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Theoretical basis of alveolar sampling
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ABsTRAcr The conditions under which the partial pressure of a solvent in the alveolar gas is likely
to provide a valid index of its partial pressure in the mixed venous blood, and thus of whole-body
exposure, is explored on a theoretical basis. Under steady-state conditions, providing the sol-
vent's blood/gas partition coefficient exceeds 10, its mixed venous and alveolar pressures will
agree within 10% and become virtually identical during the prolonged expiration necessary to

obtain an alveolar sample. With less soluble solvents, however, this is not necessarily so, and when
the partition coefficient is less than three alveolar sampling is unlikely to provide a valid index of
mixed venous levels. Abnormalities of pulmonary function, particularly ventilation/perfusion
imbalance, are unltkely to alter these conclusions significantly.

It is generally agreed that biological monitoring
complements environmental monitoring in the
assessment of workers' exposure to industrially used
solvents; and there is currently much interest in
non-invasive techniques for biological monitoring,
such as urine or breath analysis. Fiserova-Bergerova
et all have recently discussed the need to adopt an
optimal sampling strategy in relation to time of
exposure, the solvent's physicochemical properties,
and the subject's physiological state, particularly
cardiac output and pulmonary ventilation. This paper
explores the circumstances under which alveolar
sampling is likely to yield a valid measure of solvent
absorption.

Relationship between alveolar and tissue solvent
partial pressure

Except for small differences due to pulmonary
ventilation/perfusion mismatch (see below), there is
at all times partial pressure equilibrium between the
alveolar gas and the blood which leaves the lungs
and subsequently perfuses the systemic tissues
(fig 1). The alveolar solvent partial pressure thus
provides a valid measure of the solvent partial pres-
sure in the blood with which the tissues are per-
fused; but partial pressure equilibrium between the
tissues of the relevant target organ and the perfusing
blood is not invariably present.

During solvent excretion (when. the inspired sol-
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vent partial pressure is zero, as it usually is during
alveolar sampling), the tissue partial pressure is the
same as that in the local venous blood but exceeds
that in the arterial blood (fig lc). Under these cir-
cumstances the best index of tissue solvent level is
provided by the partial pressure of solvent in the
local venous blood-in the internal jugular vein in
the case of solvents that act mainly on the higher
central nervous system, in the hepatic venous blood
with solvents that may have toxic effects on the
hepatic tissues, and so on.

Estimates of tissue solvent levels are normally
based on sampling of forearm venous blood; but, as
discussed above, this analysis may not necessarily
reflect the appropriate local venous partial pressure.
This is particularly the case with solvents of high
lipid/blood partition coefficient, such as toluene and
xylene, where there may be considerable differences
between the partial pressure in fat-rich tissues such
as the brain and in fat-poor tissues such as skeletal
muscles.

Alveolar sampling provides a valid estimate of
solvent partial pressure in the arterial blood, and-
under circumstances discussed below-the mixed
venous blood; but, as argued above, neither of these
quantities is in general the same as the partial pres-
sure in any particular tissue. This discrepancy varies
with the solvent's lipid solubility, becoming increas-
ingly important as the lipid/blood partition
coefficient departs from unity.

In view of this complicated state of affairs it is
suggested here that the solvent's partial pressure in
the mixed venous blood is the most relevant quan-
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Fig 1 Diagrammatic representaton ofsolvent partial

pressures (in arbitrary units) in gas, blood, and tissue phases

dunng (a) solvent uptake, (b) equilibrium, and (c) solvent

excretion (inspired concentration zero,.

tity to estimate by alveolar sampling; and the
remainder of this paper is therefore devoted to a

discussion of the circumstances under which alveolar
sampling is likely to provide a valid estimate of this
mixed venous pressure.

Methods

THEORY
The basic assumption underlying alveolar sampling
is that there is at all times gaseous equilibrium across
the alveolar membrane: the partial pressure of the
solvent is the same in the alveolar gas phase and in
the pulmonary end-capillary blood phase. But
within this constraint the partial pressure in any
given region of lung depends on the ratio of alveolar
ventilation to pulmonary capillary blood flow. Put
simply, when the inspired solvent concentration is
zero the alveolar partial pressure depends on a bal-
ance between the rate at which solvent is delivered
to the lung in the pulmonary arterial blood and the
rate at which it is removed from the lung by alveolar
ventilation. Put formally, as shown by Fahri2-under
steady-state conditions

P/Pv=
X + V/Q

where P is the partial pressure of solvent in the
alveoli and in the blood leaving the region of the
lung under consideration, Pv is the partial pressure
in the venous blood coming to the lung, X is the
blood/gas partition coefficient of the solvent,* V is
the alveolar ventilation, and 2 is the blood flow of
the lung region under consideration.

