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8(e)

To Whom It May Concern:

Rockwool International A/S (Rockwool®) is writing to share with the Agency on an FYT basis
the final lung histopathology results of a long-term inhalation siudy in rats involving an
experimental stone wool fiber. Rockweol® which is incorporated and headquartered in
Denimark, is a manufacturer of stone wool (sometimes also called “rock wool”), and products
made from stone wool. Stone wool products manufactured by Rockwool®or its subsidiaries
~re imported into the United States by unrelated entities. No corporate entity related to
sckwool® (including any parent or subsidiary corporation) that manufactures, processes or
Jistributes Rockwool® products is incorporated or headquartered in the United States.

The experimental stone wool fiber that was the subject of the above-referenced bicassay was
produced in Denmark as part of Rockwool®’s ongoing research and development program.
This experimental fiber has a dissolution rate > 200 ng cm?h™" measured at pH74 andata _
flow/area ratic = 0.03 unv's. For further experimentai detaiis on dissoiution rate measurement,
see enclosed article by Zoitos, et al. The experimental fiber has never been manufactured ona -
commercial scale or used in a commercial product offered for sale in the U.S. or elsewhere, \
and its composition is markedly different from the stone wool fibers contained in products <
currently or previously exported into the U.S. by Rockwool® and its subsidiaries. Additic
information about the composition and manufacturing process for the subject experimental |
stone wool fiber is competitively sensitive and therefore proprietary. ~
The experimental stone wool was tested in a long-term inhalation study using a protocol
similar to those used in previous tests on man-made vitreous fibers (MM\'F), as described in
the enclosed article by McConnell, et al. The study was conducted by Research & Consulting
Company ir Switzerland under contract to Rockwool® .

T

84980060026
Phone: +HIG SR
Fax +45 46 8543 32
Danish A'S Reg Ne 14235




GLH -97-352
22

The mean aerosol exposure concentrations were 305§ respirable fibers (WHO)/cm®, and 53
fibers longer than 20 um per cm’. At the interim sacrifices after 78 and 104 weeks of
exposure, 4 out of 6 rats, and 3 out of 6 rats, respectively, had minimal fibrosis (Wagner grade
4) in the lungs. Wagner grade 4 fibrosis is considered to be an irreversible effect.

10 significant increase in lung tumors compared with the air controls.
dy described above is not subject to mandatory reporting under Sectior 8(e)

nan FY1 basis, particularly where the infor ...ation is of potential regulatory or
other interest in the U S Rockwool® products, as noted above, are exported into the United
States. In addition. Roxul Inc.. a Rockwool® subsidiar “hat is mcorporated and
headquartered in Canada, is a member of the North An..rican Insulation Manufacturers
Assocration (NAIMA) Through NATMA. Rockwool® and Roxul have participated in other
studies of the health eftects of MMVF, including the submission of such joint NAIMA studies
to EPA under TSCA Section 8(e). NAIMA has also been involved in various proceedings and
discussions with U' S regulatory agencies concerning the potential regulation of stone wool
and other MMVF. For these and other reasons, Rockwool!® is providing the above information
on a voluntary FYT basis.

Should vou wish turther information on the results of this study, please contact me.

Sincerely.
Rockwool International A/S
Health & Safetv

Ole Kamstrup
Vice-President
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CHRONIC INHALATION STUDY OF SIZE-SEPARATED ROCK
AND SLAG WOOL INSULATION FIBERS

IN FISCHER 344/N RATS

E. E. McConnell
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E. E. McCONRNELL ET ALL

Van-made vireots fibers (IMMVFEY are fibrous, norganic substances
k. clay, slag, or sand. Major MMVF classes are com-
: F glass wool, slag wool, rock weol tofien called “stone” wool
irope! refractory ceramic fiber (RCF), cortinuots fitament, and special pur-
bers (TIMA. 19931, Slag and rock weol fibers are compased of calcium
nesium aluminum silicate glass. In the United States, from about 1975 to
. present, slag from the blast furnace reduction of ron ore to pig iron has
been the major raw matesial used to manufacture slag wool, accounting for
“0-90% by weight of the raw materal mux. Other components of the mix
nclude phosphate smelter slag, and natural materials fike stlica gravel, shale.
and limestane. Rock wool fibers are made from a charge consisting primanly

of hasaltic rocks with some additive such a. hmestone or dolomite.
Juctian method: include the making of briauettes which

Th

. -~ : Y TR N - 4 byr
vse a clav G ground materiais. The : yse of the bri-
+,

quettes 1s to tachtate recycling of reck and <lae wool waste and to adjust
|

the chemical composition of the end-produc:

Rock and slag wool products have oxceilent thermal, acoustical, and
n: properties. They have applications residential msulation
Ulaskets. blowimg w ool ndastnal and commercial fow- and tigh-tem-
rsul O e prates i ccoustical wall panels and ceiting
b S . to sraduction s oused inacaustical
" R s messt, Hortiettaral apphication
Cooslag o ds o bee s S Cor gron g medium s relatively

et developing market o burcie and the United States (TIMA, 19931
rera! manufacture of rock and slag wool produces small amounts
of arrborne respirable fibers. Airborne manufacturing levels are generalty <0.1
fibers.cm’ (Cherie et al., 1986; ILO. 1989; IPCS. 1988). Awrborne levels 18-h
tme-weighted average! can vary from <0.1 to ~0.3 fibersiam® during installa-
tion of we reducts (Lees et al., 1994 Schneider et al.. 19931, Short-term
eposures e g, 2-hY can be higher but are generally <1 fiberiem’ (Corn et al.,

1993 Axten, in press). Concern about the safety

TR N Lees &8 [{3., [Regean :‘\"L‘,’r‘f‘.ig &
of workers users of these materials sumulated the imtiation of epidemiologic
and experimental ammal studies to detect and assess potential adverse health
effects from breathing these fibers.

The present chronic inhalation studies of basali-based rock woal and blast
furnace-based slag wool are part of a series of investigations designed to deter-
mine the potential tonicin of tine fiber fractions obtaned from commercial
products representative of « - h of the major MMVF classes as well as chryso-
le and leng fiber cracidol asbestos. Results from chronic mhalation studies
of fibrous glass. RCF, and chrysatile abestos have been previously reported
Hesterberg et al, 1993 Mastet al i press: McConnell et al.. in press).

