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A method for the retrospective estimation of the
individual respiratory intake of a highly and a poorly
metabolising solvent during rest and physical exercise
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ABSTRACT A method for the retrospective estimation ofthe individual respiratory intake was tested.
The method is based on system dynamics. Subjects were exposed simultaneously to the poorly
metabolising solvent tetrachloroethene (PER, perchloroethylene) and the highly metabolising
trichloroethene (TRI) at rest, 30, and 65 watt physical exercise. The time courses of the alveolar
concentration (Calv) of both PER and TRI were measured. A retrospective estimation of the
individual intake ofPER could be carried out up to 400 hours after exposure with 10-20% accuracy,
irrespective of the level ofexercise. The estimates of the intake ofTRI are less accurate. The Cal, in the
1-15 hours postexposure permits the estimation of the intake ofTRI within a mean error of25% for
most subjects. For men the method may be applied up to 48 hours after exposure within 20% error.
For women the intake estimates showed a poor accuracy with the use of Cai,v beyond the day of
exposure.

Biological monitoring programs should permit the
detection of differences in individual uptake rather
than in external exposure.' To make a retrospective
estimate of the external exposure at a fixed sampling
point, relations have been established between exter-
nal exposure and biological measures such as the
concentration of solvents or metabolites in exhaled
breath or biological fluids.2

Different individual minute volumes of ventilation
and kinetics (distribution and elimination) may cause
a large interindividual variability in biological
measures at the same level of exposure. Up to now the
estimation of the level of external exposure from
biological media requires strict sampling protocols;
nevertheless on an individual basis these estimates are
mostly poor. In a previous paper it was pointed out
that the kinetics and the rate of functional intake
(RFI) are independent variables which determine the
timecourse ofthe blood solvent/metabolite concentra-
tion and the rate of uptake. Therefore, one should
estimate the RFI rather than the rate of uptake.5

Linear system dynamics studies the relation
between the rate of input and the kinetic response. In
the case of pharmacokinetics or toxicokinetics the
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rate of input may be the rate of the respiratory, oral,
dermal, metabolic or intravenous input and the
response may be a kinetic response such as concen-
tration time curve of the parent compound or its
metabolites. The relation between input and response
is a convolution integral in which the unit impulse
response plays a central part. When two of the three
(rate of input, kinetic response, or unit impulse
response) are known the third may be calculated with a
suitable method for convolution or deconvolution."'
The unit impulse response is an agent specific

individual characteristic; it describes implicitly the
complete kinetics of a parent compound or its
metabolite in an individual subject. This means that
all processes such as resorption, elimination, and
metabolism determine the shape of the impulse
response curve.

In the biological monitoring of solvent vapours
both the individual rate of respiratory input and the
individual kinetics are not usually known. The
possibility of finding an accurate, retrospective
individual RFI depends on the knowledge of the
individual kinetics (unit impulse response). Further-
more, intraindividual differences in the kinetics of
solvents and the metabolites also should not be
neglected.
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Estimation ofrespiratory intake

The purpose ofthis study was to test a method based
on linear system dynamics for the estimation of the
individual rate of respiratory input during experi-
mental exposure to a poorly and a highly metabolising
organic solvent during rest and during physical
exercise.

Subjects were exposed two or three times simul-
taneously to tetrachloroethene (PER) and tri-
chloroethene (TRI) vapour under conditions of rest
and physical exercise. For both PER and TRI the
concentration in alveolar air was measured which is
representative for the concentration in mixed venous
blood."

Theoretical background

The body may be considered as a dynamic system
composed of several subsystems. An input (amount/
time) of an agent or metabolite is administered into
an input subsystem-usually blood-through the
respiratory, oral, dermal, intravenous, peritoneal, or
metabolic route; it may be regarded as a perturbation
ofthe whole system. The system reacts on this with one
or more kinetic responses in one or more subsystems;
the kinetic responses, for example, are the concentra-
tion/time profiles of agent or metabolites in blood,
exhaled breath, organ/tissues, urine, and saliva.

In system dynamics the operator which transforms
the input into a kinetic response is considered to be the
most important. The relation between input and
response is a convolution integral in which a weighting
function-that is, unit impulse response-weights
past values of the input to give the present value of the
response. The use of system dynamics is based on the
following assumptions:

(1) The system is lumped, rather than distributed;
its behaviour may be described over a finite number of
points of time.

(2) The system is linear so that the principle of
superposition applies: the kinetic response to an input
q#(t) + q2(t) is the sum of the responses to q,(t) and
q2(t) applied separately.

(3) The system is time invariant; its dynamics do
not change with time.

