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INTRODUCT ION

The significance of toxic combustion products as a causal facror
in fire deaths is vell established. 1In the U.8., toxicity contributes
to death in spproximately 34X of all fire fatallties (Radford et 2},.
1974), Since tue widespread {ntroduction of synthetic polymers for
use in the construction, clothing, furniture, and transportation
industries, both the chemical nature of the fire environment und its
toxle threat have pgrown more complex.

Varfous authors (Hartzell et al., 1977; Barrow et al., 1978
Alarie and Anderson, 1979; Koartides and Gilwee, 1973; Hilado et al.,
1977) have proposed a number of behavioral or physiologfcal {ndices
for the evaluation of the toxicity of combustion products. Frequent~-
ly, hazard rankings of various synthetic and natural materials are
3en¢rateg,on the basis of these studies, with the most common toxic
endpoints being time to incapacitation or time to death of the test
species in the fire atmosphere, However, both the types and amounts
of chemicals produced by thermal combustion of sither synthecic or
natural materials are very much dependent on fire conditions and the
fire environment, Such variables as ventilation, temperature of the
fire, and whether combustion i{s flaming or non=flaming, zan signifi~-
cantly alter the chemistry of a fire atmosphere and thus {ts toxicity,
This fact leads to serious inconsistencies between hazard rankings
obtained uuder differunt combustion conditions, Since the parameters
of a real fire caunnot be predetermlued, nor can all possible fire

1
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conditions be simulated experimentally, {t seems advisable to (nvesti-
gate the toxic risk associated with some of the compounds most common
to a majority of fire envivronments, One such compound {s carbon wonun-
xide (CO),

Carbdon monoxide is ubiquitous in fire atmospheren since it {a pro~
Juced by the incompleie combustion of any carbon-containing material,
Witnout interfering with respiratory mechani.s, carbon monoxide aetx
as chemical asphexiant (Camarett, 1973%), 3v combining with hemoglobin
to form varboxyvnemoglobin, which {a {nefticfent in oxvgen transport,
CO causes anoxia by futerfering with the normal oxvgen-carrying capa-
eity of the blood, Additionally, the presence of suarboxvhemoglabin {n
the circulating dlood alters the shape of the oxvgen dissociation
curve of mordel uxyaeroglobin, so that a smaller amount of hload axe-
qen I8 veleased in tissue capillaries (Bartiett, 1908),

A large portion of the extensive literature on €0 18 devoted to
chronfe puxic ettucts that are assoclated with low-level exposures ol
long duration, such as those which may result from urban afr pollution
or cigarette samoaning, Less {nformation {3 available regarding tha
acute toxic effects of O on mammals, at concentrations which amie
tne high levels otten present {n fives. Necessarilv, very little {s
Known of quant itarive husan responses at these game high levels,

In sonbiction with NASA<Ames Research denter, San Mage State
Univeruitv's Department of Biological Sciencexs has Jdeveloped a madula
¥ystem o assess delect, sub-lethel, tixie ottects ia vodents vaused
by acute expoguren to combustion products.  The madular svstem was

desigaed to interface with the NASA Radiant Puanel for the seneratiosn

Yo
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of polymeric combustion products, or with a gas delivery system for
testing individual combustion components such as CO. The system has
the advantage of incorporating multiple behavioral and physiological
indices {1 a small-scale combustion toxicity test, TFor reasons pre~
viously discussed, carbon monoxide was chosen for the purpose of
validating the system,

The character{stics and limitations of behavioral tests in current
use by combustion toxicologists have been extensively reviewed by
Winslow (1981), Briefly, the behavioral assay utilized (n the modular
system {3 a pole~jump response to detect changes in operant or mot{~
vated behavior of mice. The pole=jump apparazus quantifies discrete
trial, avoidince~escape benavior throughout the course of a toxirs
vxposura, A trial consists of a conditional stimulus {a toune or light
vue), followed by unconditional stimulus (an electrie shock), and an
inter~trial pause. The mice are trained to avof{d the shack by jumpiug
on the pole during the cvonditional stimulus perfod; If the mouse fails
to avoid the shock but s able to Jump to the pole during the uncond!-
tional stimulus period, the response {s termed an e¢acape rather than
an avoldance, Two tuxic endpoints, the Initial behavioral change and
the losa of escape, are derived during combustion exposures from a

series of repetitive, one-minute long trials, The {nitial behavioral

change ovcurs at the first trial the mouse falls to avoid the shock,
followed by faitlure to avoid in at leust & of 6 subsequent trials,
Loss of escape iy Jefined as the first of 3 consecutive trials in
which the mouse fails to escape the shock., For complete detuils of

the benavioral system, the veader is referred to Winslow (1981),
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The physiological assay incorporated in the modular system con-
siste of electrocardiographic and respiratory monitoring of rats dur-
ing the course of exposure, and post-exposure analysis of selected
serum enzyme activity levels. Tha presence of intracellular enzymes
in sxtracellular fluids is generally sccepted as an indication that
cell death has occurred, The enszymes chosen for analysis are amso-
ciated with organ systems or tissues which are particularly ssnsitive
to CO=induced anoxia, bccauu; of thair high energy requirements or low
anasrobic capacity. Creatine phosphokinase (CPK) in the adult rat is
distributed pr. -rily in the central nervous system (Booth and Clark,
1978), in the cardiovascular system, and throughout skeletal muscle
(Ziter, 1974), The major lactate dehydrogenase (LDH) {sozymes are
localized in the heart, skeletal muscle, ngd liver of rats (Penney et
aley 1974), Alpha-hydroxybutyrate dehydrogenase (HDBH) represents the
cardiac fraction of the LDH {sozymes, Using rat heart cell cul-
“uix#, van der Laarse et al, (1979) have demonstrated a linear corre-
lation bocwce; the amount of HBDH released, the extent of cell death,
and loss of contrvactile function in response to anoxia. Penney and
Maziarka (1976) have {nvestigated the time course of changes in serum
enzyme activity levels of CPK and LDH in rats exposed to 1500 ppm CO
for 2 hours. The tissue distribution and chemic;l chavacteristics of
CPK, LDH, and HBDH in the cat are similar in man (Bio-S¢ience Labora-
tories, 1978). .

» Data from the behavioral and physiological assays cited above pro~
vide information on the quantitative relationship between CO concen~

trations ("dose"”) and the probability of occurrence of selected toxic
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“responses” in rodents. A nuaber of general, theoretical models have
been proposed to describe mathematically the way in which the proba-
bility of responae, or risk, varies as s function of the dose of a
toxicant. The purpose of such models {s to provide a means of extra-
polation frcm animal sctudies to a predictive statement of relative
risk for nan, when quantitative toxicity fuformation for man 18 necues~
sarily limited or unavailable. The derivation and application of
these models will be discussed in the literature review, The risk-
estimate models which are most suitable for the interpretation of the
acute toxic effects elicited by CO will be used to analyze the rodent
behavioral and phystological dose-response data, Wif. the applicacion
of appropriate interspecies conversion factors, the "dose” of CO asso-
ciated with a very low risk (1 in 106) of occurrence of similar
toxic responses in man will be estimated., Finally, the reliability of
the human risk estimates derived from these models will be evaluated
by comparison with available literature on equivalent human responses

to acute carbon monoxide exposures. The implications of these risk

estimates for combustion toxicology will be considered,
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LITERATURE REVIEW

»

Risk Assessmant and Dose-Response Theory

The concept of risk assessment is inherent to virtually a}l toxi~
cologic experimentation. The value of observing or measuring the
effects of a toxicant in test populations lies in the ultimace appli-
cation of this {nformati{on to predict the response of naive popula-
tions to a given exposure of the same toxicant, Obviously, the toxi-
cologist i{s primarily concerned with estimating potential toxicity tn
the general human population, based on laboratory data from other
species, or from epidemiologic data when it is avatlable, It has louy
been recognized that the dose of a compound determines the nature and
extent of toxicity, Therefore, to assure reliable risk predictions,
the quantitative relationship between the dose administered and the
toxic tﬁ;pdhlﬂ must be investigated.

In the discussicn to follow, a number of aspects of basic dose-
responge theory and their relevance to quantitative risk estimation
will be introducud. The way {n which a toxic response is quantified,
whether on a graded or a dichotomous scale, or as time-to-occurrence,
is bagic to understanding the content of dose-response curves used In
risk estimation. The nature of the toxic response (e.g., reversible,
heritable) is also important for risk assessment, particularly as it

pertains to the question of the existence of toxic thresholds. Next,

a number of theoretical models which have been developed to describe

6
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wathomatically the relaifonship betwwen dose and response, and which
ate the banis on which risk estimates are watablished, will bu pre-
sented. Filnally the diological processes which {nfluence the shaps of
the duse-rvespoisie curve by helping transform an administered Jdoke fatn

an efiective Joxe will be conmidered,

fhe duant (Eleat ion of Paxdc Rewpmpng

R Labert v (IS0 s discunsed the vartous tepes ol quant ftat fve
dose <reapoane Jata, which favlade graded response data, dichotomous o
quant al rexponse Jdata, and timesto-respomse data, b a graded ve-
apvany svstom, the tonde pespaotige a8 4 fuivt fon o dose (8 measutesd oa
Aot fasug seale ot fatensity of ettevty (neveasring done {x axxu-
viated with tuerewiing severity of responne,  fhe toxis eltect can he
tiaght to e mediated by the interaction ot the chemival with a read
tive binlogical entity o “roceptor™] the magnitmde of responre {n
theret ore plopoct fanal to the number of aftected recoptors,

Ia dfvaotomans or quantal reaponse avdtems, a4 (axic responke
ciiteraan Is eatahlfshed, o this vase, the toxiy respoagse (8 det faed
A oA bl oronens svent asd various degress OF intentity ot e speupe
ag et are nel cesstidered, The prapoare o of - padividuals twa popus
latfon Feapomdiog oF aot mesponding o the ceriterion 4t a given Jdose
vAn then be adetermiued (O'Flaberety, I981), Me response eriterion
viioxoen, termed the uantal rexponse, wav he the appearancs ol a parti=
vular, sublathal pathology or lethalite, Rlwee guantal doxe-vesponse

vurves relate the dose ol the toxivant with the propartton of the
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population responding (the rate of response in the population), quan-
tal transtormat ions of Jdose-response Jdata are very ilwportant for the
ent imatlon of riak, or the probability that a toxic responue will

Ve ur At any given dose of a toxicant,

Por those compouinds capable of producing trreverxible tuxicity
with Jong delaved onset, the tise to response can alwo be vonsidevedd,
Fiahbdeln (1940) haa veviewed the current status of time-to-ovcurvemne
doserresponne modeling which (s baned on the twportant finding of
prachrey (902 that (nereaning dose (e amsociated with decreaxing
lateney (Doxe X time' = conmtant), Noveasarily, this tvpe ol avates
taoapplicable vale o vertatn clamsex of toxivanta, partieeiarly car

Vinegend,  muatag ek, ot oagent s vaesiag chireadic, adegeact arive, matary,

M Tartesiobd Voneepts Tmpilcat boee tor Rise ¥ fmat tog

e enfatenee of amdividaal threxholds has been peneraliv accepted
Lor moxt Byvped ot tonievologival responsex (dehiving sl Rae, ety
tarsahold Jdoxe for a toxfeant (x dettaed to he the diste abeve which
given tenie posgponse will occur and below which it will nat, A
tureshald 2 dependent not onle on the chemical ftxell, hat wpea the
vaomplex fntetact fonk ot a number of phvsiologie factors specitfc o
tie fadividual at risk - sex, age, dlet, stress, amt genaral heatth o
name 4 tew,  In oamall, experisental populat ions, where mane of these
vatiablea have been eliminated, {t mav be poesible to extablisxh an
eltective populativn threabiold, bhelow which an fat inite samber o

populat Lo membat s may be oxpoaed without 110 witect,  However, {a
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large and unrestricted populations, a few individuals may be so sensi-
tive or susceptible to the effects of a given toxicant, that any dome
of the agent is asyocidted with a small be measuradle population rixk
(IRLG, 13979).

