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1. Executive Summarv -

Ambient asbestos levels are not expected to cause any acute hezlth effects or to
result in asbestosis, a frequently disabling lung diseazse. However, zsbestos is an

undisputed humsan. znd animal carcinoesen. 2nd has been documentsd o cause cancer in

PN

humens in both occupational and nonoccupational settines. While most experimental

and epidemiclogic studies have invelved exposure to chrysotile, amosite and
.erocidelite, DHS staff members believe that fibrous anthophyllite, tremolite and zc-

tinolite should alsc be considered as human or potential human carcinogens.

In numerocus studies of cohorts exposed occupationally, asbestos has been uneguivoc-

ally associated with increased risks for several types of neoplasms, particularly

o G o

-

lung cancer and pleurzl and peritoneal mescthelioma. Similar and other tumor types
have zlso been produced in animals exposed to asbestos viaz inhalation and in-
traperiteneal or intrapleural administration. There is mixed evidence as to whether

asbestos 1s genotoxic. Althouch the mechanism of asbestos carcineseniciry is

By

unknown., there dis no compelling evidence that this

“

ocess is characrerized by 2

o]
(R]

threshold. There is inadequate information about raspiratory tract deposition,

> [SPay=-2 -
clearance and fiber degradaticn in humans to permit pharmacokinetic modeling in the

risk assessment.

ther serious chronic health effects of asbestos exposurs (e.g., reproductive

effects) have not been extensively studied, but there is no evidence suggesting

m

causal association. -

Health 1risks posed by nonoccupational exposure to asbestos have been the subject of

Trecent gquantitative risk assessments conducted by Nicholson (1883), the National



Academy of Sciemces (¥RC, 1984), the Omtaric Royzl Commission-on Matters cf Health
anéd Safetry Arising £from the Use of Asbestos in Ontaric (1%84), and the Comsumer
Product Safety Commission (1983). DHS adapted limear models developed and/or used by
earlier iInvestigators to estimate risks of mesotheliomz and lung cancer to the
generzl population. The meodels ex rapclate risks observed in numerous occupationally

exposad cchorts to lower levels of asbestos found in the genmeral enmviromment. In

this ~case the range cf extrapelation was four to five orders of magnitude. - Results

re presented in Table 1-1.

Table 1-1: ESTIMATED LIFETIME RISRKS OF LUNGC CANCER AND MESOTHELIOMA DUE TO

CONTINUOUS EXPOSURE TO 0.0001 FIBERS/CC OF ASBESTOS (EXPRESSED AS CASES PER MILLION

Py & DY

PCPULATION)

Exposure Groun Lung Cancer Mesothelioma
Male Smokers 11 (1103 : 246 (120
Femzle Smokers S (530) 32 (168)
Mzle Nensmokers 2 (15 32 (180)
Femzle Nonsmokars 1 (8} 38 (180C)

Numbers in parentheses represent approximate upper confidence limits. The analysis
corrected for «competing causes of death using lifetables comstructed from recent
California wvital statistics. Since risks for lung cancer and for other causes of
death are dependent on smoking status, the lifetables were modified to account for
age- and gender-specific smoking prevalence. Thus, risks are presented by gender anc
smoking status. Health and Safety Code Section 39650 directs DHS to "utilize scien-
tific criteria which are protective of public health consistent with current
scientific data.®™ In view of this directive, DHS staff members’ recommended risk
values de not routinely include the lower confidence interval, which, under the as-
sumptions of the models used, is likely to be an underestimate. In this document we
present the best estimates and approximate upper confidence limit estimates and ex-
plain that such lifetime cancer risk wvalues represent a range of conservative
estimates and are unlikely to be exceeded by actual risks.



Cur results azre compatible with those caleulated in previous risk assessments and
with current mesothelioma Incidence data from the San Francisco-Oazkland SZER Program.
Subject to gqualificaticns noted in the main body of the document, cur estimates
for mesothelioma sugéest that exposure to ambient asbestos may account for a small to

a substantial percentage {i.e., from abour 10 to 60%) of the rscent incidence of rhis

disease. .
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DHS stzff members recommend the use of excess lung cancer 1ifetime risk values be-

. 4 es 3%
tween 11 and 110 pexr miliion for each 0.0001 fibers/ecm” o

-4y

asbestos exposure.

ly’

or

e

mesothelioma, recommended l1ifetime risk values are betwsen 38 snd 190 for ezch 0 0001

A= o

-

s 3% . s .
fibers/cn of asbestos exposure. These recommendations are based on best estimares

and approximate upper confidence liﬁits for the groups thecretically at highest risk
for lung cancer and mesothelioma: male smokers and female nonsmokers,.zespectively.
{(Female ncﬁsmokezs are mnot more susceptible t«o asbestos-relatad carcinbgénesis.
Rather, their higher theoretical risk follows from their greater longevity and conse-

quent exposure for z lomger period of time.) The azbove values represent thecratical

liferime risks of cancer, assuming continuous average daily exposure to 0.0001

. 3 .
fibers/cm” throughouz life.

The range between best estimates and approximate upper confidence limits represents
several sources of uncertainty, including principally the statistical uncertainty re-
lated to the sizes of the cchorts studied epidemiolégically and the uncertainty due
to the lack of reliable data on cohort exposures. Other major uncertainties involve
the walidity of high to low dose extrapolation and whether synergism in car-

cinogenesis (e.g., between asbestos exposure and cigarette smoking) occurs a

(44
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Q
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doses. TUncertainty alsc arises because of sampling variablicy, including intsrcon-
versions between past industriazl exposure measuresments and fiber counts measurable by

*
current techonligues.

Fibers/cm3 - asbestos fibers = 5um in length, = 0.3 um in width, with 2 length/width
ratio of = 3:1. These fibers can be measursd by phase contrast microscopy {PCY) and
for historical reasons represent the basis for all recent asbestos risk assesszents.
Such fiber counts can be converted to total fibers zeasurable by transmission

electron microscopy (TEM) by multiplying by 10C to 1,000. Thus, 0.000L (FC¥;
fibers/cms- 0.01 to 0.1 TEM fibers/cm3 = 10,000 te 100,000 TEM fibers/m3.

4



2. Phyvsico-Chemical Proverties

The physico-chemical properties of asbestos have been extensively reviewed
elsewhers (Wagner, 1980; KRC, 19884). Only those propertiss known to Be
relevant to asbestos’ ability to induce disease will De discussed below,

following a brief summary of asbestos’ mineralogical classification.

a. Mineralogical Classificarion

_Asbestos is a generic mname applied to a2 family of fibrous silicates
which 1is divided into ¢two mineralogical groups, serpentines and
amphiboles. The most abundant type of asbestos is chrysotile, which is
the only member of the <Zfamily belonging to the serpentine group.
Chrysotile 1is composed of curly £ibers that can shear into smaller
£ibrils. Its erystalline structure in cross-section looks like rolled-

up scrolls, whose configuration is due to lavered sheets of silicates

with ourer magnesium and hydrexide ions.

Unlike chrysotile’s curled shape, amphiboles crystallize in straight
double chains, resulting In a needle-liks structure. Amphiboles are
typically =more brittle than chrysotile and tend to cleave

longitudinally. - The awphibolss of grearest cdommercial importance are

crocidelite and amosite, whose individuz! fibrils tend to be thicker
than those of chrysotile. Other amphibole asbestos varieties, which
are similar structurally, buct differ in chemical compesition, include

tremolite, anthophyllite and actinolite.



B. Size and Aspect Ratio¥*

B

e physical dimensions of asbestos fibers, represented by their size

distribution “and aspect ratiocs, affect respirability, deposition,

(Al

clearance, cytotoxicity, and carcinogenicity. As noted in Section 3,
fibers with a diameter greater thanm 3 microms will be unliikely to reach
the deep lung, but will be either filterad by the nasal passages or
deposited in the ciliated airways, from which they will generally be
clearsd rapidly. here the aspect ratio is gresater than three, the
£iber length becomes relatively unimportant in determining the site of
deposition except at the level of the respiratory bronchioles, whers
the fibers may penetrate the mucosa (Timbrell, 1965,1970; Morgam and
Seaton, 1984). Amphiboles, which are usuzally iess than thrze microns
in dizmeter and which have a needle-like appearznce, have been shown to

reach the respiratory bronchiocles and alvecli In subs

[
o]
ot

antizlly larger
concentrations than chrysotile fibers, which are curlier and possess &
greater aerodynamic diameter, causing the latter to deposit in larger

airways (NRC, 1984).

The size distribution o¢f inhaled fibers affects the extent to which
they will be retained or cleared from the lung. In animal experiments,
shorter, thimmer £ibers appear to be preferentizlly retained (when

compared to the size distribution of fibers to which the animals had

pe4 3

*Aspect ratio is defined as fiber length / diameter

-
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been exposed) (NRC, 1984). Shorter fibers {less than ZQ‘mi?rcns in
length) are also more likely to be engulfed by macrophages and other
scavenger -cells, which will protect other cells in the alveclated
airways £rom the cytetoxic effects of asbestos. Increasing fiber
length 1s associated with resistance to phagocytosis and with greater

in vitro cytotoxicity (NRC, 1884).

The macrophage response to the presence of asbestos fibers in the deep
lung is believed to be responsible for the evoclution of fibrosis and
asbestosis. Longer, incompletely digested fibers are thought to play a
pivotal role in the etioclogy of this condition. While the mechanism of
asbestos carcinogenesis is unknown, fiber length and diametsr appear to

be eritical faetors in the experimental induction of mescthelioma (See

Section 2.d., "Influence of Fiber Dimensions on Carcinogenicity™).

Lzrge numbers of asbestos fibers may be preserved intact in the lungs
andé other tissues for decédes after exposurs. The biological persist-
ence of these fibers may be 2 sine qua non for their chronic toxiciry.
While retained asbestos £ibers are remarkably durable, some physical
degradation  does take place. For instance, magnesium affecting
chrysotile’s surface charge and structural integrity can be leached
out, causing fragmentation and faster clearance than is obsarved with
the amphiboles. Fragmentation increases the number of fibers per unit

mass (NRC, 1984).



&. Surface Arsz 2nd Charse Chemical Composition

Increasing the fiber surface arsa increases macrophage cytotoxicity and
other delete;icus biclogiczl effects (NRC, 1984). Iz is unclear how
such an incrsase {as occurs wheg commercizl asbestos is Broken up
during processing or usage) would affect carcinogenicity. Asbes;og
fibers’ ability to cause cell lysis depends at least in part on the
surface charge (NRC, 1884). The chemical compesition of different
asbestos varlieties appears to exert mainly indirect pathogenic effects

through its infiuence on other physical properties.

3. Deposition and Clezrance

- - s -

Deposition of particles in the lungs 1s influenced by the particles’

physicochemical c¢haracteristics and by a variety of host factors, inciuding

ciliary ané macrophage function, al*w;y geometry, breathing patterms, and
immunologic effects. A model developed for aerosol deposition by the Task
Group on Lung Dynamics of the International Commission on Radiologiczal
Protaction indicates that most nonfibrous dust particles greater than 5
microns in dizmeter will be filtersd by the nasophazyﬁx and will not rTeach
the lower portion oi'the respiratory tract {Brzin and Valberg, 1974, 1579)

Most respirable particles are 3 microns or less in diameter.

An inhaled fiber behaves similarly to a spherical particle with an equiv-

alent aerodynamic diameter, the latter defined as 2 sphere with z demsity of

-8-
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1 g/cm3 having the same fzlling speed as the fiber (NRC, 1984). The falling
speed is the principal determinant of whether 2z fiber or particle wil

deposit in the large airways (Morgan and Seaton, 1984). A fiber’s falling
speed has beéh reported to be proportiomate to its diameter squarasd
(Timbrell, 1965, 1970). Since inhaled fibers tendé to align themselves
parallel to the walls of the airways, fiber length is reslatively unimportant
in determining the deposi:ipn site when the aspect ratio is > 10:1
(Timbrell, 1963). This explains why fibers ranging up to 100 microms iz
length have Deen found in alveocli. (In the small airways, however, fiber
length influencgs whether fibers will  openetrate the respiratory
bronchicles.)  The curliness of chrysotile not only gives it a greater mean
aercdynamic diameter than the amphiboles, but zlso fosters az mere randem
orientation with respect to the airways, causing deposition to occur at
sites higher in the respiratory tract. This generazl statszment applies more
te chrysotile <£fibers that are relatively intact than to the short, thin
Zitrils that are found after extensive milling and other industrial
processing,

¥any szzll inhaled fibers (mean aerodynamic diameter < one micron) will Ee
exnz’ed, failing to be deposited by impaction, sedimentation or diffusion.
As the zerodynamic diameter increases (about 2 um) more fibers are deposited
. Tthe Lower respiratory tract. T even larger zerodynamic diameters (about
2.3 tc 3zm), impaction in the upper respiratory tract becomes important and

decreases the amount of material that can enter the lower respiratory tract.

nile most deposited fibers will subsequently be cleared, large numbers of



asbestes fibers are permanently retained in the lung and pleura, resulting

in continuous in situ exposure (See sectiom 7.a.).

-

Fibers deposited in the ciliated airways are carried by the mucociliary

escalator to the pharymx and are then coughed up or swallowed within 2 to 8

hours. Swallowed fibers ares excretaed in the feces, or may penetrate the
gastrointestinal mucosa. Those deposited iIn the lung parenchyma can be

phagocytosed by macrophages, then transported to the mucociliary escalator

Y

or to the pulmonary interstitium and then to the lymphatics. From the
lymphatic channels the fibers may be transported to sites throughout the
beody.

Asbestos fibers may &lso be tazken up by type I pneumocytes within an hour
afrer depositicn, and mey subseguently be translocated to basement membrane,

) -

jpnrerstitial cells, and connective tissue within the lung (Brody and 11313,
&

1581). This process is more common for fibers longer than the dizmeter of
alveclar macrophages . (>12 microms) (Lippmann et al., 1980). ZLonger fibers

can injure the macrophage membrane, releasing cytotoxic enzymes and causing

a2 loss of mobility.

i

Two other pulmonary mechanisms that protsct against asbestos toxicity in-

volve the formation of asbestos bodies (described in section 7.a.) and long-

term in situ fiber degradation, which is effective mainly for chrysotile
(Morgan and Seaton, 1984). Unlike the amphiboles, chrysotile has a tendency

to partially dissolve in weakly acidic solutions, facilirating clearance.



In animals exposed to short fibers of chrysotile or amphibole asbestos, it
has Dbesn reported that iInitial depcsztlcn patterns are similar throughout
the lung, yet chrysotile appears to be cleared more quickly (Royal
Commission, 19§&; Lippmann et al.,kl980). Within the lung, the inic al}y'

-

uniform distribution of fibers is modified over time by fiber movement to
the lung periphery, where <£iber-containing cells aggregates in subpleural
foci. Fibers may migrats tc the peritomeal cavity and abdominal viscera not

only via mucociliary clearance and swallowing, but also by transdiaphrag-

matic translocation or lymphatic and/or hematogenocus transport {(CPSC, 1983).

Cther relevant animal studies, recently reviewed by Nicholson (1383}, are
sumarized below (Morgan et al. 1975, 1677, 1978, 1979, and Evams et al.
1973). Deposition and clearance of fibers in rats were followed after a
30-minute inhalation expcsuré through a nose-breathing apparatus, using
radicactive samples of chrysotile, amosite, anthophyllite, crocidolite, and
& synthetic asbestos flvoramphibole.  The percentage of fibers deposited
ranged from 31 to 68%. From 351 to 7% of the fibers deposited in the
piratory system above the trachea were cleared rapidly and were founc in
the gastroinzestinal /tract at terminztion of the exposure. Fibers in the

lower respiratory tract appeared to show two-stage clearance. The

-

h

aster
stage, with a half-life of six to ten hours, is believeé to be due to macro-
phage movement. The slower stage involves clearance from the alveclar
spaces and has & ‘half-life of 60 to 80 days. Oiher studies by the same
group, however, have suggested that this clearance process may have only one

component.

