8 x 10-* 0.07 3 x 10-¢
Liver 80 0.3 10— 0.1 4 x 108
(insol.) | GI (LLI) 103 2X1077 || 5x 107*| 8 x 108
Lung « 6 x 1077 2 x 1077
pAul®? (sol.) | GI (LLI) 5x 1073 | 10-° . 2 x107%| 4 x 107
B,y Kidney 70 0.2 8 x 108 0.07 3 x 10—
Total body 100 0.3 10-5 0.1 4 x 10—
Spleen 200 0.6 2 x 10-8 0.2 8 x 10—
Liver 300 0.8 3 x 108 0.3 108
&/ (insol.) | GI (LLI) 4x107° | 8x 1077 | 2x 10% |3 x 107
‘Lung. 2 x 10-¢ 6 x 107




REPORT OF COMMITTEE TWO

‘ Maximum Maximum permissible concentrations
| Organ of permissible ‘ —
Radionuclide i reference burden For 40 hr week For 168, hr week
and type ! (critical organ | in total | 1
of decay ' bold face) body (MPC), | (MPC), | (MPC),, | (MPC),
! ' q(uc) (ucfem?) * (uc/em?®) ¢ (ucfem?®) | (uc/cm?®)
Hg197m (sol.) | Kidney i 4 16x1077x107 ,2x 10 3 x 107
€y e GI (LLI) 0.02 1451078 7 10-3 {0
" Spleen 40 0.05 { 7 x 1078 0,02 P2 x 1078
" Liver 30 0.07 9% 1078 1 0.02 |3 x 10
Total body 70 0.09 | 1073 ? 0.03 }: 4 % 108
(insol.) | GI (LLD) Zd o 50100 80107 210 3 x 107
! Lung 4. 1076 I 108
| _ | z
WHg'* isol.) | Kidney 20 |9 %100 107 3% 107 ' 4 x 107
€ y.rT | GI (LLI) 0.06 | 10-8 C0.02 4 x 1078
' Spleen 200 0.08 1078 003 4 x 108
i Liver 200 0.1 | 103 -~ 0.03 4 x 1078
Total body 200 0.1 2 % 1078 0.04 5 x 10~
; | |
(insol.) | GI (LLI) 001 '3 x10°°|5x10° 9 x 10~
- Lung 51078 2 % 10~
: ! |
wHg?? (sol.) | Kidney 4 5x 107 7 x 10~ } 2 x 1074 | 2 x 1078
57, v 07 Spleen 40 6 x 10-3 | S x 1077 & 2 x 1073 | 3 x 1077
Liver 40 7 x 1073 19 % 1077 || 2 x 10~3 | 3 x 10-7
Total body 80 001 |2 107 | 1% 1073 | 5 x 0=
GI (LLI) 0.0 |3 107 t 4+ x 10-% | 10-¢
(insol.) | Lung [ 10~ ' 4 x 10~
GI (LLY) 3x 107316 x 1077 | 1073 2 x 1077
o T1200 (sol.) | GI (LLD) 001 | 3x10°i4x10%|9 x 107
ey Kidney 40 0.08 8 x 10-8 ! 0.03 3 x 10-¢
Total body 50 0.1 1073 - 0.04 4 x 10-°
Muscle 100 0.3 3 % 1078 0.09 9 x 10-¢
Liver 200 0.4 |5 x 10-3 0.2 2 x 10-%
Lung 800 2 l2x10-t| 06 6 x 10-5
Bone 103 2 2 x 104 i 0.8 9 x 10-°
|
(insol.) | GI (LLI) 7 x 10~% | 10-* 2 X 1073 | 4 x 1077
Lung 4+ x 10-¢ 10~
o T1201 (sol.) | GI (LLI) . 9 x 10732 x10~% || 3 x 10~* | 7 x 10~7
€ y, e~ Kidney 40 0.04 S x 10—¢ 0.02 2 x 108
Total body 100 0.1 10-3 0.04 4 x 10-°
Muscle 300 0.3 3 x 10-3 0.1 10-3
Liver 300 0.3 3 x 10-3 0.1 10-5
Bone 400 0.4 5% 103 0.2 2 x 10-8
' Lung 103 1 10-4 0.4 4 x 10—®
(insol.) | GI (LLI) 5%107° | 9% 107 | 2 x 10 3 x 10~
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] Maximum Maximum permissible concentrations
-~ Organ of permissible
Radionuclide reference burden For 40 hr week 5 For 168 hr week
and type ~(critical organ | in total ! i ;
of decay bold face) body (MPC),. | (MPQC), (MPC),. | (MPC),
g(uc) | (ucfem?) | (uc/em®) || (uc/cm?) | (uc/cm3)
i ! |
' Lung |2 x 1076 | ’ 7 x 10-7
p 1202 (sol.)  GI (LLI) 4% 107 | 8 X 107 | 10 |3 x 10~
., y. e . Kidney. 20) 0.00 10~ 3% 1073 1 4 1077
Total body 50 0.03 ~ 3x 107 | 001 11078
| Muscle 100 0.07 7 x 10-% 0.02 12 108
" Liver 100 0.08 |8 x 108 0.03 35 1078
" Bone 200 0.1 | 10-5 0.03 4 108
Lung 100 0.3 $ 3% 1073 0.09 .~ 95 10-8
(insol.i  Lung | ; 2% 1077 | . 8 x 10-3
- GI(LLD 12X 107 14 x 1077 | 7 x 10~ * 10~
oy T120% (sol.)  GI (LLI) 331070 7 x 1077 || 103 2 % 107
8- Kidney 10 6% 107 1 6 x 1077 | 2 X 1073 ' 2 x 10~7
- Total body 80 0.03 |3 x 1081 0.01 1078
- Bone 100 0.04 13 x 108 ’ 0.02 2 X 108
" Liver 100 0.06 6 x 107 ' 0,02  2x 10-8
| Muscle 200 0.07 7 x10-5 | 0.02 |3x 10
" Lung 500 0.2 2x 1075 1 007 7 x 1078
i i i
(insol.) : Lung 3% 107® | 19 x 10-°
" GI(LLI) 2x 107 | 3 x 10~7 1: 6 x 10-* ! 107
' |
|
g2 Pb203 (sol.) . GI (LLI) 0.01 310~ | 4x 10~ | 9 x 10~
oy | Kidney 30 0.1 4% 1078 | 0.05 | 10-s
. Total body 90 0.5 10-5 0.2 |5 x 10~
Liver 200 1 3 x 10-s 0.3 | 10-5
Bone 400 2 7 X 10-5 0.8 2 x 10-3
(insol.) | GI (LLD) 0.01 2% 1075 | 4 x 102 | 6 x 10~7
Lung 4 x 10-5 106
l
o2 Pb210 (sol.) | Kidney 0.4 4 X 10¢ | 10-10 10-¢ 4 x 101
a, B, ¥ Total body 4 4 x 10~* | 10~° 10-¢ 4 x 10-10
Bone 0.7 6 x 1078 | 2 x 10-10)| 2 x 10-% | 7 x 10 -1t
Liver 1 10-5 4 x 10710 5 x 10-% | 1010
GI (LLI) . 6 x 103 | 10~ 2 x 1073 | 4 x 10~7
(insol.) | Lung 2 X 1010 8 x 10—t
GI (LLD 5x107°19x 1077 | 2 x 1073 | 3 x 107
¢2Pb212 (sol.) | Kidney 0.02 6 X 107¢ | 2x 10" |2 x 10~* | 6 x 10-°
a, B, v, ¢~ GI (LLD) 6 X 10~¢ | 107 2x107*| 4 x 108
Bone 0.1 2x.1073 |7 x 1078 || 8 x 10~* | 3 x 10-*
Liver 0.2 6 x 1073 |2 x 10-7 | 2 x 10-3 | 6 x 10-8
Total body 0.2 6 x 1073 [ 2 x 107 || 2 x 10-3 | § x 10-8




76

REPORT OF COMMITTEE TWO

\\\, Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr weck For 1688 hr wecek
and type (critical organ | in total ! | :
of decay bold face) body (MPC), | (MPC), | (MPC), | (MPC),
q(uc) (pc/em?®) § (uc/em?®) | (pcfem?) l (nc/cm?)
(insol.) | Lung 2 x 10~° | 7 % 10~°
GI (LLD) 5% 107 9 x 107" 2 x 107 3 v 107
o5 B1208 (sol.) GI (LLD) 10-3 2x 1077, 4x 10" 8 x 107
&y Kidney 1 004 [2x107 002 . 6x 108
Liver 7 0.2 10-6 L0.08 4 x 1077
Total body 10 0.4 2 % 107 1’ 0.L 135 x 1077
Spleen 20 0.5 2% 1078 | 02 8% 1077
Bone 300 10 4 x 10— “ 3 | 1073
I ;
(insol.) | Lung 107 1S x 107°
GI(LLI) 10-° 2% 107714 x 10" 7 x 10
it
5sBi207 (sol.) | GI (LLD) 2% 1073 | 4 x 1077 " 6 x 10~* ; 10~7
Y Kidney 2 0.04 2% 1077, 0.02 ; 6 x 10°¢
Liver 7 0.1 6x 1071l 005 2«10
| Spleen 20 0.4 2 % 108 1 0.1 15 1077
Total body 20 0.4 2 % 10-8 ‘ 0.1 ! 5 % 107
; 3 [0 I -5 2 -8
_ Bone 300 6 2 x 10 | 2 18 x 10
(insol.) | Lung 10-¢ b 5 x 107
GI (LLD) 2% 1073 | 3% 1077 1 6 x 10~* | 1077
1 Bi210 (sol.) | GI (LLD 10-3 3x 1077 | 4 x 107 9 x 10~*
a, B~ Kidney 0.04 2x 1073 6x 10 5x 10742 x 10°
Liver 0.5 0.02 8 x 1078 || 6 x 1073 | 3 % 10~
Spleen 0.6 0.02 107 8§ x 1073 [ 3 x 1078
Total body 20 0.07 3 x 10- 0.03 10-7
Bone 6 0.2 10-8 | 0.08 3 x 10—7
(insol.) | Lung 6 x 10~ ! 2% 107
GI (LLD) 103 2 X107 | 4 X 107 | 7 x 1070
4
55 Bi212 (sol.) | GI(S) 0.01 2 % 10 | 4 x 10~ | 8 x 10~
3, B, y Kidney -0.01 002 |10~ 18 x 10| 3 x 10-
Liver 0.1 0.3 10-¢ + 0.09 4 x 107
Spleen 0.2 0.4 10-¢ P01 5 x 1077
Total body 0.2 0.5 2 x 1078 0.2 8 x 107
Bone 1+ 09 2 8 x 10-* l 0.7 3 x 10-*
=~ -
(insol.) | Lung /0\'0_U 2% 1077 | x 10-*
—6 |l -3 -7
| GI(S) 14z 0.01 |2 x 10| 4 x 10 x 10
5 P0210 (sol.) | Spleen 003 |2x 107 |5 x 10710 7 x 107 | 2 x 10~
\_ a Kidney 004 |2x1075|5x 101 8 x 10~¢ | 2 x 10-1¢
Liver 0.1 7 x 1078 | 2 x 10—* |-3 x 10=% | 6 < 10-10
Total body 0.4 2% 104 [ 5% 10-° 1 § x 10-5 | 2 x 10-9
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total
of decay bold face) body (MPC), | (MPC), (MPC),, | (MPC),
g(pc) (uc/em?) | (uc/em?®) | (uc/em®) | (uc/cm?)
Bone 0.5 3 x 1074 |7 x 1079 | 10~# 2 x 10—
GI (LLI) 9x 1074 |2 x 1077 ) 3 x 104 | 7 x 108
(insol.) | Lung o.clS 2 x 10-10 7 x 101
GI (LLID) l.\4' 8§ X 107% ;2 x 1077 || 3 X 10| 5 x 10~
as A2 (sol.) | Thyroid 2002 15Xx107% 7x 107 2X1075]2x 10™°
d, ey - | Ovary 002 5x107%|7x107°)2x10"% |3 x 10
Spleen 0.06 2x 107 13 x 1078 § 6 x 1078 | 9 x 10—?
Total body 0.3 8 x 10— | 107 3 x 107t 14 x 10-8
GI (S) 0.02 4 x 1078 || 7 x 1073 | 2 x 10-®
(insol.) | Lung 3 x 108 108
GI (ULI) 2 X107 4x 1077 7x107%] 1077
gg RN220 * Lung 3 x 1077* 10—7 *
a, BT, y. e”
sgRn222 * Lung 3 x 1078+ 10-8 *
a, B, ¥
sgRa??? (sol.) | Bone 0.05 2X107%)12x10° ) 7x107%| 6 x 1010
a, B~ v 1 Total body 0.07 4 x 107% | 3 x 10—? || 103 109
GI (LLI) 2x 107414 x 108 || 6 x 10—3 | 108
(insol.) | Lung 2 x 1071 8 x 10711
GI (LLD) 10— 2x 1078} 4 x 105 | 7 x 10~°
gsRa?24 (sol.) | Bone 0.06 TX10% | 5X107° | 2x107%] 2 x 10°
a, B, y, €~ Total body 0.07 9x 1078 | 8x 1072 || 3 x 1033 x 107
GI (LLI) 2x 1074 |5 x 108 || 7 x 1075 |2 x 10-8
(insol.) | Lung 7 x 10710 2 x 10710
GI (LLI) 2X107* {3 x10%| 5x 10739 x 10—*
gsRa?t® (sol.) | Bone 0.1 4 x 1077 | 3 x 1071} 107 10—t
a, B, y Total body 0.2 6 X 1077 | §x10711) 2 x 107 | 2 x 1011
GI (LLI) : 10-3 3x 1077 || 5 x 10~* | 107
.
(insol.) | GI (LLD 9% 107 2x1077} 3x10°¢|6x 108
ssRa?28 (sol.) | Bone 0.06 8 X 1077 | 7x 10711/ 3 X 1077 | 2 x 10—
a, B~ y. e” Total body 0.09 10-¢ 9 x 10711} 4.x 107 | 3 x 10—11
GI (LLI) 10-3 2x 1077 || 4 x 107t} 8 x 10-¢

i

* The daughter elements of Rn???and Rn??? are assumed present to the extent they occur in unfiltered air.
For all other isotopes the daughter elements are not considered as part of the intake and if present they

must be considered on the basis of the rules for mixtures. (See Section IV.6, p. 23.)



REPORT OF COMMITTEE TWO

Maximum Maximum permissible concentrations
Organ of permissiblc
Radionuclide reference burden For 40 hr weck For 168 hr week
and type (critical organ | in total ‘
of decay bold face) body (MPC),, | (MPC), (MPC),. | (MPC),
g(uc) | (uc/em?) | (ucfem®) | (ucjom®) | (uc/cmd)
(insol.) | Lung 4 x 10~ i 10-1t
GI (LLD) 7 x 107t 1077 3 X107 4 1078
saAc2? (sol.) | Bone 0.03 6 X 107° | 2 x 107*) 2 X 1073 - 8 > 107
a, 87,y Total body 0.1 2x 1074 1 7 x 107121 6 x 1073 | 3 x 10~12
Liver 0.2 2 x 107+ 1 10-1 18 x 1078 | 3 x 10~12
Kidney 0.4 7 x 1074 1 3 x 10-11) 2 x 104 | 9 % 1012
GI (LLI) 9% 1073 | 2 % 1078 | 3 x 10-3 |7 x 10-7
(insol.) | Lung 3 x 10-1 19 < 10712
GI (LLI) 9% 10732 x 107% | 3 x 1073 ‘ 5% 1077
se A28 (sol.) | GI (ULD) 3X107% ;6 x 1077 |19 x 10~* 1 2 x 1077
a, BT, y. e~ Bone 0.04 2 9 x 10°8 0.5 '3 x 10°°
Liver 0.05 2 8 x 10 06 3 x10°°
Total body 0.09 3 10-7 1 i 5 x 10-8
Kidney 0.5 20 6 x 1077 6 P2 1077
(insol.) | Lung 2 x 107 6 x 10~°
GI (ULI) 3 X103 4% 1077 9x107*2x 1077
90 Th2%7 (sol.) | GI (LLD 5x 10| 1077 2x107% 4 x 1078
a, B, v : Bone 0.02 8 X 1073 | 3 x 107101 3 x 1073 | 10-t°
Kidney 0.08 0.04 2 x 10-°? 0.01 6 x 10—te
Total body 0.1 0.05 2 x 10—® 0.02 7 X 10710
Liver 0.5 0.2 10-8 0.08 4 x 10—
(insol.) | Lung 2 x 10710 6 x 1011
GI (LLD S5X 107t} 9 x 108 2 X107 3 x 107*
90 L 228 (sol.) | Bone 0.02 2XxX107% )9 x 10712} 7x 10°% 3 x 10712
a, B=, v, €~ GI (LLI) 4 x 107* | 8 x 10-8 || 10—+ 3 x 108
Kidney 0.09 10—3 S x 10711y 4 x 10—% | 2 x 1012
Total body 0.09 10-3 S X 1071t 4 x 104 | 2 x 1011
Liver 0.5 7 X 1073 | 3 x 10-10) 2 x 103 | 10—10
(insol.) | Lung 0:003%5 6 x 1012 2 x 10712
- — —8 —4 -8
GI (LLD 50'57 4 X 10 7% 10 10 2x 10
90 1 h?%30 (sol.) | Bone 0.05 SX107°% | 2x 10712 2 x 105 | 8 x 10~
a, y Kidney 0.3 10— 4 x 10712 3 x 1075 | 2 x 1012
Total body 0.4 3 x 107¢ | 2 x 10-11}) 10— S5 x 1012
Liver 0.6 S X 1074 | 2 x 10-11) 2 x 104 | 7 x 10-13
GI (LLI) 9 X 1074 | 2 x 1077 | 3 x 104 |7 x 108
(insol.) | Lung 0.01% 10— 3 x 102
GI (LLD [, 24 9X10%12x1077|3x107*|6x 108
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuchde reference " burden For 40 hr weck For 168 hr weck
and type - (critical organ | in total
of decay ! bold face) body (MPC),, | (MPC), (MPC),, | (MPC),
q(uc) (ncfcm?) | (pc/cm®) || (pc/em?) | (uc/cm?®)
o0 [h23! (sol.} " GI (LLI) 7 x 1073 | 107® 2x 1073 | 5 x 1077
a. By | Bone 30 200 10-3 80 4 x 108
i Kidney 40 300 10-°% 100 5 x 10-8
| Total body 100 900 | 4 x 1073 300 10-5
| Liver 300 |2 x 108 | 1074 800 3 x 10-3
. (insol.y | GI(LLI) 0]16) 7 %< 1372 | 10¢ 2 X 1073 | 4 x 1077
' Lung . 7, [04 » G x 10-° 2 x 10-8
g0 [Th23? * (sol.) ' Bone 0.04 5 x 107% | 2 x10712%) 2 x 107% |7 x 10-13*
a. By e” Kidney 0.3 10— 3x 10712 4 x 1073 1 2 x 1012
Total body - 0.3 3 x 10— | 101t 9 x 10-% | 4 x 10—12
Liver 0.7 G x 10-% | 3 x 107111 2 x 10-* | 9 x 1012
i GI (LLI) 10-3 2% 1077 1 4 x 1074 | 8 x 108
|
(insol.} | Lung 10— 4 x 1012
| GI(LLD) 103 2 x 1077 ) 4x 107t 7 x 1078
w0 L h234 (sol.) | GI (LLI) 5x 107 | 1077 2 x 107t | 4 x 1078
5.y i Bone 4 1 6 x 1078 0.5 2 x 107
Kidney 6 2 9 x 108 0.7 3 x 108
Total body 20 8 4 x 1077 3 10—
Liver 30 10 5 x 1077 4 2 x 10—7
(insol.) | Lung 3 x 1078 10-8
GI (LLD) 510719 x 107812 x107* | 3 x 1078
«wTh-Nat * (sol.) | Bone 0.01 3 x 1078 | 2 x10712*) 103 6 X 10-13*
a. B, v, e Kidney 0.07 104 4 x 10712 4 x 1073 | 2 x 10—12
Total body 0.07 2 x 1074 {9 x 10~ 7 x 10—% | 3 x 1012
GI (LLI) 3x 107 |6 x 10-8% | 104 2 x 108
Liver 0.3 5% 1074 | 2 x 10-11 2 x 10—t | 8 x 10712
(insol.} | Lung - 4 x 10~12 1012
GI (LLD 3x107% | 5x 10~¢ | 10 2 x 108
91 Pa230 (sol.) | GI (LLI) 7x1073;2x107% |12 x10%|5x 1077
a, B, 6 7 Bone 0.07. 0.04 2 x 107 0.01 6 X 10710
: Kidney % 0.2 0.1 5 x 10— 0.04 2 x 10-°
Total body 0.3 0.2 8 x 10-° 0.06 3 x 10—*

