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Dear Gerald:

I never got you a copy of the JOM article regarding the toxicity of
various aluminas. We would appreciate your thoughts on this article
relative to what you understand about our small particle work.
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some reference to aluminum oxides. '

I’'1l be sending you drafts of the MSDS and labels for alumina fibers
by mid-week.
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\ oo ——
Thomas G, Grumbles, C.I.H.
Environmental Quality Manager
dlj

Enclosures

AR 00001h393




Alumina-related Pulmonary Disease

Bertram D. Dinman, MD, S¢D

A review of experimental studies suggests that the catalyt-
ically active low temperature transitional forms of alumins
produces irreversible {Ibronodular change only when admin-
istered by intratracheal insufflation. Other aluminas not cat-
alytically active but also broadiy identiflsd as “gamma” for
different reasons aiso appear capable of inducing puimonary
fibrosis in the same modsi. Under conditions of human expo-
sure, ooccupatiogal exposure to a broad range of aluminas
indicates——at most—minimal puimonary nodular responsa.

sseasment of biomedical studies of the toxicity of

alumina in the lung is complicated by inconsisten-
cies in the nomenciature used to describe chemical and
physical variants of this compound. The biologic litera-
ture can be evaluated only to the extent that investi-
gators have clearly identified the individual alumina
speciea studisd. Only with careful physical-chemical de-
lineation of these physical-chemical eatities is it possible
to place experimental and human data in perspective so
as to understand the biclogic and health implications of
exposure to aluminas.

To complicate the situation further, various biologic
models have been developed as surrogates for the study
of human interactions with chemical agents. With the
evolution of such model systems, a broader understand-
ing of their utility and limitations is revealed. Although
biologic mechanisms of action may be demonstrated by
such experimental systems, their applicability to.the
human condition is frequently limited, eg, because of
high dose regimens and nonphysiologic portals of entry
or administration. Such reservations have been exten-
sively discussed in connection with studies of carcino-
genseais; similar reservations are equally applicable to
investigations of pulmonary response to dusts, or vapor,
or gases. But within these constraints, and in conjunc-
tion with clinical investigations, such models can assist
in elucidation of human responsivity and risk. Thus,
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within this frame of reference, this report will attempt
to place in perspective studies using both experimental
models and human encounters with this group of alu-
minum, oxygen, and hydrogen-containing compounds,
the aluminas.

Experimentat Studies of Alumina’s Actions in the Lungs

On the basis of an examination of those reports which
provide suificient chemical and physical specifications,
it is possible to identify aluminas previously studied in
terms of present day knowledge. Thess specific aluminas
are summarized in Table 1.

Gardner et al’ reported that inhalation of a gelatinous
slumina (designated y-HX1010), presently known to be
gelatinous boehmite, apparently did not produce dele-
terious pulmonary aiterations when administered to
guines pigs in doses of approximately 40 to 120 mg/m®.
Among its other properties, gelatinous boehmite usually
pt:esesm an extremsely high surface area (250 to 500
m’/g).

Gardner administered by inhalation at doses of 21 to
33 mg/m® a second alumina which he identified as C-
730. His deseription of the mode of preparation indicates
that this alumina was gibbsite; heated at atmospheric
pressure, this aluminum trihydroxide dehydrates
mainly to the x transitional form, a catalytically active
alumina. Once more, no pathologic alterations ensued
following inhalation exposure.

The benign outcomes of the studies of Gardner et al’
stand in stark contradiction to the findings of King and
associates: in their laboratory, this same HX1010 ge-
latinous boehmite (referred to as y-Al0OOH) produced
extensive nodular and diffuse confluent fibrosis. It is
important to note that King et al’ administered this
alumina via_intratracheal insufflation.

Because of this major ‘Tesponse, further
efforts {n King's laboratory by Stacy et al* culminated
in more extensive and systematic intratracheal insuffla-
tion studies of several aluminas (Table 1). Stacy and
co-workers,* using the same gelatinous boehmite (v-
AlQOOH, HX1010) replicated King's resuits, ie, moder-
ately severe pulmonary fibronodular change.
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TABLE 1

Review of Experimental Data with Contemporary Evaluation of Alumina Species

Agent

Crystaine Route of Particle Surtace ., aivtic
ig \dant Packing N A Ares, d Dose, mgq Response
Dodgn;ﬁon (190';;’ Arran Administration Size, um mig Activity
Cardneretal' C-730, acti-  x transi- ¥ inhalation ? 250--7 + 21-33/m* No harmful
vated tional affects
HX1010 Gelatinous ¥ Inhalation 0.02 250-350 - 35-105/m” No harmful
boeh- effects
mite
‘g etat yAIOOH Gelatinous ~* Intratracheal 0.02-0.04 250-350 - - 100 +J3to +5/5 f-
HX1010 boetr- insuffla- brosist
mite tion
cy et al* ¥-AlOOH Gelatinous ¥ Intratracheal 0.02-0.04 250-350 - 50 +3/5 fibrosist
HX1010 boeh- insuffia-
mite tion
1-ALO, 7 transi- ¥ Intratracheal 0.02-0.04 60=? + 50 +5/5 fibrosist
HX1010 tional insuffia-
at 850°C tion
¥-AIOOH Boehmite ¥ Intratracheal 3 0.5 - 50 0 fibrosist
Cera hy- insuffla-
drate® tion .
a-AlOs a-AlO, a Intratracheal 0.1-0.8¢% 3 - 50 +1/5 fitrosist
HX1010 {corun- insuffla-
at dum) ticn
] 1,200°C
"osterkotter®  v-ALOs ~ transi- ¥ Intratracheal  0.005-0.04  95-105 + 35 +3/5¢
tonal insutfia-
tion
y-Al;0 ~ transi- ¥ Inhalation 0.005-0.04  95-105 + 3300/m*  Alveolar pro-
tional teincsist

* This alumina is only minimally crystaline.
1 System of fibrasis grading of King et al.®
$ Estimated by review of electron micrographs of Stacy et al.*

Next, this gelatinous boehmite was heated to 850°C;
the dehydration formed what Stacy referred to as y-
AlgO;. However, present knowledge® indicates that the
product of dehydration at this temperature results
largely in the formation of the » transitional form, a
catalytically active aluminum oxide (cf “Technical
Note™). Nevertheless, intratracheal insufflation of what
was probably the n transitional AlaOs resulted in severe
pulmonary fibronodular alteration. '

The third aiumina studied by Stacy was the thermal
dehydration product of the same gelatinous boehmite
HX1010 heated to 1,200°C which led to the formation of
o-aluminum oxide (Fig. 1) (see also Fig. 2) or corun-
dum. These crystals were then ground to a smaller
particle size, which appeared to range from 0.1 to 0.8
pm. When administered intratracheally, a-AlyOy pro-
voked a minimal but consistent degree of fibroncdular
lung pathology. ' )

The fourth alumina investigated was the highly crys-
talline, iarge particle size (ie, 3.0 um mean diameter)
+-Al0OH boehmite (referred to as Cera hydrate®). This
catalytically inactive alumina given intratracheally at
similar doses as the other aluminas was inert in the
lungs. . N -

These data of the London-Post Graduate School
clearly indicate (¢f Table 1), within the context of the
intratracheal insufflation model, that (1) exposure to
the catalytically active 5 transitional form results in
severe fibronodular aniteration; (2) exposure to certain
catalyticaily inactive aluminas (viz, a-Alq0s and geiat-
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" based
" Klesterkotter® attempted to study the effect of inhala-

-

inous beehmite) produces a lesser but broader range of
fibronodular change; and (3) in view of the broad range
of reactivity to variously described y-aluminas (ie, zero
response with y-AlOOH boehmite, extending to severe
alterations with 5 transitional form), and {4) in view of
a minimal but consistent response to a fine a-alumina,
(5) it is inconsistent to associate y-aluminas with pul-
monary hazard. (6) This position is reinforced by the
probability that the London School never exposed their
animals to any specifle y-aluminum oxide (ie, y-transi-
tional).

Since the London investigators’ experiments™® were
upon intratracheal insufflation dosings,

tion of what was believed to be the most biologically
active of these aluminas, a relatively well-defined v
transitional form Al,Os. However, because his dosage

' was 8o extremely large, ie, 33 g/m® for each of 285 days,
~ this massive overloading produced what would presently

be considered as alveclar proteinosis, a nonspecific re-
sponse to large pulmonary dust loadings. Accordingly,
the implications of his experiments for only the most

" excessive human exposures to <y transitional Al,O,

should still be considersd as questionable.
Regarding these experiments, it is indeed ironic that,
of the multiple forms of alumines investigated. a specific

fibronadular response apparently has never been pro- -

duced by the only one specific y-alumina, e, the vy
transitional form. In more precise terms, a fibronodular
response can only be said to have resulted from intra-
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Fig. 1. Correlation of Surface Area of Aluminas with Pulmonary Fibrosis Graded According to Stacy et al.*

trachesl insufflation of (1) catalyticalily active, low tem-
perature range transitional, and/or (2) relatively high
surface area aluminas. In order to clarify the biomedical
literature, we would propose that the reference to -
aluminas be discontinued, and that this intratracheal
model's effect be specifically associated with these two
alumina species and their properties.