Much controvaray currently centers on whether effective popular (on
thrasholds, such as those which ave generally agreed to exist for cer-
tain "nonstochastic” effects of toxicants, also exist for "stochastic”
effects, Nomitochastic etfects are those for which severity ot the
toxic effect s proportional to the dose {(e.g., liver damage), and for
wilch there may exist a no effect lavel; for stochastic effects (e.r.,
tumor development) the probablility of oceurrence varies with Jose
(Butler, 19738).

The most prevalent toxlcants {n the lattoer category are careinoe-
gens and mutagens, It i {requently argued that because of the estabh-
Lished relationship between Jose and {ncidence of effect for these
clawses of compounds, there is some finite probability of oovurrence
assucelated with any dosge, o matter how low (Butler, 1928),  Maugh
(197°8), wehring and Bau (I77), and Schineiderman and Brown ( 14978)Y,
have extensively reviewed the evidence supporting arguments hath for
and agalost the existence of threasholda Tor stochastiy etfects, parti-
cularly varcinogenesis.  Brietly, those who arpue for the existence of
thresholds cite a varfety of repair, membrane barvier, or lmmuno-
surved lance mechanisms th;c ave available to praveat or arrest the
toxic disease process, Those who argue againsgt chresholds presume

that initiation ot the toxic disease process can occur by a aingle,

et fececive hit ot a single, susceptible targec, following which,
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progression of the injury is self-sustaining. AL lesast one author
feels that for stochastic toxic effects, thresholds may indeed exist
but at the level of numbers of molecules of the toxicant, not numbers
of grams (Rall, 1978), Ultimately, resolution of the threshold detate
for stochastic and certain irreversible, nonstochastic effects of
toxicants depends on the further elucidation of the mechaniums under-
lying the toxic disease process,

Because of the differences presumed to exist between their toxic
mechanisms, particularly vith regard to the threshold issue, different
nmethods for determining acceptable exposure levels have developed to
treat either stochastic or nonstochastic effects of chemicals, Tradi-
tionally, the approach which has been used for nonstochastic toxici=
ties is the establisiment of "SNARL" values, the "suspected-no-adverse-
response~level” (NAS-NRC, 1977)., SNARL values were established in an
effort to provide guidelines . or drinking water standards; a similar
approach was adopted by the World Health Organization to establish
acceptable daily intakes (ADI) of toxic¢ residues in food. The SNARL
or ADI value {s obtained by applying safety and {nterspecies conver-
sion factors to the no-observed-effect-level (NOEL) in:appropriate
animal studies, These safety or uncertalanty factors vary widely, The
approach adopted by the National Academy of Sciences - National
Research Council (1980) has been to use a safety factor of 10 when
good human exposure data is available and supported by data in other
specles, a factor of 100 when good data is available from one or %ote
‘species, and a factor of 1000 when data is limited or incomplete, DYNot

only do these safety factors differ from one author to the next, but
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the subjective interpretation of what constitutes good Jdata allows
considerible rovm for variance in the evaluation of SSARL values,
Because of the inability to establish conclusively whether delayed
onset stochastic etfects exhibit thrasholds, a more conservative
appruach to visk sssessment is warranted., This method, termed the
risk estimate method, involves the following:
1) selection of an apprupriate experimental bloassay
2) selection of a theoretical dose~response model, and est{ama-
tion of its parameters from responses at all dose levels
3) stacdstical extrapolation of the experimental results to low
doses outside the experimentally observable range
4)  extrapolation of the estimated results in animals at the low
dose level to man, taking into account the invet= and intra-
species biological variables which influence toxicity (Hoel
et al,, 1975)
For those toxicants (e.g., potent carcinogens) for which a threshold
has not been demonstrated, the Jose-response relationship {4 extra-
polated to a level of "acceptable risk”, a near-zero lifetime risk
first proposed by Mantel and Beyan (1961), and recently adapted bv the
Food and Drug Adminfistration (Fedeval Register, 1977) and the Iater-
agency Regulatory Liason Geoup (1979), to be a lifetime response level
of 1 in 10%, In the U.S., this elevation in lifetime risk would
result in 3 casas per year; the duse corresponding to this lifectime
risk is called the VSD, or virtual safe dose (Sclentific Comittee of

the Food Safety Council, 1980).
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Despite the functionsl distinstions made betvesn these two classes
of toxic effects, the Scientific Committee of the Food Safety Council
(1980), has recently argued that the risk estimate approach should be
applied to nonstochastic 4s well as stochastic toxicities, The com-
mittees stated that for nonstochastic responses, a distribution of
unique thresholds exists within a population, the minimum of which
cannot be determined 4 priori, Thus, the risk estimate method, which
fncorporates information from the shape and slope of an sxperimental
population's dose-response curve, is deemsd more appropriate to give a
best estimate of an effective population threshold for noncarcinogens,
The committes ganerdlly tejacts the practice of establishing NOEL and
SNARL values, which disregard nuambers of experimental animals snd the
slope of the dose~response curve, Additionally, many of the bio-
logical phanowena which greatly influence the functional shape of the
dose-response curve, especially metabolic activation and deactivarion
procedses, are common to both stochastic and nonstochastic responsesn,
Curnfield (;977) has expressed the opinfon that dose-response curves
for carcinogens Jand noncarcinogens alike reflect the saturation of
protective biological processes, {n which case differences between the
dose~response curves [otr acute or chronic, reversible or {rreversihle
toxici{ties may primarily reflect kinetic differences rather than dif-

ferences {n kind,
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Hathematical Models of Dose-Rasponse Curves for

Quantitative Risk Estimation

As ment {oned previocusly, one of the primary steps {n the deriva-
tion of &4 quantitative risk estimate is the specification of a theovet~
{cal dose-response curve for extrapolation to low dose exposures,
Numevrous wodels nave been proposad to describe how the probability of
a toxic response occurring, P, varies as a mathematical function of
the dosage, D. The following discussion of these sathematical models
will consider in detail only the form of each model which Is most com
monly used to ifuterpret quantal dose~response data. Although most of
the models can be adapted to include a time=to-response term, since
this thesis is concerned with the acute nonstochastic toxicity of car-
bon monoxide, time-to-response will not be discussed any further. The
types of models presented can be categorized as either tolerance
di:tribu:ioy models or hit-theory models,

-

Tolerdance Distribution Models

Theoret{cal dose-response models which are derived from the assump-
tion thar individual threshold values or tolerances vary among a popu-
lation according to some probability distribution are classified as
tolerance distribut{on models (NAS-NRC, 1980),  Since a few individuals
posswssing thresholds at the extremes of the distribution will cause {t
to “tall” extensiveiy, the threshold doses are frequently measurcd on .

log dose scale. These models assume the general form
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P(D) = F (a+ BlogD)

where P(D) is the probability of response at dose D, F represents the
frequency function which describes the population's distribution of
thresholds, 2 13 a location constant, and 8 is & scale constant, The
two most common examples in this class are the probit model and the
logit model, The distribution of log tolerances, ¥, is defined as the
normal (Gaussian) distribution for the probit model, and as the logis-
tic distribution for the logit model (Hoel, 1980). The mathematical
equations of the resultant dose-response curves are given by
Probit: P(D) = &é(a + BlogD)
¢ = gtandard cumulative Gaussiaon distri-
bution

Logit: P(D) = 1 + exp =(a + plogn-l

Both models are characterized by a sigmoidal dose~response curve, The
effect ;f’changing the location constant, ., in the probit model can
be seen graphically in Figure 1. For a constant value of 8 (0 = 4),
‘ﬂungeg in o shift the dose~response curve along the x - axis; « thus
Loca:c; the mean of the threshold distribution (i.e., the dose corre-
sponding to 50% response) along the x -~ axis., Changing B however,
while holding n constant (a = 1) causes the slope of the probit

curve to vary in steepness as shown in Figure 2, The logit model dif-
fers little from the probit model in the observable experimental range,
but at the extreme of the distribution approaches zero response less

rapidly than does the probit, and therefore produces more conservative
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VSD's (Pishbein, 1980). MNeither choice of distribution has strorg
diological or meshanistis justifisation im this coatest, but both have
been used extensively since they “fit” a large body of obserwved dose~
response data from a variety of texiscants.

The probit sigmoidal curve can be made linear by plotting the
dose-response data on 8 log-probabllity scale, The utility of this
transformation has been disgussad by O'FPlaherty (1981). The probitc
transformation is derived from the established relationship between
the distance in standard devistion units from the mean of a rormal
distribution and the percent area under the cumulative normal curve,
Using this log=probit scale, the probit lines corresponding to the
sigmoidal curves of Pigures 1 and 2, are presented in Figures 3 and 4
respectively. The slope of the probit line 1l.aqull to L/, and is
therefure indicative of the degree of variability {n population sensi-
tivity to the toxicant; the stesper the 4lup2, the less variable the

populativn response at a given Jdose.

Hit-theory Models

The theoretical basis for "hitness” wmodels i¢ the assumption that
the site of toxicity has some number of critical targets which must be
"hit” or altered by a toxic sgemnt before a toxic response is elicited
(NAS-NRC, 1980). The concept of hit here implies any of a number of
dose-dependent, biochemizal events or transitional stages between
" {aiciation and expression of the toxic effect. For these hodeln. the
probagxlity of response varies directly with dose, due to an fncreased

chance of a critical target bciﬁg hit at higher dosages, rather than to
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a larger propottion of the population being above threshold. Although

20

this group of models assumes the nonexistence of a population thresh-
old, several will fit data with an apparent threshold, and have been
used to treat Jata from non-carcinogens as well as carcinogens (Scien-
tific Committee - Food Safety Council, 1980).

The simplest of the hit-theory models is the one-hit or linear
model first proposed by Arley and Iversen (1952), The one-hit model
assumes that the tuxic mechanism is a one=-step transition occurring at
a single target or receptor which has been exposed to a single, effec-
tive, dose unit of a toxic agent. The equation of the dose-responie

curve can be written as
P(D) = 1 -~ exp(~-\D)

where \ {8 a constant equivalent to the slope of the function at low
dogse levels; increasing \ increases the steepness of the exponential
curve betwsen O and 100X response, 1In the low dose reglon, the curve
{s essentially linear and the probability of response is directly
proportional to dose (i,e., P(D) » AD) (IRLG, 1979; Flshbein, 1980
Hoel et al,, 1975). Since the one-hit has only one disposable para~-
meter, A\, it often fails to provide a suitable fit to data in the
observable or experimental range of the dose-response curve, It is
generally the wmost conservative hit-theory model; if the true shape of
the dose=response curve is sigmoidal, the linear model will over-
estimate the respunse rate at low doses by 200 to 400 percent (Butler,

1978).
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A generaliszation of the one~hit wmodel is the multi-hit or k~hit
model, for which at least k hits of a receptor are required to produce

s response. The dose-response curve for the model is spproximated by

P(D) = (AD)K

k!

