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Physiological pharmacokinetic modeling Second of a Jive-part series on cancer risk assessment
 
 Duke Conlprehensive h e r Center Durham. N.C. 27710
 
 I
 
 Risk asseggment is the necessary pmces of deterndning human health risks from exposure to chemicals abd physical agents that precedes the implementation of gove.rmatai action.Risk assessment has been divided into four teps: hazard identilication, dose-reponse-assessment, expasure assasnent, and risk characterization(I). Each step is complex and related to he next. Because of the importance of his process to government reguIaticm, lata collection for risk assessment has consumed, and oontinues to colwme, minyoftheresrnucesdevatfdtotoxiolow. Tbe purpose of ~ l a g isyto rradidm th risks. Thus re6nemeM of tisk rmwment i s a worthy endeavor fa toxicoIagists. Because risk assessment often definas the approach and the degree of regnlation, decisions in risk Bs8e8sment often have major regulatory impacts. Chemicalsthat have economic value or that were byproducts of the chemical indusay are common subjects of such decisions. Regrettably, decisions re lated to risk assessment, science, or regulatory matters will frequently be made with incomplete information and on the h i s of intuitive reasoning. statistical Ms to experimental data have been usedto estimate risks in humans from experimental data in animals. These treatments have not taken into BccMlllt the obvious differences in physiology, biochemistry, and size be-
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 the dose determines the effect. This result seems obvious, but it implies that & l h and distribution Of Chemimuch of their toxicity. Detc*ing adverse. effects of chemicals on humans is often diflicult because of the rarity of the events occuning at dosesenmuted inthe environment. Although the incidence of toxicity in humans is rare, toxic effc*s such as cancer, birth defects, sterility, or chronic disease are individually devastating. Thus greater precision in predictim health e m is of ~ d c aim l-
 
 6 . To obtain the best chance for a posi"-,,-
 
 sensitiv#y
 
 tween animals and humans. The next article in this series deals with ways to individualize and to impmve the reliability of such data. In this article the use of mathematical models based on continuous relationships, rather than quantal events, are discussed. The mathematical models can be used to adjust the dose in the quantal responsemodel, but the emphasis will be on how these mathematical models are wnceived and what implications theii use holds for risk assessment. The general utility of these mddels is best shown in the parallelogram relationship of Figure 1. Experiments with humans that produce toxic effects cannot be done. Data for human toxicity will always be lacking. As an alternative, human cells can be cultured and used to measure the intracellular or molecular dose of a chemical producing a toxic effect. The relation b e e n a biochemical marker of toxicity, for example, and the iatracellular concemrstion of a toxic chemical or a metabolite. of the toxic chemical can now be studied in a wide variety of human cells under physiological moditions. S i y , the same cell type from rodents used in toxicological experiments can be cultured and exposed to the toxic chemical under equally physiological Conditions. The intracellularconcentration of the toxic chemical may or m a y not be identical for the same toxic effect in the animal and human cell; for example, the human cell may be less or more sensitive than the rodent cell at the same intracellular Collcmtration of the toxic chemical. The relative sensitivity of human to rat cells can be found experimentally. This ratio of inherent sensitivity forms the base of the parallel+ gram relationship. In animal
 
 experiments, toxic effeas of chemicals can be measured at several levels of exposure concentrations of the cbemical. By using physiologicallybased mathematical models of the haasport, distribution, and metabti~mOf toxic Chemicals, gcientists can predict and w n h the organ or intracellular dose of the chemical by experimental analysis in exposed animals. By this process the exPo=='on is converted to a tissue dose. The tissue dose in humans also can be predicted by the same mathematical model once it isadiusted fordiffermces in organ size, b l d flow, and other physiological parameters. This forms the top of the parallelogsam relationship in Figure 1. When the relative densitivity of human and rat cells to the toxic chemical has been determined in cultuIeandtheorgandoscfabothhas been calculated, the toxic effect in humans can be prediaed from the toxic effects measuredinanimals. whenthe organ dose is known, the mathematical model can then be used to calculate the equivalent exposure needed for humans to experience the same toxic effect as measured experimentally in animals. Such estimates of effects on human health can be adjusted for genetic differences, disease processes, develop ment apd mahnation, and a host of other factors Common to humans; one need not resort to arbitrary j u d p n t s now used to justify "&ty factors'' or "uncertainty factors." lbo examples illushate. this type of mathematical modeling and how it can be applied to risk asseasmeat.
 
