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I. EXECUTIVE SUMMARY

Estimates of probable excess risks of lung cancer and meso-
thelicma are made for low levels of exposure to airborne asbestos
under envirommental conditions. This is done by extending to
low doses the estimated risks obéezved for Yndustrial workers
who were exposed at subgtantially higher doses. An extensive
review 0f the dose-response data for industrially exposed workers

’ {extending an earlier review by Nicholson) leads to the conclu-
sion that at an exposure of 1 fiber x years/ml the expected

lifetime excess risk of lung cancer would lje in the following

ranges:
Men Wamen
* Smokers 1072 to 1077 3 x 10 %¢t0.3 x 1073
Nonsmoke:zs 1079 to 1077 4 x 1070 to 4 x 1074

There is some empirical evidence that these risks are not strongly
dependent on the age when exposure starts.

For pleural and peritoneal mesotheliamas, the corresponding
excess risk after half a2 lifetime’s exposure (36-37 years) is

estimated to be between I and 6 x 1074, This risk appears to

) be independent of smoking habits (and not clearly dependent
on sax). Hwwever, it is strongly dependent on the elapsed time
since first exposure.
1 -
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levels corresponding to excess lifetime risks of 16'6) are pre-
dicted to be in the range 1072 to 1079 fibers/ml for outdoor
‘exposure, and 107¢ ¢o0 1075 fibers/ml for indoor exposure. These
concentratisns are well below current detection limits. These
estimates cannot be expressed reliably in un{ts of ng/ml, because
of wide variability in measured conversion factors,

These estimates are subject to considerable uncertainties,
The 10-fold range in the estimates that are presented reflects

’ the variability in the results of occupational studies, and

probably reflects the variability in the properties of asbestos.
However, the estimates of risk may be much too high to apply
to asbestos at an early stage in prodessing. They would also
be much too high if the assumption of a linear, nonthreshold
Cose-response relationship proves incorrect.

Risks of gasirocintestinal and other cancasrs resulting from
exposure to airborne asbestos have not been considered in detail
in thi§ report, but probably would add a small fraction (20-30%)

to the estimates of excess risk that are presented.
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a preliminary analysis of relationships between response, age,

and elapsed time.

The results of these analyses are then used to derive esti-

mates of risks likely to be experienced by the general popula-

tion, exposed to much lower levels of asbestos from birth onwards,

The extrapolation involves a number of assumptions about dose-

time-response relationships. These assumptions are based on

substantial empirical and theoretical evidence, but nevertheless

introduce a number of uncertainties into the final estimateas

of general population risks. Uncertainties are also introduced

by variability in the results of the epidemiological studies,

which reflect variability in the properties of ashestos. The

final estimates are presented to order of magnitude only.

In preparing this repért, we have greétly benefiied from

the pioneering efforts of Dr. William Nicholson in constructing

dose-response relationships. We also acknowledge helpful advice

from Dr. Nicholson and from Dr. Charles C. Brown of the National

Cancer Institute,

We emphasize that our analysis of dose-time-response rela-

tionships is preliminary, and that we have probably not extracted

all the information that is available in publiszhed and unpublished

studies. We recommend that a more formal and complete mathemat-

) ical analysis of the available data should be conducted, to

risk.
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Although each asbestos mineral is generally considered as a
single chemical and physical entity, the fibers themselvas belong

to more complex crystal chemical systems, so that they may range
in both chemical and physical properties (Langer 1974).
Chrysotile fibers are generaily of a smooth, silky texture
and whitish in color; crocidolite fibers are straighter, shorter,
- and less silky than chrysotile and bluish in color; amosite
fibers are more brittle than either crocidolite or chrysotile
and brownish in color. It should be noted, however, that color
is not a reliable indicator for the identification of asbestos
type in any particular product. These minerals may all occur
in the nonfibrous form and in such cases are not considered
as asbestos.
Asbestos fibers are flexible, possess high tensile strencth,
-and are easily separated into filaméntous strands, The proper~-
ties‘wbich give asbestos its major commercial valﬁe are insolu-
bility, noncombustibility, strength, ability to be woven, and
efficacy as a binding or reinforcing agent when combined with
other materials such as plastic or cement. In varying degrees,
the different types of asbestos are alsc efficient at absorbing
! sound and resistant to electric currents, high temperatures,

and alkalis. 1In addition, the amphibole fibers are resistant

to acids.
B, Uses

Asbestos fibers can be adapted to a large number of uses

———

due to their high tensile strength, flexibility, chemical and

8
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asbestos ore, milled fiber, products, and wastes; and from the
disposal of asbestos waste.

Individuals can be occupationally exposed to the substance
during processing, including mining, milling, factory production,
and handling of asbestos-containing products. Contamination
of air with asbestos can result from the spraying of the material
for fire protection or acoustical purposes. Workers may also
be exposed cduring end-product use such as brake maintenance
or application of insulation. Other examples of workers péten-
tially exposed to asbestos include those in ship-building, gen-
eral construction, demolition, building inspection, repair and
maintenance (of asbestos-containing structures), waste disposal,
and cleaning operations., Workers' family members may be exposed
to asbestos from dusts brought home on clothing, shoes and hair.

People can be exposed in the home as a result of performing
construction and repairs using asbestos containing materials.
Such materials include asbestos plastic~fillers, cement sheets,
and furnace and heating equipment cements.

Finally, asbestos can be present in the general envizonment
in air, water, food, and beverages, Asbestos concentrations
in the range of 10-100 ng/m3 have been reported in the general
urban atmosphere. Near scme factories using asbestos, asbestos
i concentrations have been reported to be as high as 5,000 ng/m3.

The air inside buildings can be contaminated due to working
with or damage or erosion of asbestos material. 1In addition,

asbestos has been detected in scme samples of drinking water,

10
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bloodstream, asbestos is rapidly removed and deposited into
various tissues, with the highest concentrations observed in

lungs, liver and spleen (NCI 1978),

E. Problems in Identification of Asbestoes Fibers

The identification of asbestos fibers requires structural,
morphological, and chemical informétion. Due to the variability
in the characteristic.properties of asbestos fibers, their de-
tection and identification can often be difficult. Several
methods have been proposed for the identification and quantita-
tion of asbestos in air, water, and biologic materials. These
include optical and e=lectron microscopy, X-ray diffraction,
differential thermal analysis, and infrared, emission and atomic
absorption spectroscopy. A number of factors contribute to
the difficulty in the analysis of asbestiform materials. The
protblems which can be encountered in such analyses include:
complexity of sample preparation of the differing media; level
of fiber exposure (contamination); presence (kind and amount)
of other particles; variations in reactions of tissue types
to different preparation technigues; improper choice of instru-
mental technique; and the great amount of time regquired for

analysis and quantitation (Langer 1574).

