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ABSTRACT

The intent of this paper i to review several of the
basic concepts of radiation protection (with emphasis on
interna Z dose) currently recommended by the International
Commission on adiological Protection (ICRP), to summarize
the asumptions and mthods used in the calculation of i-
ternal dose, and to iustrate by example the practical
application of the pertinent uidelines.

21jo broad subject areas are considered: (1) standards
of radiation protection and 2 bases of internal dose es-
timation. Topics discussed within the fmework of radiation
protection standards include maximum permissible dose,
categories of radiation exposure, maximum permissible dose
commitment, simultaneous internal and external exposure,
multiple organ exposure, and size of the exposed group.
Discussion of internal dose estimation is limited to selected
items that include the body burden of radionuclides and the
calculation of absorbed dose, the dose equivalent, the
derivation of maximum permissible concentration (MPC), the
relationship of stable element intake to the MPC, and short-
term and chronic exposure situations.

INTRODUCTION

The nternational Commission on Radiological Protection (ICRP) is an
internationally recognized authority which sets values of maximum per-
missible exposure to ionizing radiation. Various national rganizations
servesatsiml Z, functton in their respective countries, and in the United
State his nc udes he National Council on Radiation Protection and
Measu ament5 (NCRP) and the Federal Radiation Council (FRC). The re-
latively minor differences in the recommendations of these organizations
concerned with limits of permissible radiation exposures seem to reflect

*Research sponsored by the U. S. Aomic Energy Commission under contract
with the Union Carbide Corporation.
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differences in the publication dates of their respective recommendations.
Information contained in this paper is drawn principally from publica-
tions of the CRP and NCRP and from selected interpretative writings of
those who have served on committees of these organizations.

RADIATION PROTECTION STANDARDS

Recommendations of the ICRP are intended as guides to those respon-
sible for radiation protection and not as codes of practice or legal reg-
ulations. These later concerns are rghtfully the prerogative of national
authorities. The application of radiation protection standards Is Intended
to prevent acute radiation effects and to limit to an acceptable level
the risk of such late effects as leukemia and premature aging.

Maximum Permissible Dose

The basic recommendations of the Commission are In terms of radiation
doses to the whole body or to particular organs of the body. From these
radiation doses are derived maximum permissible body burdens, maximum
permissible Intakes, and maximum permissible concentrations of radio-
nuclides.

To some extent, exposure to any ionizing radiation entails a risk;
but at permissible dose levels, this risk Is believed to carry a negligible
probability of severe somatic or genetic injury to an individual exposed
over a long period of time.1 Any severe somatic injury, such as leukemia,
would be limited to an exceedingly small portion of the exposed group.
Thus, it probably would be necessary to study large groups of individuals
and use statistical methods to detect any effects at the level of the
permissible doses. Faced with this difficulty, the ICRP has assumed the
"linear hypothesis" - i.e., that risk is, to a first approximation, pro-
portional to dose. Although confirmatory proof is lacking, this
assumption is believed to be, if not accurate, on the conservative side.

The maximum permissible dose (MPD) is then established In light of
current knowledge and attempts to balance as far as possible the risk of
the exposure against the benefit of the practice.2 Also considered is the
possible danger involved in remedial actions once the exposure has
occurred. The Commission's recommended maximum permissible doses are
appropriate for those situations in which the levels of radiation or radio-
active contamination can be controlled.

Concern is expressed by the Commission for the total intake of radio-
nuclides by individuals in various applications of radioactive materials
to be expected in the future expansion of atomic energy and for single
types of population exposure that might take up a disproportionate share
of the total permissible dose.3,4 "The use of the term critical has here
been extended to describe nuclides, articles of diet, and pathways of
exposure which deserve primary consideration as being the mechanisms of

509



principal exposure of individuais.,,5 Clearly, it is necessary to consider
multiple sources of potential radiation exposure in planning for the growth
of peaceful uses of nuclear energy.

