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Pulmonary Arterial Pressure at High Pulmonary Flow *

NoBLE O. FowLER 1 AND JouN C. HoLMES

(From the Cardiac Research Laboratory, Division of Cardiology, Department of Internal Medi-
cine, University of Cincinnati College of Medicine, and the Cincinnati General Hospital,
Cincinnati, Ohio)

The relationship between pulmonary arterial
pressure and pulmonary blood flow has been stud-
ied by a number of investigators in anesthetized
animals (1), in man after pneumonectomy or uni-
lateral pulmonary arterial occlusion (2, 3), and in
normal man during exercise (4-7). With a few
exceptions (1) these studies have agreed that
doubling or trebling the pulmonary arterial flow
does not produce a comparable increase of pulmo-
nary arterial pressure. Sloan, Morris, Figley,
and Lee (2) and Brofman (3) found in human
subjects only a very slight rise of pulmonary ar-
terial pressure during balloon occlusion of one
main pulmonary artery branch when cardiovas-
cular dynamics were normal. However, the re-
lationship between pulmonary arterial pressure
and pulmonary arterial blood flow at higher rates
of flow has been examined by only a few investi-
gators.

In 1950, Cournand, Riley, Himmelstein, and
Austrian (8) published studies of pulmonary blood
pressure in normal physicians at rest and during
exercise and in patients who had had a pneumo-
nectomy with a normal remaining lung. These
investigators concluded that pulmonary blood flow
in man can increase to approximately three times
the normal before the pulmonary arterial pressure
will rise above normal limits. Lategola studied
pulmonary pressure and flow relationships at high
flow levels achieved by occluding 50% or more of
the pulmonary circulation in anesthetized dogs
(9). Lategola also found that when pulmonary
blood flow was increased to approximately 250 to
300% above normal, the pressure rose sharply.
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Unlike Cournand, he found some increment of
pulmonary arterial pressure even when pulmonary
blood flow was increased less than 100% above
the normal.

In the foregoing studies of high pulmonary blood
flow, the methods used for measuring pulmonary
blood flow were necessarily indirect, and left atrial
pressure was not measured. Thus the effect of
pulmonary blood flow upon pulmonary vascular
resistance could not be accurately computed. The
purpose of the present study is to examine in an-
esthetized dogs the effect of increase of pulmonary
blood flow under circumstances that permitted di-
rect measurement of pulmonary blood flow and
left atrial pressure. The pulmonary blood flows
were measured at levels from 50% to 500% of
normal,” and left atrial pressures were held con-
stant in some experiments.

Methods

The experiments were performed upon 19 mongrel dogs
that were in three groups.

Group 1 consisted of nine dogs. The experimental de-
sign for equal perfusion of the systemic and pulmonary
circulations with a roller pump is described in detail
elsewhere (10) and is only summarized here. Three
animals were anesthetized with pentobarbital sodium,
30 mg per kg, intravenously. Six received morphine
sulfate, 5 mg per kg, intramuscularly followed by in-
travenous chloralose in amounts required to maintain
anesthesia. The animals received heparin, 5 mg per kg,
intravenously. After opening the chest, ventilation with
100% oxygen was maintained at a constant level by
means of a Harvard respirator set at 16 strokes per min-
ute with a stroke volume of 250 to 300 ml. The pul-
monary circulation was perfused through a cannula in-
serted through the proximal inferior vena cava into the
arrested heart from a reservoir, which received the ve-
nous return from the distal superior and inferior venae
cavae. The systemic circulation was perfused by means
of cannulae inserted into the common carotid and proxi-
mal left subclavian arteries. The coronary arteries and
right subclavian artery were excluded from the circula-
tion. Pulmonary venous return was collected from a
cannula inserted into the apex of the left ventricle and
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drained into a reservoir for pumping to the systemic cir-
culation. Pulmonary and systemic flows were measured
by simultaneous collection of the venous return from the
left ventricle and venae cavae, respectively, into graduate
cylinders. The dead space of the reservoirs and tubing
was filled with pooled donor blood, which in most ex-
periments was supplemented by 6% iso-oncotic dextran
in saline with calcium, magnesium, and potassium chlo-
ride added to achieve physiologic concentrations.

Blood temperature was monitored constantly and was
maintained at 37.5 = 0.5° C. Blood pH was measured at
37° C by a Beckman expanded scale pH meter after each
change in flow setting. One hundred to two hundred ml
2.5% NaHCO:; was added to the blood at 15- to 30-minute
intervals when necessary. Blood oxygen saturations
were determined in the Van Slyke manometric appa-
ratus. Pressures in the pulmonary artery, left atrium,
and aorta were determined simultaneously through Cour-
nand catheters with Statham transducers and a four
channel direct-writing Sanborn Polyviso electrocardio-
graph.