For szall values of 30X, this approaches P(D) = AD*, which is
equivalent to log P(D) = log) + klog D; k then is equal to the slope
of log P(D) versus log D (Fishbein, 198C)., Generally, the k-hit nmndel
zives the highest VSD among the nit-theory models,

A generalization of the multi-hit model is the multi-stage model;
due to {ts greater utility, the multi-stage model i3 more commonly used
than is the multi-hit, The wodel, originally proposed by Armitage and
Doll (1954, 1Y57), was developed to account for the observaticn that
adult human cancer incidence is approximately proportional to a high
power of age., Like the multi-hit, the multi-stage wodel is based on
the assumption that a single cell must undergo several, successive,
stable changes prior to tumor development; since the probabilicy of
occurrence for each stage is time dependent, the overall incidence rate
thus increases as a power of age. Unlike the multi~hit, the model
assumes that only some of these transitional events depend on the car-
cinogenic dgen:, while the rest occur spontaneoﬁuly at a given rate.
This feature makes the model consistent with human and animal data

which suggests cancer incidence is proportional to dose or the square
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of dose, but no higher powers (NAS/MRC, 1877). The equation for the

curve may be expressed as
P(D) = 1 - exp-(a1 * 5in)(m2 + ng)“'(“k + BkD)
where the important parameter, k, {s interpreted as the nuamber of

evants or stages in the carcinogenic process, 1 is the spontanesous

occurrence for each stage, and 0 represents a dose-depandent prupor-

22

tionality constant for each stage (Fishbein, 1980). Though the assump~

tions of the multi-stage model are drawn from stochastic responses wi

long latent periods, the wmodel has been applied to acute lethality da

th

ta

for botulinum toxin (Scientific Committee -~ Food Safety Council, 1980),

Carlborg (1981b) has discussed several drawbacks to the multi-stage

model, the most significant being that it {s mathematically undefined
with regard to the chuice of terms in the polynomial exponent,
Carlborg has demonstrated that there are innumerable ways to f{t the
multi-stage mode! to a given data set, leading to uncertainty about
both the number of stages, k, and the risk outside the observable
response range, This lack of definition, he argues, does not occur
with the Weibull model, another generalization of the ona~hit model,
For the Weipull model, the probability of response as a function

of dose can be written as ’

P(D) = 1 - axp ~(a + DM
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The parasster o represents the spoantanecus background response rate
(i.#,, the response rate observed in a control population), Pigure
{1lustrates how changes in 5 alter the Weibull dose~response curve,
when 8 (80 = ,003) and m (m = 5) are held constant; the value of a
primarily effects the extent of tailing of the function as zero
cesponse rate ia approached, Tha parameter 0 (s a scale patameter
which primarily altera the slope or steepness of the Weibull curve
without affecting the visic shape of the curve {(e.g., sigmoidal),

tols relationship {s shown In Figure 6 for constant values of . (~,01)
and m (5), The critical parameter, m, determines the shape of the
Weibull curve, The importance of m {s {llustrated in Figure 7
(adapted from carviborg, 1981a); fn Figure 7, 4 {s constant (- ,0009),
but the slope parameter, 0§ was varied to keep the curves on the xame
scdales For values or m + 1, the dose-responie function is concave
{high respunse rates aven at low doses), linear for m = 1 (the one-hit
mode i), Aud‘sigmuldal to convex form ™1 (low response rates oven at
high doses), The latter characteristic accounts for the model'a
abilicy to fir data with an apparent threshold, despite the hit-theory
assumption of no threshold (Carlborg, 198la), The VSD predicted by
this model generally falls between the values for the multi<hit and
the multi-stage models (Scientitic Committee -~ Food Sarfety Council,
1980), At preseat there 13 no physiological interpretation of the
fmportant shape parameter, m, although Carlborg (1981b) has suggested
that the m term in the Welbull equdtion may be related to the number

of stages, k, in the multi~stage wmodel by the relationship k/2 = m,
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Blological Considerations for Bpecies-toSpecies Extrapolation

It is apparent from the precesding discussion that numerous theo-
retical models have baen proposed to describe the true shape of dose-~
response curves it low dose levels from assumptions about the nature
of the toxic event. However, the various dose=response curves may not
relate solely to different modes of action at receptors; differences
in how an administered dose becomes an effective dose must also be
considered, It {s an oversimplification to equate the term dose, the
amount of a chemical adminiatersd, with the critical concentration of
the toxicant at the receptor, which gives rise to a toxic effect., The
latter is a complex function of both the actual exposure, and the bhio-
chemical and physiological characteristics of the host (Schneiderman
and Brown, 1973). The compound dose-response curve then depends on
the relationship between dose and the effective concentration at the
receptor, and between the effective concentration and response
\Nordbx‘erg and Strangert, 1978), The biological processes which are
involved {n the conversf{on of an administered dose to an effective
doge include absorption, Jdistribution, metabolism, and excretion, Of
these, metabolism {8 often the most significant with regard to risk
assessment,

Metabolism can traosform some or all of the administered dose of a4
xenobiotic into {nnocuous or readily excretable compounds, or may
produce higaly toxic metabolites via the same degradative pathways,
To assure reliable risk estimates, not only must allowances be mnde’

for interindividusl variability in metabolism, but interspecies
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differences in metabolic pathways or efficiency must be considared
(Remsey and Gehring, 1980). Confidence i{n quantitative inferences
drawn between species 1s highsst for direct-acting agents; chemicals
requiring bloactivetion are subject to species’ variation in satur-
abliity and end-products of metabolic processes (Melson, 1978),

Substantial interspecies differences in the absorption, distribu-
tion, or excretion of a chemical also can and do occur, which may
significantly affect the shape of the dose-response curve, particular-
ly at low doses, Cenerally these phenomena are considered on a case
by case basis and may be incorporated into the risk estimate process
in the Epru of additional saflety or coversion factors.

Occasionally, certain genstic, nutritional, sexuasl or developmental
enaractaristics can predispose a few individuals or an entire species
to display a hypersensitive response to & given toxicant, The pre~-
vailing regulatory assumption for the purpose of estimating risk to
the general puman population, is that msan sust be considersed the most
sensitive species unt{]l experimental evidence proves otherwise (IRLG,
1979), If such evidence is not available, the Environmental Protec~
tion Agency has proposed as a rule of thumb, that man may be tenfold
more sensitive than the experimental animal used, and that there may
be a tenfold variation in sensiti{vity between individuals (Cornfield,
1977).

Additionally, safety factors such as those recommended by the
National Academy of Science for establishing SNARL values, may be
applied to VSD's obtained from the risk estimate approach, The

magnitude of these factors will depend on a subjective interpretation
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of a numsber of biological and experimental variasbles, imcluding:
1) quality of the experimental design and consistency of the
biological data
2) availability of supporting svidence from other in vitro,
epidemiologic, or structure-sctivity studies
3) obaervation of similar qualitative response in other species

4) conservatism warranted by the nature of the toxic response and

size of the population at visk.

29
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MATERIALS AND METWODS

Mouse Bshavioral Assay = Adspted from Winslow (1981)

Experimental Procedure

Free-running, male, Swiss~Webster mice weighing spproximstely 33-40
irams were exposed to various concencrations of CO in air for up to 30
sinutes, During exposurs, the mice were continuously monitored for
their ability to carry out a learned avoidance task. Mice were trained
to jump to a pole upon presentation of & conditional stimulus (a tone
cue) in order to avoid an unconditional stimulus (an electric shock),
If the mouse fails to avoid the shock but can still jump to the péle
during the shock period, the behavioral response is termed an escape
rather than an avoidance. Durirg exposures, one-minute lomg triils
consisting QF the conditional stimulus followed by the uncondf{tional
stimulus and an inter-trial pause were repeated continuously. The

initial benavioral change 1s defined as the first trial the moucs

fails to avoid the shock, followed by failure to avoird in at least &

*

of 6 subsequent trials. Loss of sscape occurs at the first of 3 con-

secutive triais in which the mouse fails to escape the shock, The
sxposure was tersinated otice loaa of cscape was established. For
further details of the experimental design of the behavioral assay,

the reader is referved to Winslow (1981).
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Sehavioral Response Chamber
Complete details of the pole=jump chamber specifications and
operating procedures are provided by Winslow (1981). A piecture of the

souse pole-jump in use is pressnted in Pigure 8.

Rat Physiological Assay

ngcrmmu Procedures

Restrained, female, Sprague~Davley derived tats (Simonsen Laos,
Cilroy) weighing aspproximately 225-275 grams were subjected to 20
ainute long, nose-only, inhalation exposures of various concentrations
of CO in air. Exposures were conducted at the same time + 1/2 hour
sach day, since Cinkotai and Thompson (1966) have reported & diurnal
varfation in pulmonary diffusing capacity for CO in humans,

During exposures, electrocardiographic and respiratory records were
obtained, At two hours after the exposure was terminated, survivors
vere sacrificed with CO, and cardiac blood samples (3 ml) for enzyme
analysis were collegted by cardiac puncture. The two hour post-exposure
sampling time was chosen on the basis of a preliminary study of the
time dependence of enzyme release in rats (n = 27) exposed to approxi-
mately 5100 ppm of CO for 20 minutes. Serum enzyme activities
jomediately after exposure were significantly increased but had not
peaked, while enzyme activities in’tanplcs collected after the 2 hour
post=exposure sample, exhibited greater interindividual variation.

Asphyxiation by Co2 was chosen as the method of choice for ter-
sination rather than cervical fracture, since in a preliminary study,

the mean serum enzyme levels from previously untreated rats killed by
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Figure 3
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cervical fracture (n = 11) were from 2 to 10 times greater than those

observed for untrea’ed rats killed by coz asphyxiation (n = 11),

Electrocardiographic and Respiratory Monitoring

Continuous respiratory and electrocardiographic records of
restrained rats during exposures were obtained from a pair of t.ans-
thoracic, surface, disk electrodes. The electrods contact area on the
chest of the rat was shaved at least 24 hours prior to CO exposures.
The electrodes were held in place on the rat by a latex and velcro
Jacket (Figure 9 o°d 10). The jacket was designed to allow secure and
correct placement of surface electrodes on unrestrained and unanesthe-
tized rats, Electrocardiographic and respiratory responses are. moni-
tored on a NARCO Physiograph Model 6~B, equipped with fmpedence pnaumo-~
graph couplers (respiration) and hi-gain couplers (ECG), and on a GRASS
Model 790 Polygraph. Samples of control ECG and respiration recovds

are raeproduced in Figure 11,

Serum Enzyue Analysis

Cardiac blood samples were collected and allowed to clot in

TH, Becton-~Dickingon)

labelled, nerhm snparétor tubes (Microtainer
for 30-00 minutes at room temperature, They were subsequantly cencri?
fuged at 5°C for 5 minutes at top speed in a deek top centrifuge.
Individual serum samples were divided into aliquots and then trans-
ferred to labelled glass ampules for storage at 4~8°C (maximum stabil-

ity for creatine phosphokinase (CPK) and alpha~hydroxybutyrate dehydro~

genase (HBDH)) and at approximately 23°C (maximum stability for lactate
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Figure 9
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dehydrogenase (LDH)), Enzyme anslyses were conducted within 48 hours
of serum collection, Only non-hemolyzed serum samples were used for
serum HBDH and LDH determinations, since both insynn ate released
from lysed red blood cells; hemolysis has no effect on serum CPX
activity (Frank et al., 1978),

