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New cases of chronic beryllium disease are still being reported due to the
fact that, in some instances, the occupat1ona1 standards have been exceeded
In industries where the average exposure generally has been below 2 pg/m
have been very few new cases of chronic beryllium disease.

there

There have also been a large number of "neighborhood" cases of beryilium
disease. Neighborhood cases are those in which chronic beryilium disease
occurs in peeple living in the vicinity of beryllium-emitting plants. The air
concentrations of beryllium in such areas at the time when the disease occurred
have probably been around 0.1 pg/mg, but considerahle exposure via dust trans-
ferred to homes on workclothes likely contributed to the occurrence of the
d1sease No new ”ne1ghborhood“ cases -of beryliium disease have occurred s1nce
standards of 0.01 pg/m were set for the ambient air and the practice of
washing workers' clothes in the plants was initiated. Presently, ambient air
. tevels are generally below 1 ng/m3.

2.3.3 Dermatological Effects of Beryllium Exposufe

. Contact dermatitis and some other dermatological effects of beryllium
have been documented in occupationally exposed pérSons,_but there are no data

1nd1cat1ng that such reactions have occurred or may occur, in the general
population..

2;3.4 Teratogenic and Reproductive Effects of Befy]]ium Exposure

Available information on the teratogenic or reproductive effects of beryl-
1ium exposure is lTimited to three animal studies. The information from these
studies is not sufficient to determine whether beryliium compounds have the

potential to produce adverse reproductive or teratogenic effects. Further
studies are needed in this area.

2.4 MUTAGENIC EFFECTS OF BERYLLIUM EXPOSURE
Beryllium has been tested for its ability to cause gene mutations in
Salmonella typhimurium, Escherichia coli, yeast, cultured human lymphocytes,

and Syrian hamster embryo cells; ONA damage in Escherichia coli; and unscheduled
DNA synthesis in rat hepatocytes.

Beryl1lium sulfate and beryllium chleride have been shown to be nonmuta-

genic in all bacterial and yeast gene mutation assays. However, this may be
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due to the fact that bacterial and yeast systems genera]ly are not sens1t1ve to
metal mutagens. In contrast, gene mutation stud1es 1n cu]tured mamma11an'
cells, Chinese hamster V79 cells, and Ch1nese hamster ovary (CHO) ce]is have
yielded pos1t1ve _Mmutagenic responses . of bery]]1um S1m1?ar1y,_chromosoma]
aberration and sister-chromatid exchange stud1es in cu1tured human ]ymphocytes
and Syrian hamster embryo celfs have a]so resu]ted in p051t1ve mutagen1c
responses of bery111um . In DNA . damage and repa1r assays bery111um was
negativeninrpgl, rat hepatocyte, and m1tot1c recomb1nat1on assays, but was _
weakly positive in the rec assay. Based on ava1]ab1e 1nformat1on, bery111um N
appears to have the potent1a1 to cause mutat1ons

2.5 CARCINOGENIC EFFECTS OF BERYLLIUM EXPOSURE _' |

2.5.1 An1ma1 Stud1es

Exper1menta1 bery111um carc1nogenes1s has been induced by 1ntravenous or

1ntramedu1]ary injection of rabb1ts and by 1nha1at1on exposure or by 1ntra~" :
tracheal 1n3ect1on of rats and monkeys W1th one poss1b1e except1on bery1]1umb':
 carcinogenasis has not been 1nduced by 1ngest1on Carc1nogen1c responses have :“'

been induced by-.a- varaety of forms of bery111um 1nc1ud1ng bery]11um su]fate
phosphate, ox1de, -and bery] ore. The carc1nogen1c ev1dence Tn m1ce '

(1ntravenous]y 1nJected or exposed via. 1nha1at1on) and gu1nea p1gs and hamsters::

(exposed via inhalation) is equ1voca1

Osteosarcomas are the predom1nant types of tumors 1nduced in rabb1ts
These tumors are highly invasive, metastas12e read11y, and are Judged to be

h15to]og1ca1]y similar to -human. osteosarcomas In rats pu1monary adenomas

and/or carcinomas: of: qUest1onab1e ma]1gnancy have been obta1ned, a]though
pathoTog1ca] end. points. have not. been well documented 1n many cases '

A]though 1nd1v1dua11y,_many of the, reported an1ma1 stud1es have method- o
o]ogica] and .reporting 11m1tat1ons compared to. current standards for b1oassays f"

co]]ect1ve1y the studies: prov1de reasonab]e eV1dence for carc1nogen1c1ty

Responses have " been noted in-. mu]t1p1e spec1es at mu1t1p1e 51tes and, 1n some_“

cases, afford evidence of a dose résponse. On this basis, us1ng EPA Gu1de11nes
for Carc1nogen Risk Assessment (U.S. EPA, 1986) to classify the we1ght of evi-
dence for carcinogenicity in experimental animals, there is "sufficient”

evidence to conclude that beryllium is carcinogenic in animals. Since positive

responses were seen for a variety of beryllium compounds, all forms of beryllium
are considered to be carcinogenic.
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2.5.2 Human Studies

Epidemiologic studies provide equivocal conclusions on the carcinogenicity

of beryllium and beryllium compounds; Early epidemiologic studies of beryllium
exposed workers (see IARC, 1972, 1980; Bayliss et al., 1971; Bayliss and

Lainhart, 1972) do not report positive evidence for increased cancer incidencéa
- However, recent studies do report a significantly increased risk of Tung cancer

in exposed workers The absence of beryllium exposure levéls and a demonstrated

concern about possible confodnding factors within the workplace make the _
reported positive correlations between;beryITTum exposure and increased risk of
cancer difficult to substantiate. This relegates the reported statistically
significant increases of Tung cancer to, at best, an elevated incidence that‘is
not statistically significant. Because of these limitatjons, the EPA (U.S.
EPA, 1986) considers the available epidemiologic evidence to be "inadequate" to
support or refute-the existence of a carcinogenic hazard for humans exposed to
berleium;

This designation of the epidemiologic data as "inadequate" differs from
that of the International Agency for Research on Cancer (IARC, 1980) which con-

cluded that the epidemiologic data provides "Vimited" evidence for the carcino- °

genicity of beryllium. In the EPA evaluation, more recent unpublished tabula-
tions and analysis of the earlier study cohorts that correct for errors in the
data base ‘and the National Institute for Occupational Safety and Health (NIOSH)
Life-Table program were included. Use of this newer data provides a basis to

change the weight-of-evidence conclusion for the human data.

2.5.3 Qualitative Carcinogenicity Conclusions ,

Using the EPA weight-of-evidence cr?teria for evaluating both human and
animal ev1dence, beryllium is most appropr1ate]y classified in Group B2, indi-
cating that, on the strength of animal studies, beryl11um shott1d be considered
a probab1e human carcinogen. This category is reserved for chem1gals having
Msufficient” evidence for carcinogenicity in animal studies and *inadequate"
evidence in human studfes. In this particu1ar case, the animal evidence demon-
strates that all beryi]qum spec1es should be regarded as probab]y be1ng

carc1nogan1c for humans




2.6 HUMAN HEALTH RISK ASSESSMENT OF BERYLLIUM
2.6.1 Exposure Aspects

In the general U.S5. populatioh, the dietary intake of beryllium is proba-
bly less than 1 Hg a day, -and due to its chemical properties, very little is
aua11ab1e in the gut for absorpt1on Approximate]y.half of the absorbed beryl?
1ium enters the ske]eton ' R _ x i

- For most peop1e, the.dai]y amount of beryllium inhaled is only a few nano-
grams. Howévef, it is likely that'much'of this is retained in‘the lungs. The
available data indicate that'the beryllium lung burden in the average adult
ranges from 1 to 10 pg Since bery]11um ‘occurs in cigarettes, it is possible
that smokers w111 1nha1e and retain more beryl]xum than nonsmokers. Unfortu-

nately, the data on bery111um concentratxons in ma1nstream smoke are, at
present, uncerta1n ' ' '

2.6.2 Re!evant Health Effects

0ccupat1ona] exposure to various bery]11um compounds has been ‘associated
w1th acute resp1ratory dlsease and chronic beryllium disease (in the form of
granuTomatous 1nterst1t1a1 pneumon1t1s) Some system1c effects have also been
noted and a hypersens1t1zat1on component probabiy plays a major role in the
-man1fe5tat1on of these effects In the past “chronic beryllium. d1sease was
S found 1n members of the genera] popuiat1on Tiving near bery]]1um-em1tt1ng
plants, but past exposures were re]at1ve1y high compared to present levels of
bery1]1um 1n the amb1ent ‘air. Contam1nated “workclothes brought home for
washing contrqbuted to these exposures No "neighborhood" cases of chropic
bery1T1um d1sease have been reported in the past several years.

Numerous an1ma1 stud1es have been performed to determ1ne whether or not

bery111um and bery]11um conta1n1ng substances are carcinogenic. ‘Although some.

of these stud1es have 11m1tat1ons “the overa1l evidence from animal studijes .

shou1d_be_c1assqf1ed as'“suff1c1ent“ using EPA Guidelines for Carcinogen Risk . - .

AsseSsMent (u. S EPA 1986) iARC (1980) has also concluded that the evidence
from an1ma1 stud1es is suff1c1ent U Human studies on beryllium carc1nogen1c1ty
have deficiencies that 11m1t any def1n1t1ve conclusion that a true association
between bery111um exposure and cancer exists. Nevertheless, it is p0551b1e that
a portion of the excess cancer rwsks reported in these studies may, in fact,

be due to bery111um exposure. A]though IARC concluded that beryllium and its
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compounds should be classified as having'"iimited“ human evidence of carcino-
genicity, the U.S. Environmental Protection Agency's Carc1nogen Assessment Group
(CAG) has concluded that the human ev1dence is ”1nadequate ' E

2.6.3 Dose-Effect and Dose Response Re]at1onsh1ps of Bery]11um - _

As previously stated, beryllium can act upon the lung in two . ways, e1ther
through a direct toxic effect on pulmonary tissue or through hypersens1t1za-'
tion. Even if reliable and detailed exposure data were available, it would
still be difffcu]t to establish dose-effect and dosefresponse_re1ationships due
to this. hypersensitization factor. No adverse effects have_been noted in
industries complying with the 2 ug/m3 standard set hy the Gccupational Safety
and Health Administration (0SHA); therefere, it appears'that this level of
bery1lium in air provides good protect1on with regard to re5p1ratory effects.
It is unknown whether exposures to the maximum permissible peak standard

(25 ug/m3) can cause delayed effects.

From available data, the CAG has discussed the estimation of carcinogenic
unit risks for inhalation exposure to beryllium. The quantitative aspect of
carcinogen risk assessment is included here because it may be of use in setting
regulatory priorities and in evaiuating the adequacy of technology-based con-
trols and other aspects of the regulatory decision-making process. However, the
methodo1ogic uncertainties associated with estimating cancer risks to humans at
low levels of:exposure should be recognized. The Tinear extrapolation proce~
dures used (see Section 7.3) typica11y provide a rough but plausible estimate
of the upper limit of risk--that is, it is not likely that the true risk would
be much higher than the estimated risk, but it could be considerably lower. In
the case of beryllium, due'toc the uncertainty introduced by specific character-
istics of the data base which may be best thought of as affect1ng the confidence
in the upper-1imit estimates, the unit r1sk est1mates presented below may be.
most appropr1ate1y v1ewed as sen51t1v1ty analyses. These r1sk est1mates shou]d_
not be: regarded therefore .as accurate representat1ons of true cancer r1sks
The” esttmates presented may, however ~be: factored 1nto regu]atory dec1s1ons to
- the extent that the concept of upper 11m1t r1sks and sen51t1v1ty anal;ses are

| found to be useful B S e N T :
_ N Both an1ma1 and human stud1es have been used to exam1ne the carc1nogen1c tvi

potenqy of bery111um For quant1tat1ve r1sk assessment purposes the an1mal ;

date present some d1ff1cu1t ana1yt1ca1 prob}ems because of weaknesses inthe




design and the reporting of the studies. Despite the weaknesses of the indi-

vidual studies, however, there is little doubt that beryllium induces cancer
in laboratory animals.: ' ' '

An additional difficulty in the use of an1ma] data for quant1tat1ve assess-

ment is due to the fact that, not only did many -of the animal studies ut1112e

different forms of beryllium than those common]y,presentajn,the_ambient_enviréﬁfx

ment, but the carcinogenic response varied with.-the .beryllium compound used,n
Moreover, - the form most.common in-ambient ajr is beryllium oxide_and,_although
all the animal studies were deficient in some respects, the ones'uti1izing_

beryllium oXide were more deficient, as-a,group,;than_those:utilizing beryliiuml_

salts. Nevertheless, it was felt that the quantitative analysis shouid focus_
upon the form of beryliium humans are most. Tikely to be exposed to. _
While the ravailable :beryllium ox1de studaes were, 1nd1v1dua]1y weak a
correlation of estimates “From several. data sets would be expected to 1ncrease
confidence 1n ‘the results.. Potency factors were thus ca]cu¥ated us1ng data'
from eight: bery111um OXIde animal studies. - The.results were. reasonab]y con- :
ststent ‘and the geometr1c mean - of a]] etght potency factors was 2.1 X 10 3/

(pg/m ), wh1ch agreed quite we]] w1th the potency factor der1ved from the human {

ep1demio1og1c data

The quest1on of bery111um potency by 1ngest1on is. h]ghiy uncerta1n and _
debatable due to: “the' ‘equivocal: or negative resu]ts from 1ngestlon stud1es._
From a we1ght~of ev1dence po1nt of view, the potent1aT for human carc1nogen1-
city by this route cannot be d1sm1ssed For pract1ca1 purposes, however,_the

1potency of bery111um via 1ngest1on must be. con51dered as ]arge]y unknown

 Even though the ep1demlolog1c studles have been Judged to be qua]1tat1ve1y.

inadeguate to assess the potential. of- carc1nogen1c1ty for humans these studtes_

can be analyzed to ‘determine the largest p1aus1b1e risk that s cons1stent w1th_
the available eptdem1o1og1c data. -This. upper: bound is a r1sk estlmate and cany
be used to-evaluate the reasonableness of est1mates deruved from an1ma1 stud1es.
Information from the ep1dem1o]ogic study by Wagoner et aI (1980) and the “

industrial hyg1ene rev1ews by ‘NIOSH. (1972) and Etsenbud and L1sson (1983) have ;
been combined to éstimate a plausible upper bound for 1ncrementa1 cancer r1sk o
associated with- exposure to air contaminated with bery111um 0x1de _ The ep1de-_

m1o1og1c data, while being useful for estimating the cancer potency of bery]-
1ium, hevertheless, also has ‘interpretative . 11m1tatzons because of the
uncertainties regarding exposure levels. In the occupatlona] exposure stud?es

upon which the risk analysis is based, the narrowest range far median exposure
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'.that could be obtained on the basis of available information was 100 to 1,000
pg/m . Furthermore an assumpt1on was made that the ratio of exposure duration
to years at risk ranged from 0.25 to 1.0. The geometric mean of the potency
factors derived usxng these assumptions equa1s 2.4 x 10 3/(pg/m ). f

The unit risks from the beryilium oxide animal data sets are best viewed
as demonstrat1ng a consistency of response, as opposed to a collection of in-
d1v1dua11y reliable upper-bound risk values. Within the consistency range,
sens1t1vjty is shown relating to the beryllium species tested, and for beryl-
lium oxide, perhaps to firing temperature., Because of the need to assume expo-
sure levels, the risk estimate derived from the human epidemiology data is, in
effect, also the result of a sensitivity analysis which shows a consistency of
response. , g

With these noted caveats, the CAG feels that a recommendation for a spe-
cific upper-bound estimate of risk is warranted, even though it does evolve
from less than ideal data, in order to provide a crude measure of the potential
for public health impact if, in fact, beryllium is assumed to be a human car-
cinogen. Taken together, the notable comparability of the animal and human
based estimates for beryllium oxide encourages one to consider these estimates
as being of some utility. Given the correlation of animal and human estimates,
the upper-bound incremental lifetime cancer risk associated with 1 pg/ma_of
beryllium oxide, after rounding to one significant figure, is 2 x 10_3.

There are two types of uncertainty associated with this value, one
involving the typical concern about upper-limit values (i.e. the true risk is
not likely to be higher than this value and may be lower) and a second
uncertainty relating to the use of dosihetry assumptions in the risk modelling
which ‘may result in e1ther an over=- or underest1mat1on of the recommended
upper-]1m1t vaTue. The utility of the beryllium oxide risk value in rlsk
management analyeis should be judged with these uncertainties in mind, Hence,
whereas one might'use theSe estimetes to screen for a possible public hazard,
one should exerc1se much greater caution in using these values for an assess-
ment of 1nd1v1dua1 cancer risk. If the form of bery111um present 1ncTudes more
than a smali fract1on of bery}?xum 5a1ts, then the bery111um ox1de risk value
may underest1mate the upper 11m1t and the an1mal based est1mates for bery]11um
squate or other sa!ts should ‘e used. These est1mates have the typ1ca1
upper~11m1t uncertaTnty re?at1ng to the true risk,’ The incremental Upper-11m1t__
of 2 X 10 /(pg/m ) p1aces bery111um ox1de 1n the th1rd quart1?e of 59 suspect
‘carc1nogens eva]uated by the CAG TR £ : : '

-1t




2.6.4 Populations at Risk

In terms of exposure, persons engaged in handling beryllium in occupa-

tional environments obviously comprise individuals at highest risk. With
regard to the population at large, there may be a small risk for people living
near bery11ium-emitting industries. However, the risk for such individuals méy
not be from ambient air Jevels of beryllium, but rather from beryllium-contami-
naﬁed dust within the household. There are no data that allow an estimate of
the number of people that may be at such risk, but it is reasonable to assume
that it is a very small group. It should be noted that no new “neighborhood"
cases of beryllium disease have been reported since the 1940s.
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6. MUTAGENIC EFFECTS OF BERYLLIUM

Befy11ﬁum has been tested for its ability to cause genetic damage in both
prokaryotic and eukaryotic organisms. The prokaryotic studies include gene
mutations and DNA damage in bacteria. The eukaryotic studies include DNA
damage and gene mutations in yeast and cultured mammalian cells, and studies of
chromosomal aberrations and sister-chromatid exchanges in mammalian cells in
vitro. The available literature indicates that beryliium has the potential to

cause gene mutations, chromosomal aberrations, and sister-chromatid exchange in
cultured mammalian somatic cells. |

6.1 GENE MUTATIONS IN BACTERIA AND YEAST

- The studies on beryllium-induced gene mutations in bacter1a and yeast are
" summarized in Table 6-1. ' ‘

6.1.1 Sa]mone1la Assay

Beryllium has been tested for 1ts ability to cause reverse mutations in
Salmonella typhimurium {Simmon, 1979a; Rosenkranz and Poirier, 1973).

Simmon (1979a) found that beryllium sulfate was not mutagenic in Salmonella
strains TAL535, TA1536, TA1537, TAQB,‘and TA100. Agar-incorporation assay,
with and without $-9 metabolic activation, was employed. The highest concen-
tration of befy11ium suifate tested was 250 pg/plate (12.5 pg Be). No mutagenic
response was obtained in any of the above strains. | |

Bery111um sulfate was also not mutagenic in Salmonella typh1mur1um strains
TA1535 and TA1538, both in the presence and absence of the $-9 activation
system (Rosenkranz and Poirier, 1979). The two concentrations of the test
compound used were 25 pg/plate .and 250 pg/plate. No significant differences in

the mutation frequencies between the experimental and the control plates were
noted. 4




* TABLE 6-1. MUTAGENICITY TESTING OF BERVLLIUM: GENE MUTATIONS IN BACTERIA AND IN YEAST
Lo R ' Concentration of 5<9 Activation. . SR _
Test System. Strain Test Compounds as Be - - .~ System ' Results __Comments . Reference
salmonella ©TA1535 . Maximum of - - . o #- " Reported " 1. 0nly highest .  Simmon (1979a)
typhimuyrium. -~ TA1536 ... -.'12.5 ug/plate- : - . -negative concentration '
ST TA1537 ¢ U dnan used. :
" TA1G0 o S - oostrains . :
Salmonella - - TA1530. Unknown .. . Host-mediated . Reported . Simmon et al.
typhimuyrium . TAL538 i{Given aither as" " assay in mice ' negative : oo (1979)
R " TA1535 ©-.i.m. injections - E - dnall .
Lo Coel - {25 mgfkg) or by - L - . strains by
.Saccharomyces :'Djs - -.gavage (1200 mg/kg .- - o0 0 both routes
cerevisiae - L -;bery]1ium sulfate)) -~ . o o . of exposure
. Salmonella . " TA1535 .. .1.25 pg/plate .. oo ok S Reported I ' . Rosenkranz and
typhimurium - TA1538 = - 12.5 pg/plate. .. - - . negative o _ Poirier.(1979)
" Escherichia = WP2 0.9490 pg/plate - . Réported | | : Ishizawa (1979)

coli L ‘negatijve




6.1.2 Host-Mediated Assay

Negative mutagenic response of bery]]fum sulfate was Obtained in the
host-mediated assay (Simmon et al., 1979). Several procedures were used. In
all procedures the tester strain was injected intraperitoneally and the beryl-
Tium sulfate was given orally ok'by intramuscular- injection. Four hours later,

the Salmonella or Saccharomyces tester strain was recovered from the peritoneal
. cavity and plated to determine the number of mutants (Salmonella) or recombi-

nants (Saccharomyces) and the number of recovered microorganisms. SimuTtaneous
~experiments were conducted with cohtrol'(untreated) mice. Using 25 mg/kg given
intramuscularly, beryllium sulfate was not mutagenic with tester strain TA1530
or TA1538. Using 1200 mg[kg'given orally, beryllium sulfate was not mutagenic
in TA1535 and did not significantly increase the recombination frequéncy in

S. cerevisiae D3.

6.1.3 Escherichia coli WP2 Assay

A negat1ve mutagenic response in the Escher]ch1a coli WP2 system was
.obtaTned with beryllium concentrations ranging from 0.1 to 10 pmoT/p]ate
(10.5-105 ug Be/plate) (Ishizawa, 1979). These results should not be taken as
proof, howevef, that'beryl1ium is not mutagenic. The standafd_test system may
be insensitive for the detection of metal mutagens because of the Targe amount
of magnesium salts, citrate, and phosphate in the minimal medium (McCann et
al., 1975). - Bacteria appear to be selective in which metal ions are inter-
nalized. More research is needed to select a suitable strain of bacteria
to detect metal-induced mutagenesis in these prokaryotic systems.

6.2 GENE MUTATIONS IN CULTURED MAMMALIAN CELLS ' AR

The'ability of various beryllium Compounds to cause gene mutations in
cultured mammalian cells has been investigated by M1yak1 et al. (1979) and
Hsie et al. (1979a,b) (Table 6-2).

M1yak1 et al. (1979) demonstrated the induction of 8-azaguan1ne res1stant
'mutants by beryllium chicride in the Chinese hamster V79 cells. Beryllium .
chloride at concentrat1ons of 2 and 3 mM (18 and 27 ug Be/ml, resPeCtive1y)
induced 35.01 * 1.4 and 36.5 £ 1.7 mutant co}on1es per 105 survivors . These
values were approximately six t1mes h1gher than the control value of 5.8 +0.8
colonies per 106 survivors. The cell survival rates were 56.9 percent at 2 mM
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CTABLE 6-2.. MUTAGENICITY. TESTING OF BERYLLIUM: GENE MUTATIONS IN MAMMALIAN CELLS IN VITRO'

Reference

Test System Strain ‘ Test ‘Compounds as Be =~ System Comments
Chinese - V79 cells; - 1B pg/mt . None Reported 1. 99 percent - Miyaki ‘et al.
hamster Coresistance 27 pg/m} S positive pure. {1979)
S to 8- - o 6.0+ to " 2. No dose :
azaguanine 6.3-fald response.
o _ ~.increase

Chinese _CHO cellsy ‘Not stated £ Reported” 1. No detaits. Hsie et al.
hamster “resistance : L © pivtagenic 2. The authors -(1979a,b)

to 8- Toocand weakly o noted variable - .

