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Abstract-This article is a critical review of the application of toxicokinetic mpdels to the biological 
monitoring of occupational exposure to industrial chemicals. The experimenta~ly based toxicokinetic 
models are used to determine the elimination half-lives, the metabolic clearance, the elimination rate 
constants and the volume ofdistribution. The physiologically based multicompartmental simulation 
models, which describe the uptake. distribution and elimination of inha~'d or percutaneously 
absorbed organic solvents, contributed to the understanding of the transport 0 the xenobiotics in the 
body. They are used for describing and predicting the dependence of COllcent tions of indicators of 
exposure in biological specimens on the extent of exposure and time (dur*ion of exposure and 
sampling time), and for depicting the contribution of various biological ana exposure factors to 
differences in biological response to the exposure. In biological monitoring, tOficokinetic models are 
used for matching biological concentrations and body burden ofindicators ofqxposure with extent of 
inhalation or dermal exposure, and for predicting half-lives. They lay the grounds for the strategy 
used in collecting biological specimens and controlling external and internal factors which alter the 
biological concentrations and possibly increase the health risk from the exposure. Elimination half­
lives are used as guidelines in selecting the appropriate indicators of expo:' ure, in designing the 
procedure for the collection ofbiological specimens, and in interpreting the me sured data. Predictive 
models are needed for heavy metals, particulates and compounds undergoing inding to constituents 
of tissues. . 

.ti 
~· INTRODUCTION' 

I

I· EXPOSURES to toxic compounds in the workplace have traditionally been monitored by 
, • measurements ofair borne concen trations. Area sam piing is used tp de lect and evalua te
I the source of exposure, and personal sampling is used to detenpine the exposure of 
~individual workers. Air monitoring, however, helps to con,rol only inhalationJexposure, neglecting uptake resulting from dermal exposure, fr~m exposure to non­
I occupational sources, or from unexpected excessive exposure res*lting from peculiari­
- ties of certain jobs or from poor working practices (FISEROV+BERGEROVA, 1987a, 

1990a). Since there are no external means of measuring the exteqt of these exposures, 
monitoring of parent compounds, their metabolites or biochemic~l changes induced by 
exposure in blood and excreta (,indicators of exposure') is r~commended for the 

· evaluation of the integrated exposure of the worker (ACGIH, 1989; COMMISSION FOR 
TRE INVESTIGATION OF HEALTH HAZARDS, 1989). Moreover, the measurement of these 

;..indi~ators in biological ~pecimen.s is the only mea~s ~f measuriq.g t~e effectiveness of 
· respIrators and protectIve clothmg, and of momtonng expos4re m the workplace 

. \ outdoors, or exposure of workers with non-stationary workpla¢es. 
~. Toxicokinetics, which study and describe uptake, distribution, metabolism and 

I:,­ 'Pape. ba,ed on a pw.;enta t;on mad, at th, In t,mational W o.k,hop on Phalma,okin'ti' Mod'iling ;n 
Occupational Health, Leysin, Switzerland, in March 1990. 
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640 V. FISEROV,A-BERGEROVA 

elimination of toxic compounds from the body, provide information on the 
relationship between external (environmental) and internal (body burden) exposures 
which contributes to our understanding dfthe link between external exposure and the 
development of adverse effects. The purp~se of this article is to review the application of 
toxicokinetic models to biological moni~oring of occupational exposure. 

In the past, the application of biological monitoring was hindered by the lack of 
suitable analytical methods, by the variability of biological concentrations of 
indicators of exposure which resulted frpm the same extent of exposure, and by the 
complexity of the kinetics of uptake, distribution and elimination of compounds from 
the body. This has changed in the last hfo decades: modern technology has provided 
instruments for suitable analytical meth~ds. The development of physiologically based 
multicompartmental simulation modelsl for organic solvents has provided a tool for 
understanding the fate of these compounds in the body, and for depicting the 
contribution of various exposure and biplogical factors to the variability of biological 
response to the exposure. Simulation models have also provided the foundation for 
strategies used in biological monitori,hg, for collecting biological specimens, for 
matching biological concentrations ani[l body burden with extent of inhalation or 
dermal exposure, and for controlling fa¢tors which alter the biological concentrations 
and possibly increase the health risk fr9m the exposure. 

TOXICOK1NETIC MODELS 

There are three types of toxicokine~ic models used in the biological monitoring of 
exposure to industrial chemicals: (1) ¢mpirical equations; (2) experimentally based 
toxicokinetic models; and (3) physioloigically based simulation models. 

Empirical equations, such as correlation equations frequently used to compare, 
under specified conditions, the extent!of exposure with biological concentrations of 
indicators of exposure, are based o~ field or laboratory observations. Empirical 
equations are also used to describ~ kinetic processes by simple mathematical 
expressions. For example, the pUlmqnary uptake of vapours is a function of the 
blood/gas partition coefficient and t~e square root of time (LOWE, 1972), or the 
elimination of the parent compound <i>r metabolites from the body is an exponential 
function fitting the experimental data.!Empirical equations provide no insight into the 
movements of the compound in the body, and their use is very restricted. 

Experimentally based toxicokinetia models are based on experimental data, which 
show the concentration of indicators dfexposure during and following exposure. These 
models determine kinetic parameters.Lsuch as elimination rate constants and the area 
under the curve (A UC)-which are dsed to calculate elimination half-life, volume of 
distribution and metabolic clearande. Metabolic clearance is defined by a single 
constant or by two constants when a i~aturable process occurs. These models provide, 
however, very little insight into the ~ffect of biological and circumstantial factors on 
biological concentrations of the par~nt compound or its metabolite. 