More recent inhalation studies of aluminum oxide
reported the production of nonspecific polymorphonu-
clear response characteristic of a wide variety of cyto-
toxic and nonpathogenic particulates. By contrast, AlgO,
did not provoke increased alveolar macrophage re-
sponse,’ suggesting only minimal potentials for chemo-
taxic or filbronectin release and injury associated with
such events. Although more studies of the alumina’s
effect upon alveovlar macrophages are indicated, pres-
ently available data do suggest a relatively efficient
elimination from the lung® and a low degree—if any—
of fibrogenicity. Other investigations of corundum («-
Al;Oy) indicated an inability to evoke lung tissue acid
phosphatase, which has been associated with develop-
ment of fibrogenic response.®

Occupational Exposure to Aluminas

Unfortunately, most reports of occupational exposure
to aluminas unmixed with other dusts have not provided
specifics sufficient to adequately define the qualitative
nature of worker exposures. Much of this stems from
the failure of biomedical investigators to appreciate
these multiple variations in alumina’s physical and
chemical forms. Moreover, workplace characterization
is complicated by the reality that production and use of
specific aluminas varies in response to marked demands
and/or technologic changes at various times and places.
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.'l/“urthermore. in the production of aluminas, relatively
few employees are exposed to alumina dust. Such dust
exposures that do oceur are found in the vicinity of kilns
at grinding, screening, transport, and packing opera-
tions. Given these facts, it is understandably difficult to
characterize precisely the quantitative as well as qual-
itative nature of employee exposures in the course of
alumina production.

Studies of alumine refineries in which one would
encounter aluminas unmixed with other dusts are rel-
atively uncommon; however, a recent study of alumina
refinery workers reported by Townsend et al'° repre-
sents such exposures. This alumina chemical refinery
employing 1,109 potentially exposed workers has been
engaged in the production of various aluminas, predom-
inantly the chemical grades. Production data available
showed that since 1958 these workers have processed
244,500 tons of the low temperature transitional alu-
minas (viz, 7, ¥, X) representing 2.9% of the total
aluminas produced since that time. Accordingly, expo-
sure to the intratracheally bioreactive low temperature
range transitional alumina species has been occurred
here on an intermittent basis from 1962 until 1982. A
search for pulmonary fibrosis and pneumoconiosis in
this popuiation yielded essentially negative results'';
the major change reported was a slight but significant
decrement in ventilatory function among nonsmoking
workers exposed to excessive total dust levels. The
observed changes were consistent with a minor degree
of nonspecific chronic industrial bronchitis associated
with excessive, protracted nuisance dust exposure, (ie,
100 mg-years for more than 20 years).

QOther reports of occupational exposure to aluminas
unmixed with other dusts occur in connection with
pottery production. In that industry, o-aluminum oxide
is used to support green, unfired pottery and flatware.'®

Alumina-related Pulimonary Disease/Dinman




Because of the ease with which this stable form of
corundum «-AlgO; becomes airborne, exposure of work-
ers in this industry has been the subject of multiple
epidemiologic and clinical investigations in the United
Kingdom.'*'* None of these investigators have found
evidence of pneumoconiosis or chronic respiratory dis-
ease.

Reports of exposure to an otherwise uncharacterized
alumina which is probably unmixed with other dusts
have been provided by Szczekocki and co-workers.'®
Although their interests lay in whole body absorption
and excretion of aluminum, they briefly note in their
clinical evaluations that 49 workers engaged in the
reloading of aluminum oxide showed no roentgeno-
graphic evidence of pneumoconiosis.

Alumina exposures in aluminum smelters are mixed,
involving such other pulmonary irritants as hydrogen
fluoride and inorganic fluoride particulates, as well as
low levels of sulfur dioxide. The difficulty inherent in
the study of mixed exposures among aluminum smelter
workers has been commented upon by Saia et al,'® who
reported pulmonary opacities of a minor degree in cast-
iron foundries where mixed exposures similarly oc-
curred.'” Similarly, small irregular opacities of category
1/0—or at most, 1/1—have been found among workers
exposed to coal dust'® and man-made mineral fibers.’®

Putting aside the confounding variables involved in
mixed dust exposures present in aluminum reduction,
changes in the character of smelting type aluminas
which have evolved since the 19503 are of interest. With
the introduction of flash,and fluid phase calciners in the
alumina refining industry, lower temperatures and

faster flow-througha are achieved. Thus, by caleining -

aluminas at a lower temperature, more of the higher
temperature transitional forms (cf Technical Note and
Fig. 2) and less a-gluminas are produced; in addition,
among the high temperature transitional aluminas (eg,
v, K, §, and 8), surface areas larger than that associated
with a-alumina are formed (cf Technical Note and Fig.
3). This is advantageous, as these high temperature
transitional aluminas used as smelting feedstock make
more effective adsorptive media when they are used to
scrub airborne smeiter effluenta. Thus, as economics
drove this rapid, lower temperature calcination
throughout the industry, increasing percentages of
transitional v, «, §, and € aluminas have come to be the
major component of the aluminas used in aluminum
smelting. At present, smelting grade aluminas—which
comprise 90% of the world's alumina production—may
contain as little as 1% of a-aluminum oxide, although
more usually 80% to 90% of smelting aluminum will
consist of the high-temperature transitional forms «, 5,
and 6.

Under such operating conditions, which have gradu-
ally applied since midcentury, evaluation of lung
changes in aluminum smelter operators since that time
could shed light upon the pulmonary reactivity of the ¥
transitional-laden smelting grade aluminas. At present,
population studies of smelter employees indicate either
minimal ** or absent fibronodular disease®™®' nor excess
mortality® associated with pneumoconiosis. In most of
these studies, smelter workers have predominantly been

exposed to the high temperature range transitional
aluminum oxide aluminas since the late 19€0s. In none
of the foregoing aluminum reduction operations did cell
room attendants evidence changes consistent with al-
terations seen by King et al® or Stacy and co-workers*
with intratracheal insufflation of the low temperature
(7) transitional alumina. In contrast to population stud-
ies, individual case reports from smelters note lung
fibrosis®® or fibronodular, alteration.”* Ultimately, the
strength of theseassociations must be borpe by the
weight of available evidence.

Discussion

The biomedical literature dealing with the aluminas
suffers from imprecisions regarding the nature of the
agent component of the host-agent interaction. Because
they most clearly identify which aluminas were inves-
tigated, the London intratrachesal insufflation reports
are valuable. In the case of the Stacy group’s reports,*
a gradation of response to similar doses of several
different aluminas is demonstrated, despite the dispu-
tatious route of administration. Had all these dosings
led to severe or uniform response to the aluminas, a
more plausible case for total disregard of these data
might be appropriate. That there was a broad range of
response to these agents suggests reason for serious
consideration of their findings. A re-examination of the
King group's® data therefore is useful to the extent one
understands the limitations of their model’s implications
for human exposure conditions.

We suggest that an association between pulmonary
fibrogenicity, surface area, and catalytic activity (Table
1) is apparent upon consideration of the characteristics
of these aluminas. Examination of King and Stacy's
range of pulmonary response as related to surface area
(Fig. 1) suggests an association between these two
variables among the noncatalytic aluminas. We would
propose that increased thermodynamic instability and
enhanced bioreactivity of these compounds occur as
surface area increases (cf Technical Note). (Of interest
in this connection is Timbrell's recent report.“ which
correlates surface area with the pulmonary bioreactiv-
ity of various mineral forms of asbestos.)

Regarding the catalytic activity of the low tempera-
ture transitional forms of alumina (ie, 71, X, v), enhance-
ment of pulmonary bioreactivity resulting from their
thermodynamically active catalytic character is also
suggested by Fig. 1. It would be reasonable to suggest
that this property is responsible for that increment of
lung damage beyond that due to the surface area factor.

Because of gaps in knowledge at the time Stacy and
co-workers* performed their experiments, they could
not be aware that they probably had not dosed with the
specific gamma fransitional alumina form. Aside from
inadvertent confusion in the literature, this is not a
serious shortcoming from the biomechanistic viewpoint,
since the low temperature transitional alumina n pos-
sesses catalytic and surface area characteristies com-
mon to the other low temperature transitional forms
and x.

VYV 000014397
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All of the foregoing reports of King, Stacy and asso-
ciates must be considered within limitations imposed by
. intratracheal insufflagtion models; the massive dosing
and overwhelming of defense mechanisms represents a
“foreing™ model reminiscent of megadose carcinogenesis
experiments. A parallel is exemplified by the large dose
animal studies with halogenated aliphatics: although
alternate metabolic pathways are elucidated by such
investigations, their relevance to the human exposure
conditions is problematic. Although alumina at such
doses which negate tracheal-bronchial clearance may
produce effects as a consequence of catalytic activity or
surface area related thermodynamic instability, usual
human exposure conditions produce neither such lung
doses, disablement of clearance mechanisms, or signifi-
cant pathology. Thus, as with the halogenated aliphat-
ics, although alternate pathways and pathologies can be
induced experimentally, under usual conditions of
chronic human exposure, these phenomena are largely
of academic interest.

In contrast, the inhalation model approaches more
closely the exposures encountered at work. Studies us-
ing this model to evaluate alumina’s pulmonary bioreac-
tivity demonsirate that even the most thermodynami-
cally active forms x' and v® do not cause fibronodular
change. Yot the resuits of Klosterkotter® serve to cau-
tion against uncritical application of the inhalation
model. Klosterkotter explicitly recognized that the doses
he smployed (ie, 33 g/m® for eight hours a day for 285
days) represent an exposure level which was intalerabie
for his laboratory personnel.®

Ultimately, in assessing human health hazards, well

designed studies of working populationa potentially at .

risk assume considerable importance.

