
ABSTRACT

Objectives. This article examines 
the credibility and polity implica­
tions of the “amphibole hypothesis,” 
which postulates that (1) the meso­
theliomas observed among workers 
exposed to chrysotiie asbestos may 
be explained by confounding expo­
sures to amphiboles, and (2) chryso­
tiie -may have lower carcinogenic 
potency than amphiboles.

Methods. A critical review was 
conducted of the lung burden, epide­
miologic, toxicologic, and mechanis­
tic studies that provide the basis for 
the amphibole hypothesis.

Results. Mechanistic and lung 
burden studies do not provide con­
vincing evidence for the amphibole 
hypothesis. Toxicologic and epide­
miologic studies provide strong evi­
dence that chrysotiie is associated 
with an increased risk of lung cancer 
and mesothelioma. Chrysotiie may 
be less potent than some amphiboles 
for inducing mesotheliomas, but there 
is little.. evidence to indicate lower 
lungcancerjrisk*

Conclusions. Given the evidence 
of a significant lung cancer risk, the 
lack of conclusive evidence for the 
amphibole hypothesis, and the fact 
that workers are generally exposed to 
a mixture of fibers, wgjanclude4hat 
it is prudent to treat chrysotiie with 
virtuallvtfie same level of concern as 
the ~ampHibolg^fhnns--of—ashggtos. 
(Am J~FubScHealth. 1996;86:179— 
186)
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Introduction

Chrysotiie is the predominant type of 
asbestos produced and consumed in the 
world today, and it accounted for over 
98.5% of US asbestos consumption in 
1992.1 Although asbestos consumption 
has declined in North America and 
Europe, sales in other countries (e.g.. 
Southeast Asia, South America, and East­
ern Europe) have increased primarily due 
to the use of asbestos-based construction 
materials.2 . .

Chrysotiie is a serpentine (curly) 
form of asbestos that is distinguished from 
other amphibole forms of asbestos 
(i.e., crocidolite, amosite, tremolite). It 
has been hypothesized that (1) the 
mesothelioma risk observed among work­
ers exposed to chrysotiie asbestos may 
be explained by the relatively low con­
centrations (<1%) of tremolite fibers 
in commercial chrysotiie asbestos fibers 
and (2) that chrysotiie asbestos may 
be less potent than amphiboles in the 
induction of asbcstosis and lung cancer. 
This has been dubbed the amphi­
bole hypothesis.3 It has even been 
suggested that exposure to chrysotiie 
asbestos in the absence of tremolite 
may present little or no carcinogenic 
hazard.4

The arguments advanced to support 
the amphibole hypothesis have been pri­
marily based on pathologic studies of 
burdens of asbestos fibers in human lungs 
and on toxicologic, mechanistic, and epide­
miologic studies. This article presents a 
critical review of these arguments and of 
the literature on the carcinogenic hazards 
associated with exposure to chrysotiie 
asbestos and considers the implications of 
these findings for the development of 
occupational health policies.

Lung Burden Studies
The development of methods that 

involve electron diffraction and energy 
dispersive analysis of x-rays (EDAX)5 has 
made possible the measurement of the 
amounts of different fiber types in the 
lung. The results from lung burden 
studies have provided the primary basis 
for the advancement of the amphibole 
hypothesis.

Case studies of individuals who have 
worked in industries using or producing 
chrysotiie asbestos revealed an unexpect­
edly high proportion of amphibole (pri­
marily tremolite) fibers, considering the 
relatively low percentage of amphibole 
fibers in commercial chrysotiie asbestos." 
In one of the earliest studies, Pooley 
observed a greater number of amphibole 
fibers than chrysotiie fibers in 7 of 22 
patients with asbestosis who had worked 
in the Canadian chrysotiie mining indus­
try.7 Rowlands et al. also reported a 
nearly equal concentration of tremolite 
fibers and chrysotiie fibers in the lungs of 
47 workers employed as miners or millers 
in Quebec.8 Similarly, in population- 
based studies the percentage of chrysotiie 
fibers found in the lungs has been surpris­
ingly low considering the fact that chryso­
tiie is the major source of exposure for the 
general population.9

Most case-control studies that evalu­
ated the potential relationship between
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TABLE 1—Summary of Epidemiological Cohort Studios of Workers Exposed to 
Predominantly Chrysotlle Asbestos

Lung Cancer Deaths Mesothelioma Cases

Study Industry Observed Expected Observed Deaths, %

Acheson et al.27 Gasmasks 6 4.8* 1 0.6
Cheng and Kong28 Textiles, friction mate­

rials. and cement
21 6.7* 0 0

Dement et al.29 Textiles 126 64.0* 2 0.2
Finkelstein30 Electrical conduit pipe 6 3.7 1 1.0
Finkelstein31 Automotive 11 7.9 1-2° 1.0-1.9
Hughes et a).32-' Cement manufacturing 70 53.2 1
Huilan and Zhiming33 8 asbestos factories 65 15.6** 2 0.4
McDonald etal.34 Friction products 73 49.1* 0 0
McDonald et al.35-30-8 Mining and milling 518 389.7* 28 0.4
Piolatto et al37 Mining 22 19.9 2 0.5
Shiqu et al.38 Mining 6 3 4.5
Weiss39 Paper and millboard 4 4.3 0 0

Total 922* 618.9 41.0 0.3

Note. SMR = the standardized mortality ratio, which is the ratio between the observed and 
expected.

