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 143 

1.0 BACKGROUND 144 
 145 

A number of scientific and policy initiatives beginning in the mid to late 1990s have resulted in 146 

increased attention to considerations of the risk to fetuses, infants, and children and consideration 147 

of how such risks should be evaluated.  The U.S. EPA is explicitly mandated to consider fetuses, 148 

infants and children as potentially sensitive subpopulations.  In 1995, EPA established an 149 

agency-wide policy that calls for consistent and explicit consideration of the risk to infants and 150 

children in all risk assessments and characterizations, as well as in environmental and public 151 

health standards (Memorandum from the Office of the Administrator, October 20, 1995).  The 152 

Food Quality Protection Act (FQPA) of 1996 mandated that, in setting pesticide tolerances, an 153 

additional ten-fold margin of safety be applied to infants and children to take into account 154 

potential pre- and post-natal toxicity and completeness of the data with respect to exposure and 155 

toxicity to infants and children, but noted that “the Administrator may use a different margin of 156 

safety for the pesticide chemical residue only if, on the basis of reliable data, such margin will be 157 

safe for infants and children.”  The Safe Drinking Water Act amendments of 1996 also stipulated 158 

that in establishing Maximum Contaminant Levels (MCLs) the Agency shall consider “the effect 159 

of such contaminants upon subgroups that comprise a meaningful portion of the general 160 

population (such as infants, children, pregnant women, the elderly, individuals with a history of 161 

serious illness or other subpopulations) that are identifiable as being at greater risk of adverse 162 

health effects due to exposure to contaminants in drinking water than the general population.”  163 

On April 21, 1997, President Clinton signed an Executive Order (13045) that federal health and 164 

safety standards must include an evaluation of the potential risks to children in planned 165 

regulations.   166 

 167 

Similar policies have been initiated in Europe and Canada to evaluate more fully the potential 168 

differences in risk from chemical exposure to children.  For example, a recent report by the 169 

European Environment Agency (EEA) and the World Health Organization (WHO) identified 170 

policy priorities for protecting children’s health from environmental hazards (EEA and WHO 171 

2002).  The European Union also recently announced a new initiative, Science, Children, 172 

Awareness, EU Legislation and Continuous Evaluation (SCALE), focusing on children.  In 173 
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addition, Canada’s Pesticide Management Regulatory Agency has developed a policy notice 174 

regarding children (Health Canada 2002), and the National Institute of Public Health and the 175 

Environment (RIVM) in the Netherlands has conducted research on pharmacokinetics of 176 

xenobiotics in children (de Zwart et al. 2002).1 177 

 178 

These differences have led to research by a number of investigators comparing kinetic 179 

parameters in adults and children, and, where possible, comparing internal dose in adults and 180 

children.  A number of studies have reviewed physiological and metabolic differences between 181 

adults and children (e.g., Renwick 1998; Ginsberg et al. 2002; Scheuplein et al. 2002; Wolterink 182 

et al. 2002; de Zwart et al. 2004; IPCS 2007).  Determining the impact of these differences on 183 

internal dose is challenging.  However, data on pharmaceuticals have been used to evaluate age-184 

related differences in such parameters as clearance, half-life, area under the blood concentration-185 

time curve (AUC) and blood concentration, and the resulting impact on internal dose (Renwick 186 

1998; Renwick et al. 2000; Ginsberg et al. 2002, 2004; Hattis et al. 2003).  These latter studies 187 

have concluded that the major differences are in the first six months of life, primarily in the first 188 

two months.   189 

 190 

Hattis, Ginsberg, and colleagues have developed a substantial database of kinetic parameters for 191 

44 chemicals (primarily pharmaceuticals), available at http://www2.clarku.edu/faculty/dhattis.  192 

This database has been used for a number of analyses describing variability of half-life with age 193 

and by metabolic enzyme class (e.g., CYP3A substrates, CYP1A2 substrates, etc.) (Ginsberg et 194 

al. 2002, 2004).  These studies found that the average ratio of child:adult half-life for all 195 

substrates, and for most individual classes, was greater than 3 for premature neonates.  The 196 

average ratio was also elevated for full-term neonates through about two months, depending on 197 

the substrate.  The child half-life tended to be less than adult half-life in the six-month to two-198 

                                                 
1 The risk to adults and children could differ due to differences in exposure, toxicodynamics, or toxicokinetics.  
(Unless otherwise specified, the term child is used in this report to refer to the entire period between birth and 
attainment of physical and sexual maturity.) For example, differences in intake parameters or activity patterns (e.g., 
hand-to-mouth behavior in infants, children playing in dirt) can affect exposure.  Toxicodynamic differences may 
result from windows of increased susceptibility in developing tissues.  In addition, damage to developing tissue may 
manifest at a later stage in growth (de Zwart et al. 2002).  Toxicokinetic differences may result from numerous age-
related differences in absorption, distribution, metabolism, and excretion, and their resulting effect on internal dose 
of the active form of the chemical.  These differences have been catalogued in numerous papers.  This report focuses 
on the impact of toxicokinetic differences between adults and children.   
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year age range, with lower half-lives sometimes extending through 12 years, depending on the 199 

substrate.   200 

 201 

These analyses, based primarily on pharmaceutical data, provide much useful information 202 

regarding the impact of age-related kinetic differences.  However, there are a number of issues 203 

that need to be considered in extrapolating such data to environmental chemicals.  Many of these 204 

issues have been described by Clewell et al. (2004).  They include: (1) pharmaceuticals are 205 

usually water-soluble, while environmental chemicals are often lipophilic; (2) different 206 

metabolic systems may apply; (3) the parent is usually (though not always) the active agent for 207 

pharmaceuticals, while competing activation and detoxification reactions may be important for 208 

environmental chemicals; (4) pharmaceutical data are primarily for administration via the oral 209 

route; and (5) exposure to pharmaceuticals is usually at doses designed to cause an effect, 210 

meaning that it is at the upper end of the dose-response curve for therapeutic effectiveness, while 211 

exposure to environmental chemicals is typically at the low end of the dose-response curve.  An 212 

additional factor is that much of the data collected on pharmaceuticals are based on half-life, and 213 

differences in half-life do not necessarily translate directly into differences in clearance (which is 214 

inversely related to AUC).  Half-life needs to be corrected for volume of distribution to be 215 

related to clearance.  While Ginsberg et al. (2002) concluded that differences in volume of 216 

distribution did not affect the elimination half-life for the drugs they studied, differences in 217 

volume of distribution may be more important for chemicals that are lipophilic, concentrate in 218 

other tissues, or bind significantly to plasma proteins. 219 

 220 

To address these considerations, a number of analyses have been conducted with a focus on 221 

environmental chemicals.  Age-specific metabolic and physiological data have been collected 222 

and collated in several studies (Renwick 1998; Hattis et al. 2003).  PBPK models and other 223 

kinetic analyses (Haddad et al. 1999; Pelekis et al. 2001; Sarangapani et al. 2003; Ginsberg et al. 224 

2004a; Clewell et al. 2004; Ginsberg et al. 2005; Price et al. 2003; Nong et al. 2006) and particle 225 

dosimetry models (Martonen et al. 2000; Ginsberg et al. 2005; Jarabek et al. 2005) have been 226 

used by several authors to evaluate age-related differences in kinetics.  Consistent with results 227 

reported for pharmaceuticals (Renwick et al. 2000; Hattis et al. 2003), these authors found that 228 

the largest differences were in the first year of life.  The largest differences were observed at the 229 
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earliest time point (1 month of age), and differences were generally in the range of two-fold or 230 

less by 1 year.  This is consistent with the early immaturity and development of enzyme systems.   231 

