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Most proposed replacements for Halon 130 1 as a hre suppressant are halogenated hydro- 
carbons The acute toxic endpoint of concern for there agents is cardiac sensibzalion An 
approach is described that links the cardiac endpoint ds assc~sed in dogs to a target arterial 
concentrabon in humans Linkage was made using a physiologically based pharmacoki- 
netic (PBPK)  model Monte Carlo simulabons, which account for population vaiiability, 
were used to establish safe exposure times at drfferent exposure concentrations for Halon 
1 KIT lbromotiifluoromethane), CF,l (trifluoroiodomethane), HFC- 125 lpentafluoro- 
ethane), HFC-227ea ( I ,  1,1,2,3,3,j-heptd~uoro~r~ne), and HFC-236fa ( I ,  I ,  I ,  3,3,3- 
hexafluoi opropane) Application of the modeling technique described here not only 
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makes use or the consemdri\ e c aidiai sensitization ciidpoint, but a h  uses an iinder- 
standing of the pharmacokinetics of the chemical agents to better establish standards 
for sdfe expoturf IhP combined ,?pp/ication of cardiac seii5ibzdii0ii ddtd and physio- 
logically based modeling provides a quantitative approach, which can facilitate the 
selection and effective use oihalvn replacement candidates 

Many, i f  not most, of the proposed replacements for Halon 1301 (bro- 
motrifluoromethane) in fire suppression applications are halogenated hy- 
drocarbons. As a group, acute exposure to the halogenated hydrocarbons 
has been associated with the ability to reversibly increase the sensitivity 
of the heart to epinephrine (Reinhardt et al., 1971; Mullin et al., 1979). 
Consequently cardiac sensitization has been of keen interest to regulatory 
authorities for setting guidelines for human exposure to these agents 
because the use of these agents involves potentially acute high concentra- 
tion exposure. Vinegar and Jepson (1 996) outlined a procedure for setting 
exposure limits for halon replacement chemicals using physiologically 
based pharmacokinetic (PBPK) modeling to predict blood levels associated 
with the potential onset of a cardiac sensitization response. The approach 
outlined by Vinegar and Jepson links the laboratory data that are generated 
from a routine cardiac sensitization toxicity test in dogs to relevant events 
occurring for humans exposed to potential cardiac sensitizers. 'The low- 
est-observed-adverse-effect level (LOAEL) for cardiac sensitization in bea- 
gle dogs is  determined by inhalation exposure to the chemical of interest 
and challenging intravenously with epinephrine levels well above physio- 
logical levels. Therefore, the test is  considered conservative and the result- 
ing LOAEL i s  used without any correction factors. The epinephrine chal- 
lenge is given 5 min into the exposure. That the effect is due to the peak 
concentration of chemical rather than area under the curve (AUC) has been 
established (Reinhardt et al., 1971 ). Thus, the arterial concentration at 5 
min is the target arterial concentration or dose metric that is associated 
with the potential for cardiac sensitization. Different exposure concentra- 
tion scenarios can then be modeled using the PBPK model. The time re- 
quired for an arterial concentration to reach the LOAEL target arterial con- 
centration could be considered the safe (i.e., protective) exposure duration. 

Variability in human physiological parameters should be considered 
in determining safe exposure times. Others have used Monte Carlo simu- 
lations to describe the effect of interindividual variability on the output of 
PBPK models (Bois et at., 1991; Bois & Paxman, 1992; Clewell & Jarnot, 
1994; Cronin et al., 1995; Farrar et al., 1989, Hetrick et al., 1991; Portier 
& Kaplan, 1989; Simon, 1997; Spear et al., 1991; Thomas et al., 1996a, 
1996b; Yang et al., 1995). However, none of these studies involved pre- 
dicting short-term (0 to 5 min) effects. This article describes the methods 
developed for determining short-term safe exposure times for halon 
replacement candidates using Monte Carlo simulations to account for vari- 
ability and presents the results for Halon 1301 (bromotrifluoromethane) 
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and four potential replacement chemicals: CF,I rtrifluoroiodoniethane), 
HFC-125 (pentafluoroethane), HFC-227ea (1,l , I  ,2,3,3,3-heptafluoro- 
propane), and HFC-236fa (1 ,I ,1,3,3,3-hexafluoropropane). 