. azaguanipe mutagenic results with

noncarcinogens .
“such as calcium.-




‘concentration and 39.4 percent at 3 mM. Analysis of mutant colonies reveaie&
that they were deficient in the'enzyme hypokanthine guanine phosphoribosyl-
transferase (HGPRT) activity 1nd1cat1ng that the mutat1on had occurred at the
HGPRT Tocus. ' : A

Hsie et al. (19793 b) a1so reported that bery111um sulfate 1nduced 8-
azaguanine-resistant mutants in Chinese hamster ovary (CHO) ce11s. However, .
they did not provide details about the concentratfons of the test compound and
" the number of mutants induced per 106 surV1vors
These studies indicate that bery111um has the ability to cause gene

mutat1ons in cultured mammalian cells.

6.3 CHROMOSOMAL ABERRATIONS

' Beryllium sulfate was tested for its clastogenic. potential in cultured
human lymphocytes and Syrian hamster embryo cells (Larramendy et al., 1981)
(Table 6-3). Cultured human lymphocytes (24-hours old) were exposed to a

- single concentration, 2.82 x 10-5M (0.25 pg Be/m1), of beryllium sulfate, and
' chromosome preparations were made 48 hours after the treatment. A minimum of
200 metaphases were scored for chromosomal aberrations. In cultures treated
with beryllium, there were 19 cells (9.5 percent) with chromosomal. aberrations,
or 0.10 + 0.02 aberration per metaphase. In the nontreated cohtro1 cells,
only 3 cells (1.5 percent) had chromosomal aberrations. This sixfold increase
in the aberration frequency clearly indicates that beryllium sulfate is
clastogenic in-cultured human lymphocytes. A beryllium concentration of
2.82 x 10-5M was selected because it induced a maximum number of sister-
chromatid exchanges in human lymphocytes in another experimeht reported by the

same authors (see Section 6.4). ,
In the Syr1an hamster embryo ce1ls the resu1ts were even more dramattc

This same concentration of beryllium sulfate induced aberrations in 38 out of
200 cells (19 percent) 24 hours after the treatment The number of”aberrations
per metaphase was 0. 12 £ 0. 03 In contro] cei]s, on1y 3 cel]s (1 5 percent)
had aberrat1ons or 0. 01 0 0l aberrat1on per ce11 In these stud1es '
chromosoma1 gaps were also cons1dered as aberrat1ons Even 1f the gaps were

_'not 1nc1uded as true aberrat1ons the aberratton frequency was st111 far abovee_'”
' the contro] 1eve1 1nd1cat1ng that bery111um suifate has clastogen1c potent1a11"'

in cu]tured mamma11an ce11s




TABLE _’6%3._} MUTAGENICITY TESTING OF ‘BERYLLIUM: MAMMALTAN IN VITRO CYTOGENETICS TESTS

B “5*91Acti§atjon

S -~ . w7 Concentration of DR o v ;
Test System “Strain’  Test Compounds as Be. “System-: ‘Resutts - Comments Reference
Chromosomal ~Human 0.25 pg/ml - - Reported: - 1. 6% above Larramendy
aberrations tymphocytes positive . - bhackground-1evel.. et al. (1981)
' o = S 2. Primarily
breaks..
Chromosomal .~ -Syrian 0.25 pg/ml -= Reported 1. 12x-above Larramendy :
aberrations S“hamster ' positive. -background: level. et al. (1981)
: “embryo” . - 2. Prigarily : B
~cells . - _ breaks-and gaps. -
Sister Huiian = .. 0.05 pg/ml - Reported. 1. -Less than two= "Larramendy
. chromatid - lymphocytes 0.125 pg/ml positive _fold increase. et al. (1981) -
o exchanges. S 0.25 pg/ml S 2. “Insufficient S '
. - evidence for a
positive conclu-
: Tsion, '
Sister ~ Syrian 0.05 pg/ml == Reported: 1.7 Less than two-  Larramendy =
chiromatid " . hamster 0.125 pg/ml positive’ ~fold increase. - et al. (1981)
exchanges "~ embrys 0. 25 pg/ml - 2. Insufficient
; . - evidence . for . .a

-~ cells -

- positive conciu-
. sion, :




6.4 SISTER CHROMATID EXCHANGES

Larramendy et al. (1981) also studied the potential of beryllium to induce

‘sister chromatid ~exchanges (Tab]e 6-3). Both cultured human lymphocytes and
Syrian hamster embryo cells were used in these studies. _

After 24 hours of cultivation, 1ymphocytes.were expased'to Tncreasing con=
centrations of beryllium sulfate (0 05, 0.125, and 0.25 ug Be/ml) followed by
10 pg BrdUrd/m] medium. Cultures were 1ncubated for an add1t1ona1 48 hours and
chromosome preparat1ons were made and sta1ned for s1ster-chromat1d exchange
analysis. At least 30 metaphases were scored for each concentrat1on of the

test compound. The background 51ster-;hromat1d exchange level was 11.30 = 0.60.

According to these investigators, there was .a dose- dependent increase in
sister-chromatid exchanges, i.e. 17.75 = 1.10, 18.15 %= 1.79, and 20.70 * 1.01,
respectively, for the above concentrations. ,

In the Syrian hamster embryo cells, the same concentrations of beryllium
sulfate inducedi16.75.i 1.52, 18.40 = 1.49, and 20.50 £ 0.98 sfster-chromatid

exchanges. The background.sister-chfomatid axchange frequency was 11.55 % 0,84,

The sister-chromatid exchange assay has been extensively used in mutagenicity
testing because of its sensitivity to many chemicals.

The authors stated that the results of the;sister*éhromatid exchange -
studies in human lymphocytes dnd_Syrian'hamster embryo cells demonstrated a
dose-response relationship. However, in these studies, the increase was less
than twaoId and fell within a plateau region. Thus, the dose-response rela-
tionship suggested by the authors may be somewhat tenuous. Fﬁrther_experimen-
tatTon_tohconfirm the study results are advisable.

6.5 OTHER TESTS OF GENOTOXIC POTENTIAL
6.5.1 The Rec Assay . ” | | |
Kanematsu et al. (1980) found that beryllium sulfate was weakly mutagenic

in the rec assay.. Baci?]Us'subtilis strains H17 (rec+) and M75 (fec-) were
streaked onto agar'plateé ‘An aqueous so1ut10n (0. 05 m1). of 0.01 M (4.5 pg
Be/plate) beryllium .sylfate was. added to a filter paper d1sk (10-mm diameter)
placed on the plates at the start1ng p01nt of the streak. Plates were first
“cold incubated (4°C) for 24 hours and then incubated at 37°C overnight,
Inhibition of growth due to DNA damage was measured in both the wild- type H17
(rec } and the sensitive- type (rec ) strains. The difference in growth

6-7

4 )
T -
—F—




inhibition between the wild-type strain'and the sensitﬁVe strain was 4 mm,
which was considered to 1nd1cate a weak mutagen1c response

Similar results
were also. obtained by Kada et aT (1980) R '

6.5.2 Pol Assax L

Beryllium was tested for mutagen1c1ty in the p;_ assay u51ng Escherichia
coli (Rosenkranz and Powr1er, 1979 Rosenkranz and- Le1fer 1980) Th1s assay .
is based on the fact that cells def1c1ent in DNA repaar mechan1sms are more
sens1t1ve than normaT cells to the growth 1nh1b1t1ng properties of mutagenic
agents. Escherichia coli strains pol At {normal) and pol A" (DNA polymerase
I-deficient) were grown on agar plates, and fiTter disks impregnated with
250 pg of  beryliium su]fate were p]aced in the middle of each’ agar pilate and
1ncubated at. 37°C for 7 to 12 hours Experaments were “conducted both in ‘the
presence. and absence of an $-9 act1vat1on system There was no d1fference in
the diameter of the zones of growth 1n e1ther StTHTH Positive and negat1ve
controTs were used for compar1son The shortcom1ngs of this assay are that (1)
conc]us1ons can be drawn onTy when.measurable zones “of growth 1nh1b1t1on occur,‘
(2) it is poss1b1e that the test chem1ca1 may not ‘be able to penetrate the
test organ1sms and (3) 1nsuff1c1ent d1ffus1on of chemaca]s from the disk can
oceur. because of low . soTub1T1ty or Targe moTecular s1ze

6.5.3 Hepatocyte Pr1mary Cu]ture/DNA E;pa1r Test ;" . E T
DNA damage and repa1r as ref]ected by unschedu]ed ‘DNA synthes1s (1ncor--
poration of tritiated thym1d1ne), was exam1ned for berylllum sulfate by
Williams et al. (1982) Rat primary hepatocyte cultures were exposed to 0.1,
1, and. 10 mg/mT of. bery111um sulfate w1th 10 pC1/m1 of tr1t1ated thym1d1ne and
1ncubated for 18 to 20 hours _ FoTTow1ng 1ncubat1on autoradwographs of -cells
were prepared A, m1n1mum of 20 nuc1e1 was counted for each concentrat1on and.
the - uptake of, rad1oact1ve TabeT was measured as gra1n ‘Counts in. each nucleus.
The compound was cons1dered pos1t1ve when the nucTear gra1n count was five

grains per: nucTeus above the control vaTue The compound was considered

negative:in the assay if the nucTear grain count was Tess than five ‘at ‘the
highest nontox1c ‘dose. CytotOX1c1ty was determ1ned by the morpho]ogy of the
cells. Accord1ng to. the authors, beryTT1um squate d1d not induce a statisti-
cally greater grain. count at any of the concentrat1ons Benzo(a)pyrene was
employed as a positive compound.




_ _1ncorporat1on of nuc]eot1de bases 1n the daughter strand of DNA synthes1zed

6.5.4 Beryllium-Induced ONA Cell B1nd1ng _

Kubinski et al. (1981) reported that beryi11um 1nduces DNA prote1n com-
plexes (adducts) that can be .measured. Escher1ch1a co11 cells and Ehr11ch '
‘ascitis cells were exposed to radicactive DNA in the presence of 30 uM of
beryllium. Methyl methenesu1fonate (MMS) was used as 4 positive control. The

negative'controi Consisted of cells only and radioactive DNA The radiocactive
- DNA bound to cell: membrane protexns was measured and, Tike MMS, bery]T1um
induced pos1t1ve resu1ts However, the s1gn1f1cance of bery111um-1nduced DNA
binding to cell membranes is not c]ear in terms of its ability to induce

mutations.

6.5.5 Mitotic Recombination In Yeast |

Beryllium sulfate did. not induce mftotic'rECombination in the yeast
- Saccharomyces cerevisiae D3 (Simmon, 1979b). The S. cerevisiae strain D3 is a
heterozygote with mutations in ade 2 and his 8 of chromosome XV. When grown on
a medium containing adenine, cells homozygous for the ade 2 mutation produce a
red pigment. These‘homozygous mutants can be generated from the heterozygotes
by mitotic recombination induced by mutagenic compourds. A single concentra-
tion (0.5 percent) of beryilium induced 10 mutant colonies per 105 survivors,
while in the control the mutant frequency was & colonies per 105. In the
mitotic recombination assay, there must be a threefold increase in the mutant

frequency of experimental over the control in order to be considered & positive.
mutagenic response. The negative mutagenic response of beryllium may be due to
an ipability of beryllium to penetrate yeast cells.

6.5.6 Biochemical Evidence of Genotox1c1tx :

Several in vitro exper1ments of the genotox1c potent1aI of bery111um have
been reported In one study, 1n v1tro exposure of rat ]1ver cells to bery111um
resulted 1n 1ts b1nd1ng to phosphorylated non h1stone prote1ns (Parker and
'Stevens 1979) Perry et a1 (1982) fpund that’ exposure of cultured rat hepa—
tosoma] ce1]s to bery111um reduced the g]ucpcort1co1d 1nduct1on of tyros1ne
transam1nase act1v1ty In a DNA f1de]1ty assay, bery111um 1ncreased the mls-%

1n v1tro from po1ynuc1eot1de templates (Zakour ot aI 1981) Bery111um has
also been 1nvest1gated for 1ts effects on the transcr1pt1on of ca]f thymus DNA'
and phage T DNA by RNA poTymerase (from E 'c011) under contro]]ed cond1t1ons




Bery1lium inhibited overall transcription but increased RNA chain initiation,
indicating the interaction of the metal with the DNA template (Niyogi et al.,
1981).

6.5.7 Mutagenicity Studies in Whole Animals

Information on the mutagenicity of beryllium compounds in whole anima]'
organisms, such as Drosophila and mammals, is not available in the literature.
Such studies would be highly valuable for assessing the in vivo effects of beryl-
1ium compounds, in particular to learn whether or not they induce mutations in
germ cells. Metals such as cadmium and methyl mercury‘have been implicated in
the induction of aneupioidy (numerical chromosomal aberrations) in female rodent
germ cells. Aneuploidy is generally induced as a result of malfunctioning of

the spindle apparatus. Such studies with beryllium compodﬁds would yield
valuable information. '




7. CARCINOGENIC EFFECTS OF BERYLLIUM

The purpose of this section is to evaluate the carcinogenic potential of
beryllium, and on the assumption that bery]]iuﬁ is a human carcinogen, to esti-
mate its potency relative to other known carcinogens, as well as its impact on
human health,

The estimation of the carcinogenic potential of beryllium relies on animal
bicassays and epidemio]dgica] studies. However, studies on the mutagenicity,
DNA 1nteréctﬁon, and metabolism of beryllium are also important for the quali-
tative and guantitative assessment of its carcinogenicity. Because the latter
are specifically dealt with elsewhere in this document, this section focuses on
animal and epidemiological studies as well as the dose-response (i.e., quantita-
tive) aspects of'bery11ium carcinogenicity. Summary and conclusions sections
highlight the most significant aspects of beryliium carcinogenicity.

7.1 ANIMAL STUDIES

Numerous animal studies have been performed. to determine whether or not
béryTIium and beryliium-containing substances are carcinogénic. In these
studies, metallic beryllium, salts of beryllium, and beryllium-containing
alloys and ores were administered by various routes. In the discussions that
follow, the studies are grouped according to the route of administration.

7.1.1 Inhalation Studies

The first report of pulmonary tumors after exposure to beryllium by
inhalation was made by Vorwald (1953). Four of 8 female rats exposed to
beryllium sulfate (BeSOa) aerosol (at 33 pg Be/m3, 7 hrs/d, 5.5 d/wk) for one
year developed primary pulmonary adenocarcinomas. The rate was 80 percent
(4/5) for anima]s'hecropsied after 420 days of exposure. This study was pre-
sented in a paper read before a meeting of the American Cancer Society, but

was never published; an abstract of the presentation wésrprinted two years
later {Vorwald et ail., 1955).

7-1



Schepers et al. (1957) updated the Vorwald study to include 115 rats, 78
~ of which survived to planned necropsy. TumorSIWEré tbdhted after the animals -
had been exposed for 6 months to bery]]aum su]fate aerosol followed by up to
18 months 1in normaT ajir.  The tota] number of tumors (76) -—.not:the number of
tumor-bearing an1ma1s'*- was counted. Eight histologic variants of neoplasms
were observed.'.Intfathoracic_Metastases were also noted, and transplantation
was succéssfu1 in sévéréi cases. No lung tumars were reported ameng controls.

During the late 1950s and early 1960s, both Schepers and Vorwa]d continued
their experiments. Unfortunately, because these studfes were never published,
details are often lacking, although some of the resﬁ]ts have been alluded to in

subsequent reviews (Schepers 1961, Vorwa1d et al. ,'1966) It can be surmised
that Schepers observed 35 to 60 tumors in 170 rats (21 to 35 percent) exposed
to beryllium phosphate at a concentrat1on of 32 to 35 ug Be/m ;-and 7 tumors in
40 animals (17. 5 percent) at 227 Hg - Be/m After exposure to beryilium
fluoride, he obtained & tumor rate of 10 to 20 in 200 animais (5 to 10 percent)
exposed to BIQQ'Bé/mg' With zinc beryl1ium manganese silicate (ZnBeMn$i0,), a
fluorescent phosphor in use ‘at .that time, the tumor rate was 4 to 20 in 220
animals (2 to 9 percent) exposed to 0.85 to 1.25 mg Be/m (Tab]e 7-1). No
tumors were observed in s1m11ar1y exposed rabbits or guinea pigs.

In- a11 but one of his 1nha1at1on exper1ments Vorwald exposed rats to
bery111um sulfate aer0501 at concentrat1ons ranging from 2.8 to 180 ug Be/m at
exposure schedules of 3 to 24 months. In one experiment, beryllium oxide was
used at 9-mg/m (temperature of firing not given). Pulmonary lesions believed
to be adenocarc1nomas were found in all groups at frequencies ranging from 20
to 100 percent WEak correlations were observed between tumor rate and expo-
sure concentrations, and between tumor rate and exposure length (Table 7-1).
No.metastésés wefé;pbéerved;'and'seria] homdtransplants were unsuccessful,

Reeves ‘et al. (1967) exposed 150 Sprague Dawley rats of both sexes and an
equal number of contro1s to bery]11um sulfate aerosol, with a mean partic]e
diameter of 0.2 U, "at a mean concentration of 34. 25 23.66 ug Be/m for 35
hours a week. Sacrifices were conducted quarter]y The f1rst lung tumors were
seen at 9 months -and by 13 months a]] 43 animals necropsaed had pu]monary
adenocarcinomas. Similar results were reported by Reeves and Deitch (1969} two
years later for another animal group. In the latter study, 225 female Charles
River CD rats of various ages were exposed (35 hrs/wk) to 35.66 £ 13.77 pg
Be/m3 with a mean particle size of 0.21 pm (Figure 7-1). Five groups were
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TABLE 7+1. PULMONARY CARCINOMA FROM INHALATION EXPOSURE -TO BERYLLIUM

"Incidence

_Week]y ~ Duration
-Atmospheric - exposure -of, oot .
L concentration  time exposure . pulmonary- = _ C
Compound Species pa/m3 as. Be * (hours) (months) . carcinoma Reference
BeSO, Rats 33-35 33-38 12-14 4 in-8  Vorwald (1953) |
33-35 33-38 13-18 - 17 in 17~ Vorwald et al. (1955)
32-35 44 6-9 58 in 136 Schepers et al. (1957)
55 33-38 3-18 55 in 74 Vorwald (1962)
180 33-38 12 114027 - Vorwald (1962)
18 33-38 322 72in 103 Vorwald (1962)
18 33-38 8-21 31 in 63 Vorwald (1962)
18 33-38 9-24 47 in 90 Vorwald (1962)
.18 33-38 11-16 9 in 21 - Vorwald (1962)
1.8-2.0  33-38 8-21 25 in 50  Vorwald (1962)
1.8~2.0 33-38 9-24 43 in 95 Vorwald (1962)
1.8-2.9 33-38 13-16 3 in 15 Vorwald (1962)
21-42 33-38 18 Almost all  Vorwald et al. (1966}
2.8 33-38 18 13 4n 21 Vorwald et al. (1966)
.34 ' 35 13 - 43 in 43 Reeves et al. (1967)
36 © 35 k! 19 in 22 Reaves and Deitch
' (1969) '
36 35 6 33 in 33 Reeves and Deitch
R (1969) .
36 3G g 15 iR 15 - Reeves and Deitch
' : - (1969) . :
3% 35 S 12 21 in 21 .  Reeves and Deitch
, j (1959)
36 - 35 18 13 in 15 Reeves and Deitch
U (1969) . :
Monkeys 35-200 . 42 8  04an4  Schepers (1964)
| 38.8 15 36+ 8 in 11 Vorwald (1968)
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" TABLE 7-1. {continued}

Weekly Duration Inﬁidence
Atmospheric exposure of of
‘ . _ concentration  time exposure pulmenary
Compound Species pg/m® as Be (hours) {months) carcinoma Reference
BeSQ, Guinea pigs 35 . NR " 12 ' 0 .rSchepers {1961)
36 B 12 2 in 20 Schepers (1971)
3.7-30.4 35 © 18-24 0 'in 58 Reeves et al. (1972)
~15 . 35 ©18-24 - 01in 110  Reeves (1976) '
BeHPO,  Rats 32-35 R 1-12 . 3560 in  Schepers (1961)
= 170* |
227 . MR 112 7 in 40%  Schepers (1961)
Monkey's 200 428 0in4 - Schepers (1364)
100 . 42 .8 1in4 Schepers (1954)
8300 42 8 0ind .- S;hgpers (1964)
BeF, Rats 9 MR 615 10-12 in  Schepers (1961)
R 200 SR
Monkeys 180 42 . - 8 0 fn4 . Schepers (1964)
ZnBeMnSi0s Rats 700 MR . 9 - 4-20in . Schepers (1961)
_ : B o : L2207 o :
Rabbits 70 N . 24 - . 0 Schepers (1%61)
Guinea pigs 700 _ MR . -:_22 - TL“-,‘_d Schepers (1961)
Beryl ore Rats 620 - 30 . 17+ 184n19  Wagher et.al. (1969)
Hémstefé . 620 . . 30 17+ " 0 1in 48 © Wagner et al. (1989)
Monkeys - - 620 : '50.' ' i7+' : 0 in 12 Wagner et al. (1969)
Betrandite Rats 210 30 17+ 0 in 30-60 Wagner et al. (1969)
Hamsters 210 ©30 ,. 17+ 0 in 48 Wagner et-al. (1969)
Moﬁkeys . 210 30 o 17+ ¢ 0 in 12 Wagnér et al. (1969)

*Number of tumors per number of animals exposed..
NR: Not reported.

‘Source: Adapted from Reeves {1978).
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- exposed for 800 hours two groups for 1600 hours, ‘and one group for 2400 hours.
It was found that tumor y1e1d depended not on 1ength of -exposure but on age at
exposure. Rats exposed at an early age “for only 3 months had essentially. the
same tumor frequency (19/22 86 percent) as rats exposed for the full 18 months
{13/15; 86 percent) whereas rats rece1v1ng the 3-month exposure later in 17fe
had substant1a11y reduced tumor counts (3 10/20*25 15 to 40 -percent).
Generally, an 1ncubat1on time of ‘at least 9 months after commencement of expo—
sure .was requ1red to produce actua1 tumors. “Epithelial hyperplasia of the
alveolar surfaces commenced after about 1 month progressed to metaplasia by 5
to 6 months, and to anap1as1a by 7 to'8 ‘months. -~ In guinea pigs, 18 months of = .
exposure (35 hrs/wk) to three d1fferent concentrat1ons of bery111um suifate (3 7

t 1.5 ug Be/m N 16 6 8. 7 pg Be/m ,_and 30.4°+710.7 g Be/m ) -produced only
alveolar. hyperp]as1a/metap1as1a (assoc1ated with d1ffuse 1nterst1t1a1 pneumon1-
tis) in 23 of 144 an1ma15 No tumors were seen -The ‘rate ‘of hyperplasia/ -

metaplasia in. unexposed contro?s was 3/85 (Reeves et ali, 1971, ’1972 ~Reeves and -

Krivanek;: 1974) Schepers (1971) reported the occurrence of lung tumors in 2 of: _
20 guinea pigs exposed to bery111um sulfate (at 36 Hg Be/m 5y 35 hrs/wk) for one .

