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Blood Flow to the Lung and Gas Exchange

John B. West, M.D., Ph.D.*

THERE HAVE BEEN substantiul advances in
our understanding of pulmonary gas exchange,
particularly the role played by pulmonary
blood flow, in the last few years. The intro-
duction in the late 1950’s of mdioactive gases
to measure the topographic distribution of
blood flow resulted in a rapid advance in
this area. More recently, new insights into
the relationships between blood flow, ventila-
tion, and gas exchange have been provided
by numerical analysis by means of the digital
computer. We can identify three stages in the
history of understanding the difficult subject
of ventilation—perfusion relationships. In the
first, exemplified by the work of Haldane,!
Krogh and Lindhard,? and others in the early
part of this century, the principle that the
gas exchange in any part of the lung is
determined by the relative amount of ventila-
tion and blood flow was clearly established.
Then, in the late 1940’s and 1950’s, Fenn,
Rahn and Otis® on the one hand, and Riley
and Coumnand* and their colleagues on the
other, developed the graphic analysis of
pulmonary gas exchange. This was a major
advance because the gen and carbon
dioxide dissociation curves are not only non-
linear but interdependent, and they defy all
attempts at algebraic manipulation. Then, in
the last few years, it has been possible
to fit the oxygen and CO, dissociation curves
by. computer subroutines,®¢ and this allows
us to answer questions about gas exchange
which only a few years ago seemed im-
possibly complicated.

This review looks first at the influence
of total pulmonary blood flow on gas ex-
change. Then some recent advances in the
field of the topographic inequality of blood
flow are reviewed. Finally, some new data
on distributions of blood flow and ventila-
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tion-perfusion ratio within the lung are
discussed.

Total Pulmonary Blood Flow
and Gas Exchange

The lung is the only organ of the body
which is required to receive the whole of
the cardiac output under a variety of con-
ditions. As a result, total pulmonary blood
flow may vary between less than 5 to more
than 20 liters per minute from conditions
of rest to strenuous exercise. The vascular
resistance of the normal pulmonary cireula-
tion is remarkably low, and it has the ability
to become even smaller as total blood How
increases. This fall in vascular resistance is
brought about partly through the opening up
of new vessels and also through the increase
in caliber of those already open, as is dis-
cussed in the next section. As a consequence,
pulmonary arterial pressure rises much less
with exercise than would otherwise be
the case.

In terms of gas exchange, variations in
total pulmonary blood How are of relatively
minor importance compared with inequalities
of its distribution. If there is no ventilation—
perfusion inequality within the lung, or if
this is minimal in terms of impairment of
overall gas exchange, as is the case in the
normal lung, arterial Py, und Pg, are virtually
unaffected by large alterations in total blood
flow. However, as pulmonary blood flow
increases, the proportion of the oxygen in
the arterial blood which is extracted by the
tissues is reduced, and therefore Py, in the
tissues and in the mixed venous blood rises.
This can be seen from a version of the
Fick equation:

where Cv,, and Cay, refer to the oxygen con-
tents of mixed venous and arterial blood
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in blood flow results in modest gains of Pg, and falls of Pco, in arterial blood, but the changes are greater

in mixed venous blood.

respectively, Vo, is the oxygen uptake by
the tissues, and Q is cardiac output. Thus,
an increase in cardiac output will result in
an increase in the oxygen content and there-
fore the P,, of mixed venous blood. By the
same token, a decrease in pulmonary blood
flow such as may occur in oligemic shock
may cause a profound fall in the Po, of the
tissues and the mixed venous blood. How-
ever, it would be possible for the Pg, and
Pgg, in arterial blood to be virtually un-
affected by the fall in pulmonary blood
flow if there were no ventilation-perfusion
inequality in the lung. In practice, however,
most patients with oligemic shock do have
some uneven ventilation and blood flow in
the lung.

When ventilation—perfusion inequality is
present, changes in total pulmonary blood
flow will influence the Py, and P, of arterial

blood as well as mixed venous blood. There
has been some confusion in this area. It
has sometimes been argued that if the pul-
monary blood flow is reduced in the presence
of ventilation—perfusion inequality, the over-
all ventilation—perfusion ratio of the lung
will increase, and therefore the Py, of arterial
blood will rise and the Pgo, will fall. This
is a fallacy. By and large, the more ventila-
tion and/or blood flow the lung receives,
the higher the arterial Py, and lower the
Pco. of arterial and mixed venous blood.
Quantitatively, the effects of changing total
pulmonary blood flow on the arterial blood
gases in lung models with various ventila-
tion—perfusion inequalities can be seen from
figure 1. These calculations™ were made
assuming that the lung had a log normal
distribution of ventilation—perfusion ratios,
that is, that the plots of ventilation and blood
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flow with respect to ventilation-perfusion
ratio had the shape of a normal distribution
curve when ventilation—perfusion ratio was
plotted on a log scale. This is explained
further below. If we fix on one particular
value of ventilation—perfusion inequality, say
a log standard deviation of 1.3, it can be
seen that as total pulmonary blood flow was
increased, there was a moderate gain in arterial