Calbiochem Behrirng S.V.R.m (single vial reagent) diagnostics
wete used for the determination of all enxzyme activities, All veagents
and cofactors necessary for each assay were pre-packaged in single
vials, and were prepaved frash every 48 hours as needed by reconstitu-
tion with an appropriate volume of distilled water, The LDH assay {is
modified from the procedure of Wacker et al., (1956), The ILDH

redaction measurad is the following:

LDH

Pvruvate —‘?-T—) Lactate

NADH  NAD
(high A3s0)

The progress of the reaction is followed spectrophotometrically at 340
nm. The HBDH assay {5 pased on the methods of Rrsalki and Wilki{nson

{1904), The HBDH reaction

HBDH

alpha=-ketobutvrate -——W-j alpha=hydroxybutyrate
NADH AD

(high Ajz40)
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is followed spectrophotometrically at 340 nm, The CPX assay {s based
on the proeedures of Oliver (1955) and Rosalki (1967), The CPK

reaction

CPK
creatine phosphate + ADP e creatine + ATP

is linked in the assay to two other enzyme reactions which result in
the generation of NADPH from NADP; the formation of NADPH is followed
spectrophotometrically at 340 nm,

The U.V, spectrophotometer used in all cases was a double~beam
Varian Technitron Model 63%, equipped with a chart recorder and
circulator to maintain temperatures in the cuvette compartment at an
gptimum JO*C throughout the reaction period. Three ml of preparad
reagent and 50 ul of serum were incubated separately for 5 minutes in
a water bath at JU°C, then combined, transferred to a quartz micro-
cuvette, and placed in the spectrophotometer to he read against a
water blank for 7 to 10 minutes. The enzyme activities of the samples
were determined from the rate of change of absorbance at 340 nm per
minute, measured in the linear portion of the enzyme reaction curve,
Enzyme activity is expressed {n mll of enzyme activity per ml of serum,
An U, or Iuternstional Unft, represents the amount of enzyme whirh
converts one micromole of substrate {n one minute,; under standard
conditions,

A quality conttol check was conducted daily using control sera
(CalbfochemBehring CALTROLTM I, Sigma Enzyme Control 2<E) with

estavlished enzyme activity levels.



ORIGINAL paQe 39
OF POOR QuALITY
ggzntolgiienl Response Chamber

The physiological response exposure chamber is a modular unit
designed to interface with the behavioral response chamber, and either
the NASA Radiant Panel Furnace (for thermal combustion of polymers) or
a pure-gas dclivcry'ay-cca (for CO exposures), The chamber consists
of & rectangular, plexigless sleeve, 12 in. long, 8.5 in, wide, and
4,5 in., deep, The sleeve is punctuated by twelve, level, 1 in,
diaseter holes which interface with individual rat restraint tubes
(Figure 12), The restraint tubes are constructed of 9 in, lergths of
2 in, (inner diameter) plexiglass tubing (Figure 13). The head end of
the tube is fitted with a8 1.25 in. deep cone, which has a 2 in. inner
diameter proximally, and a 0.5 in, diameter distally, This nosepiece
effectively allows one to channel the head of the rat forward in the
tube, so that an inhalation-only exposure can be obtained (Figure 14);
only the nose and mouth of the rat project from the cone through the
openning 1ii the sleeve, and into the exposure chamber (Figure 15). An
adjustable teflon stopper at the tail end of the restraint tube

accomodates tie length of the tube to different weight animals,

Carbon Monoxide Delivery and Analysis

For inhalation exposures of CO, the behavioral response chamber
and physiological response chamber were sealed off and connected to a
gas delivery apparatus, Tanks of 99,5% CO (Matheson certified stan-
dard) and breathing air were connected via a latex plumbing system to

two, separate, gas—-flow controllers. Gases from the controllers were
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Figure 113
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Figure i«
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Figure 15

Nose-Only Inhalaticn Exposure
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homogenised by beirg passed through s 3 em diameter by 40 ca long glass
tube filled with 3 sm glass beads. Any number of howogenized gas mix-
tures could be generated in line by virture of altering flew rates.

The homogenizad gas sixture vas delivered to an inlet in the top of the
s..posure module; & 4 in. fan located at the gas inlet ensures rapid and
complete mixing of the incoming gases with the chamber atmsosphere
(FPigure 16),

The gas mixture was delivered under slightly positive pressure and
was continually supplied throughout the course of exposure to maintaln
relatively constant CO concentrations, Spent gas was vented through
an exnhaust tube at the chamber bottom. At time zero, a small volume
of 99.5% CO was injected into the gas inlet near the fan, just before
initlating delivery of the homogenized gas mixture, in order to bring
the chamber atmosphere up to the desired CO concentration quickly
(witnin 2 minutes), Samples of the sxposure atmosphers were withdrawn
by syringe through an air-tight saptum in the chamber wall, just below
the leval of the rats' noses. The C0 concantration of samples taken
at 2, 5, 10, 15, and 20 minutes into exposure, were analyzed by molec-
ular sieve chivoatogzraphy against a standard curve prepared daily from
known concentrations of CO.

The resmponse chambers and gas delivery system were operated at all

times under a walk-in fume hood, to prevent accidental exposures.
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Data Asalysis

The theorstical wodels chosen to b fitted to the behavioral and
physiological dose-response data for CO were the one-hit, probit, and
Weibull., The probit model is a tolerance distribution model in wide
use currently, and is not as conservative as the logit model. The one-
hit model is the most basic and conservative of the hit=th~ory models,
while Weibull Jerived tf sk estimates generally fall between those for
the multi-hit and multi-stage models. The Welbull is also better
defined mathematically than the latter as discussed i{n Chapter 2.

Parameters of the best=fit, least squaves curves for the one-hit
and Weibull models were determined with the atd of DYNACOMP, Incor-
porated’s sottware package, Regression Tl (PARAFIT), on an Apple 11
Computer. PARAFIT enploys an {terative procedure {n its regression
dnalysis co arrive at the parameters of the best, least-squares curve
of the functional form entered by the user, Resjuired inputs from the
user include an upper limit on the number of iterations, inftial esti-
matas for the parameters and an approximate orvder of uncertainty {n the
estimates, The number.of iterations was increased and new parameter
estimates wete entercd until a stable value for the standard deviation
of the regression was obtained.

Parameters of the maximum likelihood fit of the probit model were
estimated by the method of Bliss (1938). The method is an {rerative
waighted regression praceﬁurc. Briefly, the data are plotted nn a log=
prodability scale, using log units for dose, and probit units for per-

cent regponse. Tables from Finney (19532) were used to convart the
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percent response directly into probits. A provisional line was then
fitted to the puints by eye, 4and provisional weights for th, data
points on the basis of this line were determined. A series of calcu-
lations (iteration) .re performed with the provisional weights and
probicts, which result .n s corrected line closer than the provisional
to the actual maximum likelihood line, [f the corrected line is clone

to the provisional line, as determined by a xz

test, no further compu-
tatfons are necessary., 1If not, the corrected line becomss the provi-
sional line and the {tetation {s repeated as of ten as necessary

(Hewlett and Plackett, 1979),
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Chapter &
RESULTS

Mouse Behavioral Data

Quantal Dose-Response Curve for the Initial Bshavioral Charge

Data obtained by Winslow (1981) on the effects of CO on motivated
behavior using the pole-jump apparatus, are reprinted in Table I, The
dose of a toxicant adminlistered during an acute {nhalation exposure is
commonly expressed as a concentration~time (CT) value; CT is the pro-
duct of the toxicant concentration in ppm, and the duration of expo-
sure i{n minutes. If the CT value adequately describes the dose of an
inhalant, then the CT at which a specific toxic response is observed
should be approximately constant. However, Winslow observed that CT
for the initial behavioral charge was not a constant. He suggests
that a better description of the dose at which the initial behavioral

responsa occurs is CTo‘a; the ccentration of CO is therefore of

0.3

greater import than the duration of exposure. The CT value

(listed in column 5) at which the behavioral response occurs will

itescaf ter be considered as the dose of carbon monoxide administered.
By definition, the initial behavioral change is an all-or-none

event, i.e.,, a quantal reaponse. Figure 17 is a frequency histogram

0.3

which relates the dose of CO, expressed as a CT value, with

regsponse, the number of individual mice exhibiting the initial behav-
ioral change at that dose. Arbitrary dose-increments were chosen such

0.3

that all animals responding within a CT range of LJ0 ppm~minutes

48
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Summary of Motivated Behavior Changes
Observed During Acute CO Exposures 1

Experimant inftial Time to Average Initial
] Behavioral Initial (CO] at Behavioral
Change Behavioral I-itial Changg
cT Change Benavioral ct9.
(ppm~ain) (min) Charge {ppn=-min)
(ppm)

M-24 7203 2.2 327% 4148
M~19 11866 5.5 2157 3597
08-3 10125 4.3 2230 3533
M=-20 11187 5.8 1929 3269
oB~6 9503 5.3 1793 2957
038~5 11544 7.0 1649 2956
M-18 10428 6.4 1629 2843
M-8 11792 8.4 1404 2659
On-8 11544 8.4 1374 2602
M=-17 11347 8.2 1384 2602
0B-9 6972 4.2 1660 2533
0B~7 10882 8.0 1360 2538
M-21 14043 11.6 1211 2526
M-12 5652 3.4 1662 2399
M=6 9500 7.2 1319 2385
08-2 8183 6.0 1364 2335
M-5 9000 6.9 1304 2328
M-16 13510 12.4 1090 2320
M=-15 15367 17.0 904 2115
M~7 3925 2.5 1570 2067
M-22 5433 4.5 1207 1895
M-.3 10360 12,3 842 1788
M~23 6832 6.8 1008 1786
0B~1 9830 12,0 819 1725
M- 14 9349 11.7 799 1671
M=-11 4181 6.0 697 1193

1l pata reprinted from Winslow, 198l,

Experiment #M~25 and M-26 were omitted since times to initial be-
havioral cnange and to loss of escape were not consistently rce~-
ported, precluding the determination of CT0:3 values,
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were grouped together, Thus, it can be seen that one mouse displayed
the initial behavioral change between carbon monoxide CT°’3 values
of 1000 to 1200 ppm-minutes, no mice displayed the initial behavioral

change between CT°'3

values of 1200 to 1400 ppm-minutes, etcetera,
rigure 18 is the quantal dose-response curve obtained by a cumula-
tive summation of the frequency histogram in Figure 17, This trans-
formation is described by Hewlett .. wd Plackett (1979), Tha curve is
the result of adding together the number of animals exhibiting the
initial behavioral change at or below a given carbon monoxide cr“"
value, and converting this number to a percentage of the total number
of animals tested (n = 26), The data ave presented in tabular form in
Appendix 1. The percent of animals responding at a given dose here-
after will be equated with the probability of response at that same
dose, 1If 80% of a test population rasponds at dose x, the risk or
probability that any member of the population will response at dose X

1s also 80% or U.8, provided the test population {8 an accurate sample

of the entire population,

One~hit, Probit, and Weibull Models Fitted to Initial Behavioral Cnange

2:1(_:__9_

Figures 19, 20, and 2l represent respectively the best-fit curves
of the one=hit, probic, and Weibull models to the quantal dose~
response curve generated in Figure 18 from the {nitial behavioral
cnange data. The best, least-squares fit of the one~hit and Weibull
models was determined by the PARAFIT program, To prevent an overflow

in the iterative program, it was necessary to divide the carbon
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monoxide 619'3 values by 1000 for thess two models, The maximum
1ikelihood fit of the probit wodel was determined by the method
described by Bliss (1938). The calculations involved in the fitting
of this prooit line are included in Appendix 2,

The equations of the best~fit curves for the models are summarized
in Table 11, For each carbon monoxide 619'3 value assoclated with
an observed probability of response from the Initial behavioral chamve
data (Appendix 1), an expected probability of respunse is calculated
using these model equations. The expected probabilities of response

as a function of carbon monoxide CTO'J

s for the one~hit, probit, and
Weibull models are given in Appendix 3, &4, and 5, Differences between
observed and expected probabilities of respunse were then analyzed for
each model, The chi-square value, a measure of the gooduness of fit of
the model to the initial behavioral charnge data, is reported in column
} of Taple LI,

The carbon monoxide CTO‘3

value associated with a probability of
lin 10% of the tnitiasl behavioral response occurring, {s determined
by extrapelation, The value predicted by each of the models as the
dose of CO corresponding to this very low risk, is listed in column <

of Table II.