. year. While these results are suggest1ve of a pos1t1ve effect when compared to

the very 1ow background 1nc1dence of tumors 1n ‘guinea plgs Very 11tt1e deta11
was given in the report to reach def1n1t1ve conc1us1ons ' S 3 _
Sanders et al. (1978) exposed fema1e W1star rats to- aeroso}s of med1um-.
fired (1000°C) beryl]xum ox1de, w1th d mass med1an d1ameter of 1.1 +.0.17 pm. .
A single. nose-only exposure of 30 to 180 m1nutes durat10n was .used.. Exposure
concentrat1ons were not reported but 1n1t1a] alveo]ar deposwt1on of bery111um
for three exposure groups averaged 0 9 0 3 pg, 16.0 + 15.0 pg and 57 0
17.0 ug. The an1ma1s were held from 625 ‘to 661 days. Of the an1mals surv1y1ng
to termination, no tumors were seen in, 50 controls 30 Jow4dose,ror.43_mediumf
dose rats. One_of_zs_rats }n_the h1gh dose group deveioped”an adenocarcinoma?
Wagner et a]z (1969) exposed éherles'RfvérTCD rats, Golden Syrian hamsters,
and squirrel. monkeys (Sa1m1r1 scxurea) %o aeroso]s of beryl ore and bertrand1te
ore at what was then regarded as the Mnuisance 11m1t“ for .all dusts (15 mg/m ).
At this part1c1e concentrat1on the bery111um content of the aerosols was 620
and 210 pg Be/m for bery] and bertrand1te reSpective1y "~ The geometric mean .
diameter for bertrand1te was 0. 27 H (o 2. 4) and for beryl was 0.64.u (o 2.5).
Exposure was for 6 hours/day, 5 days/week, for 17 months. - Of the 19 .rats =
exposed--to beryl dust, 18 had bronchiolar or alveolar cell tumers, 7 of which
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9 adenocarcinomas, and 2 epidermoid tumors.

were Jjudged to be adenomas,
Metastases were not bbserved and transp]antS'were not. attempted No, indispu*
table tumors were found' Ane e1ther hamsters or squ1rre1 monkeys exposed to beryT
dust, although atypical pro]1ferat1ons were seen in. the hamsters wh1ch accord-_':
1ng to the authors, “"could be consrdered aiveoiar cell tumors except for the1r :
size." There were no 1nd1sputab]e tumors in any of the animals exposed to _.
bertrandite dust. However, granulomatous lesions were seen in each spec1es and :
atyp1ca? pro11ferat1ons“ of the cells lining the respiratory bronchioles and
alveoli were seen in the rats and hamsters. ' '
Schepers (1964) found that among 20 femaTe rhesus monkeys (Macaca mu]ata)
exposed for eight months, 6 hours/day, by 1nhaTat1on to bery]11um sulfate
(BeSO ), beryllium phosphate (BeHP04), or bery111um fluoride (BeFZ) (concentra-
tions ranging from 0.035 to 8.3 mg Be/m particle size not reported), only one
animal had a small (3 mm) pulmonary neoplasm which appeared to be an alveclar
carcinoma. The animal was exposed to'bery11ium phosphate at a concentration of
1.1 mg Be/ma. The tumor was discovered on day 82 of exposure; however, its
association with the beryllium exposure was judged uncertain. Unfortunately,
the eight-month exposure period used in the study was probably insufficient to

-induce Tung-cancer in any of the monkeys. , .
Vorwald (1968) reported the outcome of a chamber study using rhesus

monkeys, about 18 months of age, exposed to bery111um sulfate (part1c1e size
not reported) at a mean atmospheric concentration of 38.8 ug Be/m . The an1ma1s :
were exposed for 6 hours/day, 5 days/week initially, but exposures were inter-
mittent with fewer exposures as the animals aged. The average exposure time for
the duration of the experiment was 15'hours/week The animals were held for a
1ifetime.  Four animals, two males and. two females d1ed w1th1n si% months- of
the -start of exposdre. ~ Three add1t1ona1 fema]es d1ed after approx1mate1y one
to four years None- of: these seven an1ma1s deve]oped 1ung tumors The '
rema1n1ng ‘9 an1ma1s surV1ved appr0x1mate1y 6. to 10 years Three of the four
.survwing fema]es and a]] f1ve of the males deve1oped pu1monary tumors '

| The patho]ogy var1ed among an1ma1s In some:monkeys ‘the tumor was 1n the;'

| "nature of a gross mass predom1nant1y s1tuated'1n'e1the_ the h11ar area or 1n:

the more per1phera] port1ons of the 1ung ' In other cases sma]1 and 1arge

tumors: were scattered 1rregu]ar1y throughout the pulmonary reg1on The h1st0'h'-"=

patho]ogy was genera11y very: anap1ast1c but varlous adenomatous patterns oftenh'
predom1nated among areas w1th ep1derma1 character15t1cs Ehtens1ve metastases S
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to the mediastinal lymph nodes were seen, and in some animals there were metas-
tases to the bone, Tiver, and adrenals. No control animals were kept in this
experiment. ' 7

Dutra et al:r (1951) exposed 5, 6, and 8 rabbits to beryllium oxide aerosol
(degree of firing unidentified) at 1, 6, and 30 mg Be/m3 (mean particle diameter
0.235 p), respectively, on a 25-hour-per-week schedule for 9 to 13 months. One
rabbit in the group exposed to 6 mg Be/m3 developed osteosarcoma of the pubic
bone, with extension 1into the contiguous musculature. Scattered tumors which
were judged to be metastases of the osteogenic sarcoma were seen in the lungs
and spleen. The 1ungs”aiso exhibited extensive emphysema, interstitial fibrosis,
and lymphocytic infiltration. Rabbits in the other groups remained free of
ma1ignahcies. - : '

7.1.2 Intratracheal Injection Studies

Intratracheal administration of beryllium compounds was used as a substi-
tute for inha1étion in experimehts by Vorwald (1950, 1953, 1968), van Cleave and
Kaylor (1955), Spencer et al. (1965), Kuznetsov et al. (1974),-15h1nishi et al.
(1980), and Groth et §1. {1980). The fate and effects of beryllium compounds
deposited by‘intratracheal injection aré.not necessarily the same as those for

" identical compounds deposited by inhalation. Intratracheal injection produces

 an unnatural depositien pattern in the lungs and permits the entfy of larger
particles that normally would be fi]tefed out in the upper respiratory tract.
Dusts, therefore, frequently show longer pulmonary ha]f-t1mes after intra-
tracheal injection than after 1nha1at1on

Vorwald (1853) found one lung tumor among eight fema1e rats after intra-
tracheal injection of 338 ug beryllium (as beryllium oxide) and one "sarcoma"
among eight male rats (site unidentified) after intratracheal injection of
33.8 g beryllium as sulfate (Table 7-2). The induction of 1ung cancer with
intrathoracic metaétases in rhesus monkeys following intrabronchial injection
and/or bronchomural implantation of "pure” beryllium oxide (firing temperature
unknown) has been mentioned in a review, but without reference to any original
publication (Vorwald et al., 1966). _

Groth et al. (1980) 1ntratrachea11y injected rats with dusts of bery1]1um
metal, passivated beryllium metal (with <1 percent chromium), and various
beryilium alloys, as well as beryllium hydroxide. . Lung tumors were obhserved
after injection of beryllium meta],.passivated'bery1lium metal, and a
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TABLE 7-2. ‘PULMONARY CARCINOMA FROM EXPOSURE TO BERYLLIUM VIA INTRATRACHEAL INSTILLATION

6-L

Incidence
Total of
_ : , _ - _ dose pulmenary )
~Compound =~~~ : Species ' (mg) carcinoma . Reference
_ InBeMn$i0; S Rabbits; rats, and guinea pigs - - 0.46 0 Vorwald (1950)
: . L ' ' 2.3-6.9 -0 Vorwald (1950)
3.4 0 Vorwald (1950)
‘Be Stearate Rabbits, rats; and guinea pigs - 5.0 0 - Vorwald (1950)
Be(QH) . : ~ Rabbits, rats, and guinea pigs 31 -0 Vorwald (1950)
Be Metal S Rabbits, rats, and guinea pigs’ 54 0 : Vorwald (1950)
©  Be 0 o Rabbit§; rats, and guinea pigs 75 ' 0 Vorwald (1950)
| Rats . | R 338 . lin4 Vorwald (1953)
Monkeys, S 18-90+ © 3020  Vorwald (1968)

" Source: ~ Adapted from Reeves (1978j.
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beryllium-aluminum alloy {(containing 62 percent beryllium), but not after
injection of other beryllium alloys in which theaberylTiumjconcentration was
less than four percent. The injection of beryllium hydroxide into 25 rats
yielded 13 cases of_neop]aaia, of which siXx were judged to be adenomas and
seven adenocarcinomas (TabTe 7-3). The remaining animals had various degrees
of metaplasia, which wereregarded'as;precancerOUS lesions. :Sevecal;of the
tumors were successfu}ly'franspTanted | . : B

The most deta11ed stud1es of 1ntratrachea1 injections of. bery111um were
reported by Spencer et al. (1965 1968 1972) H1gh fired (1600°C) medlum-
fired (1100°C), and 1ow-f1red (500°C) specimens of beny111um ox1de were injected
into rats. The rates of pu]monary adenocarcinomas were 3728, 3/19 ‘and 23/45
(11, 16, and 51 percent) in the three groups respectively. None.were seen
in controls, R SR R S

Ishinishi et a1 (1980) 1ntratrachea11y 1n3ected 30 male WTstar rats with
berylilium oxide (ca1c1ned at 900° C) in 15 week]y doses of 1 mg each. ~0f 29
animals examined 1.5 years 1ater, six (21 percent) had 1ung tumors i. e ohe
squamous cell carcfnona;_one.adenocarCTnoma three adenomas, and one ma119nant
lymphoma. The adenbmas'had strong h1sto1og1ca1 arch1tectures [of] susperted
malignancy" (Tables 7- 4 and 7-5). The ma11gnant 1ymphoma was found not - -only in
the Tung, but also. 1n the h11ar 1ymph nodes and in the abdom1nal cav1ty, with
the primary site rema1n1ng undeterm1ned 91X extrapu?monary Tymphosarcomas,
fibrosarcomas, or other tumors were found 1n further 1n3ected an1ma]s but in
~only one of the 16 contro1 an1maTs The frequency of c1ear1y ma11gnant primary
pulmonary tumors in th1s exper1ment was 2/29, or 7 percent.

7.1.3 Intravenous InJection Studles

In 1946 Gardner and Hes]1ngton, in a search to f1nd the cause of an
"unusual incidence of pu]monary sarcoid" in the fluorescent light tube industry,
injected zinc bery111um s111cate (ZnBeS1O ) into rabb1ts They found:osteosar-
comas of the Iong bones 1n atl seven an1ma]s wh1ch survived the treatment for
seven or more months Because ‘this was the first 1nstance of exper1menta1
carcinogenesis by an jnorgan1c substance Tt evoked great 1nterest Bery111um
was clearly implicated as the causative agent because:z1nc oxide, zinc silicate,
or silicic acid did not cause osteosarcemas in a second set of trials, whereas
baryliium oxide (firing temperature unknown) did. Guinea pigs and rats, when
similarly treated with both zinc beryllium silicate and beryllium oxide, failed
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; _ TABLE 7-3. BERYLLIUM ALLOYS-~LUNG NEOPLASMS

Autopsy intervals and Tung

Dose of .Dose of Total neoplasm frequencies {months)
: _ .compound - Be .no. . rats: o , &
. Compounds - (mg) - (mg) autopsied ' 1 2-7 7'8-10 - 11-13 16-19 - P ovalue
Be metal - 2.5 2.5 16 oo - - 3/5  6/6 . <0.0001
Be metal . 0.5 0.5 21 - 0/5 0/3 0/5 0/5 2/3 0.011
Passivated Be metal 2.5 2.5 26 - 0/5 ©/2° 1/5 © 4/10  4/4 . <0.0001
.Passivated Be metal 0.5 6.5 20 o/ 0/ 0/3 -~ - 7/11 . 0.0001
" BeAl alloy 2.5 1.55 24 0/5  0/3 2/5  0/5  2/6 0.043
BeAl a]]oy 0. 0.3 . 2 . 0/5. - 0/1 0/6 /9 - . 0.30
4% BeCy alloy 2.5 0.1 28 - 0/5 - 0/1. 0/5  0/6 .0/11
- 4% BeCu alloy. 0.5 0.02 . 24 o/5  o/2 - 0/4.  0/13
— 2.2% BeNi alloy - 2.5 - 0.056 28 - 0/% 0/1 0/5 .. 0/5 0/12
2.2% BeNi alloy 0.5 0.011 27 Co/s o7z - 0/5 0/15
 2.4% BeCuCo alloy 2.5 0.06 T S 0/5  0/3 0/  0/5  0/15
S 2.4% BeCuCo alloy 0.5 0.012 30 a5 0/2 - 0/5°. - 0/18
saline - - 39 ©o/s. 0/3 075 0/s  0/21

3p value (Fisher's one tailed test) when the lung neoplasm frequency in exposed groups is compared with the 1ung
: neop]asm fregquency in:the saline contrel group at the autopsy peried of 16-19 months. Because of mu1t1p1e com-
par1sons with the contro] group, the individual P value must be 0.008 or less to be significant.

Number of rats w1th a lung neoplasm divided by tota1 number of rats autopsied at the spec1f1ed interval.

Sotirce: Groth et al. {1980).




[ARY

TABLE- 7-4. LUNG TUMOR INCIDENCE IN RATS AMONG BeD, As,03 AND CONTROL GROUPS
_ Number of rats . - : :
_ Lo “surviving after g SRR - 'Malignant- " Benign
Group . o Sex ;- 15" instillations ~Average - Range © . tumgp tumor
Be0 (1 mg)® . - M 307306 . . 545 - " 99-791 2+(1)P 4
Ass04-(1 mg)? M ‘19/30 - S0 BB - 98-820° 1 0
" Control M 16 o 398 1-617 0 ;0
#amount of one ihsti11atioﬁ:BEfor As?j . :
bUnkndwn'which is pFimary_tUmor or metastasis. -
" Source: ‘Ishinishi et al. (1980).: )
TABLE 7-5. HISTOLOGICAL CLASSIFICATION OF LUNG' TUMORS AND OTHER PATHOLOGICAL CHANGES
- R AN . Other
Malignant tumors (A) Benign tumors (B} - tumors . site
: _ ' S - w. (A + B) . Squamous’ tumors
: T Squamous’ IR Lo . ftumor 0 cell _ . except
SRR No.:of: cell ~Adeno-- Malignant - Ade~ - incidence meta--- -Osseous .the lung
Group < .7 Sex . rats  carcinoma - carcinoma  lymphoma noma .. rates] ‘plasia’. metaplasia - tumor
BeO (1 mg as Be) = M - 292 o 1P 1© o MY om0z 2 1 6
7 As,04°(a mg as As) Mooo18t o 1 0 o 0 L 5.6%. 5 2 39
- Control - . : M - 16 . 0: 0. - - Q L0 0 1 0 1

a .

One rat was not h1st0pathologica]1y observed because of cann1ba1asm
Coex1stence of squamous cell’ carc1noma and. adenocarc1noma
Coex15tencn of adenocarc1noma and adenoma

Ma1lgnant iymphoma in the:left Yobule of the lung, the Iymphat1c noduies in
The pu1m0nary hilus, and in the‘abdominal cavity.

®Three of four adenomas have strong h1sto]eg1cal archltectures of suspected maIIQnancy,
fLymphosar‘coma ar f1brasarcomas (except One) )
gMesothe]mma_m per1toneum, liver and mesentery, -

Source: -Ishinishi et al. (1980).




S carc1nogen1c_e'fect :
| Ke11y et al, 1961) TWentyifwo of 31 rabb1ts rece1v1ng z1nc bery111um s111cate 5_:'

(tota? dose 12 mg Be) deve1oped osteosarcomas New bone format1on was observedfi

- in. the medu1lary cav1t1es of the Iong bones before the ma11gnant changes became

to respond. The dose of beryllium within the two compounds injected (baryllium
oxide and zinc bery111um 5111cate) was 360 and 60 mg, respect1ve1y, and was
given in 20 divided doses durTng a b~ week per1od

This basic experiment ‘was repeated many t1mes by severa] 1nvest1gators
(Tables 7-6 and 7-7). C]oudman et al. (1949) produced osteosarcomas in four out
of five rabbits rece1v1ng a tota1 dose of 17 mg bery111um (as zinc beryllium
silicate). Mice were also 1nJected with “"some" tumors being produced (counts -
not stated). In this experiment, “Substantia]]y 100 percent bery11ium oxide by
"spectrographlc standards" (degree of firing not stated, total dose 1. 54-390 mg
beryllium) produced no tumors. Nash (1950) produced five cases of osteosarcomas
in 28 rabbits.injected with zinc beryllium silicate phosphor. The minimum
effective dose appeared to.be 260 mQIZianbery1Tium siticate (12 mg beryltium).
Dutra and Largent (1950) produced osteosarcomas in rabbits with both zine
beryllium silicate (2/3) and beryllium oxide (6/6), and reported a successful
transplant in the anterior chamber of the aye of a guinea pig. Barnes et al.
(1950) produced six cases of osteosarcomas among 17 rabbits injected with zinc
bery?]ium silicate and one'case of osteosarcoma among lllrabbits injected with
béry]]ium silicate. The tumors were multicentric ip origin, and blood-borne
metastases were cohmon. Hoagland et al. (1950) -injected rabbits with two
samples of zinc beryllium silicate phosphor, containing 2.3 and 14 percent
beryllium oxide, and.produced osteosarcomas in 3/6 and 3/4 rabbits, respec-
tively. With uncompounded beryliium oxide, the tumor rate was 1/8. The
osteosarcomas-appeared to be highly invasive, but could not be transp?anted.
Beryllium phosphate produced no tumors.- ' |

Araki- et al. (1954) injected 35 rabbits with zinc beryllium manganese
silicate, zinc beryI]ium_silicate, or beryllium phosphate. Therrate_of osteo~
‘éarcoma.formatiOh wes 6/24, 2/7,. and 2/4 in_ the three'groUpe, respectiveTy
There were no tumors among three rabbits injected with bery111um oxide (f1r1ng
temperature unstated) or among two un1n3ected contro]s There was also a
pr1mary thyro1d tumor 1n the group 1n3ected w1th z1nc bery1}1um manganese

's1T1cate L1ver cxrrhosas and splen1c f1bros1s were a]so observed Transp]ant

.: exper1ments were a]? negat1ve » R :
' al exper1ments epo_ ed*tfrom the /
£ x'of tntravenous bery]11um on bone: (Janes et a

:‘rmed the

'ayo Foundat1oh_:“'

Seve'

7 13

'_._J1'954 1956
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TABLE 7-6. OSTEOGENIC SARCOMAS IN RABBITS?
Dose of Dose of Route No. of Incidence Incidence
compound beryllium of animals of ~of
Compound (g). {mg) injection with tumors tumors metastases Reference
ZnBeSilg 1 UN i.v. 7 7/7 (100%) 3/7 (43%) _ P
Bel 1 360 iv. 1 UN UN . Gardner and HesVington (1946)
ZnBeSily. UN 17 i.v. 4 4/5 {80%) 3/4  (75%)
ZnBeSi0y UN 0.264 i.v. (M) 1 - . UN L UN Cloudman et at. (1949)
ZnMnBeSi0, 0.45-0.85 3.7-7.0 v, 3 2 3/6- (50%):
InMnBeS5i0g, 0.2 10-12. 6 Tilv, -3 > 3/4 (75%) 5/7° (71%) "Hoagland et al. (1950}
Bel UN 360 v, 1 2 179 (11% y
Be metal 0.04 40 i.v. 2 2/5 . (40%) - UN ‘Barnes et al. (1950)
ZnBe5i0, 1-2.1 7.2-15 i.v. 6 6/13. (46%) - 4/6  (67%)
BeSily 1-1.2 UN j.v. 1 1/8  (13%) None Barnes et al. (1950)
ZnBeSi04 UN 64-30 i.v. 2 2/3 . (67%) . 2/2 (100%)
Bel UN 360-700 i.v. "6 6/6:(100%) - 6/6 (100%) ~ Dutra and Largent (1950)
InBeS5i0, 1 12 fov. 5 5/10:(50%) - >2/5 (40%) Janes et al..(1954)
ZnBeSin, 1 12 iv. 16 - 10/13 (77%) UN Kelly et al. (1961)
Bel 1 360 i.v. U3 UN - e 2/3 0 (66%) Komitowski {1968)
Be phosphate 0.103 UN i.v. "1 S I . UN - Vorwald (1950) :
Bed 0.22-0.4 79-144 IMD 7 7/9 (78%) _ UN T
Bed 0.42-0.6 151-216 Imn - 11 11/11(100%)- - UN - Yamaguchi (1963)
ZnBeSilg 0.02 0.144 IMD 4 - 4/12 (33%) 3/4 (75%) Tapp (1969) - '
BeD Inhalation 1 C2 /6 (217%) 1/1 (100%) Dutra et al.. (1951)
' & mg Be/m3 :
Totals for ZnBeSilg + ZnMnBe$i0, v, 40 40/61 (66%) -2 18/30(60%)

8UN = unknown; IMD = intramedullary;. ZnBeSi0z = zinc beryi]ium silicate;
berytlium silicate; Bel = : -

Source:

Groth (1980).

beiryllium oxide.

(M) = mousej ZnMnBeSi0,

= zinc manganese
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TABLE 7-7. OSTECSARCOMA FROM BERYLLIUM

‘Rabbits

Total
dose Incidence of
" Compound Species {mg Be) Mode of administration osteosarcoma Reference
:} Zn583i03ﬁ€f7: x'“. Rats 60 i.v. in 20 doses 0 Gardner and
B Heslington (1946)
':*";féuinéalpigsr_"- 60 j.v. in 20 doses 0 Gardner and
mELL 3 ' Heslington (1946)
'f-MiCé' 0.26 i.v. in 20-22 doses Ysome" Cloudman et al.
: (1949)
Rabbits 60 i.v. in 20 doses - 714n 7 Gardner and
IR ‘ : Hesiington (1946)
7.2 i.v. in 6~10 doses 4 in 14 Barnes et al. (1950}
16 i.v. in 6-10 doses 2 in 3 Barnes et al. (1950)
12+ i.v. repeated 5 in-28 "'Nash (1950)
64-90 i,v. in 17-25 doses 21in 3 Dutra and Largent
: ’ ’ (1950)"
12 i.v. in 20 doses 5 in 10 ~Janes et al. (1954)
12 i.v. in 20 doses 10 in 14 Kelly et al. (1961}
3300 i.v. in 20 doses "many" Higgins et al.” -
_ - o . (1964) ‘
17 i.v. in 20 doses 4 in b Cloudman et al.
‘ ' (1949)
{ﬁ 1_L;1 Splenectomized rabbits 12 i.v. in 20 doses 7 1in 7. Japes et al. (1956)
ZnBe si]icéfél'_" Rabbiits * 3-7 i.v. in 30 doses 3in 6 Hoag]and;et_al; y
S (Bel=2.3%) . (1950) -
' ZaBe'silicate 10-12  i.v. in 30 doses 3 in 4 Hoagland et a}.™"

(1950)

(continued on the following page)




TABLE 7-7. (continued) -~

Total R o R o
S o . ~dose | e ' _ . Incidence of .
-Species R (mg Be) Mode &f administration:. " osteosarcoma _ Refepence

Compound

Be0 o Rats . D E' 360 i.v. in 20 doses o 0 : Gardner and
: ' ' S ' ,.Heslxngton (1946)

g Gujneéapigs . -  - 360 - i.v. in. 20 dﬁsas_ s . 0 “Gardner and _
EE T : N Heslington (1946)

CMice ... 0.8 i.v. in 20-22 doses . . 0 - Cloudman et al.
T | R SR T CoE " (1949) -

Rabbits B . o 140 v, in 20-22 doses. - S Cloudman et al.
i e : SR Pk : - (1949)

180 jov. in 6-10 doses . - - 1in 11 Barnes et al.. (1950)
360 j.v. in-1-30 doses . 7 .. . 1.in 8 Hoagland et al.
' ' - ' S (1950)
* Dutra and Largent
- {1950). _
-~ Gardner and
- Heslington {1946) .
Dutra et al..{1951)
Dutra et al. (1951}
*-Dutra”et.ai.'(1951)

91~/

0 360-700  iiv.in 20-26 doses 6 in

A =

360 v in 20 22 doses S Ll

1 Tnhalation, 25h/wk, 9-18-wo. 0 in
-k “Inhalation, 25h/wk, 9<18 me. ~ 1 in
T30 Inha]ation 25h/wk 9-18 mo. . =0 in

™ o tn

- Hoagland ‘et ‘ai.
- (1950}

wn

Be phosphate - Rabbits. "_  o130 -i,v. in 1~ 30 doses" O 0 in

Source: Adapted fhom:Reeﬁes (1978). .




apparent. Of particd1ar interest was the observation of.splenic atrophy only'
in those animals which developed bone tumors.. Following splenectomy, the
~incidence of bone tumor of new. bone formation in the medullary cavity was
100 percent, whereas the incidence of thése deve]opments_in:hbn~sp1enectomized
rabbits receiving 1den£ica] doses of héry]]fUm waé onTy_SO percent;_ The
resu]ts'suggest that a well-functioning spleen may serve as'photection against
beryllium carcinogenesis in the rabbith'.Tibié1-chqndrosarcomas were also
produced, and successful transplants to the anterijor chambers‘of the eyes of
rabbits were performed (Higgins et al., 1964).

