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The filter model was used to estimate thresholds for the induction of cancer from
many dose-response sels for inhalation and ingestion exposure to vinyl chioride for
rat and inhalation exposure for mouse. Estimates for a variety of end-point combina-
tions were log-normally distributed over about 2 decades from about 7 to 100 ppm for
inhalation exposure to rat and 0,1 to 30 ppm for mouse, When the data is transtormed
to "daose” imilligrams per kilogram body weight per day), the estimates for inhalation
and ingestion exposure and also for rat and mouse 2re similar. Estimates jor different
experiments carried out for different durations of time (single exposure 10 1yn} are
comparable. Since the threshold is an intrinsic property of the biological system, the
estimate, even from a protocof for short exposure and {ess than lifetime observation,
can he vsed directly in a risk assessment as the maximum safe dose.

INTRODUCTION

A “threshold” is defined in Webster's Seventh New Collegiate Dic-
tionary (1961) as the “point at which a physiological or psycholagical
effect begins to be produced.” Druckrey (1959), for example, found
that hepatomas were induced by 10'2 molecules, but not 4 x 10'' mol-
ecules, of dimethylaminoazobenzene. Most models of carcinogenesis
use a risk-level approach involving one-to-one interactions (“hits’’) be-
tween the insult and target molecules. These theories assume that cells

_receiving even a single direct hit are affected, and do not consider the

possibility of a threshold. However, up to 80% of cells do survive direct
hits (by radiation) {Thompson, 1985). There appear to be two popula-
tions of cells, however: the sensitive, for which one hit is enough to
cause a biological effect, and the nonsensitive. Victor P. Bond (Brook-
haven), as quoted by Thompson {1985), notes that

“A single hit by a charged particle can cause a single cell effect.” The
result is that it dies or does not die.” If it lives, it is mutated or not.”
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If it is mutated, it is carcinogenic ot not.” There is no middle ground
for any of these choices. “The response is a statistical phenomenon.”

Because both the “hit” and the response are statistical events, even
the one-hit model of chemical carcinogenesis allows for a threshold.

At another level, the existence of real-life thresholds is defined by
two factors. One is the stochastic process of molecular interactions in
a complex chemical milieu. The other aspect of realife thresholds is
the ““no observable effect level” (NOEL) determined by the background
noise of any detection system. {This detection requirement is similar
to Von Borstal’s (1982) concept of threshold.] These factors govern
whether or nat an effect can be observed in a popu/fation exposed to
a carcinogenic insult, and not with the probability of a single molecule
causing cancer in an individual.

One reason why most models used for extrapolation of carcinagen
assays to low exposures {Hoel et ai., 1983; Fishbein, 1980; Thompson
and Funderlich, 1981) do not consider a threshold is the irreversibility
of the initial biochemical reactions in carcinogenesis. This ignores the
fact that reactions that are irreversible at one level may, through ho-
meostatic mechanisms, be reversible at further steps in carcinogenesis
and at higher levels of biological organization, such as through detox-
ication of activated products, repair of DNA, or control by the immune
system.

4 Another reason why a threshold is not incorporated into extrapo-
lation models is that it is simpler to ignore the large background chal-
lenge from thousands of xenobiotics and radiation in the environment
through the diet and other modes of exposure {(Ames, 1983). A re-
sponse threshold level must be considered against the uncertainty of -
the magnitude of both the background challenge and the natural re-
sponse to it. Thus, relatively few enzyme types of the mixed-function
oxidase system (MFO) and other detoxication systems process both
natural and human-made carcinogens without distinction (fjakoby,
1980; jenner et al., 1981). When exposure to a substance of interest is
low, these systems must handle the individual substance of interest
along with the natural carcinogens already challenging the organism.
Risk from exposures to industrial carcinogens must therefore include
the magnitude of the added exposure to the background exposure and
the added response to the background response.

A realistic extrapolation model would incorporate the homeostatic
concept of challenge and response and use a threshold based on de-
parture of the exposed population’s response from the population’s
background response. The idea of approaching exposure-response re-
lations from a homeostatic point of view is similar to that used in the
formalism of the steady-state rate of mutation {Stover and Eyring,
1970a,b; Eyring and Stover, 1970; Eyring et al., 1971). These authors
considered populations heterogeneous for genotypes and response
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APPLICATION OF THE FILTER MODEL TO VC

phenotypes. “Since biological processes are close to equilibrium most
of the time,” (Eyring and Stover, 1970), a steady-state theory of muta-
tions was derived on the basis that a biological response (death, mu-
tation, cancer) “ensues when the rate of insult has exceeded the rate
of recovery to a sufficient extent that reserves are depleted and the
steady-state can no longer be maintained” (Eyring and Stover 1970).
Although the inbred colonies of rats and mice used in carcinogenesis
studies have more homogeneous genotypes than do the wild popula-
tions considered by Stover and Eyring, these colonies are not isogenic.
Further, they appear to evolve rapidly (Fitch and Atchley, 1985; Lewin,
1985).

One threshold model incorporating homeostatic mechanisms is the
filter model (Schaeffer et al., 1980). The thermodynamic, first-order
kinetic, and statistical theory of this model has been given (Janardan
and Schaeffer, 1977; Schaeffer et al., 1983). The mathematical formula
for the filter model is ‘

(R-Ry) = a(in D) + b {In D)2 (1

where R is the response at the Dth level of exposure, R, is the response
of the controls, and a and b are constants obtained by regression or
maximum likelihood estimation. The threshold (D,) for the fiiter model
is estimated either as the point exp (1-a/2b) where the exposure-re-
sponse curve changes slope or from the confidence limit on the extra-
polated value (Schaeffer et al., 1981). Threshold estimates from this
model have been compared with “virtual safe dose” (VSD) estimates’
from risk-level models (Schaeffer et al., 1982; Schaeffer, 1983).

We apply the filter model to over 100 data sets reported for vinyl
chloride (VC) by several authors for various organisms and end-points.
VC is an especially appropriate substance for evaluating extrapolation
models because of its importance as an industrial compound and as an
environmental contaminant (U.S. Environmental Protection Agency,
1975, 1980; Waxweiler et al., 1981). Furthermore, there is abundant data
oA the carcinogenicity, general toxicology, and pharmacology of VC in
animals and data from epidemiclogy studies on humans. Other esti-
mates of risk from VC permit comparisons between many models. VC
is representative of a number of organic compounds that are low in
chemical reactivity and acute toxicity but that are activated to a poten-
tially carcinogenic form by the MFO system.

METHODS

Sources of Data

Data on frequencies of tumors resulting from VC exposure were
obtained from published studies on several strains of rat and mouse
involving exposure by inhalation and ingestion, short- and long-term
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experiments, and different sacrifice schedules. These studies encom-
passed many end-points, including incidence of animals with various
specific tumors or all tumors, or number of specific tumors or all tu-
mors per animal. Latency data was not used, Each set used showed a
well-defined exposure-response relationship, contained at least three
exposures and a control, and usually was the complete set given by
the author. In addition, some sets of Maitoni were combined. The
protocols used in different experiments are summarized in Table 1. :

Units Used in Exposures

Inhalation exposure is generally expressed as the concentration
{ppm) in air. For VC, 1 ppm is equal to 2.56 mg/m? or 0.00256 mg/! (U.S. !
Environmental Protection Agency, 1975). The inhalation exposure con-
centration was transformed into an estimated dose (milligrams per ki- '
logram body weight per day) by multiplying the concentration in the
air by daily inhalation tliters) and by the fraction of a day used for
exposure. For the rat, the conversion factor is obtained as (200 124 h
x 0.00256 mg/l « ppm)/0.25 kg = 0.086 mg/kg body weight - ppm - h, in
good agreement with the value 0.095 mg/kg - ppm * h obtained by an
integrative method (Withey and Collins, 1976). The factor for the mouse

is (40 1/24 h x 0.00256 mg/l - ppm)/0.025 kg = 0.171 mg/kg body
weight - ppm - h.

