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Abstract
Interspecies uncertainty is the uncertainty that occurs from using test animals as models of human toxicity.  The magnitude of this uncertainty can be investigated by evaluating the interchemical variation in the ratios of the doses associated with similar toxicological endpoints in test animals and humans (Swartout et al., 1997; Dourson, 1994).  This study evaluates differences in the toxicity of anti-neoplastic drugs that are believe to be direct acting in test animals and humans (Freireich et al., 1966; Goldsmith et al., 1975; Schein et al., 1979; Rozensweig et al., 1981; Grieshaber and Marsoni, 1986; Travis and White 1988, and Paxton et al., 1990).  The data are used to establish ratios of human-to-animal response for four species: mice, rats, monkeys, and dogs.  The distribution of the ratios is used as a measure of the uncertainty in the value of UFA for each of the species.  The results of the analyses suggest that for direct acting compounds evaluated on a body weigh basis: 1) toxicity generally increased with a species’ body weight; however, humans are not always more sensitive than test animals; 2) the values of the ratios were less than 10 for most, but not all, drugs; 3) when information on a dose in more than one species is available current practices in setting RfDs lowers the probability of having a large value for a ratio, 4) data on additional compounds would reduce the uncertainty in the species-specific distributions, 5) a comparison of data across test species suggests that the distribution of ratios may vary with the dose used to establish the ratio.
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1.0
Introduction

Regulatory agencies evaluate noncarcinogenic risks by comparing doses received by individuals to doses believed to be protective of both the general population and sensitive individuals.  These estimates of protective doses include the US EPA’ s reference dose (RfD) (EPA, 1988) and the MRL (ATSDR, 1996), and Allowable Daily Intakes (ADI) and are here after referred to as RfDs.  These RfDs are established by taking the dose associated with a specific toxicological endpoint and dividing the dose by a series of uncertainty factors (UF).  One of these factors is the interspecies uncertainty factor (UFA).  This factor addresses the uncertainty that occurs from the use of nonhuman test species as models of human toxicity.   Investigators have proposed to quantitatively characterize the interspecies uncertainty (Baird et al., 1996; Swartout et al., 1997) by assigning a distribution to this factor that reflects the true but unknown value for a specific compound.

This paper presents a study of the uncertainty in animal to human extrapolation based on toxicity data for anti-neoplastic agents in test animals and humans.  In this paper, we seek to develop species-specific measures of the range and distribution of a body-weight based scaling factor that can be used as a measure of the uncertainty in the size of the interspecies uncertainty factor.  The study will also seek to define how distribution is influenced by the toxicological data used in setting the standard.  

This purpose is different from earlier papers that sought to fit data on interspecies scaling to models of body weight to some power (Travis and White, 1988 and Watanabe et al. 1992).  In this paper, we relate the size of the factor to specific species and combinations of species commonly used in identifying the critical effect and the starting point (LOAEL, NOAEL, or benchmark dose) setting RfDs.

1.1

History of the Interspecies Uncertainty 
The current system of uncertainty factors has its origins in work performed at the Food and Drug Administration in the 1950s (Lehman and Fitzhugh, 1954).  However, a quantitative model of uncertainty factors was first clearly stated by Dourson and Stara (1983), who defined the factors in terms of the ratios of the doses associated with specific toxicological endpoints in test animals and humans.  Each uncertainty factor was associated with a ratio of the dose associated with a toxicological endpoint of interest to a dose associated with a known endpoint for a substance (Swartout et al.  1997).  The value of an uncertainty factor used in setting the RfD is defined as a loose upper bound of the range of ratios that could plausibly occur for any compound (Dourson 1994).  The uncertainty in the value of a ratio for an untested compound has been characterized based on the interchemical variation in the values of the ratio in a population of chemicals where the ratios are known (Weil and McCollister, 1963; Weil, 1972; Nair et al., 1995; Nessel et al. 1995; Nauman et al., 1995).  In this fashion, interchemical variation is used as a measure of the uncertainty in the value of the ratio for an untested compound.

