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The Sizes, Shapes, and Mineralogy of Asbestos Structures
that Induce Lung Tumors or Mesothelioma in AF/HAN Rats 
Following Inhalation1

D. Wayne Berman,2 Kenny S. Crump,3 Eric J. Ghatfield,4 John M.G. Davis,5 and Alan D. Jones5

Data from inhalation studies in which AF/HAN rats were exposed to nine different types of asbestos 
dusts (in 13 separate experiments) are employed in a statistical analysis to determine if a measure 
of asbestos exposure (expressed as concentrations of structures with defined sizes, shapes and min­
eralogy) can be identified that satisfactorily predicts the observed lung tumor or mesothelioma inci­
dence in the experiments. Due to limitations in the characterization of asbestos structures in the 
original studies, new exposure measures were developed from samples of the original dusts that were 
re-generated and analyzed by transmission electron microscopy using a direct transfer technique. This 
analysis provided detailed information on the mineralogy (i.e., chrysolite, amosite, crocidolite or 
tremolite), type (i.e., fiber, bundle, cluster, or matrix), size (length and width) and complexity (i.e., 
number of identifiable components of a cluster or matrix) of each individual structure.
No univariate measure of exposure was found to provide an adequate description of the lung tumor 
responses observed.among the inhalation studies, although the measure most highly correlated with 
tumor incidence is the concentration of structures >20 pm in length. Multivariate measures of ex­
posure were identified that do adequately describe the lung tumor responses. Structures contributing 
to lung tumor risk appear to be long G>5 pm) thin (0.4 pm) fibers and bundles, with a possible . 
contribution by long and very thick £>5 pm) complex clusters and matrices. Potency appears to 
increase with increasing length, with structures longer than 40 pm being about 500 times more potent 
than structures between 5 and 40 pm in length. Structures <5 pm in length, do not appear to make 
any contribution to lung tumor risk. This analysis did not find a difference in the potency of chrysolite 
and amphibole toward the induction of lung tumors. However, mineralogy appears to be important 
in the induction of mesothelioma with chrysotile being less potent than amphibole.'
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INTRODUCTION

Inhalation of asbestos dust has been clearly linked 
to lung cancer and mesothelioma in a broad range of

' This research was completed under contract to the US. Environ­
mental Protection Agency. Such support, however, does not signify 
that the contents of this paper necessarily reflect the views and poi- 
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human exposure settings; more than 50 positive epide­
miology studies have now been published.1 li However, 
a quantitative dose-response relationship that applies 
across exposure environments has not been established 
for either disease; potency estimates derived from dif-
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ferent epidemiological studies differ by up to 600-fold 
for lung cancer (Table 6-10 of an HEI-AR report*'*) and 
potency estimates reported for mesothelioma induction 
are also quite variable.

Although there are many features of epidemiolog­
ical studies that may contribute to the variability ob­
served in dose-response relationships, a major compo­
nent may be the inadequate characterization of the 
asbestos dusts to which individuals are exposed in the 
epidemiological studies. In most epidemiological stud­
ies, asbestos dust concentrations were measured (if at 
all) by phase contrast microscopy (PCM), or by midget 
impinger.*2* The impingers produce a count of total dust 
particles that are frequently converted to PCM-equiva- 
Ient counts when comparison data are available, al­
though the correlations are generally poor.1** PCM 
measurements may not be useful for distinguishing 
among exposure environments that differ in their poten­
tial to induce disease because (1) PCM is not capable of. 
distinguishing asbestos from non-asbestos structures15* 
and (2) existing animal studies suggest that asbestos 
structures outside the range of sizes visible by PCM may 
contribute to risk.*’*

Because of the limitations in the characterization of 
asbestos exposures in epidemiological studies, the best 
information regarding the effects of size and mineralogy 
on the relative potency of asbestos structures has come 
from animal studies. Injection and implantation experi­
ments (in which asbestos or other fibrous material is ei­
ther injected or implanted into the pleura or peritonea .of 
rats) generally indicate that long, thin fibers exhibit the 
greatest tendency to induce mesothelioma.1*-51* However, 
injection and implantation experiments bypass the proc­
esses associated with inhalation, retention in the lungs, 
and transport from the lungs, which may be important 
in modulating the effects of airborne exposure. Thus, 
results obtained from animal inhalation studies are likeiy 
to be more relevant for evaluating human risk than in­
jection and implantation experiments.

A number of inhalation studies have been con­
ducted in which animals (generally rats) have been ex­
posed to varying concentrations of asbestos dusts of 
various types and the incidence of tumors observed in 
the animals recorded.*7-'524-28-52-54* In addition to verifying 
that different types of asbestos can cause lung cancer 
and mesothelioma when inhaled by animals, these stud­
ies generally indicate that longer fibers tend to be more 
carcinogenic than shorter ones. However, no measure of 
asbestos exposure that satisfactorily predicts tumor in­
cidence is identified in these studies.

In this study, data on tumor incidence in AF/HAN 
rats from 13 inhalation experiments reported in a series

of studies conducted by Davis et al.17-'5* are combined 
in a statistical analysis to determine if a measure of ex­
posure can be identified that satisfactorily predicts lung 
tumor or mesothelioma incidence. Because of limitations 
in the characterization of asbestos exposures in the orig­
inal Davis et' al. studies (use of scanning electron mi­
croscopy precluded observation of structures thinner 
than 0.2 pm; only SEM visible fibers and bundles were, 
included in the characterized size distributions while 
clusters and matrices may also contribute to tumorige- 
nicity in a unique way; and lack of bivariate character­
ization of the size distributions precluded evaluation of 
the combined effects of structure length and width), ar­
chived samples'of the original stock, samples were used 
to regenerate asbestos dust clouds that were collected on 
filters and characterized in detail by transmission elec­
tron microscopy (TEMJ. TEM is capable of detecting 
and identifying even the thinnest asbestos structures.