■The expected number is tor cancer of the lung and pleura combined.
“One or two cases of mesothelioma were reported. Only one was included in the totals.
'Results are for workers exposed only to chrysotile from one of two plants studied. The total number 

of deaths was not reported; thus, the percentage of mesothelioma deaths could not be estimated.
’’Observed and expected numbers exclude observations from the asbestos factory.
•The Shiqu et al. study was not included in the total number of lung cancer cases because expected 

numbers were not reported.*7
•Significantly different from the observed number, P < .05 (two tailed).

mesothelioma risk and lung concentra­
tions of the different fiber types of 
asbestos demonstrated a clear relation­
ship with amphibole lung burdens but 
failed to find a relationship with lung 
chrysotile concentrations.10-14 McDonald 
et al. reported an association between 
mesothelioma and lung concentrations of 
long (s 8 p.m) chrysotile fibers in univari­
ate analyses but not in multivariate analy­
sis, which controlled for the other fiber 
types.15 Rogers et al. reported a significant 
associatioiPbetween mesothelioma risk- 
and lung concentrations of short chryso-' 
tile jibers l<10 nml in multivariate 
models and a significant trend for lune 
concentrations among mesothelioma case 
and control subjects who had only chrvso- 
tile detected in their lungsj6

"The interpretation of the results 
from the studies of lung burden is compli­
cated by differences in the respiratory 
clearance rates of the different forms of 
asbestos. Experimental studies demon­
strated that chrysotile fibers are cleared 
far more rapidly from the lungs than are 
amphibole fibers.17-19 The retention half­
life of chrysotile in human lungs is 

: unknown, but a half-life of 90 days has 
been reported in experimental studies of 
baboons.70 If the half-life for chrysotile is 
similar for humans and baboons, then 
clearly the vast majority of the dose

\ received in early years would not be 
reflected in the lung burdens measured at 

■ the time of autopsy. This is of particular 
l concern for mesothelioma, which has 
1 been estimated to tTavgaiateiffi period ot 
‘Trt'feasTZO years.21 For example, assuming 

a 90-day fialPIife and first-order kinetics, 
only, approximately 1/(8 x 1022) of the 
dose received 20 years earlier would be 
predicted to be present m the lungs at the 
timeoTthe autopsy. Hence, lung burdens 

\ of chrysotile may be a poor measure nf rhp 
integrated exposures to chrysotile.

The high degree of correlation be­
tween the lung concentrations of the 
different fiber types, which has been 
noted by several investigators, further 
complicates the interpretation of the lung 
burden analyses.1515-20 Churg reported 
that the correlation coefficient between 
the numbers of chrysotile and crocidolite 
fibers in lungs of asbestosis patients was 
.88 (P < .05).23 Rowlands et al. reported 
a stronger correlation between cumula­
tive asbestos exposure and lung fiber 
counts for tremolite than between cumula­
tive asbestos exposure and lung burdens 
of chrysotile in their study of Quebec 
miners and millers.8 The high degreejrf 
correlation might explain the negative 
findings in some of the case-control 
studies if amphibole exposures are simply 
actinjfara'surrogate for integrated life­

time chrysotile exposure in these studies. 
As Churg et al. suggested, “Jhjnayi>ejrue 
that the tremolite serves as a better 
measureofpast chrysntilp than the chrvso- 
tile itself."19

Finally, studies of fiber counts in 
extrapulmonary sites raise serious ques­
tions about the validity of using lung 
burden studies for assessing mesothe­
lioma risk. Several investigators reported 
cases in which short chrysotile fibers were 
the predominant fiber found in the pleura, 
pleural plaques, or pleural fibrotic tissue 
when amphiboles were the predominant 
fiber found in the lung.22-24-25 These 
results suggest tnat chrysotile may be 
preferentially translocated to the pleura 
and that the fiber counts fniinriiiUhe-lwng- 
mav not accurately reflect the concentra­
tions found at thejsite for mesothelioma 
induction.

Epidemiologic Studies 
Lung Cancer

There have been 12 retrospective 
cohort mortality studies of workers who 
were predominantly exposed to chrysotile 
asbestos fibers. Results for mortality from 
lung cancer (and mesothelioma) from the 
most recent updates of these cohorts are 
summarized in Table 1. Mortality from 
lung cancer was greater than experteri in
nparly gll nf thp ctiidipc_ rnmhi^iqg the
results from these studies, there were 928 
observed and 618.9 expected lung cancer 
deaths, resulting in a pooled standardized 
mortality ratio for lung cancer of 1.50 
(95% confidence interval [Cl] = 1.40, 
1.60). The observed excesses of lung 
cancer mortality did not appear to be 
explained by differences in cigarette smok­
ing habits in the studies that had informa­
tion on tobacco consumption.2823-35-36-40-41 
Collectively, these studies provide strong 
evidence that exposure tnrhrysntile.ashes- 
tQS is associated with an excess risk of lung 
cancer.

