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1 BACKGROUND INFORMATION 112 

 113 

1.1 Physicochemical Properties 114 

1,1,2-Trichloroethane is a colorless liquid. The molecular weight is 133.41 g/mol. The solubility in 115 

water at 20 degrees Celsius is 4,400 mg/L. The log Kow value (where Kow is the octanol:water partition 116 

coefficient) is 2.42. Henry’s law constant is 9.1 × 10−4atm/𝑚3-mol. 117 

 118 

1.2 Absorption, Distribution, Metabolism, and Excretion (ADME) and 119 

Pharmacodynamic Considerations 120 

Absorption 121 

Human studies suggest that 1,1,2-trichloroethane is rapidly absorbed following inhalation. In one 122 

experiment, 2-3% of the dose was exhaled within 12 seconds after the subject inhaled a single breath of 123 

radiolabeled 1,1,2-trichloroethane and held their breath for 40 seconds. More than 90% of the inhaled 124 

dose remained in the body after 50 minutes, indicating extensive systemic uptake (Morgan et al., 1972, 125 

1970). This high degree of absorption is consistent with the calculated human blood: air PC of 44.2. 126 

Gargas et al. (1989) reports a similar measured value of 35.7. Animal studies support these findings. 127 

Rats and mice exposed to 100 ppm 1,1,2-trichloroethane for 6 hours/day, 5 days/week over 4 weeks had 128 

measurable 1,1,2-trichloroethane concentrations in blood after inhalation exposure (Sapphire Group, 129 

2002). Reported blood: air PCs include 58.0 in rats (Gargas et al., 1989). In one study, maximum blood 130 

concentrations after 4 weeks were 2.2 ug/mL in rats and 2.1 ug/mL in mice, although data are limited by 131 

small sample sizes and restricted time points (Battelle, 2001).  132 

 133 

Oral administration studies demonstrate effective uptake in the GI tract from this route of exposure. Rats 134 

given oral gavage doses of 92 mg/kg/d in corn oil or 1.7 mg/kg/d in water for 5 days, and mice given 135 

390 mg/kg/d in corn oil or 10 mg/kg/d in water exhibited the following blood concentrations: peak blood 136 

levels in rats were observed on day 1 (up to 17 ug/g) and between days 3 and 5 for mice (8.5-25 ug/g) 137 

(Sapphire Group, 2002; Battelle, 2001). Metabolism studies ((Mitoma et al., 1985)) suggest effective 138 

uptake from oral exposure. Over 80% of the dose was shown to be metabolized at the near-maximal 139 

tolerated oral doses (300 mg/kg in mice and 70 mg/kg in rats).  140 

 141 

Dermal studies show that 1,1,2-trichloroethane can also penetrate the skin. In guinea pigs, a single 1.0 142 

mL topical application produced peak blood concentration of approximately 3.7 ug/mL within 30 143 

minutes. Levels then decreased to around 2.5 ug/mL at 1 hour, followed by a plateau, and then rose to 144 

3.7 ug/mL by 6 hours (Jakobson et al., 1977). This complex absorption profile may reflect an initial 145 

barrier effect due to delayed penetration or retention within skin lipids. In mice, 15 minutes after dermal 146 

exposure to 0.5 mL, 99.7% of the dose remained in the body and 0.3% was exhaled, resulting in a 147 

calculated absorption rate of 130 nmoles/min/cm2 (Tsuruta, 1975). Rapid uptake is attributed to high 148 

lipid solubility (Kronevi et al., 1977). 149 

 150 

Distribution 151 

In mice exposed to 1000 ppm 1,1,2-trichloroethane for 1 hour, the distribution of compound was as 152 

follows: approximately 600 ug/g distributed in fat, 80 ug/g in kidney and liver, 45-60 ug/g in the blood 153 

and brain, and 20-35 ug/g in the heart, lung, and spleen (Takahara, 1986). Partition coefficent data 154 

indicate moderate to high lipid solubility compared with other hydrocarbons, with strong affinity for fat 155 

and lipid-rich tissues (Gargas et al., 1989; Sato and Nakajima, 1979; Morgan et al., 1972). Reported 156 

partition coefficient values are: 43 for rat spleen: air, 56 for rat brain: air, 71 for mouse blood: air 157 

(Battelle, 2001). Rat liver: air and fat: air PCs were 73.1 and 1438 respectively (Gargas et al., 1989). 158 
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These data indicate preferential distribution and retention in fat, liver, and brain in in both animals. Data 159 

on oral exposure are more limited. In one study, 1,1,2-trichloroethane localized in the liver following 160 

gavage administration in animals and was metabolized and shown to bind to hepatic proteins (Mitoma et 161 

al., 1985), suggesting liver is primary cite for metabolism in animals and likely humans. 162 

 163 

Metabolism 164 

High performance liquid chromatography identified chloroacetic acid, S-carboxymethylcysteine, and 165 

thiodiacetic acid as primary metabolites in rats and mice given 1,1,2-trichloroethane by oral gavage 166 

(Mitoma et al., 1985). These metabolites were also reported following intraperitoneal injection in mice 167 

(Yllner, 1971). Formation of S-carboxymethylcysteine and thiodiacetic acid occurs through glutathione 168 

conjugation of reactive intermediates, while chloroacetic acid is generated by hepatic Cytochrome 169 

P450 (CYP450) via oxidative dechlorination (Yllner, 1971). CYP450 metabolism may also produce free 170 

radical intermediates (Mazzullo et al., 1986).  Reactive metabolites such as acyl chlorides and free 171 

radicals can bind to proteins and nucleic acids and are considered potential mediators of cytotoxic, 172 

mutagenic, and carcinogenic effects (Mazzullo et al., 1986; Ivanetich and Van den Honert, 1981). Acyl 173 

chloride intermediates that conjugate with glutathione form the major urinary metabolites of 1,1,2-174 

trichloroethane, S-carboxymethylcysteine and thiodiacetic acid (Yllner, 1971).  175 

 176 

Metabolic capacity differs between species. Rats and mice metabolized identical proportions (81%) of 177 

an oral dose; the absolute amount was higher in mice because their maximum tolerated dose was 4.3% 178 

times higher than that of rats (Mitoma et al., 1985). Metabolic studies indicate the production of 179 

chloroacetic acid, S-carboxymethylcysteine, and thiodiacetic acid as primary metabolites (Mitoma et al., 180 

1985). These metabolites are mediators of toxicity, suggesting that interspecies metabolism differences 181 

affect susceptibility to toxicity. Mice metabolize 1,1,2-trichloroethane at a higher rate than rats, 182 

consistent with findings that mice have increased sensitivity (Mazzullo et al., 1986; Mitoma et al., 1985) 183 

and this higher metabolic capacity may increase susceptibility of mice to 1,1,2-trichloroethane-induced 184 

carcinogenicity (Mazzullo et al., 1986; Ivanetich and Van den Honert, 1981). The human metabolic rate 185 

relative to rodents is unknown, but pathways are considered to be similar. In related compounds such as 186 

TCE and PCE, humans exhibit slower absorption and a lower maximum metabolic rate than rats (NRC, 187 

2009; Green et al., 1997; Bernauer et al., 1996). 188 

 189 

Excretion 190 

In female mice exposed to 250-500 ppm for 4-6 hours, breath analysis confirmed pulmonary elimination 191 

(Battelle, 2001). Tissue half-lives post 1 hour exposure to 1000 ppm 1,1,2-trichloroethane were 625, 192 

122, 43, 39, and 19 minutes in heart, fat, brain, spleen, lungs, kidneys, blood, and liver respectively. 193 

Whole body half-life was estimated at 49.3 minutes (Takahara, 1986). Studies in rodents show excretion 194 

pathways in both oral and intraperitoneal administration (Mitoma et al., 1985; Yllner, 1971). After 195 

dosing with radiolabeled compound, 7-10% of 1,1,2-trichloroethane was exhaled unchanged, 3-7% was 196 

exhaled as CO2, 72-87% was excreted as urinary metabolites, approximately 1% was in feces, and 1-3% 197 

remained in the carcass after 48 hours. The predominant elimination pathway in humans is expected to 198 

be in urine as metabolites. In humans, excretion of inhaled 1,1,2-trichloroethane has been measured in 199 

breath and urine (Morgan et al., 1970). After 1 hour, 2.9% of the inhaled dose was recovered in exhaled 200 

air, with a retention curve slope of 0.006. Urinary excretion rate was < 0.01% per minute of 201 

administered radioactivity, corresponding to an estimated urinary half-life of approximately 70 minutes 202 

(Morgan et al., 1970).  203 

 204 

1.3 Toxicity of 1,1,2-Trichloroethane 205 

 Summary of 1,1,2-Trichloroethane Toxicity in Animals 206 

Developmental 207 
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 In a developmental study, body weight decreased of female rats exposed to 111 mg/kg/day in drinking 208 

water on days 6–20 of gestation. However, no fetal toxic effects were noticed (WIL Research, 2005). 209 

Lack of developmental effects were also seen in DuPont (2006) and  Seidenberg et al. (1986). Since 210 

limited studies exist to suggest developmental toxicity of 1,1,2-trichloroethane.  MOA of structurally 211 

similar compounds (low MW halogenated hydrocarbons) were considered to derive dose metrics. In 212 

vitro studies show that chloroform, dichloromethane, and dibromoethane are toxic to developing rat 213 

embryos when metabolism is not activated (Brown-Woodman P et al., 1998). Fort et al. (2001) showed 214 

that carbon tetrachloride and chloroform result in greater toxicity and more developmental effects when 215 

the metabolic system is activated. These results suggest that a dose metric of the parent compound is 216 

insufficient for a developmentally toxic dose metric. Since 1,1,2-trichloroethane toxicity due to 217 

metabolic activation is a likely MOA for potential developmental effects, the amount of 1,1,2-218 

trichloroethane metabolized in the liver per liter liver per day is the appropriate internal dose metric for 219 

route-to-route extrapolation (Sapphire Group, 2005). 220 

 221 

Immunotoxicology 222 

Male and female mice were exposed to 1,1,2-trichloroethane in drinking water for 90 days to identify 223 

potential immunological effects (0, 4.4, 46, and 305 mg/kg/d for male mice and 0, 3.9, 44, and 384 224 

mg/kg/d for female mice) (White et al., 1985). Humoral immune response was measured by 225 

hemagglutination titers (log2 titers), which were shown to be inversely related to dose, with a decrease 226 

of 40 and 45% in females treated at 3.9 and 384 mg/kg/day with a significant correlation occuring at the 227 

44 mg/kg/d dose. Hemagglutination levels were decreased for the males treated at the 46 mg/kg/d group 228 

(at which point the change was significant) and the 305 mg/kg/day group (59%) (Sanders et al., 1985). 229 

On the basis of this study, 44 mg/kg/day was chosen as the LOAEL based on decreased 230 

hemagglutination titers; 3.9 mg/kg/day was considered the NOAEL. Other measures (quantity of IgM 231 

antibody forming cells (AFC) against sheep red blood cells (sRBC), spleen and thymus weight) did not 232 

shown to be consistently affected by exposure and/or sex. The mechanisms involved in 1,1,2- 233 

trichloroethane-mediated immunotoxicity are not known.  When considering the internal dose metric of 234 

interest in relation to hemagglutination titer effects, it is noted that because both male and female mice 235 

experienced similar affects in hemagglutination titers, their dose metric would be similar. Suicide 236 

inhibition occurs in female mice, but not male mice, resulting in higher blood and tissue concentrations 237 

in female mice than male mice, but similar overall amounts metabolized. Thus, amount metabolized in 238 

the liver is a reasonable metric. The richly-perfused bone marrow is not included in this model and bone 239 

marrow: blood PCs have not been measured; Sapphire group suggests that the spleen acts as an 240 

appropriate surrogate for bone-marrow since it is rapidly-perfused and non-metabolizing (Sapphire 241 

Group, 2005). 242 

 243 

Acute Neurotoxicity 244 

Acute neurotoxicity in Crl:CD (SD) IGS BR rats was evaluated by administering 1,1,2-trichloroethane 245 

in corn oil gavage to 12 animals/sex/dose for doses of 0, 55, 95, and 200 mg/kg  (WIL Research, 2004). 246 

Note that the PBPK model was developed for F344 rats and not the SD rats from the experiment, 247 

however Sapphire Group (2004a) note that physiological and metabolic differences between species are 248 

not significant enough to impact model disposition (Simmons et al., 2002). Originally, the NOAEL was 249 

defined as 95 mg/kg, when hypoactivity and habituation disruption was observed, and LOAEL was 250 

defined as 200 mg/kg when gait impairment was observed  (WIL Research, 2004). However, the 251 

NOAEL and LOAEL have since been updated to be 55 and 95 mg/kg/d. Gait impairment was 252 

considered the critical endpoint. Trichloroethane may dampen neuronal activity in the brain by 253 

interacting with lipids in the nerve membrane or through GABA_A receptor channels MacIver (2009) 254 

which influences motor activity but can also be influenced by peripheral nerve system damage. Mice 255 

given single gavage doses of 1,1,2-trichloroethane ≥ 450 mg/kg (White et al., 1985) were sedated within 256 
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an hour, a sign of nervous system depression; Borzelleca (1983) found motor impairment in half of the 257 

test mice administered 128 mg/kg. Because MOA involves nerve cell interaction from the parent 258 

compound, the maximum concentration in the brain was signified as the dose metric in the PBPK model 259 

(Sapphire Group, 2004a). 260 

 261 

Carcinogenicity 262 

Osborne-Mendel rats and B6C3F1 mice were exposed to 1,1,2-trichloroethane by daily corn oil gavage 263 

(50 animals/sex/species/dose) for 5 days a week. For 20 weeks, low and high-dose rats were exposed to 264 

either 35 or 70 mg/kg/day doses followed by 58 weeks of 50 or 100 mg/kg/day daily doses for time-265 

weighted doses of 46 and 92 mg/kg/day. Similarly, low- and high-dose mice were doses with 150 and 266 