-11-



Wagner et al. (1974) determined the lung content of fibers in rats eprsed
to differsnt types of asbestos for varying periods over their lifetimes.
They founéd that concentrations of aéosite, anthophyllits, and crocidolics
fibers increass ovér time while that of chrysotile fibers rapidly reaches an

=

‘equilibrium between deposition and clearance.

-12-



4., QGarcinogenicity -

a. Human

Asbestos has ‘been consistently demonstrated to be carcinegenic in animzls
and humans and Iis <recognized as a human carcinogen by the International
Agency for Research on Cancer ‘(IARC, 1977; NRC, 1984; Royal Commission,
1984). In occupational cohort mortality studies, exposure to the three
principal commercial forms of asbestos -- chrysotile, amosits, and
crocidolite -- has been repeatedly linked with increased risks for lung
cancer, mesothelioma and, to a lesser extent, other neoplasms, particularly
gastrointestinal and laryngeal cancer (IARC, 1977; NRC, 1984). Occupational
exposure to anthophyllite has been associated with an increased risk for
lung cancer. Cigarette smoking =acts synergistiéally with occupational
exposure to asbestos iIin iIncreasing the risk of lung cancer, but not

mesothelioma. (Hammond et al., 1979; NRC, 1984)

Tremolite and actinolite are often contaminants of other ores and have not
been extensively studied with respect to their biological effects in humans
or animals. However, DHS staff members believe that these minerals shoulé
be considered as if they pose a carcincgenic risk to humans, based on che
folleowing ratioﬁale: (1) They are amphiboles ;nd can occur in physical
phases similar to the well-characterized’ carcinogens amosite and

crocidolite; (2) lungs of chrysotile miners with mesothelioma have been

.

reporte to contain substantially graater numbers of

tremolite/actinolite/anthophyllite fibers than of chrysotile (Churg et

1984); (3

While tremolite can occur in different physical phases, when it



ine fibers there is some evidence that it is asscciated with

rty

does occur as

lung cancer and mesotheliomz (Wagner et al., 1982: Raris et al., 197%).

¥any studies using laberatory animals have been conducted to investigate the
carcinogenic potential of §arious forms of asbestos administered by inhalal
tion, by ingestion (in food or drinking water), and viz intraperitonezl and
intrazpleural injection or deposition. The animal studies have recently been
reviewed by Condie {1%83), MNRC (1984), and Nicholson (1983). Thersfore,
only a brief description of these studies is presented below and in Tables

4-1 znd 4-2.

The animal studies clearly indicate that asbestos is carcinogenic in 2
variety of species when administered by inhalation or dirsctly into the
peritoneun or pleural space. Results of biocassays where asbestos was in-
gested zre  inconclusive. In view of the urequiveczl £indin
czrcinogenicity of asbestes in animals, the following discussion presents
only & summary description of most of the relevant biocassays. (As noted in
section 9, no animal data were usad to derive az dose-respomssa curve
primarily because only one dose level was used in most of these experiments
ané the doses used were expressed on a mass basis, whereas f£iber counts

would have been more helpful for purposes of gquantitative risk assessment.)

-14-



Author

Gross et al,
1967

Reeves et al,
1974

feaves et al,
1972

Hagner et al,

1974

Species

Rat

Rat
Rabbit

House
Hamster

Rat
Gerbit

House
Rabbit
Guinea Plyg

Rat

Ho,

1327
$5¢C

29r.C
1087,C

1397,C
2141,

491*, 12¢
681, 1z2¢

301, 10C
201, 12¢
321, 12¢

19 to 527

48 to 5BC

YABLE 4-13

Fiber Type

Chrysotile

Chrysotile,
smosite and

crocidolite

Chrysotile,
amosite and

erocidolite

yice samples

of amosite,

anthophytlite,

crocidotite,
Canadian

and Rhodesian
chrysotile

SUMMARY OF ANIMAL INHALATION SYUDIES

Experimental Detail

Hean concentration 86 mg/m3
for 30 hours/ueek for thelr
tifetimo, Some treated and

control rata given 0.05 ml

fntratracheal instalistion

of 5% HaOW.

Exposed to one fiber type
st a concentration of

about 48 mg/msié, hours/ueek
for up to 2 years.

Exposed to one fiber type at
a concentration of about

49 mglms, 16 hours/ueek . for
up to 2 years. Actual fiber
counts were 864, 1105, and
54 fiber/mt for

smosite, crocidolite

and chrysotile, respectively.

Exposure varied from 9.7 to

4.7 mg/m3 of the different
fiber types. Exposure sins 7
hours/day, S day/week for 1
day, 3, 6, 12, or 24 months.
Animals were sacrificed at
24 months,

Results

72 treated rats survived 16 months
or longer. 10741 uithout NaOH and
15/31 with NeOH developed thoracic
tumors Cadenocarcinomas, squamous
cell carcinpmas, fibrosarcomas, and
o mesothelioma). Ho controt animal
developed malignant tumors (0/39).

2 lung squamous cell carcinomas
fourkt in 31 rats examined after ex-

posure to crocidotite. No tumors
found In rats exposed to other

tiber types or in any speclen exposed
to sny of the fiber types.

The incidences of matignant thoracic
tunors In rats exposed to chrysotile,

amosite, and crocidolite were 3743,
4746, ond 3746, rspectively. Yuo of
18 chrysotile-exposed mice had malig-
nant tung tumors, but so did one

of 6 control mice. MNo other tumors
were reported.

Atl fiber types {nduced pdenocnrcinoma

and squemous cell carcinoma In the lung.
incidences were 117146, 167145, 167141,
177137, and 307144, for the respective
fiber types. Mesotheliomas were also
induced. . Ho tumors found in control
animals, 1n general tumor {ncidence
fncreased uith length of exposure.



Author

Vagner et al,
1977

pavis et al,

1978

YABLE 4+%:

Species Ho.

Rat cees

fot Approx 40T*
20¢C

Fiber Type

superfine
chrysotile

Chrysotitle,
amostte and

crocldolite

% For each fiber type

+ For each fiber type and exposure concentration

Y = Yreated animals
¢ = Control animals

SUMMARY OF ANIMAL INHALAYION. STUDIES

Experimental Detaf!

Exposed to 10.8 mg/m3 for
37.5 hours/vecks.
Expogure lasted

3, 6, or 12 months.

3
Exposed to 2 or 10 mg/m
chrysotfle, 5 or 10 mg/m3

crocidolite, or 10 mg/m3
smosite. Exposure for

35 hours/ueek for about 45
weeks and sacrificed at

29 months,

(cont'd)

Results

One of 24 rats exposed for 12
months had an adenocarcinoma of the
lung. Ho tumors found in controt
animals exposed to nonfibrous talc.

Eight of 40 rats exposed to high
dose chrysotile had lung tumors

andd 1 out 43 had lung tumors {n the
low dose group. Mesotheliomas were
found in one animal in each low dose
chrysotile group, Amosite-exposed
and control rats did not have lung
tnors.,



TABLE 4-2: SUMMARY OF ANIMAL INGESTION STUDIES

Author species  Ho. Fiber Yype Experimental Detall Results
Gross et al, 1974 Rat 407 Crocidolite Given as 0.15X of diet. No tumors siere found in
450 : Exposure and study lasted treated animals.

78 ueeks.

cunningham et al, Rat 10,407 Chrysotile Given as 1% of diet. Exposed In the small group 6 mallgnn;\t

1977 10,40C for 24 months. 101 and 10C tumors found compared to 1 In
sacrificed at 24 months, the control group. In the
others at 30 months. targer groups both had 11

mal fgnant tumors.

smith et al, 1980  Rat 601¢ Amosite, Given In drinking water at  Tuo stomach tumors and one
120¢C taconite taflings .concentrations of 0.5, 5, mesothel foma found in the mid-
and 50 mg/liter, Exposure dose amosite group, Ho tumors
and study lasted 23 months.  found in the high-dose group.

Donham et al, 1980 Rat 2407 Chrysotite Glven 8s 10X of diet for the Three colon tumors found {n both
121¢ for the entire 32 months of treated and control groups., One
the study. mesothel foma was found in the

treated group,

Gibel et al, 1976 Rat 507 Filter material Lifetime dosnge of 20 mg/day 1h the treated group there were
50C with chrysotitle : 4 kidney, 1 tung, and 4 iver
tunors and 4 lymphomas, Yhe
control group had 4 tiver tumors.

\
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Author

McConnell et al,
1983n

HcConnetl, 1983b

Species

Hemster

Rat

TADLE 4-2:

Mo,

251 to 25417
126 to 128C*

2501#
117 to 118C*

Fiber Yype

Amosita, short-
range chrysotile
(SR),
intermediate
range
chrysotile (IR).

Amosite,
Tremolite
{nonfibrous)

Experimental Detail

Glven as 1% of diet for
their Lifetime starting
with the mothers of the
test animals,

’ Given as 1% of diet for

their tifetime, starting
with the mothera of the
test animals.

* Per group.

T = treated animals
¢ = control animals

SUMMARY OF ANIMAL IHGESTION STUDIES (cont'd)

Results

Incressed adrenal cortical
tumors in groups given SR and IR
when compared to pooled

control but not when compared
to temporal control. Hot o
considered related to treatment.

Increase in incldence of C-cetl
carcinomas of the thyroid and
monocytic leukemla In amosite
treatment group, MNot considered
related to treatment. :



Gross et al. (1967) exposed male rats to airborme chrysotile over thelr
lifetimes andé found that a‘large number of treated znimals developed malig-
nant lung tumors and 1 developed mesothelioma. Reeves et al, (1971, 1974)
did wmot £ind ;ny rats in their first study that were exposed to about half
the chrysotile airborne concentration given by Cross et al. to develop
malignant lung tumors and onlj a small percentage developed tumors in their
second study. Low incidences of malignant lung tumers wers found in
crocidolite-exposed rats in both studles by Reeves et al. Amosite did not
induce any malignant lung tumors in rats. other species including rabbits,
guineaz pigs, hamsters, and gerbils, exposed to these asbestos fiber types
éid not develop lung tumors. Two respiratory tumors were found in mice

exposed to crocidelite but one control mouse had the same tumor type.

Wagner et al. {1974) compared the carcinogenic effect of 5 differsnt UICC
{(Union Internationale Contre le Cancer) asbestos samples, amcsite, an-
thophyllite, crocidolite, chrysotile (Canadian), and chrysotile (Rhodesian).
Exposure length varied from 1 day to 24 months, although all animals were

followed for their lifetimes. Malignant lung tumors wers found in some rats

h

rom all five asbestos exposure groups and all but the group exposed to
Rhodesian chrysotile had at least one rat with a mesothelioma. Rhodesian
chrysotile was ﬁhe most potent, while amosite was the least potent asbestos
sample, based on an‘air mass concentration. Tetzl cumulative exposure (all
asbestos exposure groups coumbined) averaged over the animals’ lifetime
appears to be directly related to the incidence of malignant tumors, except
in the one-day exposure group, where the incidence of malignant tumors was

o=

unexpectadly high. In a later study, Wagner et al. (1977) exposed rats to =z
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superfine chrysotile. Only one animal exposed for 12 months developed a

malignant lung tumor.

Davis et &l. (lg?S} exposed rats to chrysotile, crocidolite, and amcsite.
Twenty perceht of the animals exposad to the high concentration of
chrysotile developed malignant lung tumors. One ocut of 40 animal exposed to
the low concentratioﬁ’ of chrysotile developed 2 peritomezl meﬁothelioma:
Neither amesite nor crocidolite induced malignasnt lung tumors in the rats.

However, ome animzl exposed to the low crocidolite comcentration did develop

a pleural mesothelioma.

In separate studies, Shabad et al. (1974) and Smith et al. (1870) examined
whether intratracheal injection of chrysotile would induce lung cancer in

rats or hamsters, respectively. Chrysotile alonme faziled to induce any

tumors in either species except when co-administered with benzo{a)pyrene.

Several leong-term ingestion studies have been conducted on asbestos.
Cumningham et al. (1977) and Gross et al. (1974) fed diets containing
chrysctile to rats. Neither study indicated that ingested chrysotile in-
duced an increased incidence of intestinal tumors. Smith et al. {18307
reported that amosite given to male and female hamsters viz their érinking
water did net significantly incrgase the incidence of cancer, zlthough, a
peritoneal mesothelioma, a2 pulmonary carcinoma, and two early sguamous cell
carcinomas of the nonglandular stomach were found in this group of treated

animals.
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Donham et ‘al. (1%80) reported eguivocal results in a lifetime rat fee&ing
study wusing a diet containing 10% chrysctile. There was evidence of
penetration of asbestos inte the colonic mucosa and pessible ecytotoxicicy to
the c¢olonie issues, which they suggested may be related to induction of
peritoneal mesoghelioma. Gibel et al. (1876) reported an increase in malig-
nant tumers of the lung, kidney, liver, and reticuloendothelial system in
rats fed asbestos filter material, however, thers was no increase in intés-

tinzl tumors.

-

McConnell et al. (1983az,b) reperted on z mumber of studies conducted by the
National Toxicology Program (NIP) in which hamsters and rats were fed diets
containing different types of asbestos. Hamsters given chrysotile had an
increzse in adrenal cortical tumors and rats given amosite had increased

incidences of C-cell carcinomas of the thyroid and monocytic leukemia. Nome

N

0f these tumors were considersd treatment-related.

& rnuzmber of studies h;ve shown that intrapleurzl administration of asbestos
results In the development of mesothelioma (Domna 1970, Reeves et al. 1871,
Pylev anc Shabad 1973, Shabad et al. 1974, and Smith and Huber:t 1874).

nrvsctile, amosite{ anthophyllite, and crocidolite have all induced

mescthelloma when administered intrapleurzlly to rats, <rabbits, and/er
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Wagner et al. (1973) demonstrated a dose-response relatiomship between the
amount of asbestos (superfine chrysotile or crocidolite) administersd in-
trzperitoneally and the incidence of mesothelioma in treated rats. Stanton
and Wrench (1972) showed that commercial asbestos fibers as well as glass
;
and other minerzl fibers implanted onte the pleural surface of rats were
2ble to induce formation of mesotheliomas. These authors concluded that the
effect was related to the fiber'$ physical size. When asbestos samples were
ground in a ball mill to produce shorter length fibers, the latter were less
likely to induce cancer. Stanton et al. (1981) suggest that the car-
inogenic potaﬂéial of a fiber material can best be estimatad by the nuxmber
of fibers = 0.25 pm in diameter and = 8 um in length (see "Influence of
fiber dimensions on carcinogenicity”, infra).
Mzltoni and Ammoseia  (1974) found that intraperitoneal injection

erocidolite into Sprague-Dawley rats rasulted in over 60s developing

mesothelizl tumors. Amosite £ailed to iInduce any tumors when injectad
intraperitoneally into rats. Port and Friedrichs (1972) and Pott et al.

(1876) reported that several commercizl varieties of ashestos, as well as
other fibrous materials, induced peritoneal mesotheliomas in mice and rats
injectad intraperitomeally. Pott (1980) has proposed a model for the rela-
tive carcinogenicity of mineral fibers based on their length and diameter.
The most potent fibers are those with a length of between 5 and 40 pm and a

iameter of between 0.05 and 1 zm.
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5. Genotoxiciry -

a)

The mutagenicity of asbestos has been examined in z number of in

¥itro assay

¥

systems. Reports of these studies have been reviewad by NRC (1984) and

Nicholson (1985}. The following summarizes the review by NRC (1984).