There is little, if any, evidence to 
suggest that the excess in lung cancer 
mortality observed in these cohorts may 
be attributable to tremolite contamina­
tion. In fact, this hypothesis is strongly 
contradicted by the fact that the-lung

nfierrgsprmse in the cturiii-c pf popula­
rity with relatively nnre chrysotile expo- 
ures is similar to that in studies of cohorts 

Kvith amphibole nr_in""*d erpfrii!r??~Fsti- 
mates of the increase in excess relative 
risk per unit of exposure (i.e., potency) for 
lung cancer based on cohort studies by 
industry and fiber type are presented in 
Table 2. Variations in risk according to
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TABLE 2—Estimates of Asbestos Potency for Lung Cancer from Studies with 
Individual Exposure Estimates, by Industry and Fiber Type

Study Industry Fiber Type

Excess Relative 
Risk per 

Fiber/cc x Yr

Dement et al.29 Textiles Chrysotile 0.031
McDonald etai.12 Mainly textiles Chrysotile, amosite, 

crocidolite
0.017*

Peto et al.42 Textiles Chrysotile, crocidolite 0.0156

McDonald et al.43 Mining Tremolite 0.013
de Klerk et al.44 Mining and milling Crocidolite 0.010
McDonald et al.36 Mining and milling Chrysotile 0.0006*-6

Henderson and 
Enterline45

Asbestos products Chrysotile, amosite. 
crocidolite

0.002*

Hughes et al.32 Cement products Chrysotile,* chrysotile,6 
and crocidolite „

0.0071 *0.0076°

Berry and Newhouse 
etal.46

Friction products Chrysotile 0.00058

McDonald et al.34 Friction products Chrysotile 0.00053*

•A conversion (actor of three fibers per cubic centimeter being equivalent to 1 million particles per 
cubic foot was assumed.

°Data are based on results for workers employed after 1951.
■Slope was estimated by fitting a linear relative risk Poisson regression model to the standardized 

mortality ratio results repotted by McDonald et al.56

ers exposed to commercial chrysotile is different exposure-response relationship
compelling, the critical issue is whether for mesothelioma. On the. other hand,
this excess may be attributable to trace McDonald and McDonald54 recently re­

industry type appear to be far more 
remarkable than variations according to 
fiber type. The potencies for lung cancer 
risk are similar among the cohorts with 
pure Chrysotile and mixed exposures in' 
the textile maustiy and are generally 

—higher than the potencies observed among 
workgfsTn the mining or asbestos prod­
ucts industries. The studies of asbestos 
products industry workers all show very 
low potencies, with the lowest unit risks 
observed among friction product workers. 
One study of cement workers, which 
provided separate analyses for workers 
exposed to chrysotile asbestos and work­
ers exposed to a mix of chrysotile and 
crocidolite fibers, produced remarkably 
similar potency estimates for these two 
groups.32 Among the studies of miners, 
lung cancer potency was substantially 
lower among workers in the Quebec 
mining industry who were exposed to 
chrysotile ores than among crocidolite or 
tremolite miners.

It has been suggested that the high 
lung cancer mortality observed among 
South Carolina textile workers might be 
explained by exposure to mineral oils.47 
However, Dement et al. demonstrated in 
case-control analyses that the risk of lung 
cancer observed in this cohort is unrelated 
to mineral oil exposure.29-48 In addition, 
studies of workers exposed to mineral oils 
have generally not demonstrated an ex­
cess of lung cancer.49 There is evidence 

I* that asbestos fibers in the textile industry. 
were considerably longer than the fibers 
measured in chrysotile mining and milling 
and other industries.50 Thus, differences 
in fiber dimensions.would appear to be a 
more likely explanation than mineral oil 
exposures for the higher lung cancer rates 
observed in textile workers.

Mesothelioma

A total of 45 cases of mesothelioma 
(primarily pleural) were reported in the 
epidemiologic studies of workers who 
were predominantly exposed to chrysotile 
asbestos (Table 1). Although it has gener­
ally not been possible to estimate ex­
pected numbers of mesothelioma deaths, 
the percentage of deaths due to mesothe­
lioma may be estimated and compared 
with background percentages. This per­
centage is 0.3% for all studies combined. 
In contrast, the percentage of deaths due 
to pleural malignancies (most of which 
are mesotheliomas) was only 0.02% in the 
United States in 1988.51'

Although the evidence of excess 
mortality of mesothelioma among work-

,{contamination by tremolite. All of the 
11 asbestos workers studied (Table 1) are 
1 likely to have potential exposures to 
j tremolite, although in minute concentra- 

, tions compared with their chrysotile expo­
sures.

