Radiation safety standards and regulations undergo continuous review and changes. These
changes occur mainly as a response to a public policy based on attitudes of the public and on
the philosophy of preventive conservatism, and also because of the increasing sensitivity of
radiation-measuring instruments. The continual restriction of acceptable dose limits implies
that earlier limits were unsafe. However, there has been no verifiable increase in radiogenic
diseases among radiation workers whose radiation doses were within the limits recom-
mended by scientific advisory committees (the International Commission on Radiological
Protection (ICRP) and the National Council on Radiation Protection and Measurements
(NCRP)) in 1934 and the limits established by governmental regulatory agencies after 1945.

ORGANIZATIONS THAT SET STANDARDS

The hazards of ionizing radiation became apparent almost immediately. Wilhelm Roentgen
discovered X-rays in November 1895, and he announced his discovery on January 1, 1896, in
a paper that he had prepared for presentation to the Physical-Medical Society of Wiirzburg.
At about the same time, Emile Grubbe, an American physicist who was experimenting with a
Crooke’s tube (a cathode-ray tube) similar to the one used by Roentgen, suffered severe burns
on his hands as a result of holding the energized tube in his hands. Then, in May of that same
year, a man who had a diagnostic radiograph made of his head suffered skin burns and loss of
hair on the side of his face that had been exposed to the X-rays. Henri Becquerel, who discov-
ered radioactivity in 1896, developed an ulcer on the skin of his chest as a result of having kept
a test tube containing a radium salt in his vest pocket. After surgical treatment, the wound
healed, but it left a painful scar. The year 1899 marked the first successful use of X-rays to cure
a cancer, a basal-cell carcinoma on the face of a woman. Thus, from the very beginning of the
use of radiation sources for beneficial purposes, harmful effects were observed.

As the usefulness of radiation in medicine and science was being discovered, reports of
harmful radiation effects continued, causing various practitioners to suggest a variety of
radiation safety rules. The first organized action in radiation safety was taken in 1915 by
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the British Roentgen Society. The X-ray and Radium Protection Committee of the British
Roentgen Society published further recommendations in 1921 and in 1927.

International Commission on Radiological Protection

In 1925, the radiological societies of several countries met in London at the First International
Congress of Radiology. Among the main topics discussed at the meeting were radiation pro-
tection and the need for a committee to deal with questions of radiation safety. Then, in
1928, at the Second International Congress of Radiology, a committee called the International
X-ray and Radium Protection Committee was established to provide guidance in these mat-
ters. At that time and for many years afterward, its main concern was regarding the safety
aspects of medical radiology. Its interests in radiation protection expanded with the wide-
spread use of radiation outside the sphere of medicine, and, in 1950, its name was changed to
the International Commission on Radiological Protection (ICRP) in order to describe its area
of concern more accurately. Since its inception, the ICRP has been recognized as the leading
agency for providing guidance in all matters of radiation safety. In describing its operating
philosophy, the ICRP states: “The policy adopted by the Commission in preparing recom-
mendations is to deal with the basic principles of radiation protection, and to leave to the
various national protection committees the responsibility of introducing detailed technical
regulations, recommendations, or codes of practice best suited to the needs of their individual
countries” (ICRP Publication 6, p. 1, Pergamon Press, Oxford, UK., 1964). In discussing the
development of its recommendations, the ICRP says: “Since there is little direct evidence of
harm at levels of annual dose at or below the limits recommended by the Commission, a good
deal of scientific judgment is required in predicting the probability of harm resulting from
low doses. Most of the observed data have been obtained at higher doses and usually at high
dose rates.” The ICRP goes on to say: “The estimation of these consequences and their impli-
cations necessarily involves social and economic judgments as well as scientific judgments in
a wide range of disciplines” (ICRP Publication 60, pp. 1 and 2, Pergamon Press, Oxford, UK.,
1991). The ICRP expended its philosophy to add “ . . an approach for developing a frame-
work to demonstrate radiological protection of the environment” (ICRP Publication 103,
p. 1, Pergamon Press, 2007). An approach for environmental protection was next added: “ . .
the Commission’s approach to environmental protection needs to be applied sensibly and in
a manner that is commensurate with the (potential) risk of harmful effects under different
exposure situations.” (ICRP Publication 114, Elsevier, 2009) The ICRP’s published reports
and recommendations are listed in the Suggested Readings, at the end of this chapter.
Initially, the recommendations of the ICRP were based on the tolerance dose. The toler-
ance dose was believed to be a dose that the body can tolerate, and thus adherence to this
dose limit would prevent observable harmful radiation effects. To this end, the dose to tissue
deeper than 1 cm (the deep dose) and the skin dose to skin at a depth of 0.007 cm (the shal-
low dose) of 300 and 600 mrems per week, respectively, were recommended. When genetic
damage was assumed to be the effect to be prevented, a deep-dose equivalent of 5 rems/yr
was recommended in ICRP Publication 2 in 1959. By 1977, continued observation of radia-
tion effects on the survivors of the atomic bombings in Japan, including the absence of any
observable genetic effects, led the ICRP to update its radiation safety recommendations.
Its new recommendations, which were published in ICRP Publication 26, are based on an
acceptable-risk concept. This new basis for radiation safety standards recognized cancer as
the main biological effect of concern. The biomathematical model for radiation carcino-
genesis postulates that a single radiation-induced change in a DNA molecule can initiate
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an oncogenic process. According to this model, there is no dose below which cancer cannot
occur. This means that every increment of radiation dose carries a proportional increase in
risk of radiogenic cancer. Accordingly, radiation safety standards were recommended on the
basis of a risk that would be accepted by society in exchange for the benefits resulting from
radiation use at the recommended limit.

ICRP 26 also recognized that different organs and tissues have different likelihoods of
developing radiogenic cancer. This fact led to the introduction of the concept of effective
dose, which considers the risk of stochastic effects from nonuniform irradiation relative to
the risk from uniform whole-body radiation. As a consequence, ICRP Publication 26 rec-
ommended a maximum effective dose equivalent (EDE) of 50 mSv (5000 mrems) in 1 year
and also said that this limit should include the sum of external radiation dose and the dose
from internally deposited radionuclides. By 1990, the continuing studies of the Japanese
survivors of the atomic bombings suggested that the probability of fatal radiogenic cancer
might have been underestimated by a factor perhaps as great as 4 in the earlier recommen-
dations. Accordingly, in ICRP Publication 60, which was issued in 1990, the commission
recommended a limit on EDE for occupational exposure of 20 mSv (2000 mrems) averaged
over a 5-year period (100 mSv, or 10,000 mrems in 5 years), with a limit of 50 mSv (5000
mrems) in any single year. ICRP Publication 103 was issued in 2007, reaffirming and updat-
ing Publication 60 recommendations, adding and modifying radiation and tissue weighting
factors, and incorporating the information and models published over the previous years.
ICRP Publication 130 (2015) was issued to replace ICRP 30, 68, 54, and 78. The use of
voxel phantoms (ICRP 110), the updated alimentary tract model (ICRP 100), revised decay
schemes (ICRP 107), revisions to the Human Respiratory Tract Model (HRTM), as well as
male, female, and pediatric phantoms were incorporated into ICRP 130. These changes have
(admittedly) made the models more complex than that required for radiological protection,
and the derivation and use of some have been relegated almost exclusively to computer
programs. The majority of the computations for internal, and many external, doses are now
performed using Monte Carlo programs. Finally, in 2011, the ICRP recommended that the
dose limit to the lens of the eye be changed to 20 mSv per year averaged over 5 consecutive
years, and 50 mSv in any single year, with a lifetime limit of 0.5 Gy to the eye.