Asbestos has not shown any activity in bacterial mutagenicity assays. The
negative results may be from =z lack of asbestos uptzke by the bacteria.

Asbestos was also not mutagenic in rodent liver epithelial cells; however,

chryscotile, crocidelite, and amosite wers considered to have given z wezk
positive mutagenic response ar  the  hypoxanthine-guanine  phos-

phoribosyltransferase (HGPRT) 1locus in Chinese hamster lung fiéroblasts.
Chromosomal aberrations and chromatid breaks have zlso been reported to
occur in rodent cells incubated with chrysotiie or crocidelite., Siscer
chrom;tid exchange (SCE) in Chinese hamster ovary cells was reportéd t5 be
increased after exposure to amosite énd erocideolite. However, no increzse
in SCE was observed in the V79-4 Chinese hamster lung cell linme or cultured
mesothelial cells exposed to crocidelite aﬁd chrysotile, respectively.
Human cells appear to be relatively resistant to DNA damage by asbestos,
although chromatid and chromosome brezks were reportad to be incresased in

cne study using £freshly isclated human lymphocytes exposed to Rhodesizn

chrysorile.
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6. enroductive Effects

Tn comparisen tc the encrmous number of studies on asbestos’ carci 1cg-“-
effects, almost none have been directed towards its potential reproductive

effects. Based on very limited data (one study of CD-1 mice}, there is no

evidence for z teratogenic effect of asbestos (Schneider and Maurer, 18773.
7. Orher Bezlth Effects

Exposurs to asbestos can result in pulmonary changes varying in
severity from mno clinical impairment o progressive cardiorespiratory
failure. These effects include: (1) the presence of asﬁestoé fibers and
zsbestos bodiss in the lung parenchyma; (2) development of pleural thicken-
ing and pleural plaques; (3) the cccurrence cf benign pleural effusions; znd
(&) inrerstitizl fibrosis or asbestosis. All of these have been éxtensively
~eviewed elsewhere and are discussed only briefly herein (See Morgan and

Sezzon, 1984; Rom, 1983; CESC, 1983; NRC, 1984). The first three are

-

2. Rac-zined Asbestos Fibers and Asbestos Bedies

lzrze numbers of asbestos fibers have been reportsd to be present in

sme lznmgs of the general population as well as in those of individuals with
occupational exposure. Electron micTroscopy has shown the presence of asbes-
tos fibers (chrysotile and amphiboles) imn the lungs of urban dwellers to be

2 nearly universal phenomenon. In one study of 21 urban dwellers with mo
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idenrifiasble asbestos exposure, an average of 130,000 fibérs per gram of wet
lung was reported (by electron microscopy)(Churg and Warnock, 198C). 1In
ancther study wusing electron microscopy, virtually all samples of lung

rissue taken from residents of New York City were shewn te contain asbestos

(CPSC, 1983). -

Light microscopic counts of more than 100,000 fibers per gram of dried
lung are typical of persons with an identifiable (usuzlly cccupational)
exposure. Fersons with wmesothelioma usually fall within this range, while

in individuals with asbestesis £fiber counts generally exceed 3,000,000

fibers per gram {(Morgan and Seatom, 1984).

A small percentage of retained asbestos £fibers are coated wich

- b

mucopelysaccharide and protein with ferricin grénulas, identifiable by the
light microscope as asbestos bodies. The latter are believed to be created
by lung macrophages and appear to exert a protective effect against fibrosis
(Morgan . and Seaton, 1984). Formation of such bodies represents a generic

response to the presence of fibers (e.g., glass, talc), but the core of most

such coated fibers, particularly in urban dwellers, is probably asbestos
(C?SC, 1983). Asbestos bodies have been reported to be present in 20-60% of

routine  autopsies, with higher counts in persomns whe have lived in urban

1

-

areas close to industrial users and sources of asbestos. A higher

I +Y

prevalence is <found In asbestos-exposed workars, as would be expected,

While asbestos fibers and asbestos bodies commonly aggregate in areas of

th

fibrosis, the presence of these entities unaccompanied by other seguelae is
considered an iIindication of exposure to asbestos, but not a disease or

disability (CPSC, 1983).
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B. Pleurzl Thickening and Pleural Plagues

Inhzied asbestos can produce fibrosis of the pleura, resulting in
thickening and/or plague ~formationm. Typically these develcopments are
detected In Xiray examinations <rather than because of patient
symptomzatology. The radiographic presence of ;calcified vlagues on the
diaphragm and the pleura is an excellent marker for asbestos exposure; even
in persons with nonoccupational exposure. Pleural thickening and plaque
formation generally do not cause clinical impairment (CPSC, 1983; NRC, 1984;

Royal Commission, 1984).

The clinical significance of pleural plaques and lesser degrees of
pleural thickening is considered to be minor when viewed in isolation from
lung pérenchymal involvement (NRC, 1984). It has been suggestad that the.
presence ¢f pleurzl azbnormalities may be predictive of subsequent functional
impairment, but it is difficult to assess the validity of this cbservation

independent of the duration and intensity of asbestos exposure (CPSC, 1983).

Pleural abnormalities have been reperted in a large percentage of
household contacts of asbestos workers, presumably due to contamination from
the workers’ clothes (Anderson et al., 1979). While dyspnea was present in
a _small number of individusls with radiographié pleural %bnormalities, the
pravalance of symptoms was not significantly different from a control group
(Anderson et al., 1979). 1In some cases it is clear that extensive fibrotic

involvement of the pleura can lead to disabling restrictive lung disease

(Royal Commissiocn, 1984; NRC, 1984). At present, however, the principel
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importance of pleural changes is in their utility as a marker of exposure

{C2sSC, 1883).

e. Pleural Effugions

Pleural effusions are uﬁcoémon in the U.S. among individuals with no
identifiasble asbestos exposure. In contrast, such effusions are probably
the most common complication of occupational asbestos exposure occ urring
within 20 years following initizl exposure (Epler et al., 1982). Such
effusions c¢an be benign or due :o pulmenary or pleurzl malignancy. Benign
effusions tend to be small and asymptématic, often leaving a residual
pleural thickening, and may represent the etiologic explanation for the
latter. The condition appears to be dose-related (Epler et al., 1982).
Because such effusions are rarely disabling, they have been comsidered to be

markers of zsbestos exposure (Royal Commission, 1984).

4. Asghestosis

Diagnostic criteria for asbestosis include z history of asbestos exposure,

characteristic ZX-ray Zfindings, decreased lung function, crackles heard on

auscultation of the chest, and progressive symptoms of diffuse pulmonary

fibrosis, including breathlessness, cough, sputum production, and eventual

cardiopulmonary - failure {(Morgan and Seaton, 1984). Symptoms usually
progress even after cessation of exposure. All <types of asbestos ar

capable of causing asbestosis. Mortality from asbestosis is still substan-
ial among occupationally exposed persons, but has not been reported among
individuals without occupational exposure (Royal Commission, 1984;

f-4
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Nicholson, 1983). In their study of household contacts of asbestos workers,
Anderson et al. (1979) found that while 35% of the study population
(compared with 5% of controls) had radiecgraphic abnormalities, only about 8%
(versus 0.3% of controls) had radiographic signs consistent with findings of
asbestosis. A few of these~individuals were also symptomatic, but "{w)ith
only a £few exceptions, héusehoid contact clinic participants wers unaware
thar they had any asbestos-associatad disease...{and)} ccnsiéered themselves
to be in good health; the clinical examinations generzlly confirmed this.”
{p. 3835 In addition, samples in other asbestos workers'’ homes indicated
significant contamination at levels substantizlly higher than ambient urban

air (Nicholscn et al., 1880).
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Tnresholds T

a. Cancex

For toxicologic purposes, a threshold dose is oné below which a
specified outcome does not occur. The selffprcpagating, clonal nature
of tumor growth and development from a singie damzged cell, however,-
suggests that the effective dose for carcinogenesis may be so low as to
be indistinguishable from zerc. While threshcld models (based on phar-

macokinetics, DNA repair mechanisms, recurrent cytotoxicity) have been

proposed, none has been convincingly demonstrated.

An  T"epigenetic mechanism®™ that could -theoretically embody threshold
doses has been invoked to explain the carcinogeﬁic action of substancas
that do not directly produce genetic damage in short-term tests.
However, neither short-term tests nor nonlinearities in dose-response
curves from animal bicassays or epidemiologic studies can reliably
distinguish  between  “genetic® versus “epigenetic” carcinogenesis,
primarily because of the 1limited sensirivities of the experimental
methodologies. DES staff members agree with the conclusion of the

International Agency for Research on Cancer (1983) that there is ins

uf-
ficient evidence at present ¢to  Justify creating separate classes of
carcinogens (based on mechanism) for which different risk assessment
methods would be used. Thus, in the absence of compelling evidence to
the contrary, DHS treats carcinogenesis as a nonthreshold phenomenon.

The mechanism of asbestos carcinogenesis is unknown and there is no

evidence to suggest the existence or location of a threshold.
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b. Asbestosis

The disabling ciinical manifestations of asbestosis are a consequence of
extensive fibrosis of the lung due to the presence of asbestos fibers.
It is probable that a pulmonary fibrotic response occurs at low levels

of exposure. However, the development of symptoms characteristic of

asbestosis appears to require the fibrotic destruction of a substantial '’

lung volume, which in turn depends on the inhalation of quantities of
asbestos nmnot typically encountersd outside of the occupaticnal setting.

lesser degrees of fibrosis may often occur without any symptomatology

because of the large reserve capacity of the lung.

The Consumer Product Safety Commission, reviewing the evidence available
to 1983, concluded that the incidence of asbestosis is proportional to
the cumulative exposure. The studies reviewed involved cccupational
cohorts with high-level exposures, which, when extrapolated to low
doses, could be comsistent with either a "threshold™ at cumulative
exposures of 10 fiber-yr/cc or less or a nonthreshold model. Indicating
that the existence of a thresheld for asbestosis could not be proved or
disproved by existing data, the panel stated that it knew of "no reports
of dis§bling asbestosis occurring among persons whose maximum exposure
to azsbestos was of the order of 1 fiber/ml or less. Hemce...{citing
Finkelstein, 1982) ‘the major risk at lower exposures will be due to
cancer rather than to - asbestosis’™ (CPSC, 1983). Others have shared
this conclusion (Morgan and Seaton, 1984; Royal Commission, 1984). DHS

staff members concur, based on the absence of reports of asbestosis
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cccurring at low levels of exposure and on grounds of biclogical

plausibilicy.

Quantitative Risk Assessment
\

The outcomes of interest in this quantitative risk assessment are lung
cancer and mesothelioma, since both are comsidered to be nont threshold
processes posing potential population risks at ambient concentrations of
ashbestos. Asbestesis was not included in the risk assessment because it
is mnot considered to pose such a risk to the general population (See
section 8, "Thresholds™). Other cancers (e.g., gastrointestinsl cancer)
were not included because: (1) increased risks for these tumors have not
been consistently detected in eéidemiologic studies; {2) in those inves-

igations disclesing an elevated risk for these cancers, the magnirtude
of <the risk is substantizlly lower than that for lung cancer and
mesoﬁhelioma; {3) £for gastrointestinal cancer, although there is a
positive dose-response trend with asbestos exposure, the data are insuf-
ficient to establish a functional dose-response model (Nicholson, 1583),
and numerous experimental studies invelving ingestien of asbestos by
animals have not confirmed a causal relatiomship. Some investigators
have rscently concluded that the excess cases of gastrointestinal cancer
observed in a few epidemiological studies are a:tif cts cdue to misclas-

sification of cause of death (Doll and Peto, 1983).
DHS’ risk assessment relies extensively on work dene by the Consumer
Product Safety Commission (1983), the National Academy of Sciences (NRC,

1984), Nicholson (1983), and the Ontaric Royal Commission (1984). These
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isk assessments have been based exclusively on the results of occupa-

tional epidemiologic studies: this assessment is similar in that
regard. The relevant studies have been extensively reviewed elsewhere

and are presented here omly in tabular format (See Tzbles 9-1 and 9-2).

As noted earlier (section 4.az), asbestos has been indisputably
deﬁonscrated to be carcimogenic in humans in a variety'ef cceupational’
settings. Tables 9-1 and 9-2 are not comprehensive and include onl
studies used in the guantitative risk assessment. Although individual
study details are provided conly in sumﬁary form, even a curscry review
of the standardized mortality ratiocs (SMRs) in Table S-1 and the numbers
of pleural and peritoneal mesotheliomas in Table 9-2 indicates that

there is strong evidence for asbestos carcinogenicity in humans.
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TABLE 9-1:  SUMMARY ASPECTS OF EPIDEMIOLOGIC STUDIES

USED 1N QUANTITATIVE RISK ASSESSMENT FOR LUNG CANCER

Stily

finkelstein, 1983

Selikoff et at.,
1979

Seldman et al.,
1979

pement et al.,
1982, 1983a,h

Henderson end
Entertine, 1979

Hewhouse and
Berry, 1979

Hewhouse and
Berry, 1979

#icholson et al.,
1979

Cohort
Occupation

Asbestos
Cement mfyg.

tnsulation
Insulation
mfg.

Textile
products mig.

Ashestos mfg.

Asbestos
products mfg.

Asbestos

products mfg.

Hining

Fiber typs

Chrysotile,
Crocidotite

Chrysotile,
Amosite

© Amosite

Chrysotile

Chrysotile,
Amosite,
Crocidotite

thrysotile,
Crocldolite,
Amosite

Chrysotite,
Crocldotite,
Amosite

Chrysotile

'

Cohort

Humber

241

17,800

820

1,261

1,075

4,600

922

544

Sex  Follow-up

M

1963-80

1967-76

1961-76

1940-75

1941-73

1936-75

1936-75

1961-77

tung Cancer Mortality

Expected Observed
3.3 20
93.7 390
21.9 83
9.8 33
23.3 63
43.2 10%
3.2 27
1.1 25

SHR

606

416

380

336

270

238

0843
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peto, 1977, 1980

Hcoonald et al.,
1984

Melll et aot.,
1979

Berry and

Newhouse, 1983

Berry and
Newhouse, 1983

fubino et at.,
1980

Mchonald et at.,
1980

Mchonald and
Liddett, 1979

Textile
products mfg.

Friction
products

Ashestos
Cement mfg.