* Provisional values for Th?32 and Th-nat. Although calculations and animal experiments suggest that Th-nat,
if injected intravenously, is perhaps as hazardous as Pu and indicate the values listed above, experience to
date has suggested that in industrial circumstances the hazard of Th-nat is not much greater than that of
U-nat. Therefore, pending further investigation the values (MPC), = 3 x 10-1 uc/cm? for the 40-hour week
and (MPC), = 10-1 yc/em? for continuous occupational exposure (168 hr/wk) are recommended as provisional
levels, permissible for exposure to inhaled Th-nat or Th232, However, the values given in Table | are listed to
indicate the possibility that further evidence may require lower values and to urge especially that exposure
levels for these radionuclides be kept as low as is operationally possible. It may be possible to show that similar
considerations apply to other inhaled long-lived thorium isotopes under conditions in which the physical
characteristics of the airborne particulates are much the same as in the case of Th-nat, and where there is a
large amount of airborne material serving as an effective carrier for the thorium.
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total
of decay bold face) body (MPC),, | (MPC), | (MPC), | (MPQC),
g(uc) (pcfcm?) | (uc/em®) || (uc/cm?®) | (pc/cm?)
(insol.) | Lung 8 x 10710 3 x 1071
GI (LLD 7 x 1073 | 10~® 2 x 107% | 4 x 1077
g1 P23l (sol.) | Bone 0.02 3 X 107% | 1012 9 X 10% | 4 x 10713
a, B, ¥ Kidney 0.06 7 x 1075 | 3 x 10712} 2 x 105 | 1012
Total body 0.1. 104 5x 10712 4 x 1075 | 2 x 10-12
Liver 0.3 4 % 1074 | 2 x 10711} 10— 5 x 10—12
GI (LLI) 8 x 107 | 2 x 1077 |} 3 x 107 |6 x 107°
(insol.) E’Lung 1010 4 x 10~
. GI(LLD 8 x 107% | 107 3x 1074 |5 x 1078
. Paz® (sol.) | GI (LLI) 4 x 102 | 8 x 1077 || 103 3 x 107
By Kidney 40 10 6 x 1077 5 2 x 1077
Bone 60 20 9 x 1677 7 3 x 1077
Total body 60 20 9 x 107 7 3 x 10—°
Liver 200 50 2 x 10-® 20 8 x 1077
(insol.) | Lung 2 x 1077 6 x 1078
| GI (LLD) 3xX107%| 6 x 1077 103 2 x 1077
02 U230 (sol.) i GI (LLY) 10— 3% 1078 | 5 x 105 | 10-8
a, B~, v " | Kidney 0.01 7 %X 1073 | 3 x 10710} 2 x 1073 | 1071
Total body 0.06 0.03 10—-* 0.01 S x 10~10
Bone 7 x 103 0.04 2 x 10—° 0.02 6 x 10710
(insol.) | Lung 0.0024 | 1010 4 x 10~
GI (LLD) 0414'1 10— 2x10®||5x10° |8 x 107°
92U 232 (sol.) | GI (LLD | 18x 10| 2x 1077 | 3% 10~ | 6 x 10~
a, B=, v, € Bone 0.01 2 x 1073 ;10710 8 x 107 | 3 x 10711
Total body 0.07 6 x 10-3 | 3 x 10-10f1 2 x 103 | 10—1°
Kidney 0.04 0.01 6 x 10-10) 4 x 10~% | 2 x 1010
(insol.) | Lung 0004 3 x 101 9 x 101
GI (LLD W4 8 X 10—* | 1077 3x107¢|5x 10"
92U 233 (sol.) | GI (LLI) ' 9x 104 |2x 1077} 3x10"*|7x 10"
a, ¥ Bone *.,0.05 0.01 5x 1071° 4 x 1073 | 2 x 10710
Kidney 0.08 0.03 10-¢ 0.01 4 x 10710
Total body 0.4 0.04 2 x 10—* 0.01 5 x 10-10
(insol.) | Lung 0,017 10-1° 4 x 10~
GI (LLI) 7 9x 1074 |{2x 10773 x107¢|6x 10t
|28 .
92U " (sol.) | GI (LLD) , 99X 10*|2x 107713 x10¢]7x 10°®
a, ¥ Bone 0.05 0.01 6 x 10711 4 x 1073 {2 x 1071°
Kidney 0.08 ° 0.03 109 0.01 4 x 1010
Total body 0.4 0.04 2 x 10—® 0.01 6 x 1010

S S

e

P~
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Maximum Maximum permissible concentrations
Organ of | permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total =

of decay bold face) body (MPC), | (MPC), (MPC), | (MPC),
9(c) (ucfem®) | (ucfem?) || (ucfem?) | (uc/cm?)
(insol.) | Lumg 10-10 = laxi1on
GI (LLI) 9xX107{2x107|3x 10~ 6 x 10~
23U (sol.) | GI (LLD 8§x10¢12x1077 || 3x10~|6x 10
e, B,y Kidney 0.03 0.01 Sx 1071 4 x 10~3 | 2 x 10-1°
Bone 0.06 0.01 6 x 1072 5 x 10-* | 2 x 10~1*
Total body 0.4 004 [2x10-*| 001 |6x 10-10
(insol.) | Lang 10-10 4 x 10-u
GI (LL)) 8 X 10¢ | 10 I3 X107¢|5x 10
b U2 (sol.) | GI (LLI) 10— 2% 1077 | 3x 10~ |7 x 10~
, ¥y Bone 0.06 0.01 6 x 101 5 x 10~ | 2 x 10-t°
Kidney 0.08 0.03 10—* 0.01 4 x 10-10
Total body 04 0.04 2 x 10— 0.01 6 x 10-1°
(insol.) | Lung 1010 4 x 101
GI (LLI) 10-? 2x1077 1 3x 1046 x 10~*
U (sol.) | GI (LLI) 10-3 2% 107 | 4 x 10~ | 8 x 10~
a, y, e Kidney SX107*12x 107 | 7x 1071/ 6 x 10~ | 3 x 10-1
Bone 0.06 ©0.01 6 x 10-190l 5 x 10-3 | 2 x 10-10
Total body 0.5 0.04 2 x 10— 0.01 6 x 10—10
(insol.) | Lung 1010 5x 101
GI (LLY) 103 2xX1077 | 4x 10~ |6 x 10—
»:U-Natural (sol.) | GI (LLI) 5§ x10°¢ | 10~ 2x107 |4 x 10—
a, B, y, e Kidney Sx107% 1 2x 107 | 7x 101 6 x 10~ | 3 x 10—t

Bone 0.03 6 X 1073 | 3 x 10-19|| 2 % 10-2 | 10-10
Total body 0.2 0.02 8 X 10-10 7 % 10-3 | 3 x 10-10
(insol.) | Lung 6 x 10-1 2 x 10~
GI (LLI) 5107 | 8x10-°2x 10 |3 x 10~

23 NP7 (sol.) | Bone 0.06 9x 107 | 4 x 10| 3 x 10~ | 10-1
e, 87, ¥ Kidney 0.1 2X 107 |7 x10-12l 6 x 10-% | 2 X 1012
Total body 0.5 4 X 1074 | 2 x 10-11| 10—+ 6 x 10—z
Liver 0.5 6 x 10-¢ 1 2 x 10-11}| 2 y 10—¢ 8 x 10-12
GI (LLI) 9 X 1074 |2 x 10-7 || 3 x 10—¢ 7 x 10-8
(insol.) | Lung 1010 4 x 101
GI (LLY) 9X107¢ |2 X 10773 x 1204 |5 x% 10~¢
W Np13s (sol.) | GI (LLD 4x10~*|8x 107 | o 3 x 10~
e B,y Bone 30 100 4 x 10— 30 2 x 10—
Kidney 40 200 7 x 10~ 50 2 x 10-¢
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Maximum Maximum permissible concentrations Vi
Organ of permissible i
Radionuclide reference burden For 40 hr week ‘ For IG8 hr week
and type (critical organ | in total ‘ | f !
of decay bold face) body ' (MPQC),, ; (MPC), ¢ (MPQ), I (MPC),
gluc) ¢ (pe/em?) | (uc/em?®) | (ucfem?) ' (uc/cm?)
e Total body 70| 300 10-5 ii 90 4 % 10~
b Liver 100 50012 x 1075 1 200 8 x 10-6
(insol.) | GI(LLI) 4107 7% 10~ | 10-? 2 % 107
— oo —6 fe -7
‘ Lung 5.25 L2 x 10 ! | 7 x 10
l ; s ‘

osPU238 (sol.) | Bone 0.04 101 F2 X 1075 5 1075 1 7 x 1071
a, y Liver 0.2 6 X 10T S 107120 2 1074 | B % 10—
Kidney 0.3 8 X 1074 o $ 3 X 107 1012
GI (LLI) ; 'S 1074 [ 2% 107 1 3« 10~ | 6 % 10-8
Total body } 0.3 10-3 1-n P4 1074 5 x 1012

: e Sl B ] ! <. O

(insol.) | Lung 2,015 | F 3 x 1071 101t Jei
GI(LLD | 8 X 107t | 1077 3 x 107, 5 x 108
o Pu2s (sol.) | Bone 0.04 | 10~ 2x 10712 5 x 10-5 | 6 x 10-13
a, y Liver 0.4 3 X107 7 X 1071 2 % 1074 2 x 10~
Kidney 0.5 17 X 107 19 x 10-12) 2 x 104 | 3 x 1012
GI (LLI) I8 x 1074 | 2 x 1077 || 3 x 10-4 | 6 x 10-%
Total body 0.4 : 10-3 10-11 3 x 1074 | 5% 10-12

(insol.) | Lung 0.0l 4 x 10~} 10—t S
GI (LLI) 8 X 107 12X 1077 | 3 x 10~ | 5 x 10-®
o Pu20 (sol.) | Bone 0.04 104 2 X 10712 5 x 105 | 6 x 10-13
a, y Liver 0.4 5 x 1074 | 7 x 10712]| 2 x 10-¢ | 2 x 10-12
Kidney 0.5 7 x 1074 1 9 x 10712)| 2 x 10~ | 3 x 10-12
GI (LLI) , 8 X 1074 |2 x 1077 | 3 x 10~* | 6 x 10-8
Total body 0.4 10-3 10—11 3 x 107 | 5 x 10—+

(insol.) | Lung 5 01l 4 x 101 10-u 007

GI (LLID) 8§ X 10 | 2x 1077 3x 10~* |5 x 108
o1 Puzi! (sol.) | Bone - 0.9 7XxX 107 |9 x 10711 2 x 10~ | 3 x 10-1
a, B=, v Kidney S 0.04 S5 x 10—10 0.01 2 x 1010
GI (LLI) 0.04 8 x 10-¢ 0.01 3 x 10-¢
Total body 9 0.06 8 x 10—10 0.02 3 x 10—10
Liver 10 0.07 10-° 0.03 3 x 10-10

-+ 2.0

(insol.) | Lung 1t 4 x 10-8 10-° “e

GI (LLY) 0.04 7 x 10-¢ 0.01 2 x 10-¢
gqPUZt2 (sol.) | Bone 0.05 10— 2 X 10712 5 x 1075 | 6 x 1013
a Liver 0.4 6 X 107¢ | 7 x 10-12| 2 x 10~¢ | 3 x 10-12
Kidney 0.5 7 x 10—4 | 10-11 3 x 10-¢ | 3 x 10-12
GI (LLI) 99X 107 | 2 x 107 | 3 x 104 | 7 x 10-8
Total body 0.4 103 10-11 4 X 1074 | 5 x 10-12

~

P A
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | 1n total
of decay bold face) body (MPC),, | (MPC), (MPC),, | (MPC),
q(uc) (uc/em?®) | (uc/em®) || (ucfem?®) | (uc/cm?)
(insol.) | Lung Lol 4 x 10~ 10-1
GI (LLD 9x 107412 x 1077 | 3 x 107*| 5 x 108
a5 A 241 (sol.) | Kidney 0.1 10— 6 x 10712 4 x 1075 | 2 x 1012
a, y Bone 0.05 10— 6 x 10712 5 x 1075 | 2 X 102
Liver 0.4 2 x 1074 | 9 x 10712)| 7 x 10-3] 3 x 10—t
I Total body 0.3 4 x 10— 1 2 x 10-11)| 104 5 x 101z
| GI(LLI) 8 x 1074 [ 2 x 1077 || 3 x 10— 6 x 10-*
(insol.) | Lung L0147 10-1 4 x 101
© GI (LLD ' : 8 X 107 | 107 3x107* |5 x 10°8
0sAmM 243 (sol.) | Bone 0.05 10— 6 % 10-12|| 4 x 105 | 2 x 1012
a, B, v Kidney 0.1 10 6 x 10712} 5 x 1078 | 2 x 10712
Liver N4 2 x 10~ | 9x 10712) 7 x 105 | 3 x 1012
Total body 0.4 4 x 107% | 2 x 10-11) 10-4¢ S x 10—12
GI (LLD) 8 X 107#% | 2 x 1077 || 3 x 10~¢ |6 x 108
(insol.) | Lung 10-10 4 x 1071
GI (LLD 8 X 107¢ | 1U~° 3x 107 |5 x 108
5sCm2 (sol.) { GI (LLI) e | TX107 2 X 1077 2 X 107 | 5 X 1078
a, y - Liver L,o,,cg 13 x 1078 | 1070 9 x 10t | 4 x 101
Bone 0.09 SX 1073 2x 10719 2 % 10-3 | 8 x 10—t
Kidney 0.2 9 x 10-3 | 4 x 10-10}| 3 x 10-3 | 10—1°
Total body 0.2 0.01 6 x 107101 5 x 103 | 2 x 10~10
(insol.) | Lung 001> 2 x 1010 6 x 10—
GI (LLD 0:9)9 7 x 107* | 1077 2x107%}4x 108
0sCm%3 (sol.) | Bone 0.09 10— 6 x 10712, 5§ x 10~% | 2 x 10712
a, y Liver 0.2 2 x 10—+ | 10-11 8 x 10~ | 3 x 1012
Kidney 0.2 3x 10— | 10-1t 10— 4 x 10712
Total body 0.3 5x 1074 | 2 x 10711 2 x 10—t | 7 x 10—12
GI (LLI) 7x 107 | 2x 1077 || 2 x 10~¢ | 5 x 108
(insol.) | Lung - 101 3 x 101
GI (LLI) 7x 107 1077 2x107% | 4 x 108
-
9¢Cm2#4 (sol.) | Bone 0.1 2Xx107%|9x10721 7 x 1075 |3 x 10712
a, y Liver 0.2 3 x 10— | 1011 9 x 1075 | 4 x 1012
Kidney 0.2 4 x 107 | 2 x 10~11}| 10—¢ 6 x 10—12
Total body 0.3 6 x 104 | 3 x 10711} 2 x 10—¢ | 9 x 1012
GI (LLI) 8x 107% 12 x 1077 |3 x 10t |6 x 10-8
(insol.) | Lung 0.0\ & 10-19 3 x 101t
GI (LLI) (14 18x10¢| 10 3x 107 |5 x 10°®
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Maximum Maximum permissible concentrations
Organ of permissible
Radionuclide reference burden For 40 hr week For 168 hr week
and type (critical organ | in total ;
of decay bold face) body (MPC),, | (MPC), || (MPC),. | (MPC),
q(uc) (uc/em?®) | (uc/em?®) || (uc/em?) | (pc/cm?)
4sCn 245 (sol.) | Bone 0.04 | 10 5% 1072 4 « 10 2 x 10—
a, 8-, y Liver 0.5 25 1074 | 8% 107120 7 5 10 3 x 10-12
Kidney 0.2 2 x 107 19 107121 7 1078 13 x 1012
Total body 0.4 3 x 10=4 | 10-11 101 S5 x 1012
GI (LLI) 8 x 1074 12 1077 [ 3~ 10t 6 x 1078
(insol.) | Lung 1010 i 4 x 101
GI (LLD 8 x 10~ | 1077 3100 5 x 1078
0sCm2is (sol.) | Bone 005 | 10~ 5 1072 4 % 10°° 2 x 107%
a Liver 0.5 21070 D8 X 10712 7 108 3 10712
Kidney 0.2 2 1074 | 9 x 107121 7 10 | 3% 10712
Total body 0.4 3 x 104 101 104 : 3 X 10712
GI (LLI) 8 x 1074 [ 2 x 10-7 || 3 x 10~ | 6 x 10-®
(insol.) | Lung 1010 4 x 1071
GI (LLY) 8 x 10~ | 107 3x 1075 x 10°8
4;Bk 249 (sol.) | GI(LLY) 0.02 4 x 10781 6 x 103 | 10-8
a, B, ¥ Bone 0.7 0.07 9 x 10~ 0.02 3 x 1071
Total body 5 0.5 7 x 10-° 0.2 2 x 10—
(insol.) | Lung 10~ 4 x 10-*
GI (LLI) 0.02 3 x 107¢ || 6 x 1073 | 108
ell (sol.) | Bone 0.04 10— 2x107121 4 X 107% | 5 x 10713
a, y GI (LLI) 7% 10 | 2 x 10~7 || 2 x 10~¢ | 5 x 10~
Total body 0.3 9 x 10— | 10-11 "3 x 1074 |4 x 1012
(insol.) | Lung 1010 3 x 10~
GI (LLI) 7 x 107¢ | 107 2x107*| 4 x 108
0s Cf250 (sol.) | Bone 0.04 4 X 107% | 5 x 1072} 10— 2 x 10712
@ GI (LLY) 7x 1074 |2 x 1077 | 3 x 10¢ |6 x 10—
Total body 0.3 3 x 1073 | 4 x 10-11ff 103 10-11
(insol.) | Lung 0.04 10-10 3 x 101t
GI (LLD Q.q 9 | 7xX107*] 1077 3 X 107*| 4 x 1078
25 CF?5° (sol.) | GI (LLI) B 2% 10~ | 4% 10-8 | 7 x 10~ | 2 x 10-8
a, y Bone 0.01 S X 1074 6 x 10722 2 x 10~¢ | 2 x 1012
Spontaneous Total body 0.09 4 x 1073 | 5 x 10-11 10-3 2 x 10-11
Fission :
(insol.) | Lung 0.004- 3 x 101 10-1
GI (LLY) 2X 1074 x 1087 x 10 10-8
254
¢
94
Sfo\‘l'&neouS