I 

Physiologically based multicompa"tmental simulation models are based on physiolo­
gical parameters of the exposed supject (pulmonary ventilation, and volume and 
perfusion of tissues), and on solubility of the compound in blood and tissues (described 
by the appropriate partition <poefficients). These parameters needed for 
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Application of toxicokinetic models 641 

describing uptake, distribution and elimination of non-metaboliz~d organic solvents 
can be found in the literature or can be easily measured or pr~dicted (FISEROVA­
BERGEROVA, 1983; FISEROVA-BERGEROVA et al., 1984; FISEROVA-BERGEROVA and DIAZ, 
1986). In order to include metabolism and excretion of metabplite(s), the model 

I 

employs parameters provided by experimentally based toxicokin~tic models (meta­
bolic clearance, elimination constants and volume of distribution of metabolites). As in 
pharmacokinetic models used for describing the elimination of dnigs, each metabolic 
pathway in a toxicokinetic model is described either by a single ¢onstant, clearance 
(DROZ, 1978; FISEROVA-BERGEROVA et al., 1974, 1980; PERBELLIN~ et al., 1986) or by 
two constants (ANDERSEN et al., 1984; FISEROVA-BERGEROVA, 1981 j 1983; RAMSEY and 
ANDERSEN, 1984), and elimination of metabolites is described by eliinination constants 
(DROZ, 1978; DROZ and GUILLEMIN, 1983; PERBELLINI et al., 1986; RAMSEY and 
ANDERSEN, t984; SATO et al., 1990a, b). In order to simulate derr1jlal absorption, the 
percutaneous penetration rate (flux) of the compound and the area Mthe exposed body 
surface must be given (FISEROVA-BERGEROVA, in preparation). . 

Simulation models provide insight into the movements of th~ compound in the 
body, and are a powerful tool for predicting the effects of a varie~y of factors on the 
biological concentrations and thus on the results of biologi~al monitoring of 
occupational exposure to organic solvents. There is an urgent need for similar 
simulation models for metals and particulates, and for compouqds which undergo 
binding to constituents of tissue. 

Solutions of simulation models 
Simulation models are described by simultaneous differential equations, the 

number of which is dictated by the number of compartments neede~ for describing the 
kinetic processes (DROZ, 1978; FISEROVA-BERGEROVA et al., 1974,11980; RAMSEY and 
ANDERSEN, 1984). At low exposures, the processes approximate tOtrst-order kinetics. 
At high exposures, however, as the biological system approac es saturation, the 
kinetics deviate from first-order. Most susceptible to saturatio are metabolizing 
enzyme systems and availability of binding sites, but limited solubility of some 
compounds can also result in non-linearity. The equations can be s91ved by numerical 
integration (DROZ, 1978; JOHANSON, 1986; PATERSON and MAcKA~, 1986; PERBELLINI 
et al., 1986; RAMSEY and ANDERSEN, 1984). The spread sheet template developed for 
Microsoft Excel software makes the solution of the model acce~sible to those not 
mathematically sophisticated (JOHANSON and NASLUND, 1988). . 

At the low exposures permissible in the workplaces, almos~ all processes are 
governed by first-order kinetics. Under such conditions, the uptak~, distribution and 
elimination of the inhaled vapours can be described by a line~r model in which 
biotransformation is described by a single constant-metabolic clearance (FISEROVA­
BERGEROVA et al., 1974). For extensively metabolized compoun<;ls, the product of 
hepatic blood flow and blood/gas partition coefficient can be substi~uted for clearance. 
Solution of such linear models can be found by a mathematical oper'ltion-the Laplace 
transform-which replaces differentiation by algebraic operations,1 with the resulting 
functions expressed as a sum of exponential functions (VLAC~, 1983). In these 
functions, exponential constants are reciprocal to half-lives (k = Ip(2)/q) (WAGNER, 
1976). Even the application of the Laplace transform is very linlited (it cannot be 
used to describe high exposures, the excretion of metabolites or den~al absorption), its 
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I 

usefulness in solving linear models is neyertheless quite high, since many decisions in 
biological monitoring are based on biolbgical half-lives (DROZ, 1989). 

APPLICATION OF SIMULATION MlODELS IN BIOLOGICAL MONITORING 

Selection of indicators of exposure , 
Selection of indicators of exposure! is influenced by several factors: (1) by the 

sensitivity and specificity to exposure to :1he particular compound. This means that the 
monitored indicator of exposure must bi measurable at the exposure permissible in the 
workplace (insufficient biological resP9nse or variability in background concentra­
tions of the same compounds of endog~nic or environmental origin can confound the 
result); and, preferably, the monitored ifidicator should not be observed after expOsure 
to other compounds, though a non-speqific indicator of exposure can be preferred over 
a specific indicator if its biological conpentration correlates better with the extent of 
exposure; (2) by technical prerequisites ~uch as availability of biological specimens, the 
stability of the sample and the availability of simple analytical methods with sufficient 
sensitivity and accuracy; and (3) by acqess to laboratories with a good quality control 
programme. The preconditions for th~ implementation of biological monitoring of 
occupational exposure to toxic comppunds are: (1) information on kinetics of the 
indicator of exposure and informationi on uptake, distribution and elimination of the 
parent compound; (2) understanding of the relationship between biological concentra­
tions of indicators of exposure and ttie extent of exposure and biological effect; (3) 
understanding of external (exposure duration and fluctuation, working conditions and 
workload, route of entry, coexposure to chemicals) and internal (ethnic, genetic, 
disease) factors affecting these relatiodships (DROZ and SAVOLAINEN, 1990; FISEROVA­
BERGEROVA, 1987a, 1990a). 