F, 1Identification of 3iologically Active Fractions

The information available about the disposition of asbestos
fibers following inhalation or ingestion is relatively limited

due to the difficulties involved in the assay of biological

12
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microns should be considered in the. active respirable range
{Langer et al. 1979).

An increase in asbestos fiber number may in some cases
increase and in others greatly decrease bjological activity,
A correlation of activity and absolute nunber is probably not
ecual for all fiber tipes. Furthermore, such a correlation
is probably not equal for all disease entities.

] It has been proposed that fiber retention may be partially
related to fiber stability in vivo. Resistance to degradation
has been considered to be of prime importance in the induction
of cancer (Pott 1978). Herver, fiber degradation and dissolu-
tion in vivo may also increase the‘activity of the fiber (Langer
et al, 1979).

Approximately 10-30% of asbestos fibers retained by human
lungs beccme coated with hgmosiderin and mucopolysaccaride to
form yellow-to-brown rod-shaped structures called'asbestos bodies
(NCI 1378). The effects of asbestos fibers and bodies are not
limited to one target organ; they have been found in almost
every extrapulmonary tissue. 1In certain cases removal of fiders
from the lung may result in translocation to another site.

1 Short fibers tend to be translocated more readily than long
fibers and should therefcre be expected to lodge in organs other
than the lungs.

It has been difficult to assign a scale of relative pathoge-
nicity to various asbestos types, This is related to many fac-

tors, including differences in physical characteristics within

14
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Asbestos exposure has also been strongly correlated with
pleural and peritoneal mesothelioma. The disease is one of
the rarest malignancies and occurs mainly in workers in heavy
industry, as in shipbuilding. Mesothelioma rarely occurs in
the absence of exposure to asbestos dust. It is therefore much
easier to distinguish its relationship to asbestos than is the

. case with lung cancer, due to the strong association of the
. latter with tobacco smoking.

Several epidemiological studies have suggested that an
excess risk of cancer of the digestive system is associated
with occupational asbestos exposure. A problem with some of
these studies has been sketchy clinical and pathological data
and the possible inclusion of peritoneal mesothelioma cases.
among all observed cases, This can make it difficult to document

an increased risk of any one digestive system cancer independent

12

of that for mesothelioma. It must be stated, however, that

the excesses are larger than can be reasonably explained away

in this manner, so that a true increase in gastrointestinal

cancer seems more probable.

Bighly suggestive but limited evidence exists suggesting

) a casual link between asbestos and laryngeal cancer., The risk,
in absoclute terms, however, is much smaller than for the cancers
already described. There ;re currently insufficient data avail-
able to permit adequate study of possible synergism between

the effect of smoking and asbestos exposure on laryngeal cancer

incidence.
i 16
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IV. DOSE-RESPONSE DATA DERIVED FROM
STUDIES OF INDUSTRIAL WORKERS

A. Introduction

Ideally, one would like to base estimates of risks to a
human population on dose~response gdata derived from studies
in the same populatioﬁ. Unfortunately, this can rarely be done.
¢ The general population is usually exposed at very low doses,
so that effects are likely to be small and hard to discern.
Not only are members of the general population exposed t5 low
doses of the material of concern, they are also likely to be
expcsed to many other things, usually also at low doses--which
will also have some small effects--making the sorting out of
- the different effects nearly impossible. Because of these prob-
lems of low doses and of confounding with other exposures it
becames necessary to turn to populations that are more heavily
exposed-~-usually worker populations, exposed on the job.

Worker populations often show cleér-cut effects at the
high doses to which they are exposed. From the dose-response
curves observed it is then necessary to infer dose-response
curves that are likely to be valid at the low levels of ambient
exposure. There are difficulties with making such inferences.
Industrial workers are usually men. They do not include the
very young or the very o©ld. They are usually healthier than
the general population, They 2re often exposed to more than
one toxic material in their working or personal lives. For

example, many are cigarette smokers, Thus there are logical
19
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B. Measurement of Health Effects

This report deals largely, but not exclusively, with data
on mortality--death from specific causes. This leads to some
immediate problems. The major causes of (cancer) deaths asso-
ciated with asbestos exposure have been cancer of the bronchus
and lung (ICD 162), mesotheliomas, both pleural and peritoneal,
and cancers of the esophagus (ICD 150), stomach (ICD 151), colon
(ICD 153), and rectum (ICD 134). Some increases have also been
reported in the frequency of cancers of the larynx (ICD 161},
pharynx and buccal cavity (ICD 140-149), and cancer of the kidney
(ICD 180). Selikoff et al. (1979) have reported that for all
other cancers the ratio of observed to expected deaths, as reported
on death certificates, was 1.91--a significant excess.

1., Ascertaimment of cauvse of death

Two difficulties arise in using data on these causes of
deats. The first is that reports on death certif;cates can
be substantially in error. 1In a detailed review of death certifi-
cate reporting compared to what they called "bes:t estimates”
from detailed hospital data, Selikoff et al. (1979) found that
the death certificates substantially over-reported cancers of
the pancreas (ICD 157), liver and biliary passages (ICD 155),
and possibly brain (ICD 193). There was substantial under-reporting
of mesotheliomas, and about a 10% under-reporting of cancer

of the lung, Mesothelicmas, being rare causes of death, are

usually not reported in national death statistics,

21
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TABLE 1

COMPARISON OF REPORTED FREQUENCIES OF CERTAIN TYPES OF
CANCER FROM HOSPITAL RECORDS AND DEATH CERTIFICATES

Site Hospi tal Death Percent

{and ICD number) Recotds' Certificates Difference
Buccal cavity {(140-~1439) 1,397 1,187 ~15

! Colon (153) 4,546 5,131 +13

. Rectum (154) 2,098 1,367 =35
Liver (155.0, 197.8) 462 637 +49
Kidney (189) 984 9390 -5
Brain (181, 192) 1,074 1,171 : +9

SOURCE: .Percy. et al. (1981)

to asbestos (Selikoff et al. 1979). For this reason, measures
of excess risk of lung cancer in asbestos workers are likely
to be variable unless account can be taken of the prevalence
of smoking among them. No interaction with smoking has been
reported for mesotheliomas, and as shown below, estimates of
risks for mesotheliomas appear to be less variable than those

for lung cancers.

2. Devendence of disease freguencv on age and elapsed
time since first exposure

Cancer is clearly a disease of oider ages, with roughly
half of all cancer deaths occurring ir persons over 65. 1t
is alsoc a disease of long delay; there is a long time from ini-

tial exposure in a working population to the diagneosis of cancer,

23
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The length of the latency Period depends not
only on the dosage but also on the age at which e xpo-
sure takes place.