Po. but a faster increase in the P,, of

mixed venous blood (solid lines). These
changes were accompanied by modest falls
in the Pgo, of both arterial and mixed venous
blood (broken lines). Thus, we can conclude
that in a Iung with a considerable ventila-
tion—perfusion inequality, arterial Po, will
rise and Pgo, fall if total pulmonary blood
flow is increased. Larger changes are seen
in the mixed venous blood. However, in
general, the arterial blood gases are much
more sensitive to alterations in total alveolar
ventilation than total capillary blood flow.

Topographic Inequality of Pulmonary
Blood Flow and Gas Exchange

The topographic inequality of blood flow
in the normal upright human lung and the
changes which occur with posture, exercise,
and various types of heart and lung disease
have been reviewed extensively over the last
few vears. Only a summary is given here.

Figure 24 shows the normal distribution of

blood flow in the upright human lung?
and it can be seen that blood flow decreases
strikingly from bottom to top and that the
apex is very poorly perfused. With the sub-
ject in the supine position, the apex and
base have the same blood flow but the anterior
part of the lung, which is uppermost, has
less blood flow than the posterior dependent
region. In the left lateral position, the blood
flow to the dependent left lung exceeds
that to the right. On exercise in the upright
position both apical and basal blood flows
increase so that the proportional difference
between apex and base decreases.

Figure 2B shows a simple three-zone model
which has been useful in understanding
the roles of the various pressures in the
pulmonary circulation in determining the
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topographic distribution of blood flow.? There
may be a region, zone 1, near the top of
the lung where there is no blood flow. If
this occurs it is always at the top because
of the hydrostatic differences of pressure
within the pulmonary arterial tree, as a result
of which the pulimonary arterial pressure falls
off at the rate of 1 em H.O per cm of
distance up the lung. If there is a region
where pulmonary arterial pressure is less than
alveolar pressure the capillaries collapse be-
cause the pressure outside them exceeds the
pressure inside. Since no gas exchange is
possible in this region, it constitutes an
alveolar deadspace.

It should be emphasized that there is no
zone 1 in the lung under normal conditions,
but this may occur either if pulmonary arterial
pressure is reduced, as in oligemic shock,
or if alveolar pressure is increased, as in
positive-pressure ventilation. Under these
conditions it is known that pulmonary arterial
pressure rises as well but not as fast as
alveolar pressure, particularly when alveolar
pressure exceeds 10 em H,O. Thus, an un-
perfused region is particularly likely to
develop in a patient who is oligemic and
who is ventilated with positive pressure.
There have been several demonstrations of
the large increase in physiologic deadspace
in such patients and the appearance of un-
perfused zone is one of the mechanisms
involved. Others include an increase in the
number of units which are poorly perfused
(see below) and also the increase in anatomic
deadspace which results from the increase in
lung volume.

Figure 2B shows that further down the lung,
there is a region, zone 2, where pulmonary
arterial pressure exceeds alveolar pressure,
and therefore there is blood flow. Here,
alveolar pressure exceeds venous pressure,
and it can be shown that blood flow is
determined by the difference between arterial
and alveolar pressures rather than the more
conventional arterial-venous pressure dif-
ference.!® The explanation for this is not
entirely clear, but a thin-walled rubber tube
set up in the laboratory under similar pres-
sure conditions shows a collapse point at
the downstream end which regulates the
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Fic. 2. A (left), distribution of blood flow in the normal upright human lung as measured with

radioactive carbon dioxide. B (right), a th

model to for the distribution of blood flow

under a variety of conditions (see text for details).

flow of liquid through it. This phenomenon
goes by various names, including the “Starling
resistor,” “waterfall,” or “sluice” effect. Since
pulmonary arterial pressure is increasing
down this region of the lung but alveolar
pressure is constant, the driving pressure
increases and therefore blood flow increases.
Finally, near the bottom of the lung there
is a region, zone 3, where venous pressure
exceeds alveolar pressure and blood flow is
determined in the ordinary way by the
arterial-venous pressure difference. Here, the
increase in blood flow cannot be caused by
a change in driving pressure, since the
arterial-venous pressure difference is con-
stant. However, the pressure inside the capil-
laries increases down the zone because of
the hydrostatic effect, whereas the pressure
outside them is constant. Thus, the transmural
pressure difference of the capillaries rises
and their caliber increases. This appears to
be the main factor determining the increase
in blood flow down zone 3.