 chemidsinthrbody One of the most basic advances in toxicology has been the recognition that
 
 tive result, most toxic eare. detectedinexperimentalanimalsexposed to much higher doses than humans are Wcely to emmnta To exaggerate toxic effects, animals often are exposed for lifetimes, whereas humans generally are exposed during brief periods. Experiments with animals p r e s u m e that animals are good surrogates for humans and that e f f m deteaed in animals also will OCCUI in humans. It is difficultto pmve this theory for a l l species, and it is even dif6cult to demonstrate for a limited number of species. So far, these assumptions have proven correct in a qualitative sense with mdents, but quantitative experiments are still needed. As more chemicals are. Wed, examples of species differencesaremlikely tobeunmered. Consequently, extrapolations from high tolow doses and from lifetime exp&urs to short-term exposures in mdents have been used to estimate risks to humans without validation and on theoraical grounds. Because rodents most often are. used in these experiments, extrapolations between small animals and humans also have been undertaken with little or no direa validation in humans. All of these extrapolations to date have been undertaken by fitting data to statistical models with We regard to the biochemical and physiologid pmcesses underlvine the biological respoases. Aldou& such m&tical fits were once the beat approaches available, recent insights in toxicology based on mechanistic studies suggest new ways to approach such modeling. An alternative method is physiologdly based models, which are ideally suited to mathematical modeling (2.3). PhysidogicPUybssedmodeLs Because the dose to the target tissue detemks the response of the organism to the toxicant, one important a p plication of mathematical models has been to de& the dose at the p r e s u m e d site of action of the chemical. Keeping in mind the need to exhapolate the results of any shldy in animals to huENnrnn Sci Teclmol., WI 21. No io, 19.97
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 to explain underlying tissues. The region receiv- sensitivity is not necess~~y ingthe greatest mne dose is the m e these effeas, because these cells re where the mncous lining stops and the ceive a greater dose of ozone (Figure surfactant lining begins. The d m of 3). These model predictions of regional ozone reaching a specific site in the lung can be calculated by using anatom- dose in the lung were used to correlate ical data describing the length, diame- studies of ozone toxicity in a variety of ter, and number of generations of air- species (rats,hamsters, mice, and rabspecific segments of the respiratory ways. Figure 3 shows such a bits) over extended periods of time (as tract (4). Although diereclearly calculation for humans. Anatomists short as om-half hour to 7 days) to exist between humans and animals, have long postulated a special sensitiv- show that some injnry to the lung was mammals have similar respiratory tract ity of the cells lining this transitional found even from short periods of e w anatomies that can be generalized by mne to account for the observed sensi- sure and very low exposure concentracounting the number of bifurcations tivity to ozone. Clearly, special cell tions to m e . As an example of this (generations) in the airways (Figure 2). A reactive chemical such as ozone is removed fmm the airways by reaction with the fluid lining the airways and A schematic model of the mammalian lung’ underlying tissues. The overall distribution of omne in the lung is described in Equation 1:
 