After a unit impulsive input-for example, a bolus
injection with a unit dose D = 1-the weighting
function is the same as the measured unit impulse
response (fig 1).
At a constant rate step input, the system transforms

the input into a kinetic response as shown in fig 1. In
this case the unit impulse response may be obtained by
a simple deconvolution operation on the step input
and the response. Moreover, when both the unit
impulse response and the input are known the kinetic
response may be calculated by means ofa convolution
operation on the input and the unit impulse response;
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Fig 1 Body as a dynamic system. Weightingfunction g(t)
transforms an input into a kinetic response.

an unknown input may be estimated by means of an
inverse operation (deconvolution) on a measured
response and the unit impulse response (appendix). In
the case of a complicated, non-constant rate of input
several methods for numerical deconvolution have
been described."9

In the case of a constant rate of input (q) the
deconvolution is substantially simplified (appendix).
It may be estimated retrospectively at any post-
exposure point of time t2 with the aid of (i) the unit
impulse response g(t) in the observation subsystem
and (ii) only one measured concentration in the
observation subsystem at t2. For a constant step input
at t < t, the estimated q equals:

C(t2) C(t2)

g(t).dt Area g(t)

52 5t 2 t

(1)

The estimation ofthe constant rate ofinput has now
been simplified by means of a measured C(t2) value
divided by an area under the impulse response curve
g(t). This area is located just before the time point t2 of
sampling and has a timelength of t, which equals the
duration of exposure. A unit impulse response g(t) is
drawn schematically in fig 2.
The rate of input is defined as the RFI rather than

the uptake and it equals the product of the inhaled
concentration (C,) and the functional alveolar ventila-
tion (Va):
RFI = Cl. Va (2)
The functional alveolar ventilation (V,) is the virtual

air minute volume which completely equilibrates with
the mixed venous blood.5
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g(t)

It2
Area g(t)

I t2- tl

Time t2 - tl t2

Fig 2 Schematic unit impulse response g(t). Area under
g(t) between points oftime (t2 - t,) and t2 has a time length
that equals duration ofadministration t,.

Methods

EXPOSURE PROCEDURE
In a first set of experiments four subjects (2 men, 2
women) were exposed twice at rest to PER. The period
between the two exposures was about one to two
months. A second set was carried out with six subjects
(3 men, 3 women); each subject was exposed three
times simultaneously to PER and TRI at 0 W, 30 W,
and 65 W physical exercise. The levels of 30 and 65 W
exercise correspond to light and moderate work
load.5"2 The period between the first and the third
exposure was two to six months. One man participated

Opdam, Smolders

Table 1 Exposures to tetrachloroetheneforfour subjects at
resting conditions; t,: end ofexposure, te: postexposure
observation period, and C,: concentration in inhaled air

Rest I Rest 2

t, t, C, t, t C1
Subject (min) (h) (pumol/l) (min) (h) (Pmol/I)

Im 48-2 240 0 33 36-8 190 0-38
2m 427 70 021 41-1 170 035
if 28-7 185 0-34 45-8 285 0-35
2f 40 3 260 0 34 60-2 280 0-36

in both sets. The subjects were aged 24-40; the
percentage of fat tissue according to the method of
Durbin and Wormersly'3 was 10-26% for the men and
25-31% for the women.

Tables 1 and 2 present the exposure data ofboth sets
of experiments. Concentrations in inhaled air ranged
from 0 11 to 0-43 pmol/l (18-71 yg/l) for PER and
from 0 24 to 1 58 pmol/l (31-205 jug/I) for TRI.
Exposure lasted for 29 to 62 minutes. The post-
exposure period of observation lasted 70-500 hours
for PER and 20-3 10 hours for TRI.
The conditions of exposure, the sampling protocol,

and the sampling errors have been described in detail.5
The method of exposure and of alveolar air sampling
has also been described earlier."

INDIVIDUAL UNIT IMPULSE RESPONSE
For each subject one of the two or three experiments
was taken as a "reference" experiment; the individual
impulse response was calculated from (a) the kinetic
response in the postexposure period and (b) the rate of
input (pmol/min) during exposure. The other one or
two experiments were called the "occupational"
experiments and were carried out to test the method
of retrospective estimation by estimating their "un-
known" respiratory input.

