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PEER REVI EW

A peer review panel was assenbl ed for radon. The panel consisted of the
follow ng nenbers: Dr. Victor E. Archer, University of Utah Medical Center
Dr. Douglas J. Crawford-Brown, University of North Carolina; Dr. Richard
CGerstle, private consultant; and Dr. John Spengler, Harvard School of Public
Heal th. These experts collectively have know edge of radon's physical and
chem cal properties, toxicokinetics, key health end points, nechani snms of
action, human and ani mal exposure, and quantification of risk to hunans. Al
reviewers were selected in conformty with the conditions for peer review
specified in the Section 104(i)(13) of the Conprehensive Environnenta
Response, Conpensation, and Liability Act, as anended.

A joint panel of scientists from ATSDR and EPA has revi ewed the peer
reviewers' comments and determ ned which comments will be included in the
profile. Alisting of the peer reviewers' comments not incorporated in the
profile, with a brief explanation of the rationale for their exclusion, exists
as part of the adm nistrative record for this conpound. A list of databases
reviewed and a |ist of unpublished docunents cited are also included in the
adm ni strative record.

The citation of the peer revi ew panel should not be understood to inply
its approval of the profile's final content. The responsibility for the
content of this profile lies with the Agency for Toxic Substances and D sease
Regi stry.
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OVERVI EW CF BASI C RADI ATI ON PHYSI CS, CHEM STRY AND Bl OLOGY

Under st andi ng the basic concepts in radiation physics, chem stry, and
biology is inmportant to the evaluation and interpretation of radiationi nduced
adverse health effects and to the derivation of radiation
protection principles. This appendi x presents a brief overview of the
areas of radiation physics, chemstry, and biology and is based to a | arge
extent on the reviews of Mettler and Mseley (1985), Hobbs and MCellan
(1986), Eichholz (1982), Hendee (1973), and Early et al. (1979).

B. 1 RADI ONUCLI DES AND RADI OACTIVI TY

The substances we call elenments are conposed of atons. Atonms in turn
are nmade up of neutrons, protons, and el ectrons; neutrons and protons in
the nucl eus and electrons in a cloud of orbits around the nucl eus.
Nuclide is the general termreferring to any nucleus along with its
orbital electrons. The nuclide is characterized by the conmposition of its
nucl eus and hence by the nunber of protons and neutrons in the nucl eus.
Al'l atons of an el enment have the same nunber of protons (this is given by
the atom ¢ nunmber) but nmay have different nunbers of neutrons (this is
reflected by the atomic nmass or atom c weight of the elenment). Atons with
different atonmic nmass but the same atomic nunbers are referred to as
i sot opes of an el enent.

The nunerical conbination of protons and neutrons in nost nuclides is
such that the atomis said to be stable; however, if there are too few or
too many neutrons, the nucleus of the atomis unstable. Unstable nuclides
undergo a process referred to as radioactive transformation in which
energy is emtted. These unstable atons are call ed radionuclides; their
ermi ssions are called ionizing radiation; and the whole property is called
radi oactivity. Transfornmation or decay results in the fornmation of new
nucl i des sonme of which nmay thensel ves be radionuclides, while others are
stabl e nuclides. This series of transfornmations is called the decay chain
of the radionuclide. The first radionuclide in the chain is called the
parent; the subsequent products of the transformation are called progeny,
daughters, or decay products.

In general there are two classifications of radioactivity and
radi onucl i des: natural and man-nade. Naturally-occurring radionuclides
exi st in nature and no additional energy is necessary to place themin an
unstabl e state. Natural radioactivity is the property of some naturally
occurring, usually heavy el enents, that are heavier than | ead.
Radi onucl i des, such as radium and uranium primarily emt al pha particles.
Sone |ighter elenments such as carbon-14 and tritium (hydrogen-3) prinmarily
emt beta particles as they transformto a nore stable atom Natural
radi oactive atons heavier than | ead cannot attain a stable nucl eus heavier
than | ead. Everyone is exposed to background radiation fromnaturally-
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occurring radi onuclides throughout life. This background radiation is the
maj or source of radiation exposure to man and arises from several sources.
The natural background exposures are frequently used as a standard of
conpari son for exposures to various man-made sources of ionizing

radi ati on.

Man- made radi oactive atons are produced either as a by-product of
fission of uraniumatons in a nuclear reactor or by bonbardi ng stable
atonms with particles, such as neutrons, directed at the stable atons with
hi gh velocity. These artificially produced radi oactive elenments usually
decay by em ssion of particles, such as positive or negative beta
particles and one or nore high energy photons (ganma rays). Unstable
(radioactive) atoms of any elenment can be produced.

Both naturally occurring and man- made radi oi sotopes find application
in medicine, industrial products, and consuner products. Some specific
radi oi sotopes, called fall-out, are still found in the environnent as a
result of nucl ear weapons use or testing.