International Atomic Energy Agency

The International Atomic Energy Agency (IAEA), a specialized agency of the United Nations
that was organized in 1956 in order to promote the peaceful uses of nuclear energy, recom-
mends basic safety standards that are based, to the extent practically possible, on the ICRP
recommendations.

Under its Statute the International Atomic Energy Agency is empowered to provide for the
application of standards of safety for protection against radiation to its own operations and to
operations making use of assistance provided by it or with which it is otherwise directly associ-
ated. To this end authorities receiving such assistance are required to observe relevant health
and safety measures prescribed by the Agency.

(From Safe Handling of Radioisotopes. Safety Series No. 1. IAEA, Vienna, 1962.)

The health and safety measures prescribed by IAEA are published according to subject in
its Safety Series. The first set of recommendations was published in 1962, and a revised set
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of basic safety standards, which was based on ICRP Publication 26, was published in 1982.
The appearance of ICRP Publication 60 in 1990 led the IAEA, in 1995, to publish a third
major revision of its basic safety standards for protection against ionizing radiation and for
the safety of radiation sources. These safety standards serve as the basis for the regulation
of both practices (any human activity that may increase the likelihood of additional dose to
anyone) and interventions (an action to mitigate the consequences of an accidental exposure
or of a practice that has gone out of control).

The IAEA’ safety standards are not legally binding on Member States but may be adopted by
them, at their own discretion, for use in national regulations in respect of their own activities.
The standards are binding on the IAEA in relation to its own operations and on States in relation
to operations assisted by the IAEA. Any State wishing to enter into an agreement with the IJAEA
for its assistance in connection with siting, design, construction, commissioning, operation, or
decommissioning of a nuclear facility or any other activities will be required to follow those parts
of the safety standards that pertain to the activities to be covered by the agreement. However, it
should be recalled that the final decisions and legal responsibilities in any licensing procedures
rest with the States.

(From TAEA Safety Standards Series. Application of the Concepts of Exclusion,
Exemption and Clearance. Safety Guide No. RS-G-1.7, 2004.)

International Labor Organization

The International Labor Organization (ILO), which was founded in 1919 and then became
part of the League of Nations, survived the demise of the League to become the first of the
specialized agencies of the United Nations. Its concern generally is with the social prob-
lems of labor. Included in its work is the specification of international labor standards deal-
ing with the health and safety of workers. These specifications are set forth in the Model
Code of Safety Regulations for Industrial Establishments for the Guidance of Governments
and Industries, in the recommendations of expert committees, and in technical manuals.
In regard to radiation, the model code has been amended to incorporate those recom-
mendations of the ICRP that are pertinent to control of occupational radiation hazards,
and several manuals dealing with radiation safety in the workplace have been published.

International Commission on Radiological Units and Measurements

The International Commission on Radiological Units and Measurements (ICRU), which
works closely with the ICRP, has had, since its inception in 1925, as its principal objective,
the development of internationally acceptable recommendations regarding the following:

1. quantities and units of radiation and radioactivity,

2. procedures suitable for the measurement and application of these quantities in clinical
radiology and radiobiology, and

3. physical data needed in the application of these procedures, the use of which tends to
assure uniformity in reporting.

In terms of its operating policy: “The ICRU feels it is the responsibility of national orga-
nizations to introduce their own detailed technical procedures for the development and
maintenance of standards. However, it urges that all countries adhere as closely as possible
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to the internationally recommended basic concepts of radiation quantities and units” (ICRU
Report 32, 1979).

Nuclear Energy Agency

The Nuclear Energy Agency (NEA) is a division of the Organization for Economic
Cooperation and Development (OECD), which is an international organization of 27 indus-
trialized states that cooperate to further economic development among its members. The
function of the NEA is to promote the development of scientific, engineering, and legal
principles for the safe and beneficial use of nuclear energy for peaceful purposes.

International Organization for Standardization

The International Organization for Standardization (ISO) is a nongovernmental organiza-
tion that is a response of industries to the globalization of commerce. Its objective is to
standardize business and manufacturing practices so that customers or clients in various
parts of the world will operate on a level-playing field. That is, they will all adhere to the
same standards. Although not explicitly radiation-related, two series of ISO standards are
relevant to health physicists. The ISO 9000 series, which was adopted in 1987 in expectation
of trade among the members of the European Common Market, deals with quality standards
for manufactured items. ISO 9000 series includes five parts: Parts 9000 and 9004 deal with
general guidelines, while parts 9001, 9002, and 9003 are well-defined quality standards that
deal with all the commercial aspects of engineering, manufacturing, installing, and servic-
ing a product. ISO 9000 certification means that the product was manufactured according
to rigid standards and actually performs according to the maker’s claims. The application of
ISO 9000 standards to obtain uniformity among radiometric instruments made in various
countries will facilitate the international interchange of radiation measurements and will
add confidence in the accuracy of the measurements.

Another series, ISO 14000, was developed in order to minimize the adverse environmen-
tal impact of an organization’s activities and products. General objectives of ISO 14000 are
the reduction of waste and of the cost of waste management, the conservation of energy and
materials, and the optimization of distribution. In addition to requiring demonstration of
compliance with all applicable regulatory requirements, certification to ISO 14001 requires
identifying each aspect of an operation that might have an environmental impact, prioritizing
these impacts, and establishing operating procedures to eliminate or to mitigate the detrimen-
tal environmental impacts. It also requires that all employees be trained in sensitivity to the
environment, the prevention of pollution, and safe practices. Of particular interest to health
physicists in the context of the “NIMBY” (Not In My Back Yard) complex is ISO 14031. This
part requires that the organization gives due consideration to the viewpoints of the affected
public regarding any possible pollution resulting from the operations of the organization.

National Agencies

Although international scientific agencies recommend radiation safety standards and prac-
tices, legal authority for radiation safety is exercised by regulatory agencies established by
national states. In almost all cases, the national agencies base their regulations on the rec-
ommendations of the international scientific agencies. In the United States of America, for
example, the Environmental Protection Agency (EPA) sets radiation safety standards, while
several different regulatory agencies, including the Nuclear Regulatory Commission (NRC),
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the Occupational Health and Safety Administration (OSHA), and the Department of Energy
(DOE), promulgate radiation safety regulations, according to the EPA standards, within
their areas of responsibility. In Canada, the radiation safety regulatory body is the Canadian
Atomic Energy Authority; in the United Kingdom, it is the Health Protection Agency’s
Radiation Protection Division; and in France, the Commissiarat d'Energie Nucleaire is the
national regulatory agency.