Review of occupational exposures to (1) catalytically
active large surface area, low temperature transitional
aluminas (x, 7, ') in aluminum chemical refineries; (2)
high temperature v, x, §, and # transitionai aluminas
encountered in smeiters since the late 1980s; and (3)
high-fired a-aluminum oxide as found in potteries sug-
gest that of all these aluminas demonstrate minimal-——
if any—fibrogenic potentials in man. It is ironic that,
although concerns regarding <-alumina’s pulmonary

fibrogenicity have persisted (eg, in the standard-setting -

process®) since the London studiea, (1) a specific -
alumina, ie, the transitional form, was probably not

actually studied by that group and (2) the other so-
called y-aluminas exhibited inconsistent biologic re-
sponses (eg, the nonreactivity of y-AlO0H Cera hydratei”
v the fibrogenic response to y-AlQOH HX1010 gelati-
nous boehmite). The flnal irony is refiected in the obser-
vation that the only true exposure to a specific ¥
transitional alumina (ie, by Klosterkotiter) via inhala-

" tion does not produce a specific pulmonary fibronodular

response, but rather the nonspecific alveolar proteinosis.

All the foregoing data place in high relief the propo-
sition that it is only through critical assessment of both
experimental and human experience with environmen-
tal agents that we may understand such compounds’
role in disease induction. On the basis of in vitro and in
vivo experimental and workplace studies under condi-
tions of human exposure, it is clear alumina's fibrogen-
icity is quite low regardless of which specific alumina is
examined.

Technical Note: Physical, Chemical, and Structural
Nomenclature, ldentification, and Behavior of Aluminas

The Physical and Chemical Bases for Confusion

The oxides, hydroxides, and oxyhydroxides of alumi-
num have been given a multiplicity of designations since
aluminum oxyhydroxide was first chemically anaiyzed
and identified by Vauquelin in 1802. Investigators gave
different names to the same chemical compound or
mineral form (cf Table 2); this led to confusion as
different physical properties, eg, crystalline structure,
ware asaigned to the same compound. For example, the
minerals gibbsite and diaspore, identifled in the first
and third decades of the 19th century, were later con-
fused with their isomorphs, which were given the names
boehmite and bayerite in the 1920a. To compound this
multiplicity of appeliations, the name hydrargillite was
applied by the Europeans to gibbsite.

Duplicative and inconsistent terminclogy ensued
when Greek letter prefixes were attached to various
aluminas for unrelated reasons or behaviors. Rankin
and Merwin™ in 1016 assigned the Greek letter prefix
8 to a high temperature alumina later shown to contain
alkali or alkaline earth atoms. Haber™ in 1925 divided

VvV 000014398

TABLE 2
Companson of Physical and Chemical Nomenclature Applied to the Alumina Minerais
. - X-ray
Form e Mosrana® TSI Amecsn tyan™ " Suspatn sy ooy
AKOH),, alumina tri- Gibbsite or Alumina trihydrate oy ¥ v
tydroxide Hydrargit- Aluminum hydroxide
lite
Bayerite Alumina trihydrate «, 8 - o
Aluminum hygroxide
Nordstrandite Randomite —_— ¥ 8
AIQCH aluminum ox- Boehmite Alumina monohydrate a,y ¥ ¥
yhydroxide Diaspore Alumina monohydrate a. B a «
Aluminum oxide Corundum a-Alumina a a
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aluminum oxide into an « and.'y series, depending upon
the product of the oxide's calcination. Subsequently,
Edwards et al®® assigned the prefix « to the more
abundant hydroxide, whereas the less abundant alumina -
was given the  prefix; both appelations were applied
without regard for structure. :

Later, as these aluminum compounds were used in
industrial processes, different nationally based varient
nomenclatures—North American or European—were
used to describe the same compounds. The resulting
confusion in chemical and mineral nomenclature is am-
ply demonstrated by Table 2.

Thia ambiguoua situation was further complicated
when Ulrich® in 1925 found that progressive heating of
the hydroxide gave rise to a previously undescribed
form which he called . This material was later found
by Stumpf et al*® to be but one of the several alumina
transition forms x, 5, and y (Fig. 2). However, before
these specific, individual forms were defined, the Greek
prefix v, attached by Ulrich to these forms, came to be
applied via common usage to all three low temperature
caleination products of aluminum oxides and oxyhy-
droxides, ie, 73, X, and ‘Y. It was not until 1950 that
Stumpf et al®® restricted the prefix 7 to one specific
thermally induced transition form derived from gibbsite
and boehmite formed between 500 and 850°C (Fig. 2).
In succeeding years, the identification of each of these
thermal transitional reorderings was established and
Greek alphabetical prefixes were given to these specific
forms (Fig. 2).

However, it must be recognized that what appears to
be a straightforward sequence of individual, defined

phases or polymorphs of aluminum oxides represents in
reality thermodynamically unstable states of structural
reorderings of the hydroxide lattice. Although these
states are reasonably reproducible, even within a solid,
there may occur simultaneously various domains char-
acterized by different degrees of structural reorderings.
The type of transition form and the sequence of trans-
formation depends upon variables such as the structure
of the precursor, rate of heating, particle size, and
components or contaminants in the atmosphere. Accord-
ingly, unless details of all such variables are reported,
critical evaluation and interexperimenter comparisons
of biologic response are unreliable.

The structural and compositional differences among
these several {ransition forms, e.g., between » and <y
forms, are smalil and difficult to distinguish. In attempt-
ing to identify precisely these low temperature transi-
tional forms, 7, x, and ¥, we are faced with a double
dilemma. Not only are these transitional states identi-
fied with difficuity, but structural analysis cannot pre-
cisely quantify the ratio between the amorphous and
crystalline states within a specific specimen. Ultimately,
in considering these low temperature transition forms,
one faces the reality that these aluminum oxides rep-
resent highly dynamic reorderings of crystalline struc-
ture and amorphous elements temporally and spatially
distributed in a nonhomogeneous, random fashion. It
should be readily apparent why, despite general accept-
ance of the Munster Symposinm‘“ recommendation giv-
ing each transitional form an individual, specific Greek
prefix designation (Fig. 2), present industrial/commer-
cial nomencilature often fails to differentiate between
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these low temperature transition formas. Given these
multiple ambiguities arising from a highly dynamic
gystem, we recommend that, rather than attempting to
ascribe biologic effects to individual aluminum oxides,
eg, to the vy form, the transition forms 7, x, and ¥
collectively be referred to as low temperature transi-
tional aluminas.

To complete the confusion, intermational crystallo-
graphic convention prefers application of the prefix o
to the closest packed—especiailly hexagonal—strue-
tures; the vy prefix is givem generically to the cubic
packed structures.*® (Nordstrandite (8-AI(0H).) pos-
sesses a crystalline packing arrangement intermediate
between gibbsite (<y) and bayerite («) and therefore is
designated 8.)

In summary, it should be readily apparent that the
prefix v has been applied for a multiplicity of reasons
both to crystalline alumina minerals as well as to the
transitional form.

In addition to the foregoing relatively well-defined
crystalline minerals, various syntheses of aluminum hy-
droxides produce colloidal aluminas which easily coag-
ulate to a two-phase system gel, ie, a highly dispersed
colloidal solid with molecular water occupying capillary
interstices. In particular, one of these gelatinous alu-
minas, gelatinous boehmite, is pertinent to our concerns.
It demonatrates minimal crystailine structure, congist-
ing of molecular water situated between the elemental
structure layers. This leads to an enlargement of the
basal spacings of boehmite. These gels can be dried to
extremely fine (10~° um) and porous particulates pos-
seasing extremely large surface areas, as large as 500
ml /3.34
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Functional Properties of Those Aluminas of Potential Biclogic
Interest
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Regarding a and v designations derived from the
crystailographic convention, no apparent common prop-
erties with biologic implications are presently known to
occur. Because they are applied to a diverse and large
number of aluminas (Table 2), with different chemical
and physical forms, any lack of commonality of biologic
behavior is not unexpected.

Concerning the thermally induced transitional forms

/ (Fig. 2), the physical-chemical properties of these forms
may be of importance in biologic systems. Heating alu-
mina minerals under specific conditions (Fig. 2) induces
these transition forms; such forms characteristically
demonstrate a progressive disorganization and reorga-
nization of crystalline structure as temperature rises
through the 260 to 850°C range. Structurally, lattice
voids and a network of submicroscopic cracks and spaces
open.™*

. The newly formed surfaces presented by these fissures

3 ' and voids result in large surface areas characteristic of

the low temperature transitional forms (Fig. 3). Con-
comitant with the loss of water resulting from the
combination of OH™ ions (OH + OH™ — H,0 + 0),
exposed Al* sites are formed; these act as Lewis acid
gites, ie, electron acceptors. Furthermore, certain re-
tained OH™ ions act as proton donors, Brgnsted acid
sites. Depending upon the local compoesition, O~ or OH™
ions may also function as Brgnsted or Lewis bases. The
aggregate of these physical-chemical alterations occur-
ring during thermal transformation is believed respon-
sible for catalytic activity of these alumina transition
forms.” The v, 7, and x transition forms maximally
manifest these crystalline disorderings; they likewise
manifest the maximum catalytic activity among these
transitional forms.