In a few studies the percentage of 
tremolite is known and varies. Contrasting 
the results from these studies provides 
some information on the plausibility of 
the amphibole hypothesis. Two cases of 
mesothelioma have been reported among 
chrysotile asbestos miners and millers in 
Zimbabwe, where the chrysotile ores are 
believed to be free of tremolite contamina­
tion.52 Begin et al. noted that although 
exposure to tremolite may be as much as 
7.5 times higher in Thetford than in 
Asbestos, the incidence of mesothelioma 
in these two Quebec mining towns was 

! proportional to the size of their work 
/ forces.53 He suggested that this fact may 

indicate that tremolite contamination may 
, not be a determinant of mesothelioma 
1 risk in Quebec. In the most recent update 

of the study of Quebec miners and millers, 
McDonald et al.34 presented separate 
exposure-response analyses for workers 
at the Thetford and Asbestos mines and 
mills. There is no indication in their 
findings that these two facilities exhibit a

ported that the average concentration of 
tremolite fibers in the lungs of miners was 
higher in one area of the Thetford mine, 
which also demonstrated a stronger asso­
ciation with mesothelioma risk than an­
other area of the mine.

Informative comparisons may also be 
made between the proportion of deaths 
from mesothelioma observed in the South 
Carolina textile workers study and that 
observed in the Quebec miners and 
millers study. Based on lung burden 
studies, Sebastien et al. estimated that the 
proportion of tremolite in dust was prob­
ably 2.5 times higher in the Thetford 
mines of Quebec than in the Charleston 
textile facility.47 The percentage of deaths 
due to mesothelioma in the most recent 
reports was one half as high in the South 
Carolina textile workers (0.2%) as it was 
among Quebec miners and millers (0.4%) 
(Table 1). However, in making this com­
parison one needs to consider the fact 
that the incidence of mesothelioma is 
known to increase exponentially with 
follow-up time,55 and 72% of the Quebec 
miners and millers had died,36 compared 
with 42% of the workers in the South 
Carolina study,29 in the most recent 
updates of these cohorts. In the previous
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FIGURE 1—Lung tumors In rats exposed to 10 mg/m3 concentrations of 
asbestos for 3,6,12, or 24 months.

update of the Quebec miners and millers 
study, the percentage that had died was 
41% and the percentage of deaths due to 
mesothelioma was 0.2%, which is nearly 
identical to the percentage of deaths from 
mesothelioma in the most recent update 
of the South Carolina textile workers.35 
The fact that these percentages are so 
similar is even more remarkable when it is 
recognized that the fiber exposure levels 
were approximately ten times higher in 
the Quebec miners and millers than in the 
South Carolina textile workers.47 Thus, 
comparison of the mesothelioma results 
from the study of Quebec miners and 
millers with those from the study of South 
Carolina textile workers does not provide 
support for the hypothesis that tremolite 
exposure explains the mesothelioma ex­
cess observed in these studies.

In contrast to the evidence for lung 
cancer, there is epidemiologic evidence 
indicating that exposure to chrysotile may 
be less potent than exposure to some 
amphiboles with regards to the induction 
of mesothelioma. Hughes and Weill esti­
mated that the risk of mesothelioma was 
approximately five times lower among 
workers exposed to chrysotile fibers than 
among workers with mixed fiber expo­
sure.56 The percentage of deaths due to 
mesothelioma among South African asbes­

tos miners was recently reported to be 
4.7% among those exposed to croddolite, 
which is substantially greater than the 
percentage of deaths due to mesothe­
lioma observed in either the Quebec 
miners (0.4%) or the South Carolina 
textile workers (0.2%) exposed to pre­
dominantly chrysotile fibers.57 The per­
centage of deaths due to mesothelioma 
was only slightly higher among South 
African miners exposed to amosite (0.6%) 
than among the chrysotile-exposed co­
horts.57 McDonald et al.43 reported that 
the percentage of deaths due to mesothe­
lioma was 2.4% among vermiculite miners 
who were predominantly exposed to 
tremolite fibers, which is approximately 
six times higher than the percentage 
(0.4%) reported in the study of Quebec 
miners and millers.36 It must be recog­
nized that the usefulness of these compari­
sons is limited by our inability to control 
for potential differences in exposure con­
centrations, fiber size distributions, and 
length of observation and are thus difficult 
to interpret. Nonetheless, the differences 
in mesothelioma response observed among 

^chrysotile- and amphibole (primarily cro- 
iridoIite)-exposed workers are so striking 

' 'that alternative explanations for these 
< differences appear unlikely.

Toxicologic Studies
Lung Cancer

Toxicologic studies demonstrated that 
all_ forms of asbestos can induce lung 
cancers in experimental animals. For 
example, the lung tumor response to 3- to 
24-month exposures to Union Interna­
tional Contre le Cancer reference amos­
ite, anthophyllite. Canadian chrysotile, 
Rhodesian chrysotile, and crocidolite is 
shown in Figure l.17 The overlapping 95% 
confidence intervals suggest that there is 
no significant difference in potency among 
the five types of..asbestos .(le., the am­
phiboles are not systematically more or

Davis and co-workers also compared 
the carcinogenic potencies of chrysotile 
and amphibole asbestos by exposing rats 
to 10 mg of amosite, crocidolite, and 
Zimbabwe chrysotile per m3 for 1 year. 
These investigators found that chrysotile 
actually produced mortrlung tumors' than 
the other fomts of asbestos.5* These 
results obviously differ from those of 
Wagner et al.17 and may point to the need 
to consider differences in fiber length 
when comparing the potencies of differ­
ent types of asbestos. Davis et al. noted 
that 5% of the chrysotile in their study 
consisted of fibers greater than 20 pm in I 
length vs 0.5% of the fibers for the j 
amosite and crocidolite exposures.58 Other ' 
studies by Davis et al. showed that 
long-fiber samples of amosite5’ and chryso- 
tile60 are considerably more active than j 
short-fiber samples in inducing lung < 
tumors.