DATABASE AND METHODS

The Animal Inhalation Database

The series of animal studies by Davis et al.*7'"-'5* 
all employed a common protocol, utilized the same 
strain of rat, and were conducted in the same laboratory 
by the same group of investigators. In these studies, 
groups of 40 male AF/HAN rats, aged 3 months at the 
beginning of the experiment, were exposed by inhalation 
for 7 Hours per day, 5 days per week for 224 days over 
one year and then observed for a minimum of an addi­
tional'year. These studies involved UICC crocidolite, 
Korean tremolite, four types of efurysotile and three types 
of amosite (Table 1). Several of the samples were also 
studied at two doses or On multiple occasions. Details 
of the experimental procedures used in these studies 
(along with the' sources of the asbestos samples em­
ployed) are reported in the studies cited in Table 1. Due 
to the small number of mesotheliomas observed, the 
present evaluation was limited primarily to lung tumors. 
Benign and malignant lung tumors were pooled for this 
evaluation. Also, control groups from the various studies 
were combined into a single group.

Regeneration and Analysis of Dusts from the 
Animal Studies

To obtain more definitive characterization of the as­
bestos dusts used in the Davis et al. studies, dusts’ were
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Table 1. Summary Data for Animal inhalation Experiments Conducted by Davis and Coworkers'

Fiber type Description
Abbre­
viations

Mass
concen­
tration

(mg/m-5)
PCM
17ml

Number
of

animals

Number 
of benign 
pulmonary 

tumors

Number of 
malignant 

-pulmonary
tumors

Total
number of 
pulmonary 

tumors
Mesothe­

liomas Reference

Chrysolite UICC-A uc 2 390 42 6 2 8 i 17)
Chrysotile . UICC-A uc 10 1,950 . 40 . 7 8 15 0 CO
Chrysotile Long LC 10 5.510 40 8 . 12 20 • 3 (13)
Chrysotile • Short • SC 10 1,170 40 1 6 7 1 (13)
Chrysotile UICC-A UC 9.9 2,560 36 6 8 14 0 (12)
Chrysotile UICC-A (Discharged/* DC 9.9 . 2,670 39 4 6 10 I (12)
Chrysotile . WDC Yam" wc 3.6 679 . - 41 - 5 13 18 0 . (11)

Amosite'. • UICC ’UA -■ ■10 550 43 2 0 2 0 (7)
Amosite . Long . LA • 10 2,060 40 3 8 11 3 (10)
'Amosite'' ; ' Short SA . 10 70 42 .0;. 0 0 I ' cio)

Crocidblite ...... ■:uicc UR 4.9 430 43 •2 0 ■ .2 1 (7) .
Ccoctdolite UICC UR 10 . 860 30 I 0 "1 0 (7)

Tremolite Korean KT 10 1,600 39 2 15 18 2 (9)

None Control C 0 20 0 0 0 0 (7)
None Control c 0 36 0 0 0 0 (9)
None Control c ■ 0 61 1 1 2 0 (10)
None Control c 0 64 1 1 2 0 (11)
None Control c .0 47 I 1 , 2 0 (13)

• Exposure occurred for 7 hours a day. 5 days a week for I year.
ft UJCC-A Chrysotile in this experiment was treated with mixed polarity air (produced with a source of beta radiation) following generation to 

reduce the surface charge on individual particles within the dust.
e Chrysotile samples used for dust generation in this experiment were obtained from material treated by a commercial wet dispersion process.

regenerated from samples archived from the original 
studies using the same equipment, procedures, and per­
sonnel as in the original studies. For each asbestos sam­
ple type, three or four sets of filters at three different, 
particle loadings were collected at regular time intervals 
over approximately one hour during which the rate of 
dust generation was kept constant. The set of optimally- 
loaded filters (one from each time interval) was 'then 
prepared and analyzed and the results from the individ­
ual filters were combined. A separate set of filters was 
also collected for PCM analysis at the same time as the 
filters collected for analysis by TEM. A detailed discus­
sion of the preparation and analysis of samples for this 
study and a characterization of the samples based on this 
analysts is currently in preparation (Berman et al.. Jour­
nal article in preparation).

The regenerated dusts were analyzed by TEM using 
the counting criteria from the Interim Superfund Method 
for the Determination of Asbestos in Air,15’* These cri­
teria provide that, in addition to examination of a portion 
of each filter in which all asbestos structures present are 
identified, a separate examination of a different portion 
of each filter is performed at lower magnification, during

which only structures > 5 |im in length are evaluated. 
The stopping rules in the Superfund method were mod­
ified for this study to assure that a minimum of 200 
structures derived from total structure examination and, 
separately, 200 structures derived from examination for 
long structures (S 5 pm in length) would be evaluated 
for each sample. By using a separate examination for 
long structure's, the present study achieves a level of pre­
cision for the determination of long structures that could 
otherwise requirc the counting of thousands of. structures 
when all sizes are evaluated simultaneously.(1,)

In the data base developed from the regenerated 
dusts, fibers, bundles, clusters and matrices (as defined 
in the literature*57>) are characterized separately along 
with measurements of the length and width of each such 
structure. Up to five fibers and bundles that are com: 
ponfents of clusters or matrices are also characterized for 
those complex structures (i.e., clusters and matrices) 
where individual fibers or bundles can be character- 
ized.,5B) In the analyses reported herein, two methods of 
utilizing information on complex structures are applied. 
In one set of analyses, only the primary structures enter 
the analysis. In a second set of analyses, whenever com-
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poneht" fibers or bundles in a cluster or matrix are char- 
acterize'd; these components are included as if they are 

• independent structures and the parent cluster or matrix 
is riot included.

. Estisnarion of.Exposure Concentrations

" •.,;Cbri£eritrations of asbestos structures in each regen­
erated dust that exhibit specific characteristics .based on 
^ze or'type'werecalculated by multiplying the, number. 
<q.CStnictureS liri'a particular sample displaying the char- 
\^etetasti'c(s^pr-ihter'est by the- total area of the filters 
• %po.sed.dtmri^ air’-sample collection and. dividing by the. 
product of the area of the portion of the filters examined 
during the analysis and the volume of air passed through _ 
the filters' during air sample collection. The concentra- 

. tions of structures in the original dusts to which the an­
imals were exposed were estimated by multiplying the 
corresponding concentration in the regenerated dust by 
the ratio of the concentration measured by PCM in the 
original dust to the PCM concentration in the regener­
ated dust.

