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FOREWORD

The Superfund Amendments and Reauthorization Act (SARA) of 1986
(Public Law 99-499) extended and amended the Comprehensive Environmental
Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund).
This public law directed the Agency for Toxic Substances and Disease
Registry (ATSDR) to prepare toxicological profiles for hazardous
substances which are most commonly found at facilities on the CERCLA
National Priorities List and which pose the most significant potential
threat to human health, as determined by ATSDR and the Environmental
Protection Agency (EPA). The lists of the 250 most significant hazardous
substances were published in the Federal Register on April 17, 1987, on
October 20, 1988, on October 26, 1989, and on October 17, 1990.

Section 104(i)(3) of CERCLA, as amended, directs the Administrator of
ATSDR to prepare a toxicological profile for each substance on the list.
Each profile must include the following content:

(A) An examination, summary, and interpretation of available
toxicological information and epidemiological evaluations on the
hazardous substance in order to ascertain the levels of significant
human exposure for the substance and the associated acute, subacute,
and chronic health effects,

(B) A determination of whether adequate information on the health
effects of each substance is available or in the process of
development to determine levels of exposure which present a
significant risk to human health of acute, subacute, and chronic
health effects, and

(C) Where appropriate, an identification of toxicological testing
needed to identify the types or levels of exposure that may present
significant risk of adverse health effects in humans.

This toxicological profile is prepared in accordance with guidelines
developed by ATSDR and EPA. The original guidelines were published in the
Federal Register on April 17, 1987. Each profile will be revised and
republished as necessary, but no less often than every three years, as
required by CERCLA, as amended.

The ATSDR toxicological profile is intended to characterize succinctly
the toxicological and adverse health effects information for the hazardous
substance being described. Each profile identifies and reviews the key
literature (that has been peer-reviewed) that describes a hazardous
substance’s toxicological properties. Other pertinent literature is also
presented but described in less detail than the key studies. The profile
is not intended to be an exhaustive document; however, more comprehensive
sources of specialty information are referenced.
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Foreword

Each toxicological profile begins with a public health statement,
which describes in nontechnical language a substance’s relevant
toxicological properties. Following the public health statement is
information concerning significant health effects associated with exposure
to the substance. The adequacy of information to determine a substance’s
health effects is described. Data needs that are of significance to
protection of public health will be identified by ATSDR, the National
Toxicology Program (NTP) of the Public Health Service, and EPA. The focus
of the profiles is on health and toxicological information; therefore, we
have included this information in the beginning of the document.

The principal audiences for the toxicological profiles are health
professionals at the federal, state, and local levels, interested private
sector organizations and groups, and members of the public.

This profile reflects our assessment of all relevant toxicological
testing and information that has been peer reviewed. It has been reviewed
by scientists from ATSDR, the Centers for Disease Control, the NTP, and
other federal agencies. It -has also been reviewed by a panel of
nongovernment peer reviewers and is being made available for public
review. Final responsibility for the contents and views expressed in this
toxicological profile resides with ATSDR.

C{Bﬂm}m L\

William L. Roper, ., M.P.H.
Administrator
Agency for Toxic Substances and
Disease Registry ‘
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1. PUBLI C HEALTH STATEMENT

This Statenment was prepared to give you information about radium
and to enphasi ze the hunan health effects that may result from exposure
to it. The Environmental Protection Agency (EPA) has identified 1,177
sites on its National Priorities List (NPL). Radium has been found
above background |l evels at 18 of these sites. However, we do not know
how many of the 1,177 NPL sites have been evaluated for radium As EPA
eval uates nore sites, the nunmber of sites at which radiumis found above
background | evel s nay change. The information is inmportant for you
because radi um may cause harnful health effects and because these sites
are potential or actual sources of human exposure to radi um

When a radi oactive chemcal is released froma |arge area, such as
an industrial plant, or froma container, such as a drumor bottle, it
enters the environment as a radioactive chem cal emission. This
em ssion, which is also called a rel ease, does not always lead to
exposure. You can be exposed to a radioactive chem cal when you cone
into contact with that chenical alone or with a substance that contains
it. You may be exposed to it in the environment by breathing, eating,
or drinking substances containing the radioactive chemcal or from skin
contact with it. Exposure can al so occur by being near radioactive
chem cals at concentrations that are found at hazardous waste sites or
i ndustrial accidents.

If you are exposed to a hazardous substance such as radi um
several factors will determ ne whether harnful health effects will occur
and what the type and severity of those health effects will be. These
factors include the dose (how nuch), the duration (how long), the route
or pathway by which you are exposed (breathing, eating, drinking, or
skin contact), the other chemicals to which you are exposed, and your
i ndi vidual characteristics such as age, sex, nutritional status, famly
traits, life style, and state of health

1. 1VWHAT | S RADI UM?

Radiumis a naturally-occurring silvery white radi oactive netal
that can exist in several forns called isotopes. It is forned when
urani um and thorium (two ot her natural radioactive substances) decay
(break down) in the environment. Radium has been found at very | ow
levels in soil, water, rocks, coal, plants, and food. For exanple, a
typi cal anount mnight be one picogram of radi um per gram of soil or rock
This woul d be about one part of radiumin one trillion (1,000, 000,000, 000)
parts of soil or rock. These |l evels are not expected to change with tine.
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1. PUBLI C HEALTH STATEMENT

Sone of the radiation fromradiumis constantly being released into
the environnent. It is this release of radiation that causes concern
about the safety of radiumand all other radi oactive substances. Each
i sotope of radiumrel eases radiation at its own rate, One isotope,
radi um 224 for exanple, releases half of its radiation in about three
and a half days; whereas another isotope, radium 226, rel eases half of
its radiation in about 1,600 years.

When radi um decays it divides into two parts. One part is called
radi ati on, and the second part is called a daughter. The daughter, like
radium is not stable; and it also divides into radiation and anot her
daughter. The dividing continues until a stable, nonradi oactive
daughter is forned. During the decay process, alpha, beta, and gamma
radi ati ons are rel eased. Al pha particles can travel only a short
di stance and cannot travel through your skin. Beta particles can
penetrate through your skin, but they cannot go all the way through your
body. Ganma radi ation, however, can go all the way through your body.
Thus, there are several types of decay products that result fromradi um
decay.

More information about the properties and uses of radiumis found
in Chapters 3, 4, and 5.

1.2 HOWM GHT | BE EXPCSED TO RADI UM?

Because radiumis present, usually at very low levels, in the
surroundi ng environnent, you are always exposed to it and to the snall
amounts of radiation that it releases to its surroundi ngs. You may be
exposed to higher levels of radiumif you live in an area where it is
rel eased into the air fromthe burning of coal or other fuels, or if
your drinking water is taken froma source that is high in natura
radi um such as a deep well, or froma source near a radi oactive waste
di sposal site

Level s of radiumin public drinking water are usually |ess than one
pi cocurie per liter of water (about one quart), although higher |evels
(more than 5 picocuries per liter) have been found. A picocurie (pC)
is a very small amount of radioactivity, and it is associated with about
atrillionth of a gram (a picogran) of radium (There are approxi mately
28 grans in an ounce.) No information is avail abl e about the anpunts of
radiumthat are generally present in food and air. You nmay al so be
exposed to higher levels of radiumif you work in a uraniumnine or in a
pl ant that processes urani um ores.

You will find nore information on how you can be exposed to radi um
in Chapter 5.



3
1. PUBLI C HEALTH STATEMENT

1.3 HOW CAN RADI UM ENTER AND LEAVE MY BODY?

Radi um can enter the body when it is breathed in or swallowed. It
is not known if it can be taken in through the skin. |If you breathe
radiuminto your lungs, sone may rermain there for nonths; but it wll
gradual |y enter the bl ood streamand be carried to all parts of the
body, especially the bones. For nonths after exposure, very small
amounts | eave the body daily through the feces and urine.

If radiumis swallowed in water or with food, nost of it (about
80% will pronptly |leave the body in the feces. The other 20% wi ||
enter the blood streamand be carried to all parts of the body,
especially the bones. Sonme of this radiumw |l then be excreted in the
feces and urine on a daily basis.

You will find nore information on this subject in Chapter 2.
1.4 HOW CAN RADI UM AFFECT MY HEALTH?