MATERIALS AND METHODS

Fiber Characteristics
The two types of fibers used i this study are fractions of a Rockwoo!
Uiternational A S (Denmark) basalt-based rack stone) wool (MMVFE 21) and




INHALATION EFFECTS OF ROCK OR SLAG WOOL FIBERS 573

a USG Interiors (USA) slag wool (MMVF 22). Butk fibers with chemical
compositions typical of commercial insulation products were size separated
to be largely rat respirable (<1.5 um diameter and <80 ym length) and to
have average dimensions (average aerosoi geometric mean diameter <1.0
um and length >15 um) that are comparable to other MMVF inhalation
studies recently completed (Mast et al., in press; Hesterberg et al., 1993).
For each type of MMVF, approximately 4000 kg of bulk product was size
separated using a water-based process (Hesterberg et al., 1993) to obtain 10
kg of stock fiber with the required dimensions to be used in the inhalation
study. The rock wool bulk product was produced without the normal addi-
tion of oil or binder because it was not possible to size separate the latter.
The chemi~al compositions of rock and slag wool are given in Table 1, while
the physical characteristics of the stock fibers are presented in Table 2.

A previously characeerized sample of crocidolite asbestos (Bureau of
Mines, 1980) was used as a positive contro!. It was obtained from the
National Institute of Environmental Health Sciences, Research Triangle Park,
NC and was size separated in a similar manner to the MMVFs. However,
because of its high fraction of long/thin fibers only ~50 kg of bulk material
was needed to obtain 10 kg of fibers with the required dimensions.

Fiber Aerosol Exposure

Rats were exposed by nose-only inhalation to 3 dose levels (3, 16, or 30
mg/m’ of rock or slag wool or 10 mg/m’ for crocidolite asbestos) according to
the method of Sachsse et al. (1976). The high dcse (30 mg/m’) was chosen to
be comparable to studies of MMVFs (refractory ceramic fiber and glass insula-
tion wool) previously studied in this laboratory (Hesterberg et al., 1993; Mast
et al., in press). Exposure to crocidolite asbestos was stopped at 10 mo
because of morbidity/mortality, and the rats were not placed in exposure tubes
for the remainer of the study. The experimental groups were compared to
unexposed (chamber) controls, which were alss placed in exposure tubes in 2
similar manner to the exposed rats. Advanced techniques of nondestructive
aerosolization were used to maximize the number of “rat-respirable fibers,”
that is, fibers of a size able to reach the alveolar region of the lung (Hesterberg
et al., 1991). This system produces large numbers of unbroken fibers with
lower levels of nonfibrous dust than in past inhalation studies. Temperature,

TABLE 1. Cherical Composition of Bulk Fiber Samples bv Weight Percent

si0,  ALO, GO MgO FeO Fe, O, NaO

Crocidolite 9 0.7 3.4 147 214
Rock wool 2 13.0 16.9 9.3 4.6 1.8
Slag wool 4 106 380 Q9 2.3

[P R ]

R

Note. Analyses: 5i0,, ALQ,, Ca0, MgO by gravimetric andor AA_ Ee() by ferrow won draton with potassas
dicromate, using a diphenlyamine sulfenate indicator; Fe, 0, TiO, Mo by KP; Na 0. KO by AA Y
by LECO C5-344 furnace. Slag wool not analyzed for FeQ due to low Fe content. Al percent values
the nearest 0.1%.
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Stag wool

Crocidolite

4

SEM

1.21 £ 0.72
1.03 £1.77
1.01 £ 0.07

K]
Optical
2.4+ 200
156 t 2.4
15827

3

4

SEM
G.25t0.12
0.22 £ 1.60
0.24 £ 0.01

Slag wood low dose

Slag wool mid dose

Crocidolite

9

SEM

0.96 £ 0.56
0.84 £ 1.70
0.82 £ 0.16

9

Optical
16.5 £ 13.3
123 ¢ 21
12125

3.1 £ 0.4 (n =596)
33113 (n=26)
30 £ 15 (n = 64)
2+8in=P
102d4n=9)

6
6
12
+ 4

9

SEM

0.97 £ 0.54
0.834 + 1.69
0.84+0.12

9

Optical
179+ 148
13.2 ¢
31+

2.
1.

16.1 + 1.4 (n =598
158 £+ 46 (n = 26)
131+ 40 (n=64)
96+ 28(n=9)
S50t14in=9

26
20217
18+8
32+17

Optical
205+ 159

4

SEM

031 £0.12
0.28 £ 1.54
0.30 £ 0.03

4
Optical

61163
4.1+23
3.8:038

10.0+09{n =240
4214 £ 2589 (0 = 32y
1610 £ 989 (n = 3D}
6772 d16n =9
2361145 (n =4

ND

Experimental Design

The study was conducted in rats, which are felt to be the most appropri-
ate experimental animal for studying the potential toxic effects after inhalation
of fibers (IPCS, 1988; McCleilan et al., 1992y, The studyv was conducted at
the Research and Censulting Company. Geneva, Switzerland, using &-wk-
old weanling male F344/N rats (Charles River Laboratories Raleigh. NC.
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The rats were held for a 2-wk quarantine period, were individually identi-
fted using ear tattoos, and were randomly distributed to exposure groups
using & computer-generated random algorithm. There were 140 rats in each
of the rock and slag wool exposure groups, the positive control (crocidolite
asbestos;, and the unexposed chamber contol groups. They were exposed
for 6 fvday, 5 daysiwk for up to 24 mo. When not being exposed. the rats
were housed dividually 1n polycarbonate cages containing hardv.ood
bedding in Hazelton 2000 chambers (Lab Products) cperated under nega-
tive pressure (=20 mm H,0) with 20 air changes/h. Pelleted feed (Kliba
343, Klingentalmuehle AG, Switzerland) and tiltered f-ech water were sup-
phed ad bbitum during the nonexposure period.