This three-zone model summarizes the roles
of various pressures operating on the capil-
laries in the pulmonary circulation. It has
also been shown that the larger blood vessels
which are outside the influence of alveolar
pressure can determine the topographic dis-

tribution of blood flow under some conditions.
Careful measurements made with subjects at
their functional residual capacity show a zone
of reduced blood flow in the lowermost
few cm of the upright lung.!* This is ap-
parently caused by an increase in vascular
resistance of the larger blood vessels, which
are relatively compressed in this region be-
cause of the poor expansion of the pulinonary
parenchyma. Other measurements show that
with a normal subject at residual volume,
the influence of these so-called “extra-alveolar
vessels” dominates to such an extent that
there is no increase in blood How down the
upright lung, and indeed blood flow at the
apex may slightly exceed that at the base.
However, at lung volumes above functional
residual capacity, the resistance in the capil-
laries appears to control the topographic dis-
tribution of blood flow over most of the height
of the lung.

It should not be thought that at any par-
ticular level in the lung, all the blood vessels
have the same morphology. Rather, histologic
measurements of rapidly frozen lungs of ex-
perimental animals show that there is con-
siderable variation in the numbers of blood
vessels that are open and also in the calibers
ofthe capillaries. There has been considerable
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FIG. 3. Number of open capillaries plotted against
pulmonary arterial pressure in rapidly frozen dog
lungs. The rapid increase presumably reflects the
situation near the apex of the upright human lung.

recent interest in the roles of the two possible
factors, recruitment and distention, which may
be responsible for the increase in capillary
filling from top to bottom of the lung. Permutt
and colleagues' have argued that most of the
change in the capillary blood volume which
accurs as the vascular pressures are rised
is caused by recruitment, that is, opening
up of previously unopened vessels or onset
of flow in vessels which previously had none.
These investigators found that changes in
capillary blood volume, as reflected by the
diffusing capacity for carbon monoxide, for
example, were closely related to changes in
pulmonary arterial pressure but not to pul-
monary venous pressure. They concluded that
the only reasonable model to explain these
findings was one in which virtually all the
changes in blood volume in the capillaries
were caused by recruitinent.

By contrast, Fung, Sobin and associates'~%
have attributed the changes in capillary blood
volume to the distensibility of the pulmonary
capillary bed. Their studies are based on
measurements of the thickness of the small
pulmonary blood vessels in preparations in
which the vascular bed is filled with silicone
elastomer at virious pressures. They find an
almost linear relationship betiveen the thick-
ness of the alveolar “sheet”™ of blood and
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capillary pressure over the mnge 6 to 27
em H.O. This linear relationship can be
explaiined by the distortion which occurs
in a thin layer of tissue (the blood-gas barrier)
when it is exposed to a lateral pressure
(like the membrane of a base drum).
Evidence from histologic measurements of’
rapidly frozen dog lung suggests that both
mechanisms play roles. Glazier and col-
leagues®® found a very rapid increase in the
number of ervthrocytes per unit length of
alveolar septum in very thin histologic sec-
tions as the pulmonary arterial pressure
was increased, and concluded that this could
be expluined only by extensive recruitment
of new vessels. This was the case, particularly
in zone 2, when the pulmonary arterial pres-
sure was relatively low. Warrell and co-
workers!® confirmed these observations by
finding that the number of open capillaries
per unit length of alveolar septum in thin
sections increased rapidly with pulmonary
arterial pressure under zone 2 conditions.
Figure 3 shows that the numbers of open
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-apillaries (defined as those which contained

an ervthrocyte or whose walls were more than
1 p apart) increased from about 25 per mm
length of alveolar septum at a pulmonary
arterial pressure of 1 em H.O to about 35
at a pressure of 12 em H,0. Thus, there
seems little doubt that recruitment occurs
to a striking extent when pulmonary arterial
pressure increases from low values in zone 2,
conditions which occur near the apex of the
upright human lung. Thus, we should regard
this region of the lung (or the anterior region
of the supine lung) as forming a resérve
of unopened capillaries that can be called
upon when the pulmonary arterial pressure
rises, as on exercise. This reserve is pre-
sumably responsible for much of the decrease
in pulmonary vascular resistance that also
occurs in other conditions where pulmonary
blood flow is greatly increased, such as left-
to-right shunts. )

An interesting question is the mechanism
of recruitment of the capillaries. Fowler™
and Permutt and colleagues® have suggested
that as pulmonary arterial pressure rises,
critical opening pressures of muscular arteri-
oles are exceeded, and as a result, more of
the capillary bed opens up. Warrell et al.’¥
tested this hypothesis by comparing the
amount of capillary filling (as evidenced by
the number of intracapillary eryvthrocytes) in
capillaries that were closely adjacent, with
that in those that were widely separated
from each other. These workers argued that
if recruitment were caused by critical opening
pressures in arterioles, it should be possible
to recognize arteriolar “domains™ which con-
tained either very few or very many open
apillaries. However, it was found that the
filling of the capillary bed was far more
patchy than this hypothesis would suggest.
In fact, there was as much unevenness of
capillary filling within arteriolar domains
as between them. This finding suggested that
the recruitment process had more to do with
the properties of the network of capillaries
than critical opening pressures in muscular
arterioles.