Systemic and pulmonary blood flows were always equal.
A flow of 100 ml per kg per minute was considered to be
normal. Pressures were evaluated in each experiment at
flow levels of approximately 50, 100, 200, 300, 400, and
500 ml per kg per minute. Thus, blood flow rates up to
500% of normal could be achieved. Since the maximal
capacity of the pump was 3,600 ml per minute, it was
recessary to obstruct the blood flow to one lung in order
to achieve pulmonary flows above 250 to 300% of nor-
mal. This was achieved in eight animals. In four dogs
a balloon was inflated in the left main branch of the
pulmonary artery. The proper placement of the balloon
was verified by palpation and at autopsy. A snare inter-
mittently occluded the right pulmonary artery main
branch in two dogs and the left in one. The right pul-
monary artery was ligated in one dog, 335. Equal per-
fusion of the two lungs was assumed, and the measured
blood flow through one lung was doubled in order to give
the equivalent flow through both lungs. Hence, a pul-
monary flow of 50 ml per kg per minute through one
lung was considered normal. In all balloon or snare oc-
clusion experiments, pressure values for pulmonary flow
between 50 and 250 ml per kg per minute were deter-
mined in two ways, with perfusion of both lungs and of
one lung only. The values were plotted graphically, and
the experimental results were accepted only if the pres-
sure values obtained by the two methods agreed by falling
on the same curve. Pulmonary flows above 250% of
normal were usually achieved by perfusion of one lung
only. Pressure values were measured at a given flow
setting only after the lapse of 1 to 2 minutes to assure
stability. No dextran or fresh donor blood was added to
the reservoirs once the experiment had begun. Carotid
sinus reflexes were evaluated, and hematocrits were
measured at the end of each experiment.

In group 2, six additional animals were prepared as
were those of group 1, with the following exceptions.
To avoid the effect of viscosity reduction upon the pres-
sure/flow curve of the pulmonary artery, no dextran was
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added to the donor blood. All experiments were carried
out with the right pulmonary artery ligated, and a blood
flow of 50 ml per kg per minute through the left lung
was considered normal. Pulmonary arterial pressures
were evaluated at flow levels of from 50 to 500% of normal.
Left atrial pressure was maintained constant at 10 mm
Hg in each of the six animals by adjusting the left atrial
reservoir. In addition, pressure/flow curves were evalu-
ated in four of the six animals while the left atrial pres-
sure was held constant at 5 mm Hg. In these experi-
ments, blood pH was controlled between 7.35 and 7.45.

In group 3, to duplicate more closely the experiments
of Lategola (9), six additional animals were studied
during left lower lobe perfusion. Constant return to the
right atrium was maintained as described earlier, but the
blood was first pumped through a disposable plastic oxy-
genator bag! to provide adequate gas exchange. The
heart was permitted to beat, but its output was con-
trolled by the roller pump, which regulated flow to the
right atrium. Pulmonary blood flows were estimated
from the systemic venous return via the venae cavae and
hence were consistently lower than the actual flow be-
cause of loss through the coronary circulation. Blood flow
was set at 100 ml per kg per minute, which was con-
sidered normal. At this flow level, measurements of he-
matocrit, blood pH, systemic arterial oxygen saturation,
and pulmonary arterial and left atrial pressure were made.
Then the right main pulmonary artery and the branch ar-
teries to the left upper and middle lobes were ligated. In
four of the six animals, pulmonary flow was reduced un-
til the pulmonary arterial-left atrial pressure difference
was the same as when all lobes were perfused with blood
at a flow of 100 ml per kg per minute. This new flow
was considered to represent normal flow to the left lower
lobe. The flow was then increased in steps to a maxi-
mum of 400% of normal or until the left heart began to
fail. Measures of left atrial and pulmonary arterial pres-
sure were repeated at each level of blood flow. Blood
pH, hematocrit, and systemic arterial oxygen saturation
were repeated at the end of the experiments. In two of
the six animals, 347 and 350, while the left lower lobe was
perfused at 75 ml per kg per minute, the oxygenator bag
was disconnected. Then, while the lungs were ventilated
with 100% oxygen, serial blood samples were analyzed for
pH, CO: content, and systemic arterial saturation for a
period of 9 minutes. Pulmonary arterial pressure/flow
curves were not evaluated in these two animals.