GCroups of & randomly selected rats, identified at the start of the study,
from each exposure group were killed at 3. 6, 12, 18, and 24 mo for lung
fiber burden measurements . i to follow the progression of the oulmenary
fesions. Addittonal groups of 3-6 rats from each group we > removed from
exposure at 3. 6, 12, and 18 mo and held until 24 mo (rec _.erv groups!, at
which time they were sacnificed to ascertan whether there was progression
or regression of lesions and to determine fung fiber burdens following ces-
sation of exposure. Following the 24-mo expasure period, the anmimals were
held for lifetime observation (until ~20% survived), whicl ‘urred at 28

mo. A hifetime observation period was chosen because previous studies of
inhaled asbestos have shown that the induction of mesothelial neoplasms in
rats usually occurs late in their fives (>24 mo) (Wagner et al., 1974),

Aerosol Monitoring and Characterization

Fiber mass concentrations were measured at least - times/wk during the
2-yr exposure penod. Each aerosol sample from eacn fiber type and dose
fevel, as well as the control aerosols, was collected on a Cellman mem-
brane filter from one of the laminar flow ports in the exposure _hambe
eliminate isokinetic sampling bias. Additionally, aerosol concentiations
were monitored continuously during the exposure period using an RAS
tGCA Corp.) light-scattering monitor to assure uniformity. The aerosols
were analyzed for WHO fibers per cubic centimeter [defined as having =
diameter <3 um, a length >5 um, and an aspect ratio >3 : 1 (WHQO, 1985)]
once each exposure week during wk 1-13 and every other week thereafter
through exposure wk 104, In addition, the total numbers of fibers and non-
fibrous particles were counted once each month on a filter for each fiber
tvpe and dose. Samples were collected on Millipore filters placed between
glass <hides, clarified, and counted by phase-contrast microscopy (PCM) at
400x magnificaticn (Mountain Technical Center Industrial Hygiene
Laboratory, Schuller International Co., Littleton, CO). At least 20 fields
re counted on each slide. In addition, once each month total fibers

(EyE
W OIS O

iaspect ratio »3 1 1) and particles were counted to determine total fibers per
cubic centimeter and particles per cubic centimeter.
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Every 3 mo samples of rack and slag wool aerosols for each dose and
cracidolite asbestos were collected on filters for determination of fiber
length and diameter. The filter/fiber samples were stored in 100-ml glass
bottles containing ~100 ml distilled water and 8 mg sodium azide. Due to
their high solubility in water, the last seven slag wool filter samples were
stored dry prior to counting. Each filter was removed and rin=~d back into
the original sample bottle. Suspensions were diluted to 250 mi with distilled
water and homogenized by sonification. Aliquots were drawn and filtered
onto 0.2-um Nuclepore and 0.2-um Millipore membranes. The Nuclepore
membranes were dried, applied to scanning electron microscope (SEM)
stubs, coated with gold and counted by scanning electron microscopy
(JEOL T-300 or JEOL 840 equipped with a Videoplan image analysis sys-
tem). The Millipore membranes were placed between glass slides and clari-
fied for optical measurement.

Diameters were measured at 5000x in a minimum of 20 fields or 200
fiber ends as outiined by WHO for counting MMVFs (WHC:, 1985). Length
distributions were determined at a lower magnification (1500-1850x)
according to WHO guidelines (WHQ, 1985) using a Leitz Orthoplan or
Zeiss optical microscope equipped with a Videoplan image anaiysis system
to allow visualization of entire fibers. A minimum of 20 fields or 200 fiber
ends was counted, and the number of truncated ends was recorded. While
40% of the fibers in both the aerosol and recovered from the lungs had
diameters less than 0.5 um, the SEM measurements showed almost no
fibers having diameters less than 0.1 gm. Fibers with diameters >0.01 um
can clearly be identified as lines using PCM at 2000x. While diameters
obviously could not be accurately measured on fibers that small with PCM,
the lengths could accurately be measured for all fibers in the distributions.

Crocidolite asbestos aeroscl samples were prepared in the same way as
rock wool, except only one aliquot was filtered onto an SEM stub.
Diameter and length distributions were determined using SEM at 5000x and
2000x, respectively. Calculation of all arithmetic and geometric means,
medians, standard deviations, and diameter and length classifications from
raw data was done using the Videoplan computer system.

Lung Burden Analysis

At necropsy the accessory lobe of the lung irom each animal was
removed, weighed, and frozen. After thawing it was dehydrated in acetone
and evaporated to constant weight. The dry lung tissue was then ashed in
an LFE LTA 504 multiple chamber plasma unit. The ash from each lung was
dispersed in distilled water, and aliquots of the suspension were filtered
onto 25-mm diameter, 0.2-um pore size Nuclepore membranes for SEM
stub preparation and onto 25-mm diameter, 0.2-um pore size Miilipore
membranes that were clarified for optical slides. Counting and measuring of
the fibers were done in the same way as with the aerosol fiber samples.
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Clinicopathoiogy
The rats were observed daily for chmical signs, morbidity, and mortality
throughout the studv. They wer> individually examined and weighed once

each weet .1 the first 13 wk and at lea<t once each month thereafter.
Sick cr m b ad amimals were exsanguinated following deep anesthesia by
intraper:tcreal mjection of pentobarcital sodium, as were those remaining
at the end of the study {28 m2 (20 mo of agell.

A necropsy was performed on all animais, and a complete se: of tissues
(NTP, 1984 ) was obtained and fixed in 10% neutral buffered formatin,
except for the fung. The lungs were removed, weighed, and examined
under a dissecting microscope. The right accessory lobe was higated.
remorad, weighed, and frozen at —20°C for lung fiber retention ané.[ysis.
The remamnmg fung was perfused with Karnovski's fixative via the trachea a.
30 cm H,O pressure for 2 h. After fixation, a consistently uniform trans-
verse (harizomiall section {2 mm diameter) of the left lung and right
draphragmatic lobe was obtained from each animal for routine histopathol-
ogy. in addiion sections were made from all grossly visible lesions i1 the
lung. Replicate sections were routinelv stained with hematoxylin and eosin
(H&E) and Masson—CGoldrier’s trichrome stain to ughlight collagen.

Other tissues processed routinely for histopathological examination
included three levels of the nasal cav:ty (anterior, midlevel, and posterior),
larynx, trachea, bronchi. mediastinal and mesenteric lymph nodes, liver,
spleen, kidneys, heart, and all grossly visible lesions.

The lungs were examined and classified histopathologically and given a
Wagner score for inflammatory change and fibrosis (McCanneli et al., 1984).
In this system a grade of 1.0 is considered normal, grades 2-3 are evidence
of focal cellular change, while grades 4-8 represent the former lesions plus
increasing degrees of fibrosis (Table 3). In accordance with these guidelines,

TABLE 3. Pathology Gradie2 Scale

Grade

Celhilar change

Normal No lesion
Mimimal Macrophage resporse
Midd } Macrephage bronchiohzaton

Fibrosis

Minimal Fibrosts restnicted to terminal broncinoles proximal alveoli
Mukd : Interdobular hinking
Maderate Early consohdation
Severe ) Marked fibrosis.consolidation
Complete obstructicn of arnways

Note From McConnell et al (1984
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proliferative lesions of the pulmonary parenchyma were designated as bron-
choalveolar hyperplasia (BAH), pulmonary adenoma, or adenccarcinoma.
Other types of lesions, including those in the pleura, were noted where
appropriate and were recorded by the study pathologist (Chevalier) using on-
line input into the PDS PATHDATA System (version 3.4.8, Experimental
Pathology Services, Muttenz, Switzerland). Additionally, two other pathoio-
gists independently reviewed replicate sections of the lung and rendered
diagnoses without knowledge of the study pathologist’s diagnoses.