Statistical Methods

potency of structures in the jth structure category, relative 
to the potency of structures in other categories.

The qjS are constrained to be non-negative (q^ > 0 
for j = l, .... k) and to sum to one (q, + ... + qj = 1). 
The latter constraint makes each q; a measure of relative 
potency rather than.absoiute potency. The non-negativity 
constraint implies that no category , of structures is ca- 
pable'of reducing the probability of a'tumor response.

In a few of the analyses the model is expanded to 
permit the probability of response to depend upon the 
chemical composition (mineralogy) of the structures 

: (e^g.i chrysotile bramphibole). This expanded.version of 
the-model is of the form: .

P; = .l.-exp(-oc-Pi*WQ (3)

where P; is the probability of tumor response in animals 
exposed exclusively to material of type i, and {3; a meas­
ure of the absolute potency of this material. Thus, in this 
more general model, a different absolute potency is as­
sumed for materials of differing mineralogy but the rel- 

■ ative potencies of structures in different structure 
categories are assumed to be independent of mineralogy.

In still other analyses, the tumorigenic potential of 
a structure is assumed to be embodied in a single quan­
titative measure (e.g., the surface area of the structure). 
In these analyses the probability of a tumor response in 
an animal is assumed to be of the form:

Once the. re-generated dusts were characterized, a 
statistical analysis was performed to test for relationships 
between the size, shape, and mineral type of an asbestos
structure and its relative potency for inducing lung tu­
mors. In the statistical methods employed, the probabil­
ity of a lung tumor (benign or malignant) response in an 
animal is assumed to be of the form:

P = l-exp{—a—P*WQ (I)

where a specifies the response probability in unexposed 
animals (i.e., the probability of-a response in unexposed 
animals is 2 - exp[-aj), 3 represents the absolute potency 
of a dust for producing a tumor response, and WC is a 
weighted sum of the concentrations of structures in dif­
ferent structure categories. A structure category is de­
fined by restrictions on structure sizes {e.g., a defined 
range of lengths, widths, and/or aspect ratios) and struc­
ture types (e.g., fibers, bundles, clusters, and/or matri­
ces). The weights in the weighted sum are estimates of 
the relative potencies of structures in the different struc­
ture categories. Thus,

WC = ql*xl+q2*x2+....+qJ[*xl = Eq^ (2)

■here Xj is the concentration of airborne asbestos struc­
tures in the jth structure category and qj represents the

. P = l-exp(-a-3*SM) (4)

where SM is the sum of the quantitative measures over 
the structures contained in a specified volume of air. For 
example, if the quantitative measure is surface area, then 
SM is the total surface area of structures per milliliter 
of air.

The parameters of these models (a, p and q}) are
estimated using maximum likelihood methods and like­
lihood ratio tests are used for testing hypotheses.'39* Con­
fidence intervals for individual parameters are con­
structed using the “profile likelihood method.”'39* The 
goodness-of-fit of each model to the data is assessed by 
applying a chi-square distribution to the deviance statis­
tic.'401 The p-value of the chi-square statistic is approx­
imated using the chi-square distribution with degrees of 
freedom equal to the [number of dose groups] — (num­
ber of qj’s estimated as being non-zero] — l.

The non-negativity constraints imposed on these 
models make this approach very different from ordinary 
(unconstrained) regression. In ordinary regression, a per­
fect fit of a model is guaranteed whenever the number 
of parameters equals or exceeds the number of data 
points. However, in the constrained model described 
above, typically all but a few of the q^'s are estimated
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Mass Concen&aSon (mgftrP)

Fig. 1. Fit of model. Tumor incidence versus mass concentration from animal study.

to be zero so that the estimation results are the same as 
if these q^s had not been included in the estimation pro­
cedure. Consequently these, models may legitimately in­
clude more categories of asbestos structures than there 
are animal exposure groups. .

Evaluation of Mesothelioma Incidence

Although there were too few mesotheliomas ob­
served in ••the animal inhalation studies to perform an 
extensive analysis similar to that conducted for lung tu­
mors, a test was .conducted of whether the risk of mes­
othelioma was proportional to the risk development of 
lung tumors^ If this test cannot be rejected, it.suggests 
that any fiber size distribution that describes die lung 
tumor responses also describes the mesothelioma re­
sponses. The specific test conducted was a likelihood 
ratio test of whether the probability of mesothelioma 
could be expressed as

P = cP1 moo li

where Pmi=u, is the probability of developing mesotheli­

oma following exposure; P„ is the probability of devel­
oping lung tumors following exposure; and c is tbe 
constant of porpotionality between the probability of de­
veloping a mesothelioma and the probability of devel­
oping a lung tumor.

This test was applied to the total data set and to the 
chrysotile and amphibole studies separately.

RESULTS

Univariate Measures of Exposure

Figure I is a plot of the percentage of animals with 
lung tumors versus the mass concentrations (mg/m1) of 
total dust reported in the original Davis et al. studies. 
The curve in the figure represents the maximum likeli­
hood fit of the dose-response model represented by 
Equation 4, where SM is the measured dust mass for 
each experiment reported in Table 1.

It is clear from Figure 1 that mass concentration of 
total dust does not provide a consistent dose-response
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Fig. 2. Fit of model. Tumor incidence versus PCM concentration from animal srudy.

for these studies. Several of the Davis et al. studies em­
ployed a target mass concentration of 10 mg/mJ (Table 
1) and results of these studies appear grouped together 
on the right side of the figure. Despite having been ex­
posed to similar dust mass concentrations, responses in 
these animal groups are quite variable, ranging from 0 
pet (0/42 animals) for short amosite to 50 get (20/40 
animals) for long chrysolite. Moreover, even though the 
experiment , involving wet dispersed chrysotile involved 
exposure to a total dust mass concentration of only 3.5 

the tumor response was 44 pet (18/41), which is 
considerably greater than that of several of the experi­
ments employing a total mass concentration of 10 
mg/m-\

Figure 2 is similar to Figure 1. except that the con­
centration of fibers measured by PCM (f/cc) in the orig­
inal study replaces mass concentration as the measure of 
exposure. This figure likewise exhibits no consistent 
dose-response pattern. Thus, neither of the two measures 
of exposure reported in the original Davis et al. studies 
(total dust concentration and PCM fiber concentration) 
relate to lung tumor risk in a consistent manner.