Results

The results of these experiments are summa-
rized in Tables I to IV. In animals of group 1,
with both lungs perfused, initial mean pulmonary
arterial pressures were from 13 to 23.6 mm Hg at
100 ml per kg per minute flow (Table I). These
were considered to be control pressures. These

1 Pulmo-Pak disposable bubble oxygenator, Abbott

Laboratories, North Chicago, IIL
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Remarks

No pulmonary arterial (PA) occlusion
artery (PA)

Balloon occlusion left pulmonary

1.5
0.5

2

Final
3

Hema-

tocrit

Final
pH
7.5
7.4

PVR

" PVR ratio

PAP
ratio

600%

LAP

TABLE I—(Continued)
mm Hg

PAP

PVR
ratio

PVR

5009,
PAP
LAP ratio
mm Hg

PAP

Dog

Pulmonary flow
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pressures averaged several millimeters Hg higher

than in closed-chest animals because of the loss of

negative intrathoracic pressure and the positive

SEE L o« - pressure used in ventilation. The changes in pul-

533855 monary arterial pressure and pulmonary vascular

§55°22 Z.: < resistance when the flow was decreased to 50% of

é ;.g %’ g § § z normal and increased to 200, 300, 400, 500, and

g 8 S8 i 600% of normal are shown in Table I. In all in-

2228 ¢z g 3 stances the pulmonary vascular resistance rose as

S8 258493 the pulmonary arterial flow was decreased and fell

significantly as the pulmonary arterial flow was in-

83 3 3 creased. When pulmonary arterial flow was

doubled, the mean ratio of pressure to-the control

3988333 % was 1.44, Table I. When it was trebled, the mean

ses e ratio of pressure to the control was 1.83, and when

it was quadrupled the pressure increased just a

~ . little over twice the control to 2.04. In a number

3 3 2 of these animals the final hematocrit was quite low

~ - because considerable dextran had to be added to

o - the donor blood to have sufficient volume for the

" T experiments. However, in two animals, 290 and

s s = 293, the hematocrits were normal at 39 and 45.5.

s N Blood pH was well controlled except that in ani-

mal 290 the final pH was 7.24. Left atrial pres-

- - “ sure remained within normal limits, that is, below

- 12.5 mm Hg, in six animals but rose above this

" . n level in three. The values for left atrial pressure

3 2 ¢ shown in Table I do not always rise with increas-

ing pulmonary blood flow. The reason for this is

that in some experiments, the tabulated values for

2 §8&8 78§88 sgs lower flows were obtained with both lungs per-

e e¢e g eS8 959 | fused, whereas in all experiments, values for

® | higher flows were obtained with only one lung per-

- - fused. Left atrial pressure in these experiments

= b I i o 238 | varied with actual flow rather than percentage

"4V 1 flow, and it would be higher if normal flow were

obtained by 100 ml per kg per minute flow through

€ 88 § Zg2F 588 | both lungs than if obtained by 50 ml per kg per
d <S¢ d&-9 299| minute through one lung.

B Similar results were observed in the animals of

I T S group 2 with constant left atrial pressure (Table

- - IT). When left atrial pressure was held constant

gz | at 10 mm Hg and pulmonary flow was doubled,

s 5oz ¥ 3 Sze :.gg the ratio of pulmonary arterial pressure to con-

*Ha | trol was 1.28. When flow was trebled, the pres-

. sure ratio to control was 1.53, and when flow was

_ - 8§§ . quadrupled, pressure ratio to control was 1.78.

2fg3 3 &8 §§5§ 2 | Pulmonary vascular resistance fell significantly as

2382328582888 S $8°2 2| flow was increased to 300%, but it did not fall sig-
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TABLE 1I
Pulmonary pressure to flow relationships