There is no clear evidence that |ong-termexposure to radiumat the
levels that are nornmally present in the environment (for example, 1 pGi
of radiumper gramof soil) is likely to result in harnful health
ef fects. However, exposure to higher |evels of radiumover a |ong
period of time may result in harnful effects including anem a
cataracts, fractured teeth, cancer (especially bone cancer), and death.
Sone of these effects may take years to devel op and are nostly due to
ganma radi ati on. Radium gives off gamma radiation, which can travel
fairly long distances through air. Therefore, just being near radi um at
the high levels that may be found at some hazardous waste sites may be
dangerous to your health.

More information on this subject is presented in Chapter 2.
1.5 WHAT LEVELS OF EXPOSURE HAVE RESULTED | N HARMFUL HEALTH EFFECTS?

Radi um has been shown to cause adverse health effects such as
anem a, cataracts, fractured teeth, cancer and death. As shown in
Tables | -1 through |-4, the relationship between the anount of radium
that you are exposed to and the ampunt of tinme necessary to produce
these effects is not known. Although there is sone uncertainty as to
how much exposure to radi umincreases your chances of devel oping a
harnful health effect, the greater the total amunt of your exposure to
radium the nore likely you are to devel op one of these diseases. Mre
information on this subject is presented in Chapter 2.
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Human Health Effects from Breathing Radium®

Short-term Exposure

(less than or equal to 14 days)

Levels in Air

Description of Effects

Length of Exposure

The health effects result-

ing from short-term
exposure of humans
breathing specific levels
of radium are not known.

Long-term Exposure
(greater than 14 days)

Levels in Air

Description of Effects

Length of Exposure

The health effects result-

ing from long-term
exposure of humans
breathing specific levels
of radium are not known.

*See Section 1.2 for a discussion of exposures encountered in daily life.
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TABLE 1-2. Animal Health Effects from Breathing Radium

Short-term Exposure
(less than or equal to 14 days)

Description of Effects

Length of Exposure

Levels in Air

The health effects result-
ing from short-term
exposure of animals
breathing specific levels
of radium are not known.

Long-term Exposure
(greater than 14 days)

Description of Effects

Length of Exposure

Levels in Air

The health effects result-
ing from long-term
exposure of animals
breathing specific levels
of radium are not known.
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1. PUBLIC HEALTH STATEMENT

Human Health Effects from Eating or Drinking Radium®

Short-term Exposure

(less than or equal to 14 days)

Levels in Food

Levels in Water

Length of Exposure

Description of Effects

The health effects result-

ing from short-term
exposure of humans

to food containing
specific levels

of radium are not known.

The health effects result-

ing from short-term
exposure of humans

to water containing
specific levels

of radium are not known.

Long-term Exposure
(greater than 14 days)

Levels in Food

Levels in Water

Length of Exposure Description of Effects

The health effects result-

ing from long-term
exposure of humans

to food containing
specific levels

of radium are not known.

The health effects result-

ing from long-term
exposure of humans

to water containing
specific levels

of radium are not known.

*See Section 1.2 for a discussion of exposures encountered in daily life.
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Animal Health Effects from Eating or Drinking Radium

Short-term Exposure
(less than or equal to 14 days)

Levels in Food

Levels in Water

Length of Exposure

Description of Effects

The health effects result-

ing from

short-term

exposure of animals
to food containing

specific

levels

of radium are not known.

The health
ing from
exposure
to water
specific

effects result-
short-term

of animals
containing
levels

of radium are not known.

Long-term Exposure
(greater than 14 days)

Levels in Food

Levels in Water

Length of Exposure

Description of Effects

The health
ing from
exposure

effects result-
long-term
of animals

to food containing

specific

levels

of radium are not known.

The health
ing from
exposure
to water
specific

effects result-
long-term

of animals
containing
levels

of radium are not known.
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1.6 IS THERE A MEDI CAL TEST TO DETERM NE WHETHER | HAVE BEEN EXPOSED
TO RADI UM?

There are few nedical tests to deternmne if you have been exposed
to radium There is a urine test to deternmine if you have been exposed
to a source of radioactivity such as radium There is also a test to
neasure the anount of radon, a breakdown product of radium when it is
exhal ed. These tests require special equipnment and cannot be done in a
doctor's office. Another test can neasure the total anount of
radi oactivity in the body; however, this test is not used except in
speci al cases of high exposure.

More information on the nethods used to determne |evels of
exposure to radioactivity can be found in Chapters 2 and 6.

1.7 WHAT RECOMMVENDATI ONS HAS THE FEDERAL GOVERNMENT MADE TO PROTECT
HUVAN HEALTH?

The Environnental Protection Agency (EPA) regul ates the anount of
radiumin drinking water so that it will not contain nore than 5 pC of
conbi ned radi um 226 and radi um 228 per liter of water. The anount of
radi oactivity fromall sources that is allowed in drinking water and the
anmount that workers nay be exposed to in nuclear plants is regul ated.

1.8 WHERE CAN | GET MORE | NFORVATI ON?

I f you have any nore questions or concerns not covered here, please
contact your State Health or Environnmental Departnent or

Agency for Toxic Substances and Di sease Registry
Di vi si on of Toxi col ogy

1600 difton Road, E-29

Atlanta, Georgia 30333

Thi s agency can al so give you infornation on the |location of the
near est occupational and environnental health clinics. Such clinics
specialize in recogni zing, evaluating, and treating illnnesses that
result from exposure to hazardous substances.



2. HEALTH EFFECTS
2.1 | NTRODUCTI ON

Thi s chapter contains descriptions and eval uati ons of studies and
interpretation of data on the health effects associated with exposure to
radium Its purpose is to present |levels of significant exposure for
radi um based on toxicol ogi cal studies, epidem ological investigations,
and envi ronnental exposure data. This information is presented to
provide public health officials, physicians, toxicologists, and other
i nterested individuals and groups with an overall perspective of the
t oxi col ogy of radium and a depiction of significant exposure |evels
associ ated with various adverse health effects.

It is inmportant to note that in the various studies reviewed in the
preparation of this docunent, dose |levels have been presented by those
authors in several ways. In order to facilitate conpari sons anmong
studi es, these |levels have generally been converted to an equival ent

dose in mcrocuries (uC) and kil o-Becquerels (kBg). The historica
definition of one curie is the disintegration rate exhibited by one gram

of radium There are 0.027 uC per kBg. In this docunent, conparisons
are usually nade between total adm nistered amounts of radioactivity, in

uCi [ kg and kBg/ kg, instead of using a daily dosage |evel.

In the case of radium as well as any radionuclide, it is inportant
to note that, in addition to the usual routes of exposure that nust be
consi dered (inhalation, oral, dermal, and occasionally parenteral) for
toxic chenmicals, there is also external and internal exposure to
em ssi ons of al pha and beta particles and gamma rays; and it is these
radi oactive em ssions which are considered to be responsible for nost of
the biologically deleterious effects observed in exposed persons.

Further information about radionuclides is presented in Appendi x B

2.2 DI SCUSSI ON OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals address the needs of persons
living or working near hazardous waste sites, the data in this section
are organi zed first by route of exposure -- inhalation, oral, and dernal
-- and then by health effect -- death, system c, imunol ogical
neur ol ogi cal , devel opnental, reproductive, genotoxic, and carci nogenic
ef fects. These data are discussed in ternms of three exposure periods --
acute, intermediate, and chronic.

2.2.1 Inhal ati on Exposure
Early workers using radi um undoubtedly inhaled m croscopic

particles of the salts of radiumas well as the daughter products
resulting fromtheir decay, as they worked with these conmpounds.
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Therefore, they nust have been continually exposed to al pha and beta
particles as well as to the intense penetrating ganma radiation enmtted
by radium and its daughter products, including radon. Thus, any
resulting health effects cannot be attributed to a specific cause but
were probably the consequence of a conbination of all the radiation
insults to that individual

2.2.1.1 Death

No i nformati on has been | ocated regarding the |lethal effects of
acute exposure to radiumvia inhalation

An early case study described a 36-year-old chem st who had worked
with radiumfor 14 years and then suddenly devel oped acute | eukopeni a
and di ed of bronchopneunonia within a nonth after the onset (Reitter and
Martl and 1926). Autopsy data indicated that 14 PC of radioactive
mat eri al, including radiumand nesothorium (radi um228), was found in
t he body, but the observation that 1 pci was found in the lungs (as
conpared with other internal organs such as the liver, gastrointestina
tract, heart, and kidneys which had no neasurable | evels of
radi oactivity) convinced the authors that inhalation was the primry
route by which radium had entered the body. Mst of the radioactivity
was found in the skel eton.