PHILOSOPHY OF RADIATION SAFETY

Public Health and Radiation Safety Practice

Public health is that responsibility which rests on the organized community for the pre-
vention of disease and the promotion of health. Prevention of disease through community
efforts is necessary as—because of the population explosion and communal living—we are
no longer able to structure our own individual environments. Our environment is deter-
mined mainly by the activities of others. The objectives of public health differ significantly
from those of “private” health (clinical medicine). The aim of clinical medicine is to cure sick
people, while the aim of public health is to keep healthy people healthy. A comparison of
public health characteristics to “private” health characteristics is shown in Table 8-1.
Radiation safety standards and public policy regarding radiation are public health concerns
because (1) we cannot structure our own individual environments, and (2) the effects of low-
level radiation are not unique and, if they occur, are detectable only by epidemiologic means.
No verifiable, detrimental radiation health effects have ever been observed among populations
exposed within the range of variability of background radiation. Until recently, no detrimental
radiation effects were found among the population of radiation workers whose doses were
within the limits recommended in ICRP Publication 2. A study in 2005 of 407,391 nuclear
workers in 15 countries found a small (1-2%) excess risk of cancer, although a re-analysis of
the study (2014) has found there may be some difficulty with this interpretation of the data.
Cancer and genetic defects are the principal radiation effects of public health concern. Both
these stochastic effects are attributed to the same biological phenomenon, namely, the loss
of information in a base pair by the breaking of the base-pair bond in a DNA molecule. The
zero-threshold model is believed to be conservative because of base-pair repair and because
the information is replicated several times within the DNA molecule. According to this model,
breaking 100 base pairs in a single individual or 1 base pair each in 100 individuals leads to the
same probability of initiating an oncogenic lesion or a point mutation. This leads to the concept

TABLE 8-1 Comparison of “Private” Health (Clinical Medicine) to Public Health

PRIVATE HEALTH

PUBLIC HEALTH

Patient is an individual

Patient is the community

Particular disease is either present or absent

All diseases present all the time

Health status evaluation: blood pressure, temperature,

blood count, etc.

Statistical and epidemiologic data

Causes: microbial, biochemical, trauma, psychological

Ecological causes, social ills

Therapy: physical, chemical, psychological

Engineering, medical, sociopolitical

Individual pays

Society, or the community, pays
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of the collective dose, which was introduced by the ICRP in 1977. The collective dose, which is a
measure of the total amount of DNA damage in a population, is simply the sum of all the dose
equivalents received by the individual members of a population and is expressed in person-
rems in the traditional system of health physics units and in person-sieverts in SI units:

S$=> nH, (8.1)

where 7. is the number of individuals who receive a dose equivalent to H,. For example, if,
during a given year, 800 workers in a certain nuclear facility received an average dose equiv-
alent of 0.2 rem (0.002 Sv), 199 workers averaged 0.6 rem (0.006 Sv), and 1 worker received
2.6 rems (0.026 Sv), then the collective dose equivalent would be

S = (800 persons - 0.2 rem) + (199 persons - 0.6 rem) + (1 person - 2.6 rems),
S = 282 person-rems (2.82 person-Sv).

The collective dose is the basis for calculating the stochastic impact of radiation exposure
to a large group or to a population and, thus, for public health control of radiation. It should
be emphasized that the collective-dose concept applies only to the postulated stochastic
effects in a large population. The collective-dose concept is applied by postulating that a
given collective dose will result in the same total number of detrimental effects regardless of
the size of the population and the distribution of the dose. The ICRP postulates 500 excess
cancer deaths among a population whose collective dose is 10* person-Sv (10° person-rems)
regardless of how the collective dose is distributed among the population (in this case we are
assuming a population in the United States). Thus, 10 mSv (1 rem) among 1 million people,
1 mSv (100 mrems) among 10 million people, or 0.01 mSv (1 mrem) among 1 billion people
are postulated as equivalent in their carcinogenic potential. That is, in every one of these
populations, the ICRP model postulates 500 excess deaths from cancer. It should be pointed
out that the model used to postulate these excess deaths is inherently unverifiable since the
statistical variability in the annual number of cancer deaths is far greater than the postulated
number of excess radiogenic cancer deaths. In the United States, for example, the proportion
of all deaths due to cancer has remained relatively constant during the years 1999-2004, at
about 23%. The number of U.S. cancer deaths during these years ranged from 549,838 to
553,888 (out of a U.S. population of 279 million in 1999 to 292.8 million in 2004). This vari-
ability in number of cancer deaths of more than 4000 swamps any excess cancer deaths that
the linear zero-threshold model may postulate in the United States based on collective-dose
considerations. The linear zero-threshold model, therefore, is inherently unverifiable.

In a societal or public health context, an acceptable collective dose for a large popula-
tion is determined by policymakers on the basis of societal benefits that will accrue to the
population versus the postulated detrimental effects as a result of the radiation exposure.
Under these conditions, the probability of a detrimental radiogenic effect in any individual is
vanishingly small. The recommended risk coefficients for lifetime stochastic effects, such as
ICRP’s 7.3 X 107> per mSv (which includes fatal and nonfatal cancers and detrimental heri-
table effects), are intended for use in ranking radiation risk among all other public health risks
for the purpose of public health decision making. It is not intended to be used as a metric for
counting dead bodies or other detrimental effects that are postulated at the low radiation levels
that are associated with those practices that are limited by the recommended safety standards.
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Dose-Limitation System

Deterministic (Nonstochastic) Effects

Engineering control of the environment by industrial hygienists and public health person-
nel is usually based, in the case of nonstochastic effects, on the concept of a tolerance dose,
that is, a threshold dose. If the threshold dose of a toxic substance is not exceeded, then it is
assumed that the normally operating physiological mechanisms can cope with the biologi-
cal insult from that substance. This threshold is usually determined from a combination of
experimental animal data and clinical human data; it is then reduced by an appropriate
factor of safety, which leads to the maximum allowable concentration (MAC) for the sub-
stance. The MAC is then used as the criterion of safety in environmental control. The MAC
was defined by the International Association on Occupational Health in 1959 as follows:
“The term maximum allowable concentration for any substance shall mean that average
concentration in air which causes no signs or symptoms of illness or physical impairment in
all but hypersensitive workers during their working day on a continuing basis, as judged by
the most sensitive internationally accepted tests.”

Stochastic Effects

A different philosophy underlies the control of environmentally based agents, such as ion-
izing radiation and radionuclides, that lead to increased probability of cancer and genetic
effects. Although molecular biologists have found the existence of intracellular mecha-
nisms for the repair of damaged DNA in bacteria, geneticists have observed a dose-rate
dependence of radiogenic mutagenesis, and both these observations imply the existence of
a threshold for stochastic effects. Although the postulated stochastic effects have not been
seen in populations that had been exposed to low-dose radiation (<0.1 Gy, or 10 rads),
public health policy nevertheless is based on the conservative belief that absence of proof
of an effect is not proof of the absence of the effect. Accordingly, we assume, for the purpose
of setting safety standards for radiation as well as for chemical carcinogens and mutagens,
that the threshold dose for stochastic effects is zero dose. The dose-response curves for car-
cinogenesis and mutagenesis are assumed to be linear down to zero dose. The slopes of the
dose-response curves for the various stochastic effects are postulated to be the same at low
doses, all the way until zero dose, as at the high doses. Since this means that every increment
of dose, no matter how small, increases the probability of an adverse effect by a proportional
increment, the basis for control of man-made radiation is the limitation of the radiation
dose to a level that is compatible with the benefits that accrue to society and to individuals
trom the use of radiation.

