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Introduction

Ionizing radiation may cause immediate and/or delayed biological damages to the
body of the exposed person and/or his/her progeny. The exposure may be caused
by an external source or may arise due to internal contamination by a radioactive
material. In order to prevent such exposure, or to reduce the probability that it will
occur, national authorities and international organizations that are engaged in radia-
tion safety and protection have set limits for the exposure to ionizing radiation from
either source. The sensitivity of the body to ionizing radiation usually decreases
with age. For this reason and due to the limited possibilities to control the exposure
of the general public, different limits have been set for for occupational exposure
and for the exposure of members of the public of different age groups. The general
principles of these limits and guidelines for their calculations are set by the Interna-
tional Commission on Radiological Protection (ICRP) and published in the Annals
of the ICRP. The basic philosophy of the Commission, which includes the principles
of justification, optimization and dose limits, the basic radiobiological models, and
the distinction between stochastic and non-stochastic effects has been presented in
its publication no. 26 [1]. Based on this philosophy, the Commission issued between
1979 and 1988 a series of publications followed by annexes and addenda known as
publication no. 30 ([2]- [9]). This series presented models describing the metabolism
of radioactive materials which enter the body by inhalation and ingestion, the trans-
fer of such materials from the respiratory tract and the gastrointestinal tract to the
blood, and from there to the body organs and the excretion of the material from the
body. This series presented also values for biokinetic parameters of these systems
and transfer paths, and methods for calculating limits on intake which ensure that
the exposure from internal contamination will not exceed the dose limits set by the
Commission.
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In 1990, the ICRP issued publication no. 60 [10], which is a revision to and ex-
tension of no. 26 published in 1979. In publication no. 60 the Commission presented
revised dose limits. These limitations are based on evidence from recent research in-
dicating that the carcinogenic risks of exposure to ionizing radiation are greater than
previously thought. The new risk factors were found to be 4 to 8 times greater than
those presented in publication no. 26. Following publication no. 60, the Commission
recalculated the AL1 values, based on the new recommendations, and presented the
new values in publication no. 61 [11]. The epidemiologic data from these research
studies enabled the Commission to establish detailed quantitative estimations for
the probabilities of cancer morbidity and mortality due to exposure of specific or-
gans and tissues to ionizing radiation. These and other research projects helped to
establish improved biokinetic parameters regarding the inhalation and ingestion of
radioactive materials and their distribution in the human body. A new respiratory
tract model, based in part on these data, was presented in publication no. 66 [12].

The next section of this review describes the features of the new model and the
differences between the new and the old respiratory tract models. Following this,
the revised dose limits and annual limits on intake, based on the new model and
new biokinetic data, are presented.

The new respiratory tract model

A need to estimate the effect of exposure of the general public to ionizing radiation
due to internal contamination via inhalation motivated the ICRP to develop a new
respiratory tract model in 1994 (presented in publication no. 66 of the ICRP [12]).
This is a detailed model of the respiratory tract that is much more accurate than
the old model described in part I of publication no. 30 [2]. The new, detailed
description, of each part of the respiratory tract, the size and function of which
are age-dependent, enables the estimation of doses, due to inhalation of radioactive
material, for the general public including infants and children of all ages. Moreover,
it provides a way to calculate actual doses to specific groups of people due to known
incidents, a task impossible with the old model. A full and interpreted description
of the new model was published by us in Hebrew [13].

The model divides the respiratory tract into five compartments based on its
anatomical and physiological structure (see fig. 1). The extrathoracic airways are
divided into two compartments: ETi, the anterior nose, and ET2, the posterior
nasal passages, larynx, pharynx and mouth. The bronchial region, BB, consists of
the trachea and bronchi; the bronchiolar region, bb, consists of the bronchioles and
terminal bronchioles. The alveolar-interstitial region, AI, consists of the respiratory
bronchioles, the alveolar ducts, alveoli, and interstitial connective tissue.

As in the old model, the deposit of aerosols in different parts and compartments
of the respiratory tract and their clearance from these parts and compartments are
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Figure 1: The anatomical structure of the respiratory tract model.

treated as two distinct processes. However, the description of each process in the
new model is different from that in the old model. Regarding deposition, the new
model assumes a polydisperse aerosol of particles with diameters of 0.6 up to 100
micron. It assumes that the AMAD of a typical aerosol that occurs in environmental
contamination to which the general public might be exposed is 1/zm, but uses an
AMAD of 5^m for the working environment (while the old model used an AMAD
of 1/im for the latter condition too). This change alone lead to the fact that, for
conditions characteristic of a working environment, a smaller fraction of inhaled
particles reaches the inner parts of the respiratory tract. The fraction of the inhaled
activity that is deposited in ETi and ET2 is 2.5 times higher than that deposited
in the equivalent parts of the old model, whereas those deposited in compartments
BB and bb and in compartment AI are 2.5 and 4.7 times smaller, respectively, than
in the equivalent parts of the old model.

