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OF PULMONARYBLOODVOLUME*
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(From the Mayo Clinic and Mayo Foundation,II Rochester, Minn.)

(Submitted for publication August 3, 1959; accepted November 12, 1959)

The Stewart-Hamilton method (1) for meas-
urement of blood volumes from indicator dilution
curves has been validated in both theory (2) and
practice (3), provided that certain conditions are
met.

Measurement of the pulmonary blood volume
by the Stewart-Hamilton method would entail
injection of indicator into the main pulmonary ar-
tery and sampling from the left atrium. How-
ever, while insertion of a catheter into the left
atrium of the dog is technically feasible, an un-
known portion of the left atrial volume will be in-
cluded in the measurement. A more serious ob-
jection is the evidence that the process of mixing
of dye with blood in the left atrium is incomplete
(4, 5), and thus one of the conditions for valid
application of the Stewart-Hamilton method is
not fulfilled. The interposition of the left ventricle
and aortic valve is essential to achieve uniform
cross-sectional distribution of indicator at the
sampling site (6, 7). Therefore, it is necessary
to place the tip of the sampling catheter in the
aortic root distal to the aortic valve. The blood
volume between the site of injection (main pul-
monary artery) and the sampling site thus com-
prises both lungs and the chambers of the left side
of the heart. This is probably the nearest ap-
proximation to the pulmonary blood volume that
can be measured at present by the method.

Newman, Pearce and associates (8, 9), using
a different analysis of indicator dilution curves,
introduced the concept that the "slope volume"
provides a measurement or index of the pulmo-
nary blood volume. The slope volume is a func-
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tion of the blood flow and the rate of diminishing
concentration of the indicator during the phase
between the peak concentration and commencing
recirculation, hereinafter referred to as the "dis-
appearance slope." The concept of slope volume
has been derived from both theoretic reasoning
and from demonstrations in model systems which
have shown that, in a series of perfect mixing
chambers, the largest single chamber will domi-
nate the disappearance slope of the dilution curve,
the other chambers influencing this slope only in
the initial phase. The original assumption of
Newman and his co-workers was that the lungs
and heart chambers constitute such a series and
that, therefore, the lungs, which presumably have
the largest blood volume, should dominate the
disappearance slope of the indicator dilution curve.
More recently, Emanuel, Lacy and Newman (10)
have defined the slope volume as "a volume of
blood which would produce the exponential slope
obtained if the flow mixed with all of the volume
as if the volume were contained in a single com-
pletely mixed chamber (or a chamber made of
parallel channels, all having the same ratio of
flow to mixing volume)."

In the Stewart-Hamilton method for deriving
the blood volume of the lungs and the left side of
the heart, changes in pulmonary blood volume
might well be obscured by simultaneous but op-
posite changes in blood volume in the left side of
the heart. The slope volume, however, by pro-
viding an estimate of the blood volume of the
lungs alone, might be expected to avoid such un-
certainties. Therefore, the present studies were
designed to test the validity of the slope volume
as an index of the volume of blood in the lungs.

METHODS

Sixteen mongrel dogs weighing 14 to 25 kg were used.
In 11 trained dogs, cardiac catheters were introduced
under local anesthesia and in the remainder, under
sodium pentobarbital anesthesia. A catheter, used for
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FIG. 1. UPPER PANEL. INDICATOR DILUTION CURVES BEFOREAND DURING OCCLUSION OF THE RIGHT PULMONARY

ARTERY IN A DOGWEIGHING 19.8 KG. The recirculation portions of the curves are not included. The deflection of
the syringe line indicates the instant and magnitude of the injection. Note the shortening of the mean transit
time during arterial occlusion.

LOWERPANEL. CURVESREPLOTTEDON A TIME AND LOG CONCENTRATIONSCALE TO SHOWTHE CLOSE SIMILARITY

OF THE DISAPPEARANCESLOPE OF BOTH CURVES.

inj ections of the indicator, was introduced via the ex-

ternal jugular vein into the pulmonary artery so that
its tip lay just distal to the pulmonary valve. A 40 cm

catheter having a dead space of 0.4 ml was inserted into
the left ventricle via the carotid artery and withdrawn
until its tip lay just above the aortic valve; this was

used for sampling. The positions of the catheter tips
were checked by fluoroscopy and manometry during
introduction and at intervals throughout the observa-
tions. In a group of separate studies, the femoral artery
was used as the sampling site. In 2 dogs, an additional
no. 5 French catheter with a balloon about 4 to 6 cm

from the tip was introduced into the pulmonary artery.
The catheter was advanced until its tip became impacted
in a distal branch; in this way, the position of the bal-
loon remained fixed. The balloon could be inflated to
occlude the right or left pulmonary artery or lobar
branches thereof. The effectiveness of such occlusion
was confirmed by angiograms made after injection of a

70 per cent solution of sodium acetrizoate (Urokon
Sodium).