Based on the preventive conservatism principle, it can be argued that the distinction
between those agents that cause deterministic effects and those that increase the probability
of stochastic effects, which is based on the existence or absence of a threshold dose, is not as
clear-cut as may first appear. For those substances where a threshold has indeed been estab-
lished, the threshold is for an individual. Different individuals have different thresholds.
Thus, although the average threshold value for blood changes because of gamma radiation is
taken as 0.25 Gy (25 rads), changes have been observed in persons whose doses were as low
as 0.10 Gy (10 rads), while others whose doses reached as high as 0.4 Gy (40 rads) showed
no blood changes. If a much larger population of exposed people were to be examined for
blood changes, it is likely that changes would be seen among some whose dose was even less
than 0.10 Gy (10 rads). It is not unreasonable to expect a distribution of sensitivity to most
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noxious agents somewhat like that shown in Figure 8-1, in which the sensitivity distribution
curve is skewed to the right. The curve should actually intersect the abscissa on the high-
dose end of the distribution, since we are reasonably certain that there exists some dose that
will affect everyone. On the other hand, it is known that there are “hypersensitive” indi-
viduals who respond to extremely low doses, which would not affect most people. On this
basis, it is reasonable to assume that the distribution curve to the left of the mode extends
to the origin of the coordinate axes. In effect, the distribution of susceptibility among the
individuals of a population means that the concept of a threshold dose cannot be applied to
a very large population. In setting a maximum acceptable dose (MAD) for a large population
group, therefore, a value judgment must be made.

Someone must decide what is an acceptable fraction of the population that may be
adversely affected by the agent for which the MAD is being set in return for the benefits to be
derived by that population from the use of that agent. The MAD is usually set so conserva-
tively that an extremely large number of people would have to be exposed at that level before
the hypersensitive person was found. This same type of reasoning prevails among those
who are concerned with recommending radiation dose limits. For occupational exposure,
the question of recommending dose limits as a guide to radiation protection is relatively
simple. A vast amount of human experience was gained from the promiscuous exposures
to radium and X-rays and the consequent harmful radiation effects during the first quarter
of the twentieth century, from survivors of the nuclear bombings in Japan, from exposure
for medical reasons, and from large population groups living in areas of high- and low-
radiation background. Additionally, much more data were obtained from laboratory studies
with animals. On the basis of this information, and on the assumption that every additional
increment of radiation dose has a corresponding increment of risk, dose limits can be set,
which, when applied to occupationally exposed radiation workers, will result in a level of
risk no greater than that in other occupations that are recognized as having high safety
standards and are considered to be “safe” If any uncertainty arises about where to set an
acceptable limit, the uncertainty is resolved by preventive conservatism rather than by scien-
tific realism. Dose limits for nonoccupationally exposed individual members of the general
public are set at a level where the resulting postulated radiation risk is very much smaller
than the risks that society already accepts in return for other technological benefits. From
these societally acceptable doses, we derive annual limits on intake (ALI) and environmental
concentrations of the various radionuclides that would result in radiation doses within the
prescribed dose limits.

Fraction of
population

Individual threshold dose

Figure 8-1. Distribution of individual thresholds among a population.
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The system of dose limitation recommended by the ICRP is founded on three basic tenets
stated in its Publication 26 and reiterated in its Publication 60 and 103:

1. Justification—No practice shall be adopted unless its introduction produces a net posi-
tive benefit. It should be pointed out that justification is a societal decision, not a radia-
tion decision.

2. Optimization—All exposures shall be kept as low as reasonably achievable (ALARA),
economic and social factors being taken into account.

3. Dose limitation—The dose equivalent to individuals shall not exceed the limits recom-
mended for the appropriate circumstances by the Commission.

It should be emphasized that the second point above urges that actual operational dose
limits for any radiological activity be more restrictive than the maximum recommended
dose limit. This means that processes, equipment (such as shielding, ventilation, etc.), and
other operational factors should be designed so that workers do not exceed the operational
dose limit, which is usually much smaller than the maximum recommended dose limit. This
operating philosophy is known as the ALARA concept. To apply the ALARA concept, the
ICRP recommends that cost-benefit analyses of alternative lower operational dose limits
be made, and then that level of radiation protection be selected that optimizes the cost of
the detrimental effects of the radiation versus the benefits to be derived from the radiation
practice. Since economic and social factors must be considered in implementing ALARA, it
is clear that widely differing interpretations can be made by equally competent authorities
on what is “as low as reasonably achievable” In the United States, the official interpretation
is made by the U.S. NRC and is published in the Regulatory Guide series.

Societal benefits and detriments from radiological activities usually are not uniformly
distributed among all members of society. Furthermore, different members and segments of
society may be exposed to radiation from several different sources. The ICRP, therefore, recom-
mends restrictions, or constraints, on radiation sources to try to ensure that no member of the
general public will exceed the maximum dose. For example, the U.S. EPAs annual dose limit
for public drinking water is 4 mrems (40 pSv), and the U.S. NRC requirement is that the annual
dose to a member of the public from the entire nuclear fuel cycle may not exceed 25 mrems
(250uSv). Water treatment and operationsin the nuclear fuel cycle must be designed accordingly.

The validity of the radiation safety standards was emphasized by Lauriston Taylor, the
founder of the NCRP, who said, in 1980: “No one has been identifiably injured by radiation
while working within the first numerical standard set by the NCRP and the ICRP in 19347
Since then, the radiation safety standards have been made about 10 times more restrictive. It
is, therefore, reasonable to expect that the current radiation safety standards are sufficiently
restrictive to preclude identifiable radiation injury.

ICRP BASIC RADIATION SAFETY CRITERIA

For purposes of radiation safety standards, the ICRP recognizes three categories of exposure:

1. Occupational exposure to adults who are exposed to ionizing radiation in the course of
their work. Persons in this category may be called radiation workers. This category con-
tains two subgroups:

(a) Pregnant women
(b) All other radiation workers
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Exposure of members of the general public.

Medical exposure. This category deals with the intentional exposure of patients for diag-
nostic and therapeutic purposes by technically qualified medical and paramedical per-
sonnel. It does not include exposure to the personnel involved in the administration of
radiation to patients.

onal Exposure

For occupational exposure, the ICRP 26, in 1977, recommended the following annual dose-
equivalent limits:

1.

To prevent nonstochastic effects, the limit is

(a) 0.5 Sv (50 rems) to all tissues except the lens of the eye.
(b) 0.15 Sv (15 rems) to the lens of the eye.

These limits applied whether the tissues were exposed singly or together with other
organs.

To limit stochastic effects, the dose-equivalent limit from uniform whole-body irradia-
tion is 50 mSv (5 rems) in 1 year.

Limits on intake of radioisotopes in order to meet the ICRP 26 dose limits from internal

exposure are listed in ICRP 30 and its supplements.

The ICRP 26 recommendations were superseded in 1990 by ICRP 60 2007 by ICRP 103,

and in 2015 by ICRP 130 recommendations for radiation safety limits. The ICRP 60, 103,
and 130 recommendations are based on a combined concept of stochastic and nonstochastic
(deterministic) effects. These two categories were considered together in a single index of
harm called the detriment, which includes consideration of both stochastic and determinis-

tic

effects. The dose limits in ICRP 60, 103, and 130 are based on a dose, which, if exceeded,

may lead to unacceptable consequences, be they either stochastic or deterministic, for an
individual. These dose limits are shown in Table 8-2.