 mans, researchersshould create models that capitalize on the Similarities between animals and humans and that provide ways to recognizem r e m . A detailed description of the respiratory tract of animals and humans has been used by Miller and his colleagues to calcnlate the dose of mne reaching
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 where t is the time andxis the distance from the trachea (top of the lung and toward the boaom), C is the average coflcentration of sone in the lumen or airspace of the lung at the distance X andt,Riatkdusoftbeairway, Uis the average lumen air velocity, and D is the effective dispersion coefficient. J,, which is the radial flux of oume across the air-lung interface, ~ccountsfor the ckmical reaction of ozone with cell or lung lining fluid. The chemical kinetics of mne reaction with biological molecnles are incoprated into this term (4).Whereas the anatomy and physiology of the lung dictate the other terms in the dispersion of gasas in the lung, the chemical and physical properties of the gas dictate the mass transfer into specific segments of the lung (e.g., the term J, is dependent on the chemistry of the toxic gas). The mne dosimetry model is beiig enhanced for a variety of reactive chemical gases, including nitrogen dioxide and sulfur dioxide. A nonreactive gas is also accounted for by setting the chemical reaction term J, to account for diffusional uptake in the lung lining fluid. The chemical composition of the lung lining fluid varies between the up per and lower respiratory tracts. Mucous, a fluid containing glycoproteins and small amounts of lipids, provides a more e W v e barrier against the diffision of gases of low water solubility than does the surEaaant lining in the respiratory region of the lung. tung surfactant is composed mainly of lipid and is relatively anhydrous, allowing chemicals of lipid solubility or sparing solnbiity in water to reach the 840 Envim Sn. Technd, MI 21. No IO. 1987
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 FIGURE 3
 
 Molecular doses ot ozone reaching different regions of the human lung’
 
 r
 
 Edema in rats following ozone exposure
 
 loool-
 
 In this kind of schcme the organs are. repmuentcd by boxcs that have a definal blood volume and an interorgan volume. In Figure 5 the blood volume is shown as separated from the internal volume by a dashed line. The uptake of chemicals in organs can be described by simple differential equations based on the idea that the blood concentration of chemicals is equilibrated with the interstitial and intracellular s p c m of the organ (iterorgan volume) on the pasw e of blood from the arterial blood su&y to the venous blood removed from the organ. The chemical is removed from the blood into the organ by diffusion, faditated uptake, or active transport. Eventually the CollcmtratiOD of the chemical apmchesasteadystateintheorganif
 
 type of analysis, Figure 4 shows that the extent of puhnonary edana OCCUF
 
 ringfromexpasureto-(charanerizedbytheappearanceofproteinsin fluid remoyed from the hmg) is a linear fundioaof the dose ofaune reaching the lung. Keep in mind that the m e represemi the results of sewed laborataies using widely di&rem expasure conditions. Yet for this index of toxicity, a simple relationship with dose was found. By using the physiologiicauy basedmamemsticalmodelofthe~ of omm reachingthe lung, a threshold, ornoeffe*dose., ofaone mnldwtbe fouod. Ozone may be an example of a reective chemical that does not have a
 
 m e d threshold,
 
 BS
 
 d
 
 y hy-
 
 pothesizedforaoncarcinogeas.lllelineat relation between omm dose and pulmonaryedanasuggestpthatcumnt polluted air e x p m may not be safe tohumans. lohaworingestedrbemiepls Aoother type of model used for a
 
 large number of chemicalsis the physiologicauy based pharmacoLiodic (PBPK) model. PB-PKmodelsuse the anatomically defined characte.ristics of organs to estimate the molecular dose. ofchemicalreachingaparthhrorgan duringacertaintimeperiod. The organ vohune, blood volume, blood flow, intemgan volurae, and blood interam neaionsbetweenorgans~lmoamand can be incorporated into PB-PK models. Chemicalsthat have emered the body are distributed mostly by the blood. Figure 5 shows that the distribution of chemicals in the body then CBO be dem i using a schematic representation of the organs of the body and their mkmnw&m by blood flow. Such descripions were first introduced bY Biiff,m k , and CDWorkem (6). Envimn. Sci. Techml..Vol.ZI. No. 10,1987 947
 