Exposure of Occupational Workers

Two changes have been made in the maximum permissible dose rate
recommended for occupational exposure. In 1934, the ICRP adopted a maxi-
mum permissible dose rate of 02 R/day (or I R/week for a 5-day work week)
for total body exposure.6 This level was subsequently reduced to
0.3 rem/week in 19507 and to rem/year (or 0.1 rem/week) in 1956.8
Reductions in MPD did not result from positive evidence of damage due to
the use of the earlier permissible dose levels. Rather, consideration
was given to the lack of evidence to prove that a threshold dose existed
below which no genetic or somatic damage would result and to the prob-
ability of a large future increase in radiation use as the nuclear industry
expanded. The intent was to limit the genetically significant radiation
exposure of the population and the probablility of somatic injury by
reducing lifetime doses.9

Values of maximum permissible dose are applied 'to both external and
Internal exposures. The present maximum permissible dose equivalents*

as recommended by ICRP for occupational exposure are summarized in Table 
Values recommended by NCRP, FRC, and the nternationa�,Atom ic Energy
Agency (IAEA) are listed for comparative purposes.10, The formula for
accumulated dose, 5(N-18), where N is the individual's age in years, is
Intended to provide some flexibility in occupational exposure situations
when the need arises. Considering the 13-week permissible exposures
(Column 2 where the formula applies, it is seen that 12 rems could be
accumulated in one year. However, al I four authorities emphasize that
workers who have accumulated a dose higher than that permitted by the
formula should not be exposed at a rate higher than rems/year util
the accumulated dose is ower than that permitted by the formula. The
formula implies that occupational exposures should not be permitted for
individuals whose age is less than IS years. However , in c tri es where
this occupational age restriction is not limiting, t h. CR.y and the IAEA13
recommend that exposures to the whole body, gonads, bood-forming organs,
and lenses of the eyes should not exceed rems in any one year; and the
accumulated dose at age 30 should not exceed 60 rems.

Columns 3 and 4 of Table I indicate that not all agencies have recom-
mended specific values in each case for the annual and accumulated occu-
pational dose. However, with the exception of the lens of the eyes, there
are no differences in the recommended values. The ICRP increased the
limits for the lens of the eyes to 15 rems/year and rems/13 weeks since
the lens does not seem to assume great2r importance than other tissue
from X-, gamma-, and beta-radiations.1 'I 5 However, for radiation of

*Dose equivalent (rem) = absorbed dose rd) x modifying factors. For
the sake of conven ence, "dose" w i I I be used hereafter i nstead of "dose
equivalent."
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Table 1. Recommended maximum permissible dose equivalents for occupational
workers.

Maximum dose equivalen dose equivalent

Organ t Maximum permissible Accumulated dose
(rem) in 13 weeks (rem) I year equivalent (rem)

Red bone marrow 3 - 1,ANF 5 - 1,AN 5(N-18) - 1,ANF

Total body 3 - 1,ANF 5 - 1,AN 5(N-18) - 1,ANF

Head and trunk 3 - NF 5 - N 5(N-18 - NF

Gonads 3 - 1,ANF 5 - 1,AN 5(N-18) - 1,ANF

Lenses of eyes 3 - NF 5 - NF 5(N-18 - NF
8 - IA 15- IA

Skin 8 - N
10- F 30- 1,NFA
15- IA

Thyroid 8 - N
10- F 30- 1,NFA
15- IA

Bone 15- IA 30- 1,NA

Hands, forearm 25- FN 75- 1,NFA
feet, and 38- I
ankles 40- A

All other 5 - F 1 - 1,NFA
organs 8 - IA

F = FRC; FRC identifies its values as Radiation Protection Guides (RPG).

A = IAEA.

N = NCRP.

I = CRP.
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high linear energy transfer a Ions modifying factor of 3 and a uality
factor of 10 are applied.16 For the MPD in 13 weeks there are a number
of differences The differences result from the 1960 decisions of the
NCRpI7 and FRC18 In 1966 to set for simplicity the max MUM permlssib;e
quarterly values at 13 the annual permissible dose an, of the ICRPI
In 1966 to set the maximum permissible quarterly values at 12 the annual
permissible dose.