The ratio of doses associated with the interspecies (animal to human scaling) uncertainty (UFA) has been defined by Swartout et al. (1997) as:
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Chronic NOAEL in Animals                                               Eq.1

Chronic NOAEL in Humans

where the chronic NOAEL in animals is the NOAEL for the critical effect as defined a battery of tests for chronic systems toxicity, and the chronic NOAEL in humans is taken from a study of the general human population. This suggests that the ideal basis for evaluating the uncertainty in the UFA would be data on the chemical-specific ratios of the NOAELs of the critical effects in long-term studies of test animals and humans.  These data are unavailable for more than a handful of substances; however, investigating the ratios of other toxicological doses in test animals and humans can provide insight into the interchemical variation of the ratios of NOAELs.   

1.2
 Description of the Approach

This paper presents an analysis of acute and subacute toxicological data in human and test animals for a set of anti-neoplastic drugs.  The data consist of a series of toxicological doses that can be considered roughly equivalent to an acute maximum tolerated dose (MTD).  The data are used to calculate ratios that similar to Equation 1 (hereafter called Toxicity Ratios).  The interchemical variation in the toxicity ratios is then used as a surrogate to evaluate the interchemical variation in the ratios of NOAELs, as defined in Equation 1.  Finally, the paper investigates whether the Toxicity Ratios are a reasonable model of the ratios of chronic NOAELs that are the basis for the interspecies uncertainty factor.

2.0 
Description of the Available Data on Anti-Neoplastic Agents
Anti-neoplastic agents are used in chemotherapy to preferentially destroy cancerous cells.  Because differences in the relative toxicity to normal and cancerous cells for such agents may be small, chemotherapy protocols often call for administration of anti-neoplastic agents at levels that are close to toxic doses in humans.  As part of the development of such agents, the National Cancer Institute determines the maximum tolerated dose (MTDH) in humans in short-term studies (typically five days).

The MTD is defined as the dose level at which none of six or one of six patients experience dose limiting toxicity with the next higher dose level having two or more patients experiencing dose limiting toxicity (Storer, 1989).  

During developmental trials for anti-neoplastic agents, the National Cancer Institute (NCI) estimates the MTDH based on the results of a progressive series of acute, subacute and or subchronic toxicological studies a battery of test animals.  This work results in toxicological data in a number of animal species.  Toxicity in animals is determined differently for different species: 

LD10 -
Typically derived for mice and rats.  The acute (single) dose resulting in the death of 10 percent of a population of test animals  

TDL -
 (Toxic Dose Low) Typically derived for dogs and monkeys. The lowest dose to produce pathological alterations in hematological, chemical, clinical, or morphological parameters, the doubling of which produces no lethality. 

MTDA– The highest dose in test animals that suppresses body weight by no more than10 percent in a 90-day subchronic study. 

Based on these estimates, preliminary dosages are developed for trials in patients.  The results of these trials produce independent measurement of the MTDH.  The resulting dataset thus comprises the animal data and human data for the agents (Grieshaber and Marsoni 1986).

The data for this study were collected by performing a search of the open literature for data on the toxicity of anti-neoplastic agents.  Six articles were identified which contained data on the toxicity of agents in patients and one or more test animals (Freireich et al., 1966; Goldsmith et al., 1975; Schein et al., 1979; Rozensweig et al., 1981; Grieshaber and Marsoni, 1986; Travis and White, 1988; and Paxton et al., 1990). A total of 61 compounds were identified with data in humans and one or more species of test animals.  The number of ratios varied by species and ranged from 56 for the dog, to 19 for the rat. The toxicity data from these six studies are presented in Table 1.  

In this analysis, the LD10 in mice and rats, the TDL in dogs and monkeys, and the MTD in humans and animals has historically been considered comparable.  This assumption has been previously made by other researchers (Goldsmith, 1975; Grieshaber and Marsoni, 1986; and Travis and White, 1988).  Only data on compounds administered by intravenous or intraperitoneal routes were included in the data set.  For the majority of compounds the route of administration was consistent across test animals and humans.  When necessary, data were normalized to a five-day dosing regime (Freireich et al., 1966; Travis and White, 1988). This equivalent dose was estimated by summing the total dose administered to the animals over the course of the testing and dividing by five.  Finally, where doses were reported in units of mass per surface area mg/m2, the doses were converted to mg/kg based on standard estimates of the surface area and body weights of the relevant species (Freireich et al., 1966; Travis and White, 1988).  The implications of these assumptions are discussed in Section 4.0 of this paper.