 Rvo simulation control programs are SCoP, originated at Duke University, and ACSL, a commefcial prograpl. Simulation control programs are llke word-processing programs. A novelist doesn't have to know how to write a computer code to assemble and manip ulate the novel with a personal computer. S i i l y , simulation control prcgrams, developed mainly for engineerhg problems, can be used by any scientist to write a computer code to solve a very complex biological problem. As discussed below, the anatomical and physiological panuneters of all thest F'B-PK models are the same and can be made generic, whereas the Equation 2 chemical d o n s of the toxic chemical are specific. Generic PB-PK models dx,(t)/dr = + Ei[X&)/KIC&, - are beiig made available h u g h the Toxicology Information Network i.mXIN) described below. [X,(t)/v,l{vM~/[~(t)/V,) + &,I Methylene chloride is one example of a chemical studied by PB-PK model+ kil- [X,WV,1 &Q, ing. The carcinogenic potency of methylene chloride is of great interest Modern digital computers simplify because of the widespread use of the solutions to the set of coupled simnlta- chemical as a solvent and a degreaser. A considerable number of workers neou8 equations used to describe these relationships. Computer programs for have been exposed to methylene chle solving these equations can be written ride. This Chemical also has appeared in a number of ways. One way, which in groundwater and drinking water; we used, is to develop an original com- thus its toxicity and carcinogenesis asputer code in a language such as C. pects are of concern to the general popAnother way is to use a simulation con- ulation. Several animal cancer himtrol program, which writes computer says have been undertaken with codes to solve these equations. The in- apparently d c i i n g results. some of vdgator does not need to know how the uncertainty over the carcinogenic towrite acomputer code;he or she can potency of methylene chloride. has been follow a template or use special terms resolved by the use of PB-PK models. Volatile chemicals are easily studied to assemble a complex program.
 
 the chemical is not eliminated fromthe body or if the chemical is supplied to the body at a rate equal to or greater than the rate of elimination. The ratio of the concentration of the chemical in the blood to the concentration in the organ is referred to as the emacim d o . Most toxic chemicals are taken up from the blood by diffusion, making the extraction ratio independent of the concentration of the chemical in the blood. A generalized form of these equations is given in Equation 2. Definitions ofthe symbols in Equation 2 are provided in the box.
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 I v.,maqdonsof symbols In E..,U-.nVn. Svmbol
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 Indices of Darticular ComDartments Time, stariing at onset of exposure Mass of chemical in ith compartmen at time t Mass of chemical in ith compartmen at time t Dosage rate into jth compartment at timet Effective volume of distribution, (vi + miRJ Capillary blood volume of jth compartment Mass of jth compartment Extraction ratio (ng g-'Ing mL-') in cj compartment Flow rate of blood from ith to jth compartments Michaelis-Menten maximum velocity for metabolic loss Michaelis-Menten concentration for half-maximal loss Linear clearance rate constant from jth .
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 by inhalation but are difficnlt to study by dtinking water expome. One advantage in studying volatile chemicals is the ease of estimation of the extraction coefficient. The extraction coefficient for nonvolatile compounds is best estimated in vivo and requires complex biological experiments. The extraction coefficientof volatile chemicals such as mahylene chloride can be measured by the amount of methylene chloride present in the head space over a h e mogenate of the rat or mice organs (7). S i i l y , the partitioning of methylene chloridebetweenair and blood can
 
 bemeasuredthroughhead-spaceanalysis. The ratio of blood to tissue concentration, or the extraction ratio, then can be estimated by the ratio of the air to blood and air to tissue homogenate measurements. Estimation of extraction ratios for nonvolatile chemicals is more complex and is best appmched by measurement of the organ to blood concentrations in vivo at experimentally maintained steady-state conditions. as the earliestexample of the toxicological PB-PK model because of the ease of estimation of extraction ratios. Methylene chloride. is metabolized in humans and rodents by two pathways: an oxidative pathway dependent on the enzyme system cytmhrome P450 (8) and a nonenzymaticpathway dependent on glutathione (GSH) (9). Both pathways could produce the nltimate potentially carcinogenicmetaboliteof methylene chloride (7, 10, 11). The GSH-dependent pathway has greater capacity than the cytochrome P45o-dependent pathway, but the cytochrome P450 pathway has greater allinity for meulylene chloride. Chronic inhalation bicawys for tumorigenicity at 2000 or 4ooo ppm prcduced increased lung and liver tumors (1.3, whereas a drinking water sttuiy in B6C3F1 mice failed to demonshate any increase in tumors (13). In an attempt to resolve this contlict in data, dose SUF rogates (methylene chloride or m e t a b lites) were compared with the tumor incidence data and the metabolite of the GSHdependent pathway was found to correlatebest with the tumor incidence. Using the PB-PK model develo@ from the anatomical and biochemical relationships found experimentally for methylene chloride, the estimated values forthe GSH metabolite in the liver were calculated. Figure 6 w m p m the PB-PK model and the current EPA methcd of linear dose extrapolation. A difference of some 200-fold exists between the PB-PK estimated target dose and the simple linear extrapolation of the dose. Such major differences in dose will have a great impact on decisions about what level of methylene
 