300 mg/kg/day for 8 weeks and 200 and 400 mg/kg/day for 70 weeks, resulting in time weighted doses 267 

of 196 and 390 mg/kg/day. Exposure was followed by an observation period of 35 weeks for rats or 13 268 

weeks for mice. 20 animals/sex/species were used as controls. NCI (1978) reports that as time went on, 269 

rats demonstrated clinical signs that their maximum tolerance dose was achieved. Dose-related increases 270 

in hepatocellular carcinomas were observed in male and female mice. The dose metric chosen for cancer 271 

route-to-route extrapolation is amount metabolized in the liver per liter liver due to dose-related 272 

increases in hepatocellular carcinomas and the liver cancer MOA studies are those that use liver cells in 273 

relation to systems that activate P450 2E1. Also, since there was a lack of dose-response in other tissues, 274 

the liver-related dose metrics were preferred over blood (Sapphire Group, 2004a). 275 

 276 

1.4 1,1,2-Trichloroethane PBPK Models 277 

The purpose of the 1,1,2-trichloroethane PBPK model is to conduct route-to-route extrapolation for 278 

rodents. Because no human parameter data were available to extrapolate animal doses to human doses, 279 

this model is only applicable to rodents and not humans. The model described in Sapphire Group (2002) 280 

that includes oral and inhalation routes of exposure was used for route-to-route extrapolation as it 281 

pertains to immunotoxicity in mice (Sapphire Group, 2004c), acute neurotoxicity in rats (Sapphire 282 

Group, 2004a), developmental endpoints in rats (Sapphire Group, 2005) and carcinogenicity in rats and 283 

mice (Sapphire Group, 2004b).  284 

 285 

1.5 Model Data 286 

The PBPK model was initially developed by Sapphire Group (2002) and evaluated against data from 287 

Battelle (2001) and WIL Research (2002) as described below.   288 

 289 

Inhalation studies 290 

36 female F-344 rats and 36 female B6C3F1 mice were exposed by whole body inhalation to 1,1,2-291 

trichloroethane in an inhalation chamber. Groups of three female F344 rats or three female B6C3F1 292 

mice per sample time (36 animals/species) were sacrificed. Blood was collected by WIL Research 293 

(2002). They were exposed for six hours per day, 5 days per week, for four consecutive weeks, resulting 294 

in 20 exposures. The targeted exposure concentration was 100 ppm. On days 1, 3, and 5 of the 4th week, 295 

blood samples were collected at 4, 6, 6.25, and 8 hours after the start of the exposure for three animals, 296 

three species, three timepoints. The delay that occurred between removal of animals from the 297 

chamber was noted so it could be accounted for in the exposure scenario of the model. Exposure 298 

errors are reported in WIL Research (2002) to explain variability in observations on day 1 of collection, 299 

in which collection times were delayed 1 hour (On day one, target exposure time and blood sample 300 

collection were all delayed one hour such that target times were five, seven, 7.25, and nine hr.). In 301 

mice and rats, maximum blood concentrations were 2.1 ug/ml and 2.2 ug/ml, respectively. These blood 302 

samples were analyzed at Battelle’s Pacific Northwest Laboratory where the Battelle (2001) oral 303 

studies were conducted. 304 
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 305 

Oral studies 306 

Battelle (2001) conducted 4 gavage studies. Mice were given 1,1,2-trichloroethane for 1 to 5 days by 307 

gavage with target doses of 290 mg/kg/day in corn oil for group 1 and 9.5 mg/kg/day in water for group 308 

2. Rats were given 1,1,2-trichloroethane for 1 to 5 days by gavage with target doses of 92 mg/kg/day in 309 

corn oil for group 1 and 1.7 mg/kg/day in water for group 2. Due to low solubility of 1,1,2-310 

trichloroethane in water, target water concentrations were less than 1 mg/ml because this was the 311 

maximum concentration at which 1,1,2-trichloroethane in water was homogenous. Blood samples were 312 

taken and animals were sacrificed at 0.5, 1, 2, and 8 hours for the corn oil studies and at 0.1, 0.25, 0.5, 313 

and 1 hour for the water gavage studies. Following exposures to the compound in corn oil, the lowest 314 

blood levels in mice were at day 1; in rats, the highest blood level was in day 1.  315 
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2 MODEL PURPOSE 316 

The purpose of the 1,1,2-trichloroethane PBPK model is to conduct route-to-route extrapolation for 317 

rodents; i.e., to predict the inhalation exposure necessary to reach the equivalent internal doses resulting 318 

in the oral exposure for each toxicity study. The model used is described in Sapphire Group (2002). It 319 

was subsequently used for route-to-route as it pertains to immunotoxicity in mice (Sapphire Group, 320 

2004c), acute neurotoxicity in rats (Sapphire Group, 2004a), developmental endpoints in rats (Sapphire 321 

Group, 2005) and carcinogenicity in rats and mice (Sapphire Group, 2004b). For route-to-route 322 

extrapolation, the PBPK model was used for forward dosimetry (i.e., to predict an internal concentration 323 

given an external dose) and also for reverse dosimetry (i.e., to predict an external concentration or dose 324 

needed to reach some internal dose metric). Oral-to-inhalation route-to-route extrapolation requires 325 

forward dosimetry to generate an internal dose of interest, given an external oral POD. This model 326 

allows for simulation of oral dosing via corn oil or water gavage and periodic water drinking, as well as 327 

reverse dosimetry to find the external inhaled concentration needed to reach the same internal dose 328 

metric as the oral dose. Thus, for the given purpose, the model contributes to refining the route-to-route 329 

extrapolation generic assumptions to data-driven approaches. That is, route-to-route equivalence doses 330 

or concentrations can be calculated using default assumptions when models or model data are lacking; 331 

however, with appropriate PBPK models, these doses can be better characterized. 332 

  333 
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3 MATERIALS AND METHODS 334 

 335 

3.1 Modeling Strategy 336 

The PBPK model was initially developed by (Sapphire Group, 2002). The model is an expansion of the 337 

(Gargas and Andersen, 1989) 1,1,2-trichloroethane PBPK model which was originally used to determine 338 

rat metabolism kinetics of chlorinated ethane using exhaled breath from inhalation exposure. The 339 

original model was comprised of the following tissues: adipose, liver, slowly-perfused, richly-perfused. 340 

(Sapphire Group, 2002) modified the model to include brain and spleen compartments to accommodate 341 

dosimetric calculations for neurotoxic and immunology endpoint. They evaluated their model goal with 342 

accompanying data provided by Sapphire Group (2002).Model parameter for rats and mice were also 343 

provided by (Sapphire Group, 2002). These values were corroborated from literature. This modified 344 

model allows for oral dosing via corn oil or water gavage and periodic water drinking. Thus, through 345 

reverse dosimetry, this model can find the external inhaled concentration needed to reach the same 346 

internal dose metric as the oral dose. 347 

 348 

3.2 Summary of Data for Model Development and Evaluation 349 

Evaluation 350 

The Sapphire Group (2002) model was evaluated against data from the inhalation and oral gavage 351 

studies by Battelle (2001) and WIL Research (2002). Blood samples from inhalation studies in rodents 352 

are from WIL Research Laboratories. Oral gavage studies were performed separately by the HAP Task 353 

Force (Battelle, 2001). The PBPK model and model parameter optimizations generated by Sapphire 354 

Group (2002) provided simulations with adequate fit to the data. Thus, there is confidence in the 355 

accuracy of the model to predict internal concentrations of 1,1,2-trichloroethane in mice and rats after 356 

oral gavage (in water or oil) and inhalation exposures. 357 

 358 

Inhalation studies: 36 female F-344 rats and 36 female B6C3F1 mice were exposed by whole body 359 

inhalation to 1,1,2-trichloroethane in an inhalation chamber. They were exposed for six hours per day, 5 360 

days per week, for four consecutive weeks, resulting in 20 exposures. The targeted exposure 361 

concentration was 100 ppm. On days 1, 3, and 5 of the 4th week, blood samples were collected at 4, 6, 362 

6.25, and 8 hours after the start of the exposure for three animals, three species, three timepoints. A 363 

minimum detection limit of 0.1 ppb in air was used. For mice, a single significant difference in blood 364 

concentration between days 3 and 5 at hour 8 was found, but it did not affect the overall kinetics 365 

significantly, indicating that steady-state (or periodicity) was achieved. In rats, blood levels at 4 hours 366 

post exposure showed no significant differences between days 3 and 5, indicating periodicity. While day 367 

1 levels were higher than days 3 and 5, the difference was less than 50%.  368 

 369 

Oral studies: Battelle (2001) conducted 4 gavage studies. Mice were given 1,1,2-trichloroethane for 1 to 370 

5 days by gavage with target doses of 290 mg/kg/day in corn oil for group 1 and 9.5 mg/kg/day in water 371 

for group 2. Blood was collected on days 1, 3, and 5. No statistically significant changes in blood 372 

concentrations were found among days 1, 3, and 5 for group 2. Group 1 blood concentrations in day 1 373 

were significantly lower than those on days 3 and 5, indicating a dose-dependent change in disposition. 374 

Rats were given 1,1,2-trichloroethane for 1 to 5 days by gavage with target doses of 92 mg/kg/day in 375 

corn oil for group 1 and 1.7 mg/kg/day in water for group 2. Blood was collected days 1, 3, and 5. No 376 

statistically significant changes in maximum blood concentrations were observed between days 2 and 3 377 

for group 1 and between days 1, 3, and 5 for group 2, indicating periodicity.  378 

Due to low solubility of 1,1,2-trichloroethane in water, target water concentrations were less than 1 379 

mg/ml because this was the maximum concentration at which 1,1,2-trichloroethane in water was 380 
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homogenous. Blood samples were taken and animals were sacrificed at 0.5, 1, 2, and 8 hours for the 381 

corn oil studies and at 0.1, 0.25, 0.5, and 1 hour for the water gavage studies.  382 

 383 

Determination of PBPK Parameters 384 

Metabolism Studies: Battelle (2001) determined the metabolic rate constants for PBPK model using the 385 

data from an experiment in which five female B6C3F1 mice were exposed by whole-body inhalation for 386 

4-6 hours to 1000, 500, and 250 ppm 1,1,2-trichloroethane in an 8.59 L closed chamber. They were then 387 

placed within a 2.2 L off-gassing chamber where chamber concentration was measured over time for 9 388 

hours. Overt toxicity was observed during the 1000 ppm exposure with one death and severe lethargy 389 

and Battelle (2001) noted that the time-course data for this dose was unusual and not expected and thus 390 

not included for parameter estimation. Maximum chamber concentrations were 6 and 17 ppm for mice 391 

exposed to 250 and 500 ppm respectively. Note that Michaelis Menten constants were estimated using 392 

the exhaled breath technique from Gargas and Andersen (1989), which generally overestimate KM. 393 

Compared to findings by Gargas and Andersen (1989) in F344 male rats, female rats exhibit an 394 

approximate 30% reduction in binding affinity and a 30% increase in metabolic capacity for saturable 395 

metabolic pathways.  396 

 397 

Partition coefficients: In collaboration with Battelle (2001) or WIL Research (2002), Sapphire Group 398 

(2005) determined the liquid:air and tissue: air PCs for mouse blood and rat brain and rat spleen using 399 

the vial equilibrium method described in (Gargas et al., 1989). Headspace 1,1,2-trichloroethane 400 

concentrations were compared to vials of 1,1,2-trichloroethane vapor for blood or vials of 0.75 ml saline 401 

for the tissues. PCs for 1,1,2-trichloroethane for mouse blood: air, rat spleen: air, and rat brain: air were 402 

71, 43, and 56 respectively.  403 

 404 

Endpoints and Dose Metrics 405 

Developmental: Since 1,1,2-trichloroethane toxicity due to metabolic activation is a likely MOA for 406 

potential developmental effects, the amount of 1,1,2-trichloroethane metabolized in the liver per liter 407 

liver per day is the appropriate internal dose metric for route-to-route extrapolation (Sapphire Group, 408 

2005). The modeling strategy proposed by Sapphire Group (2005) exposes rats to 1,1,2-trichloroethane 409 

in drinking water, assuming a 12-hour light/dark schedule, where rats consume 80% of their water 410 

consumption during the dark period in evenly spaced timepoints. Due to uncertainty in MOA for 411 

developmental toxicity, a critical window of exposure time was unknown and route-to-route 412 

extrapolations were conducted for the entire window. The model assumes that tissue weights and blood 413 

flow in the pregnant rat would be equal between GD 6 and GD 20 so the parameters used were for non-414 

pregnant rats (Sapphire Group, 2005). A NOAEL of 111 mg/kg/d reported in WIL Research (2005) was 415 

used as the oral POD. 416 

 417 

Immunotoxicology: On the basis of (Sanders et al., 1985), 44 mg/kg/day was chosen as the LOAEL 418 

based on decreased hemagglutination titers; 3.9 mg/kg/day was considered the NOAEL. The richly-419 

perfused bone marrow is not included in this model and bone marrow: blood PCs have not been 420 

measured; Sapphire group suggests that the spleen acts as an appropriate surrogate for bone-marrow 421 

since it is rapidly-perfused and non-metabolizing Sapphire Group (2005). However, as discussed above, 422 

suicide inhibition occurs in female mice, but not male mice, resulting in higher blood and tissue 423 

concentrations in female mice than male mice, while overall amounts metabolized are similar in both 424 

male and female mice. Thus, amount metabolized in the liver (AML) was chosen as a reasonable metric.  425 

 426 

Acute Neurotoxicity: The NOAEL was defined as 55 mg/kg, when hypoactivity and habituation 427 

disruption was observed, and LOAEL was defined as 95 mg/kg when gait impairment was observed 428 