No studies were |ocated regarding lethality in animals after
i nhal ati on exposure to radi um

2.2.1.2 Systenic Effects

No studies were | ocated regarding systenic effects in humans or
animal s after inhalation exposure to radi um

2.2.1.3 I mmunol ogi cal Effects

Acut e | eukopenia, with al nost total absence of granul ar | eukocytes,
| eukobl astic groups and | ynphoid tissue in the bone narrow, was reported
in the case of a 36-year-old chenist who had worked with radium for
14 years (Reitter and Martland 1926).

No studies were |ocated regarding the followi ng health effects in
humans or animals after inhalation exposure to radium

2.2.1.4 Neurological Effects
2.2.1.5 Devel opnental Effects
2.2.1.6 Reproductive Effects
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2.2.1.7 Genotoxic Effects
2.2.1.8 Cancer
2.2.2 Oral Exposure

It is inmportant to note that effects observed after the ingestion
of radium may be attributed not only to radiumitself, but to the
presence of any or all of its daughter products produced in vivo and
their radioactive em ssions.

2.2.2.1 Death

There is no information on the lethal effects of radiumdue to
acute oral exposure. Many deaths, especially from bone cancer, have
occurred in humans follow ng long-termoral exposure to radium 226 and
radi um 228. As described by Row and et al. (1978), fenmle radi umdi al
painters in the 1920s who "tipped" their paint brushes with their lips
or tongues ingested radiumin the process. The dial paint usually
contai ned long-lived radium 226 and shorter-lived radium 228. A
toxicity ratio has been devel oped for these isotopes; it has been
estimated that radium 228 is about 2.5 tinmes as effective, per uG, in
i nduci ng bone sarcomas as radi um 226 (Lloyd et al. 1986; Row and et al
1978; Rundo et al. 1986). For various other effects, estinates of the
ef fecti veness of radium 228 relative to radium 226 have ranged from zero
to six (Rundo et al. 1986). Estinated systemic intakes for these
wor kers and ot her exposed persons are listed in the Argonne Nationa
Laboratory case tables (Gustafson and Stehney 1985). These estinates
are extrapol ati ons based on body radi um content at the tinme of
exam nation (whether fromliving subjects or exhuned renmins), nodified
by the Norris retention function (Norris et al. 1955) to account for the
decrease in body radium content since exposure, and the known or
presuned ratios of these isotopes in the materials to which these
persons were exposed (Rundo et al. 1986). Radi um dose | evel s have been

expressed as: effective systemc radiumintake = (pG radi um 226) +
2.5 x (uG radium 228).

Sone of the radiumdial painters ingested anmounts of radium
sufficient to cause death within a few years of their enpl oynent.
Martl and (1931) described the cases of 18 dial painters who died of
cancer at ages 20 to 54 years old. Causes of death were |listed as
anem a, necrosis of the jaw, and osteogenic sarcona. The typical period
of exposure was about two years.

Radi um was al so used as a "rejuvenating"” tonic in the 1920s and was
available to the general public in bottled water. CGettler and Norris
(1933) described a case of a 52-year-old man who drank about 1,400

bottles of "Radithor", containing radiumat 2 pg/60 m bottle, over a
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5-year period (total dose: approximately 2,800 uC or 56 uC/kg or
2,074 kBg/ kg for a 50-kg nan). The cause of death was stated to be a
conbi nati on of necrosis of the jaw, abscess of the brain, secondary
anem a and term nal bronchopneunoni a. However, it is inportant to note
that each of these effects can also be attributed to other etiol ogies.

No studies were |located regarding lethality in animals after ora
exposure to any of the isotopes of radium

2.2.2.2 Systenmic Effects

Based on case studies of radiumdial painters, Mrtland (1931)
stated that anem a, regenerative anemi a, aregenerative anem a, or
perni ci ous anemia was listed on the death certificates of ten of 18
persons autopsied as part of this study. The bases of these di agnoses
(e.g., clinical inmpressions of the cadaver, |aboratory findings, etc.)
were not clearly stated. Sharpe (1974) anal yzed detail ed henat ol ogi ca
data relating to dial painters as well as to persons exposed to radium
in other ways (eg., male | aborers and equi pment operators in radiunrel ated
i ndustries). He concluded, however, that there were no
consi stent differences in henatol ogi cal indices between the radi unexposed
patients and closely matched controls. Fromthe limted
avail able data, it i1s difficult to determine if henatol ogical effects
are a concern for hunmans exposed to radi um

No studies were | ocated regardi ng henmatol ogi cal effects in aninals
after oral exposure to radium

No studies were |ocated regarding the followi ng health effects in
humans or aninals followi ng oral exposure to radi um

. 2.3 I nmmunol ogi cal Effects
Neur ol ogi cal Effects
Devel opnental Effects

Repr oductive Effects

N o o~ W

CGenot oxi ¢ Effects

NONN NN
NONN N NN
NONN NN

. 8 Cancer

The Center for Hunman Radi obi ol ogy at the Argonne Nationa
Laboratory has been conducting a surveillance programto identify
persons exposed to radiumand to determne the details of their
exposure, in sone cases through exhumati on of their renains (Qustafson
and Stehney 1985). Based on their findings, bone sarconas, carcinonas
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of the perinasal sinuses and nmastoid air cells (often called head
cancers), and deterioration of skeletal tissue are considered to be the
only effects that are unequivocally attributable to internal radium
(Rundo et al. 1986).

These bone sarcomas and head carci nomas have been seen in nany
radi um di al painters and have appeared from5 to nore than 50 years
after first exposure to radium O those dial painters for whom radi um
i ntakes have been estimated (a total of 1,907), 41 have devel oped bone
sarcomas, 16 devel oped head carci nonas, and an additional 3 cases
devel oped both types. Anpbng dial painters whose radi umintakes were not
estimated (a total of 2,928), 20 cases with bone sarcomas and 5 with
head carci nonas were identified. Thus 85 out of 4,835 known dia
pai nters devel oped a nalignhancy as a consequence of their oral ingestion
of radium (Rundo et al. 1986).

Based on data on these dial painters fromthe 1985 |isting of
radi um cases studied at the Argonne National Laboratory (Gustafson and
St ehney 1985) Rundo et al. (1986) have estimated that the |l owest tota

i ntake | evel of radium associated with a malignancy was 60 uCi

(2,222 kBg) or 1.03 pG/kg (38 kBg/kg) based on an estinmated 58 kg body
wei ght for a worman. These estimates are based on current radi um body
content nodified by the Norris retention function (to account for the
decrease in body radiumcontent with tinme since exposure) and an
estimate of radium 228 from nmeasurenents of radi um 226 and the known or
presuned ratios of these isotopes in the materials to which these
persons were exposed (Rundo et al. 1986).

Ost eogeni ¢ sarcomas were reported in 3 out of 5 rats adm nistered
radi um for 20 days by dropper (Evans et al. 1944). Each ani mal was

given a different estimted total dose ranging from10 to 70 uG . The
| owest dose to clearly induce a nalignancy was 22 puC (approxi mately
73 uCGi/kg or 2,703 kBq/kg).

2.2.3 Dernmal Exposure

No studies were | ocated regarding the follow ng health effects in
humans or aninmals after dernmal exposure to radi um

It is inmportant to note, however, that the radiumdial painters had
chroni c dermal exposure to radiumon their |ips and tongues. Although
no recognition of this fact has been located in the literature, it is
noteworthy that no | ocal effects on exposed skin have been described in
t he avail abl e case studies of these workers (eg., Martland 1931; Sharpe
1974).

2.2.3.1 Death
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2.2.3.2 Systenic Effects
2.2.3.3 I munol ogi cal Effects
2.2.3.4 Neurological Effects
2.2.3.5 Devel opnental Effects
2.2.3.6 Reproductive Effects
2.2.3.7 Genotoxic Effects
2.2.3.8 Cancer

2.2.4 O her Routes of Exposure

Wi |l e parenteral exposure is not a route posing a significant
environnental threat to human health fromthe isotopes of radium data
acquired in studies using this route are presented here because
t housands of persons did acquire radiumvia this route, and nost of the
toxicity and nmetabolic studies with experinmental aninmals have used this
route. It is again inportant to note that effects observed after
parenteral admnistration of radiumnay be attributed not only to radi um
itself, but to the presence of any or all of its daughter products and
their radioactive enmissions in vivo.