As an additional consequence of these thermal trans-
formations leading to the transitional aluminas, at ap-
proximately 300 to 600°C a marked increase in surface
area occurs™ (Fig. 3). This is a result of the loss of over
30% of the mass without change in the external dimen-
sions of the crystals. With continued heating of these
transitional aluminas bsyond 850°C, crystalline order
begins to be re-established and chemical stoichiometry
is restored. With these balances restored, catalytically
active sites diminish and ultimately disappear. The voids
and channels are diminished and surface area becomes
markedly decreased (Fig. 3). This reordering and ther-
modynamic stabilization reaches a maximum with the
formation of ®-Al30,, corundum,™
( As a consequence of the dehydration, a remarkably
large surface area forms. Concurrent with the rise in

Aurface area, there is proportionate increase in surface
‘thermodynamic instability.®® It is not unreasonable to
“ suggest that the combination of chemical activity (ie,
the acid-base character of the low temperature transi-
tional alumina surfaces) and the large surface area per
se are important factors controlling bioreactivity.

Alumina-related Puimonary Disease/Dinman
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Relation of Particle Dimension to Carcinogenicity in
Asbestoses and Other Fibrous Minerals 2
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ABSTRACT~—In 72 experiments, durabie minerals in the form of
particles on respirable size and of wide chemical ang structural
varieties, were implanted in the pleurae of gutbred female Osborne-~
Mendel rats for periods of more than 1 year. Tha incidence of
induced malignant mesanchymail neoplasms correlated well with
the dimensional distribution of the particles. The probabiiity of
pleural sarcoma correlated best with the number of fibers that
measured 0.25 um or less in diameter and more than 8 um in
length, but relatively high correlations were also noted with fibars
in other size categories having diameters up to 1.5 um and
lengths greater than 4 um. Morphologic cbservations indicated
that short fibers and large-diameter fibers were inactivated by
phagocytosis and that negligible phagocytosis of long, thin fibars
occurred. The wide variety of compounds used in these experi-
ments suggested that the carcinogenicity of fibers depended on
dimensian. and durahility_rather thao on physicochemical prop-
erties. —JNCI! 1981; 67:965-975.

Work in several laboratories has indicated that di-
verse varieties of minerals are carcinogenic when ap-
plied directly to the pleura of the rat or hamster in the
form of microscopic fibers, i.e., particles with dimen-
sional aspect ratios of 3:1 or greater (/-9). The same
ainerals are much less carcinogenic when applied at
equal weight and size in nonfibrous form. Further,
preliminary experiments indicate that carcinogenicity
correlates best with increasing numbers of fibers having
both diameters of 0.25 um or less and lengths of more
than 8 um and that the correlation diminishes with
fibers of greater diameter or lesser length. Conse-
quently, a reasonable conclusion is that the long, thin,
fibrous structure is critical to the carcinogenicity of
these minerals. Studies on fibrous samples within very
narrow dimensional ranges would be valuable in the
establishment of this hypothesis, but these ideal sam-
ples are not available. Consequently, we are faced with
the correlation of carcinogenicity with fiber samples of
widely mixed dimension. The purpose of this report is
to correlate our best estimate of fibrous dimension with
carcinogenicity for all those minerals that we have
studied that are both durable and within the size range
of respirable particles. This involves 72 experiments
with minerals of wide chemical and structural variety.
Of special interest are the data on the amphibole
asbestoses: amosite, tremolite, and crocidolite, though
estimates of the dimensions of the asbestoses are
especially liable to error. Chrysotile, although as car-
tnogenic as the amphiboles at comparable dimen-
sions, could not be included since it has proved
difficult to be measured with any degree of precision.
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MATERIALS AND METHODS

None of the methods were appreciably different from
those described in earlier papers (4, 6, 9-11). Con-
sequently, only modifications of methods are deiailed
here. A standard 40-mg dose of pariicles uniformly
dispersed in hardened gelatin was applied by open
thoracotomy directly to the left pleural surface of 12- 1o
20-week-old, outbred female Osborne-Mendel rats. In
each experiment, 30~50 rats were treated and followed
for 2 years, at which time the survivors were killed. All
rats were necropsied and all lesions examined hisio-
logically. A positve response was the occurrence of
pleural sarcomas that resembled the mesenchymal meso-
theliomas of man, developing after the st year (12).
Three types of controls were considered: untreated rats,
rats that received thoracotomies but no pleural implant,
and rats with pleural implants of nanfibrous material.
There were two types of spontaneous tumors that
could cause confusion: the fibrosarcomas of left mam-
mary glands and the subcutaneous fibrosarcomas in-
duced by suture material. Vigilance and early surgical
remaval accounted for most mammary tumors; the use

ABBREVIATIONS USED: alumin=aluminum oxide; attapul=artapul-
gite(s); crocid = crocidolitets); dawson = dawsonite(s); halloy =halloy-
site(s); UICC=International Union Against Cancer; wollaston=
wollastonite(s).

! Received November 13, 1980; revised May 6, 1981; accepted June
8, 198].

! The guidelines for the care and use of laboratory animals were
followed as set forth by the Cammittee on Revision of the Guide for
Laboratory Animal Facilities; by the Guide for the Care and Use of
Lahoratory Animal Resources, the National Research Council; and
by the National Institutes of Health.

? Laboratory of Pathology, Division of Cancer Biology and Diag-
nosis, National Cancer Insutute (NCI), National Institutes of Health,
Public Health Service, U.S. Depariment of Health and Human
Services, Bethesda, Md. 20205.

‘ Deceased.

! Biometry Branch, -Division of Cancer Cause and Prevention,
NCI.

* Address reprint requests to Dr. Layard at his present address:
Veterans Administration Medical Cencer, 3801 Miranda Ave., Palo
Alto, Calif. 94304,

" Pharmacopathics Research Laboratories, Inc., 9705 North Wash-
ington Blvd.,, Laurel, Md. 20810. _

V Present address: 5524 Trent St., Chevy Chase. Md. 20015.

* Present address: Triangle Resource Industries, P.O. Box 599,
Laurel, Md. 20707.
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of synthetic, biodegradable, polyglycolic acid sutures
largely eliminated suture sarcomas. An equivocal diag-
nosis for the origin of a tumor was necessary in less
than 1% of the tumors. The probability of pleural
sarcoma in each experiment was calculated by an
actuarial life table method that accounts for early
deaths without pleural sarcoma and provides a good
means of making quantitative comparisons of one
experiment with another. Details of this method are
given in (13, 14). -

The fibrous materials used in these experiments were
mostly commercial products that were submitted by the
manufacturers from an interest in their potential car-
cinogenicity. Consequently, they were used as received
and were not especially refined except in our efforts to
separate particles by size. None of the preparations
appeared overtly contaminated by other materials when
examined in the electron microscope. A few of the
small-ftbered subfractions of the fibrous materials were
obtained by ball milling in a steel ball mill and
consequently were contaminated with fragments of
steel. In general, subfractions were obuained by simple
gravimetric methods in aqueous media to separate
fibers of different dimensions. These maneuvers in-
cluded sedimentation, centrifugation, and filtration,
which in some instances were also fesponsible for the
reduction of the size of the particles but did not
otherwise alter the particles physically or chemically.
Eleven chemically and structurally different groups of
fibers were available for study, and samples studied are
listed in text-figure 1 and table 1. Six major groups of
particles had multiple dimensional ranges; these in-
clude: crocidolites: (samples crocid 1-13), glasses (glass
1-22), aluminum oxide whiskers (alumin 1-8), talcs
(talc 1-7), dawsonites (dawson 1-7}, and wollastonites
(wollaston 1-4). Seven additional types of particles had
only one or two dimensional ranges. These were the
amphibole asbestoses tremolité (wremolite 1, 2) and
amosite, the clays attapulgite (attapul 1, 2) and halloy-
site (hallovy 1, 2), crystals of silicon carbide and
potassium titanate (titanate 1, 2), and nickel titanate
{titanate 3). All of these materials have been described
elsewhere (4, 6, 10, 11, 15-18), but the following
information is pertinent.

Crocidolite (crocid 1-13).—These 13 samples of South
African crocidolite (an amphibole ashestos) were from
four different sources. Samples crocid 1, 3, and 9
were prepared in our laboratory from a single sample
of hand-cobbed, unmilled ore. The ore sample was
hand milled without exposure to anv metallic ma-
terials and reduced to the approximate size of com-
mercial crocidolite. Samples crocid 6, 7, 8, 11, 12, and
13 were all prepared in our laberatory by various
milling, sedimentation. and flotation methods from a
single lot of saandard UICC crocidolite designated
crocid 5. Differences in dimension were the result of
different milling tmes. Crocid 5, the original UICC
sample, has been characterized in (i9, 20-23). Samples
crocid 4 and 10 were specimens prepared in a com-
mercial laboratory from a single separate sample of

J.\'(ZI. VOL. 67, NO. 3. NOVEMBER (98]

South African crocidolite and separated by centrifug;.
tion to obwin mutually exclusive size ranges from ().,
same sample (2¢). The remaining sample, crocid 2. w3,
obtained from Dr. J. C. Wagner (Medical Researcs
Council Pneumoconiosis Unit, Penarth, Wales) 3,
representative of the material used by him in ki,
original experiments (25). It was our impression tha
any mechanical manipulation of these samples coult
both reduce the size of the particles by fragmentation
and effectively increase the size of the particles b
clumping. For this reason, probably the dimensional
measurements on crocidolite are the least representatise
of all the fibers measured.

Glass (glass 1-22).—The first 18 of the 22 glaswus
were borosilicate glasses that have been previoush
reported and can be recognized from those publications
by their letter designations (4, 10). Glasses 12, 14, 15,
and 18 were preparations of typical large-diametered
insulation glass fibers that were coated with a phenol-
formaldehyde binder. In the early experiments, glass 13
was used as a control and also served as a vehicle {or
the implants. Glasses 19 and 20 were preparations ot
large-diametered fibrous glass that was leached to

remove all elements except SiO: These two glasses

were exceptionally fragile and contained many irreg-
ular fragments. Glasses 21 and 22 were large-diametered
extruded fibers with a microcrystalline aluminum ox-
ide content greater than 80% (glass 21) and with a
microcrystalline zirconium oxide content greater than
90% (glass 22).