Davis et al. also showed that tremo- 
lite,61 crocidolite,58 and long-fiber chryso­
tile60 produce similar numbers of lung 
tumors. Figure 2 represents lung tumors 
due to amosite, crocidolite, chrysotile, or 
tremolite from the 1-year inhalation stud­
ies of Davis et al. and Davis and Jones, 
plotted against the exposure concentra­
tion in units of fiber count.58-61 Inspection 
of Figure 2 suggests that the tumor 
incidence is strongly related to the concen­
tration of fibers 5 p.m or greater in length, 
regardless of which type of asbestos is 
involved.

More recently. Coffin et al.62 re­
ported the results from studies of rats 
exposed via intratracheal instillation of 
chrysotile or crocidolite. Although these 
investigators focused primarily on meso­
theliomas, it is worth noting that (summed 
across all dose groups) intratracheal instil­
lation of chrysotile asbestos produced
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lung carcinomas in 183% of the animals 
teste? vs~4~6% for crocidolite.62

Overall, the toxicologic. data_silggest 
that. chrysotile asbestos is at least as 
potent, if not more so, as the amphibole 
forms in the induction oflung tumors on a 
per-milligram basis. The data shown in 
Figure 2 further ’suggest that the carcino­
genic potencies of the various types are 
similar when the dosage is measured in 
terms of the number of fibers greater than 
5 pm in length, as is customary in 
epidemiologic studies.

Mesothelioma

Rats exposed to asbestos by inhala­
tion also develop mesotheliomas, albeit at 
a low incidence. Wagner et al.'7 exposed 
rats to 10 mg/m3 of Union International 
Contre le Cancer reference asbestos63 for 
periods of 1 day to 2 years; the mesothe­
lioma yields were amosite, 0.7%; antho- 
phyliite, 1.4%; crocidolite, 2.8%; and 
Canadian chiysotile, 2.9%. No mesothelio­
mas were observed in control animals or 
animals exposed to chiysotile from Zim­
babwe.11 Similarly, Davis et al. and Davis 
and Jones reported small numbers of 
mesotheliomas in response to 1-year 
inhalation exposures to amosite, crocidol­
ite, Canadian chrysotile, and Zimbabwe 
chiysotile.5®-60 The highest mesothelioma 

^ incidence in these studies, 7.5%, was 
produced by exposure to long-fiber chiyso­
tile.60 Although the low incidence rates 
and small numbers of animals make 
quantitative comparisons uncertain, it 
cannot be said that these studies provide 
convincing support for the amphibole 
hypothesis. ‘

The mesothelioma-inducing poten­
tial of asbestos fibers that reach pleural 
surfaces has also been examined via 
implantation studies. Union International 
Contre le Cancer reference amosite, 
anthophylli'te, crocidolite, Canadian 
chiysotile, and Zimbabwe chiysotile all 
produced mesotheliomas’ in rats after 
intrapleural inoculaiion.64 Extensive stud­
ies by Stanton and co-workers suggest that 
all long, thin, durable fibers have the 
potential to induce mesotheliomas after 
surgical implantation and that fiber dimen- 

j sions have much more influence on 
; mesothelioma yield than any differences 

that may exist between types of asbestos.65 
I However, it is certainly possible that 

different types of asbestos fibers may have 
differing probabilities of reaching pleural 
surfaces when inhaled into the lungs. 
Overall, the implantation studies suggest 
that chrysotile asbestos does have the 
potential ~to induce mesothelioma, but

these studies do not resolve the question 
'ofwhether'ornaTchrysotile is less potent 
in this regard than the amphibole forms.

Coffin et al. recently reported that 
both chrysotile and crocidolite produce 
mesotheliomas when administered intra- 
tracheally.62 No consistent dose-response 
relationship was observed in these experi­
ments, but (summing across all dose 
groups) chiysotile asbestos produced me­
sotheliomas in 9.5% of the animals vs 
5.1% for crocidolite. This suggests that 
chrysotile may have greatermesothelioma- 
inducine potential than crocidolite on a 
per-milligram basis. However, the chiyso­
tile preparation used in this experiment 
contained more fibers per milligram than 
the crocidolite preparation, as well as a 
larger proportion of long fibers. If the 
experimental exposures are expressed on 
the basis of the number of fibers greater 
than 5 pm in length, it appears that 
crocidolite produced nearly 12 times more 
mesotheliomas per fiber than chiysotile. 
It should be noted that the fiber prepara­
tions in the Coffin et al. experiments

consisted primarily of short fibers, with 
median fiber lengths on the order of 1 |im 
for both chrysotile and crocidolite. If short 
fibers do in fact have some mesothelioma- 
inducing potential, the attribution of all 
mesotheliomas to the small fraction of the 
fibers that were greater than 5 pm in 
length may lead to an exaggerated esti- 
mati ■ the difference in potency of 
crocHi. me chiysotile. In addition, reli­
ance on the quantitative responses in this 
study should probably be limited due to 
the lack of dose-response. Nevertheless, 
these data do provide some support for 
the hypothesis that chrysotile may have 
lower mesothelioma-inducing potential 
than the amphibole forms of asbestos.