Pulmonary flow 50% 1009, 200%,
PAP PVR PAP PVR PAP PVR
Dog PAP ratio PVR  ratio PAP ratio PVR ratio PAP ratio PVR ratio
mm Hg mm Hg mm Hg
374 LAP 5
(13.4kg) LAP10 19 (0.871) 13.8 (1.586) 21.8 8.7 27 (1.238) 6.5 (0.747)
375 LAP 5 13.2 (0.785) 13.5 (1.298) 16.8 10.4 23.5 (1.398) 8.1 (0.778)
(119 kg) LAP10 158 (0.814) 9.5 (1.130) 19.4 8.4 26.6 (1.371) 6.9 (0.821)
376 LAP 5 9 (0.789) 5.2 (1.368) 11.4 3.8 17 (1.491) 3.7 (0.973)
(16.3 kg) LAP 10 13.5 (0.741) 18.2 5.3 22.6 (1.241) 3.8 (0.716)
377 LAP 5 13.2 (0.785) 11 (1.325) 16.8 8.3 21 (1.250) 5.9 (0.710)
(14.3kg) LAP 10 19.5 (0.829) 13.1 (1.408) 23.5 9.3 25 (1.063) 5.4 (0.580)
378 LAP 5 11 (0.674) 8.6 (1.088) 16.3 7.9 21.3 (1.306) 6.8 (0.860)
(13.6 kg) LAP 10 15 (0.810) 7.5 (1.190) 18.5 6.3 25.4 (1.372) 5.5 (0.873)
379 LAP 5
(139 kg) LAP10 185 (0.804) 12.5 (1.275) 23 9.8 32 (1.391) 9 (0.806)
Range 13.5 0.74 7.5 1.13 18.2 5.3 22.6 1.06 3.8 0.58
19.5 0.87 13.8 1.59 23.5 9.8 32.0 1.39 7.9 0.87
Mean
(LAP 10) 16.9 (0.81) 11.3 (1.32) 20,7 8.0 26.4 (1.28) 6.0 (0.76)
Difference
from next +3.9 -2.8 +5.7 —1.97
lower value +0.28 =+0.73 =+1.07 =+0.43
p value p <0.001 p <0.02 p <0.01 p <0.01

nificantly at 400% and 500%. Figures 1 and 2
show the effects of increase in pulmonary blood
flow upon the pulmonary arterial-left atrial pressure
gradient and pulmonary vascular resistance in dog
282. ‘In no instance was there a sharp break up-
ward in the pulmonary arterial-left atrial pressure
gradient as the flow reached 350 to 400% of nor-
mal that would correspond to the area of sharp
upward increase of pulmonary arterial pressure
found by Lategola (9). Likewise, the pulmonary
vascular resistance continued to decrease as the

459 3-17-64

Morphine - Chloralose
Dog %282 )

434
414
394
374
354
334
31 4
29 4
27 4

o -No balloon

Pulmonary Artery - Lett Atriol Pressure Grodient, mmHg

23 X - Balloon
2t -
194
7 hd ] Al T L L L) L L T T T T T T T T T 1
50 100 150 200 250 300 350 400 450 500
Pulmonary Blood Flow,  mi/Kg/min
F16. 1. RELATIONSHIP BETWEEN PULMONARY ARTERIAL-

LEFT ATRIAL PRESSURE GRADIENT AND PULMONARY BLOOD
FLOW IN ONE EXPERIMENT. Left atrial pressure is not
constant.

flow was increased. At no point did it rise. The
values obtained by balloon occlusion of the left
pulmonary artery, as indicated by the X'’s, were
comparable to those obtained without balloon oc-
clusion at flows up to 250% of normal. The
linearity of the pressure/flow curve in Figure 1
above 200 ml per kg per minute flow is consistent
with the configuration usually observed in a pas-
sive vascular system (11). Figures 3 and 4 show
the results obtained in dog 378 with left atrial
pressure held constant. The relation of pressure
to flow is essentially linear over the range investi-
gated. In one experiment, to study reproduci-
bility, pulmonary blood flow was at first set at a

30 -
28 4

Morphine - Chiorolose 3-17-64

Dog #282

@ - No balioon
x - Balloon

Pulmonary Vasculor Resistance, Units
3
L

T T T T T T T 17
50 100 150 200 256 300 350 400 450

Pulmonory Blood Flow, Percent of Normal
Fic. 2. RELATIONSHIP BETWEEN PULMONARY VASCULAR

RESISTANCE AND -PULMONARY -BLOOD FLOW IN THE SAME
ANIMAL As IN FiGure 1.
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TABLE II
with constant left atrial pressure