The slides, individual animal data records, and pathology tables were
evaluated by an independent quality assurance laboratory (Experimental
Pathology Laboratories, Inc., Herndon, VA). The quality assessment pathol-
ogist reviewed all of the lung sections and selected all slides where a prolif-
erative diagnosis had been made by any of the three above pathologists.
These slides were in turn examined by a group of five indepcndent patholo-
gists (Pathology Working Group, PWG) with experieice in rodent pul-
monary pathology without knowledge of exposure group or previous ren-
dered diagnoses. The PWG consensus diagnoses wera cons‘dered by the
study pathologist (J. Chevalier) when making his final diagnoses.

Statistics

Pairwise comparisons of tumor incidence between exposure groups were
made using Fisher’s exact test, and tests for trend were made using an exact
algorithm for the Cochran—Armitage test. Only rats exposed to rock or slag
wool for 12 mo or crocidolite for 10 mo were considered at risk for the
induction of neoplasms, because this was the earliest time point a neoplastic
finding was observed in this series of studies. All tests of significance were
two-tailed, with no formal adjustment for multiple comparisons. Student’s t-
test was used for comparisons of the physical characteristics of the fibers.

RESULTS
Exposure Atmosphere and Fiber Characterization

The physical characteristics of the stock and aerosolized fibers are pre-
sented in Table 2. When rat respirable fibers (<1.5 um diameter x <80 um
length) are considerad, all of the MMVF aerosols were comparable in terms
of fiber dimensions. The gecometric mean length of aerosolized crocidclite
was less than that of the stock material (7.9 £ 2.5 um vs. 4.1 + 2.3 um;.

The three airborne gravimetric concentrations {mg/m® + SD) of rock
wool averaged 3.06 + 0.41, 16.14 + 1.17, and 30.39 * 2.79 and slag wool
3.06 t 0.44, 16.11 + 1.39, and 29.89 ¢ 2.87 during the 2 yr exposure
(Table 2). These concentrations corresponded to average WHO fiber numbers
(fibers/cm® + SD) of 34 + 13, 150 51, and 243 * 67 for rock, and 30 + 15,
131 + 40, and 213 t 62 for slag (Table 2). The average numbers of rock
wool fibers >10 um in length were 26 + 9, 122 + 33, and 186 + 51 and
those >20 um were i3 t 5, 74 1 20, and 114  32. Slag wool fibers >10




E. & McCONNELL ET AL

8. and 165 £ 51, and those 20 um
were 10 4, and 99 e aerasols alse contained nonfibrous
particulates. The crocidoliie asbestos aerosol was 10.04 + 0.90 mg/m?,
which corresponded to an average of 1610 : 989 WHO fibersicm®. The
average number of fibersiem® >10 um n length was 677 + 416, while the

number of those >20 MM was 236 £ 145 iTable 2).

Lung Burden Analyses

Tabie 4 presents average lung retention values for WHO fibers and
those ionger than 10 or 20 um in length per milligram of dry fung, while
Table 5 shows them per lobe for various exposure and recovery pericds.
The average lung burdens of WHO fibers reached their peak al 1 vr and
plateaved during the remainder of the study. WHO fiber levels were higher
for rock wool than slag woc! at various time points during the study, for
example, at 53 wk 30 mg/m’ rock wool = 319,000 £ 53.000 (ibers 20
pm tength = 55,000 £ 19,000} versus 30 mg/m’ slag wool = 225000 -
59.000 iibers >20 um length = 5000 £ 3000). The retention of both rock
and slag wool fibers decreased rapidly after exposure ceased: for examples,
with 18 mo exposure plus 6 mo of recovery the average number of WHO
ribers per milligram dry lung for slag wool was decreased from 230,000 to
4/,CJ0, compared to 283,000 to 116.000 ‘or reck wool. The decrease was
mare dramatic for fibers >20 um in length and more pronounced for sfag
wool, which decreased from 31.000 to 200 compared to rock wool,
62,000 to 14,000. A similar reduction in fibers was observed when evaluated
per lobe of fung (Table 5).

The number of crocidolite asbestos fiters peaked at 10 mo (end of expo-
surel (WHQO fibers = 1,250,000 t 218,000; fibers 20 um length = 55,000 +
13,000 fibers/mg dry lung) but decreased at 24 mo (10 mo of exposure plus 14
mo of recovery) (WHQO = 759,000 + 50.000; fibers >20 um fength = 41,000 +
12,000 fivers/mg dry tung). it s of particuiar interest that the number of fibers
>20 umvin length did not decrease appreciably from the end of exposure
{54.600) to the end of the study (28 mo, 40,600) (Table 4).

The electron microscopic examination used in the counting of the fibers
also revealed ultrastructural changes in the MMVF fibers after retention in
the lung (Figures 1-3). After 6 mo the rock wool fibers showed surface pit-
ting and erosion, while n addition to these changes the slag wool fibers
showed segmental dissolution and cross cleavage. In contrast, the crocido-
lite fibers showed no morphologic change, even after 24 mo in the lung.

Ciinical Observations

No abnormal clinical signs were observed in any of the rock or slag
wool exposure groups during the course of the study: Sody weight gain
re 4 and survival (Figure 5) were comparable to the unexposed con-

- In contrast, the positive controls (crocidalite) failed to gain weight as
pudiy begimning at 3 mo and were ~12% lighter than the unexposed con-
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trols at 10 mo. Labored breathing and increased mortality were observed
starting at 9 me. Because of the decrease in survival, exposure of the croci-
dolite exposed rats was terminated at 10 mo. The rats then began to gain
weight parallel to the other group; and mortality rates returned to near con-
trol levels, although survival was lower at the end of the study (28 mo).