It Is apparent that for chronic exposure to Ionizing radiation (not
Including planned special exposures or emergency exposures) that there
are three principal ICRP regulations: () no more than 112 the annual
permissible dose to any body organ In a single quarter; 2 no more than
5(N-18) rem to the organs for which the formula is applicable; and 3)
no more than the annual permissible dose for the other organs.20

Exposure of Members of the Public

The present annual dose levels recommended by the ICRP, IAEA, NCRP,
and FRC for members of the general population are I sted n Table 2.
With but one exception (see footnotes "d" and "e"), the values listed
are 1/10 of the maximum permissible dose equivalents permitted in one
year for occupational workers (see Column 3 of Table 1.21,22 It is seen
that the FRC does not have Radiation Protection Guides (RPG) for some
organs. However, in his Memorandum for the President,23 the chairman of
the FRC recommended that "where no Radiation Protection Guides are pro-
vided, federal agencies continue present practices." This is taken by
these authors to mean that the dose levels (and concentration guides) to
be followed by federal agencies in such cases should be those recommended
by the ICRP and NCRP. Thus, there appear to be no Important differences
among the recommendations of these authorities concerning permissible
exposure levels for members of the general population.

There are a number of reasons why permissible dose levels for mem-
bers of the general population should be less than those for occupational
workers. According to ICRP,-4 ,It is not desirable to expose members of
the public to doses as high as those considered to be acceptable for
radiation workers; members of the public include children who might be
subject to an Increased risk and who might be exposed during the whole
of their lifetime; members of the public (in contrast to radiation workers)
do not make the choice to be exposed, and they may receive no direct bene-
fit from the exposure; they are not subject to the selection, supervision,
and monitoring required for radiation work, and they are exposed to the
risk of their own occupation."

The Commission defines a genetic dose, on the bases of the "linear
hypothesis" and "no threshold" assumptions, that Is relevant to an as-
sessment of the genetic burden or genetic risk to the whole population.
Specifically, they recommend that the genetic dose to the general popu-
lation from all radiation sources, excluding natural background and
medical sources, should not exceed 5 rems in the interval from conception
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to the mean age of childbearing 30 years).25 They suggest, further, that
the annual genetically sgnificant dose should be the average of the In-
dividual gonad doses, each weighted by the expected number of children
to be conceived after the exposure. To determine an average genetic dose
for a whole population, then, It Is necessary to measure or estimate not
only the doses to individual members, but also to know the number of
individuals exposed. Any determination or estimation of the annual
genetically significant dose, In addition, requires Information on the
demography of the population affected.

No specific recommendations are made by the Commission as to permis-
sIble, somatically relevant doses to the population. In cases of external
exposure of the whole body to penetrating radiation, however, the limitation
imposed by the genetic dose discussed above, by Itself, reduces the doses
to Internal organs to or below the individual annual dose levels listed
in Table 2 The same applies to Internal exposure resulting from rio-
nucildes which contribute to the gonadal dose of a population. The pre-
vious suggestion that average concentrations of Isotopes that concentrate
In specific organs, other than the gonads, should not exceed 30 of the
appropriate MPC values for continuous occupational exposure Is no longer
made. More recently, the ICRP indicates that those responsible for ex-
posure of whole populations must make certain that appropriate factors
are applied such that members of the critically exposed group (i.e.,
the group expected to receive the highest dose) do not exceed the MPD
for members of the public (Table 2.

Size of the Exposed Group

In Its earlier guidance the Commission Included an Illustration
of how to cnsider the apportionment of genetic dose to various con-
tributions. 6 Although the purpose of the example was to show how
genetically significant dose depends on the number of persons exposed,
the guidance was misinterpreted and hence was not included In the latest
repo rt.27 Such guidance continues to have value in planning, especially
if questions of group size are involved. But the limitations of this
guidance must be recognized. The exposure situation to which the CRP
formula applies would be expected to be continuous over the extended
time period involved. Any exposure must be justified by the need for
its associated cause and not permitted simply because the expected dose
would still be less than some specified level. In considering special
or one-in-a-lifetime situations, one must keep in mind that no single
type of population exposure should be permitted to take up a dispropor-
tionate share of the total dose.