This latter observation is consistent with the hypothesis
that asbestos may act at a middle;or late stage in the develop-
ment of cancer, leading to the clinical development of cancers

. “initiated earlier in life,

The manner in which asbestos leads to cancer has also been

considered by Day and Brown ({1980). Analyzing the data of Seidman

‘et al, referred to above, they came to the conclusion that as-
bestos operates as an early-stage, rather than a late-stage
carcinogen for workers employed for less than 2 years. However,
they qualified this conclusion by pointing out the unuszal manner
of "residence" of asbestss,

+..there is some ambiguity in interpreting the evolu-
tion of risk after the external exposure has stopped,
because asbestos bodies remain in the langs., It
might be more appropriate to consider exposure as
being continuous but at a decreasing level as the
asbestos bodies are either excreted or their carcino-
genic ability is reduced. However, the mechanism
of action of asbestos carcinogenesis is unknown,
and it is not clear that its carcinogenic effect
remains with the asbestos bodies that remain in the
lungs. The observed increasing excess cancer inci-
dence is thus consistent either with an early-stage

i effect or with a late-stage effect resulting from
the asbestos remaining in the lungs.

E Seicdman et 2l, did not analyze the age-at-first-exposure
effect for mesotheliomas, but Day and Brown, examining other

data, ecncluded

+»othe quadratic residence time model as described

by Peto appears to fit the obsarved data reasonably
well, Under this model, the incidence as time T,
¢.9., I(T), is proportional tovGTT (T-t)“c(t)dt,

where c(t) is the exposure level at time t. It should

25
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to expected deaths in the total population, one often finds
that the workers show about 80% of the expected deaths
computed from general population rates for persons of the
same age and sex,

b. Excess among all causes 6f death, or only certain causes

of death? If earlier work or if animal studies have shown
excess deaths from certain specific causes, should these
be the only ones considered? Are excess deaths from on2
cause made up for by reduced deaths from other causes?

It is most common to look both at total causes of
death and at specific causes that are likely to be assc-
ciated with the exposure. Biological plausibility is often
invoked to justify examining one cause and not another.
Thus, in asbestos exposuré, it looks most reasonable to

. look at respiratory disease and probably noninfectious
diseases of the digestive tract. It would be suprising
to find increased leukemias, or increased diabetas, but
not surprising to find increased pneumonias or bronchitis,
or even cancers of the colon and rectum.

c. What svecific measures of excess should be used?

Relative risks (or Standard Mortality Ratios, SMR) or absolute

increases? Average years of life lost because of premature

death?

The relative risk or Standard Mortality Ratio is a
commonly used measure. It compares observed deaths with

expected deaths, where "expected” deaths are usually calculated

27
QUCRY

UCC 000585

Union Carbide trial exhibit UC-3309: Clement Associates (Schneiderman, Nisbet and Brett) Assessment of Risks... Published by AsbestosClaims.Law

ACL Doc 18100 - Page 27 of 88 asbestosclaims.law/library/18100/27


https://asbestosclaims.law/library/18100/27

I—

-8C1D 9ps1ovs ordd 303 2udT .s538b nolislugog fz3sasp moxl
avizslat eds , (ysb 10q 2o33s31spio 05 Juods) 1%dome oiisa
borsqmoo Il 10 0L 3Juods 2i 1928852 prwl moi1? diseb Yo Aziy
.00I,I 10 000,f od nert Bluow M2 odT) .isdomzaon 5 o2
2l fAME odT (.betosgxs 2lsupe bavisado anss@ 00L 20 AM2 &
3103} bas 2diseb [etod pnoﬁs 2ez235x2 30} ei1vesem [ulsau 5

.122080 pawl 2s foue diseb 2o a2s2usd nommon yisvidelsy

oidalugog I[sysnsp odd al 9151 e1s Fsdd tsseb lo zsausn 103

Y3inilni rdosoiggs bluow 28M2 odd ,2smoilsddoczem 25 dous
2smollardiozem 107 .noldsmiodn: sli3il yevnos Bluow Buas
2ld3 03 aub 20351 3sab ni 292s915a1 sjuloads .s310¥s1add
~o2em 22ue29€ .sibesom ajteilgoiqgys add 28 bs2y sis s2usd
ai 1938 2169¢qs 3Isd3 s2se2ib 5 od 02 1s9ggs 2smoileds
ins3ioqami 21 31 (323080 paul nsd3 ,epsisvs edd.no N33 8¢
Donileb Lls; ed 2n0ilsivgoq Bszogxe a3 3o 29ps ardi Jeds
feups ns no beisgmoo sd yam anoitslugoq 2u0ilsv 3563 o2

.2128d

2130228% onibnuolnon bas =ezsi8 LM

gslsmizes pnitiodeib 103 2sisilidizeoq 3Jofsm 1003 838 o19dT

-ogxe 1a9cio diiw) paibauoinos 3o a2meldoig fdpvoids dzii 2z293xs 1o

svizsinsesigsiny 30 sav sd2 dpuoixd3 2sid [soitalssiz 10 |

.2n013slugog noziisgmos 30 bszogxs adi 3o 28

rnosd vybseils zsd 208338 2idT *.30833e yeii0W yd3Ise Y .sg

sximinim o3 sbsm nead svsd ancltesppua [s3sved ,bsaclinsm
+Y103o832i3s2 yIlIul 2mes2 enon fud ,3osids eidy Biovs 10

Insm2auibs on 3ed3 pnivpis mos? spnsi enolitesppuz seedT

8¢

UCC 000586

Union Carbide trial exhibit UC-3309: Clement Associates (Schneiderman, Nisbet and Brett) Assessment of Risks...
ACL Doc 18100 - Page 28 of 88

asiuez

Igmse

83000

Published by AsbestosClaims.Law
asbestosclaims.law/library/18100/28


https://asbestosclaims.law/library/18100/28

need be made, to suggestions that all individual SMRs be
inflated by the inverse of the SMR for all causes, for
example, by multiplying cause-specific SMRs, such as that
for lung cancer, by 1/SMR for the total deaths. Thus,

if the SMR for total deaths were 0.8 and the SMR for lung
cancer was 1.2, the "adjusted” lung cancer SMR would be
1.2 x 1/0.8 = 1,50. Another suggestion is that the SMR
for a cause of death thought very unlikely to be related
to exposure {such as diabetes) be usad as a "normalizing”
divider for the cause-specific SMR. In the example above,
say the SMR for diabetics was 0.75. The adjusted SMR for
lung cancer would be 1.2 x 1/0.75 = 1.6.

b. Other characteristics of the workers. Most workers

are urban dwellers. Urban residents have, in general,
‘higher cancer rates than rural persons. The.differential
increases with the density of urban populations, although
there is no reason to believe that population density,
in itself, should be cancer-causing. Similarly, social
class has been associated with increased cancer rates.
Social class, however, is difficult to disentangle from
occupation, since occupation often determines social class.
' Long-time patterns of diet, recreational activity (or lack
of it) and other disease-related factors are associated
with social class. 1In general, when generalizing from
industrially exposed populations to more generally exposed

populations, issues of urbanization, population density,
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" UCC 000587

