










Fast kinetics tetrachloroethene
sues. The total circulation time is the sum of transit
time, highway circulation, and pulmonary circulation
time.
Although the average circulation time for the vis-

ceral compartment (vessel rich, VRG) is estimated to
be 44 s, a blood flow of 1 45 1/min returns to the lungs
within 15-55s; for a blood flow of 2 55 I/min, the time
is 21 5 s (table 3). Blood coming through the splanch-
nic tissue, however, returns after about 55 s. In
respect to circulation times, the visceral compartment
may be split up into these subgroups: VRG la (kid-
ney, adrenals, and thyroid, etc), VRG lb (heart,
brains, and other small glands and organs), and VRG
2 (splanchnic tissue).
The peripheral shunt in table 3 will probably also

be a composite of several shunts. Arteriovenous anas-
tamoses in the skin and muscles provide well known
shunts. The average circulation time equals about 39 s
but some shunts probably have much shorter times.
The numerical values of bloodflows and circulation
times of various shunts are uncertain, but the total
peripheral shunt of table 3 can probably be split up
into rapid and slow shunts; we assume both have
equal blood flow (-0 5 1/min) with circulation times
of 10 s and 60 s respectively.

Figure 4 presents a compartment model; in view of

VRG2
Slow shunt
MG
FG
__.-

Fig 4 Compartment model based on physiological data of
blood circulation times oforgans and tissues which belong to

vessel rich group (table 4). VRG is split into VRG I and
VRG 2. Composition is assumed to be: VRG 1: kidney,
adrenals, thyroid, heart, brains, other small glands, and
organs; VRG 2: splanchnic tissue. Total arteriovenous shunt
is split into afast and a slow part.
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the circulation times the VRG has been split up and
fast and slow shunts have been added.
With the exception of the brain, all tissues in the

VRG I compartment have a small tissue volume, a
small (tissue/blood) partition coefficient (table 2) and
therefore a small capacity (distribution volume) to
absorb PER. Shunts will have an even smaller capa-
city. These very rapidly perfused tissues and organs
will equilibrate quickly with CA,, and their local
venous blood will react almost immediately to
changes in CAII-
The rise in the local venous concentration at a level

CSL* (- CSL; fig 3) up to the Cven value (CAIV at (t* =
10 s) may be plausibly explained. To put it simply, a
composition of bloodflows with CSL* and CA,, must
yield Cven. During exposure, local venous blood com-
ing from the shunt and VRG 1 tissues has a concen-
tration almost equal to CArt (fig 4). Venous blood
coming from slower VRG 2, MG, and FG compart-
ments and slow shunt is mixed and results in a course
of the concentration (Cs10w) which is assumed to be
the same as the time course of the concentration at the
stationary level (CSL*) (fig 3). Mixed venous blood
may be regarded as a composite of the two mentioned
venous blood flows: this yields a Cven value that is
about 20% lower than the Cven value (t* = 10 s) (fig
1).
Although this calculated Cven value is rather low, it

is shown that shunts and VRG 1 tissues can increase
venous concentration considerably up to the mixed
venous level measured at t* = 10 s.

FAST Cven DECREASE: A MONOEXPONENTIAL
APPROACH
Simulations for PER with the four compartment
model for a standard man (table 2) yielded a fast
smooth decrease with a half time of > 0 5 min imme-
diately after the end of exposure. Even the intro-
duction of an artificially fast (highly perfused) small
compartment does not simulate a stationary level.
The estimated average circulation times of the three
peripheral compartments appear about to be equal
(table 2).
A monoexponential Cven decrease between Cven

(tI) and C*SL (t2) which is assumed to be caused only
by internal PER redistribution, may be estimated by
means of a mass balance equation which describes a
fast system (fig 4). This fast system consists ofVRG 1,
fast shunt, and the corresponding blood volume
including the blood in pulmonary circulation and
heart chambers (table 3). The parenchymal lung tis-
sue is excluded because its local venous blood is not
supplied to the mixed venous blood but to the arterial
blood (left atrium). The mass balance equation
describes the fast PER transport into and out of the
fast circulation system. During (t2-tl) CS1Ow is
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assumed to be of the same value as C*SL at t2; this is
justified by the slow change of Cs,,, at t1 due to the
slow change of the local venous concentrations com-
ing from the slower perfused organs and tissues. The
mass balance equation is:

VFast CVen = CS0ow ( Slow At - CA,t (Slow At
where CAr,t = Cven, due to the assumed zero respira-
tory excretion and Csl0w - C*SL. The solution is:
Cven (t) = C*SL + (CVen (tl) - C*SL)

tP( VF.tt (
t I -< t < t2

Opdam, Smolders

affect Cven significantly: CAIV (t* = 10 s) - CAIV (t* >
10 s) (table 1, fig 1).