2045

300% 400% 500%
PAP PVR PAP PVR PAP PVR Hema-
PAP ratio PVR ratio PAP ratio PVR ratio PAP ratio PVR ratio tocrit
mm Hg mm Hg mm Hg
50
32.5 (1.490) 5.6 (0.643) 38 (1.743) 5.4 (0.620) 45 (2.064) 5.2 (0.597)
30 (1.785) 7.0 (0.673) 34.7 (2.065) 6.7 (0.644) 37 (2.202) 5.4 (0.519) 45
30.7 (1.582) 6.5 (0.773) 34.8 (1.793) 5.2 (0.619) 38 (1.958) 4.6 (0.547)
22.5 (1.973) 3.7 (0.973) 28 (2.456) 3.6 (0.947) 34 (2.982) 3.6 (0.947) 39
27.4 (1.505) 3.4 (0.641) 32.2 (1.769) 3.3 (0.622) 37 (2.032) 3.3 (0.622)
25.3 (1.505) 4.8 (0.578) 30 (1.785) 4.2 (0.506) 34.5 (2.053) 4.2 (0.506) 38
29 (1.234) 4.4 (0.473) 33 (1.404) 3.9 (0.419) 373 (1.587) 3.8 (0.408) .
27.2 (1.668) 5.5 (0.696) 36.8 (2.257) 5.5 (0.696) 42 (2.576) 5.5 (0.696) 43
32 (1.729) 5.4 (0.857) 39 (2.108) 5.4 (0.857) 45.8 (2.475) 5.4 (0.857)
47
37.8 (1.643) .5 (0.663) 43.5 (1.891) 5.7 (0.581) 49.5 (2.152) S. (0.581)
27.4 1.23 3.4 0.47 32.2 1.40 3.3 0.42 37 1.59 3.3 0.41
37.8 1.73 6.5 0.86 43.5 2.11 5.7 0.86 49.5 2.58 5.7 0.86
31.6 (1.53) 5.3 (0.68) 36.8 (1.78) 4.8 (0.62) 42.1 (2.04) 4.7 (0.60)
+5.1 —0.7 +5.2 —0.48 +5.4 —0.17
+0.42 +0.06 +0.45 +0.20 +0.61 +0.10
p <0.001 p <0.001 p <0.001 p <0.05 p <0.001 p>0.1

very low level, 16% of normal, and then it was
increased stepwise to 360% of normal and de-
creased in like manner. It may be seen that the
curves are very slightly different but follow the
same slopes (Figure 5). Figure 6 is a graph re-
lating the changes in pulmonary vascular resist-
ance in all animals of group 2 to the changes of
pulmonary blood flow. Mean values and the
ranges are shown. Again, there is a continuing
decline in pulmonary vascular resistance as pul-
monary blood flow is increased. Figure 7 com-
pares the pulmonary pressure to flow relationship
obtained in the experiments of Cournand and co-
workers (8), Brofman and co-workers (12), and

o----o LAP 5 mmHg

e 50 1 DOG #378 6-21-65
€ .

E

< 404

3

]

»

®

a 301

z

&

% 20

>

] -

g IOJ o &—— LAP 10 mmHg
13

E)

a

T T T
200 300 400

Puimonary Blood Flow, % of Normal
Fi16. 3. RELATIONSHIP BETWEEN PULMONARY ARTERIAL
PRESSURE AND PULMONARY BLOOD FLow. Ubpper curve,
left atrial pressure (LAP) is constant at 10 mm Hg;
lower curve, left atrial pressure is constant at 5 mm Hg.

Lategola (9) with those obtained in the present
studies with left atrial pressure held constant at
10 mm Hg. At pulmonary blood flows of 250 to
300% above normal, our curve does not show the
sharp upward increment of pressure demonstrated
by the Cournand and Lategola curves. The curve
obtained in our studies has a slope very similar
to that obtained by Brofman in man while em-
ploying exercise and balloon occlusion of one pul-
monary artery (12).

The results obtained in four animals of group 3
during left lower lobe perfusion are presented in
Table IIT and Figure 8. In these animals, the
increment of pulmonary arterial pressure at a
given flow increment was somewhat greater than

DOG #378 6-21-65

o—e LAP I0mmHg
o--o LAP 5 mmHg

200 300 400 500

Pulmonary Blood Flow,” % of Normal

F16. 4. RELATIONSHIP BETWEEN PULMONARY VASCULAK
RESISTANCE AND PULMONARY BLOOD FLow. The animal is
the same as in Figure 3. Ubpper curve, left atrial pres-
sure is constant at 5 mm Hg; lower curve, left atrial
pressure is constant at 10 mm Hg.

Pulmonary Vascular Resistance, Units



2046

NOBLE O. FOWLER AND JOHN C. HOLMES

TABLE I
Pressure to flow relationships

LLL*
Pulmonary flow Normal 200%, 3009,
. PAP PVR PAP PVR
Dog PAP LAP PVR PAP LAP ratio PVR ratio PAP LAP ratio PVR ratio
ml/kg/ :

341 minute mm Hg mm Hg mm Hg
(12.9 kg) 29.8 26 6.2 59.9 38 6.9 (1.45) 40.5 (0.67) 47 6.7 (1.82) 35 (0.58)
342 ’
(14.9 kg) 16.1 19 3.8 64.6 26 5.5 (1.38) 42 (0.65) 32 11 (1.70) 29.2 (0.45)
343
(19.4 kg) 23.2 15 2.3 28.8 22.5 2.7 (1.50) 22 (0.76) 27 3.4 (1.80) 17.5 (0.61)
344
(17.5 kg) 29.1 22 3.4 37.3 32 5 (1.45) 27 (0.72) 42 6.8 (1.90) 23 (0.62)