Toxicokinetic simulation models dan provide the following information on which 
biological monitoring is designed and data are interpreted: (1) concentration effect; (2) 
time effect; (3) matching exposure in tllte workplace with worker's integrated exposure, 
which includes absorption through! all entries (pulmonary, dermal and gastro­
intestinaJ), accumulated residues aind possible non-occupational exposure; (4) 
depicting effects of external and interhal factors which alter the relationship between 
intensity of exposure and biological c6ncentration and body burden of the indicator of 
exposure; (5) extrapolation and predibtion of biological concentrations resulting from 
exposure to new compounds or new exposure conditions; and (6) verification of data. 

I 

Evaluation of concentration effect . 
At low exposures, the relationship between extent of exposure and biological 

concentrations is usually linear. At ~igh concentrations, saturable processes disturb 
the linear relationship and can induc~ undesirable biochemical and functional changes. 
Although saturability and its conseq~ences are usually studied in laboratory animals, a 
limited amount of human data is ~vailable from field studies. The interference of 
saturable processes in biological moiitoring of exposure and health effects is shown by 
the following two examples. (1) Satufated metabolism of dimethyl acetamide, DMAC, 
was observed in workers exposed t9 approximately 10 ppm of DMAC, which is the 
current limit for occupational inha~ation exposure (KENNEDY, 1990). Since, at this 
exposure, the relationship betwee~ intensity of exposure and urinary excretion of 
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metabolites approaches the plateau, biological monitoring of D¥AC metabolites in 

urine provides no quantitative information on the DMAC exposure permissible in the 

workplace. Moreover, the overloading of the microsomal mix~d-function oxidase 

system may alter metabolism of other concurrently- present industrial chemicals and 

medications, the metabolism of which is mediated by the sam~ enzyme system as 

DMAC metabolism. This raises the question of whether an ocdupational exposure 

limit which is outside the range of linear kinetics sufficiently protects the worker 

(FISEROVA-BERGEROVA, 1981). (2) The second example is the bin~ing of cadmium to 

renal cortex proteins. When the capacity of the binding sites is e$eeded as a result of 

large or long-lasting exposure, renal function is impaired and e~cessive cadmium is 


i: excreted in urine. Consequently, the relationship between the ex~ent of exposure andt cadmium concentration in urine is altered (KJELLSTROM et ai., 1~84). 

~ Evaluation of time effect 
} Since the uptake, distribution and elimination of industrial ichemicals and their 
~ metabolites are kinetic processes, the outcome of the measurem~nts depends on the ,. 

j timing and duration of the sampling. The concentration of the ind~cator ofexposure in 
, the biological matrix can change rapidly or slowly, depending od its elimination half­
l life, which depends on biosolubility of the compound, its suscepti~ility to metabolism, 
~ and the activity and body build of the worker (FISEROVA-BERtj";EROVA et ai., 1984; 
I FISEROVA-BERGEROVA, 1985).i Sampling time and the duration of the sampling period during fhe rapid elimination 
1 phase (with half-lives of a few minu~es) are very cri.ticaL For example, ifthe exh~led airt sample for measurement of a volatIle compound IS collected shoirtly after leavmg the 
, polluted area, the outcome of analysis very much depends not only on the exact time 
~ the sample was collected, but also on whether the sample was cOllefted instantaneously 1(a single breath) or over a period of time (Table 1). Similar coqsiderations apply to 

l TABLE l. EFFECT OF DURATION OF SAMPLING ON 
~ CONCENTRATION OF INDICATORS OF EXPOSURE WITH A SHO~T 

ELIMINATION HALF-LIFE* 

i 
'i 
~ 

Sampling t 
1 
1 

period 2min 3 min 5 min 
:i
:it Instant 100 100 100! 

1 min 87 91 94 
2 min 72 81 90 

("" 3 min 62 72 82 
5min 48 59 72 

I 
~ 

*The concentrations are related to the concentration! in 
the instant sample, which for convenience equals 100. 

measurements in random urine samples which may represent voidance of less than 1 h 
.. or a couple of hours. If the indicator of exposure is excreted rapidly (with a half-life 

. shorter than 5 h), then the outcome of the measurements is signifipantly affected by the 
time and period between voiding. i 


Since it is difficult to control sampling for measurements of lndicators with short 

. elimination half-lives, the time factor (the time between leaving tif polluted workplace 
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and sampling) may introduce an ernj>r in measurements. For this reason, measure_ 
ments of volatile solvents in exhaled ,air or in blood, collected 'during exposure' Or 
shortly after the end of exposure, are not suitable for routine quantitative testing. 

Measurements ofindicators with long elimination half-lives, or in samples collected 
during the slow elimination phase, ~re less likely to be affected by sampling time 
However, if the half-life is longer than il0 h, the accumulation of the parent compOund 
and/or its metabolite causes the biolpgical concentrations to rise over the working 
week, month or lifetime. Consequentl~ the concentrations in samples collected at the 
beginning of the working week are lo~er than those in samples collected at the end of 
the working week, or after months or ~ears of exposure (DROZ, 1978, 1989; FISEROVA­
BERGEROVA et at., 1974, 1980; FISERO~A-BERGEROVA, 1987a, b). 

The elimination half-life determiQes whether the measurement is an indicator of 
recent exposure or exposure over t~b day, week, month or lifetime (DROZ, 1989). 
Table 2 provides guidelines as to how ~he elimination half-life affects the sampling time 
and information on the type of expo~ure. 