Friction
products

Friction
products
Hining

Mining

Hining

TABLE 9-1 (Continued)

Chrysotile

Chrysotile

Chrysotite,
Crocidolite

Chrysotite,
crocidolite

Chrysotile
Crocldolite
Chrysotile

Chrysotile

Chrysotite

822

3. 77

5,645

7,474 °

3,708

952

9,767

H

1933-74
1938-77
1940-74
1942-80
1942-80
19?6-75

1926-75

22.9

49.1

49.2

8.7

184

49

73

51

143

230

214

149

104

103

50

103

125



TAGLE 9-2: SUMMARY ASPECTS OF EPIDEMIOLOGIC STUDIES
USED IN OUANYEYATIVE RISK ASSESSMENY FOR MESOTHEL IOMA

Cohort Cohort Ho. Mesothel fomas

Study Occupation Fiber type Humber  Sex fotlow-up Pleurat Peritoneal
Selfkoff et 5!., tnsutation Chrysodite, 17,800 H 1967-76 463 112
1979 Amosite
peto, 1980 Textile mfg. Chrysotile az22 H 193374 9 0
Sefdnan et al., insutation Amosite 820 o 1961-76 7 K4
1979 mfg,
Finkelstein, 1983  Asbestos Chrysotile 241 H 1963-80 6 5

Cement mfg. Crocidolite
Heuhouse and Berry, Asbestos thrysotile,
1976 products mfg. Crocidolite,

Amosite



The reasons for excluding animal bicassay data from this analysis are
threefold. First, there are numerous epidemiologic studies of popula-
tions occupationzlly exposed to asbestos, at least fourteen of which
centain oX havelbeen supplemented with exposure data adequate for pur-
poses of guantitative risk assessment. Second, while there have also
been many animal bioassays involving exposure to asbestos, almost all
have usad only one dose level, which makes the use of the usual iow-dose‘
extrapolation models inappropriate. In addition, inhzlation studies

with multiple dose levels have specified doses on & mass basis, if.e.,

mg/cms, which displays comsiderazble vwariability (up to 3 orders of
magnitude) vis-a-vis PCM fiber counts {(Schneiderman et gi., 1881). The
principal reason to utilize an animal bioassay risk assessment iﬁ this
context would be to take advantage of controlled exposurs data in order
to narrew the 7range of uncertainty in the exposure-responsa
ralationship. Howevef, existing studies are not suitable for this
puzrpose. Third, a risk zssessment based on animal data could, at best,
be used to confirm the estimates based multiple human studies. I the
former produced risk estimates substantially greater than or less than
those derived from human studies, they would only adé a caveat to the

interpretation of the lztter.

z. Models Used in Risk Assessment

Risk estimates for both lung cancer and mesothelioma were developed
using a linear, nonthreshold model. The data upon which these models

are based (i.e., the results of occupational epidemiclogical studies)
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are consistent with such a model, but do not rule out monlinear dose-
respcnse. relationships. For example, Nicholsen has mnoted that the
results of linear extrapclation camnot be distinguished from those
derived using the logit, log-probit, or multistage models within the
observable range for oc;upational asbestos exposures (Nicholson, 13881).
Previous risk assessments have relied on 2 linear model because it is
biclogically plausible, conservative, and mathematically tractable

(Royal Commissiom, 1984; NRC, 1984; Nicholsom, 1985, 1981; €PSC, 1983).

DHS staff members have found this rationale persuasive.

In previous documents DHS has applied the multistage model to animal,
not human, data. This model could be applied to epidemioclogical data as
well, since it was originally derived from studies of cigarette smcking
in humans. Dr. Kemny Crump used the multistage to model the risk of
mesctﬁelioma from occupational asbestos exposure (as described in his
comments onn a  proposed federal Occupational Safety and Health

Administration [CSHA] asbestos standard, previocusly submitted in this
administrative vrecord as an attachment to the comments of the Asbestos
Information Association). His mesothelioma risk estimates were notably
lower cthan th§se derived by OSHA using a model similar to that ewployed
by DHES. In so doing, Dr. Crump utilized newly developed software which
DHS has ordered, but not received.

DHS staff decided to use these models to estimate risks of mescthelioma
and lung cancer in part Dbecause of the above-noted reasons, in part

because at least six other crganizations or teams ¢f investigators with

far greater resources and time at their disposal had firted these models



to the epidemiclogic datz, and in part because the software used by Dr.
Crump was unavailzble to DHS staff. The models wers critically reviewed
by DHS staff and were subjected to minor meodifications. As can be seen
in Table 9-8, our vrisk estimates are not dramatically different from
those developed_-by the HNationzl Academy of Sciences, the Consumer
Product Safety Commission or Dr. Nicholson (f9r the Envirommental

Protection Agency).

While previous asbestos <risk assessments have used the same basic
models, each has incorporated some methological modifications. Not
surprisingly, however, the effects of such meodifications on risk es-
timates are relatively minor (see Tables %-8 and 9-%). Cur description
of the models most closely parallels that of the OCmntaric Royal
Commission {although the latter estimated risks from occupational and

not from ambient levels of exposure).

The models providing the best £it tc the results of epidemioclogic
studies opredict reslative risks for lung cancer and absolute risks foer
mesothelioma. Fitting the models to the data produces several comstants
{see Dbelow), which are then used in prédicting risks due to low ambient
levels of asbestos exposure. DHS staff members rslied on others’ work
(Nicholson, 1985; CPSC, 1983; NRC, 1984; Royal Commission, 13984) in
deriving these constants and did not duplicate this aspect of the risk
assessment.,  Although there are potential 4difficulties in adepting

Ed

calculations, the consistency of our results with previous risk

z

others

assessments and with actuzal incidence ta for mesothelioma (See
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Sections S.g. and 9.h.) suggests that this iIssue is of greater thecrsti-

cal than practical importance. The general characteristics of the

models are discussed in the following subsections, and the results are

presented subsequently.

1)

Iung Cancer Model

Fxcess Relarive Risk

Since  there is a significant background incidence of lung cancer in
the general population, the model used to predicr lung cancer in-
cidence due to asbestos exposure incorporates the concept of excess
relative risk. If relative risk (RR) is the ratic of disease in-
cidence experienmced by an exposed- popula;ion divided by that
experienced by . an unexposed population, then excess relative risk
can be considered as RR - 1; which takes the background incidence

into account.
2) Linear Model

Data from multiple cccupational epidemiclogical studies are consis-
tent with 2 dose-response relationship in which the relative risk of
lung cancer increases linearly with cumulative dose (Nicholson,
1985; NRC, 1984; Royal Commission, 1984). Although the dearth of
human data on depesition and cleazrance make the estimation of dose

somewhat problematic, for practical purposes it will be assumed that
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cumulative dose is equivalent to the mathematical prodﬁ;t of durz-
tion of exposurs (in years) times its intensity (in fibers/cc).
Implicit in a dose-respomse relationship proporticnate to cumulative
exposure is the mnotion that the effeéts of a given cumulative ex-
posure will inot be influenced by the mamner in which it occurred.
For example, a cupulative exposure of 20 fiber-years/cc Is predicted
to produce identical effects for a 5-year exposurs at 4 fibers/cc or -

-2 10-year exposure at 2 fibers/cc.
3) Comsiderations of Time zand Age

Expressing risk as a function of cumulative exposure ziso implies
that exposures at younger ages will not affect lung cancer risk more
than exposures at older ages. This proposition cannot be empiri-

cally wvalidated from occupational cohort data for exposures

occurring earlier than age 15. However, support for the idez tha

rt

risk 1is independent of age at first exposure comes from the data o
Selikoff et al. (1979). Insulation workers first expcsed betweer
ages 15 and 24 showed a paétern of relative risk increasing after =
lag time of about 10 years and decreasing after severzl decades,
which gquite closely approximated the experience of a cohort first
exposed between ages 25 and 35. When relative risk 1s plotted as-a

function of age, the slopes for these cohorts are similar, except

-

that the curves are separated by a pericd of about 10 years, cor-
responding to the azpproximate difference in the average age of firs

-
A

exposure (Figure §-1).
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FIGURE ¢-1: RELATIVE RISK OF DEATH FROM LUNG CANCER
IN TWO COHORTS OF INSULATION WORKERS
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The decline in relative risk 30-40 years after initiation of ex-
posure is suggested by data from several other cohorts, but is not
unegquivecally or comsistently demonstrable (Royal Commission, 1984;

Walker, 1984; Selikoff et al., 1979; Seidman et 2l, 1879%9). This

delayed decline may be due to cohort selection effects, such as
premature deaths of asbestos-exposed smokers, Increased suscep-

tibility of some workers to asbestos-related diseases such as

asbestosis, or clearance of chrysotile from the lungs (CPSC, 1983).

1

The <trailing off of excess risk is not taken into account in the
risk assessment model because it is not consistently well-
characterized by epidemiologic data ;nd because ‘it is unknown
whether the principies responsible for the decline are likely to be

cperative at very low exposure levels (Royazl Cemmission, 1884).

As noted above, thers appears to be a delay of aboutr 10 years after
the onset of exposure before the expression of an increase in rela-
tive 7risk (Selikcff et al., 1979; Seidman et 2l., 187%). In the
context of occupational exposures, increased intensity of exposure
does not appear to decrease the length of the latency period (Doll
znd Pero, 1983). Although an exact duration of the latency between
cnsez of exposure and expression of disease cammot be ascertzined

cr the general population, a 10-year lag period has been incor-
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4) Dependence on Backsround Tung Cancery Rate

Iz is necessary to incorporats the background lung cancer rate in
erder to Léransfcrm excess relative risk to an expression of excess
lung cancers due to asbestos exposure. The relatively short suxr-
vival of mnearly all lung caﬁcer patients justifies DHS’ assumption’
that cancer mortality rates are equivalent to incidence rates. In
this risk assessment, the background mortality rates were taksn from
the San Francisco-Oakland Surveillance Epidemioclegy and End Results
(SEER) Program for the years 1979 - 1983. Ihe;e rates were readily
accessible and, while not necessarily representative of California
as a whole (since mainly urban areas are included), were cqnsidered

more representative than those used in other published risk assess-

ments {(e.g., 1978 Canadian national lung cancer mortality rates).

The background lung .cancer rates are age-, geﬁder-, and smoking-
specific. Age- and gender-specific rates were available direccly
from the SEER data. These rates were made smoking-specific using
California swmoking patterns Ifrom 1984 weighted by a relative risk
factor for lumg cancer of 10.4, which was taken from Doll’s

=T
[=FeLw

Peto’s British doctors study (CDC, 1983; Doll and Peto, 1976). Omne
consequence oI stratifying the background lung cancer rates by
smoking status is that the risks predicted for smokers will be

dramatically higher than for nomsmoksrs. This is consistent with

the observation that smoking and occupational asbestos exposure
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interact synergistically to cause lung cancer (Hammond et al.,

Several assumptions about smoking patterns and lung cancer mortality
are made in this risk asessment. First, smcking patterns sare as-
sumed to be constant, although DHS recognizes that‘changes are
occurring--2.g., yogng' females constituts an increasing percentage;
of smokers, which may increase the future background incidence of
iung cancer, ané low-tar cigarettes are more popular than in past
decades, which may have the opposite effect on background rates.
Second, mortality from Ilung cancer is‘nct anticipated to decrezse
appreciably from improvements in treatment: in other words, lung
cancer mortality is not assumed to be significantly lower than lung
cancer 1incidence. Third, it is assumed that upon becoming an ex-
smoker, the excess risk of lung cancer declines to the level

' experienced by non-smokers.

S5) Lung Cancer Comsitant of Proportionality

In this linear model a proportionality constant ("CZ“) derived from

epidemiologic studies is used to relate excess lung cancer mortalicy

to cumulative exposure. C2 represents the fracticnzl increase in

relative risk per unit of cumilative exposure in units of (fiber-

+h

-1 . . ;
years/cc) . The value o Cz varies from study to study and

reflects to some extent the carcinogenic potency of the fiber types

and dimensions to which the cohorts were exposed.



The proportiomality constant represents the ratio of lung cancer
mortality to cumulative exposurs for each cohort studied. Values

for Cz were obtained by linear regression of (excess) relative risk

on cumulative dose (See Appendix D for examples of such linear
regressions). Where = regression could not be dome because multiple

datz peints were not available, C‘2 was derived using 2 single value

for excess relative risk divided by the average cumulative exposurs.

DHS tabulated a range of wvalues for Cﬂ from priecr risk assessments.

(Royal Commiséion, 1984: NRC, 1884; CPSC, 1983; Nichelson, 1983).

As can be seen in Table 9-3, there is a wide range of values for Cz.

Different 62 values were obtained for some studies analyzed by more

than one panel, which may be largely explained by the use of dif-
ferent comversion factors from mppcf to fibers/ecc), resulting in
different exposure estimates, and by adjustments made for perceived

biases.
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Table $-3:

LUNG CANCER PROPCRTITONALITY CONSTANTS

DERIVED IRCM EPIDEMIOLOGIC STUDIES

Proworticnality
Comssant (C 2)
et t———

Cohozrt Royal
Study Ceoupation Fiber Tyme Higholson §RC CPsC Commission
Selikeff et al., 1878 Insulation 'Chmctile, .0073 .017 Q12 010
Amcsite
Eernderson and Znterline, Asbestos Carysotile, .Q043 .0e3 .8es .ooose
1878 manufacharing Amasits,
seme Crocidolits
Poto, 1880 Taxtile products Chzysctile .21 .oce .01 .01
nfy
Demsnt, 1882, 1883a, b Texzile productis Chrysotile .028 .853 .023 .042
wig
McDonald et al., 1S8C
Medonald and Liddell, 1878 Mining and milling Chrysctile .0008 frzetels) .oogs .00048
Liddall ez al., 1977
Seidman et al., 1878 Insulaticon zfg Amcsits L343 081 .088 ——
Nicholson et al., 1878 Mining and milling Chrysotile 0017 013 0012 —-——
Finmkelstein, 1883 Asbestos cament Carysotils, .087 -— 043 842
mfzg Crocidolita
Berry and Newhouse, 1883 Friction przdusss L(hrysstile, .30058 -— .0008 .00gss
zfg erocidaliita,
Weill et al., 1978 Asbestos cement Chrysotile, 00s3 —— faeichd -
=tz srocidolits
Sizo et al., 1878 Mimimg and milling Chrysotils .3078 —— .017 ———
Newhouse and Berry, 187S Ashestos produsts Chrysectile, — . 384 (fomale} - “=-
mig Crocidolite and .01i3{xmala)
Amcsite
Melonald ot al., 1884 Friction products Carysctile Q001 D - -

=tz
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Selection of an appropriate value or range of values for C‘2 in-

volves several assumptions. DHES staff members do net comsider

that the C‘2 values derived from studies of asbestos miners and

millers , are generally applicable to envirommental exposures. The
low risk of lung cancer in these cohorts is thought to reflect the
relatively unprocessed state of the asbestos, which would contain
a high peicentage of easily countable (by PCM) but largely non-
respirable £fibers (McDonald et al., 1984; ¥icholson, 198535).
Fibers more likely to be respirable and carcinegenic are generated
by industrial processes that cause extensive fiber breakage. We
assume that the latter would be more representative of the air-

borne asbestos to which wmost individusls in California may be

exposed. Thus, the wvalues for f.‘:‘2 from studies of miners and

millers have been excluded from consideration.

DHES staff members wused the median of the remaining C, values as

2
the best estimate. The median Cz for all nom-mining or milling
occupaticns is 0.01. Figure 9-2 illustrates 95% confidence

(&}
(]

intervals Zfor values of 3 associated with variszbilicty in the

aumbers of lung cancer cases observed, along with adjusiments made
oy Nicholson . for possible biases and for uncertainty associated

with the measurement of exposure. The upper bound in DHES' risk
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assessment was caleculated with C£ set as 0.1, which was the

highest 95% upper confidence 1limit estimated for any of the
epidemiologic studies under consideration (See Figure §-23.
However, uﬁbertainties associated with exposuzé“data and other
nonquantifiable biases make this upper bound only an approximate

935% confidence limit.
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6) Adiustment for Survival Probability

Members of the theorestical cohort used to calculats excess cancer
risks will be subject to competing causes of death, which need to
be taken into .account in estimating lifetime cancer risks. The
effect of adjusting for the probability of survivel is illﬁstratad
in Figure 9-3. In DHS’ risk assessment, probabilitites of sur-’
vival to age 85 have been summarized in gender- and smoking-
specific 1lifetzbles comstructed by standard methods (Chiang,

1984), wusing 1980’ census data for Califormia and age-specifi

death rates from Califormis wital statisties for 1979-80C
(California Department of Hezlth Services, 1982;'Bureau of the
Gensusi 1982) (See Appendix B). Although previous DHS risk as-
sessments under AB1807 have used z hypothetical 70-year lifespan,

the larter will underestimate zrisks when lifetables ares used.

Survival probabilities for smokers were calculated using relative

risks of mortality for 2ll causes of death (See Table 9-4).