R

Union Carbide trial exhibit UC-3309: Clement Associates (Schneiderman, Nisbet and Brett) Assessment of Risks... Published by AsbestosClaims.Law

ACL Doc 18100 - Page 29 of 88 asbestosclaims.law/library/18100/29


https://asbestosclaims.law/library/18100/29

~qmuzas ot rfiiw abias ez yilsuzy 915 ,.239 ,228lo leisoe
svitsins2eigsel ylisen 21 iadiow [siitzubnil eodd Jedt nols
.29u22l szadld o3 3osgesy diiw nmoizsflugog Isisnap srd 2o

instzoqmi vlisfuoizrisg 2i 2idT .pnilomz o3381spil .o

samoz 2i =21sdT .e2ss2!b be:sfa:-ao:aedas od 2oogest dsiw
2otzedas pnoms paiioms 9339159}: ni asaasﬁxé Yo oonsbive
3s bnommsH) nolitslugoq I[si9nep adi o3 bsisgmos zisdiow
933315pi2 lo anie33s? . (€TQL .Is 3e nsmbied ,RTRI ,Is
ba2inU ods 20 seods o3 islimiz od o3 1s9ggs £Q7 ni pniiome
1843 oa (088l Isnoizenistnl odosdoT ,8T€L nedi3) a2s3s32
-ilags eod blvodez saneileqgxe nsonilsmh no bazsd anoisdstugmoo
§1d ylestemixorggs AT ni €YeL ni IIsiev0 .£QT o2 sldso
.a%sﬁomé s::s&sgio 2s bsi30ge91 sisw namow 2o i‘E bns nem 3o
bns nem ni 293831 1edpid belioges [snoldsnisinl 0028d0T)
paliome 22lubs Yo nolzyogoig 24T (.nsmow ni 2s3s1 18wol
besinU erds nl 28 ,9p8 pnizssioni diiw 330 Ilsd 2933818piD
nolziogoig dasdpid sd3 diiw quoip eps ors ,RA7T nl .2a3s3e
noiziogoig taswol ods bas Of 1obau asw pniiome 2nozisq 1o
lo noitiogoig wol =di 33sq nl .03 1aveo 2a0218q ai 28w
29181 (i3s9b 1sdpid od3 o3 aub 2: 03 1evo anoa2isag ni 21isdome
.2aquolp ops 19blo »d2 pnoms ylislunizisg .eisdome ni

~i21sg-~33513s paidomz odT .fdieeb 3o 2s2ues pniteamod .b

3sd3 292080 mo1d} 2diseb o3 ebssl--znozisq 1shlo nli vIisfus
-%120Gxs 2otesdas fdiiw besssiooeas ad yIlsu2u Jon ysm
10} benimsxe 835 3543 s2sb od3 no:azasiie ows esd =2ifdT

s2s312ai [slol3idas ns 2} sieds ,321i7 .eiosilde 203z2adas

ot

UCC 000588

06000

Union Carbide trial exhibit UC-3309: Clement Associates (Schneiderman, Nisbet and Brett) Assessment of Risks...

ACL Doc 18100 - Page 30 of 88

Published by AsbestosClaims.Law

asbestosclaims.law/library/18100/30


https://asbestosclaims.law/library/18100/30

in so-called "natural™ {unassociated) deaths, and a conse-
quent underestimate of the associated deaths. Second,
there is evidence of a "saturation" effect with increasing
dose., For example, after same effective dose level, further
exposure may not lead to deatﬂs from lung cancer, but may
lead to earlier deaths from asbestosis. For this reason,
the dose-response curve would flatten or sven turn down
at very high doses, because persons died early of other
causes. This saturation effect, due to competing causes
of death, is also seen when followup proceeds for a long
time. Nicholson (1981), in considering relative risks
for asbestos workers for all causes of death, found the
maximun relative risk after about 25-30 years of followup
and then a slow decline in relative risk with continuing
followup. Thus, a followup pericd'of'25-30 yYears appeared
to provide the bes: measure of the excess risks of lung
cancer. Shorter followup periods Qield underestimatas
of risk because the latency period has not been reached:
longer followup periods also yield underestimates of risk

' because of competing causes of death. The latter phencmenon

' has not been discussed extensively in the epidemiological

literature.

5. Conversion of risk measures to estimates of lifetime risks.

Epidemiologic studies rarely measure lifetime risks. To

do so would require following a population to extinction which,
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and Doll 1961). This is the basis for a number of models from
which lifetime risks can be calculated (Armitage and Doll 1961,
Day and Brown 1980). This approach is necessary-foz asbestos~
induced mesotheliomas, which are rare in unexposed individuals.
A general problem with the approacﬁ is that the results are
strongly dependent on‘the value assumed for k, because most

of the lifetime risk falls in the last quarter of life for which
cdirect observations are often scanty, However, this problem

is not very serious for asbestos-induced mesotheliomas, for
which there are good data on frequency up to 35-40 years after
exposure, and for which k can be estimated empirically (Peto
1979, Day and Brown 1980). _ _ )

Peto (1979) has applied the first approach to asbestos-
induced lung cancer and the second to asbestos-induced mesothe~
liomas. For mesotheliomas, Peto utiljzed a "gquadratic residence
time" model (see footnote to Table 3); this is eguivalent to
assuning k = 3. Tables 2 and 3 present the results of Peto's
calculations, medified to present lifetime risks as a function
of age at first exposure and duration of exposure. (Note that
' the calculations are designed only to illustrate the funetional

form of these relationships; the exposure lavel required to
cause this response is hypothetical,)

In the case of lung cancer ({Table 2}, the calcrlations
assume a linear dependence of lifetime risk on duration of expo-
sure (i.e., on cumulative dose), but predict that lifetime risks

are independent Of age at first exposure. 1In the case of

33
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TABLE 2

THEORETICAL DEPENDENCE OF LIFETIME RISK (%) OF LUNG CANCER
ON DURATION OF ASBESTOS EXPOSURE AND AGE AT FIRST EXPOSURE

Age at First Exposure
Duration of

Exposure

(yr) 0 15 25 35 45 55
1l 0.04 0.04 0.04 .0.04 0.04 0.04
2 0.08 0.08 0.08 c.08 0.08 0.08
5 0.19 0.19 0.19 0.20 0.20 0.18
10 ¢.38 0.38 0.33 0.39 0.38 0.33
20 0.76 0.76 0.77 0.76 0.6%

30 D 9% § 1.1 1.1 1.1 -

40 . 1.5 1.5 1.4

50 . 1.9 1.8

60 2.2

SOURCE: Modified from Peto ({197%9)
Assumptions: relative risk independent of age, but propor-tional
to exposure level x duration; lifetime = 73 yrs., Peto presented

these risks as hypothetically resulting from continuous exposure
to 2 fibers/ml.
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C. Measurement of exposuyre