TABLE 2. DEPENDENCE OF EXPPSURE EVALVAnON AND SAMPLING TIME ON 


ELlM~NATION HALF-LIFE 


I 
Expo~ure Sampling time 

t.J:<2 h Recent Very critical 
2<q<5h Daily Critical 
5<q.<48 h Weekly End of work week 
tp48h Monthly or lifetime Discretionary 

(after months of exposure) 

Matching extent of exposure and biolpgical concentrations 
Evaluation of occupational expqsure is usually based on comparing measured 

concentrations of the airborne compbund with the reference values for occupational 
inhalation exposure. Simulation modFls, because of their ability to match the extent of 
exposures associated with the pred~termined dose or biological concentrations of 
indicators of exposure, are a valuaqle tool in extrapolation of reference values for 
workers with unusual workshifts (A~DERSEN et al., 1987b; SATO et al., 1990b). If the 
health effect studied is associated.I with the biological concentration, then the 
concentration in the target organ should be of concern, as in acute effects such as 
carboxyhaemoglobinaemia, or depreksion of CNS function by organic solvents. If the 
health effect studied is associated with the capacity of the defence mechanism of the 
target organ, then the doses should be of concern, as in the development of renal injury 
resulting from exposure to some heavy metals. 

The best known reference valuesl are Threshold Limit Values (TL V) adopted by 
the American Conference of Govern~ental Industrial Hygienists (ACGIH, 1989) and 
the German Maximum Concentratiops at the Workplace (MAK) recommended by the 
Commission for the Investigation oflHealth Hazards of Chemical Compounds in the 
Work Area (COMMISSION FOR THE IN~ESTIGATION OF HEALTH HAZARDS, 1989). It is the 
policy of both organizations that their reference values for biological concentrations of 
indicators of exposure (Biological E~posure Indices, BEl, and Biological Tolerance 

I 
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Values, BAT) provide the same extent of health protection as T~V.TWA or MAK, 
respectively. Both organizations employ the toxicokinetic approach to compare 
airborne and biological concentrations. BEls are usually derived a~ values which most 
likely result from occupational exposure to TL V -TW A (FISEROVA· ~ERGEROVA, 1990a), 
and are obtained by simulation of the occupational exposure of ~ reference worker 
(170 cm tall, 70 kg weight, light work-alveolar ventilation 15-20 Ii min - 1). BATs, on 
the other hand, are derived as the highest values expected to result!from occupational 
exposure to MAK (HENSCHLER, 1990). Therefore, BATs are usually two or three times 
higher than BEIs (FISEROVA. BERGEROVA, 1990b). If the reference value for indicators of 
exposure derived empirically from field studies (that is, by cotPparing biological 
concentrations with health effect) deviates from the reference ~alue derived on a 
toxicokinetic basis (equivalent to the airborne reference value), bqth reference values 
are re-examined. . 

To simplify the evaluation of biological monitoring data, BEls <Jnd BATs are given 
for samples collected at the specified time which, for convenience, i~ usually defined as 
'end of the shift' (meaning end of exposure) or 'prior to the next shift' (meaning 16 h 
after the end of exposure). For chemicals with a long elimination half-life (days or 
weeks), the sampling time can be discretionary, but the BEl or BAT may apply only to 
specimens collected after a certain length of exposure (for example 6months) (ACGIH, 
1986; COMMISSION FOR THE INVESTIGATION OF HEALTH HAZARDS, 1989). 

Factors affecting the relationship between exposure and biological 4oncentrations 
Information on possible additional sources of exposure, andi on circumstantial 

; factors affecting biological concentrations of indicators of exposurb, can be generated 
~ by comparing the ratio of measured airborne and biological: concentrations of 
i indicators of exposure with the ratio ofthe reference values which w~re determined on a 
~ toxicokinetic basis. An unusual ratio, besides pointing to technical pr analytical errors 
Jor unrepresentative samples, also points to other factors, the effect of which can be 
: depicted by an appropriate simulation modeL Examples of suph factors are: (l) 
additional or fluctuating exposures, or unusual exposure dutation (DROZ and 
GUILLEMIN, 1983; DROZ, 1978; FERNANDEZ et al., 1977; FISEROVA~BERGEROVA, 1981, 

. 1985, 1987b; FISEROVA-BERGEROVA et al., 1974, 1980, 1984; GUBER1N and FERNANDEZ, 
1974; SATO et ai., 1990b); (2) altered pulmonary ventilation lor cardiac output 
distribution caused by workload or disease (DROZ and GUILLEMI~, 1983; FISEROVA­

. BERGEROVA, 1985, 1987a,b; FISEROVA-BERGEROVA et al., 1980; Jmt~NsoN, 1986, 1988; 
JOHANSON and NASLUND, 1988); (3) altered metabolism (FISEROV1-BERGEROVA et al., 
1984; FISEROVA-BERGEROVA, 1987b); (4) changes in metabolisrh or physiological 
functions induced genetically (DROZ and SAVOLAINEN, 1990), b}i medication or by 
. coexposure to other chemicals (ANDERSEN et al., 1987a; SATO et al.j 1990a); (5) dietary 
or ethnically based differences in body build and blood compjosition (FISEROVA­

HERGEROVA et al., 1980, 1984); and (6) accumulation over the weekj month, etc. (DROZ 
and GUILLEMIN, 1983; FERNANDEZ et ai., 1977; FISEROVA-BERGERO~A et al., 1974, 1980; 
.GUBERAN and FERNANDEZ, 1974; PERBELLINI et al., 1986), and effq;t of post-exposure 
activities (FISEROVA-BERGEROVA, 1987b). If the ratio of measured concentrations of the 
.airborne and indicator of exposure is much smaller than the TtV-BEI ratio, then 

-dermal exposure, additional non-occupational exposure, bad ~orking practices, 
. 'excessive workload or interference by other industrial chemicals or medication are 

'I 



646 V. FIS~ROVA-BERGEROVA 

indicated. On the other hand, if the rat~o of measured values is much larger than TLV­
BEI ratio, then interference by anothfr compound(s) is indicated. 