*LLL = left lower lobe. i
1 Sa0: = systemic arterial oxygen saturation.

itk
in group 1. In two of these animals, 342 and 344,
pulmonary vascular resistance did not fall as flow
was increased above 300%. However, in no ani-
mal was there an increase of pulmonary vascular
resistance with increasing flow (Figure 8). In
three animals of this group, arterial oxygen satu-
rations were maintained at 100% of capacity or
above. In one animal, 343, the systemic arterial
oxygen saturation was 88.6% at the termination of
the study. In animals 347 and 350, when the bag
oxygenator was removed from the blood flow
line, there was evidence of inadequate pulmonary
gas diffusion despite positive pressure ventilation

70 Pulmonary Vascular Resistance vs Flow.
No Occlusion
Dog #279
60 3-9-64

[4J
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Q

Pulmonary Vascular Resistance , Units

0 60 120 180 240 300 360
Pulmonary Blood Flow, Percent of Normal
F1c. 5. RELATIONSHIP BETWEEN PULMONARY VASCULAR
RESISTANCE AND PULMONARY BLOOD FLOW TO SHOW RE-
PRODUCIBILITY OF DATA AND ABSENCE OF HYSTERESIS. Left
atrial pressure is not controlled.

with 100% oxygen (Table IV). In these two
animals, arterial oxygen saturation fell from nor-
mal to 64.7% in one and to 26.5% in the other
within 9 minutes. '

Discussion

The pressure/flow curves and the relationship
between pulmonary vascular resistance and flow
found in these experiments are similar to those
shown by Williams (13) in the perfused left lower
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F16. 6. AVERAGE VALUES AND RANGES OF PULMONARY
VASCULAR RESISTANCES FOR A GIVEN PULMONARY BLOOD
FLow. Given for the six animals of group 2 with left
atrial pressure constant at 10 mm Hg.
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TABLE III
in left lower lobe
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350% 375% 400% Final
inal
PAP PVR PAP PVR PAP PVR Final hema-

PAP LAP ratio PVR ratio PAP LAP ratio PVR ratio PAP LAP ratio PVR ratio pH tocrit SaOst
7.

mm Hg mm Hg mm Hg capacity
50 7.1 (1.92)} 32.7t (0.55)t 7.56 48 100.9
35 10.7 (1.83) 29 (0.45) 37 109 (1.93) 29 (0.45) 7.48 41 106.0
30 5.5 (1.98) 15,5 (0.54) 31.5 7.0 (2.10) 14.5 (0.50) 33 7.8 (2.21) 14 (0.48) 7.46 38 88.6
50 8.9 (2.28) 23 (0.62) 54.5 10.4 (2.48) 23.1 (0.62) 58 11.6 (2.58)§ 23.2§ (0.62)§ 7.42 42 104.0

lobe of the dog lung with blood flows of up to 1 L.
per minute. In the studies of Williams there was
no tendency of pulmonary vascular resistance to
rise above the normal with increasing flow as
described by Lategola in the anesthetized closed-
chest dog (9). Although the study of Williams
does not relate left lower lobe pulmonary flow to
the size of the animals or to normal pulmonary
flow, it is possible that the flows were as high as
three to four times normal. Studies by Brofman
and associates (13) showed that occlusion of one
main pulmonary arterial branch in normal human
subjects was invariably associated with an in-
crease in main pulmonary arterial pressure. When

500+

400 -

300

% A Q

200

1004

o ? T
(o} 100

% A PAP

Fic. 7. PULMONARY FLOW TO PRESSURE RELATIONSHIPS
AS DETERMINED BY FOUR DIFFERENT INVESTIGATORS. B is
the Brofman curve; C is the Cournand curve; L is the
Lategola curve. The curve employing X’s is from the
present experiments with left atrial pressure constant at
10 mm Hg. Q = pulmonary flow, and PAP = mean pul-
monary arterial pressure.