(WIL Research, 2004). Because gait impairment is related to nerve activity as impacted by the parent 429 
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compound, which is why the maximum brain concentration of 1,1,2-trichloroethane is the dose metric of 430 

interest (Sapphire Group, 2004a). 431 

 432 

Carcinogenicity: A LOAEL for rats was not identified since no significant neoplasms increases were 433 

observed. The rat oral cancer NOAEL was 92 mg/kg/day for 5 days a week, which averages to a daily 434 

average of 65.7 mg/kg/day for 7 days/week. A dose of 46 mg/kg/d (averaging to 32.8 mg/kg/d for 7 435 

days) was also tested in rats. Mice studies also did not produce a NOAEL since liver tumors increased 436 

significantly at both the high and low dose experiments. The female and male mice LOAEL is 195 437 

mg/kg/day for 5 days/week, which averages to 139.3 mg/kg/day for 7 days/week. The internal dose 438 

metric of interest is amount of 1,1,2-trichloroethane metabolized in the liver per liter liver per day 439 

(Sapphire Group, 2005). A dose of 390 mg/kg/d (averaging to 278.6 mg/kg/d for 7 days) was also tested 440 

in mice. 441 

 442 

3.3 Model Development and Structure 443 

The 1,1,2-trichloroethane PBPK model contains the basic set of equations for a volatile organic 444 

compound (VOC) inhalation model as originally described in the Ramsey and Andersen (1984) styrene 445 

PBPK model. This common approach describes the movement of a compound through a mammalian 446 

body using sets of mass-balance differential equations to explain the disposition of the compound 447 

entering and exiting organs within the body. The Ramsey and Andersen (1984) model is comprised of 448 

lung, fat, muscle tissues (or other slowly-perfused tissues), richly-perfused tissues, and liver. Saturable 449 

metabolism following Michaelis-Menten kinetics removes the chemical from the liver. Arteries and 450 

veins deliver the concentration of compound into and from each tissue. Inhalation of the chemical is 451 

represented by a gas exchange compartment. This model structure was then modified by Gargas and 452 

Andersen (1989) as a PBPK model for disposition of 1,1,2-trichloroethane and other chlorinated ethanes 453 

of male F344 rats. The Gargas and Andersen (1989) rendition incorporated an exhaled breath gas uptake 454 

method into their model to be able to estimate kinetic constants for chemical metabolism. Sapphire 455 

Group (2002) then expanded and refined the model to include a spleen compartment to accommodate 456 

simulation of internal exposure metrics for immunotoxicity endpoints and a brain compartment for 457 

neurotoxic effects. A stomach compartment was also included to account for modeling of oral exposure, 458 

either by water or corn oil gavage. See Figure 3-1 for the model schematic. 459 

 460 

Built upon the previously described 1,1,2-trichloroethane model, Sapphire Group (2002) developed a 461 

PBPK model to extrapolate from the oral route of exposure to the inhalation route of exposure for rats 462 

and mice. Average anatomical and physiological parameters for rats and mice (body weight, tissue 463 

weights, blood flows, respiration rates) were taken from (Brown et al., 1997). Tissue: blood PCs were 464 

calculated from blood: air PCs and tissue: air PCs, which were either measured from experimental data 465 

(Battelle, 2001) or taken from literature (Gargas et al., 1989). The model can be used for both mice and 466 

rats with species-specific parameters. Sapphire Group (2002) determined species-specific enzyme 467 

affinity, maximum metabolic rate, and absorption rate parameters using optimization fit to mouse and rat 468 

data sets. Of note, absorption studies suggest comparable absorption mechanisms across mice and rat 469 

species (similar blood concentrations were reported in both rats and mice following 4 weeks of 470 

inhalation exposure in a study conducted by Battelle (2001). Starting values for stomach absorption rates 471 

for corn oil were taken from the Clewell et al. (2000) trichloroethylene model and assumed to be similar. 472 

Absorption rates were determined for water or corn oil dosing. 1,1,2-trichloroethane in water was 473 

estimated to be absorbed from the stomach at rates of 2.5 h-1 and 1.3 h-1 for mice and rats, respectively; 474 

1,1,2-trichloroethane in corn oil was estimated to be absorbed slower at rates of 0.2 h-1 and 0.45 h-1 for 475 

mice and rats, respectively. This reflects the lipophilic nature of 1,1,2-trichloroethane and reflects the 476 

altered absorption kinetics from corn oil, leading to slower uptake and more dependence on systemic 477 

perfusion for distribution. 478 
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 479 

 Species differences in metabolism as shown by the studies mice metabolize 1,1,2-trichloroethane at a 480 

higher rate than rats (Mazzullo et al., 1986; Mitoma et al., 1985) were described using metabolic 481 

parameters KM and VMAX optimized against the kinetic data provided by Battelle (2001) with starting 482 

values from Gargas and Andersen (1989). Additionally, the optimized model incorporated suicide 483 

inhibition (i.e., enzyme destruction via inactivation by bound, reactive intermediate) to explain 484 

reductions in VMAX observed in female mice and drawing from justification in White et al. (1985), the 485 

model structure was modified to accommodate a suicide enzyme activation pathway for female mice, 486 

since it was found that female mice exposed to 1,1,2-trichloroethane by inhalation or corn oil gavage 487 

showed significantly higher blood concentrations on days 3 and 5 compared to day 1.  488 

 489 

 490 
Figure 3-1. PBPK Model Diagram for Rat and Mouse Adapted from Sapphire Group (2002). 491 
1,1,2-trichloroethane PBPK model schematic. Solid lines and arrows to the tissues represent arterial blood and 492 
arrows from the tissues represent venous blood. Dashed lines represent routes in or out of the body. The oral route 493 
of exposure deposits an oral dose into the stomach compartment, which is absorbed into the liver and then 494 
distributed in blood. The inhalation route of exposure goes into a gas blood exchange compartment. The chemical 495 
is eliminated from the body through exhalation from the air/blood exchange compartment and through hepatic 496 
metabolism. 497 
 498 

 499 

3.4 Model Parameters 500 

Parameter values used in the 1,1,2-trichloroethane model are found in Table 3-1. Generally, anatomical 501 

and physiological parameters for rats and mice (i.e., tissue weights and blood flows) are the average values 502 

reported in Brown et al. (1997).  503 
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 504 

The product of the input parameter body weight, BW, of each individual raised to 0.70 and the input cardiac 505 

output constant, 𝑄C, is the calculated cardiac output (L/hr) of an average individual such that 𝑄𝐶 =506 

𝑄𝐶𝐶 × 𝐵𝑊
0.7 (L/hr).  Likewise, the  calculated pulmonary ventilation rate (L/hr) and blood flow rates (L/hr) 507 

are calculated using the cardiac output 𝑄C (denoted QC in the code) where alveolar ventilation 𝑄𝑃 =508 

𝑄𝑃𝐶 × 𝐵𝑊
0.7(L/hr). Brown et al. (1997) assumes 𝑄𝐶𝐶 = 𝑄𝑃𝐶. 509 

 510 

Each of the input fractional flows (L/hr) are calculated as: 511 

 Blood flow rate to fat:    𝑄F = 𝑄FC𝑄C 512 

 Blood flow rate to liver:    𝑄L = 𝑄LC𝑄C 513 

 Blood flow rate to spleen:    𝑄SN = 𝑄SNC𝑄C 514 

 Blood flow rate to brain:    𝑄BR = 𝑄BRC𝑄C 515 

 Blood flow rate to slowly perfused tissue: 𝑄S = 𝑄SC𝑄C 516 

 Blood flow rate to rapidly perfused tissue: 𝑄R = 𝑄RC𝑄C. 517 

 518 

Calculated tissue volumes (L) are calculated using body weight 𝐵𝑊 and input fractional tissue volumes 519 

to obtain 520 

 Volume of fat:    𝑉F = 𝑉FC𝐵𝑊 521 

 Volume of liver:    𝑉L = 𝑉LC𝐵𝑊 522 

 Volume of spleen:    𝑉SN = 𝑉SNC𝐵𝑊 523 

 Volume of brain:    𝑉BR = 𝑉BRC𝐵𝑊 524 

 Volume of slowly perfused tissue: 𝑉S = 𝑉SC𝐵𝑊 525 

 Volume of rapidly perfused tissue: 𝑉R = 𝑉RC𝐵𝑊.  526 

 527 

Partition coefficients were taken from (Gargas et al., 1989) or measured via Battelle (2001). The tissue: 528 

blood PCs are calculated using the input tissue: air partition coefficients divided by PB, the partition 529 

coefficient for the ratio of blood to air, to obtain: 530 

 531 

 Fat:blood PC:    𝑃F = 𝑃FA/𝑃B 532 

 Liver: blood PC:    𝑃L = 𝑃LA/𝑃B 533 

 Spleen: blood PC:    𝑃SN = 𝑃SNA/𝑃B 534 

 Brain: blood PC:    𝑃BR = 𝑃BRA/𝑃B 535 

 Slowly: blood PC: 𝑃S = 𝑃SA/𝑃B 536 

 Rapidly: blood PC: 𝑃R = 𝑃RA/𝑃B. 537 

 538 

Kinetic parameters for the metabolism of 1,1,2-trichloroethane were determined through optimizing the 539 

PBPK model to data. (Gargas and Andersen, 1989) provided starting values for 𝑉maxC  (7.7 mg/hr-kg0.7) 540 

and KM (0.75 mg/L). VMAX was optimized for male F344 rats. KM was not optimized for the corn oil gavage 541 

studies in rats because blood concentrations were generally higher than the nominal value of 0.75 mg/L. 542 

The maximum metabolic rate parameter is: 543 

 544 

 Maximum rate of metabolism in the liver (mg/hr): 𝑉max =  𝑉maxC 𝐵𝑊
0.7. 545 

 546 

A study by White et al. (1985) showed that 1,1,2-trichloroethane-exposed female mice had a decrease in 547 

CYP450 content and CYP450 2E1 enzyme activity but male mice did not, suggesting suicide inhibition 548 

in female mice after oral and inhalation exposure to 1,1,2-trichloroethane. To account for the time-549 

decreasing VMAX, (Sapphire Group, 2002) incorporated four inhibition mechanisms per (Lilly et al., 550 

1998) based on the reactive interaction occuring with the enzyme-substrate complex, the total enzyme 551 

https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/20304
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/63084
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/10323203
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/94880
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/64564
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/10323251
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present, the free enzyme, or a first order bound intermediate process. Male mice parameters for oral 552 

absorption, KM, and VMAX were assumed to be the same as for female mice. 553 

 554 

The initial value for corn oil absorption rate was 1.0 hr-1 (Clewell et al., 2000). Sapphire Group (2002) 555 

optimized parameters using the PBPK model written in ACSL. They used visual best fit to determine 556 

parameters via Log Likelihood Function.  557 

 558 

Table 3-1. Physiological and Biochemical Parameters for the 1,1,2-Trichloroethane PBPK Model. 559 
Parameter name and description for the rat and mouse 1,1,2-trichloroethane model. Parameter names in 560 
parentheses are the parameter names depicted in the model code, written in MCSim model specification language. 561 

Parameter  Value Units Notes Source 

  Mouse Rat    

BW (BW) Body weight 0.03 0.25 kg   

QCC (QCC) Cardiac output 14 13 L kg-0.7 

hr-1 

 (Brown et al., 

1997) 

QPC (QPC) Alveolar ventilation 

rate 

14 13 L kg-0.7  

hr-1 

 QPC=QCC 

 

Fractional blood flows 

QFC (QFC) Flow to fat tissue 0.07 0.07 -- Rat value for 

mouse 

(Brown et al., 

1997) 

QLC (QLC) Flow to liver 0.161 0.183 --  

QSC (QSC) Flow to slowly 

perfused tissue 

0.217 0.336 -- Skin and 

muscle 

QBRC 

(QBRC) 

Flow to brain 0.033 0.02   

QSNC 

(QSNC) 

Flow to spleen 0.011 0.011  Rat value 

used for 

mouse 

(Delp et al., 1991) 

QRC (QRC) Flow to rapidly 

perfused tissue 

0.508 0.38 --  QR = QC – QL – 

QF – QS - QSN 

Fractional Tissue Volumes 

VFC (VFC) Fat tissue 0.07 0.07   (Brown et al., 

1997) VLC (VLC) Liver tissue 0.0549 0.0366   

VRC (VRC) Rapidly perfused 

tissue 

0.1958 0.2215  1-(bone + 

other tissues) 

VSC (VSC) Slowly perfused 

tissue 

0.5493 0.5946   

VSNC 

(VSNC) 

Spleen 0.0035 0.002   

VBRC 

(VLBR) 

brain 0.0169 0.0057   

Partition Coefficients (tissue to air ratio);  Tissue: blood PC = tissue: air PC/blood: air PC 

https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/630440
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/10323251
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/20304
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Parameter  Value Units Notes Source 

PB (PB) Blood to air  71 58 --  Rat: (Gargas et 

al., 1989) 

Mouse: Poet 

(2001) 

PFA (PFA) Fat to air 1438 1438 --  Rat-(Gargas et 

al., 1989) 

PLA (PLA) Liver to air  73 73 --  Rat - (Gargas et 

al., 1989) 

PRA (PRA) Rapidly perfused 

tissue to air  

60.7 60.7 -- Average of 

liver, brain, 

spleen: air 

PCs 

 

PSA (PSA) Slowly perfused 

tissue to air 

23 23 --  Muscle – (Gargas 

et al., 1989) 

PSNA (PSNA) Spleen to air 43 43   (Battelle, 2001), 

rat 

PBRA (PBRA) Brain to air 56.1 56.1   (Battelle, 2001), 

rat 

Metabolism and Absorption 

VMAXC 

(VMAXC) 

Max metabolic rate 

constant for CYP 

pathway 

17.3 10.2 mg/ hr/ 

kg0.7 

Optimization 

to fit corn oil 

gavage data 

(Sapphire Group, 

2002) 

KM  (KM) Affinity constant for 

CYP pathway 

0.35 0.54 mg/L Optimization 

to fit water 

gavage 

(Sapphire Group, 

2002) 

KDET Normal enzyme 

turnover/resynthesis 

rate 

0.025 NA hr-1 Normal CYP 

P-450 2E1 

half-life of 29 

hours for rat 

(Lilly et al., 1998) 