7.1.4 Intramedu]]ary InJectton Stud1es

Beryilium oxide or zinc bery]11um s111cate was directly introduced into-
the medullary cavity of bones of rabbits by Yamaguch1 (1963), Tapp (1969), and
Fodor (1977). ‘Osteosarcomaé, chondrosarcomas, and presarcomatous changes
(irregular bone formation) were observed. In the Yamaguchi study, twenty to
30 injections (20 mg beryllium oxide per fnjéction) gave the highest frequency
of tumor formation (11 of 13 animals). The tumors developed directly from the
medullary bone, and were sometimes preceded by fibrosis.. Tumors metaspasizéd

© to the Tiver, kidney, lymph nodes, and particularly the lung. Tumors developed.

in 9 of 16 animals receiving 11 to 20 injections and 1 of 14 animals given 1 to

10 injections.

7.1.5 Intracutaneous Injection Studies

- Neither the intracutaneous injection of beryllium sulfate, nor the
éﬁcidenta? introduction of insoluble beryllium compaunds (beryllium oxide,
bery11ium_phosphate:'bery]iium~con£aining fluorescent phosphors) into the skin
have been found to produce tumers (Van Ordstrand et al., 1945; Reeves and
Krivanek,-1974j; The lesions that were produced were cutaneous granulomas, or,

in the case of extensive injury, necrotizing granulomatous ulcerations.

In the immunotoxicologic experiments of Reeves et al. (1971, 1972) beryl-
Tium sulfate was administered intracutaneously in doses of 5 ug bery]Tium but
there was no equence that measurable amounts of bery111um 1eft the sites of

adm1n1strat1on
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7.1.6 The Percutaneous Route of Exposure

No neoplasms have been aobserved following percutaneous adm1n1strat1on of.
beryllium compounds in -any species. . However, eczematous contact dermatitis has
been noted in himans who have worked with soluble compounds of bery11ium.(Van.
Ordstrand et al., 1945). Curtis (1951) studied the allergic etiology of these
react1ons and deve]oped a bery111um patch test. In 1955, Sneddon reported that
a patient with a pos1t1ve beryllium patch- test developed a sarco1d Tike _granu-
Toma at the test site. “Granulomatous. u1cerat10ns followed if 1nso]ub1e beryl-
Tium compounds became imbedded in the skin ~Using pigs,. Dutra et at. (1951)
were able to produce bery111um induced cutaneous granu1omas that resemb1ed the
human Tesions. ‘There is no record that any of these Tesions underwent mai]g-
nant degenerat1on. The fact that no neop]asms were_obsetveq,;ould_be exp]a1ned
by the ﬁjr‘tuai imp_ehetra_b’ﬂity_of intact skin by beryllium (see Section 4.1.3).

7.1.7 D1etary Route of Exposure

With one exception, no .known neoplasms have been observed fo]]ow1ng |
,bery111um exposure by the dietary route in any species. Guyatt et al. (1933)
Jacobson (1933), and Kay and ‘$kitl -(1934) ‘produced . rlckets 1n young rats fed
”beryllwum carbonate “at 0.1 to O. 5 percent dietary. 1eve1 ThTS result 1s_
attrlbutab]e to the prec1p1tation of . bery1]1um phosphate 1n the 1ntest1ne
1ead1ng to ‘phosphate deprivation. ‘Using 'similar d?etary,concentrqtlohs of
bery111um Sols and Dierssen (1951) observed o decrease in the'intestina1:
absorpt1on of g1ucose, ‘which has been attr1buted to the. 1nh1b1t10n of . alka11ne
phosphatase (Du Bois et al., 1949). - At 1ntake 1eve15 cof 0. 16 to 5 ppm
bery111um sulfate 1n the- dlet ne toxic effects of any k1nd were found (Reeves
1965 Schroeder and Mitchener, 1975a,b).- [T RN S T S S S

' In a study by Morgare1dge et al. (1977 abstract) a 51gn1f1cant 1ncrease
in ret1cu1um cell” sarcomas were faund in: maie rats exposed to 5 or 50, but not
500 ppm beryllium in the diet: ‘The lack of response. at the h1gh dose, the
lack of response in earlier. stud1e5 using much greater doses, and the resu?ts
of 1ntravenous 1n3ect10n studies showing bery]11um accumu]ataon 1n the bones
a]ong w1th induction of osteosarcomas, but no tumors at other s1tes, render
the resu]ts h1gh1y equivocal. . : e

If insoluble beryllium dusts (bery111um beryllium a11oys bery}]jum_oxide,‘
beryllium phosphate, or beryllium ores) are ingested, the buik of these sub-
stances will pass through the gastrointestinal tract unabsorbed. Depending
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on the size of tﬁe particles, and, in the case of beryilium oxide, on the '

firing temperature, a minor proportion of these dusts could become dissolved in |
gaétric juices, andftraces of the resultant beryllium chloride could be
absorbed from the StomaCh Upon entry'ihto the intestine, any dissolved -
beryllium would become precipitated - aga1n, ma1n1y as beryllium phosphate
(Reeves, 1965) _ . ' - '

In most mammalian species alimentary absorption of soluble beryliium
salts [bery111um f]uorlde (BeFZ) beryl1lium chloride (BeC1 ) beryilium sulfate
(BeSO4), and beryllium n1trate (Be[NO. ]2)] is minor. Researchers have observed
that 80 percent or more of an-oral beryllium intake of 0.6 to 6.6 pg/day passes
unabsorbed through the gastro1ntest1na1 tract of rats (Reeves 1965; Furchner
et a] 1973 Schroeder and M1tchener 1975a,b): Upon enter1ng the a1kal1ne
milieu of the intestine, beryllium forms a precipitate that is excreted with
the feces. There is some evidence that increasing the intake concentration
does not increase the amount absorbed from the intestine because the latter is J
governed by the solubility of the intestinal precipitates rather than by the

total amount of beryllium present.

7.1.8 Tumor Type, Species Specificity, Carcinogenic Forms, and Dose-Response ‘
7.1.8.1 Tumor Type and Proof of.Ma1jgnangy. Pulmonary neoplasms found in rats ;
after beryllium exposure have been classified as adenocarcinomas,‘showing,a
predominantly alveolar pattern. Reeves et al. (1967) distinguished four his- |
to]ogfcal variants, including focal columnar, focal squamous, focal vacuolar, )
ahd'cha1 mucigenous. Schepers et al. (1957) distinguished several more,
including some adenomas judged to be nonmé?ignant; 'Wagner'et al. (1969) and
Groth et al. (1980) found that about half of the tumors they produced with

: bery1]1um were ben1gn adenomas. The. d1agnos1s of pathological Tlesions 15,
complicated, and requ1res spec1a1 expert1se The "histological different1at1on
betwéen adenomas and adenocarc1nomas is not always well defined and may also
have spec1es re]ated pecu]1ar1t1es so_that different cenclusions on the same
spec1men may somet1mes be reached by pathologists. This is especially true
when patho]og1sts have been trained in human rather than veter1nary ‘medicine.
It is also noteworthy that neoplas1a in the 1ungs of rats was- invariably

‘ associated with the purulent lesions of chronic murine pneumonia, which itself
was exacerbated by fnhalatiOn-bf'the'acidic beryllium sulfate aerosol.
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Metastases as well as successfu] transp]ants were claimed by Schepers -
et al. (1957) In the rat experlments of Vorwaid neither was claimed, but
later reports have been amb1guous on these po1nts (Vorwa]d et al. 1966 see
also Lesser 1977) -mIn the monkey experiments of Vorwald (1968}, Wh]Ch tacked

controls, extens1ve metastases to the med1ast1na] 1ymph nodes “and somet1mes to -

the bones,_11ver and adrena]s were reported ' Groth et al. (1980) performed:
successful transplants 1n experiments w1th intratracheal adm1n1strat1on of

bery111um meta1 and bery111um a11oy, but metastas15 to the med1ast1na1 Iymph
node was observed in only one animal. o

The nature of the neop1asms produced by the intravenous or intramedul]ary"

adm1n1strat1on of bery111um in rabb1ts is. much more certa1n ~ The osteosarcomal
or chondrosarcoma1 character of these neop]asms has not been cha]]enged and
metastases to a]1 parts of the body have been observed Transp1ant resu]ts

have been equ1voca1 however Successfu1 transpiants to the anterior chamber :

of the eye were reported by Dutra and Largent (1950) and H1gg1ns et al. (1964),
whereas fax]ure w1th transp1ants was express]y adm1tted by Hoag]and et al.

(1950) and Arak1 et al. (1954) It is poss1ble that the degree of . ma11gnancy'1

of the bone tumors depends on the type of compound used in the" 1n3ect1on
ST 3 8 2 Spec1es Spec1f1c1ty and Immunob1o1ogy Pulmonary tumors were produced

) '%lafter 1nha1at1on exposure and somet1mes after 1ntratrachea1 1nJect1on in rats -

”(Vorwa]d 1953 Vorwa]d et a] | 1955 Schepers et aT 1957 Schepers 19613
Vorwa]d et a] 1966 Reeves et a1 1967 Reeves and De1tch 1969; Spencer

et. a1 1965 1968 1972 Wagner et al ; 1969 Groth et aT., 1980 Ish1n1sh1 et

al. 1980) and in. monkeys (Schepers 1964 . Vorwald et al., 1966; Vorwald, 1968,
but see Wagner et al., 1969 for negat1ve evidence). No puimonary'tumors were -
produced in. rabb1ts (Vorwa]d 1950) The ev1dence for hamsters (Wagner et al.
1969), and gu1nea p1gs (Vorwa]d 1950 Schepers, 1961 1971 Reeves et al.
1972), whn}e generally negat1ve, was suggestlve_of a”pos1t1ve effect in some
cases. - : ? | ;._ R . AR

~ Bone tumors were produced by 1ntravenous or 1ntramedu11ary 1n3ect1on in
rabbits (Gardner and Hes]1ngton, 1946 Dutra and Largent 1950 Barnes et al.
195Q;  Hoagland et al. 5 1950 Araki et al., 1954 Janes et al. , 1954, 1956,
Kelly. et al., 1961; Yamaguch1 1963 H1gg1ns et aT 1964 Tapp,‘1969* Fodor,
1877). The sang]e report c1a1m1ng osteosarcomas in m1ce (C]oudman et al.
1949) needs conf1rmat1on, as does the report of osteosarcomas in rabbits after

inhalation exposure (Dutra et al., 1951). Bone tumors were not observed in
rats or guinea pigs.
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It would appear from these data that (1)‘pu1mbnary.tumors_can be obtained
with beryllium in rats and in monkeys, possibly in hamsters and QUinea pigs,
but ‘not in rabbits, and (2)=that bone tumors can be obtained‘with_bery11ium in
rabbits ‘and perhaps in mice, but not in rats:of guinea pigs. The negative'
evidence with guinea pigs involves both the intravenocus injection (Gardner and
Heslington, 1946;'Vorwa1d, 1950) and inha1ation_(5chepers, 1961; Reeves et al.,
1972) of beryllium at levels that were definitely carcinogenic_in rabbits and
rats, respective]y However, in the later inha1afion studies of Schepers -
(1971), there was suggestive evidence for the induction of lung cancer in guinea
pigs. ' L
This apparent species-specificity, which might_Operate with other types of
carcinogenesis as well (guinea pigs are generally regarded as poor models for
cancer induction), has remained 1arge1y unexplored. It is certainly noteworthy
that guinea pigs develop cutaneous hypefsensitivity to beryllium, whereas rats
do not (Reeves, 1978). In rabbits, the spleen has been found to.be invo]véd,in
the neoplastic response to intravenous beryllium. Gardner and Heslington
(1946) observed prompt splenic atrophy in bery111um~1ngected rabbits, while
Janes et al. (1954) found that splenic atrophy afflicted only those animals
that developed the osteosarcomas. In later work, Janes et al. (1956) increased
‘the yield of osteosarcomas in bery]1ium-injected‘rébbfts twofold by performing
splenectomy. These studies suggest that some form of te]lu]ar immunity, with -
immunocompetent cel]s_arising‘from the $p1een, may be a factor in determining-
whether beryllium 15 neoplastic. Various species, or perhapS'individua1
members of a species, may have resistance to bery111um-1nduced cancer according
to: their immunocompetence. :
7.1.8.3 Carcinogenic: Forms and Dose- Re_ponse Relationships. There is 1nsuff1-
_c1ent evidence to implicate: any spec1f1c chemical form of bery111um as the
exclusive carc1nogen1c_ent1ty. ~Ionic beryllium changes_to beryllium hydrox1de
upon inhalation, and both forms have caused pulmopary tumors in rats when
inhaled (ionic beryllium) or injected intratracheally. (bery111um hydrox1de)
(Vorwald, 1953; Schepers et al. 1957; Reeves et al., 1967; Groth et al.
1980). There 15 reason to be11eve that bery111um hydrox1de part1c1es can

change to a much less soluble crystalline form upon aging (Gilbert and Garrett,
1956). Beryllium oxide,” when diréctly.introdyced into the lungs of rats,
showed a remarkahle pattern of carcinogenicity, clearly indicating that firing




temperature_had'a.definite”inf1uehCe on the tumor yield and -that only "low-
fired" (560°C)'bery11iUM'0xide;was highly carcinogenic {Spencer et al., 1968,
1972)._ Sanders et al. (1978) observed only one lung tumor among 184 rats .-
exposed to'“med1um*f1red" (1000°C) bery111um oxide..  ‘Frequently, no tumors are
obta1ned w1th bery111um ox1de however, in early studies, ‘the type of beryllium
oxide to which the an1ma15 were exposed was not generally identified (Cloudman
et a] 1949 Dutra and Largent 1950 Hoag]and et al. 1950,.Arek1.et_a1,,
1954; Vorwald et al., 1966). EREY - e e
Exper1ments attempt1ng to estab]1sh a- dose-response re1at1onsh1p thh
ntravenous bery111um are 11m1ted “Nash (1950) suggested 12'mg. bery}llum per
rabbit was the- m1n1mum.effect1ve total dose to_produce_osteosarcomas. In the
experiments of Hoagland et al. (1950), the frequency of osteosarcomas increased
from 50 to 75 percent as beryllium oxide content of a fluorescent phosphor was
' increased from 2.3 to 14 percent. Barnes et al. (1950) could increase the rate
of'rabbit'osteosarComes”frbn 4/14'(29 perCent)-to-2/3'(67'percent)fby'doub1ing
the dose of 1ntravenous zinc bery111um silicate from 7. 57to 15 mg. However, in
the 1nha1at1on exper1ment of Dutra et a1 ~(1951) -and 1n the 1ntramedu1lary
experwments of Yamaguch1 (1963), no c]ear-cut reTat1on between dose and tumor
y1e1d was found ' ' ' B o _ .
Vorwa1d et a] (1956), c1t1ng resu]ts of the1r own unpub]1shed stud1es,
c1a1med that "a1most 100 percent of a ‘large: number of rats" deve1oped 1ung
_:cancer after 18 months of exposure to 42 or 21 g Be/m (as su1fate) After
exposure to 2. g pg Be/m (as su!fate) the1r reported rate of-Tung cancer was
,13/21 (62 percent) These flgures came under cons1derab1e scrutany dur1ng the
bery111um hear1ngs at the 0ccupat1ona1 Safety and Hea]th Adm1nistrat1on
(Lesser 1977) It Was p01nted ‘out “that" these exper1ments ‘were poor]y
control1ed and that the exposure data of 2.8 pg Be/m deserved no conf1dence
_Nagner et al. (1969) obtalned pu]monary tumors “insrats with. bery] ore
:(bery1]1um content 4 14 percent) but not w1th bertrand1te ore . (bery1]1um
_ content 1. 4 percent) S1m11ar1y, Groth et al. (1980) obta1ned pu1monary tumors
.w1th bery111um metal, bery111um hydr0x1de and a beryllium-aluminum a]loy, with
bery111um content ranglng from 62 to 100" percent They obta1ned no tumors with
other a]1oys, rang1ng 1n bery]]1um content from 2. 2-to 40 percent., - Thus the
evwdence po1nts to the ex15tence of a def1nab1e dose response relat1onsh1p in
exper1mente1 bery}11um carc1nogenes1s S '
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Reeves (1978) examined this re]ationship by the probit method. TFor the
induction of-ostEOSafcomas in rabbits following intravenous injection;of-zinc:
beryllium silicate, the median'effectiVe total dose per animal-was 11.0 mg
beryl1ium. The dose-response curve intersected the 1 percent incidence level
at 3;8'mg,_the 0.1 percent incidence level at 2.7 mg, and the 0.01 percent
incidence level at 2.0 Mg; For the induction of pulmonary carcinema in rats
after inhalation of beryllium sulfate (a 35-hr/wk chamber exposure lasting 3 or
more months), the median effective concentration was 18.0 pg Be/m”, and the
cUrve intersected the 1 percent incidence fevel at 12.0 pg Be/m™, the 0.1 per~
cent 1nc1dence Tevel at 10 5 ug Be/m , and the 0.01 percent incidence level at
3.0 ug Be/m - Obviously, these estimates are subject to considerable.

uncertajnty. -

7.1.9 Summary,of Animal Studies
The results of the studies that have been reviewed in this sect1on are

summarized in Table 7-8.
Tumors have been successfully induced by jntravenous or intrameduilary

injection of beryllium into rabbits and, possibly, mice, and by inhalation
exposure or intratracheal injection into rats, monkeys, and possibly guinea
pigs. With one possible exception, attempts to induce tumorigenesis by the

dietaﬂy'route have proven unsuccessful. - This failure to induce tumors is

‘probably attributable to minimal absorption resulting from the precipitation of.
Guinea pigs and hamsters appear to have

beryllium compounds in the intestine.
a 1cw degfee'of susceptibility to beryllium carcinogenesis. This species
spec1f1c1ty appears to be connected with 1mmunocompetence . _
In rabb1ts, osteosarcomas and- chondrosarcomas have been . obta1ned The__
tumors are h1gh1y invasive and metastasize readily, but transplant w1th
They have been.Judged‘to-be‘hlstqlog1ca11y similar to

variable success.
In rats, pulmonary adenomas and/or adenocarcinomas

corresponding human tumors.-
The tumors are less invasive, and their metastatic and

~have been obtained.
“They-appear to be histologicaily assOpieted

. trahsﬁ1ent potential'areivarfable
w1th the puru]ent Tésions of chronic murine pneumonia.

_ There is some evidence that the carcinogenicity of berlesum ox1des is
~with only the "]OW“fTPed“
~Limited dose- response.

1nverse1y related to their firing temperature
(500°C) varlety presenting a substant1a1 -hazard.
evidence indicates that appromeately 2.0 mg beryliium (as beryllium oxide) is
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TABLE 7-8. CARCINOGENICITY OF BERYLLIUM COMPOUNDS

Route of
Year Species Compound Administration Tumor Reference
- 1946 Rabbit Ziﬁclbéry]]iﬂm"si1idate ~ Intravenous Osteosarcoma. Gardner and
~ R ' ' SR HesTington
1949 Mouse Zinc beryilium ST]itate Intravenous "Malignant bbne Cloudman et al.
: ' tumors' :
1949 Rabbit Zinc beryllium silicate Intravenous " Osteosarcoma Cloudman et al.
1950 .. Rabbit Zine beryllium silicate Intravenous Osteosarcoma Barnes et al.
and beryllium metal :
1950 . Rabbit Zinc'befy11ium:si1icate_ Intravenous Osteosa}coma Hoagland et al.
1950 Rabbit Bery}]ium oxide and ~ Intravenous Osteosarcoma Dutra and Largent
: zinc beryllium silicate .
1951 Rabbit -Beryllium. oxide. Inhalatien Osteosarcoma Dutra et al.
1953 Rat Berylliim sulfate Inhalation ‘Liing cancer Vorwald
tetrahydrate {adeno and :
S T ‘SqUamous }
1954 Rabbit. Bery]jjum,phqsphate Intravénqus Dsteosércoma ' Afakf et al.
BerylT1ium oxide TE e R
1954 Rabbit 'Ziﬁc'béryl1me_si]icate Intfévenqus Ostegsarcoma Janes et al.
1957 Rat Beryllium sulfate. Inhalation Lung cancer Schepers et al.
. = ‘tetrahydrate . {adeno and
: SR ‘squamous )
1961 Rabbit Zinc beryltium sjlicate Infravenqus: Osteesarcoma - Kelly et al.
1964  Rabbit  Zinc beryllium silicate = Tntravenous - Chondrosarcoma Higgins et al.-

(continued on the following page)
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TABLE 7-8. (continued)

SRTRAE o Route of
!ear . Species Compound Administration Tumor Reference
Beryillium oxide Intratracheal Pulmonary cancer Vorwald et al.

o 1966 i_,ﬁénkey -
-?957  J ﬁﬁa£5_
1068 Rbbt
fi?69' ';;Rét.__'
a5 pster

f  19q9__ ;i#gﬁpjti

jlgjj_ ':fﬁa;:

1975a,b  Rat

1975 . Rat

"..l955_ _'lM§ﬁkey: o

'Beryllium sulfate
~tetrahydrate

.:Beryllium sylfate

~tetrahydrate

”iBery11ium-QxideA

'.Beryi ore

Bertrandite ore

Beryllore

‘Bertrandite ore

Beryl ore

~Bertrandite ore

- Zinc beryllium si}icate
" Beryllium silicate

Beryllium oxide

: Beryllium hydroxide

Beryllium sulfate

o tetrahydrate

“Beryliium fluoride '

.- Beryllium chloride

instillation

Inhalation
Inhalation

Intravenous

- Inhalation

Inhalation
Inhalafion

Subperiosteal
injection

Intratracheal

Ingestion

Inhalation

(anaplastic)
Pulmonary cancer
Lung cancer

{(alvealar-adenc)
Osteosarcoma

Lung cancer {adeno)
No tumors

None
None

None’
None

Ostecsarcoma
Ostecsarcoma
Osteosarcoma

Pulmonary tumors
Tumor ingidence.
no greater than

controls

Lung cancer
{adeno and squamous)

Vorwald et al.
Reeves et al.

Komitowski

Wagner et al.
Wagner et al.

wagner et al.

Tapp

Groth and Mackay

Schroeder and
Mitchener

Litvinov et al.

(continued on the following page)




TABLE ?;B.LICCOhfinpéd)

B S N o Route of : S S -
Year ~  Species : Compound ... - .-~ Administration. ~Tumar - Reference-

1975 . Rabbit _Zinc bery1lium silicate . _intramédu]léryT ' 05£90§ércdma _ Mazabrau

1977 Rat Beryllium sulfate Ingestion -~ = . Reticulum_.cell Morgaréidge et al.
SR - tetrahydrate ' SRR Lo © - sarcoma sigpifi- : -
: : o T I - ‘cant -increase .
with;]ow“dose only

1978 Rat ©  ‘Berylliumoxide - Inhalation - Single Jung cancer Sanders et al.

1980 Rat. . -Beryllium metal =0 'ji Antratracheal’ _"Lung cancer (adeno Groth et ai.
' o TBery1liomTalloy R 2~ imstillation ° “and squamous) R
“Passivated beryllium meta] R S " v
'Bery111um hydrox1de R

u

92-1

1980  Rat | -:Beryllﬁum-ox1de L -'f;Infraffééhéalﬁ . Lung cancer - i" Ishinishi et al. .
' o : - o instillation” {squamous, adeno,
- U '..]ympho)

Source: Adapted:from KUBCHher;(lgalj;




 the minimum intravenous dose for production of osteosarcomas in rabbits, and

'approximately 10 ug Be/m3 (as sulfate) is the minimum atmospheric concentration
for the production of adenocarcinomas in rats,

Although some studies involving beryllium clearly have limitations, the
combined data, using EPA's Guidelines for Carcinogen Risk Assessment {U.S. EPA,
- 1886) to classify we1ght of evidence for carcinogenicity in exper1menta¥
animals, suggest there is "sufficient evidence" to conclude that beryllium and

_beryllium compounds are carcinogenic in animals.