There are four causes of interf~rence by another compound: (1) the other 
compound is either the studied indic~tor of exposure or it is biodegradated to the 
studied indicator. Under such circums~ances, the ratio ofthe measured concentrations 
is smaller than the TLV-BEI ratio; (2) the other compound inhibits the metabolism of 
the compound under study, the inhibition being manifested by the increased biological 
level of the parent compound (for whtch the measured values ratio ~TLV-BEI ratio) 
and by the decrease of biological c<:>ncentrations of the metabolite (for which the 
measured values ratio ~ TLV -BEI ratio); (3) the other compound acts as an enzyme 
stimulator (inducer) or releases the indipator of exposure from the bond to constituents of 
tissues. This interference has the opposite effect of inhibition; (4) the other compound 
alters the distribution of cardiac output or it alters the function of an organ (lung, kidney, 
liver, skin permeability) which plays alrole in uptake and elimination of the compound. 

Dermal exposure 
A simulation model for dermal ~xposure of volatile solvents is shown in Fig. 1. 

Dermis under the exposed area is tr~ated as a separate compartment for which the 
inflow of the compound is defined byl flux. Flux can be determined experimentally, or 
predicted from aqueous solubility, qctanol-water distribution coefficient and mole­
cular weight of the compound (FISERf:lVA-BERGEROVA et al., 1990). Figure 2 shows the 
profound increase of alveolar concen~ration of methanol and toluene caused by short 
intermittent dermal exposures of 2.~% or 5% of body surface to the liquid solvent 
during inhalation exposure to TLV-tWA. The simulation study shows that the larger 
the exposed area, or the better the rerfusion of dermis under the exposed area, the 
larger the increase in alveolar conceqtration and the smaller the pulmonary uptake. If 
the dermal exposure is extensive, th~ pulmonary uptake can be suppressed and the 
percutaneously absorbed solvent e~haled. Under such circumstances, the vapour 
concentration in exhaled air is largerl than in the ambient air. Thus, concentrations of 
highly volatile solvents in exhaled ah samples can be the most sensitive indicator of 
dermal exposures. Modelling of dFrmal penetration is used for identification of 
compounds with the potential to affect biological concentration of the compound or its 
metabolite and toxicity resulting fro$ occu pational exposure (FISEROVA-BERGEROVA et 
al., 1990). 

Prediction, extrapolation and verific~tion 
Simulation models can be used f9r description and verification of experimental data 

(CLEWELL et al., 1988; DRoz and QiUILLEMIN, 1983; DRoz, 1978; FERNANDEZ et al., 
1977; FISEROVA-BERGEROVA et al., 11974; GUBERAN and FERNANDEZ, 1974; JOHANSON 
and NASLUND, 1988, JOHANSON, 198~; LURA et al., 1990; PATERSON and MACKAY, 1986; 
PERBELLINI el al., 1986; RAMSEY an~ ANDERSEN, 1984). 

The following example shows hpw simulation models can be used to explain the 
inconsistency of information. FERN~NDEZ et al. (1975) determined the elimination half­
lives for triphasic pulmonary elimination of trichloroethylene to be 5-20 min, 1-3 h 
and ]0-30 h. SATO et al. (1977), lin similar experiments in volunteers, measured 
elimination half-lives of 2.7 min, 0.4 hand 4 h, respectively. The five-compartmental 
simulation model, solved by LaplJce transform, showed the observable elimination 

I 
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FIG. I. Toxicokinetic model for simulation of dermal absorption of organic solvents. The compartments 
(depicted by the rectangles) are: LUNG (connective tissues and airspace); DERfirlIS (dermis under the 
exposed area); MG (dermis under unexposed area and muscles); FG (adipose tissue and white marrow); 
VRG (well-perfused organs, except the liver); and LIVER. Volumes of the compartments 'V' (in litres) are 
given in the upper left corner of each rectangle. The perfusion for each compartm~nt, 'F' (in I. min - I), is 
shown to the right, above the arterial flow. For the DERMIS and MG compartm nts, the perfusion and 
volume values for 5 % of body surface exposure to liquid are given underneath the art rial flow and in the left 
lower corners of the rectangles, respectively (indicated by t). Alveolar ventilation, " .:, equals 10 I. min - I; 
'c.;; denotes inspired concentration, FRC denotes functional residual capacit and 'A,' denotes the 

appropriate tissue-gas partition coefficient. . 

half-lives of 3 min, 0.8 hand 26 h. Further simulation revealdd that the short 
elimination half-lives reported by SATO et ai. (1977) cannot be attributed to ethnic 
differences but to the experimental design. These authors measure~ trichloroethylene 
concentrations in exhaled air for 10 post-exposure hours. This pe~od is too short to 
provide data for the determination of the half-life of the slow elim nation phase. We 
concluded that the study of FERNANDEZ et ai. (1975), in which th . trichloroethylene 
concentration in exhaled air was measured for 3 days, provides better data for the 
determination of elimination half-lives than the study by SATO et ~l. (1977). 

Simulation models can also be used for prediction of uptake, distribution and 

I 

I 
! 

I 
I 
i 

. I 
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FIG. 2. Effect ofshort-term dermal exposure to IliqUid toluene and methanol on alveolar concentrations. The 
simulation is done using the model and valueslshown in Fig. J. Broken lines depict alveolar concentrations 
during 8-h inhalation exposure to TLV-TW~. Solid lines depict alveolar concentration when dermal 
absorption is added. The peaks result from del'mal exposures of given area (% of body surface) for a short 
period (min), both given at the top of the peaks. Flux values are taken from FISEROVA-BERGEROVA et al. 
(1990), and the partition coefficients are taken from FISEROVA-BERGEROVA and DIAZ (1986). Note, that after 
two dermal exposures the alveolar concentrations exceed the inspired concentration, thus reversing 
pulmonary uptake in pulmonary wash-out. The differences in the patterns of alveolar concentrations of 
toluene (relatively rapid decline to the concentt'ation resulting from inhalation exposure only) and methanol 
(relatively slow decline resulting in a rising al~olar concentration to a level about 200 times higher than a 
concentration resulting from inhalation expo~ure only) reflect the differences in their solubility in blood. 
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I 

elimination of new compounds if their solubility in water ~nd lipids is known 

(FISEROVA-BERGEROVA et al., 1984), and for prediction of biolog cal concentration of 