Recently, we have studied the pressure—
Hlow properties of networks of blood vessels
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F1c. 3. Examples of the pattern of flow found
in a network model of pulmonary capillaries using
the pressure—flow characteristic of figuie 1. Upper
and lower borders of each large square represent
inflow and outflow, respectively. P is arterial pres-
sure and venous pressure is zero. Notice that
as the arterial pressure is increased in steps,
flow begins in more elements of the network.
The asterisk shows a segment in which reverse
flow occurred.

and shown that such a network may show
recruitment of individual segments (that is,
onset of fHow) as arterial pressure is mised
over a large range.” Each element of the
network is assumed to require a certain pres-
sure difference across it*® before any flow
occurs (critical pressure), as shown in figure
1. Thereafter the flow is assumed to be linearly
related to pressure across the element,
although the slope of the line can be altered
to simulate distensibility. Figure 5 shows
an example of the flow patterns which ure
observed in such a model as the arterial
pressure is increased in steps. In this net-
work the valites of the critical pressures
(figure ) and the resistances of the elements
were nindomly chosen from distributions.

It can be seen that initially a preferential
channel of flow opened up at a relatively
low arterial pressure. This channel consisted
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of elements that had low critical pressures.
As arterial pressure was increased, additional
elements began to conduct. This process
of recruitment occurred over a large range of
arterial pressures, with the result that vascular
resistance decreased even in the dbsence of
distention. A feature of such a network is
reversals of flow in some elements. Thus,
in the example shown in figure 5, the link
indicated by the asterisk first had no flow,
then flow from left to right, then no flow
again, and finally flow from right to left.
This can be explained by the pressure dif-
ference across the element which was first
below the critical pressure, then above, then
below it again because of an increase in
its downstream pressure, and finally, above
the critical pressure aguain. This type of be-
havior has frequently been seen in capillary
networks and is usually ascribed to active
control, but indeed may be a passive feature
of such a network.

Whether the pulmonary microcirculation
behaves in this way is not known, but it is
worth pointing out that it is one of the
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densest networks of capillaries in the body.
For example, Weibel’s data™ indicate that
in the human lung an erythrocyte will en-
counter of the order of 100 branch points
in the capillary bed from an arteriole to a
venule. We calculate that the critical pres-
sures required for such behavior in the human
pulmonary microcirculation would be ex-
tremely small, of the order of 0.02 c¢m
H.0. Such a mechanism would satisfactorily
explain the remarkable ability of the human
Iung to decrease its vascular resistance as
pulmonary blood flow increases.

In addition to its capacity for recruitment,
the pulmonary capillary bed is able to distend
as the capillary pressure increases. Figure
64 shows a plot of the mean width of the
capillaries against capillary pressure, and it
can be seen that there is a substantial in-
crease in the caliber of the vessels up to
eapillary pressures of approximately 50 em
H.O.!" Bevond this value there is no further
consistent change. These measurements were
made on histologic sections of rapidly frozen
dog lung by measuring the widths of all
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F1G. 7. Principle of measurement of continuous distributions of ventilation—perfusion ratios.
A retention-solubility curve is drawn, based on the pattemn of elimination of a series
of infused inert gases, and this can be transformed by numerical analysis into a plot
of blood flow against ventilation-perfusion ritios.

open capillaries at 3-g intervals along alveolar
septa. The resulting values for mean width
are therefore smaller than the maximum
diameters of the capillaries. Figure 6B
shows data from Sobin, Fung, and col-
tes' obtained using silicone elastomer
injections of cat lung. Here, the rate of
increase in the thickness of the alveolar
sheet {corresponding to the maximum width
of the capillaries) appears greater than in the
dog.

There is evidence that some of the capil-
laries in the systemic circulation, for example,
those in mesentery, can accommodate very
large pressures without measurable disten-
tion. Fung and colleagues®* have shown that
this behavior can be ascribed to the rigidity
of interstitial tissues surrounding the capil-
laries rather than to the mechanical properties
of its wall. Thus, the capillaries may be
regarded as holes through Swiss cheese.

le

By contrast, the pulmonary capillaries have
exceedingly thin walls less than half a micron
thick, and are therefore free to bulge into
the alveolar spaces. In view of the differences
in histology between pulmonary and systemic
capillaries, it is hardly surprising that the
former show considerable distention as intra-
capillary pressure is raised.

