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Predictable “individual differences” in uptake and
excretion of gases and lipid soluble vapours
simulation study
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ABSTRACT A five-compartment pharmacokinetic model with two excretory pathways, exhalati
and metabolism, based on first order kinetics is used to outline the effect of body build, pulmona
ventilation, and lipid content in blood on uptake, distribution, and clearance of low solubility ga
and lipid soluble vapours during and after exposure. The model shows the extent that individy
differences have on altering uptake and distribution, with consequent changes in blood concentratid
rate of excretion, and toxicity, even when variations in these parameters are within physiologid
ranges. The model is also used to describe the concentration variation of inhaled substances
tissues of subjects exposed to concentrations with permitted excursions. During the same course |
exposure, the tissue concentrations of low solubility gases fluctuate much more than tissue ca
ccntrations of lipid soluble vapours. The fluctuation is reduced by metabolism of inhaled substang
These conclusions are recommended for consideration whenever evaluating the effect of excursig

above the threshold limit values used in the control of industrial exposures (by excursion facto

The main problem in establishing threshold limit
values of airborne contaminants (TLV) and bio-
logical threshold limits (BTL) is the number of
factorsthat affect their concentrationsin the body,! 2
the most important being:

Type of exposure—duration of exposure, concen-
tration variations in the air, repetition of exposure,
duration of resting period, work load, etc.

Time—time intervals between the onset and
termination of exposure and sampling.

Individual differencesamong exposed subjects.

In our previous papers we presented a math-
ematical model verified by experimental data,3 and
used the model to outline the effect of metabolism
and solubility on uptake, distribution,and exhalation
of organic solvents in man;3-7 to define the role of
sampling time for data interpretation;® and to show
the effect of metabolism and vapour solubility in
blood and tissues on the accumulation of vapours in
the body during chronic (continuous and interrupted)
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exposure.®> The model is a flow-limited system
which the rate constants are determined predos
nantly by tissue perfusion and by maximum volw
of distribution of inhaled substance.3-7 Therefo
factors such as body build, changes in ventilati
caused by work load, or changes in lipid content
blood caused by food uptake, affect the fate
inhaled substances. In this study the model was
to investigate the effect of variation in body b
pulmonary ventilation, solubility in blood, durati
of exposure, and excursion factor on upta
distribution, and clearance (exhalation and meta
olism) of lipid soluble vapours and low solubili
gases.

Methods

MATHEMATICAL MODEL
The model used in this study has five pharmaqg
kinetic compartments, described by a set of f#
first-order differential equations (A-19 to A-23 in §
appendix) linear to the first approximation.
Tissues are assigned to the pharmacokine
compartments according to perfusion, ability
metabolise the inhaled substance, and solubility
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the substance in the tissue. Lung tissue, functional
air, and arterial blood form the central
compartment “LG”, in which pulmonary uptake
and Clearance take place. The partial pressure of
inhaled vapour equilibrates with four peripheral
Vessel-rich tissues form two

peripheral compartments : BR-compartment includes
prain, Which lacks capability to metabolise most
xenobiotics, and is treated as a separate compartment
pecause Of its biological importance and the toxic
effect of many vapours and gases on the central
nervous system. VRG-compartment includes tissues
with sites of vapour metabolism such as liver,
kidney, glands, heart, and tissues of the gastro-
intestinal tract. Muscles and skin form compartment
“MG”, and adipose tissue and white marrow form
compartment “FG”. The FG-compartment IS
treated separately, since the dumping of lipid
solublevapours in this compartment has a smoothing

effect on concentration variation in other tissues,
caused by changes in exposure concentrations,

minute ventilation, and exposure duration. The
one-compartment model used for evaluating body
burden did not describe this smoothing effect.8-10