Ecssion onl:
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Table 2. Radionuclides which do not reach equilibrium in the body within 50 years

!
Percentage equil.
< Radionuclide | T, T, T reached in
' (years) (years) (years) 50 years
38 Sr20 28 50 18 86
88 Ra?2 1622 45 44 56
89 Ac?¥ 21.8 200 20 83
90 Th230 3.0 x 10¢ . 200 200 16
90 Th232 . 1.38 x 10 200 200 16
91 Pa?31 | 343 x 10¢ 200 200 16
93 Np3¥7 b 2,20 x 108 200 200 16
94 Pu?23s 89.6 200 62 43
94 Pu?3? P 2,44 x 104 200 200 16
94 Pu240 6.6 x 103 200 190 16
94 Py24t 13.2 200 12 94
94 Pu?? 3.8 x 108 200 200 16
95 Am?i! ! 462 200 140 22
95 Am?243 - 8 x 103 200 200 16
96 Cm?43 ! 35 200 30 69
96 Cm*¢ : 18.4 200 17 87
96 Cm?24s I 2 x 104 200 200 16
96 Cm?s | 6.6 x 103 200 190 16
98 Cf249 4.7 x 102 200 140 22
98 Cf2s0 10 200 10 97
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Table 3. Maximum permissible concentration of unidentified radionuclides in water,
(MPCU),, values*, for continuous occupational exposure

Limitations | pc/cm?® of water®

A XAl

bl

Ra?*, Ra?% Ra®, Ac??? Th?, Pa?! Th2? and Th-nat is present, then 3 x 103

If no one of the radionuclides Sr?, 1126 [12s I131, Pb2lo, Po210 Ag2ll Ra223 f
the (MPCU), is |

If no one of the radionuclides Sr%, [!2° Pb21o, Po?19, Ra?3 Ra?28, Ra?2s,

Pa®!, and Th-nat is present, then the (MPCU), is 2x 1075 4

7 x 10—¢ |0

|
|
|
!
If no one of the radionuclides Sr?, 1129, Pp2to, Ra??®, and Ra??® is present, then }

the (MPCU),, is I

108 7.2

-— -

If neither Ra?* nor Ra2?® is present, then the (MPCU), is

If no analysis of the water is made, then the (MPCU), is 10-7 0.1

* Each (MPCU),, value is the smallest value of (MPC), in Table 1 for radionuclides other than those
listed opposite the value. Thus these (MPCU),, values are permissible levels for continuous occupational
exposure (168 hr/wk) for any radionuclide or mixture of radionuclides where the indicated isotopes are not
present (i.e., where the concentration of the radionuclide in water is small compared with the (MPC),, value
for this radionuclide). The (MPCU),, may be much smaller than the more exact maximum permissible
concentration of the material, but the determination of this (MPC),, requires identification of the radio-
nuclides present and the concentration of each.

f Use one-tenth of these values for interim application in the neighborhood of an atomic energy plant.
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Table 4. Maximum permissible concentration of unidentified radionuclides in air

(MPCU), values*, for continuous occupational exposure \ L
y )
v i ' \ ¥
.. . [ 3 N y-Br
B Limitations | uc/cm?® of airt | / Cj/Atsz//. /
If there are no a-emitting radionuclides and if no one of the B-emitting radio- | \ £
nuclides S0, 1129, Ph210. Ac227 Ra??8 Pa?0 Pu?'! and Bk?'?1is present, then ! 10-9 ! v l
the (MPCUY), is H/ﬂ- l|29, G0 |
. H t
If there are no «-emitting radionuclides and if no one of the 3-emitting radio- : s i
nuclides Pb21° Ac??", Ra??* and Pu?'! is present, then the (MPCU), is [ \JO-1o 2 800
: — 4;’1&"\2\\ E -
If there are no a-cmitting radionuclides and if the B-emitting radionuclide Ac®*” !
1s not present, then the (MPCU), is y ,6\\10—11 280 }
udlB »10) ‘ :
7 ,. t
If no one of the radionuclides Ac??7) Th230 Pa?3!, Th232, Th-nat, Pu3®, Pu?3?, - : i\
210 Py 242 219 ; : . : = n e
Pu?t0 Pu242 and Cf*? is present, then the (MPCU), is 1/ 8\ 1012 ‘1; LO U
If no one of the radionuclides Pa?*l, Th-nat, Pu???, Pu?!, Pu?2, and Cf24? is / | E
present, then the (MPCU), is 7 x 10713 /?.é; |
|
If no analysis of the air is made, then the (MPCU), is x 10-13 ' /.3 22
‘ V¥4 e 5

———|

* Each (MPCU), value is the smallest value of (MPC), in Table 1 for radionuclides than those listed
opposite the value. Thus these (MPCU), values are permissible levels for continuous occupational exposure \
(168 hr/wk) for any radionuclide or mixture of radionuclides where the indicated isotopes are not present
(i.e., where the concentration of the radionuclide in air is small compared with the (MPC), value for this
radionuclide). The (MPCU), value may be much smaller than the more exact maximum permissible

concentration of the material, but the determination of this (MPC), requires identification of the radionuclides
present and the concentration of each.

* Use one-tenth of these values for interim application in the neighborhood of an atomic energy plant. /

/
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Table 5a. Effective energies for chains

Eff. energy, ZE(RBE),
Effective energy for organs of reference (£ in MeV)
Half-life for portions of GI tract*
Radionuclide |( T, in days) i
Organs of | ZE(RBE)n 2EF(RBE)n i
Reference | (Ein MeV) F (E'in MeV) S ! SI LI
20Cat? 4.9 Total body 1.2 1.0 1.2 0.61 1.2 0.48
Lung (insol.)  0.61 1.0 0.61
Bone 1.8 1.0 1.8
Sed? 3.43 Total body 0.26 0.90 0.23 0.21 0.26 0.19
Lung (insol.)]  0.21 0.97 0.20
Bone 0.89 0.91 0.81
Total body 1.4
Lung (insol.) Totals for Chain 0.81
Bone 2.6
27C 058 0.38 Total body 0.026 1.0 0.026 0.024 | 0.026 | 0.019
Lung (insol.)|  0.024 1.0 0.024
Pancreas . 0.019 1.0 0.019
Liver 0.024 1.0 0.024 J
Spleen 0.022 1.0 0.022
Kidney 0.022 1.0 0.022
Cots 72 Total body 0.61 - 0.12 0.073 0.29 0.61 0.17
. Lung (insol.)] 0.29 0.63 0.18
Pancreas 0.17 0.12 0.020
Liver 0.29 0.12 0.035
Spleen 0.22 0.12 0.026
Kidney 0.22 0.12 0.026
Total body 0.099
Lung (insol.)| . 0.20
Pancreas - Totals for Chain 0.039
Liver 0.059
Spleen 0.048 :
Kidney 0.048 i
4
20Zntom 0.58 | Total body | 0.27 1.0 0.27 0.13 | 0.27 |0.081 :
Lung (insol.)| 0.13 1.0 0.13. ;
Prostate 0.057 1.0 0.057
Pancreas 0.081 1.0 0.081
Liver « 0.13 1.0 0.13
Kidney - 0.10 1.0 0.10
Ovary 0.057 1.0 0.057
Testis 0.057 1.0 0.057
Bone 0.16 1.0 0.16
Muscle 0.27 1.0 0.27

deodkia

* The abbreviations GI, S, SI and LI refer to gastrointestinal tract, stomach, small intestine, and large
intestine (either upper or lower large intestine), respectively.,

AP WO EETS RS
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N Eff. energy, ZE(RBE),
Effective energy for organs of reference (E in MeV)
Half-life for portions of GI tract
Radionuclide (T, in days)
Organs of | ZE(RBE)n 2ZEF(RBE)n
Reference | (Ein MeV) F (Ein MeV) S SI LI
Znt® 0.036 Total body 0.37 1.0 0.37 0.37 0.37 0.37
Lung (insol.) 0.37 1.0 0.37
Prostate 0.37 1.0 0.37
Pancreas 0.37 1.0 0.37
Liver 0.37 1.0 0.37
Kidney 0.37 1.0 0.37
Ovary 0.37 1.0 0.37
Testis 0.37 1.0 0.37
Bone 1.9 1.0 1.9
Muscle 0.37 1.0° 0.37
Total body 0.64
Lung (insol.) 0.50
Prostate 0.43
Pancreas 0.45
Liver Totals for Chain 0.50
Kidney 0.47
Ovary 0.43
\.. ' Testis 0.43
g Bone 2.1
Muscle 0.64
3gOr8™ 0.049 - | Total body 0.14 1.0 0.14 0.066 | 0.14 0.039
86 Lung (insol.)]  0.066 1.0 0.066
° Bone 0.039 1.0 0.039
Sr#s 65 Total body 0.33 1.0 0.33 0.16 0.33 0.091
Lung (insol.) 0.16 0.65 0.10
Bone 0.091 1.0 0.091 N
Total body 0.47
Lung (insol.) Totals for Chain 0.17
Bone 0.13
3aSr%° 1.0 x 10%| Total body 0.21 1.0 0.21 0.21 0.21 0.21
Lung (insol.)]  0.21 1.0 0.21
Bone 1.1 1.0 1.1
Yo 2.68 Total body 0.89 1.0 0.89 0.89 0.89 0.89
Lung (insol.)]  0.89 0.98 0.87
Bone 4, 1.0 4.4
Total body 1.1
Lung (insol.) Totals for Chain 1.1
Bone 5.5




114

REPORT OF COMMITTEE TWO

|
| Eff. energy, JE(RBE)

b

Effective energy for organs of reference (E in MeV)
_ Half-life for portions of GI tract
Radionuclide |( T, in days)
Organs of | ZE(RBE)n 2ZEF(RBE)n
reference | (E£in MeV) F (E£in MeV) S SI LI
3gSr® ) 0.40 Total body 0.98 1.0 0.98 0.68 0.98 0.58
Lung (insol.)]  0.68 1.0 0.68
Bone 24 1.0 2.4
Y9im r 597 0.035 Total body 0.34 1.0 0.34 0.15 0.34 0.082
- Lung (insol.){  0.15 1.0 0.15
Bone 0.082 1.0 0.082
Yst J 58 Total body 0.59 1.0 0.59 0.59 0.59 0.59
Lung (insol.)]  0.59 0.67 0.40
Bone 2.9 1.0 2.9
Total body 1.9
Lung (insol.) Totals for Chain 1.2
Bone 5.4
3g5r°1 0.40 Total body 1.8 1.0 1.8 1.6 1.8 0.97
419 Lung (insol.) 1.6 1.0 1.6
o - Bone 4.5 1.0 4.5
Y#! 58 Total body 0.59 1.0 0.59 0.59 0.59 0.59
Lung (insol.) 0.59 0.67 0.40
Bone 2.9 1.0 2.9
Total body 2.4
Lung (insol.) Totals for Chain 2.0
Bone 7.4
23g5r°2 0.11 Total body 0.96 1.0 0.96 0.45 0.96 0.37
Lung (insol.)l  0.45 1.0 0.45
Bone 1.1 1.0 1.1
Y*2 0.15 Total body 1.6 1.0 1.6 1.5 1.6 1.4
Lung (insol.) 1.5 1.0 1.5
Bone 6.9 1.0 6.9
Total body | 2.6
Lung (insol.) Totals for Chain 2.0
Bone ' 8.0
Yl 0.035 Total body 0.34 1.0 - 0.34 0.15 0.34 0.082
Lung (insol.)| 0.15 1.0 0.15
Bone . « ,0.082 1.0 0.082
Yot 58 Total body | "0.59 1.0 0.59 0.59 0.59 0.59
Lung (insol.)|  0.59 0.67 0.40
Bone 2.9 1.0 2.9
Total body 0.93
Lung (insol.) Totals for Chain 0.55
Bone 3.0

x
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\__ Eff. energy, ZE(RBE),
Effective energy for organs of reference (E in MeV)
Half-life for portions of GI tract
Radionuclide |( T, in days) |
Organs of | ZE(RBE)n 2ZEF(RBE)n
reference | (Ein MeV) F (Ein MeV) S SI L1
Y% ) 0.42 Total body 1.7 1.0 1.7 1.5 1.7 1.4
Lung (insol.) 1.5 1.0 1.5
Bone 6.5 1.0 6.5
Zr®® > 509, 4.0 x 108 | Total body 0.019 1.1 x 10-% (2.1 x 10—® | 0.019 | 0.019 | 0.019
Lung (insol.)] 0.019 3.0 x 1077 |5.7 x 10-°*
Bone 0.095 2.5 x 1078 [2.4 x 10-7 )
Nb#am | 3.7 x 10% | Total body 0.038 1.9 x 1077 (7.2 x 10~* | 0.038 | 0.038 | 0.038
| Lung (insol.)]  0.038 9.4 x 10=* ]3.6 x 10-10
Bone 0.12 5.3 x 1077 6.4 x 10-8
Total body 1.7
‘ Lung (insol.) Totals for Chain 1.5
Bone S
Y "3 0.42 Total body 1.7 1.0 1.7 1.5 1.7 1.4
=no Lung (insol.) 1.5 1.0 1.5
0% Bone 6.5 1.0 6.5
Zr?3 4.0 x 10® | Total body 0.019 I.L1 x 10=% {2.1 x 10-% | 0.019 | 0.019 | 0.019
L Lung (insol.)]  0.019 3.0 x 1077 |5.7 x 10-°®
Bone 0.095 2.5 x 108 [2.4 x 107
Total body 1.7
Lung (insol.) Totals for Chain 1.5
Bone 6.5
wlr®® 4.0 x 10® | Total body 0.019 1.0 0.019 0.019 | 0.019 | 0.019
Lung (insol.)]  0.019 1.0 0.019
Bone 0.095 1.Q 0.095
Kidney 0.019 1.0 0.019
Spleen 0019 - | 1.0 0.019
Liver 0.019 1.0 0.019
Nb#sm 3.7 x 10% | Total body 0.030 0.17 0.0051
Lung (insol.)|  0.030 0.031 |9.3 x 10—+ | 0:030 1 0.030 | 0.030
Bone 0.078 0.21 0.016
Kidney 0.030 0.17 0.0051
Spleen 0.030 0.20 0.0060
Liver 0.030 0.19 0.0057
Total body 0.024.
Lung (insol.) LI 0.020
Bone 0.11
Kidney Totals for Chain 0.024
Spleen 0.025
Liver 0.025
\_ Zr* 63.3 Total body 0.57 1.0 0.57 0.32 0.57 0.24
Nbp#em Lung (insol.)| 0.32 1.0 0.32
Bone 0.77 1.0 0.77.
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Eff. energy, JE(RBE), ik
Effective energy for organs of reference (E in MeV)
Half-life for portions of GI tract
Radionuchide [( T, in days), !
Organs of | JE(RBE)n 2LEF(RBE)n '
! reference | (Ein MeV) F (E in MeV) S SI LI
' Kidney 0.27 1.0 0.27
| Liver 0.32 1.0 0.32 4
‘ I Spleen 0.27 1.0 0.27
Nb?es 35 ! Total body 0.51 0.96 0.49 0.26 0.51 0.16
i Lung (insol.);  0.26 0.77 0.20
i Bone 0.37 0.97 0.36
. Kidney 0.20 0.96 0.19
- Liver 0.26 0.96 0.25
! Spleen 0.20 0.97 0.19 |
‘ : E w3
| Total body 1.1 ;
! Lung (insol.) 0.52
. Bone 1.1
: Kidney Totals for Chain 0.46
¢ Liver 0.57
- Spleen 0.46
w0lr® 0.71 Total body 1.2 1.0 1.2 0.94 1.2 0.85 p
Nb#im ' Lung (insol.),  0.94 1.0 0.94
! Bone 3.8 1.0 3.8
: Kidney 0.88 1.0 0.88
. Liver 0.94 1.0 0.94
: i Spleen 0.88 1.0 0.88
Nb?? 0.051 | Total body 0.87 1.0 0.87 0.64 0.87 0.56
Lung (insol.) 0.64 1.0 0.64
Bone 2.4 1.0 2.4 4
Kidney 0.60 1.0 0.60
Liver 0.64 1.0 0.64
Spleen 0.60 1.0 0.60
Total body 2.1
Lung (insol.) 1.6
Bone Totals for Chain 6.2
Kidney 1.5 P
Liver 1.6
Spleen 1.5
Mo 2.79 Total body 0.45 1.0 0.45 0.45 | 0.45 0.45
Lung (insol.)* , 0.45 1.0 0.45
Kidney 0.45 1.0 0.45
Liver 0.45 1.0 0.45 .
Tcoom L87% 0.25 Total body 0.080 0.80 0.064 0.035 | 0.080 | 0.020
Lung (insol.}}  0.035 1.0 0.035
Kidney 0.026 0.99 0.026
Liver 0.035 0.99 0.035 .
Tc*® | 7.3 x 107 | Total body | - 0.094 10-8 9.4 x 1071°] 0.094 | 0.094 | 0.094
Lung (insol.)]  0.094 1.6 x 108 | 1.5 x 107
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Effective energy for organs of reference

Efl. energy, ZE(RBE),

(E in MeV)