TABLE $-4: RELATIVE RISK OF ALL CAUSE MORTALITY FOR SMOKERS

Age Relative Risk
35-39 1.4%
£0-44 2.16 .
55-49 2.60
50-54 2.02
55-38 1.89
60-64 1.83
65-69 2.20
76-74 1.57
75-79 1.28
80-84 1.57

Source: Royal Commission, 1984
{Adapted from Doll and Peto, 1576)
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FIGURE $-3: YEARLY PROBABILITY OF LUNG CANCER MORTALITY
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7} Sum=rv of Lime Cancer Risk Model

Taking inte account the variables discussed above, the annual excess
deaths due to asbestos-caused 1lung cancer in a population of

1,000,000 can be expressed as:

IE(z) = C * F * (D-10) =* 105 * Lula) * S{ay, (8-1)

£

Where:

IE(3) = anmual excass cases of lumng cancer at age interval (a) due to

<

asbestos exposure beginming at birth.

Cz- Constant of propertiomality, expressed as percentage annual Increase
in relative risk of lung cancer per unit of cumulative exposure,

(fiber-years/cc) 1

= Average level of continuous exposure ¢to asbestos, expressad as

bxj

fibers (= 5 microms in length, aspect ratio >3:1)/cc.

D = Duration of exposurs in years. A lag time of 10 years is subtracted
from duration to zllow for a latency perioed preceéing the exprassion
of disease. Since we assume continuous exposure from birth, D =

time since £first exposure = age. Where D10, the risk is set to

equal zero.
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lu(z) = Lung cancer mortality rate by age, gender, and smoking status at age

intarval {(a}.

${a) = Cumulative probability of survival from birth tec age (2).

. -

The 1lifetime excess lung cancer mortality due to asbestos exposure

can be expressed as:

85
IE {(lifetime} = = 1IE{a) (by 5-year intervals). (8.2
EY

Lifetime risk estimates based on the above formulas ares presented in

Section B.g.

ii)  Mesothelioma Model

The incidence of ﬁesothelioma in the general population is so low that
reliable values for expectad numbers of cases camnmot be calculated.
Instead of estimating relative or excess risk for this neoplasm, the
model predicts. lifetime risks based on sumation of annual incidence.

In other words, this model predicts absolute rather than relative risks.

1) Devendence omn Time Since First Exposure

Peto et al. (1982) demonstrated that mortalicy from mesothelioma

among asbestos workers can be represented by a function that is a
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product of a power function of time since first exposure (tk}, andva‘
term that is linear in dose (or exposure). Fitzing the model to
data from five epidemiclogic studies, Peto et al. estimated the
exponent k =-3.2 * 0.36, although it was stated that any value of k

between 3 and 4 would have fir the datz equally well (1982).

It is obvious that risk estimates for mesothelioma will be quite-
sensitive to the value of k. It should be rscognized, however, that
within the range bounded by 3 and 4 the choice Iis somewhat
arbirrary. Incorporating a lag or latency factor delays the expres-
sion of =zrisk, so that some of the population at risk would die
before they could develop cancer. The use of such a lag factor in
the model results in lower values of k (2 to 3) when fittad to the

epidemioclogic datz (Nicholson, 1985). Since DHS' model utilizes z
lzg to adjust for latency, we have designated k = 3.0. is wvalue
of %k has alsc been urilized by CPSC (1883) and Nicholson (1883),

beth  of whom also incorporzted a latency factor in their models for

the expression of mescothelioma risk.

[ %]

‘vher Considerztions of Time and Acs

zazz from Selikoff et z2l. (1579) demonsitrate that-the development of
zescthelioma is™ independent of age at first exposurs. Plotiin
mesothelioma wmortazlity of occupational cchorts exposed at different
ages agzainst time since first exposure shows similar patterns of
increasing incidence (Peto, 1982) (Figure 9-4). + should be noted

N

that the increase in the risk of mesothelioma does not occur until
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abéut 20 years after first exposurs, suggesting a latency peried of
this length. Although the lower limit of the latter is unknownm,
mesethelioma is thought to have a latency pericd lomger that most
other cancers (Doll and Peto, 1983). Mesothelioma iIncidence data
frem & séudiés presented by Nicholson (1885) indicate that 98%

(266/271) occurred 20 or more years after first exposure, while the

remainder occurred 15-19 vears after onset of exposure.

Risk patterns for mesothelioma after long periods (330 years) of
follow-up are mot well-characterized by epidemiologic studies.
Inferences drawn from cccupational cohorts would be subject to the
same limitations as were noted £for long-term fcllow-up of lung
cancer. Following the lead of the Ontaric Royal Commission (1884},
DHS staff members have not incorporatad any factor to model a
delayed decline in the risk of mesothelioma. This decision is
supported by the observation that there is a continuous increase in
mesothelioma incidence with age or years since first exposure among
nonoccupationallj exposed {("unexposed”) regidents of Los Angeles

{Pato, 1982){See Figurse 9-3}.

The model 1is consistent with an etiologic role for asbestes as an

[

nitiator or early-stage carcinogen. Although children are not
assumed to be more vulnerable to carcinogenesis than adults, because
65 the rapid incrsase of risk with time since first exposure, early
exposures are predicted to be the dominant factors in determining

e s s

liferime risks. (Datz from industrial cohorts cannot yield direct



FIGURE ¢-4: CUMULATIVE RISK OF MESOTHELIOMA MORTALITY
IN THREE COHORTS OF INSULATION WORKERS

15-24

* 20%

$1C%

1

10

YEARS SINCE FIRST £EXPOSURE

Source: Ontarioc Rovyal Commissicn,'1984, p. 468, citing evidence submitted by
J. Peto. Based on data from Selikoff et ai., 1878.
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information about the bioclogical activity of asbestos in children.

If the latter ars more susceptible to asbestos carcinogenesis than

%

«

adults, then the risk estimates presented below may be toc -low.)



FIGURE 8-3: MESOTHELIOMA RATES AS vA FUNCTION OF AGE
OR TIME SINCE FIRST EXPCSURE '
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3

Mosotheliomz Constant of Propeortionaliey

@

The model for mesotheliomz alsc includes an empirical constant of

preporticnality (“Cm"} . derived by ~ fitting the wmedel <to

¢

epidemiologic studies with adequate exposures-response information.
DES has relied on prior work in this arez and has used the median of

the wvalues presented in Table 9-5. The Cm values developed by the

Ontario Royal Commission are mnot included here since they were

derived with the exponent of t in the model fixed at 4.0, which

resulted in a wvalue of Cm 2 to 3 orders of magnitude lower than

those derived by others wusing an exponent of 3 (CPSC, 1983;

Nichelson, 1983) or 3.2 (NRC, 1984).



TARLE 9-5:

MESOTHELIOMA PROPORTIONALITY CONSTANTS
DERIVED FROM EPIDEMIOLOGIC STUDIES

)

Cohort Fiber Proportionality
Srudv - Qecupation Tvoe Constant (Cm x 10~8
Nicholson BRC £PSC
Selikoff et 2l.,1979 = Imsulation Chrysotile 1.5 1.39 1.5
: Amosite
Peto, 1980 Textile Chrysotile 1.0 .83 0.7
Products Mfg.
Seidmzn et al., 1979 Insulation Mfg. Amosite 3.2 7.22 5.7
Finkelstein, 1983 Asbestos Chrysotile 1.2 ----  12.0
Cement Mig. Crocidolitse
Newhouse and Berry, Asbestos Chrysotile ---- 3.67 ----
1976 Products Mig. Crocidolite
Amosite
4) Adiustment for Survival
The mesothelioma model uses the same Llifetables to adjust for

population survival as were used in the

lung cancer model.

mesothelioma incidence is independent of smoking, non-smokers live
longer than smokers and thus run & higher risk of mescthelioma.

Therefore, separate lifetables for smokers and non-smokers wexe used

to adjust for survival.

5) Summarv of Mesothelioma Risk Model

Taking into account the variables discussed above, the annual deaths
due to asbestos-caused mesothelioma in 2 population of 1,000,000 can

be expressed as:
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IM(2) = G_* F % (1-203° % 10° = s¢ay, (5-3)

IM{a) = ammuzl mesothelioma deaths at age interval (a) due to

asbestos exposure beginning at birth.

Cm = constant of proporticnzlity (see zbove).

F = average level of continuocus exposure to asbestos expressed as

fibers (= 5 microms in length, aspect ratio >3:1)/cc.

T = time since first exposure in years. A lag time of 20 years

is subtracted from time since first exposure to allow for a

latency periocd preceding the expression of disezse. Since we

assume continuous exposure from birth, T = duration of exposure

= age. Where T = 20, mesothelioma risk is set to equal zesro.

S(a) = cumulative probability of survival from birth to age (2).



Predicred lifetime mesotheliomaz mortzlity due to asbestos exposure czan

be expressed as:

IM(1lifetime) = zZ IM(a) by 5-yeér intervals). {8-4)

a = 0

Liferime 7rtisk estimates based on the zbove formulas are presented in

Section S.g.

Estzblishing dose- or exposure-response relationships from past human
exposures to asbestos 1is subject to séveral sigﬁificant limitations.
The mathematical risk -assessment models described above have been
validated by fitting the datz of mumerous epidemiologic 1nvesti‘ tions.
The .principai difficulties arising from the use of the latter include:
{1) wuncertzin about exposure due to infrequent and inaccurate (by
today’s standards) meésurements of past workplace concentraticns of
asbestos; (2) incomplete follow-up of the cohorts under srudy; (3) lack
of datz on workers’ smoking habits, necessitating an assumption that the
latter are nmnot significantly d’fzereﬂt from those of the general
pogulation; (&) variability due to small numbers of deaths; (5) misclas-
sification of causés of death, parti;ularly mesothelioma, and (§)
inappropriate choice of a control or reference populat;cn. The relative
importance of each of these varies from study to study. As has been

noted elsewhere, however, the most significant deficiency in all these
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investigations is the lack of reliazble exposure data for the cohorts

under study.

Measurements of asbestos fibers in occupatiomzl settings were infrequent
pricr to 1963, so that quantification of exposurs for the working
populations studied epidemiolegically has Dbeen somewhat problematic,
Furthermore, pre-1965 measqréments were made using midget impingers,-
which relied on briéht field microscopy, resulting in an underestimation

of

fiber counts. Impinger counts, expressed as milliomns of particles
per cubic foot (mppef), included quantification of total dust particles,

fibrous and nonfibrous alike.

Current techniques Z£or measuring workplace concentrations of asbestos
utilize membrane £filters and phase contrast microscopy (PCM). These
méthods ‘have been in common use only since 1864 in the U.S. and Great
Britain, and have been standardized since the early to mid-1970s. For .
the convenience of PCY operators and in order to achieve greater preci-
sion, only fibers with a length 25 microns and with an aspect ratio 23:1
are counted. Although most asbestes fibers in the workplace and in the
enviromment are shorter than 5 microms, it was believed at the time this
convention was adopted that the longer fibers were more important clini-
caliy (i.e., 1in the development of asbestosis, not cancer). It should
be noted that t:ansmissién electron microscop? {(TE2), the method of

choice for examination of enviromnmental asbestos samples, can visualize

100 to 1,000 times more fibers per sample than PCM (See Appendix A).
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Although it is well-known that PCM fails to detect the vast majority of
airborne fibers, T"there is incomplete awareness that the frzction
counted is highly variable® (Nicholson, 1985). Depending on the fiber
type, the industrial processes or products under consideration, the age
cf the materials, and so forth, the percentage of fibers longer tham 3
microns in an aerosol may vary from 0.5% to 30%, nearly two orders of
magnitude (Nicholsom, 1985). Furthermore, PCM¥ cammot detect 50% or more
of asbestos fibers 25 microms because their diameter is less than 0.3

microns, the limit of resolution (Royal Coémmission, 1984}).

Despite the obvious limitatioms of the PCM technique, the calculations
and results of this risk assessment are expressed in terms of fibers >3
microns in length, aspect ratio >3:1)/cc, rather than toral TEM fibers,
mainly £for historical reasons. Exp;sures in occupational epidemiolegic
studies (upon which guantitative risk-assessments have been based) have
either been measured in or, for pre-1963 measurements, converted to PCM
fibers/cc. PCM  fiber counts can be converted to totzl TEM fibers
(Appendix A4), and vice versa, though this has not been done herein
except to select appropriate ambient concentrations as z basis for risk
assessment (See Section $.f., "Assumptions Regarding Exposure”).

-

c. TFiver Tvpe and Carcinogemesis

An issue of considerszble practical importance in any risk assessment is
whether to differentizte among fiber types in estimating risks of

cancer. There is epidemiologic evidence suggesting that cancer risks
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from chrysotile may be lower thaﬁ those from the amphiboles. The poten-
tial regulatory significance of this observation lies in the commercial
predominance of chrysotile. Most recent risk assessments have not,
however, segregated the analysis on the basis of fiber type (NRC, 1984;
CPSC, 1983; Nicholson, 1985). In evaluating the epidemiologic evidence,
it should be borme in mind that mixed exposures, the lack of good quan-
titative exposure data, and the physical effects of different industrial’

rocesses on asbestos fibers make it difficult to compare individual
P ?

studies.
Iun Cancer. Evidence that amphiboles may be more potent than

chrysotile in producing lung cancer comes from several occupational
eshort - mortality studies Involving asbestos mining, concrate pipe and
shingle manufacturing, and maintemance work. SMRs for cochorts exposed

to chrysotile alome were approximately half those for cohorts with mixed

exposures or with expesurs to crocidolite alone (Royal Commission,

15847 . However, in one cohort mortality study of twe asbestos textile
cperztions, the ratio was reversed, even though average exposure level

-ty £

at the factory using all three types of commerciazl asbestos were higher
then those at the factory wusing chrysotile alone (Royal Commissien,
25840 In addition, animal Iinhalational bicassays indicate that

o ——
—a

rvsetile is  at least as effective in preducing lung cancer as the

H

ezchnibeles (IARC, 1977; Royal Commission, 1984). Thus, at least inscfa
2s lung cancer is concermed, there is no compelling reason te differen-

- e &3

zizz= between chrysotile and the amphiboles in this risk assessment.



Mesothelioma. Racent iiterature raeviews have indiczted théi, for com-~
parable industrizl processes, exposure to amphiboles or to mixed fibers
(amphiboles and chrysotile) appears to carry a significantly higher risk
of mesotheliomz than exposure to chrysotile alome (Howard, 1984; Royzal
Commission, 198&2 NRC, 1984). This phenomenon may be partially due to
the 1lower degree of chrysotile deposition in the deep lung, combined
with faster clezrance than the amphiboles (Wagner et al., 1982,1982a;-
Churg et al., %98&). It has been observed that the difference in
mesothelioma risk is markedly mors pronounced for peritoneazl than for

pleural mesoctheliomas (CESC, 1983; Royzl Commission, 1984).