CALCULATIONS
The steady-state relationship between arterial and
mixed-venous partial pressures for a wide range of
blood/gas partition coefficients was calculated by the
Fahri formula.2 The effect of ventilation/perfusion
mismatch was calculated by applying this formula to
each slice of the West nine-slice lung model3
(table 1), and then summing the contributions of the
individual slices to derive the mixed alveolar and
mixed arterial partial pressures.

This calculation was performed also for a lung
model in which 20% of the total ventilation and
total perfusion goes to compartments that have
respectively x and 1/x times the ventilation/
perfusion ratio of the whole lung. In table 2, x varies
from 1-that is, no side compartments-to 10-that
is, a lung with considerable ventilation/perfusion
mismatch. The mixed arterial Po2 was calculated for
this lung model using the tables of Kelman and
Nunn,4 assuming standard values for haemoglobin
concentration, pH, and (a-v) oxygen difference.
The dynamic performance of the single compart-

ment model was also explored for various breathing
patterns. The parameters of the model are given in
table 3, an alveolar ventilation of 5*09 1/min being
chosen to agree with the value used in the West
*Numeically the blood/gas partition coefficient is the same as the
Otswald solubility coefficient-that is, the number of millilitres of
gas or vapour (measured at body temperature) that will dissolve in
1 ml of blood at a partial pressure of 1 standard atmosphere
(760 mmHg).

Table 1 Ventilation and blood flow in nine slices of West
9-slice lung model

V Q V/Q
(1) (1)

Top 0-24 0-07 3-43
0-33 0-19 1-74
0-42 0*32 1-31
0-52 0 49 1-06

Middle 0-59 0-66 0-89
0-67 0-83 0-81
0-72 0-98 0-73
0-78 1-16 0-67

Bottom 0-82 1-30 0-63
Total 5-09 6-00 0-85
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Theoredcal basis of alveolar sampling

Table 2 Effect ofVIQ spread on arteral Po2 and solventpressures in mixed-arterial blood and alveolargas (mixed venous
solvent partial pressure = 1)

V/Qspread, x X = 3 X = 5 X = 10 k = 20 Arterial Po
(see text) Blood Gas Blood Gas Blood Gas Blood Gas (mm Hg)

1 0-782 0-782 0-857 0-857 0-923 0-923 0-960 0-960 93-0
2 0-786 0-770 0*859 0-847 0-923 0-917 0-960 0956 86-0
3 0-791 0-754 0-861 0-833 0-924 0-907 0-960 0-951 80-3
5 0-798 0-727 0-865 0-809 0-926 0-889 0-961 0-939 72-3

10 0-808 0-691 0-871 0-771 0-928 0-855 0-961 0-914 65-9

Table 3 Parameters oflung model used in present study

Alveolar ventilation (1/min) 5-09
Cardiac output (1/min) 6-00
Functional residual capacity (1) 3-00
Respiratory frequency (min-') 15
Alveolar tidal volume (ml) 339

model. These dynamic calculations used an iterative
approach to determine the alveolar solvent partial
pressure at 0.1 s intervals, such that the amount of
solvent leaving the pulmonary capillary blood was

identical with that entering the alveolar gas during
the same time interval. Preliminary calculations
were carried out to show that the result was not
unduly dependent on the sampling time interval-
that is, that the interval chosen was sufficiently
short.
The calculations were performed in BASIC on a

Nascom II microcomputer. This machine carries
only six significant figures, but this is more than ade-
quate for simple calculations of the present type.

Discussion

As shown below the blood/gas partition coefficient
has a pronounced influence on the relationship bet-
ween solvent partial pressures in the blood and gas
phases of the lung. Representative values for the
commonly used industrial solvents are given in
table 4. Although these values are sufficiently accu-
rate for the following discussion, they should be
regarded as orders of magnitude only because, not

only is there variation between values found by dif-
ferent workers, but this quantity is dependent on
such factors as the blood's lipid content and
haematocrit.9

DOES ALVEOLAR PARTIAL PRESSURE
ADEQUATELY REFLECT MIXED VENOUS PARTIAL
PRESSURE?
It can be seen from Farhi's equation2 that in the case
of solvents with a high blood/gas partition coefficient
the steady-state arterial and venous partial pressures
are almost identical, and the alveolar partial pres-
sure is thus virtually the same as the venous
pressure; but this is not the case with solvents of
lower solubilities (fig 2). This figure refers to the
single compartment model, and indicates that
alveolar partial pressure exceeds 90% of the venous
pressure when the blood/gas partition coefficient of
the solvent is greater than about eight. This criterion
applies to most commonly used industrial solvents,
but not, for example, to 1,1,1 trichloroethane.