Half-life for portions of GI tract
Radionuclide |( 7, in days)
Organs of | YE(RBE)n ZEF(RBE)n
reference | (Ein MeV) F (E in MeV) S SI LI
Kidney 0.094 2.6 x 1077 2.4 x 1078
Liver 0.094 3.9 x 1077 |3.7 x 108 ‘
1
Total body 0.51 %
Lung (insol.) Totals for Chain 0.49 ;
Kidney . 0.48 |
Liver 0.48 :
" 42Mo?? 2.79 Total body 0.71 1.0 0.71 0.40 0.71 | 0.29
Lung (insol.) 0.40 1.0 0.40
F13% Kidney 0.34 1.0 0.34
Liver 0.40 1.0 0.40
Tc*® 7.3 x 107 | Total body 0.094 1.3 x 10-% {1.2 x 10—% | 0.094 | 0.094 | 0.094
Lung (insol.)|  0.094 1.6 x 108 1.5 x 107
Kidney 0.094 2.6 x 10~7 |24 x 10-8
Liver 0.094 3.9 x 1077 |3.7 x 10-8
Total body 0.71 !
Lung (insol.) Totals for Chain 0.40
Kidney 0.34
Liver 0.40
g Lcoem 0.036 ~ | Total body 0.034 1.0 0.034 0.034 | 0.034 | 0.032
Lung (insol.)]  0.034 1.0 0.034
Kidney 0.034 1.0 0.034
Liver 0.034 1.0 0.034
Lung (sol.) 0.034 1.0 0.034 !
| Bone 0.089 1.0 0.089 !
Skin 0.015 1.0 0.015
Tcos 4.3 Total body 1.4 0.19 0.27 0.64 1.4 0.35
Lung (insol.){  0.64 0.98 0.63
Kidney 0.47 0.81 0.38
Liver 0.64 0.88 0.56
Lung (sol.) 0.64 0.54 0.35
Bone 0.35 0.86 0.30
Skin 0.0083 0.70 0.0058
Total Body 0.30
Lung (insol.) R, 0.66
Kidney Totals for Chain 0.42
Liver 0.60
Lung (sol.) 0.38
Bone 0.39
Skin 0.021
alch™ 92 Total body 0.090 1.0 0.090 0.090 | 0.090 | 0.089
Lung (insol.)]  0.090 1.0 0.090
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Eff. energy, ZE(RBE),
Effective energy for organs of reference (E in MeV)
Half-life for portions of GI tract
Radionuclide (T, in days)
Organs of | ZE(RBE)n 2EF(RBE)n
Reference |(Ein MeV) F (E£in MeV) S SI LI
Kidney 0.090 1.0 0.090
Liver 0.090 1.0 0.090
Skin 0.071 1.0 0.071
Bone 0.37 1.0 0.37
Lung (sol.) 0.090 1.0 0.090
Tc?? 3.7 x 10% | Total body 0.020 2.7 x 1077 |5.4 x 10=° | 0.020 | 0.020 | 0.019
Lung (insol.)|  0.020 3.2 % 105 [6.4 x 10-7
Kidney 0.020 5.4 x 1078 | 1.1 x 10-7
Liver 0.020 8.1 x 10~% |1.6 x 10-7
Skin 0.001T 2.7 x 10~¢ 3.0 x 10-*
Bone 0.019 /6.8 x 10-¢ |1.3 x 10~
Lung (sol.) 0.020 1.4 X 107% 2.8 x 10-8
|
Total body 0.090
Lung (insol.) 0.090
Kidney Totals for Chain 0.090
Liver 0.090
Skin 0.071
Bone 0.37
Lung (sol.) 0.090
3 Lctom 0.25 Total body 0.080 1.0 0.080 0.035 | 0.080 | 0.020
* | Lung (insol.)]  0.035 1.0 0.035
Kidney 0.026 1.0 0.026
Lung (sol.) 0.035 1.0 0.035
Liver 0.035 1.0 0.035
Bone 0.020 1.0 0.020
Skin 0.0022 1.0 0.0022 )
Tcoe 7.3 x 107 | Total body 0.094 1.3 x 10~% | 1.2 x 10-* | 0.094 | 0.094 | 0.094
Lung (insol.) 0.094 1.6 x 10~% | 1.5 x 10-7
Kidney 0.094 2.6 X 1077 |2.4 x 10~8
Lung (sol.) 0.094 6.5 x 10~% (6.1 x 10-*
Liver 0.094 3.9 x 10-7 (3.7 x 10-8
Bone 0.47 3.2 x 1077 |1.5 x 10~7
Skin 0.094 1.3 X 10-7 | 1.2 x 10-#
Total body 0.080
Lung (insol.) : 0.035
Kidney YTotals for Chain 0.026
Lung (sol.) 0.035
Liver 0.035
Bone 0.020
Skin 0.0022
wRu?? 2.8 Total body 0.15 1.0 0.15 0.078 | 0.15 0.050
Lung (insol.)]  0.078 1.0 0.078
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Effective energy for organs of reference

Eff. energy, ZE(RBE),

(E in MeV)

Half-life for portions of GI tract
Radionuclide |( 7, in days)
Organs of | ZE(RBE)n ZEF(RBE)n
Reference | (Ein McV) F (Ein MeV) S SI LI
Kidney 0.062 1.0 0.062
Bone 0.050 1.0 0.050
Teoim 92 Total body 0.090 0.011 9.9 x 10—* | 0.090 | 0.090 | 0.089
Lung (insol.)|  0.090 0.57 0.051
Kidney 0.090 0.17 0.015 -
| Bone 0.37 0.22 0.081
Teo* 3.7 x 108 | Total body 0.020 2.9 x 107° |3.8 x 10-1t[ 0,020 | 0.020 | 0.019
Lung (insol.)]  0.020 1.8 x 10~8% |3.6 x 107
Kidney 0.020 9.4 x 1077 1.9 x 108
Bone 0.019 1.5 x 10-8% [2.9 x 108
Total body 0.15
Lung (insol.) Totals for Chain 0.13 -
Kidney 0.077
Bone 0.13
s Rutos 41 Total body 0.38 1.0 0.38 0.21 0.38 0.14
Lung (insol.j}  0.21 1.0 0.21
Kidney 0.17 1.0 0.17
Bone 0.43 1.0 0.43
Rhto3m 0.038 Total body 0.055 1.0 0.055 0.055 | 0.055 | 0.053
Lung (insol.)]  0.055 1.0 0.055
Kidney 0.054 1.0 0.054
Bone 0.19 1.0 0.19
Total body 0.44
Lung (insol.) 0.27
Kidney Totals for Chain 0.22.
Bone 0.62
«wRul® 0.19 Total body 0.98 1.0 0.98 0.72 0.98 0.62
Rh1osm Lung (insol.) 0.72 1.0 0.72
Kidney 0.66 1.0 0.66
Bone 2.6 1.0 2.6
Rhie 1.52 Total body 0.20 0.88 0.18 0.19 0.20 0.19
Lung (insol.)]  0.19 0.99 0.19
Kidney 0.19 0.95 0.18
Bone Oi95 0.91 0.86
Total body 1.2
Lung (insol.) Totals for Chain 0.91
Kidney 0.84
Bone 3.5
«Pde? 17 Total body 0.023 1.0 0.023 0.022 | 0.023 | 0.019
Lung (insol.)|  0.022 1.0 0.022
Kidney 0.021 1.0 0.021
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] Eff. energy, ZE(RBE),
Effective energy for organs of reference (E in MeV)
Half-life for portions of GI tract
Radionuclide |( 7, in days)
Organs of | ZE(RBE)n 2EF(RBE)n
reference (E in MCV) F (E in MCV) S SI LI
Splcen 0.021 1.0 0.021
Liver 0.022 1.0 0.022
Rh103m 0.038 Total body 0.041 1.0 0.041 0.041 | 0.041 | 0.039
Lung (insol.) 0.041 1.0 0.041
Kidney 0.040 1.0 0.040
Spleen 0.040 1.0 0.040
Liver 0.041 1.0 0.041
Total body 0.064
Lung (insol.) i 0.063
Kidney Totals for Chain 0.061
Spleen 0.061
Liver 0.063
1sCd115m 43 Total body 0.61 1.0 0.61 0.61 0.61 0.61
Lung (insol.) 0.61 1.0 0.61
Liver 0.61 1.0 0.61
Kidney 0.61 1.0 0.61
Cdus 2.2 Total body 0 1.0 0 0 0 0
Lung (insol.)] 0 1.0 0
Liver 0 1.0 0
Kidney 0 1.0 0
Iniism 0.19 | Total body | 0 0.99 0 0 0 0
) Lung (insol.)] 0 1.0 0
Liver 0 0.99 0
_ Kidney 0 0.99 0
Inits 2.2 x 10Y7| Total body 0.17 2.2 x 1071%13.7 » 10-17| 0.17 0.17 0.17
Lung (insol.)}  0.17 5.5 x 10718194 x 10-17
Liver 0.17 2.6 x 10718 14 4 % 10-17
Kidney 0.17 2.7 x 10718 (46 x 10-v7
Total body 0.61
Lung (insol.) 0.61
Liver Totals for Chain 0.61
Kidney 0.61
«Cd118 2.2 Total body 0.45 1.0 0.45 0.38 0.45 0.36
Lung (insol.)| 0.38 1.0 0.38
Liver £0-38 1.0 0.38
Kidney 10:37 1.0 0.37
Inism 0.19 Total body 0.26 1.0 0.26 0.20 0.26 0.18
Lung (insol.)]  0.20 1.0 0.20
Liver 0.20 1.0 0.20
Kidney 0.19 1.0 0.19
In11s 2.2 x 10Y7| Total body 0.17 2.2 x 10718137 x 10-17| 0.17 0.17 0.17
Lung (insol.)} '0.17 5.5 X 1018 /9.4 x 10-17
Liver 0.17 2.6 X 10718 |4 4 % 10-17
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Effective energy for organs of reference

(E in MeV)

Eff. energy, 2E(RBE),

Half-life for portions of GI tract
Radionuclide {( T, in days)
Organs of | ZE(RBE)n ’ 2ZEF(RBE)n
reference | (Ein MeV) F (Ein MeV) SI LI
|
Kidney 0.17 2.7 x 10-18 4.6 x 10-17 !
Total body 0.71 ;
Lung (insol.) Totals for Chain 0.58 |
Liver = 0.58 ;
Kidney 0.56 |
@Initsm 0.19 Total body 0.26 1.0 0.26 0.26 1 0.18
Lung (insol.)]  0.20 1.0 0.20 |
Kidney 0.19 1.0 0.19 ;
Spleen 0.19 1.0 0.19 |
Liver 0.20 1.0 0.20 f
Thyroid 0.16 1.0 0.16 |
Bone 0.74 1.0 0.74 |
Skin 0.14 1.0 0.14 .
Intis 2.2 x 10' Total body 0.17 2.2 x 10-1%13.7 x 10~V7 0.17 1§ 0.7
Lung (insol.) 0.17 5.5 x 10718194 x 10—-%7 :
Kidney 0.17 2.7 x 10718 146 x 10—V ’
Spleen 0.17 2.2 x 10—18|3.7 x 10-17 i
\»../ Liver 0.17 2.6 x 10~ 14,4 x 10—V z
Thyroid 0.17 3.8 x 10-1716.5 x 10~-17 |
Bone 0.85 2.6 x 10716122 x 10-18 !
Skin 0.17 3.0 x 10-18|5.1 x 10-17 i
|
Total body 0.26
Lung (insol.) 0.20
Kidney 0.19
Spleen Totals for Chain 0.19
Liver 0.20
Thyroid 0.16
Bone 0.74
Skin 0.14
soontts 112 Total body 0.028 1.0 0.028 0.028 | 0.018
Lung (insol.)]  0.024 1.0 0.024
Bone 0.018 1.0 0.018
Prostate 0.0023 1.0 0.0023
Liver 0.024 1.0 0.024
Thyroid 0.0023 1.0 0.0023
Intizm 0.073 Total body 0.29 1.0 0.29 0.29 0.17
Lung (insol.)|  0.21 1.0 0.21
Bone 0.68 1.0 0.68
Prostate 0.16 1.0 0.16
Liver 0.21 1.0 0.21
: Thyroi . . .
\/ hyroid 0.16 0.99 0.16
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Effective energy for organs of reference

Eff. energy, YE(RBE),
(E in MeV)

Half-life for portions of GI tract
Radionuclide |(7, in days)
Organs of | ZE(RBE)n 2ZEF(RBE)n
reference | (Ein MeV) F (Ein MeV) S SI LI
Total body 032 |
Lung (insol.) 0.23
Bone Totals for Chain 0.70
Prostate 0.16
Liver 0.23
Thyroid 0.16
500N 128 ) 9.5 Total body 0.93 1.0 0.93 0.93 0.93 0.93
Lung (insol.)]  0.93 1.0 0.93
Bone 4.7 1.0 4.7
Prostate 0.93 1.0 0.93
Liver 0.93 1.0 0.93
Thyroid 0.93 1.0 0.93
Sbt2s rSS% 877 Total body 0.32 0.041 0.013 0.21 0.32 0.16
Lung (insol.)]  0.21 0.12 0.025
Bone 0.62 0.10 0.062
Prostate 0.14 0.041 0.0057
Liver 0.21 0.042 0.0088
Thyroid 0.14 0.0046 (6.4 x 10—
Tel2sm ) 58 Total body 0.075 0.0085 [6.4 x 10—t | 0.070 | 0.075 | 0.061
Lung (insol.) 0.070 0.081 ‘0.0057
Bone 0.21 0.035 0.0074
Prostate 0.055 0.0085 4.7 x 10—¢
Liver 0.070 0.014 9.8 x 10—
Thyroid 0.055 6.1 x 104 13.4 x 10-%
Total body 0.94
Lung (insol.) - 0.96
Bone Totals for Chain 4.8
Prostate 0.94
Liver 0.94
Thyroid 0.93
509N 125 9.5 Total body { 0.93 1.0 0.93 0.93 0.93 0.93
Lung (insol.)]  0.93 1.0 0.93
Bone 4.7 1.0 4.7
- 17% Prostate 0.93 1.0 0.93
Liver 0.93 1.0 0.93
Thyroid « 0.93 1.0 0.93
Shes J 877 Total body 0.43 - 0.041 0.018 0.21 0.43 0.13
Lung (insol.)] 0.21 0.12 0.025
Bone 0.28 0.10 0.028
Prostate 0.095 0.041 0.0039
Liver 0.21 0.042 0.0088
Thyroid 0.095 0.0046 4.4 x 10—+
l ;

A
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Effective energy for organs of reference

Eff. energy, YE(RBE),

(E in MeV)

Half-life for portions of GI tract
Radionuclide |( T, in days)
Organs of | ZE(RBE)n 2EF(RBE)n
reference | (£ in MeV) F (Ein MeV) S SI LI
Total body 0.95
Lung (insol.) 0.96
Bone Totals for Chain 4.7
Prostate 0.93
~ Liver 0.94
Thyroid 0.93
5 Shuss 877 Total body 0.32 1.0 0.32 021 |0.32 |0.16
Lung (insol.) 0.21 1.0 0.21
» Lung (sol.) 0.21 1.0 0.21
83% Bone 0.62 1.0 0.62
Liver 0.21 1.0 0.21
Thyroid 0.14 1.0 0.14
Tetzsn ) 38 Total body 0.075 0.21 0.016 0.070 | 0.075 | 0.061
Lung (insol.)|  0.070 0.67 0.047
Lung (sol.) 0.070 0.31 0.022
Bone 0.21 0.34 0.071
Liver 0.070 0.34 0.024
Thyroid 0.055 0.13 0.0072
Total body 0.34
Lung (insol.) 0.26
Lung (sol.) Totals for Chain 0.23
Bone 0.69
Liver 0.23
Thyroid 0.15
52 LEl¥m 105 Total body 0.089 1.0 0.089 0.083 | 0.089 | 0.076
Lung (insol.)|  0.083 1.0 0.083
Kidney 0.079 1.0 0.079
Testis 0.070 1.0 0.070
Spleen 0.079 1.0 0.079
Bone 0.31 1.0 0.31 -
Liver 0.083 1.0 0.083
Thyroid 0.070 1.0 0.070
Tets? 0.39 Total body 0.24 0.97 0.23 0.24 0.24 0.24
Lung (insol.)|  0.24 1.0 0.24
Kidney 0.24 0.99 0.24 -
Testis 024 0.99 0.24
Spleen 0.24 0.99 0.24
Bone 1.2 0.99 1.2
Liver 0.24 0.99 0.24
Thyroid 0.24 0.95 0.23 |
Total body 0.32
Lung (insol.) Totals for Chain 0.32
Kidney 0.32
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Effective energy for organs of reference

Efl. energy, ZE(RBE),
(£ in MeV)

Half-life for portions of GI tract
Radionuclide |( T, in days)
Organs of | ZE(RBE)n JEF(RBE)n
reference | (Ein MeV) F (Ein MeV) S SI LI
Testis 0.31
Spleen 0.32
Bone Totals for Chain 1.5
Liver 0.32
Thyroid 0.30
5o Te12em 33 Total body 0.11 | 1.0 0.11 0.10 | 0.11 | 0.093
Lung (insol.) 0.10 1.0 0.10
Kidney 0.096 1.0 0.096
Testis 0.087 1.0 0.087
Spleen 0.096 1.0 0.096
Liver 0.10 1.0 0.10
Bone *0.40 1.0 0.40
Thyroid 0.087 1.0 0.087
Tet2® 0.051 Total body 0.98 1.0 0.98 0.73 0.98 0.64
Lung (insol.)]  0.73 1.0 0.73
Kidney 0.68 1.0 0.68
Testis 0.60 1.0 0.60
Spleen 0.68 1.0 0.68
Liver 0.73 1.0 0.73
Bone 2.8 1.0 2.8
Thyroid 0.60 0.99 0.59
1128 6.3 x.10® | Total body 0.089 2.2 x 1078 12,0 x 10—° | 0.082 | 0.089 | 0.073
Lung (insol.) 0.082 1.9 x 107% [1.6 x 10—°
Kidney 0.077 2.7 x 10=® 2.1 x 10—10
Testis 0.068 2.2 x 1078 | 1.5 x 10—®
Spleen 0.077 2.2 x 107° 1 1.7 x 10—10
Liver 0.082 5.5 x 107 |4.5 x 10-10
Bone 0.30 3.2 x 107®° 19.6 x 10-10
Thyroid 0.068 2.2 x 1078 | 1.5 x 10—®
Total body 1.1
Lung (insol.) 0.83
Kidney 0.78
Testis Totals for Chain 0.69
Spleen 0.78
Liver 0.83
Bone 3.2
Thyroid « 0.68
so1€l29 0.051 Total body 0.98 1.0 0.98 0.73 0.98 0.64
Lung (insol.)] 0.73 1.0 0.73
Kidney 0.68 1.0 0.68
Testis 0.60 1.0 0.60
Spleen 0.68 1.0 0.68
Liver 0.73 1.0 0.73
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Effective energy for organs of reference

Eff. energy, ZE(RBE),

(E in MeV)