Mechanistic Studies

It has been hypothesized that the 
cytotoxic, genotoxic, and proliferative ef­
fects of asbestos are in part mediated by 
the production of reactive oxygen species 
released by alveolar macrophages in re­
sponse to engulfment of long fibers and
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mat this process may be catalyzed by iron 
on the fiber surface. Furthermore, it has 

( been suggested that the needle-like con­
figuration, durability, and increased iron 

. content of crocidolite render it more

I
' pathogenic than either amosite or chryso- 

tiie.66 Experimental support for this hy­
pothesis is primarily derived from in vitro 
studies, which suggest that iron could 
potentially act as a source of free radicals, 
an inhibitor of tumoriridal defense mecha­
nisms, and a nutrient for unrestricted 
tumor cell replication.67 However, com­
parison of the carcinogenic potencies of 

' fibers in the rat in vivo does not support 
the hypothesis that carcinogenic potency 
is related to iron content. As discussed 
above, Wagner et al.n observed similar 
numbers of tumors in rats with crocidol­
ite, amosite, and chrysotile, even though 
these fibers have an elemental iron con­
tent of 40%, 28%, and less than 1%, 
respectively.67 The nonasbestos mineral 
erionite does not include iron as a 
constituent68 but is nonetheless a potent 
mesothelioma inducer in rats.69 Silicon 
carbide “whiskers," with an iron content 
of essentially zero, induce pleural tumors 

, in rats after intrapleural implantation.65 
| Therefore, no obvious correlation be­
] tween iron content and carcinogenicity is 
< apparent in the rat.
I

Summary
Our review of both the toxicologic 

and epidemiologic literature strongly sup­
ports the view that occupational exposure 
to chrysotile asbestos is associated.with.an 
increased risk of both lung cancer and 
mesotheliomi. The hypothesis that these 
observations may be attributable to trace 
amounts (< 1%) of tremolite contamina­
tion may seem to be primarily of academic 
interest, because chrysotile exposures in 
workers and the public are also contami­
nated with tremolite. However, the per­
centage of tremolite has been reported to 
range from 0.5% to 6.9% in one analysis 
of eight commercial chrysotile asbestos 

i samples.6 and it has been suggested that 
chrysotile from Zimbabwe70 and other 
countries may be free of contamination by 
amphiboles. Hence, the amphibole hy- 

1 pothesis may be of some public health 
relevance.

In our view, the currently available 
scientific literature does not provide per­
suasive evidence for the hypothesis that 
tremolite contamination explains the me- 
sothelioma~excesses observed in the stud­
ies of chrysotile-exposed workers. The 
primary evidence for this hypothesis comes

from pathologic studies in which lung 
burdens were measured. However, inter­
pretation of these studies is hampered by 
the fart that-chiymtile lung burdens are a 
poor reflection of integrated exposures 
and the fact that chrysotile exposure is 
highly correlated with lung burden_of4he 
amphiboles (e.g., tremolite). In addition, 
the patlenrof asbestos fiber deposition in 
the lung does not appear to be consistent 
with the pattern of deposition in the 
target tissue (i.e., pleura). The previously 
reviewed empirical data from toxicologic 
studies and comparisons of mesothelioma 
mortality and lung cancer mortality be­
tween epidemiologic studies with differ­
ing levels of tremolite contamination do 
not provide support for this hypothesis. 
Mechanistic arguments that have been 
made to support the amphibole hypoth­
esis, which are based on in vitro studies of | 
iron content, appear to be contradicted by 
the lack of correlation between iron 
content and carcinogenic potency ob­
served in experimental studies.

Whether chrysotile asbestos is less 
potent than the amphibole forms of 
asbestos is a question that has not yet 
been fully resolved. There is currently 
vety little toxicologic evidence to support 
this hypothesis. There is evidence from 
epidemiologic studies that chrysotile may 
be less potent for mesothelioma induction 
than crocidolite. The proportion of deaths 
due to mesothelioma are strikingly lower 
in chrysotile-exposed miners and millers 
than in crocidolite miners. There is 
absolutely no epidemiologic or toxicologic 
evidence-to-support the- argumenL-that 
chrysotile asbestos is any less potent than 
other forms of asbestosforinducing lung 
cancer.