Lung Weights

A highly significant (p < .01} increase in wet lung weights (Table 6) was
observed in the crocidolite-exposed rats as early as 3 mo and continued
through 18 mo, at which point they were ~43% heavier (2.02 g vs. 1.41 g
than the unexposed controls. The lungs of the 30 mg rock rats were heavier
starting at 6 mo and were ~24% heavier (1.75 g vs. 1.41 g) than the con-
trols at 18 mo; 16 mg group lungs weighed more at 12-18 mo when they
were ~13% heavier (1.59 g vs. 1.41 g) than the air controls. N differences
in lung weights (compared to controls) were found at any time point in the
3 mg rock groups or in any of the slag-wool-exposed rats. No lung weight
differences were observed at 24 mo in any of the groups (compared to con-
trols), probably due to the high incidence of pulmonary leukemia, which is
common in older F344/N rats.

Pathology

Crocidolite Asbestos The crocidolite-exposed rats were the first experi-
mental group to show macroscopic evidence of fiber related disease. At the
first interim evaluation (3 mo) the lungs contained a few small (1-2 mm
diameter) greyish-white foci scattered randomly over the surface of the lung,
which tended to disappear upon inflation of the lung with fixative. The foci
were more numerous and more apparent at 6 mo. Additionally, the iungs
failed to collapse as rapidly as the unexposed controls after opening the tho-
rax. At 10 mo (exposure was terminated due to morbidity/mortality) the lungs
failed to collapse. The foci were still numerous, but slightly less apparent, at
the next (12 mo) and subsequent sacrifice points, but the lungs still failed tc
collapse (Figure 6). No macroscopic evidcnce of pleural lesions was observed
at any of the scheduled sacrifice points.

Microscopically, the first evidence (3 mo) of fiber-induced disease (cro-
cidolite group) was restricted to the terminal bronchioles and proximal alve-
oli. It consisted of an influx of discrete (nonfoamy) pulmonary macrophages
(present both con the epithelial lining and in the lumina), focal accumula-
tions of macrophages (microgranulomas) in the walls of alveolar ducts,
metaplasia of the alveolar duct epithelium from a squamous appearance to
cuboidal (bronchiolization), and early collagen deposition (fibrosis) in the
walls of the terminal bronchioles and proximal interalveolar septa, rating a
classification of Wagner grade 4 (Table 7). The iesions progressed in severity
during the exposure period (10 mo}. but still were classified as \Wagner
grade 4 because of a lack of interlobular linking of the fibrotic lesion (Figure
7). Although there was a marked decrease in the number of macrophages
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after exposure ceased, the other pulmonary changes noted earlier did not
decrease n severity.

Primary lung neoplasms were recognized macroscopically as solitary
whitish-gray, usually spherical nadules that varied from 3—4 mm te 15 mm
i dhameter. Microscopically, the neoplastic lesions consisted of a continuum
of bemign bronchoalveolar adenoma! to mahignant (bronchoalveolar carci-
noma) changes of typical morphology to those seen in F344 rats {(Boorman
& Fustis, 1990). The primary growth pattern that differentiated “benign”
tram “mahgnant” change was the local invasion of bronchi or blood ves-
el Sguamous metaplasia was occasionally found in adenomas and carci-
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nomas. By the end of the study 16 of 106 (14.1%) of the crocidolite-
exposed rats had a primary pulmonary neoplasm, compared with 2 of 126
(1.6%) (p < .u1) of the unexposea controls {Table 8).

Minimal to mild focal fibrosis was noted in the visceral pleura in a
majority of crocidolite exposed rats starting at 12 mo (Figure 8). It did not
increase in severity during the remainder of the study, although a single
well-developed mesothelioma was observed in one animal (Table 8!, &t cov-
ered a large portion of the lung and was of the typicai papitiary tvpe.

Rock (Stone) Wool The first macroscopic evidence of treatment-related
effects was at 12 mo when a few similarly appearing small {1--2 mm diame-
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FIGURE 4. Graph showiag body weight gan of . e F344N rats expesed to rock and stag ool and

crocidohite asbestos

ter) greyish-white foct were observed in 6 of 6 high- (30 mg) « =~ 4 of 6
m d- (16 mg) dose rats; again, the foci tended to disappear upon ‘...a on of
the lung. Also, these lungs did not collapse in a normal fashi . "hese
lesions were more apparent at 18 and 24 mo but of much less severity than
in the _rocidolite-exposed rats (Figure 9). No macroscopic evidence of
pleural changes was noted at any point.

Microscopicaily, a dose-reiaied incréase in pulmonary macrophage:
and developing microgranulomas in the alveolar duct region were observed
at 3 mo. Additionally, a mild amount of bronchiolization was noted in all
high-dose rats. The pulmenary response had progressed at 6 mo with bron-
chiglization beng found in the mid- az well as the high-dose group rats
(Table 7). The lesions further progressed at 12 mo, with 2 of 6 rats in the
high dose (30 mg) showing a minimal amount of fibrosis in the proximal
portion cf the alveolar duct region (Table 7). At 18 mo minimal (16 mg)
and mild (30 mg) fibrosis was noted in all rats in the mid- and high-dose
groups (Figure 10), although it was more apparent in the latter animals. No
significant increase in severity was found at the end of the exposure period
(24 mo) nor at the end of the study (28 mo). The number of pulmonary
macrophages decreased dramatically during the nonexposure period. Fibers
were noted in macrophages, in microgranulomas, and on surfaces of the
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alveolar ducts and proximal alveoli throughout the study (Figure 11). Addi-
tional fibers and especially fiber fragments were observed in macrophages
in the peribronchiai lymphoid tissues. No treatment-related lesions were
observed in the pleura.

Occasional bronchoalveolar neoplasms were found in all dose groups
(5 of 114 low dose, 5 of 115 mid dose and 5 of 114 high dose), including
the unexposed controls (2 of 126), but there was neither a statistically sig-
nificant increase nor a dose-response relationship (Table 8). No mesothe-
liomas were observed.

Slag Wool No treatment-related macroscopic lesions were observed in
the lungs or pletira of rats exposed to slag wool at any point during the
study (Figure 12).

Microscopically, there was a dose- and time-related increase in pul-
monary macrophages, microgranuloma formation, and bronchiolization
(Table 7). However, there was no evidence of fibrosis at any point (Figure
13). Fibers and fiber fragments were readily found in many of the
macrophages and microgranulomas. No treatment-related lesions were
observed in the pleura. Occasional bronchoalveolar neoplasms were found:
2 of 116 low dose, 0 of 115 mid dose, and 3 of 115 high dose, compared
to 2 of 126 unexposed controls (Table 8).