Statistical Methods

After subtracting off control responses, data were fitted to the fiiter
model using ordinary least squares constrained to pass through the ;
origin. Some data sets, those with very shallow slopes or showing poor l
exposure-response behavior, were fitted to a model that constrained
a = 0 and b = 0. The Rosen (1960) aigorithm for a nonlinear gradient
search, as implemented by Kuester and Mize {1973}, was used. The al-
gorithm proceeds by the user selecting a feasible starting point for the
coefficients a and b and for the step size. The derivative of the objec-
tive function {Eq. (1)] with respect to the independent variable (In D) Is
8valuated at this base point, and the normalized direction vector com-
ponents are determined. If the derivative is less than or equal to the !
tolerance limit, the procedure is stopped because the required point ‘
has been found. Otherwise, a new point is located according to rules !
specified in the algorithm and the objective function is evaluated.

RESULTS i
Rat

Threshold estimates for chronic inhalation experiments are 1-100
Ppm ‘0‘;' =10 mg/kg body weight - d) (Table 2 and Fig. 1). Table 2 is
Areanged in ascending order of D;. The table gives our identifying set
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136U 2. Threshold Estimates {(D;) for Rat Inhalation and Ingestion Data Obtained with the Filter Maodel

D; estimale®
el Input Correlation Related
n.nber End-point® units ppm mgikg - d Rt Reference’ set number
24 tolal #, F 4 ppm 0.0038 {0.0014) 0.89 4 625
611 nod. hyp. 7 mg — 0.005 0.91 8;11,27 —
N LAS 7 mg {0.024) 0.006 093 7 573
452 total 5 mg - 0.049 0. B:15 -
143 total 7 mg 3 0.32 0.9 71 01a
31 LAS 7 ppm 13 {0.32) 0.88 ;1 424
453 other S mg 2.2) 0.53 0.97 6;15 —
454 total # 5 g — 0.55¢ 0.9 6:15 —
018 tofal 7 ppm 2.6 {0.64) 0.99 7:1 423
410 LAS " mg 2.7) o0 0.9 6;C -
600 total # 16 ppm 3.1 {0.71) 0.93 8;C —_
o A 15 ppm 3.6 (0.89) 0.92 8;C —
549 LC. F 4 mg — 1.2 0.9 2 —_
020 Kidney 7 ppm 5.37 — 0.91 7:1 —
574 wtal mal., # 7 pPpm 5.8 (1.4} 0.97 81 —
626 total #, M&F 4 ppmm 6.8 (2.5} 0.9 4 627
©18 total #, M&¥§, 6 mo 4 Ppm 8.0 —_ .99 q 629
627 total #, M&F 4 mg 8.2) 3.0 0.99 4 626
439 total 1n mg 9.4 2.3 0.9 6;C —
6 NP 7 mg — 2.3 0.94 8;11.27 —_
5N LAS 4 mg — 25 0y 8,27 —
553 tolal 7 ppm 11 {2.7) 0.99 7:1 428
619 LAS 7 mg — 29 0.58 811,27 —
588 LAS 4 mg — 2.9 0.99 8;11 415
414 1otal 4 mg — 3.3 0.9 6;11 —
629 1otal #, M&F, 6 mo 4 mg — ER e 0.9 4 628
586 otal mal., # 4 mg — 3.9 0.95 8;1t —
548 1IC.M 4 mg - 39 0.9 2 —
699 1AS, F 4 ppm 12 4.4 0.9% 4 —_
428 total # 7 mg (16) 4.0 0.9 7 553
442 other 1" mg (16) 3.9 0.95 6;C -
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91 LAS : pp " 2 'é".;g Bt 5
3 rotal mg - 2.9 - Y -
f,“;q LAS 1 g - 3.3 0‘2 2: 628
iy s A my - 3.7 o 811 -
tota mg 39 - -
:;;; total #, MB&F, 6 mo : mg - 39 0% i -
586 total mal., ¥ 4 mg 2'_ 4.4) 0.96 71 553
548 LC, M 4 ppm 11” 4.0 “':: 6,C -
699 LAS, F 7 mg b 39 0.
48 total # 1" mg a6
442 other
416 total # 4 mg — 4.1 0.98 611 _
546 INP, M 4 mg — 4.1 0.99 2 —
412 LAS 7 mg (17} 4.3 0.80 6;7 583
607 LAS 8 ppm 18 4.4) 0.90 8;7 —
533 LAS, F 4 mg (18) 6.8 0.% 4 (257 ]
583 LAS 7 PP t9 {4.7) 0.90 8;7 412
43 total # 1" mg a9 46 0.99 6,C —
551 LAS, F ] mg — 4.9 0.99 2 -~
550 LAS, M 4 mg —_ 5.0 0.9 2 —
578 total mal., # 7 pem 2 8.2} 0.93 8:3 —
576 total # 4 ppm 21 5.2 0.97 8;2 —
592 LAS 7 ppm 23 5.7} 099 1 -—
65 total #, F 3 meg - 8.2 0.89 4 624
700 LAS, M&F 4 ppm 23 {8.5) 0.98 4 701
638 LAS, M 4 ppm b2 8.8 0.97 4 532
622 total #, M 4 ppm 5 0.2 0.9 4 623
581 lotal mal., # 7 ppm 27 6.6) 0.92 8,7,17 —
417 total 7 mg 27) 6.6 0.96 6;3 —
427 ather 7 mg (32) 79 0.92 7:1 022
413 total # 7 mg (32) 7.8 0.97 67,17 —
605 Zymbal 15 ppm 33 8.0y 0.81 8:C —
419 total # 7 ppm 33 8.1) 0.96 6:3 —
2 other 7 ppm kL (8.3) 0.93 7;1 427
580 2ymbal 7 pp k- (8.64 .98 8;3 418
o2t Zymbal 7 Ppm 36 (9.0 0.84 7;1 426
606 total mal., # 8 ppm 38 (9.5} D.87 8,717
438 total # 4 mg () 10 2.9% 6;2 —
589 total mal., # 4 mg — 12 0.38 8:27 -
623 total #, M 4 mg “} 15 0.9 4 622
532 LAS 4 mg (41) 15 0.98 4 698
701 LAS, M&F 4 mg 1) 15 0.96 1 700

{See footnotes on page 8)
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YABLE 2. Threshold Estimates (D) for Rat Inhalation and Ingestion Data Obtained with the Filter Madel (Continued)

D, estimate® .
Set Number of Input Correlation Refated
number End-point* d-r pairs units ppm mg/kg - d R Reference’ sel number

595 total # 7 ppm 53 (13} 0.89 1 —_
593 lung ad. 7 ppm 54 (13) 0.89 1 —
43% LAS 4 mg (57) " 0.9 6,2 —
437 other 4 mg (57 14 0.99 6;2 —
594 skin 7 ppm 61 (151 0.85 1 —
418 Zymbal 7 mg (73 18 0.98 6:3 580
426 Zymbal 7 mg n 19 0.85 71 on
441 Zymbal 1 mg (93) 23 0.89 6;C —_

‘ LAS, liver angiosarcoma; NP, neoplasia; LC, liver carcinoma; total mal., total malignant; lung ad., lung adenoma; #, number of tumars per
individual. all others are incidence; M, male; F, female; nod, hyp., nodular hyperplasia of liver.

¢ Thuse marked with dash—{rom ingestion experiment.
 First number is reference as follows: (1) Caputo et al. (1973); (2} Feron el al. (1981); {3) Hehir et al. (1981); {4) Hong et al. (198); 5] lee ef al.

1973); 16) Maltoni (1979); (7) Maltoni and Lefemine (1975); (8) Maftoni (1967); (9) Suzuki (13} Second number gives Maltoni experiment

number(s). C, composite, S-D rat, inhalation.
4 Dy very large; threshold estimate obtained by confidence interval method.
® D, very large for ociginal data set; only first three values of dose-response set used.
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APPLICATION OF THE FILTER MODEL TO VC
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FIGURE 1. Frequency distribution of threshold estimates obtained for rat and mouse data.

