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2. HEALTH EFFECTS

2.1 | NTRODUCTI ON

This chapter contains descriptions and eval uati ons of studies and
interpretation of data on the health effects associated with exposure to
thorium Its purpose is to present |evels of significant exposure for
t hori um based on toxicol ogi cal studies, epidemological investigations, and
envi ronnental exposure data. This infornmation is presented to provide
public health officials, physicians, toxicologists, and other interested
i ndividuals and groups with (1) an overall perspective of the toxicol ogy of
thoriumand (2) a depiction of significant exposure |levels associated with
various adverse health effects.

2.2 DI SCUSSI ON OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To hel p public health professionals address the needs of persons living
or worki ng near hazardous waste sites, the data in this section are

organi zed first by route of exposure -- inhalation, oral, and dermal -- and
then by health effect -- death, system c, inmunol ogical, neurol ogical

devel opnental , reproductive, genotoxic, and carci nogenic effects. These
data are discussed in terns of three exposure periods -- acute,

i nternmedi ate, and chronic.

Level s of significant exposure for each exposure route and duration
(for which data exist) are presented in tables and illustrated in figures.
The points in the figures showi ng no-observed-adverse-effect |evels (NOAELS)
or | owest-observed-adverse-effect |evels (LOAELS) reflect the actual |evels
of exposure used in the studies. LOAELs have been classified into "l ess
serious" or "serious" effects. These distinctions are intended to help the
users of the document identify the |evels of exposure at which adverse
health effects start to appear, deternmi ne whether or not the intensity of
the effects varies with dose and/or duration, and place into perspective the
possi bl e significance of these effects to hunan heal th.

The significance of the exposure | evels shown on the tables and figures
may differ depending on the user's perspective. For exanple, physicians
concerned with the interpretation of clinical findings in exposed persons or
with the identification of persons with the potential to devel op such disease
may be interested in | evels of exposure associated with "serious" effects.
Public health officials and project nanagers concerned with response actions
at Superfund sites may want infornmation on |evels of
exposure associated wth nore subtle effects in humans or animals (LOAEL) or
exposure | evel s bel ow which no adverse effects (NOAEL) have been observed

Thoriumis a relatively reactive, netallic radioactive el enent.
Because thoriumis a radioactive el enent, evaluation of adverse health
ef fects due to exposure to thoriumrequires a slightly different approach
than with chemicals. Radiation is a health risk because radioactive
el ements can enmit energetic particles or electromagnetic radiation that can
danmage cells. Radioactive elenents are those that undergo spont aneous
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di sintegration (decay) in which energy is released (emtted) either in the
formof particles, such as al pha or beta particles, or rays, such as gamm
or x-rays. This disintegration or decay results in the formati on of new

el ements, sone of which may thensel ves be radi oactive, in which case they
wi Il also decay. The process continues until a stable (non-radiative) state
is reached (see Appendix B for nore information). The rate of em ssion of

al pha particles fromthoriumis low, and the rate of enission of ganma rays
is very low (see Chapter 3). Al pha particles are unable to deeply penetrate
skin, but can travel short distances in the body (about 4 to 6 cel
dianmeters) if they are emtted fromw thin the body. The intensity and
energy of al pha particles enmtted depends on the particul ar isotope of
thoriumin question. Several isotopes of thoriumexist. By nass, the npst
predoni nant ones in the environnent are thorium 230 (a decay product of
urani um 238) and natural thorium (thorium 232) (see Chapter 3). The nunber
of particles emitted is related to the radioactive half-life of the isotope,
which is about 14 billion years for natural thorium (thorium232). The
other type of radiation hazard is from ganma rays, which can penetrate the
body and pass through the air. However, natural thoriumhas a very | ow
ganma activity, which neans there is little danger fromthis type of

radi ati on fromnatural thorium Daughter products of thorium however, may
emt nore ganma radi ation than natural thorium (see Chapter 3).

When thoriumenits al pha particles, it disintegrates into other
daught er radi onuclides (radioactive materials), such as radium 226 and
radon-222 (fromthorium 230 in the urani um 238 decay series) or radium 228
and thoron (radon-220 fromthorium 232 in the thorium decay series). It
eventual |y decays to stable | ead-208 or -206, which is not radioactive.
More infornmation about the decay of thoriumcan be found in Chapter 3. The
t oxi col ogi cal characteristics of radon, radium and |ead are the subject of
separ at e ATSDK Toxi col ogi cal profiles.

The decay rate or activity of radi oactive elenents has traditionally
been specified in curies (Ci). The curie is approximately 37 billion
di si ntegrations (decay events) per second (3.7x10" dps). In discussing
thorium a smaller unit,1x10™ C . the picocurie (pG) is used, where pG is
equal to In international usage, the S.1. unit (the Internationa
System of Units) for activity is the Becquerel (Bqg), which is equal to
1 disintegration per second or about 27 pC . (Information for conversion
between units is given in Appendi x B.) Measurenents of radi oactivity,
expressed as nC (nanocurie), in the environnment are nore sensitive than
units of mass. For this reason, anmpbunts of thoriumare expressed in pG
units in Chapter 5. In aninal studies, the exposure |levels were usually
reported in nmg (mlligrams), but have been converted to activity units (nG
and Bg) for presentation in Chapter 2. The absorbed dose fromradi ati on can
be expressed in units of rads or it can be stated in terms of dose
equi val ent, which includes a nodification to reflect the quality of the
radi ations, for radiation protection purposes, and is expressed in terns of
rens. For alpha radiations a quality factor, Q of 20 is used to convert
absor bed dose to dose equival ent.
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Both large and small anounts of radiation are danaging to health.
Current scientific consensus is radiation can also increase the probability
of cancer, and a conservative assunption is no threshold | evel exists bel ow
which there is no additional risk of cancer. There is considerabl e debate
about how great the cancer risks are when people are chronically exposed to
very low |l evels of radiation. Since everyone is environnentally exposed to
a small anmount of radiation, the mninmum anount of additional radiation that
may constitute a health hazard is not well known.

The foll owi ng sections sunmarize the health effects associated with
thorium Evidence exists that nost, if not all, effects of thoriummay be
due to its radiological, and not chemcal, effects. The nechani sm of
toxicity for all effects are not well understood. For nore information
about radiation, see Appendix B

2.2.1 Inhal ati on Exposure
2.2.1.1 Death

Two epi deni ol ogy studi es have exam ned nortality anong thorium workers
neither found significant excess nortality. The standard nortality ratio
(SMR) for all causes of death in a cohort of 3039 male workers in a thorium
processing plant was 1.05 in conparison to United States white mal es
(Pol ednak et al. 1983). The estinmated radiation levels to the workers for
i nhal ation i ntake ranged from 0.003-0. 192 nG /m (0.001-0.007 Bg/m) for a
period of |-33 years. No evidence of overt industrial disease was found in
a cohort of 84 workers at a thoriumrefinery exposed to <0.045-450 nC/m
(<0.002-0.02 Bg/m) for <I-20 years (Al bert et al. 1955). In both studies
the workers were exposed to other toxic conpounds (uraniumdust) as well as
othern;adioactive materials (thoron, uranium daughters, thorium daughters,
cerium.

No conpound-related nortality was found in mice exposed to 114-330

My/ m(12.54-36.3 nCi/ni= 464-1343 Bg/m) thoriumnitrate internittently

for 18 weeks (Patrick and Cross 1948). No compound-related nortality was
found in rats, guineangigs, rabbits, or dogs exposed intermttently for 1
year to 5 ng thoriunt (0.550 nG/m = 20 Bq/n% ) as thorium dioxi de (Hodge

et al. 1960). These NOAEL val ues are reported in Table 2-1 and plotted in
Figure 2-1

2.2.1.2 Systenic Effects

Respiratory Effects. Although the SMR for respiratory di seases was
1. 31 anong workers at a thoriumrefinery (Pol ednak et al. 1983), the
i ncrease may have been attributable in part to snmoking. Exposure |evel

estimates for inhalation intakes ranged from 0.003-0.192 nG /m (0.001-0. 007
Bq/n?) for a period of 1-33 years. Because the workers were exposed to



TABLE 2-1. Levels of Significant Exposure to Thorium - Iphalation

Exposure
Figure Frequency/ LOAEL (Effect) Chemical
Key Species Duration Effect MOAEL3 Less Ser:};ous Seriogs Reference Form
(nCi/m”) (nCi/m”) (nCi/m”)
INTERMEDIATE EXPOSURE
Death
1 Mouse 18 weeks 36.3 Patrick and Cross 1948 ThNO
5 days/week
40 minutes/day
Systemic o
2 Dog 304 days Hemato 0.92 (decreased RBC) Hall et al. 1951 TF,
5 days/week ja o
6 hours/day 51;"
[
CHRONIC EXPOSURE 2 0
Death %
=
3 Rat 14 months 0.55 Hodge et al. 1960 Tho, g
5 days/week 3
6 hours/day w
4 Gn Pig 14 months 0.55 Hodge et al. 1960 Th02
5 days/week
6 hours/day
5 Rabbit 14 months 0.55 Hodge et al. 1960 ThO,
5 days/week
6 hours/day
6 Dog 14 months 0.55 Hodge et al. 1960 Th02
5 days/week
6 hours/day
Systemic
7 Rat 14 months Resp 0.55 Hodge et al. 1960 Tho,
5 days/week Hemato 0.55
6 hours/day Musc/skel 0.55
Hepatic 0.55
Renal 0.55



TABLE 2-1 (Continued)

Exposure
Figure Frequency/ LOAEL (Effect) Chemical
Key Species Duration Effect NOAEL3 Less Ser%ous Seriogs Reference Form
(nCi/m”) (nCi/m~) (nCi/m”)
8 Gn Pig 14 months Resp 0.55 Hodge et al. 1960 Th02
5 days/week Hemato 0.55
6 hours/day Musc/skel 0.55
Hepatic 0.55
Renal 0.55
9 Rabbit 14 months Resp 0.55 Hodge et al. 1960 Th02
5 days/week Hemato 0.55
6 hours/day Musc/skel 0.55
Hepatic 0.55
Renal 0.55
10 Dog 14 months Resp 0.55 Hodge et al. 1960 Th02
5 days/week Hemato 0.55
6 hours/day Musc/skel 0.55
Hepatic 0.55
Renal 0.55

3The mg/m3 equivalent of 0.9 nCi/m3 is 8.3 mg/m3.

presentation in Table 1-2.

Gn Pig = guinea pig; Hemato = hematological; LOAEL = lowest-observed-adverse-effect level; Musc/skel = muscular/skeletal;

This value is converted to an equivalent concentration of 1.8 ppm for

NOAEL = no-observed-adverse-effect level; RBC = red blood cell; Resp = respiratory; TF, = thorium tetrafluoride; ThNO3 = thorium

nitrate; Tho, = thorium dioxide.
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FIGURE 2-1. Levels of Significant Exposure to Thorium - Inhalation
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ot her toxic conpounds (uraniumdust) as well as other radioactive netals,
toxic effects cannot necessarily be attributed to thorium Therefore, no
guantitative information fromthe study is reported in Table 2-1 or
Figure 2-1

Progressive cirrhosis of the lungs was found in a subchronic inhalation
study in rats (Li khachev et al. 1973a). Rats were exposed intermttently for
6-9 nonths to an inert aerosol (control), to the inert aerosol enriched with
10% or 49% i nsol ubl e thorium di oxide, or to thoriumdi oxide (100% alone. The
severity of the lung cirrhosis was directly related to the radi ati on dose and
t he amount of thoriumdioxide. Crrhosis of the |ungs becane evident in 3-6
nonths in the 100% t hori um di oxi de group, in 9-12 nonths in the 49%thorium
di oxi de group, in 12-15 nmonths in the 10% thori um di oxi de group, and in 18-24
nonths in the inert aerosol control group. At lung exposures of up to 150 rad,
reticul osarconma was found, while at |ung exposures of 100-2700 rad, gl andul ar
cancerous tunors were found (see Section 2.2.1.8). The tunors nmay have been
caused by thorium di oxi de; the exact anpbunt of thorium adm ni stered was not
clear fromthe report, so the results of the study do not appear in Table 2-
or Figure 2-1.