7.2 EPIDEMIOLOGIC STUDIES
7.2.1 Bayliss et al. (1871)

The first in a series of government-sponsored studies of cancer in workers
exposed to beryllium was conducted by Bayliss et al. (1971). This cohort
mortality study consisted originally of 10,356 former and current employees of
the bery11ium-proceseing industry (the Brush Beryllium Company of Ohio,
presentTy Brush Wellman, Inc. and Kawecki-Berylco Industries of Pennsylvania,
presently Cabot Corporation). Some 2153 werkers were excluded because of
insufficient data. Records consisted only of names of workers and approximate
years of employment of workers emp]oyed at the Brush Beryllium Company prior to
1942. Company employment records provided no additional information despite an
intensive search, These 1ists were prepared by a former Brush Beryllium Company
physician, now deceased. After further removal of‘1130 females, the cohort
totaled 6818 males. In this group, 777 members died during the period from
January 1, 1942 to the cutoff'date,lDecember 31, 1967. This was less than
the 842.4 expected deaths based upon U.S. male death rates--a shortfall attri-
butable to the "healthy worker effect." No elevated risk of Tung cancer (Inter-
national Classification of Diseases [ICD] 160-164) was evident overall (36
observed versus 34 06 expected) No significant exCess'risk of Tung cancer was
found to exist in relation tc 1ength of emp1oyment beg1nn1ng date of employ-
ment, or klnd of emp1oyment (off1ce versus product1on) nor were s1gn1f1cant
'r1sks of other forms of cancer ev1dent from these data _ i

Th]s study suffers from severa] def1c1enc1es Over 2000 1nd1v1duals had to
be e11m1nated from the cohort because b1rth date, race and sex were not avail-~
| able. The authors indicated that th1s reduct1on in the size of the study neces-
sitated the e11m1nat1on of some 251 deaths and represented a 1oss of over
- 20 percent of the cohort and 25 percent of the Known deaths; a c1rcumstance that

had the potent1al for 1ntroduc1ng consaderab]e b1as into the results.
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be a tendency on the part of the authors to overemphasize the positive nature
of their results and minimize the_contribution of qualifying factors. A Tist
of these problems is presented in'TaDTe 7-14. . If the errors detailed in the
preceding paragraphs were corrected and proper ‘consideration given to address-
ing the problems’ descr1bed above, the f1nd1ng of a significant excess risk
would probably no longer be apparent, although ‘the possibi?ity, nevertheless,
remains that a port1on of the rema1n1ng excess lung cancer risk may be
partially due to bery111um exposure _

- The Internat1ona] Agency for Research on Cancer (IARC) has concTuded that
beryllium and its compounds should be class1f1ed as "Timited" with respect to
the human epidemiologic ev1dence of carc1nogen1c1ty This can be expTa1ned by
the fact that IARC uses only pub11shed 1nformat1on to we1gh the carc1nogenxc
evidence for any g1ven substance In the case of bery111um more recent
tabulations ‘and analyses of the major study cohorts than. those found in the
published ‘reports were ‘available to - CAG. These tabulaticens included some
corrections to the data base and were prepared us1ng the more accurate updated_
NIOSH 11fe table program Thus, based upon the ‘analysis of this newer informa-

tion, CAG regards the ep1dem1oiog1c ev1dence of bery]11um carcinogenicity in
bery111um exposed workers as 1nadequate i

7.3 QUANTITATIVE ESTIMATION

This quant1tat1ve sect1on deals on]y w1th est1mat1on of the unit risk for
berytlium as a potent1a1 carc1nogen dne a1r -and compares the potency of
beryllium to other caro1nogens that have been evaTuaoed by the CAG - In the
Ambient Water Qua11ty Cr1ter1a Document for Bery111um (U.S. EPA, 1980) an
upper-limit potency ‘estimate for 1ngest1on was derived from the Schroeder and
Mitchener (1975a) dr1nk1ng water study The ‘'value derived in the water
document may . have been over]y conservatlve however, since -negative results at
much greater doses have been obtained.in earlier studies. In the only
ingestion study in which a significant tumor response was reported (Morgareidge
et al., 1977, abstract), the results were considered to be equivocal for
reasons discussed in Section 7.1.7. Moreover, this study was only published in
abstract form. Because no study is available.in which tumor induction was

definitively shown, a potency estimate for beryllium via the ingestion route
was not derived in this document.
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TABLE 7-14.

‘?ROBLEMS'WZTH BERYLLIUM COHORT STUDIES-

Bayliss et al. (1971)

- Bayliss and Lainhart (1972).

Bayliss and Wagoner (1977)
and
Wagoner et al. (1980)

Mancuso and E1-Attar (1969)

Mancuso (1970)

Mancuso (1979)

Mancuso (1983)

[ar ==l -3

1 O3

02 1>

== =4

o m Mmoo

OO oI

Loss of 2000 individuals because of insifficient data.
No tatency considerations.

CTombined study popu]at1ons of severa] p]ants from two
companies. _ .

Includes clerical and adm1n1strat1ve personne] with no
exposure.

“No .independent assessment plant employment files.
Latency after 20 years not assessed.

Cigarette smoking a possible confounder.
Underestimate of expected lung cancer deaths in
comparison population by 11 percent.

Inclusioen of 1 Tung cancer victim who did not fit
definition for inclusion.

Loss of 295 individuals from study cohort.
Exposure to potential carc1nogens prior and post
bery111um employment.

Unidentified comparison population.

Internal rates based on small numbers.
-Tremendous variability and impossible to test
significancge.

No smoking consideration as possible confounder.

,Interna] rates based on small numbers.

‘Inappropriate comparison {age group.15- 24 left out of
comparison).

No consideration of smcking as a possibie confounder
No consideration of 1atency

Exposure to potential carcinegens pr1or and post
beryllium employment.

Underestimate of expected Tung cancer deaths in

‘comparison population by 11 percent.

No consideration of smoking as a possible confounder.
Incomplete detineation of cahort from use of Social
Security Quarterly Earnings reports.

Exposure to potential carcinogens p!1or and post
ery111um emp?oyment

No cons1derat1on of latent effects.

Probablie lack of age adjustment.

No consideration of effects of smoking.

No description of origin or makeup -of comparison
cohart except for age.

. Underestimate’ of expected lung cancer deaths

in comparison population by 11 percent..
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The unit risk for an air pollutant is defined as the incremental 1ifetime
cancer risk to humans from daily exposure to a concentration of 1 ug/m3 of the
pollutant in air_by inhalation. The unit risk estimate for bery1!1um repre-
sents an extrapolation below the dose range of exper1menta1 data. There is
currently no solid scientific basis for any mathematical extrapo}ation model
that relates exposure to cancer risk at the ektreme]y Tow cohcentrations,
including the unit concentrat1on given above,_that must be dea]t with in

evaluating environmental hazards, For pract1c31 reasons, the correspond1ng1y
Tow levels of risk cannot be measured directly e1ther by animal experiments or
by epidemiologic stud1es. Low-dose extrapo1at1on must therefore, be based on
current understanding of the mechanisms of carcinogenesis.

At the present time, the dom1nant view of the carc1nogen1c process
involves the concept that most cancer-causxng agents a]so cause irreversible
damage to DNA. This position 1s based in part on the fact that a very 1arge
proportion .of agents that cause cancer are also mutagen1c There 1s reason to
expect that a guantal. response characterast1c of mutagene51s is assoc1ated wath
a linear (at low doses) nonthresho?d dose response re]at1onsh1p Indeed there
s 5ubstant1aT ev1dence from mutagen1c1ty stud1es w1th both 1on121ng rad1at10n
and a wide variety of chem1ca1s that this type of dose-response mode] is. the
appropriate one to use. This is partlculariy true at the ]ower end of the
dose-response curve; at high doses there can be an upward curvature probab]y
reflecting the effects of mu1t15tage processes on the mutagen1c response The
Tinear (at. 1ow doses) nonthresho]d dose response relat1onsh1p 15 also consis-
tent with the re1at1ve1y few ep1dem1o1og1c stud1es of cancer responses to
specific agents that contain enough 1nformat1on to make the evaluat1on poss1b1e
(e.q., rad1at1on_1nduced leukemia, breast and thyr01d cancer skin cancer
induced by arsenic in drinking water, 13ver cancer 1nduced by af1atox1ns in the
diet). Some supporting evidence also exists from an1ma1 exper1ments (e.g. the
initiation stage of the two~stage carcinogenesis model in rat liver and mouse
skin). C e _

Because its scientific_basis,‘a1though'Iimited; is the best of any of the
current mathematical extrapolation mode]s,_the_nonthreshold modei, which 1is
Tinear at low doses, has been adopted as the primary basis for risk exfcapoia—
tion to low levels of the dose-response relationship. The risk estimates made
with such a model should he regarded as conservative, representing a plausible

upper limit for the risk, i.e. the true risk is not Tikely to be higher than
the estimate, but it could be lower. |

7-56



For several reasons, the unit risk est1mate based on animal b1oassays is

only an approxxmate 1nd1cat1on of the absolute r1sk in populatlons exposed to
Known carc1nogen concentrat1ons First, there are 1mportant species d}ffer-if“
ences in uptake, metaboTTSm and organ d1str1but1on and e11m1nat1on of carcin-
ogens, as well as species. d1fferences in target-s1te suscept1b111tyL 1mmunolog-'
ical responses, hormone funct1on d1etary factors and disease. Second the
concept of equ1va1ent doses for humans as compared to an1ma1s on a mg/surface
area basis is virtually w1thout expePTmentaT ver1f1cat1on with respect to the
carc1nogenxc_response. Finally, genet1c const1tut1on diet, living environ-
ment, activity pattefns and other culturaI factors are qu1te varied among -
different human popu]at10ns B _ N

The unit risk estimate can give a rough indication of the relative potency
of a given agent as compared with other carcinogens. Such estimates are, of
oourse, more re]iab1e when the comparisons:are based on studies in which the.
test species, strain, sex, and routes of exposure are similar.

The quantitative aspect of carcinogen risk assessment is addressed here
because of its possible value in the regulatory decision-making process, for
example, in setting regulatory priorities, eva1uat1ng; the adequacy of
technology-based controls, and so forth. However, the.imprecision of presently
available technology for estimating cancer risks to humans at low levels of
exposure should be recognized. At best, theliinear;extrapo1ation mode] used
here provides a rough but plausible estimate of the upper 1imit of risk--that
is, with this model it is not likely that true risk would be much more than the
estimated risk, but it could be cons1derab1y Tower. The risk estimates
presented 1n subsequent sect1ons should not be regarded therefore, as accurate
representat1ons of the true cancer rwsks even when the exposures involved are
accurate]? def1ned The est1mates presented may, however be factored into
regu]atory dec1s1ons to the extent that the concept of upper—rtsk 11m1ts 15

found to be useful

7.3. 1 Procedures for the Determ1nat1on of Un}t R1sk S

7. 3 1. 1 Low-Dose Extrapo';t1on Mode1 : Two dose response mode!s, wh1ch are _
der1vat1ves of” the theory of mu1t1stage carc1nogenes1s are used to ca]cu]ate:;f'
'the un1t r1sk of bery111um on the basxs of an1ma1 data - The. se1ect1on of these:
two mode]s is d1ctated by the nature of the da*a;ava11ab1e for quant1tat1ve |
rtsk assessment The first mode1_ a mu1t1stage”mode1 that aT]ows for a t1me-.¢
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dependent dose pattern, was developed by Crump and Howe (1984), and uses the

. theory of multistage carcinogenesis developed by Armitage and Dell (1961).

The Armitage-Dol1 multistage model assumes: that a cell is capable of ‘generating
a neoplasm when. it_has- undergone k changes in a certain order. The rate, r,

of the 1th change is assumed to be linearly related to D(t), the dose at age t,

i.a. ri = a, + biD(t), where a1 is the background rate, and b is the propor-

tionality constant for the dose. It can be shown that the probab111ty of

cancer by age t is given by

P(t) =1 - exp [-H(t)]
where '
H(E) = of gkeo 1 g2 T3y + bypCupl-.. E

[(a + b D(uk)]} du .du

is the cumu1at1ve incidence rate by t1me 1.

When H(t) or the risk of cancer is small, P(t) is approximately equal to
H(t). When only one stage is dose-related, all proportionality constants are

Zero except for the proport1ona11ty constant for the dose-related stage.’

Th1s mode1 w111 be app11ed to the data 1n Reeves and De1tch (1969) where

‘the dose D(t) .is. constant for t in an 1nterva] [51’ ] and is” zero e]sewhere;ﬁ.'
*Under th1s part1cu1ar exposure pattern and the assumptuon that on1y a s1ng]ej

stage. 15 dose re]ated ‘the term H(t) can be written as the ‘sum of two components
1(t) and Hz(t) where Hl(t) 1 . aé'; t /k' represents the background
cumulative 1nc1dence and HZ(t} is the 1ncremental cumu]at1ve 1nc1dence due to.
exposure.: Three spec1a] cases of Hz wh1ch are often used to 1nterpret ‘a g1ven
set of: data are g1ven be1ow g ' ' S

(t'— sl).k ;'(tt‘hséjk o ”'_1 SRR -SE I

if the first stage is affected (t = 1),
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if the last stage is affected (r = k).

A coﬁputer program, ADOLL1-83, has been deveToped by Crump and Howe (i984)
to implement the computational aspect of the model. In this ﬁrogram, the model
is.generalized to include tumor induction time I by replacing the time factor t
by t~I. The best-fit model is jdentified as the one that has the maximum
Tikelihood among various models w1th different numbers of stages and the stage
affected by the exposure. ‘ )

The second model used to ca1cu1ate ‘the carc1nogen1c potency of bery111um
is the one~hit model with zero background rate.' This model is used because all.
the expériments, except that of Reeves and Deitch (1969), hadIOnly one data
‘point and did ‘not have a control group} The slope, b, of the one-hit model,
P(d) = 1 - exp(-bxd), is calculated by the formula

= LRV

Stnce the background rate is zero, the 1east—square est1mate b as ca1cu1ated

'above, 1s ‘also a max1mum-11ke11hood est1mate




7.3.1.2 Selection of Data. .For-some chemicals, several studies in different
animal species, strains, and sexes, each. run at several doses ehd diffefehﬁ
routes of eXPosuﬁg;fare’avai1able “A :choice must be made as to wh1ch of the
data sets from several studies to use in the model. It may a]so be appropr1ate
to correct for metabolism differences between species and for absorption
factors via different routes of administration. The procedures used in
evaiuating these data are consistent with the approach of making a maximum-
likelihood risk estimate. They are as follows: |

1. The tumor incidence data are separated accordJng to organ sites or
tumor types _ The set of data (i.e., dose and tumor 1nc1dence) used in the mode]
is the set where the incidence 1is s1gn1f1cant1y higher stat1st1ca11y than the
control for at least one test dose level and/or where the tumor 1nc1dence rate
shows ‘a statistically. s1gn1f1cant trend w1th respect to dose 1eve1 ~ The data
set that gives the highest estimate of the lifetime carc1nogen1c risk, ql, s
selected in most cases. However, efforts are made to exclude data sets that
produce spuriously high risk estimates because of a small number of animals. "
That is, if two sets of data show a similar dose—requnse'relationship, and one
has a very small sample size, the Sethof‘aata'heving the larger sample size is
selected for calculating the carcinogenfc'ﬁdtency

2. If there are two or more data sets of comparable size that are
1dent1cal w1th respect to’ spec1es, strain,: -SeX, and tumor s1tes the geometr1c
mean of qi’ eqtimeted from each of these data sets, 1s used for r1sk assess—
ment The geometr1c mean’ of numbers Al, AZ"“"uAm’ 15 def1ned as

*-(AI.X_AZ X ”"”X'Am)llm“:'.

3._: If two or ‘more s1gn1f1cant tumor s1tes are observed 1n the same_"

study,'and 1f the data are available, “the number . of an1ma1s w1th at least one

of the spec1f1c tumor s1tes under cons1derat1on is. used as 1nc1dence data in
the mode] - o '

7,3.1;3:_Ca1cu1atioh of'Humah'Egija]entfDosages.. Fo1}ewihg the suggestfon of
Mante1 ahd'Schneidehmen (1975), it 1is assumed that mg/surface area/day is an

equivalent dose between species unless adeqﬁate'evidence_is'presented'to_the
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contrary. Since, to a close approximation, the surface area is proportional to

the two-thirds power of the weight, as would be the case for a peérfect sphare,
the exposure in mg/day per two-thirds pawer of the weight is also considered to
be equivaient exposure. In an animal exper1ment th1s equ1va1ent dose is
computed in the f0110w1ng manner ' '

Let
Le = duration of. experiment
, ]e ﬁjdﬁration of expdsure
m = average doée per day in mg during adm1n1strat1on of the agent (i.e.
during 1 ) and
W = average weight of the ékperimenta] animal during the exposure period.

Then, the lifetime exposure is

7.3.1.3.1 Inha]at1on exposure Often it is necessary to convert g1ven expo-
sures into mg/day ‘When exposure is v1a 1nha1at1on, the calculation of dose

can be cons1dered for two cases. In the first case the carCJnogen is a poorly |

water-soluble gas which reaches eqﬁi]ibrium between the air breathed and the

_'bddy compartments. After equi]ibriUm is reached, the uptake of such gases is
- expected to be proport1ona1 to the metab011c rate, which is itself a function
of  surface area and 1s thus not ]1m1ted by ‘the resp1ratory exchange rate. 1In
the .second case, in wh1ch the carc1nogen is in the form of either a completely
water-so1ub1étgas, or. an - aerosoT, uptake is respiration 11m1ted7 ‘This form .
will be considered here. For aefoso!s the dose in mg/day can be expréssed

as: m_= 1 x C x de where I equals the respiratory exchange rate in m /day, c

equa1s mg/m of the agent, and de equals -the deposition fraction. Particle

clearance rates may also 1nf1uence the bioavailable dose; hut such 1nformat1on_

is seldom available for the same types of ‘particles in both humans and

laboratory animals.
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The inhalation rates, I, for various :species can. be calculated from the

observat1ons of the Federation of ‘American Societies for Experimental Bto]ogy
(FASEB, 1974) that 25-g mice breathe 34.5 liters/day and 113-g rate_breethe
105 1iters/day For mice and rats of other weights, W.(in ki]ograms) the

surface area proportionality can be used to find breathing rates 1n m /day as
follows:

0.0345 (4/0.025)%/3 n3/day

For mice, I

For rats, I = 0.105 (W/O0. 113)2/3 n’/day

Resparatory vaIues for most other 1aboratory spec1es are a]so reported by _
the Federat10n of Amer1can Societies for Exper1menta1 B1ology (1974). For
humans, the value of 20 ‘m /day* TS adopted as.a standard breathing rate__

(Internat1ona1 Commission on Rad1o1og1ca1 Protect1on, 19777, The equ1valent

numan concentrat1on [C ] can be derived from the exper1menta3 a1r concentrat1on
by the f0110w1ng formu]a o L '

¢, Cala (Wh/Wa)2/3
o Ih .
where ‘a and h refer to an1ma1s and humans _respect1ve1y An. adJustment for
depos1t1on eff1c1ency can a]so he . made if adequate data are ava11ab1e The
equ1valent human dose can be determ1ned by . o
Gk
o
7.3.1.4 Calculation of the Unit Risk from Animal Studies. The risk associated
with d mg/kg?’ 3/day is obtained from GLOBALSS (Howe et al., 1986), and for most
cases of interest to risk assessment can be adequate]y approximated by
P(d) = 1 - exp (-qid), A Munit r1sk“ in un1ts X is s1mp1y the risk correspond-
ing to-an exposure of X “tl Th1s va]ue is estlmated by finding the number of -

*From “Reeommendation_of the Internatidhal Commission on Radiological Protec--
tion," page 9. The average breathing rate is 107 cm® per 8-hour workday and
2 x 107 cm® in 24 hours.

£
%
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2/3

mg/kg~" ~/day that corresponds to one unit of X, and subst1tut1ng this vaiue into

the above reTat1onsh1p Thus for examp]e if X is in units of ug/m ‘in the

air, then for case 1, d = 0.29 x 701/3 x 1073 mg/kg2/3/day, and for case 2,

d = 1, when pg/m_ is the un1t used to compute parameters in animal exper1ments
Note that an equ1va1ent method of calculating unit risk would be to use:

mg/kg for the animal exposufes, and then to ihcrease the jth poiynomial coeffi-

cient by an amount
'(wh/wa)3/3 'j_ =1, 2, .iv, Ky

and to use mg/kg equivalents for the unit risk values. R :
7.3.1.4.1 Adjustments for less than life span duration of experiment. If the | |
duration of experiment La is less than the natural 1ife span of the test\anima]_ %
L, the slope ql, or more generally the exponent g(d), is increased by multiply- ' : /

1ng by a factor (L/L ) We assume that if the average dose d is continued,
the age specific rate of cancer will cont1nue to increase as a constant func-
tion of the background rate. The age-spec1f1c rates for humans -increase at
least by the second power of the age and often by a censiderab1y higher power,
“as demonstrated by Doll (1971). Thus, it is expected that the cumulative tumor
rate would increase by at least the third power of age. Using this fact, it is
assumed that the slope ql, or more generally the exponent g(d), would also . f ;
increase. by at least the third power of age. As a result, if the sTope ql for b
g(d)] is calculated at age. L , it is expected that if the experiment had been |
continued for the full life span L at the given average exposure the $lope ql
for g{d)] would have been increased by at least (L/L )
This adjustment is conceptually consistent w1th the proportional hazard

model proposed by Cox (1972) and the time-to-tumor model considered by Daffer
et al. (1980), where the probability of cancer by age t and at dose d is given !

by_
P8 = 1-op RO x g1

7.3.1.5 Mode]ifor Estimation of Unit Risk Based on Human Data. If human epi~-
demiologic studies and sufficiently va11d _exposure 1nformat1on are avaiiable
for a compound, they are always used in some way. If they show a carcinegenic

effect the data are ana]yzed to give an estimate of the 11near dependence of ' .
cancer rates on Tifetime average ‘dose, which is equ1va1ent to the factor BH (;,)
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If they show no carcinogenic effect when positive animal evidence is available,
then it is assumed that a risk does exist, but it is smaller than could have
been observed in the epidemiologic study. - An-upper Timit to the cancer. inci-
dence is calculated, assuming hypothetically that the true incidence is below
the level of détection in the cohort studied, which is determined targely by

the cohort size. Whenever possible, human data are used in preference to
animal bioassay data. |

S
3
>

Very little information exists that perm1ts extrapo]at1on from h1gh-
exposure occupational studies to exposures_at ]ow_envlronmental_]eye]e,, How-
ever, if a number of simp]ifyidg assumptiods are'made,_it_is possible_to'
construct a crude dose-response modeT'Qhose parameters can be estimated using
vital statistics, ep1dem1o1cg1c studies, and estxmates of worker exposures.

~ In human stud1es ‘the response is measured in terms of the re?at1ve r1sk
of the exposed cohort of 1nd1v1duals as compared with the control group.. The
mathematical ‘model employed for. ]ow-dose extrapo]at1on assumes, that for Iow

exposures ‘the Tifetime probab111ty of .death from cancer, PO’ may be . represented
. by the linear equation o e '

Py At Bx

where'A'is'the Iéfetime probability fn the absehce of the agent and x is the

average 11fet1me exposure to envuronmenta] 1evels in units such .as ppm.. fhe_.

factor B is ‘the" 1ncreased probab111ty of: cancer assoc1ated w1th each un1t

increase of X, the agent in air. SRS P R L G -
CIEAE 15 -assumed . that R the re]at1ve r15k of cancer for exposed workers _;

as compared to the general population, is 1ndependent of . 1ength of exposure or

age at exposure ‘and depends only - upon average 11fet1me exposure, it f011ows

”"R—E““B g * %)

Py _._Aef_BH_xl




where Xy = lifetime average daily exposure to the agent for the general popula-
tion, X, = lifetime average daily exposure to the agent in the occupational

setting, and P, = lifetime probability of dying of cancer with no or negligible

exposure. _
Subétituting PO = A+ BH (xl) and rearranging’gives f

B, = Pg (R - 1)/_x2

To use this model, estimates of R andlx2 must be obtained from epidemiologic
studies. The value P0 is derived by means of the life-table methodology from
the age- and cause-specific death rates for the general population found in

U.S. vital stat1st1cs tables.

| 7.3.2 Estimation of the Carcinogenic Risk of Beryllium .