KDBI Enzyme destruction 

rate by suicide 

inhibition through 

first order 

inactivation by 

bound, reactive 

intermediate 

0.0914 NA hr-1 Optimized to 

fit corn oil 

gavage 

(Sapphire Group, 

2002) 

KAS 

(KAS) 

Absorption rate – 

water  (stomach to 

liver) 

2.5 1.3 hr-1 optimized (Sapphire Group, 

2002) 

 Absorption rate – 

corn oil (stomach to 

liver) 

0.2 0.45 hr-1  (Sapphire Group, 

2002) 

 562 

 563 
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3.5 Model Equations 564 

The following equations represent the dynamics for the calculated concentrations (mg/L) where 𝐴𝑗 is the 565 

amount of chemical for each 𝑗 tissue. See Table 3-1 for a list of model parameters.  566 

 567 

 Fat tissue: 𝐶F = 𝐴F/𝑉F 568 

 Veins leaving fat tissue: 𝐶VF = 𝐶𝐹/𝑃F 569 

 Liver tissue: 𝐶L = 𝐴L/𝑉L 570 

 Veins leaving liver: 𝐶VL = 𝐶𝐿/𝑃L 571 

 Rapidly perfused tissue: 𝐶R = 𝐴R/𝑉R   572 

Veins leaving rapidly perfused tissue: 𝐶VR = 𝐶𝑅/𝑃R 573 

 Slowly perfused tissue: 𝐶S = 𝐴S/𝑉S 574 

 Veins leaving slowly perfused tissue: 𝐶VS = 𝐶𝑆/𝑃S   575 

 Spleen tissue: 𝐶SN = 𝐴SN/𝑉SN 576 

 Veins leaving Spleen tissue: 𝐶VSN = 𝐶𝑆𝑁/𝑃SN    577 

 Brain tissue: 𝐶BR = 𝐴BR/𝑉BR 578 

 Veins leaving Brain tissue: 𝐶VBR = 𝐶𝐵𝑅/𝑃BR . 579 

 580 

Venous and arterial blood concentrations are represented as: 581 

Venous blood: 𝐶V = (𝑄F𝐶VF + 𝑄L𝐶VL + 𝑄𝑆𝐶VS + 𝑄R𝐶VR + 𝑄𝑆𝑁𝐶𝑉𝑆𝑁 + 𝑄𝐵𝑅𝐶𝑉𝐵𝑅)/𝑄C 582 

Arterial blood: 𝐶A = (𝑄p𝐶I + 𝑄C𝐶V)/(𝑄P/𝑃B), where 𝑄𝑗 are blood flows to each 𝑗 tissue, 𝑄𝐶 is cardiac 583 

output, 𝑄𝑃 is alveolar ventilation rate, and 𝑃𝐵 is the blood:air partition coefficient.  584 

 585 

The set of ordinary differential equations below models the rates of change of amounts of 1,1,2-586 

trichloroethane (mg/hr) as it travels in the different body tissues. 587 

 588 

Equation 3-1. Amount of 1,1,2-trichloroethane in fat (mg). 589 
𝑑

𝑑𝑡
𝐴F = 𝑄F(𝐶A − 𝐶VF) 590 

 591 

Equation 3-2. Amount of 1,1,2-trichloroethane in slowly-perfused tissue (mg). 592 
𝑑

𝑑𝑡
𝐴S = 𝑄S(𝐶A − 𝐶VS) 593 

 594 

Equation 3-3. Amount of 1,1,2-trichloroethane in rapidly-perfused tissue (mg). 595 
𝑑

𝑑𝑡
𝐴R = 𝑄R(𝐶A − 𝐶VR) 596 

 597 

Equation 3-4. Amount of 1,1,2-trichloroethane in spleen (mg). 598 
𝑑

𝑑𝑡
𝐴SN = 𝑄SN(𝐶A − 𝐶VSN) 599 

 600 

Equation 3-5. Amount of 1,1,2-trichloroethane in brain tissue (mg). 601 
𝑑

𝑑𝑡
𝐴BR = 𝑄BR(𝐶A − 𝐶VBR) 602 

 603 

Equation 3-6. Amount of 1,1,2-trichloroethane in liver tissue (mg). 604 
𝑑

𝑑𝑡
𝐴𝐿 = (𝐾𝐴𝑆 ⋅ 𝐴𝑆𝑇) + 𝑄𝐿(𝐶𝐴 − 𝐶𝑉𝐿) − 𝑅𝐴𝑀𝐿 605 
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 606 

Where 𝑅𝐴𝑀𝐿 is the rate of oxidative metabolism in the liver, shown by Equation 3-7. 607 

 608 

Equation 3-7. Rate of rate of oxidative metabolism in the liver (𝑹𝑨𝑴𝑳) 609 

   𝑅𝐴𝑀𝐿 =  
𝑉maxT𝐶𝑉𝐿

𝐾𝑀+𝐶𝑉𝐿
. 610 

 611 

Equation 3-8.  Amount of 1,1,2-trichloroethane metabolized in the liver (mg). 612 
𝑑

𝑑𝑡
𝐴ML =

𝑉maxT𝐶𝑉𝐿

𝐾𝑀 + 𝐶𝑉𝐿
= 𝑅𝐴𝑀𝐿 . 613 

 614 

Equation 3-9. The rate of change of the maximum rate of metabolism of 1,1,2-trichloroethane in the 615 

CYP pathway (mg/hr) in the liver. 616 
𝑑

𝑑𝑡
𝑉maxT = 𝐾deT(𝑉max − 𝑉maxT) − 𝐾𝑑𝑏𝑖𝑅𝐴𝑀𝐿. 617 

 618 

This model allows 1,1,2-trichloroethane to be ingested orally, which is tracked in the stomach 619 

compartment by the amount 𝐴𝑆𝑇. An oral dose enters the stomach and the oral dose rate is described as 620 
𝑑

𝑑𝑡
𝑅oral = 0 and the rate of change of cumulative amount of 1,1,2-trichloroethane taken orally is 621 

𝑑

𝑑𝑡
𝐴inoral = 𝑅𝑜𝑟𝑎𝑙.  622 

 623 

Equation 3-10. Amount of 1,1,2-trichloroethane in stomach (mg). 624 

 
𝑑

𝑑𝑡
𝐴𝑆𝑇 = 𝑅𝑜𝑟𝑎𝑙 − 𝐾𝐴𝑆 ⋅ 𝐴𝑆𝑇. 625 

 626 

The model also supports inhalation, with concentration in ambient air, or 𝐶𝐼𝑁. In the case of the 627 

inhalation dose scenario, we can assume a closed chamber with some volume, 𝑉𝐶𝐻 or an open chamber, 628 

which is simulated in the model when the parameter 𝑉𝐶𝐻 =  0. (The chamber volume is effectively 629 

infinite for open chamber scenarios.) The concentration of 1,1,2-trichloroethane in inhaled air 𝐶𝐼 630 

(mg/L), based on the amount of 1,1,2-trichloroethane in the chamber, 𝐴𝐶𝐻 such that  631 

    632 

𝐶I = {
𝐴CH/𝑉CH, 𝑉CH > 0

𝐶IN, 𝑉CH = 0
. 633 

 634 

The concentration in exhaled air is 635 

 636 

𝐶𝑋  =  𝐶𝐴/𝑃𝐵, 637 

 638 

with the amount of 1,1,2-trichloroethane in exhaled air (mg):   639 

 640 

Equation 3-11. Amount of 1,1,2-trichloroethane in Exhaled air per subject 641 
𝑑

𝑑𝑡
𝐴X = 𝑄p𝐶X. 642 

 643 

Note that for all subjects in the chamber calculated by the amount in exhaled air for a single subject, 𝐴𝑋 644 

(note that the number of subjects is denoted as 𝑁𝑠𝑢𝑏 in the code) so that 𝐴XC = 𝐴X𝑁sub. Then, the 645 

cumulative amount inhaled (mg) for all subjects in the chamber is 𝐴INHC = 𝐴𝐼𝑁𝐻𝑁sub.  646 

 647 

During a closed chamber experiment, the amount of 1,1,2-trichloroethane in the chamber is described as: 648 

 649 
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Equation 3-12. Amount of 1,1,2-trichloroethane in the closed chamber 650 
𝑑

𝑑𝑡
𝐴ch = 𝑁sub𝑄p(𝐶X − 𝐶I).  651 

  652 

and the rate of change of the cumulative amount of 1,1,2-trichloroethane inhaled is described as: 653 

   654 

Equation 3-13. Amount of 1,1,2-trichloroethane Inhaled per subject. 655 
𝑑

𝑑𝑡
𝐴inh = 𝑄p𝐶in. 656 

 657 

The rates to describe the area under the curve of the blood concentrations (mg/L/hr) are: 658 

 659 

Equation 3-14. Area under venous blood concentration curve 660 
𝑑

𝑑𝑡
AUC𝑉 = 𝐶V 661 

 662 

Equation 3-15. Area under arterial blood concentration curve 663 
𝑑

𝑑𝑡
AUCA = 𝐶A. 664 

 665 

Table 3-2. State Variables in 1,1,2-Trichloroethane PBPK Model. 666 

Name Description 

ACH Amount of 1,1,2-trichloroethane in chamber (mg) 

AX Cumulative amount of 1,1,2-trichloroethane in exhaled air per animal (mg) 

AINH Cumulative amount of 1,1,2-trichloroethane inhaled per animal (mg) 

AF Amount of 1,1,2-trichloroethane in fat (mg) 

AS Amount of 1,1,2-trichloroethane in slowly-perfused tissue (mg) 

AR Amount of 1,1,2-trichloroethane in rapidly-perfused tissue (mg) 

ASN Amount of 1,1,2-trichloroethane in spleen (mg) 

ABR Amount of 1,1,2-trichloroethane in brain (mg) 

AL Amount of 1,1,2-trichloroethane in liver (mg) 

AML Cumulative amount of 1,1,2-trichloroethane metabolized in liver (mg) 

VMAXT Maximum rate of metabolism in liver (mg/hr) 

AST Amount of 1,1,2-trichloroethane in stomach (mg) 

AUCV Area under venous blood concentration curve (mg/L*hr) 

AUCA Area under arterial blood concentration curve (mg/L*hr) 

AUCSN Area under spleen curve (mg/L*hr) 

AUCBR Area under brain curve (mg/L*hr) 

AUCL Area under liver curve (mg/L*hr) 

ABFUR Amount of 1,1,2-trichloroethane in background fur (mg) 

CIN Concentration of 1,1,2-trichloroethane in ambient air 

ORALDR Oral dose rate (mg/hr) 

AINORAL Cumulative amount taken in orally (mg) 

 667 
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3.6 Model Simulations 668 

The goal of the combined experimental studies (WIL Research, 2002; Battelle, 2001) and modeling 669 

efforts (Sapphire Group, 2002) was to develop a PBPK model to support route-to-route extrapolation; 670 

specifically, to use studies with an oral exposure of 1,1,2-trichloroethane to assess inhalation risks. In 671 

the experimental studies, female rats and mice were exposed to 100 ppm of 1,1,2-trichloroethane via 672 

inhalation for 6 hours per day, 5 days per week, over four weeks. Additional groups of female mice and 673 

rats received daily oral doses of 1,1,2-trichloroethane administered by gavage either with water or corn 674 

oil. Daily oral doses took place for 5 consecutive days with blood sampling occuring on days 1, 3, and 5. 675 

Target oral doses for mice were 10 mg/kg (water) and 390 mg/kg (corn oil), while rat target oral doses 676 

were 1.7 mg/kg (water) and 92 mg/kg (corn oil). Actual average doses for mice were 9.7 mg/kg (water) 677 

and 356.6 mg/kg (corn oil) and actual average doses for rats were 1.6 mg/kg (water) and 94.2 mg/kg 678 

(corn oil). See Table 3-3 for the model simulation scenarios. 679 

 680 

For studies that conducted drinking water as the dose vehicle, the dosing regimen to model drinking 681 

water ingestion habits of rodents was based on 12-hour circadian patterns mice exhibit in drinking water 682 

consumption. Silver et al. (1991) found that approximately 80% of water consumption occurs during a 683 

12-hour dark period. The model incorporates this assumption with 21 evenly spaced drinks during the 684 

dark phase and 12 evenly spaced drinks during the light phase. Due to the fast half-life of 1,1,2-685 

trichloroethane, this dosing regimen produces the same result as one that assumes continuous oral 686 

dosing. The same dosing regime was applied for rats and mice in studies that used periodic drinking 687 

water as the oral dosage vehicle. See Table 3-4 for the route-to-route study-specific model 688 

specifications. 689 

 690 

Table 3-3. Dosing Scenarios for Model Validation Against Data. 691 

Route of exposure Duration Dose Observation 

Oral gavage – water 5 days 9.7 mg/kg – mice 

1.6 mg/kg - rats 

Concentration in 

venous blood 

Oral gavage – corn oil 5 days 356.6 mg/kg – mice 

94.2 mg/kg – rats 

Inhalation 6 hours a day, 5 days a 

week, 4 weeks 

100 ppm 

 692 

Table 3-4. Dosing Scenarios for Route-to-Route Extrapolation Studies. 693 

Endpoint Dosing Scenario 
Length of 

Simulation 

Internal dose 

metric (model 

variable name) 

External Oral 

Dose 
Source 

Developmental 

Rats 

12-hour light/dark 

schedule. 80% of 

water consumption 

at night. Water is 

consumed in even 

spaces. 

GD 6 and 

GD 20 

Amount 

metabolized in 

liver per liter 

liver per day 

(AML) mg/L/d 

NOAEL 111 

mg/kg/d 

(Sapphire 

Group, 

2005) 

Immunotoxicity  

mice 

12-hour light/dark 

schedule. 80% of 

water consumption 

at night. Water is 

90 d Amount 

metabolized in 

liver per liter 

liver per day 

(AML) mg/L/d 

3.9 (NOAEL)  

44 (LOAEL) 

(Sapphire 

Group, 

2004c) 
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Endpoint Dosing Scenario 
Length of 

Simulation 

Internal dose 

metric (model 

variable name) 

External Oral 

Dose 
Source 

consumed in even 

spaces. 