Problems in measuring exposure to asbestos have been reviewed
recently by Nichelson (1981), whose comments are reproduced
here in their entirety.
1., Importance of past estimates
The accuracy of judgements on dose-response relation-
ships for asbestos is largely limited by our knowledge
of past fiber exposures of those populations whose mortality
or morbidity were later evaluated. Few measurements wers
made in facilities using asbestos fibers prior to 19870.
Further, those measurements that were done usually quanti-
fied all Sust (both fibérs and particles) present in the
worgplace air. Current techniques, using membrane filters
and phase contrast microscopy for the enumeration of fibers
longer than 5 micrometers, have been utilized iﬁ Great
Britain and the United States only since 1364 (Holmes,

1855; Ayer et al,, 15965) and have been standardized in

the United States only since 1872 [National Institute
for Occupational Safety and Health (NICOSH), 1972; 1§79).
These techniques may be utilized to evaluate work

practices and conditions believed to be typical of earlier

. activities. However, it is always difficult to durlicate
materials and conditions of earlier decades and such retro-
spective estimates are necessarily uncertain. Alternatively,
fiber counting techaiques and the instrumentation of earlier

years can be used together to simultanecusly evaluate a
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2. Measurement technigues

Even with the advances in fiber counting technigues,
significant errors may be introduced into attempts to for-
mulate general fiber dose-response relationships. The
convention now in use, that odly fibers longer than 5 micro-
meters be counted, was chosen sclely for the convenience
of optical microscopic evaluation (since surveillance agen-
cies have such instrumentation). It does not necessarily
correspond to any parameter of biological importance for
asbestosis, lung cancer, or mesothelioma. While it is
readily understood that counting only fibers longer than
5 micrometers enumerates but a2 fraction of the total number
of fibers present, there is incomplete awareness that the
fraction counted is highly variable., It depends upon the
fiber type, the process or products used, and even the
past history of the asbestos material (old vs. new insula-
tion material, e.g.), among other factors. For example,
the fraction of chrysotile fibers longer than 5 micrometers
in an aerosol can vary by a factor of ten (from as little
as 0.5% of the total number to as many as approximately
5%). When amosite aeroscls are counted, the fraction longer
than 5 micrometers may be 30%, extending the variability
of the fraction counted to two orders of magnitude (Nicholsen
et al., 1972; Nicholson, 1976; Winer and Cossette, 1979).
Thus, even perfect measuresment of workplace air, with accu-

rate snumeration of fibers according to accepted methods,

. 39
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. t
Excess risk in period (t2 - tl) = constant\j’\ zc(t)dt.
t
1

where c{t) is a function of the dose at time t. The model makes

two important assumptions, which may or may not be true:

1

1. The dose-response relationship is linear. As dose
increases, response increases, proportionately.

2. There is no dependence on the timing of exposure--that
is, a fiber makes the same additive contribution to
risk no matter whether it is inhaled early or late
in life,

Several sets of data seem to support the assumption of
linearity (see Nicholson 1981, and further discussion in Section
IV.Z below). However, some dose-~response curves appear to flat-
ten out at very high levels of exposure and at very long periods
of followup. This may be due to dose saturation effects, %o
competing causes of mortality, or to both,

"The second assumption is less plausible, for several reasons:

1. Cancer is known to have a latent period after exposure
before clinical disease appears, so that exposures
late in life make little or no contribution to risk.

2. Asbestos fibers are retained in the body for long periods,
so that a fiber inhaled early in life has a much greater
opportunity to cause biological effects than one inhaled

: late in life.

3. The multistage model of cancer provides theoretical
support for the assumption that cancer risks depend
strongly on age and on elapsed time since exposure
{Armitage and Doll 1961, Peto 1979, Day and Brown 15980;
see discussion above).

These considerations support several alternative formula-

tions of the mathematical model given abova:
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(ii) the cumulative risk after T years of continucus exposure

is proportional to 1/k+l. Bence, if the first model

listed in this section (in which k=0) is used to esti-

mate cumulative risks, these sstimates will be too

high by a factor (k+l). Another way of putting this

result is that only a fraction l/k+l1 of the exposure

period makes a significant contribution to the cunula-

tive risk. Por example, for lifetime exposure (T=73 years)

and for k=2 or 3, the effective exposure period is

only between 18 and 24 years; this result is illustrated

in Table 3. For this reason, in this report we relate

risks of mesothelioma to cumulative exposures during

the first 25-30% of the exposure period.

It is less clear that this procedure is appropriate for

lung cancer. The cumulative freguency of lung cancers in asbestos-

exposed workers increases with age in parallel with that in

the gereral population, suggesting that the above model is suit-

able, with k equal to about 3. On the other hand, the data

of Seidman et al. (1979) on workers first exposed in middle

age suggest that k should be much smaller than this, perhaps

nearly zero (see discussion in Section IV.B and Table 2}, How-

ever, other data, such as those in Table 5, indicate that expo-

sures to asbestos make little or no contribution to lung cancer

risk within the first 10-15 years. Recognizing that a different

model may be reguired to fit the data on lung cancer, we will

assume conservatively that the effective exposure period is

43
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TABLE 5

ROTES ON STUDIES SUMMARIZED IN TABLE IV-4
AND ON NICHOLSON'S DOSE-RESPONSE ESTIMATES

Study No. and Reference : Notes and Comments

1. Seidman et al, 1979 This is the most useful set of data
because the workers were exposed to
asbestos for only a short period, so
that the dose data are not confused
by late exposures. However, the dose-
response relationship is not a very
close fit to & linear relationship
(Nicholson's Figure 4). The point
for the highest exposure group (ca.

140 f~yr/ml} falls below the linear
regression line, probably due to dose
saturation (Nichelson, p. 15). The

. points for the three lowest exposure
groups, (less than 7 f-yr/ml) fall above
the regression line. If the calculations
were based only on these three points,
the estimate of 8% increase in lung
cancer risk per unit dose would be
37% per f-yr/ml. BHowever, it is possible
that the asbestos workers smoked more
than the general population of New
Jersey with which thev were compared.
This would explain the elevated rates
of lung cancer in workers exposed for
only a short period. 1If the regression
line is not constrained to pass through
a relative risk of 1 at zero exposure,
the estimate of & increase in lung
cancer risk per unit dose would be

S about 2.4% per f-yr/ml.
47
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TABLE 5, Continued

study No. and Reference Notes and Comments

5. Dement et al. 1981 This study appears to be based on good
’ exposure data, involving calibrated

measurements throughout the exposure
period. However, the number of lung
cancers recordec was small {26 versus
6.5 expected}. The exposure estimazes
included some within 10 years of the
end of the study and hence are likely
to have overestimated effective dose
levels.