Half-lifc for portions of GI tract
Radionuclide |( 7, in days)
. Organs of | ZE(RBE)n 2EF(RBE)n
| reference | (Ein MeV) F (Ein MeV) S SI LI
. Bone 2.8 1.0 2.8
| Thyroid 0.60 1.0 0.60
[i29 6.3 x 10° | Total body 0.089 2.2 x 1078 12,0 x 10=% | 0.082 | 0.089 | 0.073
| Lung (insol.)|  0.082 | 1.9 x 10-* | 1.6 x 10-¢
i Kidney 0.077 2.7 x 107° |2.1 x 10-10
| Testis 0.068 122 x 10~* |1.5 x 10-°
! Spleen 0.077 |22 x 10=° | 1.7 x 1010 i
' Liver 0.082 5.6 x 10-° 4.6 x 10-10 5
' Bone 0.030 3.2 X 107% /9.6 x 10-11
| Thyroid 0.068 2.2 x 10-8 | 1.5 x 109
| Total body 0.98
: Lung (insol.) 0.73
| Kidney 0.68 !
Testis Totals for Chain 0.60
| Spleen 0.68
t Liver 0.73
Bone 2.8
Thyroid 0.60
52 Lel3tm 1.25 Total body 1.2 1.0 1.2 0.73 1.2 0.55
Tel2t Lung (insol.) 0.73 1.0 0.73
Kidney 0.63 1.0 0.63
Spleen 0.63 1.0 0.63
Liver 0.73 1.0 0.73
Bone 1.9 1.0 1.9
_ Thyroid 0.47 1.0 0.47
J131 8.05 Total body 0.44 0.94 0.41 0.30 0.44 0.25
Xeldim Lung (insol.)]  0.30 0.94 0.28
Kidney 0.27 0.68 0.18
Spleen 0.27 0.63 0.17
Liver 0.30 0.81 0.24
Bone 1.0 0.71 0.71
Thyroid 0.23 0.94 0.22
Total body 1.6
Lung (insol.) 1.0
Kidney Totals for Chain 0.81
Spleen =, 0.80
Liver 0.97
Bone 2.6
Thyroid 0.69
52 lel32 3.2 Total body 0.21 1.0 0.21 0.13 0.21 0.10
Lung (insol.)|  0.13 1.0 0.13
Kidney 0.11 1.0 0.11
Spleen 0.11 1.0 0.11
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Eff. energy, ZE(RBE),
Effective energy for organs of reference (E in MeV)
Half-life for portions of GI tract
Radionuclide (T, in days)
Organs of | ZE(RBE)n 2ZEF(RBE)n
reference | (Ein MeV) F (Ein MeV) S SI LI
Testis 0.089 1.0 0.089 !
Bone 0.38 1.0 0.38 :
Liver 0.13 1.0 0.13
Thyroid 0.089 1.0 0.089
[132 0.097 Total body 1.7 1.0 1.7 1.0 1.7 0.76
Lung (insol.) 1.0 1.0 1.0
Kidney 0.86 0.99 0.85
Spleen 0.86 0.99 0.85
Testis 0.65 0.99 0.64
Bone 2.7 0.99 2.7
Liver 1.0 0.99 0.99
| Thyroid 0.65 1.0 0.65
Total body 1.9
Lung (insol.) 1.1
Kidney 0.96
Spleen Totals for Chain 0.96
Testis 0.73
Bone 3.1
Liver 1.1
Thyroid 0.74
s3] 132 0.87 Total body 0.84 1.0 0.84 0.64 0.84 0.57
Xel3sm Lung (insol.)}  0.64 1.0 0.64
Thyroid 0.54 1.0 0.54
Xel33 5.27 Total body 0.17 0.016 0.0027 0.16 0.17 0.15
‘ Lung (insol.)|  0.16 0.016 0.0026
Thyroid 0.14 - 0.016 0.0022
Total body 0.84
Lung (insol.) Totals for Chain 0.64
Thyroid 0.54
sal 138 0.28 Total body 1.2 1.0 1.2 0.70 1.2 0.54
Xeldsm Lung (insol.){  0.70 1.0 0.70
Thyroid 0.46 1.0 0.46
Xel3s 0.38 Total body 0.50 0.18 0.090 0.40 0.50 0.36
Cs13sm Lung (insol.)|  0.40 0.18 0.072
Thyroid x 0.33 0.18 0.059
Cstas 1.1 X 10° | Total body | ‘0.066 L1 x 1078 |7.3 x 10-1°| 0.066 | 0.066 | 0.066
Lung (insol.)]  0.066 1.9 x 10-% /1.3 x 10-°
Thyroid 0.066 1.1 x 10-% |7.3 x 10-10
Total body 1.3
Lung (insol.) Totals for Chain 0.77
Thyroid 0.52
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Eff. energy, ZE(RBE),

Effective energy for organs of reference (E in MeV)
Half-life for portions of GI tract
Radionuclide |( T, in days)
Organs of | ZE(RBE)n ZEF(RBE)n
reference | (Ein MeV) F (Ein MeV) S SI LI
55Cs134m 0.13 Total body 0.11 1.0 0.11 0.092 | 0.11 0.083
Lung (insol.)]  0.092 1.0 0.092
Liver 0.092 1.0 0.092
Spleen 0.087 1.0 0.087
Kidney 0.087 1.0 0.087
Muscle 0.11 1.0 0.11
Bone 0.35 1.0 0.35
Lung (sol.) 0.092 1.0 0.092
Cs13s 840 Total body 1.1 0.077 0.085 0.57 1.1 0.38
Lung (insol.)|  0.57 0.13 0.074
Liver 0.57 0.096 0.055
Spleen 0.46 0.10 0.046
Kidney 0.46 0.048 0.022
Muscle 1.1 0.14 0.15
Bone 0.99 0.14 0.14
Lung (sol.) 0.57 0.14 0.080
Total body 0.19
Lung (insol.) 0.17
Liver 0.15
Spleen Totals for Chain 0.13
Kidney 0.11
- Muscle 0.26
Bone 0.49
Lung (sol.) 0.17
ssBal?l 11.6 Total body 0.35 1.0 0.35 0.17 0.35 0.093
Lung (insol.)]  0.17 1.0 0.17
Bone 0.003 1.0 0.093
Liver 0.17 1.0 0.17
Muscle - 0.35 1.0 0.35
Spleen 0.12 1.0 0.12
Kidney 0.12 1.0 0.12
Lung (sol.) 0.17 1.0 0.17
Cst3t 10 Total body 0.029 0.88 0.026 0.024 | 0.029 | 0.017
Lung (insol.)] 0.024 0.92 0.022
Bone 0.017 0.93 0.016
Liver 0.024 0.90 . 0.022
Muscle 0.0R9 0.93 © 0.027
Spleen 0.021" 0.91 0.019
Kidney 0.021 0.81 0.017
Lung (sol.) 0.024 0.93 0.022
Total body 0.38
Lung (insol.) Totals for Chain 0.19
Bone 0.11

Liver

0.19




128

REPORT OF COMMITTEE TWO

Effective energy for organs of reference

Eff. energy, 2E(RBE),

(E in MeV)

Half-life for portions of GI tract
Radionuclide (7, in days) .
Organs of | ZE(RBE)n 2EF(RBE)n
Reference | (Ein MeV) F (Ein MeV) S SI LI
Muscle 0.38
Spleen 0.14
Kidney Totals for Chain 0.14
Lung (sol.) 0.19
5Bal®o | 128 | Totalbody | 0.40 1.0 0.40 03¢ | 040 | 0.32
‘ Lung (insol.)| 0.34 1.0 0.34
Bone 1.5 1.0 1.5
Liver 0.34 1.0 0.34
f Lung (sol.) 0.34 1.0 0.34
Muscle 0.40 1.0 0.40
_‘ Spleen 0.33 1.0 0.33
! Kidney 0.33 1.0 0.33
Lalio i 1.68 Total body 1.9 1.0 1.9 1.1 1.9 0.80
! Lung (insol.)| 1.1 1.0 1.1
Bone 2.7 1.0 2.7
Liver 1.1 1.0 1.1
Lung (sol.) 1.1 1.0 1.1
Muscle 1.9 1.0 1.9
Spleen 0.92 1.0 0.92
Kidney 0.92 1.0 0.92
Total body 2.3
Lung (insol.) 1.4
Bone 4.2
Liver Totals for Chain 1.4
Lung (sol.) 1.4
Muscle 2.3
Spleen 1.2
Kidney 1.2
55Celds 1.33 Total body 0.66 1.0 0.66 0.54 0.66 0.49
- Lung (insol.)|  0.54 1.0 0.54
Liver 0.54 1.0 0.54
Bone 2.2 1.0 2.2
Kidney 0.51 1.0 0.51
Priss 13.7 Total body 0.32 0.98 0.31 0.32 0.32 0.32
Lung (insol.)| 0.32 0.90 0.29
Liver « 0.32 0.96 0.31
Bone 1.6 0.99 1.6
Kidney 0.32 0.98 0.31
Total body 0.97
Lung (insol.) 0.83
Liver Totals for Chain 0.85
Bone 3.8
Kidney 0.82

L E T I Y o ot Bk 4 Sy
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| Eff. energy, ZE(RBE),
Effective energy for organs of reference (E in MeV)
Half-life for portions of GI tract
Radionuclide [( 7, in days)
Organs of | ZE(RBE)n 2JEF(RBE)n
Reference | (Ein MeV) F (Ein MeV) S SI LI
ssCeldd F290 Total body 1.3 1.0 1.3 1.3 1.3 1.3
Priu Lung (insol.) 1.3 1.0 1.3
f Liver 1.3 1.0 1.3
i Bone 6.3 1.0 6.3
: Kidney 1.3 1.0 1.3
Nd 1 7.3 x 10'7! Total body 20 9.0 x 10718 1.8 x 10—-1| 20 20 20
3‘ Lung (insol.) 20 1.6 X 10-1813.2 % 1015
| - Liver 20 1.8 x 10715 3.6 x 10-15
? . Bone 100 2.0 x 1071512.0 x 10-13
| Kidney 20 9.0 x 10-16 | 1.8 x 10-1¢
“ Total body 1.3
‘ . Lung (insol.) 1.3
Bone Totals for Chain 6.3
: Liver 1.3
| Kidney 1.3
-aNd 147 i 11.3 Total body 0.37 1.0 0.37 0.29 0.37 0.26
! Lung (insol.)]  0.29 1.0 0.29
‘ Liver 0.29 1.0 0.29
J Kidney 0.28 1.0 0.28
7 Bone 1.2 1.0 1.2 .
Pm L 920 Total body 0.069 0.42 0.029 0.069 | 0.069 | 0.069
! Lung (insol.)!  0.069 0.12 0.0083
: Liver 0.069 0.42 0.029
Kidney 0.069 0.42 0.029
Bone 0.35 0.62 0.22 .
Sm147 4.8 x 101*| Total body 23 5.7 x 10-1211.3 x 10-10| 0.22 0.22 0.22
Lung (insol.) 23 2.9 x 1071316.7 x 10—12
Liver 23 1.6 x 10—1213.7 x 10—11
Kidney 23 5.7 X 10712| 1.3 x 10-10
Bone 115 1.9 x 1011121 x 10-*
i Total body 0.40
i Lung (insol.) 0.30
Liver Totals for Chain 0.32
Kidney 0.31
Bone 1.4
- ‘ :
wINd 149 0.083 Total body 0.55 1.0 0.55 0.55 0.55 0.55
Lung (insol.)|  0.55 1.0 0.55
Liver 0.55 1.0 0.55
Kidney 0.55 1.0 0.55
Bone 2.8 1.0 2.8
Pm?14® 2.2 Total body 0.54 1.0 0.54 0.44 0.54 0.41
J Lung (insol.)|  0.44 1.0 0.44
Z Liver 0.44 1.0 0.44
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i Eff. energy, XE(RBE),
| Effective energy for organs of reference (E in MeV)
Half-life | for portions of GI tract
Radionuclide (T, in days);
Organs of | ZE(RBE)n ZEF(RBE)n
| reference | (Ein MeV) F (Ein MeV) S SI LI
| Kidney 0.42 1.0 0.42
! Bone 1.9 1.0 1.9 g
|
| Total body 1.1 ‘
Lung (insol.) 0.99 |
Liver Totals for Chain 0.99
Kidney 0.97
Bone 1.7 :
e Pmé7 920 Total body 0.069 1.0 0.069 0.069 | 0.069 | 0.069
Lung (insol.)|  0.069 1.0 0.069 |
Bone 0.35 1.0 0.35 l
Kidney 0.069 1.0 0.069 ‘
Liver 0.069 1.0 0.069
Sm7 4.8 x 1013 Total body 23 1.4 x 1071113.2 x 10710} 0.22 0.22 0.22
| Lung (insol.)] 23 2.5 x 10-12,58 x 10—11
| Bone 115 3.1 x 10-11:3.6 x 10~°
Kidney 2 1.4 x 10-1113.2 x 1010
Liver 23 3.9 X 10712|9.0 x 1011
Total bedy 0.069
Lung (insol.) : 0.069
Bone Totals for Chain 0.35
Kidney 0.069
Liver 0.069
s Dy 1% 3.4 Total body 0.094 1.0 0.094 0.094 | 0.094 | 0.094
‘Lung (insol.)|  0.094 1.0 0.094 ’
Bone 0.47 1.0 0.47
Liver 0.094 1.0 0.094
Hot®s 1.1 Total body 0.70 1.0 0.70 0.69 0.70 0.69
Erissm Lung (insol.){  0.69 0.96 0.66
Bone 34 1.0 3.4
Liver 0.69 1.0 0.69 ,
Total body 0.79
Lung (insol.) 0.75
Bone Totals for Chain 3.9
Liver 1. 0.78
e Ert?! 0.31 Total body 0.64 1.0 0.64 0.49 0.64 0.43
Tm17im Lung (insol.)] 0.49 1.0 0.49
Bone 1.9 1.0 1.9
Kidney 0.45 1.0 0.45
Tm1?! 694 Total body 0.030 0.49 0.015 0.030 | 0.030 | 0.030
Lung (insol.)]  0.030 0.15 0.0045

ma———T YO

ROSer, ¥ h



PERMISSIBLE DOSE FOR INTERNAL RADIATION

131

-

Eff. energy, ZE(RBE),
Effective energy for organs of reference (E in MeV)
Half-life for portions of GI tract
Radionuclide {( T, in days)
Organs of | ZE(RBE)n JEF(RBE)n
reference | (£in MeV) F (Ein MeV) S SI LI
Bone 0.15 0.59 0.089
Kidney 0.030 0.33 0.0099
Total body 0.65
‘ ;z:eg (insol.) Totals for Chain ggq
‘ Kidney 0.46
S W87 1.0 Total body 0.68 1.0 0.68 0.44 0.68 0.36
Re187m ' Lung (insol.) 0.44 1.0 0.44
' Liver 0.44 1.0 0.44
Bone 1.4 1.0 1.4 .
Re¥? 1.8 x 1013 | Total body 0.012 3.9 x 10712147 x 10-15 0.012 | 0.012 & 0.012
Lung (insol.)] 0.012 6.7 x 10-1218.0 x 10—14 |
Liver 0.012 7.8 x 10-1319.4 x 10-15 |
Bone 0.062 1.9 x 10-1311.2 x 10—
Total body 0.68
i,:,nj- (1nsol.) Totals for Chain 8:3
Bone 1.4
760Os18m 0.58 "Total body 0.042 1.0 0.042 0.018 | 0.042 | 0.0097
Lung (insol.) 0.018 1.0 0.018
Kidney 0.013 1.0 0.013
Liver 0.018 1.0 0.018
Os1ot 16 Total body 0.16 0.11 0.018 0.12 0.16 - | 0.10
Iri9im Lung (insol.)]  0.12 0.88 0.11
Kidney ‘ 0.11 0.24 0.026
Liver 0.12 .0.26 0.031
Total body 0.060
E;gge(;mo") Totals for Chain g (1)29
Liver 0.049
;g Pt193m 3.5 Total body 0.075 1.0 0.075 0.032 | 0.075 | 0.017
Lung (insol.)]  0.032 1.0 0.032
Kidney 0.023. 1.0 0.023
Liver 0.032 1.0 0.032
: Spleen 0.023 1.0 0.023
Pt1es 1.8 x 10% | Total body 0.043 11.3.x 10—% 15.6 x 10¢ | 0.019 | 0.043 | 0.0099
Lung (insol.)]  0.019 6.7 x 10~¢ |1.3 x 10~
Kidney 0.014 3.3 x 10— |4.6 x 10—
Liver 0.019 1.1 x 10—¢ |2.1 x 10—8
Spleen 0.014 3.3 x 10—4 |4.6 x 10~




132 REPORT OF COMMITTEE TWO

Eff. energy, ZE(RBE),
Effective energy for organs of reference (E in MeV)
Half-life | for portions of GI tract
Radionuclide |{ 7, in days)
Organs of | ZE(RBE)n ZEF(RBE)n
reference | (E in MeV) F (Ein MeV) S SI LI
Total body 0.075
Lung (insol.) 0.032
Kidney Totals for Chain 0.023
Liver 0.032
Spleen . 0.023
P17 0.056 Total body 0.30 1.0 0.30 0.28 0.30 0.27
Lung (insol.)}  0.28 1.0 - 0.28
Kidney 0.27 1.0 0.27
Liver 0.28 1.0 0.28
Spleen 0.27 1.0 0.27
Pt197 0.75 Total body 0.26 0.97 0.25 0.24 0.26 0.23
Lung (insol.)| 0.24 1.0 0.24
Kidney 0.23 0.99 0.23
Liver 0.24 0.96 0.23
Spleen 0.23 0.99 0.23
Total body 0.55
Lung (insol.) 0.52
Kidney Totals for Chain 0.50
Liver 0.51
Spleen 0.50
soH g™ 1.0 Total body 0.22 1.0 0.22 0.15 0.22 0.13
Auldim Lung (insol.)|  0.15 1.0 0.15
Kidney 0.14 1.0 0.14
Spleen 0.14 1.0 0.14
Liver 0.15 1.0 0.15
Hg¥ 2.7 Total body 0.097 0.78 . 0.076 0.052 | 0.097 | 0.036
Lung (insol.)|  0.052 0.96 0.050 i
Kidney 0.043 0.85 0.037
Spleen 0.043 0.78 0.034
Liver 0.052 0.85 0.044
Total body 0.30
Lung (insol.) ‘ 0.20
Kidney Totals for Chain 0.18
Spleen « \ 0.17
Liver 1 0.19
g2 P D210 7.1 x 103 | Total body 0.045 1.0 0.045 0.027 | 0.045 | 0.019
Lung (insol.)]  0.027 1.0 0.027
Kidney 0.023 1.0 0.023
Bone 0.051 1.0 0.051
Liver 0.027 1.0 0.027
Bi210 5.0 Total body 0.40. 0.50 0.20 0.40 0.40 1 0.40
Ti208 Lung (insol.)]  0.40 0.96 0.38 } |
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Effective energy for organs of reference