3.0
Analyses of the toxicity Ratios

3.1 
Development of Species-Specific Distributions 

This section presents a description of the analyses performed for the ratios derived from the toxicity data in Table 1.  As discussed above the toxicity ratio for an agent is defined as:
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Eq. 2

where TRi is the toxicity ratio for the ith agent, Animal Dosei is the LD10, TDL, or MTD for the ith agent in a test animal.  

The interchemical variation in ratios is likely to differ as a function of the test animal (Travis and White, 1988; EPA, 1993).  For this reason it is important to characterize interchemical variation in the ratios as a function of the test animal.  This can be done by developing species-specific distributions or by seeking to minimize species differences by using different dose metrics such as body weight3/4 or surface area (Travis and White, 1988; Watanabe et al. 1992; Baird et al. 1996).  In this paper, the first approach of developing species-specific distributions is used.  Therefore, the toxicity ratios were sorted by test animal and ranked in order of increasing value.  The resulting cumulative distributions are presented in Figure 1.  Summary statistics for the distributions are given in Table 2.  

The species-specific distributions were tested to determine if they statistically differed from one another.  This was determined using 90 percent confidence limits on the means and selected percentiles of the distributions.  The confidence limits were determined suing a non-parametric bootstrap approach.  

3.2 
Evaluation of the Impact of Data in Multiple Species  

Where data are available for multiple species the current practice is to use the most sensitive species (on a body weight basis) to establish an RfD (EPA, 1988).  Such a practice should have the effect of minimizing the chance of underestimating the toxicity of a compound in humans, since species with greater sensitivity to a compound would be used to establish the RfD.  The impact of this practice is examined by plotting the ratio of the lowest test-animal dose to the human MTD in the subset of agents (14 compounds) that have toxicity data for all four species.  Figure 2 presents the distributions of ratios of human MTDs to the lowest MTD from data on combinations of test animals.  The combinations consisted of: the mouse dose; the lower of the doses for mouse or rat; the lowest of the doses for mouse, rat, and monkey; and, the lowest of the doses for mouse, rat, monkey, and dog.  These combinations were selected based on increasing body weight of the test animals.     

The findings of this analysis are complicated by the fact that the definition of the most sensitive species is in part determined by the choice of the dose metric (Baird et al., 1998).  For example, species that are most sensitive on a body weight basis may not be the most sensitive on a surface area basis.  In order to investigate the possible impact of alternative factor, the above analysis was repeated but the values of the ratios were normalized based on the median value of the ratios for each species.  This was done using the following equation:
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Eq. 3

where, NTRij is the normalized toxicity ratio for the ith agent in the jth species, TRij is the original toxicity ratio for the ith chemical in the jth species, and MTRj is the mean toxicity ratio for the jth species.  The effect of this normalization was to remove the changes due to species-specific differences, that may be influenced by the method of interspecies extrapolation, and evaluate the impact of having multiple measures of a chemical's toxicity in different species.  Figure 3, presents the distributions of the same sets of test species as Figure 2.  

3.3
Evaluating the Effect of the Limited Number of Compounds on the Distribution

As discussed above, the database for antineoplastic agents is relatively small and varies with the test species.  An empirical distribution of a finite number of chemicals is likely to underestimate the true range of the distribution and is a source of uncertainty in the estimate of the values of specific percentiles of the distribution.  A bootstrap analysis was performed to determine the confidence limits for the moments of the distribution and selected percentiles. 

The bootstrap method (Efron and Tibshirani, 1993) is a nonparametric approach that can be used for estimation of confidence intervals on a given variable without assuming a specific parametric distribution for that variable.  The bootstrap method is based on the assumption that the observed sample is a random sample of a larger population and provides an estimate of sample-size uncertainty.  The sampling is conducted with replacement of selected observations prior to the next random selection such that individual observations may appear more than once, or not at all, in any given sample.  The sampling can be performed on the data itself or a parametric distribution that is fit to the data.