METHODS 

Target Arterial Concentrations of Chemical in Blood 

Arterial concentrations measured at 5 min in dogs exposed to the 
LOAEL concentration served as the target arterial concentrations for mod- 
eling a safe exposure for humans. Out of a group of dogs exposed to each 
chemical, the lowest measured 5-min value was taken as the target arterial 
concentration for use in modeling human exposure. The target arterial con- 
centrations used were: Halon 1301, 25.7 mg/L; CFJ, 12.9 mg/L; HFC-125, 
47.8 mg/L; HFC-227ea, 26.3 mg/L; and HFC-23fifat 90.3 mg/L (Huntingdon 
Life Sciences, 1998). 

Physiologically Based Pharmacokinetic Model 
The human PBPK model used in this work was described by Vinegar 

et at. (1998) and differs from the more traditional PBPK model in that it 
includes a respiratory-tract compartment containing a deadspace region 
and a pulmonary exchange area. It was used successfully to simulate the 
pharmacokinetics of halothane, isoflurane, and desflurane, which are 
structurally similar to many of the chemicals being considered as halon 
replacements. The pulmonary exchange area has its own airspace, tissue, 
and capillary subregions. Respiration is described on a breath-by-breath 
basis. This more detailed lung description was necessary to successfully 
simulate pharmacokinetic data in the 0 to 1 min range as illustrated for 
halothane (Vinegar et al., 1998). Additional physiological compartments 
described in this model are liver, fat, lung, gut, and slowly perfused and 
rapidly perfused tissues. All model compartments arc perfusion limited 
and metabolism, if present, is  assumed to occur in the liver. Tissue vol- 
umes, blood flows, and ventilation rates for humans are shown in Table 1. 

Chemical-Specific Model Parameters and Values 
Blood/air partitions were measured using human blood. In some cases, 

human tissue partition coefficient data were available, and in others only 
rodent data were available. Rodent metabolic rate constants were avail- 
able for these chemicals, but none of them had human metabolism data. 
The assumption made for this work was that rat metabolism data can be ex- 
trapolated to humans using allometric scaling ([body weight]' 75). Variance 
from this assumption does not impact the work here because (1) this group 
of chemicals shows as a general characteristic extremely slow metabolism 
(Creech et at., 19954 1995b; Vinegar et al., 1995) and (2) metabolism has 
not demonstrated an effect on these short-term (5-min) simulations even 
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rABLE I. Parameter distributions for Monte Carlo dndlysis 

Upper Lower 
Parameters Medns CV bound bound Distribution 

P1dsm.s ilows ifraction of cardiac output) 

C-ardtac output WhAg ) = QPC 

..... ....... 

QPC Alveolar ventilation IUh/kg\ 1 7 4  0 8  Lognormal 
QCC 
QFC Fat 0 079 0.30 0 042 ll.016 Normal 
QCC Gut 0219 0 33 0364 0 075 Normal 
QLC Liver 0 089 0.32 0.147 0 030 Kormal 
QSC Slowly perfused tissues 0.202 0 3 0  0384 0.020 Normal 
QRC Richly perfuwd tissues = 

1 0-  QSC-QLC - QFC - QGC 

Tissue volumes riraction of body weight, 
61%' Body weight (kgr 70 0 2 6  97.3 42 7 Normal 
VFC Fat 0213 0 24 0.109 0.022 Normal 
VGC Gut 0022 0 1 5  0035  00088 Normal 
VLC Liver 0027 0 2 5  0043 0011 Normal 
VKC Richly perius~d tissues 0041 0 3 0  0066 0016 Normdl 
VSC Slowly perfused tissues = 

0.88 - VFC - VCC - VLC - VRC 

Note Mean values taken from Davis and Mapelson (1981) and Williams et at (1996). Coefficients 
of variation taken irom Thomas et al (1 996a) 

when moderate levels are incorporated into the model. Metabolism for al l  
chemicals was set to zero except for CF,I, where the maximal velocity 
constant q,,,,,,, = 0.375 for an allometrically scaled 1 .O-kg animal and the 
Michaelis-Menten constant KM = 0.1. Partition coefficients were deter- 
mined using a modification of a described tonometry method (Egcr, 1987; 
Lerman et at., 1985, 1986) and appear in Table 2. 