Body build

Body build affects the volume of distribution. To
study the effect of body build on uptake, distribution,
and clearance of inhaled vapours and gases, the
volumes of pharmacokinetic compartments and
their perfusion were estimated for three Somatotypes
of body weight 70 kg: slim person (body height 185
cm), person with normal build (170e¢m), and slightly
obese person (150 cm). The volumes of pharmaco-
kinetic compartments were related to the ratio of
body fat and lean body mass, estimated from
specific density (appendix, equations A-1 to A-8).
The percentages of body fat (adipose tissue)
calculated for the three somatotypes Were 1-97,
8:6%;, and 18.8%, respectively. Minute ventilation
of 10 !/min and alveolar ventilation of 6:7 1/min
were assumed for a person with normal build unless
otherwise specified. Alveolar ventilations and
cardiac outputs for other somatotypes were adjusted

in proportion to body surface area (appendix,
equgtioe\s A-11to A-17{ (app

Blood flow

Cardiac output and its distribution were adiusted to
body build and work load of the subjects. The
following were assumed: basal cardiac output Q is
related to surface areas of somatotypes according to
cardiac index (3 {/m2/min).t! Cardiac output under
working conditions Qa is related to given alveolar
ventilation with the perfusion-ventilation ratio 1.25.
The increase of cardiac output does not affect per-

fusion of viscera (ml/min/g), but increases perfusion
of MG and FG (appendix, equations A-16 to A-17).

Ventilation

The following were assumed: inhaled (exhaled) air
flows in the direction of respiratory airways in which
no mixing or uptake occurs. Tidal volume, perfusion-
ventilation ratio, and ventilation ratio of dead space
to alveoli remain constant, dead space taking one-
third of tidal volume. Under these assumptions,
only two-thirds of tidal volume of room air enter the
alveoli with each breath: (one-third of tidal volume
is alveolar air returning in the lung from respiratory
airways). To account for dead space, the alveolar
ventilation Vg, comprising two-thirds of minute
ventilation V, is used in our model.

Solubility
Lipid content in blood is higher postprandially

than during fasting. The effect of a meal on blood-air
partition coefficients of seven lipid-soluble vapours

was investigated in 10 human volunteers. Blood-air
partition coefficients were determined in blood
samples collected 1-2 hours and 10-15 hours after a
meal. The equilibration method was used for
determination of blood-air partition coefficients at
37°C.5 To show the effect of a meal on uptake,
distribution, and clearance of vapour, the extreme
values of blood-air partition coefficient (Avjair =
7-5 or 13) were used for modelling of hypothetical
lipid soluble vapour (mean Apyjase = 10).

Metabolic clearance

Clearance by metabolism is defined in the model by
the constant Gx. TO determine Gy, the rate of
overall metabolism is measured at the apparent
steady state, when retention of inhaled substance in
tissues is negligible and the rate of metabolism uy, is
almost equal to the uptake rate u.3 The uptake rate is
calculated from the difference of exposure con-
centration (Cexp) and vapour concentration in

mixed exhaled air (Cexn) and minute ventilation V.

Un = U = (Cexp — Cexn) \' 1))

Constant Gx (expressed in the same units as
pulmonary ventilation) can be calculated using
equation 2.

1 Cexp 1 1
= - + < 2
Gx (Cexp — Cexn)V Fvrc Avijair  Vaiv

where Vv is alveolar ventilation, Apiair is blood-air
partition coefficient at 37°C, and Fvre is blood
flow to VRG-compartment.

Modelling was done for two hypothetical sub-
stances of different solubility (low solubility gas and
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Tissue-air partition coefficients(at 37°C) user!for
mathematical modeling

Compound Blood Brain VRG MG FG G:
Low solubility gas  0-S 08 0.8 08 08 77
Lipid soluble vapour 10 40 20 20 500 92

lipid soluble vapour), each being modelled as non-
metabolised (inert substances, Gx = 0) and as
extensively metabolised (Gx = 7.7 for gas and 92
for vapour). Partition coefficients and metabolic
clearance Gx used in the modelling (presented in
the table) were selected arbitrarily as being represen-
tative for industrial gases and vapours of organic
solvents.

To evaluate the significance of different factors on
bodyexposurethefollowing variableswerecompared :
(1) total uptake, (2) saturation (partial pressures
equilibration) of brain, MG, and FG at the end of
exposure and 24 hours after the start of exposure, (3)
amount metabolised during the exposure day, (4)
fraction of uptake metabolised during exposure, and
(5) fractions of uptake exhaled or metabolised on the
exposure day.