Table 2 Three simultaneous exposures to tetrachloroethene and trichloroethene for six subjects at three conditions of rest,
30 W, and 65 Wphysical exercise

Rest 30 W 65 W

t, te C1 t, t, C, t1 t, C,
Subjects (min) (h) (pUmot/l) (min) (h) (Pmol/t) (min) (h) (lwmol/1)

Im TRI 42-3 20 0-24 45 5 240 1-27 294 44 029
PER 190 0-38 310 0-22 380 0 20

3m TRI 50 7 122 0-68 45 5 200 1-42 47.5 265 0 70
PER 310 0-22 265 019 310 0 22

4m TRI 46-0 115 158 62-2 95 135 30 5 118 1331
PER 238 0-24 480 0-23 237 0-23

3f TRI 43-9 45 0-26 45 5 190 1 55 42-7 141 073
PER 24 011 262 0-26 382 0-43

4f TRI 45-4 93 1-38 49 5 212 1-26 44-3 164 1 30
PER 241 0-27 310 0 21 410 0-23

Sf TRI 580 140 1-07 464 217 1 22 35-0 311 11
PER 410 034 360 037 500 0-17

= Endofexposure.
t,= Postexposure observation period.
C, = Concentration in inhaled air.
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Estimation ofrespiratory intake
KINETIC RESPONSE
In the reference experiment the kinetic response to a
step input in the whole postexposure period (t > t,)
after a step input was expressed by a mathematical
multiexponential function (eq 3.2; table 3). The
parameters in this function (coefficients c(i) and
exponents r(i)) were estimated by means of curve
fitting the measured data ofthe alveolar concentration
(Ca.,). The following Ca,, values were used: (1) all values
during the first postexposure day and (2) all values
sampled at the subsequent mornings. The Ca., level at
the end ofexposure was used to limit the fitted Ca., level
at the end of exposure. The morning Ca,, values rather
than the evening Ca1v were used because ofthe previous
"standardised" sleeping period. The postexposure
data were fitted because the weighted residual error
around a fitted line was expected to be smaller than
during exposure." The data were fitted by minimising
the sum ofweighted least squares (eq 3.3; table 3). The
variability of the data around the fitted line was
expressed by the weighted residual error (WRE) (eq
3.4; table 3). The fitting was carried out with a
sequential simplex procedure.'4
The mathematical expression of the unit impulse

response g(t) obtained from a step input (RFI =
constant) is given by equation 3.5 (table 3).

RATE OF INPUT
The RFI is given in eq 2. The experimental determina-
tion of V. has been described in a previous paper.5
The RFI in the occupational experiments by the

same subjects was estimated several times independent
of each other at different times in the whole post-
exposure period with the aid of one measured Ca.v
value and the impulse response g(t) ((eq 1) and
appendix).
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Table 3 Equations used to evaluate measured data

C.1,(t) = X c(i) (I - exp(r(i)t)) (31)t t1ti-iI
Ca,,(t) = I c(i)(exp(r(i)t-t ))-exp(r(i)t)) (3-2)t >,t1 i-I

n

WLS* = j ((yj _ (j)/)23)

WRE* = j1 /(n - 2p).(y y- j)/)2 x 100% (3-4)

g(t) = (1/RFI) Y (- ) c(i)r(i). exp(r(i)t) (3-5)
*yj and yj are the measured and predicted values respectively.

Results

COURSE OF ALVEOLAR CONCENTRATION
Figures 3a, 3b, and 4 show the kinetic response in the
alveolar air during and after simultaneous exposure to
PER and TRI of subject 4f at rest. These figures are
representative ofthe results ofall subjects. Figures 3(a)
and (b) show the Ca.v, data relative to the inhaled
concentration (CQ) during the first 60 minutes after the
onset of a simultaneous exposure to PER and TRI at
rest. The C,,,, data are in equilibrium with the
concentration in mixed venous blood."

Figure 4 shows the Calv,q data relative to C, for PER
and TRI in the postexposure period up to 11 days.
The curvefitting according to equation 3.2 resulted

in several estimates of the coefficients c(i) and expon-
ents r(i). Table 4 presents the estimated c(i) and r(i)
parameters of subject 4f at rest, 30, and 65W exercise.
For an adequate fitting of the Ca,, values correspond-
ing to a minimal sum of weighted least squares (WLS)
(eq 3.3), the time course of PER mostly required five

30 40 t1 50

Exposure time (min) Exposure time (min)

Figs 3a, b Alveolar concentration curves relative to C, up to 60 minutes after onset ofexposurefor both PER and TRIfor
subject 4fexposed simultaneously to PER and TRI at rest. C.,,.eq data are in equilibrium with concentration C,, in mixed
venous blood and are obtained after a normal inhalation,five seconds breathholding, and normal exhalation.
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Opdam, Smolders

Subject 4f

PER

A

120 160
Postexposure time (h)