Physiological degrees of ventilation/perfusion
imbalance have little effect on solvent exchange
across the lung (fig 3). Indeed, this is to be expected
in view of the linear "dissociation curve" exhibited
by all solvents. (The pronounced dependence of
blood oxygenation on pulmonary ventilation/
perfusion imbalance is mainly a consequence of the
S shape of the oxyhaemoglobin dissociation
curve.10)
The effect of greater degrees of ventilation/

perfusion imbalance is shown in table 2 which
applies to the three compartment lung model

Table 4 Bloodlgas partition coefficients for some commonly used industrial solvents

Astrands Sherwood6 Sato and Sato and
Nakajima7 Nakajima'

Carbon tetrachloride 2-4
1,1,1 Trichloroethane 1-4 3-3
Methylene chloride 7-0
Benzene 7-7 6-5 7-8
Trichloroethylene 9-2 9-0 9-5
Toluene 14-7 15-6 15-6
Xylene 29-0* 42-1 31-7t
Styrene 32-0 51-9
Methylethylketone 202
Acetone 245

*m-xylene.
tMean of values for o, m, and p-xylene.
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partial coefficient.
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described above. Provided that the solvent's blood/
gas partition coefficient exceeds 10, even quite large
degrees of ventilation/perfusion mismatch, sufficient
to produce substantial arterial hypoxaemia, have
little effect on the relationship between alveolar and
mixed venous solvent partial pressures.

HOW LABILE IS THE ALVEOLAR SOLVENT
PARTIAL PRESSURE?
This question is answered in fig 4, which shows the
calculated effect of a short period of hyperventila-
tion (three breaths at double the normal tidal vol-
ume) followed by a prolonged breath hold. The
alveolar solvent partial pressure is increasingly labile

Normal Hypervent Breath hold

6 b io io
Seconds

Fig 4 Effect ofhyperventilation and breath holding on
ratio ofalveolar to mixed venous solventpartialpressures as
a function of X.

_____ as the blood/gas partition coefficient falls; but this
effect is not likely to be of importance when the
coefficient exceeds about five.
An increase of pulmonary ventilation accom-

panied by a pari passu increase of cardiac output, as
happens in moderate exercise, would have no effect
on the alveolar solvent partial pressure; but the
increased cardiac output would increase the rate of
equilibration of alveolar gas with the mixed venous
blood during breath holding. Figure 4, which is
based on a cardiac output applicable to a resting

model subject, thus represents a "worst case"; under most
ment model industrial circumstances equilibration during breath

holding would occur more rapidly.
This problem of the lability of alveolar solvent

5o ico partial pressures is further considered in the context
of the optimal strategy for alveolar sampling.

IS THERE AN OPTIMAL STRATEGY FOR
ALVEOLAR SAMPLING?
As shown above, alveolar and mixed venous solvent
pressures are almost identical when the solvent's
blood/gas partition coefficient exceeds 10; but this is
not in general the case for less soluble solvents. Can
matters be improved by preceding the taking of the
sample by a preliminary period of breath holding or
rebreathing?

Figure 5 shows the response of the alveolar sol-
vent partial pressure to a breath-hold at the end of a
period of normal ventilation. As would be expected,
the rate of rise is directly related to the solvent's
blood/gas partition coefficient. Equilibration be-
tween alveolar gas and mixed venous blood would be
more rapid if the breath was held at a lower lung
volume, between residual volume and functional
residual capacity, but untrained subjects are likely to

1. a
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Fig 5 Rato ofalveolar to mixed venous solvent partial
pressures during breath holding and prolonged expiration
as a function of K.