AL

number, the biological end-point(s) for the study, the number of ex-
posure-response pairs used in calculations, the input units of exposure
(ppm or milligrams per kilogram body weight per day), the estimated
threshold (in ppm and milligrams per kilogram body weight per day),
~ the coefficient of determination (R®), the literature reference used, and
a modeled set based on the same or similar data. For example, the data
from Maltoni BT-1 for incidence of animals with any type of tumor was
entered into the computation as milligrams per kilogram body weight
per day in set 423 and as ppm in set 018. Exposure values given as ppm
in the original reference were also transformed to estimated dose (mil-
ligrams per kilogram body weight per day) prior to the modeling.
Values in parentheses in this table are unit conversions made post
modeling. The rationale and significance of these unit conversions are

given in the discussion section. Figure 1 shows that similai estimates

of the threshold are obtained overall using either metric in the mod-
eling.
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The protocols for Maltoni’s (Maltont and Lefemine, 1975; Maltoni,
1979; Maltoni et al., 1981) inhalation experiments BT-1, -2, -6, -9, and
-15 using Sprague-Dawley (§-D) rats and BT-7 using Wistar (W) rats, and
Caputo’s (Caputo et al., 1974) study using Wistar rats (4 h/d X 5 d/wk
for 12 mo) were virtually identical. The Hong et al. (1981) experiment
differed only in having 1 h more per day and a shorter (10 mo) total
exposure period. Threshold estimates for all of these studies are similar
irrespective of strain used and exposure duration (17 to >52 wk}. D;
estimates for Zymbal-gland tumors are consistently at the high end of
the range. Estimates of D; for other tumors and neoplasia are distrib-
uted throughout the range, which implies that the threshold level must
be about the same for ail affected organs.

Thresholds were estimated for ingestion experiments using gavage
[BT-11 and BT-27 (Malitoni, 1979; Maltoni et al., 1981)] and feeding
{Feron et al,, 1981). Values of D; for several end-points are randomly
distributed within the range found for inhalation experiments (Table 2
and Fig. 1). Results for BT-11 (S-D rat) and Feron (W rat) are similar in
spite of the somewhat different protocols and strains of rat.

Mouse

Most of the threshold estimates for various inhalation experiments
fall in a range of 0.1 to 10 mg/kg body weight - d (Table 3, Figs. 1 and
2). The arrangement of data in Table 3 follows the arrangement in Table
2. Pre- or postmodeling conversion of units {ppm or milligrams per
kilogram body weight per day) made no difference in the distributions
of estimates expressed in the same units (Fig. 2).

Two of the studies were for long-term chronic exposure. Experi-
ment BT-4 of Maltoni and Lefemine (1975) exposed Swiss mice using
almost the same protocol as they used with the rat (4 h/d, 5 diwk, 30
wk, and observed until death). The other experiment (Hong et al., 1981)
exposed CD mice for 6 h/d, 5 d/wk for 26 wk and observed them for
:f a(?ditiona! 12 mo. Dy vaiues for these two studies overlap com-

etely.

In addition to the long-term chronic experiments, there are several
other experiments for the mouse with exposure periods from one ses-
sion to several months and with the observation period tesminated by
sacrifice or lasting for varying times after exposure. Figure 2 shows that
a similar range of threshold estimates was obtained from data for ex-
periments af varying protacols. Threshold estimates for pulmonary
tumor (adenoma) are represented in each line of each experiment of
Fig. 2. The estimates for this specific end-point fall in the narrow range
of 1-10 mg/kg body weight « d with the exceptions of two sets (527,
642) of Hong et al. (1981) 13-wk inhalation exposure and the Suzuki
(1983} 4-wk experiment (in sets 640, 642),
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TABLE 3. Threshold Estimates {D,) for Mouse Inhalation Data Obtained with §ifter Madel (Contintcd)

b, eslimate

1A

620020004V

Set Weeks of Weeks oft Input Correlation Retated
number  exposure  observation’  End-point® units ppm my/ky - o R’ sel pumbey
434 30 +43 at 7 mg 249 1.2 0.97 7 552
552 30 +43 all 7 ppm 24 {1.2) 0.97 7 434
527 13 52 pul, F 4 mg — 2.2° 1 4 640
688 31-319 [i] total #, F 4 ppn 31 {2.3) 1 5 689
£90 3139 0 total #, M&F 4 ppm 32 2.4) 1 5 691
bi6 13 +52 total #, F 4 my — 2.44 0.9 4 645
691 31-39 0 total #, M&F 4 mp 3.3 2.4 1 S 690
645 13 +52 total #, F 4 ppm 344 2.51¢ 0.9 4 646
670 26 +52 total #, F L ppm 3.8 2.7} 0.93 q 671
a71 % +52 total #, F q mg (3.6} 26 0.93 4 670
463 31-39 Q pul 4 mg 14.4) 32 097 5 w75
686 31-39 9 total #, M 4 ppm 5.0 3.7 1 5 687
632 4 +52 total #, F 4 ppin 3.8 -— 1 4 633
687 31-39 0 o012l #, M 4 myg 5.3 3.9 1 5 686
657 18-26 0 pul, M&F 4 Ppm 5.4 4.0 0.9 5 658
655 18--26 0 pul, F 4 ppm 5.6 “.1 1 5 656
676 n-39 0 pul, £ 4 ppm 5.6 (4.1 1 5 404
658 18-26 ¢ pul, M&F 4 mg (6.0) 4.4 0.99 5 657
656 18-26 0 pul, F 4 mg (6.1) 45 10 5 655
464 31-39 ] pul 4 mg (6.1) 45 0.9 5 676
684 31-39 ] AS #, F 4 ppm 6.5 4.8) 0.94 5 685
685 31-39 0 AS ¥, F 4 mg 6.9 51 0.94 5 684
663 26 +52 LAS, M&F 4 ppm 7.0 (5.2) 0.94 4 664
664 26 +52 LAS, M&F 4 mg 7.9 5.5 0.94 4 663
679 3N-39 0 LAS, M 4 ppm 7.7 (5.7} 1 5 465
677 -39 0 pul, M&F 4 ppm 8.0 5.9 1 5 678
025 30 43 pul 7 ppm 8.1 {4.0) 0.95 7 432
027 0 43 other 7 ppm 33 4.1) 0.85 7 433
465 31-39 ¢ LAS 4 mg 8.6) 6.3 0.99 5 679
665 26 +52 pul, M3F 4 ppm 87 16.4) 0.68 4 667
616 36 D ELAS 5 ppm 9.6 (4.4) 0.95 8 619
678 31-39 0 pul, M&F 4 mg 9.0 6.6 1 5 677
674 4 +52 pui, M&F 4 ppm 9.4 6.9 0.97 4 524
667 2 +52 pul, M&F 4 mg 19.4) 6.9 0.88 4 665
432 30 43 pul 7 mg 9.4 4.6 0.95 7 025
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027 3 43 other 7 20 LS| [EAT] N :" . 1.'.‘")
. LAS 4 mg 18.6) [C 0.99 - o

465 31-39 0 0.88 Il W7
655 2 +52 pul, M&F 4 ppm 8.7 (.4 o 9
616 30 o ELAS 5 ppa 9.0 «-4) 0 85 '«17
678 31-39 6 pul, M&F 4 e S o) 0.7 3 524
674 4 +52 pul, M&F ) P :-: r:.‘) .88 4 665
- 2% +52  pul, M&F 4 g ‘q"" a6 095 7 025
a2 30 3 pul 7 g 9.4 ' :

630 4 +52 pul, M&F 4 ppm 9.6 N (R 4 631
631 4 +520  pul, MAF 4 mg (10.0) 7.7 0.91 4 630
524 4 . 45 pul 4 mg (1) 7.5 0.97 4 674
619 30 D ELAS 5 mg an 5.3 0.95 8 616
433 0 43 other 7 mg (12) 6.0 0.85 7 1774
675 31-39 (1 pul, M 4 ppm 13 {9.6) 0.99 5 463
651 4-13 ] pul, M&F 4 ppm 15 an 0.58 5 652
66 26 +52 LAS, F 4 ppm 16 (12) 0.58 4 528
635 4 +52 total #, M&F 4 mg - 12f 1 4 634
652 - 9 pul, M&F 4 mg (18) 13 0.98 5 651
528 26 +52 LAS 4 mg (8 13 0.98 4 666
617 30 0 pul 4 ppm 18 8.7) 0.99 8 620
597 — D pul 5 ppm 18 (3.1 0.9 3 —
636 13 +52 LAS, £ 4 ppm 19 14) 1 4 525
€80 31-39 0 LAS, M&F 4 ppm 19 4 0.9 5 681
631 31-39 0 LAS, M&F 4 g (22) 16 0.93 5 650
525 13 +52 LAS 4 mg 22) 16 0.9 4 636