Ventilation-Perfusion Inequality
and Gas Exchange

The topographic differences of blood How
discussed above can seriously impair pul-
monary gas exchange under certain con-
ditions, for example, in oligemic shock. How-
ever, in practice, most of the inequality
of blood flow responsible for defective gas
exchange is not on a topographic basis but
exists between closely neighboring units of
lung. Although the importance of uneven
distribution of ventilation—perfusion ratios
has been recognized for many vears, actual
measurement of the distributions has proved
very elusive. Until now, we have had to be
satisfied with models such as the three-
compartment analysis introduced by Riley
and Cournand,* where the lung is divided
into three imaginary compartments, one which
is perfused but not ventilated (shunt), one
which is ventilated but not perfused (dead-
space), and an ideal compartment. Although
this type of “as if”" analysis has proved use-
ful in clinical practice, it would clearly be
preferable to know something of the position,
shape, and dispersion of the distribution of
ventilation and blood flow with respect to
ventilation—-perfusion ratio.

Wagner and colleagues® have recently
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FIG. S. Upper graph shows the average distribution of ventilation—perfusion ratios in young semi-

recumbent normal subjects. The 95 per cent range

covers ventilation-perfusion ratios from 0.3 to 2.1.

The corresponding variations of Pg,, Pco, and oxygen saturation in the end-capillary blood can be

seen in the lower panel.

described a method of determining these
distributions based on the pattern of elimina-
tion of a series of infused inert gases. A
mixture of six gases, sulfur hexaftuoride,
ethane, cyclopropane, halothane, diethyl
ether, and acetone, is dissolved in physiologic
saline solution and infused into a peripheral
vein for about 20 minutes at the rate of
5 ml/min. Towards the end of the infusion
period, samples of arterial blood and mixed
expired gas are collected and total ventila-
tion and cardiac output are measured, the
latter by dye dilution. The concentrations of
each gas in the blood and gas samples are

measured by gas chromatography, using flame
ionization and electron capture detectors.
The concentrations are within the range
0.001 to 100 parts per million, well below
the levels that produce measurable changes
in cardiopulmonary or central nervous system
function.

For each gas the ratio of arterial to mixed
venous concentration (retention), and the ratio
of expired to mixed venous concentration
(excretion) are calculated and retention—sol-
ubility and excretion-solubility curves are
drawn. Figure 7A shows a typical retention—
solubility curve, and it can be seen that the
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retention of poorly soluble gases is much
less than that of the gases with high sol-
ubility. This retention-solubility curve can
be regarded as a “fingerprint” of the par-
ticular distribution of ventilation-perfusion
ratios that gave rise to it. In other words,
a particular distribution of ventilation—per-
fusion ratios result in a unique retention—
solubility curve.

In practice, it is possible to derive the
corresponding plot of blood flow against
ventilation—perfusion ratio, as shown in figure
7. This transformation is made using tech-
niques of numerical analysis by means of
the digital computer. In the same way, the
excretion-solubility curve can be transformed
into a plot of ventilation with respect to
ventilation-perfusion ratio, although this is
not shown in figure 7. This new method
is relatively simple to use and has now been
tested extensively in a series of 12 normal
subjects, more than 30 patients with various
types of heart and lung disease, and a large
number of anesthetized dogs. The technique
is well suited to clinical investigation and
has been used to measure the distributions
of ventilation and blood flow in acutely
ill patients in the intensive care unit.

Figure 8 shows the type of distributions
found in young normal subjects breathing
air in the semirecumbent position® It can
be seen that the distributions of both ven-
tilation and blood flow are relatively narrow.
The dispersions of the distributions can con-
veniently be described by the log standard
deviation and the values are 0.35 and 0.43
for ventilation and blood flow, respectively.
These data are based on a series of measure-
ments made in a study of normal under-
graduate student volunteers. The normal
values of the 93 per cent limits for ventila-
tion—perfusion ratios were calculated by
taking two standard deviations towards the
low V,/Q values for blood flow, and towards
the high V,/Q values for ventilation. The
upper and lower 95 per cent limits shown
correspond to ventilation—~perfusion ratios of
0.3 and 2.1, respectively. Notice that these
voung normal subjects had no blood flow
going to areas with very low ventilation—
perfusion ratios, nor did they have any blood
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Fic. 9. Example of distribution found in an
apparently normal 44-vear-old man. Note that there
is an appreciable amount of blood flow going to
areas with low ventilation—-perfusion ratios.

flow to unventilated areas or shunt. It should
be emphasized that this method measures
only intrapulmonary or intracardiac shunts
and separates these from other causes of
hypoxemia, such as bronchial and Thebesian
venous blood, which are traditionally included
as shunts.

