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SUMMARY

_ The overall objective of the project was to design economical and infor-
mative testing of subacute and chronic toxicity of new volatile substances.
The specific objectives were: i) to prepare a mathematical model for simu-
lation of uptake, distribution, and elimination of vapors with capacity-limited
clearance; 2) to obtain experimental data supporting the model;(@) to study the
factors affecting nonlinearity of clearance (concentration dependence, interfer-
ence of inhalation of other vapors).

The main accomplishments are: 4) A program for mathematical solution of a
multi-compartmental model for simulation of uptake, distribution, and elimination
of vapors having a capacity limited elimination pathway was prepared for the
Apple II Plus computer and tested by simulating a variety of trichloroethylene
and halothane exposures. /2) Three methods for determination of metabolic clear-
ance were tested: /a) systemic clearance was determined from the concentration
differences in inhaled air and arterial blood; @) intrinsic clearance in organs
was determined from distribution of inhaled chemicals in the body during steady
state;(b) intrinsic clearance by each metabolic pathway was determined from
distribution and elimination of metabolites. g@) The retention of vapors of water
soluble chemicals in trachea was determined and the significance of retention of
chemicals in respiratory airways is discussed. /-

Non-linear dependence of tissue concentrations of chemicals and their metabo-
lites on exposure concentrations has to be considered if the exposure is evaluated
by biological monitoring or if toxicity of small exposure concentrations is ex-
trapolated from data obtained at high exposure concentrations or after a large
dose of chemicals. The simulation model developed under this contract provides

information on bioavailability of chemicals inhaled under a different exposure

regime and can be used as a tool to improve the extrapolation.
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S INTRODUCTION

I‘:. The overall objective of the project was to design economical and infor-
‘zg; mative testing of subacute and chronic toxicity of new volatile substances.
t:ii The specific objectives were: 1) to prepare a mathematical model for simu-

. lation of uptake, distribution, and elimination of vapors with capacity-

££§ limited clearance; 2) to obtain experimental data supporting the model; 3) to
'ﬁfﬁ study the factors affecting nonlinearity of clearance (concentration depen-

i dence, interference of inhalation of other vapors). The project was planned
'E;g for two years.

ilgl This report describes research conducted in our laboratory from June 30,
1981 thru August 31, 1983.

- THE MAIN ACCOMPLISHMENTS OF THE RESEARCH ARE:

) 1. A program for mathematical solution of a multi-compartmental model for
'EE: simulation of uptake, distribution, and elimination of vapors having a capacity
':E l1imited elimination pathway was prepared for the Apple Il Plus computer and

_}3 tested by simulating a variety of trichloroethylene and halothane exposures,
S;; The model accommodates up to 7 compartments, with optional linear elimination
N

in each compartment and an additional non-linear elimination in one compartment.
2. We developed a method for determining intrinsic organ clearance in
small animals, based on the assumption that during steady state, concentrations
in non-excretory organs are equilibrated with arterial blood, and the concen-
tration in regional venous blood is equilibrated with the concentration in the
appropriate excretory organ. Intrinsic clearance is then calculated from the
mass balance across the organ. This method was used to determine concentrat-

ion dependence of metabolic clearance of trichloroethylene,

3. We showed that in rats exposed to subanesthetic concentrations of




P

halothane, halothane metabolism is a cepacity limited process. We determined
the kinetic constants Kn and Vmax for each metabolic pathway from metabolites
distribution and elimination, and used the simulation model to show that at
small exposure concentrations, halothane metabolism is flow limited and oxi-
dation is the major metabolic pathway. At high exposure concentration, halo-
thane metabolism is capacity limited, the oxidative pathway being saturated
first.

4, We showed competitive inhibition between metabolism of two vapors
administrated simultaneously. Halothane oxidation is inhibited by coexposure
to methylene chloride, trichlioroethylene, and isoflurane, but is not affected
by coexposure to nitrous oxide. The inhibitory effect was not observed if ex-
posure to the other vapor preceded exposure to halothane.

5. Using rabbit tracheas, we showed that only vapors of water soluble sub-
stances are retained on the walls of respiratory airways during inspiration and
that the vapors desorbed during expiration. Because of this, pulmonary uptake
measured from the difference in concentrations of inhaled and exhaled air does
not represent systemic uptake, and concentrations measured in end exhaled air
do not represent alveolar concentrations, thus explaining why experimental data

differ from data predicted for water soluble vapors.

REPORTS AND PUBLICATIONS

(Under professional name of P.I. - Fiserova-Bergerova)

An exhaustive interim research report was submitted to AFOSR in June, 1983,
The study of uptake of chemicals in respiratory airways was published in the
4th chapter of "Modeling of Inhalation Exposure to Vapors: Uptake, Distribution,
and Elimination: Editor, Vera Fiserova-Bergerova, CRC Press, 1983, Vol. I.

During the two years of the research project, the following papers were

________




published, are in press or are submitted for publication. They all acknowledge

AFOSR financial support.

Published papers:

1. Modeling of Inhalation Exposure to Vapors: Uptake, Distribution, and
Elimination, published in two volumes; CRC Press, Boca Raton, F1,, 1983.
The principal investigator is the editor and major contributor. One copy
of the manuscript of each chapter authored by the principal investigator
and of the chapter authored by Dr. J. Vlach were submitted to AFQSR in
June, 1982. These chapters include data generated by AFOSR.

2. V. Fiserova-Bergerova: Modeling of Uptake and Clearance of Inhaled
Vapors and Gases, Springer-Verlag, Berlin and Heidelberg, Germany, 1981.
Reprints were submitted to AFOSR with interim research report in June, 1982.
3. J. Vlach, V. Fiserova-Bergerova: Electric Networks in the Simulation
of Uptake, Distribution and Metabolism of Inhaled Vapors, Proceedings of
the Sixth European Conference on Circuit Theory and Design, Stuttgart,
Germany, 1983 (16 copies,Appendix 1).

4, V. Fiserova-Bergerova: Simulation Model for Concentration Dependent
Metabolic Clearance of Halothane, Abstract, Anesthesiology 59, A223, 1983
(16 copies, Appendix 2).

5. V. Fiserova-Bergerova: Isoflurane as An Inhibitor of Halothane

Metabolism, Abstract, Anesthesiology, 59, A253, 1983 (16 copies Appendix, 3).

In Press:

1. V. Fiserova-Bergerova, R.W. Kawiecki: Effects of Exposure Concentrat-
ions on Distribution of Halothane Metabolites in the Body, Drug Metabolism
and Disposition (16 copies of manuscript, Appendix 4).

2. V. Fiserova-Bergerova, R.W. Kawiecki: Distribution of Halothane

Metabolites in the Body, Abstract, Proceedings from the 1st meeting of the
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Lﬁ:ﬁ International Society for the Study of Xenobiotics, West Palm Beach, F1.,

November, 1983 (16 copies of manuscript, Appendix 5).

Submitted for publication:

1. V. Fiserova-Bergerova: Inhibitory Effect of Isoflurane upon Halothane

Metabolism, Anesthesia and Analgesia (16 copies of manuscript, Appendix 6).

DETAILED SCIENTIFIC REPORT

A detailed scientific report for the first year of the project was sub-
mitted to the AFOSR in June, 1982. It covers achievement items 1, 2 and 5.
This report covers only the work done in the second year of the project. Since
we were notified that this is definitely the last year AFOSR will support the
project, our effort concentrated on finishing the studies and preparing the
studies for publication.

The study of capacity limited metabolism of halothane in rats was com-

pleted and the data were used to prepare the simulation model which accounts
for limited capacity of each metabolic pathway of halothane. The results of
the study were prepared for publication and the manuscript is in Appendix 4.
The data will also be presented at the 1st ISSX meeting in November, 1983 in
West Palm Beach (Appendix 5). After testing the simulation model on animal
data, the clearances were adjusted for man using the power equation, and the
human exposures were simulated. Good agreement between simulation and ex-
perimental data was reported at the ASA meeting in Atlanta in October, 1983
(Appendix 2). The publication of the model (interim report 1982) remains to
be prepared.

The study of competitive inhibition of metabolism during coexposure to

two vapors was further pursued. The study of the effect of isoflurane and

nitrous oxide on halothane metabolism was prepared for publication (Appendix 6)
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'ES and was presented at the ASA meeting in October, 1983 (Appendix 3). Vapors of
:¢‘ methylene chloride and trichloroethylene had an effect similar to isoflurane.

EE These studies were finished and will be prepared for publication next year.

ﬂ: Additional support was obtained from Ohio Medical Products Co. to evaluate the
- persistency of the inhibitory effect of isoflurane. This study, in which rats
‘;: were anesthetized for 2 hours with isoflurane and submitted to one tenth of anes-
EI thetic concentrations of halothane for 2 hrs either during anesthesia or 0.5 hrs.,
- 4 hrs. or 24 hrs. after anesthisia, is almost completed. The study shows that
gg the reduced concentrations of trifluoroacetic acid were observed only if halo-
tg thane was inhaled during isoflurane anesthesia. It is concluded that the in-

g; hibitory effect is reversible and vanishes as soon as the concentrations of

E& isoflurane in lean tissues are reduced below concentrations of halothane.

S

‘\, GENERAL DISCUSSION

,ﬁ The need for a simulation model with concentration dependent metabolic

i: clearance was apparent from exﬁerimenta1 studies in which the metabolized

- fraction of pulmonary uptake(T.D. Landry et al., Application of Pharmacokinetic
f;é Principles to Problems in Inhalation Toxicology in Modeling of Inhalation Ex-

2 posure to Vapors: Uptake, Distribution, and Elimination, ed. V. Fiserova-

e Bergerova, Vol. II, Chap. 2) and the metabolite ratio (Work Environm. Hlth.,

§§ 9, 76, 1972; Anesthesiology, 32, 119, 1970) were dependent on exposure concen-
;z tration. We prepared such a model for a home computer (Apple Il Plus) and
& applied it successfully to exposures to trichloroethylene and halothane. The
ii: simulations show that, unless the mechanism of the metabolic clearance is known,
:;g it is inappropriate to extrapolate the bioavailability and elimination of vapors
:! during and following exposures to small concentrations from bioavailability and
?E elimination during and following exposures to large concentrations (and vice

.
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Determination of metabolic clearance in vivo is not easy to do, and

no standard procedures were proposed. In our previous studies (AMRL-RT-75-5)

we suggested that systemic clearance can be determined from the rate of pul-
monary uptake at steady state. Further testing of this method shows that the
method is not feasible for highly soluble chemicals in which steady-state is
not established for many hours. Estimation of systemic clearance from the

concentration gradient between inspired concentration and arterial blood was
also suggested (Modeling of Inhalation Exposure to Vapors: Uptake, Distribution,
and Elimination, Ed. V Fiserova-Bergerova, Vol. I Chap. 5 and Vol. II Chap. 3).

The application of this method is even more restricted than the application of

the uptake method. It is suitable only if the metabolism at steady state is
flow limited; only chemicals with blood-gas partition coefficients between 2

and 10 meet such conditions. In the interim report (June, 1982) we described

determination of intrinsic organ clearance from concentration difference
between organs with and without clearance. This method was successfully

applied to trichloroethylene and halothane (Modeling of Inhalation Exposure to
Vapors: Uptake, Distribution, and Elimination, ed. V. Fiserova-Bergerova,

Vol. I, Chap. 5). We concluded, however, that systemic clearance is not a

suitable descriptor of elimination if the chemical is eliminated by more than
one saturable pathway with a different Km and Vmax' We draw this conclusion
from the data described in Appendix 4. In the same paper we propose the deter-
mination of kinetic constants from distribution of metabolites in tissues after
a certain exposure period. The fine agreement between experimental data and
simulation data extrapolated for man from animal data is very encouraging
(Appendix 2), however, more work is needed before a suitable standard procedure
for determination of metabolic clearance in vivo is established.

Saturable metabolism and the interaction between simultaneously inhaled

N \. -




vapors and gases draws more and more attention. Ue chose to study the effect

of coexposure to chemicals on halothane metabolism, since halothane is metabo-

7*: lized to trifluoroacetic acid by oxidation and to trifluoromonochloroethane
fsg: and difluoromonochloroethylene by reduction. Both metabolic pathways are
e mediated by cytochrom P-450. Km and vmax show that halothane is most suscept-
:Sé ible to oxidation, but this pathway is saturated at a relatively small exposure
S:ﬁ concentration. We chose for interaction studies concentration of 0 ~ % of

A halothane, which is the concentration at which the oxidative pathw: is half
é}f saturated. Coexposure to methylene chloride, trichloroethylene, a' isoflurane
:;ES fnhibited the oxidative pathway in a concentration dependent manner . slightly
f;i‘ enhanced the reductive pathway. Surprising was the extensive inhibition of
j:£§ halothane oxidation by isoflurane (CFZ-O-CHCI-CF3), which is considered an
; ?5 inert chemical (if metabolized, then no more than 0.3% of isoflurane is de-
R gradated to trifluoroacetic acid). In such circumstances, the explanation of
EES suppression of oxidation of halothane by competitive inhibition was question-
xy

"

able. Therefore, additional studies were undertaken to investigate the persis-

oy

tence of the inhibitory effect. Since the inhibitory effect of isoflurane

QG
fSéE ceased shortly after the end of the exposure, we concluded that the metabolic
!Ef; reaction of isoflurane has small Km and vmax‘ Therefore, isoflurane is metabo-
:&1 Tized to a very small extent and inhibits metabolism of other chemicals in a

ESS competitive manner similar to competitive inhibition by methylene chloride and
:SE trichloroethylene.