Although the epidemiological evidence 1s suggestive that mesothelioma is
more 1likely to be éaused by amphiboles than by chrysctile, DHS staff
members do not believe that the risk assessment should be segregated by
fiber type. First, there is limited evidence with respect to the air-
bornme asbestos concentrations to which the study populations were
exposed. The incidence of mesothelioma may therefore be more 2 function

of

(&)

iber number (amphibole fibers tend to become airborne more easily
and in greater numbers than do chrysotile fibers) than of fiber type
(Royal Commissicn, 1984). Second, while some cases of mesothelioma
occurring in perscns exposed to chrysotile and one or more amphiboles
have been at:cributed primarily to the latter, this gonclusicn is rather
incautious from a public health standpoint. As Petc et al. (1582) have
observed, "It may éherefore be dangerously optimistic to attribute the
substantial incidence of pleural mesothelioma among chrysotile factory
workers to occasional crocidolite exposure, merely because mesothelioma

is rare among chrysotile miners...The overall excess of lung cancer is



also relatively low among chrysotile miners.®  Finally;—animal studies
involving experimental induction of mesctheliomas have repeatedly shown
that chrysotile 1is at least as potent as crocidolite and amosite in
producing peritcneai as well as pleural tumois (Bolton er al, 1982;

ZARc; 1877; Réyal Commission, 1984).
4é. Infiuence of Fiber Dimensions on Carcinogenicity

Although the mechanisms of asbestos-induced carcinogenesis are obscure,
there appears to be generzl agreement in the literature that longer,
thirner fibers are 1likely to be more cércinogenic than shorter an&/or
thicker ibers (Royal Commission, 1984; CPSC, 1983). With respect to
mescthelioma, this hypc:he;is has been tested by inoculating asbestos
and a wvariety of non-asbestos fibers into animals’ pleural spaces,
resulting in the production of mesotheliomas (or pleural sarcomas), witg
the highest incidence occurring in animals inoculated with large numbers
of long (>8 microns), thin (<0.25 micrcns) fibers (Stanton et al.,
1881). In samples of lung tissue taken from exposed animals, avid
phagocytosis of short, larger diameter fibers was reported. Short (<5
microns) ibers are reportedly cleared more efficiently from the lung
than long £fibers (probably by alveclar macrophages), which would give
the Zformer 1less of an opportunity to interact with susceptible host

cells (Morgan, 1380).

Wnile the above-noted "Stanton hypothesis”™ appears to have been
generally accepted, 1its limitations should be acknowledged. First, it

was developed as a model only for mesothelioma, though it may also be
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applicable to other asbestos-induced tumors. Second, Stanton et al.
(1881) mnoted that narrow dimensional ranges of sized fibers were uneb-

tainable, that errors in the measurement of asbestos £ibers were

unavoidable because of clumping and fragmentation (e.g., *dimensional

measurements on crqcidclite are the least representative of a1l the
fibers measured”), and that £fine chrysotile fibers could not even be

used because they could not be measured with precision. Third, a cxiti--
cal fiber lemgth below which there would be no carcinegenic activicy has
not been demonstrated. Fibers <5 microns in length appear capable of
inducing mesothelioma (NRC, 1984). When the data of Stanton et al. were
subjected tTo corregpondence analysis, multiple regression on the length
and diameter of the fibers, and simple regression on the average fiber
aspect ratio, it was reportad that carcinogenicity appears To be a
continuous, increasing function of the aspect ratio {(Bertrand and
Pezerzt, 1980). Fourth, while clearance of £fibers shorter than 5
ric-ons is more efficient than for longer fibers, such clearance is
neisher instantaneous nor total, permitting shorter ibers to interact
for substantial periods of time with pulmonary and pleural cells.
Fif<n . most asbestos fibers found at the pleuraz are short (<5 microms),
fize chrysotile, as opposed to the mixed fiber populations found in the

lung parenchyma (Harington, 1981). Finally, while fiber dimensions
clezz.v affect carcinogenicity, the relationship of physiczl dimensions
s deczesition and translecatien to the pileura and peritoneum in humans

nzs no: been well-characterized (CPSC, 1983).

Because of the foregoing, DHS staff members believe that it is ap-

propriate and reasonable to extrapolate £rom occupational exposure
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measursments (fibers >5 microns) to ambient exposures, whers most asbes-
tos fibers are less than 5 microns in length. While conversion factors
necessarily introduce a large measure of uncertainty, such approxima-

ions cannot be aveided in performing a risk assessment.

Risks from ambient exposures may be greater or less than those estimated
below if there is a difference in carcinogenic potential between long.
and short fibers. If the presence of long fibers is a prerequisite for

carcinogenesis, the risks would be lower than those presented below.

e. Comnversion Factors

In view —of the major improvements inbfiﬁer measurement tachniques that -
have occurred during the past 25 years, two seis of conversion factors
are mnecessary to develop & risk assessment interpretable by current
standards. in or&er to have consistent units for exposure-response
relationships based on cohort mortalicy studies, midget Iimpinger
measurements (in units of millions of particles per cubic foot--mppef)

have typiczlly been convertad to PCM fiber counts (i.e. fibers {23 um

e

n
length, aspect ratio >3:l}/§c}. While there is no consensus about the
appropriate conversion fazctors to use, most reviewers have used numbers
within a range of. three to nine fibers/ce per one mppef (Royal
Commission, 1984; NRC, 1984). Since DHS staff members have relied on
others’' derivations of exposure-response relationships, we have not had

to designate z value for this conversion facror.
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The results of the risk assessment must be expressed in terms comnsonant

with electron microscopic measurement.  This requirzes that PCM £fibex
counts be convertad to total £iber counts. Bearing in mind the

variability of tﬁé PCcM fibers/totél fibers ratic (See section 9.a.), DHS
staff has concluded that an appropriate conversion factor range by which
ts multiply PCM fibers is 100 to 1,000. The rationale for this.chpice
is presented in detail in Appendix A.

f. Assumptions Regarding Exposure

There ares sparse data regarding nonoccupational exposure to asbestos in
Califormia, necessitating the formulation of exposure-related assump-
tions in this risk assessment. It is assumed that.exposuze to aébestos
occurs at the same average ievel indoors and outside. While other risk

assessments (e.g., NRC, 1984) have partitioned indocer versus cutdoor
_exposures, DHS staii members do not believe this is necessary. Asbestos
from indoor sources can undoubtedly result in high exposures. DHS staff
members are unaware of good data defining the scope of this potential
problem in residences and public buildings in California. Two large
studies are currently underway to try to ascertain the contribucion of
indoor sources to airborme concentratioms. TUntil representative data
are available, DHS staff assume that except for indoo; sources of asbes-
tos, such as £friable asbestos ceilings, there are not significant
differences between indoor and outdoor asbestos concentrations measured
by TEX (Hayward, 1985). Therefore, models for beth lung cancer and
mesothelioma have incoiporated a factor (168/40 x 52/46 = 4.74) to

adjust parameters derived from occupational epidemiologic studies, with
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exposures for 40 hr/wk, 46 wk/yr, to be compatible with censtant 24

hr/day, year-round exposure (OSHA, 1983).

Although data on average ambient asbestos concentrations in California
are nonexistent, the nature of this risk assessment required some as- -
sumptions about averagé exposure levels. To this end, DHS staff members

utilized the upper and lower ends of the range of mean TEM values sug-
gested by Air Resources Board stafi: 7,700 fibers/mB and 45,200

.t 3 ¢ g £3 . : -
fibers/m”, rounded to one significant figure (See Paxt A). Using the

conversion factors of PCM fibers = TEM fibers/(100 to 1,000) and multi-

plying the results ﬁy 10'6 to convert fibers/m3 to fiﬁers/cc, the values
for F to be used in DHS’' model are 0.00C008 - 0.00005 and 0.00008 -
0.0003 (PCM-equivalent) fibers/cc. These values are counsistent with the
results of air sampiing in a variety of locatiomns in the U.S. (¥RC,
1984), In additionm, :he; tables below include risk estimates for a
concentration of 0©.002 fibers/ce, chosen by the NRC (1884) as repre-
sentative of the 90th percentile of ambient ;sbestos concentrations,

usually indicative of a local source of asbestos contamination.
g. Results of Risk Assessment

Using the models described in pravious sections, DES staff members
caléulated lifetime risks of  asbestos-related lung cancer and
mesothelionma. Thgse risks are displayed in Tables 9-6 and 9-7 in terms
of cases expected per million popglation. Individual lifetime risks can
&

be estimated by multiplying these results by 10~
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TARIE $-6: ESTIMATED LIFETIME EXCESS LUNG CANCER RISK DUE TC CONTINUOUS EXPCSURE
TO ASBESTOS (EXPRESSED AS CASES PER MILLION PCPULATION)*

Exposure level (in Fibers/ce)

Exposure . -
Group 0.000008 0.00005 £.00008 0.0005 0.002
Mzle Smokers ;(9-9) 6§(0-33) 5(C-88) 55(0-530)  221(0-2,210)
Female Smokers <1(0-%) - 2(0-25) 5(0-41)  25(0-250) 101(0-1,010)
Mzle Nonsmokers ‘<1(O-l) 1(0-8) 1{C-11) 8(0-73) 29(0-2905 '
Female Nomsmokers <1(0-1) <1(0-3> <1(0-3) 3(0-28) 11(0-110)

*Calculated with C£ = 0.01. Ranges in parentheses were estimated with a lower limit

SELIARY

-

of ze2ro and an upper limit caleculated with C‘g = 0.1. 7This upper bound iIs an ap-

proximate upper confidence limit (See text for explanation.)

TABLE 9-7: ESTIMATED LIFETIME MESOTHELIOMA RISK DUE TO CONTINUOUS EXPOSURE
TO ASBESTOS (EXPRESSED AS CASES PER MILIIION POPULATION)*

Exposure lLevels (in fibers/ec)

Exposure

Groun £.000008 £.00005 £.00c08 g.00e03 0.002

Mzle Smokers 2(0-9; 11(C-39) 19(C-93) 120(0-55%0) &70(0-é,é00)
Female Smokars 2(C-12) 16(0-81) 26{0-120) 160(C-810) 640(C-3,300)
Mzle Nomsmokers 2(0-12) 18(0-79) 23(0-120) 160(0-7390) 630(0-3,200)
Female Nonsmokers  3(0-18) 18{0-97) 31(0-160} 190(0-97C) 78G(0-3,800)

* Caleulated with Cm - 2.4 % 10‘8, P = 3.0, 20-year lag. Ranges in parentheses wers

estimated with a lower limit of zerc and an upper limit cazlculatad with Cm - 1.2 %

-7 . . - . X . .
167, which .is the highest estimated value for the proportiomality comstant C

{from Finkelstein, 1983).
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Under the assumptions of these models, it would appear-thai ambient
asbestos exposure poses a greater risk of mesothelioma than of lung
cancer for smokers and nonsmokers alike. The magnitude of the risks
for each o¢f these outcomes is consistent with previous estimates,

which will be discussed in the following paragraphs.
k. Comparison with Other Risk Assessments

Enterline (1983) estimated lifetime risks from noncccupational asbes-
tos exposure to be 2 per million for lung cancer and 10C per million
for mescthelioma. His lung cancer estimate was based on linear
exrtrapolation from twe occupational epidemiologic studies and cannet
be considered as reliable as other estimates discussed below (Peto et
al., 1980; Henderson and Enteriine, 1879). ‘Mesothelioma risk was
calculated from current estimates of mesotheliomaz incidence, using an
assumption that zbout 53% of mesotheliomas in males and 3% in females
are due to occupational asbestos exposurz {(McDonzld and chonald,;
1981). Entaerline suggestad that the predominance of mesothelioma
over lung cancer, ' which is the cpposite of what is observed in oc-
cupational cohorts, could be explained by the long
mesothelioma ?is-a-vis lung cancer, combined with the early age at
which mnoncccupaticnal exposure begins. In other vords; gxposures
starting in childhood permit a full expression of mesothelioma risk,
whereas in a working population the shorter latency period for lung

cancer would allow the latter toc overshadow mesothelioma.
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Other recent noncccupational risk assessments have utilized models
similar to those used by DHS staff (Nicholson, 19853; NRC, 198&4; CPSC,
1983). The results of these have been adjusted for a continuous
exposure of a population of 1,000,000 to a concentration of 0.0001

fibers/cc and aée summarized in Tables $-8 and 9-9.

-74-



TARLE 9-8: LIFETIME RISKS OF LUNG CANCER DUE TO CONTIKNUCUS EXPOSURE TO
0.0001 FIBERS/CC OF ASBESTOS (EXPRESSED AS CASES PER MILLION POPULATION)

Exposure Group DHS NRC (29843 CPSC (1983% Nicholson (1883%)
Mzle Smokers 11 (0-110) 18 (C-73) 5-49 23.8 (2.38-238)
Fepale Smokers:. 5 (0-50) 6 (0-28) - 3-30 15 (3.53-150)
Mzle Nonsmokers 2 (0-15) 2 (C-8 1-6 1.85 (0.185-18.3)
Female Nonsmokers 1 (0-8) 1 (0-3) 1-50 1.64 (0.164-16.4)

TABLE 9-9: LIFETIME RISKS OF MESOTHELIOMA DUE TO CONTINUCUS EXPOSURE TO

0.0001 FIBERS/CC OF ASBESTOS (EXPRESSED AS CASES PER MILLION POPULATION

Exposure Group DES NRC (19843 £PSC (1983Y Nicholgor (198%)
Male Smokers 24 (0-120) 2.25 (0-87.3) 5.51-53.1 18.1 (1.81-18%)
Female Smckers 32 (0-1803 2.25 (0-87.5y 7.80-78.0 25.2 (2.32-232)
Male Nonsmokers. 32 (0-160) 2.25 (6-87.5) 6.81-68.1 22  (2.2-220)
Female Nonsmoksars 38 (C-1%0C) é.ZS (0-87.5) 8.43-84.3 27.2 (2.72:272>

The Ontaric Roval Commission report (1984} does not contain comparable
estimates, since its principal Zfocus is on occcupational asbestos
expesure. DHS' estimates are compatible with those of NRC, CPSC, and
Nicholson, though KRC’s mesothelioma estimates are an order of mag-
nitude lower. This discrepancy may be due in part to NRC's having
caleulated a single lifetime risk for a 73«year lifespan; as coﬁparad
with DHES’ summation of five-year interval risks for an 85-year

lifespan. Thecoratically, NRC's model is eguivalent to being at ris

»

only at age 73, while in DHS' model ome is at risk for mesotheliom

iy

throughout 1ife after 20 years of age. Also, the lenger lifespan
assumed in DHS’ model accounts for part of the discrepancy, since &z
considerzble number of mesotheliomas occur in older age groups. On the

other hand, NRC wused an exponent for t of 3.2, while DHS used 3.0,
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which would tend to counteract the effects of the other difference;

noted above.

Another check on the reliability of mesothelioma risk estimates is by
comparison with" recent incidence rates. Drawing on data from the San
Francisco-0zkland SEER for the.years 1973-83 (11 years), there were 254
ca#es of mesotheliomz diagnosed among males, with a midpoint population
of 1,590,317, and 70 cases among females, with a midpoint population of
1,660,313, Assuming that all mesotheliomas were attributable to asbes-
tos  exposure, either occupationzl or nonoccupational, cne can
caleculats mesothelioma incidence attributable to nonoccupationzl asbes-

tos exposure among males as:

254 = 1.45 % lO-Scases/person-year;

(1,590,317) (11

and among females as:

70 - 3.83 x lo-scases/pe:son-yea:.

1,660,313)(10)

Assuming further that a human lifespan = 85 years, this would result in
1,233 czses among males and 323 cases among females over the lifetimes

of pepulations of 1,000,000 of each gender.

Extrapolation from recent mesothelioma incidence in the Bay Areaz yields

estimates scmewhat higher than those calculated by DHS. When one
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considers that the population at risk for mesothelioma Was that grcu§
cf people exposed 20 or mers years earlier, then this incidence-bésed
caleulation is c¢learly an underestimate. However, z majority of cur-
rent cases are probably due to occupational asbestos exposure, in view
of the histérical presence of large-scale industrial asbestos use in
the Bay Area, particlarly during World War II-. The clear preponderaﬁce
¢f male c¢ases in the' SF-Oakland SEER (as contrasted with the more
nearly equal male:female ratio in our risk estimates) supports this
proposition. To compare our estimates with incidence datza, it would be
appropriate to limit the comparison to females, since only a small
percentage of cases among females ars likely to be occupationzl in
origin (McDonald and McDonald, 1981). Using best estimates for female
nonsmokers as the compariscn grocp, it can be seen that for concentra-
tions of 0.00008 and 0.0005 £fibers/cc (a fange represantative'of‘ -
concentrations suggested by fhe Air Resources Board), ocur estimates
would comprise 9.6% (31/323) te 59% (190/323) of cases predicted using

recent incidence data (See Table 9-7).