Burvival Rrate
Practioa Survived

1.0

Adr comtrel

Crocideolite

Rock Wool Low Doss
Rock Wool Mid Dose
Rock Wool Nigh Dosa
8lag Wool Low Dose
Slag Wool Nié Deose
812 Wool Nigh Done

+ +
3 3 100 128
Weaka

FIGURE 5. Kaplan-Meier survival curve for male F344°N rats exposed to rock and slag wool and croc-
dolite asbestos.
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Other lesions  No treatment-related lesions were observed 1n the upger
respiratory tract or i any ather organ i the MMVFE or crocidolite exposed
Many rais, including the unexposed control amimals. showed evidence

of menonuclear cell leukerma involiement of the lung (diffuse gray discol-
aration, paleness, anchor mutifocal punctuate gray foci) at 24 me, and espe-

o . - =Y " ey e cradaamea 2 -y~ N PO .
ally so at the end of the study. enlarged spleen and nodular liver con-

o
t
Cta b

firmed this finding  This lesion was also a prominent feature in rats that died
orwer- killed in a meribund condition during the ccurse of the study.

DISCUSSION

Rack woal has been nreviously tested in bavo long-term innalation etudies
in rats (La Bouffant et al.. 1987; Wagner et al., 1984) and slag wool once
each in rats (Smith et al., 1987) and hamsters (Smuth et &!., 1987). None of
the mhalation studies identified an increase in cither fibrasis or treatment-
related increase m pulmonary naeplasms or mesotheliomas. Both MMVFs
have aiso been studi=1 by intracavitarv instillation in rats (Minardi & Maltoni,
1989; Pott et al., 1987 Stanton et al., 1981; Wagner et al., 1984). While
the results of the slag wool injection studies were uniformly negative, an
experimental rock woo' duced an increased incidence of abdominal
mesatheliomas in sorme studies, but onlv after seve ral instillations (3-5) and
high levels (total 75 mg.ac nal) (Pott =t al., 1987).

While the previously reported innalation studies did not show evidence
of overt pulmonary pathology in animals from breathing these types of fibers,
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TABLE 8 Pulmos ™S N Exposed 10 Rock ar Slag Wanl ang Croaidolite

Asbestcs Fibers

seinama Total fung Mesotheliama

Exprsre grovo tumaers %) (%}

2116}

T4

v

Ve

Hnate exposed to MMUFS for 1 mo crocrdelite 10 mo; controts surviving at
notmchuded e this table becawse they wers net 2yposed tor 10 mo, had either an aderoma

ab actinciuded e this table because it was not exgesed o 10 Mo had an adenma

3,

only one of these studies \Smuth et al.. 1987 used techmcally advanced nose-
only expasures or a large number of “size-selected” fibers, Because of signifi-
cant improvements m experimental inhalion inchuding nose-anly exposdre
and abihity to generate aerosols without breaking fiters, the subject -udies
were undertaken using state-of-the-art technology. To msure exposure to the
deep lung of environmentally relevant fibers ithose that have been found in
the workplace) and to stimulate anv possible potential pathology, every effort
wa  made to maximize the number of leng/thin rat respirable fibers by size
selection te-hnigues. Additionally, the animals were exposed for a majority
(>80%) of their potential life-span to levels that were at least 1000-fold higher
than would be expected under typical manufacturing or user conditions. The
fughest dose of rack wool used in this study contained 243 and slag wool
contained 213 WHO fibersicm' compared to workplace expostres that are
generally less than 0.1 fibers.cm® (Cherrie et al.. 1986) and rarely greater than
1 fiberem’ (ILO, 1989).

The lung burdens observed in these rats were much greater than would
be expected in humans exposed to these fibers during manufacture or use.
In human lungs such fibers have not been found, although data are scarce
Karjalainen et al.. 1993). For example, na rock/slag woeol fibers were
observed in Jung tissues from 11 deceased rock/slag wool workers
McDonald et al.. 1990). However, one might expect the levels in the ltings
of rocksslag wool workers to be comparable to those in the glass wool insu-
tation industry. In one study of mainly former glass fiber production workers
i = 1210 only 26% had any MMVE in their lungs, and those that did only
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had ~70 WHO fibers/mg dry lung tissue (McDonald et al., 1990). A post-
mortem examination of 20 workers employed in a glass fiber factory
revealed a lung burden of 95 fibers/mg dry lung (average diameter of 2.4
um and length of 28 um) (Gross et al., 1976). This compares to ~319,000
WHO and ~54,700 fibers >20 um length/mg dry lung at 12 mo in the
high-dose (30 mg/m?) rock and ~225,000 WHO and 5,000 fibers >20 um
length in the slag wool rats. In summary, the rats in this study were exposed
to and retained far greater numbers of fibers in their lungs than could occur
under any conce ivable human exposure condition.

Although th. slag wool exposures of these rats were extremely high
(213 WHO fibersicm®) compared to human exposure conditions (generally
<1.0 WHO fibers/cm?), there were no biologically significant adverse
effects (fibrosis or tumorigenesis) in the lung or pleura of these rats. The
fibers did, however, induce a prominent macrophage response, microgran-
ulomas, and a mild localized metaplastic change (bronchiclization) of the
epithelial lining of the proximal alveolar duct, as would be expected from
the introduction of high levels of “inert” foreign particulates. Numerous
fibers were observed in these macrophages, and fiber fragments were found
in distant locations (peribronchial lymphoid tissues and bronchial lymph
nodes), further indicating significant lung tissue exposure.

Roack wool also caused the previously described nonspecific particulate
inflammatory response, but in addition produced dose-related fibrosis in the
interalveolar interstitium. However, the fibrotic change was very restricted
in location (terminal bronchioles and proximal alveoli), was of minimal (16
mg exposure) or mild (30 mg exposure) severity, and occurred only after an
extended time (>12 months) with high lung burden levels of fibers >20 um
length, which are more prone to induce fibrosis (Davis, 1991). Nonfibrous
particulates of inert dust (TiO,) have also been shown to cause pulmonary
fibrosis when the exposure is high (Lee et al., 1985). The degree of fibrosis
with rock wool was of much less severity than that produced by crocidolite
asbestos, although both were categorized as Wagner grade 4. In this respect
the Wagner grading system can be misleading; the difference between
grade 4 and grade > in terms of severity is great in that the latter grade
requires that the fibrotic lesion extend between lobules. The Wagner grading
system does not take into account the differences in severity of a specific
lesion at a given location or the extent of that lesion in terms of the amount
of the lung involved. For example, a lung containing a few widely scattered
areas of fibrosis of minimal severity would be given the same score
(Wagner grade 4) as one with widespread areas of moderate or severe fibro-
sis, as long as there was no interlobular linking of the fibrotic lesion.