 Modeling of volatiles is @ng
 
 chloride is acceptable for human expoAn important insight is gained in why exposure from drinking water failed to demonstrate hunorigenesis. Because of the limited intake of water, much Lower doses of the methylene chloride metebolite were achieved in the liver from drinking water ingestion than from inhalation. For volatile &emids of reawnable mlubility in tissues, exposures from inhalation clearly are likely to result in higher mgan doses than are. exposures from drinlring water. If the objective of the assay is to detect effects at the maximum @ble dose, then iahalation is suprior to i n w o n even though in@on is the more likely route of expcSUR to humans (as through drinking water). PB-PK modeling, howexer, is ~tocorrectfortarget~anQ to extrapolate between exposures from inhalation and ingestion. PB-PK models are obviously a very useful meam of camparhg diEexent routes of exposure. But their greatest power lies in comparisonsbetween spec h i n which the aaatorrucal ‘ andpbysiological differences are i n w m into the model rathexmanestimatedby cludeparameters.
 
 h~ofPBmodds Development of PB models for simulation of toxic effects represents a considerable effort. Although differmces intlletabolismrequinthat~lsbe specific for a chemical, the aoatomical, physiological, and biochemical appects of such models are identical. It should be possible to create generic models of animals aad humans. To encourage the useofmamemah‘cal models in general and to develop a consensns over critical aspects of mathematl‘cal models, the TOXIN has been established at Duke University Medical Center. TOXIN coosists of a computer-based storage of models, compnmional twhniques, and communications through the NationalBiomedicalSimulationRB source (Durham, N.C.)and is available to quali6ed scientists throughwt the world. Generic models can be modified for sp?c.ific cases and results c m p t e d uuough TOXIN. sFecw?d computing fac*Uitiesalso are. available through theNationdBiomedicalShulationRe source.
 
 I
 
 Liver inhalation
 
 /
 
 /
 
 Pprn in air
 
 low aqueaus so1ubW. The toxicity of mne is mostly c4m6ned to the lung, so that the anatomy aad physioiogy of the lung dominate the processes leading to toxicity. on the other hand, mahylene chloride is metabolized to a carcinogenic imennediste in organs removed from the portal of entry. Distribution diaates the total patent mmpound reaching an organ, but mzabolism determiaes how mncb of the methylene chloride is converted to a mxic componnd.Thus the prediaioa of human health risks depends on a knowledge ofthe metabolism of memylene chloride as well as the pmcesses by which it is distributed
 
 tothengansoftbebody.Saturationof metabolic steps leads to nonlinearity aad complexity in extrapolation of the -e results to human health risks.
 
 Because these models use the anato m y of humans and animals, exaapolaOnly two chemicals were examined tion fnnn animals to humaas can be here to illushate the use. of physiologi- done easily by Sub8ti-g the characd Y based. ~ l s t o e s - te*oftheorganspfawplerspecies mclu&ng human. timatedcae.totargetorgans.critical forthe one M, organs also could have b m studied in Expxwm by different mutes can be place of the targdorgan. Thetwo cases accsmunodated into a single scheme to dapcribe very different chemical situaestimate the toxicity of a chemical. tions. Ozone is highly reactive, but of In both cases, data de6cienaes b e lteads for risk alses3meIll
 