No hi st opat hol ogi cal effects on the lungs were found in rats, guinea
pi gs, rabbits, or dogs exposed internmittently for 1 year to 5 ng thoriumm
(0.550 nCi/m = Bg/m) as thorium di oxi de (Hodge et al. 1960). This
NOAEL value is presented in Table 2-1 and plotted in Figure 2-1

Hemat ol ogi cal Effects. A conplete blood count (CBC) was done on a
cohort of 273 nmale nonazite sand refinery workers to determ ne the effect
of thorium on the henatol ogi cal system The neasured body burden
(calculated fromin vivo detection of external ganm rays emtted by
daughter products of thoriumstill in the subject's body and fromthoron in
expired air) of thoriumwas higher in those workers exposed for a |onger
tinme period, but the blood count did not correlate with the body burden of
t hori um (Coni bear 1983). A correlation was found, however, between the
bl ood count and cigarette snoking habits. Exposure |level estimates for
i nhal ation intakes of nicotine or thoriumwere not reported, and the
external gama-ray exposure rate was between 0.5 and 5.0 nR/ hour. Because
the workers were exposed to other toxic conpounds (silica, yttrium acid and
al kali funes) as well as other sources of radioactivity, toxic effects
cannot necessarily be attributed to thorium Therefore, the results of the
study do not appear in Table 2-1 or Figure 2-1

Ef fects on henatol ogi cal paraneters (abnornal forns of nbnocytes,
| ynphocyt es and granul ocytes, hypopl astic bone marrow, red cell count
depression, nacrocytosis, increase in immture granul ocytes) were found in
dogs exposed 6 hours/day, 5 days/week to various chem cal forms of thorium

thoriumnitrate tetrahydrate for 60 days (4 nG/m = 150 Bq/n%; t hori um
di oxi de for 60 days (4.8 nG/m = 180 Bq/n%); thoriumtetrafluoride for 304
days (0.9 nG/m = 33 Bg/m); thorium oxal ate for 270 days (1.4 nG/m = 52
Bq/n?) (Hall et al. 1951). Differences in the degree of toxicity of the
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various chenical fornms of thoriumon henmatol ogi cal paraneters could not be
determ ned fromthis study, although gagging, retching, and occasi ona
vomting were found periodically in the dogs exposed to thoriumnitrate

tetrahydrate. The | owest LQAEL, thoriumtetrafluoride (0.9 nG/m = 33
Bq/nﬁ, is reported on Table 2-1 and plotted on Figure 2-|

No effects on hematol ogi cal paraneters, blood nonprotein nitrogen
(NPN), or the histopathol ogy of the spleen were found in rats, guinea pigs,

rabbits, or dogs exposed for 1 year to 5 ng/thoriun1n% (0.550 nG/m = 20

Bq/n%) as thoriumdioxide (Hodge et al. 1960). This NOAEL val ue is
presented in Table 2-1 and plotted in Figure 2-1

Muscul oskel etal Effects. No studies were |ocated regarding the
nuscul oskel etal effects in humans after inhalation exposure to thorium

Upon hi st opat hol ogi cal exani nation, no effects in the femur were found

In rats, guinea pigs, rabbits, or dogs exposed for 1 year to 5 ngy thori um m

(0.550 nCl/n = Bg/m) as thorium dioxide (Hodge et al. 1960). This

NOAEL value is presented in Table 2-1 and plotted in Figure 2-1

Hepatic Effects. The | evels of aspartate am notransferase, globulin
and total bilirubin in sera of a cohort of 275 former workers in a thorium
refinery were correlated with body burdens of radioactivity (Farid and
Coni bear 1983). The | evels of aspartate am notransferase and tota
bilirubin were significantly higher (p<O OCOOd and p=0 043, respectively) in
t hori um exposed workers, as conpared to U.S. white males. d obulin Ilevels
al so increased with increasing levels of body burden, but not significantly.
Al t hough the enzymatic levels tested were el evated, they were still within
the normal range. No effects on albunin, total protein, or alkaline
phosphat ase were seen. The correlation of hepatic function tests with body
burden of radioactivity may suggest a radiotoxic effect, but this was not
proven by the authors. No exposure concentrati ons were reported.

No hi st opat hol ogical effects in the liver were found in rats, guinea

pigs, rabbits, or dogs exposed to 5 ny thori und m (0.550 nG/m = 20 Bq/nﬁ
for 1 year as thoriumdi oxide (Hodge et al. 1960). This NOAEL value is
presented in Table 2-1 and plotted in Figure 2-1

Renal Effects. No studies were |ocated regarding renal effects in
humans after inhal ation exposure to thorium

No hi stopat hol ogi cal effects in the kidneys were found in rats, guinea

pigs, rabbits, or dogs exposed to 5 ng thori un m (0.550 nG/m = 20 Bq/n%
for 1 year as thoriumdi oxide (Hodge et al. 1960). This NOAEL value is
presented in Table 2-1 and plotted in Figure 2-1
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2.2.1.3 I munol ogi cal Effects

No studi es were | ocated regardi ng i munol ogi cal effects in humans
after inhalation exposure to thorium No histopathol ogical effects in the
| ynph nodes were found in rats, guinea pigs, rabbits, or dogs exposed to 5 ng

thoriunin%(0,550 nG/m = 20 Bq/n%) for 1 year as thoriumdi oxi de (Hodge et

al. 1960). Since no paraneters of inmune function were exanined, this value
does not appear as a NOAEL for imunol ogical effects in Table 2-1 or Figure 2-
l.

No studies were | ocated regarding the follow ng health effects in
humans or aninmals after inhalation exposure to thorium

2.2.1.4 Neurological Effects
2.2.1.5 Devel opnental Effects
2.2.1.6 Reproductive Effects
2.2.1.7 Genotoxic Effects

Hoeger man and Cummins (1983) assessed the frequency of chronmobsone
aberrations in the | ynmphocytes of 47 male workers in a thorium processing
plant. The workers were divided into three groups based on their body
burdens of radioactivity: low (0 nC/kg), noderate (0.003 nCi/kg = 0.11
Bg/ kg) and high (0.015 nC/kg = 0.56 Bqg/kg) body burden groups. An
i ncreased frequency of chronposonal aberrations (dicentric ring chronpbsones)
were found in the high burden groups (conbined hi gh and noderate burden
groups) conpared to the | ow burden group and historical controls. No
significant differences were found in the frequency of two-break chronbsone
aberrations. A positive correlation was not established between the
frequency of chronpbsomal aberrations and duration of enploynent. The
observed aberration frequency was generally conpatible with that found in
patients injected with thoriumdi oxide colloid (Thorotrast) (see Section
2.2.4.7). Costa-Ribeiro et al. (1975) also reported a statistically
significant (p<O ObB) increase in the nunber of chronobsomal aberrations
(dicentrics) in 240 nonazite sand nillers, as conpared to controls. No
significant differences in the incidence of translocations were observed.
No exposure concentrations were reported in either study.

No studies were | ocated regardi ng genotoxic effects in animals after
i nhal ati on exposure to thorium

2.2.1.8 Cancer
A statistically significant excess of deaths from pancreatic cancer was

seen in a cohort of 3039 former thoriumworkers enployed for 1 year or nore (6
observed vs. 1.3 expected) but not in workers enployed for a shorter tine
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(3 observed vs. 2.7 expected) (Stehney et al. 1980). The workers were

exposed to 0.003-0.192 nG/m (0.001-0.007 Bg/m). Al though a correlation
bet ween snoki ng and pancreatic cancer has not been established, the excess
nortality may be due, in part, to the fact that a higher proportion of
snokers was found in the worker popul ati on when conpared to U. S white mal es
(ratio of 1.3 observed snokers/expected snokers). A second study conpared
the SMR of workers in a thoriumprocessing plant to the nortality rates for
U S white males and deternined that the SMRs in the workers were high for
deat hs due to lung cancer (SMR=1.44; 95%confidence lint 0.98 and 2.02) and
pancreatic cancer (SVR=2.01; 95% confidence Iimt 0.92 and 3.82) (Pol ednak
et al. 1983). In a subgroup of men in jobs with the highest exposure to
thorium the SVMR for lung cancer was 1.68 and the SMR for pancreatic cancer
was 4.13. Exposure level estimates for inhalation intakes ranged from

0.003-0.192 nG/m (0.0001-0.007 Bg/m) for a period of |-33 years. The

aut hors indicated that snmoking may be a confounding factor in the increased
rates of cancer and that the workers were exposed to other potentially

car ci nogeni ¢ agents, such as thoron (radon-220). Consequently, the evidence
for a causal relationship between thorium exposure and cancer is not
convincin? and no concentrations are reported in Table 2-1 or plotted in
Figure 2-1.

A significantly (p<O Ob) increased incidence of malignancies in the
| ynphatic and hematopoietic tissues of uraniumm || workers (cohort of 662
mal es) was found by Archer et al. (1973). The radioactivity in the
tracheobronchi al |ynph nodes of the workers was found to be primarily the
result of al pha emssions fromthorium 230 and not from urani um 234 or
urani um 238. Consequently, the authors suggested that the increased
i nci dence of malignancies may have been a result of thorium 230 exposure and
not urani um exposure. Exposure |evels of thoriumwere not reported;
therefore, the results of the study are not reported on Table 2-1 or plotted
in Figure 2-1.

Rats were exposed to various concentrations of thoriumdioxide for
6-9 nmonths, and the frequency and hi stol ogical type of lung tunors were
determ ned foll ow ng observation for up to 21 nonths (Li khachev et al
1973b; Li khachev 1976). The authors concluded that the incidence and
hi st ol ogi cal type of lung tunors that devel oped were dependent on the
radi ati on dose to the lungs. At lung doses of up to 150 rad (3000 rens),
primarily reticul osarcoma was found (in 16% of the animals), while at tota
doses of 1000-2700 rads (20, 000-54,000 rens), glandular cancerous tunors
(adenonmat osi s and squanous cell carcinona) were found in all of the exposed
animal s, and the reticul osarcona was no | onger observed.

2.2.2 Oral Exposure
2.2.2.1 Death

No studies were |ocated regarding lethal effects in humans after ora
exposure to thorium
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A single gavage admi nistration of 1000 ng thoriun kg body wei ght/day

(110 nG/ kg/day = 4070 Bqg/kg/day) as thoriumnitrate resulted in the death
of 4/20 mice, while a single anbunt of 760 ng thoriunm kg body wei ght/day (84
nC / kg/ day = 3100 Bg/ kg/day) resulted in no nortality. QOccasiona

i ntestinal henorrhage was noted at autopsy in the nmice that died, but it was
not reported if the henorrhage was the cause of death in the animals. No
effects were found followi ng adm nistration of a 10% sodiumnitrate

sol ution, suggesting that the adverse effects were due to thoriumand not to
nitrate (Patrick and Cross 1948). Foll owing 4 nonths of continuous exposure
to 123 ng thorium kg body wei ght/day (13.6 nCi/kg/day = 503 Bq/ kg/day) as
thoriumnitrate in the drinking water, 50% of the treated m ce and 10% of
the control mce died (Patrick and Cross 1948). No cause of death was
reported in either the acute or the 4-nonth studies. In rats, 4 nonths of
exposure to 3043 ng thorium kg body wei ght/day (335 nGCi/kg/day = 12,400

Bg/ kg/ day) as thoriumnitrate resulted in death, but the deaths may have
been due to the poor nutritional state of the aninals since the treated
aninmals ate much less of the treated food and, therefore, |ost weight (Downs
et al. 1959).

Death occurred followi ng four daily adm nistrations of >2130 ny
t hori uni kg body wei ght/day (234 nC/kg/day = 8657 Bqg/ kg/day) as thorium
nitrate in the food to a single dog (Patrick and Cross 1948). No i medi ate
deaths were reported following a single administration of 121 ng thorium kg
body wei ght/day (13 nC/kg/day = 481 Bqg/ kg/ day) by gavage as thorium
nitrate to dogs (Sollman and Brown 1907). Death was not found foll ow ng
exposure of a single dog to food containing 426 ng thoriun kg body
wei ght/day (47 nGCi/kg/day = 1740 Bg/ kg/day) as thoriumnitrate for 46 days
(Downs et al. 1959). No deaths were reported follow ng a single gavage
adm nistration of thoriumnitrate (483 ng thorium kg body wei ght/day = 53
nCi / kg/ day = 1960 Bg/ kg/day) in rabbits (Soll man and Brown 1907). The
nunber of treated and control animals (dogs and rabbits) was not reported in
the Sol | man and Brown (1907) study.

Al reliable NOAEL and LOAEL val ues are reported in Table 2-2 and
plotted in Figure 2-2. Values fromthe Soll man and Brown (1907) study are
not reported in the table and figure since the nunber of aninals in the
study were not reported. The LOAEL value for death in rats fromthe Downs
et al. (1959) study is not reported since the deaths may have been due to
the poor nutritional state of the aninmals and not to thoriumtoxicity, and
the NOAEL and LQAEL val ues for the death of dogs in the Downs et al. (1959)
and the Patrick and Cross (1948) studies, respectively, are not reported
since they were pilot studies and only one ani mal was used.

2.2.2.2 Systenic Effects

Respiratory Effects. No studies were |ocated regarding the
respiratory effects in humans after oral exposure to thorium



TABLE 2-2. Levels of Significant Exposure to Thorium - Orat

Exposure
Figure Frequency/ LOAEL (Effect) Chemical
Key Species  Route Duration Effect NCAEL Less Serious Serious Reference Form
: (nCi/kg/day) (nCiskg/day) (nCi/kg/day)
ACUTE EXPOSURE
Death
1 Mouse ) 1 day 84 1102 (4/20) Patrick and Cross 1948 ThNog
INTERMEDIATE EXPOSURE
Death o
2 Mouse (W) & months 122 (10/20)  Patrick and Cross 1948 ThNOs
7 days/week jas]
24 hours/day E‘;
-
Systemic Eg =
3 Rat (F) 4 months Resp 335 Downs et al. 1959 ThNO3 g
7 days/week Cardio 335 ]
24 hours/day Gastro 335 Eg
Hemato 335 =
Hepatic 335 w
Renal 335
Reproductive
4 Rat (F) 4 months 335 Downs et al. 1959 ThN03

7 days/week
24 hour/day

3The mg/kg equivalent of 110 nCi/kg = 1000 mg/kg. This value is converted to an equivalent concentration of ppm in water for
presentation in Table 1-4.
The concentration in drinking water was 0.1%. This equats 1000 mg/L = 1000 ppm. This concentration is presented in Table 1-4.