Table 2 is a summary of the tests of goodness-of- 
fit for the exposure-response models presented in Fig­

ures 1 and 2 and similar models based on other 
univariate measures of exposure that are derived from 
TEM measurements of the re-generated dusts. For each 
univariate measure of exposure, the table contains the 
correlation coefficient (R2) for the relationship between 
the airborne asbestos concentration (defined by the uni­
variate measure) arid the negative Logarithm of the prob­
ability of remaining tumor-free (-Ln(l-P)]. The table 
also contains the deviance of the maximum likelihood 
fit of the univariate dose-response model {defined using 
Equation 4) and the p-value for the goodness-of-fit test 
associated with that deviance. Large deviances and, cor­
respondingly, small p-values (i.e., p < 0.05) indicate a 
poor description of the lung tumor response by a partic­
ular univariate measure of exposure.

Both total dust mass and PCM concentrations give 
very large deviances and corresponding, highly signifi­
cant lack of fit, 138.0 (p < 0.0001) and 56.1 (p S 
0.0001), respectively (Table 2), which is consistent with 
the visual impressions from Figures 1 and 2. Likewise, 
the concentrations of total asbestos structures measured 
by TEM, of TEM structures longer than 5 pm, and of 
TEM structures longer than 20 pm all give poor fils to 
the data, although the deviance statistic decreases as. the
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Table II. Summary of Fils of Univariate Concentrations 10 Lung Tumor Data'

Dose measure R• Deviance if />-value*

Total dust mass concentration 0.05 116.0 12 <0.0001
PCM structure concentration 0.50 56.1 12 <0.0001
Total TEM structure concentration* 0.32 1)2.1 12 <0.0001
Concentration of structure longer than 5 pm* 0.39 87.7 12 <0.0001
Concentration of structure longer than )0 pm* . 0.50 51.4 !2 <0.0001
Concentration of structure longer than 20 pm* 0.72 31.4 12 0:0017
Concentration of structure longer than 30 pm* 0.7) 41.7 12 <0.0001
Concentration of structure longer than 20 pm and thinner than 0.4 pm* 0.60 37.4! 12 0.0002
Concentration of structure longer than 20 pm and thinner than 0.2 pm* 0.29 . 92.9 12 <0.000!
Concentration of structure longer than 20 pm and thicker than 0.4 pm* 0.71 38.0 12 0.0002
Total structure surface area per air volume*' 0.65 38.4 12 0.0001
Total structure volume per air volume 0.54 50.2 12 <0.0001
Sum of aspect ratios per air volume* 0.32 )08.8 12- <0.0001
Sum of (aspect ratio)1-* per air volume* .. .. .. ._ 0.35 .100.3- . 12 <0.000!
Stanton Index** 0.38 . 79.85 - 12 <0.0001

’ P-values <0.05 indicate a significant lack of lit of model to lung rumor data, based on chi-square distribution for the defiance with 12 degrees of 
freedom (14 dara sets and two parameters).

* Concenlralions derived counting components of less complex structures as individual structures and ignoring the parent structure.
4 Concentrations derived counting only primary structures.
J The index proposed by Slanton-er is the concentration of all fibers 2 8 pm in length and < 0.25 pm in width.

;

\\

structures are restricted to increasing lengths in this se­
ries, which indicates an improving fit. However, restrictr 
ing the analysis to even longer structures (> -30 pm), 
restricting the widths of structures longer than 20 pm to 
thinner structures (< 0.4 pm or < 0.2 pm) or to thicker 
structures (> 0.4 pm) all make the fit worse.

Several other measures evaluated in Table 2 are 
similar to exposure measures found by other investiga­
tors to be significantly correlated with tumor incidence: 
structures longer than 8 pm and thinner than 0.25 pm,1-4* 
total surface area of the asbestos structures per unit vol­
ume of air (implied by Lippman,'41* assuming a relation­
ship between tumor induction and fibrosis as described 
by Davis and Cowie*421); total volume of asbestos per 
unit volume of air (which is proportional to the total 
mass concentration of asbestos'43*), the concentration of 
aspect ratios (sum of aspect ratios of structures per unit 
volume of air*2**); and the concentration of aspect ratios 
raised to the 1.8 power.130*

All measures reported in Table 2 are significantly 
correlated (p < 0.05, based on the slope of the regression 
line) with lung tumor incidence. Nevertheless, alf of 
these measures provide a poor fit to the lung tumor data 
(p < 0.0017, based on the deviance statistic) despite a 
significant correlation coefficient.

The results in Table 2 suggest that the tumorigenicity 
of the asbestos dusts studied by Davis et al. are more 
closely related to the concentration of longer structures 
than to the concentration of shorter structures. As previ- '

ously suggested by Wylie et al.,131* however, the fact that 
none of the exposure measures listed in Table 2 provide 
an adequate description of the database suggests that the 
features of asbestos that relate to risk are' too complex to 
be represented by a single univariate exposure measure 
and that multivariate measures may be required to ade­
quately describe lung tumor response to asbestos.

Multivariate Measures of Exposure

To gain an understanding of the combinations of 
structurec.ateg’ories.that relate best to potency, more than 
100 statistical analyses were conducted in which relative 
potencies were estimated for various combinations of 
length and width categories. The results of these ex­
ploratory analyses are summarized by an analysis that 
incorporates a matrix of five length categories (< 5 pm, 
5-10 pm, 10-20 pm, 20-40 pm, and > 40 pm in length) 
in combination with five categories of width (< 0,15 
pm, 0.15-0.3 pm, 0.3-1.0 pm, 1.0-5.0 pm, and > 5.0 
pm in width), for a total of 25 categories of structures 
that potentially contribute independently to potency. In 
this analysis, the relationship between exposure and re­
sponse was modeled using Equation 1 with WC con­
sisting of a 25-term function that is the sum of the 
product of each size category multiplied by a relative 
potency for that size category (Equation 2). Table 3 in­
dicates the maximum likelihood estimates of the relative
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Table ])I. Relative Potencies for Inducing Lung Cancer"

Width
(|lm) < 5 ■ 5-10.