 came clear. Research could be focused by studies of the available literamre on
 
 thetoxicityofthechemical.Becawe.of the physiologacal, chemical, and anatomical bases of the models, they can be made more realistic as greater knowledge is acquind about the chemical reactioasofthechemical oritsm tabolites. The effects of human disease or development on toxicity can be predicted by altediolls in the M p t i o n of the organs to correspond to the develop mental or disease stage. Experiments with c h i l h clearly are hszardous and un&ical, but are we now providing enoughortoomuchproiectiOnthrough the use o f a r b i i safety Eactors that ignm the known differences in physiology and biochemistry of children? PB models provide a means of simulating the.outcame of exposures to chemicals in childrea by using basic anatomical ad biochemical data. Humans are. active animals. Work and exercisecan modify the. targel dose received. Exercise, for example, incream the response of subjects t i ~ mone.Theiacnasedresponsecanbe Bccounted for on the. basii of a grater ozone dose reaching the distal portion of the lung on exercise (4).How human Enwmn Sd Tschnol ,MI.21, No IO. 1987 040
 
 activity affects toxicity can be studied inthismanner. Current theories of human disease areinaconstantstateofflux.Themognition of the potential role of once gmes or cancer-causing gem in chemical carcinogenesis presents another challenge to the simple assumption that a single somatic mutation is su5cient for hunotigds. Similarly, ~ 1 0 x i C chemicalsas causes of chronic lung disease suggest that repair and remodeliig of organs, particularly the lung, are vital to estimating the impact of the chemical on spontaneous lung disease rates. Does stimulation of cell turnover enhance the incidence of chronic respilatory disease including lung cancer? The Clean Air Act introduced the concept that the government has a spe cial wpomibilty to those individuals in the population with inberent sensitivities to chemicals. The populations at risL should be identified and pmtected. popllatons at risk may be small fractions of the general population and difficult to detect by conventional clinical 01 tpidemi~l~gical studies. A clear u11derstaading of the potential extension of the problem and the means neededto detect such risks also can be had thmugh the use of models of d i d individuals. No one can now predict how the use of physiologically based modeling will affea risk estimation. may be far more hazarQus than previously supposed, supporting an effort to maintain, if not lower, the present NatioM Ambient Air Quality Slandard. Methylene chloride apparently is lass hazardous thaa previous asmmptions suggest. HOWm y chemic& might be liberalized versus restricted by the physiologid y based approach compared with the present lineam& ’ doseappmch simply is not now predictable. An exciting prospect is the development of pharmacodynamic models or descripions of the &tion between the chemical reactions of a toxic chemical and its biological effect. For example, q e n e activation by chemicals may quire translocation of pieces of genes. How such multiple chemical reactions will a t k t the relationship between target dose of chemical and tumor incidenceisnotimown. Behavioral mcdifications by drugs raise the possibility tbat chemicals also produce behnvid abnormalities. As the relation between neumhemicals
 
 oune
 
 and receptors becomes c h q discovery of toxic reactions is likely. Terata@ may involve specific segments of gene8 or regulation of specific segment~.HOWthese dadondip will af-
 