B.2 RADI OACTI VE DECAY
B. 2. 1 Princi pl es of Radi oactive Decay

The stability of an atomis the result of the balance of the forces of
the various conponents of the nucleus. An atomthat is unstable
(radionuclide) will release energy (decay) in various ways and transform
to stable atoms or to other radioactive species called daughters, often
with the release of ionizing radiation. If there are either too many or
too few neutrons for a given nunber of protons, the resulting nucl eus may
undergo transformati on. For some el enents, a chain of daughter decay
products may be produced until stable atons are fornmed. Radi onuclides can
be characterized by the type and energy of the radiation enitted, the rate
of decay, and the node of decay. The npde of decay indicates how a parent
conpound under goes transformati on. Radi ati ons consi dered here are
primarily of nuclear origin, i.e., they arise fromnuclear excitation
usual |y caused by the capture of charged or uncharged nucl eons by a
nucl eus, or by the radioactive decay or transformation of an unstable
nuclide. The type of radiation nay be categorized as charged or uncharged
particles (electrons, neutrons, neutrinos, al pha particles, beta
particles, protons, and fission products) or electronagnetic radiation
(gamma rays and X-rays). Table B-1 summarizes the basic characteristics
of the nore comon types of radiation encountered.

B.2.2 Hal f-Life and Activity

For any given radionuclide, the rate of decay is a first-order process
t hat depends on the nunber of radi oactive atons present and is
characteristic for each radionuclide. The process of decay is a series of
random events; tenperature, pressure, or chenical conbinations do not
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TABLE B-1. Characteristics of Nuclear Radiatiomns
Path Length
Typical (Order of Magnitude)
Radiation Rest Mass Charge Energy Range Aly Solid General Comments
« 4.00 amu 2+ 4~10 MeV 5-10 c¢m 25-40 pm Identical to ionized He
nucleus
B 5.48x10"% amu - 0-4 MeV 0-1m 0-1 cm Identical to electron
{(negatron) 0.51 MeV
Positron 5.48x10% amu + - 0-1m 0-1 cm Identical to electron
(B positive) 0.51 MeV except for charge
Proton 938.26 MeV + - - - -
1.0073 amu
Reutron 1.0086 amu 0 0-15 MeV 0-100 m 0-100 cm Free half life: 18 min
939.55 MeV
X - 0 eV-100 keV 0.1-10 m® 0-1 m? Photons from electron
(e.m. photon) transitions
Y - 0 10 KeV-3 MeV 0.1-10 m® 1 mm-1m Photons from nuclear

(e.m. photon)

transitions

2Exponential attenuation in the case of

« = alpha
B = beta
X = X-ray
Y= gamma

amua = atomic mass unit

MeV

Mega electron volts

KeV = Kiloelectron volts

cm = centimeter
m = meter

pm = micrometer

mm = millimeter

e.m. = electromagnetic

electromagnetic radiation.
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effect the rate of decay. While it may not be possible to predict exactly
which atomis going to undergo transformation at any given tine, it is
possible to predict, on the average, how many atons w |l transform during any
i nterval of tinme.

The source strength is a nmeasure of the rate of emnission of radiation.
For these radioactive materials it is customary to describe the source
strength in terns of the source activity, which is defined as the nunber of
disintegrations (transfornmations) per unit time occurring in a given quantity
of this material. The unit of activity is the curie (G) which was originally
related to the activity of one gram of radium but is now defined as:

1 curie (C) = 3.7x10" disintegrations (transformations)/second (dps) or
2.22x10* disintegrations (transformations)/mnute (dpm.

The SI unit of activity is the becquerel (Bg); 1 Bg = 1 transformati on/second.
Since activity is proportional to the nunber of atonms of the radi oactive
material, the quantity of any radioactive material is usually expressed in
curies, regardless of its purity or concentration. The transfornmation of

radi oactive nuclei is a random process, and the rate of transformation is
directly proportional to the nunmber of radi oactive atons present. For any
pure radi oactive substance, the rate of decay is usually described by its
radi ol ogi cal half-life, T,, i.e., the tine it takes for a specified source
material to decay to half its initial activity.

The activity of a radionuclide at tinet may be cal cul ated by:

A - ADeO 693t/Tracl
where Ais the activity in dps, A is the activity at tinme zero, t is the tine
at which nmeasured, and T, 6 is the radiological half-life of the radi onucli de.
It is apparent that activity exponentially decays with tinme. The tinme when

the activity of a sanmple of radioactivity beconmes one-half its original value
is the radioactive half-life and is expressed in any suitable unit of tine.

The specific activity is the radioactivity per unit weight of nmaterial
This activity is usually expressed in curies per gramand may be cal cul ated by

curies/gram = 1.3x10°(T,,) (atonic weight)
where T, is the radiological half-life in days.

In the case of radioactive materials contained in |iving organi sns, an
addi tional consideration is nade for the reduction in observed activity due to
regul ar processes of elimnation of the respective chem cal or biochenica
substance fromthe organism This introduces a rate constant called the
bi ol ogical half-life (T,,) which is the time required for biologica

bi ol
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processes to elimnate one-half of the activity. This time is virtually the
sane for both stable and radi oactive i sotopes of any given el enent.