Figure 8 also shows end-capillary Pg,
Peo,, and oxygen saturation in units having
different ventilation-perfusion ratios. These
graphs were drawn assuming that the P,
and the P¢o, of mixed venous blood were
40 and 45 mm Hg. It can be seen that the
95 per cent range of ventilation—perfusion
ratios in these normal subjects causes a
Po. range of 60 to 123 mm Hg, while the
corresponding Pgo, range is 44 to 33 mm
Hg. These can be compared with the ranges
of P, and P, calculated from the topographic
distribution of ventilation-perfusion ratios in
the normal upright human lung® where the
range of Py, for example, was 89 to 132
mm Hg and that of Pg, 41 to 28 mm
Hg. In fact, the inequality of ventilation and
blood flow in the normal lung is greater
in the erect than the semirecumbent position.
The large range found by the multiple
inert gas elimination technique reflects the
fact that not all the ventilation—perfusion
inequality exists on a topographic basis but,
in addition, there is some inequality between
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Fi6. 10. Examples of abnommul distributions of
ventilation-perfusion ratios measured in anes-
thetized dogs with various types of abnormal
lungs (see text for details).

adjacent lung units at the same topographic
level. The inert gas technique does not,
of course, give topographic information, but
instead describes the total inequality of
ventilation and blood flow as it affects pul-
monary gas exchange.

Figure 9 shows an example of the dis-
tributions of ventilation and blood flow in

JOHN B. WEST
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an older, apparently normal volunteer.®* This
subject had no history of lung disease, was a
nonsmoker, and physical examination, chest
x-ray, and spirometry showed no abnormality.
It can be seen that, in contrast to the dis-
tribution found in the young normal subjects
(figure 8), the older man had appreciable
amounts of blood Hlow going to regions with
low ventilation—perfusion ratios. This tail
to the distribution caused some skewing to
the left. Again, however, there was no shunt,
and indeed none of the normal subjects had
any shunt during oxygen breathing. In general,
the dispersion of the blood flow distribution
increased with age, and this presmmably
explains the inverse correlation between
arterial Po, and age in normal subjects.

The effects of pathologic chunges in the
lungs on the distributions of ventilation-per-
fusion ratios have been studied in anes-
thetized dogs. Figure 104 shows the result
of producing experimental pulmonary em-
bolism by infusing a large number of small
glass beads into the venous blood: it can
be seen that a very abnormal distribution
of ventilation and blood flow resulted. The
distribution of ventilation was virtually bi-
modal, with large amounts going to regions
with extremely high ventilation-perfusion
ratios. There was some blood flow to areas
with abnormally low ventilation-perfusion
ratios, and also a shunt of 88 per cent.
Figure 10B shows the results of infusing
oleic acid into the right ventricle. Oleic
acid is a toxic agent known to cause hemor-
rhagic pulmonary edema. It can be seen that
there was relatively little broadening of the
main body of the distributions of ventila-
tion and blood How, but that a large shunt
of 34.8 per cent appeared. Figure 10C shows
the distributions in a dog which developed
pneumococcal lobar pneumonia as a result
of the experimental instillation of pneu-
mococei into the right lower lobe. Again,
there was little broadening of the muin

bodies of the distributions, but a shunt of

223 per cent appeared. It is of interest
that there were no regions of reduced ven-
tilation—perfusion ratios such as might be ex-
pected in the vicinity of the consolidated lung.

A striking finding has been the effect of
breathing oxygen on the distributions of
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F1G. 11. Effects of oxy-
gen breathing on the
distribution of ventila-
tion-perfusion ratios in
the normal subject whose
distribution during air
breathing is shown in fig-
ure 9. Note the loss of the
“tail” of the distribution
and development of a
10.7 per cent shunt.
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ventilation-perfusion ratios.** Figure 11
shows the effect of 45 minutes of breathing
100 per cent oxygen on the distribution of
blood flow of the old normal subject whose
distributions were depicted in figure 9. It
an be seen that there was a striking
reduction in the amount of blood fow going
to units with low ventilation—perfusion ratios
such that the tail to the distribution curve
was virtually abolished. However, at the same
time, a shunt of 10.7 per cent of the cardiac
output appeared. Thus, it appears that the
effect of breathing oxygen was to convert
units which had low ventilution-perfusion
ratios into unventilated but perfused areas.
The example shown in figure 11 was the
most extreme in terms of the development
of shunt during oxygen breathing. However,
all but one of the eight normal subjects
who were given oxygen to breathe developed
some shunt, averaging 2.2 per cent of cardiac
output. The effects of breathing oxvgen on
the distribution of blood flow have also been
examined extensively in anesthetized dogs,
in which acute respiratory failure has been
praduced by several techniques. These in-
clude the injection of numerous glass-head
emboli into the venous circulation, and the
infusion of oleic acid into the right ventricle.
All these animals with pathologic changes
in the lungs show some shunt during breathing
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of air, and without exception this increases
when enriched oxygen mixtures are given.
The increase in shunt is related to the amount
of blood flow going to areas with low ventila-
tion—perfusion ratios during breathing of air.
If there is a large tail of blood flow to
areas with low ventilation-perfusion ratios,
as shown in figure 11, the development
of a large shunt during breathing of oxyvgen
is likely. The relationship between the con-
centration of inspired oxygen and the amount
of shunt has not yet been fully worked out,
but it is clear that concentrations as low as
50 per cent can produce large shunts under
some conditions.