It may be concluded that the decrease of the alveo-
lar concentration at t1 is mainly caused by the mixing
of local venous blood coming from a rapid VRG I
compartment and a rapid shunt with local venous
blood coming from the slower compartments.

STATIONARY LEVEL AND CAIV COURSE BEYOND
THE LEVEL
In the postexposure period slower, well perfused
organs and tissues are responsible for the course
beyond the stationary level (t > t3). A two compart-
ment model was fitted to the data of CAIv beyond the
stationary level of an experiment (appendix 2, eq 2).

The distribution volume (VFast) is defind as the total The coefficients and exponents (c(l), c(2), r1, r2) of the
volume of the fast system which is instantaneously in fitted function (appendix 2, eq 2) were used to calcu-
equilibrium with local venous concentration during late a course of CAIV during exposure by means of
rapid changes in CA,,. Two extreme conditions are equation I (appendix 2); this CAIV course reflects the
considered during the rapid Cven decrease: (a) all venous concentration Cs,., during exposure. Figure 3
VRG I tissues-for example, kidney and brain-are shows that the value of the stationary level in different
assumed to be completely in equilibrium with the experiments equals this calculated venous concen-
local venous concentration as it leaves them; this tration. This suggests that the mixture of local con-
yields VFaSt = 6-7 1, with Ati,/bl = 2 5 and (b) VRG 1 centrations coming mainly from the slower well per-
tissues are not assumed to be in equilibrium with local fused organs and tissues can be measured at first at
venous concentration; there is no desorption and the stationary level.
local venous concentration equals CA,t, the volume of The splanchnic tissue is well perfused (1-5 1/min)
the bloodflow in the fast parts equals VFast = 1 2 1 and much more saturated than the muscles and fat in
(table 3). the postexposure period (0-60 min). Therefore, the

Using equation 1, with (Slow = 3.5 1/min, the first contribution from the splanchnic tissue, which
condition gives a half time of 80 s whereas the second includes the liver, to Cven is rather large. It seems
condition gives ti = 14 s. During the first 10-30 s plausible that the splanchnic tissue is most
after stoppage of the uptake, desorption out of the responsible for the existence and magnitude of the
VRG 1 tissues is unlikely to cause a much longer half stationary level and also for the change in Cven in the
time than ti = 14 s. Probably after some time the first post level period up to about 60 minutes. This post-
condition starts to dominate. The desorption exposure period seems to offer the opportunity to
becomes more important and this may explain the study the kinetics of the splanchnic tissue in more
observed change of tj from 15 to 25 s to 20 to 50 s at detail. In particular this postexposure period might be
about t-ti = 20 s. important for assessing individual metabolism in the

Respiratory excretion can shorten the half time liver.
because of an extra output out of the fast system. This In summary, fast kinetic phenomena were studied
respiratory output is low compared with the output by means of abrupt stoppage of respiratory intake.
yielded by the bloodflow 4slow. This was realised by long breath holding during

In the early postexposure period Cven is strongly exposure or by breathing fresh air immediately at the
affected by large differences in (a) partial pressures in end of exposure. During exposure, breath holding
the fast perfused organs and tissues and (b) in their does decrease alveolar concentration considerably. At
corresponding circulation times. This becomes appar- the end of exposure, the subject inhaled fresh air and
ent with sampling after t* = 20 s which yields a 10% a similar decrease of alveolar concentration occurred
higher CAIV value than CAI, (t* = 10 s) (table 1 and fig which is scarcely delayed by breath holding. It was
1). It seems plausible that a relatively high local concluded that the rapid decrease in the mixed venous
venous concentration coming from fast perfused concentration causes a rapid decrease in the alveolar
organs, tissues, or shunts reacts on changes in respira- concentration. This rapid mixed venous decrease
tory excretion within 10-20 s and is able to affect the could be explained by the rapid venous blood
Cven value. In the later postexposure period (t-t1) > returning from well perfused small organs, tissues, or
35 min large differences have disappeared and the fast shunts with short circulation times (10-20 s). After
perfused tissues and organs are no longer. able to exposure, the decrease of alveolar concentration was
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not smooth but it slowed down abruptly after a few
minutes and a short stationary level of one to three
minutes occurred. Beyond this level, the decrease was
continued at a slower rate. Riley et al found a similar
pattern in the rate of alveolar decrease after exposure
to methylene chloride but could offer no physiological
explanation.'0 In this paper we suggest that the sta-
tionary level was due to mixed venous blood coming
from more slowly perfused organs and tissues, in par-
ticular the splanchnic tissue. For the assessment of
individual metabolism in the liver, the alveolar course
beyond the stationary level might be important.
To assess the kinetics of fast phenomena, we sug-