Acute 

Neurotoxicity 

Corn oil gavage 14 d Maximum 

concentration in 

brain (CBrain) 

mg/L 

55 mg/kg/d 

(NOAEL), 95 

mg/kg/d 

(LOAEL) 

(Sapphire 

Group, 

2004a) 

Carcinogenicity  Corn oil gavage 5 days a 

week for 78 

weeks 

Amount 

metabolized in 

liver per liter 

liver per day 

(AML) mg/L/d 

Mouse: 195 

mg/kg/d and 

390 mg/kg/d  

(Sapphire 

Group, 

2004b) 

 694 

3.7 Software  695 

All simulations were performed using R version 4.4.0 (R Core Team 2024) on a Dell Precision T7610 696 

with 32 CPUs. The PBPK model was implemented with the MCSim model specification Language (Bois, 697 

2009) and solutions for differential equation initial value problems involving those models were obtained 698 

using the R package “deSolve” (Soetaert et al., 2010). The original model was written in ACSL Sim 11.8 699 

and ACSL Math 2.5.4. 700 

 701 
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 703 

4.1 Model Evaluation 704 

Oral Simulations for female F344 Rats and female B6C3F1 Mice 705 

The oral data plotted against simulations is from (Battelle, 2001). Figure 4-1 shows experimental data 706 

plotted against simulations of venous blood concentrations (mg/L) of 1,1,2-trichloroethane after mice 707 

(average BW 0.194 kg) were exposed to 9.7 mg/kg/day and rats (average BW 0.152 kg) were exposed to 708 

1.6 mg/kg/day 1,1,2-trichloroethane as an oral gavage in water once daily for 5 days. The data was 709 

collected for 1, 3, and 5 days. The lines are model simulations for the first hour of each day of data 710 

collection. Modeling of the water gavage study suggests that peak blood concentrations are achieved 711 

quickly (approximately 14 minutes post dose for rats and 5 minutes for mice). Figure 4-2 shows venous 712 

blood concentrations (mg/L) of 1,1,2-trichloroethane after mice (average BW 0.193 kg) were exposed to 713 

365.5 mg/kg/day and rats (average BW 0.147 kg) were exposed to 94.2 mg/kg/day 1,1,2-trichloroethane 714 

as an oral gavage in corn oil once daily for 5 days. Data was collected for 1, 3, and 5 days. The lines are 715 

model simulations for the 8 hours of each day of data collection. Figure 4-3 shows the entire simulation 716 

over time. For the corn oil gavage study, the model predicts that the maximum blood concentration is 717 

reached 46 minutes after dosing for rats, after which point it declines rapidly for about 3 hours post dose 718 

when elimination phase slows. For mice, peak concentrations are reached at 83, 159, and 166 minutes 719 

post dose for each day. 720 

 721 

Inhalation Simulations for female F344 Rats and female B6C3F1 Mice 722 

Figure 4-4 shows venous blood concentrations of mice and rats exposed to 100 ppm 1,1,2-723 

trichloroethane for six hours a day, 5 days a week, for 4 weeks. Experimental data from WIL Research 724 

(2002). Blood was collected on days 1, 3, and 5 of week 4. The lines are model simulations from the 1st, 725 

3rd, and 5th days of the 4th week, for the 8 hours of each day. The error bars are the standard deviation of 726 

the experimental data (n=3 animals). Average BW was 0.023 kg for mice and 0.16 kg for rats. Limit of 727 

detection was 0.013 ug/g. Figure 4-5 shows the total four week duration for mice. Figure 4-6 shows the 728 

total four week duration for rats. For both rats and mice, blood concentration peaked at 6 hours. 729 

 730 

Goodness of Fit 731 

Figure 4-8 shows a plot predicting the log-transformed observations against the simulated values for 732 

both the oral and inhalation studies. Table 4-1 shows the RMSLE and R2 goodness-of-fit values for each 733 

scenario. 734 

 735 

Route-to-route Prediction Results 736 

See Table 4-2 for a list of the generated external concentrations needed to reach the same internal dose 737 

achieved for each oral POD in rats or mice. 738 

 739 

 740 
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 741 
Figure 4-1. Simulated and Observed Blood Concentrations of 1,1,2-Trichloroethane in Mice and 742 

Rats Following Oral Water Gavage. 743 
Log-transformed venous blood concentrations (mg/L) of 1,1,2-trichloroethane after mice (average BW 0.194 kg) 744 
were exposed to 9.7 mg/kg/day and rats (average BW 0.152 kg) were exposed to 1.6 mg/kg/day 1,1,2-745 
trichloroethane as an oral gavage in water once daily for 5 days. Experimental data from (Battelle, 2001). Data 746 
was collected for 1, 3, and 5 days. The lines are model simulations for the first hour of each day of data collection. 747 
The error bars are the standard deviation of the experimental data (n=3 animals).  748 
 749 
 750 

 751 
Figure 4-2. Simulated and Observed Blood Concentrations of 1,1,2-Trichloroethane in Mice and 752 

Rats Following Corn Oil Oral Gavage (Single Day). 753 
Log-transformed venous blood concentrations (mg/L) of 1,1,2-trichloroethane after mice (average BW 0.193 kg) 754 
were exposed to 365.5 mg/kg/day and rats (average BW 0.147 kg) were exposed to 94.2 mg/kg/day 1,1,2-755 
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trichloroethane as an oral gavage in corn oil once daily for 5 days. Experimental data from (Battelle, 2001). Data 756 
was collected for 1, 3, and 5 days. The lines are model simulations for the 8 hours of each day of data collection. 757 
The error bars are the standard deviation of the experimental data (n=3 animals).  758 
 759 

 760 
Figure 4-3. Simulated and Observed Blood Concentrations of 1,1,2-Trichloroethane in Mice and 761 

Rats Following Corn Oil Oral Gavage (Total Exposure). 762 
Venous blood concentrations (mg/L) of 1,1,2-trichloroethane after mice (average BW 0.193 kg) were exposed to 763 
365.5 mg/kg/day and rats (average BW 0.147 kg) were exposed to 94.2 mg/kg/day 1,1,2-trichloroethane as an oral 764 
gavage in corn oil once daily for 5 days. Experimental data from (Battelle, 2001). Data was collected for 1, 3, and 765 
5 days. The lines are model simulations for the five day exposure. The error bars are the standard deviation of the 766 
experimental data (n=3 animals).  767 
 768 
 769 

 770 
 771 

Figure 4-4. Simulated and Observed Blood Concentrations of 1,1,2-Trichloroethane in Mice and 772 

Rats Following 100 ppm Inhalation Exposure. 773 
Venous blood concentrations of mice and rats exposed to 100 ppm 1,1,2-trichloroethane for six hours a day, 5 774 
days a week, for 4 weeks. Experimental data from WIL Research (2002). Blood was collected on days 1, 3, and 5 775 
of week 4. The lines are model simulations from the 1st, 3rd, and 5th days of the 4th week, for the 8 hours of each 776 
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day. The error bars are the standard deviation of the experimental data (n=3 animals). Average BW was 0.023 kg 777 
for mice and 0.16 kg for rats. Limit of detection was 0.013 ug/g. 778 

 779 

 780 
Figure 4-5. Simulated and Observed Blood Concentrations of 1,1,2-Trichloroethane in Mice 781 

Following 100 ppm Inhalation Exposure (Total Duration and Week 4 Only). 782 
Venous blood concentrations of mice exposed to 100 ppm 1,1,2-trichloroethane for six hours a day, 5 days a 783 
week, for 4 weeks. Experimental data from (Battelle, 2001). Blood was collected on days 1, 3, and 5 of week 4. 784 
The error bars are the standard deviation of the experimental data (n=3 mice per day). 785 
 786 
 787 

 788 
Figure 4-6. Simulated and Observed Blood Concentrations of 1,1,2-Trichloroethane in Rats 789 

Following 100 ppm Inhalation Exposure (Total Duration and Week 4 Only). 790 
Venous blood concentrations of rats exposed to 100 ppm 1,1,2-trichloroethane for six hours a day, 5 days a week, 791 
for 4 weeks. Experimental data from (Battelle, 2001). Blood was collected on days 1, 3, and 5 of week 4. The 792 
error bars are the standard deviation of the experimental data (n=3 rats per day). Average BW was 0.023 kg for 793 
mice and 0.16 kg for rats. Limit of detection was 0.013 ug/g. 794 
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 795 
Figure 4-7. Predicted vs. Observed Blood Concentrations for Mice and Rats Following Inhalation 796 

and Oral Doses of 1,1,2-Trichloroethane. 797 
Log-transformed observed  vs. predicted 1,1,2-trichloroethane venous blood concentration (mg/L), 798 
grouped by route of exposure and species. Inhalation exposure in both rats and mice: 100 ppm 1,1,2-799 
trichloroethane for six hours a day, 5 days a week, for 4 weeks; blood was collected on days 1, 3, and 5 800 
of week 4. Oral exposure occurred via gavage for 5 days: rats were exposed to 1,1,2-trichloroethane 801 
doses of 365.5 mg/kg/day in corn oil or 1.6 mg/kg/day water and mice were exposed to 1,1,2-802 
trichloroethane doses of 94.2 mg/kg/day in corn oil and 9.7 mg/kg/day water. All experimental data is 803 
from (Battelle, 2001) and  WIL Research (2002). The predictions are simulations from the PBPK model 804 
used for each exposure scenario. The dashed line is the identity line; points that fall on this line have 805 
been predicted completely while points that fall above the line have over-predicted and points below the 806 
line have under predicted. 807 
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 808 

 809 
Figure 4-8. Predicted vs. Observed Blood Concentrations for Mice and Rats Following Inhalation 810 

and Oral Doses of 1,1,2-Trichloroethane, Grouped by Route of Exposure. 811 
Log-transformed observed  vs. predicted 1,1,2-trichloroethane venous blood concentration (mg/L), 812 
grouped by route of exposure and species. Inhalation exposure in both rats and mice: 100 ppm 1,1,2-813 
trichloroethane for six hours a day, 5 days a week, for 4 weeks; blood was collected on days 1, 3, and 5 814 
of week 4. Oral exposure occurred via gavage for 5 days: rats were exposed to 1,1,2-trichloroethane 815 
doses of 365.5 mg/kg/day in corn oil or 1.6 mg/kg/day water and mice were exposed to 1,1,2-816 
trichloroethane doses of 94.2 mg/kg/day in corn oil and 9.7 mg/kg/day water. All experimental data is 817 
from (Battelle, 2001) and  WIL Research (2002). The predictions are simulations from the PBPK model 818 
used for each exposure scenario. The dashed line is the identity line; points that fall on this line have 819 
been predicted completely while points that fall above the line have over-predicted and points below the 820 
line have under predicted. 821 
 822 

Table 4-1. RMSLE and 𝑹𝟐 Values for Evaluating PBPK Model Goodness of Fit Against Data. 823 

Route Vehicle (if oral) Observation Species RMSLE 
RMSLE – 

total route 
𝑹𝟐- total 

route 

Inhalation Concentration 

in blood mg(L) 

Mouse 0.32 0.33 0.54 

Rat 0.33 0.44 

Oral Water Concentration 

in blood mg(L) 

Mouse 0.06 0.19 0.22 0.91 

Corn oil 0.27 

Water Rat 0.01 0.24 0.83 

Corn oil 0.33 

 824 
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Table 4-2. Route-to-route Extrapolation Results. 825 
Results of route-to-route extrapolation. Inhalation PODs for rodents (PODinhaled) in mg/m3 and ppm were 826 
generated for each PODOral (mg/kg/d) as they are reported in the dose metrics section above.. Internal doses are 827 
either maximum 1,1,2-trichloroethane brain concentration (Cmax Brain, mg/L),  maximum 1,1,2-trichloroethane 828 
blood concentration (Cmax Blood, mg/L),  area under the curve blood concentration (AUC blood, mg/L-h), and 829 
amount metabolized in the liver per liter liver per day (AML, mg/L-d). 830 

Endpoint 

Internal 

Dose 

Metric  

Internal Dose Value  
Rodent PODOral 

mg/kg/d 

Rodent 

PODInhaled  

mg/m3 

Rodent 

PODInhaled 

ppm 

Other 

Notes 

Acute 

neurotoxicity 

 

Rat 

Oral vehicle: corn 

oil 

Cmax Brain 3.71 55 571 105 -- 

11.7 95 (NOAEL) 930 171 

35.9 200 (LOAEL) 1390 255 

AML 1440 55 120 22.1 

2280 95 (NOAEL) 190 35 

3800 200 (LOAEL) 319 58.5 

Cmax 

Blood 

3.91 55 631 116 

12.3 95 (NOAEL) 950 175 

37.8 200 (LOAEL) 1410 260 

AUC blood 0.347 55 72.4 13.3 

1.56 95 (NOAEL) 309 56.7 

7.78 200 (LOAEL) 835 153 

Subchronic 

Neurotoxicity 

 

Rat 

Oral vehicle: 

water  

Cmax Brain 

 

0.0375 17.1 6.85 1.26 -- 

0.149 55.9 27.1 4.98 

0.274 86 (NOAEL) 49.7 9.13 

0.339 98.2 (NOAEL) 61.6 11.3 

AML 

 

466 17.1 38.9 7.15 

1520 55.9 127 23.4 

2340 86 (NOAEL) 195 35.9 

2660 98.2 (NOAEL) 223 41 

Developmental 

 

Rat 

Oral vehicle: 

water 

Cmax Brain 

 

0.0385 17  7.04 1.29 GD 6 

0.0373 6.81 1.25 GD 7-20 

AML 

 

463 38.6 7.09 GD 6-7 

464 38.7 7.11 GD 8-20 

Cmax Brain 

 

0.127 48  23.2 4.26 GD 6 

0.122 22.3 4.10 GD 7-20 

AML 

 