The ICRP suggested that the size of the group be determined by the
equati.n28,29

S 100 K
30 1

where
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= percent of total population,

K = average dose per 30 years to members of the total population
as a result of exposure to the group, and

I = average dose per year-to individual members of the group.

On the basis of occupational exposure at 5 rems/year total body
exposure and assigning 1.0 rem for the value of K30 the size of the
occupational group is 07% of the whole population; and each member of
this group may accumulate 60 rems by age 30. When the entire population
Is considered, S, as expected, takes on the value of 100%; i.e., when
K = 5 rems/30 years and I = 017 rem/year. Firm values of K have not
been recommended, since ICRP believes the apportionment of permissible
genetic dose is best left to the various countries.

Simultaneous External and Internal Exposure

Occupational exposure includes consideration of dose contributed
by external and Internal sources. The total dose must be controlled;
initial recommendations simply considered the reduction of nternal
exposure by the fraction of MPD contributed by external exposure '
Subsequently, the Commission provided a set of rules governing the
addition of doses from penetrating external exposure and exposure to
I ong I I ved bone seekers. 32 These ru I es are enumerated as fo I I ows:
(1) No reduction need be ade in maximum permissible external dose if the
body burden of a radionuclide Is less than one-half of the aximum per-
missible; 2 the total body exposure to external radiation should be
reduced from 5 rems/year to 1.5 rems/year if the body burden is greater
than one-half but less than the maximum permissible; and 3 the total
body exposure should be reduced to zero If the body burden equals or
exceeds the aximum permissible. Presumably, for simultaneous external
and Internal occupational exposure to short-lived radionuclides, the
recommendations for quarterly and annual dose listed In Table I would
apply.

Multiple Organ Exposure

Exposure to radionuclides released to the environment may result
In dose to several organs. In those instances in which a mixture of
radionuclides are taken Into the body and the resultant doses in several
organs are of comparable.magnitude, the combined exposure Is considered
to constitute essentially whole ody exposure.33 The limitations
imposed on occupational exposure to the gonads and the blood-forming

organs then apply, and the dose to each of the organs must be restricted
to riot more than 3 rems/13 weeks, rems/year, and an accumulated dose
of 5(N-18) rem.

More recent guidance by the ICRP considers the permissible ocSupa-
tional exposure when several body organs are concurrently exposed. 4
If external exposure of whole body has resulted in red bone marrow or
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Table 2 Annual dose levels for members of the public.

NCRpa FRIC b ICRP IAEA
Organ or Tissue (rem) (rem) (rem) (rem)

Gonads and red bone marrow 0.5 O.5c 0.5 0.5

Total body 0.5 0.5' 0.5 0.5

Lenses of the eyes 0.5 1.5 1.5

Other single organs 1.5 1.5 1.5

Skin, bone, and thyroid 3 1.5d 3is 3e

Hands, forearms, feet, and 7.5 7.5 7.5
ankles

a These levels are based on NCRP's smple recommendation that
the permissible dose to members of the population at large be re-
duced to not more than 1/10 of the occupational values.

b The FRC does not recommend Radiation Protection Guides for
individual organ doses to the population other than gonads and
whole body.

c The FRIC specifies that the RPG for gonads shall be 5 rems in
30 years for average population groups on the assumption that the
majority of individuals do not vary from the average by a factor
greater than 3 thus, the permissible annual dose to gonads and
whole body for average population groups would be 017 rems.

d The FRC recommends RPG's for the thyroid of 1.5 rems/year for
individual and 0.5 rem/year to be applied to the average of suit-
able samples of an exposed group In the population.

e The ICRP and IAEA recommends 1.5 rems/year to the thyroid of
children up to 16 years of age.
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gonad doses In excess of 25 rems/year (� 112 MPD), no two or more organs
shall be exposed at more than one-half their respective MPD (Column 3,
Table 1). The dose to three or more body organs should not exceed one-
half of their respective MPD.