(G) = gavage; Cardio = cardiovascular; (F) = food; Gastro = gastrointestinal; Hemato = hematological; LOAEL = lowest-observed-adverse-effect
level; NOAEL = no-observed-adverse-effect level; Resp = respiratory; ThNO3 = thorium nitrate; (W) = water.
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No hi st opat hol ogi cal changes in the lungs were found in rats treated
for 4 nonths with 3043 ng thorium kg body wei ght/day (335 nCi/kg/day =
12,400 Bqg/ kg/day) or in one dog treated for 46 days with 426 ng thoriunikg
body wei ght/day (47 nC/kg/day = 1740 Bq/ kg/day) as thoriumnitrate in the
food (Downs et al. 1959). These NOAEL values for rats are reported in Tab
2-2 and plotted in Figure 2-2. The NOAEL value for the effects in dogs is
not reported since this was a pilot study and only one ani mal was used.

Cardi ovascul ar Effects. No studies were |ocated regarding the
cardi ovascul ar effects in humans after oral exposure to thorium

No hi st opat hol ogi cal changes in the heart were found in rats treated
for 4 nonths with 3043 ng thorium kg body wei ght/day (335 nCi/kg/day =
12, 400 Bg/ kg/day) or in one dog treated for 46 days with 426 ng thorium kg
body wei ght/day (47 nC/kg/day = 1740 Bqg/ kg/day) as thoriumnitrate in the
food (Downs et al. 1959). These NOAEL values for rats are reported in Tab
2-2 and plotted in Figure 2-2. The NOAEL value for the effects in dogs is
not reported since this was a pilot study and only one ani mal was used.

Gastrointestinal Effects. No studies were |located regarding the
gastrointestinal effects in humans after oral exposure to thorium

No hi st opat hol ogi cal changes in the stonach and i ntestines were found
inrats treated for 4 nmonths with 3043 ng thorium kg body wei ght/day (335
nCi /kg/ day = 12,400 Bqg/ kg/day) or in one dog treated for 46 days with 426 ngy
t hori uni kg body wei ght/day (47 nC/kg/day = 1740 Bq/ kg/ day) as thorium
nitrate in the food (Downs et al. 1959). These NOAEL values for rats are
reported in Table 2-2 and plotted in Figure 2-2. The NOAEL val ue for the
effects in dogs is not reported since this was a pilot study and only one
ani mal was used.

Cccasional intestinal henorrhages were reported in mce that died
followi ng a single gavage exposure to thoriumnitrate (Patrick and Cross
1948). It was not reported whether the intestinal henorrhage was the cause
of death in the mice. The | evel at which this occurred was not reported.
The possibility that intestinal damage resulted frominproper gavage
techni que cannot be ruled out; therefore, these data are not presented in
Table 2-2 or plotted in Figure 2-2.

Herat ol ogi cal Effects. No studies were |ocated regarding the
hemat ol ogi cal effects in humans after oral exposure to thorium

No hi st opat hol ogi cal changes in the spleen were found in rats treated
for 4 nonths with 3043 ng thorium kg body wei ght/day (335 nCi/kg/day =
12, 400 Bg/kg/day) or in one dog treated for 46 days with 426 ng thorium kg
body wei ght/day (47 nC/kg/day = 1740 Bqg/ kg/day) as thoriumnitrate in the
food (Downs et al. 1959). These NOAEL values for rats are reported in
Table 2-2 and plotted in Figure 2-2. The NOAEL value for the effects in
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dogs is not reported since this was a pilot study and only one ani mal was
used.

Hepatic Effects. No studies were |ocated regarding the hepatic effects
in hunans after oral exposure to thorium

No hi st opat hol ogi cal changes in the liver were found in rats treated
for 4 nonths with 3043 ng thorium kg body wei ght/day (335 nCi/kg/day =
12,400 Bqg/ kg/ day) or in one dog treated for 46 days with 426 ng thoriuni kg
body wei ght/day (47 nC/kg/day = 1740 Bqg/ kg/day) as thoriumnitrate in the
food (Downs et al. 1959). These NOAEL values for rats are reported in Table
2-2 and plotted in Figure 2-2. The NOAEL value for the effects in dogs is
not reported since this was a pilot study and only one ani mal was used.

Renal Effects. No studies were |ocated regarding the renal effects in
humans after oral exposure to thorium

No hi st opat hol ogi cal changes in the kidneys were found in rats treated
for 4 nonths wth 3043 ng thorium kg body wei ght/day (335 nCi/kg/day =
12,400 Bq/ kg/ day) or in one dog treated for 46 days with 426 ng thori uni kg
body wei ght/day (47 nC/kg/day = 1740 Bqg/ kg/day) as thoriumnitrate in the
food (Downs et al. 1959). These NOAEL values for rats are reported in Table
2-2 and plotted in Figure 2-2. The NOAEL value for the effects in dogs is
not reported since this was a pilot study and only one ani mal was used.

O her Systemic Effects. Weight | oss was found in rats treated for
4 months with 3043 ng thorium kg body wei ght/day (335 nGCi/kg/day = 12,400
Bg/ kg/ day) and in one dog treated for 46 days with 426 ng thorium kg body
wei ght/day (47 nCi/kg/day = 1740 Bq/kg/day) as thoriumnitrate in the food
(Downs et al. 1959). The weight | oss was attributed to a decrease in intake
of the treated food; therefore, these values are not reported in Table 2-2
or Figure 2-2.

No studies were | ocated regarding the follow ng health effects in
humans or aninals after oral exposure to thorium

2.2.2.3 I mmunol ogi cal Effects
2.2.2.4 Neurological Effects
2.2.2.5 Developnental Effects
2.2.2.6 Reproductive Effects

No studies were | ocated regardi ng reproductive effects in hunans after
oral exposure to thorium

No hi st opat hol ogi cal changes in the gonads (exact tissues exani ned were
not reported) were found in nale and female rats treated for 4 nmonths with
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3043 ng thorium kg body wei ght/day (335 nCi/kg/day = 12,400 Bq/kg/day). No
hi st opat hol ogi cal changes in the testes were found in one dog treated for 46
days with 426 ng thoriunl kg body wei ght/day (47 nCi/kg/day - 1740 Bqg/ kg/ day)
as thoriumnitrate in the food (Downs et al. 1959). The val ue of 335
nCi/kg/day for rats is reported in Table 2-2 and plotted in Figure 2-2.

2.2.2.7 Genotoxic Effects

No studies were | ocated regardi ng genotoxic effects in humans or
animal s after oral exposure to thorium

2.2.2.8 Cancer

_ No studies were |ocated regarding carcinogenic effects in humans or
animal s after oral exposure to thorium

2.2.3 Dernmal Exposure
2.2.3.1 Death

No studies were |ocated regarding |ethal effects in humans after
dermal exposure to thorium

Tandon et al. (1975) reported no lethality in rats follow ng dernal
application of 529 ng thoriunf kg body weight (58 nC/kg = 2146 Bq/kg), daily
for 15 days, to the | ateroabdom nal and scrotal skin. Prior to treatnent,
the hair was clipped. The area renmi ned uncovered for the duration of
treatnent. The thoriumwas adnministered as thoriumnitrate. This NOAEL
value is reported in Table 2-3.

2.2.3.2 Systenic Effects

Hepatic Effects. No studies were |ocated regarding hepatic effects in
humans after dermal exposure to thorium

Tandon et al. (1975) reported no histopathol ogi cal effects on the |iver
of rats follow ng dernmal application of 529 ng thorium kg body wei ght/day (58
nC / kg/ day - 2146 Bg/ kg/day) for 15 days to the |ateroabdon nal and scrota
areas. Prior to treatnment, the hair was clipped. The area remai ned uncovered
for the duration of treatnent. The thoriumwas adninistered as thorium
nitrate. This NOAEL value for hepatic effects in rats is reported in Table 2-
3.

Renal Effects. No studies were |ocated regarding renal effects in
humans after dermal exposure to thorium



TABLE 2-3. Levels of Significant Exposure to Thorium - Dermal
Exposure
Figure Frequency/ LOAEL (Effect) Chemical
Key Species Duration Effect NOAEL Less Serious Serious Reference Form
(nCi/kg) (nCi/kg) (nCi/kg)
INTERMEDIATE EXPOSURE
Death
1 Rat 15 days 58 Tandon et al. 1975 ThNO3
Systemic
2 Rat 15 days Hepatic 58 Tandon et al. 1975 ThiNOz
Renal 58
Derm 15 (hyperkeratin) 58 (acanthosis)
Reproductive
3 Rat 15 days 15 (tubule edema) 58 (abnormal sperm) Tandon et al. 1975 ThNOz

Derm = dermal; LOAEL = lowest-observed-adverse-effect level; NOAEL = no-observed-adverse-effect level; ThN03 = thorium nitrate.
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Tandon et al. (1975) reported no histopathol ogical effects on the
ki dneys of rats followi ng dermal application of 529 ng thorium kg body
wei ght/day (58 nCi/kg/day = 2146 Bq/kg/day) for 15 days to the
| at er oabdomi nal and scrotal areas. Prior to treatnment, the hair was
clipped. The area remmi ned uncovered for the duration of treatnent. The
thoriumwas adm nistered as thoriumnitrate. This NOAEL val ue for rena
effects inrats is reported in Table 2-3.

Dermal / Ccul ar Effects. No studies were | ocated regarding
dermal /ocul ar effects in humans after dernmal exposure to thorium

Tandon et al. (1975) applied daily dermal applications of 132.5 ngy
t hori um kg body wei ght/day (15 nGi/kg/ day 555 Bg/ kg/ day), 265 ngy
t hori um kg body wei ght/day (29 nG /kg/ day 1073 Bg/ kg/day), or 529 ngy
t hori um kg body wei ght/day (58 nGi/kg/day 2146 Bqg/ kg/ day) to the
| at er oabdomi nal and scrotal areas of rats for 15 days. The thorium was
adnmi ni stered to skin (hair was clipped) as thoriumnitrate, and the area
remai ned uncovered for the duration of treatnent. MId hyperkeratinization
of the | ateroabdom nal skin was found at all exposure levels. At the
hi ghest exposure level, nild acanthosis and thickening of the epithelia
lining of the |ateroabdom nal skin were seen. At this level, nmld
acant hosis, swollen collagen fibers, and foany derms were found in the
scrotal skin. The value of 15 nC/kg/day is a | ess serious LOAEL, and the
exposure |l evel of 58 nC/kg/day is a serious LOAEL for dermal effects in the
rat. These values are reported in Table 2-3.

No studies were | ocated regarding the follow ng health effects in
humans or aninals after dernmal exposure to thorium

2.2.3.3 I mmunol ogi cal Effects
2.2.3.4 Neurological Effects
2.2.3.5 Devel opnental Effects
2.2.3.6 Reproductive Effects

No studies were | ocated regardi ng reproductive effects in hunans after
dermal exposure to thorium

Tandon et al. (1975) applied daily dermal applications of 132.5 ny
t hori uni kg body wei ght/day (15 nG /kg/day = 555 Bg/ kg/day), 265 ng
t hori uml kg body wei ght/day (29 nGi/kg/ day 1073 Bg/ kg/day), or 529 ngy
t hori um kg body wei ght/day (58 nGi/kg/day 2146 Bqg/ kg/ day) to the
| at er oabdomi nal and scrotal skin of rats for 15 days. The thorium was
adm nistered to skin (hair was clipped) as thoriumnitrate, ,and the area
remai ned uncovered for the duration of treatnent. MId ederma of the
sem ni ferous tubules and the interstitiumwas seen at all exposure |evels.
At the highest exposure |evel, sone desquanmation of sperm and gi ant
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spermati d-type cells were found. The percentage of sperm affected by
thoriumtreatment was not reported. It was not clear whether these
reproductive changes were due to chem cal or radiation effects, although
they were nore likely the result of chemical toxicity because of the short
tinme required to produce the effects. The level of 15 nC/kg/day is a |ess
serious LOAEL and 58 nCi/kg/day is a serious LOAEL for the reproductive
effects of thoriumin rats. These values are reported in Table 2-3.

2.2.3.7 Genotoxic Effects

No studies were | ocated regardi ng genotoxic effects in hunmans or
animal s after dermal exposure to thorium

2.2.3.8 Cancer

No studies were | ocated regardi ng carci nogenic effects in humans or
animal s after dermal exposure to thorium

2.2.4 O her Routes of Exposure

Most of, the literature deals with the carcinogenic effects of thorium
as a result of intravenous injection of Thorotrast, a colloid consisting of
approxi mately 25%thorium 232 di oxi de and stabilized with dextran. Thorotrast
was used as a radi ographic contrast medi um between the years 1928 and 1955. It
was estinated that 50, 000-100,000 patients worl dw de recei ved Thorotrast
(Harrist et al. 1979; Isner et al. 1978). Generally, 10-75 nL of Thorotrast
was injected and toxic effects were found at all exposure -levels.|t has been
reported that the thorium 232 in Thorotrast has an activity of 24.2 nG/nL
(Steinstrasser 1981); therefore, the injected anpunts of |-75 niL correspond to
3.5-26 nCi/kg body weight (129-962 Bg/kg). The toxic effects include formation
4-6 years after exposure of "Thorotrastonas," granul onas at the site of
injection resulting fromthe extravasation of the injected Thorotrast (Frank
1980; Grampa 1971). Bl ood disorders (henolytic and apl astic anem a
nyel of i brosi s, and | eukeni a) appeared 20 years follow ng injection, and
hermangi osarcoma of the liver was found 25-30 years post-exposure (Frank 1980).
A relationship was found between the anount of the Thorotrast injected and the
i nci dence of liver tunors (chol angi ocarci noma, angi osarcona, hepatic cellular
carcinona) (Wesch et al. 1983; Van Kaick et al. 1983). A decrease in the tine
to tunors was also found with increased injected volune of Thorotrast (Van
Kaick et al. 1983). The use of Thorotrast ceased when the potential toxic
effects were recogni zed.