Quantal Dose Response Curve for the Loss of Escape

The Jdata obtained by Winslow (1981) which relate loss of escape

pehavior as a function of carbon monoxide concentration and exposure

0'3

duration are reprinted in Table IlI. Again, the CT value pro~

vides a better description of the dose of CO, since the 010'3
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TABLE 111

Sammarv of Motivated Behavior Changes
Observe) During Acute CO Exposurss

58

Experiment Loss of Time to Average Loss of
¢ Escape Loss of [co) Escape
cT Lscape at Loss 60,
(ppa-min) (min) of Escape (ppm=-ain)
(ppm)
M=24 7203 2.2 3274 4148
08-3 11913 5.5 2166 3612
M=19 11866 5,5 2187 3597
(o] B 12924 6,5 1988 3486
OB-5 14387 8,2 1755 3299
M~20 11187 5.8 1929 3269
M-21 29286 24,0 1220 3165
0B=2 13361 7.9 1691 3144
M-12 9079 4.6 1974 J120
0B~7 15267 10.3 1482 2983
0B-6 9503 5.3 1793 29%7
M-18 10428 6.4 1629 2843
0B-8 13820 9.7 1425 2817
M-16 20138 17.1 1178 2761
M-8 13241 9.6 1379 2718
M-1l1 20497 18.6 1102 2649
M-17 11347 8.2 1384 2602
M=15 22074 23.2 951 2442
M=t 9500 7.2 1319 2385
M=5 9000 6.9 1304 2328
M- 3925 2.5 1570 2067
0B~1 14915 17.0 877 2052
M-13 15891 19,7 807 1973
M=22 5433 4.5 1207 1895
M=23 6832 6.8 1005 1786
M-14 9349 11,7 799 1671
*
1

Data reprinted from Winslow, 1981,

Experiment #M~25 and M-26 wers omitted since times to infitial be~
havioral change and to loss of escape were not consistently re-
ported, precluding the determination of crC.3 values,
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values corresponding to loss of escape are more nsarly constant than
are th» CT values,

Figure 22 represents the frequency histogram derived from the datas
in Table 111, The number of mice displaying the quantal response,
loss of escape, for each successive carboa monoxide c1°'3 increaent
of 200 ppm=minutes is plotted. The quantal dose=response curve
resultirg from the cusulative summation of this frequency histogram is
shown in Figure 23, The data points of Pigure 23 appear in tabular
form in Appendix 6.

One~Hit, Probit, and Weibull Hodels Fitted to Loss of Escape Data

The best=-fit curves of the one-hit, probit, and Weibull models
applied to the loss of escape data (Figure 23), are graphed in Figures
24, 25, and 26, The paramalers of the one-~hit and Weibull models were
deterained using the PARAFIT program; to prevent program ovarflow, the
ct®*3 values for CO were divided by 1000 befors fitting these func-
tions, The probit model was fitted by means of a maximum likelihood
estimation procedure suggested by Bliss (1933); the calculations re~
quired by this method are listed in Appendix 7,

The ¢quations which baust dcs;ribe ché best~fit curve for euch
model are given in Table IV. The expected possibilities of response,
calculated from the model curve equations as a function of carbon

nuncxlde,ﬂTg'J

, are given for the three models in Appendix 8, 9, and
10, The chi-square values, indicaiing the goodness of flt of the

model curves to the loss of escape observations are included in Table
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IV. The table also lists the extrapolated values of the dose of CO at

which a very low risk (1 in 100) of loss of escape is expected.

Rat Physiological Data

Effects of CO on Serum Enzyme Activities: Graded Response

Table V summarizes the mean serum asctivity levels of lactate
dehydrogenase (LDH), alpha~hydroxybutyrate dchydrnﬁanauc (HBDH), and
creatine phospnokinase (CPK), in rats two hours after 20-minute expo-
sures to various concentrations of CO ia air. The control group of
rats consists of seven previously untreated rats and seven sham-treated
rats, Sham-treated rats were restrained in the animal exposure chamber
for 20 minutes, during which time they inhaled room air. No statisti-
cally significant difference was observed between mean enzyme levels
of untreated and sham-treated rats (two-talled T test, 95% confidence
level),

Figures 27, 28, and 29 represent the graded response curves
generated from the data in Table V, The Iintensity of response (the
amount of enzyme present in serum) varies as a function of the dose of

0.3 0.3

CO, expressed as a CT value, The CT relationship was chosen

to express the dose of CO in order to maintain continuity with the
mouse behavioral data, However, for the purpose of measuring the
physiological regponses of rats to CO, the exposure duration was

0.3

always 20 minutes; since T is constant, CT is directly

proportional to CT.
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Figure 27

Graded Response Curve for Serum LDH 0.3
Activity as a Function of Carbon Monoxide CT °

Serum lactate dehydrogenase activity in rats, two hours after a 20

minute exposure to various concentrations of CO in air., Values plotted
ate mean + 1 standard deviation; n = number of rats in sample.
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Figure 28

Graded Response Cutve for Serum HBDH 0.3
Activity as a Function of Carbon Monoxide CT *
Serum a-hydroxybutyrate dehydrogenase activity in rats, two hours after a
20 minute exposure to various concentrations of CO in air. Values plotted
are mean + 1 standard deviation; n = number of rats in sample.
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Figure 29

U.3

Serum creatine phosphokinase activity in rats, two hours after a 20
minute exposure to various concentrations of CO in air. Values plotted
are mean + 1 standard deviation: n = number of rats in sample.
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Effects of CO on Serum Enzyme Activities: Quantal Response

In order to transform the graded response curves of Figures 27,
28, and 29 into quantal dose-response relationships, a response
criteria was established, The criteria chosen vas an increase in
serum enzyme activity greater than or equal to the nbserved mean con-
trol value + three standard deviations (Table V), Thus, an individual
rat would have shown a response to CO if {t had a post-exposure, serum
enzvme activity greater than or equal to 4 value of 58.4 mlU/ml for
LDH, 57.3 mIU/ml for HBDH, or 127,6 mIU/ml for CPK. The reasons for
this chofce of criteria are the following, Presumably, differences {n
serun enzyme activities of control rats are the result of normal bio-
logical varfability and not profvound differences in health, The range
of serum enzyme activities observed in the control sample will thus be
defined as normal, and values outside this range will be considered a
significant response. 1f serum enzyme activities in the healthy vat
population are distributed normally, then only 0,2% of the means of
equal-sized samples from this population would be expected to have
enzyme activities which fall outside the range of values given by the
mean + taree standard deviations, Also, none of the observed serum
enzyme levels of Individuals fn the control sample fell outside the
range designated by the mean + three standard deviations; this was not
the case if t!’xe mean + one standard deviation or the mean *+ two stan-
dard deviations was substituted for the response criteria.

Tables VI, VII, and VII1 summarize the results of quantal analysis
of the serum enzyme data using the response criteria, The enzyme data

is now exptressed o temms of the percent of the population responding,
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TABLE V1

Quantal Analysis of Incresses in Serum LDM Activity
Occurring {n Response to Carbon Monoxide

Experiment Carbon Number of Rats re ondtng* Probabflity
uonusigc ~—HuRber Of Pats %%i!da of Response
CTV.

(ppm~-ain)
C~4 2,95 x 103 3/11 0.273
c=5 6,42 x 103 7/10 0,700
C=b 10,31 x 103 9/10 0.900
C~1, C=2 12,46 x 103 6/6 1,000

* Response is defined as a serum LDH activity greater than or equal

to the mean control value + 3 standard deviatcions

v dsbn e ke -
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TABLE V11

Quantal Analysis of Increases in Serum MEDH Activity
Occurring in Response to Carbon Monoxide

Experiment Carbon Nusber of rats responding”  Probability
Honoxlgc Nosbet Of Faté tested of response
cr0.
(ppm-ain)
C~4 2,95 x 103 3/11 0.273
G=5 6,42 x 103 9/10 0.900
C=b 10,31 x 103 10/10 1,000
c-1, C=2 2,46 x 103 6/6 1.000
»

Response is defined as & serum HBDH activity greater than or equal
to the mean control value + 3 standard deviations
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Quantal Anslysis of Increasss in Serum CPR \ectivity

Occurring in Response to Carbon Monoxide

Experiment Carbon Number of rats responding®  Probability
mnmu.gc ““WullBe¥ OF Cats teésted of response
cr9,
(ppu-nin)
Cb 2,95 x 103 4/11 0,364
c~5 6.42 x 103 11/11 1,000
C-6 10,31 x 103 10/10 1,000
7/7 1,000

C-1, £=2 12,46 x 103

L ]

to the mean control value + 3 standard deviations

Response L{s defined a4s a serum CPK activity greater than or equal
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or the probability of response, as a function of the carbon monoxide
cr°’3, and can thus be applied to the theoretical, doss-response
models,

One~Hit, Probit, and Weibull Models Fitted to Serum Enzyme Data

The best-fit curves of the one<hit, probit, and Weibull models to
the quantal dose-response data for serum LDH (Table V1) ate plotted in
Figures 30, 31, and 32, respectively., Figures 33, 34, and 35 represent
the best-fit curves of these functions to the quantal dose~response
data for HBDH (Table VII), However, it did not seem appropriate to
apply these models to the quantal data for CPK (Table VIII). With
only one intermediate response rate observed (all other response rates
were 100%), the error in estimating the critical parameters iun the
model equations {s potentially very large,

The equations which describe the best-fit curve of each model to
the quantal enzyme data are given {n Table IX for LDH, and in Table X
for HBDH. Tables IX and X provide a summary of the goocdness of f£it of

each model, and the predicted carbon monoxide CTO'3

expected to pro~
duce a response rate of 1 in 106. Values of expected versus observed
response rates for each model fitted to both LDH and 'IDBH data, are
given in Appendix 11, 12, 13, 14, 15, and 16. Calculations involved
in the fitting of the probit model to the LDH and HBDH data are found

in Appendix 17 aand 13.
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zlcc:rucardio.raghtc and Respiratory Changes in Response to CO