Using unbounded parametric distributions (such as normal or lognormal distributions) has the advantage that they allow the sampling of plausible values that occur outside of the range of the observed data.  Sampling the raw data will limit the values that can be select and result in an underestimation of the uncertainty at the extreme tails of the distribution.   However, one or more of the species data sets showed significant deviation from normality or log normality therefore using unbounded parametric sampling is not appropriate.  Sampling in this analysis is performed using an empirical cumulative distribution that allowed sampling of values between the raw data points but is still bounded by the range of reported data.   Because of this limitation, no estimates were made for the confidence limits of the highest portions of the distributions (>90th percentile).

For this analysis, 10,000 bootstrap samples were generated. The procedure results in a set of 10,000 distributions from which confidence intervals can be derived for any percentile of interest. The confidence intervals reflect the uncertainty in the percentile estimates arising from limited sample size.  In this study, we found that taking 10,000 samples generated stable estimates (within 2%) of the uncertainty in the 90% confidence limits for the medians and the 90th percentiles.  

This analysis was performed for each of the four species. Table 3 presents the median values and 90% confidence limits for the estimates of the median and 90th percentile of the cumulative distribution of ratios. 

4.0

Determining if Toxicity Ratios are a Reasonable Model of ratios of Chronic NOAELS

4.1

Background
There are several limitations in the use of the data on anti-neoplastic agents for characterizing the uncertainty in the ratios associated with UFA.  These include differences in the toxicological doses, the nature of the substances tested, and the population of humans that participated in the studies.  The following is a description of these factors and the ways that they could cause the distribution of MTD ratios to differ from the ratios of NOAELS that form the bases for the UFA (hereafter, referred to as the NOAEL ratios).

The data are drawn from short-term studies, while the UFA is used to set RfDs that address chronic effects.

It is generally considered that chronic effects occur at lower doses than acute effects.  However, it is not clear that the ratios of acute doses across species will be higher or lower than ratios of chronic doses.  Thus, there is no a priori reason to suspect that the distributions of MTDs and NOAELS will have different median values.  Differences in variances between the two distributions might be expected to occur because there are more ways that chronic doses could differ across species than acute doses.  Chronic doses are influenced by factors such as bioaccumulation, cumulative toxicity, adaptation, repair processes, and mechanisms of action that are not relevant to acute toxicity.  Therefore, it is plausible to hypothesize that interspecie differences in these factors would result in greater total variance in the distributions of dose ratios for chronic doses than acute doses.    This issue does not apply for the use of UFA in the establishment of short term or acute RfDs.
The MTD and related doses that comprise the data set differ from the NOAELs and LOAELs used in the derivation of RfDs;

The MTD is a dose that is likely to be associated with some level of effects and is not equivalent to a NOAEL; however, in some circumstances the MTD may be equivalent to a LOAEL that has been used as the basis for RfDs.

The dose in the test animals varies with species and can vary by compound.

The current database reflects studies that were performed according to protocols that called for measurement of different toxicological doses for different species.  The protocols also varied over time, see Table 1.  As such, there is some uncertainty in whether the differences in the species-specific ratios are due to the species responses or due to differences in the dosing regime.  These differences could affect both the median value and the variance of the distributions.  
The compounds were administered via injection and therefore do not reflect interspecies variation in uptake from the gestro-intestinal tract;

Because of the absence of these factors, the variance of the MTD would be expected to be less than the variance in NOAELs from oral or inhalation studies.  The impact on the median is unclear.

The compounds are all direct-acting compounds known to have significant biological activity in rapidly dividing cells and are not fully relevant to environmental pollutants.

RFDs are established for a variety of substances including essential nutrients, industrial chemicals, pesticides, metals, inorganics and organics.  The substances include compounds that are direct acting, compounds that require metabolic activation, compounds with receptor-mediated effects, and compounds that act through more general mechanisms.  The impact of this greater heterogeneity may result in greater variance and may affect the median. 