 232 

As part of a project of the International Life Science Institute (ILSI) on evaluating children’s risk 233 

from exposure to environmental chemicals, Daston et al. (2004) developed a framework for 234 

assessing children’s risk, ranging from problem formulation through analysis and risk 235 

characterization, and Ginsberg et al. (2004) presented a framework for considering toxicokinetic 236 

issues related to children’s risk, highlighting a number of questions and issues that need to be 237 

considered.   238 

 239 

The purpose of this current report is to build on the frameworks developed as part of the ILSI 240 

process.  The framework presented here (Figure 1) presents an analytical approach for evaluating 241 

the relative tissue dosimetry in adults and children for inhaled gases.  Case studies were 242 

conducted for systemic effects of gases under various metabolic scenarios to provide some 243 

perspective on the potential range of internal dose in children and adults for various 244 

combinations of physicochemical characteristics and mode of action.  Illustrative analyses are 245 

also presented on relative dosimetry for chemicals that show significant age-related variability in 246 

enzyme capacity.  To illustrate the application of the framework and demonstrate consistency 247 

with more data-intensive approaches, the results of these analyses were compared with the 248 

results obtained using PBPK modeling for chemicals with similar metabolic characteristics.   249 

 250 

The framework presented here reflects the input from a peer consultation with an expert panel.  251 

The initial peer consultation on an early draft provided substantial input on the structure of the 252 

framework.  Based on this input, additional analyses were conducted, and a second peer 253 

consultation is being held to consider the revised framework, including the bounding analyses 254 

and case studies conducted as part of verification of the framework.   255 

 256 

The framework focuses on the dosimetric comparison, i.e., a comparison of the mean internal 257 

dose in adults and children.  This information is useful both for analyses of individual chemicals, 258 

and to aid risk assessors in identifying the parameters and chemical characteristics that result in 259 

children receiving a higher (or lower) internal dose than adults.  Such information can provide 260 
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useful perspective to individual chemical assessments, and can focus efforts for obtaining 261 

additional data and for more refined analyses to those cases and categories of chemicals where 262 

there is the greatest potential or likelihood of children being at greater risk.  Although the focus 263 

is on mean dose, risk assessors and risk managers can use the dosimetry data, combined with 264 

information on variability, to evaluate the adequacy of default uncertainty factors for protecting 265 

children, or to determine if chemical-specific modifications to uncertainty factors are needed to 266 

adequately protect children.  While there are a number of areas in which this initial framework 267 

can be enhanced and expanded, the intent is to provide a structure that highlights key issues and 268 

identifies some standard approaches.  It is hoped that this report and framework will serve as a 269 

starting point for more in-depth analyses, and to focus generic and chemical-specific research on 270 

the key issues for addressing children’s risk due to kinetic differences. 271 

 272 

2.0 FRAMEWORK 273 
 274 
2.1 Overview 275 
  276 

Figure 1 presents the draft framework for evaluating age-related differences in inhalation 277 

dosimetry and the resulting impact on internal dose.  This framework, as well as the associated 278 

analyses presented below, is designed to help the risk assessor choose the appropriate tools and 279 

approaches to be applied for evaluating dosimetry differences between adults and children, as 280 

well as to identify chemical characteristics leading to markedly higher or lower internal dose for 281 

children compared to adults. 282 

 283 

The first step in this process is to consider the duration of exposure, the nature of the critical 284 

effect and the mode of action for that effect.  The initial decision point in this framework relates 285 

to the duration of exposure for which child-adult comparisons of dosimetry are intended.  286 

Chronic exposures will generally follow the right-hand side of the framework.  The exception is 287 

if there is a window of vulnerability (based on toxicodynamic considerations).  Such a critical 288 

window would mean that the effects and dosimetry associated with a shorter-term exposure 289 

would drive the assessment, and therefore the exposure would be considered using the same 290 

approach as used for acute exposures.  Therefore, the left-side arm of the diagram will be 291 

described as “acute” for the rest of this discussion.  The next consideration, applicable to both 292 
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arms of the diagram, is whether the critical effect is systemic (i.e., remote effects) or local (i.e., 293 

portal of entry effects)2 in nature.  For gases and vapors that cause local effects (e.g., highly 294 

reactive or water soluble gases), the child-adult comparison is based on dose to the specific 295 

regions of the respiratory tract (section 2.2).  However, for systemically-acting gases and vapors, 296 

child-adult comparisons would be based on active form (parent chemical or metabolite), its level 297 

(concentration or amount), and intensity (peak, average or integral), calculated using 298 

pharmacokinetic models and equations that reflect the attainment or not of steady-state during 299 

the specified exposure condition (section 2.3).    300 

 301 

2.2 Evaluating child-adult differences in dosimetry of gases and vapors causing portal 302 
of entry effects (Category 1 and 2 gases under the U.S. EPA RfC scheme): 303 

 304 

For chemicals that are highly reactive or highly water soluble, effects are often local in nature 305 

and as such estimates of the delivery of chemical to the various regions of the respiratory tract 306 

should be obtained.  Typically the Category 1 gases and vapors do not accumulate significantly 307 

in blood, and as such systemic distribution and the extent of extrapulmonary effects is minimal 308 

or negligible (e.g., formaldehyde, hydrogen fluoride, chlorine, volatile organic esters).  Category 309 

2 gases (e.g., ozone, sulfur dioxide, xylenes, propanol) are moderately water soluble and rapidly 310 

reversibly reactive or slowly irreversibly metabolized in the respiratory tract.  This lower 311 

reactivity means that they can both cause respiratory tract effects and accumulate in the blood, 312 

causing systemic effects.   313 

 314 

For the respiratory tract effects of Category 1 and 2 gases, the airway regions such as larynx, 315 

trachea, bronchi and bronchioles cannot be considered as inert tubes carrying the chemical to the 316 

alveolar region.  For these chemicals, several modeling approaches are useful, including the 317 

more sophisticated CFD (computational fluid dynamics) descriptions, that take into account the 318 

regional mass transfer coefficients, as well as surface area and ventilation rates (US EPA 1994; 319 

Kimbell et al. 1993; Asgharian et al. 1995; Hanna et al. 2001; Bogdanffy and Sarangapani 2003).  320 

Data on ventilation rates and pulmonary surface area for children of various age groups as well 321 

                                                 
2Respiratory effects occasionally occur as the result of systemic exposure from the endothelial side of the cell layer, 
or as a combination of both direct contact effect and systemic exposure.  Such effects would be addressed using both 
the methods for systemic and portal of entry dosimetry.   
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as adults are available in the literature (Clewell et al. 2002; Snodgrass 1992; Plunkett et al. 1992; 322 

U.S. EPA 1997).  Hofmann (1982) published empirical equations to determine the length and 323 

diameter of the trachea, bronchial airways, and alveoli diameter in children as a function of age.  324 

These data, integrated within full-blown regional dosimetry models or steady-state solutions for 325 

these models, as appropriate, can be used to compute the child-adult differences in regional 326 

dosimetry (Hoffman 1982; Overton and Graham 1989; Martonen et al. 1989).  In these 327 

approaches, the mass transported per surface area per unit time is calculated as follows: 328 