Fig 4 Alveolar concentration curves relative to C1 in postexposure periodfor both PER and TRIfor subject 4fexposed
simultaneously to PER and TRI at rest. Beyond day ofexposure symbol A and A indicate samplesjust before going to sleep
andjust after awakening respectively. Curvefitting was carried out withfunction given in table 3 (eq 3.2).

exponential terms (p = 5) whereas for TRI only half
the cases if our terms were sufficient. In a few
experiments with a short postexposure period of 48
hours for TRI three exponential terms were sufficient.
For all subjects the average weighted residual error

(WRE) (eq 3.4; table 3) was 7% (55-9%) and 11% (7-
15%) for PER and TRI respectively. This implies a
larger intrasubject variation in the timecourse of TRI
than that of PER.

In addition it was observed that for all subjects the
Ca.v at awakening (symbol A) was usually higher than
the Ca,, before sleeping (symbol A) (fig 4).

IMPULSE RESPONSE
Figure Sa presents a semilog presentation of the g(t)-
function of PER and TRI at rest. In general the g(t)-
function ofTRI at t = 0 is higher than that ofPER but
the decrease was faster. In a period of 100 hours the
g(t)-functions of TRI and PER dropped about
800 000-fold and 20 000-fold respectively. Figure 5b
shows a log-log presentation of the g(t)-functions
obtained from all experiments at rest, 30, and 65 W
exercise with subject 4f. The g(t)-functions ofPER and

TRI at rest are the same as in fig 5a. The individual
curves are drawn up to the end of the observation
period. The presentation pays extra attention to the
first day of observation. It should be noted that in
figure Sb the scaling for TRI differs from that ofPER
by a factor of 10. The figure shows a much lower g(t)-
function for TRI when exposure is carried out at rest.
After 10-20 hours the g(t)-functions of PER are

similar irrespective of the level of exercise.

ESTIMATION OF THE RFI
For each subject the error in the retrospective
estimated RFI will be expressed as the ratio estimated/
true RFI; a ratio = 10 indicates a perfect estimate.
Figures 6 and 7 respectively show the individual mean
ratios at rest and 65 W exercise with the use of the
impulse responses obtained from the 0 and 30 W
experiments. A mean ratio has been obtained from
several n independent ratios each obtained with a

single Ca,i value in a limited postexposure period. The
left, middle, and right regions ofthe figures present the
limited periods: 5-60 minutes after exposure, the next
hours during the first day, and the subsequent morn-
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0 40 80 200 240
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Estimation ofrespiratory intake
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Fig 5 (a) Semilog presentation ofunit impulse responses
for PER and TRIfor subject 4ffrom experiment at rest.
Impulse responses were obtained by deconvolution ofconstant
rate offunctional intake (table 6) andfitted time courses;
deconvolution yielded eq 3.5 (table 3). Parameters c(i) and
r(i) are presented in table 4. (b) Log log presentation ofunit
impulse responsesfor TRI and PERfor subject 4ffrom
experiments at 0-(-), 30(- -), and 65 (- -) Wphysical
exercise. Impulse responses were calculated as described in
fig Sa.

ings of the following days, respectively.
To estimate the RFI during different levels of

exercise, the 30 W experiment will usually be used as

the reference experiment because of the intermediate
level of the physical exercise.

RFI OF PER

The functional rate of intake of PER for three of the

255

four subjects belonging to the first set of experiments
(twice exposed at rest to PER) was underestimated or
overestimated within a 25% error by using a Ca,t value
during the first postexposure day (fig 6, left and middle
region). Using the subsequent morning concentrations
up to 280 hours (right region), estimation with a mean
error of less than 10% for all four subjects was
possible. When using only a single morning Ca,. value
the 95% confidence error region of the estimate may
be approximated. When using a CV = 17% with n =
12 (subject 2f) then for all subjects the 95% confidence
error intervals may be set to ± 34%. When using two
morning Ca,, values the 95% confidence error interval
reduces to ± 24%.
The difference between the durations of exposure

did not have a striking effect on the accuracy of
the estimated intake. For example, for subject 2f (K>)
the durations of the reference and occupational
experiments were 40 and 60 minutes.
To estimate the RFI during different levels of

exercise the use of the morning Ca., data-that is, at
least 15 up to 400 hours after exposure-yields a RFI
estimate with a mean error within 25% for the subjects
(fig 7a, b; right region). The average ofCV equals 12%
with all subjects and, therefore, the 95% confidence
interval of a single estimate equals about 25%.
For subject 3f the observation period after the rest

exposure was limited to 24 hours because a short visit
to a chemical cleaning shop increased the post-
exposure concentrations about threefold.
One subject showed a systematic underestimation