Monte Carlo Simulations 
In order to consider the variability in a population, Monte Carlo simu- 

lations were run with 1000 iterations. Each iteration was sampled ran- 
domly from the designated distribution for each of the model constants 
(Tables 1 and 2). Upper and lower bounds on normally distributed para- 

TABLE 2. Partition tocfficrents (lognormal distribution) of Halon 1301 and selected ieplacement agents 
(geometric mean + geomrtric standard deviation) 

Parameters Halon 1301 CFJ HFC-227ea HFC-125 H FC-2 3 6fa 

PB OO6ZH*1.057 0 4 1 0 " f l  118 0033"f1 .033  O074"+ 1.081 0.106H*1 053 
PF 0.771"* 1 164 9 0 1 1 R &  1 145 0.347'Ri 1 S41 0.533'f 1.334 O.h78'+ 1 104 
PL 0.145" + 1.085 0.192'f 1 380 0.031R f 1 965 0 062'f 1.381 0 106E i: 1.075 
PR 0 145" f 1.085 0.192'% 1 380 0.031' i 1 965 0 . 0 € ~ 2 ~  f 1 381 0 10GR i 1.075 
PS 0 l59'f 1 498 0.73gR f 1.180 0 0 2 1 ' ~  5.889 0.070K i 1.230 0 091* f 1 067 