Regarding the clearance of material from the respiratory tract and uptake by the
blood, the old model assumed that division of the radioactive chemical compounds
into types D, W and Y is appropriate to describe rates of both clearance from
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the respiratory tract and uptake by the blood. In contrast, the new model uses
different and independent rates for the two processes. It divides the radioactive
compounds into types F (fast), M (medium) and S (slow) according to their rate
of absorption by the blood and uses a different rate for the transfer through the
respiratory tract. However, the division of the compounds into types F, M and S is,
in general, equivalent to their division into types D, M and Y.

As explained earlier, the new division of the respiratory tract into parts and
compartments was done according to the tract's anatomical and physiological struc-
ture and is not related solely to the clearance process, as in the old model. In the
new model, particles which are deposited in each compartment are simultaneously
absorbed into the blood and transported to other compartments. The fraction that
takes each route depends on the relative rates of each process. Based on recent
experimental studies, the new model includes two new subprocesses of the clearance
process which have different half-times than that of the main process. The first sub-
process accounts for the possibility that a fraction of the inhaled particles deposited
on airway surfaces in the BB and bb regions may be cleared much more slowly than
most particles, which are cleared rapidly. A clearance half-time of 20d is assigned
to this fraction. The second subprocess accounts for possible sequestration in the
airway wall of a fraction of the particles deposited in the BB and bb regions. This
sequestered fraction is considered to be cleared out to the thoracic lymph nodes with
a half-time of 70d.

The new model is applicable to all members of the public, including infants and
children. Parameters that characterize the transport and clearing processes related
to each compartment of the model are given for each age group separately.

Dose calculations are made now for each anatomical compartment of the respira-
tory tract, and the relative sensitivity of each compartment to ionizing radiation is
accounted for when the equivalent dose for different sections of the respiratory tract
is calculated. The combined weighted doses to compartments BB, bb, AI and LN
give the dose-equivalent to the lungs. ETi and ET2 together are called the extratho-
racic airways and their combined weighted dose is accounted for when calculating
the equivalent dose to the "remainder".

Dose limits and intake limits

Since 1979 when publication no. 26 was issued, new information on the effects of
exposure to ionizing radiation on the human body has been accumulated. During the
last decade, a new evaluation of the exposure to ionizing radiation by the survivors
of the atomic bomb dropped on Hiroshima indicated that the equivalent dose to
which they were exposed was much smaller than had been estimated previously.

The recommendations of ICRP for dose limits for the general public and people
who work with radioactive materials are summarized in table 1. Together with
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the new limits, the table presents the old recommendations which were given in
publication no. 26. As can be seen, the Commission reduced the maximal permitted
exposure to ionizing radiation. The new limits are 2 to 5 times lower than the old
ones but the new limits are related to the average annual exposure over 5 years
where as the old ones referred to the maximal exposure for a single year. The
Commission still allows maximal annual doses as high as those specified in the old
recommendations, but only if the average dose over 5 years complies with the new
recommendations.

Effective dose
Equivalent dose to tissues:

All
Eyes
Skin
Legs

Workers
ICRP-26
50mSv

500 mSv
300 mSv
500 mSv
500 mSv

ICRP-60
20 mSv

150 mSv
500 mSv
500 mSv

Public
ICRP-26

5 mSv

15 mSv
50mSv
50mSv

ICRP-60
1 mSv

15 mSv
50mSv
50mSv

Table 1: Dose limits per year for the general public and for workers, according to
ICRP-26 and ICRP-60

With the revision of the dose limits the Commission also redefined the old terms
dose equivalent and effective dose equivalent, and renamed them equivalent dose
and effective dose, respectively. There are also some changes in (a) the method
for calculating these terms and (b) the weighting factors for the different organs
have been changed and new organs have been added to the list. Regarding the
"remaining" organs, which do not have a specific weighting factor, the Commission
suggests two ways to calculate their contribution to the calculated effective dose
to the whole body: (a) If neither of these organs received the greatest equivalent
dose of all organs, including those which have a specific weighting factor, then the
effective dose to this group of organs is calculated by using a mass weighted average
of the equivalent doses to each organ and multiplying this value by a weighting factor
of 0.05 for the calculation of the effective dose to the whole body; (b) Otherwise,
the organ which absorbed the greatest equivalent dose gets a weighting factor of
0.025, which is half the weighting factor of all the remaining organs, and the other
organs in this group are weighted as before and get a weighting factor of 0.025. The
integration time for the calculation of the committed doses (equivalent and effective)
is taken to be from the age of exposure - but not above 20 - to the age of 70.