}%ﬁ; When we tried to apply our model to styrene and some water soluble chemi-
§§5 cals, we observed a deviation of the experimental data from the model simulation.

The main difference was that pulmonary uptake of these chemicals was smaller
than predicted, and the end exhaled air was not equilibrated with arterial

blood. Therefore, we investigated the retention of vapors in respiratory

.........................



¢ &

ﬁ_l 03 l'l.l'-
AR
Lo A

Q.

(
1

LR
.

ALY
o 1'_.5'..1‘ '

’ 'l’v’_l' 4-

.

‘8a

airways, using the rabbit trachea as a model. We observed retention of some
vapors in the rabbit trachea, the retention being dependent on hydrophility of
the chemical. Recent studies in DOW Chemical (W.T. Stott, personal communica-
tion) corroborate our data. Recent observations indicating that some chemicals
can be metabolized in the respiratory airways (T.E. Eling et al., personal

communication) deserve further investigation and adjustment of the simulation

model.

SIGNIFICANCE:

The simulation data obtained by the model embracing capacity limited
metabolism shows that bioavailability of inhaled chemicals is not always a
linear function of exposure concentration. Therefore, the non-1inear depend-
ence of tissue concentrations of chemicals and their metabolites on exposure
concentrations has to be considered if the exposure is ev.luated by biological
monitoring or if toxicity of small exposure concentrations is extrapolated
from data obtained at high exposure concentrations or after a large dose of
chemicals. The simulation model developed under this contract provides in-

formation on bioavailability of chemicals inhaled under a different exposure

regimen and can be used as a tool to improve the extrapolation.
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Appendix 1

ELECTRIC NETWORKS IN THE SIMULATION OF UPTAKE, DISTRIBUTION
AND METABOLISM OF INHALED VAPCRS.

J.Vlach, Department of Electrical Engineering,
University of Waterloo,

Waterloo, Ontario, Canada.
V.Fiserova-Bergerova, Department of Anesthesiology.
University of Miami,

School of Medicine, Miami, Florida.

Abstract.

Irhaled vapors and gases distribute in tke human body in a way which, in a
linearized situation, are described by sums of exponentials with real
coefficients, Since responses of passive RC networks are governed by the same
type of equations, such netwcrks can be used to simulate uptake, distribution,
and elimination of the inhaled drugs and vclatile toxic substances. Using the
electric networks it was possible to predict a steady state level of noxicus
vapors in the body of workers expcsed on a regular weekly working schedule,
Certain nonlinear metabolic pathways were also simulated by netwerks having
one nonlinear conductance. The work reported here was supported by U8 Air
Force grant AFOSR 762970.

I. Introduction.

Reactions of a human or animal to various toxic or nontoxic substances are
complicated and often not fully understood. Collection of experimental data
is expensive and thus samples are few. In some cases, ethical gproblems
prevent experiments on humans and information must be extrapolated from animal
experiments,

If vapor 1is 1inhaled at concentrations smaller than saturated vapor
pressure, the processes are approximately linear. In such case the problems
leac to sets of linear differential equations. The solutions involve sums of
exponentials with real coefficients. Since passive RC networks respond to
signals in a similar way, they can be used for simulation,

Once the similarity has been established, 2ll the extensive knowledge of
electrical engineering on the solution of electric networks can be applied to
biciogical models. This paper discusses one application of such simulation on
a small Apple II computer.

II. Background.
If a person enters an enviromment polluted with a volatile substance, the

pollutant is inhaled and carried by the blood from the lung to the tissues, in
a similar way as oxygen. The substance is then retained in the tissues and,
in most instances, partly eliminated by metabolism or excretion. When the
person leaves the polluted enviromment, the substance is eventually completely
removed from the body by exhalation.

The factors which determine the uptake, distribution, and elimination of
the inhaled substarce are:
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1. the rate by which the vapor or gas 1is transferred from the
envirorment to the tissue and vice-versa (This depends on tissue
perfusion, pulmonary venti’ -tion, and solubility of the substance in
blood).

2. The capacity of the body to retain the inhaled substance (This
depends on solubility of the substance and mass of the tissues).

3. Excretion or metabolism of the substance (The substance can be
excretred unchanged, or undergo chemical changes before being
excreted, usually in urine).

When trying to handle these processes mathematically,simplifications must
be made. Tissues with similar parameters can be pooled and treated as one
mathematical entity, called the compartment. For instance, the resting man is
represented by two compartments. For an exercising man, an additional
compartment is needed. Depending on solubility, additional compartments might
be used., In a model for lipid-soluble substances ( such as organic solvents),
lean tissue and fatty tissue must be treated as separate compartments.
Fxcretory organs are also considered as separate compartments. Additiconal
compartments might be formed according to the required information. For
instance, to study anesthetic effects, the brain might form one or mcre
compartments, depending on available information. However, as a general rule,
we should try to keep the number of compartments small.

To describe these processes, differential equations were used. Extensive
references can be found in the book [1]) to which the authors of this paper
contributed several chapters. This paper will concentrate on electric
simulation and on some solutions. The interested reader is referred to [1,2]
for information on how to determine the values of the various compartment
components.,

III. The simulating network.

Concentration of volatile substances in the air can be simulated
electrically by the voltage of an independent voltage source,E, (see Fig. 1).
A larger concentration is represented by a larger voltage. However, as long
as the network is linear, the superposition principle applies and unit value
is sufficient to cover all cases.

The inhaled substance first enters the lungs, but does not instantly reach
other parts of the body. A certain time constant is involved. Moreover, the
pollutant deoesnot reach the lungs in the same concentration as it 1is present
in the air., Part of the inhaled mixture stays in the respiratory airways and
is exhaled. This dead space and volume of gas filling the lung effectively
reduce the concentration acting in the lungs. The lungs are thus simulated
by a conductance (representing alveolar ventilation ) and a capacitor,
(representing volume distribution of the lungs). In the network, they are
denoted by G, and C,. The time constant simulates the speed with which the
substance concentration rises or declines.
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Arterial blood trarsports the substance to the various organs., For a given
substance, the organs are lumped into several compartments having various time
constants. Again, the conductance (derived from perfusion and solubility of
the substance in blood) determires the speed with which the concentration of
pollutant in the tissues rises or declines, and the capacitor (derived from
tissue volure and solubility of substance in the tissue) determines the amount
of the stbstance which can te deposited in the compartment. Ir the body, the
tissue corpartrents can be thought of as being ir parallel, and thus a numkter
cf 7C time ccnstants in parallel are used. The wupper line in Fig. 1
ccrrespends  te  the arterizl tlood which transports the substance to the
crgzns. The bottam line corresponds to venous tlood.

So far only the Gy ard Ci elements were consicdered. Networks of such type
simulate the behavior of a substance which is not metabolized or excreted.
Whatever was deposited in the body is removed by exhalation once exposure to
the substance is interrupted. The post-exposure situation is simulated by
settirg E=0, since a voltage source with zero voltage represents a short
circuit,

The majority of drugs and air pollutants are metabolized and only a
fraction of wuptake is exhaled, To account for metabolism, the conductances

GX; (derived from intrinsic metabolic clearance) are attached in parallel with

(')

Cn a large computer, the prcblem can be solved in many ways by using
standard subroutine packages or even special network analysis programs. Cur

specification called for a small computer. We selected the Apple Il computer.

This computer is slow when workirg with its Basic interpreter and it was
necessary to use all possible ways to speed up the sclution, In addition,
standard sutroutines available for large computers cannot be used because of
memory restricticns.,

A special numbering of the nodes is one way to recuce the computing time.
If the numberirg is selected as shown in Fig. 1, the system matrices will
have the form

(1
The LU decomposition will create no fills and the substitutions can éage
advantage of the form of the right hand sicde vector. JSuppose that a constant
veoltage is applied. Tn the Laplace domain, this is represented by the system
equation

(G+s0) V= E/s+ S, (e)

e e
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where S, represents a vector of initial conditions,

So = C Vo (3)
and V, are the initial voltages on the capacitors. In our network, they are
equivalent to the nodal voltages.

In chronic studies, information on the distribution of the inhaled
substance after an extensive period of time is needed. This can be simulated
as a steady state problem with dc excitation, For normetabolized substances
(all GX;=0 ), all compartments are charged to the voltage E. If the substance

is metabolized, then some GX; are nonzero, and the answer is given by the
solution of

GV=E (4)
Here we take advantage of the special form of the matrix, as discussed above,

Solution of the problem in the time domain can be obtained by numerical
integration., On a small compyter, this takes a long time. If the network is
linear, the Laplace transform offers faster and more detailed answers.
Rearrange (2) into the form

(s 1- AV =Cls/s + ¥, (5)
where 1 is a unit matrix and
A= -cCc1g (6)

A complete solution is obtained by inverting the matrix (s1-A). This can be
done by using the Leverrier-Faddeeva algorithm [(3]. It provides the inverse
in the form

(s1-)7 = 2 -l n (7)

where a; are constants and Bj are constant matrices of sizes n x n.

The steps of the algorithm are:
1. Define By = 1 = unit matrix of size n x n. Set i=1.
2. Obtain the matrix product D = A* By
3. Calculate the trace of D, tr D = sun of the entries on the
main diagonal.
4, Calculate aj= (1/1)*(tr D).
5. Calculate By 4 = aj*1 + D
6. If iz=n, stop. Else set i=zi+1 and go to 2.

The roots of the denominator represent the poles (equilibration rate
constants) of the system, and can be found by the Newton-Raphson iteration.
Since we are dealing with an RC network, 211 roots must be real. A small
program with deflation of the polynamial was written to find all the roots.
Subsequently, the roots were refined on the origiral polynamial. The residues
are obtained by considering the By matrices. It is advisable to keep the
influence of the voltage source and of the 1initial conditions separate and
fird the inverse Laplace transform. As a result, we obtain explicit
exponential functions with known multiplicative constants, and arbitrary step
sizes can be taken while getting accurate results,
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In the program written for this purpose, the integrals of the currents are

: evaluated sirmultaneously. They simulate the amount of the inhaled substance
L present in the compartments at any moment., An example of application of a
simulation model is the determination of body burden of noxious substances in

irdustrial enviromment: exposure to noxicus vapors 8 hours a day, 5 days a

weex, followed by the weekend break. To determine the levels of the substance

in such chronic exposure, the integrals of currents over several weeks are

3 calculated, Because of the explicit nature of the functions obtained by the

P atcve procedure, 8-hour-long time steps were taken.

;}ig Nonlinear protlems were also studied, and a simple integration routine with

.{ﬂj Fuler backward formula was prepared to solve the problem with up to 7

comzartments, This 1is sufficient for most studies, since too many

R compartrents present problems when determining the constants of their

,g%: elements. .

‘:‘ \ .

o IV. Conclusion.

i It was shown that uptake, distribution, and elimination of gases or vapors

1@5 ty the hruman body can be simulated by a network composed of capacitances and

:ﬁij cenductances, A program was prepared for the solution on an Apple II

:{q computer, The steps assuned that standard subroutine packages cannot be

;Eq trarsferred to this small computer.

-_'\
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Appendix 2
Tithe: SIMNATION MODEL POR CONCENTRATION DEPENDENT METAROLIC CLEARANCE OF HALOTWANE
Author: V. Fiscrova-Bergerova, Ph.D.

Aftiliacton:
Miamf, Florida 33101

Introduction. The purpose of this study is to
prepare a pharmacokinetic model describing halothane
cleavance via three excretable metabdolites (eri-
fluoroacetic acid, TFAA; 1,.1,1-trifluore-2-chioro-~
ethane, TFE; and 1,1-difluoro=2~chloroethylene, DFE)
during and following halothane anesthesis. To obtain
the &y and V,,, constants describing the capacity-
limited metabolic resctions, distridution of halo-
thane, TFAA, TPE and DFE was determined in tissues
of rats exposed to subanesthetic comcentrations of
helothane.