It should be recognized that compari­
sons of the potency of the different forms 
of asbestos are severely limited by uncon­
trolled differences in the bivariate distribu­
tion of fiber length and diameter (i.e., 
fiber dimensions). Experimental studies 
clearly demonstrated that fiber dimen­
sions are a critical component of the 
carcinogenic potency of fibers.65 This 
concern applies to most of the toxicologic 
studies in which exposure is determined 
on an equal mass basis and is particularly 
pertinent to the epidemiologic investiga­
tions. Historic exposures in most of the 
epidemiologic investigations were based 
on impinger samples that assessed the 
number of fibers, and conversion factors 
were applied to estimate the number of 
fibers longer than 5 pm. Concerns have 
been raised about the accuracy of these 
conversion factors and the potential im­

pact of associated errors on the assess­
ment of risk.71 The current Occupational 
Safety and Health Administration 
(OSHA) method counts asbestos fibers 
that are longer than 5 pm and that have a 
length-to-diameter ratio of at least 3 to 1. 
This method implicitly assumes that fibers 
less than 5 pm in length are not carcino­
genic and that all fibers greater than 5 pm 
in length are of equal carcinogenic po­
tency. These assumptions are clearly 
inconsistent with thF experimehfal data 
and most likely result in substantial 
misclassification of exposure in the epide­
miologic studies.

Policy Implications
The American Conference of Gov­

ernmental Industrial Hygienists and sev­
eral countries (e.g., the United Kingdom) 
have adopted less restrictive standards for 
chrysotile asbestos than for the other 
forms of asbestos.72 In our view, the 
currently available scientific evidence does 
not provide sufficient support for develop­
ing separate standards for the different 
forms of asbestos. As this article docu­
ments, the scientific evidence for the 
amphibole hypothesis is still tenuous. 
Furthermore, the fact remains that in 
practice workers in this country and other 
countries are not exposed to pure chryso­
tile, but rather to a mixture of chrysotile, 
tremolite, and other forms of asbestos. 
Thus, it is highly impractical to consider 
setting separate standards for the differ­
ent forms of asbestos. Finally, even if one 
accepts the argument that chrysotile asbes­
tos does not induce mesothelioma (which 
we do not), the risk of lung cancer (and 
asbestosis) can not be dismissed, and 
chrysotile appgarsJo-be-jusi-as-potent a 
lungj^rcinogen-js-the-otheF-forms of 
asbestos. It is noteworthy that the risk of 
lung cancer'is of greater concern than the 
risk of mesothelioma because in most 
studies there are at least two excess lung 
cancers for every mesothelioma observed 
(see Table 1). There is also the additional 
concern of asbestosis risk, which was not 
considered in this article but dearly adds 
to the risk associated with chrysotile 
exposure.

Therefore, given the clear evidence 
of a lung cancer risk, the lack of compel­
ling evidence for the amphibole hypoth­
esis, and the fact that workers are gener­
ally exposed to mixture of fiber types, we 
believe that it is prudent policy to treat 
chiysotile asbestos with virtually the same 
level of concern as the amphibole forms of 
asbestos. This view is consistent with the
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past National Institute for Occupational 
Safety and Health Administration recom­
mendation and the recently revised OSHA 
standard to limit occupational exposures 
for all forms of asbestos to 0.1 fiber/cc. □
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Annotation: The Amphibole Hypothesis of Asbestos-Related Cancer— 
Gone but Not Forgotten

It would hardly come as a revelation 
on these pages that legal agendas have 
often and somewhat unpredictably inter­
posed their vagaries on environmental 
health practice. The effort to control the 
staggering asbestos hazard provides one 
of the dearest examples. On the positive 
side, manufacturers’ recognition of the 
potential for direct product liability led, in 
the 1970s, to the explosive growth of 
occupational medicine clinks, enhanced 
interest in environmental health among 
worker groups, and rapid substitution of 
alternative products for most asbestos 
uses. Less valuable may have been some 
of the intense public and private efforts to 
remove all remaining asbestos, paradoxi­
cally risking further exposure and involv­
ing costs that were larger than the gross 
domestic product of some asbestos­
exporting countries and that could have 
possibly been put to better public health
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use. However, there has been no mote 
perverse consequence of this frenzied 
litigation than the incursions of liability 
issues into sdentific research and betiefo. 
The matter of differential pathogenicity of 
differing sources of asbestos, eloquently 
discussed by Stayner and his colleagues1 
in this issue of the Journal, serves as a 
disturbing case in point

The underlying idea for the “am­
phibole hypothesis”—the theory that only 
amphibole fibers (e.g., croccidolite, tmo- 
site, and trcmolite), and not serpentine 
(mainly chrysotile) asbestos can cause 
cancer—arose because of two important 
observations in the 1970s: (1) serpentine 
fibers are cleared much foster than am- 
phiboles in the human lung; and (2) 
several cohorts of chrysotile-cxpoKdwofk- 
ers were reported to have lower (albeit 
still elevated) rates of hmg cancer and 
mesothelioma- than groups with am­

phibole or mixed exposures previously 
studied. Because many naturally occur­
ring chrysotile deposits were known to be 
contaminated by the amphibole trcmolite 
(which might explain the modest eleva­
tions of risk among those exposed to 
dnyiotiie), the scientific concept ap­
peared initially attractive. The ramifica­
tions for future scientific inquiry rcgard- 
fav fiber carcinogenesis and the public 
health ramifications were obvious and 
important.