1 
" indicators of exposure in organs and tissues (DROZ and GUILLEMtN, 1983; FERNANDEZ•
i et al., 1977; FISEROVA-BERGEROVA et al., 1974, 1980, 1984; GUBERAN and FERNANDEZ, 

; I 

1 " 1974; PERBELLINI et al., 1986). . 
Si~ula~ion models ar~ also used for extrapol~tion of da~a o~ p~lmonary upt~ke 

and bIologIcal concentrations ofthe compound or Its metabohtes,durmg and followmg 
occupational exposure (with workload) from data obtained in ;controlled studies in 
resting volunteers. Recently, the simulation model was empIOye~. to evaluate the effect 
of ethnic differences in physiological parameters (mainly body build, metabolizing 
enzyme activity and life style) on uptake and elimination oforganic solvents (DROZ and i 

I 
SAVOLAINEN, 1990). L i ~ 

I, 

The simulation models are also used for extrapolation of uPf'ke, distribution and 
I, 

I, . 

elimination of vapours inhaled by different animal species and fQr extrapolation from 
I i 

~ animal to man (FISEROVA-BERGEROVA and HUGHES, 1983; PAUSirENBACH et al., 1988; 

" RAMSEY and ANDERSEN, 1984; REITZ et al., 1988). However, unp~edictable qualitative I 


Iand quantitative species differences in metabolism make the exttapolation uncertain. 
:fJ The simulation model was also modified to study the uptake of industrial compounds I 

by the suckling of a breast-feeding worker (SHELLEY et al., 198~). I r 
i I 

ICONCLUSIONS 

Toxicokinetic models are used for determining the relationsh~ps between the extent I 
of inhalation and/or dermal exposure and the biological concfntrations or dose of I 

I 
Iindicators of exposure. Physiologically based multicompartmental simulation models . !

; I ~ contribute to the understanding of the fate of inhaled or pert,utaneouslY absorbed i 

I compounds. They are used in biological monitoring for predicti n, extrapolation and I 
I 

'~ verification of data and principles on which the reference va ues for indicators of 
?t exposure are determined and the monitoring data are interpretedi

• They have been used 
; for the evaluation of the effects of a variety of external and i*ernal factors on the Irelationship between extent of exposure to organic solvents a*d dose or biological 

1 
1concentrations of indicators of exposure. The elimination half-lire is considered in the 


selection of the appropriate exposure indicator, in the dest'gn of the sampling 

procedure, and in the interpretation of the measured data. Th re is a great need to 

develop similar predictive toxicokinetic models for exposure t metals, particulates 

and compounds undergoing binding to constituents of tissues. i 


REFERENCES 

ACGIH (1986) Documentation of the threshold limit values and biological ekposure indices (1986 with 

supplements to 1989). American Conference of Governmental Industrial Hrgienists, Cincinnati, Ohio, 

U.S.A. l ! 

ACGIH (1989) Threshold limit values and biological exposure indices for 1989-J 990. American Conference 
I 

of Governmental Industrial Hygienists, Cincinnati, Ohio, U.S.A. • 
ANDERSEN, M. E., GARGAS, M. L., CLEWELL, H. 1., III and SEVERYN, K. M. (l987a) Quantitative evaluation t

1 

of the metabolic interactions between trichloroethylene and 1,1-dichloroethYtene in vivo using gas uptake ~ 

methods. Toxicol. Appl. Pharmacol. 89, 149-157. 
ANDERSEN, M. E., GARGAS, M. L. and RAMSEY, J. C. (1984) Inhalation ph rmacokinetics: evaluating t ,

systemic extraction, total in vivo metabolism, and the time course ofenzyme ililduction for inhaled styrene 

in rats based on arterial blood: inhaled air concentration ratios. Toxicol. APfl. Pharmacol. 73, 176-187. 


j 




650 V. FIS$OVA-BERGEROVA 

ANDERSEN, M. E., MACNAUGHTON, M. G., CLEWELL, H. J., III and PAUSTENBACH, D. J. (1987b) Adjusting 
exposure limits for long and short exposure periods using a physiological pharmacokinetic model. Alii. 
indo Hyg. Ass. J. 48, 335-343. 

CLEWELL, H. J., III, ANDERSEN, M. E., MAcNAU(iHTON, M. G. and STUART, B. O. (1988) Toxicokinetics: an 
analytical tool for assessing chemical hazards to man. Aviat. Space Environ. Med. 59, A125-A131 
(November). 

CoMMISSION FOR THE INVESTIGATION OF HEALT HAZARDS OF CHEMICAL CoMPOUNDS IN THE WORK AREA 
(1989) Maximum concentrations at the work lace and biological tolerance values for working materials 
Report No. XXV. VCH Publishers, Weinh 'm, F.R.G. ' 

DROZ, P. O. (1978) Contribution to the research fbiological exposure indices for solvents. Determination of 
their partition coefficients and a study ofth 'r compartments in the organism using simulation models. 
Institut de Chimie de I'Universite de Neuch tel, Switzerland (in French). 

DROZ, P,O. (1989) Biological monitoring I: Sou ces of variability in human response to chemical exposure. 
App. indo Hyg. 4, F-20-F-24. 

DROZ, P. O. and GUiLLEMIN, M. P. (1983) .uman styrene exposure V. Development of a model for 
biological monitoring. Int. Archs occup. En~iron. Hlch 53, 19-36. 