Methods. )0 female Sprague-Dsvley rats, 200 g
wiere expused for 3 houss to h subsnesthetic concen-
teations of halothane (ranging from 0.0072 to 0.322)
At the end of the exposures the rats were decapi
tated and the liver, kidney, brain, muscle and lung
weee analyzed for halothane, TFE and DFE by a head-
space-Li and fof increased nonvolstile fluorine
(TFAA) by a specific fluoride fon electrode. Meta-
hnolic rates were determined by taking into account
mctabulite concentrations in tissues, tissue vol-
unes, and clearance of each metabolite. Calculation
uf pulwonary clearances of TFE and DFE was based on
the gas exchange principle.’ The constants K, and
v wete found by optimum fit of experimental data
to a S-compartment physiological model (using para-
meters for nonanesthetized rats)’ ia which metavolic
clearance was described by the equation:

Cae o mangrran) | Ymancrre) |, Yman(ore)
de Fa(TPa)*  Kmerre)®™® Smcore) ™

whete ¢ 1 actual halothane concentration in liver.
Solution of the model was found on an Apple Il Plus
computer. Phystological patamcters for a standard
anisthet ized man were used to simulate cliniral
anesthesia. The power equation was used to scale up
‘.'Ml'n for man' (Vg = a - B,

nemults, TFAA was present in all tissves in
almst the same coacentrations, TFE and DFE were
measurable only in livers. Tlssue concentrations of
all metabolites rose less than exposure concentra-

- hdand he

Department of Anesthesiology, University of Mfami School of Medicine,

tions. The agreement between simulation (Jines) and
asasured amounts of netabolites formed during 3-
hour exposures (dots) {s shown {n the figure (in-
cluding K_'s and Vg,,'s). When the sisulation vas re-
peated with tissue pesfusion end slveolar veantilacion
being increased or decreased 252 (rom normel, the
calculated smounts of sll metabelites also increased
or decyea~ed. The changes vere more profound at smajl
enposure concentrations. (At an exposure of 0.007%,
halothane concentrations da liver and production of
volatile metabolites changed about ¢t 4O, and TFAA
production changed by ¢ 132, The flow effect was
negligible at anesthetic concentrations).

Discussion. Distributica of halothane metaho-
lites shows that TFE and DFE are formed only in liver
and ave removed from circulation by efficient pul-
monary clearance before reaching other tissues. TFAA,
being excreted only by inefficient renal clearance,
accumulates in all tissues, All metabolic pathways
of halothane are capacity-limited. A small K, and
Vmax [of TFAA indicates that halothane is most sus-
ceptible to the oxidative metabolic pathway, which
approaches saturstion at s relatively small exposure
concentration (0.06%). A large K, for both volatile
oetabolites indicates small susceptibility to re-
ductive metabolism (which does not approach satur-~
ation gven at anesthetic concentrations). At small
exposure concentrations, when all wetadolic react-
ions are first order, halothsne metabolism is flow~
limited and wetabolic pathways compete for the halo-
thane available at metabolic sites. Since differ-
ences §n K, and Vg, among metabolites are large, the
fractions of uptake, degradated to each metabolite,
vary vith halothane concentrations. TFAA is the major
metabolite at small concentrations. Formation of more
toxic TPE and DIE advances at high concentratfons.
Simulation of 3-hour clinical anesthesia with 12
halothane shows that only a small fraction of uptake
(1.3%) is metabolized to TFAA during anesthesia, and
most of TFAA is formed following anesthesia (1621).
Toxic metabolites of the reductive pathway are mainlv
formed during anesthesis (4.2% of TFE and 12 of DFE)
and shortly sfter anesthesta (4.2 of TFE and 0.7% of
DFE). Total smounts of metabolites (during + follow-
ing anesthesla) agree with findings in a clinjca!
study:? 17.1% of TFAA, 1.22 of DFE (assuming that all
released fluoride in equivalent to DFE). 8.4 of TFE,
determined by simulation, 1s comparable to 102 of
uptake unaccounted for in the clinical study. The
fractfon of halothane exhaled unchenged (73%) is
close to the fraction obtained by simulation (727).

This study was supported by AFOSK 76297y and
NIH grant ES 01029-06.
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Appendix 3

Title: ISUFLUKANE AS AN INRIBITOR OF HALOTMANE METABOLISM

Author: V. Fiserova-Bergerova, Ph.D.

Affiliatton:

Introduction. Since &t is believed that fso-
flurane i3 metabolized tu & very smsll entent (sbowt
0,2 of the smount getained during clinicel amenthe~
s14) because of the great stadility of the isoflue~
ane molecule, fnterfecence of foof lurane vith mste-
bolise of other xenvbiutics wes @ot empected.' Yet
modification of bilological elfect of scme éruge by
coexposure to fsof lurane was repested. '’  Ia this
study, we used coexpusures to subangsthetic concen-
trations of fuoflurane and Malethame to demonstrate
inhibttury effect of isoflurane em metabolic path-
wavs of anuther drug.

Mothods., )0 female Sprague-Dawley rats (180-
221) g) wete enpn~ed 1er ) hours to 8 atxture of
Isotlurane and halothane in ale. Nalothane comcen-
trattons were alwavs malntained at 0.062%. Concenm-
trations of (~ofiurane ranged dbetween 0.0132 and
.30, Phve additional rats vere exposed ealy to
haluthane. At the end of the exposure the rate wete
decapitated and the liver, brain, suscle and kidney
were analyzed for isotlursne and for “alothane and
its volatile metabolttes 1,1,)-tetfleoto-2-chloro-
ethane (TFE) and 1,b-diflucro-2-chloroethylene (LFE)
by 8 head-space-GC. Incredved nonvoletile fluorine
(TFAA) wvas determined by a specific flvoride toa
electende. As a control, similar studies were per-
formed with exposures to isoflurene omly and with
exposufes tuo mixtutes of halothane (0.0621) and
attruus oxlde (rancing between 2T snd 302). In il
studies, onygen was maintalned at 213,

Hesults., tLoncentrations of halothene and helo-
thane metabotlites in liver of enposed rats afe showm
in the flgure. TFE and DFE were mot messufable in
other tissues, As 3 fesult of coesposure to isoflur-
ane, the TFAA concentratton in liver profoundly de-
creased and the TFF and DFE concentrstions slightly
increased compared to concentrstions in livers of
ratx exposed only to halothane, Ralothane concen-
teations in 1iver wvere unaffected by the coemposure.
TFFE, DFE, and TFAA were not measuradle in tissves of
rat> vxposed to tsuflurane only. Nitrous ozide had
no effect on concentrations of halothane setabolites

biscussion. Significently reduced concentra-
tions of TFAA in tissues of rats exposed (o eix-
tures of Inoflurane and halethane indicete inter-
ference of fsoflutane with halothane metaboliam,
the cause of the Interference could be either fso-
flurane reducing the hioavatlabtitty of halothene et
the metabolic sttes, or §soflurane (nhibiting the
metabodizing enzym system. The biocaveiladility ie
unalteited by Incflurane, since halothene comcen<
tratlons in tis~ues of antmals exposed to halothane
mly, and in tls~aes of animals eapased to mixtures
of ansthetics, «fe Lt same, We concluded, there-
forv, tndt {scflurane dnhilbite the activity of the
ab tusomal mixed fanction oxldase system which
s atalyze s xidative 1otabolise of halotheme. The in-
hivitlon 18 oncentrat fon: dependent. (At sudbsnes-
thetde concenteati.n used tn this study, TFAA com-
centration was fedaced by YL when fats wefe en-

Department of Anesthesiology, University of Niami
School of Medicine, Miami, Tloride 3)101

posed to an spproximately equimolar mixture { helo-
thane and isoflurame), It remsine to be seen whether
the inhiditory effect 1s & competitive short lasting
eptoode without clinicel signiftcance, or whether
the inhibitory effect ts persistent ond caused by
deactivation of the mjcroscmsal ensyme sveiea.

This estudy was supperted by AFOSR 762970 and
RIN groms ES 01029-04,
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T Appendix 4

“{; EFFECTS OF EXPOSURE CONCENTRATIONS ON DISTRIBUTICN
OF HALOTHANE METABOLITES IN THE 80DY®

- V. Fiserova-Bergerova and R.W. Kawiecki

g

Department of Anesthesiology,
University of Miami School of Medicine
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ABSTRACT

The effect of exposure concentration on halothane metabolism
was studied in rats exposed to subanesthetic concentrations of
halothane in air. Concentrations of halothane, total non-
volatile fluorine, and volatile metabolites (CF3CH2C1 and
CF2=CHC1) were determined in liver, kidneys, muscles, and brains
excised at the end of a3 3-hr exposure. It was observed that
concentrations of all halothane metabolites in tissues rose less
than exposure concentrations, that nonvolatile fluorine was pre-
sent in all tissues in approximately the same concentrations, and
that concentrations of volatile metabolites in liver were much
higher than in any other tissues. A simulation model was used
to support the following conclusions: 1) Metabolism of halothane
by all metabolic pathways is flow-limited at small exposure con-
centrations and is capacity-limited at high exposure concentra-
tions. 2) Volatile metabolites formed in livers are efficiently
removed from circulation by pulmonary clearance, but trifluoro-
acetic acid is accumulated in the body. 3) Halothane is most
susceptible to biodegradation to trifluoroacetic acid, but this
pathway is saturated at very small exposure concentrations. Sus-
ceptibility to biodegradation of volatile metabolites is small,
but the pathways are not saturated even at anesthetic concen-
trations. 4) The contribution of each of the three metabolites
to total metabolic clearance depends on exposure concentrations.
Trifluoroacetic acid was the major metabolite during exposure to

small halothane concentrations; formation of more toxic, volatile
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metabolites increased during exposure to high concentrations.

Postmortem formation of metabolites was studied in order to

prevent its interference with tissue analysis. The method for

determination of volatile metabolites is described.
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EE Metabolism of halothane (CF3CHC1Br) is mediated by microsomal
R mixed-function oxidase. After debromination, halothane is either
;: oxidized to trifluoroacetic acid, TFAA, (1) or undergoes biodegra-
én dation by the reductive pathway, the products of which are two gases
X 1,1,1-trifluoro-2-chloroethane, TFE, (2) and 1,1-difluoro-2-chloro-
;? ethylene, DFE, (2), fluoride (3), and the fluorine-containing

;gﬁ moiety of halothane that is covalently bound to proteins and lipo-
:ﬁ proteins (4-5). Both the reductive and oxidative pathways are

ES enhanced by phenobarbital pretreatment (6). The reductive path-
éﬁ way is further enhanced by hypoxic conditions (6-7), or by the

f’ presence of other xenobiotics that suppress the oxidative path-
ﬁ;j way of halothane (8). Formation of volatile metabolites appears
E; to be related to impairment of the liver, which is the major site
TT of halothane metabolism (9-10). Sawyer et al. (11) demonstrated
;i that hepatic clearance of halothane is concentration-dependent,

gg and concluded that halothane metabolism is a saturable process.

= Capacity-limited metabolism of halothane is corroborated by the

&i concentration-dependent bromide rise in plasma (12) and by concen-
5; tration-dependent pulmonary retention of halothane (13). MNone of
‘ij these studies (11-13) provide information on the effect of exposure
ﬁ; concentration on the activities of individual metabolic pathways.
;E The following study was undertaken to determine the effect of
:; exposure concentrations on systemic clearance of halothane by

3;
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two major metabolic pathways. Concentration increase of non-

volatile fluorine in the liver of exposed rats was chosen as an
indicator of the efficacy of the oxidative pathway. Concentra-
tions of volatile metabolites (DFE and TFE) were chosen as in-
dicators of the efficacy of the reductive pathway. The study was
performed at relatively small exposure concentrations in order to
avoid changes in pulmonary and cardiovascular functions induced
by analgesic and anesthetic concentrations of halothane (14-15),
In addition, the postmortem formation of volatile metabolites in
liver was studied in order to correct for interference by such

metabolism with the analysis.
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{; Methods

j%f Chemicals. Halothane was obtained from Ayerst Lab, New York,
i N.Y. DFE and TFE were obtained from PCR Research Chemicals,
ﬁi Gainesville, Fla.

a

N

Animals. Sprague-Dawley female rats (about 200 g) were maintained

on a Purina Lab Chow diet and drinking water ad 1ib. Rats re-

[

5
i Salal

ferred to as pretreated were injected with sodium phenobarbital

> )
e'elele

o
‘r: five times, 12 hr apart, the last injection taking place 12 hr
5% prior to the halothane exposure (ip injections, 15 mg/kg). Prior
2% to exposure, all rats were housed together. A1l exposures took
S place in the morning hours. Control rats and exposed rats were
{% killed at the same time.
iE; The Exposure Chamber. The rats were exposed in a 20-liter glove
o box through which passed the gas mixture at a rate of 2 liters/
ég min. Compressed air of breathing quality was used as a carrier
g? gas. The desired exposure ccncentrations were achieved by in-
\;_ jecting liquid halothane at the predetermined rate in the inflow
:ﬁi port of the chamber. A Harvard infusion pump was used for the
SE injections. The temperature of the injection port was maintained
o between 35 and 40°C. To achieve the desired concentration
o rapidly, the flow of the air into the chamber during the first
o

10 min was 5 11ters/min,with the infusion rate of the anesthetic
being increased accordingly. The gas mixture in the exposure

chamber was sampled frequently; samples were drawn in 20-ml glass
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syringes from two places near the respiratory zone of the
animals. Two rats were usually exposed at the same time. At
the end of the 3 hr exposure, the rats were decapitated inside
the exposure chamber, and selected tissues were rapidly excised

and analyzed.