An indocyanine dye (cardio-green 1) was used as the

1 Kindly supplied by Hynson, Westcott and Dunning,
Baltimore, Md.

indicator at a concentration of 1.25 mg per ml in doses
of 1.5 to 2.0 mg. Particular attention was paid to the
characteristics of the injecting, sampling and recording
systems, since determination of blood volume by the
Stewart-Hamilton method depends especially on ac-

curate measurement of the time components of the indi-
cator dilution curve. Injections were made by a pneu-
matic syringe capable of delivering 1.0 ml of dye solution
in 0.10 second. An automatic signaling device recorded
the instant and volume of each injection (Figure 1).
The dead space of the catheter and syringe system
was kept filled with dye between successive injections.
A densitometer 2 having a dead space of 0.1 ml was

connected to the aortic catheter which had a dead space
of 0.4 ml. When the method of Fox, Sutterer and Wood
('11) for assaying dynamic response characteristics was

2 This densitometer was developed by the Section of
Engineering of the Mayo Clinic. It is similar to Model
XC-100A manufactured by the Waters Corporation,
Rochester, Minn., but it has a slightly larger internal
diameter to permit high flows. The light-sensitive
element is a phototube with an extremely high internal
resistance. A power amplifier (a cathode follower) is
used to obtain current, which is fed into a recorder.

2.5
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FIG. 2. DYNAMIC RESPONSE OF CATHETER-DENSITOMETER-GALVANOMETERSYSTEM.
The time required to attain 90 per cent response to a "square wave" of dye (cardio-
green) in blood is plotted against the sampling rate.

used, this densitometer-galvanometer system responded
to a "square wave" input of cardio-green dye in blood by
reaching 90 per cent of its maximal deflection in 0.20
second at the sampling rates of 100 to 120 ml per min-
ute used throughout the studies (Figure 2). These sam-

pling rates were achieved by use of vacuum suction at
about 1.5 kg per square centimeter. A time correction
was made in each instance for the mean transit time of
indicator through the sampling system at the particular
sampling rate used.

The indicator dilution curves obtained by this system
show step functions (Figure 1). These are synchronous
with the heart beat and represent changes in the con-

centration of dye at the aortic root during successive
ejections of the left ventricle. Such curves contrast
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with the smoothly contoured curves obtained by means
of sampling and recording systems that have slower dy-
namic response characteristics.

The volume between the injection and sampling sites
was calculated by the Stewart-Hamilton formula (1),
and the slope volume was determined by the method of
Newman and co-workers (8). Calibration curves were

obtained for each dog by drawing various known con-

centrations of dye in blood through the densitometer.
In many experiments, dilution curves were obtained for
blood at the start of the experiment (free of dye) and
at the end of the experiment (with residual background
dye). The calibrations usually were slightly different,
as would be expected. However, the difference was

never great, since cardio-green disappears from circu-
lating blood much more quickly than does T-1824. When
a difference was present, the calibrations were inter-
polated for intermediate dilution curves.

RESULTS

The pulmonary artery was used as the injec-
* tion site and the aortic root as the sampling site

50 - I,/" 4 in 36 determinations in the 16 dogs. Figure 3
shows the blood volumes, as calculated by the

r
20.303X Stewart-Hamilton method, plotted against the

0 corresponding slope volumes. There is a cor-
0 100 200 300 400 500 relation (R = 0.9) but also a large systematic dif-

LUNG and LEFT HEART BLOOD VOLUME (ml.) ference. The combined volume in the lungs and
IG. 3. SLOPE VOLUME PLOTTED AGAINST CORRESPOND- left side of the heart averaged 156 ml (SE 3.9)
VOLUMEOF BLOOD IN LUNGSAND LEFT SIDE OF HEART

DETERMINATIONS IN 16 DOGS). Note the correlation per 10 kg of body weight, whereas the slope vol-

the large systematic difference. ume averaged 48 ml (SE 1.7) per 10 kg of body
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BEFORE OCCLUSION OF R. P. A.

X ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~. ;............

FIG. 4. ANGIOGRAMSAFTER INJECTION OF A 70 PER CENT SOLUTION OF SODIUMACETRIZOATE
INTO THE RIGHT ATRIUM. Before occlusion of the right pulmonary artery, the pulmonary
vessels of both lungs are clearly visualized. During occlusion, there is no filling of the
vessels of the right lung.

weight. It is of interest that Dow (12) found
a practically identical ratio, namely 0.31, between
slope volume and central volume in dogs. Thus,
the slope volume is about 30 per cent of the blood
volume in the lungs and left side of the heart.
Some data obtained in our laboratory suggest that
the lungs account for about two-thirds of the com-
bined volume (13). This would make the slope
volume about 45 per cent of the pulmonary blood
volume.