The inflammatory response decreased markedly after exposure was ter-
minated in both the rock- and slag-wool-exposed rats. The number of
macrophages and. microgranulomas, as well as the degree of bronchioliza-
tion, was much less apparent in rats that were removed from exposure at
various times (3, 6, 12, or even 18 mo) and held until 24 mo. The macro-
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phages that were still present usually contained fibers/fragments. This
reversible change is best explained by the decrease in lung burden. In con-
trast, fibrosis did not regress and should be considered a permanent change.

However, just as importantly, examination of the “recovery” animals
showed that pulmonary fibrosis did not progress after cessation of exposure
to rook wool or even crocidolite asbestos. This observation is somewhat
perplexing, especially with regard to crocidolite, where the decrease in
tung burden was not nearly as evident as with rock wceol. This same phe-
nomrenon has been observed in other rodent inhalation studies of fibrogenic
materials such as chrysctile ashestos and refractory ceramic fibers (Mast et
al., in press; McConnell et al., 1984; in press) The failure of interstitial
fibrosis to progress after cessation of expasure suggests that continuing
msult {exposure) may be necessary to fully manifest the fibrogenic potential
Of a given fiber. Nevertheless, recovery studies are a useful addition to an
inhalation protocol for this Very reason.

Wet lung weight was also an early and particularly sensitive indicator of
fiber exposure. The lung weights from crocidolite exposed rats were signifi-
cantly (p < .01) increased as early as 3 mo and were 43% heavier than the
contrals at 18 mo. While no significant increase in slag vool lung weights
was cbserved during the course of the study, the lungs of the 30 mg rock-
wool-exposed rats were marginally increased (p < .05) at 3 mo and
increased in weight through 18 mo, when they were 24% heavier than the
controls. The 16 mg rock wool lungs were marginally heavier starting at 12
mo and were 13% greater (aan the controls at 18 mo. These data suggests
that the increased lung weights were due to mare than an increase in colla-
gen (fibrosis), since this was not observed in the rock waool exposed rats
unti! 12 mo. It is speculated that pulmonary edema and inflammation may
have been the cause of the early increase in lung weights.

The most reasorable explanation for the lack of a difference in lung
weights at 24 mo is the high rate of mononuclear cell leukemia, which
readily infiltrates the capillaries of the lung (Stephanski et al., 1990).
Leukemia is a particular problem in aging (>21 mo) male F344/N rats,
~iiere the average incidence at 24 mo is 34% with a range up to 72%
{Haseman, 1990). Therefore, lung weight data are less meaningful in this
strain of rat after 18 mo of age.

It s of interest that the rock and slag wool fibers did not produce neo-
plasms or prominent fibrosis, even though thaose reteined in the lung were of
a size that would be expected to produce suich lesions based on the Stanton
hypothesis of fiber carcinogenesis (Stanton et 2l 1981), that is, fibers of res-
pirable diameter of long length (>8 um). Fwever, 1t is now known that a
cembination of criteria must be met befare a fiber can induce cancer. In
addition to dimension, such properties as persistence (related to in vivo dura-
bility) and exposure to the target tissue/cell are critical to the potential car-
cinogenic activity of a given fiber (McClellan et al., 1992; Spurny, 1993).

The marked disparity in biological activity between these MMVEs and
crocidolite asbestos in this study is probably related to the MMVF's lack of
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persistence in the lung, especially those fibers >20 um in length, which are
thought to be of greatest biological activity (Davis, 1991). One explanation
as to why fibers >10 and especially those >20 um in length are more patho-
genic than shorter ones is because the latter are more readily phagocytized
by pulmonary macrophages, which, in turn, remove them from the target
tissue, either via the mucociliary escalator or via the lymphatics to regional
lymphoid tissues.

There was a striking difference between the biopersistence of the long
MMVFs and the long crocidolite fibers. While the aerosol concentrations of
the MMVFs >20 um length for the high-dose groups were within a factor of
~2 (crocidolite 236, rock wool 114 and slag wooi 99 fibers/cm?), the num-
bers of these fibers retained in the lung were dramatically different. At 3 mo
the number of fibers >20 um length/mg dry lung roughly reflected the
inhalation exposures for crocidolite (~29,000) and rock wool (~18,000),
although slag wool was considerably less (~5000). However, in the 3-mo-
exposed rats that were held unexposed for another 21 mo, the retention
levels of both MMVFs had decreased to background levels compared to
crocidolite, which was still ~19,000 fibers >20 um length/mg dry lung. At
10 mo (end of exposure) the number of crocidolite fibers >20 um length/mg
dry lung was ~54,600, compared to ~54,700 for rock wool and ~5000 for
slag wool after 12 mo of exposure. When the 10-mo-exposed rats were
allowed to recover for 14 mo, the >20 um length fiber levels in the crocidu-
lite exposed lungs had only decreased to ~41,100 (25% reduction). This
compared to ~3800 (93% reduction) for rock wool and ~200 (96% reduc-
tion) for slag wool fiber retentions in animals exposed for 12 mo and
allo.ved to recover for 12 mo.

The results from the “recovery” animals showed that the lung burdens of
rock «nd slag wool fibers decreased rapidly after exposure ceased; there was
a ~90% reduction of WHO fibers with both types of materials after an expo-
sure of 12 mo followed by recovery for an additional 12 mo. This has also
been observed for two glass wool compositions using a similar inhalation pro-
tocol (Hesterberg et al., 1993). Hesterberg et al. (1993) found an approxi-
mateiy 60% reduction of WiHO fibers after 12 mo of exposure i boih types
of glass followed by 12 mo recovery. More importantly, the reduction of
fiber. >20 um length decreased ~90% (10,400 to 900 and 20,200 to 2,700
fibers/mg dry lung) (RCC, 1993). This and the studies under discussion illus-
trate that it is not sufficient to consider only the removal rate of WHO fibers;
it is also important to enumerate the removal rate of long fibers (>20 um in
length) because they have the must biological activity {Davis, 1991
However, delayed lung clearance can occur if the normal clearance mecha-
nisms are overloaded or if the fiber is inherently durable {Muhie et ai., 1930}

The differential persistence in the lung of the MM\VFs compared to cro-
cidolite asbestos may be explained by observations made during electron
microscopic counting procedures employed for lung burden determina-
tions. It was observed that the physical nature of the slag wool fibers, and
to a lesser extent of the rock wool fibers, was highly altered after oniy a few
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months in the lung. In comparison, the crocidolite asbestos fibers appeared
essentiaily the same in the lung as in the stock macerial.  is reasonable to
expect that such a physicaliy altered fiber would be more prone to breakage
into shorter fibers, which would, in turn, be cleared more easily from the
lung, thereby reducing the effective dose. It should be noted that MMVFs
are vitreous in nature and therefore break crosswise, as compared to
asbestos, which tends to split longitudinally.