Gas Analysis. Halothane in the exposure chamber was determined

by injecting 50 11 of gas samples by use of a Hamilton gas-tight
syringe on the gas-chromatographic column. An F & M model 402
gas chromatograph equipped with a flame-ionization detector and
a 1.8-m-long glass column packed with 10% Carbowax 20M on
Chromosorb W,AW (80-100 mesh) was used. The column temperature

was 65°C.

Tissue Analysis. Total Nonvolatile Fluorine in tissues was de-

termined after combustion of tissue homogenate by use of a spe-
cific fluoride ion electrode. Tissue samples were frozen
immediately after excision and stored in a freezer until analyzed.
In order to determine the total amount of fluorinated metabolites of

halothane, the fluorine concentration determined in the tissue of a

nonexposed control rat was subtracted from the fluorine concen-
tration in the tissue of an exposed rat., Inasmuch as TFAA

accounts for most of the nonvolatile fluorine formed during halo-
thane exposure, fluorine concentrations in the tissues are expressed
in umol of TFAA per kq of wet tissue. Normal levels of fluorine

in tissues fequivalent to about 30 to 60 umol of TFAA per kg) were
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the lTeast amount determinable by this method, the error being

~
T ow.

Volatile Metabolites in tissues. Determination of volatile sub-

stances was done by gas-chromatographic analysis of the headspace
of the tissue homogenate. A detailed description of the method

follows, because post-mortem metabolism was found to interfere

with analysis.

Equipment. (a) Incubation tubes 14 m1 (Kimax or Pyrex),

stoppered with bakelite caps were used. The volume of each tube was

carefully measured by water displacement. A small hole (about
2.0 mm in diameter) was drilled in each cap for withdrawal of the
gas sample. To seal the tissue sample in the tube, the cap was
lined with silicone rubber septa and Saran wrap. To draw the gas
sample, a needle attached to a gas-tight Hamilton syringe was
inserted in the tube via the septum. (b) Multifaced stainless
steel cutters, developed in our laboratory, had the form of two
truncated cones (1 and 2 mm high, respectively) with a common
base (2 mm in diameter). The sharp edge around the common base
was the cutting edge. (c) A Hewlett-Packard gqgas chromatograph,
model 7610, equipped with a flame-ionization detectar and a 1.%-m
glass column packed with n-octane on Porasil C (100-120 mesh) and

heated to 130°C, was used,
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Standards. To prepare a standard for volatile metabolites, an
exact volume of pure gas was drawn into the glass syringe from
the original container and transferred to an evacuated glass
bottle (approximately 19 liters in volume) equipped with a stop-
cock. Upon opening the stopcock, the content of the syringe was
emptiedinto the stream of air sucked into the evacuated bottle.
The pressure in the flask was allowed to equilibrate with atmos-
pheric pressure. The concentration in the flask, C (umol/liter),
was calculated from the volume of gas in the syringe, v, (ul)
corrected for actual atmospheric pressure, p, and temperature, t,
and exact volume of the flask, V, {liters) (determined by water

displacement )

v 1
C =5
= v MVB'E (1)
where MVE t is the molar volume at actual atmospheric pressure and

temperature. The standards for halothane were similarly prepared
by injecting a carefully measured volume of liquid halothane, v
(pl) in a stream of air sucked into the evacuated flask of known
volume, V, (liters):

1000d

MW (2)

I<| 1<

E =

where d is the specific density of liquid halothane and MW is

molecular weight.

The standard mixtures were prepared in concentrations comparable
to concentrations in the head-space of the samples. The linearity

between peak height and concentration was frequently checked by

10




injecting 50, 100,and 150 pl of the standard on the gas-chromato-

graphic column.

Procedure. Two cutters were placed in an incubation tube, which
was then filled with carbon monoxide, capped, and weighed, gl.
Approximately 0.5 g of tissue excised from the rat immediately
after decapitation was placed in the tube, which was then immedi-
ately capped. About 2 cm of an 8 cm-long flexible hose was slipped
over the top of the tube. The other end of the hose was attached
by a clamp to a stand, so that the tube stood vertically on the
Vortex mixer., About 5 cm of hose made a flexible connection
between the clamp and the tube. This allowed for vigorous vibra-
tion of the tube when the Vortex mixer was started. Unless stated
otherwise, grinding started within 3 min after decapitation.
During 45 min of vibration, the cutters grou-d4 the tissues, and
the partial pressures between tissue and gas in the head-space
were equilibrated. Tubes with samples were weighed again after

grinding, W,

Usually, 100 pl of the gas from the head-space was injected on
the gas-chromatographic column, and the peak height was used to
calculate the concentration of the studied gas in the head-space,
€. The concentration in the tissue was calculated:

v

Lris = Wo-H,y this/gas (2

D
~—

where V is the volume of the head space and XA is the appropriate

tissue-gas partition coefficient (table 1). The concentrations

11
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are expressed in umol/kg of wet tissue. To determine the sensi-

( ' tivity and accuracy of the method, 50 ul of gas standard (5-200
Eé umol/liter) were injected into a Tump of tissue obtained from an
E; unexposed rat, The gas mixture was introduced in tissues placed
- in capped incubation tubes by a needle. The needle was removed

;ﬁ immediately after the injection so that the system was sealed by
k? the rubber septa. Measurable gas-chromatographic peaks were

b_ obtained if concentrations were greater than 0.3 umol of DFE or

'?S 1 umol of TFE per kg of tissue. 94 to 100% of added DFE and TFE
'E; was recovered. The analysis of each tissue of exposed rats was

_;l done in duplicate or triplicate. The differences rarely exceeded
:é? 5% of the mean if grinding started within 5 min after decapitation.
?i An example of a gas chromatogram is in fig. 1.

‘:. It is important that livers of rats exposed to halothane are
i?ﬁ homogenized in carbon monoxide immediately after decapitation,since
EE there is significant increase of DFE and TFE concentrations in in-
‘;l tact livers stored in air (Fig. 2). Postmortem metabolism is very
f? slow if livers are stored in carbon monoxide,and is completely

;Z suppressed by grinding (the concentrations in the hcadspace of

e tissue homogenates remained unchanged for three hours).

éi

-

- Tissue-Gas Partition Coefficients. Tissue-gas partition coeffici-
i’ ents of both volatile metabolites were determined in tissue homo-
ﬂf genates obtained by grinding tissue from unexposed rats in a Duall
%5 Kontes homogenizer. One-half gram of tissue homogenized in 1 ml
@
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N
:f of saline was placed in a gas-tight, 10-ml gas syringe containing
t: 2 ml of carbon monoxide. The syringe was closed with a stopcock.
};: After 10 min, 2 ml of an equimolar mixture of DFE and TFE (con-
5? centrations between 10 and 100 umol/liter) were added and the
H; sample was rotated for 60 min on a multipurpose rotator to equili-
-
,Sif brate the partial pressures. The gas volume was measured, and
E;; the concentrations of DFE and TFE in the gas mixture were deter-
i mined by gas chromatography. The gas above the sample was quan-
AGN
;é; titatively discarded and replaced by 2 ml of uncontaminated air.
Sg; Another glass syringe was attached to the other end of the stop-
T; cock, and both syringes were immersed in a water bath heated to
:: 65 C. The system of two syringes allowed for volume expansion,
% After 1 hr, all gas was pushed into the syringe containing no
L tissue, the gas volume was measured, and the gas was analyzed for
.éﬁ DFE and TFE. Since only negligible amounts of the gaseous sub- ;
i%{ stances remained in the tissue at 65 C, the tissue concentrations
;ﬂ. were calculated by dividing the amounts of DFE and TFE released |
E;E from heated samples by the weight of the tissue. Total re- 3
Egi covery of added amounts of DFE and TFE was between 95 and 105%. ;
it Calculation of partition coefficients included correction for
{§§ partition in saline. The partition coefficients are in table 1. ’
. |
!é Simulation of the Lxperimental Exposures. Uptake, distribution,
:iz and elimination of halothane in a 200-g rat exposed to different
Ea‘ halothane concentrations was simulated by a five-compartmental
,? physiological model (Fig. 3) (1€-12). The constants defining the
.g: compartments in the model are derived from physiological para-
o 13
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meters (tissue volumes (19), perfusion and alveolar ventilation

of rats (20)),and solubility of halothane in tissue (solubility

is defined by the appropriate tissue-gas partition coefficient at
37°C (21) ). The metabolic pathways are described by three non-
Tinear functions attached to the liver compartment. Each function
is defined by two constants: KM's (denote halothane concentrations

in liver compartment, umol/kg), and Vmax s (pmol/min). The rate

by which halothane is removed from the liver is described by the

function f(c):

) '

_|Vmax(Tran) | Vmax(ore) , Ymax(TFE) (3)
=K +C K tC K +c
m(TFAR) TS Fmeore)tS fm(rre)*eS

flc)

where ¢ denotes actual halothane concentration in liver (umol/kg).
The solution of the model was programmed in Basic for the Apple I1I
Plus computer (17-18).

The constants KM's and Vmax's were found by fitting simulation
curves to experimental data. To do this the amounts of metabolites
formed during a 3 hr exposure to different concentrations of halo-
thane were calculated, taking into account body burden as well
as clearance of the metabolites. The body burden of each metabo-

Tite, A was calculated as the sum of the products of metabo-

B’

lite concentrations in tissues and tissue weights as indicated in
table 3.

A, = Z Ccos v v (4)

The estimate of the amounts of DFE and TFE exhaled during the

exposure was based on the mass balance across the lung:

14
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inflow = outflow
L £hep ¥ (Q ) f) Cart © Q gart * Ma1v£a1v (5)

where F is hepatic flow (=2.5 liters/3 hr), Q is cardiac output,

Vyi1y ¥s alveolar ventilation (10 liters/3 hr), c

hep’ Eart, and

Cajy @re metabolite concentrations in hepatic venous blood, in

arterial blood, and in alveolar air, respectively. If instantan-

eous partial pressure equilibration is assumed, Cart = £a1vxb1/gas

and ¢ = Eliv/xliv/h1 ,where A denotes the appropriate partition

—hep
coefficients from table 1. To calculate the amount exhaled, eq-

uation 5 was rearranged as:
y F !a1v
Aexh - !a1v£a1v =(Q + F A ) A S1iv (6)
— "bl/gas Tiv/bl

—-alv

This indirect method for estimate of exhaled amounts of metabolites

was used, since our attempts to obtain arterial blood or exhaled

air from unanesthetized rats during exposure were unsuccessful.

15
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;&? Results

&1_ Distribution of Halothane Metabolites in Tissues. This was studied
;ﬁi in liver, lung, kidney, and brain of 10 rats exposed for 3-hr to
iﬁi 0.3% (v/v) of halothane in air (equivalent to 127 umol/liter).

};t Five of these rats were pretreated with phenobarbital. The re-
(Eg sults are in table 2. Halothane concentrations in all tissues were
?ﬁ smaller than they would be if the partial pressures of halothane in
3x: the tissues were equilibrated with exposure concentrations. Halo-
gﬁi thane concentrations in tissues of pretreated and nonpretreated
Eﬁ; rats were not significantly different. TFAA was also found in all
:%: tissues, but concentrations of TFAA in tissues of pretreated rats
gz; were about double those in tissues of nonpretreated rats. Concen-
:%; trations of volatile metabolites in liver and kidney were signifi-
i”' cantly smaller than those of TFAA or of halothane. Concentrations
Eﬁ of volatile metabolites in other tissues were below the sensitiv-
:;E ity of our method. Phenobarbital pretreatment increased the con-
:L. centrations of DFE in liver threefold. The increase of the con-
?5 centrations of TFE is less than twofold and is statistically in-
i;' significant. The identity of volatile metabolites was confirmed
o in selected samples by gas chromatography-mass spectrometry1

_:S 1The analyses were kindly performed by Dr. Carl D. Pfaffenberger,
igi professor of chemical epidemiology at the University of Miami,

%ﬁ using a Finigan model 4000 gas chromatography-mass spectrometer.
.:f The component fragments were identified by their mass-to-charge
i;: ratios, as recorded by a light-beam oscilloscope.