Eff. energy, ZE(RBE),
(E in MeV)

|
!
| Half-life | for portions of GI tract
Radionuclide (7, in days)
| Organs of | ZE(RBE)n ZEF(RBE)n
; reference | (Ein MeV) F (Ein MeV) S SI LI
! Kidney 0.40 0.54 0.22
f Bone 2.0 0.72 1.4
Liver 0.40 0.76 0.30
Po?10 . 1384 Total body 55 0.090 5.0 0.53 0.53 0.53
Lung (insol.)] 55 0.44 24
! Kidney 55 0.18 9.9
i Bone 275 0.10 28
; Liver 55 0.18 9.9
! Total body 5.2
Lung (insol.) 25
Kidney Totals for Chain 10.
Bone 29
Liver 10
s2Pb%12 ; 0.44 Total body 0.29 1.0 0.29 0.24 0.29 0.22
Lung (insol.)]  0.24 1.0 0.24
Kidney 0.23 1.0 0.23
Bone 1.0 1.0 1.0
N Liver 0.24 1.0 0.24
Bi212 0.042 | Total body 83 0.99 82 1.8 2.2 1.7
Po?212 Lung (insol.)] 83 1.0 83
T]208 "Kidney 82 0.99 81
Bone 410 1.0 410
Liver 83 1.0 83
Total body . 82
Lung (insol.) 83
Kidney Totals for Chain 81
Bone 410
Liver 83
gsBi210 5 Total body . 0.40 1.0 0.40 0.40 0.40 0.40
Tl208 Lung (insol.);  0.40 1.0 0.40
Kidney 0.40 1.0 0.40
Bone 2.0 1.0 2.0
Liver 0.40 1.0 0.40
Spleen 0.40 1.0 0.40
Po210 138.4 Total body 55 . 0.18 9.9 0.53 0.53 0.53
Lung (insol.); 55 0.46 25
Kidney 55 0.33 18
Bone 275 0.14 39
Liver 55 0.23 13
Spleen 55 0.30 17
e Total body Totals for Chain 10
Lung (insol.) 26
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. Eff. energy, ZE(RBE),
Effective energy for organs of reference ‘ (E in MeV)
Half-life - for portions of GI tract
Radionuclide {( T, in days) ‘ ,
Organs of | ZE(RBE)n (ZEF(RBE)niI 1
Reference | (Ein MeV) F 1 (EinMeV)| S : ST LI
Kidney 19 i |
! - } I
E(i):cer i Totals for Chain ! .1“31 %
Splcen 17 w !
e At211 0.30 Total body | 61 1.0 [ 61 ''0.59 ‘ 0.39 1 0.59
| Lung (insol.)| 61 1.0 61 ‘
i Thyroid 61 1.0 ;61 i
11% Ovary 61 1.0 P61 i
Spleen i 61 1.0 61 | 1
Bi20? 1 2.9 % 10% | Total body 1.0 0.0017 0.0017 | 045 | 10 0.24
Pb2om | Lung (insol.)  0.45 0.040 | 0018
; Thyroid 0.15 34 x 107 5.1 x 1078 ¢ |
Ovary 0.15 0.0017 |2.6 x 10—¢ ¢ i
Spleen 0.33 0.0034 0.0011 \
. Total body | 61 i :
Lung (insol.) | 61 | }
i Thyroid Totals for Chain | 6l i 5
| Ovary ¢ 61 3
Spleen 61 |
;sRa?zt 3.4 Total body | 194 1.0 194 1.9 1.9 1.9
Rnz220 Lung (insol.)| 194 1.0 194 ,
Po21¢ Bone 194 1.0 194 |
Pb212 0.44 Total body 0.29 1.0 0.29 0.24 0.29 0.22
Lung (insol.)] 0.24 1.0 0.24
‘ Bone 0.22 1.0 0.22
Bi212 0.042 Total body 83 0.99 82 1.8 2.2 1.7
Po?12 Lung (insol.)| 83 1.0 33
Tl208 Bone 82 1.0 82
Total body 280
Lung (insol.) Totals for Chain 280
Bone 280
gsRa22¢ 5.9 x 10% | Total body 49 1.0 49 0.48 0.48 0.48
Bone L 49 1.0 49
Rn?22 3.83 Total body T 200 0.30 60 3.5 4.4 3.2
Po218 Bone 200 0.30 60
Pb24
Bizue
Po2!s
Tiz10

o s

RO

i
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e Eff. energy, ZE(RBE),
Effective energy for organs of reference (E in MeV)
Half-life for portions of GI tract
Radionuclide [( 7, in days) i
Organs of | ZE(RBE)n 2EF(RBE)n
Reference | (Ein MeV) F (E in MeV) S | SI LI
pPhzto I 7.1 x 10% | Total body 0.045 0.051 0.0023 0.027 l 0.045 | 0.019
‘ Bone 0.019 0.087 0.0016 -
Biz1o . S0 Total body 0.40 0.025 0.010 040 1 040 | 040
Tlz08 Bone 0.40 0.063 0.025 1 ‘ »
Po210 . 138.4 Total body 55 0.0046 0.25 0.53 ; 0.53 | 0.33
i Bone 55 1 0.0091 0.50 3 i
1 i i
| ggrt::l body Totals for Chain :}8 | :
Ra2e | 2.4 % 103 | Total body | * 0.0046 | = 1.0 0.0046 | 0.00461 0.0046! 00046
} Lung (insol.)| = 0.0046 1.0 0.0046 ;
! . Bone 0.0046 1.0 0.0046 \
Acees 026 Total body 1.1 1.0 1.1 074 | 1.1 0.62
f Lung (insol.)l =~ 0.74 1.0 0.74
‘ Bone 0.62 1.0 0.62
Th22s 700 Total body 56 0.99 55 0.54 0.54 0.54
K/ Lung (insol.)| 36 0.68 38
Bone 56 0.99 55
Raz2 3.64 Total body | 194 0.62 120 1.9 1.9 1.9
Rn?220 Lung (insol.)| 194 0.44 85
Po?1s " Bone 194 0.50 97
Pb212 0.44 Total body 0.29 0.62 0.18 0.24 0.29 0.22
Lung (insol.){ 0.24 0.44 0.11
Bone : 0.22 0.50 0.11 :
Bj212 0.042 Total body 83 0.62 51 1.8 2.2 1.7
Po212 Lung (insol.)] 83 0.44 36
T1208 Bone 82 0.50 41
Total body 230
Lung (insol.) Totals for Chain 160
Bone 190
seAC2? 8.0 x 10% | Total body 0.63 1.0 0.63 0.019 | 0.019 | 0.019
Fr223 Lung (insol.)] 0.63 1.0 0.63
At219 Bone 3.1 - 1.0 3.1
Biz1s Liver 0.63 . 1.0 0.63
Kidney 0.63 1.0 0.63
Th2?? 18.4 Total body | 62 1.0 62 0.64 0.69 | 0.62
Lung (insol.)] 61 0.99 60
Bone 307 1.0 307
, Liver 161 1.0 61
— Kidney 61 1.0 61
Ra?23 11.7 Total body | 275 0.50 137 3.7 3.8 3.7
Rn?1¥ i Lung (insol.)| 275 0.60 165
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Eff. energy, YE(RBE),
Effective energy for organs of reference (E in MeV)
Half-life for portions of GI tract
Radionuclide {( 7, in days) !
Organs of | ZE(RBE)n ZEF(RBE)n
reference | (£ in MeV) F (E in MeV) S SI LI
|
Po213 Bone 1370 0.50 687 ‘
Pp21t Liver 275 1.7 x 10— 0.047 ‘
Bii! Kidney 275 0.0011 0.29 i
T]207 | |
Po211 ‘ E
| ‘ |
| Total body | 200 }
Lung (insol.): 230 |
Bone E Totals for Chain 1000 i
Liver : 62 '1 '
Kidney | 62 ;
wAc22 026 Total body 1.1 1.0 1.1 0714 11 0.62
Lung (insol.)] 0.74 1.0 0.74 |
Bone 2.6 1.0 2.6
i Kidney 0.67 1.0 0.67 E |
| Liver 0.74 1.0 0.74 ‘
Th22s 700 Total body 36 0.99 55 | 0.54 0.54 0.54
Lung (insol.)l 36 0.68 38 §
Bone 279 0.99 276
Kidney 56 0.97 54 3
Liver 56 0.99 55 |
Ra?% 364 Total body | 194 0.62 120 1.9 1.9 1.9
Rn?220 Lung (insol.)| 194 0.44 85
Po218 Bone 971 0.50 486
Kidney 194 0.0016 0.31
Liver 194 2.6 x 10— 0.051
Pb212 0.44 Total body 0.29 0.62 0.18 0.24 0.29 0.22
: ‘ Lung (insol.)] 0.24 0.44 0.11
Bone 1.0 0.50 0.50
Kidney 0.23 0.0016 3.7 x 10—¢
Liver 0.24 2.6 x 10— |6.2 x 108
Bi2:2 0.042 Total body 83 0.62 51 1.8 2.2 1.7
Po?12 Lung (insol.)] 83 0.44 36
Tl208 Bone 411 0.50 206
Kidney 82 0.0016 0.13
Liver 83 2.6 x 104 0.022
Total body % . 230
Lung (insol.) 160
Bone Totals for Chain 970
Kidney 58
Liver 56
9o T D227 18.4 Total body 62 1.0 62 0.64 0.69 0.62
Lung (insol.)! 61 1.0 61
Kidney 61 1.0 61
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! |
. Eff. energy, ZE(RBE),
Effective energy for organs of reference (E in MeV)
Half-life for portions of GI tract
Radionuclide {( T, in days)
Organs of | ZE(RBE)n 2EF(RBE)n
reference | (E'in MeV) F (Ein MeV) S SI LI
Liver 61 1.0 61
Bone 307 1.0 | 307
Ra?23 11.7 Total body | 275 0.50 138 3.7 3.8 3.7
Rn21® Lung (insol.)| 275 0.61 168
Po21® Kidney 275 0.0011 0.30 !
Pp21t Liver 275 1.7 x 104 0.047
Biz1t " | Bone 1370 0.50 687
T1207
Po211
Total body 200
" Lung (insol.) 230
Kidney Totals for Chain 61
Liver 61
Bone 990
oo Th2%8 1 700 Total body 56 1.0 56 0.54 0.54 0.54
Lung (insol.){ 56 1.0 56
N Bone 279 1.0 279
b Kidney 56 1.0 56
Liver 56 1.0 56
Ra22¢ 3.64 Total body | 194 0.63 122 1.9 1.9 1.9
Rn?20 : "Lung (insol.)| 194 0.65 126
Po218 Bone 971 0.50 485
Kidney 194 0.0017 0.33
. Liver 194 2.6 x 10— 0.051
Pb21z 0.44 Total body 0.29 0.63 0.18 0.24 0.29 0.22
Lung (insol.); 0.24 0.65 0.16
Bone 1.0 0.50 0.50
Kidney 0.23 0.0017 |3.9 x 104
_ Liver 0.24 2.6 x 10—+ {6.2 x 105
Bij212 0.042 Total body | 83 - 0.63 52 1.8 2.2 1.7
Po212 Lung (insol.)| 83 0.65 54
T1208 Bone 411 0.50 206
Kidney 82 0.0017 0.14
Liver 83 2.6 x 10— 0.021
Total body ' : 1 230
Lung (insol.) R 240
Bone Totals for Chain 970
Kidney 56
Liver 56
,Th231 1.07 Total body 0.14 1.0 0.14 0.11 0.14 0.093
L Lung (insol.)]  0.11 1.0 0.11
i " | Bone 0.33 1.0 0.33
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Ef. energy, ZE(RBE).

Effective energy for organs of reference (E in MeV)
Half-life for portions of GI tract
Radionuclide [( 7, in days)
Organs of | ZE(RBE)n 2EF(RBE)n
reference | (Ein MeV) F (E in MeV) S SI LI
Kidney 0.10 1.0 0.10
Liver 0.11 1.0 0.11 :
Pa?3! 1.3 x 107 | Total body S1 8.4 x 10~4 0.043 | 060 0.70 0.56
! Lung (insol.) 51 9.2 X 1078 4.7 x 10-* |
. Bone 257 9.0 x 10— 0.23
: ] Kidney 51 8.6 x 104 0.044
; : Liver 51 8.8 x 10 0.045 -
§ - Total body 0.18
: Lung (insol.) 0.11 i l
1 Bone Totals for Chain 0.56 i {
i Kidney 0.14 ‘ !
| i Liver 0.16
9o Th23? 5.1 x 1012| Total body 4] 1.0 41 0.40 0.41 0.40
E | Lung (insol.)| 41 1.0 41
. Bone 205 1.0 203
Kidney 41 1.0 41 -
‘ Liver 41 1.0 41 '
Ra22¢ 2.4 x 10% . Total body 0.0046 0.094 4.3 x 10— | 0.0046} 0.0046 | 0.0046
Lung (insol.)|  0.0046 0.032 1.5 x 10—*
Bone 0.023 0.074 0.0017
Kidney 0.0046 9.7 x 107% (4.5 x 10~8
Liver 0.0046 1.5 x 107% |6.9 x 10—?
A28 0.26 Total body 1.1 0.094 0.10 0.74 1.1 0.62
Lung (insol.)| 0.74 0.032 0.024 -
Bone 2.6 0.074 0.19
Kidney 0.67 9.7 x 10—% {6.5 x 10~
Liver 0.74 1.5 x 10-% | 1.1 x 108
Th228 700 Total boedy 56 0.088 4.9 0.54 0.54 0.54 ;
Lung (insol.){ 56 0.021 1.2
Bone 279 0.069 19 ,
Kidney 56 9.0 x 10~* |5.0 x 10—¢ ;
Liver 56 1.4 x 10—¢ ;7.8 x 10~% IR
Ra2# 3.64 Total body | 194 0.056 11 1.9 1.9 1.9
Rn?220 Lung (insol.)| 194 0.014 2.7
Po?1¢ Bone 971 0.035 34
Kidney 194 1.5 x 10-1%{2.9 x 10-8
Liver 194 3.8 x 10719|7.4 x 10—*
Pb2!2 0.44 Total body 0.29 - 0.056 0.016" 0.24 0.29 0.22 ]
Lung (insol.)| 0.24 0.014 0.0034
Bone 1.0 0.035 0.035 N
Kidney 023 1.5 x 10-10|3.5 x 10-1! .
Liver 0.24 3.8 x 10719|9.1 x 10—11 1
Bizi? 0.042 Total body 83 0.056 4.6 1.8 2.2 1.7 ‘
Po?!? Lung (insol.); 83 0.014 1.2

s l'-“““ —
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Eff. energy, YE(RBE),
Effective energy for organs of reference (E in MeV)
Half-life for portions of GI tract
Radionuclide {( T, in days) i
Organs of | ZE(RBE)n 2EF(RBE)n :
reference | (E in MeV) F (EinMeV)| S SI ; LI
|
Ti208 Bone 411 0.034 14 ’
Kidney 82 1.5 x 10-10[ 1.2 x 10-8 |
Liver 83 3.8 x 10~1013.2 x 10-* |
; |
| Total body 62 :
| 1 Lung (insol.) 46 ‘
| ! Bone Totals for Chain 270 !
i Kidney 41 f
Liver 41
01 P22307) 17.7 Total body 0.048 1.0 0.048 0.020 | 0.048 | 0.011
Lung (insol.)]  0.020 1.0 0.020 5
Kidney 0.015 1.0 0.015 ;
Bone 0.011 1.0 0.011 f
Th?30 L80%) 2.9 x 107 | Total body 48 3.9 x 104 0.019 0.47 0.47 0.47
Lung (insol.)] 48 4.8 x 10-5 0.0023 i
Kidney 48 3.3 x 10 0.016
Bone 242 4.0 x 10— 0.097 |
Ra?? | 5.9 x 108 | Total body 49 5.6 x 1077 2.7 x 10-% | 0.48 i 0.48 0.48
Lung (insol.)| 49 6.6 x 10—? 13.2 x 1077 :
Kidney 49 1.3 x 10-11[6.4 x 10-10 |
| Bone 246 3.4 x 10-7 |8.4 x 10-5
Total body 0.067
Iﬁlilggc(;md') Totals for Chain ggg?
Bone 0.11
,1Pa23"w 17.7 Total body 0.13 1.0 0.13 0.13 0.13 0.13
Lung (insol.}| 0.13 1.0 0.13
Bone 0.64 1.0 0.64
' Kidney 0.13 1.0 0.13
yeso 20.8 Total body | 348 0.83 289 3.4 3.4 3.4
Th22e Lung (insol.); 348 0.85 296
Ra?222 Bone 1740 0.93 1618
Rn?218 Kidney 348 0.42 146
Po2t4 1209,
\ .
Pb2to 7.1 x 103 | Total body 0.0%5, 0.14 0.0063 0.027 | 0.045 | 0.019
Lung (insol.)|  0.027 0.014 3.8 x 10—
Bone 0.051 0.32 0.016
Kidney 0.023 0.029 6.7 x 10—
Bizte 5.0 Total body 0.40 0.071 0.028 0.40 0.40 0.40
T1208 Lung (insol.)]  0.40 0.014 0.0056
Bone 2.0 0.23 0.46
Kidney 0.40 0.016 0.0064
Poz1o | { 138.4 Total body 55 0.013 0.72 0.53 0.53 0.53
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Half-life

- ".Effective energy for organs of reference

Eff. énergy, ZE(RBE),

(E in MeV)

for portions of GI tract
Radionuclide |( T, in days)
Organs of | ZE(RBE)n 1ZEF(RBE)n
Reference | (Ein MeV) F (E in MeV) S SI LI
Lung (insol.)| 55 0.0063 0.35
Bone 275 0.033 9.1
Kidney 55 0.0052 0.29
Total body ’ 290 ;
. |
Lung (insol)l  Torals for Chain | 000 |
Kidney - 150
s Pa?d! 1.3 x 107 | Total body 52 1.0 52 0.60 0.70 0.56
Lung (insol.)] 51 1.0 51.
Kidney 51 1.0 51
Liver 51 1.0 51
Bone 257 1.0 257
Ac?? 8.0 x 102 | Total body 0.63 0.4S5 - 0.28 0.019 | 0.019 | 0.019
Fr223 : Lung (insol.)| 0.63 0.015 . -0.0095 .
Ar2le Kidney 0.63 0.45 -0.28
Biz1s Liver 0.63 0.20 - 0.13
: Bone 3.t 0.49 1.5
Th2%? 18.4 Total body | 62 0.45 28 0.64 0.69 0.62
Lung (insol.)] 61 0.015 0.92
Kidney 61 0.45 28
Liver 61 0.20 12
Bone 307 0.49 150
Ra?23 11.7 Total body | 275 0.23 63 3.7 3.8 3.7
Rn?21® Lung (insol.)| 275 0.0087 2.4
Po?1s Kidney 275 4.8 x 10—¢ 0.13
Pb21t Liver 275 3.3 x 103 0.0091
Bi211 Bone 1370 0.25 343
T1207
P0211
Total body 140
Lung (insol.)| 54
Kidney - - Totals for Chain - 79
Liver ' ' 63
Bone 750
92 U230 20.8 Total body | 348 1.0 348 i 3.4 3.4 34
Th22s Lung (insol.)| 348 1.0 348 l
Ra?2? Kidney 348 1.0 348 :
Rn?18 Bone 1740 1.0 1740 !
P0214 E
Pp21o 7.1 x 10% | Total body 0.045 0.17 0.0077 | 0.027 | 0.045 | 0.019
Lung (insol.)]  0.027 0.017 4.6 x 10— !
Kidney - 0.023 0.070 0.0016" |-
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' Eﬂ éneré'y, ZE (RBE), |