In extrapolating from animal data, the equivalent human dose may be
influenced by a variety of factors. An important variable for inhalation
studies 1is measurement (or estfmation) of ventilation. -Since it has been
shown that ventilatory exchange rates generally vary with metabolic rate
(McMahon et al., 1977), it could be assumed that human and animal equivalent
concentrations are the same. As described in Section 7.3.1. 3l1 however, a
more conservative approach is made Rest1ng va]ues are used for estimated
animal respiration, while 20 m /day is assumed for humans, a rate well above
resting values. Based on this method, the human equivalent concentration is
only 38 percent that of a 350 gram rat. Such a method is reasonable, however,
since 20 m3/day is based upon normal 24-hour activity levels. Animal inhala-
tion exposures, on the other hand, are most often conducted during the t1me

period when the animals are normal]y 1nact1ve or sleeping, with accompanying

Tow levels of resp1rat10n 7

The efficiency of depositfon may’also influence the eguivalent human
dose.” For mbst partic]es in the respirable size range the fraction deposited
in the a]veo]1 and sma]]er conducting airways would be predicted to be somewhat
less in rats than in humans (Raabe et al., 1977; Lippman, 1977; Schlesinger,
1985). At submicron sizes the differences decrease and may disappear at very
small particle sizes. Among these studies, deposition varied greatiy within
specfes due to breathing patterns and experimental techniques. For many
- studies, the standard of the means overlapped for humans and rats exposed to
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comparable particle sizes. Due to the variability in deposition efficiency,

an adjustment 1in dose based on this variable was not incorporated into the
quantitatjve assessment of risk. As more data become available, hawever, such
adjustment should be carried out. Oberdoerster (personal communication) has
developed mefhodo]dgy to adjust for both deposition efficiency and lung surface
area. This method is outlined in Section 7.3.2.1. |

Retention of part1c1es can be an important factor for determ1n1ng dose to
the 1lung, since the degree of solubilization and absorption is related to
residence time. Humans normally clear inhaled particulate matter more stowly
than small iaboratory animals and thus might be .expected to absorb a greater
percentage of a deposited dose (Pepelko, 1987). Rhoads and Sanders (1985),
however, reported -a clearance rate half-time for beryllium oxide particles in
rats of 833 days. The slow clearance rate suggests that the majority of the
bery!]ium'ié'so}ubi1iied, absorbed, and retained intracellularly in the ce]]g
Tining the 1ung,'prbbab1y by'réaCtﬁon with macromolecules. Reéves and Vofwa]d
(1967) found that fo11ow1ng cessat1on of ‘exposure to beryllium su]fate about
one-half the pu1monary Joad was cleared within a few weeks, but the remainder.
tended to remain for much longer perlods, They also theorized that the beryl-:
Tium pbobab]y'béCéme incorporated into the nucleus of certain pulmonary ce]ls.
Since clearance 1is apparent]y quite slow 1in the rat, it is doubtfﬂ1 that
clearance rate d1fferences ‘between humans and laboratory an1ma]s will: resu]t in
1mportant d1fferences in the percentage of ‘deposited dose absorbed. .

F1na11y, conSTderat1on shou1d be given to the appropriateness of a surface
area versus a hody wn1ght correction of. 1nha1ed dose... Dose corrections .
compensat1ng for metab011c rate d1fferences are largely ‘based on the be1ief
that a sma]]er anwma1 _with a ‘correspondingly more rapid metaboi1c rate, w111
1nact1vate or e11m1nate potentially harmful xenobiotics more rapidly. On the
other hand,:1f the chemical requires activation, and the rate limiting step is
along the_activat%dn.pafhway,Ithen it may not be correct to adjust dose based
on surface éféa If attivatioh is required, the relationship between exposure
Tevels and the area under the time-concentration curve of the active metabolite
should be determined. There 15 no ev1dence to date, however that bery]11um
requires act1vat1on | ' o : _

Some ev1dence 1nd1cates that bery111um may be sequestered 1in the cells
lining the alveoli and bronchioles and 1s inactivated, or eliminated slowly. -
According to Vorwald et al. (1966), inhaled beryllium aeroscls are precipitated
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by lung fluids, but then hydrolysis results in a supply of beryllium fons that
enter the cell and react with macromoelecules, possibly DNA and RNA. Vorwald
and Reeves (1959) found that 85 percent of subcellular beryllium sedimented in
the nuclear fraction. Any conclusions were limited since the actual Tocaliza-

tion of beryllium could not be shown by biochemical means. Firket (1953),
however, was able to identify beryllium histochemically in the nucleolus, an
‘organelle made up of macromolecules including RNA. If beryllium reacts with
macromolecules and no mechanism is available for elimipation or deactivation,
then toxic dose Tevels are not Tikely tp correlate well with metabolic rate.
Although the data suggest that berylijum may be bound intracellularly and is
eliminated very slowly, the evidence is not sufficiently conclusive to show
that a dose adjustment based on metabolic rate is not correct.

The direct experimental evidence available to determine if the rat is
uniquely susceptible to the carcfnogenic effects of beryilium, is quite
limited. While no defimitive positive results are available for hamsters,
Magner et al. (1969) réported atypical proliferations in animals of this
species exposed to beryl ore at beryllium levels of 620 pg/mB, a dose producing
tumors in 18 of 19 rats. The authors would have considered these prolifera-
tions to be bronchoalveolar tumors except for their small size. It is guite
possible that these proliferations would have progressed to tumors if the
hamster had a longer Tife span. |

Although statistically significant positive responses were not seen in
guinea pigs, Schepers (1971) reported the occurrence of lung tumors in 2 of 20
animals exposed to beryllium sulfate and in 1 of 30 males and 1 of 20 females
exposed to bery]iium oxide. Since lung tumors are extremely rare in guinea
pﬁgs, the .data are indicative of a possibly positive response even if exposure
conditions were not well described and control values were not reported.

The only other species other than rats in which a clear-cut response
occurred was the rhesus monkey (Vorwald et al., 1966; Vorwald, 1968). No
tumars were detected in five monkeys dying of pulmenary disease the first two
years of exposure. Eight of 11 monkeys, however, surviving exposure to
a9 pg/m3 beryllium, an average of 15 hours per week, for greater than two
years up to 10 years, deveioped lung cancer. Based on this one study, monkeys
| appear to be as sensitive to cancer induction by beryllium as rats.

The data for hamsters and guinea pigs is only suggestive, while the data
on monkeys is based upon one study which lacked contrals. Taken collectively,
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however, the evidence suggests that the rat is not uniquely susceptible to
lung cancer inductien by beryllium. Moreover, the positive results in monkeys,
a species much c¢loser phylogenetically to humans than rats, increases the
likelihood that humans may also be susceptible. R

7.3.2.1 Calculation of the Carcinogenic Potency of Beryllium on the Bas1s of
Animal Data . Of the studies available for estimating the carcinogenic risk of
exposure to beryllium, the majority used beryllium salts. Potency values were
derived from seven inhalation studies with beryllium sulfate, and one each
using beryllium phosphate and beryllium filuoride. This 1nformat1on is
presented'in Table 7-15. In order to provide some comparison among species,
values for'guinea pigs and rhesus monkeys were determined, even thoudh.the
guinea pig'study was poorly documented with only suggestive effects,_@hjie the
monkey study lacked controls. Except for the Reeves and:Deitthf(19§9)deﬁudy;
the investigations were conducted at single dose Tlevels. In tnése'cisesi'the
one-hit model, as described in Section 7.3.1.1 is used as the ]ow?dose
extrapoTatfbn model. For the data of Reeves and Deitch, the mu1t1stage model
with time- dependent dose patterns is used as the Tow dose extrapo?ation mode].
The data and calculations for this study are presented in the append1x

In all of these calculations, the equxvaient concentrat10ns are derived
by the following procedure, using ventilatory values arr1ved at as descr1bed
in Section'7 3 1.3.1. For an exper1menta1 exposure concentration of 1. pg/m ,
where 0.224 m’ /day is assumed to be the vo?umetr1c breath1ng rate for a rat
waeighing 0.35 kg, and 20 m /day 1s assumed for a70- kg man, the human equ1va~
lent concentration (pg/m ) sat1sf1es the equat1on ' '

= (0. 224/20) m /day X (70/0 35)2/3

or C = 0.38 pg/m3. Therefore, the_human'equiva1Ent concentratian in:pg/m3 is
obtained by mu]tip]ying the experimental EonCentfation'by'O 38. For.a 466-gm
guinea pig with a reported daily breathing volume of 0. 23 m (Spector, 1971),
the human equ1va1ent concentration will equal 0.32 pg/m ; For a 2. 68 kg
rhesus monkey with a reported daily breathing volume of 1. 24 m /day (Spector
1971), the human equ1va1ent concentrat1on will equa] Q. 55 pg/ms;

The Tlast: coTumn of TabTe 7~ 15 represents the carc1nogen1c potency of
bery111um as calculated from each of these studTes Based on the equ1va1ent

o ERe
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TABLE 7-15. DOSE RESPONSE FROM INHALATION STUDIES WITH BERYLLIUM SALTS ON. ANIMALS
AND THE CORRESPONDING POTENCY (SLOPE) ESTIMATIONS

.  Standardized  Pulmonary Human Max imum
‘ Mean beryllium experimentaia tumor ‘equivalent ~Yikelihood

_ _ « Beryllium concentration concentration incidence concentration estimate slape

Investigator - compound exposure pattern (ng/m3) . rate (ug Be/m?) (pg/m3)-1

I ' ' _ RATS .

Vorwald. . Beso, 2.8 ug Be/m> 0.58 - 13/21 0.22. 4.3 x 10°
et al. . ' 35 hr/wk for 18 I : ‘

(1966) - . months

Reeves and . --'BeSD4 35,7 pg Be/m3_ : : © 8.1 x 1071

Deitch Lo 35 hr/wk for c

(1969) ) varying duratieons _

Reeves and - BeSO, 35.7 pg Be/m’ 7.4 C13/15 2.8 7.1 x 1071
~ Deitch . 35 hr/wk for 18 ' . . R : :
o (1969) : . ' months _ _

Lo ’ ’ . ' . . -

Schepers et al. BeSOh 33.5 pg Be/m3 2.9 : 58/136 1.1 5.0 x'_lO_1

(1957) . : 35 hr/wk for 7.5 _ . S o -

; . months

Vorwald  Beso, 33 g Be/m> 5.0 4/8 1.9 3.7 x10}

(1953) : : 35 hr/wk for 13 . : : '

- : months : _

Schepers - BeFZ' 9 g Be/m’ .1 11/200 0.42 1.4 x 1071

{1961) : o 35 hr/wk for 10. 5 ‘ )

: months '
Schepers . 'BeHP04 227 ug Be/m> B 17,1 . 7/40 6.5 3.0 x 1072
(1961). - 35 hr/wk for 6.5 : o
' : ‘ - months

(continued on the following page)
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. TABLE 7-15.

(continued) -

:f concantrat1on
g Est1mated by assumtng that the LOntPO] response 15 Zeros

R S _ _'Sténdarﬂiiedf” _Puﬁmonaryf3 'anman ;_['Magimum _
s oo Mean beryllium experimental .. ~tumer - - equivalent likelihood -
o SO _ - BeryTlium concentration . . concentration® = ' incidence’- . concentration’ estimate siope
- Investigator. compound '_exposure pattern Apg/md): rate © o (py Be/m¥) - (pg/m3)-t
| 4 o GUINEA P1eS T o
Schepers . . BéSD#; _;36 g Be/m’ "7- S e 51 2420 1.7 6.5 x 1072
(1971) ' : .-35 hr/wk for 12 - o . : '
L o months _ . _ _
| o | _ IRHESUSjMONKEYSJ L |
vorwald . . - Beso,® ' -38.8ugBe/n> T 069 . -8/11° - 0:36 “3.6 x 10°
(1958) S 15 hr/wk for. B R T : 5
: 3 years,,g

“see append1x for. detaw]s

*dA 11fe span of 15 years 15 assumed
Response is among an1ma]s surv1v1ng more’, than one year

' Standardxzed exper1menta1 concentrat1on is: ca1cu1ated by ¢ % (h/lGB) X (L/18) whére ¢ 1% the mean exper1menta1
h:is the number ‘of" hours exposed per week: (168 hours), and: L is the number of months exposed.-




human concentration, using a surfaée:area‘correction,'the”maximum 1ikelihood
estimate of slope (MLE) varied from 4.3 to 3.7 x 10‘1 for rats exposed to
beryllium suifate. The most reliable estimate is 8.1 x 10 derived from the
Reeves and Deitch (1969) study. Bery111um fluoride and.bery111um phosphate are
somewhat less potent with MLEs of'i 4 x 10-1 and 3.0 x 10_2; respectively. In
comparing species, rhesus monkeys were at least as sensitive to beryllium
sulfate as rats, while guinea p1gs were about an order of magnitude less.
Because over 99 percent of bery]11um emitted into the atmosphere is the
result of o0il or coal combustion for electric power generat1on, the chemical
form presentlin the ambient environment is likely to be bery]1ium-oiide rather
than a beryllium salt (see Section 3.4). Based Updn the Tikelihood that
beryllium oxide is the primary form of human exposure, an attempt was made to
derive a quantitative estimate of risk for this compound. Unfortunately, the
avajlable studies utilizing beryllium oxide have even greater limitations than
those eﬁp]oying beryllium salts. These studies are listed in Table 7-16 in
order of decreasing potency. The first study 1isted (Wagner et al., 1969) was
well designed and conducted. The animals, however, were exposed to beryliium
ore. While the beryllium is generally present as an oxide, it is conjugated
with fluorides and silicates; thus, e\terihg its physical characteristics and
possibly its potency. In the next study carried out by Sanders et al. (1978),
the animals were given a single 1nhalation-exposure. Only the deposited

amount, but not the concentration or exposure duration, was reported. Vorwald:

(1962) exposed several groups of rats for periods of three to twelve. months,
but only reported the total tumor incidence for all groups. The remaining
five studies utilized intratracheal instil]ation, which results in uneven
d1str1but1on in the lungs and makes dos1metry est1mates somewhat uncertain.
Among the inhalation exposures the MLE varied from 7.4 x 10 -2 for the
beryl ore study to 3.2 x_lQ for the Vorwald (1962) study. The MLEs for'the
intratracheal instillation studies varied from 1.7 x 10f3 to 2.1 x 1077 In
this series, the MLE deEfééSedeith increasing firing temperature Since the
solubility of bery1]1um 0X1de decreases with increasing f1r1ng temperature,
these stud1es poxnt out a re]at1onsh1p between so1ub111ty and carc1nogen1c
The geometr1c mean of the MLEs from al e1ght

potency for this compoundfe
3

studies was 2.1. X: 10 Th1s va1ue 15 in good agreenent w1th “the MLE of 2.4 x

10—3 der1ved from human ep1dem1oTog1ca1 data.’ It is also in good agreement
with the MLE of 3.2 X 10 der1ved from the 1962 Vorwa]d study, the only
subchron1c or 1onger 1nhalat1on study ut111z1ng bery111um ox1de
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TABLE 7-16. BERYLLTUM OXIDE DOSE-RESPONSE FROM - THREE INHALATION AND FIVE INTRATRACHEAL INSTILLATION STUDIES
ON ANIMALS AND THE CORRESPONDING POTENCY (SLOPE) ESTIMATES

- : Standard:zed o Pulmonary | ;Human : : Maximum
_ Mean beryllium - expériméntal . " tumor ~ lequivalent - Tikelihood
: Beryllium: concentration .. concentration - -incidence [ c¢oncepntration:: °~ estimate slope
Investigator _ compeund ~ exposure pattern - i (pg/m3) . rate .- {pg Bé/md) - (pg/m3)-1

 INHALATION STUDIES

., Magner et al. Beryl ore 620 pg Be/n’ S s o 18719 - oo 40 . 7.4 5 10
- (1963) o _ 30 hr/wk for S . ST .
g 17 months _ Do e R A

Sanders et al. Bery3lium Single inhalation = 7 470 oa/es o 1.8 1.9 x 10
(1978) o © oxide Alveoiar” deposition . Teoeh e Co o _ .
. 1000°C" equals 57 ug

Vorwald Beryliium -9 mg Be/a® - 781 . ..22/3 .. = 298 . 3.2 x 10
(1962) - oxide - 35-38 hr/wk B T Do T .
: : : ~7.5 months

R " INTRATRACHEAL INSTILLATION STUDIES . = ; |
' Spenter-et"a]; *:Beryliﬁum' 50 mg Be/kyg o 1430% 24/40 R R 544- : 1.7 x 10-3_
{1972) T =ooxide: single dose IR : . e Lo s :
» o ~ 500°C. - ' .

el-1

Spericer et-al. Beryllium 50 mg Be/kg - - . - 1430 - 23/a5 . 0 sda 1.3x 10
(1968) ' oroxide” ~single dose R - - = T G :
L B00°C oo S :
Ishinishi et al.  Beryllium 1'mg Be/dose® 1230 C6/29 - 468 - 5.0 x 10
(1980) _ ooxide 15 weekly doses . R ST R
' . T 800°C o o
Spencér et al. " Berylliun. 50 mg Bé/kg ' C 1430 i}"w.'* 3/19 - L 544 B R 3.2°x 10
- (1968) ) -~ oxide . “gingle dose I PR T
©1100°C - ' R _
Spencer et al. Beryllium 50 mg Be/kg . - o 1430 - . 3/28 s 21x10
(1968) .. oxide - 'single dose - R » : e onl :
' L. 1600°C :

Based on the assumption that depos1t1on is 100: percent via 1ntratrachea1 1nst111at1on versus 10 percent via inhalation.

A body weight of 3560 grams is assumed




Although each of the studies has important Timitations, taken collectively
they provide reascnable evidence that the true MLE is 1ikely to be at least in
the range of the MLEs derived. Moreover, since the geometric mean of the MLEs
for the eight studies do agree quite well with the MLE derived from human data,
these estimates do provide support to the quantitation of risk from the human
epidemiology studies. _ | ' _

In addition to the previously described methods for deriving an equivalent
human concentration, an aiternate method has been propcsed by Oberdoerster
of the University of Rochester (personal communication). In this method, an
adjusted human equivalent concentration, which takes into account differences
in both deposition efficiency and lung surface area is derived. As a further
refinement, concentration per unit of surface area is estimated separate]y for
alveolar and tracheobronch1a1 regions.

- The study by Reeves and Deitch (1969), in which rats were exposed to
beryllium sulfate at a beryllium concentration. of 35 pg/m3, was used to
demonstrate this method. For a mean particle diameter of 0.35 pym, tracheo-
bronchial deposition was estimated to equal one percent in rats versus two
percent in humans. Alveolar deposition was estimétéd‘to equal ten percent

in rats versus twenty percent in humans. The daily volume of air breathed per

day was assumed to equal 0.20 ma/day‘for 300 gm rats and 20 m3/day for a 70 kg
~man. The dose to the tracheobronchial (tb) region in rats then can be calcu-

lated to equal

.20 m3/day x .01 x 35 pg/m3 = 0.07 pg/day
The dose to the alveolar (alv) region equals
3 3 _
.20 m”/day x .10 x 35 pg/m” = 0.70 ug/day
The human equivalent tb concentration equals
2/3 .015 ug/day _ .3
(70/ 30) 20 me/day x .02 1.13 pg/m
The human equivalent alv concentration eguals
0.15 pg/day 3
(70/.30)° x =57 =t5s = 1.13 wa/n
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The alveolar surface area for a 300 gm rat was estimated to equal 4453 cm2 _

compared -with 548,789 cm2 for  humans. Tracheobhdnchia] surface area was

estimated to equal 45.7 cm2 An rats compared with 4060 cm2 in humans 'The'aiu
surface area to body weight ratioc .is equal to 4453 cm /0 3 kg or 14, 843 cmszg
in the rat and 548,789 cm2/70 kg or 7040 cm /kg 1n humans The a1veo]ar surface
area per unit bhody weight is thus 14 843/7040 or. 1 89 t1mes greater in the rat
while the tracheobronchial surface is 2.62 t1mes greater in the rat us1ng the
same method. Adjusting for alv surface area, the human equ1va1ent eoncentratton
equals - 1.13/1.89 or 0.60 ug/m . AdJust1ng for re]at1ve tb surface area the
human -equivalent concentration equals 1. 13/2 82 or 0. 43 ug/m . _

‘As can be seen,:the adjusted human concentrat1on based upen - est1mated
differences in deposition efficiency is about haif that us1ng standard method-
ology. . As -a result, an MLE. calculated .on this bas1s wou]d be about doubled
Making a further ad;ustment to. account for. d]fferences 1n re]at1ve 1ung surface
will result in even sma11er human equ1va1ent concentrat1ons and thereby greater
MLEs.. T '"._ :_ g . S .

The app11cat1on of methodo]ogy such as that 1}1ustrated above has the
“potential for greatTy ref1n1ng the quantatatave assessment of r1sk _ ThIS
method ‘was . not ‘used for the development of quant1tat1ve r1sk est1mates for_
bery111um because there is.still. some. uncerta1nty regard1ng reiat1ve deposat1on
eff1c1ency in laboratory animals-and humans. Depos1t1on can vary cons1derab1y'

with breathing patterns and with part1c1e s1ze shape and density.. It 1s a]so
uncertain~ if a higher concentratton over a sma11 1ung surface area w111 resu]t
in"a greater degree of - tumeor 1nduct1on than the same tota] dose depos1ted over‘
a 1argen surface.- ‘As: more data become ava1]ab]e reduc1ng uncertainty regardana
deposatxon eff1c1ency, methodo]ogy such as this shou1d be 1ncorporated 1nto the'
quant1tat1ve assessment of risk.

7.3. 2 2 Calcu]atton of the. Carcanogenic Potency of Bery111um on the Bas1s of

Human Data Given the need to -estimate the cancer_rjsk_of_bery]Jtum_and_the
uncerta1nty ‘inherent in -the use of. an1ma1 data ft is desirable to uSe the

available human data An csome way to est1mate the carc1nogen1c potency of
bery111um Data from_Wagoner et -al. {1980) are. con51dered:appropp1ate_for
this purpose. “This study is. selected because the cohort consisted'of berylifum
workers empioyed ‘prior to 1949, when contro]s on bery111um in. the workp]ace
began The workers' exposures to bery111um before 1949 were very. figh. A 1947
study reviewed by NIOSH*(1972) reported beryllium concentrat1ons in a bery111um
extraction plant in Pennsylvania of up to 8840 ug/m . In more than 50 percent

7-74




of the determ1nat1ons rev1ewed bery111um concentrat1ons were in excess of

100 pg/m ' Accord1ng to NIOSH (1972) the levels of envxronmenta] exposure to
beryllium in: the workplace were marked1y reduced after contro1 measures were

'1nst1tuted in 1949, In one . 0h1o extract1on plant, the bery1lium eXposure

levels were recorded at 2 pg/m or less during almost all of a ‘seven-year
period. .  The 1nformat1on ava11ab1e about bery111um exposure levels in the
workplace and the- excess cancer risk observed among workers emp1oyed in beryl-
11um production plants is summarized below. ' '
7.3.2.2.1 Information on exposure levels. The bery1Tium plant studied by
Wagoner et al. (1980) was a.majer beryT1iumtextraction, proceSSing, and
fabrication facility located in Pennsy]Vania. The workplace concentrations of
beryl1ium in various bery]iium'production.p]ants in Pennsylvania and- Chio were
found to be cqmparab1e (Eisenbud and Lisson, 1983). Based on the NIOSH (1972)
report described previcusly, the Tower-bound estimate of the median exposure
concentration exceeded 100 pg/m3, since more than 50 percent of the determina-

tions exceeded that level. According to Eisenbud and Lisson (1983), it is

1ikely that this value (100 ug/m3) is an underestimation of the actual median
exposure level in the workplace, and thus should be considered to be a lower-

bound estimate of medisn level., Eisenbud and Lisson (1983) stated . . ,published
rstudies.of_conditions in the Pennsylvania production plant indicate that the
- levels of exposure prior to installation of dust controls were coﬁparab?e to

conditions in the Ohio plants. Concentrations in excess of 1000 ug/m3 ware
commonly found in all three extraction plants during the late 1940s." On the
other hand it js.unlike1y that the median level could greatly exceed

1000 ug/m since at that level almost all of the exposed workers developed

-acute resp1ratory diseases (E1senbud 1955). Thus, it is reasonab]e to'assume

that the median 1eve1 of . bery111um concentration did not exceed 1000 ug/m . In
the r1sk ca]cu]at1on, the med1an level of bery111um concentration is assumed to
range from 100 to 1000 ug/m . This is the narrowest- range for ‘median exposure
that could be obta1ned on the basxs of available information. ‘
7.3.2.2.2 Informat1on on excess r1sk Wagoner et al. (1980) conducted a
cohort study of 3055 wh1te mates who were initially employed-in a p]ant in
Pennsylvania from 1942 to 1967, and who were followed to December 30, 1975. - Of

"part1cu]ar 1nterest ts the present risk assessment is a subcohort of workers who
were. 1n1t1a11y empToyed prior to 1950, and who were fol]owed_for at least

25 years from the date of initial empleyment The elevation® of Tung cancer
mortality was or1g1na11y shown by Wagoner et al. (1980) to be statistically
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significant (p g0.0S).- However,.the_sighificant elevation of lung cancer
mdrté]ity'disappears after.making an adjustmenﬁ for differences in cigarette
smoking between cohort and contro] popu}atlons For the subcohort of'workers
who were f011owed at Teast 25 years since their initial employment, the
smok1ng~ad3usted.expected 1ung cancer deaths are found to range from 13.91 to
14.67, in comparison with the 20 observed lung cancer deaths. The relative
risk estimates are 20/13.91 = 1.44 and 20/14.67 = 1.36, which are not statis- .
tica1]y significant (p >0.05). A]though the epidemiologic study did not show
carc1rogen1c effects, the data can be used to calculate an upper 1imit of lung
cancer risk.