In the years after World War Il (1946 to 1950), repeated injections
of radium 224 were given to adults and children in Germany for treatnment
of tubercul osis, ankyl osing spondylitis, and ot her diseases. Qut of
about 2,000 persons who received this treatnent, 816 of these cases are
currently being followed (Spiess et al. 1978). O the 816, 204 were
injected as juveniles (ages 1 to 20 years) and 612 as adults. The

average total injected activity was 18 uC/kg (666 kBg/ kg) (Mays et al
1985a) .

A second study of persons injected with radium224 in Germany from
1948 to 1975 included 1,473 ankyl osing spondylitis patients who were
also treated with repeated intravenous injections of radium but at
| ower levels. They typically received a series of 10 to 12 injections

at weekly intervals, each containing 28 uG (1,037 kBg). Sone patients
received two or three such series, and one patient received four. The

average total injected activity was 4.8 uG/kg (178 kBg/ kg) (Wck and
Gossner 1983, 1989).

Pure radi um 226 was given intravenously as a nedication in the
United States fromthe tinme it first becane available until the md-
1930s. Treatment of patients at the Elgin State Hospital in Illinois
was described by Schlundt et al. (1933), where from 1931 to 1933,



15

2. HEALTH EFFECTS

32 patients were given 10 uC (370 kBq) injections, usually weekly, for
peri ods ranging fromabout 2 to 6 nonths. In the 1950s, these patients
were | ocated, their radi um body content was nmeasured, and their health
status was subsequently followed (Norris et al. 1955).

2.2.4.1 Death

No studies were | ocated regarding acute lethality in humans
foll owi ng parenteral adm nistration of radiumisotopes. Early uses of
radi um 226 by physicians (usually as a treatnent for arthritis) involved

i ntravenous injections as large as 1 ng (1,000 uC or 37,037 kBq) of

el enental radium (thus approximately 14 uC /kg or 518 kBg/kg), which
were clained to have no ill effects (Proescher 1914). As described in
Section 2.2.4.8, patients receiving injections of radi um have devel oped
cancer which has resulted in death.

Injection of mce with radium (presunably radi um 226) at 2,000 to
4,000 uG/kg (74,000 to 148,000 kBg/kg) was fatal in 7 to 10 days
(Proescher and Al mguest 1914); however, experimental details were not
provided. In 12-week-old mce given a single intraperitoneal injection
of radium 224 or a series of 8 such injections over a period of 4 weeks,
there was no evidence of a decrease in life span at any level, up to the

maxi mum t ested, approximately 60 uC /kg (2,220 kBg/ kg) (Hunmphreys et al
1985).

2.2.4.2 Systenmic Effects

No studies have been |ocated regarding respiratory, cardiovascul ar
gastrointestinal, nmuscul oskeletal, renal, or dermal effects in humans or
animal s after parenteral adm nistration of radi um

Hemat ol ogi cal Effects. In a foll owup study of the second group of
German patients who had received repeated intravenous injections of
radi um 224, the injected doses averaged 4.8 uC/kg (178 kBg/ kg) tota
exposure (Wck and Gossner 1983; Wck et al. 1986) for 1,501 patients.
Ten cases of bone marrow failure were observed in these patients, as
conpared with 7 cases in the controls (1,338 simlar patients not
treated with radiation) (Wck and Gossner 1989). The statistica
significance of these findings was not addressed.

In the bone marrow of mice given intraperitoneal injections of
radi um 226 at 17,820 uC/kg (660,000 kBg/kg), there was a depression in
t he nunber of henopoietic stemcells which lasted until at |east
100 days after the injection but returned to normal by 300 days
(Schoeters and Vanderborght 1981). Schoeters et al. (1983) reported a
mar ked depression in the nunber of peripheral white bl ood cells of mce

at 400 days after a 670 uC (24,800 kBg) intraperitoneal injection of
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the chloride salt of radium 226 (approxinmately 22,320 uC /kg or
827,000 kBqg/ kg). At 530 days post-injection, these |evels appeared to
be recovering. There were no consistent trends in the peripheral white

bl ood cell levels of the | ower dose groups (3,960 and 10,000 uC /kg or
147,000 and 370, 000 kBg/ kg) .

Hepatic Effects. Chronic liver diseases, nostly cirrhosis, were
reported in 20 cases (out of 682 adults and 218 children) who were
followed for an average of 20 years after repeated injections of radium

224 totaling an average of 18 uC/kg (667 kBg/kg). Eighteen of these
patients were injected as adult nen, one as an adult wonman, and one as a
juvenile. The authors suggested that this is a radiation effect;

however, statistical significance was not addressed and the tota

i ncidence in this group (2.2% nay have been conparable to that of the
general popul ation. The higher incidence in men was thought to be
related to their higher exposure to |iver toxins such as al cohol or

i ndustrial chemicals (Spiess and Mays 1979).

Ccul ar Effects. Cataracts were reported in 6% (12/218) of patients
injected with radium 224 as children. The known dosages aver aged

28 uG/kg (1,037 kBg/kg). O these cases with known doses, 14% (11/80)

had cataracts after receiving nore than 28 uGi/kg (1,037 kBg/kg),
whereas only 0.8% (1/131) devel oped cataracts after receiving | ess than
that dose (Stefani et al. 1985). The younger patients received the

hi ghest doses in uC/kg in this study, and thus, presumably, the highest
radi ati on dose to the eye. The | owest dose known to be associated with
a cataract that devel oped after a radium 224 treatnment in chil dhood was

15.6 uCi/kg (577 kBg/kg) given to a 4.5 year-old-girl (Chrel evsky et al
1988a) .

In beagle dogs, intravenously injected radium 226 was deposited in
t he nmel anin granul es of pignmented cells and rodlike organelles of the
tapetumin the eye (a structure that humans do not have). Retention in

the eye varied inversely with dose. At doses fromO0.062 to 1.1 uC /kg
(2.3 to 41 kBqg/kg), loss of pignent at the higher doses and nel anosis
and intraocul ar el anona formati on at the | ower doses were observed
(Taylor et al. 1972).

O her Systemic Effects. Radiation danage to dental tissue, or
perhaps to its bl ood supply, initiates extensive resorption of the
dentine, especially at the gumline. These radiation-induced caries
weaken teeth and cause themto fracture easily. Such tooth breakage has
been reported in 12% (27/218) of patients injected with radium 224 as
children (20 years old and younger) and by 2% (17/681) of patients
injected as adults (21 years old and ol der). The hi ghest incidence
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occurred in adol escents injected at 16 to 20 years of age (15/61 or
25% . Conbining results fromall age groups, the incidence of tooth
fracture increased significantly with dose (p=0.01) (Sonnabend et al
1986) .

2.2.4.3 I munol ogi cal Effects

No studies were | ocated regardi ng i munol ogi cal effects in humans
after parenteral exposure to radi um

A marked decrease was found in the nunber of peripheral white bl ood
cells of mce at 400 days after an intraperitoneal injection of the

chloride salt of radium 226 at about 22,320 uC /kg (827,000 kBqg/kg)
(Schoeters et al. 1983). These results suggest that conpromn sed inmune
function may be a concern for humans exposed to radi um

2.2.4.4 Neurol ogical Effects

No studies were | ocated regardi ng neurol ogi cal effects in humans or
animal s after parenteral exposure to radi um

2.2.4.5 Devel opnental Effects

In a followup study of the first group of German patients injected
with radium 224 as therapy for tubercul osis when they were children (see
Section 2.2.4), it was found that the adult heights of these persons
were markedly | ower than the heights of nontreated persons. This effect
was attributed to the formation of overcalcified "growmh arrest plates”
during the radium 224 injections. The reduction was greatest for those
i ndi vidual s who were the youngest at the age of injection; however, the
youngest children were given the highest doses of injected radium 224 in
uCi/ kg (Spiess et al. 1985). The authors could not determine if this
effect has a threshold but stated that the continued sl ow ng of the
gromh rate long after irradiation suggests that sone growh retardation
may occur at very |ow doses of radium

2.2.4.6 Reproductive Effects

No studies were | ocated regardi ng reproductive effects in humans or
animals foll owi ng parenteral exposure to radi um

2.2.4.7 Genotoxic Effects

No studies were | ocated regardi ng genotoxic effects in hunmans or
animal s follow ng parenteral exposure to radi um
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2.2.4.8 Cancer

Bone tunors, primarily osteogenic sarconas, have appeared in the
first group of German patients injected with radium 224 (see
Section 2.2.4) (Spiess et al. 1989). Atotal of 56 sarconas have been
found; the expected nunber is 0.2 to 0.3 (Spiess et al. 1989). The

| owest total dose associated with a bone tunor was 6.4 pG/kg
(237 kBqg/ kg) given over two nonths (Mays and Spiess 1984).