. Effective energy.for organs of reference (E in MeV)
- Half-life . ' for portions of GI tract
Radionuclide [( 7, in days)
Organs of | E(RBE)n ZEF(RBE)n
Reference | (Ein MeV) F (Ein MeV) S SI LI
Bone 0.051 0.34 0.017
Bito 5.0 Total body 0.40 0.085 0.034 0.40 0.40 0.40
T1208 Lung (insol.)] 0.40 0.016 0.0064
Kidney 0.40 0.038 0.015
Bone 2.0 0.25 0.50
Po210 138.4 Total body | 55 0.015 0.83 0.53 .| 0.53 0.53
Lung (insol.)] 55 0.0074 0.41
Kidney 55 0.013 0.72
Bone 275 0.035 9.6
Total body 350
IIilix;Ec(;nsol.) Totals for Chain ggg
Bone 1800
92U 232 2.7 x 10% | Total body | 55. 1.0 - .85 0.54 - | .0.54 053
Lung (insol.)} 85 1.0 55
Kidney 55 1.0 55
. Bone 274 1.0 274
— Th?28 700 Total body 56 0.99 55 0.54 0.54 0.54
Lung (insol.)| 56 0.68 38
Kidney 56 0.97 54
Bone 279 0.99 276
Ra?% 3.64 Total body | 194 0.62 120 1.9 1.9 1.9
Rn220 Lung (insol.)| 194 0.44 85
Po?21s Kidney 194 0.0017 0.33
Bone 971 0.50 485
Pb212 0.44 Total body 0.29 0.62 0.18 0.24 0.29 | 0.22
Lung (insol.)]  0.24 0.44 0.11
Kidney 0.23 0.0017 {3.9 x 10—
Bone 1.0 0.50 0.50
Biz12 0.042 Total body | 83 0.62 31 1.8 2.2 1.7
Po212 Lung (insol.)| 83 0.44 36
T1208 Kidney 82 0.0017 0.14
Bone 411 .0.50 206
Total body 280
Igilggc(;nsol.) Totals for Chain ?18
Bone 1200
52U 2% 2.6 x 10| Total body 46 1.0 46 0.59 0.77 0.52
Lung (insol.)| 46 1.0 46
Kidney 46 1.0 46
L Bone 228 1.0 228
Th?3t 1.07 Total body 0.14 1.0 0.14 0.11 0.14 0.093
Lung (insol.)|  0.11 0.99 0.11
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.~ REPORT OF. COMMITTEE TWO
S _ _, Eff. energy, ZE(RBE), "~
' , Effective energy for organs of reference  (EinMeV) =
Half-life - ' o for portions of GI tract
Radionuclide |( 7, in days) | :
Organs of | YE(RBE)n 2EF(RBE)n
reference | (Ein MeV) F (Ein MeV) S SI LI
Kidney 0.10 1.0 0.10
Bone 0.33 1.0 0.33
Total body 46
Ilgilgge(;mo}') Totals for Chain :g
Bone 230
p3Np2%7 8.0 x 10% | Total body.| 49 1.0 49 0.50 0.52 0.49
Lung (insol.)] 49 1.0 49
Bone 247 1.0 247
Liver 49 1.0 49
Kidney 49 1.0 49 .
Pa233 27.4 Total body 0.32 1.0 0.32 0.18 0.32 0.13
Lung (insol.) 0.18 0.81 0.15
Bone 0.41 1.0 041
Liver 0.18 1.0 0.18
Kidney 0.15 1.0 0.15 a
Total body 49
Lung (insol.) 49
Bone Totals for Chain 250
Liver 49
Kidney 49
93Np23? 2.33 Total body 0.22 1.0 0.22 0.16 0.22 0.14 .
Py23em Lung (insol.)]  0.16 1.0 0.16
Bone 0.63 1.0 0.63
Kidney 0.15 1.0 0.15
Liver 0.16 1.0 0.16
Pu?3® 8.9 x 10% | Total body 53 0.0013 0.069 0.52 0.52 0.52
Lung (insol.)| 53 4.1 x 1078 0.0022
Bone 266 0.0013 0.35
Kidney 53 0.0012 0.064 \
Liver 53 - 0.0012 0.064 -
Total body 0.29
Lung (insol.) 0.16
Bone Totals for Chain 0.98
Kidney 0.21
Liver 0.22
g Putl 4.8 x 103 | Total body 0.014 - 1.0 0.014 0.011 | 0.012 10.010 o
Lung (insol.)]  0.013 1.0 0.013 :
Bone 0.048 1.0 0.048
Kidney 0.012 1.0 0.012 A
Liver 0.013 1.0 0.013 . §
""‘.’
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Effective energy for organs of reference

| 'Eff energy, JE(RBE),

(E in MeV)

Half-life for portions of GI tract
Radionuclide |( 7, in days)
Organs of | ZE(RBE)n 2EF(RBE)n 1
reference | (Ein MeV) F (Ein MeV) S SI LI “
Am?2! 1.7 x 108 | Total body 57 0.041 2.3 0.56 0.59 0.56
Np?23im Lung (insol.)| 57 7.1 x 10— 0.040
Bone 283 0.048 14
Kidney 57 0.043 2.5
Liver 57 0.018 1.0
Total body 2.3
Lung (insol.) 0.053
Bone Totals for Chain 14
Kidney 2.5
Liver 1.0 {
9sAm243 2.9 x 108 | Total body 54 1.0 54 0.54 0.56 0.54
Lung (insol.){ 54 1.0 54
Bone 272 1.0 272
Kidney. 54 1.0 - 54 -
: : Liver 54 . 1.0 54
Np?23® 2.33 . | Total body 0.22 1.0 0.22 0.16 0.22 0.14
Py23em : Lung (insol.){] 0.16 -0.98 0.16
Bone 0.63 1.0 0.63
Kidney 0.15 1.0 0.15
Liver 0.16 0.99 0.16
Pu?239 8.9 x 10% | Total body 53 7.3 x 10— 0.039 0.52 0.52 0.52
Lung (insol.)| 53 4.0 x 10—5 0.0021
Bone 266 7.4 x 10— 0.20
Kidney 53 6.7 x 10— 0.036
Liver 53 9.1 x 10— 0.048
Total body 54
Lung (insol.) 54
Bone Totals for Chain 270
Kidney 54
Liver 54
0sCm2i2’ 162.5 | Total body 63 +1.0- " 63 0.62 0.62 0.61
Lung (insol.); 63 1.0 63
Liver ’ 63 1.0 63
Bone 315 1.0 315
Kidney 63 1.0 63
Pu?23e 3.3 x 10¢ | Total body 57 0.29 17 0.55 0.55 0.55
Lung (insol.)] 57 0.011 0.63
Liver 57 0.26 15
Bone 284 0.29 82
Kidney 57 0.27 15
Total body : L 80 -
Lung (insol.) Totals for Chain 64
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| 'REPORT OF COMMITTEE TWO = """~
A . _ . | Eff. energy, ZE(RBE), o o
: Effective energy for organs of reference ‘ (E in MeV) '
- Half-life : ' for portions of GI tract
Radionuclide |( 7, in days) | -
Organs of | ZE(RBE)n ZEF(RBE)n ‘ l
reference | (E in MeV) F (E in MeV) S E SI LI
Liver 78 ‘
Bone Totals for Chain 400 'i "
Kidney 78 \
|
0gCm 243 1.3 x 10¢ | Total body | 60 1.0 60 0.64  0.71 0.61
Py23em - Lung (insol.)] 60 1.0 60 _
Bone 299 1.0 299 |
Liver 60 1.0 60 1
: Kidney 60 1.0 60" i
Pu23® 8.9 x 108 | Total body 53 8.2 x 10— 0.043 0.52 | 0.52 0.52 !
' Lung (insol.)] 53 4.1 X 10—° 0.0022 1‘.
Bone 266 7.9 x 10~ 0.21 |
Liver 53 9.7 x 10— 0.051 ’
Kidney 53 7.7 x 10— 0.041
“Total body 60 o . i
Lung (insol.) , 60 !
Bone Totals for Chain 300 ' 4
Liver 60
Kidney 60
9sCm 344 6.7 x 103 | Total body | 60 1.0 60 0.58 |0.59 | 0.58
Lung (insol.)] 60 1.0 60
Bone 299 1.0 299
Liver 60 1.0 60
Kidney 60 1.0 60 ‘
Pu®o 2.4 x 108 | Total body | S3 0.0033 0.17 0.52 0.52 0.52 |
Lung (insol.)| 53 11.5 x 10—¢ 0.0080
Bone 266 0.0033 0.88 ]
Liver 53 0.0037 0.20 '\
Kidney 53 0.0031 0.16 i\
Total body . 60 11 |
Lung (insol.)| = 60 i {
Bone ’ Totals for Chain 300 l o
Liver 60 |
Kidney 60 \
96Cm 248 7.3 x 10® | Total body 55 1.0 55 0.56 | 0.39 1‘ 0.55
Lung (insol.)| 55 1.0 55 ‘.
Bone 277 1.0 277 §
Kidney 58 1.0 55
Liver 55 1.0 55 -
Pu2t 4.8 x 103 | Total body 0.014 0.65 0.0091 0.011 | 0.012 | 0.010 ‘
Lung (insol.)}  0.013 0.071 9.2 x 104 ‘
Bone ‘ 0.048 0.63 0.030 '
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.-~ PERMISSIBLE DOSE FORINTERNAL RADIATION :
B ‘ - Eff. energy, ZE(RBE),
Effective energy for organs of reference’ (£ in MeV) _
Half-life - for portions of GI tract
Radionuclide (T, in days) :
Organs of | YE(RBE)r ZEF(RBE)n
reference | (Ein MeV) F (FEin MeV) S SI LI
Kidney 0.012 0.63 0.0076
Liver 0.013 0.76 0.010
Am?4! 1.7 x 10% | Total body | 57 0.017 0.97 0.56 0.59 |]0.56
Np237m Lung (insol.)| 57 1.5 x 104 0.0086
Bone 283 0.018 5.1
.Kidney 57 0.017 0.97
Liver 57 0.012 0.68 -
Total body 56
Lung (insol.) 55
Bone Totals for Chain 280
Kidney 56
Liver 56
97Bk24? 290 Total body 0.026 1.0 0.026 0.026 | 0.026 | 0.026
| Lung (insol.)|  0.026 1.0 0.026 R R I
Bone 0.13 - 1.0 0.13 :
Cr2e 1.7 x 10% | Total body | 60 ' 0.064 3.8 0.66 |0.76 | 0.63
Lung (insol.)| 60 7.1 x 10~ | - 0.043 »
Bone 1301 0.065 20
Total body 3.8
Lung (insol.) Totals for Chain 0.069
Bone 20
9s CF250 3.7 x 103 | Total body | 62 1.0 62 0.60 0.60 0.60
Lung (insol.)| 62 1.0 62
Bone 310 1.0 310
Cms 2.4 x 10% | Total body | 56 0.0032 0.18 0.54 0.54 0.54
Lung (insol.)| 56 5.0 x 10-8 0.0028
Bone 278 0.0037 1.0
Total body 62
Lung (insol.)! - Totals for Chain 62
Bone- ’ s : 310
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Table 6 Eleinént a’zstrzbutzon ‘in toial ‘body of the Jtandard man’

REPOR'P OF COMMITTEE TWO

(Average chemlcal composmon of thc adult human ‘body)

Approximate amount

[_LWG, Element Per cent by in 70 kg man
weight (g)
Oxygen (O) 65.0 45,500
184 Carbon (C) 18.0 12,600
10.T Hydrogen (H) 10.0 7000
.\ &_A_Nltrogen (IN) 3.0 2100
:3%{07 %" Calcium (Ca) 1.5 1050
~1v v Phosphorus (P) 1.0 700
Sulfur (S) 0.25 - 175
— 2\ Potassium (K) 0.2 140
.-t 7 Sodium (Na) 0.15 105
.2& " Chlorine (Cl) 0.15 105
Y- Magnesium  (Mg) 0.05 35
03 ron (Fe) 0.0057 4
L0Ot4 Zinc (Zn) 0.0033 2.3
0+00073 Rubidium (Rb) 0.0017 1.2
112 ¥ +0% ® Strontium " (Sr) 2 x 10—¢ 0.14
1+3. xro™% Copper . (Cu) 1.4 x 10— 0.1
N + Aluminum (AD) 1.4 x 10—4. 0.1
6.8 10" Lead (Pb) 1.1 x 10—+ 0.08
7. 4vYic" S Tin "(Sn) 4.3 x 108 0.03 .
—— . lodine (I) 4.3 x 10— 0.03
AN S~ Cadmium (Cd) 4.3 x 10 0.03
11 1o~ 5 Manganese (Mn) 3 x 10-8 0.02
1. ¢y~ Barium (Ba) 2.3 x 103 0.016
9 xr0~® Arsenic (As) <l.4 x 10— <0.1
1 X 70~S Antlmony (Sb) <1.3 x 104 <0.09
Z 8 \{/O $ Lanthanum (La) <7 x 10-8 <0.05
¢ g% 10°% Niobium (Nb) <7 x 10-8 <0.05
48 )(IO Titanium (T1) <2.1 x 10-% <0.015
< 27415 € Nickel (Ni) | <1.4 x 10-5 <0.01
£ 9 \ 10"~ @ Boron (B) <14 x 108 <0.01
2 ¥ 7p~% Chromium (Cr) <8.6 x 10— <0.006
<8y /0~ % Ruthenium (Ru) | <8.6 x 10— <0.006
£ %% '6~ * Thallium (Tl) | <86 x 10~ <0.006
<4 yip” ®  Zirconium (Zr) <8.6 x 10-¢ <0.006
<8%/0~ ¢  Molybdenum (Mo) | <7 x 10-¢ .<0.005
¢ Vo=@ Cobalt (Co) <4.3 x 10-8 <0.003
< 2 ¥/p~ % Beryllium (Be) <3'x 10-° <0.002
< g5:0"%¢ Gold (Au) | <1.4 x 10~ <0.001
£ 8 107 @ Silver (Ag) <1.4 x 10-¢ <0.001
¢ 2 ¥ ¥ Lithium (Li) | <1.3 x 10-¢ <9 x 10~
= 4 %0 Bismuth (Bi) <4.3 x 10-7 <3 x 10~
< 7 ¥+10™ % Vanadium V) <1.4 x 107 <104
4 < Uranium (U) 3 x 108 2 x 108
X Cesium (Cs) <1.4 x 108 <10~
4,_3/’(7Ganmm (Ga) | <3 x 10-° <2 x 10-*
Radium (Ra) 1.4 x 1013} 1010,
S0’ -4 I2F Gon e
(I\/lo S Fl’wOv’t@
At XA j\/QAA'&v‘-

N

)
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PERMISSIBLE DOSE FOR INTERNAL RADIATION . .
Table 7. Elements zn t}ze body organs of stana’am’ man* (p,g/g of wet. tlssue) o
|
Elements
Tissue .
Ag Al As Au B Ba Be Bi Br Ca Cd
Adrenal (6) 0.016| 0.62 |<1.4 <0.16|<0.11} 0.025}<0.01 {<0.05 44 <0.4
Aorta (75) 0.015; 0.8 <2.8 <0.2 |<0.1 0.15 [<0.03 |<0.15 970 <0.6
Blood 0.16(s 50
Bone (99) <0.1 |<0.44 0.01M <25 1<3 1.63 0.3 [148000(w})| N.D.
Brain (94) 0.045] 0.29 |<4 <0.13]<0.14 | <0.01 |<0.04 }<0.05 110 <0.9
Breast (7) <0.002; 0.4 <2.5 <0.09|<0.08{ 0.015<0.03 }<0.03 64 <0.2
Gastrointestinal -
tract .
Esophagus (39) {<0.004| 0.82 |<2.1 <0.08<0.07] 0.05 1<0.02 {<0.03 120 <0.5
Stomach (88) [<0.006| 0.52 |<1.7 <0.07{<0.14| 0.038|<0.02 {<0.5 115 <0.43
Duodenum (51) | <0.006| 0.75 |<1.7 <0.071<0.06| 0.038<0.02 |<0.12 86 <0.56
Jejunum (66) |<0.004| 0.57 |[<2.1 <0.13|<0.12| 0.04 |<0.02 ;{<0.5 76 <0.6
Ileum (68) <0.005( 2 <0.9 <0.1 {<0.04| 0.088]|<0.01 |<0.04 135 <0.26
Cecum (31) <0.009| 126 |<1.2 <0.09!<0.05| 0.12 [<0.01 |<0.1 155 <0.32
Sigmoid
colon (72) [<0.007| 1.05 |<0.9 <0.05{<0.04| 0.09 |<0.01 |{<0.04 115 <0.26
Rectum (33) {<0.004| 0.74 |<0,9 . |<0.03|<0.03| 0.054|<0.01 {<0.07 | - 140 {<0.24
Heart (96) <0.006; 0.3 <2.6 <0.09|<0.09| 0.01 [<0.03.|<0.04 |1.8(9 53 <0.6
K’ 'ney (102) <0.01 0.41 0.03(¥1<0.12{<0.12| 0.027<0.03 [<0.02 |0.4™ | 115 32
nx.(31) '<0.015| 0.61 <4 <0.13]<0.13{ 0.2151<0.04 [<0.08 : 1920 <0.9
Liver (102) 0.018] 0.71 0.1 1<0.12]<0.14 [<0.013<0.03 |{<0.07 |2.4(» 70 2.44
Lung (102) <0.008, 24 0.09(#)]<0.08{<0.09| 0.183]<0.02 [<0.04 |5(2 130 0.7
Muscle | I R D 4.58 -
Diaphragm (42){<0.004| 0.35 |<1.8 <0.06 | <0.06 [ <0.03 |<0.018}<0.05 74 <0.43
Pectoral (21) <0.005] 0.20 |<2.7 <0.09|<0.09|<0.011]<0.03 |<0.04 37 <0.6
Psoas (86) <0.007| 0.34 [<3.0 <0.10{<0.10{<0.014 | <0.03 |<0.05 49 <0.7
Omentum (35) 0.002{ 126 [<0.26 |<0.01}<0.01{<0.026)<0.003|<0.12 40 <0.09
Ovary (9) <0.005{ 0.7 0.01(¥) <0.07 | <0.09| 0.04 {<0.03 |<0.04 |0.33(™M} 220 <0.6
Pancreas (95) <0.007| 0.47 <24 <0.11{<0.11{ 0.026{<0.02 1<0.06 120 1.2
Prostate (27) 0.021} 0.89 |<2.9 <0.2 |<0.15| 0.05 |<0.03 [<0.04 320 <0.76
Skin (18) 0.013] 2.8 <1.2 <0.05{<0.12| 0.161<0.01 }<0.03 150 <0.28
Spleen (97) <0.006| 1.1 0.02 | <0.1 1<0.121<0.022|<0.03 |<0.052| 4.2(s | 84 <0.74
Testis (33) <0.005| 0.5 0.04™(<0.11{<0.09| 0.011]<0.03 [<0.08 | 0.33t™)| 100 <0.6°
Thymus (2) 0.002% 0.23 [<1.2 <0.04[<0.04| 0.009|<0.01 |<0.02 . 63 <0.28
Thyroid (11) <0.04 1.2 <3.1 <0.1 |<0.1 0.26 |<0.03 |<0.1 260 <0.8
Tongue (3) <0.005{ 062 1<3.2 <0.11(<0.11| 0.04 |{<0.03 |<4.4 175 <0.75
Trachea (35) <0.02 1.85 |<3.4 <0.47|<0.13| 0.113{<0.03 }<0.19 950 <0.8
Urinary
bladder (70) |<0.003| 0.61 |<I1.4 <0.1 |<0.11| 0.03 |<0.01 |<0.02 130 <0.38
Uterus (17) <0.005{ 0.44 |<2.6 <0.09<0.09{ 0.05 [<0.03 |<0.04 185 <0.81
Vagina (7) <0.005| 0.3 <2.6 <0.09|<0.09| 0.03 |<0.03 |<0.04 200 <0.58

* Unless otherwise indicated all of these values are taken from the studies of TipToN et al. (Ti-1 through
Ti-7) see bibliography. The number in parentheses after the name of the tissue indicates the number of
samples of that tissue analyzed. Reports consulted were by TieTz et al., StrrcH, Sowpen and StitcH, Koch,

{ ~ SHELDON ¢t al. and KEHOE ef al. (See further references on next two pages.)

(N) Determined by neutron activation (Led- 1 see bibliography).