 329 

Flux = VE/SA (Ci – Cx)        Equation 1 330 

where VE is the ventilation rate, SA is the surface area of the region of interest, and Ci 331 

and Cx are the inlet and outlet concentrations, respectively (Hanna et al. 2001). 332 

 333 

Depending upon the mode of action, the flux or another measure of dose metric (e.g., peak tissue 334 

concentration (Cmax), area under the tissue concentration vs time curve (AUC)) may be 335 

computed for evaluating child-adult differences in regional dosimetry gases and vapors causing 336 

direct respiratory tract effects.  If the parent chemical is the toxic moiety implicated in the portal 337 

of entry effects, then the appropriate dose metric is likely to be Cmax for acute effects and AUC 338 

for chronic effects.  When additional data on the nature and extent of toxic moiety-tissue 339 

interaction exist, they may permit the use of other mechanistically relevant dose metrics (e.g., pH 340 

alteration resulting from exposure to vinyl acetate, [Bogdanffy et al. 2001]). 341 

  342 

2.3 Evaluating child-adult differences in dosimetry of gases and vapors causing 343 
systemic effects (Category 2 and 3 gases under the U.S. EPA RfC scheme): 344 

 345 

Category 3 gases are relatively water-insoluble, with little reactivity in the respiratory tract and 346 

perfusion-limited uptake in the pulmonary region, uptake in the blood, and toxic effects usually 347 

occurring remotely.  The approaches described in this section also apply to systemic effects of 348 

Category 2 gases.  However, because Category 2 gases also react in the respiratory tract, the 349 

steady state equations described in this section may be less accurate for those gases.  Differences 350 

between respiratory tract dose in adults and children (and therefore differences in the amount of 351 

chemical available for uptake to the blood) are not fully captured by the steady state equations 352 
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presented here, but both the general approach of the framework and the general trends illustrated 353 

in the case studies in Section 3.3 would also apply to Category 2 gases. 354 

 355 

For systemically-acting gases and vapors, the inhalation dosimetric adjustment between animals 356 

and humans has been conducted on the basis of the ratio of blood:air partition coefficients (U.S. 357 

EPA 1994).  This approach, applied in the absence of PBPK models, is most appropriate when 358 

(i) the parent chemical is the toxic moiety, (ii) hepatic and extrahepatic metabolism processes are 359 

not significant, and (iii) the arterial blood concentration attains steady-state during the relevant 360 

duration of exposures. Accordingly, for evaluating the child-adult differences in the dosimetry of 361 

Category 3 chemicals, the differences in blood:air partition coefficients may be evaluated.  362 

However, due to existing evidence on the child-adult differences in metabolic clearance, the 363 

direct application of the RfC default approach to evaluate age-related dosimetry differences for 364 

Category 3 gases and vapors may not be adequate.   As indicated in Figure 1, the evaluation of 365 

child-adult differences in dosimetry for these chemicals may be conducted on the basis of 366 

whether the endpoint of interest is caused by the parent or a metabolite.  For many chronic toxic 367 

effects, the concentration of the toxic form of chemical in target tissue integrated over time has 368 

been considered to be a reasonable dose metric (U.S. EPA 2006).  Accordingly, the child-adult 369 

comparisons of internal dose of Category 3 chemicals may be conducted using the AUC or daily 370 

average of the dose metric.  When the parent chemical is the toxic form, the average 371 

concentration in arterial blood (proportional to the AUC) during chronic exposures can be 372 

computed as: dose rate/clearance.  Whereas the dose rate is determined by the inhaled 373 

concentration and alveolar ventilation rate, the clearance is the net result of the pulmonary, 374 

metabolic (hepatic and extrahepatic) as well as renal elimination processes, all of which are to 375 

known vary as a function of age (Clewell et al. 2002).   376 

 377 

The next consideration is whether the toxic effect is due to the parent, a stable metabolite, or a 378 

reactive metabolite.  IPCS (2005) discusses considerations and data that can be used to make this 379 

determination. 380 

 381 
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The child-adult differences in dosimetry of Category 3 gases and vapors, for which parent 382 

chemical is the toxic moiety, can be evaluated using a steady-state algorithm of the following 383 

form: 384 

 385 

 CAss =          QP * CI          Equation 2 386 

                QP/PB + QL*E 387 

where CAss is the arterial blood concentration; QP is the alveolar ventilation rate, CI is 388 

the chemical concentration in inhaled air, QL is liver blood flow, E is hepatic extraction ratio; 389 

and PB is the blood:air partition coefficient.   390 

 391 

Using the age-specific values for each of the above parameters, CAss can be computed and 392 

compared among the different age groups.  There is no need to perform calculations of steady-393 

state concentrations of chemicals in target tissues (as opposed to arterial blood concentration) 394 

because: (i) target tissue concentrations are proportional to CAss as defined by the partition 395 

coefficients (Lam et al. 1982; Krishnan 2007; Pelekis et al. 1997), and (ii) there is no evidence to 396 

date that indicates the tissue water and lipid contents would be significantly different, 397 

particularly for children aged >3 months in comparison with adults (Price et al. 2003; White et 398 

al. 1991;  Woodward and White 1986).    399 

 400 

For Category 3 gases which exert their toxicity via the formation of reactive metabolites, the 401 

child-adult dosimetry comparison can be conducted on the basis of the rate of metabolism in the 402 

tissue (i.e., amount per L tissue per unit time).  The steady-state rate of metabolism (i.e., average 403 

during chronic exposures) may be calculated on the basis of the steady-state arterial blood 404 

concentration (Equation 3).  In this case then,  405 

 406 

AMT = (CAss x QL x E)/VL          Equation 3 407 

where AMT = amount of metabolite formed per unit time per unit volume of tissue, CAss 408 

= arterial blood concentration of the parent chemical, QL = hepatic blood flow rate, E = hepatic 409 

extraction ratio and VL = liver volume. 410 

 411 
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For Category 3 chemicals producing stable or circulating metabolites, the rate of clearance of the 412 

metabolite in both adults and children should be additionally taken into account for calculating 413 

the dosimetry differences (Figure 1).  In the case of metabolites, the clearance via kidney is 414 

likely to become more important (compared to parent form of Category 3 gases) such that child-415 

adult differences in glomerular filtration rate (Clewell et al. 2002) might play an important role 416 

in determining the magnitude of the dose differences between various age groups.  The steady-417 

state equation in such cases would be of the following form: 418 

 419 

Cmet  = CAss x QL x E           Equation 4 420 

        CLmetabolite 421 

Steady-state is achieved rapidly for gases and vapors that have a low volume of 422 

distribution and those that are cleared effectively by the biochemical processes.  Category 3 423 

gases generally have low blood:air partition coefficients but variable fat:blood partition 424 

coefficients (Table 1).   U.S. EPA (1994), based on PBPK modeling in rats, indicated that 425 

steady-state is attained during subchronic or chronic inhalation exposures to gases with a 426 

blood:air partition coefficient < 100 and fat:blood partition coefficient < 100.  In effect, almost 427 

all of the known Category 3 gases and vapors are expected to attain steady-state during 428 

continuous inhalation exposures in humans, even though only the proof of concept is available 429 