No sooner had this theory been 
articulated, however, than evidence 
emerged to undermine it. The elegant 
ride-by-side studies of McDonald and 
colleagues23 confirmed by Dement4 dem­
onstrating astronomical rates of lung 
caaoer among textile workers exposed

Ufort Kale. See related article by Stayner et 
aL(p 179) ia this issue.
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only to (contaminated) chiysotile prod­
ucts, with far lower rates among friction 
products workers (workers making brake 
linings, clutch plates, and other friction 
products) exposed to asbestos from the 
same source, overshadowed the most 
important observation on which the am- 
phibole hypothesis had been based. What 
doubt could there be that some other 
exposure characteristic, such as fiber 
length, formed the basis for differentia] 
lung cancer risk? The idea that all of the 
health consequences associated with 
chiysotile could be attributed to trace 
tremoiite fiber contamination proved in­
consistent with the veiy modest health 
risks demonstrated in other groups more 
heavily exposed to tremoiite.5 Nor did 
animal studies of the different fiber types 
offer even a shred of support for the 
amphibole hypothesis, the fibers having 
largely similar effects in experimental 
animal models.6’7

By the mid 1980s, what was left to 
lend scientific support to the amphibole 
hypothesis? There remained the interest­
ing and as yet unexplained observation 
that workers and others exposed to 
chiysotile materials experience lower rates 
of mesothelioma than those who had been 
exposed to various amphiboles. Although, 
as summarized by Stayner et al.,1 reason­
able observers have disagreed regarding 
the extent of this difference, most have 
concluded that there likely is some differ­
ence that fiber type alone may explain. 
Since we still know so little about the 
mechanisms of carcinogenesis in lung 
epithelium and mesothelial tissues, this 
observation may yet prove scientifically 
very important. Beyond this, there re­
mained only the curious observation, now 
confirmed in yet additional studies,8 that 
chiysotile fibers are underrepresented in 
the lungs of chrysotile-exposed workers 
dying of asbestos-related diseases.

For those who remained unwilling or 
unable to accept the most obvious inter­
pretations, new hypotheses and explica­

tions were necessary.9 To explain the 
spectacular excess risk of lung cancer 
among chiysotile textile workers, it was 
theorized that the mineral oil coating of 
fibers, not the asbestos per se, was the 
cause, a concept without empiric evidence 
or even theoretical appeal, given the lew 
level of carcinogenicity of these oils. To 
obviate the animal evidence of chiysotile 
carcinogenicity, it was argued that these 
experiments are irrelevant to humans 
because of the proven more rapid clear­
ance of chiysotile and the obviously much 
longer latent interval in humans between 
exposure and disease. While these plau­
sible alternative interpretations may hold 
certain scientific interest, they hardly 
seem adequate pillars for the “amphibole 
hypothesis,” officially introduced in 1990lQ 
already several years after scientifically it 
had all but died.11

Without addressing the more cynical 
question regarding how this hypothesis 
was proffered so prominently and so late 
in the scientific day, we cannot ignore the 
impact As documented by Stayner et al.,1 
several countries have adopted differen­
tial standards for asbestos based on fiber 
type, including decisions to continue im­
portation and use of “safe” asbestos by 
some. Many ptheiwise well-informed phy­
sicians and scientists worldwide continue 
to believe that chiysotile is a “good” form 
of asbestos, if only it could be separated 
from contamination. And judging from 
personal observations, many victims of 
this “good” form have had compensation 
claims controverted or denied because 
they were exposed to “only" chiysotile.

To be sure, the amphibole hypothesis 
has raised many crucial issues and served 
well to focus research on the still partially 
unanswered question of why different 
exposed papulations have experienced 
such different rates of the major asbestos 
diseases. But with the now overwhelming 
evidence that fiber type poorly explains 
most of that difference, at least in regards 
to lung cancer, continued reference to the

hypothesis serves only to distort debate 
and confuse the audience. To paraphrase 
Shakespeare’s Julius Caesar, “The evil 
that theories do lives after them; the good 
is oft interred with their banes.” □

Mark R. Cullen 
Yale Universitj School cfMediant 

New Haven, Conn
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Topics for Our Times: Don’t Inhale—Reflections on Garbage!
For more than a centuiy, garbage 

removal has been central to the contro­
versy of how best to organize public health 
services. Throughout the 19th centuiy in 
New York City, Tammany Hall politi­
cians, generally turning to private contrac­
tors, found in garbage removal a fertile

field for kick-back and graft. Because of 
the failure, in part, of private contractors 
to clean the city’s streets effectively, 
sanitation was made an activity of munici­
pal government. Beginning in the early 
1970s, however, academics and policy­
makers have called for the dismantling

of public sanitation departments and the 
provision of “market incentives” to pri­
vate haulers. .

A recent exhibition at the New York 
Public Library, Garbage: The History and 
Politics of Trash in New York City, should 
cause public health practitioners and
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