Results
The effect of body build and exposure duration on

uptake, distribution, and clearance of four hypo-
thetical substances (inert low solubility gas,
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Fig 1 Effect of body build on uptake and metabolism
of lov solubility gases (upper graphs)and lipid soluble
vapours (lower graphs) during an eight-hour exposure to
concentration 100 pg//. Cumulative uptakes and amounts
metabolised (/mg) are calculatedfor aperson with

normal build (solid lines, Vai» = 6 7 //min), a slightly
obese person (dashed lines), and a slim person (dotted
lines). If lines coincide the broad solid line is used.
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tig 4 Effectof body build on clearance of low
solubility gases and lipid soluble vapours afer one-hour,
five-hour,and eight-hour exposures. Bars represent
fractions of uptake exhaled on exposure day (openareas),
metabolised during exposure (diagonally striped areas),
and metabolised afer exposure on exposure day

(dotred areas). Bars are calculated for aperson with
normal build (Vai» = 6-7 //min). Effect of body build is
shown by lines drawn between values calculatedfor a
slightly obese person (@) and a slim person (). If
effect is smaller than Aalf per cent of valuefor a normal
perron, effect of body build is not shown.

which are not metabolised. When exposed to the
same concentration, obese people have smaller
tissue concentrations of these vapours than thin
persons (fig 3), and thin people have faster
pulmonary clearance than obese people (fig 4).

The effect off changes of blood-air partition
coefficient on uptake was studied by modelling
eight-hour exposures to hypothetical lipid soluble
vapours. The Dblood-air partition coefficients
measured in samples collected after a meal are
greater than in those collected after fasting (fig 5).
As shown in fig 5, the blood air partition coefficient
of hypothetical lipid soluble vapour can vary from
7:5 to 13(mean Awyair = 10).Variation of blood-air
partition coefficient in this range affects uptake of
such vapour by less than 109 and slightly affects
vapour distribution in tissues (fig 6).

The effect of alveolar ventilation and cardiac
output on uptake, distribution, and clearance of
gases and vapours was studied for alveolar venti-
lations 5:2, 6:7, and 10 I/min (for a person with
normal build). A positive relation exists between
alveolar ventilation and equilibration rate. Apparent
steady state (defined as 959, of the steady-state
partial pressure in the FG-compartment) is reached

Ablygj after fasting

L r————
20
Ably qj after meal

Fig 5 Postprandial and fasting effects on blood-air
coefficientsof lipid soluble vapours. Intersections of
crossed lines represent means of respective blood-air
partition coefficientsat 37°C (» = 5)for enflurane (E),
halothane (&), methylene chloride (d1), benzere (B),
trichloroethylene(TR/), toluene (T) and methoxyfluorane
(MOF). Crossed lines define standard deviations and
diamonds ke standard errors of means. Line

(v = 0-6/x * 0.246)is a regression defined by
optimumfit to means, calculated by method of least
squares.

16 hours after end of
02, exposure
G,(=0 Gx=9'2 Gx=0 Gx=9'2

0Bt

End of exposure

Fig 6 Effect of blood-gas partition coefficienton
equilibration of partial pressures of inhaled lipid soluble
vapour in sissues with partial pressure of exposure
concentration. Bars represent partial pressures ratios
calculated for a person with normal build (Vais = 67
//min) at end of an eight-hour exposure and at end of
exposure day for vapour with blood-air partition
coefficients7-5 (openbars)and 13 (dotted bars).
Tissues-airpartition coefficientsare in table. Effectof
body build is shown by lines drawn between values
calculated for a slightly obese person (@) and a slim

person (W).
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Fig 8 Effect of alveolar ventilation on equilibration of
partial pressures of inhaled lipid soluble vapour in
tissues with partial pressure of exposure concentration.
Bars represent the partial pressure ratios calculatedfor a
person with normal build at end of an eight-hour
exposure and at end of exposure day (dotted areas).
Effect of body build is shown by lines drawn between
values calculatedfor a slightly obese person (@) and a
slim person (ID.
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Fig 10 Effect of fluctuation of exposure concentrations
on concentration of inhaled low solubility gases and
lipid soluble vapours in adipose tissue.