(Pelekis et al. 1997).  In such cases, the use of a steady-state algorithm is likely to be sufficient 430 

for evaluating child-adult differences in dosimetry.  The same approach is applicable to “acute” 431 

scenario, if the parent compound is the toxic agent and steady state is reached.  However if the 432 

steady state is not reached in the “acute” scenario, regardless of whether toxic moiety is the 433 

parent chemical or metabolite (reactive or stable), the child-adult difference in systemic uptake 434 

and internal dose may be computed using full-blown physiologically-based pharmacokinetic 435 

(PBPK) models. 436 

 437 

It is recognized that for several chemicals, based on the current state of knowledge of the mode 438 

of action, greater or less information may be available.  For example, information on the extent 439 

of receptor occupancy, DNA adducts in target site, depletion of glutathione in target tissues, etc. 440 

can be used for estimating the child-adult differences in internal dose; however, such data are 441 

often not available.  In fact, for many chemicals, the appropriate dose metric is not known.  In 442 
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such cases, it is reasonable to use the AUC of the parent chemical as the dose surrogate (U.S. 443 

EPA 2000, 2006; Clewell et al. 2002) and evaluate the child-adult differences in dosimetry.  This 444 

is consistent with the approach for calculating Human Equivalent Concentrations (HECs) under 445 

the U.S. EPA’s RfC guidance (U.S. EPA 1994).  However, in such cases, the assessor should 446 

note the uncertainty introduced by this assumption, and include appropriate caveats.   447 

 448 

For some chemicals, limited information may be available for the estimation of chemical-449 

specific kinetic parameters needed for the application of the proposed framework.  In those 450 

cases, information from a surrogate compound with similar chemical properties or structure 451 

activity relationships may be useful in evaluating potential child-adult differences.  For example, 452 

Beliveau et al. (2003, 2005) used quantitative structure-property relationships to estimate 453 

partition coefficients and hepatic clearance for a number of volatile organic compounds.  Again, 454 

the risk assessors would need to consider any uncertainty introduced by the reliance upon 455 

information for a surrogate. 456 

 457 

3.0 ANALYSES: APPLICATION OF THE CHILD-ADULT 458 
FRAMEWORK TO CHEMICALS WITH SYSTEMIC EFFECTS 459 
(CATEGORY 2 AND CATEGORY 3 GASES) 460 

 461 
3.1 Introduction 462 
 463 

The magnitude of child-adult differences in internal dose of Category 3 gases and vapors has 464 

been evaluated using age-specific physiological data as well as chemical-specific partitioning 465 

and clearance data in PBPK models or steady-state algorithms (Price et al. 2003; Pelekis et al. 466 

2003; Clewell et al. 2004; Ginsberg et al. 2002; Hattis et al. 2003; Sarangapani et al. 2003).  As 467 

outlined in Section 2, steady-state algorithms are adequate for estimating the magnitude of child-468 

adult difference in the dosimetry of Category 3 gases when the toxic moiety is the parent 469 

chemical or a metabolite.  The steady-state approach requires the knowledge of certain 470 

parameters that are known to vary as a function of age:  alveolar ventilation rate, hepatic blood 471 

flow, liver volume and clearance (renal, hepatic and/or pulmonary).  Most of the previous 472 

analyses estimated the child-adult magnitude in internal dose of Category 3 gases and vapors, 473 

using physiological parameters for children (particularly neonates) derived from adult values on 474 
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the basis of an allometric or regression relationships (Clewell et al. 2004; Ginsberg et al. 2002; 475 

Sarangapani et al. 2003).  In order to facilitate a broader understanding of the extent of child-476 

adult differences in dosimetry for Category 3 gases as well as to identify situations and 477 

parameters leading to maximal magnitude of child-adult differences in the dosimetry for these 478 

gases, the present study conducted a number of bounding analyses and case studies in various 479 

age groups:  (neonates (3 months), toddlers (1 year), preschooler (5 years), middle schooler (10 480 

years)).  Accordingly, calculations of internal dose (i.e., steady-state concentration of parent 481 

chemical in blood, steady-state concentration of reactive metabolite in liver, and steady-state 482 

concentration of circulating metabolite in the body) in adults and children of various age groups 483 

were performed by setting hepatic clearance in children equal to (1) zero, (2) blood flow rate to 484 

the organ, or (3) a fraction of metabolic capacity of adults based on information on delayed 485 

enzyme ontogeny. 486 

 487 

3.2 Approach 488 
 489 

3.2.1 Child-adult differences in dosimetry for Category 3 gases for which parent chemical 490 
is the toxic moiety 491 

  492 

The steady-state blood concentration of Category 3 gases that are metabolized primarily in liver 493 

and eliminated by clearance processes in both liver and lung can be calculated with the 494 

knowledge of age-specific blood:air partition coefficient (Pb), alveolar ventilation rate (QP), 495 

hepatic blood flow rate (QL) and intrinsic clearance (CLint) (Andersen 1981; Pelekis et al. 1997; 496 

Csanady and Filser 2001; Clewell et al. 2004).  Available information suggest that neither the 497 

blood:air partition coefficient nor the composition of blood (lipid and water content) vary 498 

markedly as a function of age (Table 2) (Berenson et al. 1982; Lerman et al. 1984; White et al. 499 

1991; Family Practice Notebook 2005).  Therefore, the evaluation of child-adult differences in 500 

parent chemical concentrations can be performed with the knowledge of QP, QL and CLint for 501 

the various age groups, as well as using the Pb value for one of the age groups (usually adults).   502 

 503 

The computation of steady-state blood concentration of Category 3 gases was performed on the 504 

basis of Eqn. 2 of the framework: 505 

 506 
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 CAss =     QP * CI  507 
                CLp + CLh 508 

where CAss = steady-state arterial blood concentration (µg/L), QP = alveolar ventilation 509 

rate (L/h), CI = inhaled concentraton (µg/L), CLp = pulmonary clearance (= QP divided by 510 

blood:air partition coefficient (PB)) and CLh = hepatic clearance (= CLint x QL/ (CLint + QL) 511 

where CLint = intrinsic clearance (= maximal velocity divided by Michaelis constant) and QL = 512 

hepatic blood flow rate (L/h).   513 

 514 

The upper-bound of the magnitude of child-adult difference in CAss was calculated, initially, by 515 

assuming minimal metabolism in children (i.e., CLh = 0) and maximal metabolism in adults (i.e., 516 

CLh = hepatic blood flow rate) such that the hepatic extraction ratio equals 1.  The calculations 517 

conducted under this scenario focused on identifying the maximal child-adult factor that is likely 518 

to be associated with Category 3 gases and vapors for which the parent form represents the toxic 519 

moiety.  A second bounding analysis was conducted using Eqn. 2 for highly metabolized 520 

chemicals, for which hepatic clearance is blood-flow limited in both adults and children.  The 521 

resulting child-adult ratios of CAss from this scenario would essentially reflect the lower-bound 522 

of the child-adult differences in internal dose.  A third scenario involved the use of age-specific 523 

data on metabolizing enzyme capacity in Eqn. 2.  Enzyme ontogeny data were used to estimate 524 

CLint in children on the basis of adult values as follows (Clewell et al. 2004; Nong et al. 2006): 525 

 526 

CLintChild = CLintAdult*F*VLChild/VLAdult, 527 

where VL is the volume of liver and F is the enzyme activity as a fraction of the adult 528 

value.  This particular approach was applied to hepatic CYP2E1 and alcohol dehydrogenase 529 

(ADH) using data summarized by Clewell et al. (2004). 530 

 531 

3.2.2 Child-adult differences in dosimetry for Category 3 gases for which reactive 532 
metabolite is the toxic moiety  533 