- 637 13 +52 LAS, M&F 4 ppm 23 17} 0.98 4 638
- 620 30 D pul 4 mg {25) 12 0.99 8 617

703 26 +52 pul, 4 ppm 25 (18} 0.88 4 530
430 30 43 tAs 7 mg — 187 0.88 7 —
638 3 +52 LAS, M&F 4 mg (27 20 0.98 4 637
633 4 +52 total #, F 4 mg - 219 0.95 4 632
530 26 +52 pul 7] mg_ (30 2 0.88 4 703
618 30 D skiry ] ppm 38 18 0.5% ) 621
621 30 o] skin 6 mg {55} 27 0.99 8 618

* +, Alter exposure; +0 sacrificed after exposure; D, to death.

“ pul, Pulmonary; AS, total angiosarcama, liver and elsewhere; ELAS, exinaliver angiosarcoma;

other abbreviations as in Table 2,

© Literature citation given in Table 2, footnole <.

¥ Dy very large; threshold estimate obtained by confidence interval method.

€ D, = <10°¢%; threshold eslimate obtained by Rosen technique (see methads section).

! Dy very large with original dose-response-set; this D; obtained with set of three d—r pairs.

8 Single exposure.

* Sets 661 and 662 include spontaneous tumors, while sets 659 and 660 da not. Data from Suzuki {1983).
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FIGURE 2. Frequency distribution of threshold estimates ior mouse experiments of different ex-
pasure duration. All data except that of Hehir et al. (1957) were obtained by input in milligrams
per kilogram per day; + indicates data obtalned at 41 wk (Maltoni and Lefemine, 1975).

When compared on the basis of exposure (ppm), Dy values for the
mouse are clearly less than those for the rat. The median Dy is 22 ppm
for the rat and 8.2 ppm for the mouse, and 92% of the mouse values
are less than the rat median. However, when compared on the basis
of estimated dose (milligrams per kilogram body weight per day), the
distribution of D values are similar and the median for each is about
4 mg/kg bady weight - d.

DISCUSSION

The filter model has been used to make a large number of threshold
estimates from the extensive literature on VC. In general, these esti-
mates are plausible in terms of the original data set. For instance, the
estimate is clearly less than the first obviously positive result in the set.
Also, a conservative estimate of Dy of 1 mg/kg body weight + d, given
as the 10-percentile of the distribution, is small compared with the
intake of about a hundred mg/kg body weight - d of natural carcinogens
estimated by Ames (1983). Furthermore, the potency, and thus the
hazard. of VC is not unusually large compared to potencies of other
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APPLICATION OF THE FILTER MODEL TO VC 15

human-made and natural carcinogens (Crouch and Wilson, 1979;
Crouch et al., 1983; Sugimura, 1982; Gold et al. 1984).

Threshold estimates are also plausible when compared with mea-
sured and estimated levels of exposure leading to binding of VC with
macromolecules. Thus there is measurable protein binding at an ex-
posure level of 1 ppm for 6 h (= 0.5 mg/kg body weight - d) in the rat
liver (Watanabe et al., 1978). From their dose-response data, we esti-
mate with the filter model that the threshold for binding to protein is
0.1 mg/kg body weight - d. Since the level of binding to DNA is about
one-hundredth that for cytoplasmic protein for a given exposure (Bolt
et al., 1980}, a threshold for DNA binding would presumably only occur
at a higher exposure level. However, binding to DNA has been mea-
sured in rats exposed to 10 ppm for 6 h (= 5 mg/kg body weight - d)
(Guengerich and Watanabe, 1979) and is approximately linear from 0
to 250 ppm. An interpolation of this data to a dose of 1 mg/kg body
weight - d gave an estimate of 40 adducts per cell. Estimates were sim-
ilarly made from two other studies that had used single dose exposures
of VC to rat (Bolt et al., 1980) and mouse (Bergman, 1982). Binding
levels of 13,000 and 260 adducts per cell, respectively, were estimated
for doses of 1T mg/kg body weight « d. (This calculation used the con-
version factor from the methods section and assumed 10 g for the
weight of liver in rat, 10° cells per liver in rat, and 10 x 1072 g DNA
per cell for rat and mouse.) These caiculations indicate that the evi-
dence is mixed on whether there will be a significant level of adduct
formation at 1 m?/kg body weight : d in comparison with the hundreds
to thousands of lesions formed as “’background’ events in a cell each
day (Stott and Watanabe, 1982). Such adducts as there are could be
further reduced by repair before the possibility of fixation by replicative
DNA synthesis. Also, the threshold estimate we give may reflect re-
versal of the process at later stages in a multistep process of carcino-
genesis.

Estimates of Dy for rats or mice cover a range of two to three de-
cades. The large number of estimated values for each species defines
the distribution of Dy in detail and brackets the portion of the infinite
range between the lowest exposure and zero, which should be used
for risk assessment. The variability in the threshold estimates should
also be compared to that for biological data in general. Incidence for
cancer in different concurrent control groups can vary from 0 to 28%
{Society of Toxicolagy, Task Force of Past Presidents, 1982), while dif-
ferences in enzyme activity can vary by a factor of 150 (Harris et al.,
1982). Tumor rates in replicate groups in the EDO1 study differed by up
to 3- to é-fold for contrals and treatment groups, and Hartley-Sielkin
risk estimates for “virtually safe dose” at 30 mo differed by 0.04-2 ppm
for replicates (Society of Toxicology, 1981).

The results for the mouse experiments of various durations of ex-
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posure and/or observation, along with the rat experiment BT-3, suggest

that the instantaneous level of exposure is more important than the
cumulative effects over time. A practical conclusion from these results
is that in some cases a carcinogen assay need be carried out only until
there is a noticeable exposure-response relationship over several ex-
posures, This is in contrast to the recommendations of the EDOT group
(Gaylor, 1980).

In all the experiments used for estimating threshold, expaosure
started when the animals were young. Groth et al. (1981) exposed rats
of different ages for a short time at a single dose. Based on lifetime
observation, they concluded that older animals were more susceptible
than younger animals. From their work, one would predict that animals
exposed for longer periods of time would show a lower threshold
simply due to aging. However, Drew et al. (1983) point out that Groth
et al. (1981) did not really let the group of animals exposed at a younger
age live long enough after the exposure period to develop the typical
VC-induced cancer—liver angiosarcoma. In fact, Drew et al. {1983) con-
cluded from their own single-dose experiment that younger animals
are more susceptible. They also noted that similar resuits have been
obtained for other substances. Younger animals are known to have
higher cell-proliferation rates and higher levels of endogenous pro-
moters. The mouse series shown in Fig. 2 probably shows the thresholid
for younger animals. It is unfortunate that these workers did not do a
dose-response study at different ages, since the susceptibility (total
incidence of cancer at an above-threshold dose) could be age-depen-
dent with a threshold that was age-independent. The scatter in the
threshold estimates makes it difficult to decide if there is a lower
threshold for older animals or animals exposed chronically for a longer
period into old age. Since these estimates are averaged over age and -
other factors, they are population, not individual, estimates. Hence, if
additional variables could be controlled, distinguishable estimates
might be developed for different subgroups, although these must all
be within the range developed here for the population. The conclusion

_that the threshold is a function of exposure level, not duration, is con-
sistent with the meaning of '"threshold” and contrasts sharply with du-
ration-dependent incidence rates (Druckrey, 1959) at higher exposures.