TABLE 8-2 ICRP 26/60/103/130 Recommended Dose Limits
APPLICATION ICRP 26 ICRP 26 ICRP 60 ICRP 60/103 ICRP 103/130
OCCUPATIONAL PUBLIC OCCUPATIONAL PUBLIC OCCUPATIONAL
Whole body 50 mSv 1T mSv 2 mSv/yr averaged T mSv 2 mSv/yr averaged
over 5 years, maxi- over 5 years, maxi-
mum dose in any mum dose in any
year 50 mSv year 50 mSv
Annual dose 150 mSv 15mSv 150 mSv 15 mSv 2 mSv/yr averaged
to lens of eye over 5 years, maxi-
mum dose in any
year 50 mSv@
Skin 500 mSv 50mSv 500 mSv 50 mSv 500 mSv
Hands/Feet 50 mSv 50mSv 50 mSv 50 mSv 50 mSv
Fetus/Embryo 5 mSv — 2 mSv — 1 mSv

9CRP statemen

tissued April 21, 2011.
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Effective Dose

On the principle that the risk of a stochastic effect should be equal whether the whole body
is uniformly irradiated or whether the radiation dose is nonuniformly distributed, the ICRP
introduced the concept of effective dose in the 1977 review of its radiation safety recommen-
dations (ICRP 26).

For the purpose of setting radiation safety standards, we assume that the probability
of a detrimental effect in any tissue is proportional to the dose equivalent to that tissue.

TABLE 8-3 Tissue Weighting Factors, w;

TISSUE, w; ICRP 26 ICRP 60 ICRP 103
Gonads 0.25 0.20 0.08
Breast 0.15 0.05 0.12
Red bone marrow 0.12 0.12 0.12
Lung 0.12 0.12 0.12
Thyroid 0.03 0.05 0.04
Bone surface 0.03 0.01 0.01
Colon — 0.12 0.12
Stomach — 0.12 0.12
Bladder — 0.05 0.04
Liver — 0.05 0.04
Esophagus — 0.05 0.04
Skin — 0.01 0.01
Salivary glands — — 0.01
Brain — — 0.01
Remainder* 0.30 0.05 0.12
Total 1.00 1.00 1.00

*The handling of remainder tissues varies based upon ICRP report.
w, and w are the same for ICRP 60 and NCRP 116.

ICRP 26—remainders: Weighting Factor Remainder: The five other organs or tissues, excluding the skin and lens of the eye, with the high-
est dose (e.g., liver, kidney, spleen, thymus, adrenal, pancreas, stomach, small intestine, and upper large intestine). The weighting factor for
each remaining organ or tissue is 0.06.

ICRP 60—Tissue Weighting Factor Remainder: The following additional tissues and organs and their masses, in grams, following par-
enthetically: adrenals (14), brain (1400), extrathoracic airways (15), small intestine (640), kidneys (310), muscle (28,000), pancreas (100),
spleen (180), thymus (20), and uterus (80). The equivalent dose to the remainder tissues (H,,,, ) is normally calculated as the mass-
weighted mean dose to the preceding 10 organs and tissues. In those cases in which the most highly irradiated remainder tissue or
organ receives the highest equivalent dose of all the organs, a weighting factor of 0.025 (half of remainder) is applied to that tissue or
organ and 0.025 (half of remainder) to the mass-weighted equivalent dose in the rest of the remainder tissues and organs to give the
remainder equivalent dose.
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However, because of the differences in sensitivity among the various tissues, the value for
the proportionality factors differs among the tissues. The relative sensitivity to detrimental
effects, expressed as tissue weighting factors w, of the several organs and tissues that con-
tribute to the overall risk, is shown in Table 8-3. If radiation dose is uniform throughout the
body, then the total risk factor has a relative weight of 1. For nonuniform radiation, such as
partial-body exposure to an external radiation field, or from internal exposure where the
radionuclide concentrates to different degrees in the various organs, the weighting factors
listed in Table 8-3 are used to calculate an EDE (ICRP 26 terminology). The EDE, Hy, is

given by

Hy=% wH, (8.2)
T

where wy is the weighting factor for tissue T and Hy is the dose equivalent (equivalent dose
for ICRP 60, 103 and 130) to tissue T. When using ICRP 60, 103, or 130, the corresponding
term for EDE is the effective dose. Table 8-3 shows the weighting factors recommended in
ICRP 26, 60, and 103. The U.S. NRC used the ICRP 26 values for the tissue-weighting factors
in Title 10 of the Code of Federal Regulations, Part 20, which usually is cited as 10 CFR 20,
that were approved in 1991 and became effective in 1994,

Conceptus (Embryo/Fetus)

Limits on occupational exposure for women are the same as for men. However, the ICRP
has set restrictive limits on the conceptus. After pregnancy has been declared, a maximum
of 2 m3v, which is the sum of external radiation and dose from internally deposited radio-
nuclides, is recommended for the balance of the pregnancy based on ICRP 60. ICRP 103
has recommended 1 mSv to the embryo/fetus. For purposes of ICRP 60, the external radia-
tion dose assigned to the conceptus is the deep dose registered by the pregnant woman’s
dosimeter. The internal dose per unit intake of a radionuclide depends on the age of the
conceptus.

Dose coefficients (DC) from acute and chronic intakes by inhalation and by ingestion may
be found in ICRP 88 (2001). For example, the DC due to an acute inhalation of elemental
B vapor during the 25th week of pregnancy is listed as 3.1 x 107 Sv/Bq. Thus, in the case
of a nuclear technologist who accidentally inhaled 1000 Bq during her 25th week of preg-
nancy, her fetus would be assigned a dose of

S
3.1><1|]"B—”-1><1|]‘Bq= 3.1%107°Sv, or 31 pSv (3.1 mrems).
q

[fher dosimeters showed a total external dose of 100 pSv (10 mrems), then the total dose
assigned to her fetus would be 31 pSv + 100 pSv = 131 pSv (13.1 mrems).



Medical Exposure

No specific dose limit was recommended by the ICRP for medical exposure. The com-
mission, however, recommended that only necessary exposure should be made, that these
exposures should be justifiable on the basis of benefits that would not otherwise have been
received, and that the administered doses should be limited to the minimum dose consistent
with the medical benefit to the patient. Recommendations for doses to medical research
volunteers are based on the benefit to society:

Minor <01
Intermediate 0111
Moderate 1t 10
Substantial =10
Comforters and carers 5 per episode

“¥CRP 62, 94, 95, and 103

Exposure of Individuals in the General Public

For members of the general public, the ICRP recommends an effective dose limit of 1 mSv
(100 mrems) in a year (Table 8-2). It is believed that the average dose to members of an
exposed group will be less than the dose limit. The ICRP points out that the average dose to
members of the public would increase if the number of sources increase, even though the
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dose to no single individual exceeds the 1-mSv effective dose limit. For this reason, the com-
mission recommends that regional or national authorities should maintain surveillance over
all the separate sources of exposure in order to control the collective total effective dose.

Exposure of Populations

The ICRP made no specific recommendations for the dose limit to a population. Instead, it
emphasized that each man-made contribution to the population dose must be justified by
its benefits, and that limits for individual members of the population refer to the total effec-
tive dose from all sources. The dose limit to a population is thus considered to be the sum
of several minimum necessary contributory doses rather than a single permissible total dose
limit that is available for apportionment among several sources.