Under such conditions the tine required for a radioactive element to be
hal ved as a result of the conbined action of radioactive decay and bi ol ogi ca
elimnation is the effective half-life:

Teff :( Tbi ol X Trad) / ( Tbi ol + Trad)
Table B-2 presents representative effective half-1ives of particular interest.
B.2.3 Interaction of Radiation with Matter

Both ionizing and nonionizing radiation will interact with materials,
that is, it will lose kinetic energy to any solid, liquid or gas through which
it passes by a variety of nechanisns. The transfer of energy to a medi um by
either electromagnetic or particulate radiation may be sufficient to cause
formation of ions. This process is called ionization. Conpared to other
types of radiation that nay be absorbed, such as ultraviolet radiation
ionizing radi ation deposits a relatively |arge anount of energy into a smal
vol une.

The met hod by which incident radiation interacts with the nediumto cause
ioni zation may be direct or indirect. Electromagnetic radiations (X-rays and
ganma photons) are indirectly ionizing; that is, they give up their energy in
various interactions with cellular nolecules, and the energy is then utilized
to produce a fast-noving charged particle such as an electron. It is the
el ectron that then secondarily may react with a target nol ecul e. Charged
particles, in contrast, strike the tissue or nmediumand directly react with
target nol ecul es, such as oxygen or water. These particul ate radiations are
directly ionizing radiations. Exanples of directly ionizing particles include
al pha and beta particles. Indirectly ionizing radiations are always nore
penetrating than directly ionizing particul ate radiations.

Mass, charge, and velocity of a particle all affect the rate at which
i oni zation occurs. The higher the charge of the particle and the [ower the
velocity, the greater the propensity to cause ionization. Heavy, highly
charged particles, such as al pha particles, |ose energy rapidly with distance
and, therefore, do not penetrate deeply. The result of these interaction
processes is a gradual slow ng down of any incident particle until it is
brought to rest or "stopped" at the end of its range,

B.2.4 Characteristics of Emtted Radiation

B.2.4.1 Al pha Emssion. 1In alpha enission, an al pha particle consisting
of two protons and two neutrons is emtted with a resulting decrease in the
atom ¢ nass nunber by four and reduction of the atom c nunber by two, thereby
changing the parent to a different element. The al pha particle is identica
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TABLE B-2. Half-Lives of Some Radionuclides in Adult Body Organs
Half-Life®
Radionuclide Critical Organ Physical Biological Effective
Hydrogen-3P Whole body 12.3 y 12 4 11.97d
(Tritium)
Iodine-131 Thyroid 8 d 138 d 7.6 d
Strontium-90 Bone 28 y 50 y 18 y
Plutonium-239 Bone 24,400 y 200 y 198 vy
Lung 24,400 y 500 d 500 d
Cobalt-60 Whole body 5.3y 99.5 d 9.5 4d
Iron-55 Spleen 2.7y 600 d 388 d
Iron-59 Spleen 45,1 d 600 d 41.9 d
Manganese-54 Liver 303 4 25 d 23 d
Cesium-137 Whole body 30 y 70 4 70 d

ad = days, y = years.

bMixed in body water as tritiated water.
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to a heliumnucl eus consisting of two neutrons and two protons. It results
fromthe radi oactive decay of sone heavy el ements such as uranium plutonium
radium thorium and radon. Al pha particles have a |l arge nass as conpared to
el ectrons. Decay of al pha-emitting radionuclides may result in the em ssion
of several different al pha particles. A radionuclide has an al pha enission
with a discrete al pha energy and characteristic pattern of al pha energy
emtted.

The al pha particle has an electrical charge of +2. Because of this
doubl e positive charge, al pha particles have great ionizing power, but their
large size results in very little penetrating power. In fact, an al pha
particle cannot penetrate a sheet of paper. The range of an al pha particle,
that is, the distance the charged particle travels fromthe point of originto
its resting point, is about 4 cmin air, which decreases considerably to a few
mcroneters in tissue. These properties cause al pha emtters to be hazardous
only if there is internal contam nation (i.e., if the radionuclide is
i ngested, inhaled, or otherw se absorbed).

B.2.4.2. Beta Emi ssion. Nuclei which are excessively neutron rich decay
by B-decay. A beta particle (B) is a high-velocity electron ejected froma
di sintegrating nucleus. The particle may be either a negatively charged
electron, termed a negatron (B-) or a positively charged electron, terned a
positron (B+). Although the precise definition of "beta enission" refers to
both B- and B+, common usage of the termgenerally applies only to the
negative particle, as distinguished fromthe positron eni ssion, which refers
to the B+ particle.