Recent studies note that when rat and mouse (and also hamster)
data are compared over a number of chemicals, there is rather goad
agreement in the carcinogenic potency of the chemicals (Schach van
Wittenau and Estes, 1983; Crouch and Wilson, 1979; Gold et al., 1984).
D; estimates follow this pattern; the ranges of D, estimates for rat and
mouse overlap considerably when scaled by using standard respiratory
constants. Because the method used to estimate D; is nanlinear, there
is no a priori reason why the distributions of D; values estimated from
data transformed pre- and postmodeling (Fig. 1) should be the same if

AP00020033




D. . SCHAEFFER

T-3, suggest
int than the
‘hese results
ut only until
r several ex-
- EDO1 group

d, exposure

_exposed rats

} on lifetime
2 susceptible
.that animals
2r threshold
at that Groth
at a younger
p the typical
1. (1983) con-
nger animals
ts have been
own to have
igenous pro-
he threshold
did not do a
stibility (total
e age-depen-
;catter in the
re is a lower
y for a longer
over age and
tes. Hence, if
sle estimates
hese must all
1e conclusion
~ation, is con-
arply with du-
er exposures.
also hamster)
5 rather good
s {(Schach von
d et al., 1984).
‘es far rat and
.td respiratory
nlinear, there
stimated from
ne the same if

APPLICATION OF THE FILTER MQDEL TO vC 17

the estimates only reflect mathematical relationships. If the estimates
reflect biology, however, a D; value obtained from data expressed in
one set of units must be linearly transformable to other units. The fact
that this linear transformation is possible with Dy values strengthens
our assertion that the filter model is a valid mathematical expression
of the net biochemical events that are scored as exposure-responses.

Comparisons of Dy With Other Estimates of Risk

The Dy data base can be compared with the carcinogenicity potency
(TD50) (Peto et al., 1984) values reported for vinyl chloride (Gold et al.,
1984). The shapes of the distributions of D, values given in Figs. 1 and
2 are very similar to the shapes of the distributions of TD50 reported
by Gold et al. (1984) for vinyl chloride. The similarity between the dis-
tributions of the two measures is consistent with our assertion that Dy
values are legitimate extrapolations from the observable range to very
low exposures. Additional support for the assertion is given by the
multiple correlation (r = 0.78; p = 0.0008) for the regression through
the origin for log(TD50) and log(D; + 1) values for nine sets of data.

In evaluating the significance of our results, it was instructive to
compare Dy values with other estimates of lifetime risk for VC, as we
have done for other compounds (Schaeffer et al., 1982). One formal
comparison was made previously by solving the model [Eq. (1)] as a
Lagrange-gamma multihit dose-response mode! (janardan and
Schaeffer, 1984). The point estimate of 0.001 ppm for the ‘'virtual safe
dose” at an excess risk of 10~° for the set used by Rai and Van Ryzin
(1979) compares favorably with their estimate of 0.00056 ppm made
using a generalized K-hit dose-response model. Significance of Dy es-
timates can also be judged by comparing them with the numerous
published estimates of 0-0.1 for the excess lifetime risk to rodents and
humans exposed to 1 ppm VC (OSHA 1980, p. 5200). Additional com-
parisons for specific data sets for most of the models commonly used
for risk analysis can be made from the data in Tables 2-4.

— Risk to Humans

Dy estimates for rat and mouse demonstrate that the procedure
used here provides consistent estimates of the threshold, taken over
all routes of exposure and end-points. Because the threshaold is an
intrinsic property of the biologic system with a basis in thermody-
namics, interspecies conversions of Dy values should not be subject to
the uncertainties in conversions of exposure-response data. While the
delivered dose is dependent on metabolic and kinetic factors that differ
with species and individuals, thermodynamic requirements for the
reaction of a sufficient delivered dose are determined by the structures
of the carcinogen and target molecules.

Under conditions of homeostatic equilibrium (Eyring and Stover,
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TABLE 4. Low-Dose Extrapolations Using Data of Maltoni®

Model Experiment Data Risk vsp®

Linear

Gaylor and Kodell (1980 BT-1 50-- 6000 t0-¢ 7 % 1074

Kuzmack and McGaughy (1975} BT-1 10-¢ 2x 104
Extreme value

Krewskl and Van Ryzin (1961) 871 50-6000 10-°% 4 x 107
Logit

Krewski and Van Ryzin (1981) BT-1 506000 10-% 2 x10°e

Schaeiderman et al. {1975) 871 50500 10-¢ 0.119
Probit

Krewski and Van Ryzin (1981) BT-1 50- 6000 10-% S x 1073

Schaeiderman et al. {1975) BT-1 S0-500 10-% 0.073
weibull

Carlborg (1981) uT-1 5044000 168 6x 18
Gamma multihit

Rai and Van Ryzin (1979) 871 50-500 10-¢ 5 x 10~

Cornfield et al, (1960) BT-1 50--6000 10-¢ 3x107t

Van Ryzin and Rai (1980) BT 50 6000 -4 Q.12

Krewski and Van Ryzin (1981) BT-1 50-6000 10°° 8.4 x10*

Haseman, (1881) BT-1 50-6000 16-* 19 x 16-%

Food Safety Council {1978) BT-1 50-6100 10-* 39 x 10°%
Multistage

Crump et al. (1977) BT-1 50~-500 10 5 x 10°*

Guess et al. (1977) BT-1 50~ 2500 10-® 10107

Food Safety Coundil {1978) BT-1 50- 6000 10 ¢ 0.02

Gaylor and Kodeli {1980) BT 50- 6000 10-% 5.2 x 10°4

Cornfield et al. (1980) BT-1 506000 104 2

Krewski and Van Ryzin {1961) BT-1 50 --1aN0 s 0.2

Haseman et al. (1981) 871 S0 6000 10-* 0.02

U.S. Environmental Pratection Agency (1980) BT-1 S0-2500 10-* 0.005

* Maltoni et al., 1981.

& V50, virtual safe dose.

* ————— -
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1970), the net free energy for the reaction of a carcinogen with a target
molecule in in vitro systems, hence the threshold, should not vary
appreciably between species. This was found in the agreement of
threshold estimates (in milligrams per kilogram body weight per day)
i‘ for mice and rats, and we expect that thresholds for humans are aiso

about the same. Thus, although the measured metabolic rate for VC in
humans is about 20% that for the rat (Bolt et al., 1981), which is about
the same fraction for basal metabolism (Oser, 1981), the DNA repair
~g8 rate for human cells is 5-9 times faster than rat {Hart and Setlow (1974);
s8s based on exposure to a different xenobiotic]. The National Academy
of Sciences (1975) estimated that workers exposed to 280 mg/kg body
weight - d VC based on exposure of 150 ppm for 8 h/d, 5 d/wk, 50 wk/
yr for 5 yr, suffered a risk of 0.2% excess angiosarcoma. Using linear
extrapolation, a risk of 10~% corresponds to 0.74 mg/kg body weight - d
(~20 ppm), in excellent agreement with this expectation.

The question remains how large data sets such as ours or that of
Gold et al. (1984) should be used for risk assessment. One suggestion
is to apply the same methods that are used to set safety exposures for
toxic substances. These exposures are often estimated as one-hun-
dredth the median toxic dose (e.g., LD50, LC50, etc.). Ratios of the
median of all Dy estimates to the median of all TD50 values are: 0.010
_____ - (rat), 0.04 (mouse), 0.012 (rat + mouse). These ratios suggest that TD50
IEEEER values might be similarly adjusted using a factor of 0.01, at ieast as a

first attempt.