 534 

For Category 3 gases exerting toxicity via reactive metabolites, the child-adult dosimetry 535 

comparisons of internal dose (i.e., amount per L tissue per unit time) was computed on the basis 536 

of Eqn. 3 of the framework:  537 

 538 
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AMTReactive metabolite = (CAss x CLh)/VL 539 

The magnitude of child-adult differences in internal dose was calculated for the three 540 

scenarios described in section 3.1. Accordingly, the CLh value was first set to 0 in children and 541 

to QL in adults, as a bounding case.  Then, the CLh was set equal to hepatic blood flow in both 542 

children and adults, to compute an upper bound of the child-adult difference in internal dose of 543 

reactive metabolites.  Finally, the age-specific CLh was computed according to the information 544 

on the relative content of metabolizing enzyme (CYP2E1, ADH) in children relative to adults. 545 

 546 

3.2.3 Child-adult differences in dosimetry for Category 3 gases for which circulating 547 
metabolite is the toxic moiety  548 

 549 

As noted above, for calculating the internal dose of stable or circulating metabolites, the 550 

clearance of metabolites subsequent to their formation should be taken into account (Krishnan 551 

and Andersen 1991; Sarangapani et al. 2003; Gentry et al. 2002).  Because kidney clearance is 552 

likely to play an important role for such metabolites, child-adult differences in glomerular 553 

filtration rate need to be taken into account in determining the magnitude of the dose differences 554 

between various age groups.  The steady-state equation for computing the internal concentration3 555 

of circulating metabolites (as shown in section 2.3) is: 556 

 557 

CStable metabolite = CAss x QL x E 558 
        CLmetabolite 559 

The magnitude of child-adult differences in internal dose was initially calculated for the 560 

three scenarios described in section 3.2.1. (i.e., bounding case, flow-limited clearance, delayed 561 

ontogeny of metabolizing enzymes).  For all three scenarios, CLmetabolite was assumed to be 562 

adequately represented by renal clearance which was set equal to the age-specific value of 563 

glomerular filtration rate (GFR).  Additionally, calculation of CStable metabolite was done for a 564 

situation in which CLmetabolite is determined by both renal and metabolic clearance processes, 565 

subsequent to flow-limited metabolism of parent chemical in adults and children. This particular 566 

scenario facilitates the evaluation of an extreme case of child-adult difference in internal dose, in 567 

which the capacity-limited difference in clearance of metabolite and flow-limited clearance of 568 

                                                 
3 Because the dose metric of interest is the concentration of the chemical, comparison of concentrations can be 
considered a comparison of internal dose.  
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parent chemicals might both apply and result in higher child-adult dose ratio (Clewell et al. 2004; 569 

Sarangapani et al. 2003; Ginsberg et al. 2005). 570 

 571 

3.2.4 Parameter and data sources 572 
 573 

For the analyses presented here, the value of CI for all age groups was set to 1 µg/L in air.  The 574 

physiological parameters (QP, QL and VL) for the children of various age groups were obtained 575 

from Price et al. (2003), whereas those for adults were obtained from Arms and Travis (1988).  576 

The delayed development of renal function (GFR) and liver metabolism (CYP2E1, ADH) in 577 

children was expressed as a fraction of the adult value based on data summarized by Clewell et 578 

al. (2004) and Sarangapani et al. (2003).  For the various calculations, CLint was varied from 0.1 579 

L/hr (capacity-limited metabolism) to 1000 L/hr (flow-limited metabolism), and the PB was 580 

varied between 0.1 and 50 (which generally reflects the values for commonly known Category 3 581 

gases and vapors (Table 1)).  The internal dose at steady-state was calculated using Microsoft 582 

EXCEL® for each age group using Eqns. 2 – 4, and then the child-adult factors were derived for 583 

each of the three scenarios as ratios of internal doses. 584 

 585 

3.3 Results  586 
 587 

3.3.1 Child-adult differences in dosimetry for Category 3 gases for which parent chemical 588 
is the toxic moiety  589 

 590 

Figures 2-3 summarize the results of child/adult steady-state concentration ratios for the first two 591 

scenarios of bounding cases, (1) upper bound based on zero metabolism in children of all age 592 

groups and maximal metabolism (i.e., equal to hepatic blood flow) in adults (scenario 1), and (2) 593 

lower bound based on flow-limited clearance in both adults and children (scenario 2).  Figure 2 594 

shows that the child:adult ratio of CAss would increase with increasing PB for scenario 1 when 595 

Echild = 0 and Eadult = 1.  For this worst-case scenario, hepatic clearance was set to zero for all 596 

four ages of children, and so only one curve is shown.  The increase of the child:adult ratio of 597 

CAss is a direct result of the fact the CAss in children in this scenario is determined only by 598 

pulmonary clearance, whereas in adults it is determined additionally by CLh.  For chemicals with 599 

very low CLint values (e.g., 0.01 L/hr), hepatic clearance (CLh) is negligible compared to 600 
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pulmonary clearance (CLp) such that the child/adult ratio of CAss approximates the ratio of PB 601 

in child and adult, which essentially is 1.  For increasing CLint values, however, the child/adult 602 

ratio exceeds 1, with the actual magnitude being determined by the relative contributions of 603 

pulmonary clearance and hepatic clearance to total clearance in adults as well as the extent of the 604 

deviation of total clearance in adults from the pulmonary clearance in children.  If CLhadults is 605 

near full capacity and CLhchild is near zero (worst case scenario), then the child/adult ratio of 606 

CAss will continue to increase as a function of PB (Figure 2).  At any given PB value, the lower 607 

bound of child/adult ratio for parent chemical dose can be simulated by assuming blood flow-608 

limited metabolism in both adults and children (scenario 2; Figure 3).  In this case, the maximal 609 

value of child/adult ratio of CAss (2.1) is associated with the age group of 3 month-old and gases 610 

with high PB values (e.g., 50) (Figure 3). When age group-specific metabolic capacity is known, 611 

a better estimate of the magnitude of child/adult ratio of CAss can be obtained, which should be 612 

between the upper and lower bound estimates presented above, as shown in scenario 3 with ADH 613 

and CYP2E1 as examples.   614 

 615 

The results of the steady-state analysis for CAss based on age-dependent CYP2E1 and ADH 616 

activity are shown in Figures 4a and 4b, respectively (scenario 3)4.  In both cases, the 3 month 617 

old, the youngest group evaluated, has the greatest difference in parent concentration relative to 618 

the adults.  This is not surprising since the ADH and CYP2E1 are at the lowest levels at birth, 619 

and gradually increase to adult levels.  Similar to the results obtained for scenarios 1 and 2, the 620 

highest child/adult ratio for CAss (approximately 2.3 for ADH) (Figure 4b) was associated with 621 

high CLint values (i.e., 1000 L/hr) reflective of flow-limited metabolism in adults but not 622 

necessarily in all other age groups.  For gases with very low CLint values, however, the 623 

metabolism rate is unlikely to be a sensitive parameter in estimating CAss and thus the 624 

child/adult ratio is close to unity (not shown). 625 

 626 

                                                 
4 Note:  Ratio 3/A = 3 months:adult; 1/A = 1 year:adult; 5/A = 5 years:adult; 10/A = 10 
years:adult 
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3.3.2 Child-adult differences in dosimetry for Category 3 gases for which reactive 627 
metabolite is the toxic moiety  628 