....... .... ..... 

~~~ ~ 

Note PH, bloocllair, PF, ht/dir; PL, fiver/air; PR, richly perfused tissuedair; PS, slowly perfused tis- 
suedair. Superscripts: t 1, human, R, rat 
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meters were set at the k2 standard deviation levels. Monte Carlo simula- 
tions were performed using ACSL TOX simulation software (Pharsight 
Corp., Mountain View, CA) operating under Windows95 and WindowsNT 
(Microsoft Corp., Kedmond, WA). 

RESULTS 
Results of the simulations are shown graphically for each chemical 

(Figures 1-5). Each simulation line represents the mean arterial concen- 
tration plus two standard deviations for a 1000-iteration simulation of 
human exposure at a given concentration. The horizontal line represents 
the target arterial concentration, that is, the lowest dog arterial concentra- 
tion measured at 5 min of exposure to the LOAEL. At  lower exposure 
concentrations the target arterial concentration is not reached in the 5- 
min period. As exposure concentrations are increased, the arterial con- 
centrations begin to approach the target arterial concentration and do so 
sooner at higher exposure concentrations. 

The same information is presented in tabula1 form (Tables 3-7). Ex- 
posure concentration is presented in increments of 0.5% (O.OS% for CF,I), 
and the time in minutes (up to 5) that a human can safely be exposed to 
that concentration is indicated. 

EXPOSURE 

8.0% 

7.5% 

7.0% 

65% 

6.0% 

5.5% 

0.0 1 .o 2.0 3.0 4.0 5.0 
MINUTES 

FIGURE 1. Munte Carlo simulations of arterial concentration of humans exposed to Halon 1301 for 
5 rnin at concentrations of 5.5, 6.0, 6 5,  7.0, 7.5, and 8.0%. The horizontal line at 25.7 mgil repre- 
sents the lowest arterial blood concentration measured at 5 min in a groiip of b dogs exposed to 
Halon 1701 at the cardiac sensitization LOAEL of 7.5%. 

! 
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0.50% 

0.45% 

0.40% 

035% 

0.30% 

0.25% 

0.0 1 .o 2.0 3.0 4.0 5.0 
MINUTES 

FIGURE 2. Monte Carlo simulations of arterial roncentration of humans exposed to CF,I for 5 min at 
concentrations of 0.25, 0.30, 0.35, 0 40, 0 45, and 0 50% The horizontal line at 12 9 mg/L repre- 
sents the lowest arterial blood concentration measured at S min in a group of 6 dog5 exposed to CFJ 
at the caidiac sensitization of LOAM of 0 4%. 

DISCUSSION 
Currently, requirements for safe exposure design of Halon 1301 and 

potential replacement chemicals for use as total flooding agents in a fire- 
fighting scenario are specified as follows (U.S. EPA, 1994). 

1. Design to NOAEL (cardiac sensitization in dog) where egress from an 

2.  Up to LOAEL if egress can occur in 30 s to 1 min. 
3. Above the LOAF1 if egress can occur in less than 30 s and area is nor- 

area cannot be accomplished within 1 min. 

mally unoccupied. 

These specifications do not take into consideration the pharmacokinetics of 
the agents and the relationship between the exposure concentration and the 
internal concentration actually associated with a cardiac event. Examination 
of Tables 3-7 reveals interesting relationships between the cardiac sensi- 
tization LOAEL and time for safe human exposure. Exposure to HFC-125 
can occur safely for at least 5 min at an exposure concentration of 11.5%, 
which is  1.5% above the LOAEL. Similarly, exposure to HFC-227ea can 
occur safely for at least 5 min at 10.So/o, which actually is the LOAEL. How- 
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ever, the safe 5-min exposure for HFC-236fa occurs at 12.5'!/0, which is 2.5% 
below the LOAEL; for CF,I occiirs at 0.3O/& which is 0.1 Yo below the LOAEL; 
and for Halon 1301 occurs at 5.5%, which is 2.0% below the LOAEL. 

Ultimately, the duration of safe exposure must be examined in rela- 
tion to the concentration of agent needed to extinguish a fire. A compari- 
son can be made between the concentration for safe 5-min exposure and 
the recommended design concentration of agent. HFC-125 with an 11 .5% 
safe exposure concentration has a recommended design concentration of 
10.0 to 1 1 .O%. HFC-227ea with a 10.5% safe exposure concentration has 
a recommended design concentration of 7.0%. Thus, even though safe 
exposure to HFC-125 can occur above the LOAEL and to HFC-227ea 
only at the LOAFI., the difference between the safe exposure concentra- 
tion and the recommended design concentration is  only 0.5% for HFC- 
125 and 3.5% for HFC-227ea. Interestingly, Halon 1301 with a 5-min 
safe exposure concentration of 5.5%, 2.0°/0 below the LOAEL, has a recom- 
mended design concentration of 5.0%, which is  only 0.5% below the safe 
exposure concentration. Halon 1301 has a long history of safe use, which 
points to the conservative nature of the cardiac sensitization endpoint, 
which ultimately determines the target arterial concentration, which in turn 
is used for determining safe exposure time. 

EXPOGURE 
coI\'c 

13.5% 
13.0% 
12.5% 

12.0% 

11.5Yo 
11.0% 

0.0 1.0 2.0 3.0 4.0 5.0 

MINUTES 
FIGURE 3. Monte Carlo simulations of arterial concentration of humans exposed to HFC-125 for 5 
rnin at Concentrations of 1 1  0, 11.5, 12 0, 12.5, and 13 0, and 1?.5% The horizontal line at 47.8 
mg/L represents the lowest arterial blood concentration measured at 5 min in a group of 6 dogs 