Human MTD data are drawn from individuals with advanced stages of cancer, and as such may overestimate the toxicity of the compounds for typical humans.

The stress from cancer may reduce the ability of the patients to tolerate the effects of the agents. This would tend to lower the values of the human MTD and raise the value of the ratios.  In addition, the condition of the patients could vary from one study to another and may contribute to the variance.
4.2
Description of the Approach Used

The impact of some, but not all, the above issues can be investigated by comparing inter-test animal variation for ratios of chronic NOAELs and the toxicity ratios.  Data on NOAELs in chronic studies of pesticides and other compounds are available for a number of animal species.  Ratios of NOAELS in two test species can be calculated and compared to the ratios of the toxicity doses for the neoplastic agents for the same two species.  If the distribution of toxicity ratios is an accurate model of the distribution of chronic NOAELs for extrapolating from test animals to test animals, then the distribution of toxicity ratios in test animals and humans may be a reasonable model of ratios of chronic NOAELs from test animals to humans.  

To perform this analysis NOAELs in various species were taken from the published literature and from toxicological data submitted to EPA as part of the registration process for agricultural chemicals.  The NOAELs used in the study are presented in Table 4.  The ratios were created as follows: 
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Eq 5.
where, NOAELi, and NOAELj are the NOAELs for a compound in species i and j, and TDi and TDj are the toxicity doses for an agent in species i and j.  In order to be consistent with Equation 1, where the ratios are defined as the extrapolation from a smaller species (the test animal) to a larger species (human), species j will always be the larger of the two species.  The majority of the studies in the NOAEL database are performed using in rats, mice, and dogs; therefore, comparisons were calculated for three pairs of species; mouse and rat, rat and dog, and mouse and dog.  Where there were multiple NOAELs for a given chemical in the same species, the lowest was selected (to reflect the current RfD methodology).  Ratios of LOAELs were also investigated; however, the results (not presented) were very similar to the NOAEL ratios. The distribution of NOAELs for each pair of species is compared to corresponding distribution of toxicity ratios.  Figures 4, 5, and 6 present the cumulative distributions for the two ratios for each of the three pairs of test animals.

The bootstrapping approach discussed above was again used to define the confidence limits for the mean and 90th percentiles of the NOAEL ratios. The results are given in Table 5. These confidence limits ware used to determine if the two distributions were statistically similar.  

5.0 
Results

In general, the toxicity ratios for test animal and humans are greater than 1.0 suggesting that these test animals are, on the whole, less sensitive than humans when dose is expressed on a body weight basis (Figure 1).  The size of the ratios varies by species and is larger in species with smaller body weights.  The median values for the ratios vary from 1 to 8, or approximately one order of magnitude (Table 2).  The results of the bootstrap analysis provide confidence limits to the estimate of the median and 90th percentile (Table 3).  These confidence limits suggest that the median values of mouse and dog differ from each other and from the medians of the rat and monkey.  However, the rat and monkey are not statistically different.  At the 90th percentiles of the distributions, the dog differs from the mouse and rat but not the monkey.  The monkey differs from the mouse but not the rat and the dog.  The rat does not differ from the mouse or monkey. The interchemical variation of ratios within a species is much larger than interspecies variation in the percentile values. The range of ratio values in each species varies by two or more orders of magnitude.  

All species except the dog had agents with ratios that exceeded 10. The fractions of the compounds with values above 10 were approximately 3%, 5%, 25%, and 34% for the dog, monkey, rat, and mouse.   The median values for species’ distributions are less than 4 for the rat, dog and monkey and approximately 7 for the mouse.   Having data on more than one species tended to reduce the sizes of ratios in the set of compounds with data on all four test species.  Data from both rats and mice resulted a reduction of the fraction of compounds with values greater than 10 from 25% to 15%.  Data from rats, mice, and either the dog or the monkey eliminated values above 10.  The median values of the distributions were reduced by up to a factor of five (Figure 2).  After normalizing the toxicity ratios, the impact of having data on multiple species was reduced but not eliminated.  The median of the distribution of all the lowest of all four species was approximately a factor of two lower than the median of the distribution of the ratios of mouse alone (Figure 3).  