B.2.4.2.1 Beta Negative Emission. Beta particle (B-) emssion is
anot her process by which a radionuclide, usually those with a neutron excess,
achieves stability. Beta particle em ssion decreases the nunber of neutrons
by one and i ncreases the nunber of protons by one, while the atom c nass
remai ns unchanged. This transformation results in the formation of a
different elenent. The energy spectrum of beta particle em ssion ranges from
a certain maxi mum down to zero with the mean energy of the spectrum being
about one-third of the maxi mum The range in tissue is much | ess. Beta
negative emtting radi onuclides can cause injury to the skin and superficia
body tissues but nostly present an internal contam nation hazard.

B.2.4.2.2 Positron Emssion. |In cases in which there are too nany
protons in the nucleus, positron em ssion may occur. In this case a proton
may be thought of as being converted into a neutron, and a positron (B+) is
em tted, acconpanied by a neutrino (see glossary). This increases the nunber
of neutrons by one, decreases the nunber of protons by one, and again |eaves
the atom ¢ mass unchanged. The gamma radiation resulting fromthe
anni hilation (see glossary) of the positron nmakes all positron emtting
i sotopes nore of an external radiation hazard than pure B emitters of equa
energy.
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B.2.4.2.3 Gamma Emi ssion. Radioactive decay by al pha, beta, positron

em ssion or electron capture often | eaves sonme of the energy resulting from

t hese changes in the nucleus. As a result, the nucleus is raised to an
excited level. None of these excited nuclei can remain in this high-energy
state. Nuclei release this energy returning to ground state or to the | owest
possi bl e stable energy level. The energy released is in the formof gamm
radi ati on (high energy photons) and has an energy equal to the change in the
energy state of the nucleus. Gamma and X-rays behave similarly but differ in
their origin; gamm em ssions originate in the nucleus while X-rays originate
in the orbital electron structure

B. 3 ESTI MATI ON OF ENERGY DEPOSI TI ON | N HUMAN TI SSUES

Two fornms of potential radiation exposures can result -- internal and
external. The term exposure denotes physical interaction of the radiation
emtted fromthe radi oactive material with cells and tissues of the human
body. An exposure can be "acute" or "chronic" depending on how | ong an
i ndi vi dual or organ is exposed to the radiation. Internal exposures occur
when radi onucl i des, which have entered the body (e.g., through the inhalation
i ngestion, or dermal pathways), undergo radi oactive decay resulting in the
deposition of energy to internal organs. External exposures occur when
radi ation enters the body directly fromsources | ocated outside the body, such
as radiation emtters fromradi onuclides on ground surfaces, dissolved in
water, or dispersed in the air. In general, external exposures are from
material enmitting ganma radiation, which readily penetrate the skin and
internal organs. Beta and al pha radi ation fromexternal sources are far |ess
penetrating and deposit their energy primarily on the skin's outer |ayer.
Consequently, their contribution to the absorbed dose of the total body dose,
conpared to that deposited by gamm rays, may be negligible.

Characterizing the radi ati on dose to persons as a result of exposure to
radiation is a conplex issue. It is difficult to: (1) neasure internally the
amount of energy actually transferred to an organic nmaterial and to correl ate
any observed effects with this energy deposition; and (2) account for and
predi ct secondary processes, such as collision effects or biologically
triggered effects, that are an indirect consequence of the primary interaction
event.

B.3.1 Dose Units

B.3.1.1 Roentgen. The roentgen (R) is a unit of exposure related to the
amount of ionization caused in air by gama or x-radiation. One roentgen
equal s 2.58x10* Coul onb per kilogramof air. In the case of gamma radiation,
over the comonly encountered range of photon energy, the energy deposition in
tissue for a dose of 1 Ris about 0.0096 joules(J)/kg of tissue.

B.3.1.2 Absorbed Dose and Absorbed Dose Rate. Since different types of
radiation interact differently with any material through which they pass, any
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attenpt to assess their effect on humans or animals should take into account

t hese differences. The absorbed dose is defined as the energy inparted by the
incident radiation to a unit mass of the tissue or organ. The unit of

absorbed dose is the rad; 1 rad = 100 erg/gram= 0.01 J/kg in any nedium The
SI unit is the gray which is equivalent to 100 rad or 1 J/kg. Internal and
external exposures fromradiation sources are not usually instantaneous but
are distributed over extended periods of tine. The resulting rate of change

of the absorbed dose to a small volunme of nass is referred to as the absorbed
dose rate in units of rad/unit tinme.

B.3.1.3 Wrking Levels and Wrking Level Months. Wrking |levels are

units that have been used to describe the radon decay-product activities in
air in ternms of potential alpha energy. It is defined as any conbi nati on of
short-lived radon daughters (through pol onium 214) per liter of air that wll
result in the emission of 1.3x10° MeV of al pha energy. An activity
concentration of 100 pG radon-222/L of air, in equilibriumwth its

daught ers, corresponds approximtely to a potential al pha-energy concentration
of 1 W.. The W. unit can al so be used for thoron daughters. In this case,
1.3x10° MeV of al pha energy (1 W) is released by the thoron daughters in
equilibriumwith 7.5 pG thoron/L. The potential al pha energy exposure of
mners is commonly expressed in the unit Wrking Level Month (WLM. One WH
corresponds to exposure to a concentration of 1 W. for the reference period of
170 hours.