A different problem concerns the scatter observed in estimates
made using various data. When only a few values are available, the
median of the D; estimates could be used. When enough values to
characterize the (log-normal) distribution of Dy estimates are available,
some reasonable probability point might be chosen. We suggest, for
reasons based on the expected scatter in observations from a log-
| normal distribution (Vysocanskii and Petunin, 1980), that this point be

the lower three-standard-deviations bound from the mean of the log-
arithms of the values,
= In conclusion, we have used the filter model with a large number
of dose-response sets for VC. This model considers the damage/re-
sponse aspects of homeostasis. Threshold estimates at the lower end
of the range (1 mgrkg body weight - d) are at a level where there is an
approximate threshold for DNA adduction in one rodent study but not
in two others. The threshold estimate can be used in a risk assessment

even when the experimental protocol is for short exposure and less
than lifetime observation.
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ONCOGENIC RESPONSE OF STRAIN A/] MICE
TO INHALED CHEMICALS
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Strain Al mice were exposed by inhalation for 6 hid, 5 diwk, for 6 mo to carbon
disuifide, 1,2-dibromoethane, ethylene oxide, naphthalene.nitrogen dioxide, or viny!
chloride. Significant increases in pulmdnary adenoma formation were observed fol-
lowing exposure to 300 ppm carbon disuifide; 20 and 50 ppm 1,2-dibromoethane; 70
and 200 ppm ethylene oxide; 10 ppm nitrogen dioxide; and 50, 200, and 500 ppm viny!
chloride comapred to control animals. Repeated studies with 1,2-dibromcethane,
ethylene oxide, and vinyl chloride gave similarly significant results. Exposure of mice
ta 30 ppm naphthalene did nor elicit a significant adenoma response. Histopatho-
logical examination of lungs from animals in these studies revealed multiple alveclar
adenomas. Results from earlier studies with these chemicals. using strain A mice and
Swiss mice, and bioassay information with rats and mice were compared with these
data. These results provide further information for the vafidation of this in vive model
as a tool for predicting ancogenic potential following chemical exposure.

INTRODUCTION

The strain A mouse lung tumor bioassay, originally described in
1940 (Shimkin, 1940; Andervont and Shimkin, 1940) and refined over
the last two decades, has been under extensive investigation as a
short-term in vivo model for predicting the potential carcinogenicity of
numerous chemicals (Shimkin and Stoner, 1975; Stoner and Shimkin,
1982; Stoner et al., 1984). With the exception of one report (Leong et
al., 1971), testing-of chemicals from occupational expasures to date has
employed noninhalation routes of administration of test chemicals.
Several studies have compared tumor response in strain A mice fol-
lowing various routes of chemical treatment (Schut et al., 1983; Stoner

This effort was supported by National Institute of Environmental Health Sciences (NIEHS)
contract NQ1-E5-79-0009. The authors gratetully acknowiedge the excellent technical assistance of
the Northrop Services, Inc., staff, including Robert . O'Connor, Andrew K. Milter, Clinton R,
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the NIEHS staff, including Richard A. Sloane and Michael P. Moorman.
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12313. Research Triangle Park. North Carolina 27709.
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et al., 1984), tumor response in 2-yr chronic bioassays (Maronpot etal.,
1983), and interaction with other test chemicals (Witschi, 1983; Witschi
et al., 1981; Witschi and Doherty, 1984). Previous reports have also
characterized the urethane-strain A mouse response (Dourson and
Baxter, 1981; Shimkin and Stoner, 1975) and urethane~Swiss mouse
pulmonary adenogenesis (Dourson and O‘Flaherty, 1982; Sichak and
O’Flaherty, 1984).

The present study was designed to test the oncogenic response of
the strain A mouse animai model with various chemicals administered
via inhalation. All chemicals selected were tested at or below their
threshold limit value (TLV) {(American Conference of Governmental In-
dustrial Hygienists, 1983) and were either known to be carcinogens or
potential carcinogens (genetic toxicity information), or were of un-
known carcinogenic potential due to an absence of testing data. The
potent hepatocarcinogen, vinyl chloride, was tested by inhalation in
this sytem and compared to previous results reported with strain CD1
mice (Hong et al,, 1981; Lee et al., 1978; Suzuki, 1978, 1983). Similarly,
chemicals of increasing occupationallfenvironmental concern, 1,2-di-
bromoethane and ethylene oxide, were tested by inhalation in this
system. Three other chemicals {carbon disulfide, naphthalene, and ni-
trogen dioxide) were also consequently tested during other inhalation
studies with these chemicals. Representative lungs from treated and
control groups of animals were also examined histopathologically to
characterize the adenogenic response to the chemicals tested.

METHODS

Animals

Six to 8-wk-old strain A/] male and female mice (15-25 g) obtained
from Jackson Laboratories, Bar Harbor, Me., were used throughout the
study. Female mice were used predominantly in the study, except for
one study conducted to compare the adenogenic response of both
sexes of strain A/} mice following vinyl chloride treatment. The mice
were maintained on hardwood bedding (Sani-chips, P.). Murphy Forest
Products Corp., Rochell, N.].) in temperature-controlled (21-23°C) and
humidity=controlled (40-60%) exposure rooms with a 12-h light/dark
cycle. NiH-31 certified rodent diet (Zeigler Brothers, Gardner, Pa.) or
AIN-76 purified diet {Bio-Serv, Inc., Frenchtown, N.|.) and deionized
water were provided ad libitum during nonexposure periods. The
heaith status of all animals was observed twice daily, 7 d/wk. All healthy
animals were randomly incorporated into treatment and control groups
within 2 wk after receipt.

Chemicals

Reagent grade (98-99% purity) carbon disulfide, 1,2-dibro-
moethane, and naphthalene were obtained from Fisher Scientific Com-
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pany, St. Louis, Mo. The ethylene oxide and nitrogen dipxide were;
supplied by National Welding Company, Raleigh, N.C., as garrier-grade.
{(>99.7% purity) cylinder gases. The purity of the vinyf chharide used,
was not available.

Exposure System {.

All chemical treatments, except urethane (positive control), werg
performed by inhalation for 6 h/d, 5 diwk, for 6 mo in 1330- glass/stain-
less-steel exposure chambers. Operating conditions iriciluded ventila-
tion with conditioned air at 300~500 Ipm, static presgure of ~0.3 to
- 0.5 in of water, temperature of 20-26°C, relative humidity of 40-60%,
and 15- to 30-min exhausting prior to unloading animals. Each gas/
vapor phase chemical was metered into the main chamber.air supply
through Koch mixing elements (Koch Engineering Gompany, New
York, N.Y.) prior to introduction into the exposure: chambers,
Chamber chemical concentrations were monitored with -Miran infrared
spectrophotometers (Model 80, Foxboro Analytical Instfuments, South
Norwalk, Conn.) and computer-adjusted (DEC PDP 11/34, Digital
Equipment Corp.) to desired exposure levels via a software feedhack
loop arrangement similar to that described by O'Connor and Adkins
(1984) and Van Stee and Moorman (1984a,b). Animals were exposed in
stainless-steel wire-mesh exposure cages by treatment group. Animal
cages were randomly rotated within exposure chambers each week
both between and within the three or four tiers in the chambers.
Chemicals were tested at the following inhalation exposure doses:
carbon disulfide, 300 ppm; 1,2-dibromoethane, 50 and 20 ppm; eth-
ylene oxide, 200 and 70 ppm; naphthalene, 30 and 10'ppm; nitrogen
dioxide, 10, 5, and 1 ppm; and vinyl chloride, 500, 200, and 50 ppm.
Replicate studies were conducted with 1,2-dibromoethape, ethylene
oxide, and vinyl chloride to test for consistency with this animal model.

Pulmonary Tumor Bioassay :

The assay was performed according to the standardized protocol of
Shimkin and Stdner (1975) with the exception that chemical treatment
was via inhalation. Control groups consisted of conditioned air.
chamber-exposure (sham) animals and urethane-treated animals {non~
exposed, positive controls), which received single intraperitoneal in-
jections (1000 mg/kg). Lungs were removed from animals following 6
mo of treatment and fixed for 24 h in Tellyesniczky's fixative (Shimkin
and Stoner, 1975). Enumeration of the typical pearly white nodules on
individual lung lobes was performed in replicate by three or more dif-
ferent technicians. Sections of paraffin-embedded lungs having
nodules and stained with hematoxvlin and eosin were examined histo-
pathologically.

~
Vo
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Statistical Analysis

Lung adenoma frequencies, expressed as the number of adenomas
per mouse, were evaluated statistically by comparing experimental
with control means of each data point using a one-way analysis of vari-
ance of Kruskal-Wallis test, as appropriate. When F values indicated
significance (p < 0.05), comparisons were made of each group with the
sham contral using Duncan’s new multiple-range test (Freund et al.,
1960).