The cause of the shunt during oxyvgen
breathing is presumably the increase in
oxygen uptake by lung units with low ven-
tilation-perfusion ratios, as suggested by
Briscoe and colleagues.® A unit that has a
low ventilation-perfusion ratio during breath-
ing of air will have a low alveolar P,..
When an enriched oxygen mixture is given,
alveolar Py, will rise and, therefore, the rate
at which oxygen moves from the alveolar
gas to the capillary blood will greatly in-
rease. Under some circumstances this oxygen
flux may rise so much that the net flow of
gas into the blood exceeds the inspired
alveolar ventilation, and under some con-
ditions the umit can then close. Collapse is
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FiG. 12. Effect of positive end-expiratory pres-
sure (PEEP) on the distributions in a dog with
oleic acid-induced acute hemorraghic pulmonary
edema. tice that the shunt fell from 40.3 per
cent to virtually zero and that a considerible
amount of ventilation went to units with high
ventilation—perfusion ratios.

most likely to occur if the inspired oxygen
concentration if high and the content of
oxvgen in the mixed venous blood is low.
This phenomenon is of considerable signifi-
canceé in the clinical situation for two reasons.
First, enriched oxyvgen mixtures are often used
therapeutically, and it is important to know
whether this therapy is causing atelectasis.
Second, the amount of shunt is often estimated
during breathing of 100 per cent oxvgen,
and if this maneuver results in shunt, the
measurement will clearly be in error.

Figure 12 shows the eflects of positive
end-expiratory pressure (PEEP) on the dis-
tributions of blood flow and ventilation
in an anesthetized dog in which acute respira-
torv failure was induced by infusion of
oleic acid. It can be seen that when the

JOHN B. WEST VL
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animal was ventilated with intermittent
positive pressure by means of a Harvard
respirator, the main bodies of the distribu-
tions of ventilation and blood flow were
relatively narrow, but there was a shunt
of 40.3 per cent. When 15 cm H.O PEEP
was added there was a substantial decrease
in the amount of shunt, from 40.3 to 0.1
per cent. Presumably this can be explained
by the opening up of previously obstructed

areas. At the same time, the distribution of

ventilation was changed, in that a larger
proportion went to units with high ventila-
tion—perfusion ratios. This can presumably
be explained by the reduction of blood flow
in some areas as a result of the increased
alveolar pressure, giving rise to a high ventila-
tion—perfusion ratio. Accompanying these
changes was a large increase in ventilation
to unperfused regions (not shown in figure
12), which was presumably made up of an
increase in anatomic deadspace as lung
volume increased, together with an increase
in the number of lung units that were un-
perfused. The findings shown in figure 12
are typical of those obtained in a series of
dogs in which the effects of PEEP have
been studied.

It is possible to calculate the arterial
Py, and Pgo, which are caused by the ob-
served patterns of distribution of ventilation
and blood flow as measured with this tech-
nique. These predicted values can then be
compared with the measured Py, and Pco,
of arterial blood, and figure 13 shows the
results in a series of anesthetized dogs with
various types of induced respiratory failure.
It can be seen that, in general, the corre-
lation was very close. These data suggest
that the new method accurately determines
the total amount of inequality of ventilation
and blood flow within the lung. They also
indicate that in these experimental animals,
virtually all of the hypoxemian and hyper-
carbia can be expluined by ventilation—per-
fusion inequality.

The work on the inert gas method was done
in conjunction with Dr. Peter D. Wagner. Sup-
port from NIH Grants HL 13687-03 and HL
14169-02 is acknowledged.

20z ludy 61 uo 3sanb Aq jpd'$0000-00080%.6 L-Z¥S0000/695+62/7Z 112/ L ¥/iPpd-01on1e/AB0|0ISaUISaUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



Anesthesiolony

V4l No 2, Ause 1974 PULMONARY

BLOOD FLOW

700 . .
5001~ * Po
° P,

300

FiG. 13. Correlation of
the arterial blood gases
predicted from the dis-
tributions compared with
the values measured in
arterial blood. These data,

100.