The above observations are supported by the resuits of a recent study
{Musselman et al., in press) of lung burdens after short-term exposure to
various MMVFs, mcfuding the same rock and slag wool and crocidolite
asbestos samples used in this study, as well as the same strain of male rat,
e\posure levei, and inhalation exposure system. The resuits of the study
also showed that rock weol and slag wool fibers were more readx[y
removed from the fung than crocidolite. Lung burden levels of rock and
slag wooi fibers were comparaHle to unexposed control values within 12
mo after exposure for 6 h/day for 5 days to 30 mg/m’ (rock wool 212 and
slag wool 288 WHO fibers/cm?). In contrast, crocidolite asbestos lung bur-
dens cid not decrease after the initiat airway ramoval.

Additionally, in vitro studies of the dissolution of MAMVFs have shown that

rock and slag wool fibers are less durable than asbestos in fluids that mimic
th@se found in the lung (Potter & Mattsen, 1992; Scholze & Conradt. 1987).
Dir'feren* types of MMVFs can have very different in vitro dissolution properties
pH 4.5 ;nssde a pulmonary macrog hage) and at pH 7.4 (extracellular fiuids
o‘ the | tung) «Carr, 1973; Oberdorster, 1291). Due to the important role of
rnacrophace in the clearance of fibers from the lung, newer in vitro studies
have been developed to investigate fiber dissolution at pH 4.5 (Christensen et
al.. 1994). Generally, a typic~! glass wool dissolves or disentegrates more
rapidly at pH 7.4 and less at pt1 '.5; the opposite is true for rack wool, while
the tested slag wool dissolves/disintegrates at a high rate at both pH levels. It is
therefore not surprising that a slag wool like that used in this study tends to be
more biodegradable than these rock wools or glass wools. This may be due
to the high caictum content in combination with a relatively low amount of
silica, resulting in a weak glass network. Other fibers of high caicium content,
such as wollastonite (a natural calcium metabisilicate fiber), have also shown a
similar high dissolution rate in lung tissues after inhalation (McConnell et al.,
1991} and after intratracheal injection (Bellmann et al., 1987).

A further possible explanation for the noncarcinogenic effects of these
MMVFs may be related to the low degree of pulmonary fibrosis observed in
this study. It has been suggested that there is a relationship between pul-
monary fibrosis and lung cancer in humans {(Roggli et al., 1992) An
mcreased mcidence of lung cancer was not found in asbestos workers (even
after high exposures) who did not show concomitant pneumoconiosis
{asbestosis) (Siws-Cremer & Bezuidenhout, 1989). It has even Leen suggested
that when asbestosis is absent in a patient with lung cancer, an alternate
etivlogy (such as a history of cigaretie smoking) shouid be sought, notwith-
standing a hostory of asbestos exposure (Churg, 1993)
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A similar relationship +-‘veen fibrosis and lung cancer has been
observed in rodents follow - ..nalation of various types of natural mineral
fibers and MMVFs (Davis & Cowie, 1990). While a Ccause/effact relationship
has not been established, (i.e., fibrosis in itself causes cancer), all fibers
showing carcinogenic activity in the lung of rodents are also fibrogenic in
the same experiment. However, just as importantly, the observation of
fibrosis (at least in animals) does not automatically mean that a given fiber
will show carcinogenic activity in a given experimer::. For exa- “nle, recent
studies of a kaolin-based refractory ceramic fiber (RCF) in rats {using a simi-
lar protocol and in the same laboratory as in this study) failed to show car-
cinogenic activity in the lung in spite of the presence of pulmonary fibrosis
(Mast et al, in press). This study is of particular importance in this regard
because this RCF has been shown to cause pulmonary neoplasms at higher
doses under similar experimental conditions {Mast et al., in press). A plausi-
ble explanation for the lack of lung tumors lies in the observation that fibro-
sis occurred- later at the noncarcinogenic levels of RCF {12 mo vs. 3 mo).
Note that fibrosis was also present at 3 mo with crocidolite asbestos, which
was carcinogenic in this study. Perhaps fibrosis needs to be present for most
of an animal’s life to see the induction of fung neoplasms.

Finally, an attempt was made to evaluate the relative sensitivity of rats
and humans to fiber-induced pulmonary disease by comparing the relative
potency (dose/effect) of crocidolite asbestos in these rats to what has been
reported in humans. However, comparisons are difficult because asbestos
exposures are often mixed (chrysotile, amosite, crocidolite, anthophyliite,
etc. are found in the same individual), data concerning the asbestos content
of huinan lungs are not extensive, and there are confounding factors in
humans such as cigarette smoking, life-style, exposures to other puimonary
irritants, unknown length of time since last exposed, etc. Comparisons are
also complicated because investigators use different methods for tissue
preparation, counting and measuring fibers, etc.

Nevertheless, rough comparisons can be made. For exampie, the aver-
age asbestos lung content in a study of 54 deceased men {primary cases of
death: mesothelioma 43%, lung cancer 37%, asbestosis 17%. other causes
4%) with known asbestos exposure was 316,000 fibers'mg dry lung (DL
(Langer & Nolan, 1989). Sixteen insulation workers were included in the
study with an average concentration of asbestos fibers in their tungs of
357,000 fibers/mg DL. Th~ -verage lung burdens fibers'mg DU) by type of
asbestos were 48,000 + 7¢ * ) {amosite), 299,000 £ 1,100,000 ichnsotilel.
and, 5000 t 2000 (crocid. - e).

Similarly, the average asbestos lung burden for 13 insulation workers
with fatal disease (3 asbestosis, 3 lung cancer. and 7 mesothehoma! was
227,000 + 131,000 fibers/mg DL (Kohyama & Suzuki, 19 i ¢
lung burdens (fibers’'mg DL) by type of asbestos were 15
(amosite), 63,000 + 54,000 (chrysotile), 11000 = 2
2000 + 1000 (anthophyllite), and 2000 t 3000 iremoiite!

These fiber concentrations for total asbestos are rougniv cony
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