 629 

Figure 5 depicts the child-to-adult ratio of the internal dose of reactive metabolite resulting from 630 

continuous exposure to Category 3 gases with PB values up to 50. Here, the upper bound of the 631 

child/adult ratios (shown in Figure 5) results when metabolism is flow-limited in both adults and 632 

children whereas the lower bound (i.e., zero) is associated with scenario 1 (i.e., when CLhchild is 633 

zero and CLhadults is near full capacity).  The highest value of the upper-bound of child-to-adult 634 

ratios of internal dose of reactive metabolites (1.45) was obtained for 10-year-old children.  635 

Under flow-limited conditions, the internal dose of reactive metabolites is determined by QL/VL 636 

which is about 33 in younger age groups (3 months to 5 years) and 47 in 10-year-old children, 637 

compared to 53 in adults (Price et al. 2003).  The relative difference in these determinants 638 

between children and adults, coupled with the difference in CAss (section 3.3.1) would explain 639 

the magnitude of child-adult ratios in the liver concentration of reactive metabolites computed in 640 

this study (Figure 5).   641 

 642 

Using information on delayed ontogeny of metabolizing enzymes (ADH and CYP2E1), it would 643 

appear that the internal dose of reactive metabolites for poorly metabolized Category 3 gases 644 

(assuming an intrinsic clearance of 0.1 L/hour) would be lower in children of all age groups 645 

compared to adults (Figures 6 for ADH and Figure 7 for CYP2E1).  In case of highly 646 

metabolized gases (e.g., CLint = 1000 L/hour), however, the formation of reactive metabolites in 647 

older children (5 year old and 10 year old) and in the 3-month-old (but not in the 1-year-old) 648 

might slightly exceed the levels formed in adults (Figure 8).  The quantitative behavior depicted 649 

in Figure 8 applies to both ADH and CYP2E1 (not shown). 650 

 651 

3.3.3 Child-adult differences in dosimetry for Category 3 gases for which circulating 652 
metabolite is the toxic moiety  653 

 654 

The child/adult ratios of the steady-state concentration of stable (circulating) metabolite were 655 

initially calculated on the basis of the rate of formation (i.e., hepatic metabolism of parent 656 

chemical) and rate of elimination (i.e., renal clearance of metabolite) for the three scenarios 657 

described in section 3.1.  In this case, the upper bound of the child-adult ratios resulting from 658 
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flow-limited metabolism in both adults and children combined with renal excretion as described 659 

by the developmental data, range between 0.9 – 1.3 (Figure 9).  The lower bound of the 660 

child/adult ratio of the stable metabolite is essentially zero, which is associated with scenario 1 661 

described in section 3.1. (i.e., when CLhchild is zero and CLhadults is near full capacity).    662 

Calculations based on the delayed ontogeny of ADH and CYP2E1 enzymes involved in the 663 

formation of stable metabolites yield child/adult factors that are essentially in this range both for 664 

highly metabolized vapors and gases (Figures 10a for ADH and 10b for CYP2E1) and poorly 665 

metabolized ones (Figures 11a for ADH and 11b for CYP2E1). 666 

 667 

The rate of formation of stable metabolite is determined by QL, E and CAss.  Therefore, for 668 

flow-limited metabolism in both children and adults (i.e., when E=1), the values of QL and CAss 669 

would determine the magnitude of child/adult ratio of the amount of stable metabolites formed at 670 

steady-state.  Given that child/adult ratio of CAss for Category 3 gases is within a factor of 2, 671 

and that the QL is about 14 times lower in neonates compared to adults, the overall amount 672 

formed would be several times (up to 7-fold) lower in young children.  However, since the GFR 673 

is also lower in neonates compared to adults (by a factor of about 7), the net effect is that the 674 

resulting child/adult ratio of steady-state concentration of circulating metabolite is about 1.  The 675 

relative dose in children could be substantially higher if there is significant child-adult difference 676 

in metabolic clearance (e.g., when CLhchild is zero and CLhadults is near maximum capacity).  677 

Figures 12-13 depict the adult/child factors for highly metabolized (Figure 12) and poorly 678 

metabolized (Figure 13) Category 3 gases and vapors, for which the toxic moiety is a stable 679 

metabolite cleared efficiently in adults (i.e., flow limited process) but not at all in children (i.e., 680 

hepatic extraction ratio = 0).  The upper bound value for this child-adult difference would be 681 

approximately 17 (Figure 12); however, if the CLh of metabolites in children varies as a function 682 

of metabolic capacity of the enzymes involved (e.g., ADH or CYP2E1), then the child/adult 683 

factors are likely to be lower than these upper bound values. 684 

 685 

4.0 DISCUSSION 686 

 687 

This document presents a framework for evaluating relative dosimetry in children and adults for 688 

inhaled gases.  For effects at the portal of entry, a range of potential approaches are noted; 689 
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however, the focus of this analysis was for those gases or vapors expected to have an impact 690 

systemically, with the appropriate choice of approach depending on the chemical’s mode of 691 

action.  The framework presents specific considerations for systemic effects, with certain modes 692 

of action and exposure scenarios leading to recommended analytical approaches.  Case studies 693 

were conducted to demonstrate the potential quantitative differences between children and adults 694 

for chemicals for which the parent, reactive metabolite, or stable metabolite is the toxic moiety 695 

of concern.   696 

 697 

The differences in internal dose to adults and children evaluated by the framework have the 698 

largest impact under two scenarios.  The first is when there is a window of increased 699 

susceptibility.  If the window of susceptibility falls during childhood, the internal dose during 700 

that period of time is a key determinant of response, and it is important to consider the relative 701 

internal dose to children and adults for a given air concentration, regardless of the total exposure 702 

duration.  The second situation when differences in the child and adult dose would be of 703 

particular interest is when the exposure duration is generally comparable to or shorter than the 704 

duration of the age range of interest.  Although the approach used in the framework can be used 705 

to evaluate the relative dose to children and adults in scenarios involving longer durations of 706 

exposure, the impact on response would be much smaller when the response is related to lifetime 707 

exposure (e.g., when the appropriate metric is Lifetime Average Daily Dose, or LADD).  This is 708 

because estimates of cumulative dose over a lifetime resulting from exposure to low 709 

concentrations of environmental chemicals are fairly insensitive to age-related kinetic 710 

differences, because the greatest differences persist for only a short time (Pelekis et al. 1997; 711 

Clewell et al. 2004).  Thus, if toxicity for the relevant endpoint is related to cumulative dose, 712 

these increases in internal dose would not have a significant effect on risk, unless a window of 713 

susceptibility coincided with the period of increased dose.  714 

  715 

It should also be noted that analyses presented here are a simplified approach and are not 716 

intended to be used quantitatively in risk assessment, in the absence of chemical-specific data.  717 

Instead, the intent is to identify situations in which dose metrics in the child may be substantially 718 

different from those in the adult.  The proposed framework would provide a potential screen to 719 
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determine if the default toxicokinetic component is adequate when considering exposure to 720 

children, noting the additional need to consider variability.     721 

 722 

4.1 Comparison with results in the literature 723 

 724 

The analyses presented along with the framework were conducted to provide some initial 725 

direction regarding conditions under which there are significant dosimetric differences between 726 

adults and children.  The results of these analyses are consistent with individual chemical-727 

specific analyses in the literature.  They suggest that the child/adult difference in steady state 728 

arterial concentration (CAss) of the parent chemical is likely to be within a factor of 2.1 for 729 

highly metabolized Category 3 gases and vapors.  This observation is consistent with the 730 

conclusions of the detailed inhalation PBPK modeling studies conducted with selected Category 731 