B. 3.2 Dosi netry Model s

Dosimetry nodels are used to estimate the internally deposited dose from
exposure to radioactive substances. The nodels for internal dosinetry
consi der the quantity of radionuclides entering the body, the factors
affecting their novenent or transport through the body, distribution and
retention of radionuclides in the body, and the energy deposited in organs and
tissues fromthe radiation that is enmtted during spontaneous decay processes.
The nodels for external dosinetry consider only the photon doses to organs of
i ndividuals who are inmmersed in air or are exposed to a contani nated ground
surface. The dose pattern for radi oactive materials in the body may be
strongly influenced by the route of entry of the nmaterial. For industria
wor kers, inhalation of radioactive particles with pul nonary deposition and
punct ure wounds with subcut aneous deposition have been the nost frequent. The
general popul ati on has been exposed via ingestion and inhalation of |low levels
of naturally occurring radi onuclides as well as man-produced radi onucl i des
from nucl ear weapons testing.

B.3.2.1 Ingestion. Ingestion of radioactive materials is nost likely to
occur from contam nated foodstuffs or water or eventual ingestion of inhaled
conpounds initially deposited in the lung, Ingestion of radioactive nmateria
may result in toxic effects as a result of either absorption of the

radi onuclide or irradiation of the gastrointestinal tract during passage
through the tract, or a conbination of both. The fraction of a radioactive



148
APPENDI X B

materi al absorbed fromthe gastrointestinal tract is variable, depending on
the specific elenent, the physical and chemical formof the material ingested,
and the diet, as well as sone other netabolic and physiol ogical factors. The
absorption of some elenents is influenced by age usually w th higher
absorption in the very young.

B.3.2.2 Inhalation. The inhalation route of exposure has |ong been
recogni zed as being of najor inmportance for both nonradi oactive and
radi oactive materials. The deposition of particles within the lung is largely
dependent upon the size of the particles being inhaled. After the particle is
deposited, the retention will depend upon the physical and chem cal properties
of the dust and the physiol ogical status of the lung. The retention of the
particle in the lung depends on the location of deposition, in addition to the
physi cal and chem cal properties of the particles. The converse of pul nobnary
retention is pulmonary cl earance. There are three distinct nechani sns of
cl earance which operate sinultaneously. Gliary clearance acts only in the
upper respiratory tract. The second and third nechanisns act mainly in the
deep respiratory tract. These are phagocytosis and absorption. Phagocytosis
is the engulfing of foreign bodies by alveol ar nmacrophages and their
subsequent renmoval either up the ciliary "escalator"” or by entrance into the
| ynphatic system Sone inhal ed soluble particulates are absorbed into the
bl ood and translocated to other organs and tissues. Dosinetric |ung nodels
are reviewed by James (1987) and Janes and Roy (1987).

B.3.3 Internal Emtters

The absorbed dose frominternally deposited radi oi sotopes is the energy
absorbed by the surrounding tissue. For a radi oi sotope distributed uniformy
t hroughout an infinitely Iarge medium the concentration of absorbed energy
nmust be equal to the concentration of energy emitted by the isotope. An
infinitely large nmedium nay be approxi mated by a tissue nass whose di mensi ons
exceed the range of the particle. Al al pha and nost beta radiation will be
absorbed in the organ (or tissue) of reference. Gacmma-enitting isotope
em ssions are penetrating radiation and a substantial fraction may travel
great distances within tissue, |leaving the tissue without interacting. The
dose to an organ or tissue is a function of the effective retention half-tine,
the energy released in the tissue, the anount of radioactivity initially
i ntroduced, and the nmass of the organ or tissue.

B. 4 BI OLOG CAL EFFECTS OF RADI ATl ON

When bi ol ogical naterial is exposed to ionizing radiation, a chain of
cellular events occurs as the ionizing particle passes through the biol ogi ca
material. A nunber of theories have been proposed to describe the interaction
of radiation with biologically inmportant nolecules in cells and to explain the
resulting damage to bi ol ogical systens fromthose interactions. Many factors
may nodi fy the response of a living organismto a given dose of radiation
Factors related to the exposure include the dose rate, the energy of the
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radi ation, and the tenporal pattern of the exposure. Biologica

consi derations include factors such as species, age, sex, and the portion of
t he body exposed. Several excellent reviews of the biological effects of

radi ati on have been published, and the reader is referred to these for a nore
i n-depth discussion (Hobbs and McC ellan 1986; |CRP 1984; Mettber and Msel ey
1985; Rubin and Casarett 1968).