Dose Coefficient

In its current (2015) recommendations, the ICRP does not list maximum acceptable con-
centrations of radionuclides in air or water, nor does it list the ALI as it did in ICRP 30. (The
ALI is defined in the paragraph below.) Because the primary safety standard is either the
dose limit to an organ (nonstochastic effect) or the effective whole-body dose (stochastic
effect), the ICRP as well as the TAEA list the DC rather than the ALI. The DC is defined
as the committed equivalent dose to an organ or tissue per unit intake, or the committed
effective dose per unit intake. ICRP 119 lists the DC for six different age categories, from
3 months of age to adulthood (ages <1 year, 1 year, 5 years, 10 years, 15 years, and adult),
and the IAEA lists them for adult workers as Sv per Bq intake. In traditional units, the DCs
are expressed as rem per pCi. The ALI for any radionuclide may be calculated, for use as a
secondary safety criterion, from the dose limit and the DC for that nuclide.

Annual Limit on Intake

The annual limit on intake (ALI) is defined in ICRP 30 as that quantity of activity of a radio-
nuclide that would lead to the annual dose limit if inhaled or ingested by a “reference person.”

According to ICRP 30 Criteria

ICRP 30 criteria are important in the United States because the U.S. NRC’s radiation safety
standards are based on the ICRP 30 recommendations. In the ICRP 30, the ALI was restricted
by the basic requirements for stochastic and nonstochastic effects and was defined as the
annual intake that would lead to an effective committed dose equivalent (a 50-year dose
commitment) not exceeding 50 mSv (5 rems) and an annual dose equivalent to any single
organ or tissue not exceeding 500 mSv (50 rems). Expressed symbolically, these require-

ments are
> w.H,, <0.05Sv (8.3)
T
H,, . <0.5S8v for every T, (8.4)

where w,. is the weighting factor shown in Table 8-3 and H. . is the 50-year total com-
mitted dose equivalent in tissue T resulting from intakes of radioactive materials from all
sources during the year in question. Equation (8.3) assures that the annual limit on effective
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whole-body dose is not exceeded in order to control stochastic effects, while Eq. (8.4)
assures that the annual limit on the dose to a single tissue or organ is not exceeded in order
to remain below the damage threshold for nonstochastic effects. Thus, an effective dose of
0.05 Sv (5 rems) is assigned to an intake of one ALI that is based on stochastic effects (SALI),
while an organ dose of 0.5 Sv (50 rems) is assigned to an intake of one ALI based on nonsto-
chastic effects (NALI) to the organ.

It should be noted that the intake limit is placed on the total intake of radioisotopes in
any single year, and that no restrictions were placed by the ICRF on the instantaneous rate
of intake. That is, the limit may be met by a single large intake or by continuing intake of
small quantities. The principles involved in the application of Eqs. (8.3) and (8.4) may be
illustrated by the calculation of the ALI for ingested '*'Cs according to ICRP 26 and 30 cri-
teria (Example 8.2).

Lung Models

Radiation dosimetry and calculation of inhalation ALIs and acceptable atmospheric con-
centrations of radioactivity are based on dosimetric models of the respiratory tract. The first
such dosimetric model was introduced by the ICRP in 1959. It was a relatively simple model
that considered only aerosols and modeled the lung as a two-compartment system: the upper
respiratory tract and the deep respiratory tract, and only two classes of particle solubility,
“soluble” and “insoluble” The ICRP 2 recommendations for maximum permissible concen-
trations (MPCs) of airborne particulate radioactivity in the workplace were based on this
model. These recommendations were incorporated into the IAEAS first edition of its basic
safety standards (1962) and into the radiation safety regulations of the various countries,
including the United States, in the Atomic Energy Commission’s (AEC) Part 20 of 10 CFR.

ICRP 30 Lung Model
In 1978, in its Publication 30, the ICRP introduced a more sophisticated dosimetric model
of the respiratory tract in order to account for the oversimplification and deficiencies of the
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earlier two-compartment model. The newer model accounted for the fact that deposition of
particles in the respiratory tract is governed by airflow patterns in the respiratory tract and
by the size distribution of the inhaled aerosol, and that the clearance rate of the deposited
particles is governed by the deposition site as well as by chemical and physical properties
of the particles. The ICRP 30 dosimetric lung model was designed to calculate the mean
dose to blood-filled lungs from inhaled particles in the size range of 0.2-10 pm in size. This
model was used as the basis for safety standards for inhaled radioactive aerosols that were
published in ICRP 30 and again in 1990 in the revised standards published in ICRP 61. The
U.S. NRC based its 1991 revision of 10 CFR 20 atmospheric concentrations on the ICRP 30
dosimetric model.

Figure 8-7 is a graphic representation of the ICRP 30 dosimetric lung model used to
calculate the inhalation ALIs in ICRP 30, and in the U.S. NRC’s 1991 revision of its 10 CFR
20 regulations. This lung model consists of three regions where inhaled aerosols may be
deposited: the nasopharyngeal region (NP), the tracheobronchial region (TB), and the pul-
monary region (P), representing the deep respiratory tract where gas exchange occurs. The
NP region is divided into two compartments, a and b. Compartment a represents that part
in which the dust deposited in the NP region dissolves and is absorbed directly into the
blood. Compartment b represents the region from which dust is cleared into the GI tract by
swallowing. The TB region is also represented by two compartments, ¢ and d, from which
deposited particles are cleared by the same two mechanisms as above. Compartment ¢ rep-
resents the region in which dissolution and absorption into the blood takes place, whereas

Dyp
; CLASS
REGION |2 —D w Y ol v 15e
S| T|F | T|F | T|F < |
NP al001 |05 [001]01 [0.01 [001| |B fi
(Dne=030) | b 001 |05 [040(09 |040 |0.99 (L) d |1
8 c [001 [095 [001 |05 [001 [001| |« TB >R
(Drg=008) | 4l02 |00502 |05 |02 |099| |D D A9 ;/é
e|05 [08 |50 015500 [0.05 e > lfle |5
P flna |na |10 |04 [1.0 |04 || p L
(Dp=025 |g|na. [na |50 [04 [500 |04 | i%
h|0.5 |02 | 50 |0.05|500 |0.15 Ll
] i [05 |10 |50 |10 |1000[09 | |[LJ|
j |na. |na. |na. |na | oo |01

Figure 8-7.ICRP 30 respiratory tract model used to calculate inhalation limits for airborne radioac-
tive particles. The values for removal half-times, Ta_j, and compartmental fractions, Fa_/., are given in
the tabular portion of the figure for each of the three classes of retained materials. The values given
for Dyp Dy and Dy, (left column) are the regional depositions based on an aerosol with an activ-

ity median aerodynamic diameter (AMAD) of 1 um. The schematic drawing identifies the various
clearance pathways, a—j, in relation to the deposition Dy, Dy, Dp and the three respiratory regions:
nasopharyngeal (NP), trachobronchial (TB), and pulmonary (P). The entry “n.a’" indicates “not appli-
cable! (From Watson SB, and Ford MR. A User’s Manual to the ICRP Code: A Series of Computer Programs
to Perform Dosimetric Calculations for the ICRP Committee 2 Report. Oak Ridge, TN: Oak Ridge National

Laboratory; February 1980. TM-6980.)
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the mechanical transfer by way of the ciliary escalator to the throat and into the GI tract by
swallowing is represented by compartment d. The pulmonary region, P, is modeled by four
compartments. One of these compartments, e, represents dissolution and absorption into
the blood. Compartments fand g represent transfer of undissolved particles into the GI tract
via the upper respiratory tract (the TB region). Compartment f is cleared by mechanical
transport, presumably by unbalanced forces during respiratory excursions, and compart-
ment g is cleared by alveolar macrophages that migrate into the TB region. Compartment h
empties into the pulmonary lymph nodes. The pulmonary lymph nodes are represented by
two compartments, i and j. Compartment i empties into the bloodstream after the particles
have dissolved, while compartment j permanently retains some highly insoluble particles.