-_E}Aluminum oxide (alumin 1-8).—The 8 samples of

aluminum oxide were all crystalline sapphire whiskers
prepared by General Technologies Corporation, Reston.
Va., or by Thermokinetics Fiber Incorporated, Nutlev.
N.J. (15-18, 26). All of the samples were processed and
selected for dimensional ranges. Of the samples, 3 were
exceptionally noteworthy. Sample alumin 8 was non-
fibrous, sample alumin 3 was exceptionally fine but
tended to cluster in nonfibrous balls, and sample
alumin 4 contained whiskers of aluminum nitride 2s
well as aluminum oxide.

Tales {talc 1-7).—All seven talcs were refined raw
materials for commercial products. Each was from 2
separate and diverse source and selected to include all
extreme ranges of dimension. Platelike structure was
consistent and was considered in the calculation of the
volume (15-18). )

Dawsonite (dawson 1-7).—The 7 dawsonite sam-
ples (crystalline dehvdroxy sodium aluminum car-
bonate [NaAl{OH):CO;] were from several sources.
The characteristics and synthesis of dawsonite can be
found in (27, 28). Samples dawson 2 and 3 wert
synthetic crystals prepared by a commercial company
(for dawson 2) and by the Bureau of Mines, U.S.
Department of Interior (for dawson 3). Sample dawson
4 was a natural crvstalline dawsonite from the Olduvan
Gorge, Tanzmnia. The remaining 4 samples (dawson I.
5, 6. and 7) were synthetic crystals from a scL_'oml
commercial company. These 4 samples were especz:n_ll\'
crystallized and sorted to achieve narrow ranges of siz.
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lixr-wiGURe 1.—Fiber distribution by common log

of the number of particles per microgram in each of 34 dimensional caregories.
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TEXT-FIGURE | (continued).—Fiber diswibusion by common lox of the number of particles per microgram in each of 34 dimensional categories.
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TeXT-FICURE 1 (contnued).—Fiber distribution by common log of the number of particles per microgram in‘each of 34 dimensional categories.
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% >4080 [376 | 268 5% 3% 335 | 788
>2540 | 2% | 3 256 332 242) 234 | 074
>1528 306 | 245 228 419 33 287 170
> 5015 228 325 245 1.38 406 4.81 373 272 248
> 2550 340 438 ) 3 2.85 2.2
>.025 438 422 PR 1.99
> 0500 i 332 222
> .01.05
164) Grass 21 {S1) >80 165) Glass 22 1S2) 117 {56) Glass 17 (MBS}
ex >4080 [135 | 145 ] 148 % 147 | 117 0%
> 2540 1.15 185 | 235 | 2.00 147 .77 | 207 1.87
>1525 1.15 1.63 1.46 1474 117 [ 225 1.77 245 2.85
> 35049 1.45 206 1.87 1.47 4.43 4.8 4.34 3.73
> 255 1.15 1.45 1.15 517 | 4.88 1.87 2.15
> 1025 560 | 471} 338
> 0510 545 | 4278
> .01-05 5.6
167) Glass 18 (YW) >80, | oge 0.34 €8 Crocid. 13 [69) Wellaston. 4 1.43 0.95
0% > 4080 032 | 040 0% 258 a% 15 | 125
>254.0 080 | 0.3 283 { 2958 1.43 1.86
>1525 1.00 on 4.00 3.1€ 125 2.85 1.80
> 50158 1.10 0.41 4.30 4 45 268 1.43 2.07 1.99 1.91
2.25.50 4.68 400 1.86 0.95
>.1025 490 | 183 095 | 0.95
> 0500 4638 2.68
> 0105 [ 095
(70) Talc 5 >80 71) Telc 6 {72) Tale 7
0% 0% 0%
> 4080 xS
> 2540 343 325 | 325
>152% 43 355 | 355 4.32
>.5015 | 4862 498 4 53 43 358 325 495 | 509 367
>2550 | 454 4.0 483 | 443 325 3.55 533 (483 1] 367 367
>.A025 | 427 390 468 3.95 518 | 437
>.05.10 3197 360 465 eSS | 355 1% 5.14 463 367
>01.05 § 390 313 410} 328 4.82
¥m D011 >14  >48 C8H4 D6 2011 D14 D48 DE64 D64 20111 D14 >8 >884 D6
Length

TEXT-HFIGURE | (cuntrnued).—Fiber distribution by common log of the number of parncles pes microgram in each of 34 dimensional crregorics.
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Carcinogenicity of Fibrous Minerals

TABLE l.—Summary of 72 erperiments with different fibrous materials

Percent Common log Percent Common log
Actual f Actual 4
Expt tumor fibers/ug. Expt wmar {ibers/ug,
No Compound  WROC - probability <025 umx | No  COMPOuRd  WMOT o oibiity 025 um x
incidence + SD >8 um incidence + SD 58 om
1 Titanate 1 21/29 95+4.7 4.94 37 Halloy 1 4/25 20£9.0 D]
2 Titanate 2 20/2% 100 4.70 38 Halloy 2 5/28 2329.3 0
3 Si carbide 17/26 100 5.15 39 Glass 8 3/26 13+10.3 3.01
4 Dawson § 26/29 100 494 40 Crocid I1 4/29 19+8.5 0
] Tremolite & 22/28 100 3.14 41 Glass 19 2/28 15£8.0 0
6 Tremolite 2 21/28 100 284 42  Glass9 2/28 14+9.4 1.34
7 Dawson 1 20/25 95+4.8 4.66 <43  Alumin 6 28 13+8.8 0.82
8 Crocid 1 18/27 9426.0 5.21 4 Dawsan 6 3/30 13+6.9 0
9 Crocid 2 17/24 93+6.5 4.30 45 Dawson 2 &7 12£7.9 Q
10 Crocid 3 15/23 93+6.9 5.01 46 Wollaston 2 2/25 12+8.0 0
11 Amosite 14/25 93+7.1 3.53 47 Crocid 12 2/27 10+£7.0 3.73
12 Croecid 4 15/24 2629.0 5.13 43 Attapul 2 2/29 11+7.5 0
13 Glass 1 9/17 85+13.2 518 49 Glass 10 2727 Bx3.6 ]
14 Crocid 5 14/29 78x108 3.29 50 Glass 11 1727 8£5.5 0
15 Glass 2 12/31 77£16.6 4.29 51 Titanate 3 1/28 8+8.0 0
16 Glass 3 20/29 T7428.5 3.59 52 Attapul 1 %29 8+5.3 0
17 Glass 4 18/29 71491 4.02 53 Tale 1 1/26 7+6.9 0
(i€~ Aluminl 15/24 70x10.2 3.63 54 Glass 12 «1/25 7+54 0
19 Glass5 16/25 69+9.6 3.00 55  Glass 13 127 6+5.7 0 -
20 Dawson 7 16/30 68x9.8 471 56 Glass 14 1/25 6+5.5 0
21 Dawson 4 11/26 66x12.2 4.01 57 Glass 15 1/24 6x5.9 1.3¢
22 Dawson 3 9/24 66x13.4 573 ‘58"  Alumin 7 1/25 5+5.1 0
23 Glass 6 7722 64+17.7 4.01 58 . Glass 16 29 * 544 1]
24 - Crocid 6 9/21 63+13.9 4.60 60 Tale 3 1/29 4+4.3 0
25 Crocid 7 11/26 56x11.7 263 61 Tale 2 1/30 4+3.8 ]
26 Crocid 8 8/25 53x12.9 0 62 - Tale4 1/29 5+4.9 0
27>  Alumin 2 8/27 44£11.7 . 2.95 (63°> Alumin 8 1/28 3+34 0
28"  Alumin 3 9/27 412105 247 64 Glass 21 2/47 6+4.4 0
29 Crocid 9 8/27 33+9.8 4.25 65 Glass 22 1/45 2+23 Q
20 Wollaston 1 5/20 31125 0 66 Glass 17 0/28 1} 0
{31 Alumin 4 4/25 28+12.0 260 67 Glass 18 0/115 0 0
32 Crocid 10 6/29 3TX135 3.08 68 Crocid 13 0/29 (] 0
33 Alumin 3 4/22 22+9.8 3.73 69 Wollaston 4 /24 1} 0
34 Glass 20 4/25 22+10.0 0 70 Tale § 0/30 0 0
35 Glass 7 5/28 21287 2.50 71 Talc 6 0/30 0 3.30
36 Wollaston 3 321 192105 0 72 Tale 7 0/29 0 0

They represent an excellent size distribution for com-
parison.

Wollastonite (wollaston I-4).—Wollastonite is a na-
wirally occurring crystalline fiber of monocalcium
silicate (75-18). Four separate samples of this substitute
for asbestos were received from the same Canadian
mine. These were graded commercially according to
size by the designation A, B, D, and F. It was apparent
at low-power magnification that only grade F was
completely fibrous and that these fibers were relatively
large. .

Tremolite (tremolite 1, 2).—The second type of
amphibole asbestos studied was tremolite, a material
that has a close affinity to the talcs. Both of these
samples were from the same lot of asbestos and were in
the opuimal range of size for carcinogenesis. Compari-
son of these fibers indicated that they were distinctly
smaller in diameter than the tremolite fibers used by
Smith et al. (29).