2.2.4.1 Death
No studies were |ocated regarding acute lethal effects in hunans after

ot her routes of exposure to thorium Death fromvarious types of cancer
however, was found 20-30 years after intravenous injection of Thorotrast.
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After a period of 15 nonths, no increased nortality was seen froma
single intravenous injection of 0.5 nL of Thorotrast (403 nC/kg = 14909
Bg/kg) in mice (Guinaraes et al. 1955).

2.2.4.2 Systenic Effects

Respiratory Effects. No studies were | ocated regarding respiratory
effects in humans after other routes of exposure to thorium
No degenerative changes in the pul nonary parenchynma were found, but
7/20 mce that died 15 nonths after intravenous Injection of Thorotrast
(Quimaraes et al. 1955) and 8/ 20 mice that were sacrificed 5-12 nonths after
i njection of Thorotrast (CQuinaraes and Lanerton 1956) had | ung adenomnss.
There was no significant difference in survival between the treated and
control animals in either study. In a few cases, an associ ati on between the
presence of Thorotrast deposits in the lungs and the proliferation of
bronchi ol es and al veoli was found.

Car di ovascul ar Effects. Myocardial infarction, severe coronary
lum nal narrowing, and internal alteration of the carotid artery were found
in two patients injected 21-30 years before with an unreported anount of
Thorotrast (lsner et al. 1978). The authors concl uded that the vascul ar
effects were the result of chronic al pha irradiation. The patients were
injected in the carotid artery, and thorotrastona (see Qther Systenic
Ef fects, below) was found in both patients.

Li pchik et al. (1972) reported no significant acute changes in cardiac
out put, pulse rate, pressure or left ventricle volunes, or clotting tinme in
dogs injected intravenously with up to 1 nL of Thorotrast/kg (1.9 nC/kg =
70 Bqg/ kg.

El even nonths after intratracheal and intraperitoneal injection of
thoriumdioxide in rats, a sharp and persistent fall in blood pressure was
found (Syao-Shan 1970). The fall in blood pressure could not be directly
attributed to the chemcal or radiological effects of thorium

Hemat ol ogi cal Effects. Aplastic anem a, |eukenia (erythrol eukem a
acute nyel ogenous | eukem a), myel ofi brosis, and splenic cirrhosis were anong
t he hematol ogical effects commonly found in patients after injection of
Thorotrast (Dejgaard et al. 1984; Kaniyanma et al. 1988; Kato et al. 1983;
Rao et al. 1986; Summers and Chung 1986; Van Kaick et al. 1983). The
appear ance of the | eukem a comonly occurred 20 years after injection (see
Section 2.2.4.8).

No studies were | ocated regardi ng hematol ogical effects in aninmals
after other routes of exposure to thorium

Hepatic Effects. Severe cirrhosis of the liver was one of the prinmary
systemc effects seen followi ng injection of Thorotrast in hunans (Baxter
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et al. 1980a, b; Faber 1979; Kato and Kido 1987; Kato et al. 1983; Mor

et al. 1979, 1983a,b; Rao et al. 1986; Van Kaick et al. 1983). Cases of
fibrosis, veno-occlusive disease, and bl ood-filled cavities were also found
inthe livers of Thorotrast patients (da Silva Horta 1967a; Dejgaard et al
1984). The latency period for the appearance of the cirrhosis was not

clear, but was probably conparable to the latency period for liver tunors
(25-30 years) since the two effects were often found together

Degenerative |iver changes (necrosis, fibrosis, cirrhosis) were found
in mce and rats treated with a single dose of Thorotrast and allowed to
survive up to 15 nonths after treatnment (CGuimaraes et al. 1955; Cui nmaraes
and Lanmerton 1956; Wegener et al. 1983). The authors of the npuse study
(Qui maraes et al. 1955; Guinmaraes and Lanerton, 1956) concl uded t hat
radi ati on was responsible for the cellular proliferation that led to the
degeneration and hepatic tunors.

Fol I owi ng intravenous injection of O-2.8 uC /kg (104,000 Bqg/kQ)
thorium 227 in a solution of citric acid-sodiumcitrate buffer in dogs, an
i ncrease in serum al kal i ne phosphat ase neasurenents and hypoal bum nem a and
hyper gl obul i nemi a were observed (Stevens et al. 1967). No effects on the
| evel s of serumglutanic pyruvic transan nase (SGPT) or serum glutamc
oxal oaceti c transam nase (SGOTI) were found.

Renal Effects. No studies were |ocated regarding renal effects in
humans or animals after other routes of exposure to thorium but tunors of
t he ki dney have been reported after intravenous adm nistration of thoriumin
humans (see Section 2.2.4.8).

QO her Systemic Effects. Localized fibrosis infiltrated with
nmacr ophages was often found surroundi ng deposits of Thorotrast at the point
of intravenous injection. These granul omas were ternmed Thorotrastona and
resulted fromfibroblastic proliferation due to the extravascul ar deposition
of Thorotrast (Coorey 1983; Stanley and Cal caterra 1981; Stougaard et al
1984; Wistrow et al. 1988). Histologically, the Thorotrastoma consisted of
dense, hyalinized connective tissue with Thorotrast found both free and in
t he cytopl asm of nmacrophages (G anpa 1971). The Thorotrastonma nost conmonly
occurred in the neck after a cerebral angi ography and appeared 4-6 years
after intravenous injection (Frank 1980).

2.2.4.3 I mmunol ogi cal Effects

Fi brosis of the |ynph nodes, which occluded the |Iynmph vessels, and of
the spleen were found in patients injected intravenously with unknown
gquantities of Thorotrast (da Silva Horta 1967a; Wgener et al. 1976; Wgener
and Wesch 1979). No nalignancies were found in the | ynph nodes, but
hemangi oendot hel i ona of the spleen was reported in 2/14 patients exan ned by
da Silva Horta (1967a).
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No degenerative changes were observed in the spleen of mice injected
i ntravenously with Thorotrast, but one aninmal had a nalignant
hemangi oendot hel i ona (CGui maraes et al. 1955). M chael and Murray (1970)
found a suppression in i mune response follow ng adninistration of
Thorotrast to mice. The suppression was found to appear sooner (within
1 hour after treatnent) and last for a |onger period of tinme (up to 3 days)
when Thorotrast was administered intraperitoneally rather than
i ntravenously. Thorotrast was found to affect |ynphoid cells involved in
anti body fornmation, as well as the bl ockade of phagocytic cells in certain
organs of the reticul oendothelial system (M chael and Murray 1970).

No studies were |ocated regarding the followi ng health effects in
humans or aninals after other routes of exposure to thorium

2.2.4.4 Neurol ogical Effects
2.2.4.5 Devel opnental Effects
2.2.4.6 Reproductive Effects
2.2.4.7 Genotoxic Effects

The intravenous injection of Thorotrast resulted in radiation-induced
chronosonal aberrations in patients (Fischer et al. 1967; Kemmer 1979;
Kemer et al. 1971, 1979; Sadanori et al. 1987; Sasaki et al. 1987). A
positive correlation was found between the chronpbsomal aberration rate and
t he adm ni stered anmount of Thorotrast (Buckton and Langl ands 1973; Fi scher
et al. 1967; Kenmer et al. 1971, 1973).

No studies were | ocated regarding the genotoxic effects in aninmals
after intravenous injection or other routes of exposure to thorium

2.2.4.8 Cancer

The primary effects of intravenously injected Thorotrast in humans are
liver tunors (chol angi ocarci noma, angi osarcona, hepatic cellular carci nom)
and bl ood di sorders (apl astic anenia, erythrol eukem a, acute nyel ogenous
| eukemia) (BEIR IV 1988; Ito et al. 1988; Kanmiyama et al. 1988; Kato and
Kido 1987; Kojirs et al. 1985; Levy et al. 1986; Van Kaick et al. 1983;
Yanmada et al. 1983). Two groups of former Thorotrast patients were exam ned
(one group was 93 autopsy cases fromthe "Annual of Pathol ogical Autopsy
Cases"” in Japan and the other was a group of 78 autopsy cases fromthe
Japanese literature). Chol angi ocarci noma was found in 55-58% angi osarcona
was found in 24-25% and hepatocel |l ul ar carci nona was found in 17-21% of
t hese cases (Yanmda et al. 1983). The nean | atency period for all tunor
types was between 25 and 30 years (Frank 1980). The nean val ue of absorbed
dose to the liver was calculated to be 876 rads for hepatocellul ar carci noma
and 1053 rads for chol angi ocarcinoma (Mri et al. 1983b). It was determ ned
t hat angi osarcona devel oped | ater (33.5-year nean | atency period) than
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chol angi ocarci noma (27.8 years) (Yanada et al., 1983). Blood-filled
cavities in the tunors were conmmon (Visfeldt and Poul sen 1972). Kato et al
(1983) reported that malignant hepatic tunors accounted for 63% of al

Thorotrast-rel ated deaths, and as the dose rate increased (<15 to >45

rad/ year; <0.15 to >0.45 Gy/year), the severity of the liver effects

i ncreased and the | atency period decreased. A dose-effect relationship was
found between the anpunt of Thorotrast injected and the incidence of |iver
tunmors in humans (Van Kaick et al. 1983). The radiation dose to the liver
froml-10 nL injected was 10 rad/year (0.10 Gy/year), 11-20 niL was 18
rad/year (0.18 Gy/year), and >20 nmL was 30 rad/year (0.30 Gy/year).

The | atency period for |euken a was about 20 years, which was 5-10
years shorter than the liver tunors (Frank 1980). The primary forns of
| eukenmi a found were erythrol eukem a and acute nyel ogenous | eukemi a (da Mtta
et al. 1979; Kamyama et al. 1988; Mri et al. 1983b). Kam yama et al
(1988) reported that the damage from Thorotrast nay have been due to effects
on the hematopoietic stemcell |evel.

Fifteen cases of bone tunors resulting fromintravenous Thorotrast
i njection have been reported (9 of which were osteosarcoma). The nean
| atency period was 26 years and the | atency period and injected anount of
Thorotrast were inversely related (Harrist et al. 1979). The nean dose rate
to bone was 16 rads/year (0.16 Gy/year) per 25 nL of injected Thorotrast
(Van Kaick et al. 1983).

Turmors of the kidneys, spleen, and pancreas have al so been reported
(Christensen et al. 1983; Guinmaraes et al. 1955; Kauzlaric et al. 1987; Levy
et al. 1986; Mri et al. 1979; Van Kaick et al. 1983; Wstin et al. 1973).
Christensen et al. (1983) determ ned that transitional cell carcinoma of
t he ki dneys have a significantly | onger |atency period (35.8 years; p<0.005)
conpared to carci nona of other histological types (27.6 years). A few
cases of neningioma and gliosarcoma were found (da Silva Horta 1967b; Kyle
et al. 1963; Sussnan et al. 1980; Wargotz et al. 1988).

The literature suggests that the toxic effects of Thorotrast are due to
t he al pha radiation effects of thoriumand not to the chenical effects of
thoriumor of the.colloid (Faber 1973; BEIR |V 1988; Taylor et al. 1986;
Wesch et al. 1983). Wesch et al. (1983) injected Thorotrast enriched wth
thorium 230 into rats and found a linear relationship between radiation
[ evel and tunor incidence. At a constant radioactive |level, an increase in
the injected colloidal volune had little influence on the number of liver
tunors, but resulted in a decrease in tunor appearance tinme and, therefore,
a decrease in lifespan. The larger colloidal volune may result in a nore
di ffuse organ dose and a less "hot spot" distribution, Injection of the
nonr adi oactive colloid resulted in no appreciable incidence of |iver tunors.
It is not known whet her the colloidal particles induce the liver tunors when
given in conmbination with the radioactive thorium or if the colloid only
accel erates the expression of the radiation-induced tunors. However,
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studies in mce reported by Taylor et al. (1986) suggest that the induction
of liver cancer can be accounted for by the radiation al one.

Thorotrast studies in rats found a positive correlation between the
admi ni stered anount and the nunber of liver and splenic tunors (Johansen
1967; Wesch et al. 1983).