T 1T

90,

PREDICTED PARTIAL PRESSURE , mmHg

b 1 ! ] Il ! 1

from a series of unes- 80—
thetized dogs with various
types of induced respira-
tory failure, suggest that 0
maost of the hypoxemia
and hypercarbia could be s01-
explauined by the venti-
lation—~perfusion inequal-
ity. 50
[~ o
°
40| <2
8
30 L
30 40 50

60 70 80 90 100 300 500 700

MEASURED PARTIAL PRESSURE , mmHg

References

1. Haldune JS: Respiration. New Haven, Yale
University Press, 1922, p 137
2. Krogh A, Lindhard J: The volume of the dead
space in breathing and the mixing of gases
in the lungs of man. J Physiol Lond 51:
39-90, 1917
3. Fenn WO, Raln H, Otis AB: A theoretical
study of the composition of alveolar air
at altitude. Am J Physiol 146:637, 1946
4. Riley RL, Coumand A: Analysis of factors
affecting partial pressures of oxyvgen and
carbon dioxide in gas and blood of lungs:
Theory. J Appl Physiol 4:77-102, 1951
Kelman GR: Digital computer procedure for
the conversion of Pgo, into blood CO. content.
Resp Ph 1 3:111-115, 1967
. Kelman GR: Digital computer subroutine for
the conversion of oxygen tension into satura-
tion. J Appl Physiol 21:1375-1376, 1966
7. West JB: Ventilation-perfusion inequality and
oventll gas exchange in computer models
of the lung. Resp Physiol 7:88-110, 1969
. West JB, Dollery CT: Distribution of blood
How and ventilation-perfusion ratio in the
lung, with ioactive CO,. ]
Appl Physiol 15:405-410, 1960

@

2]

&>

9. West JB, Dollery CT, Naimark A: Distribution
of blood flow in isolated lung; relation to
vaseular and alveolar pressures. ] Appl
Physiol 19:713-724, 1964
10. Permutt S, Bromberger-Barmea B, Bane IN:
Alveolar pressure, pulmonary venous pres-
sure and the vascular waterfall. Med Thorae
19:239-260, 1962
11. Hughes JMB, Glazier JB, Maloney JE, West
JB: Effect of lung volume on the distribution
of pulmonary blood How in man. Resp
Physial 4:58-72, 1968
12. Permutt S, Caldini P, Maseri A, et al: Re-
cruitment versus distensibility in the pul-
monary vascular bed, Pulmonary Circulation
and Interstitial Space. Chicago, University
of Chicago Press, 1969, pp 375-387
13. Fung YC, Sobin §S: Theory of sheet flow
in lung alveoli. J Appl Physiol 26:472-
488, 1969
14. SobinSS, Fung YC, Tremer HM, etal: Elasticity
of the pulmonary alveolar microvascular sheet
in the cat. Circ Res 30:440-450, 1972
15. Sobin SS, Tremer HM, Fung YC: Morphometric
basis of the sheet-flow concept of the pul-
monary alveolar microcirculation in the cat.
Cire Res 26:397-414, 1970

16. Glazier JB, Hughes JMB, Maloney JE, et al:

20z ludy 61 uo 3sanb Aq jpd'$0000-00080%.6 L-Z¥S0000/695+62/7Z 112/ L ¥/iPpd-01on1e/AB0|0ISaUISaUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



138

Measurements of capillary dimensions and
blood volume in rpidly frozen lungs. ]
Appl Physiol 26:63-76, 1969

17. Warrell DA, Evans JW, Clake RO, et al:
hattern of filling in the pulmonary capillary
hed. J Appl Physiol 32:316-356, 1972

18. Fowler KT: The vertical gradient of perfusion
in the erect human lung. ] Appl Physiol
20:1163-1172, 1965

19. West JB, Schneider AM, Mitchell MM: Pres-
sure-flow properties of networks of blood
vessels. J Appl Physiol (in press)

20. Fitzgerald JM: Implications of a theory of
ervthrocyte motion in narrow capillaries.
J Appl Physiol 27:912-918, 1969

21. Weibel ER: Morphometry of the Human Lung.
Berlin, Springer-Verlag, 1963, pp 75-52

JOHN B. WEST VL

as

23.

(5]
e

Anesthesiology
2, Aug 1974

Fung YC, Zweifach BW, Intaglietta M: Elastic
environment of the capillary bed. Circ Res
19:441-461, 1966

Wagner PD, Saltzman HA, West JB: Measure-
ment of continuous distributions of ventila-
tion—perfusion ratios: Theory. J Appl Physiol
36:388-599, 1974

. Wagner PD, Laravuso RB, Uhl RR, et al:

Continuous distributions of ventilation-per-
fusion ratios in normal subjects breathing
air and 100% O,. ] Clin Invest (in press) July
1974

Briscoe WA, Cree EM, Filler J, et al: Lung
volume, alveolar ventilation and perfusion
interrelationships in chronic pulmonary em-
physema. ] Appl Physiol 15:785-795, 1960

20z ludy 61 uo 3sanb Aq jpd'$0000-00080%.6 L-Z¥S0000/695+62/7Z 112/ L ¥/iPpd-01on1e/AB0|0ISaUISaUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