The extensive revisions in the dose limits, the new respiratory tract model and
the revised biokinetic parameters of most radioactive chemical compounds, used in
evaluating the distribution in the body of ingested and inhaled radionuclides, re-
quired recalculation of the annual limits on intake (ALI values). However, since
the new dose limits are not conclusive (there are limits to average annual dose and
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Radioactive element

32 p
6 0Co
90Sr

2 3 2 T h

2 3 8 U

2 i lAm

(class, fi)
(M, 0.8)
(S, 0.05)
(S, 0.3)

(M, 0.0005)
(S, 0.02)

(M, 0.0005)

Inhalation ALI
ICRP-30
1.0*107

1.0*108

1.0*105

4.0*101

2.0*103

2.0*102

ICRP-61
5.0*106

4.0* 105

6.0*104

9.0M01

6.0*102

3.0*102

ICRP-68
6.9*10s

1.2*105

2.6*105

6.9*102

3.5*103

7.4*102

Ingestion ALI
ICRP-30
2.0*107

7.0*106

1.0*106

3.0*10*
5.0* 105

5.0* 104

ICRP-61
8.0*10B

3.0*106

6.0*105

5.0*104

8.0*105

3.0*104

ICRP-68
8.3*10"
8.0*106

7.1*105

9.1*10*
4.5*105

1.0*105

Table 2: Annual limits on intake for six radioactive elements as calculated with the
old and new limits and models

maximal annual dose), it is impractical to give ALI values. Hence, the Commis-
sion calculated and presented effective dose coefficients (in units of Sv) per unit
of activity (Bq) of inhaled or ingested material. The ALI value for a specific dose
limit (maximal, average or other) can be calculated by dividing the dose limit by
these coefficients. For the purpose of studying the effect of the new dose limits, new
respiratory tract model and revised biokinetic parameters on the ALI values, we
calculated the new ALI value for a few radionuclides using the average annual dose
limit and compared them with the ALI values given in earlier publications. The
results of this comparison are presented in table 2.

The new calculated values are generally more liberal than the old ones although
the new dose limits are lower. As explained before, the availability of new informa-
tion since 1979, when the Commission presented the earlier ALI values in publication
no. 30, enables a better estimation of biokinetic data of radioactive chemical com-
pounds and the development of improved models and calculation methods. Hence,
the new biokinetic parameters, revised calculation methods of the effective dose and
ALI values, and new respiratory tract model use smaller safety factors, which lead
to more liberal calculated ALI values.

For example, the ALI for inhalation of 232Th is 7.6 times higher than the value
given in ICRP-61 [11] and 17.25 times higher than the value given in ICRP-30
(although the ICRP-30 values are based on an annual effective dose of 50 mSv
whereas the newer values are based on an annual effective dose of only 20 mSv).
For all the compounds listed in table 2, the ALI values calculated from the dose
coefficients given in ICRP-68 [14] are higher than those given in ICRP-61; only for
32P is the value given in ICRP-30 higher than the newly calculated value. Even
the new ingestion ALI values are usually higher than the previously calculated ones
although here the Commission uses the same model as presented in ICRP-30 (only
the biokinetic parameters have been revised). In this case, for example, the new
ALI value of 241Am is 3.3 times higher than that given previously in ICRP-61 which
was based on the same annual dose limit.
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Conclusions

In 1991, the ICRP issued publication no. 60 [10], which is a revision to and extension
of publication no. 26 from 1979. A new respiratory tract model, based in part on
those data, was presented in publication no. 66 [12].

The detailed description, in the new model, of each part of the respiratory tract
enables its use to estimate doses from inhalation of radioactive material, to the
general public, including infants and children of all ages. Moreover, it provides a
way to calculate actual doses to specific groups of people due to known incidents, a
task that was impossible to accomplish with the old model. An extensive interpre-
tation of the new model is given in [13]. Dose calculations are done now for each
anatomical compartment of the respiratory tract, and the relative sensitivity of each
compartment to ionizing radiation is accounted for when the equivalent dose for a
few compartments is calculated.

The new limits are 2.5 and 5 times lower than the old ones, for workers and the
public respectively, but these limits are for the average annual exposure over 5 years
whereas the old ones where for the maximal exposure per year. The Commission still
permits maximal annual doses as high as those allowed in the old recommendations,
as long as the average dose over 5 years does not exceed the new recommendations.

To conclude, new data and improved models which where used to establish and
calculate new dose limits and ALI values indicate that the old dose limits where
too liberal. However, high safety factors embedded in the old models, methods and
parameters used to calculate values of ALI, made the previously calculated values
conservative. For example, the most recent calculated value of the ALI for inhalation
for 232Th is 7.6 times higher than the previously calculated value. The ingestion ALI
currently calculated for 24lAra is 3.3 times higher than the previous limitation.
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