2.3 TOXI COKI NETI CS
2.3.1 Absorption
2.3.1.1 Inhal ati on Exposure

The absorption of thoriumfromthe lungs is dependent upon the
chem cal nature of the isotope and the size of the aerosol particle (Boecker
1963; Boecker et al. 1963; Mores et al. 1980; Newton et al. 1981; Sunta

et al. 1987; Syao-Shan 1970a). Increasing the particle size (>2 um

i ncreases deposition in the respiratory tract of mce, but decreases
deposition in the alveolar region. A linear relationship was found between
aerosol dosage of thorium 232 and the anount deposited in the alveolar
regi on (Moores et al. 1980). Approxinmately twi ce as nuch thorium234 is
absorbed fromthe lungs of rats exposed to soluble thoriumcitrate (33%
conpared to soluble thoriumchloride (19% (Boecker et al. 1963). However,
following the initial difference in absorption, thorium shows the same

di stribution and excretion pattern, regardl ess of absorbed conpound. Syao-
Shan (1970b) determ ned that 1.5-5.0% of the administered anpbunt to rats is
absorbed fromthe lungs 1 day after intratracheal administration of

i nsol ubl e thorium 232 di oxi de. Deposited thoriumdi oxide tends to remain in
the lungs for long periods of tine; 68-73%of thorium 232 dioxi de remai ned
in the lungs after 1 day, while 15-30%remnained after 21 nonths. Thoriumis
renoved primarily by ciliary clearance and is excreted in the feces

(Wenn et al. 1981). ICRP (I CRP 1979) assunes a total of 5% absorption of
inhaled thoriumis transferred to the bl ood. However, the solubilities of

t he t horium conpounds appear to be an inportant biological factor, as

evi denced by differences in toxicity: LDsos after 30 days foll ow ng
intraperitoneal injection in mce were 370.8 ng thoriumkg for soluble
thorium 232 nitrate and 589.1 ng thorium kg for soluble thorium 232
chloride, while 2000 ng thoriunm kg for insoluble thorium 232 dioxide
resulted in deaths of only 2/18 mce (Syao-Shan 1970b).

Lung levels of thorium (230 and 232) in workers occupationally exposed
to thorium(mners and mllers) are significantly higher than those not
occupationally exposed (G lbert et al. 1985; Singh et al. 1981; Vocaturo
et al. 1983; Wenn et al. 1985). In a review of the epidem ol ogi ca
evi dence, Wenn et al. (1981) concluded that the najor route of exposure was
i nhal ati on. Though intake of thoriumthrough the air may account for |ess
than 1% of the total intake, absorption through the |lungs accounts for
approxinmately 2/3 of the ultimate uptake in the body. This is due primarily
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to the | ow gastrointestinal absorption rate (0.02% in humans (Ml et skos
et al. 1969; Sullivan et al. 1983).

2.3.1.2 Oal Exposure

| CRP has recomended a hunman gastrointestinal absorption value of 0.02%
for all forns of thorium (ICRP 1979). In a recent review of the literature by
Johnson and Lanothe (1989), a hunan gastrointestinal absorption value of 0.1
to 1% was cal cul ated. Absorption of thoriumin the formof thoriumnitrate is
40-fold higher in neonatal rats (I.1-1.2% (Sullivan et al.1980b, 1983) than
in adult rats (0.028-0.5% (Sullivan et al. 1980a; Traikovich 1970).
Absorption of thoriumin adult mce was 0.065% (Sullivan et al. 1983). These
dat a suggest that infants nmay be a susceptibl e population for exposure. In
ot her studies of actinide elenments (including thorium, little variation in
gastroi ntestinal absorption was found between rats, guinea pigs, or dogs.
Solubility factors and particle size were found to be the determ nants of
absorption (Sullivan 1980a). The absorption of various forms and isotopes of
thoriumin rats was conpared by Pavlovskaia (1973). It was found that the rate
of absorption of thorium EDTA by the gastrointestinal tract was 60 tines
greater than that of thoriumdioxide. Thoriumnitrate had a 4 tinmes greater
absorption rate than thorium di oxi de, and the absorption rate of thorium
chloride was 10 or 20 times greater than thorium di oxi de, depending on
concentration. The absorption differences are attributable to different
solubilities of the various chem cal forms.

2.3.1.3 Dermal Exposure

No studies were |ocated regarding the rate and extent of absorption of
thoriumfoll owi ng dermal exposure of humans or ani nmals. Absorption of
thori um through the skin of animals can be inferred, however, because
testicular effects were seen in rats followi ng application of thorium
nitr?te directly to the | ateroabdoni nal and scrotal skin (Tandon et al
1975).

2.3.2 Distribution
2.3.2.1 Inhal ati on Exposure

The medi an concentrations of thorium 232, thorium 230, and thorium 228
i n bone and various soft tissues of autopsy sanples of a control popul ation
from Grand Junction, CO and Washington, DC are presented in Table 2-4
(Ibrahimet al. 1983; Wenn et al. 1981; Singh et al. 1983). The naxi mum
concentration of all three thoriumisotopes was found in the
tracheobronchi al |ynph nodes, with |Iungs and bones containing the next
hi ghest activity of thoriumisotopes. The high activity in the | ynph nodes
inmplies that sone of the thoriumis cleared fromthe lungs by the |ynphatic
system and deposited in the |ynph nodes (Mausner 1982; Wenn et al. 1981).
One possi bl e explanation for the higher activity of thorium 228 than



TABLE 2-4. The Median Concentrations of Thorium Isotopes in Autopsy Samples
from Grand Junction, Colorado, and Washington, DC2
(in pCi/kg wet weight)

# of - Grand Junction, Colorado # of Washington, DC
Samples Samples

Organ Analyzed Th-228 Th-230 Th-232 Analyzed Th-228 Th-230 Th-232
Lung 19 0.28 0.84 0.58 10 0.24 0.31 0.32
Lymph node 14 5.1 11.0 7.8 10 2.6 4.60 2.8 >
Liver 16 0.07 0.15 0.03 10 0.09 0.15 0.05 %
Kidney 17 0.07 0.29 0.07 8 0.09 0.17 0.03 E &
Bone 16 0.54 0.92 0.16 7 0.66 0.32 0.10 E
Testicles 44 0.02 0.06 0.05 - - - - Z
Spleen 14 0.06 0.13 0.09 - - - -
Thyroid 1 0.33 0.82 0.65 - - - -

dSource: Ibrahim et al. 1983; Singh et al. 1983; Wrenn et al. 1981

Th = thorium.
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thorium 232 in bone is that a najor portion of the thorium 228 may be from
i ntake of radium 228 (radi um appears to be absorbed fromthe
gastrointestinal tract to a greater extent than thoriun); radium 228
concentrates in bones and decays to thorium228 (Wenn et al. 1981).
Studies in mice have shown that thorium 227, injected intraperitoneally,
distributes directly to the bone (Miller et al. 1978); therefore, there may
be ot her explanations for the higher |evels of thorium 228 than thorium 232
in the bone. More thorium232 is retained in the lungs and | ynph nodes

than thorium 230, suggesting that the solubilization of thorium 230 may be
faster than that of thorium232 in the lungs. This nay be due to thorium
230 being inhaled in smaller particles than thorium 232. Consequently,
thorium 230 is renoved nore quickly fromthe lungs and is transported to
bone. The low content of thoriumin the reticul oendothelial system(liver,
spl een, bone marrow) is in contrast to the distribution follow ng

i ntravenous injection of thorotrast (ThO; colloid), where the vast majority
of the thoriumis taken up by the macrophages of the reticul oendothelia
system

The dose rates to various organs in humans from environnental thorium
were estimated to be: 2.2-4.5, 0.41-0.44, 0.19-0.23, 0.057-0.071, and
0.071-0.072 nrad/year in the |ynph nodes, bone, lungs, liver, and ki dneys,
respectively (Wenn et al. 1981). The dose rates to organs tended to be
hi gher in subjects living in the vicinity of uraniummne tailings, and the
dose rates to the organs in mners were even higher (4.8-10.5 nrad/year in
the |lynph nodes and 1.2-1.5 nrad/year in the lungs) (Wenn et al. 1981).

2.3.2.2 Oal Exposure

Aut opsy data of persons environnentally exposed to thoriumindicated
that pul monary | ynph nodes contained the highest |evels of thorium (nmean

53.4 ug/kg), followed by the lungs (nmean of 5.4 pg/kg, ranging from

1.5-16 pg/kg) and bones (nmean of 0.55 ug/kg, ranging fromO0.2-9.0 nug/kg)
(Sunta et al. 1987). This study estinated that the daily intake of thorium

t hrough food, water, and inhalation was 2.29 pug /day, with the magjority from
food and water ingestion (2.27 pg/kg). However, it was determ ned that,
since absorption through the gastrointestinal tract is so |ow (0.02%,

twot hirds of the body burden of thoriumresults frominhal ati on exposure.

Neonatal rats retained 50% of the absorbed anount of thorium (1.1% of
the adm ni stered amount) in the skeleton (Sullivan et al. 1983). In the
sanme study, adult mice retained 75% of the absorbed anpbunt of thorium
(0.065% of the adm nistered anmount) in the skeleton. Traikovich (1970)
found that about 75% of the absorbed ampunt (0.5% of the adm nistered
amount) of thorium?232 nitrate was |located in the bones of rats.

2.3.2.3 Dermal Exposure

No studies were | ocated regarding the rate and extent of distribution
of thoriumfollow ng dermal exposure of humans or ani mals.
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2.3.2.4 O her Routes of Exposure

The majority of thorium studies concern the injection of colloida
t hori um 232 di oxide (Thorotrast) into patients as a radi ographic contrast
medi um Approxi mately 97% of intravenously injected Thorotrast is taken up
by the reticul oendothelial system (RES) and distributed to the liver (59X%,
spl een (29%, and bone nmarrow (9% (BEIR IV 1988; Kaul and Muth 1978; Kau
and Noffz 1978; Parr et al. 1968; Wegener et al. 1976). Thoriumis also
deposited in the | ynph nodes throughout the body after being transported
fromthe liver and the spleen via the |ynph ducts (Wegener et al. 1976).
The distribution is inhonogeneous in all tissues and organs since thorium
which is conplexed with transferrin in the serum (Peter and Lehnann 1981),
is taken up by the nmacrophages of the RES (Hall egot and Galle 1988;
(degaard et al. 1978). Thorotrast tends to remain in the RES, but sonme of
the radi um 228 and radi um 224, produced by decay of their parent nuclides,
escapes from Thorotrast deposits, possibly as a result of the recoil energy
created from decay, and migrates to bone (Kaul and Noffz 1978; Parr et al
1968). The dose rate to the organs of the RES is dependent upon the
nonuni f orm deposi tion of Thorotrast aggregates (clunping of the colloid
within the organ), the self-absorption of alpha particles in the aggregate
itself (alpha particles are absorbed by the aggregate and not by the
surroundi ng tissue), and the characteristic netabolic behavior of thorium
daughters (Kato et al. 1979; Kaul and Noffz 1978). Kaul and Noffz (1978)
determ ned that, as the concentration of Thorotrast increases in an organ
al pha self-absorption is increased so that the effective al pha dose to the
ti ssue may be reduced. Kato et al. (1979) found that the value for
sel fabsorption in fibrous tissue was higher than for nonfibrous tissue and was
dose dependent. Mean annual radiation doses fromthe intravenous injection of
30 nL of Thorotrast were: 30 rads/year in liver, 80 rads/year in spleen, 10
rads/year in red bone marrow, 4.5 rads/year in lungs, and 15 rads/year in the
cells on the bone surface. The dose to conpact bone was 3.3 rads/year and the
dose to cancel |l ous bone was 4.8 rads/year (Kaul and Muth 1978). Due to the
uneven distribution of thoriumwi thin the colloid, however, these nmean annua
doses nmust be considered estinmates. The fact that toxic effects rarely
appeared in the spleen followi ng Thorotrast injection regardl ess of the high
radi ati on dose was unexpl ained, but inplies that the liver is nore susceptible
than the spleen to the effects of radiation and/or Thorotrast. Muys (1978)
determ ned the dose rate to the endosteum (the sensitive cells for the

i nduction of bone sarcoma may lie within 10 um of bone surfaces) to be about
16 rad/year (7 rad/year fromradium224 [5.1], thorium228 [1.5], and radium
228 [0.4] translocated from Thorotrast to calcified bone and 9 rad/year from
Thorotrast on bone surfaces [5.9] and in red marrow [3.1]). Kaul and Noffz
(1978) estimated that the al pha dose 30 years after injection of 25 nL of
Thorotrast would be: 750 rad in liver, 2100 rad in spleen, 270 rad in red bone
marrow, 18 rad in total calcified bone, 13 rad in the kidneys, and 60-620 rad
in various parts of the lungs.
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The distribution pattern of intravenously-injected Thorotrast
animals is sinmilar to the pattern in humans; nost of the Thorotrast
taken up by the RES (Quimaraes et al. 1955; MNeill et al. 1973;
Reidel et al. 1979). Reidel et al. (1979) deternined that the average
percent distribution of Thorotrast in the Iiver was within one order of
magnitude in mce, rats, rabbits, dogs, and humans. The anbunt of thorium
in the spleen of all species, except mice, was clearly below that in

humans. Only 50% of the thoriumin rats was retained in the liver and

spl een, while approximtely 85% was retained in humans. Direct conparison

of the species is difficult, since the data were taken from other authors
and anal yzed by Reidel et al. (1979). The study concluded that the

bi ol ogi cal behavior of colloids was simlar in humans and aninmals. Kaul and
Heyder (1972) reported an extrenely low rate of clearance of the colloid
formfromthe bl ood about 1 hour after intravenous injection in rabbits.
Subsequently, an increase in the rate of disappearance fromthe bl ood of the
colloid form (biological half-life of 90 m nutes) and of the sol uble form
(biological half-life of 75 m nutes) was found. After 3, 6, or 12 hours,

23, 45, or 60% of the injected amount, respectively, was located in the
liver.

n
S

Mal et skos et al. (1969) found that, followi ng intravenous injection in
humans, thorium 234 citrate generally was retained in the skel eton and soft
tissues rather than in the RES, as found with Thorotrast. A sinilar
distribution pattern was found in dogs injected intravenously with thorium
228 citrate (Stover et al. 1960). |Intravenous exposure studies in rats and
gui nea pigs, however, showed a distribution of thorium 234 sulfate simlar
to Thorotrast: 60-68%in the liver, 3-7%in the spleen, 0.4-1%in the
ki dneys, and about 10%in the renmi ning carcass, including bone (Scott
et al. 1952). Peter-Wtt and Volf (1985) deternined that the nmass of
thorium 234 intravenously injected (carrier-free) in rats dictated the
pattern of distribution. A "critical" concentration of thoriumin the

extracel | ul ar space was found to be between 10”7 and 10 above this
concentration thoriumhydrolizes, becones colloidal, and distributes
primarily to organs of the reticul oendothelial systenm belowthis
concentration, thoriumis distributed primarily to bone. The exposure
levels in the human and ani mal studi es cannot be conpared since the
concentration injected was not reported in the hunan study.