The bootstrap approach indicated that the limited number of compounds does result in uncertainty in the estimate of the median and the 90th percentiles of the species-specific distributions.  Estimates of the 90% confidence interval of the 90th percentile suggest that the number could vary by a factor of 2.0 to 3.4.  The uncertainty in the median value is slightly smaller, with the differences in the 90% confidence intervals varying by a factor of 1.4 to 3.1 (Table 3).

The analysis of interchemical variation of toxicity and NOAEL ratios across the three pairs of test species are presented in Figures 4, 5, and 6.  Table 5 presents the estimates of the median and 90th percentiles with confidence limits for each of the three pairs of species.  The median values of three distributions of toxicity ratios for the mouse to rat and fat to dog comparisons were statistically the same.  The 90th percentiles of the distributions were two to four fold lower for the toxicity rations; however, only the differences in the mouse/rat ratios were statistically different. 

6.0

Discussion

The anti-neoplastic dataset provides a unique opportunity to investigate the toxicity of chemicals in test animals in relationship to humans.  While there are a number of drawbacks to the data, the availability of matched human and animal data makes the results of these data valuable for the investigation of interchemical variation in interspecies toxicity.

The findings of this analysis are generally consistent with traditional assumptions concerning interspecies variation in toxicity for direct acting compounds.  All of the test animals evaluated, except dogs, tend to have toxicity ratios greater than 1.0 which supports the use of values greater than 1 for the interspecies uncertainty factor, UFA.  Traditionally, values of 10 have been used for UFA for test animals and in certain instances values of 3 have been used for extrapolation of primates to humans (EPA, 1999).  The loose upper bound for the distributions, here taken to be the 90th percentile of the cumulative distributions, is approximately 20 for the mouse and rat, six for the dog, and four for the monkey.   

The effect of species was not large in comparison to interchemical variation.  The distributions of the toxicity ratio for species tended to be similar especially for species with similar body weights.  In contrast, with in each species interchemical variation in the toxicity ratio exceeded two orders of magnitude.  

Where data are available in multiple species, the probability of large values for a ratio is decreased. For example, the 90th percentile of the distribution for the mouse is 5 times higher than the 90th percentile of the distribution of ratios for the lowest endpoint of the mouse, rat, dog, and monkey.  This indicates that the use of batteries of chronic tests where the critical effect in observed in multiple species will result in a lower distribution than of the species-specific MTD ratios would suggest.  This protective factor also occurred to a lesser extent when the data were “normalized” to the observed species-specific differences.  This finding should not be surprising.  The concept of increased risk from chemical with incomplete data sets is a long-standing concept in regulatory toxicology and is the basis of the “database” uncertainty factor (Dourson et al. 1992). 

The toxicity ratios are based on measurements of acute and subacute toxicity.  As such, it is not clear that they are relevant for chronic effects of chemicals.  Resolution of this issue that cannot be achieved in this paper; however, the comparison of the distributions of the toxicity and NOAEL ratios across test species shows that the differences in the toxicity did not have a significant effect on two of the three distributions of species to species ratios.  Additional work in this area is necessary.  

The bootstrapping analysis shows impact of the limited sample size on the uncertainty in the estimates of the median and 90th percentile of the distribution. The difference between the 90 percent confidence limits ranges up to a factor of 3.4.  This suggests that increasing the number of agents would provide an improvement in the characterization of interspecies variation.

7.0

Conclusion
The distributions developed in this manuscript are relevant to quantitative models of the uncertainty in estimates of protective levels (Baird et al., 1996; Swartout et al., 1998, Price et al., 1997).  Although limited, the data set on toxicity ratios in antineoplastic agents is the most relevant empirical data set in the published literature for the characterization of interspecies uncertainty.  In addition, the paper establishes the importance of considering the total number of species tested not just the species that established the NOAEL when evaluating the uncertainty in extrapolating findings from animal models to humans.  Finally, the authors conclude that additional work to collect and evaluate data on anti-neoplastic agents and other drugs have the potential to improve the risk assessment process currently used for environmental chemicals.  
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