RESULTS

Pulmonary Yumor Bioassay

Table 1 presents results on the prevalence of pulmonary adenomas
in control and treated animals for all chemicals tested via inhalation
exposure for 6 mo. Treatment-related mortality was observed in the 20
and 50 ppm 1,2-dibromoethane (first study) and 500 ppm vinyl chloride
(first study, both sexes) groups of strain A/} animals. Significant in-
creases in the frequency (tumors per mouse) and incidence (tumors
per tumor-bearing mouse lung) of adenoma formation during the
testing period were observed with animals exposed to carbon disul-
fide, 1,2-dibromoethane (two studies), ethylene oxide (two studies!,
nitrogen dioxide, and vinyi chloride (two studies). Specifically, expo-
sure of mice to 300 pm carbon disulfide resulted in a small, but statisti-
cally significant (p < 0.03), increase in the frequency of adenoma for-
mation. The results of the two studies with 1,2-dibromoethane indi-
cated a concentration-related increase in the frequency of adenoma
formation. These later results were significant and reproducible at 50
ppm. All animals in the first study responded with slightly more tumors
than their counterparts in the second study. The results of the two
studies with ethylene oxide indicated a small, but statistically signifi-
cant (p < 0.05), increase in the frequency and incidence of adenoma
formation. The results of the two studies with 1,2-dibromoethane indi-
cated a concentration-related increase in the frequency and incidence
of adenoma formation. These latter results were significant and repro-
ducible at 50 ppm. All animals in the first study responded with slightly
more tumors than their counterparts in the second study. The results
of the two studies with ethylene oxide indicated a small, but statistically
significant (p < 0.05), increase in the frequency and incidence of ade-
noma formation. The exposure of mice to naphthalene did not cause
any significant change in tumor frequency, but did show a significant
increase in tumor incidence following treatment at 10 and 30 ppm.
Mice exposed to nitrogen dioxide shawed a small, but statistically sig-
nificant (g < 0.05), increase in tumor frequency and incidence. The
results of the two studies with vinyl chloride indicated a concentration-
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related increase in frequency and incidence of adenoma formation.
The response was significant and reproducible and was observed in
both sexes. The male mice exposed to 50 ppm in the first study devel-
oped significantly more tumors than the female mice (p < 0.001) ex-
posed to the same concentration in both studies. The female mice ex-
posed to 50 ppm in the second study developed slightly, but statisti-
cally significant (p < 0.05), more tumors than similar female mice in the
first study (controls were not statistically different).

The results of the studies showing little or no change in frequency
and incidence of adenoma formation following the regimen of chem-
ical exposure (6 h/d, 5 d/wk, for 6 mo) were further compared with the
pooled, negative control response from all experiments. Animals ex-
posed to carbon disuifide (300 ppm) or to ethylene oxide (70 to 200
ppm) showed a significant increase in a mean tumor frequency, even
though the increases were relatively small compared to vinyl chloride
and 1,2-dibromoethane. Similarly, 200 ppm ethylene oxide (first study)
exposure resulted in a significant tumor incidence when compared to
the pooled, negative control response. Exposure to naphthalene was
without significant effect on tumor frequency, but was significant when
the incidence of tumor formation was compared with the pooled, neg-
ative control response.

The frequencies of adenoma formation from the negative control
animals exposed to conditioned air are also presented in Table 1. The
mean tumor count among the 30 female mice tested in the first study
with 1,2-dibromoethane indicated a statistically significant {(p < 0.05)
increase from that observed in all studies. The mean tumor counts
fram the ather studies did not differ significantly {rom each other. The
incidence of tumor formation was different in the negative control
mice in the naphthalene and first 1,2-dibromoethane studies. The inci-
dence of tumor formation from the other studies did not differ signifi-
cantly from each other.

The frequency and incidence of adenoma formation from positive
control animals given a single intraperitoneal injection of urethane
(1000 mgrkg) is_summarized in Table 2. Data are presented by study
group for both male and female mice surviving through the 26-wk
holding period. The pasitive control mice from the first study with eth-
ylene oxide showed a significantly lower frequency of adenoma forma-
tion than the mice from studies with other chemicals, even though
there was 100% tumor incidence. The tumor frequencies abserved in
positive control animals from other experiments were not significantly
different from one another.

Histopathologic Evaluation of Lung Adenomas

Histopathological examination of lungs from animals used in these
studies revealed multiple alveclar adenomas in treated animals and
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TABLE 1. Pulmonary Tumor Bioassay in Strain A/f Mice

Sutviving animals

Inhatation Total Percen! af
exposure number animals Tumors per
dose of tumers with Tuenors per tumor-bearing
Chemical tppm)* Survivors® {averape) wmors mouse* mouse lung*
Carbon disulfide 300 30 28 39 0.71 = 0.63%¢ 1.98 + 0.187
0 29130 T 28 0.37 = 038 1.4 = 0.23
1,2-Dibromoethane 50 11730 187 100 170 = 4.0%c 170 = .53
20 1130 72 m 6.51 & 367 6.51 x 0.66%¢
0 30030 4 51 0.97 = 107 1.91 = 0.2¢
1,2-Dibromoethane 50 5740 920 100 15.3 = 5.01d¢ 156 = 1.519
(study 2) 20 5764 72 68 1.28 = 1.181¢ 1.87 = 0.11%
0 58/464) 8 26 031 * 054 1.27 = 0.06
Ethylene oxide 200 2930 63 87 2,14 = 0.49'¢ 2,47 * D140
70 2803 P2 o 0.86 = DA 1.53 = 0.10
0 3030 (B 28 N.46 = 0.38 1.62 = 0.27
Ethylene axide 20 28430 ] 2 0.73 = 0.98¢r 1.76 % 0.22¢
{study 2) [} 29%%) n 28 022 > 0.8 132 = 4.2
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Naphihalene 30 a9 3 1] ) 0.37 + 0.55% 1.25 = 0.07¢
10 10 10 - 0.35 * 0.55 1.25 = 0.7
a 39,33 19 21 0.21 = 0.39 1.00 = 0.000
Nitrogen dioxide 1 3030 914 130 045 = 0.60" 1.55 « 0.00¢
5 30730 } k| 0.13 = 0.21 1.17 = 0.29 l
1 ko T8 U] 5 12 0.16 = 0.30 1.39 = 0.24 .
] 29030 12 %0 0.40 = 0.02 1.39 = 010 L
Viny! chloride S00(M) 13770 2864 100 86.6 = 7.16%" 868 x 3484c L
SO0 4277 3] 1 }] 70.3 * b.74%" 704 = 2.67¢°
S04 272 i85 88 2.55 = 0,734~ 2.92 > 0.234"
! 50 6970 104 74 1.59 + 0.574< 2.13 = 0.1042 .
0wy 6670 2 34 039 = 0.28 1.16 = 0.03
1] W70 34 18 047 = 0.0 1.2 = 0.06 :
Vinyl chloride 200 K30 1124 100 4319 =+ 7 83de 44.1 > 1.269¢ v
Istudly 2) 50 FR 59 174 1.97 + 1,32¢¢ 242 = 0.239c >
0 306630 t 26 1.45 = 0.29

¢ Inhalation exposure: 6 h/d, § diw, 6 mo. Data presentec (or leimale mice, except (or three groups of male mice (M) tested with R
vinyl chloride.

& Survivars: number of survivors at end of study/muniber of animals at start of study.

¢ Mean =+ slandard deviation.

9 Significantly different (p < 0.05) from the correspanding negative control response within the treatment.

* Significantly different (p < 0.05) fram pooled negalive control tumor response for all ireatments. .

f Significantly different {p < D.05) from the acpative control lunkr responses trom all other treatment groups.
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TABLE 2, Strain A Mouse Positive Control Response ta Urethane (1000 mprkg)!