BASES OF INTERNAL DOSE ESTIMATION

The dose actually received by man as a consequence of radionuclides
released to the environment will depend upon many factors. The physical
habits and characteristics of the Individual (age, sex, physical condi-
tion, eating habits, hygienic standards, etc.) influence the quantity of
radioactive material to which he may be exposed and the amount of material
that ay assimilate In various organs. Dose will also depend upon the
physical and chemical properties of the radioactive material and the mode
of exposure (i.e., inhalation, ingestion, puncture wound, submersion in
contaminated air or water, etc.). The paucity of data to evaluate the
effects of these factors on dose has made it necessary to limit the number
of factors considered and to use simplifying assumptions in he calcula-
tion of body burden and maximum permissible concentrations.3;

The principal assumptions made by the Commission in establishing the
maximum permissible body burdens and the maximum permissible concentra-
tions for occupational exposure are as follows:36 (1) Exposure is con-
tinuous for a 50-year period to a constant level of contamination; 2)
calculations are based on the so-called "standard man" whose habits and
characteristics have been defined (i.e., intake rate of water and air,
excretion rate, organ mass, element distribution, and biological parame-
ters); 3 the organ is homogeneous in composition and density and the
radioactive material is distributed uniformly within the organ; 4 the
chemical form of a particular radionuclide is classified simply as solu-
ble or Insoluble; (5) the radionuclide is eliminated exponentially from
the body organ, i.e., the fraction of organ burden eliminated per day
is constant; and 6 any daughter isotopes remain present in the tissue
where they are produced except for biological elimination that occurs
at their characteristic elimination rates. The only modes of exposure
tabulated by lCRP are inhalation and ingestion, except in a few cases
where submersion in air presents the greatest hazard. The health physi-
cist must make appropriate adjustments when population exposure situations
and other exposure modes are invol'ved.

Maximum Permissible Body Burden

The maximum permissible body burden, q, is based on that amount of
the radionuclide which is deposited in the total body and produces the
maximum permissible dose rate to the body organ of interest.37 Thus,
to assess the significance of an intake of radioactive material, it is
necessary to know the rates of radiation dose received by the various
organs and tissues of the body as a result of the deposition from that
intake. The average dose rate per microcurle deposited in any part of
the body is then
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D = q x 32 x 109 X E X 16 x 10-6 I I
00 _M

= 51 x q x rem/day (1)
m

where
q = microcurles accumulated in the total body,

3.2 x 109 = number of disintegrations per day from I pCI,

c = r EF (QF) (OF), the effective absorbed energy per
disintegration, MeV (An explanation of these terms
appears later in the text.),

1.6 x 10- 6 = ergs per MeV,

10 = ergs per gram of tissue per rd, and

m = mass in grams of the tissue.

Two somewhat different criteria have bees used by the Commission
to determine maximum permissible dose values. For bone-seeking
radionuclides such as strontium-90 and plutonium-239, the estimate Is
based on a comparison with radium-226 and daughter products. Reliance
has been placed on the considerable experience gained from cinical find-
ings concerned with internally deposited radium. The maximum permissible
body burden of 0.1 jig of radium-226 is considered to correspond to an
average dose rate of 30 rems/year to occupational employees. For all
other radionuclides the body burdens are set to limit the dose received
by various organs of the body to the values listed In Column 3 Table 