An el evated incidence of breast cancer has al so been observed in
the fenmale patients in this group (14 cases versus 4.1 to 6.1 expected).
Ei ght of these cases occurred anbng those injected as children, whereas
only 0.6 to 0.9 were expected. In patients injected as adults, the 6
observed cases are not significantly different fromthe 3.5 to 5.2 cases
expected (Spiess et al. 1989). This suggests that exposure to
radi um 224 during chil dhood poses a nuch greater risk for the induction
of breast tunors than does exposure as an adult.

An el evated incidence of liver cancer has been seen in the first
series of German patients (6 versus 1.1 to 1.2 expected). Five cases of
ki dney cancer have al so been observed, conpared with 2.4 to 2.6 expected
(Spiess et al. 1989); however, this increase is not statistically
significant. The authors suggest that these cancers may al so have been
i nduced by the radi um 224.

In the second group of German patients treated with radium 224 (see
Section 2.2.4), at lower injected doses, three nmalignant tunors in the
skel eton have been observed (versus 0.4 to 0.7 expected); two were
tunmors of the bone marrow (a reticulumcell sarcoma and a pl asnocyt o)
and one was a fibrosarcoma (Wck and Gossner 1989). One skel etal tunor,

a pl asnmocytona, was observed anobng the controls, a group of 1,338
ankyl osi ng spondylitis patients who were not treated with radiation
(Wck and Gossner 1989).

O the Elgin State Hospital patients who received injections of
radi um 226 (see Section 2.2.4), two patients devel oped bone sarconas,
four devel oped head carci nonas, and a seventh patient had both types of
mal i gnancy (statistical significance was not addressed) (Gustafson and
St ehney 1985).

Large experinmental animal studies with parenterally adm nistered
radium primarily using dogs, but sone using rats and mce, have
denonstrated that radi um 224, radium 226, and radi um 228 can i nduce bone
cancers and | eukem as in these species (Evans et al. 1944; Hunphreys
et al. 1985; Kofranek et al. 1985; Mays et al. 1987; Taylor et al.

1983). However, head carci nonas, such as those found in humans, were
not found in any of the species tested, indicating that this malignancy
was not induced under the conditions of these aninal studies. The nost
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unexpected finding was the induction of intraocular nelanonmas in beagles
by radi um 226 by Taylor et al. (1972). These tunors have not been seen
in any of the hunman studies.

2.3 TOXI CCKI NETI CS

In radiation biology, the term"dose" has a specific nmeani ng. Dose
refers to the anpbunt of radiation absorbed by the organ or tissue of
interest per unit nass and is expressed in rads (grays). Estimation of
this radiation dose is sonetines acconplished by nodeling the sequence
of events involved in the acquisition, deposition, clearance, and decay
of radiumwi thin the body. Wile based on the current understandi ng of
experimental data on radi umtoxicokinetics, different nbdels make
di fferent assunptions about these processes, thereby resulting in
different estimtes of dose and risk. These nodel s are described in
nunerous reports including BEIR IV (1988), ICRP (1979), and Raabe et al
(1983). In this section, the toxicokinetics of radiumare described
based on the avail abl e experimental data rather than on descriptions
derived from nodel s.

2.3.1 Absorption
2.3.1.1 Inhal ati on Exposure

The only study | ocated on hunman absorption of radium after
i nhal ati on exposure involved the accidental rupture of capsul es
containing radiumsulfate (presunmed to be primarily radium226), with
the resultant brief exposure of several |aboratory workers (Marinell
et al. 1953). Radium was deposited both in the |lungs and t he skel etons
of these individuals, indicating that some of the radi um absorbed by the
lung had entered the systenmic circulation, ultinately depositing in the
bones. Sonme of the radium however, nay have been coughed up and then
swal | owed during the original exposure and then entered the systemc
circulation after being absorbed by the gut. The average half-life of
t he decrease of gama ray activity fromthe thorax was reported to be
about 120 days. The possibility of dernmal exposure and consequent
absorption during this episode was not addressed.

No studies were | ocated regarding the absorption of radiumin
animal s after inhalation exposure.

2.3.1.2 Oral Exposure

Based on a study of elderly human subjects (aged 63 to 83 years)
who i ngested nock radiumdial paint containing 224RaS4, Mal et skos et al.
(1966, 1969) have estinmated that about 80% of the ingested radi umwas
pronptly excreted via the feces during the first 10 days, and about 20%
was retained and distributed systenmically. The feces to urine excretion
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rati os remai ned high (about 30:1) during another phase of this study in
which simlar subjects were given intravenous injections of radium 224.
Thi s suggested that biliary excretion is probably involved and that
perhaps nore than the estinated 20% of ingested radi umwas actually
absorbed. However, this topic was not addressed in the study.

Measur enents of body radi umacquired by adult and teenage nal es
solely fromnatural levels of radiumin food and water indicated that
approximately twi ce the anpbunt of ingested radiumwas retained by
younger nales fromone |ocation, Lockport, Illinois (nean age
16.6 years) than by older nales in a penitentiary in Stateville,
Illinois (means of age groups: 27, 38 and 44 years) (Stehney and Lucas
1955). Anopng the prisoners, nean body radi umcontent was increased with
t he nean age of the nmen. However, boys from another |ocation, Chicago,
IIlinois (mean age: 16.6 years) had simlar radiumbody contents to
that of the single Chicago adult man participating in this study. The
results of this study al so suggested that the absorption of radiumfrom
wat er was greater than that fromfood, based on excretion rates neasured
in areas where either food or water was the predoni nant source of
radi um The authors acknow edged that these were specul ati ons and not
clearly supportable by the results of their Iimted study.

In rats, the absorption of orally adm nistered radiummay be quite
low. At 400 to 500 days after administration, they retained 1 to 7% of
the ingested radium primarily in the skeleton. In contrast, rats
intradermally injected with radiumretained 77% of the adm nistered
radiumat 140 to 300 days after injection (Evans et al. 1944).
Differences seen in the results of these two studies could reflect
differences in tine frame and/or the route of adm nistration. The
probabl e influence of biliary excretion of orally adm nistered radi um
and the possibly slowrate of absorption of intradermally adm nistered
radiumfromthe site of injection may hel p account for these
di f ferences.

2.3.1.3 Dermal Exposure

No studies were | ocated regarding the absorption of radiumin
humans or aninmals after dermal exposure.

2.3.2 Distribution
2.3.2.1 Inhal ati on Exposure

Based on the observations of Marinelli et al. (1953), inmediately
after accidental exposure of humans to radi um 226 (as the sulfate), the
maj or deposit of radiumwas in the lungs. This deposition decreased
with an average half-life of 118 days (+30 days). Elinination fromthe
lungs via the systemic circulation results in a continuous deposition in
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the skeleton as well as distribution to soft tissue and the excretory
system |In addition, sone of the radiumsalt nay have been coughed up
and swal | oned during the exposure episode.

It is assunmed that radiumthat has been deposited in the lung as a
radiumsalt enters the systemic circulation either as that salt or as
i ndi vidual radiumatons at a rate dependent upon the solubility and
chem cal characteristics of the specific radiumsalt involved.
Subsequently, these salts or radiumatons would be systemically
transported in the same manner as radium acquired by oral or parentera
adm ni stration. However, sone of the radiumin the lung could be
retained for a long tinme before this process is conpleted. The ultimte
di stribution, many years after an inhal ation exposure, would probably be
very simlar to that of other routes of adnministration; that is, nost of
the radiumthat was retained in the body would eventual |y be deposited
in the skeleton (Marinelli et al. 1953).

2.3.2.2 Oral Exposure

No studi es have been | ocated that specifically follow the
distribution of radiumin humans or aninmals follow ng oral exposure.
Distribution to the skeleton is assuned due to the findings of
osteosarcomas in the dial painter studies as well as the presence of
radiumin their exhuned skeletal remains. The affinity for bone is
assuned to be related to its simlarity to calcium (BIER IV 1988).

2.3.2.3 Dermal Exposure

No studies were |ocated regarding the distribution of radiumin
humans or aninals foll owi ng dernal exposure.