Assuming that the observed cases follow a Poisson distribution and the
expected value is constant, the 95 percehf confidence 1imits for fhé Ltwo
relative riék astimates, 1.36 and 1.44, are respectively 1.98 and 2.09. The
values 1.98 and 2.09 are used to estimate‘the lifetime Tung cancer risk due to
1 ug/m of bery?]lum in air.

7.3, 2 2 3 R1sk ca1cu1at1on oh the basis of human data. . Te. .calcylate the
]1fet1me cancer r1sk on the bas1s of 1nfcrmat1on descr1bed prev10us]y, the
medlan level of bery]]aum exposure must be converted to the effectlve dose,
through mu1t1p1y1ng by a factor of (8/24) x (240/365) X (f/L) to ref1ect that
workers were exposed to bery111um 8 hours/day, 240 days/year for f years out
~of a period of L years at r1sk (1 e. from the onset of employment to the
‘:term1natlon of fo]]ow-up) Two va1ues of f/L are “used in the calculation:
ff/L 1 and f/L = O 25.° The use of f/L 1 would avoid’ overest1mat1ng the risk"
(but could underest1mate the r1sk) 1f the observataon by Reeves and - De1tch
.(1969)--that -tumoy yield depends not on 1ength of - exposure but ‘on-‘age at
_exposure-—1s va11d Tab1e 7- 17 presnnts a ra ngn of cancer pn*ency est1ma+es

_caIculated under Var10us assumptions about re]at1ve risk estimates and level of
_Texposures. The upper-bound est1mate of ‘the cancer risk assoc1ated w1th 1
-E-ug/m of bery111Um ranges from 1.6 x 10 4/(ug/m ) to 7.2 x 10° /(ug/m ), with
a. geometr1c mean of 2.4 x 10 /(ug/m )." ‘Because of the range of uncertalnty,

this number is rounded to 2 X 10 /(Hg/m ). ' CL L e
7.3.2. 3 R1sk Due to Exposure to 1 ug/m of Bery111um in Air. ® ‘Both animal and
“human_ stud1es have been used to qua11tat1vely evaluate ‘the potent1a] for human

rcarc1noggn1c1ty3 For quant1tat1ve risk assessment purposes, ‘the available
data.présehtsuspme_d1ff1qu1t ana]yt1ca1 problems. In ‘the case of animal
studies, although several forms of beryllium Were tested, the design and |
reporting of many of the studies were inferior by current standards, resulting
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TABLE 7-17. UPPER-BOUND CANCER POTENCY ESTIMATES
CALCULATED UNDER VARIOUS ASSUMPTIONS:

Beryllium | o 955percent.

concentratjon “Effeqt;Ve“ - Uppgr-bqpnd_ ) Ty
in workplace - dose © astimate of “Cancer potency -
(ug/m3) /L (pg_/m3). . relative risk - ;(HQ/“_IE')"}' _
1w 1 a2 18 Lelx103 ﬂ
o 209 L79x107° o
0.25 5.48 1.98 644 x 1073 ;
| | - 2.09 7.16 x 1073 i
wo . 1 21918 ~ L.98 S Lelx 107t f
| 2.09 1.79 x 1074 ﬁ
025 5479 Le  6Gasxiot i
2.09 7.6 x10t |

AuEffective" dose is calculated by multiplying the befy]]fum concentration 1
in the workplace by the factor (8/24) x (240/365) x (f/L). i

bFor a given "effective” dose d and a relative risk R, the carcinogenic
potency is calculated by the formula B = (R-1) x 0.036/d, where 0.036 is
the estimated Tung cancer mortality rate in the U.S. population. '

in a clear basis for uncertainty -about the.reasonablenes$ of the upper-limit {_}f
risk estimates, The epidemiologic data, while .being useful for analysis of
cancer jncidence, nevertheless, has interpretive limitatiens because of the
uncerta1nt1es regarding exposure levels.. _ o "_ _
"Despite the uncertainties and weaknesses of the 1nd1v1dua1 stud1es the - : {
" cancer response in beryllium exposed.an1ma1s-1s,very:strong and there seems to :
“be a pattefn of response which re]ates'tb-the beryllium specie tested (i.e. ' _ /
oxide, sulfate, etc.). The unit risks derived from the animal data sets are : |
best viewed as’ a sensitivity analysis as opposed to a collection of reasonable / |
upper-bound risk values. The sensitivity relates to beryllium specie tested J
and for! beryllium oxide alone, perhapé tq'§o1ub1]ity and‘fjrjngftempgfature, /
The epidemiology based risk analysis 1s aJsb_a5$ensitiyiﬁy"anaTysié which
results from the need to make fundamental assumptions about exposure:together
" with the use of ronsignificant incidence data in order to derive an upper-limit

risk approximation.- Interestingly, the two distinct sensitivity analyses
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(animal data, human data) correTate very close]y for bery]lium oxXide, there

being no human data to compare. to the an1ma1 data for bery1]1um su]fate and
other beryllium compounds. '

Many of the animal exper1ments used bery111um satts a.form not Jike]y to'?~
be present.either -in. amb1ent air or in occupat1ona1 sett1ngs “In mining
operattons, for: example the bery]11um present 1n the ore is in the form of -an
oxide, but .may be. bound with other chem1cals as we11 “In ‘the extraction
process, -the pr1mary product bery111um ox1de, 1s then reduced to the metallic
form. In operat1ons such as me1t1ng, pour1ng, or we1d1ng of bery111um fumes
cons1st1ng of fine part1c1es of bery111um ox1de are produced by condensation
from -the vapor phase. Other sources of workplace contamtnat1on Tesult from o
meta111c dusts generated by a var1ety of operat1ons such ‘as crushxng, gr1nd1ng,~;
or cutt1ng of bery111um-conta1n1ng mater1a] For further deta11s regardung :
industrial process1ng of bery111um 'refer to Tepper et al. (1961) Bery111um =
is most. commonly found in amb1ent a1r as a trace meta] component of- f]y ash .
em1tted from: coa] burn1ng e1ectr1c power generat1ng plants Slnce fly ash is a
combust1on product the bery111um aga1n 1s pr1mar11y present as the oxide

A}though a]] of the an1ma1 stud1es were def1C1ent in some respect the
ones ut111z1ng bery111um ox1de were more def1c1ent as a group, than those

E~~i ut1]1z1ng bery111um sa1ts _ S1nce humans are 11ke]y to be exposed to bery111um~_

' as’ an ox1de,_however, and s1nce the carc1nogen1c response was shown to vary
w1th the form . of bery]11um, the use of bery111um ox1de data is con51dered an x
1mportant focus 1n est1mat1ng the cancer potency Wh11e the avax]ab]e bery1~
11um ox1de stud1es were 1nd1v1dua11y weak a corre1at1on of est?mates from
severa1 data sets woqu be expected to 1ncrease conf1dence in the results.
Potency factors were thus ca]cu]ated usxng data from e1ght bery]]1um ox1de _
animal stud1es The results were reasonabiy cons1stent and the geometrxc mean;
of all e1ght potency factors was 2.1 x 10 /(pg/m ) whxch close]y agrees with
the potency factor derived from the human ep1dem1ology data A]though the ‘con=
f1dence 1evels are st111 too low to recommend a potency factor and un1t r15k
based.on the an1ma1 data these est1mates, neverthe1ess “do prov1de support for
the ‘potency est1mate der1ved from the human ep1dem1o1ogy data E

A risk assessment based upon human epldemlology data was calculated based
on the occupat1ona1 exposure . study of Wagoner et a1 '(1980). The narrowest
range for. med1an exposure that cou}d be obtaTned on the basis of available
1nformatxon was. 100 to 1000 pg/m The rat1o of exposure duration to durat1on
of risk was assumed to range from a minimum of 0.25 to 1.0. The - geometr1c
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mean of the range of potency factors derlved using the above assumptions is
equa1 to 2.4 x 10 /(pg/m ) As 1nd1cated in the previous section, this -
number is rounded to 2 x 10~ /(ug/m ). '

The CAG feels that a recommendation for a spec1f1c upper-bound estimate
of risk is warranted, even though it does evolve from less than ideal data, in
order to provide a crude measure of the potential for a public health impact
if, in fact, beryllium is a human carcinogen, Some of the risk values dis-
cussed-in the document are derived from animal data which have significant
shortcomings, the result being that the estimates taken as a whole demonstrate
a sensitivity analysis of reasonableness rather than being a collection of
equally reliable upper-bound values. In a similar manner, the risk estimates
derived from the human data have inherent uncertainty because of the need to
assume exposure levels and, thus, the risk estimate of 2 x 10-3/(pg/m3) is 1in
effect also the result of a sensitivity analysis. ‘

Taken tcgether the notable comparability of the animal and human based
estimates for beryllium oxide encourages one to consider these estimates as

being of some utility. Given the correlation of the animal and human estimates,

a value of 2 x 10'3/(pg/m3) is considered to be a useful approximation of the

“upper-1imit risk for beryllium oxide. This can be converted ta a q{ value of 7
(nftg/kg/day)d1 after adjusting for a weight of 70 kg and 20 m3 of air breathed/
day. The unce?tainty of the berylilium oxide risk value in relation to the true

risk has two aspects, one being the usual uncertainty which is attributable to

the linearized multistage procedure in the case of animal data or the upper
limit modelling of human data (i.e. the true risk is not Iﬁke1y to be higher
and may be lower). A second uncertainty unigue to the beryllium data base
relates to the need to make dosimetry assumptions as a part of the risk
modelling of the animal and human data.  The dosimetry influenced uncertainty
should be viewed as potent1a]1y caus1ng either an overestimation or under-
estimation of the upper limit. The utility of these risk values in risk
management analysis should be judged with these uncertainties 1n_m1nd. Hencé,
whereas one mﬁght use these estimates to screen for a possibie pub1ic hazard,
one should exercise much greater caution in using these values for an assess-"

ment of individual cancer risk. _
Since beryllium salts are more potent, the higher unit risk values derived

from these studies should be used in cases of potential human exposure to these

forms of beryllium. The uncertainties associated with the beryllium salt risk
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.. typical concern associated with the upper-limit estimation from animal studies

estimates [especially beryllium suylfate, risk value of O.S/CHg/mB)] is the

(the true risk is not 1ikely to be higher and may be lower), there being no
significant dosimetry problems with these data.

7.3.3 Compar1son of Potency With Other Compounds

One of the uses of quant1tat1ve potency est1mates is to compare the rela-
tive potenC1es of carc1nogens “Figure 7_2_15 a h1stogram representing the
frequency dastr1but1on.of.potency indices for.59'su5pect carcinogens evaluated
by the CAG. The actual data summarized by the histogram are presented in Table
7-18. The potency index used herein was der1ved from the carc1nogen1c potency
of the compound and is expressed in terms of (mmo1/kg/day) . Where no human
data were available, animal oral studies_were used in preference to animal’
inhaiation studies, since oral studies.hQVéfconstituted the majority of anima1
stud1es - 5=' | |

“The potency index for beryilium ox1de 15 2:%:10 2, calculated by mu1t1p1y~ f
1ng the patency estimate, 7. 0/(mg/kg/day), and the mo]ecuTar weight of bery111um
oxide (25). This calculation places the. re1at1ve potency of beryliium oxxde in
the third quartile of the 59 suspect carc1nogens eva]uated by the CAG. The
potency index for beryllium su1fate 15-3 4 "ﬁ;”_emTab1e 7 18) p1ac1ng
'bery111um sulfate in the first quart11e . Rt

based on varying routes of exposure 1n d _ erent spec1es

by means of data from
stud1es whose quality: var1es w1de1y'”“ - o

_ the'dbservat1ona1
range. These indices may not be approprwate for the compar1son of ‘potencies if

est1mates of 1ow—dose r1sk us1ng 11near extrapo]atlon:fro

Tinearity does not exist at the Tow-dose range or if comparison is .to be made
at the hagh dose range. 1f the 1atter s the case, then_an_1n@ex other than
the one ca1cu1ated above may ‘be" more appropr1ate e .

7.3.4 Summary ofIQuantitative Asseésment

Both animal and human data have been used to calculate the cafcinogenic
potency of beryllium, Many of the animal studies conducted on beryllium are :
not well documented, were conducted at single dose levels, and in some cases f

did not utilize control groups. Nevertheless, because positive effects were
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TABLE 7-18. RELATIVE CARCINOGENIC POTENCIES AMONG 59 CHEMICALS EVALUATED
BY THE CARCINOGEN ASSESSMENT GROUP-AS SUSPECT HUMAN CARCINOGENS ~—

Grouping - I o - Order of
Tevel a based on - S h © - magnitude
SETI R of evidence EPA ' "Slope -1 Molecular Potenc¥~-, (log 0
Compounds R CAS Nuwiber " Humans -Animals - criteria.. (mg/kg/day) weight - index ind%x)
*Acetaldehyde ' 75-070° " 1 s - B2 . 171073 a4 DT R |
1 ]

Acrylonitrile 107-131 L S BL oo 0.24W), 531 1x0 *1

*Aldrin - 309002 1 S B2 - 16 ' 369.4 8x10" 1w

ATIyY chloride . 107-051 "¢ I s B2 . 47t 765 4x107? 1
PR o " ’ 2

Arsenic C ja0-3¢-z 0 s 1 A - L5 . 149.8 - -2x0” +2

Bfal - 50-32-8 1 . s B2 . 1.5 . 252.3 W
A 2.9x1075(W) rZ: S 1

0

Benzene . 71..43.;2_5.':' s S |
Benzidene . R 92-87-5. i -5 57 A 234(W) : - : 184.2 axi0*t +5

“Beryllium oxide o o7aa0-@17 1 - s 0 g2 7.0(W) s 2a0*? T w2

Beryl1iUm sulfaté: - 13510-49-1 © 1 S B2 axo* - 105 10" 45
1,3-Butadiene -~ < . 106-99-0 I S B2 18D sal - ixio*? +2

cadmium 7440°83-9° L s Bl - 6.1W). - - - 112 7x10"2 +3
| 1 153. t

“2x10" +1

Carbon tetrachioride B6-23-5 I s B2 1.30x10°
5x10%2 +3

L - B T

Chlordane 57-74-¢ . 1 s B2 - 1.3 . 409,

Ch]dfinated efhéneé' S
-9.1x10

1,2-Dichloroethane . = 107-06-2 - I
(Ethylene dichloride) .. ..l
Hexachlordethane B7=72=1
1,1,2,2-Tetrachloroethape 79-34-5 . :
1,1,2-Trichloroethane 79-00~3

98. 9x1090 1

(73]
w
-]

14261072 . 236,
0.20.: lp 167.
5.73x10°% 133,

i 2

0 0
310, 41

8x10" T
1

=t ]t

T

2 Xz X
BOROSE W

119. 1x10*

8.1x10" gt

L7, ]
&

Chioroform . 67-66-3. .. 1

i {continued on.folﬁowing°pége)




TABLE 7-18. (continued)

Grouping . . ' ‘ © - - Qrder of
Level based on ' magnitude

‘ . of evider_\cea EPA S}opeb _ Molecular Pqtencx (}og 0

-Compounds .~ - - ‘CAS Number . Humans Animals criteria {mg/kg/day) weight index 1nd%x)
Chromium VI | 7440-47-3 . S 5. A M 100 ax10™? 4
Coke Oven: Emissions s 3 A 2.16(0) - NA NA NA
DOT. ' | 50-29-3 I s B2 0.34 354.5 1x10*2 +2
3,3-Dicﬁ1dr6bénzidine ' 91-94-1 1 s B2 1.69 7" 253.1 ax10™? 43
i,l-Dich1oroethy1ene - 75-35-4 ' I | L C 1.16(1) 97 1x10+2 B 42

(Vinylidene chioride) ‘ _

Dichloromethane 75-09-2 I s B2 C1.ax107(D) 84.9  1x10° 0
(Methylene chloride) : | _ ‘ _
g: *pieldrin - 60-57-1 I 5 B2 20 380.9 gx10™3 +4
w © 2,8-Dinitrotoluene 121-14-2 1S B2 0.31 s exio™t 42
Diphenylhydrazine 122-66-7 1 s B2 0.77 180 1x10™2 +2
Epichlorohydrin - 106-89-6 I s B2 . 9.9x10° 92.5  ox0’L 0
Bis(2-chloroethylether . 11l-44-4 - 1 . 5 B2 114 13 2x10"2 2
Bis(chloromethyl)ether - 542-88-1 s 5 A 9300(1) 115 ixl(]+5 - +6
Ethylene dibromide (EDB)  106-93-4 1 s B2 41 187.9 8x10"> 4
‘Ethylene oxide 75-21-8 L s B1 Lsx10iny aa 20t
Heptachlor . 76-44-8 I s B2 4.5 373.3  axao? 3
Heptachlor epoxide . © 1024-57-3 1 - s - B2 9.1 . 389.32 ax10™ . e
Hexachlorobenzene 118-74-1 , T S B2 - 1.67 2844 5x10+2 +3
Hexachlorobutadiene . 87-68-3 I L c Lot 261 2x10'l a1

! (continued on following page)




- TABLE 7-18. ‘(continued)

Order of

Grouping
magnitude

- Level based on

' ,of[evidencea s EPA Molecular

S]opeb

v8-L

Compounds

CAS Number

Humans Animals

criteria

(ma/kg/day) L

weight

Potenc (log
index¥ ind%g)

Hexachlorocycliohexane
-~ technical grade
alpha isomer

.. beta isomer

gamma 1isonier
Hexachlorodibenzodioxin
Nickel refinery dust
Nickel subsulfide .L.“'

Nitrosamines

Dimethylnitrosamine .~

Diethylnitrosamine

DibutyInitrosamine o

N-nitrosopyrrolidine.

319-84-6
319-85-7
58-89-9

' 34465-46-8

0120-35-722

62-75-9

L 924-16-3 ¢
9 30=h5=2

] po

B2
Bz2-C

B2

B2

B2

B2
B2

HENN
[l A I o

6.2x10%3
0. 84(W)
1. 7(¥)

25'9(not by g*

5.43°
2,13

43.5(not by g¥)

290.
280.
290,
290.

391

240.
240.

74.

(=Y =y TR K ]

+2
6x10+2

8x10
4x10:§
3x10

2)(1()'+6

2x10+2

4x10%2

3
3

+2

+
2x10
4x10"
9x10

.‘Zx1£)+3

+2

+3
+3
+3
+3

+6
+2
+3
+3
+4
. *3

+2
+4

B2 R2ig 1T
B2 i 302.6 103.

759-73-9° _
B2 . 4.92x1073

N-nitroso-N-ethylurea . . .. 75 e
N-nitrosozN-methylurea . . 684-93<5 .-

N-nitroSo%diphenyTémine::'TTEBﬁ3Q66{ f_3;- : _.
ST ”.:1335535f314:1 1:1 ; f_:ﬂ¢._.__:=f . B2 -: -.7-7Tff;_.lT“ e

P RO R

o0
Cmagt e
198 10 0
o

bd o et i fud ]
S T WY YT ST W7 WP

*pCBs - Cozxae’® e
Tetracﬁ]ﬂfﬁdibénibi_ . 7 48
p-dioxin;. (TCDDY):

B

*Tetvachloroethylens 0 127-18=4 -~ .. L. S . 82 . s1xd07% . . ‘165.8 . sxa0® a1
(Perchloroethyleney.- .- et e S S A

113 a4 sxet +3

2 0

BoUl-3%-2 1 S B2
1.1x10° ¢ 131.4  bao®. 0

Toxaphené; .

Trichloroethyléne -~~~ 79-01-6 .. . I S B2

2,4,6-Trichloropheno] 88-06-2 1 oooosTUe Bz pneeagtio 1.4 axad® 0w

(continued on following page)
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TABLE 7-18. (continued)

Gfouping . Order'of
Level a based on b } ' - magnitude
o - of evidence . EPA - Slope ‘_1 Molecular - Potenc {log 0
Compounds : CAS Number Humans Animals criteria (mg/kg/day) weight index ind%x)
Unleaded gasaTine vapor S I S B2 3.5x10°° 1104 ax1ot . o
" Vinyl chioride 75-01-4 s S A 2.3 ' 62.5 1x10*2 +2
a

S-= Suff1c1ent evidence; L = Limited evidence; I = Inadequate evidence.

Animal. slopes are 95% upper-bound. s]opes based on the linearized muutlstage madel. 'They are calculated based. on animal
oral studies, except for those indicated by I (animal .inhalation) (haman occupational exposure), and H (human drinking
water eprSure). Human siopes are point estimates based on the 11near nonthreshold model. Not all of the carc1nogen1c
potencies presented in this tab1e-represent the same degree of certainty. All are subject to change as new evidence
becomes available, The slope value -is an upper bound in the sense that the true value (which is unknown) is not llkely .
to exceed-.the upper pound and may be much lower, with a lower bound approaching zero. Thus; the use of ‘the slope estimate

in risk evaluations requires an-appreciation for the 1mp11cat1on of the upper-bound concept as well as the “weight of
evidenca" for the 11ke11h00d that the substance is a human carc1nogen

The potency index.is a rounded-off slope in (mmol/kg/day} and is calculated by muitiplying the siopes in. (mg/kg/day)
by the molecular weight of the compound.

G8-L

The molecular weight is based on the weighted average of the compounds present in gasol1ne Some variation may be
expected among samples. :

NA = not applicable.

* = currently under review.
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seen in muitiple species, at multiple sites, and often at very low doses, these
studies ¢o11ective1y provide sufficient animal evidence for carcinogenicity.