exposed to HFC-125 at the cardiac Sensitization I.OAEL of 10 0% 
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z EXPOSURE 9 COhC 

z 11 .O% 

8 %  10.0% 

- - 12.0% 
+ - 11.5yo 

U - 10.5% z 2- 
- 

HFC-227ea 

0.0 1 .o 2.0 3.0 4.0 5.0 

MINUTES 
FIGURE 4. Montc Carlo simulations of aiterial concentrdtion oi humans exposed to HFC327ea for 5 
min at concentrations of 10 0, 10 5, 1 1  0, 1 1  5 ,  and 12.0"in. The horizontal fine at 26 3 mg/L repre- 
sents the lowest arterial blood concentration rncasured at 5 min in a group of 6 dogs exposed to 
HFC-227ea at the cardiac sensitization LOAEI. of 10 5% 

The cardiac sensitization endpoint occurs as a result of the exposure of 
a chemical sensitizing the heart to an epinephrine challenge. l i e  challenge 
i s  given to the dog after 5 min of exposure. Therefore, the increased level of 
sensitivity is due to the concentration of chemical at the heart at 5 min. It is 
this level attained after 5 min of exposure that is used as the target for simu- 
lations of human exposure to the chemical. Whenever the simulated human 
exposure indicates that the human arterial concentration approaches that of 
the target level, the assumption is  made that there can then be a potential 
for cardiac sensitization to occur in the exposed human. 

In order to account [or individual variability, Monte Carlo simulations 
were performed. The mean simulated arterial concentration plus two 
standard deviations, which is  compared with the target arterial concentra- 
tion, accounts for 97.5% of the simulated population; that is, in 97.5% of 
the population, arterial concentration would reach the target arterial con- 
centration at the time (or later) where the simulation reaches the target. 

Furthermore, the target arterial concentration used for this assess- 
ment of safe exposure is  determined in a conservative manner. Stressed 
exercising dogs reached a level of circulating epinephrine of about 0.4 
pg/L (Buhler et al., 1978; Carriere et al., 1983; Keller-Wood et al., 1982; 
Young et at., 1985). The level of epinephrine used to challenge the dogs 



SAFF EXPOSURE LIMITS FOR HALON REPLACEMENTS 759 
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V 
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EXPOSIRE - CONC 
15.0% 

' 14.5% 

14.0% 
13.5% 

13.0% 

12.5?'0 

12.0% 

0.0 1 .o 2.0 3.0 4.0 5.0 
MINUTES 

FIGURE 5. Monte Carlo simulations ot arterial concentration oi humans exposed lo HFC-236fa for 5 
min at concentrations oi 12, 12 5. 1 3  0, 13 5,  14 0, 14.5, and 15.00%. The horizontal ltne at 90.37 
mg/L reprezents the lowest arterial blood concentration measured at 5 min in a group of b dogs 
exposed to HFC-236ra at the cardiac seiisitization L 0 4 E L  of 15 U'h. 

during a cardiac sensitization test ranges from 1 .O to 12.0 pg/kg body weight 
(Dodd & Vinegar, 1998). Since dogs have a total blood volume of about 
8.2% of body weight (Brown et al., 1997) the stated doses of epinephrine 
would result in concentrations of about 12 to 146 pg/L or 30 to 365 times 
the levels circulating under normal stressed physiological conditions. These 
are conservative estimates of the concentration that reaches the heart with 
an epinephrine challenge, since the preceding calculation assumes thal the 

TABLE 3. Acceptable human exposure times nt stated conccntra- 
tions for Halon 1301 

tlalon 1301 concentration 

"10 VIV PPm Time (rniny 

6 0  60,000 5 00 
6 5  65,000 I .33 
7 0  70,000 0 59 
7 5  75,000 0.42 
8.0 80,000 0 35 

~~ 

"Based on the 5-min blood concentiation of dogs exposed to 
Halon 1301 at the LOAFL of 7 5%. 
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TABLt 4. Acceptable human exposure limes at stated (oncen- 
tratiom foi CF,I 

CF,I Concentration 
.._--.____ 

Time (min)’ Yo VI\. PPm 
~~ _ _  ~ 

0 70 7000 5 00 
0 35 3500 4 30  
0 40 4000 0 85 
0 45 4500 0 49 
0.50 5000 0 35  

aBa5ed on the 5-min blood concentration of dogs exposed to 
CF,I at the LOAEL of 0 4% 

epinephrine immediately dilutes throughout the whole blood volume. The 
actual dilution, between the site of injection into the cephalic vein and 
reaching the heart muscle through the coronary artery, takes place in about 
one-fifth of the blood volume. This dilution is  an estimate of the blood voi- 
ume in the vasculature between the injection site and the arterial blood 
feeding the coronary arteries. it is an approximation using blood-flow infor- 
mation from Lcggett and Williams (1995) and Bischoff and Brown (1966). 
Concentrations reaching the heart through the coronary arteries would be 
five times higher than the preceding calculations indicate (60 to 730 pg/L or 
I50 to 1825 times the circulating levels). It is recognition of the conservative 
nature of the cardiac sensitization test that allows the U.S. Environmental 
Protection Agency (EPA) to apply the LOAEL and NOAEL determined in the 
dog directly to humans without application of adjustment for a dog-to- 
human extrapolation. 

The critical issue in applying any standard for safe exposure is the rela- 
tionship between the effective concentration of agent necessary to extin- 
guish a fire and the concentration that poses a potential threat for cardiac 

TABLE 5. Acceptable human exposure times at stated concentra- 
tions b HFC-125 

HFC-125 concentration 