Surviving animals

Total number Percent of
of tumors animals with Tumors per
Study group Sex Survivars®? (average) tumors mause*
Carbon disulfide F 20120 460 100 22.9 = 2.55
Ethylene oxide
(study 1) F 19720 380 100 20.1 = 1.77¢
Ethylene oxide
{study 2) F 19/20 447 100 23.5 = 649
Vinyl chloride M 20720 574 100 28.7 = 3.40
(study 1} F 17720 452 100 26.6 = 2.40
vinyl chioride
{study 2} F 20120 282 100 24.1 = 5.36
1.2-Dibromoethane
(study 1} F 19/20 496 100 26.1 = 44Q
1,2-Dibromoethare .
{study 2) F 29/30 797 100 27.3 = 6.46
Naphthalene F 20720 578 100 289 = 7.10
Nitrogen dioxide F 39/40 924 100 237 = 3.42

2 Urethane was administered in a single intraperitoneal injection foliowed by 26 wk of observa-
tgn.

® Survivors: number of survivors at end of studyrnumber of animals at start of studv.

¢ Mean = standard deviation.

“ Significantly different tp < 0.05) from other counts.

single alveolar adenomas in untreated animals. The alveolar adenomas
were morphologically similar in nearly all mice and consisted of large
cuboidal or columnar epithelial celis supported by a sparse fibroblastic
stroma and arranged in poorly defined acinar structures with papitlary
formations. An adenoma in a control mouse from the first vinyl chlo-
ride study had a primarily solid pattern of growth with uniform poly-
gonal-shaped cells arranged in small clusters separated by
capillaries. There was no apparent difference in the occurrence of pat-
tern of anatomic distribution of alveolar adenomas occurring in ure-
thane-treated mice and treated mice of each study group examined.

Alveolar epithelial hyperplasia was observed in lungs examined.

from treated and positive control (urethane) animais and consisted of
focal proliferation of cubiodal cells comprising the aiveolar epithelium
but without effacement of normal alveolar architecture. This lesion
may precede the development of the alveolar adenoma; it was present
in the lungs of most treated mice with adenomas and was not observed
in examined control lungs.

Several changes in the lungs of mice treated with 1,2-dibro-
moethane clearly distinguished them from others examined. A single
bronchiolar adenoma with a prominent papillary pattern was observed,
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consisting of tall columnar epithelial cells. In each of the 1,2-dibro-
moethane-treated mice examined, muitifocal hyperplasia and celiular
atypia of the bronchiolar epithelium were observed. These changes
consisted of focal stratification of bronchiolar epithelial cells or small
papillary formations protruding into the bronchiolar lumens and occa-
sional cells with enlarged hyperchromatic nuclei. Minimal chrenic in-
flammation accompanied these changes and was characterized by a
few widely scattered mononuclear cells in the bronchiolar lamina pro-
pria. In addition, alveolar epithelial hyperplasia in 1,2-dibromoethane-
treated mice was frequently parabronchiolar in location and affected
alveoli that abut the bronchiolar walls.

In summary, there were no apparent differences in pattern of dis-
tribution or morphologic appearance of alveolar adenomas occurring
in urethane-treated mice and mice treated with ethylene oxide, viny!
chloride, or 1,2-dibromoethane. Bronchiolar epithelial hyperplasia and
cellular atypia occurred only in 1,2-dibromoethane-treated mice, and
one mouse had a bronchiolar adenoma. No carcinomas were observed
in the tissues examined.

DISCUSSION

This inhalation study was conducted to test first a variety of chem-
icals of occupational concern in the strain A/j lung adenoma biocassay
system. Second, as has been reported earlier for different chemicals
and testing regimen (Maronpot et al., 1983),this study was designed to
provide additional information as a continuing effort to evaluate this
animal model system as a short<term test for predicting in vivo onco-
genesis. Our findings indicate that strain A/] mice develop lung ade-
nomas in a dose-related manner with 1,2-dibromoethane, ethylene
oxide, and vinyl chioride. These data agree with previous reports in-
volving various laboratory animals, including mice, that show positive
carcinogenic responses for these same chemicals (National Cancer In-
stitute, 1982; Garman et al,, 1985; Snellings et al., 1984; Maltoni, 1977;
Suzuki, 1983; Viola et al., 1971). Other chemicals tested in this study,
including catbon disulfide and nitrogen dioxide, showed significant in-
creases in freguency and incidence of adenoma formation compared
to corresponding control responses. These latter findings, if inter-
preted to indicate oncogenic potential, are supported in part by a pre-
viously reported in vitro carcinogenesis study (nitrogen dioxide: Sone
et al. (1983)]. Carbon disulfide and napththalene are currently ptanned
for testing in 2-yr National Toxicology Program carcinogenesis
bioassays.

Comparisan of the control strain A/J mouse tumor response with
previous reports showed some similarities with our data. The average
frequency of adenomas found in our control mice was 41.7% (Table 1),
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with 30.4% of the animals having tumors after the 26-wk duration,
These data agree with other 26-wk studies reported by Schut et al.
(1983), Shimkin and Stoner (1975}, and Stoner et al. (1984), and with a
short study duration (4 mo) reported by Witschi et al. (1981). Positive
control data expressed as the number of animals developing lung ade-
nomas after a single intraperitoneal injection of urethane (1000 mg/kg)
and the frequency of tumor formation in our studies (Table 2) also
agree with previous reports (Schut et al., 1983; Shimkin and Stoner;
1975, Stoner et al., 1984). In addition, our data were similar to the con-
trol data reported by Maronpot et al. (1983). Histopathological charac-
terization of the multiplicigl of the alveolar adenoma response in our
studies agrees with the adenogenic response described by Shimkin
and Stoner (1973).

The lack of congruity with this model system reported by Maronpot
et al. (1983) is evident in data presented in this effort. No reports have
demonstrated significant oncogenic potential from animals studies for
carbon disulfide or nitrogen dioxide, which did elicit significant ade-
noma formation in our study. Similarly, naphthalene did not display a
significant tumor frequency response, but did, however,show a signifi-
cant tumor incidence at 10 and 30 ppm, which may have been expected
considering the formation of unique lesions of nonciliated pufmonary
bronchiolar epithelial cells (Clara cells) of the mouse (Reid et al.,1973;
Mahvi et al.,1977; Tong et al.. 1982). Ethylene oxide (70 ppm), 1,2.di-
bromoethane (20 ppm), and vinyl chloride (50 ppm) did elicit a positive
tumor frequency and incidence, as shown in Table 1. These data are
congruent with the positive carcinagenic findings that report the
lowest effective levels for these chemicals to be 10 ppm (Garman et al.,
1985), 10 ppm (National Cancer Institute, 1982), and 25 ppm (Maltoni,
1977), respectively.

The lack of consistency of results from different testing laboratories
cited by Maronpot et al. (1983) is somewhat evident in our findings.
Nonreproducibility between duplicate sudies is shown in Table 1:
treatment with 20 ppm 1,2-dibromoethane and treatment with 200 ppm
ethylene oxide. Similarly, a lack of consistency in the negative control
response is also evident in Table 1. The positive control respanse to
urethane (Table 2} was consistent, except for the tumor response cited
during the first ethylene oxide study. On the other hand, the positive
findings for 1,2-dibromoethane, ethylene oxide, and vinyl chloride in
Table 1 are consistent with positive carcinogenesis data from other an-
imal studies cited for these chemicals. These discrepancies in tumor
response may be explained as follows. OQur studies involved inhalation
treatment, whereas other studies cited have typically involved other
routes of exposure. Thus, the dose, metabolism, and mode of expo-
sure of target ceils were different from those of noninhalation studies;
also, the strains, sources, diet, nutrition, etc. vary between studies in
different laborataries.
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Further validation of this short-term in vivo model for predicting
oncogenic potential of chemicals would be required to permit conclu-
sions relative to the validity and sensitivity of this test. This process
should take into account the wealth of information being gathered
through both prechronic and chronic testing of these and structurally
related chemicals, as well as genetic toxicity data. Treatment of animals
with an inert gas (i.e., nitrogen), should also be considered in further
characterizing the negative control response. Only after a thorough ex-
amination and evaluation can the usefulness of this pulmonary ade-
noma bioassay be assessed.
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