The exact fraction of the deposited aerosol that is cleared by each route and the respective
clearance rates are governed by the chemical composition of the aerosol and particle size.
However, since it is not practical to determine each of these parameters for every compound
of every element, the various compounds of all the elements have been assigned, to one of
three classes: D, W, and Y. Class D aerosols are rapidly cleared from the deep respiratory
tract with a clearance half-time on the order of a day or a fraction of a day. Class W aerosols
are cleared on the order of weeks, while class Y materials are retained in the lungs on the
order of years. Of the various forms of dust that may be transported to the lymph nodes,
only class Y materials are permanently retained in the lymph nodes. For health physics pur-
poses, the lung and the pulmonary lymph nodes are considered as a single organ. That is,
the activity in the lung and in the lymph nodes is added together, and the total weight of
the lungs and pulmonary lymph nodes is used to calculate dose from inhaled aerosols. The
ICRP’s recommendations for inhaled aerosols are based on inhalation and deposition of an
aerosol whose AMAD is 1 pm and whose geometric standard deviation is 4. This assumed
distribution leads to deposition of 30% of the inhaled dust in the NP region, 8% in the TB
region, and 25% in the P region. The balance 37% is exhaled. Deposition for other size dis-
tributions is shown in Figure 8-8.

Figure 8-8.ICRP 30 particle deposition model. The radioac-

tive or mass fraction of an aerosol, which is deposited in the
nasopharyngeal (NP), trachobronchial (TB), and pulmonary

/< (P) regions, is given in relation to the activity or mass median
aerodynamic diameter (AMAD or MMAD) of the aerosol

distribution. This model is intended for use with aerosol
distributions having an AMAD or MMAD between 0.2 and
10 um and whose geometric standard deviations are less

than 4.5. Provisional deposition estimates further extending
AN AY \

v \ the size range are given by the dashed lines. For the unusual
A\ N \

1

A distribution having an AMAD or MMAD greater than 20 pm,
510 2030 50 7080 9095 99  complete NP deposition is assumed. The model does not
Percent deposition apply to aerosols with AMAD or MMAD below 0.1 um.
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From Gl tract and respiratory system
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Figure 8-9. Model used to describe the kinetics of radionuclides in the body. Abbreviation: Gl,
gastrointestinal. (Reproduced with permission from ICRP Publication 30, Part 1: Limits for Intakes of
Radionuclides by Workers. Ann ICRP. 1979; 2(3/4):17. Copyright © 1979 International Commission
on Radiological Protection.)

Material brought up from the lung and swallowed enters the GI tract, from which it
may subsequently be eliminated in the feces, irradiating the various parts of the GI tract
and other organs during its passage. It may also undergo dissolution in the GI tract, and
the dissolved portion may be absorbed into the blood and transferred to organs where it
may be deposited (Fig. 8-9). Thus, for example, inorganic mercury is deposited mainly in
the kidneys, iodine in the thyroid, strontium and radium in the skeleton, and plutonium
in the liver and skeleton. The fraction of the activity deposited in the lung that is subse-
quently transferred to the blood may be calculated with the information given in the lung
model. In Figure 8-8, we see that inhaled 1-pm AMAD particles are deposited in the respira-
tory tract with the regional distribution shown in Table 8-7.

TABLE 8-7 Pulmonary Deposition of 1-um AMAD Particles

REGION PERCENT DEPOSITED
NP 30
B 8
P 25
Total 63

Abbreviations: AMAD, activity mean aerodynamic diameter; NP, nasopharyngeal; TB, tracheobron-
chial; P, pulmonary.
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TABLE 8-8 Fractions of Activity in the Lung from Inhaled 1-pm
Particles That Are Transferred to the Blood

D 048 +0.15f,
W 012+ 051,
¥ 005 + 058f,

Figure 8-7 tells us the fractions of the deposited particles that are cleared from the lung
by each of the two clearance mechanisms: (1) dissolution and direct absorption into the
blood and (2) physical transport to the throat followed by swallowing into the GI tract. In
the case of highly soluble class D particles, for example, one-half of the 30% deposited in
the NP region, 95% of the inhaled aerosol deposited in the TB region, and all of the inhaled
particles (25%) deposited in the P region are transferred directly to the blood by dissolution:

(u.s -u.3} + (ﬂ.95 . u.ua] + (1 . u.25] =0.48.

From the particles deposited in the respiratory tract and transported to the GI tract, the
activity transferred to the blood is

(05-0.3- f)+(0.05-0.08- f )=0.15 f,,

where f| represents the fraction of the radionuclide in the GI tract that is absorbed into the
blood.? Similar calculations can be made for class W and Y particles. The results of these
calculations are given in Table 8-8.

The GI tract is modeled by four distinct regions, each with its own Kinetic parameters,
so that organ doses during passage of radionuclides can be calculated. Similarly, the organs
where the radionuclides are deposited are also modeled by appropriate equations, usually one
or more first-order linear differential equations that allow the organ doses to be calculated.

Inhalation ALI According to ICRP 60 Criteria

Publication 60 of the ICRP recommends a primary dose limit of 100 mSv over a 5-year period,
with a maximum in any 1 year of 50 mSv, or an average of 20 mSv/yr. In addition, it does away
with the nonstochastic classification, and bases all its recommendations for derived limits on
a committed effective dose of 20 mSv/yr. It also changed the nomenclature from “dose equiva-
lent” to “equivalent dose.” The ALIs for ingestion and for inhalation are thus calculated by

ALl=— 2025 (8.25)

v’
wH,_ . —
Zr: T SI..TBq

where the denominator is the committed effective dose either by ingestion or by inhalation. For
example, in the case of '¥’Cs, we found the CEDE from ingested activity to be 1.3 x 107 Sv/Bq.
By substituting this value into Eq. (8.25), we find the ingestion ALl to be

0.02 5v

S
1.3x10"* 2%
B

q

ALI (ingestion) = =1.54x10°Bq =2 MBg,

and for inhalation, we have

ALI (inhalation) = — 2223V 5 14%10°Bq =2 MBq.