~~~ 

11.5 11 5,000 5.00 
12 0 120,000 1.13 
12.5 123,000 0 73 
13.0 130,000 0 59 
13 5 13 5.000 0.50 

“Based on the 5-min blood concentration of dogs exposed tu 
HFC-125 at the LOAEL of 10 0% 
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TABLE 6. Acceptable human exposure tirncs at stated concentid- 
tions for HFC-227ea 

HFC-227ea concentration 

~ 

10 4 105,OoO 5 00 
1 1  0 ll0,oOO 113  
11.5 1 15,000 0.60 
12 0 120,000 0.43 

"Based on the 5-min blood concentration of dogs ~ X ~ J O S ~ C J  to 
HFC-227ea at the LOAEL of 10 5%. 

sensitization. Where the extinguishing concentration approaches the car- 
diac sensitization concentration, thc agent may stili be approved for use as 
a fire extinguishant but only in areas that are normally unoccupied. For 
candidate agents where the extinguishing concentration is above the car- 
diac sensitization concentration, there is reluctance by some to risk using 
the agent because of perceived potential for accidcntal exposure. An addi- 
tional consideration is  that many of these agents release halogen acids 
upon contact with heat. The toxicity of these acids is  of concern. Levels of 
release can be reduced if the fire can be put out quickly, which can be 
done if higher concentrations of extinguishing agent are used. 

Application of the modeling technique herein described not only makes 
use of the conservative cardiac sensitization endpoint, but also uses an 
understanding of the pharmacokinetics of the chemical agents to better 
establish standards f o r  safe exposure. The combined application of car- 
diac sensitizatian data and physiologically based modeling provides a quan- 
titative approach, which can facilitate the selection and effective use of 
halon replacement candidates. 

TABLE 7. Acceptable human exposure trmw at slated conccntra- 
tion5 for HfC-23hfa 

12 5 125,000 5.00 
13.0 130,OOO 1.93 
13 5 135,Ooo 0 99 
14.0 140,000 0.7 I 
14 S 145,000 0 55 
15 0 150,000 0 49 

'Based on the 5-min blood concentration of dogs exposed to 
HFC-236fa at the LOAEL of 15.0%. 



762 A. VINEGAR LT AL. 

REFERENCES 
Bischoff, K H , and Brown, R G 19b(i 13ug distribution in mdmmdls. Chern Fng I’rog S p p .  Svr 

Bois, F Y , and Pa’axman, D C 1992 An analysis of exposure iatr effects for benzene using a physio- 
logically based phairnacokinetrc model. Regol. Tovcol Pharmdc-o/ 15 122-1 36 

Bois, F Y ,  Woodruff, T. I, and Spear, R. C. 1991 Cyomparison of three physiologically hased phar- 
macokinetic motlrls of benzene disposition Towrcol Appl Pharmacol I IO 79-8C 

Brawn, R P .  Delp. M D, Lindstedt, S L ,  Rhomberg. L. R ,  and Belilcs, R P. 1997 Physiological 
parameter values for physiologically based pharmacokinetic models Towd Ind Health 13 

62(66) 33-15 

407 48.). 
Buhler, H U , DaPiadd, M , Hadely, W , and Picotti, G 8. 1978 Plasma adrenaline, noradrenaline 

and clopmine in man and diffrrent Jnirnal species / Ph)w>l  176 3 1  1-320 
Carriere, S , Demassieux, S , Cardinal, J , and LcCrimellec, C. 1983 Release of epinephrine during 

carntid artery occlusion following vagotomy in dogs (bn / I’hvsrol /’harmaco/ hl  39S-iO1. 
Clcwell, H J , and Jarnot, B M 1994 incorporation o i  pharmacokinetics in noncancer risk assess- 

ment Example with chloropentafluoroben7en~. Risk Anal 14 265-276 
Creech. I R., Rlach, R K ,  Larritv. 6. L ,  Abbas. R., Dong, L., \Villiamc, R J ,  Mc.Dougal. J N , 