For legend, see fig 9.

the excursion factors 3, 1-5, and 1-25 respectively.12
All variables change proportionally to the mean
concentration, but the concentration fluctuation,
excursion factor, significantly affect; only vapour
concentrations in tissues. In figs 9 and 10 the partial
pressures in brain and FG-compartments during the
cight-hour exposure to constant concentration are
compared with partial pressures during exposure to
variable concentrations having the same time-weight
concentration. Concentrations in tissues reflect the
concentration variations in room air. The con-
centration variation in brain is greater than in FG.
The variation in all tissues is greater during exposure
to low solubility gas than to lipid soluble vapour,
and greater during exposure to inert substances
than to substances undergoing metabolism. The
concentration fluctuation did not affect the sub-
stance concentration in blood and in alveolar air at
the end of exposure day.

Discussion

A compartmentalised model based on first-order
kinetics has been developed to program the uptake,
distribution, and clearance of inhaled vapours.3 13-16
It is assumed that the inhaled substance does not
react with blood components or affect blood flow,and
that pulmonary washout and metabolism are the
only excretory pathways. Conclusions do not
reflect alterations in blood flow distribution and
ventilation due to such factors as pathological

changes, physical load on specific muscles, posture,
beat, and effect of inhaled substance. Although
simplifying the actual situation, the model makes
possible predictions that are consistent with
experimental data.3-717 Constants for the model
may be derived from easily estimated variables,
making the model suitable for predicting the role of
various factors in uptake, distribution, clearance,
and related toxicity of inhaled substances. Previous
models for occupational exposure determined rate
constants of metabolic clearance from slopes of
excretion of metabolites or exhalation of the parent
substance.17-20 The slopes are affected by various
factors such as exposure duration, concentration
variation, redistribution, binding, and renal clearance
of metabolites. The proposed determination of
metabolic clearance from pulmonary uptake has an
advantage over the previous method in that the
effects of distribution, binding, and renal clearance
are by-passed.

Although the model used in this study has five
pharmacokinetic compartments, partial pressures or
concentrations are reported for only three compart-
ments—brain, muscle, and fat. The central compart-
ment values are not reported because, after about
30 minutes of exposure, they are almost identical to
brain values. VRG-compartment partial pressures
are not reported because, for inert substances,
VRG-values are identical to brain values, and if the
substance is metabolised the partial pressure in
tissue is negatively related to tissue capability to
metabolise the substance. Since only the rate of
overail metabolism may be determined by the
non-invasive method,2! Gx was calculated on the
assumption that all tissues of VRG-compartment
participate equally in metabolism. Although this
assumption made the prediction possible, infor-
mation on substance distribution in tissues of VRG
is irrelevant.

In this study the effect of three physiological
variables on the pharmacokinetic data of both inert
and metabolised substances was investigated.
Differences in somatotype and changes in alveolar
ventilation and cardiac output affected pharmaco-
kinetic data to the extent of observed individual
differences in vapour concentrations in blood, rate
of clearance, and toxic reaction to vapour exposure.
Body build greatly affects the maximum volume of
distribution (defined by equation A-9 in appendix).
Pulmonary ventilation, tissue perfusion, and blood-
air partition coefficients affect the transportation
rate of substance from the environment to tissues
and vice versa (defined by equation A-18 in
appendix). The increased uptake observed in
individuals subjected to the work load during
short-term exposure?? 23 js explained by such
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increased transportation rate and retention rate of
avpours in MG and FG compartments (fig 8). The
work load has no effect on uptake or body burden,
once the steady state is reached.

The changes of blood-air partition coefficients in
the range caused by food uptake had no significant
effecton the fate of inhaled substance. According to
the simulation, uptake during postprandial exposure
is greater than during fasting, deposition in fat
being enhanced but deposition in lean _tissues
(and” with it related availability for biotrans-
formation) being lowered, due to changes in tissue-
blood partition coefficients (fig 6).