2.3.3 Metabolism

Transferrin plays a mgjor role in the transport and cellul ar uptake of
thorium (Peter and Lehnmann 1981). Thorium can be displaced from
transferrin by an excess of iron, but it is not known whether thorium and
iron bind to the sanme sites on the transferrin nmolecule. It has al so been
determ ned that thorotrast (ThO, colloid) blocks the uptake of |abelled
protein by the RES in fenmale rabbits and in both nale and fenale rats (Hynan
and Pal di no 1967). The nechani sm of the bl ockade is not clear. Sex
di fferences were found in rabbits but not in rats. The particle size of the
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Thorotrast colloid influences its effect on the uptake of protein; only
particles larger than 1 umw |l interfere with uptake of protein by the RES.

2.3.4 Excretion
2.3.4.1 Inhal ati on Exposure

After inhalation exposure, the primary route of excretion is in the
feces following ciliary clearance fromthe lungs to the gastrointestina
tract (Wenn et al. 1981). Fecal excretion may account for as much as 97%
of total excretion (Fisher et al. 1983). Hi gher |levels of thorium 230 were
excreted in the feces by active crushernmen (uraniummill workers exposed to
urani um ore dust in the crusher building) conpared to retired workers or
controls (Fisher et al. 1983). Levels of thorium230 in the urine were
conparable to those of retired workers, and the levels in both were
significantly greater than controls.

The bi ol ogical half-lives of thorium 232 and thorium 230 in the |ungs
of subjects living in the vicinity of uraniummnmine tailings (G and Junction
CO were 5.3 and 1.4 years, respectively. The biological half-lives for
subjects in a non-mine area (Washington, DC) were 2.6 and 1.0 years for
thori um 232 and thorium 230, respectively (Wenn et al. 1981). Since
bi ol ogi cal half-lives in humans should be the sane regardl ess of where
people live, the differences at the two locations may reflect the duration
of exposure, the tinme between exposure and sanpling, or the inhalation of
| arger particle size dust in Gand Junction conpared to Washi ngton, DC. The
232 isotope fromnature apparently is retained in the lungs |Ionger than the
230 i sotope

In a subject who had accidentally inhaled thorium 228 di oxi de (al pha
emtter, radioactive half-life of 1.9 years), the biological half-life for
| ong-term cl earance of thorium 228 fromthe body was at |east 14 years as a
result of skeletal deposition (Newon et al. 1981). The early | ung
cl earance of thorium 228 was found to be on the order of approximtely 50
days, thereby designating thorium dioxide a class Wconpound (biol ogica
hal f-1ife in weeks) as opposed to the class Y (biological half-life in
years) designation recomended by ICRP (I CRP 1979). Davis (1985), however,
concl uded that both thorium 232 nitrate and thorium 232 di oxi de were class Y
conpounds by determining the solubility in simulated lung fluid. The near
equi li brium of thorium 230, uranium 234, and uranium 238 in the |ungs of
former uranium mners suggests that the elinination rates of these nuclides
are simlar (Singh et al. 1987; Wenn et al. 1985). In dogs, the thorium
230/ uranium 234 ratio increases with tinme, suggesting that uraniumis
cleared faster than thoriumfromdog lungs (Singh et al. 1986). The
effective half-life of inhaled thorium227 nitrate (radioactive half-life of
18. 7 days and biol ogical half-life of about 20 days) in the lungs of rats
was found to be about 10 days (Miller et al. 1975). Pavl ovskaia et al
(1974a) determined that the excretion of intratracheally-adm nistered
thori um 228 (as thoriumdioxide or thoriumchloride) in the feces occurred
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in two phases in the rat: in the first phase, up to 60% of the thorium 228
contained in the body was elininated, and in the second phase, the rate of
thori um 228 excretion in the feces averaged 0.25% of the body burden daily.

2.3.4.2 Oral Exposure

It was determined in several species of aninmals (mce, rats, rabbits)

that nore than 95% of the ingested anmount is excreted in the feces within
several days (approximately 2-4 days) (Patrick and Cross 1948; Scott et al
1952; Sol | mann and Brown 1907). Sol | mann and Brown (1907) concl uded that,
since very little thoriumwas excreted in the feces follow ng intravenous or
i ntranuscul ar injection, and since very little thoriumwas excreted in the
urine follow ng ingestion, appreciable anmounts of thoriumwere neither
absorbed nor excreted fromthe gastrointestinal tract.

2.3.4.3 Dermal Exposure

No studies were |ocated regarding the rate and extent of excretion of
thorium followi ng dermal exposure of humans or ani nal s.

2.3.4.4 O her Routes of Exposure

A very snall percentage of injected thorium 232 dioxide (Thorotrast) in
humans was excreted (nore in the feces than urine) (Kaul and Muth 1978;
Mol la 1975). Jee et al. (1967) found that a patient excreted 0.7% of the
i njected anbunt of Thorotrast in the 17 days between injection and the death
of the patient (node of excretion not reported). Kenmer (1979) determ ned
that the anmount of thoron (radon-220) exhal ed by the |ungs in humans
correlated to the anobunt of Thorotrast intravenously injected. The thoron
(radon-220) correlated with a "radi um 224 equi val ent val ue."

In contrast to the thoriumfrom Thorotrast (a thorium di oxi de and
dextran suspension) after intravenous injection, a higher percentage of
thori umfrom nore sol ubl e thorium conpounds is excreted. Follow ng
i ntravenous injection of thorium234 citrate in humans, there is a
relatively rapid but small (7% anount of excretion within the first 20
days. A urine/feces ratio of 12 for male subjects and 24 for female
subj ects was determined. About 93% of the injected thorium 234 was retained
at 100 days after injection, with a biological half-tine of nore than 5
years (Ml etskos et al. 1969).

Less than 5% of thoriumwas excreted in the urine up to 42 days after
i ntravenous injection of thorium?234 sulfate in rats and gui nea pigs (Scott
et al. 1952). After intravenous injection, the amunt of thorium excreted
in the feces was 0.7-24.5% of the | evel adm nistered for 14-42 days in
rats, 0.6 and 14.6%for 2 and 5 days in guinea pigs, and 0.9% for 7 days in
rabbits. In dogs injected with thorium228 citrate, urinary excretion
dom nated initially, but after 2.5 years, the fecal to urinary ratio
approxinated 1.0 (Stover 1981; Stover et al. 1960). Thomas et al. (1963)
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reported the excretion of thoriumcitrate adninistered as thorium 234
tracer plus thorium 232 carrier in rats. No differences were found in the
rate and route of excretion follow ng various routes of adm nistration
(intravenous, intraperitoneal, intratracheal, and intranuscular). In the
first 2 days, 25-30% of the thoriumwas excreted. Mst of the thorium was
excreted in the feces and not in the urine. At a high exposure |evel, the
feces/urine ratio was 45 and at a low level, it was 1.6. This indicates
that at the high level, thoriumwas hydrol yzed, becane insoluble, was taken
up by the RES and quickly cleared fromthe blood. The higher fecal |evels
of thoriumin the high exposure |evel aninals suggest greater biliary
excretion.

2.4 RELEVANCE TO PUBLI C HEALTH

Very little data exist on health effects due to inhalation, oral, or
dermal exposure of thoriumin humans or aninals. The existing health
ef fects data suggest that thorium nmay pose a potential health threat to an
exposed popul ati on. Sone evidence of respiratory di sease and increased
i nci dence of pancreatic, |lung, and hematopoietic cancers in humans was found
foll owi ng inhal ati on exposure (Archer et al. 1973; Pol ednak et al. 1983;
Stehney et al. 1980). These effects were seen in thoriumworkers exposed to
nmany toxic agents, so that the effects cannot be attributed directly to
t hori um exposure, but a causal effect cannot be discounted. High incidences
of malignancies found in patients injected intravenously w th coll oida
thorium (Thorotrast) denonstrates the carcinogenic potential of thorium
Subchroni ¢ ani mal studi es have shown pneunocirrhosis and increased
i nci dences of lung cancer follow ng inhalation exposure (Li khachev et al
1973a). No studies regarding the health effects to humans fromoral or
dermal exposure were reported in the literature. Animal studies of ora
exposure to thorium showed death at hi gh exposure |evels, but no other
systemc effects were observed (Patrick and Cross 1948). Ani mal
phar macoki neti ¢ data suggest that, while soluble forns are absorbed to a
greater extent than insoluble forns, no chem cal formof thoriumis absorbed
appreciably fromthe gastrointestinal tract (Pavlovskaia 1973; Sullivan
et al. 1980a, 1980b, 1983). Dernmlly-administered thoriumnitrate in
ani mal s showed effects on the skin, the testes, and sperm nor phol ogy when
adm ni stered directly on the scrotum but no other systemic effects were
observed (Tandon et al. 1975).

The chemical formof thorium (soluble or insoluble) inhaled,,ingested,
or injected determ nes the absorption distribution and excretion of thorium
into the body and, consequently, the toxic effects. Thirty-three percent of
i nhal ed thoriumcitrate and 19% of inhaled thoriumchloride was absorbed
fromthe lungs of rats (Boecker et al. 1963), while 1.5-5.0% of insoluble
t hori um di oxi de was absorbed following intratracheal administration in rats
(Syao- Shan 1970b). Follow ng ingestion of thorium soluble chem cal forns
were absorbed 4 (thoriumnitrate), 10-20 (thoriumchloride) or 60
(thorium EDTA) times greater than insoluble thoriumdioxide (Pavl ovskai a
1973). The fact that the LDs;s of these thorium conpounds increase with
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solubility in a simlar pattern, thoriumdi oxide <<< thoriumnitrate <
thorium chl ori de (Syao-Shan, 1970b), indicates that solubility and acute
toxicity are closely related. The |less soluble fornms of thorium however,
are of greater radiological concern because they remain in the body for |ong
peri ods of tine. Thoriumdioxide is retained in the body for |ong periods

of tinme after inhalation (Newton et al., 1981>, and the long-termradiation
effects fromthorium di oxi de, as evidenced by the induction of cancer by

i ntravenously injected Thorotrast, are apparently of greater concern than
fromthe nore soluble (and readily excreted) forns of thorium

The organ distribution of the thoriumisotopes was sinmilar in humans
and dogs, with the skel eton having the highest |evels of thorium (Singh
et al. 1988). In both humans and dogs, the |evel of thorium 232 > thorium
230 > thorium 228 in the lungs. The average skeletal activity of thorium
228 was 30-50 tinmes greater than thorium 232 in dogs, but the difference was
only 4- to 5-fold in humans. The hi gher levels of thorium 228 in dogs
conpared to humans may be due to a higher intake of radium228 in their
diet (Singh et al. 1988). Radium 228 will translocate to bones and decay to
thorium228. In this study, dogs had been exposed in the food, water, and
air to sinulate human exposure. Wenn et al. (1983) reported that thorium
230, uranium 234, and uranium 238 were in close equilibriumin the [ungs of
humans, while they were in disequilibriumin the lungs of dogs (thorium
230/ uranium 234 ratio averaged 6.3). The data suggest that, under these
experimental conditions, uraniumis cleared faster than thoriumfrom dog
lungs (Wenn et al. 1983). These species differences have been proven not
to be due to radi ochem cal nethods (Singh et al. 1986), but may be due to
time factors or to a particle size difference, as the experinmental aninmals
and the uranium mners inhal ed aerosols of different conposition and size.

The vast mpjority of the hunan thoriumdata deal with the effects of
Thorotrast (colloidal thorium 232 dioxide) adm nistered intravenously to
patients as a radiologic contrast nmedium The literature suggests that the
toxic effects of Thorotrast are due to the al pha radiation effects of
thoriumand not to the chemcal effects of thoriumor of the colloid (BEIR
IV 1988; Taylor et al. 1986). Cirrhosis of the liver, hepatic tunors, and
bl ood dyscrasias were the nost common effects of intravenously injected
Thorotrast. Because Thorotrast is no longer used in this capacity, the
i ntroduction of new health risks frominjection of Thorotrast is not
considered a prob.lem Although the pharmacokinetic behavi or of
i ntravenously injected Thorotrast in the body is vastly different fromthe
behavi or of inhaled or ingested thorium and the injected Thorotrast was
sonetines enriched with a higher proportion of nore radi oactive isotopes of
thorium (e.g., thorium 230 or thorium228) than is generally found in the
environnent, the effects from Thorotrast in patients suggest that thorium
could be a potential carcinogen (BEIR IV 1988).