Length (pm)

10-20 20-40 > 40 Total

Analysis based on .primary structures < 0.15 0.0055 0.42 X x • 0.42
0.15-0.3 0.040 . 0.040
0.3-1.0 • '. -. . 6..

-V: ■ " - . " f.O-5.0" ' , ■ P\,
. •** • 11" > 5.0. . X ' 0.043 0.074 0.42 0.54: .

Total 0 0.0055 .. .0.50 0.074 0.42 1.0'
Deviance = 13.33 (7 df) ■ .- .

-*/: *" '• • ' p'*f- 0.06

Less complejC'clusters. and matrices ■ - ' . . ■; * * . “ —

)laced by components^' <-o.is ;■ ' ..•• ' •: 0.033 0.10 X Q.I3
.0.15-0.3; ■ ' " ■ 0.0018 . , 0.72 0.72.

.. . ■’ . 0.3-I.0 - ' 0
• 1.0-5.0 . 0 . -.

> 5.0 X 0.02 0.13 0.15
Total 0 6.0018 0.033 0.12 0.85 1.6
Deviance = 12.03 (7 df)
p = 6.10

juries represent an estimate of the relative potency assigned to structures in that size category by the model defined by Equation (1). An “X” 
tdicates a category that contains no structures. A blank indicates zero potency estimated for that category. P-value is for fit of model to hmg 
>mor data in Table I, based on chi-square distribution for the deviance (small p-values indicate poor fits).

ies (i.e., the q^’s from the mode!) of the structures 
each of the 25 size categories.

Table 3A presents results in which only primary 
.natures are included, whereas Table 3B presents re- 
lts in which parent clusters and matrices (for which 
■mponent structures' were characterized) are replaced 
• their components. The statistical analysis in which 
■mplex structures are resolved into components (Table 
)) provides the best fit to the data and the resulting 
ode! provides an overall adequate description of the 
ta based on goodness-of-fit (deviance = 12.03 [7 df], 
= 0.10). The fit is also marginally acceptable from the 
alysis (Table 3A) that includes only primary structures 
eviance = 13.33 [7 df],p = 0.06). These two analyses 
hibit several common features. Both of the analyses 
xibute zero potency to structures shorter than 5 pm. 
isitive potencies are confined to structures that are ei-. 
;r thin (< 0.3 pm) or very thick (> 5 pm). For both 
.n and thick structures, potency tends to increase with 
creasing length, although the observed relationships 
; not entirely monotone.

Resolution of complex structures into component 
ers and bundles significantly increases the precision 
th which fibers and bundles can be categorized, since 
jghly 50 pet of the fibers and bundles characterized 

re-generated dusts are components of complex 
res. Consequently, from this point on, only, anal­

yses that resolve clusters and matrices into components 
are considered. .-

Although the statistical analysis reported in Table 
3B adequately • describes the data, the relative potencies 
assigned to the two narrowest categories of structures 
seems somewhat unrealistic; one expects dose-response 
relationships to vary smoothly with size. Positive poten­
cies are assigned, to structures thinner than 0.15 pm in : 
combination with one long and one short length category 
(5-10 pm and > 40 pm) and to.structures between 0.15 
and 0,3 pm in width in combination with two interme­
diate length categories (10-20 pm and 20-40 pm). This 
suggests that the potencies of structures in these two 
width categories cannot be distinguished using this da­
tabase.

To test this hypothesis, these two categories were . 
combined into a single category (width < 0.3 pm). The 
results of this analysis are presented in Table 4A. Com­
bining these width categories only slightly increases the 
deviance (from 12.03 to 12.15), so that the hypothesis 
that structures in the two width categories are equally 
potent cannot be rejected. Moreover, the fit of the model 
actually improves somewhat (the p-value increases from 
6.10 to 0.14), due to a reduction in the number of de­
grees of freedom-.

Because the pattern of potencies observed among 
the length categories of the model presented in Table 4A
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Table IV. Additional Analyses Performed to Obtain an “Optimum Exposure Index”'

W^Th
Length (pm)

(pm) < 5 5-10 10-20 20-40 > 40 Total

A: Intermediate analysis < 0.) 0.0012 0.0054 0.84 0.847
. 0.3-1.0 0

1.0-5.0 0
> 5.0 X 0.012 0.14 0.152

Total 0
Deviance = 12.15(840 
p = 0.14

0.0012 • 0.0054 0.012 0.98 10

B: Optimum exposure index < 0.30 0.0017 0.853 0.855
> 5.0 0.145 0.145

Total
Deviance = 12.66 (10 dj)
p = 0.24

0.0017 0.998 1.0

• Entries represent an estimate of the relative potency assigned to structures in that size category by the model defined by Equation (1). An “X” 
indicates a category that contains no structures. A blank indicates zero potency estimated for that category. A-value is for fit of model to lung 
mrnor data in Table I, based on chi-squared distribution for the deviance. (Small p-values indicate poor fits).

also appear somewhat unrealistic, this model was sim­
plified by reducing the number of length categories in 
the same manner that the number of width categories 
was reduced for ihe model described above. Therefore, 
structures between 5 pm and 40 pm in length were com­
bined into a single length category. Also, structures 
shorter than 5 pm were removed from the analysis be­
cause, even with the reduced number of length catego­
ries, the short structures were assigned zero potency. 
Structures between 0.3 and 5.0 pm in width were also 
removed because these too were assigned zero potency 
in the reduced model.

The model resulting from the maximum likelihood 
fit of the remaining size categories (referred to as the 
“optimum exposure index”) is shown in Table 4B. The 
deviance of 12.66 obtained from this analysis is only 
slightly larger than that of the full model (12.03) and- 
the goodness-of-fit p-value“from the reduced: model is 
0.24 (10 df), which indicates a better statistical fit than 
was obtained using the original model (Table 3B) or the 
intermediate model (Table 4A).