Vinegar, A,, and Jepson, G 1%. 1995a Inhalation Uptake and XZetabolisrn of lodohalogenated 
Compounds, CF;I, C,,F,,I. and C,F,I Tech Rep AVOE TR-1995-0089, I: S Air Force, Armstrong 
Laboratory, Occupational and Envrronniental Health Directorate, Toxicolog\ Division. Wright- 
Patterson AFB, O H  

Ciemh, J K , Black, R K, h‘eurath, S. h , Caiacci, M C , \ViIlidms, R J , Jgsnn, CI W , and Vinegar, A 
1995h Inhalation Uptake and Metholism of Halon 1301 Replacement Candidates. t iFC-227ea, 
HFC-12.5. and FC--718 lech Rep AUOE-TR-1YYS-0022 U S. Air Force, Armstrong Laboratory. 
Clccupational and Eiivironmental Health Directorate, Touicology Di\*ision. Wright-Patterson AFR, 
ot I 

Cronin, W J IV, Oswald, C I . .  Shrllr~y, M I , Fisher, j W ,  and Flernintng, C 0 1995 A 
trichloroethylene risk assessment using d Monte Carlo analysis of parameter uncertainty in cnn- 
junction with physiologiLalIv-hdsed pharmacokinetiL modeling Risk Anal 15 555-56.5. 

Davis, N R , and Mapleson. W W 1981 Structure and quantification of a phvsrological model of 
the distribution o i  injected agents and inhaled anesthetics Br I A ~ J C ~ I  .53 399405. 

Dodd, D. E ,  and Vincgdr, A 1998 Caidiac smsitiTation tectrng ot the halon replacemerit c.andidates 
tiiiluoroiodomethane ICFJ and 1.1,2.2,3,3.3-heptafluoto-l -lodopropane IC,F,I) Drug C h m  
Torrcol 21 137-149 

Eger, E I 1981 Partition coeftirients of 1-65? in human blood, saline, and oIi\~e oil Aiiesth Analg 
66 971-973 

Farrar, 0 , .\Hen, B , Crunip, K , and Shrpp, A 1989 Cvaluatiori of uncertainty in input paidmeters to 
pharmacokinetic models and the resulting uncertainty in output Toxicol Lett 49 371-385. 

Hetrick. D IM , Jarabek, A M., and Trdvts, C C 1991 Sensitivitv analysis for physiologically based 
pharmacokinetic models / Pharmacokrnet Biophiwmcol 19 1-20 

Huntingdon Life Scienrrs Ltd 1998 HFC 2366. tIFC 227ea. HTC 125 and CF31. An Iilhdldhon 
Study to Investigate Ihe Blwd Levels of Inhaled Halocarbuns in the Seagle Dog Prc-paled 11) 
Huntingdon Lite Scienc cs Ltd, England. Huntingdon Report IFP 001 !98437O Submitted under 
subcontract lo ICF Incorporated Washington DC, under U S EPA contract 68-[15-0147. work 
assignment 2-09 

Kcller-Wood, M E, Wade, C E ,  Shinsako, J., Keil, L C , Van Loon. C R , and Dallmann, iM F 
1982 Insulin-induced hypoglycemid in conscious dogs. Efrcct or maintaining carotid arterial glu- 
cose levels on the adrcnocoiticotropin, epinephrine and vasopressin responses Fndocr/trologv 
1 1  2.624-632. 

Leggctt, R \V , and Williams, L R 1995. A proposed blood circulation model for rcfrrencc man. 
Health Ph!s G9-187-?01. 

Lerman, 1 , Gregory. C A ,  Will is,  M. M I  Schirirdt, B I, and Eger, E I 1985 Agc and the solubility 
of volatile anesthetics in ovine tiswes Anesfh Airalg 64 1097-1 100 



763 SAFE FXPOSURE LlMllS FOR HALON REPLACEMENTS 

Lerman, J , Gregory, C A, Wil l is,  M, M , Schnwdt-Bantel, B. I, and Eger, E I 1986 Eftett of age on 
thc soluhility of bolatile anesthetics in human tis-xies .4nrsrh An& 6 5  307-31 1 