3 chemicals (furan: 1.5 (Price et al. 2003); styrene 1.8 and vinyl chloride 1.13 (Sarangapani et al. 732 

2003).  This is also consistent with the results of Ginsberg et al. (2005), who reported that the 733 

maximal child/adult factor for steady-state arterial blood concentration of parent chemicals 734 

belonging to Category 3 was 1.75, particularly for flow-limited metabolism in both adults and 735 

neonates.  In the case of poorly metabolized gases and vapors, the child/adult ratio is likely to be 736 

about 1, since child-adult differences in metabolic clearance barely have an influence on the 737 

kinetics and internal dose, as shown in this study.  This observation is consistent with that of 738 

Sarangapani et al. (2003) for perchlorethylene (child/adult ratio = 1.02), a poorly metabolized 739 

Category 3 vapor.  Larger child/adult ratios would result in the hypothetical case where there is 740 

no hepatic clearance in the child and high hepatic clearance in the adult, but such extreme cases 741 

were not located in the chemical literature. 742 

 743 

Regarding Category 3 gases forming reactive metabolites, the analyses conducted here indicate 744 

that the child-adult difference would be maximal when metabolism is flow-limited in adults and 745 

children.  The maximal value of child-to-adult ratios of internal dose of reactive metabolites 746 

found in the present study (1.45) is comparable to those reported for vinyl chloride (1.34) and 747 

styrene (1.83) by Sarangapani et al. (2003).  The small difference between the present study and 748 

the previous studies might be due to the derivation of liver blood flow values by the previous 749 

studies on the basis of difference in liver volume between children and adults.  The present 750 
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study, however, used liver blood flow values determined in children following radioactive gold 751 

administration (Szantay et al. 1974).  The child/adult ratio of the internal dose of reactive 752 

metabolite approaches zero as the intrinsic clearance (Clint) becomes smaller (Figures 6 and 7).  753 

This is also in agreement with the results of the PBPK modeling study by Sarangapani et al. 754 

(2003) in which the child/adult ratio for a poorly metabolized Category 3 chemical 755 

(perchloroethylene) was reported to be 0.27. 756 

 757 

For Category 3 gases forming stable metabolites, the analyses were based on the assumption that 758 

renal clearance would be the sole mechanism of elimination, or it considered both the renal and 759 

hepatic routes of clearance to be relevant.  In the first case, the calculated ratios ranged from 0.9 760 

to 1.3.  However, the child/adult ratio increased if there was a significant child-adult difference 761 

in metabolic clearance of the metabolite.  In the case of Category 3 gases and vapors for which 762 

the stable metabolite (toxic moiety) is cleared efficiently in adults (i.e., flow limited process) but 763 

not at all in children (i.e., hepatic extraction ratio = 0), the child/adult ratio can be as high as 18.  764 

This is in accord with the observations of a PBPK modeling study of the formation and clearance 765 

of a stable metabolite (acetone from isopropanol), which reported a neonate/adult factor ranging 766 

from approximately 7 to 9 (Saragapani et al. 2003).  Note also that isopropanol is a Category 2 767 

gas, illustrating that the simplified steady state approaches described here give reasonable 768 

estimates of the relative systemic dose for children and adults, even for a moderately water 769 

soluble chemical.  Further studies are required to systematically evaluate the relative contribution 770 

of renal, hepatic and pulmonary clearance processes to the total clearance of circulating 771 

metabolites formed from similar gases, as well as their overall contribution to the relative dose in 772 

children and adults, so as to be able to pinpoint characteristics of gases and vapors that might 773 

lead to situations where the dose to children is much higher than that to adults. 774 

 775 

Quantitative differences between the examples presented here and previous published analyses 776 

were generally due to differences in the age-specific parameters.  For example, in addition to the 777 

differences noted above regarding age-specific liver blood flow, there were differences in the 778 

alveolar ventilation rate (QP).  Sarangapani et al. (2003) and Clewell et al. (2004) estimated the 779 

age-dependent alveolar ventilation as 66% of the pulmonary ventilation data compiled by U.S. 780 

EPA (1997).  Because the alveolar dead space may vary with age, the current analysis focused on 781 
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actual measured values when possible, using the approach of Price et al. (2003).  Specifically, 782 

the QP for the 3-month old used measured data from Lees et al. (1967), and Price et al. (2003) 783 

developed a regression equation to calculate the QP values for ages 1, 5 and 10 years.  Inputs to 784 

the development of the regression equation were age-specific data on respiratory frequency and 785 

tidal volume, and an equation relating physiological dead space to body weight    786 

 787 

The results presented here are also consistent with those of Ginsberg et al. (2005), who identified 788 

several conditions under which greater metabolite levels may occur in the infant liver than the 789 

adult liver.  These conditions include: (1) highly metabolized gases; (2) Category 3 gases at 1 790 

year of age for metabolism pathways that have reached full maturity by this age; and (3) cases 791 

where the metabolite formation rate is considerably greater than the metabolite removal rate and 792 

the metabolite removal rate involves a cytochrome P450 (CYP) or other pathway that is 793 

immature early in life.  Except for the third group, these conditions do not consider removal of 794 

the metabolite.  As another example of identification of the rate-limiting step, if a chemical is 795 

cleared primarily by glucuronidation, the low activity at early ages suggests that particular 796 

attention should be paid to urinary metabolites to determine whether adequate clearance occurs 797 

via alternative conjugation pathway (e.g., sulfation).   798 

 799 

4.2 Potential enhancements to the framework and data needs 800 
 801 

The framework presented here focuses on dosimetry comparisons between adults and children 802 

for inhaled gases and vapors.  It could be further enhanced to consider variability, as part of 803 

evaluation of the appropriate intraspecies uncertainty factor.  Only limited investigations were 804 

identified that evaluated variability within the child population.  Pelekis et al. (2003) conducted 805 

PBPK modeling for methylene chloride using ranges for estimates of age-related physiological 806 

and biochemical parameters to develop annual average concentrations as population 807 

distributions.  This approach could be used to evaluate total population variability.  808 

Consideration of first principles would suggest that children would vary less than adults in many 809 

physiological parameters.  While some physiological parameters (e.g., body fat) tend to exhibit 810 

greater variability at later ages, child variability in dose appears to be comparable to or greater 811 

than in adults.  Renwick et al. (2000) reported that the magnitude of inter-individual variability 812 
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in drug clearance (expressed as a percentage) is not influenced by age.  However, Hattis et al. 813 

(2003) found that the neonates had greater variability for some, but not all drugs and metabolic 814 

pathways.  Common pathogenic processes, such as asthma, may also alter the respiratory tract 815 

dimensions, and thus the dosimetry, in ways not accounted for in the current analysis (Ginsberg 816 

et al. 2005).  817 

 818 

The framework focused on inhaled gases, and did not address inhaled particles or exposure via 819 

other routes.  Extensive analyses of particle dosimetry have been conducted by Jarabek et al. 820 

(2005) and Ginsberg et al. (2005).  Jarabek et al. (2005) used the Multiple Path Particle 821 