The “optimum exposure index” assigns a relative 
potency of:

• 0.0017 for structures < 0.3 pm in width and be­
tween 5 and 40 pm in length;

• 0.853 for structures < 0.3 pm in width and > 40 
pm in length; and

• 0.145 for structures > 5.0 pm in width and > 40
pm in length.

All other structures are assigned a potency of zero in the 
optimum exposure index. Inlereslingly, whereas the lat­

ter size category is composed completely of complex 
structures, the two categories of thin structures are com­
posed almost totally of fibers and bundles (including, 
many that are components of complex structures).

The fit to the experimental data obtained by the 
“optimum exposure index” is presented in Figure 3. 
The x-axis of this plot is exposure expressed as the 
weighted airborne concentration formed by the sum. of 
the relative potencies from this analysis times the con­
centrations of structures in the corresponding categories 
(WC in Equation 2). Unlike Figures 1 and 2, this graph 
indicates a consistent- dose-response relationship.

Table 5 contains 90 pet confidence intervals for the 
three structure categories that are assigned positive po­
tency by the optimum exposure index. The fact that none 
of these three confidence intervals contains zero potency 
implies that none of these three structure categories can. 
be removed from the model without significantly de­
grading the fit (i.e. the hypothesis that one of these cat­
egories has zero potency can be rejected). Thus, to. 
obtain adequate fits to the lung tumor incidence data 
within the framework of this analysis, it is necessary to 
assign positive potencies to all three of the size cate­
gories of structures that contribute to the optimum ex­
posure index.

Table 5 also contains 90 pet confidence intervals 
for two categories of structures assigned zero potency in 
the optimum exposure index: structures < 5 pm in 
length and structures 5—40 pm in length and > 5 |im in 
thickness. The upper 95 pet confidence bound for the 
relative potency of structures shorter than 5 pm is esti­
mated as 0.00008. This upper bound is 0.00008/0.0017
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Table V. Relative Potency Estimates Derived from the 4‘Optimum 
Exposure Index** with 90% Confidence Intervals

Category 
(units in Um)

Relative
potency
estimate

90% confidence 
interval

length < S 0 (0, 0.00008]-
5 5 length < 40 

width S 0.3
0.0017 [0.0010. 0.0032]

5 5 length < 40
width > 5.0

0. (0, 0.030]-

length k 40 
width < 0.3

0.8S (0.67.0:95]

length & 40 
width 2: 5.0

0.1 S' ?■ (0.04, 0.32}

" The size category is assigned 2ero potency in the model derived from 
the maximum likelihood fit and therefore does not contribute to the 
“optimum exposure index.’*

= 1/20 as large as the estimated relative potency of 
structures between 5 and 40 pm in length and thinner 
than 0.3 pm, and only 0.00008/0.85 = 1/10,000 as large
Kthe estimated relative potency of structures longer 

an 40 pm and thinner than 0.3 pm.

Results of various additional hypothesis tests are 
presented in Table 6. All of the analyses presented in­
dicate a zero potency for all categories of structures 
shorter than 5 pm. Since this is the outcome most fa­
vorable to the hypothesis that such structures are non- 
potent, p = 1.0 is the p-value associated with a test of 
this hypothesis. Although some analyses reported herein 
assign a positive potency to. structures 5-10 pm in 
length, the hypothesis that structures shorter than 10 mi­
crons in length are non-potent cannot be rejected either 
(p = 0.09).

Results of hypothesis tests for a difference between 
the potency of chrysotile and amphibole, conducted 
within the framework of the optimum exposure index, 
are also presented in Table 6. This test was performed 
by estimating different absolute potencies (i.e., different 
values for (3; in the model) for chrysotile and amphibole, 
but assuming that the relative potencies of structures in 
different size categories (i.e., the qj’s) are the same for 
chrysotile and amphibole (Equation 3). The resulting p- 
value for this test is 0.72 (non-significant), indicating no 
detectable difference between the potency of chrysotile 
and amphibole. It is also not possible to reject the com-
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pound hypothesis that chrysotile and amphibole have the 
same relative potencies and that the relative contribu­
tions to potency from different size fractions are the 
same for chrysotile and amphibole.

The optimum exposure index assigns positive po­
tency to thin (< 0.3 pm) and very thick (> 5 pm) struc- 

•. . hires but not to structures of intermediate thickness. 
Although a potency for very thick structures could be 
due to thin structures imbedded within complex struc­
tures (see discussion), this result could also be an artifact 

' caused by limitations in the data base and the specific 
~outpoints, used to create the optimum exposure index. 
Additional analyses taken to further explore' this issue- 
identified a slightly different index.that also provides an 
adequate fit to the data (p = 0.09) and which does not 
result in a positive potency for very thick structures. This 
index assigns a relative potency of:

• 0.0024 for structures < 0.4 pm in width and be­
tween 5 and 40 pm in length; and

• 0.9976 for structures < 0.4 pm in. width and > 
40 pm in length.

Statistical Analyses of Mesothelioma Data

Results in Table 7 indicate that the hypothesis that 
mesothelioma incidence is proportional to lung tumor 
incidence for all sample types combined can be rejected. 
However, the hypotheses that mesothelioma incidence is 
proportional to lung tumor incidence either for chrysotile 
sample types or amphibole sample types (considered 
separately) cannot be rejected.

The best indication (i.e., maximum likelihood) is 
that the probability of a chrysotile (amphibole) exposure 
inducing mesothelioma is 0.058 (0.20) times the prob­
ability that the same exposure induces lung tumors. 
These two values are significantly different (p = 0.032). 
Since the analyses of the lung tumor data indicate that 
there is no difference between chrysotile and amphibole 
in their ability to induce lung tumors, these results sug­
gest that amphibole is 0.20/0.058 = 3.4 times more po­
tent than chrysotile for causing mesothelioma in rats 
(assuming that the relative potencies of structures in dif­
ferent size categories are approximately the same for 
mesothelioma and lung tumors.