Amosite.—The third amphibole asbestos studied was
‘a single sample of South African amosite from the
UICC standard reference samples. No efforts were made

YVV 000014407

to alter this as received, and descriptions of this sample
as published should apply (19, 21, 22).

Attapulgite (attapul 1-2).—0Of the natural fibers, the
clay attapulgite was of particular interest hecause of its
use in many household items that generate respirable
dust. Two different samples of this complex hvdrated
magnesium silicate were obtained from sources in
Atapulgus, Decatur County, Georgia. Both samples
were considerably refined, and by electron microscopy
they were seen to be composed entirely of short fihers
of cousistentiy small diameter (30). These refined clavs
were considered by the U.S. Bureau of Mines to be 90%
or greater in purity, with the remaining 10% being
quartz. -

Halloysite (halloy 1-2).—Hallovsite is a nawural f{i-
brous hydrated aluminum silicate, which is respirahle
and of minute size. The 2 samples were ohtained from
Dr. Walter Parham, who recovered them from the raw
water supply of Hong Kong. On examination these
samples were seen to have a tendency for clumping in
water. In an effort o disperse the minute fibers, the
second sample was sonicated and treated with sodium
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hexametaphosphate. Clumping persisted in this second
sample, and little different was seen between the 2
samples.

Silicon carbide (si carbide).~-One metallic crystal-
line whisker other than alumin was prepared by the
General Technologies Corporation. Silicon carbide
was a single sample, which was of exceptionally fine,
uniform dimension.

Potassium octatitanate (titanate 1-3).—In addition to
the synthetic crystals of dawsonite, aluminum oxide,
and silicon carbide, 2 samples of fibrous crystalline
potassium octatitanate (titanate | and 2) were tested.
These were obtained from two different suppliers but
they represent a single source. Because of the potential
carcinogenicity of metallic nickel, the control for these
2 samples was nonfibrous, finely ground nickel titanate
(titanate 3).

The 72 experiments represent all of the experiments
done in a single dose range and with durable minerals
and particles in the respirable range. Additional con-
trols outside of these limits are mentioned in “Results.”

Fiber measurements.—An aliquot of each of the 72
experimental mineral samples was placed on a Form-
var-covered, slotted grid with an opening measuring
1X2 mm. This grid was air dried and first examined
under the light microscope. If the fibers appeared
satisfactorily distributed, a photomontage of the entire
grid was made at a final magnification of X3,000. The
slotted grid was then placed in a Siemens electron
microscope, Elmiskop 1-A, and the entire grid was
scanned at low magnification. From this scan, an area
that seemed to represent a typical distribution of
particles in the specimen was selected for counting. At
a final magnification of about X5,000-100,000, a second
photomontage was made of that section of the grid
selected to include particles typical of the sample. This
selected area, which generally measured about 350X150
pum, was then located on thé lower magnification
montage of the grid and examined 10 determine whether
the area chosen was truly representative of the entire
grid. Finally, all fibers in the area were counted and
measured individually. For the diameters, a compara-
tive scale at the final magnification was used to
measure magnified diameters that measured less than 1
mm. In mast cases, the selected area counted included
at least 1,000 fibers, but the actual number varied with
the overall size of the particles.

Subsequently, with the aid of the IBM system 370
computer, assuming the fibers 1o be of cylindrical
shape and using the density of the material, we were
able to estimate the weight of the counted samples and
the number of particles of a given dimension in the 40-
mg dose administered. For the purpose of calculation,
particles were grouped inte 34 dimensional ranges as
indicated in text-figure 1, and the number of particles
per microgram in each category was calculated. Dupli-
cate counts on the montages were done on most samples
and were surprisingly similar, as were counts on
different areas of the same montage. However, when.
studies of repeae samples from the original fibers were
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made, considerable variation in counts occurred. Clearly,
the method is subject 10 several errors; calibration of
the electron microscope, deviation of particles from the
assumed cylindrical shape, and sampling errors. es.
pecially where large particles are concerned, represen
the major problems. Nevertheless, the estimates are
probably valid to within one order of magnitude.
Consequently, the counts are reported as the ¢common
log with the characieristic of the log representing the
probable limit of accuracy (texi-fig. 1).

RESULTS

Controls have been discussed in previous publica-
tions (4, 6, 9-11), but they were approached here in a
slightly different way. In addition to untreated controls
we studied rats in which open thoracotomy was per.
formed and a noncarcinogenic material was either
applied to the pleura or implanted in the lung. These
3 groups (table 2) were rats from numerous experi-
ments that were of the same species, sex, and age and
that were housed in the same quarters. The incidence
of clearly apparent pleural neoplasms in untreated.
aged outbred Osborne-Mendel female rats was essentially
nonexistent. However, a few pleomorphic sarcomas that
might be confused with pleural tumors occurred in the
left thorax of bhoth treated and, to a lesser degree.
untreated controls. Although these tumors involved the
thickness of the chest wall, in most cases the tumors
appeared to be derived either from mammeary gland
fibroadenoma or from suture granuloma in the subcu-
taneous tissues. But there remained a few tumors for
which no definite origin could be determined and
which were histologically comparable with pleural
sarcomas. In both the experimental groups and the
control groups these questionable tumors were counted
as pleural sarcomas. These essenually confusing tu-
mors observed in the controls need to be taken into
account in the assessment of the carcinogenicity of the
experimental materials. The incidence of pleural sar-

TABLE 2.—/ncidence of plewral sarcomas in outbred female
QOshorne-Mendet control rais

Noncar- Nonear- q
. a« cinogenic cinogenic  Combine
Time. wk  Untreated pulmonary pleural controils’
implants*  implants®
12-52 1/113 0/49 0/47 1/209
53-65 0/15 2/26 1/72 3/113
66-78 0/26 4/50 3/64 7/140
7991 0/68 Y10 2/83 3/223
92-104 0/26 1/72 10/294 11/392
105-120 0/98 1/162 1/36 2/296
121-130 1/66 /38 1/69
131-143 0/27 0/27
144-156 0/27 0/27
156 1/22 1/22
Total 3/488 9/432 17/598 29/1.518
Percent 0.6 2.1 2.8 1.9

“ No. dead with pleural sarcomas/No. dead without pleural

sarcomas.
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comas in all 3 control groups combined, calculated by
the life table method (73), was 7.7£4.2%. Comparison
of this incidence with the pleural sarcoma incidence in
the 72 individual experiments showed that the inci-

we of pleural sarcomas in a particular experimental
oioup was significantly greater than that in the com-
bined control group only if it exceeded 30% (sce expts
1-29 in table 1).

In regard to the controls, some negative experiments
with intrapleural implants not used as controls should
be mentioned. These experiments included intrapleural
implants that did not conform to the type of materials
under consideration because the particles were either
nondurable (cotton lint, gypsum, and carrageenan),
were of greater than respirable size (steel shavings, steel
wool, vermiculite, polyurethane, tungsten carbide, and
infusorial earth), or were exclusively nonfibrous (poly-
acrylic nitrile, antgorite, silicon dusts, and several
glasses). None of these experiments had an incidence of
pieural sarcoma that was significantly greater than the
7.7% incidence of the combined control group.

From_the summarization of the 72 experiments in
wmble 1 and text-figure 1, even cursory examination of
the fiber distribution suggested that particles in the
relatively thin- and long-dimensional categories were
associated with higher tumor probabilities. This obser-
vation was confirmed by the statistical correlation and
regression techniques that were used in previous papers
(4, 9, 10). The logit transiormation (/3) was apptlied to
the estimated tumor probabilities (p) according to the
formula: Logit=In (p/(i—p}}, where In denotes the
nawral logarithm. The 34 dimensional categories indi-
¢ed in text-figure 1 were arbitrarily grouped into 11
! :| r categories, and the simple correlation coefficients
ol the logit of tumor probability with the common
logarithms of numbers of particles per microgram in
each of these categories was calculated (see table 3).
The maximum correlation coefficient, 0.80, was with
particles equal to or less than 0.25 um in diameter and
greater than 8 um in length. There was no correlation
with particles equal to or less than 4 pum in length or
with particles greater than 1.5 um in diameter, but
relatively good correlations were noted with log num-
bers of fibers in categories greater than 4 um in length
and up to 1.3 wpm in diameter, with correlation
coefficients of 0.45-0.80.

The possibility of the existence of relationships
berween the particle size distributions and tumor prob-

TaBLE 3.—Correlation coefficients of logit of tumor probability
with common logarithm of number of particles per microgram
in different dimensional ranges

Fiber Fiber length, um
diameter
wm <4 >4-8 >8
>4 —_— -0.28 -0.30
>1.54 -0.45 -0.24 0.13
>0.25-1.5 0.0 0.45 0.68
<0.25 0.20 0.63 0.80

bjh‘_;_;\&.;;;-:mg\ga D e A M

Carcinogenicity of Fibrous Minerals

abilities, which are not disclosed by the simple correla-
tion coefficients in table 3, was explored by multiple
regression methods. These methods were used to find
the best-fitting function of the form: logit=a +b, x,
+o... +. &« xi, where x3, ....., x; represent the
common logs of numbers of the particles per micro-
gram in the size categories of table 3, and a, &1, ... .,
bx are the regression coefficients 1o be estimated. The
analysis indicated that the addition of further dimen-
sional categories to the category with diameter equal 10
or less than 0.25 uym and with length greater than 8 um
did not significantly improve the explanation of the
variation in tumor probability. The regression equation
for the single variable (x) representing the common log
of number of particles per microgram with diameters
equal to or less than 0.25 ym and lengths greater than
8 um was:

In{p/(1—p)]=—2.62 + 0.9305x,
. {0.24) (0.0834)

The numbers in parentheses beneath the regression
coefficients are their estimated standard deviations. The
relationship expressed by the above equation is highly
significant (P<0.0001). The estimated regression curve
is illustrated in text-figure 2.