(30%) of the RFI at rest because the CV of the RFI
estimates was only 7% for 15 independent estimates
(fig 7a, right region). The systematic error probably
was due to an error in the "true" RFI during rest
because the RFI at 65 W exercise was estimated
reasonably well (fig 7b, right region).
The differences in the duration of exposure do not

seem to have a striking effect on the accuracy of the
intake estimate, although differences in the duration of
exposure in a 30 W and a 65 W experiment ranges up
to twofold (table 2; subject 4m).
To estimate the RFI the C.,, data obtained in the

first postexposure hour (5-60 minutes) appeared not
to be preferred for all subjects (left region; fig 7a, b).
For both at rest and 65 W exercise the mean error of
the RFI estimate ranges up to 100% (figs 7a, b).
The next hours during the day of exposure (fig 7a,

b); middle region may be a suitable period. The RFI at
rest appeared to be estimated well whereas the ability
to estimate the RFI at 65 W exercise seems doubtful.

RFI OF TRI
The errors in the estimated RFI ofTRI for six subjects
are presented in fig 7c, d.
The C,,, data in the early postexposure period of
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Table 4 Coefficients c(i), exponents r(i), and weighted residual errors (WRE) ofsubject 4fobtainedfrom curvefitting of
several n C,,,, values after a simultaneous exposure to PER and TRI at rest, 30, and 65 Wphysical exercise

PER TRI PER TRI

c(i)/C,; i 1 ...,5 r(i); i = 1,...,5 PER TRI

Rest 0147 0-164 -245 -155 No = 31 27
0-079 0-057 -0-103 -0 136 WRE = 5-5% 6-7%
0-119 0053 -0-0120 -0-0156 RFI= I ymol/min 515 pymol/min
0-087 0-020 -0-00174 - 0 00218 (166 ig/min) (670 ug/min)
0-346 0 0151 -0 000086 -0 00054

30W 0162 0 345 -1 82 -1-12 No =30 25
0-273 0-20 -0-0262 -0032 WRE = 8% 17-5%
0-250 0-074 -0O0051 -0 0055 RFI = 226 pmol/min 13 2 ymol/min
0 258 0 065 -0 00078 -0 00078 (370 pg/min) (1720 pg/min)
0-786 0-052 -0 000086 -0-00021

65 W 0-098 0-332 -1-43 -1-46 No = 33 26
0 147 0-167 -0 051 -0-036 WRE = 7% 14-8%
0-293 0-152 -0-0067 -0 0067 RFI = 3 53 pmol/min 20-5 pmol/min
0-168 0-192 -0 0010 - 000036 (578 pg/min) (2660 pg/min)
1*46 -0 000091

RFI: rate of functional intake.

5-60 minutes are not completely suitable in any
subject. For at least three subjects the estimated/true
RFI ratio is outside the 1 00-l -25 range oferror (fig 7c,
d; left region).
The Cal data during one to 15 hours on the day of

exposure might be ofinterest (fig 7c, d; middle region).
The RFI at 65W exercise for five ofthe six subjects was
estimated within an error of 25%. The corresponding
CV is rather low except for subject 3f. This was caused
by a drop in the first Ca,v data which were obtained at

3.0-

'L 2 0-

' 1-5-

E 1-0-

a) 0.8.

0

'o 0-6-
0 5-

n=8,9, 10, 12

5 - 60 min

Ref =O W
Occ = 0 W

'I Q

7,5, 7, 8

1 - 15h

8, 3, 3, 12

1 st day

Subjects
1im

O 2m
* if
* 2f

Fig 6 Mean error in retrospectively individual RFI
estimates ofPERforfour subjects. The 25% underestimates
and overestimates are indicated by unbroken lines.
Postexposure period after occupational exposure has been
divided into three periods: 5-60 minutes, 1-15 hours, and
following days. For each subject mean error and coefficient of
variation (vertical lines) were obtained by a number n of
independent estimates in three periods. Each subject is
presented by his symbol; REF: reference experiment, OCC:
occupational experiment.

home in the evening hours. This drop was probably
due to physical activity during the journey home.
The application of the postexposure morning C,,1

data appears to differ for men and women (fig 7c, d;
right region). For the three men the use of Ca,, at the
first morning after exposure yielded a RFI estimate
within an error of 8-25% no matter the duration of
exposure and the choice of the occupational exposure.
For the men the Ca,v measured at the first two mornings
delivered acceptable estimates with only a few excep-
tions. For the three women the RFI estimates
appeared to be more sensitive to the level of exercise.
The functional intakes at rest were underestimated up
to 3-5-fold. Also the errors in the estimation of RFI
during 65 W physical exercise are substantial (fig 7d);
subject 4f is a positive exception.