Dosimetry Model (MPPD)5 to calculate the ratio of the human equivalent concentration (HEC) 822 

to laboratory animal exposure concentration for people ranging from 3 months to adulthood for 823 

poorly soluble nonfibrous particles (PSP) with mass median aerodynamic diameters (MMAD) 824 

ranging from 0.3 to 6 µm.  The authors used a dose metric of retained mass in the 825 

tracheobronchial region normalized to surface area, taking into account deposition and clearance 826 

(but not age-specific clearance).  Ginsberg et al. (2005) used the ICRP (Smith 1994) model to 827 

model deposited dose per unit surface area for 3-month-old infants and adults as a function of 828 

particle size.  Martonen et al. (2000) developed a particle deposition model that takes into 829 

account structural elements of the lungs and used the model to calculate deposited dose per unit 830 

surface area as a function of particle size for four age groups.  These sorts of analyses, along with 831 

analyses built on more recent data, such as the deposition calculations of Oldham and Robinson 832 

(2006), based on asymmetrical growth geometries of the tracheobronchial region, can be used to 833 

develop a framework for exposure to particles and aerosols.  Similarly, frameworks for the oral 834 

and dermal routes of exposure would be useful.  For example, the oral route would need to 835 

consider the implications of first-pass metabolism.  Interagency efforts (Jarabek 2000; Rigas et 836 

al. 2000) to develop dosimetric approach for the oral route (in addition to dermal dosimetry and 837 

improved inhalation dosimetry) are likely to provide additional guidance for this route. 838 

 839 

The intent of the proposed framework is to provide a structure for consideration of the 840 

implications of age-related kinetic differences for internal dose and to focus future research in 841 

this area.  The results of the initial application of this framework suggests a selected number of 842 

                                                 
5Version 1.0, © CIIT and RIVM, 2002.  Obtained from B. Asgharian, CIIT. 
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data gaps, where additional research may help to refine analyses of age-related differences in 843 

dosimetry.  These areas include:  (1) age-dependence of blood:air partition coefficients; (2) liver 844 

blood flow for children less than 4 years of age; (3) enhanced understanding of age-dependent 845 

changes in enzyme activities; and (4) characterization of extrahepatic metabolism. 846 

847 
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Table 1.  Compilation of Partition Coefficients for Some Category 3 Gases 848 
 849 

Chemical 
Blood:Air 
Partition 

Coefficient1 

Fat:Blood 
Partition 

Coefficient2 

Methyl chloride 2.5 5.4 

Dichloromethane 8.9 13 

Chloroform 6.9 29 

Carbon tetrachloride 2.7 133 

Chlorodibromomethane 53 36 

Chloroethane 2.7 14 

Vinyl Chloride 1.2 17 

1,1-Dichloroethane 4.9 33 

1,1,2-Trichloroethane 36 40 

Benzene 8.2 24 

Chlorobenzene 30 43 

o-Xylene 35 43 

m-Xylene 33 56 

p-Xylene 45 39 

Styrene 483 724 

 850 
1Gargas et al. (1989) 851 
2Estimated based on rat Fat:Air partition coefficients and human Blood:Air partition 852 

coefficients reported by Gargas et al. (1989). 853 
3Csanady et al. (1994) 854 
4Estimated based on rat Fat:Air partition coefficient reported by Gargas et al. (1989) and 855 

human Blood:Air partition coefficient reported by Csanady et al. (1994). 856 

 857 

858 
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Table 2.  Age-dependent Lipid and Water Content of Whole Blood 859 
 860 

Age (yr) % Lipid1 % Water2

0 0.11 84
1/2 to 2 0.22 87
2 to 6 0.21 87
6 to 12 0.22 86

12 to 18 0.21 86
Over 18 0.22 85  861 

1(Berenson et al. 1982) 862 
2(Family Practice Notebook, 2005) 863 

 864 
 865 

 866 

867 
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 868 

Figure 1.  Revised framework for evaluating the relative tissue dosimetry in adults and children 869 
for inhaled gases. 870 
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 874 

Figure 2.  Child/adult ratio of the steady-state concentration of inhaled parent chemical: A 875 
bounding case study.  The hepatic clearance in children of all ages is set to zero, whereas that in 876 
adults is assumed to equal the maximal level (i.e., hepatic blood flow rate).   877 
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 884 

Figure 3.  Child/adult ratio of the parent chemical concentration at steady-state when metabolism 885 
is flow-limited in both adults and children. 886 
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 893 

Figure 4a.  Child/adult ratio of the steady-state concentration of parent chemical for which the 894 
formation rate is proportional to the CYP2E1 content (intrinsic clearance is 1000/hr). 895 
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Figure 4b.  Child/adult ratio of the steady-state concentration of parent chemical for which the 899 
formation rate is proportional to the ADH content (CLint is 1000/hr).  900 
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 903 
* Ratio 3/A = 3 month:adult; Ratio 1/A = 1 year:adult; Ratio 5/A = 5 years:adult; Ratio 10/A = 10 904 
years:adult 905 
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 906 

Figure 5.  Child/adult ratio of the concentration of reactive metabolite at steady-state when 907 
metabolism is flow-limited in both adults and children. 908 
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 916 

Figure 6.  Child/adult ratio of the steady state concentration of reactive metabolite formed from 917 
inhaled gases for which the metabolite clearance is proportional to the ADH content (intrinsic 918 
clearance is 0.1/hr). 919 
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 926 

Figure 7.  Child/adult ratio of the steady state concentration of reactive metabolite formed from 927 
inhaled gases for which the metabolite clearance is proportional to the CYP2E1 content (intrinsic 928 
clearance is 0.1/hr). 929 
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 936 

Figure 8.  Child/adult ratio of the steady state concentration of reactive metabolite formed from 937 
inhaled gases for which the metabolite clearance is proportional to the ADH content (intrinsic 938 
clearance is 1000/hr).   939 
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 946 

Figure 9.  Child/adult ratio of stable metabolite formed by flow-limited metabolism and cleared 947 
by renal excretion. 948 
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 955 

Figure 10a.  Child/adult ratio of stable metabolite for which the formation rate is proportional to 956 
the ADH content and renal clearance is dependent upon the GFR (intrinsic clearance is 1000/hr). 957 
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Figure 10b.  Child/adult ratio of stable metabolite for which the formation rate is proportional to 961 
the CYP2E1 content and renal clearance is dependent upon the GFR (intrinsic clearance is 962 
1000/hr).  963 
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 968 

Figure 11a.  Child/adult ratio of stable metabolite for which the formation rate is proportional to 969 
the ADH content and renal clearance is dependent upon the GFR (intrinsic clearance is 0.1/hr). 970 
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 973 

Figure 11b.  Child/adult ratio of circulating metabolite for which the formation rate is 974 
proportional to the CYP2E1 content and renal clearance is dependent upon the GFR (intrinsic 975 
clearance is 0.1/hr). 976 
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 981 

Figure 12.  Child/adult ratio of steady state concentration of a stable metabolite with efficient 982 
metabolic clearance in adults (i.e., flow limited process) but only renal clearance in children (i.e., 983 
hepatic extraction ratio = 0) (intrinsic clearance is 1000/hr). 984 
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 991 

Figure 13.  Child/adult ratio of steady state concentration of a stable metabolite with efficient 992 
metabolic clearance in adults (i.e., flow limited process) but only renal clearance in children (i.e., 993 
hepatic extraction ratio = 0) (intrinsic clearance is 0.1/hr). 994 
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