1300 109 20.0 GD 6-7 

1310 109 20.1 GD 8-20 

Cmax Brain 

 

0.446 111 (NOAEL)  80.7 14.8 GD 6 

0.421 76.3 14 GD 7-20 
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Endpoint 

Internal 

Dose 

Metric  

Internal Dose Value  
Rodent PODOral 

mg/kg/d 

Rodent 

PODInhaled  

mg/m3 

Rodent 

PODInhaled 

ppm 

Other 

Notes 

AML 

 

3000 251 46.1 GD 6 

3000 251 46.2 GD 7 

3010 252 46.3 GD 8-20 

Immunotoxicity 

Mouse 

Oral vehicle: 

water 

AML 

 

68.4 3.9 (NOAEL) 4.11 0.754 -- 

771 44 (LOAEL) 46.3 8.51 

4510 384 289 53.1 

Cancer- Rat 

Oral vehicle: corn 

oil 

AML 

 

885 32.8 73.9 13.6 -- 

1680 65.7 141 25.9 

Cancer – Mouse 

Oral vehicle: corn 

oil 

 

2370 195 143 26.3 

3280 390 199 36.5 

Reproductive - 

premating 

 

Rat 

Oral vehicle: 

water 

AML 

 

357 13.1 32.8 6.02 P1 m 

premating 

 
1110 40.6 (NOAEL) 101 18.6 

2230 82.2 205 37.7 

464 17 35.9 6.6 P1 f 

premating 

 
1420 52.2 110 20.2 

2770 102 215 39.5 

567 20.8 52 9.55 F1 m 

premating 

 
1830 67.2 168 30.8 

4330 162 400 73.5 

673 24.7 52.2 9.58 F1 f 

premating 

 
2240 82.5 174 32 

4650 173 363 66.6 

Reproductive - 

gestation 

 

Rat 

Oral vehicle: 

water 

AML 

 

436 16 33.8 6.21 P1 f 

gestation 

 
1360 49.9 105 19.4 

2770 102 215 39.5 

494 18.1 38.2 7.02 F1 f 

gestation 

 
1670 61.5 130 23.8 

3410 126 265 48.7 

 831 

4.2 Sensitivity, Uncertainty, and Variability Analyses 832 

Local sensitivity analysis (LSA) calculates how a model’s output (i.e., blood AUC or amount 833 

metabolized in liver) changes in response to small perturbations in input parameters.  This is done using 834 

a one-at-a-time (OAT) method whereby one parameter is changed at a time while others remain at their 835 

nominal values; the model output is then compared to the output achieved when all parameters were set 836 
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to their nominal values. The rate of change between the nominal output and the output after perturbed 837 

parameters indicates a parameter’s relative influence. Mathematically, this refers to the first derivative.  838 

For a model 𝒙(𝑡) = 𝑓(𝜽) with 𝑁 number of parameters 𝜽 = (𝜃1, 𝜃2 … , 𝜃𝑁), local sensitivity analysis 839 

(LSA) is conducted to compute the sensitivity of an output variable to the j-th parameter; i.e., 𝑆(𝑡) =840 
𝑑𝑥(𝑡)

𝑑𝜃
. This returns a local sensitivity index,  𝑆𝑗, for each parameter such that 𝑆𝑗(𝑡) =

𝑑𝑥(𝑡)

𝑑𝜃𝑗
 .  The 𝑆𝑗 841 

indicates the parameters to which each observation is most sensitive.  842 

Some parameters have different orders of magnitude, in which case normalized sensitivity is calculated. 843 

This is represented by 𝑆̂𝑗(𝑡) =
𝜃𝑗

𝑥(𝑡)
⋅

𝑑𝑥(𝑡)

𝑑𝜃𝑗
 and expresses the relative change (percentage change in each 844 

parameter xi that results from a 0.1% Change in parameter j). Then the function of maps parameters. 845 

 
𝛿𝑓(𝜽)

𝑑𝜃𝑗
≈  (

𝑓(𝜃1,…,𝜃𝑗+Δ,…𝜃𝑁)−𝑓(𝜃1,…,𝜃𝑗,…𝜃𝑁) 

Δ
) ⋅

𝜃𝑖

𝑓(𝜃1,…,𝜃𝑗,…𝜃𝑁)
. 846 

LSA methods are computationally inexpensive and simple to implement. However, their limitations 847 

contribute to uncertainty. The method calculates parameter influence within a narrow scope. Parameters 848 

within biological models, such as PBPK models, often have a wide distribution; LSA ignores parameter 849 

influence over the entire parameter domain. Global sensitivity analysis (GSA) methods use a 850 

probabilistic approach and sample across the entire parameter range; however, if probabilistic 851 

information is unknown about the model parameters, then this method is unfeasible. 852 

 853 

 Sensitivity Analysis Results 854 

Normalized sensitivity analysis (SA) indices are presented for the oral model with oral NOAEL and 855 

LOAELs using the dosing regime from Table 3-4 and the corresponding inhalation dose from the route-856 

to-route extrapolation. The normalized indices are presented in Table 4-4 (immunology, neurotoxicity, 857 

and developmental endpoints) and Table 4-5 (cancer endpoints). Table 4-3 distills the information and 858 

presents only the most influential parameters per endpoint/dose/route. Across both routes of exposure 859 

and for the endpoints corresponding to amount metabolized in the liver, the liver volume, enzyme 860 

affinity, maximum metabolic capacity, blood-to-air partition coefficient, were the most influential. Note 861 

that despite amount metabolized in the liver being sensitive to liver volume, it is not highly influential 862 

for route-to-route extrapolation because changes would similarly affect each route by decreasing or 863 

increasing the chemical concentration in the liver. 864 

 865 

For higher doses, ventilation rate and stomach absorption rate were highly influential. For the endpoint 866 

corresponding to maximum brain concentration (𝐶max 𝐵𝑟𝑎𝑖𝑛), ventilation rate, maximum metabolic 867 

capacity, blood-to-air partitioning and blood-to-brain partitioning were the most influential. Generally,  868 

more parameters were influential for the inhalation model than the oral model. That is, multiple 869 

parameters contribute to output variation when simulating inhalation whereas relatively few parameters 870 

are influential to predict oral disposition. Additionally, the oral model outputs were less sensitive to 871 

parameter changes for lower doses. See Table 4-6 for a reference list of model parameters and their 872 

descriptions. Most of the influential parameters are physiological or anatomical and their values are 873 

supported by data, providing high confidence. Thus, the route-to-route extrapolation results that rely on 874 

these influential parameters have correspondingly high levels of confidence. 875 

 876 

Cancer Endpoint: The dose metric of interest is the average cumulative amount of 1,1,2-trichloroethane 877 

metabolized in the liver per liter liver per day. Doses were averaged to be given over 7 days a week 878 

instead of 5 days a week. Local sensitivity coefficients > 0.1 for the rat and mouse models are depicted 879 

in Figure 4-9 (A) for rats and Figure 4-9 (B) for mice. For rats, the oral doses of 32.8 mg/kg/d (low 880 

dose) and 65.7 mg/kg/d (high dose) correspond to 13.6 ppm and 25.9 ppm inhaled concentrations, 881 

respectively. In mice, the oral doses of 139.3  mg/kg/d (low dose) and 278.6 mg/kg/d (high dose) 882 
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correspond to 26.8 and 46.2 ppm inhaled concentrations, respectively. For both doses in rats, parameters 883 

to which the observation of interest (𝐴𝑀𝐿) are most sensitive are fractional liver volumes (𝑉𝐿𝐶) for both 884 

oral and inhaled routes and ventilation rate (𝑄𝑃𝐶) for the inhalation route of exposure. The level of 885 

parameter influence is dependent on the exposure route. For both species, body weight (𝐵𝑊) is 886 

influential to the inhalation model, but only moderately influential for the low dose oral model. 887 

Similarly, maximum metabolic rate (𝑉𝑚𝑎𝑥𝐶) is more influential for the high dose and relatively more 888 

influential to the oral model than the inhalation model. 𝑉𝐿𝐶, 𝑄𝑃𝐶, and 𝐵𝑊 have similar patterns in the 889 

mouse model; however, 𝑉𝑚𝑎𝑥𝐶 is highly influential for the high oral dose and less influential for the low 890 

oral dose. The suicide inhibition parameters are also highly influential for the mouse model. Since the 891 

rat model assumes that rats do not have suicide inhibition, this observation is specific only to the mouse 892 

model. 893 

 894 

Developmental Endpoint: The dose metric of interest is the cumulative amount of 1,1,2-trichloroethane 895 

metabolized in the liver per liter liver in rats. Local sensitivity coefficients > 0.1 for the models using the 896 

dosing scenarios from Table 3-4 are depicted in Figure 4-10 (A), where the oral NOAEL of 111 mg/kg/d 897 

corresponds to a constant inhaled dose of 46.3 ppm. More parameters are influential to the dose metric 898 

of interest, AML, for the inhalation model than the oral model. Fractional tissue volume is the most 899 

influential parameter for the oral model. VLC and QPC are both highly influential for the inhalation 900 

model, followed by BW, the blood: air PC (PB), cardiac output (QCC), and liver flow (QLC). Less 901 

influential are QRC, QSC, and VMAXC. 902 

 903 

Immunotoxicity Endpoint: The dose metric of interest is the cumulative amount of 1,1,2-trichloroethane 904 

metabolized in the liver per liter liver in mice. Local sensitivity coefficients > 0.1 for the models using 905 

the dosing scenarios from Table 3-4 are depicted in Figure 4-10 (B). The oral NOAEL and LOAEL 906 

values of 3.9 mg/kg/d and 44 mg/kg/d, respectively, correspond to inhaled NOAEL and LOAEL values 907 

of 0.754 ppm and 8.51 ppm continuous inhalation. VLC is the only influential parameter for both oral 908 

doses; VLC, QPC, BW, PB, QCC, QLC, QRC, and QSC are all influential for the inhalation route. Metabolic 909 

parameters are not influential for these dose levels as they are relatively low. 910 

 911 

Acute Neurotoxicity Endpoint: The dose metric of interest is the maximum concentration of 1,1,2-912 

trichloroethane metabolized in the brain (𝐶𝑚𝑎𝑥,𝐵𝑟𝑎𝑖𝑛) in rats. Local sensitivity coefficients > 0.1 for the 913 

models using the dosing scenarios from Table 3-4 are depicted in Figure 4-11. The oral NOAEL and 914 

LOAEL values of 95 and 200 mg/kg/d correspond to the continuous inhaled concentrations of 171 and 915 

255 ppm, respectively. Unlike the dose metric AML, 𝐶𝑚𝑎𝑥,𝐵𝑟𝑎𝑖𝑛 is highly sensitive to more parameters in 916 

the oral model than the inhalation model. For both oral doses, the stomach absorption rate (𝐾𝐴𝑆), the 917 

brain: air (𝑃𝐵𝑅𝐴) partition coefficient, and 𝑉𝑚𝑎𝑥𝐶  are the most influential. 𝑄𝐶𝐶 and all tissue blood flows 918 

are all influential for the oral model; 𝐵𝑊 and tissue volumes for slowly-perfused, rapidly-perfused, liver, 919 

and fat are influential to the oral model. For the inhalation model. 𝑉𝑚𝑎𝑥𝐶, 𝑄𝑃𝐶, and 𝑃𝐵𝑅𝐴 are highly 920 

influential and drive the output more than any other parameters. 𝐾𝑀 is moderately influential for the 921 

NOAEL dose.  922 

 923 
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Table 4-3. Locally Influential Parameters for Each Endpoint as They Apply to Applicable Dose 924 

Metrics and Grouped by Route and Dose. 925 

Endpoint Route Dose 
Influential 

parameters 

Unique 

influential 

parameters, 

across doses 

Unique influential 

parameters across 

routes and doses 

Developmental 

– Rat - AML 

Oral  NOAEL 

111 

mg/kg.d 

QPC, VLC, PB, VMAXC, 

KM 

VLC, PB, VMAXC, 

KM 

VLC, PB, VMAXC, KM 

Inhalation NOAEL 

46.3 ppm 

BW, QPC, QCC, QLC, 

QSC, QRC, VLC, PB, 

VMAXC, KM  

Immunotoxicity 

– Mouse - AML 

Oral NOAEL 

3.9 

mg/kg/d  

 VLC VLC VLC 

LOAEL 44 

mg/kg/d 

 VLC 

Inhalation NOAEL 

0.75 ppm 

BW, QPC, QCC, QLC, 

QSC, QRC, VLC, PB 

BW, QPC, QCC, 

QLC, QSC, QRC, 

VLC, PB LOAEL 

8.51 ppm 

BW, QPC, QCC, QLC, 

QSC, QRC, VLC, PB 

Acute 

Neurotoxicity – 

Rat – 

𝐶max 𝐵𝑟𝑎𝑖𝑛 

Oral NOAEL 55 

mg/kg/d 

BW, QPC, QCC, QLC, 

QFC, QSC, QRC, VLC, 

VFC, VSC, VRC, PLA, 

PFA, PSA, PRA, PBRA, 

PB, VMAXC, KM, KAS 

BW, QPC, QCC, 

QLC, QFC, QSC, 

QRC, VLC, VFC, 

VSC, VRC, PLA, PFA, 

PSA, PRA, PBRA, PB, 

VMAXC, KAS 

QPC, PBRA, PB,  VMAXC 

LOAEL 95 

mg/kg/d 

BW, QPC, QCC, QLC, 

QFC, QSC, QRC, VLC, 

VFC, VSC, VRC, PLA, 

PFA, PSA, PRA, PBRA, 

PB, VMAXC, KM, KAS 

Inhalation NOAEL 

105 ppm 

QPC, QCC, QLC, QSC, 

QFC, QBRC, QRC, 

PBRA, PB,  VMAXC, KM 

QPC, PBRA, PB,  

VMAXC, KM 

LOAEL 

171 ppm 

QPC, QCC, QLC, QSC, 

QRC, PBRA, PB,  

VMAXC, KM 

Cancer  - Rat - 

AML 

Oral 32.8 

mg/kg/d 

QPC, VLC, PB, VMAXC, 

KM, KAS  

QPC, VLC, PB, 

VMAXC, KM, KAS 

QPC, VLC, PB, VMAXC, 

KM, KAS 

65.7 

mg/kg/d 

BW, QPC, QCC, VLC, 

VFC, PFA, PB, VMAXC, 

KM, KAS 

Inhalation 13.6 ppm BW, QPC, QCC, QLC, 

QSC VLC, VFC, PFA, 

PB, VMAXC, KM, KAS 

BW, QPC, QCC, 

QLC, QSC VLC, VFC, 

PFA, PB, VMAXC, 

KM, KAS 25.9 ppm BW, QPC, QCC, QLC, 

QSC VLC, VFC, PFA, 

PB, VMAXC, KM, KAS 
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Endpoint Route Dose 
Influential 

parameters 

Unique 

influential 

parameters, 

across doses 

Unique influential 

parameters across 

routes and doses 

Cancer – Mouse 

- AML 

Oral 139.3 

mg/kg/d 

QPC, VLC, PB, VMAXC, 

KM, Kdet, Kdbi, KAS  

QPC, VLC, VMAXC, 

KM, Kdet, Kdbi, 

KAS 

 