Discussion

INDIVIDUAL RFI ESTIMATES
To estimate the individual RFI a method on an
individual basis has been tested. In this study the
method applies an experimentally determined unit
impulse response and a measured alveolar concen-
tration of the parent compound in the postexposure
period after an unknown intake during a variable
duration under variable conditions of physical
exercise.
The method may only be applied successfully when

the intraindividual variability in the kinetics is limited
as a function of time (hours, days, months). In our
experiments the intraindividual variability in kinetics
could be split up into a short and a long term
variability. Short term variability became manifest
from the variation of the Ca,v data around a theoretical
smooth decreasing curve in the postexposure period-
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Estimation ofrespiratory intake
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0

I
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TRI

I ,6 I
I

4,6,3,9,7,2 110,9

5-60 min I 1
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d
F----4-- __

I

),6,14, 8, 511,4, 3

-15 h I>l1' day I
n-2, 4, 6

I iif I
n.

I
I

7 5,8, 10, 6.7 8,10,8,10,8, 7 2, 6,

5-60 min 1-15 h > 1"

Fig 7 Mean errors in retrospectively individual RFI estimates ofPER (7a, b) and TRI (7c, d)for six subjects. The 25%
underestimate and overestimate are indicated by unbroken lines. Postexposure period after occupational exposure has been
divided into three periods: 5-60 minutes, 1-15 hours, andfollowing days. For each subject mean error and coefficient of
variation (vertical lines) were obtained by a nwnber n ofindependent estimates in three periods. Each subject is presented by
his symbol; REF: reference experiment, OCC; occupational experiment.

for example, the increase of the alveolar concentration
during the night (fig 4). The long term intraindividual
variability may be shown by intercomparison of the
unit impulse responses in each subject exposed two or

three times (fig Sb). This long term intraindividual
variability became manifest from the accuracy in the
retrospective estimates of the RFI with the use of an
about one to six months earlier determined impulse
response. In fact the errors in the RFI estimates may
also be partly explained by the short term variability of
the C,,, data in the occupational experiment. Both the
short and long term intraindividual variability will be
considered in more detail in a further paper (Opdam,
in preparation).
For PER it may be concluded that the measured C.,,

values in the postexposure period-that is, from five
minutes up to about 300 hours-permits the estima-
tion of the individual RFI (umol/min) with an error of
less than 25% for all subjects when resting conditions
during the reference and occupational exposure (fig 6).
When using only one CI,d value irrespective ofthe time
of sampling in the whole five minutes-300 hours
postexposure period, the RFI estimate has a 95%
confidence error interval of about ± 35%. Using two
C. values the mean RFI estimate will have a con-
fidence interval of i 25%.
At different levels of exercise (0-65 W) during

exposure, the use of a C.,, value in the postexposure
period beyond the day of exposure is to be preferred.
The individual RFI of PER during rest and 65 W

PER
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exercise may be estimated with a mean error of less error of 25% for five of six subjects. The average CV
than 25% when using the impulse response obtained at equals 17% for the subjects and, therefore, when using
the 30W experiment and the Ca,j values in the range of only one Ca., value the 95% confidence interval of the
15-500 hours after exposure (fig 7a, b). When using RFI equals ± 34%. In general the CV value of TRI
only one postexposure C.,, value the RFI estimate for exceeds that of PER (fig 7) and may be partly
an individual subject has a 95% confidence interval of explained with the WRE around the postexposure
about ±25% whereas the use of two C,,, values the fitted curve of the occupational experiment (table 4).
confidence error interval of the mean RFI estimate The postexposure Ca,, decrease of TRI seems to be
decreases to ± 18%. more sensitive to normal daily physical activity or
The level of exercise plays a minor part in the changes in rate of metabolism, or both.

application of the method. Nevertheless, during one to Differences related to the sex of the subject are
15 hours after exposure a Ca., value in combination particularly evident when the postexposure period
with the 30W impulse response permits an estimate of exceeds 15 hours. The Cat, value on the first morning
the PER intake during rest more accurately than after exposure permits an estimate of the RFI within
during the 65 W exercise (fig 7a, b). an error of 20% in the men (fig 7c, d). In the women,
For some subjects the RFI at rest seems to be however, the RFI estimates showed substantial errors