2.3.2.4 O her Routes of Exposure

Parenteral administration of radiumto humans results in short-term
distribution to soft tissue which is rapidly followed by deposition of
nost of the radiumin the skeleton (BEIR IV 1988).

Radium simlarly to calcium deposits in bone within those areas
where new bone nmineral is being formed and al so on all bone surfaces.
Radi umremains in those areas of new bone formation, but the radium
deposits on bone surfaces eventually nove into the depths of conpact
bone as new bone matrix is deposited on top of them In this deposition
process, short-lived radi um 224 rapidly decays, |eaving no radioactivity
wi thin bone; whereas, long-lived radium 226 renmains in the skel eton
indefinitely (Rowl and 1966). Mays et al. (1975) have denonstrated that
the radon to radiumratio in bone increased with tinme after injection in
beagl es.
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Injected radiumis deposited in the eye of the dog (Taylor et al
1972) and to sone extent in the human eye (Chnel evsky et al. 1988a).

2.3.3 Metabolism

Radi umis an el ement and cannot be netabolized. |In biologica
systenms in which radiumsalts are deposited, these conpounds will
di ssoci ate based on their solubility in that media. Radi oactive decay
of the radium cation occurs over tine.

2.3.4 Excretion
2.3.4.1 Inhal ati on Exposure

Based on a study of persons exposed to radi um 226 during an
i ndustrial accident which involved the rupture of a capsul e containing
the insoluble salt radiumsulfate (Marinelli et al. 1953), the excretion
of radiumoccurred in two phases. In the initial phase, 2 to 4% of the
estimated total body burden was excreted in the urine over a few days
and was attributed to the elimnation of radiumingested during the
i nci dent (due to the coughing up and swal |l owi ng of ingested radiunj.
(Fecal excretion was not nmonitored.) In the second phase, about
100 days after the exposure, the urinary excretion rate was hi gher than
predicted fromthe authors cal cul ati ons (based on retention/excretion
nodel s on dogs injected with radiumchloride). This phase was
attributed to the presence of nore radiumin circulation than expected
as a consequence of a continual release of radiumsulfate fromthe |ung.

2.3.4.2 Oal Exposure

Fol | owi ng oral exposure to radium excretion occurs in tw phases.
In the first phase, approximately 80% of the ingested radiumis rapidly
elimnated through the feces. In the slower second phase, nost of the
20% t hat was absorbed into systemic circulation, is ultimtely excreted
fromthe body via the feces (Ml etskos et al. 1966, 1969). These
observati ons suggest that biliary excretion is probably invol ved;
however, no information has been | ocated on that topic.

2.3.4.3 Dermal Exposure

No studies were | ocated regarding the excretion of radiumin humans
or animals after dernal exposure.

2.3.4.4 O her Routes of Exposure
Fol | owi ng i ntravenous administration of radium 224 to elderly hunan

subjects (63 to 83 years), the excretion of radiumwas primarily via the
feces, with fecal to urinary ratios of about 30-to-1 usually observed
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(Mal et skos et al. 1966, 1969). Although these observations suggest that
biliary excretion is involved, no data are available to verify that
assunption. The whol e body retention was about 15% after 20 days.

The excretion of parenterally acquired radiumfromthe human body
occurs in two phases; the first phase is very rapid, but the snal
fraction that remains in the body is ultinmately rel eased very slowy,
presumably due to the turnover of bone matrix. An equation to descri be
the retention of radiumin the human body, derived by Norris et al
(1955), predicts that the retention of radium 10 days after acquisition
will be 16% dropping to 2.5%at 1 year, 0.76% at 10 years, and 0.43% at
30 years. A simlar equation has been devel oped for dogs.

Seil et al. (1915) studied the excretion pattern of radiumthat had
been subcutaneously injected as the chloride salt into two dogs. The
resulting neasurenments varied wi dely over the next few days; however, it
was clear that there was a rapid initial elimnation of radiumin the
feces and that fecal to urinary excretion ratios were typically about
10-to-1.

In a study in dogs, it was shown that long-termretention of radi um
i s dependent upon age at injection, with younger dogs (3 nonths ol d)
that were still undergoing skeletal growh retaining nore of the
injected activity than ol der dogs (18 nmonths to 2 years old). However,
very young dogs (2 to 5 days old), undergoing major skeletal growh and
changes i n bone shape |ost nost of their injected radiumin the course
of these processes (Bruenger et al. 1983).

2.4 RELEVANCE TO PUBLI C HEALTH

Deat h. Death and decreased | ongevity have been reported in persons
who have had | ong-term exposure (approxi mately one or nore years) to
radium A 52-year-old man died following 5 years of consunption of

about 1,400 bottles of water containing radiumat 2 ug per bottle,

resulting in the total ingestion of approximtely 2,800 uC or 56 uCi/kg
(2,074 kBg/ kg) for a 50-kg man (Gettler and Norris 1933). However, the
causes of death (jaw necrosis, brain absess, secondary anem a, and

br onchopneunoni a) can also be attributed to other etiol ogies. Case

st udi es of wormen who died follow ng ingestion of radiumin dial paint
were reported by Martland (1931). Deaths were attributed to anem a
necrosis of the jaw, and osteogenic sarcomas. A typical exposure
durati on was about two years. A 36-year-old chem st who had worked with
radium for 14 years died of bronchopneunonia (Reitter and Martl and
1926) . Autopsy results suggested to the authors that inhalation was the
main route of radi umintake.
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No deaths of patients (being treated nostly for arthritis) were
reported to result fromintravenous injections of radiumat anmounts up

to 1,000 uG or 14 uG/kg (518 kBqg/ kg) (Proescher 1914). However, these
pati ents may not have been followed clinically for nore than a few
nmont hs after these injections.

St udi es using mice have shown |ife-shortening effects of
i ntravenously injected radi um 226 at high dose levels (2,000 to

4,000 uCi/kg or 74,074 to 148, 148 kBqg/ kg) (Proescher and Al nguest 1914).

Injection of mce with radium 224 at |ower levels (up to 60 uG/kg or
2,222 kBg/kg) did not result in life-shortening effects (Hunphreys
et al. 1985).

Based on the results in hunans and animals, lethality is a major
public health concern associated with long-termlowlevel or short-term
hi gh-1 evel exposure to radium As discussed previously, tota
cunul ative intake appears to be the nost inportant factor in relation to
health effects related to radi um exposure.

System c Effects. Diseases of the hematopoietic tissues have been
reported in patients given repeated injections of radi um224. Anem a
pannyel opht hi sis, and chronic nyel oid | eukenia were seen in excess of
the control levels in these cases (conpared with a higher incidence of
acute leukema in the control group) (Wck et al. 1986). Anenia has
al so been reported in case studies of the radiumdial painters (Martland
1931), but the disease patterns have not been clearly established
(Sharpe 1974).

Studies with mce injected with radium226 at 24 uC/kg
(889 kBqg/ kg) have denpnstrated reductions in the henppoietic stemcells
of the bone nmarrow for at |east 100 days after radi um acquisition
(Schoet ers and Vander borght 1981).

Ccul ar effects have not been reported in hunmans or ani mals exposed
to radiumvia inhalation, oral, or dermal routes. However, ocul ar
ef fects have been observed in both humans and aninmals injected with
radium Cataracts were reported in 6% of the Gernman patients who had
been injected with radium 224 as children (Chnel evsky et al. 1988a;
Stefani et al. 1985). In contrast, the incidence of cataracts in fenale
dial painters was not correlated with total radiumintake or age at
first exposure, nor was there a difference in appearance tines between
high and low total radiumintakes (Adans et al. 1983). However, the
dial painters were exposed orally, the isotope was nainly radi um 226,
and very few of these dial painters were exposed when younger than
15 years of age. Any of these factors may account for the difference
bet ween the results observed in these two studies.
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In beagle dogs, intravenously injected radium 226 resulted in
nel anosi s and intraocul ar nmel anona formation at the | ower doses and a
| oss of pignent at the higher doses (Taylor et al. 1972). In this
study, deposition of radiumwas found in the nelanin granul es of
pi gmented cells and rodlike organelles of the tapetum of the eye (a
structure that humans do not have). Although this process cannot take
place in humans, these results further suggest that the eye nay be a
target for absorbed radiumin exposed hunans.