N 16
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Effect of Exposure Concentration on Halothane Metabolism. Forty

rats were pooled in six groups, five rats in each group. The re-
maining ten rats served as controls, Each group was exposed for

3hr toone of the following concentrations of halothane: 0.007,
0.009, 0.029, 0.067, 0.16, 0.32% (v/v). These exposure concentrations
are indicated as umol/liter in table 3. Rats were decapitated

and liyers were analyzed for halothane and all metabolites. Samples
of skeletal muscle, kidney, brain, and lung were analyzed for TFAA.
Concentrations of halothane and metabolites in liver rose with
exposure concentrations (fig. 4). Halothane concentrations in

liver rose faster than exposure concentration, but concentrations

of metabolites rose less than exposure concentration. Distribu-

tion of TFAA in other tissues is shown in table 3.

17
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Discussion
Because of the great concern of the effects of clinical halothane

anesthesia, the biological effect and metabolism of halothane have
been extensively studied in anesthetized subjects. Despite the fact
that chronic exposure to subanesthetic concentrations of halothane
is considered an occupational risk, there is no information on
metabolism of halothane inhaled at subanesthetic concentrations.
Also, information on distribution of halothane metabolites in the
body is missing. This study, in which a wide range of exposure
concentrations was used, shows 1)} that the three excretable meta-
bolites of halothane are always formed, but that the efficacies
of metabolic pathways are concentration dependent; 2) that the dis-
tribution of halothane metabolites in tissues of rats exposed to
subanesthetic concentrations of halothane follows two patterns.
The difference in distribution between TFAA and volatile metabo-
lites can be explained by the differences in the efficacy of
systemic clearance: TFAA is excreted only by inefficient renal
clearance, and therefore accumulates in all tissues; volatile
metabolites, formed only in the liver, are removed from circu-
lation by efficient pulmonary clearance before reaching other
tissues. Rapid leveling of metabolites in exhaled air of sub-
jects anesthetized with halothane (2,7) suggests that, within 30
min of exposure, a steady state is approached in which each
volatile metabolite is formed and exhaled at the same rate.

Concentrations of halothane and halothane metabolites in liver

at the end of 3-hr exposures indicated a nonlinear dependence of

halothane metabolism on exposure concentrations. The
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calculated amounts of metabolites formed during 3 hr exposures,
and halothane concentrations in liver measured at the end of the
exposures, did not fit a Lineweaver-Burk plot. The deviation
from Michaelis-Menten kinetics can be explained by flow restric-
tions induced by alveolar ventilation, tissue perfusion,and sol-
ubility which results in the competition of metabolic pathways
for halothane available at the metabolic site. To test this
hypothesis, we simulated our experiments by a pharmacokinetic
model described in fig. 3. A good agreement between simulation
and experimental data is shown in fig. 5. The simulations were
repeated for flows (that is, alveolar ventilation and tissue
perfusion) increased by 25% above normal and for flows decreased
by 2575 below normal (fig. 6). These simulations confirm that
metabolite production increased with flow and decreased if venti-
ltation and perfusion were reduced. The flow effect is greater
at small concentrations (below 0.4%), when metabolism is of first
order, than at high exposure concentrations, when metabolism is
capacity-limited and excessive amounts of halothane are supplied
to metabolic sites.

The simulation also shows that,as a result of flow limitation

and large differences in values of K, and V amonqg particular

ma x
metabolites, the relative amounts of metabolites formed during the
exposure is dependent on exposure concentration (fiq. 7). Anain,
the ratios of metabolites largely change at small exposure concen-
trations, when metabolism is flow-limited, and become constant if

anesthetic concentratioris are used,

19
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The precise mechanism of halothane reduction by cytochrom P-450
is not clear, but a single free radical intermediate was proposed
(22). To explain the dependence of metabolite ratios on exposure
concentration, the constants KM and vmax used in the model can not
be understood as simple kinetic constants describing enzymatic
reactions in pristine system of purified enzyme. The constants
K,, and Vmax used in the model are hybrid constants of a capacity-

M
lTimited system which embrace interactions acting in living organ-

isms (23). They are used in a sense of constants describing a
mathematical entity rather than kinetic constant of an
& enzymatic reaction. Since ratios of halothane metabolites depend
iﬁ on halothane concentrations in liver, there are two plausible pos-
;E tulates: 1) formation of the radical is the rate limiting step
and the metabolic pathways enabling oxidation or reduction of the
intermediate to stable metabolites compete for the available inter-
mediate, or 2) some stable metabolite is further metabolized.
' Metabolism of DFE was suggested (6). If DFE metabolism is rate-
:;i limited, then shifting of TFE/DFE ratio with exposure concentra-
Eé? tion as shown in figure 5 is understandable. Further studies of

fa,
»

the mechanism of halothane metabolism are required to clarify the
concentration dependence of metabolic clearances.

While testing the reproducibility of our method, we obhserved
that concentrations of volatile metabolites in liver increase,
and halothane concentrations decrease, with the delay of analysis
(fig. 2). We attributed these changes to postmortem metabolism of
halothane in intact liver. The extent of pocstrortem metaboliar

varied from rat to rat. In some livers it was measurable for
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only 3 hr, in other livers for more than 24 hr. We did not

observe any postmortem changes in concentrations of TFAA. However,
the possibility exists that small changes take place which do not
significantly interfere with determination.

Maiorino et al. (24) published a similar method for determination
of volatile metabolites in blood and tissue homogenates. Their
method, and the method described above, are based on the same prin-
ciple. We see three improvements in our method: 1) precautions

are taken to avoid postmortem metabolism; 2) correction for parti-
tioning of DFE and TFE between biological samples and gas in the
headspace is made (this is especially important when fatty tissues

are analyzed); 3) specially designed cutters enable tissue analysis
in a closed system so that the recovery of DFE and TFE is quanti-

tative.
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TABLE 1

. 0
Tissue-gas partition coefficients of halothane metabolites (227C)

‘:_-" CF,=CHC1 CF3CH2C1

Tissue {

Lad -

N X +SD N X + SD

I+

0.25 4 1.52

I+

N Blood | 4 0.87 0.32

i Liver | 5 1.14 + 0.23 8 2.31  0.37

i+
-+

Kidney 7 0.97

I+

0.40 7 2.07

I+

0.77

Lung 4 1.04 + 0.39 8 2.20

I+
I+

0.49

Brain 6 1.07 £ 0.31 8 1.79 £ 0.45

I+
I+

Fat 5 19.80 + 3.64 5 34.20 + 6.53

i+
I+

0.03 12 1.21

i+
I+

-
;*:‘q Saline | 10 0.54 0.04
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TABLE 2

Distribution of halothane metabolites in tissues of rats exposed for 3 hours

to 127 umol of halothane per liter

Concentrations of halothane and its metabolites in tissues of control rats

and rats pretreated with phenobarbital are expressed in ymol/kg of wet tissue

Data represent means * SD; N = 5
Concentrations in tissues umol/kg
Tissues
CF,=CHC CF4CH,CI CF4COO0H Halothane
Nonpretreated rats
Liver 6.7 +2.9 49 + 22 456 + 113 | 587 + 98
Kidney 0.35 + 0.11 1.8 + 0.9 282 + 43 314 + 60
Lung <0.3 <1.0 233 + 22 373 + 120
Brain <0.3 <1.0 152 + 44 450 + 72
Pretreated rats
Liver 18.7 + 7.9% | 68.3 + 32 995 + 306 | 511 + 155
Kidney 0.33 + 0.15 1.4 + 0.7 492 + 1567 | 335 + 110
Lung <0.3 <1.0 469 + 156% | 252 + 100
Bra n <0.3 <1.0 254 + 57 3 | 375 + 60

A significant nonpretreated-pretreated difference p < 0.05,

28
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TABLE 3

Distribution of trifluoroacetic acid in tissues of rats exposed for 3 hours

to subanesthetic concentrations of halothane

Data represent means * SD; N=5
Exposure Concentration in umol/liter
Organ
Tissue a |
Weight 2.9 3.7 11.7 27.3 67.3 133
kg Trifluorcacetic acid conc. in wet tissues umol/kg
. 149+ 94+ 130+ 108+ 142+ 120+
Brain 0.0014 49 18 27 21 27 31
. 190+ 140+ 210+ 201+ 226+ 250t
__ Kidney 0.0016 26 10 30 38 32 34
Liver 0.008 288+ 247+ | 357+ 400+ 384+ | 400
35 22 42 37 41 41
75¢% 135+ 177+ 1534 190+ 180+
Lung 0.0012 21 20 26 41 16 3]
72¢ 80+ 100 119+ 114+ 120+
Muscle | 0.144 17 21 27 31 25 36
4The organ weights for a 200g rat (19).
29
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Fig.

Fig.

Legend to figures

1 Example of determination of halothane and volatile

metabolites in tissues,

Tissue samples were excised from a rat anesthetized for

2 hr with halothane (1% in air = 410 umol/liter). The
arrows indicate injection of 50 ul of sample. The com-
pounds were eluted from the column in the following order:
DFE, TFE, halothane, The numbers at the peaks indicate
concentrations of umol/kg of wet tissue. The peaks of

DFE in lung, muscle, and brain were not measurable. The

numbers below gas chromatograms indicate attenuations.

Rate of postmortem metabolism of halothane in liver;

effect of carbon monoxide.

Samples were obtained from rats exposed for 3 hr to 0.3%
halothane. On the abscissa are time intervals between
death (t=0) and beginning of homogenization; on the ordi-
nate are concentrations of metabolites in umol/kg of wet
Tiver. 1, rats killed with carbon monoxide (at the end of
3-hr exposure, the exposure chamber was filled rapidly with
CO containing halothane in concentrations of 0.37. The
rats died within 5 min); 2 and 3, decapitated rats.

1 and 2, samples stored in CO: 3, samples stored in air,.

Data represents means * SD; n=4,

Lung compartment includes FRC, lung tissue and arterial

30




blood; vessel-rich compartment (VRG) includes brain, gas-

trointestinal tract, glands, heart. kidneys, and spleen.

MG compartment includes muscle and skin: FG compartment
includes adipose tissue and marrow. Volume of each com-
partment, V, is indicated in the left corner of each com-
partment (in ml1); halothane tissue-gas partition coeffici-
ents (37°C), A, are indicated in the right corner «f the
compartments. Perfusion rates, F, are indicated at the
right below the lines picturing the vasculature (in ml/min);
!a1v
clearances by biodegradation to TFE, DFE, and TFAA. The

is alveolar ventilation (ml/min). The arrows indicate

constants KM and Vm were obtained by optimum fit to ex-

a X

perimental data (KM=£]iv/A for 4 Vv ).

Tiv/gas ma x

Concentrations of halothane metabolites in liver of rats

exposed to subanesthetic concentrations of halothane.

Metabolite concentrations in liver at the end of 3 hr ex-
posures are on the ordinate. The bars represent means ¢
SE in umol/kg of wet liver ( N=5) at exposure concentra-

tions indicated on abscissa.

Amounts of halothane metabolites formed in 200-g rats

during 3 hr exposures to different halothane concentra-

tions; comparison of experimental data and data obtained

by simulation,.

The points represent estimated values of metabolites formed

during 3 hr exposures calculated as a sum of body burden

......
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Fig. 6 Effect of alveolar ventilation and tissue perfusion on

\
and amount exhaled, using equations 4 and 6. The lines .
were obtained by the simulation model. ¢, , represents ;
halothane concentrations in liver measured at the end of g
3 hr exposure (dots) and predicted by the model (line). i
p
)
A

halothane metabolism (simulation study).

3 hr exposures of 200-g rats to different halothane con-
centrations were simulated by the model in fig. 3. Simu-
lation was done for a rat with standard alveolar ventil-
ation and tissue perfusion (values indicated in fig. 3),
and for a rat for which alveolar ventilation and perfusion
were increased (upper curves) or decreased (lower curves)
by 25%. On the abscissa are exposure concentrations; on
the ordinate are the ratios of amounts of metabolites
formed during 3 hr exposure by a rat with modified para-
meters and by a standard rat. Halothane concentrations
in liver were compared in the same way. The ratios were
always larger than 1 if flows were increased, and always

smaller than 1 if flows were reduced.

Fig. 7 Effect of exposure concentration on ratio of metabolites

ﬁ
o5
formed during 3-hr exposures to halothane. i
The points are ratios of amounts of metabnlites formed )

during 3 hr exposures to concentrations indicated on the

abscissa. The lines were obtained by the simulation model.
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Index Terms

Halothane metabolites distribution in body
Trifluoroacetic acid distribution in body
Flow-1limited halothane metabolism

Capacity-limited halothane metabolism

2

P AL

Volatile metabolites of halothane:

L4

v
Gyt

CF3CH2C1 and CF2=CHC1
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Fig.1 Example of determination of halothane and volatile metabo-

lites in tissues.

Tissue samples were excised from a rat anesthetized for

-1‘-
A
.:P

-
-

2 hr with halothane (1% in air = 410 umol/liter). The

a’a
ot

arrows indicate injection of 50 pul of sample. The com-

P
o« e
.o l.