These volumes were compared with nine de-
terminations in seven dogs in which the femoral
artery was used as the sampling site. Under
these circumstances, the volume by the Stewart-
Hamilton method averaged 227 ml (SE 15.9) per
10 kg of body weight, while the slope volume
averaged 50 ml (SE 2.3) per 10 kg of body
weight. The increase in the former volume was
consistent with the different extent of the vascu-
lar bed included between the injection and sam-
pling sites (13). The slope volume, however,
was strikingly constant, a finding previously re-
ported by Pearce, McKeever, Dow and Newman
(9).

As already noted, the volume of the pulmonary
vascular bed in two dogs was acutely and inter-

mittently reduced by inflation of a balloon in the
pulmonary artery. In one of these animals, the
right pulmonary artery was occluded, the com-

BALLOON IN RIGHT MAIN PULMONARYARTERY (DOG-19.8 kg.)
400

300300> m ~~~~~~Lungand
_ ~~~~~~~~~Left Heart

Blood Volume
332

LU 200 2+9
O _

100 Slope Volume
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0

FIG. 5. CHANGESIN SLOPE VOLUMEAND IN VOLUMEOF
BLOOD IN LUNGS AND LEFT SIDE OF HEART WITH INTER-
MITTENT OCCLUSION OF RIGHT PULMONARYARTERY BY
BALLOON-TIPPED CATHETER. The occlusion in each in-
stance lasted from 7 to 10 minutes. In both this figure
and in Figure 6, note the pronounced and reproducible
changes in the blood volume of the lungs and left side
of the heart in contrast to the incommensurate changes
in slope volume.
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BALLOONIN ARTERY TO RIGHT MIDDLE AND LOWERLOBES (Dog-25kg.)
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FIG. 6. CHANGESIN SLOPE VOLUMEAND IN VOLUMEOF BLOOD IN LUNGS

AND LEFT SIDE OF HEART WITH INTERMITTENT OCCLUSION OF ARTERIES TO

LOWERHALF OF RIGHT LUNG. The occlusion in each instance lasted from
7 to 10 minutes.

pleteness of the occlusion being confirmed by
angiography (Figure 4). During occlusion, the
cardiac output either remained unchanged or

showed a modest decrease. These results are

similar to the findings of Brofman (14) in normal
man. However, the mean transit time of the in-
dicator was reduced by about one-third (Figure
1). Since the volume of blood in the lungs and
left side of the heart is the product of the cardiac
output and the mean transit time, this volume was

reduced by about one-third, the average volume
decreasing from 332 to 229 ml (Figure 5). Vol-
umes measured immediately on occlusion and five
minutes later were similar. However, the slope
volume was only slightly affected by the occlusion,
the average volume decreasing from 91 to 80
ml (Figure 5). In the other dog, the lobar ar-

teries to the lower half of the right lung were

occluded, as confirmed by angiography. There
was a corresponding decrease in the volume of
blood in the lungs and left side of the heart of
about one-fifth (427 to 335 ml), again with no

consistent change in the slope volume, the aver-

age of which decreased from 149 to 139 ml (Fig-
ure 6). The procedure was repeated many times
and yielded reproducible results (Figures 5 and 6).

DISCUSSION

The Stewart-Hamilton method depends on

good mixing of the indicator with blood at the
injection and sampling sites and also on constant
flow during the period of observation. The first
of these requirements is best fulfilled by injecting
into the pulmonary artery and sampling from the
aortic root (6, 7), as was done in these studies.
The second requirement is not fulfilled, since flow
through the aortic valve is not constant but pulsa-
tile. That this theoretic objection may not be im-
portant in practice is suggested by the recent work
of Schlant and associates (3), who found close
agreement in measurement of the "central blood
volume" in dogs by the Stewart-Hamilton method
and by a technic using erythrocytes labeled with
radiochromium (Cr51) .