In the present report, data from animal 1nhalat1on and intratracheal studies
(us1ng rats, guinea pigs, or rhesus monkeys exposed to a variety of beryllium
compounds)'have_been used to calculate the upper bounds for the potency of
beryliium. ~The maximum 1ikelih00d's1ope estimates, ‘calculated on the basis of
animal data, Vary from'2.1 X 10"4'to 4.3/(pg/m§), a range_of four orders of - -
magn1tude ' : L : : | *

‘The magn1tude of the potency appears to depend prxmar11y on the beryllium
compound used in the exper1ment, ‘although some variability in sensitivity among
specfesawee'aIso seen nith guinea pigs responding to a Tesser degree than rats
or monkeys. :Amchg the beryllium cOmpoundslexamined'in the animal studies,
bery11ium'oxide is the'1east carcinogenically potent, while beryllium sulfate
(Bes0,) is the most potent. Solubility appears to be one factor affecting
potency. In the intratracheal instillation: -studies of Spencer et al. (1968,
1872), beryllium oxide calcined at 1100°C and 1600°C was much less potent than .
the more soluble form of beryllium oxide which was calcined at 500°C. If one
adopts the most conservative approach, the maximum potency estimate,
4.3/(pg/m3), would be used to represent the carcinogenic potential of berylliium
sulfate. This potency is estimated on the basis of animal data (Vorwald et al.,
1966) pbtained ﬁn'én”eXperiment_infﬁhichithe-leVel_of.expoeure to beryllium
ed1fete was very similar to ocCUpEtional'exposdre.¢onditions, “Thus, the high

~ potency estimate is not due to the use of a particdlar low-dose extrapo]ation
mode1 ' S1nce most bery111um compounds - present in amblent aar or. the workp]ace
env1ronment are not in the form of bery]11um salts, but are more 1ikely to be -
the Tess potent beryi11um ox1de, use of the suifate” potency estimate wouid
c1ear1y overestjmate the human risk. The geometr1c mean' of 2.1 x 10 /(ug/m )y
obtained from'eight'anime1 stddieS”Ut1liz1ng bery]11um oxide or bery111um ore
is cons1dered to more accurate1y represent human risk ‘to bery111um compounds
present 1n amb1ent air. ' ' S

. Data from the ep1dem1o1og1ca1 study by Wagoner et al (1980) and the_
1ndustr1a1 hyg1ene reviews by NIOSH (1972) and Eisenbud and Lisson (1983) have
been used to deVelop a cancer rask estimate assoc1ated with ‘exposure to air
contam1nated_w1th bery111um Two upper-bound relative risk’ estimates, 1.98 and
2.09 from the human data, have been used in the calculations. In recognition
of the greater uncerteinty associated with the exposure estimation, four
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different "effective" levels of exposure that reflect various uncertainties,
along with two relative risk estimates, have been used in the present'&a]cu]a-
tions. As a resuIt e1ght potency est1mates have been calculated, ranging from
1.6 x 10 4/(pg/m )} to 7.2 x 10° /(pg/m Y, with the geometr1c mean of the e1ght
estimates being 2.4 x 10 /(ug/m ) . Rounding off this number because of the
Tevel of uncertainty, the 1ncrementa1 T1fe time cancer risk (based upon epide~
miologic data) associated with 1 pg/m of beryllium in the air is thus calcu-
lated %o be 2 x 10 3. This estimate could be considered an upper-pound estimate
of the cancer risk because low-dose linearity is assumed in the extfapoiation
and the 95 percent uppef*confidence Timits of the relative risks arejused_in
the calculations. With fhese quantitative approaches, the CAG has calculated
two risk estimates, one from epidemiologic data and one from animal data, for
exposures to mainly oxides of beryllium. . These rounded estimates,

2 X 10—3/(pg/m3) each, are in complete agreement. The risk estimates for the
salts of beryllium (i.e., sulfate) are much higher and are derived from animal

data only.

7.4 SUMMARY-
7.4.1 Qualitative Summary _
Experimental beryllium carcinogenesis has been induced by intravenous or

intrameduilary injection of rabbits, and by inhalation exposure or intratracheal

instillation of rats and monkeys.

Osteosarcomas were induced in rabbits by intravenous injection of zinc
beryllium silicate (9 studies), beryllium oxide (2 studies), metallic beryllium
(1 study) and by intramedullary_ injection of zinc Béryllium silicate and
bery11idm oxide (1 study each). Lung tumors were induced in rats by intratra-
cheal instillation of beryllium oxide (4 studies), beryllium hydroxide (2 sfu-
dies), metallic beryllium (2 studies),ibery1 ore (1 study) and in monkeys by
beryllium oxide (1 study). Lung tumors were also induced in rats by inhalation
of beryllium sulfate (5 studiés), bery11ium phosphate,” beryllium f]uﬁridE' and
beryl ore (1 study each), and in monkeys by bery111um sulfate: 1 study) No
s1gn1f1cant neopIast1c responses were observed v1a the 1ntracutaneous or per-
cutaneous routes while’ the responses v1a the dietary routes were e1ther nega-
tive'of equivocal. * This was cons1dered_to be due to 1ow,absorpt1on effjc1ency

resulting from precipitation of beryiTium compounds in the small intestine.
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The bery1]1um~1nduced osteosarcomas 1n rabb1t5 were shown to be h1gh1y
invasive and to.readily metastas1ze | They were Judged to be h1sto1og1ca1]y
1nd1st1ngu1shab1e Ffrom non bery111um-1nduced human osteosarcomas a?though the '
sites may. be dtfferent _ ' ' _

As . noted above pos1t1ve carc1nogen1c responses 1n an1ma15 were obta1ned
in multipie spec1es and through various routes of exposure In stud1es us1ng
either 1nha1at1on or the 1ntravenous 1nJect1on route pos1t1ve results were
obta1ned in mu1t1p1e exper1ments For severa] of the bery!11um compounds'
tested,. such as . bery111um sulfate s1gn1f1cant reSponses were obta1ned at low
dose Tevels. Based on the above f1nd1ngs the overa11 ev1dence for carc1no-
genicity . of bery111um in an1mals 15 conv1nc1ng desp1te the 11m1tat1ons of many
of the stud1es Accord1ng to EPA's cr1ter1a for eva1uat1ng the we1ght of
ev1dence for carc1nogen1c1ty (U S. EPA 1986), the ev1dence for carc1nogen1c1ty'
‘of beryllium in an1ma1s is. cons1dered to be suff1c1ent" R

A1though several stud1es_(Wagoner et. a]., 1980 Mancuso, 1979 Manusco
1980) claim a statistically significant excess risk of lung cancer 1in 1nd1v1d-
uals exposed to beryllium, all of the studies cited have def1c1enc1es that
limit def1n1t1ve conc1u510ns regard1ng a ‘true carc1nogen1c assoc1at1on
Support for f1nd1ng an excess r1sk of 1ung cancer 1n bery111um-exposed persons _
VJf: cons1sts of ev1dence from cohort morta11ty stud1es of two bery111um product1on'

| fac111t1es. None of these . stud1es are 1ndependent as they are a]] based on"
the . same groups of workers Extens1ve coliaborat1on ex1sted between the |
authors of. these stud1es : The expected 1ung cancer deaths used 1n alT of these
studies. were based on. a NIOSH computer-based 11fe tab]e program known to pro-”
duce -an; ll-percent underest1mat1on of. expected 1ung cancer deaths Further-dh
' more the stud1es d1d not adequately address the confound1ng effects of smok1ng'
or of exposures rece1ved dur1ng pr1or or subsequent employment 1n other non-'
bery111um industries . 1n the .area. Many of these 1ndustr1es were known to"
produce other potent1a1 carc1nogens Problems in the des1gn and conduct of the
studies further ~weaken  the. strength of the f1nd1ngs After correct1ng the
1ife-table error. and adjust1ng for. some of the probTems descrlbed above “the

finding of ax s1gn1f1cant excess r1sk 1s no. 1onger apparent _ While the poss1b1-

11ty rema1ns ‘that the portion of the reported excess 1ung cancer r15k rema1n1ng
in ‘these stud1es may, in fact, be due to bery111um exposure, the ep1dem1o1og1c
‘evidence 1s, neverthe1ess considered to be 1nadequate“_accord1ng to EPA s

criteria for evaluating the weight of ev1dence prov1ded by ep1dem1olog1c data
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Limited testing has shown berylllum su1fate and bery1]1um ch]or1de to be

‘nonmutagen1c in bacter1a] and yeast gene mutatTOn assays In contrast gene

mutat1on stud1es 1n cuTtured mamma11an cells, Ch1nese hamster V79 ce11s and
Chinese hamster ovary (CHO) cells have ytelded pos1t1ve mutagen1c responses for
beryllium. BerylTium increased the infidelity of DNA and RNA po]ymeraSe 1n
prokaryotes Chromosoma] aberration and sister chromat1d exchange stud1es in
cultured human ]ymphocytes and Syrian hamster embryo cells have a?so resu]ted
in positive mutagen1c responses faor beryllium. _ In DNA damage and repa1r
assays, bery]1ium.is negative in the pol, rat hepatocyte and mitotic recombina-
tion assays but is weakly pos1t1ve in the rec assay Based on the 1nformat1on
available, bery}11um appears to have the potentia] to cause mutat1ons

Us1ng the EPA cr1ter1a for evaTuat1ng the overall we1ght of equence for
carcinogenicity 1n_humans, bheryllium is most appropr1ate1y classified as group
BZ,'a probable human carcinegen. This category is reserved for those chemicals
having sufficient evidence for carcinogenicity in animals but inadequate

svidence in humans.

7.4.2 Quantitative Summary

Both animal and human data are used to estimate the carcinogenic potency
of beryllium. Among the animal studies, only data from inhalation exposures
or intratracheal instillation are used because the intravenous or intranedu11ary
exposure routes are not considered to be directly relatable to human exposures,
and all dietary ingestion studies yielded negative results. Many of the animal
inha]ation studies for bery]Ifum are not we]] documented, were conducted at
sing]e dosa Ieveis and in some cases did not ut111ze contro1 groups
Col]ect1ve1y, however the stud1es prov1de a reasonab1e bas1s for estimating
potency (at Teast for bery]]}um su1fate and bery1T1um ox1de) as exemp11f1ed by
the cons1stency of response in rats Data from hine stud1es (7 studies of

'rats 1 study of gu1nea p1gs and 1 study of monkeys) us1ng bery]11um squate

phosphate _and f1uor1de have been used to ca1cu1ate the upper bounds for the
carc1nogen1c potency of bery]]1um sa]ts ' Data from e1ght stud1es w1th rats '
have been: used to ca1cuTat“'the upper bounds for the carc1nogen1c potency of

bery1]1um.ox1de f The upper'bound potency est1mates from the data based on
"exposure to bery111um su]fate equaT 3. 6/(pg/m ) 1n monkeys, 6 5 x 10 /(HQ/m )

in gu1nea p]gs and range from 4. 3/(pg/m3) to 3 ? X 10 /(Hg/m ) 1n rats EStT‘
mates der1ved from responses 1n rats exposed to bery111um f]uortde and bery]]rumf
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phosphate equal 1.4 x 10~ /(ug/m ) .and 3.0 x 10~ /(pg/m R respect1ve1y _
Potency estimates derived from responses of rats exposed to bery111um ox1des
ranged from 7.4 x 107 2/(ug/m>) to 2.1 x 10 */(ug/m>). o |

The magnitude .of the potency est1mates from an1ma1 data depends to a large
extent on the berylilium compound .used in the experiment, a]though some varaa—
bility in sensitivity among species is a]so seen, w1th guanea pigs respond1ng
to a lesser. degree than rats or monkeys Among the bery111um compounds'
examined in the animal studies, bery]]xum su}fate (BeSO4) is the most potent
‘with beryllium fluoride and bery1}1um phosphate somewhat 1ess $0 and bery111um
oxide the least potent There s some 1nd1cat1on that the carc1nogen1c potency
of bery111um oxide varies w1th the f1r1ng temperature ~ The Tow~temperature
fired, more so]ub]e ox1des appear somewhat more potent than those f1red at
h1gher temperatures ‘I ‘one adopts an approach wh1ch seiects data from the
most sensitive. exper1menta1 animal spec1es -and the most potent compound as
being - representat1ve of . r1sk to. humans .the max1mum potency est1mate, '_ _
4, 3/(pg/m ), would -be used to represent the carc1nogen1c potent1a] of bery111um.
This potency ‘s estxmated on the basis. of data from rats exposed by 1nha1at1on
(Vorwa]d:et al., 1966) S1nce bery]11um is. most common]y present 1n the
ambient air as . the ox1de a. potency est1mate based ‘upon the bery111um ox1de
.stud1es is cons1dered to be most representat1Ve of human r1sk Due to the
individual weaknesses of each of ‘the eight bery111um ox1de studxes .a potency
“estimate of 2.1 % 10 /(pg/m ) was derived by caTcu]at1ng the geometr1c mean of
the individual potency estimates from each of the stud1es

IhformatTOn from the ep1dem1o1og1c studies.. by Wagoner et a1 (1980) and
the 1ndustr1a1 hyg1ene rev1ews by NIOSH (1972) and E1senbud and Lxsson (1983)
have been used to est1mate the:cancer risks. assoc1ated w1th exposure to work-
place air contam1nated w1th bery]11um Even though the ep1dem1o]og1c ev1dence
does not demonstrate a stat1st1ca11y s1gn1f1cant causa1 assoc1at1on between
bery!11um and cancer, that does not mean that no rxsk ex1sts ~The: s1ze of the
study popu]at1on the background T]Sk ~and a. var1ety of other factors 11m1t the
ab111ty of a study to detect sma]1 rlsks ' Each study has a 1eve] of sens1-
t1v1ty, and the study popu1at1on may be too sma]] to show a stat1st1ca11y
_s1gn1f1cant assoc1at1on if the true r1sk is be]ow th1s Tevel. An upper-bound
.r1sk est1mate can be catcu]ated from a non pos1t1ve or even negat1ve, study to
describe the study' s level of sens1t1v1ty R1sk 1eve1s be]ow that upper bound
are completely compatible with the study data: The upper bound may be- thought
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of as indicating the largest plausible risk that is consistent with the avail-
able data. Thus, the epidemib]ogic studies can be used to estimate a plausible
upper bound for the increased'cancer risk from human: exposuré to bery]lium'

~In the wagoner et at. (1980) study, 20 lung cancer deaths were observed
in a cohort of workers foI]owed for' at least 25 years compared with 13.91 to
14.67 expected (p <0.10). Us1ng the revised estimates of relative risk from
this study, two upper-bound relative risk estimates, 1.98 and 2.09, have been
used by the CAG to ;altu]ate the carcinogehic potency of beryllium. In recog-
'nitfon of the grgatér uncertainty assogiated with the exposure estimation, four
different “effecfive“ levels of exposure that reflect various uncertainties,
along with the two relative risk estimates, have been used in the present
calculations, As a result, eight unit risk estimates have been calculated,
ranging from 1.6 x 10-4/(pg/m3)'to 7.2 x 10_3/(pg/m3),\wfth the geometric mean
~ of the eight estimates being 2.4 x 10-3/(pg/m3) After rounding to one signifi—
cant figure, the incremental lifetime cancer risk assoc1ated with 1 pg/m of -
beryllium oxide in the air is thus estimated to be 2 x 1073 This estimate
could be considered an upper-bound estimate of cancer risk because low~dose
" linearity is assumed in the extrapolation and the 95 percent upper-cenfidence
Timits of the relative risk are used in the calculations. The estimate
2 x 10_3/(pg/m3) is about three times greater than the previoﬁs unit risk esti-
mate reported in the review draft of the Health Assessment Document for
Beryllium (U.S. EPA, 1984). | |

The reasons that the updated unit risk estimates are higher are as follows:

1. A statistical upper-confidence limit for the relative risk, rather
than a po1nt estimate, has been used in the calculation.

2. The med1an concentrat1on in the workplace is estimated to range from
100 to 1000 ppm, rather than from 160 to 1000 ppm (as was previously"
used). . In a 1947 study reported by NIOSH (1972), more than 50 per-
cent of afr concentrations in the workplace exceeded 100 ppm. If it
is assumed, as was in the earlier risk estimate, that the concentra-
‘tion measurements followed a log-normal distribution, then a median

~ value of 160 ppm coqu be calculated. Since there are no data to
“substantiate (or ‘to deny) a 10g-norma1 assumption, 100 ppm 15 used
as: the 1ow med1an concentrat1on in the workpiace S _

The greater potency va]ues est1mated from some of the anwmaT data are prob-
| ab]y due to the d1fferent forms of bery]11um In the occupat1ona1 envwronment
- upon wh1ch human potency estTmates are based bery111um 0x1de and bery111um
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metal are most commonly present. When animals are exposed to beryllium oxide’
or oxide-containing beryllium ore, the potency estimates agree with those
derived from human exposures,

A major uncertainty of the risk estimate based on human data comes from
the derivation of exposure levels in the workplace and the temporal effect of
the patterns of exposure. To account for these uncertainties, the "effective"
exposure level of beryl}lium is derived in several ways, and the geometric mean
of different potency estimates thus calculated is used to represent the
carcinogenic potency of beryllium. ‘ '
| Another uncertainty concerns the use of potenéy values derived from ex-
posures in the workplace environment to estimate potency from exposure in
ambient air. The types of sources which emit beryllium to thé ambient air aré
Timited. There is 1ittle evidence_that ore ﬁroduction is 'a significant source
of beryllium emissions. Meta]1urgicé1 processing is likewise considered an
insignificant source. As much as 95 percent of atmospheric beryllium emissions
are estimated to come from coal-fired electric power plants, with most of the
remainder resu1tihg from fuel oil combustion (see Chapter 3). During coal com-
bustion beryllium is Tikely emitted as a relatively insoluble oxide, generally
as a trace contaminant of fly ash particles which are even more insoluble. On
this basis, the potency of beryllium from this source would be expected to be
quite low. Beryllium emissions from fuel oil combustion are similarly Tikely
to occur'primariTy in the oxide form. Experimental evidence also indicates -
‘that beryllium in f1y_ash has a low degree of potency, since even very high
concentrations of fly ash containing other known carcinogens have failedrtg
induce cancer in laboratory animals. On this basis, it is unlikely that values.
derived from exposure in the workplace will significantly underestimate the
potency of beryllium in ambient air, unless soluble beryllium compounds such as
fluoride, phosphate, or sulfate are known to -be present.

Because of the weaknesses of the animal studies upon’ which some of the
carcinogenic potency esfimates were derived, these estimates are judged to be
less reliable than those derived from human occupational exposures. They do,
however, provide suppdrt fof the occupationally-derived estimates. Despite

'some uncertainties concerning exposure Tevels in the warkpliace and possib1e
differences in the forms of beryliium found in ambient ajr compared with the
-workp1ace environment, the CAG-revised relative risks from the Wagoner et al.

(1980) epidemiologic study were considered to be the best choice for estimating
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the upper-bound 1ncrementa1 ~cancer r1sk for inhalation exposure to mixtures of
bery111um compounds (mostTy bery111um oxxde) ]1ke1y to be present in amb1ent
air. . o - e

_ The upper bound 1ncrementa] unit risk of 2 x 10 /(pg/m ) results ip a
potency 1ndex of 2 x 10 2, wh1ch places bery111um ox1de in the third quart11e

of the 59 su5pect carcxnogens eva]uated by the CAG.

7.5 CONCLUSIONS

Using. EPA's Guidelines for Carc1nogen Risk Assessment (U.S. EPA, 1986) to
classify the we1ght of_ev1dence for carc1nogen1c1ty in exper1menta1 animals,
there is sufficient evfdence'to o0nc1uoe_thet beryllium and beryllium compounds
are carcinogenic in animals. This evidence is based upon the induction of
. osteosarcomas and chondrosarcomas by ihtravenoos and intramedullary injection
in rabbits and upon the induction of lung tumors in rats and monkeys by inhala-
tion and intratrachea1 instillation. Although results were equivocal or
negative for ingestion, it is believed that if an agent is carcinogenic by one
route it is potentially carcinogenic by any route. The lack of a definitive
response via the ingestion route is considered most 1ikely due to Tow absorp-

tion efficiency. Due to limitations in methodology, the epidemiological
evidence is considered to'be "inadeqoate“; even though significant increases in
lung cancer were seen in some;epidemiology studies- of occupationa11y exposed
. persons.

A potency of 2. 4 x 10 /(pg/m ) was derived from the occupational studies
1nvo]v1ng human exposure to bery111um compounds (thought to be mostly bery1T1um
ox1de) common]y present in the workptace _

The carc1nogen1c potency of 1nha1ed bery111um der1ved from an1ma1 studies
varies with.the form of bery111um Potency values for bery111um sulfate ranged
from 4 3 to 3. 7 X 10 /(pg/m ) with the most re11ab1e est1mate be1ng 8 1 x 10 1
,;-wh1]e those der1ved from stud1es u51ng bery111um fluor1de or phosphate equal]ed
:'_1 4 x- 10 :.and 3 0 X 10 /(pg/m ), respectwve]y ' The geometr1c mean of potency
‘ fvatues der1ved from e1ght studles ut111z1ng bery111um ox1de was 2] 1 X: 10 /

_f(pg/m ) S1nce bery111um ox1de 1s cons1dered to be. the maJor form of human B

_ exposure th1s 1atter va]ue prov1des support for the occupat1ona1ly der1ved

i an1ma] stud1es argue aga1nst the recommendat1on of an an1ma1 on]y based car-
c1nogen1c potency : i Sl B SR RS SR
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Recognizing.that the carcinogenic potency of inhaled beryllium varies
according to the form of beryllium present, an upper-bound incremental lifetime
cancer risk for continuous inhalation exposure at 1 g Be/ms, rounded to one
significant figure, is estimated to be 2 x 10d3 for general ambient conditions.
This presumes that beryllium is present in ambient air primarily in the oxide
form. The upper bound means that the actual unit risk is not likely to be
higher, but could be lower than 2 x 10—3. In addition, there is an added un-
certainty regarding this value in the sense that it may over- oOr underestimate
an upper bound due to assumptions made about dosimetry in the animal and human
risk modelling. This value places beryllium oxide in the the third quartile df
59'suspect carcinogens evaluated by the CAG. It should be Cautioned, however,
that if compounds such as beryllium fluoride, phosphate, and su]fate are known
to be present in other than a small percentage of total beryllium in the ambient
air, this potency estimate (2 x 10~ ) will 1ikely underestimate the potentiail
carcinogenic risk. Conversely, since beryllium has not been shown definitively
to induce neoplasms via oral . ingestion in any studies to date, this potency
estimate is likely to overéstimate risk by this route.

The question of beryllium potency by ingestion is highly uncertain and
debatable due to the equivocal or negative results from ingestion studies.
From a weight-of-evidence point of view, howevek, the potentfa] for human
carcinogenicity by this route cannot be dismissed. The Ambient Water Quality
Criterié Document for Beryllium (U.S. EPA, 1980) provided an uppér-1imit
potency estimate based upon the negative oral study of Schroeder and Mitchener
(1975a). This 1980 estimate was even higher than the inhalation potency
estimate presented in this assessment, thus, casting much doubt on its
reasonahleness. The 1a¢k of clear-cut tumor induction, coupled with the
demonstrated very low beryliium absorption in the intestinal tract, suggests
that the oral potency could not be higher than the inhalation estimate and is
just as likely to be insignificant (i.e., close to zero).
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APPENDIX
ANALYSIS OF INCIDENCE DATA WITH TIME-DEPENDENT DOSE PATTERN

Table A-1 presents time-to-death data with or without lung tumors. These
data are reconstructed from Figure 1 in Reeves and Deitch (1969), in which
‘study animals were exposed to beryllium by inhalation at a concentration of
35 pg/ms, 35 hours/week, for specific durations during the 24-month observation
period.

The computer program ADOLL1-83, developed by Crump and Howe (1984), has
been used to fit these data. Models with one to seven stages, and with one of
the stages affected by the dose, have been caiculated. The model with the
maximum likelihood has been selected as the best-fitting model. The identified
best-fitting model has six stages, with the fifth stage dose-affected. Using
this model, the maximum 1ikelihood estimate of the slope (linear componeht),
under the assumption of constant exposure, is 0.81/pg/m3. The 95 percent upper-
confidence 1imit for the slope is 1.05/pg/m3.
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TABLE A-1. TIME-TO-DEATH-DATAZ

Exposure periodb-

Time-to-death

1. Control 197, 207(2), 217(6), 227(8), 247(8)

2. 1&th - 19th 147(2), 157, 20°(8), 207, 217(5), 21", 227(5), 24 (3),
‘month 24 '

3. 11th - 16th 207(2), 217(5), 21%, 227, 227(3), 247 (9)
month '

4. 8th - 13th 13,, 147, 207(2), 217(5), 21", 227(6), 237(2), 247(4),
month 28" (3) _

5. 5th -10th 137, 197(3), 207(3), 217(2), 217(a), 227(4), 237, 247(3)
month ‘

6. 2nd - 8th 16,, 177, 187, 197(4), 207(2), 207, 217(3), 217(3), 227,
month ' 22 (6), 24 ' ' _

7. 8th - 19th 15_(2), 17,, 197, 20 (3), 217 (3), 21°(5), 217(3), 22% (),
month 24 (2), 24" (4) - .

8. 2nd - 13th 147, 187, 197(8), 207(3), 217°(6), 227 (8), 247 ()

“ . month : _

9. 2nd - 19th 167, 187(4), 197 (2), 207(5), 207(3), 217(3), 217, 22*

4 (n)and t (n)1nd1cate respectively, the time-to-death with and without
1ung tumor; n is the number of replicatijons.

bA]l animals were exposed to beryllium at a concentrat1on of 35 ug/m 35
hours/week.
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