Nevertheless, ome would expect recent incidence of mesothelioma o
Tetresent a limiting upper bound. The asbestos exposures of racent
cases, although unknown, were undoubtedly higher than the levels usad
in DHS' modelled cazlculations. The indiscriminate dispersal of
asteszos that occurred in the past has diminished during the past 13 to
2C yeazrs, sc that contemporary environmental asbestes concentrations
ars probably lower than those to which current cases were exposed. In

adcdition, mesothelioma is often misdiagnosed, and the published litera-

ture indicates that vrecently the trend strongly favors over- rather
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than underdiagnosis (Wright et al., 1984). Also, although thg ubiquity
of asbestos bedy burdens precludes:ruling cut this substance as the
exclusive cause of 21l mesotheliomas in Califormia, there may be other
agents, including some organic chemicals and man-made fibers, that are
2lso partially responsible (Peterson et al,, 1984). TFinally, although
most cases of mesothelioma in females.are considered to be ﬁcnoccupa—

tional in origin, it is possible that some of the cases in the SF-~

Ozkland SEER had some occupational exposure.

Nonoccupational asbestos exposure is clearly not limited to ambient
concentrations of these mineral fibers. Indoor exposuras that may be
causally related ¢to recent‘mesothelioma cases could inclﬁde housshold
contact exposurs to contaminated clothes of asbestes workers who were
family members and exposure to local indoor sources, such as friable
asbestos insulation or surfacing, or consumer products formerly com-
taining asbestos (e.g., hair dryers, spackling compounds). Thus, while
DHS risk estimates for ambient asbestos exposurés may explain some of

the recent mesothelioma incidence, there are altermative explanations.
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APPENDIX A: ASBESTOS CONCENTRATION CONVERSION FACTORS AND THEIR L ?“I:'I'A ICNS .

This section will discuss conversion between tne standard ocgupational

measure of airborne asbestos concentration (fibers/cm3 2 3 microns long,
aspeect ratioc 2 3/1, as measured by phase contrast light microscopy (PCM)),
and three measures of ambient air asbestos concentration, all measured by

electron microscopy (EM):

Fiber mass \(ng/mB}
Total Tibers {fibers/ma), and

Large, or "Light-equivalent™ fibers {largs fibe”s/mg), def‘inﬂed

as &ll fibers 2 5 um long, 2 0. 3 um m diameter, and aspec

ratic 2 3/?
The ~E.att:er' two values are generally determined' by analysis after sample
preparation by the direct transfer method, whereas the first valﬁe can be
determined after indirect or direct transfer,
Most estimates of conversion factors between PCM counts and fiber mass have
been based on mass measurementis by other than EM {Nicholson, 1985}, the only
exception being z study by Rohl et al. (?976}; which reports duplicate

analyses of filters used for sampling during automotive brake iinin

(1]

mazintenance. There I1s & wide variation in these c¢onversion factors

-

{geometric mean = 30 Lg/EB/f/ml geometric standard deviation = %), This
variation is reasconable, sinece the measurements included z wide variety of

processes, wnich produce fibers with drastically different size

istrinutions. ©No published data on ambient air samples can be used to



compute this conversion factor directly becazuse of the limitations of the

PCM method vis-a-vis ambient zir samples (See Part A).

»

Conversion factors Between PCM and total asbestos fibers can be estimated
using samples from a variety of industries as reported in studies DY Hwang

and Cibbs (1981), Hwang and Wang (1983), and Winer and Cossette {197S). In
the first two studies, ratios of 50:1 and 80:1 between total fi‘aers/m3 and

PCM fibers/m3 were obtained. These ratios are probably low by & factor 2 to..
S, since the type of EM samj;le preparation used, dire_ct clezring of fused
cellulose ester filters, nas been shown to produce from 50% to as much as
80% fiber loss (Chatfield, 1983). These ratios would also protably be low
with respect to results from most laboratories, since the resolution of the
optical microscope used was shown tO be 0.21 ym, while a more typical ‘yalue

is €.30 pm. The latier value would render more [ibers invisible in the

lignt micrcscope, thus increzsing the ratio.

Winer and Cossette (1$79) reported a ratio of approximately 1000:1 total

fibers to PCM fibers, but the method of EM sample preparation was not

range of ratics bétween 100:1 and 1000:1 is probably approprizie for this

conversion factor.

Conversion between PCM fiber concentrations and large EM fiber
concentrations is only discussed by Hwang and Wang (1983). Thney show that

these Lwo measures are highly correlated in samples from many industries

Wwith the large EM fiber concentration either 5 or 7.5 times the PCM value,

A-2



depending on the PCM method. Since EM large fiber l1oss in sample

]

preparation should be negligible, these figures are likely to reguiren

adjustment, although the observation that 80 to 85% of supposed "ligh

ot

>

visible™ fibers are not detected by PCM is not satisfactorily expliained., I
fact, this result suggests that the PCM resolution 1imit is actually
substantially larger than 0.3 um, which is the EM size cutoff employed.

Table A~1 summarizes the conversion factors and their ranges.

Although ambient air samples are unsuitable for PCM analysis, EM analyses of
all three types (total mass, total fibers, large fivers) can be carried out
simultaneolsly. Consistency between these values and the conversion factors
determined from industrial samples would suggest that these conversion

factors are suitable for ambient zir for the purpose of risk zssessment,

'

-

Data were analyzed from twenty ambient air samples which had been obtained
as part of z study of & California community with chrysotlle asbestos
contamination in its soil.,  Seventeen of the samples were from sites within

the community and three were from a control site in a2 nsardby community.

o

Samples were collected on Nuclepore filters, prepared by direct transfer,
and anzlyzed for total asbestos fibers, total ashestos mass, and large
fivers., GCeometric mezans and standard deviations of the resulls in the

community and at the control site are shown in Table A-2, z2long with tw

[e]

ratios of geometric means: totzl fibers (f/mB)/large fipers {large f/m3) and

3

1000* mass (ng/m”)/large fibers {large f/ms). The latter ratic includes the

factor of 1000 to make the units eguivalent to ug/m3/f/ml.



It can be seen from Table A-2 that, despite the fact that ail the geometric
means at the control site are an order of magnitude lower than those at the
community sites, the two ratios are similar at ail sites. If one assumes
that the conversionlfactor between large EM fibers and PCM counts is i} then
the ranges of the other conversion factors in Table 5-1 encompass the ratios
in fable i-2. If one assumes that the large fiper to PCM conversion factor
of 5-7.5 is zceurate, than sil of the vzlues are either at or above the high

end of the range.



TABLE A-1: CONVERSION FACTORS BETWEEN PCM CCUNTS AND EM-MEASURABLE
VALUES OF AIRBORNE ASBESTOS CONCENTRATIONS '

TYPICAL VALUE RANGE
- 1000%M/PCH 202 7 - 120°

e . d

TF/PCM . 320 100 ~ 1000
- e
LF/PCH | 5-7.5

PCM: phase contrast light microscopy counts (f/m3)
EM: electiron microscopy

M: +iotal mass (ng/mg}
TF: total fipers (fivers/m

LF: large fibers (large f/m

1Y

3

lxj

)
3

a. Gecmetric means of six studies.

b. Range from one geometric standard deviatlion below toO one above the
gecmetric mean. :

¢. Geometric center of range.
d. Range, including conversion for fiber loss, from tnree studies,

e. Range of two values from one study.



No. OF SAMPLES

-
-
-

18]

S.D.g(LF)
Trg/IFg

1000%Mg/LFg

m—

TFg= Gecmetric mezn of

LFg= Cecmetiric meazn of

3
1/% 2 3/1)/m )

- . 3
Mg= Geome:iric mean-of asbestos mass (ng/m”)

TABLE A-2: MEASURES CF AMBIENT AIR ASBESTOS CONCENTRATION

COMMUNITY
SITES

17
?.Oxics
2.8

35
9.3

1.7x103

3.1
410

32

CONTROL

3
§.0x10"
2.5

2.8

1.8

1.3x102
1.1
B€0

22

total asbestos fibers (f/mg)

large asbestos fibers (f 2 5 um long,

>

3 um wide,

S.D.g= Gecmetric standard deviation of total fibers, large fibers or mass



AGE

10
15
20
25
30
33
40
45
50
33
60
65
70
75
80

ACE

10
15
20
25
30
35
10
45
50
55
60
65
70
75
80

APPENDIX B:

DEATH RATE

0.00270137
0.00024176
000023843
0.00055835
0.000615%8
0.00072081
000083280
0.00106739

0.00136183
-0.00195652

0.00354839
0.00566653
0,00895199
0.01420102
0.02423740
0.03883206
0.06132982

DEATH RATE

£.00345681
0.00033185
0.0003605¢8

. 0.00153433

0.,00204935
0.00202064
0.00203747
0.00203842
0.00249807
0.00388088
0.006087165
0.,01008349
0.01574887
0.02579340
0.0425813%
0.0669%324
0.05032598

LIFETABLES USED IN RISK ESTIMATES

FEMALE NONSMOKZRS

PROB DEATH

0.01338860C
0.0012079%6
0.00119147
0.00278854
0.00307506

0.00359769

0.004815568
0.00532361
0.00728464
0.00973783
0.0175%522
£.02795250
0.04381854
0.06861770
0.11452508
0.17729288
0:2658827¢

PRCB SURVIVAL

0.98661143
£.9%587%5205
0.5688085¢6
0.99721152
0.9969250C
0.99640232
0.99584436
0.06467641
0.99271542
0.99026221
0.58240483
$.87204751
£.95618147
0.93138230
0.885474G2
0.8227¢T12
0.73811721

MALE NONSMOXERS

PROB DEATH

$.01705085
£.00185772
0.00180131
0.00764758
£.01019348
0.01005341
0.01013778
0.07101435%
0.01241902
0.01922904
0.03284334
0.0L02547T4
0.07588706
0.12130153
0.193083%
0.28773868
£.22351301

PRCB SURVIVAL

- 0.982980920

0.59834234
0.99819849
£.99235243
0.989804853
0.98994660C
0.68586226
£.985856L48
C.98758101
£.98077101
0.967136T1
0.95074528
0.52413294
0.878838L7
0.80681808
0.712256132
0.77688659

CuM PROB
SURVIVAL

1.000G0QC0
0.98661143
0.98541963
0.98425554
0.98150068

- 0.97848284

£.97496253
0:97091091
0.965758217
£.9587C70¢
0.98537140
0.83266702
0.906595680
0.86687082
0.80738813
C.71452188
0.58817130

CUM PRCB
SURVIVAL

1.00000C0CC
0.5828082C
0.9812798%8
0.97951221
0:97202128
0.96211296
0.952484084
0.94278485
0.93322164%
0.82163183
0.50350%86
0.87u22286
0.83116287
0.76810487

- 0.67493266

0.58861396
0.387807%3



ACE

10
15
20
25
30
35
4o
43
50

-

-’

6C
-85
70
75
80

DEATH RATE

0.00270137
0.00024176
0:00023843
£.00055835
$.00061598
000072081
0.00083280
0.001590%1
0.00315754
£.00503695
0.00716774
0.01127639
0:01727735
0.031248223
0.03805271
0.0489703503

- 0.12020642

DEATH RATE

0.00345681
0.00033185
0.00036056
0.00153433
0.00204835
0.00202064
0.00203747
0.00303725%
0.00539584
$.0100902%
0.01347673
0.62007807
0.0303%8145
0.05674545
0.06682128
£.08575130
0.098614080

FEMALE

PROB DEATH

© 0.01338860

0.00120796
0.00119137
0.00278854

"0.00307506

0.003597€93
0.00815568
0.00792246
0.01567387
0.025134829
0.03524503
0.0548083:
0.08294731
0.18510881
0.17834162
$.221545%¢9
0.B8621882¢

SMCKERS

PROB SURVIVAL

0.98661143
0.99879205
0.99880856
0.89721152
0.99652500
0.99620232
0.:995841436
0.99207758
0.98432618
0.87486573
0.96475500
0.9451037C
0.9170526¢%
0.85489559
0.82565838
0.77845401
¢.53785080

MALE SMOKERS

PRCB DEATE

0.01705085
0.00163772
€.0018C131
0.00768758
0.01019348
0.01005341
0.01013776
0.01507863
0.02601847
0.04928283
0.06531513
0.09577513
0.14162713
0.2490963%
0.28793067
0.35831761
0.3955838%4

PROB SURVIVAL

B-2

COM PRCE
SURVIVAL

1.00000000
0.98661143
0.98541963
0.98424554
0.98150098
0.97818284
0.97496253
0.870910%1
0.963218¢%3
0.54812161
0.9242%125
0.86171457
0.848276271
0.7728577¢9
0.66071266
0.58552283
0. 424664850

CUM PROE
SURVIVAL

1.0C0C0CCC
£.98290%20
0.98127985
£.97951221
£.97202128
0.96212296
0.952540454
0.94278485



APPENDIX C: EVALUATION CF A NECATIVE EPIDEMIOLOGIC INVESTIGATICON.

Recently Neuberger et al. (1984) reported that there was no increased
incidence of lung cancer, stomach cancer or mesothelioma in two Austrian
~towns with documented envirommental asbestos.contaginatioa.' The sources of
contamination were, in one case ("Town A™), naturally occurring tremolite
deposits mined until 1945, with dispersal of asbestos into air, soil, and
water, and in the other {("Town B"), the oldest zsbestos cement factory iz
the world, which processes about SQ% of Austria's imporited zsbestos
{presumably the lattef consists mainly of chrysotile, although this is not
specified). Results of air sampling in both towns were reported in an

Austrian government publication, which has been requested but not yet

received by DB

Neuberger et &l. énalyéed mortality data from official death certificates
for each town from 1970 through 1980, and calculated standardized mortality
ratios {SﬁRs} using 5 reference populations: the national, provinecial, and
district populations and national subpopulations consisting of persons
living in towns of similar size and "agricultural index.”™ Relevant
demographic data are shown in Table C-1. Lung cancer deaths and SMRs during

the period of observation are shown in Table C-2.



TABLE C-1: POPULATIONS UNDER STUDY AND DETECTABLE RELATIVE RISKS
Minimum Relztive Risk
to be Detected in

g 1970-1980
‘Population Migration Long
1971 1981 1971-1981 Cancer

Town A 3,812 3,425 2.08

Distriet 53,471 55,172 +195 (+0.3%}. 1.21

Province 272,118 272,274 -1,855 (-0.7%) ’

Town B 10,627 11,039 1.45

District 109,663 114,378 +553 (+0.5%} 1.16

Province 1,223,484 1,270,426 +7,091 (+0.7%) o

Austria 7,456,403 7,555,338 +73,710 (+1.0%)

TABLE C-2 LUNG CANCER MORTALITY (1970-1980) TWC AUSTRIAN TOWNS
Austriaz Province -Digtrict
0BS EXP SMR EXP SMR EXP SMR

Town A

Mzle S 11.8 78 12.0 75 10.7 84

Female 3 " 2.8 105 2.0 187 1.5 200

Total 12 14,6 82 15,01 78 12.2 a8
Town B

Mzle 3 56.2 53+ 53.8 56+ 51.8 58+

Female 11 8.6 128 7.0 158 5.2 211%

Total 11 64.8 63+ 6C.8 CBTE 57.0 72%

NOTES: Observed dezths (0BS), Expected Values (EXP), and standard
mortality ratio (SMR) calculzted from different reference
populations.