T T 1
200 300 400

the total cardiac output passed through one lung,
the average pressure rose from 17 mm Hg to 23
mm Hg. Occlusions were maintained up to 2
hours. The rise in pulmonary arterial pressure
was immediate and sustained at this level through-
out the period of occlusion. These workers exer-
cised patients with unilateral balloon occlusion of
the pulmonary artery and did not find a striking
rise in pulmonary arterial pressure when the pul-

Dog #343
19.4 kg

LEFT LOWER LOBE PERFUSION
400 -

300 -

200

8Q%

100

0 S50 100 150 200
AP%

F1c. 8. PRESSURE TO FLOW RELATIONSHIPS DURING LEFT
LOWER LOBE PERFUSION IN ONE ANIMAL OF GROUP 2. The
X’s indicate pressures (P) obtained as flow was in-
creased; the dots indicate pressure values obtained as

flow was decreased. i
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TABLE IV
Left lower lobe perfusion during 1009, O, ventilation

Time off
oxygenator Sa02 pH CO: content PAP LAP PVR
minutes:seconds % capacity ml/100 ml mm Hg
Dog 350
Control 100.5 7.45 35 44 3 22.5
Control 96 7.46 34.1 43 3 219
1:15 82.5 7.42 37.2 43 3 219
2:00 80 7.49 37.8 43 3 21.9
2:45 68.3 7.45 38.8 42 3 21.3
5:00 50.8 7.36 39.5 43 3 219
9:00 26.5 7.29 45 52 2 23.8
3 minutes on
oxygenator 94.9 7.26 39.4 42 2 21.5
Dog 347
Control 95.2 7.56 30.3
Control 95.2 7.53 30.5
1:15 89.5 7.54 31.7
2:00 79.9 7.45 33.1
2:45 76.6 7.52 34.7
4:00 71.9 7.48 35.8
9:00 64.7 7.38 38.7

monary blood flow increased two and five-tenths
to three times above normal.

It is now necessary to consider the reasons for
the differences in the curves that we obtained and
those found by Lategola (9). We studied open-
chest animals during positive pressure respiration ;
Lategola did not. The use of positive pressure
breathing would tend to increase pulmonary vas-
cular resistance over the entire curve, but it should
not change the shape of the curve (13, 14). When
intrapulmonary pressure is raised, there are two
mechanisms that may increase pulmonary vascular
resistance (14). One is a rise in perivascular
pressure for those vessels near the alveoli. The
other is longitudinal stretch of blood vessels with
greater lung inflation, which may in turn cause
vascular narrowing. The effect of a change in
alveolar pressure upon pulmonary arterial pres-
sure may be much more profound when pulmonary
venous pressure is near or below atmospheric
levels (15). Since we found a tendency to lower
rather than higher resistances at high levels of
pulmonary blood flow, the use of positive pressure
breathing would not explain the difference. Left
atrial pressure rose as pulmonary flow was in-
creased in our group 1 experiments. Increase of
left atrial pressure is known to decrease pulmonary
vascular resistance (16). However, a similar but
less pronounced decrease in pulmonary vascular
resistance was found with increasing flow in our

group 2 experiments, in which left atrial pressure
was constant. Was there a difference in the state
of the nervous system? In our investigation caro-
tid sinus reflexes were found to be intact at the
end of the experiments. Many of our studies
were carried out under morphine-chloralose anes-
thesia so that reflex activity should have been
preserved. Many studies were made with balloon
occlusion and no dissection at the hilum of the lung
to damage the nerves around the pulmonary
vessels.

- The following points must be considered as sig-
nificant differences in the two investigations. In
our work the pulmonary flows were measured di-
rectly; those of Lategola (9) were not. The
studies made by Lategola at a high percentage in-
crement of pulmonary flow involved the use of two
balloon catheters so that only a portion of one
lung was being perfused. It is not unlikely that
some pulmonary edema occurred, which would
have impaired the uptake of oxygen required for
the Fick principle. A further possibility is that
the great flow through such a small portion of the
lung was accompanied by hypoxia, which increased
pulmonary vascular resistance above normal. The
development of severe hypoxia along with hyper-
capnia and acidosis in our experiments when one
pulmonary lobe only was perfused suggests this
possibility. These changes are known to increase
pulmonary vascular resistance (17-19). Although
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the pulmonary resistance increase in our dog 350
was only modest, the response of the dog’s pul-
monary circulation to hypoxia is known to be
often delayed or transient (20). Thus the effect
of hypoxia and respiratory acidosis might have
been greater in Lategola’s studies than shown here.
Another possibility is that the inflation of the pul-
monary arterial balloon in a small pulmonary ar-
terial branch produced a reflex increase in resist-
ance in the remaining lung, thus causing the
pressure/flow curve to become convex toward the
flow axis. It must be added that the inflection
point on this curve at a flow increase of 250 to
300% described in Lategola’s experiments (9)
depended upon only two observations out of eight
experiments at high flow. With the exception of
these two observations, the pulmonary pressure to
flow relationship in his study closely resembles
that in ours.