B.4.1 Radiation Effects at the Cellul ar Level

According to Mettler and Moseley (1985), at acute doses up to 10 rad (100
ney), single strand breaks in DNA may be produced. These single strand breaks
may be repaired rapidly. Wth doses in the range of 50 to 500 rad (0.5 to 5
Qy) , irreparable doubl e-stranded DNA breaks are likely, resulting in cellular
reproductive death after one or nore divisions of the irradi ated parent cell
At | arge doses of radiation, usually greater than 500 rad (5 Gy), direct cel
death before division (interphase death) nay occur fromthe direct interaction
of free-radicals with essentially cellular nmacronol ecul es. Mrphol ogi ca
changes at the cellular level, the severity of which are dose-dependent, may
al so be observed

The sensitivity of various cell types varies. According to the Bergonie-
Tri bondeau | aw, the sensitivity of cell lines is directly proportional to
their mtotic rate and inversely proportional to the degree of differentiation
(Mettler and Mosel ey 1985). Rubin and Casarett (1968) devised a
classification systemthat categorized cells according to type, function, and
mtotic activity. The categories range fromthe nost sensitive type,
wegetative intermtotic cells,” found in the stemcells of the bone narrow
and the gastrointestinal tract, to the | east sensitive cell type, "fixed
postmtotic cells,” found in striated rmuscles or long-lived neural tissues.

Cel lular changes may result in cell death, which if extensive, nay
produce irreversible danage to an organ or tissue or nmay result in the death
of the individual. If the cell recovers, altered netabolismand function nmay
still occur, which nmay be repaired or may result in the nanifestation of
clinical symptonms. These changes nmay al so be expressed at a later tinme as
tunors or nutations.

B.4.2 Radiation Effects at the Organ Level

In nost organs and tissues the injury and the underlying mechani smfor
that injury are conplex and may involve a conbination of events. The extent
and severity of this tissue injury are dependent upon the radiosensitivity of
the various cell types in that organ system Rubin and Casarett (1968)
descri be and schenmatically display the events following radiation in severa
organ systemtypes. These include: a rapid renewal system such as the
gastroi ntestinal nucosa; a slow renewal system such as the pul nmonary
epithelium and a nonrenewal system such as neural or nuscle tissue. In the
rapid renewal system organ injury results fromthe direct destruction of
hi ghly radi osensitive cells, such as the stemcells in the bone narrow
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Injury may al so result from constriction of the microcirculation and from
ederma and inflanmati on of the basenent menbrane (designated as the

hi st ohematic barrier - HHB), which may progress to fibrosis. In slow renewal
and nonrenewal systens, the radiation nay have little effect on the
parenchymal cells, but ultimte parenchymal atrophy and death over severa
nonths result fromHHB fibrosis and occlusion of the microcircul ation

B.4.3 Acute and Chronic Somatic Effects

B.4.3.1 Acute Effects. The result of acute exposure to radiation is
commonly referred to as acute radiation syndrone. This effect is seen only
after exposures to relatively high doses (>50 rad), which would only be
expected to occur in the event of a serious nuclear accident, The four stages
of acute radiation syndrone are prodrone, |atent stage, nanifest illness
stage, recovery or death. The initial phase is characterized by nausea,
vom ting, malaise and fatigue, increased tenperature, and bl ood changes. The
latent stage is simlar to an incubation period. Subjective synptons may
subsi de, but changes may be taking place within the blood-forning organs and
el sewhere which will subsequently give rise to the next stage. The nanifest
illness stage gives rise to synptons specifically associated with the
radi ation injury. Anpong these synptons are hair |oss, fever, infection
henorrhage, severe diarrhea! prostration, disorientation, and cardi ovascul ar
col I apse. The synptons and their severity depend upon the radiati on dose
received.

B.4.3.2 Del ayed Effects. The level of exposure to radioactive
pol lutants that nmay be encountered in the environnent is expected to be too
lowto result in the acute effects descri bed above. Wen one is exposed to
radiation in the environment, the anount of radiation absorbed is nore likely
to produce long-termeffects, which mani fest thenselves years after the
original exposure, and may be due to a single |arge over-exposure or
continuing | ow | evel exposure.

Sufficient evidence exists in both human popul ati ons and | aboratory
animals to establish that radiation can cause cancer and that the incidence of
cancer increases with increasing radiati on dose. Hunan data are extensive and
i ncl ude epideni ol ogi cal studies of atom c bonb survivors, many types of
radi ati on-treated patients, underground mners, and radi umdial painters.
Reports on the survivors of the atom c bonb expl osions at Hiroshi ma and
Nagasaki , Japan (with whol e-body external radiation doses of 0 to nore than
200 rad) indicate that cancer nortality has increased (Kato and Schull 1982).
Use of X-rays (at doses of approximately 100 rad) in nedical treatnent for
ankyl osi ng spondylitis or other benign conditions or diagnostic purposes, such
as breast conditions, has resulted in excess cancers in irradi ated organs
(BEI'R 1980, 1990; UNSCEAR 1977, 1988). Cancers, such as |eukenmi a, have been
observed in children exposed in utero to doses of 0.2 to 20 rad (BEIR, 1980,
1990; UNSCRAR 1977, 1988). Medical use of Thorotrast (colloidal thorium
di oxide) resulted in increases in the incidence of cancers of the liver, bone,
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and lung (ATSDR 1990a; BEIR 1980, 1990; UNSCEAR 1977, 1988). Cccupati onal
exposure to radiation provides further evidence of the ability of radiation to
cause cancer. Numerous studi es of underground niners exposed to radon and
radon daughters, which are alpha emtters, in uraniumand other hard rock