overestimated in the postexposure period up to 15 with the use of Ca,, data beyond the day of exposure.
hours whereas the intake at 65 W seems to be For women the intraindividual variability in the
underestimated when using the 30W impulse response kinetics of TRI appeared to be substantial in this
(fig 7a, b; left region). From a kinetic point of view period.
these errors may be explained by the blood perfusion In general, during the whole postexposure period
in subcutaneous fat. The blood flow both through the 30 W impulse response is more suited to estimate
muscles and subcutaneous fat increases with increas- the TRI intake during a 65 W exposure than during
ing exercise. It is well known, however, that by rest. Particularly in the women, the RFI at rest has
contrast with the muscle flow, the subcutaneous flow been underestimated and, therefore, the kinetics in
may increase not gradually but abruptly. For lipo- women seem to be more affected by exercise during
philic solvents such as PER the change of flow in exposure than in men. For both men and women the
subcutaneous fat are reflected in the concentration in Ca,v data relative to the intake were low and as a
the blood; an increased flow will also remain during consequence the not exhaled fraction and thus the
some time after exercise and results in a decreased metabolised fraction of the intake was shown to be
blood concentration relative to the intake. The effect high at rest.5 In the women the substantial errors in the
of exercise may also be in the impulse responses of RFI estimates at rest cannot be explained only by a
PER which, in fact, equal the Ca,, after a bolus input high metabolised fraction. We have no explanation
(fig 5b). For some subjects the subcutaneous flow may based on local blood flows through fatty tissues and
increase only above 30 W exercise and, therefore, the the metabolised fraction.
0-15 hours after exposure will be best suited to For highly metabolising solvents the impulse res-
estimate the RFI at rest with the 30 W impulse ponses of the metabolites may be more suited to
response (fig 7a, subjects 0, O, A). An increased estimate the RFI than the parent compound in exhaled
subcutaneous bloodflow at 30W may yield an overes- air. For TRI the metabolites trichloroethanol (TCE)
timation ofthe RFI at rest (fig 7a, subjects *, *, A). In and trichloroaceticacid (TCA) will be used in future
the 0-15 hours after exposure the RFI at 65 W is work.
underestimated for almost all subjects (fig 7b); the
subcutaneous bloodflow at 65 W seems to be increased A NON-INDIVIDUAL METHOD TO ESTIMATE THE
substantially for most subjects and, therefore, the Ca,, RFI
relative to the intake has been decreased. To show the usefulness of the individual method a
For TRI the accuracy of the individual RFI non-individual method has also been used. This

estimates depends on the point of time of alveolar method uses the impulse response of one subject to
sampling, the level of physical exercise during estimate the RFI of PER and TRI of the other
exposure, and the sex. subjects. Particularly during the postexposure period

During the day of exposure the one to 15 hours beyond the day of exposure the limitations of the
postexposure period appears to be suitable to estimate approach became manifest. For PER the average error
the individual RFI ofTRI (fig 7c, d; middle region). By in the estimate of RFI at rest for eight subjects was 3%
contrast with PER, the RFI at 65 W exercise may be with CV = 33%. For three subjects the RFI was
estimated more accurately than the RFI at rest. The estimated with about 50% error. The estimations were
Ca,v values during the one to 15 hours permit. an,, carried out with the impulse response at rest of subject
estimate of the RFI at 65 W exercise within a mean 4f (fig Sb). For TRI when using only the Ca,, value at
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Estimation ofrespiratory intake

the first morning the average error in the estimates of
RFI at 30 W exercise for five subjects was 25% with
CV = 58%. For two female and one male the RFI was
estimated with about 70% error. The estimations were
carried out with the 30W impulse response of subject
4f (fig 5b).

Biological monitoring of occupational exposure to
PER established a relation between external exposure
and exhaled air for a group of workers.4 For an
individual one exhaled air sample permitted an
estimate of the average inhaled concentration with a
95% confidence interval of ± 50-80%.

SIGNIFICANCE FOR BIOLOGICAL MONITORING OF

SOLVENTS
In biological monitoring the use of the unit impulse
response appears useful in estimating the individual
functional rate of intake and indirectly the actual
respiratory uptake. Sampling of the parent compound
or of one or more metabolites in exhaled air, urine, or
blood, or both, may be applied. Furthermore, the time
ofsampling is not fixed. The principle ofestimating the
RFI during a single exposure remains valid at repeated
exposures as in industry.
To establish the individual impulse response ofeach