Mullin, L S I  Reinhardt. C F , and Heminp,\\ay, R E. 1‘179 Cardiac airhythniias and hlood levels 
assoc,iatcd with inhalation ot Halon 1 3 0 1 .  Am Ind Hyg Assor I 40.653-658 

Portier, C .  I,, and Kaplan, P i  L 1989 Variability of sate dose estim,itrs when using complicatec{ 
mod& of the carcinogenic proc-ess. Fundam App/ rorrcol. 13 5 33-.544 

Ranhmit. C F., Azar, A ,  Maxiicld. hl E., Smith. P E , I r . ,  and Mullin. L S 1971 Cardiac arrh) thmias 
and aerosol “sniffing.” 4 r L h  Enrvon Health 22 2(G -27‘) 

Simon, T. W 1997 Combining physiologically based pharmacokinetic modeling with Monte Carlo 
simulation to deri\e an acute inhalation guidance value for trichloroethvlene R a p /  Toxicol 
Pharmdco/ 26 257-270 

Spc’ar, R C , BOIS, F. Y., Wondruit, T I  Auslartdcr, D . Piwker, I , and Selvin, S 1991 Modcling ben- 
zene phaiinacokinetics across thrw set5 of anim,d data Paiarnetric sensitivit) and risk implic+ 
tions R/sk Ana/ 11.641-63 

Thomas, R 5 ,  Rigclo~, P L.. Keefe. T 1 ,  and ’fang. R S. H 1996s. \“diiabiJitv in biological expo- 
sure indica using physiologicall) b,lscd pharmacokinetic modeling and hlorite Carlo simulation 
,IFJ Ind H y g  AFWC I 57 23. 37 

Thomas, R 5 ,  Lytle. W. E ,  keeic, I .  1 ,  Constan, A A ,  and Yang, R S H 19Wh Incorporating 
,Monte Carlo simulation into physiologicallt, based pharmacoklnetic models using ,tdvanced con- 
timious simulation language IACSL) A computational method Fundm App/ Tow o/ 31 19-28 

U S Environmcntal Protection Agency 1994. SNAP Technical Background Document Risk Screen on 
the l h e  of Substitutw for Class I OroneDeplcting Substances, Fire Suppression and Explosion 
Piotection (tialon Substitutes). u.S Environmental Protection Agency. Otfice ot Air and Radiation, 
Stratospheric Yintection Division, Washington, DC 

i‘inegai. A ,  Buttler, C. W , Caracci, M C , and McCatferty, I D 1995 Gas Uptake Kinetirc of 
1.1.1 ,?.2,2-Hexafluoropropane t HFC-2 36fal and Identihcation of Its Potential Metabolites Tech 
Kep AL!OE-TR-199;.0177, [I 5 Air Force, Armstrong Laboraton I Occupational and Environ- 
mental Health Directorate, Toxicology Division, Wright-Patterson AFB. OH, 

Vinegar, A ,  and Jepson, G W 19S6. Cardiac sensitization thresholds nt  halon teplacemcnt chem- 
icals predirted in humans by physiologically based phmnarokinctic modeling Risk Anal 16 
571 -579 

Vinrgdr, A , Jrpsim, G W , dnd Overton, J. H 1998 PRPK mocleling of short-term (0 to 5 mini 
human inhaldtion exposuies to halogenated hydrocarkwns Jnhal 7i~xicoi 10 41 1 429 

Williams, R 1 ,  Vinegar, A ,  McDougal. 1. N , Jarabek, A M I  and Fisher, I i V  1996 Rat to human 
extrapolation of HCFC-123 kinet~rs drduced fiom halothan? kinetic.5 A corolldry approach to 
physiologicall) based pharmacokinetic modeling Fundam App/ Toxicol 30 55-46. 

Yang, R S H , El-Masri, H. A., Thomas, R 5 ,  and Conctan, 4 A 19% The use of physiologically- 
based phaimacokinetic/phar~iacodpnamic dosimetry indcls for chemic.d mixtures T o v d  Ir fr  
82!87 497404 

Young, M A .  Hintze. T H , and Vdtnrr, S F 1485 Correlation behvcen cardidc pcrtormance and 
plasma tatecholaminc levels in conscious dogs. Am J Phyool 148 H82-HHB 