Neither our studies in perfused lungs of the
dog nor those of Brofman and associates in man
(12) demonstrated increasing pulmonary vascular
resistance as pulmonary flow increased. Our
data demonstrated a linear relationship between
pulmonary arterial pressure and flow, especially at
higher levels of flow, consistent with the pressure/
flow curve typical of a passive vascular bed (11).
The initial rapid decrease of pulmonary vascular
resistance as flow was increased from below nor-
mal levels is consistent with vasodilation or open-
ing of previously unperfused vessels. The fact
that pressure rose less rapidly than flow on the
linear portion of the curve can be explained by the
reduction in apparent viscosity at higher flows in
small vessels (21). Brofman’s studies and ours
show that any appreciable increase in pulmonary
blood flow is attended by some immediate increase
of pulmonary arterial pressure. Such changes
were regularly observed in these experiments and
in the studies reported of exercise and pulmonary
arterial pressure in normal supine human sub-
jects by Dexter and associates (6) and by Slonim,
Ravin, Balchum, and Dressler (7). Presumably,
in time the pulmonary vascular bed adapts itself
to increases of flow so that after some months the
resting pulmonary arterial pressure is normal af-
ter pneumonectomy, provided that the remaining
lung is normal.

A number of investigators (4, 5, 8) have failed
to find an increase of pulmonary arterial pressure
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in normal human subjects during exercise, even
when pulmonary blood flow was as much as twice
the normal. There are a number of differences
between passive increases of pulmonary flow
achieved by a mechanical pump or by pulmonary
arterial branch occlusion and flow increases pro-
duced by exercise. With exercise, a different
pressure to flow relationship might result from
changes in acid-base balance, autonomic nervous
system effects, the release of humoral factors, or
changes in the oxygen content of pulmonary ar-
terial blood. The relation between pulmonary ar-
terial blood pressure and pulmonary blood flow in
man is of practical significance. Under ordinary
circumstances it is unlikely that pulmonary blood
flow five times the normal resting value, the maxi-
mal value used in these studies, develops dur-
ing exercise. Mitchell, Sproule, and Chapman
(22) studied 15 normal men during treadmill ex-
ercise and found that maximal oxygen uptake aver-
aged nine and five-tenths times the resting value.
Cardiac outputs at this time had increased four
and three-tenths times the control values. Hence,
if there were a sharp rise in pulmonary arterial
pressure and vascular resistance at a pulmonary
blood flow of three to three and one-half times
the normal, performance during exercise might be
limited by a strain on the right ventricle. The pul-
monary arterial pressure/flow curve is of special
significance in patients with one lung removed or
destroyed by disease; here pulmonary blood flows
of four to six times the normal through the re-
maining lung can be achieved by ordinary daily
activity. If the left atrial pressure remains normal,
as suggested by studies of left ventricular end-
diastolic préssure by Ross, Mason, Bender, and
Braunwald (23), such high flows will only ap-
proximately double the pulmonary arterial pres-
sure of the normal remaining lung. This degree
of pulmonary hypertension is of itself unlikely to
limit exercise tolerance of such patients.

Summary

The relationship between pulmonary arterial
pressure and pulmonary blood flow at high flow
rates was studied in three groups of dogs. In one
group of nine open-chest dogs, constant and equal
systemic and pulmonary flow rates were evaluated
with the heart arrested. Flow rates above 200%
of normal through one lung were obtained by bal-
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loon occlusion or snare occlusion of the pulmonary
artery to the other lung. In a second group of
six dogs, similar studies were made during con-
stant left atrial pressure. In a third group of
four open-chest animals, pulmonary pressure to
flow relationships were studied while the beating
heart perfused the left lower lobe only. When left
atrial pressure was held constant, pulmonary vas-
cular resistance fell as the flow rate was increased
stepwise from 50 to 500% of normal. At 200%
of normal flow, pulmonary arterial pressure in-
crease was 28% above control ; at 300% of normal
flow, the mean pressure increase was 53%; at
400% of normal flow, the mean pressure increase
was 78% ; and at 500% of normal flow, the mean
pressure increase was 104%. Similar results
were obtained in the animals of groups 1 and 3.
In no animal did the pulmonary vascular resistance
increase with increasing flow within the flow range
studied, although the rate of decrease in resistance
fell with increasing flow rates. These studies do
not support the concept that pulmonary arterial
pressure increases sharply when pulmonary flow
rises to approximately 350 to 400% of normal.
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