worker is impossible in practice. In fact, for all workers
an average impulse response may be used only if the
interindividual variability in the kinetics is small.
Therefore, knowledge is needed about the magnitude
of the interindividual variability in the impulse res-
ponse of the solvents or their metabolites, or both. In
addition, differences in concentrations in the blood
may then be predicted among workers at the same
level of intake; these differences again may correspond
to differences in health risks. Controlled exposure
experiments appear to be well suited to investigate the
intersubject variation between men and women aged
20 to 65. At pre-employment such a measurement on
the individual level offers the opportunity to discover
subgroups with similar impulse responses. This
knowledge may be extrapolated to the field of
biological monitoring and ultimately to standard
setting.
To assess the reliability of extrapolation from the

impulse responses in the controlled experiments to
occupational exposure, one should realise that only
exposure with a limited duration takes place under
controlled conditions. Combined exposure in practice
may alter the impulse response but to what extent is
not yet known. Combined exposure not only due to
working conditions but also due to lifestyle-for
example, consumption of alcohol-may be a serious
problem for an adequate estimation of the RFI. In
controlled experiments, however, the use of impulse
responses enables us to study quantitatively the varia-
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tions in the kinetics and the consequences for the RFI
estimates.

Furthermore, the experiments increase insight into
individual variability in kinetics and consequently in
the toxic burden in critical organs, which again reflects
the actual health risk.

This study was supported by the Ministry of Social
Affairs and Employment. We are grateful to E J
Brouwer and P M Gielesen for their experimental
work and Dr A C Monster, Professor Dr J M van
Rossum, and Professor Dr R L Zielhuis for a critical
review of the manuscript.

Appendix

In linear system dynamics the input and response are
related by a convolution integral. When the input q(t')
is applied during a period up to t, the integral can be
written as:

Lt Lt
C(t)= q(t').g(t-t')dt'_ q(t-t')g(t')dt'
t < t 0

and

C(t) = b1q(t').g(t-t')dt' _ b q(t-t')g(t')dt'
t > t 0 t-ti

The weighting function g(t)-that is, unit impulse
response-of the system weights past values of the
input to give the present value of C(t).

In table 5 general equations are summarised. Table
6 shows the mathematical expressions of the kinetic
response and the unit impulse response with the
assumption that C(t) is described by a sum ofexponen-
tials. The use ofexponential terms, which may suggest
compartments, are not required. Any function of time
may be used-for example, time power functions often
seem to be able to fit the data adequately.'5
The input q(t) may be an impulse or a step input.

Table 5 Response in the output system as a convolution of
the unit impulse response g(t) and a rate of input q(t)
both at an impulse input and at a step input with
duration t,

Rate of input Kinetic response
q(t) ;mol/min C(t) ;mol/l

Input impulse D.6(t -to) D.g(t) (5.1)

Step (eg respiratory tintake or iv q(t) = t. t, q g(t')dt' (5.2a)
infusion) constant J

t> tl q i g(t')dt' (5.2b)
I.t
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Table 6 Unit impulse response deducedfrom deconvolution of the rate ofinput q and the output response C(t). The kinetic
response is described as a sum ofexponential terms*

Kinetic response Unit impulse response Remarks
Input C(t) (mol/l)t g(t) (1/I)

Impulse Ec(i).exp(r(i).t) E.c(i)exp(r(i).t)/D g(t) = C(t)/D
input (to = 0) Ec(i) = D/V,
Step input Z:c(i).(l -exp(r(i).t)) E(- l).c(i).r(i)/q.exp(r(i).t) g(t) = C(t)/q
q = constant t < t, t<t,

£c(i).(exp(r(i).(t - t,) - exp(r(i).t))
t> t,

q # Constant Deconvolutiont

*The use of exponentional terms is not a priori required; negative power functions of time may be quite useful."
tCurve fitting of the C(t) data gives the number of exponential terms (p = 1,..5) needed for an adequate fitting. D = Doses at an impulse
input, V, = distribution volume of the input subsystem.
$Deconvolution may be obtained by a numerical algorithm"9 or by Laplace transformation.

IMPULSE INPUT
The amount of the compound is administered instan-
taneously into an input system-for example, the
blood. It is assumed that this amount D at point to is
distributed at once in the whole distribution volume
(V,) of this subsystem; this results in a concentration
D/V, at to. After the impulse input the response C(t-
that is, the concentration in the blood-is propor-
tional to the weighting function g(t): C(t) = D.g(t)
(table 5). After a unit impulse (D = 1) the weighting
function equals the unit impulse response.

STEP INPUT
At a constant rate of input the response is simply the
integral of the unit impulse response and the convolu-
tion integral is simplified substantially (eqs 5.2). Non-
constant inputs often cause problems to evaluate
analytically the deconvolution. Even if C(t) and g(t)
are known analytically, in general the deconvolution
cannot be carried out analytically. In this respect
numerical deconvolution techniques appear to be
suitable.7-9
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