A number of metabolic routes must be considered In internal contami-
nation. The possible fate of radionuclides taken Into the body depends
on the mode of entry (inhalation, Ingestion, skin absorption, or punc-
ture wound) and on the physicochemical properties of the material (size,
shape, and density of particles, and chemical form and solubility). The
distribution of an ingested Isotope in the body is determined by a number
of factors, and these are illustrated by a simple diagram (Figure 1).
For a continuous ingestion of P Ci/day, the fraction of Ingested radio-
nuclide reaching the blood is f, and the fraction of nuclide In the blood
that reaches the critical organ is 02- The parameter f2 is the fraction
of the body burden in the critical organ and qf2 is the burden of the
radionuclide in the critical organ. The fraction of that taken into the
body by ingestion that is retained by the critical organ, fw, is the
product of fl, 02. The compartment model reflects a constant elimination
rate, X, from the critical organ. Critical organ refers to the organ of
the body wose damage by the radiation results in the greatest damage to
the body. Frequently, but not always, this is the organ that accumulates
the greatest concentration of the radioactive material. Guidance is
furnished by the Commission on appropriate values for each of these
parameters in standard man as well as on the retention of particulate
matter in lungs and on the contents and residence times in the gastro-
intestinal tract.39,40 Possible revisions to the lung model have been
considered by a Task Group of ICRP Committee 214 A Task Group of ICRP
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PARAMETERS CHARACTERIZING THE DISTRIBUTION
OF AN INGESTED RADIONUCLIDE

P

GI Tract

,ii f,

Blood

f

Critical Organ
(qf,)

P = intake rate.

f = fraction of ingested radionuclide reaching the blood.

f = fraction of radionuclide in blood reaching the critical organ.

f2 fraction of body burden in the critical organ.

A fractional elimination rate.

Figure 1. Parameters characterizing the distribution of an ingested radionuclide.
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Committee 4 has more recently developed the models required to calculate
dose due to a short-term or acute single intake of radionuclides. De-
tailed information has been furnished about the metabolism of thirty-one
radionuclides most frequently encountered as internal contaminants of
workers.42

The dose equivalent in rem corresponds numerically to the product
of the absorbed dose in rad by appropriate modifying factors. One of
the modifying factors is the quality factor, QF (formerly referred to
as RIBE), which now relates to linear energy transfer (LET). Another
modifying factor is the distribution factor, DF, that expresses the modi-
fication of biological effect due to non-uniform distribution of intern-
ally deposited isotopes. An example is the relative damage factor, n,
applied in certain cases to the particulate component of energy (i.e.,
a II energy other than x or y) emitted by rad ionuc I ides depos i ted in the
bone. Other factors in the effective absorbed energy term given above
are E, the energy NeV) absorbed per disintegration, and F, the ratio
of disintegrations of daughter to disintegration of parent. Thus,
insertion of the appropriate modifying factors in the effective absorbed
energy germ converts the absorbed dose (rad) to the dose equivalent (rem).

The critical organ burden, Q, or the total body burden, q, is given
by one of two equations.43

Q 5.4 x 10- 5 m R
f f Ci (2)

qRa f Re Re

q 2 11 1, Ci (3)
__ " = 2

f2= T2 E

Equation 2 follows from equation (1) when R is the dose rate in rem/year,
and it applies to all organs except bone. Equation 3 applies in the
case of a and -emitting radionuclides that localize in the bone and
relates the maximum permissible body burden to a permissible bone burden
of 0.1 pCl of radium-226. The constant in this equation is derived from
the permissible body burden of radium-226 (0.1 liCi), the fraction of
radium-226 in the bone of that in the total body 099), and the effective
absorbed energy of radium-226 and its daughter products (110).

Maximum Permissible Concentrations

Maximum permissible comcentrations (MPC) for all organs other than
the GI tract are computed on the basis of a constant level of exposure
and the single exponential model leading to the equation44

d = p _ (4)
dt
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The solution of this equation when Q 0 at t = is

Q q f2 P e"t) (5)

when

A effective decay constant = 0.693
T

T effective half-life ITrT bMT r+Tb), days;

T, radioactive half-life, days;

T� biological half-life, days;

t exposure period (taken as 50 years for occupation exposure),
days;

P rate of uptake of the radionuclide by the critical body organ,
PCI/day.