:{‘

pounds were eluted from the column in the following order:
DFE, TFE, halothane. The numbers at the peaks indicate
concentrations of umol/kg of wet tissue. The peaks of

DFE in lung, muscle, and brain were not measurable. The

numbers below gas chromatograms indicate attenuations,
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Fig. 2 Rate of postmortem metabolism of halothane in liver:

effect of carbon monoxide,.

Samples were obtained from rats exposed for 3 hr to 0.3
halothane. On the abscissa are time intervals between
death (t=0) and beginning of homogenization; on the ordi-
nate are concentrations of metabolites in umol/kg of wet
liver. 1, rats killed with carbon monoxide (at the end of
3-hr exposure, the exposure chamber was filled rapidly with

. CO containing halothane in concentrations of 0.3°. The

LA Aru
P
B

-t rats died within 5 min); 2 and 3, decapitated rats.

.
@

1 and 2, samples stored in CO; 3, samples stored in air.

Data represents means t SD: n=4.
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ARH
- Lung compartment includes FRC, lung tissue and arterial
S
L blood; vessel-rich compartment (VRG) includes brain, gas-
1
e trointestinal tract, glands, heart, kidneys, and spleen.
'y
Q}‘ .
NN MG compartment includes muscle and skin: FG compartment
rl
“, " o 3 -
o2 includes adipose tissue and marrow., Volume of each com-
:g partment, V, is indicated in the left corner of each com-
< partment (in m1); halothane tissue-gas partition coeffici-
AR
ii ents (37°C), A, are indicated in the right corner of the
¥i. compartments. Perfusion rates, F, are indicated at the
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Fig. 4 Concentrations of halothane metabolites in liver of rats

exposed to subanesthetic concentrations of halothane. !

Metabolite concentrations in liver at the end of 3 hr ex-
posures are on the ordinate. The bars represent means ¢
SE in umol/kg of wet liver (N=5) at exposure concentra-

tions indicated on abscissa.
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Fig. 5 Amounts of halothane metabolites formed in 200-g rats

during 3 hr exposures to different halothane concentra-

tions; comparison of experimental data and data obtained

by simulation.

The points represent estimated values of metabolites formed
during 3 hr exposures calculated as a sum of body burden
and amount exhaled, using equations 4 and 6. The lines
were obtained by the simulation model. Syiv represents

halothane concentrations in liver measured at the end of

3 hr exposure (dots) and predicted by the model (line).
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Fig. 6 Effect of alveolar ventilation and tissue perfusion on

halothane metabolism (simulation study).

3 hr exposures of 200-g rats to different halothane con-
centrations were simulated by the model in fig. 3. Simu-
lation was done for a rat with standard alveolar ventil-
ation and tissue perfusion (values indicated in fig. 3),

. and for a rat for which alveolar ventilation and perfusion
were increased (upper curves) or decreased (lower curves)
-f: by 25%. On the abscissa are exposure concentrations; on
. the ordinate are the ratios of amounts of metabolites

formed during 3 hr exposure by a rat with modified para-

5 meters and by a standard rat. Halothane concentrations
~

$ in liver were compared in the same way. The ratios were
>

always larger than 1 if flows were increased, and always
smaller than 1 if flows were reduced.
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formed during 3-hr exposures to halothane.

The points are ratios of amounts of metabolites formed
during 3 hr exposures to concentrations indicated on the

abscissa. The lines were obtained by the simulation model,
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Distribution of halothane metabolites in rats
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r ABSTRACT
a; The effect of exposure concentration on halothane metabolism
\43 was studied in rats exposed to subanesthetic concentrations of
k' halothane in air. Concentrations of halothane, total non-
EEE volatile fluorine, and volatile metabolites (CF3CH2C1 and
ig CF2=CHC]) were determined in liver, kidneys, muscles,and brains
o excised at the end of a 3-hr exposure. It was observed that
:ﬁ{ concentrations of all halothane metabolites in tissues rose less
E?; than exposure concentrations, that nonvolatile fluorine was pre-
.ff sent in all tissues in approximately the same concentrations, and
§é that concentrations of volatile metabolites in liver were much
Efs higher than in any other tissues., A simulation model was used
:“ to support the following conclusions: 1) Metabolism of halothane
Eg by all metabolic pathways is flow-1imited at small exposure con-
'Ei centrations and is capacity-limited at high exposure concentra-
;;: tions. 2) Volatile metabolites formed in livers are efficiently
Eéz removed from circulation by pulmonary clearance, but trifluoro-
3; acetic acid is accumulated in the body. 3) Halothane is most
\5 susceptible to biodegradation to trifluoroacetic acid, but this
?g pathway is saturated at very small exposure concentrations. Sus-
iﬁ ceptibility to biodegradation of volatile metabolites is small,
&;f but the pathways are not saturated even at anesthetic concen-
E;E trations. 4) The contribution of each of the three metabolites
i to total metabolic clearance depends on exposure concentrations.
L Trifluoroacetic acid was the major metabolite during exposure to
2

- small halothane concentrations; formation of more toxic, volatile




metabolites increased during exposure to high concentrations.

Postmortem formation of metabolites was studied in order to

prevent its interference with tissue analysis. The method for

determination of volatile metabolites is described.
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j;é Metabolism of halothane (CF3CHC]Br) is mediated by microsomal
5T- mixed-function oxidase. After debromination, halothane is either
3Ef oxidized to trifluoroacetic acid, TFAA, (1) or undergoes biodegra-
;?l dation by the reductive pathway, the products of which are two gases
BN 1,1,1-trifluoro-2-chloroethane, TFE, (2) and 1,1-difluoro-2-chloro-
‘:;; ethylene, DFE, (2), fluoride (3), and the fluorine-containing
Eﬁ moiety of halothane that is covalently bound to proteins and lipo-
iﬁ. proteins (4-5). Both the reductive and oxidative pathways are
IS: enhanced by phenobarbital pretreatment (6). The reductive path-
iﬁi way is further enhanced by hypoxic conditions (6-7), or by the

N presence of other xenobiotics that suppress the oxidative path-
:gﬁ way of halothane (8). Formation of volatile metabolites appears
;ﬂi to be related to impairment of the liver, which is the major site
‘T of halothane metabolism (9-10). Sawyer et al. (11) demonstrated
iﬁ; that hepatic clearance of halothane is concentration-dependent,
?ﬁ: and concluded that halothane metabolism is a saturable process.
-;x Capacity-limited metabolism of halothane is corroborated by the
%ﬁ concentration-dependent bromide rise in plasma (12) and by concen-
:;3 tration-dependent pulmonary retention of halothane (13). None of
;:f these studies (11-13) provide information on the effect of exposure
,Ez concentration on the activities of individual metabolic pathways.
;3 The following study was undertaken to determine the effect of
.:; exposure concentrations on systemic clearance of halothane by
N
Y :
N




! two major metabolic pathways. Concentration increase of non-
. - volatile fluorine in the liver of exposed rats was chosen as an
T indicator of the efficacy of the oxidative pathway. Concentra-

' tions of volatile metabolites (DFE and TFE) were chosen as in-

R ]

bty ‘./'-’S‘r')
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dicators of the efficacy of the reductive pathway. The study was

performed at relatively small exposure concentrations in order to

P2
R

avoid changes in pulmonary and cardiovascular functions induced

by analgesic and anesthetic concentrations of halothane (14-15).
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In addition, the postmortem formation of volatile metabolites in
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liver was studied in order to correct for interference by such
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metabolism with the analysis.
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fJ Methods

\

o

.

%E Chemicals. Halothane was obtained from Ayerst Lab, New York,

: N.Y. DFE and TFE were obtained from PCR Research Chemicals,

3: Gainesville, Fla.

' Animals. Sprague-Dawley female rats (about 200 g) were maintained

X on a Purina Lab Chow diet and drinking water ad 1ib. Rats re-
ferred to as pretreated were injected with sodium phenobarbital

N five times, 12 hr apart, the last injection taking place 12 hr

prior to the halothane exposure (ip injections, 15 mg/kg). Prior

to exposure, all rats were housed together. A1l exposures took

S A

place in the morning hours. Control rats and exposed rats were

ol
4

.Ej killed at the same time.

'§ The Exposure Chamber. The rats were exposed in a 20-liter glove
» box through which passed the gas mixture at a rate of 2 liters/
EI min. Compressed air of breathing quality was used as a carrier
;E gas. The desired exposure concentrations were achieved by in-

t jecting liquid halothane at the predetermined rate in the inflow
E port of the chamber. A Harvard infusion pump was used for the

EE injections. The temperature of the injection port was maintained
Ef between 35 and 40°C. To achieve the desired concentration

4% rapidly, the flow of the air into the chamber during the first

Eé 10 min was 5 liters/min,with the infusion rate of the anesthetic
i being increased accordingly. The gas mixture in the exposure

gs chamber was sampled frequently; samples were drawn in 20-ml glass
<

A
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\v
{ syringes from two places near the respiratory zone of the
< animals. Two rats were usually exposed at the same time. At
y the end of the 3 hr exposure, the rats were decapitated inside
y the exposure chamber, and selected tissues were rapidly excised
i and analyzed.
-
‘
. Gas Analysis. Halothane in the exposure chamber was determined
i by injecting 50 ul of gas samples by use of a Hamilton gas-tight
vﬁ syringe on the gas-chromatographic column. An F & M model 402
?_ gas chromatograph equipped with a flame-ionization detector and
1
™ a 1.8-m-long glass column packed with 10% Carbowax 20M on
. Chromosorb W,AW (80-100 mesh) was used. The column temperature
. was 65°C.
"\
~
2 Tissue Analysis. Total Nonvolatile Fluorine in tissues was de-
i termined after combustion of tissue homogenate by use of a spe-
3 cific fluoride ion electrode. Tissue samples were frozen
? immediately after excision and stored in a freezer until analyzed.
In order to determine the total amount of fluorinated metabolites of q
; halothane, the fluorine concentration determined in the tissue of a 1
% nonexposed control rat was subtracted from the fluorine concen- 1
;‘ .i
) tration in the tissue of an exposed rat. Inasmuch as TFAA !
R
y accounts for most of the nonvolatile fluorine formed during halo- -
¢ N
¢ A
3 thane exposure, fluorine concentrations in the tissues are expressed .
g . N
in umol of TFAA per kg of wet tissue. Normal levels of fluorine "
-, A . . -
- in tissues (equivalent to about 30 to 60 umol of TFAA per kg) were }
% 2
’ 8 g
" 'i
K
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the least amount determinable by this method, the error being

t 8%,

Volatile Metabolites in tissues., Determination of volatile sub-

stances was done by gas-chromatographic analysis of the headspace
of the tissue homogenate. A detailed description of the method

follows, because post-mortem metabolism was found to interfere

with analysis.

Equipment. (a) Incubation tubes 14 ml (Kimax or Pyrex),
stoppered with bakelite caps were used. The volume of each tube was
carefully measured by water displacement., A small hole (about
2.0 mm in diameter) was drilled in each cap for withdrawal of the
gas sample. To seal the tissue sample in the tube, the cap was
lined with silicone rubber septa and Saran wrap. To draw the gas
sample, a needle attached to a gas-tight Hamilton syringe was
inserted in the tube via the septum. (b) Multifaced stainless
steel cutters, developed in our laboratory, had the form of two
truncated cones (1 and 2 mm high, respectively) with a common
base (2 mm in diameter). The sharp edge around the common base
was the cutting edge. (c) A Hewlett-Packard gas chromatograph,
model 7610, equipped with a flame-ionization detector and a 1.8-m

glass column packed with n-octane on Porasil C (100-120 mesh) and

heated to 130°C, was used.
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Standards. To prepare a standard for volatile metabolites, an

exact volume of pure gas was drawn into the glass syringe from
the original container and transferred to an evacuated glass
bottle (approximately 19 liters in volume) equipped with a stop-
cock. Upon opening the stopcock, the content of the syringe was
emptiedinto the stream of air sucked into the evacuated bottle.
The pressure in the flask was allowed to equilibrate with atmos-
pheric pressure. The concentration in the flask, C (umol/liter),
was calculated from the volume of gas in the syringe, v, (ul)
corrected for actual atmospheric pressure, p, and temperature, t,
and exact volume of the flask, V, (liters) (determined by water

displacement.)

v 1
C = —-
where MV is the molar volume at actual atmospheric pressure and

p.t
temperature. The standards for halothane were similarly prepared

by injecting a carefully measured volume of liquid halothane, v
(u1) in a stream of air sucked into the evacuaiad flask of known
volume, V, (liters):

v 1000d
L=v T (2)

where d is the specific density of 1iquid halothane and MW is

molecular weight,

The standard mixtures were prepared in concentrations comparable
to concentrations in the head-space of the samples. The linearity
between peak height and concentration was frequently checked by

10
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injecting 50, 100,and 150 ul of the standard on the gas-chromato-

graphic column,

Procedure. Two cutters were placed in an incubation tube, which
was then filled with carbon monoxide, capped, and weighed, El'
Approximately 0.5 g of tissue excised from the rat immediately
after decapitation was placed in the tube, which was then immedi-
ately capped. About 2 cm of an 8 cm-long flexible hose was slipped
over the top of the tube. The other end of the hose was attached
by a clamp to a stand, so that the tube stood vertically on the
Vortex mixer, About 5 cm of hose made a flexible connection
between the clamp and the tube. This ~1lowed for vigorous vibra-
tion of the tube when the Vortex mixer was started. Unless stated
otherwise, grinding started within 3 min after decapitation.
During 45 min of vibration, the cutters ground the tissues, and
the partial pressure: between tissue and gas in the head-space
were equilibrated. Tubes with samples were weighed again after

grinding, W,.