Not enought replicate records were obtained to establish a dose~

response relationship for electrocardiographic or respiratory changes
as a function of CO, However, the following changes in these physio-
logical parameters were observed in individual rats, At » CT°'3 for
CO of 2950, an increase in heart rate of 18% relative to control was
observed, and a decrease in respiratory rate of 14% was observed. At
a c1°*3 for O of 6420, a heart rate depression of 16%, and a respi-
ratory rate depression of 19X was observed, At 4 CT ‘3 for Co of
10,310, a depression of 18% in the heart rate and a depression of 40%
in the respiratory rate occurred, At a CT°'3 for CO of 12,460,

heart rate depressions of 50 and 402 were observed, and a respiratory

depression of 77% occurred. Additionally, at a c10°>

8.3% lethality was observed, and at a CT°*3

of 10,310,
of 12,460, 14,8%

lethality ocecurred.
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DISCUSSION

As stated previously, the visk estimate procedure entails the

following; l
i, selection of an appropriate experimental bioassay

11, selection of a theoretical dose-response model(s), and
estimation of L{ts parumeters fronm data

111, extrapolation of experimental results to very low probnbiii-

ties of rewponse outside the experimentally observable range
of response, based on the best~fit equations of the theoret-
ical model(s)

iv. extrapolation of predicted response rates in animals at low
dose levels to man, by the aspplication of interspecies con~
version factors,

Each of these s%eps in the risk estimate process will now be addressed
in turn, as they pertain to the estimation of a VSD (virtually safe
dose) for man, based on the behavioral and physiological responses of
rodents to CO. '

The behavioral and physiological assays which were chosen and
tested with CO, Iincorporate a number of important features relevant to
risk estimation in their experimental designs, The assays provided
quantitative, dose-response data from two mammalian species and both
sexes at multiple dosages of Ca. Most importantly, these assays
utilized a number of sublethal toxic endpoints, thus providing a range

of toxic sensitivities.
85
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The theoretical dose=response models chosen to he fitted to the
dose~response data gensrated from these assays, are represantative of
the two general classas of theoretical models, tolerance distribution
and hit-theory mudels. The probit model, based on the assumption that
toxic thresholds are distributed normally in a population, has been
more Widely used than other tolerance distribution wodels. The one-
hit model is the simplest of hit-theory models, while the Weibull
model {s one of a number of gcaeralizations of the one-hit model. All
of the hit=theory models are derived from the assumption of no-thresh-
old, but the Weibull model fits data with an apparent threshold quite
wall (Carlborg, 198la). Additionally, this selection of theoretical
models represents a rarnge of conservatism, Since the rapidity with
which each model generally approaches zero rusponse differs, the pre-
dicted VSDs derived from the models will also differ, The one~hit
model is most conservative in this respect; the probit model and
Welbull model are considerably less conservative.

It 18 apparent from Tables II, IV, IX, and X (Results) that the
Weibull and probit models consistently provide good fits to both the
behavioral and physiological dose-response data, as determined by a
chi-square test, The one~hit model however, gives only a very poor
fit to any of the data sets, iﬁd will therefore not be considered any
further for the purpose of estimating human risk,

The VSD is by general consensus agreed to be the dose correspond-
ing to a response rate of 1 in 106, and is obtained by extrapolation
of the best-fit, theoretical dose-response curve below the experi-

aentally observable range of responses, By comparison, the VSDs for
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rodents derived from the probit model were more conservative than the
V8Ds derived from the Weibull model for all but une of the toxic
vesponses of interest (see Tables i, IV, IX, and X). 1n order to
complete the risk estimate process by extrapolating from thasse esti-
mated V8Ds for rodents to predicted VSDs for man, the biological fac-

tors which mediate toxicity must be considered,

Intaraspecies Variables that Afiect Tox’city

0f the many blological processes which influence the ultimate
expression of a toxic response, sbsorption, metabolism (whether de~
toxification or biodetivation), and elimination are generally very
important for acute, inhalation ioncokications,

During an innalation expufure, the amount of CO which can be
absorbed by the blood depends primarily on the amount of blood avail-
able, the diffusion capacity of the respiratory membrane for 0, and
the amount of CO available in the lungs during that time (Pace et al,,
1946)., The amount of blood available, or the toral blood volume,
varies directly with body weight in mammalian species (Sj3strand,
1902), The umount of CO available in the lungs is a function of
respiratory rate and tidal volume. The resting minute respiratory
volume (respiratory rate times tidal volume) for mammalian species is
approximately proportional to a power of body weight (Cuyton, 1947),
An experimental estimate of the respiratory diffusing capacity f{or CO

in rodents (mice) has recently been reported (Depladge et al., 1981)
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and when adjusted for body weight, iy the same order of magnitude as
the values observed for humans (Coburn et al,, 1963),

To estimate the relative rates of uptake of CO between two
manmalian species, Haldane (1893) therefore used the following
empirical relationship:

ratio of rates of CO absorpeion & ZREL0 Of body surface aress
rvatio of body weights
Since body surface area in mammals is propertional to the 2/3 power of

body weight, this equation reduces to:

ratio of rates of CO absorption & (ratio of body weights)~1/3

Thi. ielationship reflects ths dependence of the rate of CO uptake on
blood volume and minute respiratory volume, both of which vary with
body weight. By substituting into this equation, the aversge weight
of a mouse (,0375 kg) or rat (.250 kg) used in these studies, or a
ref arence weight of 70 kg for humans (TCRP, 1975), the following
interspecies conversions for the ratas of CO absorption are obtained.
A mouse will absorb CQ approxiwately 12 rimes faster than a human, A
rat will absorb CO auptoximatsly 6.5 times faster than a human,

Once absorbed, metabolic conversion of CO via oxidation of co,
is generally considered to occur in only negligible amounts in mammals,
although potential CO metabolism during acute CO intoxication is not
well studied. During prolonged exposure (4 days) to low concentratinns

(700-900 ppm) of CO, the slow disappearance of CO from the blood via
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oxidation has been observad in mice (Root, 1965), and has been simi-
larly raported to occur in man (Forbes et sl., 1945). 1In humans, fol-
lowirg {nhalation of large, single doses of radiclabelied CO, Tobias
and associates (1945) observed that less than 0.1% of the amount of CO
eliminated from the blood during the first hour post-exposurs was
oxidized to COZ.

The major route of elimination of CO from the body for all

mamnalian species is gas exchange via the lungs. Carbon monoxide {s
released from the lungs by diffusion across the respiratory membrane
once the partial pressure of CO in physical solution in the blood
exceeds the partial pressure of CO present in the alveoll (Forbes et
al., 1945). Thus, the same factors which govern the uptake of CO in
the blood are rasponsible as well for its removal, It is interescing
to note that the average carboxyhemoglobin (COHb) half~life of 250
minutes for man (Root, 1965) is approximately 11 times greater than
the average COlib half-life of 23 minutes for mice (Winslow, 1981),
This eleven-fold faster elimination of CO in mice relative to man is
consistent with the twelve-fold faster uptake of €O in wice estimated

previously,

Estimation of a Virtually Safe Dose of Carbon Monoxide for Man

Based on the preceding discussion, it is apparent that a conver=-
sion factor to account for interspecies differences in rates of (0
acsorption should be fncluded in the risk estimate process, Since

metabolism of CO, at the low rates generally reported for mammals, is

C -2
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expectud to be minimal durivg very brief sxposure durations such as
ware used iu these experiments, no conversion tactors for metabolism
will be applied, Aadditionally, slimination of CO from Lhe blood
should not occur to any substantial degree during the course of the
Acute axposure While CO (s b'ing continually supplied in the inspired
afr., Under these conditions, the amount of CO in solution in the
blood should eventually come to an equilibrium which would not dimi-
wimh signiticantly until the CO supply in the i{nspived air was de-
crasved or stupped. In the case of the mouse behavioral assay, both
toxic endpoints Juvelop during the course of expozure while elimina-
tion of CO from the blood Is not an lmportant consideration, However,
avan though the serum enzyme responses are measured two hours post-
axposure, during which time a large portion of CO is unduoabledly
eliminated, they are presumed to be an index of the {rreversible
cellular domage {nftiated during the acute expusure period, The
appearance of these anzymes in extracellular fluids following CO expo=
sute is a time~dependent phenomenon (Penney and Maxziarka, 1976) and
serum activity levels continue to increase for several hours post-
exposure, Jdespite lame decreases (o blood CO concentration during the
Aame time period.  Therelore, no conversion factor for elimination
will be applied in the risk estimate to follow,

The iaterspecies conversion factora for relative €O absorption
ratew ?epta#enc a4 time factor, and as such, must be vaised to the 0,13
power to maintain consistency with the CTO'3 units in which the
rodent VSD estimates are expressed. The 12 times faster uptake of €0

in mice versus man becomes a factor of 2.1: the 6,5 times fastor
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uptake ¢f CO in rats versus man becomes a factor of 1.8. 8ince the
faster rates of absorption of CO in the rodent species imply greater
sensitivity at equivalent CO ¢xposures, these factors sust be multi-
plied by the appropriate rodent VSDs to arrive at cstimaces of V3Ds
for man. The resulting prédicted V8Ds fo! man basad on each of the
toxic respunses of interest are summarized in Table XI,

Additional safety factors to allow for interindividual varlability
in CO uptake and seusitivity would necessarily be considered for the
purpose of estahblishing regulatory guldelines, However, for the pur-
pore of examining how well human risk estimates extrapolated from
behavioral and physiological responses in rcdents correlate with
avajilable data cn human responses to CO, no arbitrary safety factors

were included in the predicted human VSDs,

Comparison of Predicted Human VSDs with Acute Respunses to 0O {n Man

Only 3 few quantitative studies of the acute effects of €O {n
humans are avilable at the range of CO —concentrations in which the
rodent tests were conducted (i.e., 700 ppm and greater), It is [mpor-
tant to consider only similar acute CO expusures in man since there is
evidence that the rate of CO saturation in the blood affects toxicity.
Plavovd and Frantik (1974) compared the motor performance of rats at
equivalent COHb lavels which were reached unaur different exposure
conditions, Rats exposed to 700 ppm of CO ’or 30 minutes developed a
COHb level of 19,6% and displayed a decrement in motor performance of

o0%, while rats exposed for 24 hours to 200 ppm of CO developed a
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TABLE XI

Estimated Human VSDs for Single, Acute CO Exposures

92

Toxic¢ response

Predicted VSDs for man estimated
from toxic responses in rodents

fitted tot
Waibull Propit
model wode 1
cr0.3 ~ 0.1
(ppa-min) (ppm=-min)
Initial behavioral charge 1558 1214
Loss of escipe 2400 1707
Serum LDH activity > mean 967 105
control value + 3 8.0,
Serum HBDH activity > mean 9%1 979

control value + 3 §,D.
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slightly higher COHb of 22.8X, but displayed a decrement in motor per-
fommance of only 33%. Although the COHb levels did not differ signi-

ficantly in either case, the CT 3

values for exposures were dif-
ferant, The cr”*’ value for CO assoclated with greater decrement in
motor performance is 1942, while the lesser decrement was observed at

a CT°'3

of 1772. Seppidnen and associates (1977) similarly suggest
that the rate of COHb saturation i{nfluenced the sensitivity of a test
of visual perception in humans.