83x10™ 2%
Bq
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ICRP 66 Human Respiratory Tract Model
A still more sophisticated dosimetric model for the HRT, called the human respiratory tract
model (HRTM), was recommended by the ICRP in 1994, in Publication 66. This dosimetric
model is the result of increased knowledge of the biokinetics of the respiratory processes
involved in the inhalation of aerosols and gases, the radiosensitivity of the several different
tissues within the respiratory tract, and the biological effects of inhaled radioactivity. This
increased knowledge makes the new model applicable to all population groups, old and
young, male and female, and at different levels of physical activity (heavy exercise, light exer-
cise, resting, and sleeping), rather than only to occupationally exposed, unisexual adults at
work. It accounts for the effects of other air pollutants and for smoking, and considers respi-
ratory disease and the health status of the individual. While with the ICRP 30 model only the
average dose to the lung was calculated, the ICRP 66 dosimetric model allows the calculation
of the doses to the various tissues within the respiratory tract and then the weighting of the
mean doses to the various tissues within the respiratory tract according to the radiosensitiv-
ity of the tissue. The ICRP 66 HRTM is used by the IAEA and by most regulatory agencies
outside the United States as the basis for the safety standards and dose conversion factors
(DCFs) for airborne radioactivity. At this time (2016), the United States has not yet adopted
the new HRTM, and the NRC safety standards are based on the ICRP 30 lung model.
When dealing with the safety aspects of exposure to airborne radioactivity, which
includes aerosols and gases or vapors, we are interested in the answers to several questions:

1. What is in the air, and what is being inhaled?

Which of the inhaled aerosols are exhaled and which are deposited in the respiratory
tract?

Where in the respiratory tract are inhaled particles deposited?

What is the fate of the deposited particles?

What is the radiation dose from this inhalation exposure?

How much of the airborne radioactivity may be safely inhaled?

L

S kW

The new model of the HRT gives a more realistic response to these questions than does
the previous model by dealing quantitatively with the inhalability of aerosols, the deposi-
tion of inhaled aerosols based on particle size and on airflow velocity in the various airways
in the respiratory tract, and on the time-dependent decreased clearance rates from the
lungs. Calculation of the lung dose with the new model is fundamentally different from
the calculation with the earlier lung models. While the mean dose to uniform blood-filled
lungs was calculated with the previous model, the new model considers the several differ-
ent cell types in the respiratory tract, their masses, and their relative sensitivities to radia-
tion. The dose to each of these different tissues is ca lculated, and then the pulmonary
tissue doses are combined, through the use of appropriate weighting factors, to obtain the
effective lung dose.

While the previous models were designed for the purpose of calculating secondary safety
standards for occupational exposure to aerosols on the size range of 0.2-10 pm, the new
model was made to be universally useful by extending its range of applicability to include

« particle sizes from 0.0006 pm to 100 pm,
» males and females,

« 3-month-old infants to adults,

« nose and mouth breathers,
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« breathing rates for four different levels of exertion: sleeping, sitting, light exercise, and
heavy exercise,

« the effects of smoking, air pollutants, and pulmonary diseases,

« classification of particles on the basis of the rate of absorption of the inhaled radioac-
tivity into the blood (instead of classifying particles on the basis of their solubility as
classes D, W, and Y):

o type F (fast)—100% absorbed into blood in <10 minutes,

 type M (moderate)—10% absorbed into blood in <10 minutes, 90% absorbed in
<140 days,

o type S (slow)—0.1% absorbed in <10 minute, 99.9% absorbed in >140 days, and

« gases as well as aerosols.

The ICRP 66 HRTM is designed to calculate the DC, which is defined as the committed
dose per unit intake, rem/pCi or Sv/Bq, of an airborne radionuclide. The HRTM supplies
only the first part of this calculation—the dose to the lung and the rate of transfer of the
inhaled radioactivity to the body fluids and to the GI tract. The biokinetic model for the
particular radionuclide must then be used to complete the calculation of the DC.

The ICRP 66 model consists of five interrelated submodels: anatomical (morphometric),
physiological, deposition, clearance, and dosimetry models.

Anatomical Model. The anatomical model describes the overall structure, including
airway dimensions, of the HRT. ICRP 66 models the respiratory tract by four sequential
anatomical regions (Fig. 8-10):

1. Extrathoracic (ET) region—the portion of the respiratory tract outside of the chest,
which contains two subparts:
« ET, consisting of the anterior nasal airways.
« ET,, consisting of the posterior nasal airways, pharynx, and larynx.

2. Bronchial (BB) region, which includes the trachea and the bronchi.

3. Bronchiolar (bb) region, consisting of bronchioles and terminal bronchioles.

4. Alveolar-interstitial (AI) region, which consists of the respiratory bronchioles, the alve-
oli, and interstitial connective tissue.

Each region is drained by lymphatic fluid, which flows into lymph nodes. The lymph
nodes that drain the ET region are symbolized by LN}, and those that drain the three tho-
racic regions are labeled LN 1.,;. For dosimetry purposes, only LN, nodes contribute to the
lung dose. The ET lymph nodes, LN, are considered as “other tissues” when calculating
the effective dose.

The physical dimensions and branching angles of the air pathways in the tracheobron-
chial tree are listed in ICRP 66 for the adult male. For example, the trachea is given as
1.65 cm (diameter) x 9.1 cm (length)—each of the five primary bronchi is 1.2 cm (diameter)
x 3.8 cm (length)—and is at an angle of 36° (which represents the change in direction of
the bulk flow of air from the trachea into the primary bronchi). Continuous bifurcation
of the bronchi leads to increasing numbers of smaller airways, until the dead-ended alveoli
are reached. The alveoli are the functional part of the respiratory tract, where inhaled oxy-
gen diffuses into the blood and carbon dioxide diffuses out of the blood into the alveoli to

“uorsstutiad oM Aem AUE UI PILFIPOW J0 PAINQHISIPaI 9 0} JON )TT SBUIP[OH UOHEONPH [6qO[D [ITH-MBIDOW O WBHAdOD “[L1/L2/60] 12 [8+1°0€T'TZ1 ST 1 QUIMIPIIA JO [004dS NAN ] £q papeofumoq



RADIATION SAFETY GUIDES 385

"OUFSJPS
OBTBM QBRJITBHF /;

IPTUFSJPS
OBTBM QB++B

1|EZO{/BTBM——QBQU

&YUSBUIPSBDJD
0SBM QBSU

-B S 76+

” SIPSBDJD
H#

5S B D H-E

.BJO csp%-——-—!
¢

r—-—-—"';

q

#SPO{}.‘S{

#SPODIJBM

\
FaN

#SPODI|+RPM -’] #SPODIJPMBS

1

A [8qOID [[TH-MEIDON O WSHAdO) *[L1/L2/60] 18 [811°0€7°2T 18T QUIOIPAN JO [004dS (AN ] £q papeoumoq

"MWFPMBS JOUFSTUJ

il
(&

ccC

#SPODIJPMFT
5FSNJOBM CSPODIJPMFT

3FTQJSBUPSZ CSPODIJPMFT

"MWFPMBS EVDU
"MWEFPMJ

Ul PALIPOW 10 PANQLYSIPAI 3G 0} JON *DTT ‘SSUIP[OH UOI

‘JHVSF "OBUPNJDBM EJWJTJPOT PG UIF IVNBO SFTQJSBUPSZ USED

GSPN *$31 1VCMJDBUJPO JVNBO 3FTQJSBUPSDOS®BBWU .PEFM G‘%S

o] $PQZSJHIU 2 *OUFSOBUJPOBM $PNNCTSHFVOIBOJIJPEEIPME H

BMWFPMBS JOUFSTUJUJBM CC CSPODIJPMBS &5 FYUSBUIPSBD%D
=3

“UOISSTULIO

