DISCUSSION

Results from this study indicate that the induction 
of lung tumors in rats following inhalation of asbestos ,

Table VI. Hypothesis Test Results for Lung TumorTncidence

Decrease
in

deviance

lvalue 
of Hypo­

thesis
test*

Structures shorter than 5 pm are non- 
potent 0 i (NST

Structures shorter than 10 pm are 
non-potent* I.7& 0.09 (NS)

Structures shorter than 40 |im are 
non-poienF' 74.6 <0.0001 is y

Structures longer than 40 pm are 
non-potenH 73.1 <0.0001 (S)

Structures thicker than S pm are non- 
potent*' 10.0 0.007 <S)

Structures thinner than 0.3 pm are ■
non-potent 54.4 <0.0001 . (S)

Amphibole and chrysotile structures.-.
arc equally potent^ 0.12 0.72 (NS)

Fibers and bundles are equally po­
tent* 0.78 0.68 (NS)

* A P-value less than 0.05 indicates that the hypothesis can be rejected. 
‘NS - not significant (hypothesis cannot be rejected).
' Based on analysis of data in Table 5A. 
d Based on analysis of data in Table SB­
'S - significant (hypothesis can be rejected). -
/Due to a limitation in the computer program used to perform these 

calculations, the value of the background parameter, a, was fixed at 
the value that provides a perfect fit to the control data.

is a function of the size and shape of asbestos structures 
within the inhaled dusts. Structures contributing to lung 
tumor risk appear to be long (5 5 pm) thin (< 0.3 or 
0.4 pm) fibers and bundles, with a possible contribution 
by long and very thick (> 5 pm) complex clusters and 
matrices. Potency appears tojncrease with increasing 
length, with structures longer than 40 pm being about 
500 times more potent than structures between 5 and 40 
pm in length. Fibers and bundles of similar dimensions 
appear to contribute equally to potency.

For all types of asbestos structures, results of this 
study suggest that a minimum length (between 5 and 10. 
pm) exists such that the best estimate of the potency of 
structures shorter than this minimum is zero. This anal­
ysis also indicates that, as a worst case, a 95% upper 
limit to the potency of individual structures shorter 5 pm 
is no more than about 1/20 of the potency estimated for 
individual fibers or bundles between 5 and 40 pm in 
length and no more than about 1/10,000 of that esti­
mated for individual fibers or bundles >40 pm in length 
and <0.3 pm in width. In contrast, the evidence sug­
gesting a range of widths within which structures can be 
considered non-potent is less compelling.
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Table VII. Hypothesis Test Results for Comparing Mesothelioma and Lung Tumor Incidence

. Increase in P-value of
Hypothesis tested deviance hypothesis test*

The relative probability of inducing mesotheliomas and lung tumors are the same for all dusts tested. IP.... = •
. :V$£' 20.9,

Therelative probability of inducing mesotheliomas and lung tumors are the same for all chrysolite dusts tested.
. • v; . : 9.97

TTif trelauive-probability of inducing mesotheliomas and Sung tumots. are the same for ail antphibole dusts 
•;"Aesied. ? c.?„>* . . 6.30

•.fheproportionality constant relating mesothelioma-incidence to lung tumors incidence is the same for chrysolite • .
.■ .^'di.th'e^phiBoies. (c;. = c,)- .- • ....... . . / 4.62

than 0.05 indicates,that P is significam and the hypothesis can be rejected.. . . .
, ATfie- tjSsi estimate for the constant of proportionality between mesothelioma and lung rumor incidence is c = 0.094 when all dusts arc considered. 
.-'Theibest estimate for the constant of proportionality betwen, mesothelioma and lung minor incidence is c, = 0.058 when chrysotile. dusts are 

•'''■canstderedseparately. . : ‘ • . '
■'The best estimate for the constant of proportionality between.mesothelioma and lung' tumor incidence is c. .= 0.20 when antphibole dusts are 

. considered separately. . '.

0.028

0.20

0.28

0.032

. . For mesothelioma, it appears that mineralogy is an
■ important determinant of the relative potency of inhaled 
dusts, with chrysotile being less potent toward the induc-

■ lion of mesotheliomas than the amphtboles in comparison
their relative potency for inducing lung tumors. .

* • Despite the special emphasis placed-on the charac­
terization of long structures, the data base employed in 
this,- study contains only a limited number of very long 
structures (e.g.-, >40 pm in length). This contributes un­
certainty to the specific quantitative estimates- of relative 
potency for long structures, the most potent'structures 
identified. Our statistical analysis does not address this 
type of uncertainty; fiber concentrations were assumed to 
be known with certainty. Additional uncertainties in the 
exposure estimates result from the reliance.on regenerated 
dusts in this study rather than the actual dusts to which 
the. experimental animals were exposed. This problem 
was mitigated by having the dusts regenerated by the 
same personnel using the same stock material,, equipment, 
and procedures that were employed in the original studies.

Despite the above considerations, we know of no 
other set of experimental data that is more suitable for 
quantitative determination of relative potencies of as­
bestos structures of different types and dimensions that 
are apt- to be relevant to conditions of human exposure. 
Our study involves inhalation, which is more relevant to 
human exposures than injection or implantation studies. 
Our data base contains data on a variety of different 
types of asbestos including crocidolite, tremolite, chrys­
otile, and amosite. It includes four different samples of 
chrysotile and three different samples of amosite, which 
were chosen to represent a range of asbestos structure 
size dimensions. It also involves a more detailed char­

acterization of long structures and complex structures 
than those available from other experimental settings.