6. Poto 1880 This study is difficult to interpret
because of the major revisions in the
exposure data, the small size of the
cohorts, and the unexplained differen
in mortality patterns beiween the wor
employed before and after 1951. The
early cohort is anomalous because of
the low rate of lung ¢ancer (relative
risk 1.5) despite a high freguency
of asbestosis. Most of the workers
in the later group were followed for
less than 20 years after first employ-
ment, so the effective dose is likely
to have been greatly overestimated,
When the cohorts were consideresd by
period since first exposure, the rela-
tive risks ranged from 0.45-5.34 with
the 0.45 risk in the subgroup employedé
before 1951 with 35+ years since first
exposure; and the 5.34 risk in the
subgroup employed after 1950 with 20
years Since first exposure.
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-S4
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Although the number of lung cancers per 1,000 person-years in-
creased rapidly with elapsed time since start of employment,
the relative risk did not vary markedly, at least after the
25th year. Table 7, based on data from Seidman et al. (1979),
similarly shows that relative risks were more or less co;staht

- in each exposure categézy after about the 20th year from onset
of exposure, Figures 1-5 illustrate the dose-response relation-
ships compiled by Nicholson (1981) from data available from
five independent studies. In at least four cases, the data
can be fitted closely by a linear dose-response relationship.
In the fifth case (the study of Seidman et al. 197%, illustrated
in Figure 1), the curve rises rapidly at low doses and flattens
of f at the highest exposure level (interpreted by Seidman et
al. as a dose "saturation” effect)}; the three points for the
lowest exposures fall significantly above a fitted'straight
line. This may indicate that this curve is not linear, and
that incremental risks per unit of exposure were higher at low
doses (see discussion in Table §, note 1l).

With these limited exceptions, epidemiologic data support
the assumptions that relative risk is independence of elapsed
time and is linearly dependent on cumulative exposure. Hence
the slope of the linear relationship (incremental increase in
relative risk per vnit of cumulated dose) is a stable measure
of the incremental risks of asbestos exposure, and may be used

to characterize the results of each study.
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TABLE 7

RELATIVE RISKS FOR LUNG CANCER BASED ON CUMULATIVE

PROBABILITIES OF DEATH AT DIFFERENT ELAPSED TIMES

FROM ONSET OF WORX IN AN AMOSITE ASBESTQS FACTORY.
(RETABULATED FROM DATA IN TABLE 6B IN SEIDMAN ET AL. 197%)

Length of

Elapsed time (years) since onset of work

time worked S - 20 5 « 25 5 - 30 5 «35
<1l mont! 0 0.74 0.77 1.24
1 menth 2.05 1.60 1.43 1,47
2 months 1.42 1.72 1.82 1.58
3-5 months 1.27 1.76 1.69 1l.76
6-11 months 1,78 1.84 2.00 2,01
1-2 years 1.67 2.14 2.89 3.20
2+ years 3.11 2.83 2.78 2,79
} \
i
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Table 4 shows that estimates of this guantity vary over
a 150-fold range, from 0.06 to 9.1% increase in lung cancer
risk per fiber-year/ml of exposure. However, 6 ©f the 1l esti-
mates fall in the more limited range between 1.l and 9.1% per
f-yr/ml. As shown ié the notes in Table 5, each of the five
lower estimates is anomalous in one way or another:

{i) Study No. 3 {(Henderson and Enterline 1979} was based
only a study of retirees older than €5, and there
is independent evidence that it missed a substantial
fraction of asbestos-related deaths.

{ii} In Study No. 6 (Peto 1980, and other reports), there
was an unexplained difference between early ané late
cohorts of workers in the same factory. The early
cohort had an anomalously low frequency of other as-
bestos-related diseases, and the later cohort was
not followed for long encugh (maximum 25 years after -
onset of exposure) for adegquate measurement of effects.

{iii) Although studies B and 9 (McDonald and Liddell 1979,
Nicholson et al. 1979} both involved uncertainty in
estimating dose, this is unlikely to explain the ex-
tremely low estimates of risk per unit dose. Both
studies also reported anomalously low frequencies
of other asbestos-related deaths. Both studies were
of workers exposed during mining and milling operations,
raigsing the possibility that risks are in fact much
lower in these operations than in those involving
manufacturing and application of asbestos products.

A review of the response of these workers to cigarette
smoking also showed the possibility of substantial
underreporting of lung cancer mortality, or very large
competing risks that killed the potential lung cancer
cases at earlier ages,

For these reasons, we place primary weight on the dose-
response data in the range between 1 and 10 percent increase
in lung cancer risk per unit of exposure in fiber-year/ml; al-
though several sets of data yield substantially lower estimates,
these estimates are either questionable or of doubtful relevance

to general population exposure. Within the range of 1-10% per
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per f-yr/ml exposure to asbestos would lead to the following

increases in lifetime risk of lung cancerl:
male smokers: 0.001 to 0.01
male nonsmokers: 0.0001 to 0.001
female smokers: 0.0004 to 0.004

female nonsmokers: 0.00005 to 0.0003

According to the model used here, these risks would be
more or less independent of the age at which the exposure tock
place, provided that it started at least 10 years before the
age (about 55 years) when lung cancer incidence begins to become
large (see Peto 1979}.

2. Mesotheliomas

There has been little published discussion of dose-rasponse
relationships for mesotheliomas, and the following analysis
has been developed for this report. Pleural and peritoneal

mesotheliomas are considered together in this analysis, since

lTbese estimates do not depend on the prevalence of cigarette
smoking among asbestos workers, because all the calculations

of relative risk underlying the data in Table 4 involved com-
parisons with lung cancer rates in the general United States
population. According to Hammond et al. (1979) about 83% of
asbestos insulation workers in the United States and Canada
smoke (or formerly smoked) cigarettes, Even in the absence

of asbestos exposure, this would increase their relative risk
for lung cancer to about 1.6. This may explain the anomalously
high relative risk for highly exposed workesrs in the study

by Seidman et al. (1979), which may have led to an erroneocusly
high estimate of the dose-response curve (Note 1 to Table 35).
Bowever, this is apparently not a general problem, because
relative risks as low as 1.1 and 1.27 have been reported in
workers with low exposure in other studies.
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TABLE 8

DOSE-RESPONSE RELATIONSHIP FOR PLEURAL AND PERITONEAL MESOTHELIOMAS
IN AMCSITE INSULATION WORKERS, FOLLOWED FOR 35 YEARS AFTER A
LIMITED PERIOD OF EXPOSURE.