O her Systenmic Effects. Information on other systemic effects is
not avail able for humans or aninals exposed to radiumyvia inhalation,
oral, or dernal exposure. However, tooth breakage has been reported to
occur in the German patients who were injected with radi um 224
(Sonnabend et al. 1986). The incidence of these dental fractures was
hi ghest (25% in persons who had been injected at 16 to 20 years of age,
as conmpared with 12%in the total group of persons injected at age
20 years and younger, and 2% in persons injected when they were 21 years
ol d and ol der.

I mmunol ogi cal Effects. Evidence of radium s potential effects on
t he human i mmune system was presented by Reitter and Martland (1926) in
the case study of a chemi st who devel oped acute | eukopeni a after worKking
with radiumfor 14 years. Autopsy reveal ed al nost total absence of
granul ar | eukocytes, |eukoblastic groups, and | ynphoid tissue in the
bone nmarrow. Simlarly, Martland (1931) described the devel opnent of
| eukopenia in the radiumdial painters.

Schoeters et al. (1983) showed a reduction in the nunber of
peri pheral white blood cells of mce at 400 days after an
i ntraperitoneal injection of radium226. These observati ons suggest
t hat i nmunol ogical effects nay be an inportant area of concern for
persons occupationally exposed to radi um

Cancer. In humans, radium 224 is known to induce bone sarconas,
and it is strongly suspected of inducing breast cancer in femal es who
recei ved this isotope when younger than 21 years of age at total doses

greater than 12 uC/kg (444 kBg/ kg). Liver and ki dney cancers are al so
possi bly induced by radi um 224 (Spiess et al. 1989).

Bone sarconas are known to be induced by both radi um 226 and
radi um 228, while carcinomas of the bones enclosing the mastoid air
cells and paranasal sinuses are known to be induced by exposure to
radi um 226. These carci nomas are believed to be caused by radon, a
gaseous daughter product of radi um 226, which mgrates fromthe |ocation
where it was forned and becones trapped within air cells in these
structures. Here the subsequent decay products of radon irradiate the
sensitive cells on the surfaces, and this irradiation is thought to
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i nduce the nalignant change. Breast cancer and nultiple nyeloma were
found to be elevated in female dial painters, but these effects may be
t he consequence of the external radiation fromthe radi oactive paint
that)mas used by these workers (Rowl and et al. 1989; Stebbings et al
1984).

In Great Britain, radiumdial painters with higher total radi um 226
i nt akes and who were younger than 30 years of age at the start of
pai nti ng showed an excess of breast cancers (Baverstock and Papworth
1989). External ganma ray exposure to the radi oactive paint could al so
have been the cause of cancer in this popul ation

I'n experinental aninmals, bone cancer has been the npst promi nent
consequence of radiumincorporation and has been found in all species
t est ed.

It should be noted that |eukem a, which is often induced in humans
by irradiation of narrow cells, has not been observed to occur in excess
in the studies of the radiumirradi ated populations (i.e., dia
pai nters; patients receiving intravenous injections) above the nunbers
expected for nonirradi ated popul ati ons (Baverstock and Papworth 1985;
Spiers et al. 1983; Spiess et al. 1989).

2.5 Bl OVARKERS OF EXPCSURE AND EFFECT

Bi omar kers are broadly defined as indicators signaling events in
bi ol ogi ¢ systens or sanples. They have been classified as nmarkers of
exposure, nmarkers of effect, and markers of susceptibility (NAS/ NRC
1989).

A bi omarker of exposure is a xenobiotic substance or its
net abolite(s) or the product of an interaction between a xenobiotic
agent and sone target nolecule or cell that is neasured within a
conpartnent of an organi sm (NAS/ NRC 1989). The preferred bi omarkers of
exposure are generally the substance itself or substance-specific
netabolites in readily obtai nable body fluid or excreta. However,
several factors can confound the use and interpretation of biomarkers of
exposure. The body burden of a substance may be the result of exposures
fromnore than one source. The substance being neasured nay be a
net abolite of another xenobiotic (e.g., high urinary |evels of pheno
can result fromexposure to several different aronmatic conpounds).
Dependi ng on the properties of the substance (e.g., biologic half-life)
and environmental conditions (e.g., duration and route of exposure), the
substance and all of its nmetabolites may have | eft the body by the tine
bi ol ogi ¢ sanples can be taken. It nay be difficult to identify
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i ndi vi dual s exposed to hazardous substances that are conmonly found in
body tissues and fluids (e.g., essential mneral nutrients such as
copper, zinc and selenium. Biomarkers of exposure to radiumare

di scussed in Section 2.5.1.

Bi omar kers of effect are defined as any neasurabl e bi ochem cal
physi ol ogic, or other alteration within an organi smthat, depending on
magni t ude, can be recogni zed as an established or potential health
i mpai rment or disease (NAS/ NRC 1989). This definition enconpasses
bi ochemi cal or cellular signals of tissue dysfunction (e.g., increased
liver enzyne activity or pathol ogic changes in fenale genital epithelia
cells), as well as physiologic signs of dysfunction such as increased
bl ood pressure or decreased |lung capacity. Note that these markers are
of ten not substance specific. They also may not be directly adverse but
can indicate potential health inpairment (e.g., DNA adducts).

Bi omar kers of effects caused by radium are discussed in Section 2.5.2.

A bi omarker of susceptibility is an indicator of an inherent or
acquired limtation of an organism s ability to respond to the chall enge
of exposure to a specific xenobiotic. It can be an intrinsic genetic or
other characteristic or a preexisting disease that results in an
i ncrease in absorbed dose, biologically effective dose, or target tissue
response. |f biomarkers of susceptibility exist, they are discussed in
Section 2.7, "POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE. "

2.5.1 Biomarkers Used to Identify or Quantify Exposure to Radi um

Exposure to radium can be deternined by use of a whole body counter
to neasure the presence of gamma radiation enmtted by radi um (Toohey
et al. 1983). Radiumlevels can also be neasured in urine, feces, and
othe; bi ol ogi cal medi a by neans of ganma-ray spectroscopy (LlIoyd et al
1983).

2.5.2 Biomarkers Used to Characterize Effects Caused by Radi um

Humans have not been shown to devel op specific adverse effects as a
result of exposure to radium Osteogenic sarconma and cataracts are
associ ated wth radi um exposure but can also result from other causes.
Simlarly, chronosomal aberrations may result fromradi um exposure as
well as fromother factors such as cigarette snmoking or occupationa
exposure to sol vents.

Attenpts to correlate the estimated total intake of radiumwth
observed health effects, especially bone cancer, have been conducted at
t he Argonne National Laboratory (Gustafson and Stehney 1985). For
exanpl e, Rundo et al. (1986) have estinated that the |owest total intake
| evel of radium associated with a malignancy (bone sarcona) was 60 pCi

(2,222 kBg) or 1.03 uG/kg (38 kBg/kg) based on an estimated 58-kg body
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wei ght for a woman. |f data associated with exposed popul ati ons were
fully anal yzed, levels of radiumin human tissue m ght be a good
predictor of at |east the potential for devel opi ng bone cancer

However, there is expected to be sonme degree of uncertainty, as in cases
of persons with high levels of exposure to radium (such as sone of the
dial painters, the case of the chem st described by Reitter and Martl and
and the man who drank 1,400 bottles of "Radithor"), who did not devel op
bone cancer (Gettler and Norris 1933; Martland 1931; Reitter and

Mart| and 1926).

2.6 | NTERACTI ONS W TH OTHER CHEM CALS

No data have been | ocated which evaluate the health effects of
radiumin any of its isotopic forms in conbination with any other
chem cal s or radionuclides.