DROZ, P. O. and SAVOLAINEN, H. (1990) Effe¢t of physiological and metabolic differences between the 
Japanese and American popUlations on uJ:!take, distribution and elimination of toxic chemicals. In 
Biological Monitoring of Exposure to Industrial Chemicals (Edited by FISEROVA-BERGEROVA, V. and 
OGATA, M.), pp. 185-188. Proceedings of the United States-Japan Co-operative Seminar on Biological 
Monitoring, Honolulu, 1989. American Conference of Governmental Industrial Hygienists, Cincinnati 
Ohio, U.S.A.' ' 

DROZ, P.O., Wu, M. M. and CUMBERLAND, W G. (1989a) Variability in biological monitoring of organic 
solvent exposure. II. Application of a popu tion physiological model. Br. J. indo Med. 46,547-558. 

DROZ, P.O., Wu, M. M.,CUMBERLAND, W. G. d BERODE, M. (1989b) Variability in biological monitoring 
of solvent exposure. I. Development of a po ulation physiological model. Br. J. indo Med. 46; 447-460. 

FERNANDEZ, J. G., DROZ, P.O., HUMBERT, B. . and CAPEROS, J. R. (1977) Trichloroethylene exposure. 
Simulation of uptake, excretion, and metabo ism using a mathematical model. Br. J. indo Med. 34, 43-55. 

FERNANDEZ, J. G., HUMBERT, B. E., DROZ, P. . and CAPEROS, J. R. (1975) Exposure to trichlorethylene. 
Balance of absorption, excretion and metab . ism in humans. Archs. Mal. prof. MM. trav. 35, 397-407 (in 
French). . 

FISEROVA-BERGEROVA, V. (1981) Modeling of uptake and clearance of inhaled vapors and gases. In Industrial 
and Environmental Xenobiotics (Edited by G~T, I., CiKRT, M. and PLAA, G. L.), pp. 211-220. Springer, 
Berlin. 

FISEROVA-BERGEROVA, V. (Editor) (1983) Modejing ofInhalation Exposure to Vapors: Uptake, Distribution, 
and Elimination, Vols I and II. CRC Press, Boca Raton, Florida, U.S.A. 

FlSEROVA-BERGEROVA, V. (1985) T oxicokinetics pforganic solvents. Scand. J. Wk Environ. Hlth 1], suppl. 1, 
7-21. 

FISEROVA-BERGEROVA, V. (1987a) Simulation m del as a toolfor adjustment ofbioiogical exposure indices to 
exposure conditions. In Biological Monitori ofExposure to Chemicals: Organic Compounds (Edited by 
Ho, M. H. and DILLON, H. K.), pp. 29-57. ohn Wiley & Sons, New York. 

FISEROVA-BERGEROVA (THOMAS), V. (1987b) D velopment of biological exposure indices (BEIs) and their 
implementation. Appl. indo Hyg. 2, 87-92. 

FISEROVA-BERGEROVA (THOMAS), V. (1990a) istory and concept of BEIs. In Biological Monitoring of 
Exposure to Industrial Chemicals (Edited y FISEROVA-BERGEROVA, V. and OGATA, M.), pp. 19-23. 
Proceedings ofthe United States-Japan Co-o erative Seminar on Biological Monitoring, Honolulu, 1989. 
American Conference of Governmental Ind~strial Hygienists, Cincinnati, Ohio, U.S.A. 

FISEROVA-BERGEROVA (THOMAS), V. (1990b) Comparison of biological exposure indices (BEIs) and 
biological tolerance values (BATs). in BioloOical Monitoring ofExposure to Industrial Chemicals (Edited 
by FlSEROVA-BERGEROVA, V. and OGATA, M.), pp. 31-33. Proceedings of the United States-Japan Co­
operative Seminar on Biological Monitoring, Honolulu, 1989. American Conference of Government 
Industrial Hygienists, Cincinnati, Ohio, U.$.A. 

FlSEROVA-BERGEROVA, V. and DIAZ, M. L. (1~86) Determination and prediction of tissue-gas partition 
coefficients. Int. Archs occup. Environ. Hith 58, 75-87. 

FISEROVA-BERGEROVA, V. and HUGHES, H. C. (1 83) Species differences in bioavailability of inhaled vapors 
and gases. In Modeling of Inhalation Expos re to Vapors: Uptake, Distribution and Elimination, Vol. II 
(Edited by FISEROVA-BERGEROVA, V.), pp. 9 -106. CRC Press, Boca Raton, Florida, U.S.A. 

FlSEROVA-BERGEROVA, V., PIERCE, J. T. and D z, P. O. (1990) Dermal absorption potential of industrial 
chemicals: criteria for skin notation. Am. J. indo Med. 17,617--635. 

FISEROVA-BERGEROVA, V., TICHY, M. and DI ARLO, F. J. (1984) Effects of biosolubility on pulmonary 
uptake and disposition of gases and vapors of lipophilic chemicals. Drug Metab. Rev. 15, 1033-1070. 



Application of toxicokinetic models 	 651 

FISEROVA-BERGEROVA, V., VLACH,J. and CASSADY, J. C. (1980) Predictable 'individqal differences' in uptake 
and excretion of gases and lipid soluble vapours simulation study. Br. J. indo r'ed. 37, 42-49. 

FISEROVA-BERGEROVA, V., VLACH, J. and SINGHAL, K. (1974) Simulation and prediction of uptake, 
distribution, and exhalation of organic solvents. Br. J. indo Med. 31, 45-52. I 

GUBERAN, E. and FERNANDEZ, J. (1974) Control of industrial exposure to tetrachlotethYlene by measuring 
alveolar concentrations: theoretical approach using a mathematical model. Br. . indo Med. 31, 159-167. 