. Length of time worked

<3 mo 3~5 mo 6-11 mo 1-2 yr 2+ yr

Cumulative dose (£-yr/ml) 5 12 26 52 . 140
No. of workers 223 149 128 125 188

No. of deaths from
mesothelioma between

5 and 35 yrs after onset ) 0 3 4 7
% of workers with . .
mesothelioma 0 0 2.4 3.2 3.7
% occurrence per f-yr/ml 0 Q 0.09 0.08 0.03

{(Compiled from data of Seidman et al. 1979, using estimates of fiber
concentration from Nicholscn 198l.)
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levels (see note 2 to Table S5), all the estimates of response
per unit dose were of the same order of magnitude, between 0.012
and 0.11% per f-yr/ml. Although this is not strong statistical
evidence for the hypothesis of linearity of dose-response rela-
tionships, the data are consistent with this hypothesis. 1In

the remajinder of the analysis, the assumption of linearity will
ne macde, and the measure of response per unit dose that is pre-
sented will be the percentage of occurrence of mesotheliomas
(through about 35 years after onset of work) per unit of exposure
(E-yr/ml), with the recognition that duration of followup is

of considerable importance.

Table 10 summarizes data from seven studies which permit
such estimates. As in the 'case of lung cancer, the two studies
of mining and milling operations yielded much smaller estimates
than all the others. In the case of mesotheliomas, the discrep-
ancy is so large (by two orders of magnitude) thatlit is diffi-
cult to explain it away as due to methodelogical problems:
it suggests that asbestos from these operations amay be much
less hazardous than that from manufacturing operations and appli-
cation. Despite the considerable uncertainties in the calcula-
tions, all_the other estimates fall within a reasonably limited
range, 0.005-0.06% occurrence per f-yr/ml. Because the lowest
of the figures is based on a very small sample (and derives
from a study which yielded an anomalously low risk for other
cancers also), we suggest that the range most relevant for pre-

dicting risks in other situations is 0.01-0.06% occurrence per
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f-yr/ml. This represents the cumulative risk to about 35 years
after onset of exposure. The data in Table 6 suggest that risks
continue to rise rapidly after 35 years: for the workers whose
experience was summarized in Table 6, more than 80% of the 1life-
time risk occurred after the 35th year.

The last column of Table 10 gives the ratio between the
number of mesotheliomas and the number of lung cancers in each
study. This ratio has varied widely, from 4% to 100% in Jdiffer~
ent groups of workers, The data in Table 10 suggest that this
ratio may increase with increasing exposure, suggesting that
the dose~response relationship for one or the other type of
cancer may deviate from linearity. It is not clear whether
the dose-response function for mesotheliomas tends to curve
upwards, or that for lung cancers tends to curve downwards,
but the data in Figure 1 suggest that the latter may occur.

3. ¢Conclusions

{i) Dpata for both lung cancers and mesothelicmas are gen-

erally consistent with linear dose-response relation-
ships. Several sets ¢of data for lung cancers agree’
closely with linear relationships,

(ii) After exposure to asbestos, incidence rates for lung
cancer increase with time in a manner generally par-
allel to that of rates in unexposed controls, so that
relative risks are more or less constant,

(iii) 1Incidence rates for mesothelioma increase with time
more rapidly than those for lung cancer, and may egqual
‘ them 45 or more years after the start of exposure.

{iv) For lung cancer, excess risks per unit of exposure
vary widely, but estimates are clustered between 1
and 10 percent increase in cancer risk par f-yr/ml.
Lower figures derived from some studies may be explained

by difficulties in estimating exposure or by variations
in exposure situations., Some variability in apparent
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V. EXTRAPOLATION TO LOW EXPOSURE LEVELS

The problems involved in estimating risks to the general
population exposed to low ambient levels of asbestos were dis-
cussed in the introduction to Section IV. Direct measurement
of low-level effects ﬁn the general population is generally
impracticable, and has not been attempted, so that it is neces-
. sary to estimate low-level risks frum data on workers exposed

to much higher levels. Such extrapolation involves at least
three separate steps:
{i) extrapolation from high to low exposure levels;
(ii) extrapolation from exposures during a working lifetime
to exposures throughout life;
(ii{) extrapolation from the active, primarily male, working

population to the general population.

A. Empirica)l and theoretical bases for low-4dose extrapolation

models

The principal question at issue is whether a linear, non-
threshold dose-reponse relationship can be assumed to be valid
at low exposure levels. Several empirical and theoretical
considerations bear on this guestion.

(i) As discussed in Section IV, at least five sets of
empirical data indicate that dose-response relationships for
lung cancer and mesothelicoma in exposed workers are consistent
with linear dose-response relationships over a wide range of

cumul ative doses, from 900 f-yr/ml down at least to 1.5 f-yr/ml.
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and empirical data; and (v) its conservatism. At low doses,
the multistage model generally predicts a linear relationship
between cancer risk and dose. Such a relationship is more
generally required by any biological model in which the effect
of an agent is to add to a biological effect that is already
taking place (Crump ét al. 1978). 1t is important to note
’ that the multistage model predicts linear, nonthreshold dose-
! response relationships for agents that act at any stage in
the development of cancer.

(iv) It is now widely accepted that in many or all cases,
the first stage ("initiation") in the development of cancer
involves an irreversible change in the genetic information
in ‘a cell. This change often ‘involves change in 2 single'ba;e‘
in DNA, so in theory it can be effected by one or a very small
number of molecules., Thus, at least for "genotoxic”™ carcinogens
("initiators"), there are theoretical reasons for'expecting
a nonthreshold relationship.

As yet little is known precisely about the mechanism of
action of asbestos. Although there is no evidence that asbestos
interacts directly with DNA, it may carry genotoxins or facili-

[ tate their entry into cells. At least for mesothelioma, there
is evidence from the form of response-time relationships that
asbestos acts an early stage (Day and Brown 1880).

(v) It is often stated that thresholds are to be expected

for agents that act at later stages {including "promoters”).

However, there is little or no empirical evidence for this
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(i) for mesotheliocmas, the risk per unit dose to a person
exposed for a full lifetime (0-73 years) is approximately
eight times that observed in workers exposed for half a lifetime
(e.g., 20-56 years) (see Table 3 for illustration};

(ii) for lung cancers, the increased risk per unit dose
to a person exposed f@r a full lifetime is approximately egqual
to that observed in workers exposed for shorter periods (see
Table 2 for illustration}.

For the reasons stated in Section IV.D, we assume that
the effective exposure period for the general population is
the first 20 years of life for the induction of mesothelicmas,

but the first 36 years of life for the induction of lung cancer.