 fect the estimation of teratogenic risk from chemical exposure is still being
 
 explored. %O
 
 Emimn. Sol. Technol..MI. 21. No 10,1987
 
 F m a chemical view, development Astof the details of the chemical d o n s P. J. Miller, 1. Overton, M. E. Anderson leading to toxicity is central to UndeP and R. Reik have provided continuous enstamling the relation between mlecular couragement and support. B. K. Bernard, structure and toxicity. This step is badly D. L. Davis, and R. Thomas of the Naneededto cope with the c m d l a h‘onof tional Research Council provided the imfor much of my p p y uuough toxic chemicals naturally present in petus their support of the activlhes o the Safe foods and toxic chemicals introduced Drinking water committee. Rwearch sup by humans into the environment. port on o& ‘ modeling and heavy metal New chemical development con‘cscame fromEPA.the Natinues at a rapid pace. It is not kfetched to expect major advances as the Sciences, and from the National Institutes molecular reactions of toxic chemicals of Health Division of Research Resourn. characterized and the reactions critical to toxicity are identiiied by simula- Re€erenCes tion of the pathways of metabolism in (1) Risk Assessmnr in the Pedeml Governthe body. searchingfor desirable chemment: Managing the Process: National Academy h s : W.slun ,D.C., 1983. ical s t r u and ~ avoiding undesirable (2) mer,F. 1.; M Z D . E. In ~ u d o ones is caning closer at hand. mnuah of Ertmpolali& Modeling of InOnly one class of models dealing haled lbxicmus: Miller, E 1.; Meozcl, D. B., Eds.; Hemisphere-Mffiraw-Hill Internawith adof dose, pharmacot i d Washington, D.C., 1984;pp. 1-303. kinetic, was discussed here. pharmaco (3) Drinkin8 Rbter and Health: National dynamic models are just developing. Academy Ress: Wsshingtw, D.C., 1986, p. Both place risk assessment science on a 457. (4) Miller,F. 1. et al. Ta*icol.Appl. Pluvntn6rmer base by challenging the cwmt ml. 1985.79, 11-27, wisdom of ‘‘Safety factors” and linear (5) Mcmcl, D. E.;Smolko, E.D.; In Assesstreatments of d w r e s w m e relationmen# and MoMgcr?Lnr of Risk: Rodricks, 1. V.;~,R.O.,Eds.;AmeriesnChemical ships. Society, Washington, D.C. 19W. Although it may be g c d public pol(6) BisChoR. K. E. et al. J. PEi23$: icy to strive to reduce overall e m u r e lm, 60,1128-33. 0 Anderscn, M. E. e1 al. Ibrlml. Appl. to~hazardw~ chemicals to a minimum, Pharmml. 1987,87, 185-205. it is not good science policy to ignore (8) Kubic, V. L. e1 al. Dru8 Merab. Dispos. available data or to fail to include plau1977,2,53-57. sible chemical, physical, and biwhem(9) Ahmed, A. E.;Anders, M. W. Drug Melab. Dispos. 1978,4,357-61. ical mecharusms ’ inestimatinghuman (IO) An do, M. 1. el al. J. Biopharmocol. risks. Mamematl’calmodelingalsocon1985, $2.413-36. strains the experimenterto be plausible. (11) Reik, R. H.; Smith, P.A,; Andcracn, M. E. % ’Bximlogist 1986,6. ’Ib describe the distribution of a chemiNational lbxicology Rogram. “Report cal in the body, the experimenter must (12) ‘onthe’toxicology and carcin ncsis sIudiw write down the chemical reaction or of dichloromethme in F-%N nts and B6C3Pl mice”; U.S. Dcpamncot of Health physical mechanism and then describe and Human S w i m : Wsshington, D.C., it mathematically. Vagne thinking sim1985. ply does not work. (13) Sc&, D.; U l h d , E.; Carlborg, E HaQualitative reasoning fails when rclton Chronic Oml Srudy in Mice, Food Salvents Worksbop: Methylene Chlorids, quantitative differences produce differHazelkyLabs: Bethcsda, Md., March 8-9, ent outcomes. when organ defenses are 1984. overwhelmed, toxicity in its myriad forms can occur that cannot be explained by qualitative imxpretations. Most chemicals are mtabolized~hultanewsly thmugh two or more pathways. The outwme of exponue to the chemical may depend on the quantitative relations between pathways. The drive for more credible and reliable eatimam of risk from e x p m to chemicals in the future also Will der dbeaer basic science and new visions of how chemicals produce their B. M e w & u g r a e of the Unitoxicities. By the very nature of the Lhniel versity of CuIifirnia, Berkeley, is professor complexity of the reactions of chemi- ofpharmamlogy and medcine af Duke cals with tissue components,and by the Medical Centex A memberbfthe ERA Scipresence of multiple pathways operat- ence Advisory Board and of several Naon ing simultanecdy, intuitive reasoning tional Research C o m ‘ i c&ees no longer is acceptable. The methods toxicologyand risk assesmenf M e w 1 has a kading advocate and researcher in now available for PB-PK modeling, been development and use of mathematical crude though they are, must be used. the mcdeh in toxicology. His rescrrrch has Althmgi~risk assessment may be more been primarily in air poNufion and inhalacomplex, the p m s will be sounder tiDn tm’cology, emphasizing the chem‘cal mechanisms of toxicity. for the use of mathematical models. ~
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