Simulation by our model shows that the exposure
duration has a strikingeffect on the ratio of fractions
of uptake exhaled and metabolised (fig 4). This
Fenger o oA PEEmEntd! o0athird OF A
exhaled air after a two-hour benzene exposure,
while Teisinger et al25 recovered only 169 of uptake
in exhaled air after a five-hour benzene exposure.
Our simulation showed exhaled fractions of 309,
and 16 % respectively.

Equilibration of partial pressures of low solubility
gases is much faster than of lipid soluble vapours,
and is prevented by metabolism. Accordingly, the
concentration variation in room air during exposure
1D gases causes a greater concentration variation in
tissues than does exposure to lipid soluble vapours.
(Note that when excursion factor 3 is used for two
hours (figs 9 and 10) the partial pressures of inert
lipid soluble vapour in tissues did not equilibrate
with mean exposure concentration, but the partial
pressures of inert gas in tissues temporarily exceeded
three times the partial pressure of corresponding
mean exposure. concentration-TLV.) The variation
Is always diminished If the substance is metabolised.
Since toxic effect is related to concentration in
tissue, the feasibility of considering solubility (or
other storage mechanisms) in establishing excursion
factors should be explored.

Appendix

Volumes and perfusions of pharmacokinetic
compartments were calculated by the following

equations:i1132 :
Specific gravity SG is obtained from body weight

BW in kilograms and body height BH in centimetres:
logio SG = 0.848 (0-242 logio BH —

01 (3 t logio BW) - 0:0172] (A-1)

The percentage of body fat:
420-1 :
BF = SG 381-3 (A-2)

Fiserova-Bergerova, Vlach, and Cassg

Total body volume:

BW
TBY = 3G (A‘
Body volume after subtraction of adipose tissue:
BV = TBV (1 - 0:01 ory (A
Volumes °f peripheral compartments are given b
Vvra = 0.081 BV (
Ver = 0.025 BV (
Yue = 058 BV ¢
BF :
Vrc = BV (55 + 0-055) (

where the subscripts are related to pharmacokin®
compartments as described in the text.

The maximum volyMmes of distribution C

peripheral compartments are determined by volung

of compartments and tissue-air pattition coefhei ;
Ci = ViAi (

where “{” represents the various subscripts of §
(A-5)-(A-8) and the appropriate tissue-air pa
coefficient A at 37°C, 4

The maximum volume of distribution of
central compartment Crc is determined by vol
of lung tissue Viung and arterial blood Vi
function residual capacity of the lung and:
appropriate partition coefficients:

CrLc = Viung Alung/mr t+ FRo r vor ’)"‘(/
Surface area "f |oo&y:
SA = 0-0072 BW0425 BH0-725 (
Basal cardiac output:
Q=3SA ¢
Cardiac output under normal conditions

related to alveolar ventilation Vaww in li
minute :

Qn = 125 Vslv (

Blood flows in peripheral compartments
determined by
Fverag = 0.75 Vvra (

Fer = 0'53 Var
0:033Vye T (Qu — Q) 0-033Vyme
0-033Vme T 0:022Vre

0-022Vre T (Qn - Q) 0-022Vre
0-033Vmg + 0:022Vre

Fume =

Fro =

and the transportation rates of inhaled vapo
the lung to the compartments Gi are calct
by multiplying blood flows by blood-air pa#
coefficient at 37°C:
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The uptake and clearance are described vy the
following system of differential equations:
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d
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= 0 (A-20)

—Gsr ELg + (GBR + Csr g?) Esr = 0 (A-21)
d
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= 0 (A-23)

dt

where ES are instantaneous partial pressures of
inhaled vapour in compartments (or vapour con-
centration divided by appropriate tissue-air partition
coefficients),Gx is determined by equations [ and 2
in text, and Creom equals exposure concentration
Cexp during exposure and equals zero after cessa-
tion of exposure.

The mathematical solution was described pre-
viously.3 Calculation was done by Univac 1100/20
computer.
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