Usually, 100 pul of the gas from the head-space was injected on
the gas-chromatographic column, and the peak height was used to
calculate the concentration of the studied gas in the head-space,

C. The concentration in the tissue was calculated:

| =<

C CA

=tis Wo-W, =Ttis/gas (3)

where V is the volume of the head space and A is the appropriate

tissue-gas partition coefficient (table 1). The concentrations

11
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zf;‘ are expressed in umol/kg of wet tissue. To determine the sensi-
&*( tivity and accuracy of the method, 50 ul of gas standard (5-200
S&S umol/liter) were injected into a Tump of tissue obtained from an
E%E unexposed rat, The gas mixture was introduced in tissues placed
:é_ in capped incubation tubes by a needle. The needle was removed
E?? immediately after the injection so that the system was sealed by
;2 the rubber septa. Measurable gas-chromatographic peaks were
y?b obtained if concentrations were greater than 0.3 umol of DFE or
igﬁ 1 umol of TFE per kg of tissue. 94 to 100% of added DFE and TFE
:fé was recovered. The analysis of each tissue of exposed rats was
5& done in duplicate or triplicate. The differences rarely exceeded
ﬁgz 5% of the mean if grinding started within 5 min after decapitation.
%; An example of a gas chromatogram is in fig. 1.
A It is important that livers of rats exposed to halothane are
a& homogenized in carbon monoxide immediately after decapitation,since
‘§§ there is significant increase of DFE and TFE concentrations in in-
l}_ tact livers stored in air (Fig. 2). Postmortem metabolism is very
{gﬁ slow if Tivers are stored in carbon monoxide,and is completely
ﬁgﬁ suppressed by grinding (the concentrations in the headspace of
o tissue homogenates remained unchanged for three hours).
EET Tissue-Gas Partition Coefficients. Tissue-gas partition coeffici-
éff ents of both volatile metabolites were determined in tissue homo-
&;? genates obtained by grinding tissue from unexposed rats in a Duall
éﬁi Kontes homogenizer. One-half gram of tissue homogenized in 1 ml
L
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of saline was placed in a gas-tight, 10-ml gas syringe containing
2 ml of carbon monoxide. The syringe was closed with a stopcock.
After 10 min, 2 ml of an equimolar mixture of DFE and TFE (con-
centrations between 10 and 100 umol/liter) were added and the
'sample was rotated for 60 min on a multipurpose rotator to equili-
ff: brate the partial pressures. The gas volume was measured, and
o the concentrations of DFE and TFE in the gas mixture were deter-
-.l mined by gas chromatography. The gas above the sample was quan-
titatively discarded and replaced by 2 ml of uncontaminated air.

Another glass syringe was attached to the other end of the stop-

cock, and both syringes were immersed in a water bath heated to
N 65°C. The system of two syringes allowed for volume expansion.

After 1 hr, all gas was pushed into the syringe containing no

tissue, the gas volume was measured, and the gas was analyzed for
féf DFE and TFE. Since only negligible amounts of the gaseous sub-
stances remained in the tissue at 65 C, the tissue concentrations

1
1
were calculated by dividing the amounts of DFE and TFE released {

tgﬁ from heated samples by the weight of the tissue. Total re-
o
‘353 covery of added amounts of DFE and TFE was between 95 and 105%.

\
I
|
Calculation of partition coefficients included correction for |
|
N partition in saline. The partition coefficients are in table 1. 1
. |
~

Simulation of the Experimental Exposures. Uptake, distribution,
and elimination of halothane in a 200-g rat exposed to different
halothane concentrations was simulated by a five-compartmental
physiological model (Fig. 3) (16-18). The constants defining the

compartments in the model are derived from physiological para-
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meters (tissue volumes (19), perfusion and alveolar ventilation

of rats (20)),and solubility of halothane in tissue (solubility
is defined by the appropriate tissue-gas partition coefficient at
37°C (21) ). The metabolic pathways are described by three non-
linear functions attached to the liver compartment. ¢Each function

is defined by two constants: KM's (denote halothane concentrations

in liver compartment, umol/kg), and Vmax's (umol/min). The rate

by which halothane is removed from the liver is described by the

function f(c):

v )

f(c)

(3)

- max (TFAA) . max(DFE) + Vmax(TFE)
“*uiteam)tS  Ku(ore)*S  Ku(rre)tS

where ¢ denotes actual halothane concentration in liver (umol/kg).
The solution of the model was programmed in Basic for the Apple II
Plus computer (17-18).

The constants KM's and Vmax's were found by fitting simulation
curves to experimental data. To do this the amounts of metabolites
formed during a 3 hr exposure to different concentrations of halo-
thane were calculated, taking into account body burden as well
as clearance of the metabolites. The body burden of each metabo-
lite, AB’ was calculated as the sum of the products of metabo-
lite concentrations in tissues and tissue weights, as indicated in

table 3.
Ag = Cyyg * Vi (4)
The estimate of the amounts of DFE and TFE exhaled during the

exposure was based on the mass balance across the lung:

14
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inflow = outflow

F Shep * Q- F) ey = 2 Cart * YarvCary (5)

where F is hepatic flow (=2.5 liters/3 hr), é is cardiac output,

C

V,1, is alveolar ventilation (10 liters/3 hr), Ch Cart, and

ep’

Cayy 3re metabolite concentrations in hepatic venous blood, in

arterial blood, and in alveolar air, respectively. If instantan-

eous partial pressure equilibration is assumed, Capt © Ea]vaI/gas
and Ehep
coefficients from table 1. To calculate the amount exhaled, eq-

= gliv/xliv/hl ,where XA denotes the appropriate partition

uation 5 was rearranged as:

£ ia'lv
Siv (6)

A = Q o =
—exh —alv=aly (v

Varv * E X1/qas) Mivsm
This indirect method for estimate of exhaled amounts of metabolites
was used, since our attempts to obtain arterial blood or exhaled

air from unanesthetized rats during exposure were unsuccessful.
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Results

Distribution of Halothane Metabolites in Tissues. This was studied

in liver, lung, kidney, and brain of 10 rats exposed for 3-hr to
0.3% (v/v) of halothane in air (equivalent to 127 umol/liter).

Five of these rats were pretreated with phenobarbital. The re-
sults are in table 2. Halothane concentrations in all tissues were
smaller than they would be if the partial pressures of halothane in
the tissues were equilibrated with exposure concentrations. Halo-
thane concentrations in tissues of pretreated and nonpretreated
rats were not significantly different, TFAA was also found in all
tissues, but concentrations of TFAA in tissues of pretreated rats
were about double those in tissues of nonpretreated rats. Concen-
trations of volatile metabolites in liver and kidney were signifi-
cantly smaller than those of TFAA or of halothane. Concentrations
of volatile metabolites in other tissues were below the sensitiv-
ity of our method. Phenobarbital pretreatment increased the con-
centrations of DFE in liver threefold. The increase of the con-
centrations of TFE is less than twofold and is statistically in-
significant. The identity of volatile metabolites was confirmed

in selected samples by gas chromatography-mass spectrometryI

1The analyses were kindly performed by Dr. Carl D. Pfaffenberger,
professor of chemical epidemiology at the University of Miami,
using a Finigan model 4000 gas chromatography-mass spectrometer.
The component fragments were identified by their mass-to-charge

ratios, as recorded by a light-beam oscilloscope.
16
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Effect of Exposure Concentration on Halothane Metabolism. Forty

rats were pooled in six groups, five rats in each group. The re-
maining ten rats served as controls. Each group was exposed for
3hr toone of the following concentrations of halothane: 0.007,
0.009, 0.029, 0.067, 0.16, 0.32% (v/v). These exposure concentrations
are indicated as umol/liter in table 3. Rats were decapitated

and livers were analyzed for halothane and all metabolites. Samples
of skeletal muscle, kidney, brain, and lung were analyzed for TFAA.
Concentrations of halothane and metabolites in liver rose with
exposure concentrations (fig. 4). Halothane concentrations in
liver rose faster than exposure concentration, but concentrations
of metabolites rose less than exposure concentration. Distribu-

tion of TFAA in other tissues is shown in table 3.
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ﬁa; Discussion

(I{ Because of the great concern of the effects of clinical halothane
5&1 anesthesia, the biological effect and metabolism of halothane have
%E been extensively studied in anesthetized subjects. Despite the fact

‘H that chronic exposure to subanesthetic concentrations of halothane
:}E is considered an occupational risk, there is no information on
:?% metabolism of halothane inhaled at subanesthetic concentrations.

. Also, information on distribution of halothane metabolites in the
’:§ body is missing. This study, in which a wide range of exposure
3% concentrations was used, shows 1) that the three excretable meta-
‘(: bolites of halothane are always formed, but that the efficacies
zzg of metabolic pathways are concentration dependent; 2) that the dis-
EYE tribution of halothane metabolites in tissues of rats exposed to
{_ subanesthetic concentrations of halothane follows two patterns.

53 The difference in distribution between TFAA and volatile metabo-
E; lites can be explained by the differences in the efficacy of

d; systemic clearance: TFAA is excreted only by inefficient renal
jz clearance, and therefore accumulates in all tissues; volatile
?E metabolites, formed only in the liver, are removed from circu-

e lation by efficient pulmonary clearance before reaching other

.%z tissues. Rapid leveling of metabolites in exhaled air of sub-

f; jects anesthetized with halothane (2,7) suggests that, within 30
i; min of exposure, a steady state is approached in which each

-i volatile metabolite is formed and exhaled at the same rate.

%;; Concentrations of halothane and halothane metabolites in liver

; at the end of 3-hr exposures indicated a nonlinear dependence of
%& halothane metabolism on exposure concentrations. The
N 18
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{é - calculated amounts of metabolites formed during 3 hr exposures,
::i and halothane concentrations in liver measured at the end of the
i& exposures, did not fit a Lineweaver-Burk plot. The deviation
- from Michaelis-Menten kinetics can be explained by flow restric-
:' tions induced by alveolar ventilation, tissue perfusion,and sol-
fﬁ ubility which results in the competition of metabolic pathways

for halothane available at the metabolic site. To test this
~f? hypothesis, we simulated our experiments by a pharmacokinetic
;t& model described in fig. 3. A good agreement between simulation
ff- and experimental data is shown in fig. 5. The simulations were
'2? repeated for flows (that is, alveolar ventilation and tissue
%Q perfusion) increased by 25% above normal and for flows decreased
; by 25% below normal (fig. 6). These simulations confirm that
’E§ metabolite production increased with flow and decreased if venti-
ﬂﬁ? tation and perfusion were reduced. The flow effect is greater
;“ at small concentrations (below 0.47%), when metabolism is of first
‘§S order, than at high exposure concentrations, when metabolism is
}5} capacity-limited and excessive amounts of halothane are supplied
.:; to metabolic sites.
i? The simulation also shows that,as a result of flow limitation
;E and large differences in values of KM and Vmax among particular
é; metabolites, the relative amounts of metabolites formed during the
Egi exposure is dependent on exposure concentration (fig. 7). Again,
Eié the ratios of metabolites largely change at small exposure concen-
i; trations, when metabolism is flow-limited, and hecome constant if
Eﬁ' anesthetic concentrations are used.
o 14
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ﬁf; The precise mechanism of halothane reduction by cytochrom P-450
{u‘ is not clear, but a single free radical intermediate was proposed
gii (22). To explain the dependence of metabolite ratios on exposure
o

ifz concentration, the constants KM and Vmax used in the model can not
':: be understood as simple kinetic constants descrilking enzymatic

'§§5 reactions in pristine system of purified enzyme. The constants
EEE KM and Vmax used in the model are hybrid constants of a capacity-
: j Timited system which embrace interactions acting in living organ-
'igi isms (23). They are used in a sense of constants describing a

éi mathematical entity rather than kinetic constant of an
{;‘ enzymatic reaction. Since ratios of halothane metabolites depend
é? on halothane concentrations in liver, there are two plausible pos-
:ﬁﬁ tulates: 1) formation of the radical is the rate limiting step
i_ and the metabolic pathways enabling oxidation or reduction of the
Egi intermediate to stable metabolites compete for the available inter-
Egz mediate, or 2) some stable metabolite is further metabolized.