QPC, VLC, VMAXC, KM 

 

278.6 

mg/kg/d 

BW, QPC, VLC, VFC, 

VMAXC, KM, Kdet, 

Kdbi, KAS 

Inhalation 26.8 ppm BW, QPC, QCC, QLC, 

QSC, QRC, VLC, PB, 

VMAXC 

BW, QPC, QCC, 

QLC, QSC, QRC, 

VLC, PB, VMAXC 

462. ppm BW, QPC, QCC, QLC, 

QSC, QRC, VLC, PB, 

VMAXC, KM, Kdet, 

Kdbi 

 926 
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 927 
 928 

Figure 4-9. Local Sensitivity Analysis Results for the Cancer Endpoint in Rats (A) and Mice (B) 929 

for Dose Metric Amount Metabolized in the Liver per Liter Liver: Oral and Inhalation Routes of 930 

Exposure. 931 
The dose metric of interest is the cumulative amount of 1,1,2-trichloroethane metabolized in the liver per liter 932 
liver. Local sensitivity coefficients > 0.1. SA indices are presented for the oral model with oral NOAEL and 933 
LOAELs using the dosing regime from Table x and the corresponding inhalation dose from the route-to-route 934 
extrapolation. 935 
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 936 

 937 
Figure 4-10. Local Sensitivity Analysis Results for the Developmental Endpoint (A) and the 938 

Immunotoxicity Endpoint (B) for the Dose Metric Amount Metabolized in the Liver per Liter 939 

Liver: Oral and Inhalation Routes of Exposure. 940 
The dose metric of interest is the cumulative amount of 1,1,2-trichloroethane metabolized in the liver per liter 941 
liver. Local sensitivity coefficients > 0.1. SA indices are presented for the oral model with oral NOAEL and 942 
LOAELs using the dosing regime from Table 3-4 and the corresponding inhalation dose from the R2R 943 
extrapolation. 944 
 945 

 946 

 947 

 948 
 949 
 950 
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 951 
Figure 4-11. Local Sensitivity Analysis Results Acute Neurotoxicity Endpoints for Dose Metric of 952 

Maximum Brain Concentration (mg/L): Oral and Inhalation Routes of Exposure. 953 
The dose metric of interest is the maximum concentration of 1,1,2-trichloroethane in the brain. Local sensitivity 954 
coefficients > 0.1. SA indices are presented for the oral model with oral NOAEL and LOAELs using the dosing 955 
regime from Table 3-4 and the corresponding inhalation dose from the R2R extrapolation. 956 

 957 

Table 4-4. Normalized Local Sensitivity Analysis Indices for Developmental, Immunotoxicology, 958 

and Acute Neurotoxic Endpoints. 959 

Para

meter 

Developmental - Rat Immunotoxicity - Mouse Acute Neurotoxicity - Rat 

Oral  Inhalatio

n 

Oral Inhalation Oral Inhalation 

NOAEL 

111 

mg/kg.d 

NOAEL 

46.3 ppm 

NOAEL 

3.9 

mg/kg/d  

LOAEL 44 

mg/kg/d 

NOAEL 

0.75 ppm 

LOAEL 

8.51 ppm 

NOAEL 55 

mg/kg/d 

LOAEL 95 

mg/kg/d 

NOAEL 

105 ppm 

NOAEL 

171 ppm 

BW < 0.01 -0.3 < 0.01 < 0.01 -0.3 -0.3 0.63 0.4 < 0.01 < 0.01 

QPC -0.012 0.89 < 0.01 < 0.01 0.92 0.92 -0.15 -0.19 1.2 2.7 

QCC < 0.01 0.084 < 0.01 < 0.01 0.081 0.081 -0.29 -0.35 -0.62 -0.092 

QLC < 0.01 0.069 < 0.01 < 0.01 0.068 0.068 0.11 0.073 -0.51 -0.075 

QFC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 -0.35 -0.35 0.043 < 0.01 

QSC < 0.01 -0.028 < 0.01 < 0.01 -0.018 -0.018 0.11 0.12 0.21 0.031 

QSNC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

QBRC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.012 < 0.01 

QRC < 0.01 -0.032 < 0.01 < 0.01 -0.041 -0.041 0.12 0.14 0.24 0.035 

VLC -1 -1 -1 -1 -1 -1 -0.019 -0.02 < 0.01 < 0.01 

VFC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 -0.11 -0.18 < 0.01 < 0.01 

VSC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 -0.14 -0.11 < 0.01 < 0.01 
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Para

meter 

Developmental - Rat Immunotoxicity - Mouse Acute Neurotoxicity - Rat 

Oral  Inhalatio

n 

Oral Inhalation Oral Inhalation 

NOAEL 

111 

mg/kg.d 

NOAEL 

46.3 ppm 

NOAEL 

3.9 

mg/kg/d  

LOAEL 44 

mg/kg/d 

NOAEL 

0.75 ppm 

LOAEL 

8.51 ppm 

NOAEL 55 

mg/kg/d 

LOAEL 95 

mg/kg/d 

NOAEL 

105 ppm 

NOAEL 

171 ppm 

VSNC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

VBRC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

VRC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 -0.14 -0.11 < 0.01 < 0.01 

PLA < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 -0.019 -0.02 < 0.01 < 0.01 

PFA < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 -0.11 -0.18 < 0.01 < 0.01 

PSA < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 -0.14 -0.11 < 0.01 < 0.01 

PRA < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 -0.14 -0.11 < 0.01 < 0.01 

PSNA < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

PBRA < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 1 1 1 1 

PB 0.012 0.099 < 0.01 < 0.01 0.085 0.086 -0.45 -0.38 -0.84 -0.27 

VMAXC 0.017 0.021 < 0.01 < 0.01 < 0.01 < 0.01 -1.7 -0.79 -0.62 -2.6 

KM -0.013 -0.015 < 0.01 < 0.01 < 0.01 < 0.01 0.16 0.027 0.22 0.17 

KFC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

Kdet < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

Kdbi < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

KAS < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 2.1 1.3 < 0.01 < 0.01 

Ksi < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

 960 

 961 

Table 4-5. Normalized Local Sensitivity Analysis Indices for the Cancer Endpoint. 962 

Parameter 

Cancer - Rat Cancer - Mouse 

Oral Inhalation Oral Inhalation 

32.8 

mg/kg/d 

 65.7 

mg/kg/d 

13.6 ppm  25.9 ppm  139.3 

mg/kg/d 

278.6 

mg/kg/d 

26.8 ppm 462. ppm 

BW < 0.01 -0.036 -0.3 -0.3 < 0.01 -0.2 -0.3 -0.3 

QPC -0.02 -0.057 0.9 0.9 -0.011 -0.051 0.91 0.85 

QCC < 0.01 0.014 0.085 0.085 < 0.01 < 0.01 0.081 0.076 

QLC < 0.01 < 0.01 0.069 0.069 < 0.01 < 0.01 0.068 0.064 

QFC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

QSC < 0.01 < 0.01 -0.029 -0.028 < 0.01 < 0.01 -0.018 -0.017 

QSNC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

QBRC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

QRC < 0.01 < 0.01 -0.032 -0.032 < 0.01 < 0.01 -0.041 -0.039 

VLC -1 -1 -1 -1 -1 -1 -1 -1 

VFC < 0.01 0.013 < 0.01 < 0.01 < 0.01 0.034 < 0.01 < 0.01 
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Parameter 

Cancer - Rat Cancer - Mouse 

Oral Inhalation Oral Inhalation 

32.8 

mg/kg/d 

 65.7 

mg/kg/d 

13.6 ppm  25.9 ppm  139.3 

mg/kg/d 

278.6 

mg/kg/d 

26.8 ppm 462. ppm 

VSC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

VSNC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

VBRC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

VRC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

PLA < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

PFA < 0.01 0.013 < 0.01 < 0.01 < 0.01 0.034 < 0.01 < 0.01 

PSA < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

PRA < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

PSNA < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

PBRA < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

PB 0.018 0.035 0.097 0.097 0.011 < 0.01 0.087 0.091 

VMAXC 0.044 0.16 0.013 0.015 0.043 0.72 0.011 0.07 

KM -0.019 -0.021 -0.012 -0.013 -0.011 -0.011 < 0.01 -0.015 

KFC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

Kdet < 0.01 < 0.01 < 0.01 < 0.01 0.017 0.44 < 0.01 0.035 

Kdbi < 0.01 < 0.01 < 0.01 < 0.01 -0.016 -0.44 < 0.01 -0.043 

KAS -0.024 -0.12 < 0.01 < 0.01 -0.013 -0.19 < 0.01 < 0.01 

Ksi < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

 963 

Table 4-6. Parameter Names and Descriptions – Reference List.  964 

Parameter 

Name 
Description 

Parameter 

Name 
Description 

BW Body weight PB  Blood to air ratio 

QCC Cardiac output PFA Fat to air ratio 

QPC Alveolar ventilation rate PLA  Liver to air ratio 

QFC  Flow to fat tissue PRA  Rapidly perfused tissue to air ratio 

QLC Flow to liver PSA  Slowly perfused tissue to air ratio 

QSC  Flow to slowly perfused 

tissue 

PSNA Spleen to air 

QBRC Flow to brain PBRA Brain to air 

QSNC Flow to spleen VMAXC  Max metabolic rate constant for CYP pathway 

QRC Flow to rapidly perfused 

tissue 

KM Affinity constant for CYP pathway 

VFC  Fat tissue KDET Normal enzyme turnover/resynthesis rate 
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Parameter 

Name 
Description 

Parameter 

Name 
Description 

VLC  Liver tissue KDBI Enzyme destruction by suicide inhibition through 

first order inactivation by bound, reactive 

intermediate 

VRC  Rapidly perfused tissue KAS Absorption rate – water oil (stomach to liver) 

VSC  Slowly perfused tissue 

VSNC Spleen 

VBRC brain 

 965 

Generalized Results 966 

Local sensitivity analysis was also conducted to identify key parameters for generic dosing scenarios to 967 

compare the impact of dose, exposure route, and oral vehicle across multiple model outputs: AML, blood 968 

AUC, and maximum brain concentration (𝐶max 𝐵𝑟𝑎𝑖𝑛). The results revealed that most influential 969 

parameters are physiological and anatomical, the values of which are well-known and documented, 970 

which improves model confidence.  971 

 972 

Comparison of Routes: See Figure 4-12 for LSA results for the oral model. The oral model simulates 973 

daily oral gavages in water of 1,1,2-trichloroethane for 2 weeks for female mice and female rats across 974 

various doses: 1, 10, 100, and 500 mg/kg/d. At low oral doses, liver volume (VLC) is highly influential 975 

for AML. At the highest dose, VMAX is just as influential as VLC, indicating that when metabolism is not 976 

saturated, the capacity of the liver to process the absorbed compound is determined by systemic and 977 

tissue concentrations. Metabolic parameters VMAX and KM are both highly influential for blood AUC and 978 

𝐶max 𝐵𝑟𝑎𝑖𝑛 because they influence systemic kinetics; at higher doses, Km becomes less influential 979 

because metabolic saturation is being approached. In mice, the rates of enzyme destruction ARE 980 

particularly influential for high doses. Blood: air and brain: air partitioning is influential to maximum 981 

brain concentration, indicating the relevance of perfusion limits. 982 

 983 

The inhalation model simulates constant inhalation concentrations of 1, 10, 100, and 500 ppm 1,1,2-984 

trichloroethane to mice and rats for 1 week. This range was chosen to ensure steady state concentrations. 985 

Normalized LSA indices are shown in Figure 4-13. Generally, a broader set of parameters exhibited 986 

relatively high sensitivity indices compared to the oral scenarios. Tissue blood flow rates were among 987 

the most important determinants for blood AUC and 𝐶max 𝐵𝑟𝑎𝑖𝑛 across lower exposure concentrations, 988 

reflecting the dependence of inhaled chemical uptake on perfusion-driven processes. Blood: air 989 

partitioning effects exchange of the compound between alveolar air and blood as is highly influential. 990 

For the 500 ppm inhaled dose scenario, model output is highly driven by tissue partitioning. Overall, 991 

more parameters influence inhalation scenarios than oral scenarios; this is consistent with the kinetics of 992 

inhalation exposure compared with the limiting absorption and first-pass metabolism kinetics of oral 993 

dosing.  994 

 995 

Oral Vehicle: The oral vehicle (corn oil gavage or periodic water drinking) also influences the model 996 

and ascribed kinetics. Normalized LSA indices were calculated for rats (Figure 4-14)  and mice (Figure 997 

4-15) exposed to 3 weeks of either corn oil gavage or continuous/periodic water consumption of 1,1,2-998 

trichloroethane, for 1, 10, 100, and 500 mg/kg/day doses. The outputs of interest were again AML, blood 999 