2.7 POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE

The avail abl e studi es suggest that persons who are exposed to
radi um during chil dhood or adol escence nay be at greater risk fromthe
potential health effects of radium especially tooth breakage
(Section 2.2.4.2), reduction in bone growth (Section 2.2.4.5), and
breast tunors (Section 2.2.4.8). There nay al so be a subpopul ati on of
humans who are genetically nore susceptible to the devel opnent of bone
cancer (Floyd et al. 1983). Patients with Paget's disease have 10 to
100 tinmes the risk of bone sarcona than the general popul ation

2.8 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Adm nistrator of ATSDR (in
consultation with the Adm nistrator of EPA and agenci es and prograns of
the Public Health Service) to assess whet her adequate information on the
health effects of radiumis avail able. Were adequate information is
not avail able, ATSDR, in conjunction with the National Toxi col ogy
Program (NTP), is required to assure the initiation of a program of
research designed to deternine these health effects (and techni ques for
devel opi ng methods to determ ne such health effects) of radium

The foll owi ng categories of data needs have been identified by a
joint teamof scientists fromATSDR, NTP, and EPA. They are defined as
subst ance-specific informational needs that, if net would reduce or
elimnate the uncertainties of human health assessnment. In the future,
the identified data needs will be evaluated and prioritized, and a
substance-specific research agenda will be proposed.
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2.8.1 Existing Infornmation on the Health Effects of Radi um

The existing data on health effects of inhalation, oral, and dernma
exposure of humans and aninmals to radiumare sunmarized in Figure 2-1
The purpose of this figure is to illustrate the existing i nformation
concerning the health effects of radium Each dot in the figure
i ndicates that one or nore studies provide information associated with
that particular effect. The dot does not inply anything about the
quality of the study or studies. Gaps in this figure should not be
interpreted as "data needs" information

Figure 2-1 indicates whether information on the endpoint of a
particular health effect is available for a specific route and duration
of exposure for radium Sone information was |ocated concerni ng human
i nhal ation or oral exposure to radium and no information was | ocated
concerning effects followi ng dermal exposure to radium by humans. The
only informati on available for aninmals is an internedi ate-duration study
in rats conducted via the oral route that resulted in cancer. There is
virtually no information on noncancer endpoints from animal studies. As
di scussed in previous sections, nost available information on radiumis
the result of studies using parenteral administration

In general, the adverse effects of radiumare believed to be the
consequence of the radiation enmitted fromthe elenment itself and its
daught er products. Because there is already a considerabl e anount of
information on the effects of radiation on humans and ani mal s deri-ved
fromstudies on the effects of the atom c bonb and of therapeutic x-ray
and gama-ray treatments of nalignancies, the experinental aninal
studies with radi um have nmade no attenpt to duplicate this information.
They have instead concentrated on radium s nost sensitive endpoint,
cancer. For exanple, it can be predicted that the beta and gama rays
emtted by a radiumsource will produce |local radiation burns and tissue
danmage when the source is placed on hunan or ani mal skin, hence there
have been no valid reasons to conduct such studies with radium

2.8.2 ldentification of Data Needs

Acut e- Durati on Exposure. There is no infornation avail able on the
effects of acute-duration exposure to radium by hunmans or animals via
i nhal ation, oral, or dernmaml exposure. The avail abl e toxicokinetic data
suggest that radiumcan be absorbed and retained after inhalation and
oral exposure. Although there are some toxicokinetic data that provide
information on the retention of inhaled radiumsulfate in the lung, it
is not clear whether this conpound and other salts of radi umwould
remain in the lung | ong enough after acute-duration exposure to cause
| ocal effects such as lung cancer or other carcinogenic or
noncar ci nogeni ¢ system c effects.
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Ani nal studies conducted via the inhalation, oral, and dernmal routes of
exposure for this duration period would be useful since the potential
short-termeffects of such exposure as well as effects that could energe
years |l ater, such as cancer, are not known.

I nt ernedi at e- Durati on Exposure. There are no data on internediate-
durati on exposure of humans to radiumvia the inhalation, oral, or
dernmal routes. There are no data on ani nmals exposed via inhalation or
the dermal route. The only information |located was a very limted
20-day oral study in rats that resulted in osteogenic sarconmas. The
data were not sufficient to calculate an MEL by any route. The
avai |l abl e toxi cokinetic data show that radi umcan be absorbed and
retained after inhalation or oral exposure, although quantitative data
are lacking. It would be useful to have information on the effects of
i nternedi at e-duration exposure to radiumvia inhalation, oral, and
dermal routes in order to help assess the potential health effects of
exposure to radiumin the vicinity of hazardous waste sites and other
settings, and to evaluate the possibility of |ong-range effects such as
cancer that nay energe years |later

Chroni c-Durati on Exposure and Cancer. A case report is available
on human chroni c-durati on exposure to radiumvia inhalation and
i ndi cates that acute | eukopenia, bronchopneunonia, and death occurred in
a chem st after 14 years of exposure. A case report is also available
on a man who regularly consuned bottles of a "rejuvenating" tonic
contai ning radiumfor about 5 years, resulting in effects described as
necrosis of the jaw, abscess of the brain, secondary anem a
bronchopneunoni a, and death. (Each of these causes of death can al so be
attributed to other etiologies.) Nunerous studies have followed the
di al painters who ingested radium and effects reported in these studies
i ncl ude anem a, bone sarconmas, head carci nomas, and death. Although
dermal exposure to radium al so occurred in these cases, skin effects
have not been reported. No data are avail able on chronic-duration
exposure to radiumby aninals via any route of exposure. The avail able
data were not considered to be adequate to calculate an MEL for any
route of exposure. Aninal studies on the noncarcinogenic effects of
chroni c-duration exposure to radiumvia inhalation, oral, and dernal
exposure woul d be useful in assessing the potential health risks of
humans chronically exposed to low levels of radiumin the vicinity of
hazardous waste sites and other settings.

Bone cancer has occurred in humans after chronic-duration ora
exposure to radiumand in rats that were orally exposed in an
i nternedi ate duration study (20 days). It would be useful to have
carcinogenicity informati on from ani mal studi es conducted via
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i nhal ation, oral, and dermal exposure since humans in the vicinity of
hazardous waste sites and other settings would be exposed to radiumvia
all routes of exposure.

Genotoxicity. Neither in vitro nor in vivo genotoxicity studies
have been located for radium A battery of in vitro genotoxicity tests
may provide useful information on the nmechani sm of carcinogenicity for
radi um

Reproductive Toxicity. No studies were |ocated on reproductive
effects of radiumin humans or aninmals via inhalation, oral, or derna
exposure. Aninmal studies using the oral route would be especially
useful in evaluating the potential for these effects in hunman
popul ati ons exposed to high levels of radiumin drinking water (eg.
nore than 5 pC ). Studies using dernmal and inhal ati on exposure woul d
al so be useful, since these are also probable routes of human exposure
to radiumin the vicinity of hazardous waste sites and other settings.

Devel opnental Effects. No information has been | ocated on
devel opnental effects in humans or aninals resulting frominhal ation
oral, or dermal exposure to radium It was observed that radi um 224
injected into young children markedly reduced their adult height due to
radi ati on danage to the growh plate in the [ ong bones. Aninal studies
via inhalation, oral, and dernmal exposure would be useful in determ ning
if radium like calcium can cross the placenta and enter feta
circulation, and can have adverse effects upon fetal devel opnment.

I mmunot oxi city. Studies that assess the potential effects of
radi umon the i mmune systemof orally or dernally exposed hunans have
not been | ocated. The case report of a chemist exposed to radi um
primarily via inhalation for 14 years reported | eukopenia and the al nost
total absence of granul ar |eukocytes, |eukoblastic groups, and | ynphoid
tissue in the bone nmarrow. No studies on animals exposed via
i nhal ation, oral, or dernmal routes have been |l ocated. A study reporting
a reduction in peripheral white blood cells in intraperitoneally
injected rats has been |ocated. The reported observations suggest that
i mmunol ogi cal effects may be a concern for hunmans exposed to radium A
battery of i mmune function tests conducted in aninals via inhalation and
the oral and dermal routes would provide useful infornation relative to
this concern

Neurotoxicity. No reports of neurotoxicity resulting from
i nhal ation, oral, or dermal exposure were located in the avail able human
and ani nal studies. No further information appears to be needed at this
time.
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Epi denmi ol ogi cal and Human Dosinmetry Studies. Two |large studies in
Germany that follow radi um 224 injected patients are bei ng conducted by
Spi ess and by Wck and Gossner, and the radi um study bei ng conducted at
Argonne National Laboratory has devel oped a | arge data base with
informati on on the radiumdial painters, patients who were nedically
treated with radium and other persons exposed to radium These studies
will be of value in determining any effects that may be experienced by
t hese agi ng popul ations. Additional data are not needed at this tine.

Bi omar kers of Exposure and Effect. Currently, human exposure to
radi um can be assessed by the presence of radioactivity in the body as
neasured by a whol e body counter and in biological fluids such as bl ood
or urine by gamma spectroscopy.

Ef fects specifically related to radi um exposure have not been
identified. Studies to identify potential biomarkers of radiums subtle
effects woul d be useful as indicators that imediate nitigation of
exposure to radiumis warranted or that serious effects such as bone
cancer nay foll ow.

Absorption, Distribution, Metabolism and Excretion. Quantitative
data on the absorption 