The fact that the use of additiona! dimensional
categories did not significantly improve the [it of the
regression equation does not indicate lack of carcino-
genicity in other categories. The regression of logit of
tumor probability on common log of numbers of
particies in other categories with a diameter up to 1.5
um and a length greater than 4 um would also indicate
a highly significant relationship. The difficulty here is
that the numbers of particles in ad)acent size categories
were highly correlated. Better definition of the critical
range of carcinogenicity would require more narrowly
defined samples (i.e., particles in a narrower dimen-
sional range). What is perhaps more likely than the
existence of a narrow range of sizes within which
particles are carcinogenic and outside of which they are
not is that the probability of tumor falls as particle
diameter increases and length decreases.

Of the 72 experiments, 7 had tumor incidences that
deviated markedly from those predicted by the esti-
mated regression line. These were: experiments 5 (trem-
olite 1), 6 (tremolite 2}, 26 (crocid 8), 29 (crocid 9), 33

Aalumin 5),737 (crocid 12), and 71 (talc 6) {see tabie 1
"~and text-fig. 2). For the first 3 of these experiments the
observed responses were higher than the predicted
responses, but the high responses can in parz be
explained by the-fact that there were substantial
numbers of fibers in size categories adjacent to the
category used in the regression equation. For the
remaining 4 experiments, the observed response was
substantially jower than the expected response; al-
though no apparent explanation existed for these
deviations, they were possibly due to inaccuracies in
the assessment of functional particle size. In prepara-
tons of amphibole asbestoses (which inciuded the
crocidolites and tremolites), we observed that both
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clumping and fragmentation of the particles were
greater than those in the other minerals, and estimates
of particle size distribution in duplicate samples varied
most for amphibole asbestoses.

DISCUS"ION

_The results show that a wide variety of compounds
that seem to have only dimension and durability in
common are carcinogenic for the pleura of the rat. Qur
conclusions regarding those dimensional categories
that correlate strongly with» probability of pleural
tumor remain essentally the same as in previous
studies. namely, that probability of pleural sarcoma
correlates best with fibers that measure <0.25 pmx>8
pm, but that relatively high correfations were also
observed with fibers in other categories having a
diameter up to [.5 gm and a length greater than 4 zm.
A more refined estimate of critical carcinngenic dimen-
sion may be possible if the parameters of the experi-
ments were changed. A different animals species, lower
dose, more precise means of fiber measurement, more
accurate volumetric calculations, and samples with
narrower dimensional ranges all might be determining
factors in better assessment of the particle dimensions
critical to carcinogenicity. However, we should keep in
mind two points: e} the dimensional limits are prob-

_ably far from absolute, and bj_we are dealing with
cancer in the rat and thus eXtrapolation to man may
not be precise.

It is clear from the histologic studies of these
experiments and of previous studies that our data offer
an explanation more for the lack of carcinogenicity of
short fibers and thick fibers than for the carcino-
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genicity of long, thin fibers. Sections of preneoplustx
pleural lesions show avid phagocytosis of both shoe
fibers and large-diameter fibers but negligible phagn
cvtosis of long, thin fibers. Consequently, in thew
experiments ‘'we may simply be measuring the o
ficiency of phagocvtosis. Doubtless, we have little 12
knowledge of the way that long, thin fibers can cau¥
cancer, but as Rous (3]) once said, “‘Since what wr
think largely determines what we do, it is well.zlm’ we
think something.” In the spirit of this quote, it might
be profitable to consider potential mechanisms ol
cancer production by long, thin fibers. Of first impor
tance are those hypotheses in which the progenitor of
the cancer cell is not directly affected by the fiber. The
long latent period would suggest that a _genera_lurd
alteration either in local milieu or systemnic environ:
ment might be at fault. In this regard, the abundant
collagen in the preneoplastic pleural scars should b
noted. Consideration of a relationship between ths
phenomenon and “solid-state’”” carcinogenesis is :umci
tive, though the reduction of plastic sheets to sm-‘l;‘
particles tends to reduce carcinogenesis. Mechanisms
solid-state carcinogenesis have been thoroughly I
viewed Ly Brand (32), and little more need be udf‘“"
Any hypothesis concerning fibers must take 1
account the fact that both short fibers and 1h§ck fibet
are less carcinogenic than fine, long fibers. Since dox

was fixed in weight, but was different in dimension for
all experiments, one might consider the surface area
a possible factor. If this were the case then fibers [mu:
the same pool that were modified oniy by shortemis
should be equal in tumor-producing capacity. Clg-;::l\.
this is not true in the following experiments: 13 (glav

1, MOL) vs. experiment 49 {glass 10, MOS see (4. tnd.
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and in experiment 24 (crocid 6) and experiment 25
(crocid 7} vs. experiment 40 {(crocid 11), experiment 47
(crocid 12), and experiment 68 (crocid 13). However, in
these examples the phagocytosis variable cannot be

ruled out.

A provocative explanation relates to the ability of
fine, long fibers to penetrate cells without killing
them. That this can occur is evident from in viuro
studies (33). However, simple penetration of ceils by
mycelia of fine dimension (a notable aspect of con-
mmination of cell cultures by fungi} rarely produces
transformation of cell cultures and thus is unlikely to
produce cancer. However, mineral [ibers differ from
fungi in their rigidity as well as chemical content, and
one easily could conceive of physical differences be-
tween the mineral fibers and mycelia that might be
critical.
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Insuldtion Peril?
[ Iealth Studies Suggest
Asbestos Substitutes

Also Pose Cancer Risk

While Data Aren't peﬁnitive.
Some Fine-Fiber Products

HaveScientistsConcerned |

CompaniesQuestion Findings

By Barg R

Nraff iteporver sf{Tur: w.l. STRE
Two

after ushestos insuiation was found to be 2
killer. recent heaith sluies suggest that
certain other insuiation products, some-
times usad s substitutes for asbestes, may
3lso present a lung-cancer threat,

A blye-ribbon sctentific panel! assem-
tiled by the World Heaith Orgamzation ls
set 1o consider next month whether those
materials—glass fibers. mineral woot and
ceramic-hased [ibers—pose a cancer
threat o tens of thousands of workers
workd-wide. A decision that any or all of
them do would [orce the affected manufae-
turers 1o label their products as possible
cancer risks. Jt woud also doubtless trig-
ger reguiatary action in the U.S. 4nd else-
where and spark !awsuits against a §3 bil-
lion domestic industry that oow gets little
gversight,

. Just haw such fibers might cause can-
cer—and at what exposure leveis—is un~
cicar. But “'1f the question is, "Do other {in-
sulation} fibers besides asbestus canse can-
cer?’ the answer is yes.” says Philip En-
terline. 2 University of Pitisburgh epigemu:
uogist hired hy U.S. msuilation producers
several years ago to study their products’
hazards.

Mineral-Wool Workers

His studies show, Mr. Enierline told an
internatanal scientific last Q-

Exposure 10 asbestos has been linked to
a1l lung cancers and other disabling res-
piratory diseascs. Some 40.000 death and
njury claims have been filed against Man-
vilte and other ashestos producers by plant
workers. Insulators and others. Most uses
of asbestos are currently banned by led:

rat regulations.

Glass-fiber and some other insuiation
srducts have kng been known to cause
ikin rashes and respiratory irtitation. But
inch materials and asbestos. several scien-
ists say, also share a potentiaily fatal
| rait: All contain masses of small, inbal-
)ble (ibers that can lodge in hiuman lungs.
Jnder one curtent scientific theory, the
ancer-producing potential of any fiberisa
‘unciiun of Its size rather than its chemis-
Iry. The mast suspect: fibers that are thin,
long and durable,

Scientifie concern about such “fine” in-
sulation fibers iz growing. Hans Weill. 2
pulmonary i at Tulane University,
says chest X-mays of insulation-piant
workers expased to fine (ibers exhihit
mupe minor abngrmalities than do X-rays
ol warkers exposed to larger fibers. Fine-
fiber workers are also showing 2 pattern of
decreased lung capacity, says Dr. Weill,
who cautions that his work is prelimi-
nary.
Use Is Growing

Such warmings come a8 lesulation pro-
ducers increase fine-fiber output largely
lor products biown under pressure Inio
walls and ceilings of homes and enmmer-
cial buldings. Use of fine fibers is growing
because they provide greater insudation
than Hbers, and at lower cost,
says Wiillam Sells, presuient of Manville's
glass-fiver division.

The safety debate ts putting glass-fiber
producers on the defensive. At 2 tanse two-
hour meeting (ast month with Mr. Enter-
line, health offictats fram Manville, Qwens-
Corning Fiberglas Corp. and CertainTeed
Corp, chalienzed the scientist's methods
arul facts. They sad they hope to prove
that workers' deaths from hung cancer
aren’t related to (iber exposure, that they
| may instead have resulted fromether toxic

uber, that muneral-wool [actory workers
have an increased lung-cancer risk. He
alsy fuund 2 recent spate of lung-cancer
deaths among gluss-fiber workers exposed
tn {ine-diametcr fibers. but he said such
data were too preluminary to draw any sci-
entific conctusions. Mr. Enterline says he
iS also concerned about ceranic fibers, for
which heaith data are sparse.