The Stewart-Hamilton method makes no as-

sumptions regarding the nature of blood flow
through the lungs and is, therefore, valid whether
such flow be laminar or turbulent. In contrast,
the slope-volume method is based on the proposi-
tion that the lungs and heart chambers are a series
of perfect mixing chambers. It is doubtful if the
lungs can be so regarded (15-17). Theoretically,
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movement through a capillary bed such as that
of the lungs provides random scattering and longi-
tudinal dispersal of the particles of dye rather than
mixing. Sheppard and Savage (15) and Shep-
pard (16) have shown that the problem is more
akin to the "random walk." Only when the dis-
persing effect is not too great can an approxi-
mately log-normal distribution in time of the
outflowing dye be predicted, and this condition
does not obtain in the large pulmonary capillary
bed. Parrish, Hayden, Garrett and Huff (17)
studied pulmonary transfer characteristics with
radioisotope dilution technics, using an analog
computer in such a way that both transport delay
and dispersion could be varied independently.
They found that the vessels of the lungs behave
as a system with linear flow and not as a mixing
pool. Thus, it appears that the lungs cannot
achieve the perfect and instantaneous mixing that
is the chief assumption on which the slope-volume
method is based.

It has been proposed recently that the increase
in slope volume in mitral regurgitation indicates
an increase in pulmonary blood volume or "ef-
fective mixing volume" (10). However, in
mitral regurgitation, in addition to an enlarged
upstream chamber, a to-and-fro flux of dye par-
ticles occurs across the incompetent valve, which
in itself can spread the indicator dilution curve,
decrease the disappearance slope, and thus in-
crease the slope volume (18). The fact that the
disappearance slope can be plotted semilogarithmi-
cally to yield a straight line is no guarantee that
the disappearance slope is a single exponential
function (19). It has become clear, through the
use of sampling and recording systems with high
dynamic response characteristics, that indicator
dilution "curves" show step-like alterations in
concentration corresponding to successive ven-
tricular ejections (Figure 1), particularly when
a central sampling site is used (20). Thus, when
points are replotted on a semilogarithmic scale at
short intervals of time, such as 0.5 second, they
do not fall along a straight line, although the
general trend is linear. In the present experi-
ments, we constructed the best possible rectilinear
fit through these points, designating this as the
"slope." The absence of a completely smooth
slope, which becomes evident when systems with
high dynamic response characteristics are -em-

ployed, is in itself an objection to the use of this
parameter as a measure or an index of an intra-
vascular volume.

As already noted, under the conditions of our
studies the slope volume is about 30 per cent of
the blood volume of the lungs and left side of the
heart. Previous observations have suggested that
about two-thirds of the blood volume between the
pulmonary and aortic valves is contained in the
lungs. Thus, as mentioned earlier, the slope vol-
ume is probably about 45 per cent of the total pul-
monary blood volume. When the sampling site
was changed from the aortic valve to the femoral
artery, only slight changes in the slope volume
were observed that were incommensurate with
the changes in actual volume included between
the two sites. These results could be interpreted
as supporting the contention that the slope vol-
ume measures a volume directly related to the
pulmonary blood volume. If so, a pronounced
reduction in the slope volume would be anticipated
after occlusion of one of the pulmonary arteries or
branches thereof. However, such a reduction
could not be demonstrated. It might be held that
occlusion of the right pulmonary artery resulted
in redistribution of blood, so that the left lung
now contained an increased quantity of blood;
this was not borne out by the concomitant Ste-
wart-Hamilton calculations, which showed con-
sistent reduction in this volume during periods of
occlusion.

Thus, the slope volume neither gives a meas-
urement of the volume of blood within the lungs
nor consistently reflects the magnitude of changes
induced therein.

SUMMARY

Studies were carried out to test the validity of
the Newman slope-volume method as an index
or measurement of the volume of blood in the
lungs. Indocyanine (cardio-green) dye was in-
jected into the pulmonary artery of the dog, and
indicator dilution curves were inscribed at the
aortic root using a densitometer with a high fre-
quency response. Sampling was from the aorta
rather than the left atrium to ensure adequate
mixing of the dye with blood. The Stewart-
Hamilton method was used to derive the volume
of blood in the lungs and the chambers of the left
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side of the heart; the Newmanmethod was used
to calculate the slope volume.

In 36 determinations in 16 dogs, the volume of
blood in the lungs and left side of the heart was
156 ml (SE 3.9) per 10 kg of body weight,
whereas the slope volume was 48 ml (SE 1.7) per
10 kg of body weight. Thus, the slope volume
is about 30 per cent of the volume in the lungs
and left side of the heart and it is probably about
45 per cent of the pulmonary blood volume.

With repeated temporary occlusion of the right
main pulmonary artery, the volume of blood in
the lungs and left side of the heart decreased from
an average of 332 to 229 ml, while the average
slope volume decreased from 91 to 80 ml. With
occlusion of the arteries to the lower half of the
right lung, the former volume decreased from
427 to 335 ml, while the latter decreased from
149 to 139 ml.

With the assumption that the Stewart-Hamilton
method is valid, it appears that the slope volume
neither gives a measurement of the volume of
blood in the lungs nor reflects the magnitude of
changes induced therein.
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