. Metabolism of DFE was suggested (6). If DFE metabolism is rate-
é% limited, then shifting of TFE/DFE ratio with exposure concentra-
,g? tion as shown in figure 5 is understandable. Further studies of
::; the mechanism of halothane metabolism are required to clarify the
;& concentration dependence of metabolic clearances.

i;k While testing the reproducibility of our method, we observed

L

445 that concentrations of volatile metabolites in liver increase,

iﬁf and halothane concentrations decrease, with the delay of analysis
i;; (fig. 2). We attributed these changes to postmortem metabolism of
i. halothane in intact liver. The extent of postmortem metaholism
e

ZE. varied from rat to rat. In some livers it was measurable frr

.r::.': 20
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only 3 hr, in other livers for more than 24 hr. We did not

observe any postmortem changes in concentrations of TFAA. However,
the possibility exists that small changes take place which do not
significantly interfere with determination.

Maiorino et al. (24) published a similar method for determination
of volatile metabolites in blood and tissue homogenates. Their
method, and the method described above, are based on the same prin-
ciple. We see three improvements in our method: 1) precautions
are taken to avoid postmortem metabolism; 2) correction for parti-
tioning of DFE and TFE between biological samples and gas in the
headspace is made (this is especially important when fatty tissues
are analyzed); 3) specially designed cutters enable tissue analysis
in a closed system so that the recovery of DFE and TFE is quanti-

tative.
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TABLE 1

Tissue-gas partition coefficients of halothane metabolites (22°C)

Tissue

CF2=CHC1

CF CH2C1

3

N

X

+ 5D

X

+ 5D

Blood
Liver
Kidney
Lung
Brain
Fat

Saline

10

0.87
1.14
0.97
1.04
1.07
19.80
0.54

+

+

t

I+

1+

I+

1+

0.25
0.23
0.40
0.39
0.31
3.64
0.03

12

1.52
2.31
2.07
2.20
1.79
34.20
1.21

t

s

I+

-+

0.32
0.37
0.77
0.49
0.45
6.53
0.04

----------------
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TABLE 2

Distribution of halothane metabolites in tissues of rats exposed for 3 hours

to 127 umol of halothane per liter

Concentrations of halothane and its metabolites in tissues of control rats

and rats pretreated with phenobarbital are expressed in umol/kg of wet tissue

Data represent means * SD; N = 5
Concentrations in tissues umol/kg
Tissues
CF2=CHC1 CF3CH2C1 CF3COOH Halothane
Nonpretreated rats
Liver 6.7 + 2.9 49 + 22 456 + 113 587 + 98
Kidney 0.35 + 0.11 1.8 + 0.9 282 * 43 314 + 60
Lung <0.3 <1.0 233 + 22 373 + 120
Brain <0.3 <1.0 152 + 44 450 + 72
Pretreated rats
Liver 18.7 + 7.9 68.3 * 32 995 + 3062 | 511 # 155
Kidney 0.33 + 0.15 1.4 + 0.7 492 + 156° | 335 + 110
Lung <0.3 <1.0 469 + 156° | 252 + 100
Brain <0.3 <1.0 254 + 572 | 325 + 60

an significant nonpretreated-pretreated difference p < 0.05, t-test
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S TABLE 3
::'_T:;j Distribution of trifluoroacetic acid in tissues of rats exposed for 3 hours
*‘_.\ to subanesthetic concentrations of halothane

N
- Data represent means + SD; N=5
'\.::

-\_ Exposure Concentration in umol/liter
- Organ
o Tissue a
A Weight 2.9 3.7 11.7 27.3 67.3 133
~3A
‘_‘..,.:'

" kg Trifluoroacetic acid conc. in wet tissues umol/kg
-_‘._4‘

-.--w
N . 149+ 94+ 130+ 108+ 142+ 120+

] Brain 0.0014 49 18 27 21 27 31
i . 190+ | 140+ | 210+ | 201% | 226+ | 250%
R __ Kidney | 0.0016 26 10 30 38 32 34
o Liver 0.008 288+ 247+ | 357% 400+ 384+ | 400%

e 35 22 42 37 41 41

o 75% 135+ 177+ 153¢ 190+ 180+

LY ..

- Lung 0.0012 21 20 26 41 16 31
72+ 80t | 100% 1192 114+ | 120t
<.

o Muscle | 0.144 17 21 27 31 25 36
s 4The organ weights for a 200g rat (19).
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Fig. 1 Example of determination of halothane and volatile

metabolites in tissues.

Tissue samples were excised from a rat anesthetized for

2 hr with halothane (1% in air = 410 pumol/liter). The
arrows indicate injection of 50 ul of sample. The com-
pounds were eluted from the column in the following order:
DFE, TFE, halothane. The numbers at the peaks indicate
concentrations of umol/kg of wet tissue. The peaks of

DFE in lung, muscle, and brain were not measurable. The

numbers below gas chromatograms indicate attenuations.

Fig. 2 Rate of postmortem metabolism of halothane in liver;

effect of carbon monoxide.

Samples were obtained from rats exposed for 3 hr to 0.3%
halothane. On the abscissa are time intervals between
death (£=0) and beginning of homogenization; on the ordi-
nate are concentrations of metabolites in umol/kg of wet
liver. 1, rats killed with carbon monoxide (at the end of
3-hr exposure, the exposure chamber was filled rapidly with
CO containing halothane in concentrations of 0.3%. The
rats died within 5 min); 2 and 3, decapitated rats.

1 and 2, samples stored in CO; 3, samples stored in air.

Data represents means *+ SD; n=4,

Fig. 3 Simulation model.

Lung compartment includes FRC, lung tissue and arterial
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o blood; vessel-rich compartment (VRG) includes brain, gas-
{iw trointestinal tract, glands, heart, kidneys, and spleen.
f; MG compartment incliudes muscle and skin: FG compartment
33 includes adipose tissue and marrow. Volume of each com-
ot partment, V, is indicated in the left corner of each com-
Y

e

ﬂ: partment (in ml); halothane tissue-gas partition coeffici-
L ',.-

df ents (37 C), A, are indicated in the right corner of the
1.

NG compartments. Perfusion rates, F, are indicated at the
j, right below the Tines picturing the vasculature (in ml/min);
- -

E !alv is alveolar ventilation (ml/min). The arrows indicate
e clearances by biodegradation to TFE, DFE, and TFAA. The
.i-“l

- - . . . _
::$ constants KM and vmax were obtained by optimum fit to ex
:'4': + = 1

3 perimental data (KM Eliv/xliv/gas for & Vmax)’
kY

- '\-|

sﬁ Fig. 4 Concentrations of halothane metabolites in Tiver of rats
0

':@ exposed to subanesthetic concentrations of halothane.

\Z Metabolite concentrations in liver at the end of 3 hr ex-
) ‘

'ﬁﬁ posures are on the ordinate. The bars represent means
-

;:{ SE in umol/kg of wet liver ( N=5) at exposure concentra-
a0 tions indicated on abscissa.

t":-'

.

- Fig. 5 Amounts of halothane metabolites formed in 200-g rats

-}
fi during 3 hr exposures to different halothane concentra-
j% tions; comparison of experimental data and data obtained
: by simulation.

i The points represent estimated values of metabolites formed
b

Eﬁ during 3 hr exposures calculated as a sum of body burden
o

s
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Fig.

and amount exhaled,using equations 4 and 6. The lines

were obtained by the simulation model. represents

E1iv
halothane concentrations in liver measured at the end of

3 hr exposure (dots) and predicted by the model (line).

Effect of alveolar ventilation and tissue perfusion on

halothane metabolism (simulation study).

3 hr exposures of 200-g rats to different halothane con-
centrations were simulated by the model in fig. 3. Simu-
lation was done for a rat with standard alveolar ventil-
ation and tissue perfusion (values indicated in fig. 3),
and for a rat for which alveolar ventilation and perfusion
were increased (upper curves) or decreased {(lower curves)
by 25%. On the abscissa are exposure concentrations; on
the ordinate are the ratios of amounts of metabolites
formed during 3 hr exposure by a rat with modified para-
meters and by a standard rat. Halothane concentrations
in liver were compared in the same way. The ratios were
always larger than 1 if flows were increased, and always

smaller than 1 if flows were reduced.

Effect of exposure concentration on ratio of metabolites

formed during 3-hr exposures to halothane.

The points are ratios of amounts of metabolites formed
during 3 hr exposures to concentrations indicated on the

abscissa. The lines were obtained by the simulation model.
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N Fig.l Example of determination of halothane and volatile metabo-

3 Tites in tissues.

Tissue samples were excised from a rat anesthetized for
2 hr with halothane (1% in air = 410 pmol/liter). The
3 arrows indicate injection of 50 ul of sample. The com-

pounds were eluted frum the column in the following order:

{

DFE, TFE, halothane. The numbers at the peaks indicate

POVAE

o s %
4%¢%

8 concentrations of umol/kg of wet tissue. The peaks of

Nl
AR

PR

DFE in lung, muscle, and brain were not measurable. The

XXX S

numbers below gas chromatograms indicate attenuations.
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Fig. 2 Rate of postmortem ~<tabolism of halothane in liver;

effect of carbon monoxide.

Samples were obtained from rats exposed for 3 hr to 0.3%
halothane. On the abscissa are time intervals between
death (t=0) and beginning of homogenization; on the ordi-
nate are concentrations of metabolites in umol/kg of wet
Tiver. 1, rats killed with carbon monoxide (at the end of

. 3-hr exposure, the exposure chamber was filled rapidly with
CO containing ralothane in concentrations of 0.3°. The

rats died within 5 min); 2 and 3, decapitated rats.

1 and 2, samples stored in CO0; 3, samples stored in air.

Data represents means t SD: n=4,
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Fig. 3 Simulation model,

Lung compartment includes FRC, lung tissue and arterial
blood; vessel-rich compartment (VRG) includes brain, gas-
trointestiral tract, glands, heart, kidneys, and spleen.

MG compartment includes muscle and skin: FG compartment
includes adipose tissue and marrow. Vo'ume of each com-
partment, V, is indicated in the left corner of each com-
partment (in ml); halothane tissue-gas partition coeffici-
ents (37°C), A, are indicated in the right corner of the
compartments. Perfusion rates, F, are indicated at the
right below the lines picturing the vasculature (in ml/min);

!alv

clearances by biodegradation to TFE, DIFE, and TFAA. The

is alveolar ventilation (ml/min). The arrows indicate

constants KM and Vmax were obtained by optimum fit to ex-

perimental data (KM=g]iv/x for % V_ ).

liv/gas
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Fig. 4 Concentrations of halothane metabolites in Tiver of rats

exposed to subanesthetic concentrations of halothane.

Metabolite concentrations in liver at the end of 3 hr ex-

posures are on the ordinate. The bars represent means %

Y
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SE in umol/kg of wet 1iver (N=5) at exposure concentra-

tions indicated on abscissa.
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Fig. 5 Amounts of halothane metabolites formed in 200-g rats

during 3 hr exposures to different halothane concentra-

tions; comparison of experimental data and data obtained

by simulation.

The points represent estimated values of metabolites formed
during 3 hr exposures calculated as a sum of body burden
and amount exhaled, using equations 4 and 6, The lines
were obtained by the simulation model. C1jy represents
halothane concentrations in liver measured at the end of

3 hr exposure (dots) and predicted by the model (line).
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?ﬁ Fig. 6 Effect of alveolar ventilation and tissue perfusion on

“ halothane metabolism (simulation study).

éi 3 hr exposures of 200-g rats to different halothane con-
Eﬁ centrations were simulated by the model in fig. 3. Simu-

.t

lation was done for a rat with standard alveolar ventil-

ation and tissue perfusion (values indicated in fig. 3),

’

X J3%

and for a rat for which alveolar ventilation and perfusion

were increased (upper curves) or decreased (lower curves)

SN . :
NS by 25%. On the abscissa are exposure concentrations; on
25¢
r o
L, . . :
Yy the ordinate are the ratios of amounts of metabolites
e
;T formed during 3 hr exposure by a rat with modified para-
e .
o~ meters and by a standard rat. Halothane concentrations
‘. .' 3 * . (3
4$§ in liver were compared in the same way. The ratios were
7
*a . .
always larger than 1 if flows were increased, and always
o smaller than 1 if flows were reduced.
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7 Effect of exposure concentration on ratio of metabolites

formed during 3-hr exposures toc halothane.

The points are ratios of amounts of metabolites formed
during 3 hr exposures to concentrations indicated on the

abscissa. The lines were obtained by the simulation model,
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