The main issue regarding thoriumis its potential radiol ogical effect.
Since thoriumis an al pha-emtting bone-seeker, the small anbunt of thorium
that enters the body mgrates to bone surfaces. The carcinogenic potenti al
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of thoriumis nost likely a result of its radiol ogical properties.

Different isotopes of thorium have different radioactive half-lives:
thorium 232 (natural thoriun) is a long-lived al pha emtter (half-life of
1.4x10" years), thorium230 is a relatively long-lived al pha-emtter that

is a member of the uranium decay series (half-life of 8x10* years), thorium
228 is a short-lived al pha-emtter that is a menber of the thoriumseries
(half-life of 1.9 years), and thorium 234 is a short-lived beta-emtter that
is a nenber of the uraniumseries (half-life of 24.1 days).

For short-term experinments, thorium 232 is considered radiologically
inert since its half-life is so long. Therefore, the chemcal toxicity of
thoriumwas tested using this isotope. The | ow chemical toxicity of
t hori um was evi denced by the lack of initial systemic effects in patients
injected with Thorotrast and in occupationally exposed workers. Animal
studi es also showed I ow toxicity (Quinaraes et al. 1955; Patrick and Cross
1948). Natural thorium (thorium232) is toxic only after a | atency period
of 20-30 years, when the radiological effects are manifested.

The radi ol ogi cal effects of thoriumwere exam ned by testing isotopes
with shorter radioactive half-lives than thorium 232. No I ncreased
nortality was found in mice injected intravenously with 0.5 nlL Thorotrast
(3660 nmg thorium 232/kg) (CGuinmaraes et al. 1955), or in dogs after
intraarterial injection of thoriumnitrate (476 ng thorium 232/kg), but the
LDs, for intravenously-injected thorium230 in rats was 42.7 ng thorium kg
(Boone et al. 1958). The toxic effects of thoriumwere attributed to
radi ol ogi cal and not chemical effects (Boone et al. 1958).

The renoval of thoriumfromthe body has been achi eved by the use of
chel ating agents, primarily ethyl enedi am netetraacetic acid (EDTA) and
di et hyl enetri am nepentaacetic acid (DTPA) (Fried and Schubert 1961; Peter-
Wtt and Vol f 1984, 1985; Young and Tebrock 1958). In animals, DTPA was
about 10 times as effective at renoving thoriumfromthe body as EDTA, and
Ca- DTPA was nore effective than zZn-DTPA (Fried and Schubert 1961; Peter-Wtt
and Vol f 1985). The total percentage of thoriumrenoved fromthe body using
chel ation therapy was not reported. Thorium adninistered in the nononeric
form (single nolecule) was cleared nore effectively fromthe body than when
given in the polynmeric form (colloidal). The polyneric formwas deposited
primarily in the liver and the | evel was only | owered when massive, nearl etha
amounts of. chelating agent were given (Fried and Schubert 1961). The
chel ati ng agents were nost effective shortly after thorium dosing (Young and
Tebrock, 1957).

Death. No deaths in humans resulting fromacute inhalation, oral, or
dermal exposure to thorium have been reported. Deaths from various forns of
cancers have been observed (liver tunors, |eukenia, bone tunors), however,
in patients injected intravenously with Thorotrast (Thorotrast was enriched
with nore active forms of thoriumthan are environnentally available) (BEIR
IV 1988). The toxicity of thorium depends on the specific isotope (dose
rate effect: isotopes with shorter radioactive half-lives and hi gher energy
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are nore toxic after intravenous injection [Boone et al. 19581) and the
chemical formof thorium (total dose effect: soluble conmpounds are nore
toxi ¢ than insol uble conpounds after intraperitoneal injection [Syao-Shan
1970b]). Intravenous and intraperitoneal injections, however, are not

normal routes of environnental exposure. No deaths were reported in aninals
foll owi ng i nhal ati on exposure, and hi gh exposure | evels were necessary to
produce death in animals follow ng oral exposure, since gastrointestina
absorption is very snall (0.02%. The acute exposure levels required to
cause death in humans are not known and cannot be predicted based on the
ani nal dat a.

Systemic Effects. There is evidence in the literature of an increase
in respiratory disease (SMR=1.31) (Pol ednak et al. 1983) and hepatic effects
(increase in serumlevels of aspartate am notransferase, globulin, and tota
bilirubin) (Farid and Coni bear 1983) in individuals occupationally exposed
to thorium The individuals, however, were occupationally exposed to other
toxi ¢ substances (uraniumdust) as well as other sources of radioactivity,
so that these effects cannot be attributed directly to thorium Both
st udi es suggest that the observed effects may have resulted from
radi ol ogi cal toxicity. Progressive cirrhosis of the [ungs was observed in
rats subchronically exposed by inhalation to thorium di oxide (Li khachev
et al. 1973a). The severity of the lung cirrhosis was related directly to
the radi ati on dose and treatnment, but the exact radiation exposure |evel was
not reported. Effects on hematol ogi cal paraneters, suggestive of
radi ol ogical toxicity, were found in dogs subchronically exposed by
i nhal ation to various chemical forns of thorium (Hall et al. 1951). No
ot her systemc effects were observed in ani nmals exposed by inhal ation, and
no systemc effects were found in orally or dernmally exposed ani mals.

Fol | owi ng i ntravenous injection of Thorotrast, cirrhosis of the liver
was the primary systenic effect in humans and ani mals. Hemat ol ogi ca
di sorders (aplastic anem a, |eukenia, nyelofibrosis, and splenic cirrhosis),
cardi ovascul ar effects (myocardial infarction, severe coronary |un na
narrowing and internal alteration of the carotid artery), and Thorotrastona
(localized fibrosis surrounding deposits of Thorotrast) were also found in
patients injected with Thorotrast. The effects of Thorotrast were a result
of the radiological toxicity of thorium

The existing data indicate that, in humans, respiratory and hepatic
effects result frominhal ati on exposure and that the |liver, hematopolietic
system and cardi ovascul ar systemare the target organs follow ng intravenous
i njection of Thorotrast. Studies in aninmals have not reported effects in
these tissues, with the exception of the liver, further supporting the
concern that the humans were exposed to other toxic agents, thereby
preventing an accurate assessnment of the systemic toxicity of thorium

| mmunol ogi cal Effects. Studies in humans or aninmals were not | ocated
regardi ng the imunol ogi cal effects of thoriumfollow ng oral and derna
exposure. No hi stopathol ogi cal effects were found in the | ynph nodes of
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ani mal s exposed by inhalation to thoriumdi oxide (Hodge et al. 1960).
Fol | owi ng i njection of Thorotrast in humans, fibrosis of the |ynph nodes and
the spleen were observed (da Silva Horta 1967a; Wgener and Wesch 1979;
Wegener et al. 1976). A suppression of imrune response was found in nice
following intravenous and intraperitoneal injection of Thorotrast (M chael
and Murray 1970). Thorotrast affected | ynphoid cells involved in antibody
formati on and bl ockaded phagocytic cells in organs of the RES. In the
absence of data via relevant routes of exposure, the inmunotoxic potentia

of thorium cannot be fully assessed.

Neur ol ogi cal Effects. There have been no human or aninmal studies
specifically designed to determ ne the neurol ogi cal effects of thorium
Neur ol ogi cal effects, such as narcosis, ataxia, or cholinergic signs, have
not been reported in any of the inhalation or oral studies in aninals. It
i s not known whet her humans woul d experience mgjor neurol ogical deficits
from exposure to thorium

Devel opnental Effects. There have been no hunan or ani mal studies
regardi ng the devel opnental effects of thoriumfollow ng any rel evant route
of exposure (inhalation, oral, dernmal). Since infornmation regarding
devel opnental effects in animals are not known, conclusions regarding the
potential for developnmental effects in humans are not known.

Reproductive Effects. No studies were |ocated regarding reproductive
effects in humans or animals follow ng i nhal ation or oral exposure to thorium
When thoriumwas applied directly to the scrotumof rats, nild edena of the
sem ni ferous tubules and the interstitiumand desquamati on of sperm and gi ant
spermati d-type cells were observed (Tandon et al. 1975). Since information is
l[imted to one study in one species and one sex, and since no information on
the effect of thoriumon reproductive function was |ocated, concl usions
regarding the potential for humans to devel op these effects are not known.

Genot oxi ¢ Effects. Chronpsonal aberrations have been found in the

| ynphocytes of Thorotrast patients and occupationally exposed workers
(Fischer et al. 1967; Hoegerman and Cummins 1983; Kenmer et al. 1971, 1979).
A study by Nishioka (1975) screened thoriumchloride (0.05 M as a potentia
nmut agen by determi ning whether it inhibited bacterial growth. Since
bacterial growh was not inhibited, thoriumwas not further tested for

nmut agenicity. Thorium chloride (10% was shown to have no effect on the
survival of Klebsiella oxvtoca or Klebsiella pneunoni ae (Wng 1988). Based
on the limted hunman data, thorium appears to be a genotoxic agent.

Cancer. |Increased incidences of |ung, pancreatic, and henatopoietic
cancers were observed in individuals occupationally exposed to thorium
(Archer et al. 1973; Polednak et al. 1983; Stehney et al. 1980). The

i ndi vidual s were occupationally exposed to other toxic substances (uranium
dust) as well as other sources of radioactivity; hence, the higher

i nci dences of cancer cannot be attributed directly to thorium The foll ow
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up period in the studies ranged from 17-35 years, and the | atency periods of
t he various types of cancer were not reported. In rats chronically exposed
by inhalation to thoriumas thoriumdioxide, lung tunors were found that
correlated with the total radioactivity in the lungs (Li khachev 1976;

Li khachev et al. 1973b). The exact anpunt of administered radioactivity was
not reported. No studies in humans were | ocated regarding oral or dernmal
exposure to thorium No malignancies were reported following oral or dernal
exposure of rats to thorium but these studies were of relatively short
duration (oral study, 4 nonths; dermal study, 15 days) and were not designed
to detect an increase in the incidence of neopl asns.

Fol | owi ng i ntravenous injection of Thorotrast in humans and ani nmal s,
various nalignancies were found, primarily liver cancers (latency period of
25-30 years), leukema (latency period of 20 years), and bone cancers
(latency period of about 26 years). Short-lived daughter products of
thorium al so resulted in the induction of bone sarcoma because of their
short radioactive half-lives. Intravenous injection of thorium 228 resulted
i n dose-dependent induction of bone sarconma in dogs (Lloyd et al. 1985; Mys
et al. 1987; Stover 1981; Wenn et al. 1986). At the highest adm nistered
| evel, the aninmals died fromsystenic radiol ogical effects (e.g., radiation
i nduced bl ood dyscrasia and nephritis) before the bone sarcona coul d devel op
(Stover 1981; Taylor et al. 1966). A relationship was found between the
amount of thorium 227 (half-1ife of 18.7 days) injected intraperitoneally
and the incidence of bone sarcoma in mce (Luz et al. 1985; Miller et al
1978).

2.5 BI 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, markers of effect, and narkers of susceptibility (NAS/ NRC, 1989).

A bi omarker of exposure is a xenobiotic substance or its netabolite(s)
or the product of an interaction between a xenobiotic agent and sone target
nol ecule or cell that is nmeasured within a conmpartment of an organi sm
(NAS/ NRC 1989). The preferred biomarkers of exposure are generally the
substance itself or substance-specific nmetabolites in readily obtainable
body fluid or excreta. However, several factors can confound the use and
i nterpretation of-bi omarkers of exposure. The body burden of a substance
may be the result of exposures fromnore than one source. The substance
bei ng nmeasured nay be a netabolite of another xenobiotic (e.g., high urinary
| evel s of phenol can result from exposure to several different aromatic
conpounds). Depending on the properties of the substance (e.g., biologic
hal f-1ife) and environmental conditions (e.g., duration and route of
exposure), the substance and all of its netabolites may have | eft the body
by the tinme biologic sanples can be taken. It may be difficult to identify
i ndi vi dual s exposed to hazardous substances that are comonly found in body
tissues and fluids (e.g., essential mineral nutrients such as copper, zinc
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and sel enium. Biomarkers of exposure to thoriumare discussed 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 ochemni cal or cellular signals of tissue dysfunction (e.g., increased |iver
enzyne activity or pathol ogic changes in fenale genital epithelial cells),
as well as physiologic signs of dysfunction such as increased bl ood pressure
or decreased lung capacity. Note that these markers are often not substance
specific. They also may not be directly adverse, but can indicate potentia
heal th i npairnent (e.g., DNA adducts). Bi onmarkers of effects caused by
thori um are di scussed in Section 2.5.2.

A biomarker of susceptibility is an indicator of an inherent or
acquired limtation of an organisnis ability to respond to the challenge of
exposure to a specific xenobiotic. It can be an intrinsic genetic or other
characteristic or a preexisting disease that results in an increase in
absorbed dose, biologically effective dose, or target tissue response. If
bi omar kers 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 Thorium

Exposure to thorium can be determi ned by neasurenment of radioactive
t hori um and/ or daughters in the feces, urine, and expired air. The prinmary
route of excretion of thoriumis in the feces follow ng either inhalation or
oral exposure. Fecal excretion is essentially conplete in a matter of
several days (Patrick and Cross 1948; Scott et al. 1952; Sollnman and Brown
1907; Wenn et al. 1981). The neasurenent of external gama rays enitted
fromthorium daughters present in the subject's body and of thoron in the
expired air nany years foll ow ng exposure can be used to estimate the body
burden of thorius' (Coni bear 1983).