HENSCHLER, D. (1990) Biological monitoring and exposure limits as perceived in , errnany. In Biological 
Monitoring of Exposure to Industrial Chemicals (Edited by FISEROVA-BERGERO"A, V. and OGATA, M.), 
pp.25-30. Proceedings of the United States-Japan Co-operative Seminar on! Biological Monitoring, 
Honolulu, ~989. American Conference of Governmental Industrial Hygienists, Cincinnati, Ohio, U.S.A. 

JOHANSON, G. (1986) Physiologically based pharmacokinetic modeling of inhaled 2~butoxyethanol in man. 
I, 

Toxieol. Lett. 34, 23-31. I I' 

JOHANSON, G. (1988) Aspects of biological monitoring of exposure to glycol ethers. TOXieOI. Lett. 43, 5-21. I 
~ IJOHANSON, G. and NASLUND, P. H. (1988) Spreadsheet programming-a new app oach in physiologically ; ;

based modeling of solvent toxicokinetics. Toxicol. Lett. 41, 115-127. 1	 I 
KENNEDY, G. L., JR (1990) Biological monitoring in American chemical industry. In Biological Monitoring of ! 

Exposure to Industrial Chemicals (Edited by FISEROVA-BERGEROVA, V. and OGATA, M.), pp.63-67. I, 
Proceedings ofthe United States-Japan Co-operative Seminar on Biological Monitoring, Honolulu, 1989. 
American Conference of Governmental Industrial Hygienists, Cincinnati, OhiQ, U.S.A. 

KJELLSTROM, T., ELINDER, C. G. and FRIBERG, L. (1984) Conceptual problems infestabliShing the critical I 
concentration of cadmium in human kidney cortex. Environ. Res. 33, 284-295 i' 

LURA, J., JOHANSON, G. and RUHIMAKI, V. (1990) Dose-dependent kinetics of inhale methyl ethyl ketone in J 
Iman. Toxieol. Lett. SO, 195-201. 

LOWE, H. J. (1972) Dose-regulated Penthrane® methoxyflurane anesthesia. Abbott Laboratories, Chicago, I' 
Illinois, U.S.A. • 

PATERSON, S. and MACKAY, D. (1986) A pharmacokinetic model of styrene inhalation with the fugacity 
approach. Toxicol. Appl. Pharmacol. 82,444-453. ! I 

PAUSTENBACH, D. l, CLEWELL, H. l, III, GARGAS, M. L. and ANDERSEN, M. E. (1988) A physiologically 
based pharmacokinetic model for inhaled carbon tetrachloride. Toxicol. APPI.!, harmacol.96, 191-211. ! 

PERBELLlNI, L., Mozzo, P., BRUGNONE, F. and ZEODE, A. (1986) Physiologico athematical model for 
studying human exposure to organic solvents: kinetics of blood/tissue n-hexan concentrations and of 
2,5-hexanedione in urine. Br. J. indo Med. 43, 760-768. J 

RAMSEY, J. C. and ANDERSEN, M. E. (1984) A physiologically based descri tion of the inhalation 
pharmacokinetics of styrene in rats and humans. Toxicol. Appl. Pharmacol. 7j, 159-175. 

REITZ, R. H., MENDRALA,A. L., PARK,C. N., ANDERSEN, M. E. and GUENGERICH, F'IP, (1988) Incorporation 
of in vitro enzyme data into the physiologically-based pharrnacokinetic (PB.PK) model for methylene 
chloride: implications for risk assessment. Toxicol Lett. 43, 97-116. 

, I •
SATO, A., ENDOH, K. and KANEKO, T. (1990a) Effects of ethanol on uptake, distribfion, and elimination of , 

inhaled vapors of organic solvents. In Biological Monitoring of Exposure to Ind stria I Chemicals (Edited I 
by FISEROVA-BERGEROVA, V. and OGATA, M.), pp. 155-158. Proceedings of the nited States-Japan Co­
perative Seminar on Biological Monitoring, Honolulu, 1989. American Con~ rence of Governmental 
Industrial Hygienists, Cincinnati, Ohio, U.S.A. 

SATO, A., KANEKO, T., ENDOH, K. and JOHANSON, G. (1990b) Relationship betwe~n external and internal 
doses of oganic solvent vapors. In Biological Monitoring ofExposure to Industrial Chemicals (Edited by 
FISEROVA-BERGEROVA, V. and OGATA, M.), pp. 137-143. Proceedings of the United States-Japan Co­
operative Seminar on Biological Monitoring, Honolulu, 1989. American Conf~rence of Governmental 
Industrial Hygienists, Cincinnati, Ohio, U.S.A. ~i 

SATO, A., NAKAJIMA, T., FUJIWARA, Y. and MURAYAMA, N. (1977) A pharmocoki etic model to study the 
excretion of trichloroethylene and its metabolites after an inhalation exposure. B . J. indo Med. 34, 56-63. 

SHELLEY, M. L., ANDERSEN, M. E. and FISHER, J. W. (1988) An inhalation distributio model for the lactating 
mother and nursing child. Toxicol. Lett. 43, 23-29. 

VLACH, l (1983) Simulation. In Modeling of Inhalation Exposure to Vapors: Uptake, Distribution, and 
Elimination, Vol. I (Edited by FISEROVA-BERGEROVA, V.), pp. 133-153. CRC Pre~s, Boca Raton, Florida, 
U.S.A. 	 . 

WAGNER, 	 l G. (1976) Linear pharmacokinetic equations allowing direct calc~lation of many needed 
pharmacokinetic parameters from the coefficients and exponents of POlyexpor' entia! equations which 
have been fitted to the data. J. Pharmacokinet. Biopharm. 4, 443-467. 

I 

I 
I 

http:harmacol.96