The amount of material deposited In the critical organ is equal to the
product of the concentration of the radionuclide in air or water taken
into the body, MjCi/cm ), the average rate of intake, lcm3/day), and
the fraction of the radionuclide initially retained in the critical organ,
fa, or fw. Thus P = Mif. For occupational exposure at the MPC of the
radionuclide in water, M = (MPC),, and in air, M = (MPC)a-

It is clear from equation (5) that the body burden and the associated
dose rate increase throughout the exposure period, which is taken as 
years for occupational exposure. By substituting appropriate values of
P in equation (5), the expression for maximum permissible concentration
is

MPC CQ (6)

Tf(l-e_�'t)

in which c = 10-7 for inhalation and c = 92 x 10- 4 for ingestion of
water when the MPC is for occupational exposure of 40 hours per week.45
It is usually assumed that standard man consumes half his daily intake

as air and water during the 8-hour working day. For continuous occupa-
tionai exposure the MC values should be divided by 292, except for
submersion as the exposure mode where they should be divided by 438 to
correct for Intake and occupancy factors. Equation 6 can be modified
for parent-daughter radionuclides and for the GI tract as the critical
organ.46

For internal exposure the pattern of dose delivered at the MPC is
illustrated for a few radionuclides in Figure 2 The permissible dose
rate for a particular organ (Column 3 Table 1) is attained after an
occupational exposure at the constant MPC value for 50 years. Theoret-
ically, although a constant dose rate is never achieved with continuous
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30 Limiting rate to thyroid, skin, or bone

Liman at t kidney, liver, lung,
muscle, spleen, etc.

15

10- PU9- IoPb 90

8 T-w
7

6
Limiting rate to total body or gonads

4 Cs PU

3 Zn

2
Radionuclide for
which T

0 1 2 3 4 5 6 7 a 10 20 30 40 50 60
Period of Exposure lyears)

Plot of dose equivalent versus years of exposure at the constant level of MPC.

Figure 2 Plot of dose equivalent versus years o exposure at the constant
level of MPC.

521



deposition, 99% of the equ i 1 i bri um va I ue is reached a f ter a time period
corresponding to six effective half-lives. The intake of iodine-131
with an effective half-life of 76 days will reach an equilibrium thyroid
burden and a dose rate of 30 rems/year to the thyroid after abou 7 weeks'
exposure at the MPC. For radionuclides such as strontium-90 and
plutonium-239 with long effective half-lives, 100% of the permissible
occupational dose rate is reached after 50 years of exposure at the MPC
but, in the case of strontium-90, only 86% of the bone burden is reached.
The fact that the dose rate after 50 years of exposure may exceed the per-
missible rate is not viewed with alarm, since few, if any, workers will
be so exposed. Although the permissible dose rate for very long-lived
radionuclides is only achieved after 50 years of exposure, any safety
factor is more apparent than real. In practice, individual workers are
likely to be exposed for only a few years early in their work experience,
and the permissible dose commitment will, in fact, be nearly achieved.

The most recent guidance on MPC values for strontium-90 considers
that metabolic data provide a sounder basis for the estimation of MPC
values than the exponential model used previously in the recommendations.47
"Extensive experimental data indicate that the strontium-calcium ratio of
mineral derived from diet in newly formed bone is about 025 of the cor-
responding ratio in the normal human diet. Data are also available on
the average concentrations of stable strontium and stable calcium in
normal human diet and bone of large populations." There was no change
made in the permissible body burden of strontium-90, but the MPC values
for bone as the critical organ were increased by a factor of 4 and the
MPC values for total body as the critical organ were increased by a
factor of 2.

Maximum Permissible Dose Commitment

The MPC or MPI are satisfactory concepts from the standpoint of
more or less continuous exposures. Only recently has the CRP provided
detailed guidance on single exposures to radionuclides inhaled or in-
gested, and it emphasized the problem associated with rapi buildup in
the body of radionuclides having long effective half-life.i8 An oc-
cupational worker who acquires a bone burden of strontium-90 such that
the dose of 15 rem is received during 13 weeks of the year, following
a single exposure or quarterly exposure, will continue to receive a bone
dose of this magnitude for many years thereafter. Thus, the worker would
be restricted to work in environments that add little, if any, additional
exposure.