Makers of the materiais under serutiny
il defend their products’ safety. And re-
searchers such as Mr. Enterline believe
that mest currently used insultating prod-
ucts ¢on't appear lo threaten homeowners
anu are less toxic than asbestas. Becaose
of :mproved plant controls, some indepen-
dent scientists siy. any danger to current
plant workers may aiso be tow. _

Nonetheless. the specter of a health
crisis even vaguely resembiing the as.
brstos disaster is sparking a furor 1 the
insulation industry, Company scientists are
serambiing for evidence to defuse Mr. En-
terline's findings: somie insulation pro-
ducers are building defenses aganst future
damage claims; and the safety issue i 3¢
the hoart of 2 battle between producers of
conipeting types of insulatlon.

Manville ‘Concerned’

“There's no question we're concerned,”
says Willlam Reitze, a health offlciai for
Denver-based Manville Corp. Bankrupted
ty asbestos-related death clalms and punt-
tive damage awards, Manville recently or-
dered its salesmen at glass-{iber products
to certify In writing that they have die
vulged Mr. Enterine's {indings 1o cus-
tomers.

[ ds in the workplace or ihe envi-
ronment.

*“That is what we are irying to accom-
plish. Whether that iurns out or not we
have to see.”” $3ya Robert Doban. 2 senlor

vice president at Owens-Carning. the pa
tlon’s largest glass-fiber producer,

The company's respanse to Mr. Enter
line’s findings is exempiified by measures
it hag taker at is Newark. Ohio, glass-fr-
ber plant Mr. Enterline had found tha
workers and former workers at the piant—
and at a few other plants among LI he
studied in the glass-fiber industry—had 2
Righer-than-expected fung-cancer rate 20
years ar more after their first exposure, In
recent months, Mr. Doban says. a team ol
company engineers has scoured Newark:
plant records guing back four decades in

Some companies are shoring up legat
defenses. Besides requinng salesmen {0
disclose Mr. Enterline’s findings on glass
fiber. Manville recently ordered the de-
struction of afl cutdated insulation safety
pamphlets, says Mr. Sells, the company of-
ticial. [n asbestos-reiated cases, large pu-
nitive damage awards had been meted out
against Manvitle for fatling to publicly dis-
ciose its up-to-date knowledge of asbestos
hnardsm. rkplace practices are also

workplace
chanmz.ryi‘or [nstance, Chicago-based

! UISG Corp.. the nation’s [argest prociucer of
| minerat-woal products, recenily hanocd
| cigarette  sMoking by  insulation-plant
i wogkers. The maove, says i USG spokes.
man, re(lects seientific concern that smak-
! ing might intensi{y any lung-cancer threat
posed by mneral wnol. Plant workers have
also been issted uniforms, the spokesman
! says. L0 prevent workers from currying in-
sulation fibers home on thetr clothing.
Lung-cancer deaths in asbestos workers'
families have been linked to such expo-

Sure,
Quandary for Union

The lack of definitive health data on in-
sulauon hazards 15 creanng a quandary for
workers and product users, **At this paint
we flaven't taken any pasition on glass fi-
ber because we feel the jury Is still out,”
says James Goiden, a health official with
the Sheet Metal Workers International As-
sociation. On the other hand, Mr. Golden
says. union oificials are concerned by the
lack of data. The reason: Most sciendists
believe that cancers develop 20 years or
moare aiter e first expasire (o  carcinos
gen. ““Some of these fibers haven't been
around long enough (o study their effects
on bumans,” Mr. Galden says.

Ceramic fibers are a case in paint.
Salex of products using the durable fibers
have boomed since the mid-1970s, reaching
20 eslimated 5100 miltion last year, ac-
cording to industry officials, They are used
mainly in Bnings for industrial furmaces
and as ashestos substitutes,

Health rescarch, however, has tagged -

behind sales. Thus far, the two major ani-
mal studies of the materials’ cancer-caus-
ing hazards have yielded mixed resuits.
Morcover, given the latency period for
lung cancer, industry scientists acknowl-
edge that it may be too cariy to detect de-
veloping cancers 10 workers through tradi-
tonat X-ray screening tests.

**The latency issue is one that has to be
addressed.” says Edward Horvath, medi-
cal direetor of occupatiomal heaith for
Standard Oi! Co.. ibe nation's largest
maker of ceramic-based-fiber products.

years for such cancers, if any, w develop
in exposed workers.
Banned by Navy

Some major users of such products

an effort Lo determine whal cancer-causing
agents might have been used at the facit:
ity. Retired plant persanne! were ques:
Uoned for (he same purpose, My, Doban
says.

Armed with their own {indings regard-
ng the Newark plant, Owens-Corning offl:
aals challenged Mr. Enterline’s findinga
when they met with the sclenyst last
Mmonth. Mr. Doban said company records
showed sporadic use of ashestos at the
Newark plant. Jon Konzen, the company’s
medical director, said the Newark piant
had frequently been used to test giass-fiber
manuifacturing techniques invoiving zny
number of potentially toxic compeunds.

“There were things that went on at
Newark thal never saw the lzght of day
anywhere eise,” Dr. Konzen said,

‘They're In 2 Jam'

The ruddy-faced Mr. Enterline isn't de-
terred. After the meeting, he noted that
mineral-wood producers were ratsing sim-
itar objections te his wark, but he sauid they
harn't supported ihelr abjections scientifi-
cally, Of the insulation industry's current
plight, he remariks: “They're in a Jam and
they just don't know what to do.”

aren't g. The U.S, Navy. lfor exam-
ple, recently banned shipboard use of cera-
mc {ibers, according to a Navy spokes-
man. The mave, says the spokesman,
came after manufacturers yoluntarily rela-
beled products to note that in an animai
stidy, same cerame {ibers had produced
caocercus tumors. .

Along with a pessible cancer threat.
ceranue-tised fiti'rs pase ather fealtl
problems. In a publisited 1936 study by
Browning-Ferris Industries, for Instance,
the Houston-based waste-management can-
cern warned that ceramic-based [libers
used to line industrial furnaces quickly
break down into cristobalite, a form of sil+
ica linked to silicasis, a (atal lung disease
common 2among quarry and lusnei
warkers. Charles £. FI ., Standzrd
Ofi's manager of industrial hygiene, says
ceramic-fiber producers are awace of the
cristobalite hazard and have long urged
workers 0 we masks when removing
ceramec insulation from furnaces, They
have also called attenuion to the cristoba-
Iite risk on their labels,

Dr. Horvath estimates it may take severad .

T

Mr. Fryman ackrowledges. however.
that e cristobulite levels detected ia the
Browning-Ferris study exceeded |evels
predicted by manufacturers. As a resuit,
he says, Stangard Oif recently urged Lhat
wmproved face masks be used by warkers
removing ceramic Insulation.

Concerns aver insulation safety are also
fucling 2 war between makers of compet-
ing products. Take the case of Richurd
Munsan, president af National Consumer
Products Markettng Inc., an Auburn, Ca-
lit.-bused company thar seits celiulose-
based insulation. a competilor ta glass fi-
ber in the home-insulation market.

Mr. M founded and sp S a
group cailed Victims of Fiberglass, which
recenty placed advertisements 1n severat
US. pewspapers carrying boid headlines

that read: Consiiner Warning — Manmade !
Asbestos (Fibergiass) [nsulation in Your |
Altic Will Cause Lung Cancer.

Mr. Munson 1s i1lso publicizing the work
of a consultant he hired to measure Ober
sizes contained in 2 blownminsulation prud-
uct sold by the Valley Forge. Pa.-based
CertainTeed. The cansultant found that
mast of the products' {ibers were small
enough to be inhaled.

CertainTeed officials say that insulation
workers are only briefly expased Lo sueh (i-
bers and thus don't face a heaith danger.
Glass-fiver company officials also charge
Mr. Munson with running a scare cam-
paign. “[i's obvious he has a conilict of in-
terest,” says Mr. Sells, the Manville offi-
cial.

“There's no question that | have a con-
ftict of interest,” Mr. Munson says, "but so
does Manville.”" As for any lung-cancer
threat {ram cellulose-based insulation, ep1-
demintozist Enterlize says be isn't aware
of any evidence suggesting one.

Several independen: scienlists say that
current health data don't indicate that the
insuiation materials under study pese 3

. lung-cancer threat to homeowners. “The

unstudied population I'm most concerned ;

. about are people putting in imsuation,” |

says Emest E. McConnel), a loxicologist
with the {ederal National Taxicology Pro-

gram.
Regulatory Actlan Likely

Whatever the case, U.S. resulatory ac-
tian on glass and other insulating fibers is
Iikely. Richard Lemen, a top official at the
federal National Institute for Occupational
Safety and Health. says the agency, based
on Mr. Enterline's repart, is reviewing
whether to recommend stricter workplace
exposure limits. Sir Richard Doli, 3 lead-
ing British eptdemiviogist, says he believes
exposures (o all insulaung fibers should be
hetd to the same |evet as exposure (0 as-
bestos. Glass and other insulating fibers
are currently regulated in the U.S. a8 so-
called ‘“‘huisance.” or nerhazirdous.
dusts.

Both industry and academic institutions
are planning new studies of insulation-fiher
safety. Scirentists who witnessed the as-
bestas disaster are intent on averiing any
simitar rragedy. Says [rving Selikoff, a
leading asbestos expert at New York's
Mount Sinai Schoal of Medicire: *“Al) the
resources we built 10 study asbestas should
be drawn on now.”
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