No tissue concentrations in humans were found that correlated with
health effects, but about 20 pC was found in the lungs of an exposed worker
suffering fromlung fibrosis. However, it was not clear if the fibrosis was
due to thoriumor to rare-earth-containing fumes and dusts (Vocaturo et al
1983).

Bl ood | evels of thoriumfollow ng oral exposure of humans to sinul ated
radi um di al paint denonstrated that approximtely 0.02% of the ingested
amount was absorbed by the gastrointestinal tract (Ml etskos et al. 1969).
This study was the basis for the ICRP (1979) recommendation of an ora
absorption factor of 0.02%for thorium
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2.5.2 Biomarkers Used to Characterize Effects Caused by Thorium

Cccupati onal and experinmental studi es have shown that the lung, liver,
and hemat opoi etic systemare the target organ systens foll ow ng inhal ation
exposure to thorium No relationship was found, however, between the
nmeasur ed body burden of thoriumin exposed workers and conpl ete bl ood count
paraneters (e.g., henoglobin, red and white bl ood cell) (Conibear 1983).
Target organs systens have not been identified for oral or dermal exposure
to thorium For further information on the health effects of thorium see
Section 2.2 of Chapter 2.

2.6 | NTERACTI ONS W TH OTHER CHEM CALS

Thoriumis comonly found in conbination with other actinide elenents,
with organic and i norganic chemcals, and with acids and bases during
occupati onal exposure. The health effects of occupational exposures to
t hori um on humans, therefore, cannot necessarily be attributed to thorium
The daughter products of thorium have unique properties that also add to the
radi ol ogi cal toxicity of thorium For further information, see the
t oxi col ogi cal profiles on uranium radon, and radi um

The injection of tetracycline either before or sinultaneously with
i njection of thorium 228 markedly reduced the deposition of thorium228 in
rat bone to about 60% of control values (Taylor et al. 1971). The effects
of tetracycline injection follow ng injection of thorium 228 were not
reported. Studies with a sinmilar actinide elenment, plutonium suggest that
a thoriumtetracycline conplex may be forned, which is excreted rapidly
t hrough the kidneys. Simlarly, chelating agents such as EDTA and DTPA can
renmove some thoriumfromthe body (see Section 2.4).

2.7 POPU ATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE

Neonat al ani nal s have been found to absorb 20-40 tines nore thorium
t hrough the gastrointestinal tract than adult aninmals (Sullivan et al
1980a, 1980b, 1983) indicating that children may be nore susceptible to
both the chemi cal and radiol ogical effects of thoriumthan adults.

2.8 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Admi nistrator of ATSDR (in
consultation with the Adm nistrator of EPA and agenci es and prograns of the
Public Health Service) to assess whether adequate information on the health
effects of thoriumis avail able. Were adequate information i s not
avail abl e, ATSDR, in conjunction with the National Toxicol ogy Program (NTP)
is required to assure the initiation of a programof research designed to
determ ne the health effects (and techni ques for devel opi ng nethods to
determi ne such health effects) of thorium
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The foll owi ng categories of possible 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 assessnent. In the future, the
identified data needs will be evaluated and prioritized, and a
subst ancespecific research agenda will be proposed.

2.8.1 Existing Information on Health Effects of Thorium

The existing data on health effects of inhalation, oral, and dernal
exposure of humans and aninmals to thoriumare sumrarized in Figure 2-3. The
purpose of this figure is to illustrate the existing information concerning
the health effects of thorium Each dot in the figure indicates that one or
nore studies provide informati on 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" infornmation.

The effects of thoriumin humans have been well studied foll ow ng
i ntravenous exposure, but not follow ng any rel evant routes of exposure
(i nhal ation, oral, dermal). Several case studies exist on the effects on
thoriummllers, especially on the genotoxic and carcinogenic effects of the
agent. No studies on the effects of pure thoriumon hunans have been found
by any route of exposure (the thoriummners were exposed to many toxic
agents in addition to thorium and it is inpossible to directly attribute
effects to thoriun). The effects of thoriumin aninmals follow ng
i ntravenous injection have been well studied, but very few studi es have
been done by a relevant route of exposure. Figure 2-3 reflects the few
studi es regarding oral and dernal exposure of animals to thoriumlocated in
the existing literature.

2.8.2 ldentification of Data Needs

Acut e- Durati on Exposure. No studies were |ocated regarding the effects
of thoriumin humans foll ow ng acute exposure by any rel evant route.
Intravenous injection of thoriumas an x-ray contrast mediuminto people
resulted in death fromvarious nalignanci es 20-30 years follow ng I njection
Aninals studies were limted to deternining dose levels resulting in death
followi ng inhalati on and oral exposure, and in dernmal and reproductive
effects follow ng dernmal administration to the |ateroabdom nal and scrota
ski n, Inhal ation-based pharnacokinetic data indicate that the |ynph nodes,

l ungs, and bone may be the target organs of thoriumtoxicity. Oral

phar macoki netic data indicate that bone may be the target organ of toxicity
followi ng ingestion of thorium The acute toxicity of thoriumin aninals
has al so been tested by routes of exposure (intravenous, intraperitoneal
intratracheal) that are difficult to interpret, and it would be useful to
conpare these toxic levels to toxic levels found after adm nistration by a
rel evant route (inhalation, oral, dermal). Know edge about the acute
toxicity of thoriumis inportant because people |iving near hazardous waste
sites m ght be exposed for brief periods.
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FIGURE 2-3. Existing Information on the Health Effects of Thorium
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I nt ernedi at e- Durati on Exposure. No studies were | ocated regarding the
effects of thoriumin humans foll owi ng internmnedi ate-durati on exposure by any
route of exposure. Two ani mal studies were reported: one inhalation study in
rats showi ng | ung damage and one oral study in nmice resulting in death.
Internediate-duration dermal studies in aninmals were not |ocated. The | ungs
appear to be the target organs foll ow ng internediate-duration inhalation
exposure to thorium Oal pharnmacokinetic data indicate that bone may be the
target organ of toxicity follow ng ingestion of thorium More extensive
studies by all relevant routes (inhalation, oral, dermal) would be useful in
assessing both the chem cal and radiological toxicity of thorium
Internediate-duration toxicity information is inportant because people
living near hazardous waste sites mght be exposed for corresponding tinme
peri ods.

Chroni c-Durati on Exposure and Cancer. Several studies have been
reported regarding the toxic effects on workers occupationally exposed to
thoriumor nonazite sand found in refinery dust. In these studies, effects
on the lungs and chronosones and an increased cancer incidence were
reported. Because the workers were exposed to many toxic agents, however,
ef fects cannot be attributed directly to thorium Epiden ol ogy studies
i nvestigating workers exposed primarily to thorium (e.g., during the
production of gas |anp nantles) would be useful. No human studi es were
| ocated regarding chronic oral or dermal exposure. Many studies on |ongterm
radi ol ogi cal effects of thorium have been reported follow ng
i ntravenous injection of thoriumdioxide in the formof Thorotrast in both
humans and aninmals. Effects reported in these studies included cirrhosis of
the liver, henatol ogi cal disorders, and various malignancies. Studies have
shown that the lungs and the hematol ogi cal systemare the target organ
systenms for thoriumtoxicity. Oral pharmacoki netic data indicate that bone
may be the target organ of toxicity follow ng ingestion of thorium Chronic
studi es by relevant routes of exposure, inhalation and oral, are inportant
because people living near hazardous waste sites m ght be exposed to thorium
for years.

Studies in workers occupationally exposed to thorium have reported an
increase in the incidence of pancreatic, |ung and hematopoi etic cancers.
These effects were observed in workers exposed to many toxic agents, so they
cannot be attribu.ted directly to thorium Internediate duration inhalation
exposure of rats to thoriumdioxide resulted in lung tunors. No data were
| ocated regardi ng the carcinogenic effects of oral or dernmal thorium
exposure in humans or aninmals. Further chronic exposure studies by al
rel evant routes of exposure (inhalation, oral, dermal) using w der exposure
| evel ranges and a nunber of species of animals may be useful in assessing
t he carci nogenic potential of thoriumin hunans.

CGenotoxicity. Cccupationally exposed workers as well as patients
injected with Thorotrast show chronobsomal abnornalities in their
I ynphocytes. No in vivo genotoxicity studies in animals or in vitro studies
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in bacterial strains were |ocated, but these studies nmay be useful in
det erm ni ng whet her thorium has the potential to cause gene mutations in
addition to chrombsomal abnornalities.

Repr oductive Toxicity. No studies were |ocated regarding the
reproductive effects of thoriumin humans foll owi ng exposure by any route.
Nei t her inhalation nor oral reproduction studies in aninmals were | ocated.
Phar macoki netic data follow ng inhalation or oral exposure were not |ocated
to allow the prediction of possible reproductive effects. One dermal rat
study found testicular effects after admnistration directly onto the
scrotal skin. Additional inhalation, oral, and dermal reproduction studies
and nultigenerational studies would be hel pful in assessing the potentia
ri sk to humans

Devel opnental Toxicity. No studies were |ocated regarding the
devel opnental effects of thoriumin hunans or animals foll owi ng exposure by
any route. Also, pharnacokinetic data do not exist that nay predict
whet her thoriumcrosses the placental barrier. Further devel opnenta
studies in aninals by all relevant routes of exposure may clarify the
potential devel opmental effects of thoriumin humans.

I mmunot oxi city. No studies were |ocated regardi ng the i mmunol ogi ca
effects of thoriumin humans or animals follow ng any rel evant route of
exposure (inhalation, oral, dermal). One report, however, showed
i ntraperitoneal and intravenous injection of thoriumdioxide in mce
resulted in a suppression of the i nmune response. Studies on the
i mmunot oxi c effects of thorium both histopathol ogi cal and effects on the
i mmune response, by all relevant routes of exposure in animals my
determ ne the potential inmunotoxic effects in humans.

Neurotoxicity. No studies were |ocated regardi ng the neurol ogi ca
effects of thoriumin humans or animals foll ow ng exposure by any route.
O her netals, such as | ead, however, have been shown to have nore severe
neur ol ogi cal effects on children than adults; therefore, it is possible that
children may be nore susceptible than adults to the effects of thorium
Studi es on the neurol ogical effects of thorium both histopathol ogi cal and
ef fects on behavior by all relevant routes of exposure in animls, nay
determ ne the potential neurological effects in humans.

Epi deni ol ogi cal and Human Dosi metry Studi es. Epi dem ol ogy studi es have
i nvestigated the relationship between |ong-term exposure to thorium and
system c effects, genotoxic effects, and cancer in humans. The authors of
t hese studies found increases in respiratory disease and certain types of
cancer (lung, pancreatic, hematopoietic) in exposed thoriumworkers, but the
findings were not definitive. The existing epideniol ogical studies are often
weakened by not sufficiently accounting for snoking habits or exposure to
ot her chem cals and by relying too heavily on the accuracy of death
certificates. Increased incidences of chronpbsomal abnornalities were found in
exposed workers (approximately 4% dicentric in controls vs. 20%in
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exposed workers) as well as in patients injected intravenously with
col l oi dal thoriumdioxide (Thorotrast) (1-25 dicentric per 100 cells). The
occupational studies focus primarily on adult nmales. It would be useful to
study groups that include wonen, children, and neonates that have been
exposed to greater than normal |levels of thoriumto determne their |evel of
susceptibility. Epidem ol ogy studies investigating workers exposed

primarily to thorium (e.g., during the production of gas |anmp mantles) woul d
al so be useful. Further studies assessing the cause/effect relationship

bet ween t hori um exposure and hunan health effects would be hel pful in

noni toring individuals living near a hazardous waste site.

Bi omar kers of Exposure and Effect. The nmjor route of excretion of
i nhal ed or ingested thoriumis in the feces. Exposure to thoriumcan be
det erm ned by neasurenment of thoriumand/or its daughters in the feces,
urine, blood, or expired air. The body burden of thorium nmay be estimated
by the neasurenent of external gamm rays emtted fromthorium daughters in
t he body. Further studies correlating thoriumexposure with thorium and/or
t hori um daughters in the urine, feces, blood, and expired air would be
hel pful in nore accurately quantifying thorium exposure.

No rel ati onship was found between the measured body burden of thorium
and conpl ete bl ood count paraneters (e.g., henoglobin, red and white bl ood
cells) in humans occupationally exposed to thorium (see Section 2.2.1.2).
Further studies may reveal thoriumspecific biomarkers that nmay alert health
professionals to thorium exposure before toxicol ogical effects occur

Absorption, Distribution, Mtabolismand Excretion. The absorption of
thoriumfromthe lungs and the gastrointestinal tract and the tissue
distribution of thoriumhave been studied in both humans and ani mal s.

I nhal ation was found to be the major route of exposure with gastrointestina
absorption being very low (see Section 2.3.1). The data in humans correl ate
well with the aninmal data. The excretion of systemic thoriumin humans has
not been extensively studied, especially the partition between feces and
urine, and work in this area in both humans and ani mal s woul d be hel pful

No studies were | ocated regardi ng the pharnacokinetics in hunans or aninals
foll owi ng dernmal exposure to thorium Studies on the dermal route of
exposure may be hel pful in determ ning whether thoriumis a hunan health
hazard by this route.
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2.8.3. On-going Studies

No on-going studies were located relating to the toxicity of thoriumin
humans or ani nal s.
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