find such a manoeuvre unacceptably difficult.
The dashed line in fig 5 is based on the assumption

that the subject exhales at a constant rate after a

period of normal ventilation, and indicates that this
speeds up equilibration because the constant cardiac
output delivers solvent at a constant rate to a shrink-
ing lung volume. The line is truncated at the end of
eight seconds as the subject "runs out of breath"
that is, approaches his residual volume. This dotted
line represents the normal technique for sampling
alveolar gas in which the subject makes a prolonged
expiration down a Haldane-Priestley tube"I (or simi-
lar device), and a sample of gas is then taken for
analysis at the end of expiration. Figure 5 shows that
this manoeuvre is likely to provide an alveolar sol-
vent partial pressure of within 95% of the mixed
venous pressure for solvents which have a solubility
coefficient of five or above. In the case of solvents of
lower solubility there is a discrepancy between the
two pressures, a discrepancy that can be reduced
only by a prolonged breath hold-a manoeuvre that
again might not be acceptable to an untrained sub-
ject.

It is sometimes recommended-for example, by
Jarvis et al in the context of carbon monoxide'2-
that alveolar sampling should be preceded by a
breath hold made at full inspiration. The rationale
for this is because breath holding is easier at larger
lung volumes and lower alveolar carbon dioxide
pressures.'3 It is suggested here, however, that in
the case of most solvents the reduction of alveolar
partial pressure consequent on the larger inspiration
of fresh air is likely to be greater than the rise of
partial pressure during the subsequent breath hold;
and, as argued in the previous paragraph, a period of
breath holding before taking the alveolar sample is
not necessary if the solvent's partition coefficient is
above, say, five.

In principle it is possible to determine a solvent's
mixed venous pressure by a rebreathing technique in
which the subject breathes rapidly in and out of a

bag that contains an appropriate concentration of
solvent vapour in air or oxygen (to prevent hypoxia
during the rebreathing period). If the initial solvent
concentration in the bag is chosen correctly a
plateau develops during which the alveolar/lung sol-
vent partial pressure remains sensibly constant and
equal to the mixed venous pressure. Although this
technique presents certain interesting problems con-
cerning the relation between the solvent's blood/gas
partition coefficient and the ease of determining
when a true plateau has been obtained, these con-
siderations do not come within the scope of this
paper. Again, the complex instrumentation needed
to show the plateau means that this technique is not
suitable for field use, whereas alveolar sampling
eminently is.

WHAT ABOUT CARBON MONOXIDE?
There is considerable interest about the use of alveo-
lar sampling for estimating blood carbon monoxide
concentrations.'2 14 The situation here is complicated
by the fact that the carboxyhaemoglobin dissocia-
tion curve is not linear, and is influenced by the
concomitant oxygen pressure. Nevertheless, up to
blood carboxyhaemoglobin saturations of 25%-
that is, to the levels likely to be found in industry-
the dissociation curve is almost linear and has a
slope equivalent to a partition coefficient of about
300.* 15 Alveolar sampling is thus likely to provide a
valid index of blood Hbco levels under almost all
conditions.

Conclusions

It is suggested that a solvent's mixed venous partial
pressure provides the best index of its tissue pres-
sure, although the two are not necessarily identical
especially with solvents of high lipid solubility.

Alveolar sampling provides a valid index of a sol-
vent's mixed venous partial pressure provided its
blood/gas partition coefficient is above about 10. If
this is so, a simple sampling strategy-for example,
using the standard Haldane Priestley technique is
likely to produce valid results.
With solvents with lower blood/gas partition

coefficients, a valid index of their mixed venous par-
tial pressure will be obtained only if the alveolar
sampling is preceded by a period of breath holding,
preferably at normal or low lung volume. With very
insoluble solvents, with a blood/gas partition

*From Jones et al,'" 0-13 mmHg Pc corresponds to a carboxy-
haemoglobin saturation of about 26%-that is a blood carbon
monoxide concentration of about 0-05 ml/ml. This gives an
effective blood/gas partition coefficient, over this range of
saturations, of about 0-05 x 760/0-13 = 290.
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coefficient below, say, three, it is unlikely that alveo-
lar sampling will provide a valid index of venous
blood concentrations whatever respiratory gymnas-
tics are used before obtaining the alveolar sample.

Within the range likely to be encountered in
industrial practice, carbon monoxide behaves as if it
had a blood/gas partition coefficient of around 300.
Alveolar sampling is thus likely to provide a valid
index of mixed venous blood concentrations under
almost all circumstances.

Abnormalities of pulmonary function, in particu-
lar mild or moderate degrees of ventilation!
perfusion imbalance, are unlikely to alter the above
conclusions significantly.
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