gest that a small compartment or shunt, or both, with
a blood circulation time of 10-15 s must be added to
the conventional compartment model; the bloodflows
which belong to the other compartments have longer
circulation times (about 40-55 s).

Alveolar air sampling is non-invasive and allows
frequent sampling. As a result we were able to dis-
tinguish the stationary level and to assess the fast
kinetics of a solvent in the body. This method may
provide information on individual differences in fast
kinetic data.

This study was supported by the Ministry of Social
Affairs and Employment (Project No ASA 528). We
thank Professor Dr R L Zielhuis, Dr A C Monster,
Mrs A J Bakker, and Mr R van Rijswijk for their
helpful participation.

Appendix 1

SYMBOLS AND ABBREVIATIONS USED IN THE TEXT
AND APPENDIX 2

t* Residence time; total time in
which gas exchange can take place
between inhaled alveolar air and
blood in the capillary bed of the
lung (s)

t-i Half time of CAI, decrease between
CAIv(t* = lOs) at t, and CSL at
t2 (s)

ti Point of time at the end of
exposure (min)

t2 Point of time at the beginning of
the stationary level (min)

t3 Point of time at the end of station-
ary level (min)

C, Concentration of PER in inhaled
air (jg/I) during exposure

CAIV Concentration of PER in alveolar
air (gg/l)

CA1V/CI Concentration of PER in alveolar
air relative to the concentration in
inhaled air
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CAIV (t* = x s) Concentration of PER in alveolar
air after a residence time of x sec-
onds (pg/l)

CAlI (t* = 1O S)t1 Concentration of PER in alveolar
air after a residence time of 10 sec-
onds at the end of exposure t,
(jig/l)

Cven, Pven Concentration or partial pressure
of PER in mixed venous blood
returning to the lungs (jg/l, Pa)

CArt, PACt Concentration or partial pressure
of PER in arterial blood leaving
the lungs (jig/I, Pa)

CSL Concentration in alveolar air at
the stationary level between t2 and
t3 (jig/l)

C*SL Concentration in mixed venous
blood at the stationary level
between t2 and t3-that is CSL/X;
(jig/I)

Cslow Concentration in venous blood
coming from VRG2, MG, and FG
compartments and slow shunts
(jg/I)

VRG 1 a Rapidly well perfused organs and
tissues with a short transit time of
two to three seconds: kidneys,
adrenals thyroid, etc

VRG I b Rapidly well perfused organs and
tissues with a short transit time of
6-11 seconds; heart, brains, and
small glands and organs

VRG 1 VRG I a+ VRG I b
VRG 2 Well perfused organs and tissues

with a transit time of about 40 sec-
onds: splanchnic tissue

VRG Vessel rich group compartment:
VRG I a + VRG I b + VRG 2

MG Muscle group compartment
FG Fat group compartment
(2Slow Blood flow returning to the lungs

coming from VRG2, MG, and FG
compartments and slow shunts
(I/min)
Cardiac output (1/min)

VFast Distribution volume of the fast
system which is composed by
URG1, fast shunt, and a corre-
sponding blood volunme (1)

x Blood/air partition coefficient
ktis/bl Tissue/blood partition coefficient

Appendix 2

Compartment models have been used often in
pharmokinetics. The number of compartments are
often made equal to the number of exponents that are
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necessary to fit the experimental data adequately.
During and after exposure the following functions
may be fitted to the observed CAI, data5:

t < tI

t > tI

CVen CA1V (t) = E -e' )
i = 1

CVen - CAI, (t) = j c(i) (eri(tt) - erit)
i = 1

where ti = end of exposure; p = number of compart-
ments; c(i), ri(= neg) with i = 1, 2.., p are estimated
coefficients and exponents obtained from the fitting.

The weighted residual error of the observed data
around the fitted curve equals:

nj2p (Y1ti) x 100% (3)

where yi = observed value of a sample point (i = 1,
2,.. n); i = calculated value by means of the fitted

curve with 2p parameters.
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