(F) Determined by flame photometry (Gro- 1, see bibliography).
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148, ' 7+ 7" REPORT:OF COMMITTEE TWO - *
. Table 7—cont. .
\\ Elements
Tissue | |
\ Cl Co Cr Cs Cu F Fe Ga 1 K La
Adrenal (6) <0.04 0.07 | <0.7 1.1 43 <0.005 1100 [<0.4
Aorta (75) <0.07 0.06|<0.02 | 1.3 46 <0.009 1370 |<0.9
Blood 2800 (=) 145) 0.3(5) | 450 CED 0.07(S5) {1860(s)
Bone (99) 17008 [ 0.6 1<0.49{ 6W) 0.6 [200(®) 115 0.3(® | 880
Brain (94) 1300(8) | <0.05 }<0.01|<0.03 5.8 10.5(8 | 48 <0.01 |0.1t® | 3300 [<1.3
Breast (7) <0.02 0.03 0.36 4.4 |<0.003 310 {<0.3
Gastrointestinal :
tract 600 0.4(8) :
Esophagus (39) <0.03 0.05({<0.01 1.3 34 <0.007 1510 |<0.7
Stomach (88) <0.04 0.03 <0.01 1.7 29 <0.006 1520 |<0.6
Duodenum (51) <0.04 0.03 2.3 39 . [<0.006 1520 | <0.6
Jejunum (66) <0.04 0.031<0.02 2 33 <0.007 1600 |<0.7
Ileum (68) <0.04 0.04 1.9 28 <0.003 1230 |<0.3
Cecum (31) <0.26 0.047 1.4 23 <0.004 1060 |<0.4
Sigmoid :
colon (72) .| . . {<0. 0.05/<0.01 | 1.5 | . 21 <0.003 1320 |<0.3
Rectum (33) <0.06 0.04 | - 1 1.2 : 28 <0.003 1580 |<0.3
Heart (96) 1250(8) | <0.04 0.02 | <0.02 3.5110.5(6) | 50 <0.0090.9¢®) | 2500 |<0.1
. Kidney (102) 2100(E) | 0.2 | 0.03| 0.34®)| 2.9 0.8 | 76 <0.01- |0.2t&) | 2030 | <1
\— Larynx (31) <0.05 0.07 {<0.03 1.1 28 <0.013 1530 |<1.3
Liver (102) 12508 | 0.3 | 0.02] 0.6 | 8.6 185 <0.011{1.1® | 3100 |<1.1
Lung (102) 125508 | 0.06M| 0.2 | 0.4™ } 1.3 0.6 300  |<0.01F| | 2120 <0.8
" Muscle - Ngoo® | T TN T T 04E | B 0.9(8)
Diaphragm (42) <0.13 0.04(<0.3 1.35 44 <0.006 2600 |<0.6
Pectoral (21) <0.04 0.03 0.71 28 <0.003 2830 |<0.9
Psoas (86) <0.10 0.03 0.9 36 <0.01 3330 |<1
Omentum (35) <0.01 0.04 {<0.002 | 0.34 28 <0.001 400 |<0.09
Ovary (9) 0.02| 0.14| 0.13)| 1.06 35 <0.009(0.9(8) | 1350 }<0.9
Pancreas (95) 1600(&) | <0.05 0.04| 0.04 1.7 39 <0.008|0.5(&) | 2800 |<0.8
Prostate (27) <0.07 0.05]<0.02 1.4 30 <0.01 2200 |<1.0
_Skin (18) | 2600t | <0.02 | 0.33]<0.01 0.90] 16 <0.005 | 1(&) 800 |<0.4
Spleen (97) 15506 | 0.1 | 0.02] 0.6 | 1.22]0.3(5) 330 | <0.01 | 3500 |<1.1
Testis (53) 2330(8) | 0.05(] 0.03] 0.3 | 1 27 <0.009 2100 |<0.9
Thymus (2) <0.02 0.01 0.42 19 <0.004 540 |<0.4
Thyroid (11) 1700(&) | <0.08 0.03]<0.02 1.1 66 <0.01 [350(E)| 1100 | <1
Tongue (3) <0.04 0.06| 1 1.43 33 <0.011 2800 {<1.1
Trachea (35) <0.05 0.07 | <0.02 1.2 47 <0.011 2200 | <1.1
Urinary
bladder (70) <0.02 0.04|<0.01. | 0.95 25 <0.005 1730 |{<0.5
Uterus (17) <0.07 0.24 1<0.02 0.95 27 <0.009 1730 |<0.9
\agina (7) <0.14 n.07 0.90 32 <0.009 1500 |<0.9

(E) M. EVERETT, Medical Biochemistry (2nd Ed.). Hoeber, New York (1946).
K/ (B) E.J.Kmngand T. H. BELT, The physiological and pathological aspects of silica. Physiol. Rev., 18, 329-365
(1938).
(S) W.S. Seecror (Ed.) Handbook of Biological Data. Division of Biology and Agriculture; The National
Academy of Sciences; The National Research Council; Wright Air Development Center Technical
\ Report 56-273 (October, 1956). ‘
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' Table 7——cont

149

Elements
Tissue
Li Mg Mn Mo Na Nb Ni P Pb Ra Rb
Adrenal (6) 50 0.19 0.57 <0.45] 0.28; 1000 0.13
Aorta (73) 0.02 230 | 0.12 |<0.09]2400(F)|<0.9 [<0.15] 1100 | 2.51 9.9
Blood 0.02(s)} 43 | 0.14(8 1750(E) 380 0.3(0)
Bone (99) 0.003 | 980 |<0.1 <1.5 [5x103 <2 Bx1048Y 66 | 1.7x 10
10-8(s)
Brain (94) <0.007| 140 | 0.26 <0.1 |1700(M|<1.3 |<0.1 3300 <04 28
Breast (7) 20 | 0.03 |[<0.03 <0.3 |<0.07 140 0.04
Gastrointestinal
tract ’
Esophagus (39) 0.013] 120 | 0.12 |<0.08]|1900(F |<0.7 |<0.09 850 0.16 7.2
Stomach (88) 0.009| 100 | 0.31 |<0.06|1300(F|<0.6 |<0.06| 1160 0.19] 8.6
Duodenum (51) 0.009| 100 | 0.47 (<0.06 <0.6 |<0.08| 1230 0.4 8.6
Jejunum (66) 0.009| 120 | 0.61 |[<0.07]|1600(F) |<0.7 {<0.06| 1460 0.32 23
Ileum (68) 150 | 0.38 [<0.05 <0.3 |<0.13| 1000 0.28
Cecum (31) 200 | 0.93 |<0.04 <0.4 0.24 680 0.28
Sigmoid colon (72) | 0.01 175 | 0.45 |<0.03}1600(5)<0.3 | 0.15 800 0.18 5.9
Rectum (33) . 180 | 0.43 [<0.03 <03 | 0.14 760 . | 0.49 o
Heart (96) 0.008} 160 | 0.19 |<0.091300("!<0.9 |<0.12| 1600 [<0.2 15.1
Kidney (102) 0.008| 130 | 0.85 0.40 {2200(F) | <1 <0.09| 1700 1.24 10.7
ynx (31) 0.03 300 | 0.19 |<0.13|2700(M}<1.3 |<0.17| 1700 2.2 12.6
w=rver (102) <0.006| 165 1.3 1.13 {14007 | <1.1 |<0.11| 2700 2 63
Lung (102) <0.03 95 | 0.18 |<0.08|1900(F}{<0.8 [<0.27| 1110 0.68 7.3
-M-Ll——s—ac- et - R - - —— e —_———— g - P —
Diaphragm (42) 140 | 0.13 |<0.06 16007 |<0.6 [<0.08; 1200 0.17
Pectoral (21) 145 | 0.05 |<0.09[1900(5|<0.9 {<0.11| 1440 0.19
Psoas (86) <0.005{ 190 | 0.05 |<0.1 <1 <0.11} 1700 0.14 31
Omentum (33) 0.005 22 | 0.05 {<0.01| 350(F}1<0.09, 0.04 170 0.14 2.0
Ovary (9) 0.011 8 | 0.17 [<0.09 <0.9 [<0.1 940 0.13 4.5
Pancreas (95) <0.005] 165 | 1.16 |<0.08)|1400(F)|<0.8 |<0.09{ 2500 0.72 62
Prostate (27) 0.013} 175 0.22 |<0.1 {2000t/ <1 <0.1 1100 0.91 6.9
Skin (18) 0.021 73| 0.2 <0.05| 920(F)|<0.4 0.44 310 0.55 2.0
~ Spleen (97) <0.006| 130 | 0.11 [<0.11[1200M]<1.1 [<0.1 | 2200 0.67 43
Testis (33) 0.009; 115 | 0.14 [<0.0912100(7|<0.9 {<0.09] 1400 0.15 12
Thymus (2) 27 | 0.04 [<0.04 <0.4 1<0.04 370 0.07
Thyroid (11) 0.023 73 | 0.23 |<0.1 [2200(7|<1.0 |<O0.11 520 0.14 1.2
Tongue (3) 175 | - 0.23 <0.11 <1.1 0.241 1300 |<0.06
Trachea (33) 0.044] 260 | 0.18 |<0.11]3000(F)|<1.1 0.18 880 1.1 21
Urinary
bladder (70) 0.014! 130 | 0.14 1<0.05{1600(F)|<0.5 |<0.08 740 0.17 6.6
Uterus (17) 0.004] 110 | 0.10 [<0.09{2000(F)|<0.9 {<0.23] 1000 0.19 5.6
Vagina (7) 85| 0.09 |<0.09 <0.9 <013 6100 0.16

(R) F.W.SunperMan and F. BoerNER, Normal Values in Clinical Medicine. Saunders, Philadelphia (1950).
(H) J. B. Hursa and A. A. Gatzs, Body radium content of individuals with no known occupational exposure.
Nucleonics 7 No. 1, 46-59 (1950); and R. F. PaLMmER and F. B. QueEN, Normal abundance of radium in

—

cadavers from the pacific northwest. Amer. 7. Roentgenol. Ra. Ther. and Nuc. Med. 79, 521-529 (1958).
(W) B. Harrow, Textbook of Biochemistry (3rd Ed.). Saunders, Philadelphia (1943).

(G) L. S. Goopman and A. GiLMaN, The Pharmacological Basis of Therapeutics (2nd Ed.). MacMillan, New
York (1955).
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NS
Elements
Tissue
Ru Sb Si Sn Sr Te Ti Ti v Zn Zr
Adrenal (6) <0.05|<0.9 1258}  0.19 0.02 <0.13{<0.05|<0.005| 8.4 <0.5
Aorta (75) <0.09|<2.8 0.41 - | 0.43 <0.171<0.091<0.01 |26 <0.9
Blood ' 2.5(s | 0.23(® 3 .3ts)
Bone (99) 0.2 <13 15 321 | <1 <15 |66
Brain (94) <0.131<4.0 26(8) <0.1 0.04 <0.15]<0.13|<0.01 |13 <1.3
Breast (7) <0.04|<2.5 0.26 0.06 <0.05|<0.04{<0.004| 2.8 <04
Gastrointestinal :
tract 41(8)
Esophagus(39) <0.07 |<2.1 0.8 0.1 <0.12<0.07 | <0.007 | 22 <0.7
Stomach (88) <0.06|<1.7 0.35 0.12 <0.07<0.06<0.012| 18 <0.6
Duodenum (51) |<0.06|{<1.7 0.54 0.12 <0.08]<0.06|<0.007 | 20 <0.6
. Jejunum (66) <0.07(<2.1 0.52 0.15 <0.08<0.07|<0.008| 20 <0.7
Ileum (68) <0.03<0.9 1.13 0.22 <0.06<0.03{<0.018} 21 <0.3
Cecum (31) <0.04 |<1.2 2.2 0.31 <0.06|<0.04 {<0.015| 22 <0.4
Sigmoid colon (72)| <0.03|<0.9 0.6 0.25 1<0.1 |<0.03{<0.047 | 18 <0.3
Rectum (33) <0.03{<0.9 0.94 0.19 <0.08}<0.03}<0.037{ 26 <0.3
Heart (96) <0.09(<2.6 25(8)|<0.15 0.05} -~ <0.091<0.09|<0.009| 27 <0.9
Kidney (102) <0.1 0.3(¥ | 218 0.28 0.08| 62(M|<0.14|<0.1 |<0.011|48 <1
Yarynx (31) 1<0.1 <4 , 0.18 1:0 T <0.17]<0.131<0.013{ 29 <1.3
\“/Liver (102) <0.1 0.2 | 24| 0.4 0.03 | 1075(M|<0.14 | <0.11]<0.014 | 46 <1
"Lung (102) ~ 1<0.08| 0.1™ 1308} 0.74 0.12 13} 28 [<0.08]<0.071]14 <0.8
“Muscle o 4 12(8) o .
Diaphragm (42) [<0.06|<1.8 <0.09 0.06 <0.071<0.06{<0.006 } 43 <0.6
Pectoral (21) <0.09(<2.7 <0.21 0.02 <0.10|<0.09{<0.009 | 46 <0.9
Psoas (86) <0.1 |<3.0 <0.11 0.03 <0.10<0.1 {<0.01 }51 <1
Omentum (35) <0.01<0.26 0.03 0.04 0.07{<0.01|<0.002| 3.3 |[<0.00
Ovary (9) <0.09| 0.03(M 18| 1.15 0.25 14(M{<0.1 }<0.09|<0.009| 13 <0.9
Pancreas (95) <0.08{<2.4 34(8) 1 <0.27 0.07 <0.11}<0.08<0.008| 27 <0
Prostate (27) <0.1 ;<2.9 708y 0.31 0.24 <0.16|<0.1 |<0.01 |87 <1
Skin (18) <0.04|<1.2 5581 0.28 0.1 0.61{<0.04[<0.008| 6 <0/
—3pleen(97)  [<0.11| 0.1M | 3481} 0.24 0.05 | 260 |<0.181<0.11{<0.013] 19 <1.1
~Testis (53) <0.09| 0.05M1 3187 0.21 0.06 | 42(M}<0.1 |<0.08[<0.009] 15 <0.°
Thymus (2) <0.041<1.2 260(8)| 0.05 0.05 <0.06]<0.04 | <0.004| 4.2 <04
Thyroid (11) <0.1 1<3.1 458)| 0.28 0.13 <0.49(<0.1 <0.01 |27 <1
Tongue (3) "<0.11]<3.2 0.14 0.07 <0.11|<0.11]<0.011}29 <11
Trachea (35) <0.11|<3.4 0.51 0.48 <0.26(<0.111<0.01 |15 <1.1
Urinary
bladder (70) <0.05|<1.4 198y 0.25 0.15 <0.09]<0.05[<0.006 | 22 <0.5
Uterus (17) <0.69|<2.6 0.1 0.15 <0.1 ]<0.09|<0.009|20 <0.9
Vagina (7) <0.09]<2.6 0.2 0.17 <0.1 1<0.09]<0.009] 16 <0.9

 Table y—cont.
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PERMISSIBLE DOSE FOR'INTERNAL RADIATION .

Table 8. Organ's'of ;Zariddrd n‘zanjl

Mass and effective radius of 6rgans of the adult human body

Effective
Mass, m Per cent of radius, X
() total body* (cm)

Total body* . 70,000 100 30
Muscle 30,000 43 30
Skin and subcutaneous tissuet 6100 8.7 0.1
Fat 10,000 14 20
Skeleton

Without bone marrow 7000 10 S

Red marrow 1500 2.1 '

Yellow marrow 1500 2.1
Blood 5400 © 7.7
Gastrointestinal tract® 2000 2.9 30
Contents of GI tract '

Lower large intestine 150 - S

Stomach 250 10

Small intestine 1100 30

Upper large intestine 135 S
Liver 1700 2.4 10
Brain 1500 2.1 15
Lungs (2) .1000 1.4 10
Lymphoid tissue 700 1.0
Kidneys (2) 300 0.43 7
Heart 300 0.43 7
Spleen 150 0.21 7
Urinary bladder 150 0.21
Pancreas 70 0.10 5
Salivary glands (6) 50 0.071
Testes (2) 40 0.057 3
Spinal Cord 30 0.043 1
Eyes (2) 30 0.043 0.25
Thyroid gland 20 0.029 3
Teeth 20 0.029
Prostate gland 20 0.029 3
Adrenal glands or suprarenal (2) 20 0.029 3
Thymus 10 0.014
Ovaries (2) 8 0.011 3
Hypophysis (Pituitary) 0.6 8.6 x 10~ 0.5
Pineal Gland 0.2 2.9 x 10—¢ 0.04
Parathyroids (4) 0.15 2.1 x 1078 0.06
Miscellaneous (blood vessels,

cartilage, nerves, etc.) 390 0.56

* Does not include contents of the gastrointestinal tract.
t The mass of the skin alone is taken to be 2000 grams.
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Table Q Intake and excretzon qf the standard man B

REPORT OF COMMITTEE TWO

Water balance

Intake Excretion

(cm?®/day) (cm?®/day)
Food 1000 Urine 1400
Fluids 1200 Sweat 600
Oxidation 300 From lungs 300
Feces 200
Total 2500 Total 2500

Air balance
- 0O, CO, N, + others
(vol. %) | (vol. %) | (vol. %)
Inspired air 20.94 0.03 79.03
Expired air 16 4.0 80
Alveolar air (inspired) 15 5.6 —_—
Alveolar air (expired) 14 6.0 —

Vital capacity of lungs

3—4 liters {men)
2-3 liters (women)

Air inhaled during 8 hr work day
Air inhaled during 16 hr not at work

Total

Interchange area of lungs
Area of upper respiratory tract, trachea, bronchi 20 m?
Total surface area of respiratory tract

107 cm3/day
107 cm3/day

2 x 107 cm3/day

50 m?

70 m?

Total water in body = 4.3 x 104 g.
Average life span of man = 70 years.

Occupauonal cxposurc nmc of man = 8 hours/day, 40 hours/wcck 50 wccks/ycar 50 ycars total tlmc

A




PERMISSIBLE DOSE FOR INTERNAL RADIATION

| Table )| 0 Partzculates wn respiratory tract of t/ze standard man .'

Retention of partxculatc matter in the lungs depcnds on many factors, such
as the size, shape and density of the particles, the chemical form and whether
or not the person is a mouth breather; however, when specific data are
lacking it is assumed the distribution is as shown below.

Readily soluble Other
Distribution compounds compounds
(%) (%)
Exhaled 25 25
Deposited in upper respiratory passages
and subsequently swallowed 50 50
Deposited in the lungs (lower respiratory
passages) 25 25*

(this is taken up
into the body)

153

* Of this, half is eliminated from the lungs and swallowed in the first 24 hrs, making a total of 62} per cent
swallowed. The remammg 12} per cent is retained in the lungs with a half-life of 120 days, it bemg assumed

that this portion is taken up into body fluids.

Table 11. Gastrointestinal tract

of the standard man

Portion of GI tract Mass of | Time food | Fraction from lung to
that is the critical contents | remains, GI tract, f,
tissue (g) (day) (sol.) (insol.)
Stomach (S) 250 1/24 0.50 0.625
Small intestine (SI) 1100 4/24 0.50 0.625
Upper large intestine (ULI) 135 8/24 0.50 0.625
Lower large intestine (LLI) - 150 18/24 0.50 0.625
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'PERMISSIELE DOSE FOR INTERNAL RADIATION
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