m nes have denonstrated increases in lung cancer in exposed workers (ATSDR
1990b). Workers who ingested radi um 226 while painting watch dials had an

i ncreased incidence of |eukem a and bone cancer (ATSDR 1990c). These studies
i ndi cate that dependi ng on radi ati on dose and the exposure schedul e, ionizing
radi ati on can induce cancer in nearly any tissue or organ in the body.

Radi ati on-i nduced cancers in hunans are found to occur in the henppoietic
system the lung, the thyroid, the liver, the bone, the skin, and other

ti ssues.

Laboratory aninmal data indicate that ionizing radiation is carcinogenic
and nutagenic at relatively high doses usually delivered at high dose rates.
However, due to the uncertainty regarding the shape of the dose-response
curve, especially at |ow doses, the conmonly held conservative position is
that the cancer may occur at dose rates that extend down to doses that could
be received fromenvironmental exposures. Estimates of cancer risk are based
on the absorbed dose of radiation in an organ or tissue. The cancer risk at a
particul ar dose is the sanme regardless of the source of the radiation. A
conpr ehensi ve di scussion of radiation-induced cancer is found in BEIR IV
(1988), BEIR V (1990), and UNSCEAR (1982, 1988).

B.4.4 CGenetic Effects

Radi ati on can i nduce genetic danage, such as gene nutations or
chronosonal aberrations, by causing changes in the structure, nunber, or
genetic content of chrompbsones in the nucleus. The evidence for the
nmut agenicity of radiation is derived fromstudies in |aboratory aninals,
nostly mice (BEIR 1980, 1988, 1990; UNSCEAR 1982, 1986, 1988). Evidence for
genetic effects in humans is derived fromtissue cultures of human | ynphocytes
from persons exposed to ingested or inhaled radionuclides (ATSDR 199Cc,
1990d). Evidence for nutagenesis in human germcells (cells of the ovaries or
testis) is not conclusive (BEIR 1980, 1988, 1990; UNSCFAR 1977, 1986, 1988).
Chronpsone aberrations foll owi ng radiati on exposure have been denobnstrated in
man andn in experinmental aninmals (BEIR 1980, 1988, 1990; UNSCEAR 1982, 1986,
1988).

B.4.5 Teratogenic Effects

There is evidence that radiation produces teratogenicity in animals. It
appears that the developing fetus is nore sensitive to radiation than the
not her and is nost sensitive to radiation-induced danage during the early
stages of organ devel opnent. The type of nmlformati on depends on the stage of
devel opnent and the cells that are undergoing the nost rapid differentiation
at the tine. Studies of nmental retardation in children exposed in utero to
radi ation fromthe atom c bonb provide evidence that radiati on may produce
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teratogenic effects in human fetuses (Qtake and Schull 1984). The damage to
the child was found to be related to the dose that the fetus received.

B.5 UNITS I N RADI ATI ON PROTECTI ON AND REGULATI ON

B.5.1 Dose Equival ent and Dose Equival ent Rate. Dose equivalent or rem
is a special radiation protection quantity that is used to express the
absorbed dose in a manner which considers the difference in biologica
ef fecti veness of various kinds of ionizing radiation. The | CRU has defi ned
t he dose equivalent, H, as the product of the absorbed dose, D, the quality
factor, Q and all other nodifying factors, N, at the point of interest in
bi ol ogi cal tissue. This relationship is expressed as foll ows:

H=Dx Qx N

The quality factor is a dinmensionless quantity that depends in part on the
stoppi ng power for charged particles, and it accounts for the differences in
bi ol ogi cal effectiveness found anong the types of radiation. By definition it

i s i ndependent of tissue and biol ogical end point and, therefore, of little
use in risk assessnent now Oiginally Relative Biolotical Effectiveness

(RBE) was used rather than Qto define the quantity, rem which was of use in
ri sk assessnent. The generally accepted values for quality factors for

various radiation types are provided in Table B-3. The dose equivalent rate

is the time rate of change of the dose equivalent to organs and tissues and is
expressed as renfunit time or sievert/unit tine.