The human studies reported in the literature which involved CO
exposures of 700 ppm or greater are summarized in Table XII, The
first five studies were conducted at average levels of CO esquivalent
to those tested ln the mouse behavioral and rat physiological assays.
One of the studies (Pace et el., 1946) was intended as a CO absorption
study for the development of an equation for the rate of COHb forma-
tion, Unfortunately, no subjective or objective tests of toxicity were
conducted or reported, although presumably the CO exposures tested were
survivable under the experimental conditfons given. The last two
studies were vonducted at exposure concentrations of CO up to 10 fold
greater than were tested in the rodent assays, These exposures were
of a necessarily short duration, usually less than 2 minutes.

It is apparent from the predicted VSDs for man reported in Table
X1, thit the rodent Jassays present a ramnge of sensitivities to the
effects of CO., Intuitively, one would expect to see a progression
from cellular injury (enzyme release) to 8 moderate psychomotor change
(initial behavioral change) to a severe psychomotor deficit (loss of

0.3

escape), as the carbon monoxide CT value increases. The VSDs



il

(6961) **T® 33 saxhy, i(glei) ‘"1¢ 33 1aEmalsy

UolIN[MeTIs D jdaausipe
sa[qursa3 ‘ucjidensuod Cp pur *indino Jwip
~-3¥3 ‘uOIIT}IUIs IINUIE Bl ISeIIM] JuedIjudys

$27438 [WI> Poolq uF sITueyd ou Ipa1Isqo S271}
~(Puaouqe 903 30 D37 IWEDIJIUIIE on I, WIEPRIH g

£13a139% Fjviapoe FuiInp uUOISTZUGDH

pur ‘voysia pus Bujivany 1OuTISIpul ‘Bujiekiels

‘squiy yeon :Miisaa voyn eIwdiadiy pur WOEpENY
Moyl 132e{qns 1 0 samnsodxd iviedIT UIAIG ¢

Apnis woridiosqe oy fpaizodax

s e

95
h\

9

-y

sjuayled
pazfaa3aylen
Qe paEl;

82
ye sioafqng

AY1IAydoe I3
~Japow 10 1833
3T eL4ang

[3A37 € uc
2uixien 10 159X

£3321%x03 jJo saznssam 2a]302{q0 10 IAFID[qns O, w2z 3e s3vafgng
IyIraiq SINCIS-2uh A 31831
{PUOCISRIIC ISIIEPEIY [RIUOI] IIIAIS a«nn«nnuuua—m Y 1% s322{qng
SHIAEILS [PNSIA ¥ 01 UOTIDEIL 1531
1010m0yoAsd jo pamds Ul WINIIVIP u:ﬂUumuuu«wm 0z 1e s3oalgng
0 43ja 270ws20)23d up sded 30 sasdep [rucll
~UPIIT O PUF ‘INT[IEEUN ST (ST UMA (O YIa
sasuodaal 332130507 II0M JO BWOIISIBIny Ixsel olum 18932
-oqoksd xa1dec> ujp alueyd juedyjyrudys Ajpeurfaey ur e s19a{gng
$302{qng sSUGYIIPUOT
asuvodsay 3O IIMWOK aansodxyg

oo s 2 —

DRIGINAL PAGE I8
DF POOR QUALITY

A

saansodxa ( inot 01 Isuodsal uewny 1o eiep 1o AJvemns

ot s o

-

$(c6Q1) EPTTR, *(9961) “*T¥ I3 9oed, 1(I761) WISIIPUIK, 1(L161) Aduerdy; ELGT) PURLAVITH,

- .

- - -

FDERIES EPE D

A e e e e oo

ICfe - £19%gn

(00 - CELT

6S7 °TT - 9%0¢
€16y ~ [69C
LIve -~ TRiT

7414

Boa7 X0 LAY

-
¢* CO?. i€
o1 nnu*cg
01 03
SL* GOt
nel 05T
I3 Gl
L 4 nozt
oL ouli
3 L2 §
¢l GGE
0001
o3
0% 008
LY GCF
09 53173
Aax@w
fugm) 44
e 141 3Te 198y
i1X JTE¥L

-

xwwasaaav
- ¢.5 aanendyg
IpTroucy UvCqIE]

St e ) S b 04



MALPAﬂ'
OF POOR QUALITY

predicted for man on rhe basls of the rodent data reflect this rela-
tionship; the VSD derivad from changes in serum enzyme activities is
lover than that for the inftial behavioral change, which is {n turn
Llower than the VSD estluated from loss of escape, A rarge of toxic
sensitivities can also be observed in the humsn data reported in Table
XIT, although the toxic responses repovted differ qualitatively €rom
those measured in the rodent assays,

The highest VSD estimate for zan (cr°’3 = 1500) which was
obtalned using the Welibull cucve for the loss of escape {n mice (Table

X1), is about the same as the C'r‘o‘3

value at which McFarland [1973)
reports 4 marginally significant charnge in a complex pavchomotor task
fn humans (Table X1I)., The puychomotor task tested {n McFarland's
study consisted of two superimposed tasks; one required pressing an
appropriate foot switeh {n response to one of two lights, and the
other required pressing approptiate fimgur switches in respouse to one
of six lights.

By cumparison, the highest estimated VSO of 2400 (CT ) might
appedr too conservat{ve with respect to the last two human studies in

Table 11, in which GT0‘3

values for CO of frowm 35,600 to 61,577

were toletated, However, there {s an important difference in the
exposure conditions for the mouse behavioral assay versus the exposure
conditions for the majority of the human astudies, In the fomer case,
the mice are free-ruaning and must perform coordinated motor tasks

(pole~jumps) under stressful conditions (Winslow, 1981); in the

latter, human subjects are usually at rest,
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In mammals, the minute respiratory volume is sensitive to both

stress and amount of activity or work. The minute volume may increase
- by three fold with light work (walking on a level) and up to five fold
under conditions of heavy activity (slow jog trot) (Forbes st al.,
1945), Since increasing the minute respiratory volume proportfonally
increases the rate of CO absorption (Pace et al., 1946, Forbes et al.,
1945), subjects at rest would not absorb as much CO as active or
stressed subjects at equivalent CO exposures. Therefore, subjects at
rest could tolerate higher carbon avnoxide CT°'3 values without
apparent toxicity, Escaping from a fire environment would undoubtedly
invol e some degree of stress and activity; the predicted VSD for CO
should therefore be conservative enough to take this factor into
account, Even greater conservatism would be afforded by using the
probit model VSD for loss of escape, or the VSDs predictad on the
basis of the initial behavioral change or enzyme release.

Since the VSDs have been expressed as CT°'3

values, the concen~
tration of CO which would be virtually safe for a given length of time
can be calculated, For example, for the loss of escape VSD of 2400
ppm-win, one would predict that an exposure of 2400 ppm of CO for 1
minute would be virtually safe, as would an exposure of about 1480 ppm
for about 5 minutes, 1200 ppm for 10 minutes, etcetera. Such calcula-~
tions are necessary when considering the toxicity of combustion expo-
surcs where the amount and type of toxicant generated as wall as how
’rnpidly it 18 evolved varies,

Interestingly, Book (1982) has recently suggested a procedure for

scaling the acute lethality of inhalation exposures of nitrogen
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dioxide (uoz) observed in animals to man, Book found that the expo~
sure durations anu NO, concentrations associated with lethality
frequency data from 5 animal species, mouse, rat, guinea pig, rabbic,
and dog, wers best described by power functions ramging from cr°'2‘

to 010‘3. The average value chosen by Book, cro’za

» to express

this relationship for man is in good agreement with the CTD'S rela-
tionship established by Winslow (1981) for CO. Additionally, a linear
relacionship was observed for thess 3 species between the averige
minute respiratory volume multiplied by the CTO.ZB value for uoz
lethality for each species, and aversge body weight. On this basis,
Book predicted the 070.28 value for No2 lethality in man would be
2.1 fold greater than that for mice, and 1.5 fold greater than that
for rats, These values are in good agreement with the interspecles
convarsion factors of 2.1 for mic? to man, and 1.8 for rats to man,

used earlier in this discussion to predict carbon monoxide V8Ds for

man,

Applications of Risk Estimation for Combustion Toxicology

Estimation of the toxic hazard to man of a fire atmosphere clearly
involves two aspects; whether the toxic exposure i{s survivable hy vir-
tue of baing escapuble, and whether survivors sustain significant
sub~lethal injury.

Winslow (1981) has discussed the utility of the pole-jump response
as an index of psychomotor functions important for survival in a fire

atmosphere. The estimation of VSDs for man based on loss of escape



I .
bahavior in rodents, for individual combustion components such as CO,
is one way of assessing the potential toxic risk to survival in
complex fire atmospheres.

Obviously, survival i{n fire stmosphere does not fmply that no
toxic injury is sustained., From the predicted human VSDs given in
Table X[, it is apparent thai at CO exposures not expected to affect
escape capability, significant cellular injury, mseasured by cellular
enzyme release, and early psychomotor changes may occur. Whether the
early psycnomotor changes observed in mice would manifest themselves
in humans as qualitatively equivalent behavioral responses is {mpos-
sible to determine. Also, the rvelevance of these responses, (cellular
enzyme release and initial behavioral changes) with respect to whether
thuy represent significant, irreparable injury, is an area for further
investigation,

Clearly, risk estimation {s an ongoing process. As further infor-
wiation about the toxic mode of action of acute CO in humans or hizher
mdmmals becomes available, risk estimates must be modifled and continu~
ally fine-tuned, Until such Lnforul:ibn becomes available, predictions
of potantial toxic hazard for mao necessarily involve some assumptions
about the equivalence of toxic responses betweeen mammalian species,

tnat may later prove fnvalid,
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CONCLUSIONS

Quantal dose-response data for the acute toxic effects of carbon

monoxide, obtained from a behavioral assay in mice (Winslow, 1981) and

from & physiological assay in rats, vere fitted to several theoretical

wodels currently eaployed for risk estimation, " extrapolation of

these models to low response rates (1 in 106). and the application

of {nterspecics conversion factors, a virtually safe dose of CO for

man for several toxic endpoints was estimated. Observations regarding

the utility of the risk estimate approach for prediction of the acute

toxic hazard of CO, are the following:

L

The probit and Weibull models consistently provided the best-
fits to the dose-response data for CO., The probit wodel is
based on the assumption that a distribution of toxic thresh-
vids exiwts, while the Weibull model will fit data with an
Jpparent threshold, Since the acute effects of CO are non-
stochastic in nature, a threshold would be expected. In
Jeneral, the probit model provided more conservative estimates
of virtually safe doses than did the Weibull,

The one-nit model provided an extremely poor approximation of
the dose~response data for CO, The model iz much too conser=s
vative (i,e., it approaches zero response too slowly) to be of

use for the prediction of veliable risk estimates for CO in

wan,

929
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The behavioral and physiological endpoints utiliszed in the
vodent assays represent a spectrum of toxic sensitivities,

The Viia estisated on the basis of rhase vesponses reflect
this. Callular injury and moderate behaviorsl changes say
oceur at virtually safe levels determined for escape
capability,

By comparison with available data on human responses to CO at
concentrations equivalent to those used in the rodent tests,
it appears that even the highest predicted VSD in this study
has been reported to produce only marginal change in a complex
psychomotor task in man, The predicted VSDs however, may not
be overly conservative in light of the fact that tusts of
human cesponses to CO were generally condiicted while subjects
are at rest, When subjects are active or strossed, as wis the
case for the mice in the behavioral assay, increased upt.ike of

CO results in greater expression of the toxic eifccts of 62,

Several areas for further investigation suggest thomselves to

Increase the reliability of the risk estimate procedurc as It has been

employed in this thesis. These include the following:

1,

Testing of the acute effects of CO at similar exposure concen-
tratione and durations in other mammalian animai species for
responses that are qualitatively equivalent to the bchavioral
and physiological endpoints wmeasured in these studies, Confi-
dence in interspecies extrapolations of toxicity is {ncreased
when data from more than one species are avallable for compari-

son of the way in which the mean species cr°'3 assezfated
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with a toxic response, relates to such variables swin as mianute
volume, blood volume, and body weight, as Book (1982) has done
Lov noz.