C. Extrapolation to the General Population

There is no empirical basis for the extrapolation of dose-
response data from %25535 pcpulations to the more heterogeneous
general population. The limited data on occupationally exposed
women show no clear differences in sensitivity from men with
comparable exposure (Tables 5 and 10). The existence of a
*healthy worker effect”™ in some studies (e.g., Selikecff et al. 1973)
suggests that the general population may be somewhat more suscep-
tible to lung cancer, inter alia, than asbestos workers, but
the difference is small compared to other uncertainties. There
is no information on the susceptibility of children, except
that they are known to respire a greater volume of air per
unit body weight than adults. In the absence of definitive

reason to the contrary, we will assume that the general population
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The last three columns in Table 11 tabulate estimates
of "virtually safe” exposure levels, i.a., the average concentra-
tion levels which would be expected to correspend to an excess
lifetime risk of 107® (1 in a million). These estimates are
derived by dividing the cumulative dose of 1 f-yr/ml by the
effective exposure p{tiod {36 yr for lung cancers, 20 yr for
mesotheliomas, as diécussed above)}, and adjusting for e*pected

' differences in the duration of exposure each week. The fourth

column presents estimates appropriate for outdoor. nonoccupational
exposure; the fifth column presents estimates appropriate for
indoor exposure, including that in the home; the sixth column
represents estimates appropriate for both indoor and cutdoor
exposure, Data on the average amount of time spent indoors
and outdoors by persons in the FRG have been tabulated in a
review by Szalai (1973). However, this review did not include
specific data for children and adolescents, the aée-gxoups
whose exposure contributes most tc lifetime risk. In the absence
of precise data, we have assumed a figure of 20 hours per weex
for the average period spent outdoors by persons under the
age of 20.

All estimates of “virtually safe” exposure concentrations
in Table 11 are given in units of fibers/ml. For comparison
with reported concentrations of asbestos in ambient air, which
are usually reported in units of ng/ml ambient air, it would
be desirable to express tgem in these units., Appendix A sun-

marizes a number of estimates of the conversion factors between
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fibers/ml and ng/ml, based on simultanecus measurements by
two or more techniques. Although most of these estimates indicate
that 1 ng of asbestos corresponds to between 5 and 50 fibers
greater than 5 um in length, some measurements indicate conver-
sion factors as low as 0 or as high as 6,570 fibers/ng. Until
the reasons for this'variability are better understood, we
recommend that both risk assaessments and ambient envirommental

- criteria should be presented in units of fibers/ml.

The estimates presented in Table )1 have three unexpected
features:

1. For all subgroups except male smokers, estimates of
lifetime risk for mesotheliomas are higher than those for lung
cancers. This contrasts with the observations in exposed workers,
in which lung cancers almost always have been more f£requent
{Table 10). The difference originates from our assunption
that the lifetime risk for mesothreliocmas (but not.for Iung
cancers) depends strongly on the age at first exposure. Although
there js substantial empirical evidence for a difference in
the temporal dependence of risk, as discussed above, our asswumption
may exaggerate the difference, and hence understate the relative
1ifetime risk for lung cancer.

2. According to the mathematical models used in this
report, the most significant exposures to asbestos are those

that occur in the first 20 years of life, but most of the effects

are expected to be manifested after age 53.
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mesothelicmas), too short followup in some studies, and competing
mortality in others. Perlems {n relating response to dose
include the pooling of groups with different exposures Or dif-
ferent periods of followup, dose saturation effects, and over-
estimation of the effective exposure periocd. All these meth-
odological deficiencies are discussed by Nicholson (1981) and

’ in Table 5. 1In most cases their effect is expected to be to

lead to underestimates of response, overestimates of effective

dose, or both. This may be the reason for some of the low
estimates of response per unit dose in Table 4 (see discussion
in Table 5). However, we agree with Nicholsen {1981) that

the results of the five studies on which primary weight is

placed in this report are comparatively free from these problems.

A more serious problem is the difficulty in deriving esti-
mates of exposure for the critical periods in the past, before
modern methods of measurement were deve;oped; In'this report

we have relied primarily on the ingeniéus reconstructions of

past data by Nicholson {1981). However; we recognize that

in most cases Nicholson's estimates of cumulative exposure

are subject to errors by factors of up to 3 or more.

. 2. Discrepancies and variability within and between the
various studies are illustrated {n Tables 4 and 10 and discussed
in Table 5. For the five studies judged to provide the best
data, estimates of response per uni* dose all fall within a

range of one order of magnitude. Eowever, gaveral other studies
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jevels 2-4 orders of magnitude lower. Although there are consider-
able theoretical and empirical reascns for assuming 2 linear,
nonthreshold relationship (see Section V.A), it has to be recog-
nized that the use of this assumption may lead to substantial
overestimation of risks at low exposure levels. Other uncertain-
ties are raised by li@ited knowledge of the relationships between
» risk, age, and duratien of exposure. In this respecﬁ, the
data for mesotheliomas are more consistent and more compatible
with a reasonable theoretical model than those for lung cancer.
Risk estimates for the latter may be substantially underestimated
if age at first exposure is in fact important.
To summarize the likely magnitude of these uncertainties,
we make the follcwing points:
1. The estimates of general population risk tabulated
in Table 11 are expected to be reliable, at best, to order
of magnitude only. For this reason, a 10-fold range of values
is given for each category of risks,
2. The 10-fold range of risk estimates presented in Tablie 11
reflects the variability in dose~response estimates derived
from the occupational studies. It probably reflects varjiability
in the properties of asbestos, errors in measuring both dose
and response in the occupational studies, and uncertainties
in relating response to dose,
3. Uncertainties in extrapolating to low doses and to
full-lifetime exposures are not reflected in the range of esti-

mates given in Table 11. If the assumption of linear, nonthreshold
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V1. GASTROINTESTINAL AND OTHER CANCERS

several studies of occupationally exposed workers have
shown significant excesses of cancers at sites other than the
lung, pleura, and peritoneum (Selikoff et al. 1979, Nicholsen
et al. 1979, Henderson and Enterline 1879). The principal sites
involved are the laryﬂx and the gastrointestinal tract {esopha~
gus, stomach, colon, and rectum); reported excesses of incidence
of pancreatic cancer are probably due to misdiagnosis of peri-
toneal mesctheliomas. Cancers of the gastrointestinal tract
probably result after inhaled asbestos is trapped in mucus ia
the respiratory tract and subsequently swallowed. Recent studies
have also shown an association between asbestos concentrations
in drinking water and excess cancers of the gastrointestinal
tract in the general population (Kanarek 1380, Tarter 1981).

Several studies have indicateé that cancers of the lung,
pleura, and peritoneum comprise about 80 percent of the total
numbar of excess cancers in workers exposed to asbestos (Selikoff
et al. 1979, Newhouse and Berry 1879, Henderson and Enterline
1979, Nicholson 1%81). Accordingly, the risk estimates presented
in this paper would underestimate total cancer risks to workers
by about 25 percent. We have not attempted to analyze the time-
dependence and age-dependence of the gastrointestinal and otner
cancers, but we estimate that they could probably add about
20-30 percent to the risks tabulated in Table 11. This estimate

is limited to cancers resulting from inhalation of asbestos
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