B.5.2 Relative Biological Effectiveness. The termrelative biologic
ef fectiveness (RBE) is used to denote the experinentally determ ned ratio of
t he absorbed dose fromone radiation type to the absorbed dose of a reference
radi ation required to produce an identical biologic effect under the sane
condi tions. Gamma rays from cobalt-60 and 200 to 250 KeV X-rays have been
used as reference standards. The term RBE has been widely used in
experimental radiobiology, and the termquality factor used in cal cul ati ons of
dose equivalents for radiation protection purposes (I CRP 1977; NCRP 1971
UNSCEAR 1982). The generally accepted values for RBE are provided in Table
B- 4.

B.5.3 Effective Dose Equival ent and Effective Dose Equival ent Rate. The
absorbed dose is usually defined as the nean absorbed dose within an organ or
tissue. This represents a sinplification of the actual problem Normally
when an individual ingests or inhales a radionuclide or is exposed to externa
radi ation that enters the body (ganma), the dose is not uniformthroughout the
whol e body. The sinplifying assunption is that the detrinent will be the sane
whet her the body is uniformy or nonuniformy irradiated. In an attenpt to
conpare detrinent from absorbed dose of a limted portion of the body with the
detrinment fromtotal body dose, the ICRP (1977) has derived a concept of
ef fecti ve dose equival ent.
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TABLE B-3. Quality Factors (QF)

1. X-rays, electrons, and positrons of any specific .ionization

QF = 1.

2. Heavy ionizing particles

Average LET in Water

(MeV/cm) QF
35 or less 1
35 to 70 1l to 2
70 to 230 2 to 5
230 to 530 5 to 10
530 to 1750 10 to 20

For practical purposes, a QF of 10 is often used for alpha particles?® and
fast neutrons and protons up to 10 MeV. A QF of 20 is used for heavy
recoil nuclei.

aThe ICRP (1977) recommended a quality factor of 20 for alpha particles.

LET = Linear energy transfer
MeV/cm = Megaelectron volts per centimeter
MeV = Megaelectron volts
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TABLE B-4. Representative LET and RBE Values¥

Energy Av. LET Quality

Radiation (MeV) (keV/p) RBE Factor
X-rays, 200 kVp 0.01-0.2 3.0 1.00 1
Gamma rays 1.25 0.3 0.7 1
4 0.3 0.6 1
Electrons (B) 0.1 0.42 1.0 1
0.6 0.3 1.3 1
1.0 0.25 1.4 --
Protons 0.1 90.0 -- 6
2.0 16.0 2 10
5.0 8.0 2 10
Alpha particle 0.1 260.0 -- --
5.0 95.0 10-20 10
Heavy ions 10-30 ~150.0 ~25 20
Neutrons thermal 4-5 3
1.0 20.0 2-10 10

*These values are general and approximate. RBE and QF values vary widely with
different measures of biological injury.

MeV = Megaelectron volts

KeV/p = Kiloelectron volts per micron
RBE = Relative biological effectiveness
kVp = Kilovolt potential

LET = Linear energy transfer
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The effective dose equivalent, H is

H = (the sumof) WH

where His the dose equivalent in the tissue, Wis the weighting factor,
whi ch represents the estimated proportion of the stochastic risk resulting
fromtissue, T, to the stochastic risk when the whole body is uniformy
irradiated for occupational exposures under certain conditions (ICRP 1977).
Wei ghting factors for selected tissues are listed in Table B-5.

The 1 CRU (1980), ICRP (1984), and NCRP (1985) now recomrend that the rad,
roentgen, curie and rembe replaced by the SI units: gray (GY) , Coul onb per
kil ogram (C kg), becquerel (Bg), and sievert (Sv), respectively. The
rel ati onship between the customary units and the international systemof units
(SI) for radiological quantities is shown in Table B-6.
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TABLE B-5. Weighting Factors for Calculating
Effective Dose Equivalent for Selected Tissues

Tissue Weighting Factor
Gonads 0.25
Breast 0.15
Red bone marrow 0.12
Lung 0.12
Thyroid 0.03
Bone surface 0.03

Remainder 0.30
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TABLE B-6. Comparison of Common and SI Units
for Radiation Quantities

Customary
Quantity Units Definition SI Units Definition
Activity (A) Curie (Ci) 3.7x1010 becquerel s71
transforma- (Bq)
tions s71
Absorbed Dose (D) rad (rad) 1072Jkg™! gray (Gy)Jkg™!
Absorbed Dose
Rate (D) rad per 1072Jkg ts7? gray per Jkgis™?
second second
(rad s™1) (Gy s™1)
Dose Equivalent
(H) rem (rem) 10723kg™? sievert (Sv) Jkg?
Dose Equivalent
Rate (H) rem per 1072Jkg 1s? sievert per Jkg'ls7?
second second
(rem s71) (Sv s 1)
Linear Energy kiloelectron  1.602x107*%Jm™! kiloelectron 1.602x1071%Jm™!
Transfer (L,) volts per volts per
micrometer micrometer
(keVuM™1) (keVum™1)

S"! = per second

Jkg! = Joules per kilogram

Jkgls™! = Joules per kilogram per second
Jm™! = Joules per meter
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