Investigation in animals of the significance of the selectsd
toxic endpoints, particularly cellular enzyme release; do they
represent lasting alterations in structure or function, and if
not, at what level do they become significant? 1t is apparent
from the graded dose-response enzyme dats in rats, that
increasing levals of these enzymes are observed as carbon
monoxide CT°‘3 {ncreases to levals where significant com-

promise of physiological function and desth may occur,
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APPENDIX 1
Quantal Dose-Response Data : Initial Behavioral Change .

Carbon Monoxide cr°'3

(ppm-min) Probability of Response
1000 0.0000
1200 0.0385
1400 0.0385
1600 0.0385
18¢0 0,1928
2000 0.230F
2200 0.3077
2400 0. 5000
2600 0.6154
2800 0.7308
3000 0.8462
3200 0,8462
3400 0.8846
3600 0.9615
3800 0.9615
4000 0.9615

4200 1.0000
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APPENDIX 2
Probit Line Analysis® of Initial Behavioral Change Data
Log Dose Fmpirical Expected Corrected Wuight
(%) Probit2 Probit Probit (w)
)
3,000 - 1,912 1.613 0,286
3,079 3.238 2,554 4.173 1.456
3,146 3.238 3,098 3.260 4,004
3.204 3,238 3,570 3.1 7.592
3,255 4,130 3.984 4,142 11,232
3.301 4,264 4,358 4,263 14,222
3,342 4,499 4,691 4.50% 1%,990
3,380 5,000 5.000 5,001 16,567
3,415 5.292 5,284 5,292 16.068
3,447 5,616 5,544 5.614 14,872
3,477 5.019 5,788 5,998 13,156
3.508 h. 019 6.015 RUL 11.232
3.531 6. 200 6,226 6,199 u, 360
3.556 6,774 6,430 6.6 7,592
3,580 0.774 6,625 757 LIRRTA
3,602 6,774 6,803 b 774 . HRO
3,623 - 6,974 7.394 3,588
1

2

Method described by Bliss (1938)

Obtained from Fiuney (1952)
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APPERDIX 2 (continued)

10

- ——

Constants vomputed from the data:
L w= 157,846

Eowk = 537,85

L owy = 829,192

X = J.a0e

vow 5,243

lule = 2,358

wxy ! = 19,142

b= BoI5

B - Ppe— - ————

Vet o, il b

s JEE
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Expected Probabilitivs of Responze from One-iit Muodel
Fitted to Initial Behavioral Change Data

Carbon Monoxide 6T0‘3
o Sppmemin)_  FExpected Probability of Response

1on 0,288
2y {1, 1)a4
Taid AR EAE
oo VVERIT
18 0,454
NUIR 0,486
RALY 0, 800
S0 NI
Jang LR D]
SRON 0,607
0y 8 Y
tnn 0, b5n)
L) 6781
LIS 0, £99]
IR {, 7188
SRR 0,73
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Expectaed Probabilities of Response from Probit Model
Fitted to Initial Behavioral Change Data

Carbon Monoxide GTO'3
(ppm-min) Expected Probability of Resgonse
1000 0.001
1200 0,008
1400 0.031
1600 0.082
1800 0.164
2000 0,273
2200 0.394
2400 0.516
2600 : 0,628
280 0.721
1000 0,747
3200 0.855
3400 0,848
Jeto 0,930
B0 0,957
4000 0,968

4200 ; 0,978
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APPENDIX 5

Expected Probabilities of Response from Weibull Model
Fitcted to Initial Behavioral Change Data

Carbon Monoxide ¢T3
_(ppm-min) Expected Probability of Renponse
1000 0.0059
1200 0,0172
1400 0.0388
1600 0.0756
1800 0.1332
2000 0.2158
2200 0.3246
2400 0,4549
2600 0.5958
2800 0.7308
3000 0.8432
3200 0.9225
3400 0.9686
3600 0.9900
38060 0.9976
4000 0.9996

4200 1,0000
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APPENDIX 6

uantal Dosc-Response Data

Carbon Monoxide CT

0.3

3
s

Loss of Facape

ippr-min) Probability of Respunse
1600 0, O
LT 0,0/648
2000 0,158
Jaoe 0. 2108
2a10 0, 3027
Je00 0, Jan?
L8500 0, 5000
oo 0. 6538
1200 0, o
Te) O, R,
L) (AR R
IR 0, a6l
MRIAN O, 9814

FRRY

bLanpe

108
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N A ol

0
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LN
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3,255

*

Lam
R B B
3,380
J.alsb

3,504
3. N
3. 550
35RO
3,00

3623
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Probit Line ﬂﬂalylill of Loss of Escape Data

Empiricgl Expected Corrected Weight
Probic= Probit Probit {w)
(v
- 2, 5% 2100 1.450
3.428% 3.0M 1. 870 1.8493
3,98 3,587 4123 7510
4,04 J.un2 2. 300 11,202
54,499 4.378 4,50 14,369
W, 604 %, Ta0 a4, 00} lo.136
5,00 5.072 5.000 10.%10
5, 340 £.311 5, Win 1%, 694
5. 736 S,673 5. 734 s, 027
pa (1Y 5,943 6.0 11.91%
Bl 6,203 6,397 J, 628
0T 0as) b, 04 LA
O o, bEY b e A, 895
- b, 894 7.33% waitld

Wiethod deseribed by Bliss (1938)

¥
"Obtained from Finney (1930
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APPENDIX 7 (continued)

110

Constants computed from the data:
Lwew 139,352
T wx = 481,382

f 4 |

wy = 734,347
X W 3,4%
y = 5270
lwx?] = 1,250
lwxy] = 12.108
b~ 9.683
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Expected Probabilities of Response from One~-Hit Model
Fitted to Loss of Escapse Data

Carbon Monoxide CT°*3
{pom-min) Expscted Probability of Responge
1600 0.3780
1800 0.4139
2000 0.4477
2200 0,4795
2400 0. 5095
2600 0.5378
2800 0.5644
3000 0.5895
3200 0.6132
3400 0.6355
3600 0,6565
3800 0.6763
4000 0.6949

4200 0.7125
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Expected Probabilities of Response from Probit Model
Fitted to Loss of Kscape Data

Carbon Monoxide CT°‘3

() Lt} Lxpected Probabilicy of Response
1600 0.016
1800 0.048
2000 0.112
2200 0.207
2400 0,326
2600 0.4%56
2800 0.579
3000 0.687
3200 0.776
3400 0,844
3600 0.895
3800 0.931
4000 0.955

4200 0.971
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Expected Probabilities of Response from Weibull Model
Fitted to Loss of Escape Data

Carbon Monoxide c10*3
(ppm-min) Expected Probability of Response
1600 0.0363
1800 (. 07006
2000 0.1215%
2200 0.1920
2400 0.2834
600 0,34915
<B00 1,514
3000 O, 6020
wo N, 7530
3400 0.8533
3600 0,0222
3840 0,9047
S UTY 0. 9867

w20 0.99%9
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APPENDIX 11

Expected Probabilities of Response from One-Hit Modsl
ritted to LDR Serum Enzyme Data

Carbon Monoxide c19*3

e {ppE-u1N) Probab ssponge
2.95 x 10° 0.491
6.42 x 10° 0.770
10.31 x 10° 0.90%

12,46 x 10° 0,942
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APPENDIX 12

Expected Probabilitias of Response from Probit Model
ricted to LDH Serum Enzyms Data

Carbon Monoxide cr°‘ 3

(ppm-min) Expected Prohability of Response
2.95 x 10° 0.257

6.62 x 100 0.729

10.31 % 10° 0.915

12.46 x 10° 0.954
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APPENDIX 13

Expected Probabilities of Respouse from Waibull Model
Fitted to LDH Serum Enzyme Data

Carbon Monoxide 070'3
(ppm-min) _Expected Probabjlijty of Response
2.95 x 10° 0.2784
6,42 x 10° 0, 6949
10.31 x 10° 0. 9224
12.46 x 10° 0.9688
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APPENDIX 14

Expected Probabilities of Responie from One-Hit Model
Fitted to HBDH Serum Enzyms Dats

Carbon Monoxide cr” 4
ggmy\) Expected Probability of Response
2.95 x 10° 0.491
6.42 % 10° 0.770
10.31 x 10° 0,905

12.46 x 10° 0,942
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Expected Probabilities of Response from Probit Model
Fitted to HBDH Serum Enzyme Data

Carbon Monoxide cr°'3
(ppm-min)_ Expected Probability of Response
2,95 x 10° G.26)
6,42 x 10° 0,915
10,31 4 10° 6.995

12.46 x 10° 0.999
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APPENDIX 16

Expected Probabilities of Response from Weibull Model
Fitted to NBDH Serum Enzyme Data

Cardbon Monoxide ¢T°’3
{ppr-uin) Expected Probability of Response
2.9% x 10° 0.2710
6.42 x 10° 0.9016
10.31 x 10° 0, 9996

12,40 x 103 1,0000
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Probit Line Analysis' of LDN Serum Enazyme Data

log Duse Empirical Expected Corrected Weight
{(x) Probicd Probit Probit (w)
(y)
1.0 4,398 4.9 4,.W? s.108
SIS 3824 5,528 5. %4 35, %al
», 11 b8 6. 218 6,20 1.0d4
A 000 - 4,497 7.01ea 1.61%

Wbt oV

sty PR B N A AR 3 - Wbt

Coustants vomputed from the vata:

w l1.0u

b4

WX o« 042N

Lo

s

wy s 92 1)
X w )28
¥oe e
o2 ,
wxT] om0 96

» + .
LWRN, = 3 N8

ho» 3,733

- ——

o et e 4 - o S s s sl v R . Tty

Sothod described by Bliss (1938)

¥
“Ubtained from Finney (1942)



ORIGINAL PAGE 18 121
OF POOR QUALITY
APPENDIX 18
Probit Line Analynill of HBDH Serum Enzyme Data
Log Dose Eapiricil Expected Corrected Weight
(x) Probit Probit Probit (w)
, (y)
3.470 4,396 4,396 4,396 6.137
3.808 6.282 6.282 6.281 J.a28
4,013 - 7.425 7,792 0,581

4.096 - 7.588 8.204 0.117

Constants computed from the data:
I we= 10,263

Lwg = 37,162

L wy = 54,002

x = 3,621

Bmy = 2.182
b= 5,946
1

“Method described by Bliss (1938)

20bta1ned from Finney (1952)
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