AUC, and maximum brain concentration. In both rats and mice dosed with corn oil, parameters related 1000 

to hepatic and systemic blood flow (liver, slowly-perfused, and rapidly-perfused) exhibited higher LSA 1001 

indices for both AML and blood AUC endpoints, compared to water dosing. This suggests that corn oil 1002 
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administration alters absorption kinetics, leading to slower uptake and more dependence on systemic 1003 

perfusion for distribution. Fat blood flow and volume under corn oil dosing are also more influential, 1004 

reflecting lipophilic partitioning. Water dosing produces generally similar results, but lacks the same 1005 

influence for fat parameters. Also, VMAX is relatively more influential for blood AUC and brain 1006 

concentrations after water dosing than for corn oil, particularly for higher doses. This implies that when 1007 

absorption is more rapid in water, the extent of metabolic capacity plays a role in determining systemic 1008 

concentrations.  1009 

 1010 
 1011 

Figure 4-12. Local Sensitivity Coefficients for the Oral 1,1,2-Trichloroethane Model for Various 1012 

Doses and Dose Metrics. 1013 
Dosing regimen assumes single daily bolus doses are given to rats and mice for 2 weeks at 1, 10, 100, and 500 1014 

mg/kg/d. The SA indices are reported for the following dose metrics: AML, AUC blood, 𝐶max 𝐵𝑟𝑎𝑖𝑛. 1015 
 1016 
 1017 
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 1018 
 1019 

Figure 4-13. Local Sensitivity Coefficients for the Inhalation 1,1,2-Trichloroethane Model for 1020 

Various Doses and Dose Metrics. 1021 
Dosing regimen assumes rats and mice are exposed to continuous exposures of 1, 10, 100, and 500 ppm. The SA 1022 

indices are reported for the following dose metrics: AML, AUC blood, 𝐶max 𝐵𝑟𝑎𝑖𝑛. 1023 
 1024 



PUBLIC RELEASE DRAFT 

June 2026 

Page 42 of 52 

 

 1025 
Figure 4-14. Local Sensitivity Coefficients for the Oral 1,1,2-Trichloroethane Model for Rats: 1026 

Comparing Corn Oil and Water Vehicles. 1027 
Dosing regimen assumes a total exposure of 3 weeks; rats are exposed to 1, 10, 100, and 500 mg/kg/d either as a 1028 
daily gavage in corn oil or through the periodic drinking scenario described in Table 3-4. The SA indices are 1029 

reported for the following dose metrics: AML, AUC blood, 𝐶max 𝐵𝑟𝑎𝑖𝑛. 1030 

 1031 

 1032 
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 1033 
Figure 4-15. Local Sensitivity Coefficients for the Oral 1,1,2-Trichloroethane Model for Mice: 1034 

Comparing Corn Oil and Water Vehicles. 1035 
Dosing regimen assumes a total exposure of 3 weeks; mice are exposed to 1, 10, 100, and 500 mg/kg/d either as a 1036 
daily gavage in corn oil or through the periodic drinking scenario described in Table 3-4. The SA indices are 1037 

reported for the following dose metrics: AML, AUC blood, 𝐶max 𝐵𝑟𝑎𝑖𝑛. 1038 

 1039 

4.3 Model Applicability 1040 

The Sapphire Group (2002) model was able to simulate experimental data for oral and inhalation 1041 

exposure routes. Given its goodness of fit for both routes of exposure, it can also reasonably recapitulate 1042 

an inhalation dose necessary to reach an internal tissue concentration achieved by an external oral dose 1043 

for female mice and rats for corn oil gavage or drinking water dosing. The model also captures 1044 

differences in 1,1,2-trichloroethane metabolism between mice and rats. The current model includes two 1045 

routes of exposure, oral and inhalation; adding dermal exposure route to the current model would require 1046 

modifications to the model equations and/or increased uncertainty in the predictions. 1047 

 1048 

This model was only used for route-to-route extrapolation in rodents. It can be used for forwards or 1049 

reverse dosimetry to achieve rat or mice external or internal doses. No human simulations were 1050 

conducted using this model as chemical-specific human parameter data was lacking.  1051 

A high oral dose that causes saturation may correspond to a much lower equivalent inhalation 1052 

concentration than linear scaling would suggest. Figure 4-16 shows the internal dose, amount 1053 

https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/10323251


PUBLIC RELEASE DRAFT 

June 2026 

Page 44 of 52 

 

metabolized in the liver,  as a function of the external dose or concentration for the mouse model using 1054 

simulations to mirror the cancer study exposures (1,1,2-trichloroethane administered via oral gavage in 1055 

corn oil for 5 days a week over 53 weeks).  It is noticeable that for oral doses, the relationship is linear 1056 

for lower doses and becomes less linear as the dose increases, however, corresponding inhaled doses for 1057 

each oral dose have a more linear pattern. The inhaled dose necessary to reach the internal dose of 1058 

interest does not cause saturation in the liver. An orally administered chemical absorbed by the gut goes 1059 

directly to the liver for first pass metabolism, before reaching systemic distribution. The nonlinear 1060 

relationship between oral dose and internal dose at higher doses indicates that the metabolism is 1061 

saturable. At low doses, hepatic metabolism is first order. At higher doses, liver enzymes approach 𝑉𝑚𝑎𝑥 1062 

and additional dose is not cleared proportionally. That is, the maximum metabolic capacity has been 1063 

reached, leading to a disproportionately higher internal exposure as dose increases. When inhaled, the 1064 

chemical enters systemic circulation directly, driven by ventilation rates and bypassing first-pass liver 1065 

metabolism. The chemical reaches liver more gradually so instantaneous concentration in the liver is 1066 

typically lower than after a bolus oral dose. A linear concentration-internal dose relationship suggests 1067 

that uptake and clearance remain linear (unsaturated).  1068 

 1069 

Figure 4-17 shows the relationship between external dose or external concentration and blood AUC, 1070 

maximum blood concentration, and maximum brain concentration. Maximum brain and blood 1071 

concentrations are linear for low doses and increase dramatically and nonlinearly for higher doses. The 1072 

distinction between oral doses that cause non-linear internal responses and inhaled concentrations that 1073 

cause non-linear internal responses is clearer; generally, the linear oral doses correspond to inhaled 1074 

concentrations that also produce linear responses.  1075 

 1076 

 1077 
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 1078 
 1079 

 1080 

Figure 4-16. Internal Dose (amount metabolized in the liver) as Function of External Dose. 1081 
External doses of 1,1,2-trichloroethane plotted as a function of corresponding internal dose (AML), for mice 1082 
exposed to oral doses of 1,1,2-trichloroethane via corn-oil oral gavage for 5 days a week over 53 weeks. Inhaled 1083 
concentrations (right panel) are the corresponding concentrations for each oral dose (left panel) that generated the 1084 
same internal dose. Notice that for inhalation, the external concentration continues to be linear beyond when the 1085 
oral dose produced linear results. The red triangle represents the highest oral dose given in the cancer study (390 1086 
mg/kg/d) and its corresponding inhaled POD; the teal triangle represents the lower dose in the cancer study (195 1087 
mg/kg/d). 1088 
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 1089 
 1090 

Figure 4-17. Internal Dose (maximum brain and blood concentrations) as Function of External 1091 

Dose. 1092 
Internal doses of 1,1,2-trichloroethane plotted as a function of corresponding external dose (blood AUC or 1093 
maximum brain or maximum blood concentrations), mice exposed to 1,1,2-trichloroethane oral gavage in corn oil 1094 
for 5 days a week over 53 weeks. Inhaled concentrations (right panel) are the corresponding concentrations for 1095 
each oral dose (left column) that generated the same internal dose. . The red triangle represents the highest oral 1096 
dose given in the cancer study (390 mg/kg/d) and its corresponding inhaled POD; the teal triangle represents the 1097 
lower dose in the cancer study (195 mg/kg/d). 1098 
 1099 
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5 DISCUSSION AND CONCLUSIONS 1100 

Confidence in a model for route-to-route extrapolation depends on several factors. Model-specific 1101 

confidence relies on 1) how driving parameters in a specific route of exposure, such as absorption, are 1102 

estimated (whether through experimental measurements or computational methods); and 2) general 1103 

PBPK model and parameter uncertainty given the purpose of route to route extrapolation. Sensitivity 1104 

analysis was conducted to characterize PBPK model and parameter uncertainty. In general, the amount 1105 

metabolized in the liver was determined by the amount to which the animal was exposed and 1106 

physiological parameters, which are generally known. The tissue and blood concentrations are sensitive 1107 

to the metabolic rate constants and oral absorption rate constants, indicating that estimation conducted 1108 

by Sapphire Group (2002) is appropriate for determining the values of these particular parameters. Just 1109 

as importantly, is the confidence in estimated PODs for systemic effects from source toxicity studies as 1110 

well as confidence in the assumptions used for extrapolation and the pharmacokinetics describing 1111 

ADME from both exposures. Given reasonable confidence in these factors provides a relative advantage 1112 

for the PBPK model compared to the default approach, which compares calculated bioavailable doses 1113 

between the two routes without being able to account for realistic exposure scenarios and effects of 1114 

ADME factors on target tissue exposure and their changes over time. Because the PBPK model accounts 1115 

for these elements, this mechanistic approach can increase confidence in route to route extrapolation 1116 

compared to the default approach. Sapphire Group (2002) modified an existing 1,1,2-trichloroethane 1117 

inhalation PBPK model that had been originally created to estimate metabolic parameters in rats. To 1118 

support the purpose of route to route extrapolation, additional modifications were made, adding an oral 1119 

absorption route of exposure and validating the model with data collected in Battelle (2001) and WIL 1120 

Research (2002) for repeated exposure of rats and mice to 1,1,2-trichloroethane. This model was further 1121 

verified for the existing risk evaluation to describe ADME of 1,1,2-trichloroethane for inhalation and 1122 

oral exposures and route-to-route extrapolation. Given that 1,1,2-trichloroethane MOA evidence 1123 

supports the relevance of using the amount of the parent compound metabolized in the liver or the 1124 

maximum brain concentration as internal dose metrics, which are supported by this model, the model 1125 

was considered suitable for use to predict internal doses or external doses of 1,1,2-trichloroethane. In 1126 

addition, the model allows to simulate various relevant internal dose metrics to support different toxicity 1127 

studies with different routes of exposure, as well as to support sex and species-specific differences 1128 

among mice and rats. Sensitivity analysis revealed that most influential parameters are physiological and 1129 

anatomical, the values of which are well known and certain. Chemical-specific parameters, such as 1130 

maximum metabolic rate, are highly influential, but were able to be captured by the model to predict 1131 

species differences in metabolism, which increases confidence. Metabolic parameters were estimated 1132 

from robust in vivo data sets that included different doses and routes of exposure, providing more 1133 

confidence in these parameters. 1134 

 1135 

PK data for female F344 rats exposed to repeated doses of 1,1,2-trichloroethane (approximately 100 1136 

ppm inhalation doses, 92 mg/kg/d corn oil gavage or 1.7 mg/kg/d water gavage) were comparable across 1137 

days 1, 3, and 5 of exposure. The model effectively simulates the 8-hour data point from the corn oil 1138 

gavage studies. However, the elimination phase is difficult to define on days 3 and 5 due to minimal 1139 

concentration changes over the first two hours post dosing. 1140 

 1141 

Sex-related differences in CYP2E1-mediated clearance have important implications for cross-route 1142 

extrapolation and for determining the proper dose metric in assessments. The majority of 1,1,2-1143 

trichloroethane is metabolically cleared, so a reduction in VMAX prolongs internal parent concentrations 1144 

without drastically changing the total amount metabolized within a 24-hour period. That is, metabolic 1145 

capacity will be similar between male and females, but females may sustain higher systemic exposures, 1146 

such as concentration in brain or blood. 1147 

 1148 

https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/10323251
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/10323251
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/10323203
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/6324088
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/6324088
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In B6C3F1 mice, repeated inhalation exposure (100 ppm for 6 h/day) and corn oil gavage led to 1149 

increased blood levels on days 3 and 5, relative to day 1; concentrations on days 3 and 5 were nearly 1150 

identical. Notably, the inhalation phase commenced after a 3 week exposure regime, implying potential 1151 

metabolic activity recovery over the 2 day rest period. Also, the lower dose given in water does not have 1152 

this same behavior.  Aniline hydroxylase activity, a marker for CYP2E1, and total P450 content declined 1153 

as a function of dose in female mice who consumed 1,1,2-trichloroethane in drinking water for 90 days 1154 

for 44 and 384 mg/kg/d doses (White et al., 1985); these declines are not observed in male mice, 1155 

however. CYP2E1 helps mediate small halogenated and non-halogenated hydrocarbon metabolism 1156 

(Nakajima, 1997). At higher exposure levels, hepatic aniline hydroxylase activity dropped to almost 1157 

50% of that in untreated controls (White et al., 1985). Utilizing SI, the Sapphire Group (2002) model 1158 

was able to generate predictions for mice dosed with corn oil gavage where VMAX is time dependent and 1159 

VMAX decreases 30-50% after the first 3 days dosing (i.e., suppression of CYP activity).  The noted day-1160 

one PK behavior seen in mice is captured by the PBPK model.  1161 

 1162 

The 1,1,2-PODs from route-to-route extrapolation were able to be generated for 1,1,2-trichloroethane. 1163 

The described 1,1,2-trichloroethane model was developed and evaluated with confidence given the 1164 

species and routes of exposure. 1165 

 1166 

 1167 

 1168 

  1169 
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https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/644915
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/64564
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/10323251


PUBLIC RELEASE DRAFT 

June 2026 

Page 49 of 52 

 

6 LIST OF ELECTRONIC FILES AND SUPPORTING DOCUMENTS 1170 

R Scripts that were used for local sensitivity analysis and calculation of the model residuals are included 1171 

in “Draft PBPK Model Code and Data for 1,1,2-Trichloroethane.zip,” attached to this report.  1172 
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