The only other studies in which the relationship be­
tween structure size and shape and tumor response has 
been examined formally (using some type of statistical 
analysis) are the.studies by Stanton et al.123-*’’ and other 
statistical studies employing the database reported by 
Stanton et al.1”-?0* or employing a re-analysis of the sam­
ples studied, by Stanton and coworkers.(3l> However, 
these studies all incorporate a statistical procedure that 
differs radically from that employed in the present study. 
While the earlier studies only identify exposure meas­
ures that are' significantly correlated with tumor inci­
dence, the present study identifies an exposure measure 
that satisfactorily describes the tumor incidence (i.e., 
provides, an acceptable fit to all of the data).6 In fact, it

6The methodology utilized in this study avoids several methodological 
problems associated with the analysis by Stanton et al. and the others 
who re-evaluated their data and conclusions.' Stanton et al. computed 
a correlation between the logarithm of the concentration of fibers in 
specific dimensional ranges and the logit of the probability of a tu­
mor. A number of exposure categories for individual fiber types in­
vestigated by Stanton et al. contained no fibers, which implies that 
the logarithm of the fiber concentration for these categories is un­
defined. Stanton et al. assigned a zero in place of the logarithm of 
concentration in these cases. However, this decision is entirely ar­
bitrary and the value selected could have had a large impact upon 
the correlation coefficient. Similarly, no tumors were detected in sev­
eral experimental groups investigated by Stanton et al. and the logit 
is undefined whenever no tumors occur. Although it is not clear how 
Stanton et al. handled this problem, it seems likely that such groups 
were omitted from their analysis. Note that, because of these prob­
lems, the correlation coefficients presented in Table 2 (which are 
calculated based on a linear relationship that is not undefined at zero) 
may not be directly comparable to those calculated by Stanton et al.
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is apparent from Text Figure 2 of Stanton et aI.|2Jl that 
the exposure measure they identify as being most highly 
correlated with tumor incidence (fibers longer.than 8 [im 
and thinner than 0.25 jim) does not provide an accept­
able fit to the observed tumor incidence. Similarly, al­
though all of the univariate measures considered in the 
present study (Table 2)'are highly correlated with tumor 
incidence, none of them adequately describe lung tumor 

■ incidence.
In contrast, when asbestos exposure is expressed as 

the weighted sum of the concentrations of structures in 
the three size categories of structures defined in this 
study by the optimum exposure index, this exposure in­
dex provides a statistically adequate fit to the lung tumor 
response data reported in the studies by Davis et al. (Ta­
ble 1). Consequently, the hypothesis that the model de­
termined by the optimum exposure index completely 
characterizes the potency of asbestos structures in the 
induction of lung tumors in AF/HAN rats cannot be re­
jected. This implies that this model can potentially pro­
vide adequate descriptions of risk in a broader range of 
exposure settings.

Stanton et found that fibers longer than 8 pm 
appear to correlate best with mesothelioma incidence, 
which parallels the findings in this study that structures 
longer than some minimum length (between 5 and 10 
pm) tend to contribute to the induction of lung tumors 
fo!fowing inhalation and that potency tends to increase 
with increasing length. However, our analysis indicates 
that the potency of structures increases with length up 
to lengths of at least 40 pm,, whereas Stanton et al. did 
not explicitly consider the contribution to potency by 
such long structures.

The maximum thickness for potent fibers and bun­
dles found in this study (< 0.3 or 0.4 pm) is comparable 
to the maximum thickness reported by Stanton et 
of 0.25 pm. Stanton et al. did not report information on 
complex structures in their data base and, indeed, the 
meaning of complex structures, in a gel suspension 
(which they used for implantation) is not clear. Conse­
quently, their study provided no information on the ef­
fects of thick clusters. Complex asbestos structures do 
occur as isolated species in the air, however, and results 
in this study indicate that dusters longer than 40 pm and 
thicker than 5 pm may contribute to the potency of an 
asbestos dust.

That long, thick clusters (structure for structure) 
may contribute about one-sixth.as much to total potency 
as long, thin fibers or bundles (Table 5B) suggests a 
mechanism in which some of these may break down and 
liberate long fibers or bundles that may then contribute 
to the induction of tumors. The structures longer than

40 pm and thicker than 5 pm that are evaluated in this 
study are open structures with settling velocities that are 
likely comparable to their component fibers or bundles. 
Thus, it is likely that they are respirable and can pene­
trate the deep lung. Once in the deep lung, however, 
when such structures impact a wail, some may liberate 
component fibers or bundles and the longest and thinnest 
of those may then contribute to the induction of tumors.

Although neither Stanton et al.'2’-J’ nor Bertrand 
and PezeraP29’ concluded that mesothelioma induction 
following injection or implantation is a strong function 
of fiber mineralogy, such a conclusion was reached by 
Bonneau et al.'30’ In our study, there is no evidence that 
mineralogy is a determinant of potency toward the in­
duction of lung-tumors. However, assuming the size 
range that induces lung tumors and mesothelioma- are 
similar, results in this study suggest that for inhaled 
dusts that exhibit comparable potency toward lung tumor 
induction, amphibole dusts are approximately three 
times as likely to induce mesothelioma as chrysotile 
dusts.

Implications for Human Exposure

For human exposures, potency estimates obtained 
from different epidemiological studies, which are based 
upon PCM measurements, have been found to differ by 
large factors.'’’ This study likewise demonstrates that 
PCM measurements do not provide a consistent dose 
response in the animal inhalation studies either. How­
ever, more complex exposure measures based upon 
TEM measurements are shown to provide a consistent 
dose-response relationship for the animal data. This sug­
gests that the observed lack of a consistent dose response 
across epidemiological studies is due at least partially to 
the fact that the features of asbestos important to deter­
mining potency are not adequately represented by PCM 
measurements.

Regarding mineralogy, human epidemiology stud­
ies (taken as a whole) suggest that mineralogy is im­
portant at least for determining potency toward the 
induction of mesothelioma."’ Our results likewise indi­
cate that amphibole dusts are more likely (by a factor of 
about three) to induce mesothelioma than chrysotile 
dusts whenever their potential to induce lung tumors are 
comparable.

The importance of mineralogy in determining the 
relative potency of a dust toward the induction of lung 
tumors in human exposure is less clear."’ Results from 
this study suggest that, when the relative size distribution 
of structures in a dust is taken into account, the miner­
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alogy of a structure does not contribute to the determi­
nation of potency toward the induction of lung tumors. 
However, this finding may not be applicable to humans 
because chrysotile degrades more rapidly than amphi- 
bole in vivo. Since humans live much longer than the 
animal species typically used in experiments, the relative 
persistence of chrysotile and- amphibole in wWIJ may 
have a much larger impact on the induction of lung tu­
mors in humans while remaining unimportant in ani­
mals.
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