¥ p < .05,

+ p < .01,

(Sta istical significance test methodology not reported by Neuberger et

)



SMRs for lung cancer for males were well below 100 in both towns, regaz%dless
of the reference population used £o czlculate expected numbers ¢f deztns,
suggesting that there was no increased risk from exposure Uo ashestes, SMRs
for femalies, base;d on expected values generated from national, provincial,
and district pcpa;atior’zs, varied inversely with the size of the reference
population, ranging from 105 to 200 in Town 4 and from 128 to 211 in Town B,
suggesting that there may have been an inc;-eased risk of lung cancer for
females. On the other nhand, because of the small numbers of deatnhs, in only

-

one instanee did the inc"ecsed SMR atizin Suat stieal significance.

There were no deaths from mesotheliomz in Town 4, although an increased
prevalence of pleural plaques (2 marker of asbestos exposure) had be,.‘
reported earlier. In Town B there were Lwo mesotheliomas, bpoth of which
were reportedly attributable to occupational exposure. For the purposes of
the following exercise it will be assumed that there was a zero incidence of

mesotheliome attriputable Lo environmental asbestios exposure.
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Table C~1 shows the minizum statistically significant SME
Towns A and B. To achieve these levels, there would have had to havs beexn 2
minimum of 2% total cases of lung cancer (12 excess) in Town A and 82 (29
excess) in Town B over the 11 years of observation {using the district

population as the reference population for purposes of calculatlr
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number of cases). However, 1f DHS' risk projections are applied to each of
these towns, the expected numbers of excess cases are below the minimum

detectable in the study by Neuberger et al.
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Although the extent of airborne asbestos contamination in these Lowns is
currently unavailable {(see above), we assume that the exposure ilevel has
been roughly compargble to 0.002 fipers/ee, the highest level of average
irborne asbestos }cr which estimates were made in our risk assessment,
This value is consistent with a high level of asbestos contzimination , such
23 would be found in buiidings with asbestos surfaces, ané may be higher
than the levels found in these Austrizn towns.
n the zbsence of actual data,-we,assume 2 M:F sex ratioc of 1:1 and a 50%
prevalence of smoking for both sexes in this towns durin the-19505 Lo

1670s, wher the relevant exposures would have occurred. Using the risk

o0

estimztes in the last column of Teble 9-8, one finds a2 mean lifetime risk of

241+f01+29+3? = 81 cases per million popu.at;od.

Multislying this resullt by 11 (representing the years of observation in
75

ucy divided by the assumed average -length of a humar n lifetime) and by
ractions sceling down the population at risk to the sizes of Towns & anc B

one zrrives af the following:

Town Az ¢ s . rvalior - 119 =

OWT. ; S excess cases j} years of cobservation % 3,4?, - 0.05 cases;
75 years/lifetinme 1,000,000

Town Z: ¢? excess cases ., 11 X 10,833

75~ ¥ 7000000 T Ol eEses

where 3,419 = midpoint population of Town A and 10,833 = midpoini population

of Town B. As can be seen, the study by Neuberger et al. would not have

[ad WA



been c¢zpable of detecting the slight excess of lung cancer precdicted for

either ¢f these towns.

& similar caleulation for DHS' mesotheliomz estimates gives a mean lifetime
expected excess of 630 cases per million population (See Tadle 9-7, last

eolumn)., imilar assumptions zand scaling factors as above yield the

following results:

Town A: 630 excess cases x 1y 3,419 = 0.2 cases;
13 1,000,000

Town B: 630 excess cases ¥y 1y 10,833 = 1.0 case.
75 1,000,000 :

Even assuming hign-level airborne asbestos contamination, one woulc not have

expect

1]
[ 9
¢t

o detect any excess of mesothelioma in town A using DHS' risk

model. In town B one case would nave been expected., However, the predicted

+

numbers of czses shown here are, in fact, overestimates since the re

o,

popu;ations at risk were those exposed long ago enocugh for the relevant
latency periods to have passed. Thus, the numerators in the scaling factiors
should probably be substantially smalier; Therefﬁre, even the results of
this negative epidemiologic study are not incompatible with the risks

predicted in the main body ¢of this document.



APPENDIX D: DERIVATION OF LUNG CANCES PROPORTICNALITY CONSTANTS (From Nicholson, 1985)

3.9.1 Textile Products Manufacturing, United States (Lhrysotile): Dement et a
_ {1882, 1983s, 1883b)

Mortality data from a chrysotile textile plant studied by -Dement et al
(1982, 1983z, 1983b) aliow a direct estimate of lung cancer risk per fiber

aand
.

.

exposure. Here, data from impinger measurements of tc-a? dust in terms of
mppet were available, characterizing dust concentrations since 1830. Furiher,
1106 paired and concurrent impinger—membrane Tiiter measurements allow conver-
sion of. earlier dust measurements to Tiber concentrations, suggesting that 3
£/m1 is equivalent to 1 mppcf for all operations except fiber preparaticn.
" (The. 95 percent confidence interval is 2-3.5 ‘/mz/mppff ) A value of 8 f/m1/
mppct characterizes fiber preparation work {(conf idence interval, S-~) Subse-
guent tc 1940, average fiber concentrations in most operations are estimaied
to rangs from 3 to 10 f/ml, with the exception of fiber preparation and waste
~recovery where mean concentrations are 10-8C f/ml. /

The study cohort consisted of all 1261 white males emplioyed one ¢r mcre
months between January 1, 1940 and December 31, 1S63. ital status was deter-
mined for all but 25 individuals who were considered alive for purposes cf
anzlysis. SMRs for lung cancer wers presented for five expesure categories in
terms of cumulative fiber exposure {Table 3-11). A weighted regres sion 1
yields SMR = 130 + 4.18 x f-y/m}, for a KL of 0.042. The standard ervor of the
estimate of the siope is % (.84.

Dement et al. {1983b) uses U.S. rates for calculating expected deatihs.
Age -adjusted county rates are 75 percsnt higher (66.5/1 35 versus 38.0/107)
{Mason et al., 1973). Dement et al. presents argumenis for using national
rates. Locz] rates are probably influenced by nearby shipyard empioyment (and
perhaps by the study plant) and the smoking nabits of ihe study populati
reflect those of the U.S. genmeral population. Blot et al. {1879} found that

rid wWar II shapyaru employment leads to a 80 percent increased risk of lung

=

-

cancer. This increase, however, would be substantially diluted in county

-4
[}

tes. Across the United Staztes these rates are 11 percent higher in shipyard

counties comoared with contrel counties. Further, Acheson and Gardner {1883

o)

cint ocut that the rates for wemen in the Counly are equally high and they

[54]

uggested an exposure to some unknown carcinogen in the population. The
age-adjusted rates of contigucus counties are cnly 16 percent grezter than
those of the Unitad States; those of the State of Scuth Carclinz are virtually
identical to the United States rates.
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TABLE 3-11. LUNG CANCER RISKS, BY DOSt, AMONG SOUTH CARCLINA
ASBESTOS TEXTILE WORKERS
{Dement et al., 1983b)

Exposure in f-y/ml SMR
1.4 (<2.74) 140 (5)°
1 {2.74-27.4) _ 278 (S
£8.5 (27.4-109.6) 352 (7)
191.8 {109.6-274.0) 1088 (i%)
411.0 {>274.0) 1818 (2)

Complete cohort: 336 (33) -
Estimated average cumulative exposure: 43.8 f-y/mi

a , -
{ ) = number o7 dezths.

Regression equations

SHMR = 150 + 4.1319(20.84) x f-y/m1 weighted »
SMR = 1588 + 4.13(%0.32) x f-y/mi unweighted

¥Weighted regression equation forcad through an SMR of 100
SMR = 100 + £.48(%0.36) x f-v/ml

It is unlikely that the corigin of the high lccal rates wilil ever be

~

resclved. As seen above, the SMR &t zerc exposure is cazlculztad to be 150

#

from the weighted regressicn analysis. We will use this value zs & measurs of

e

-

possible cversstimates of the SMRs at all exposures, and we will divide the

e

vaiue of KL above by 1.3. This brings the SMR &t zerc exposure tc 100 and

allows virtuaily full consideration that higher local rates are the appropriate
cemparisen. (The remainder would be accounted for by shipyard employment.)

The adjusted KL is 0.028.

3.8.2 Textile Products Manufacturing, United States (Chrysotile); McDonaid
et al. (1883z) )

Exposure-related mortality data at this same plant have recently been
published by McDonald et al. (1S83z). Their cohort consisted of a11 individuais

empioyed for cne or more months pricr to January 1, 13859 and for whom a Sccial

Security Administiration (SSA) record existed. This eliminated from considera-

d
tion individuals who began and ended their employment prior to mid-1837, when



SSA numbers were first assigned. The same data on past exoosures were utilized
Lo assign cumulative dust exposures, in mppcT-y, to each study participant.
Male deaths, by cause, 20 years after first empioyment, are related to dust
exposure accumulated tc 10 years pricr %o death. Dsta for Tung cancer are
shown in Table 3-12. A weighted regression analysis yields the relation SMR
= 110 + 6.22 mpﬁcf-y; No data are given by McDonald et al. on cumulative
Tiber exposures. If we use the average relationship found by Dement et al., 1
mppef = 3 f/mi, we cbtain a KL of 0.021. Adjusting by the value 1.5 as |
sbove, to account for the higher lccal rates, yields a KL of 8.014. (Mcﬁcncsc

et ai. used South Carolina rates rather than locz] rates).

TABLE 3-12. LUNG CANCER RISKS, BY BOSE, AMONG SOUTH CAROLINA ASBESTOS
TEXTILE WORKERS (McDorald et al., 198322)

- S

Exposure _ . o)
in mppcf-y© SMR RR”

5 (<190) ‘ 143.1 (31)° 1.00 (25)
15 (10-19) 182.7 (5) 6.98 (3)
36 (20-39) : 304.2 (8) 2.85 (8)
50 (40-7%) 413.5 (7) 4.32 (7)-

120 {>80) 1031.9 (8) 15.00 (&)
Compliete cohort: i 188.5 (52)

‘meted average cumulative exposure: 10.3 mppcet-y.

a._ _ - .
=xocsure accumulated to 10 years before death.
- Cw g
“Re'ziive risk from an internal case-control an alysis.
~( ;= number of dezths.
Regressicn eguations
SMR = 110 + 8. 22(:” 78) x mppcf-y weighted
SMR = 83 + 7.68(20.78) x mppci-y  unweighted
RR = 0.81 + 0.068(20.0193) x mppcf-y weightad
RR= -0.80 + 0.123(20.017) x mppcf-y un weighted
Weignled regression equation forced through an SHMR of 10C:
SMR = 100 + 6.63 (£0.61) x mppci-y




Mchonaid et al. alsc made estimates of risk using a Mantel-Haenszel
(1853) case-contrcl analysis, &s in Table 3~12. A weighied regression line
yields a2 slope of 0.068. Because the RR regression was obtained using internai
centrols, no adjusiment for local rates is necessary. However, since the
conirols were exposed, the zerc dose intercept should be used as the mezasure
of risk in an unexposed group. This reguires &ivéding'the siope by the inter
cept to obiain an adjusted regression line. Dividing by the zero expgsure
intercant, 0.61, and by 3 to convert to fiber exposures, gives a value of K, =
0.037. We will use 0.02%5, the average of (.014 and 0.037, to represent this

study. The agreement with Dement's result is very good.

3.6.3 Textile Products Mznufacturing, Rochdale, England {bnrvsot"e)
Peio (i880)

Table 3~13 shows the lung cancer and mesciheliocme mortzlity expe

from an ofien-studied B8ritish textile plant (Boll, 1955; BCHS, 15638;
al., 1879; Knox et al., 1868; Peic, 198(0; BOHS, 18283)

tc interpret beczuse dust concentrations have changed fairly dramatically over

the past five decades of piant operaticns, and so have subssguent estimates of

those concanirations. No measurements of dust concentrations were made pricr

-

to 1851. Between 1851 and 1864, thermal pre:i
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than previcus?y believed znd that presvious average cumulaiive doses to 1866
had been overestimated by 50 percent

‘Recently, as part of the British Government’'s review of its asbestcs
standard, the hygiene officers cf the piant re-evaluated previously reperted
expcosure data. It is now suggested thal eariier static sampling methods
underestimated personal exposures by a factor of sbout 2, znd that whole
field, rather than graticule fie
concentrations by ancther facior
British Cccupaticnal Hygienme Scciety {BOHS, 1983) repcrted information on the
differences between persgonel and static s

4]

mpling. Data were presenied feor



TABLE 3-13. HORTALITY EXPERIENCE OF 879 MALE ASBESTOS TEXTILE WORKERS
{Peto, 18803}

Year Period since
first ~first exposure ‘
exposad {yrs) Man-years lLung cancer -~ Mesotheliomz
rate per
g £ C 103 p-y
1833-1850 ig-14 1833 2 1.80 0 .0
- 15-18 1880 4 2.58 e g.0
N = 424 20-24 1780 3 3.97 1 0.6
: ‘ 25~28 1486 10 4.54 2 1.3
30-34 . 837 8 3.14 2 2.4
38-38 507 1 2.20 2 3.8
Tetal 8083 28 18.83 7 -
1831 or later 10-14 1123 1 1.30 0 0.0
15-18 1022 3 1.74 e C.¢
N = 253 20-24 556 7 1.31 0 0.6
: 25-2S 96 1 .31 0 0.0
Total 2757 12 4,83 g -
thirty-cne simultaneous samples comparing the two techniques, ihe personal

samplers indicatina a grezter Tiber concentration in 22 cases. \Using these
data, the BOHS commitiee evaluated the cumulative fiber exposure {as of approxi-

tely 1876) for 284 individuals employed for 10 or mers years subsequent to
1831. The overall average of the entire group was 182 f-y/ml. This is slightly
less than the estimate of Peto (1883), who suggested that the exposure of 10+
years employees was 200-300 f-y/ml1. However, Peio's estimate was based on
prefiminary data on only 126 men first employed between 1851 and 1855 (see
Table 3-14).

These most recent estimates are clouded by questichs concerning the
appropriatensess of mu?tip?ying stalic samplier concentrations by a factor
appreaching twe. The BOHS data are directly contradicted by pubiished dat
(See Table 3-13) from the factory on other comparisens of static and personal
sampling results by job (Smither and Lewinsohn, 1973). Dr. Lewinsonn {personz]
communication) confirmed these resulis. He stated +that the sratic szmpier

concentraticns were generally higher than those of the personal samplers of

D~3



TABLE 3-314. PREVIOUS AND REVISED ESTIMATES OF MEAN DUS

(WEIGHTED BY THE NUMBER OF WORKERS AT EACH LEVEL IN S

T
EL

S

iN
YEAR

- 1936 1841 1846

1831

1958 1861

Previous estimates
corresponding to
early fiber counis

Revised estimates
corresponding to
medern counting
of static sam;?esa

13.3 14.5 13.2

No mezssurements
prior to 1831

10.8

5.2

32.4 23.8 12.2

8Thesec estimates are based on preliminary data cn 126 workers Tirst emplicyed

between 1951 and 1855, and should be regarded as provisional.

Scures:

Peto (1S80).

TABLE 3-15. DUST LEVELS: ROCHDALE ASBESTOS TEXTILE FACTORY, 1871

Cepartment Process Static Personal
Fiberizing Bag slitting 3 1
Mechanical bagging 4 1
Carding Fine cards 3.5 2
Medium cards 4.3 3.3
Coarse cards 8 8
Electrical sliver cards 1.3 1
Spinning Fine spinning 2.5 3
Roving frames & 3
Intermediate frames 8.5 3
Weaving Beaming g.5 0.3
Pirn weaving 1.3 1
Cloth weaving 2 1
Listing weaving 0.3 0.5
Plaiting Medium plaiting 4 4

~

Source: Smither and

Lewinsohn {2973).