To avoid the possible restriction of an employee's activity, the
ICRP has introduced the concept of maximum dose commitment. An annual

maximum dose commitment is the dose resulting from the intake of radio-
nuclides corresponding inamount to intake at the MPC for I year.
Figure 3 illustrates the application of the concept of maximum permissi-
ble dose commitment.49 Curve A represents the dose rate to the critical
body organ as a function of time, t, following a single short-term intake
Of tme, T, of a radionuclide. It is a maximum permissible dosecommitment
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Figure 3 Curves illustrating the maximum permissible dose commitment concept.
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if the area under this curve (integrated dose) from t = to 50 + /2 years
Is equal to the area under curve for this same period. Curve rep-
resents the dose rate to this same body organ when the person is occupa-
tionally exposed to the MPC of a radionuclide for a period y years. If
T = 112 year, the exposure is the maximum permissible dose for single
exposures or for exposures on a quarterly basis. In every category of
maximum permissible dose commitment, the area under curve A equals area
under curve equals RT, the area of the rectangle in which R is the
maximum permissible dose rate appropriate to the critical body organ for
the radionuclide as given in Column 3 of Table 1. For any exposure at
the MPC the dose rate approaches the value R, as shown by the dotted
curve C, and in every case reaches the value R at or before 50 years.

The concept of dose commitment has application where members of the
public may be exposed. An earlier study made use of this approach in the
assessment of the safety of waste releases to the Clinch River at Oak
Ridge National La boratory,50 and a paper to be given at this conference
illustrates another pplication.51

Single or Short-Term Exposure

The ICRP has indicated that up to one-half of the max, mum permis-
sible dose commitment may be accumulated in a quarter of a year.52
These commitments may be taken in any pattern during the quarter interval,
from single, near instantaneous exposures to continuous exposures. In
the case of internal exposure to radionuclides having short effective
half-lives, this corresponds to a quarterly dose at twice the dose rate
permitted on an annual basis, or to receiving one-half the annual dose
in 13 weeks. For internal exposure to radionuclides having a long ef-
fect ve ha I f I fe, th is corresponds to a tota I intake of the rad ionuc I i de
equal to one-half of that which would be permitted for continuous ex-
posure at the MPC for I year. The dose equivalent over a 50-year period
would numerically equal one-half of the annual permissible dose. This
relationship between dose from a single or short-term exposure md dose
from continuous exposure has been demonstrated by K. Z. Morgan. 3

Consideration of Stable EleMent Intake

Many factors have an effect in determining the value for a maximum
permissible limit. One such factor is the relative abundance or scarcity
in the diet o;4stable isotopes with similar chemical properties of the

When data are lacking on the metabolism of a particular
radionuclide in the human body, as is frequently the case, information
on the intake and elimination of stable isotopes of the element in the
critical body organ may be used in the calculation of permissible levels.
It is assumed that the distribution of the normal stable isotope in the
body organs is typical of the distribution that would result from chronic
exposure to radionuclides of the same element and that an equilibrium
condition exists between the stable isotope in the body organ and in the
dietary intake. When this is the case, it follows that fo a stable

52,1



isotope 55

0.693 m C
Tb If (7)

where

m = mass in grams of the tissue,

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

I = average daily Ingestion of an element (g/day), and T b and fw
are as defined previously.

By substituting equation 7 in equation (5) for an equilibrium situ-
ation and letting P = *fw (where I* Is equal to the permissible intake
of the radionuclide, or (MPC)w times the standard man Intake of water),
it can be shown that

qf 2 1* - T

g element in organ T_
0.693 (8)

L� Ifw r

Values of (MPC)w calculated from equation (8) will then correspond to
similar values listed in ICRP Publication 2 for cases where stable ele-
ment data was judged to be acceptable and was used to calculate maximum
permissible concentrations. Thus, it can be seen that the Commission
considered stable element intake in its derivation f maximum permissible
concentrations.
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