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A close relationship between pulmonary ventila-
tion and blood flow exists in the normal function-
ing of the lungs. Thus, primary alterations in
one of these processes are difficult to distinguish
from secondary changes in the other. In order
to study these two functions in the intact animal,
we have separated them by utilizing a technique
which allows us to induce alterations in pulmonary
blood flow while keeping ventilation constant in
rate and tidal volume. This report describes
changes observed in the pulmonary circulation
and respiratory gas exchange of dogs in whom
blood flow was decreased by hemorrhage and then
restored by blood replacement.

Studies on experimental animals and human
subjects have indicated that all pulmonary vessels
are not open at the same time (1), and that the
pulmonary circulation is able to accommodate a
marked increase in blood flow with little rise in
the pulmonary arterial blood pressure (2-7). An
increase in blood flow, then, must be accompanied
by a decrease in vascular resistance, presumably
due to expansion of the pulmonary bed. How-
ever, the mechanisms by which such accommo-
dation occurs have not been fully elucidated, and
questions remain as to the relative importance of
physical forces, the effectiveness of vasomotor
control and the significance of local pressor and
chemo-reflexes. Moreover, only fragmentary
data are available regarding the effects of pri-
mary reduction in the pulmonary blood flow, as

* Preliminary results reported before the Federation
of American Societies for Experimental Biology, April
15, 1958.
t Aided by Grant No. H 2506 from the National

Heart Institute of the United States Public Health
Service, and a Medical Research Grant from the Na-
tional Tuberculosis Association through its Medical Sec-
tion, The American Trudeau Society.

4 Present address: Bispebjerg Hospital, Copenhagen,
Denmark.

in hemorrhagic shock (8-10), or after diversion
of blood around the lungs, as in open heart
surgery.
The results of the present study contribute in-

formation on the response of the pulmonary ves-
sels to a reduction in blood flow. Our findings
suggest that as flow is diminished portions of the
pulmonary vascular bed close completely, and
that with restoration of flow there is some delay
before these vessels reopen.

METHODS

Eightedogs, ranging in weight from 12 to 19 Kg. (mean,
15 Kg.), were used in these experiments. The animals
were anesthetized with sodium pentobarbital (35 mg. per
Kg.) and infused with succinylcholine (0.4 ug. per ml.) at
a rate sufficient to arrest respiratory muscular activity;
no supplemental anesthesia was administered.

a). Respiratory measurements. The animals were intu-
bated with a cuffed endotracheal tube and ventilated with
room air by a specially designed respirator, which inter-
mittently delivered a known tidal volume at a constant
flow rate ("square wave") and of uniform duration (11).
Expiration was passive with the airway open to the atmos-
phere. The expired gas was passed through a dry gas
flow meter in which it was thoroughly mixed; at selected
intervals samples were collected and analyzed for oxygen
and carbon dioxide concentrations (12). In addition, a
small stream of gas from the endotracheal tube was con-
stantly drawn through an infrared carbon dioxide gas
analyzer' so that a continuous record of the end-tidal car-
bon dioxide partial pressure could be obtained (13, 14).
At the outset of each experiment the respiratory fre-

quency and tidal volume were adjusted so as to maintain
the end-tidal gas carbon dioxide partial pressure within
the normal range; once set, the ventilation was kept con-
stant throughout the course of each study.
The endotracheal pressure was continuously measured,

so that a pressure-volume curve for each inflation could be
obtained. Since the tidal volume remained constant, the
slope of this curve (Figure 1) directly reflects the total
lung-thorax compliance as the change in intrapulmonic
volume (tidal volume) per unit change in transthoracic
(endotracheal) pressure (15-17).

1 Liston-Becker, Model 16.
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FIG. 1. SEGMENT OF CONTINUOUS RECORD OF INSTANTANEOUS AND ELEC-
TRICALLY INTEGRATED MEAN SYSTEMIC AND PULMONARY ARTERIAL BLOOD
PRESSURES AND ENDOTRACHEAL AIR PRESSURE

b). Blood pressure measurements. A cardiac catheter
was passed via the external jugular vein and positioned,
under fluoroscopic guidance, so that its tip rested in the
main pulmonary artery. Another catheter was placed in
one femoral artery. Using P23D Statham strain gages,
we obtained simultaneous tracings of the pulmonary and
femoral arterial blood pressures on a cathode ray oscillo-
scope; these were photographically recorded (Figure 1).

c). Blood samples. At appropriate intervals during each
experiment, blood samples totaling 15 ml. [approximately
1 per cent of the estimated blood volume (18)] were ob-
tained simultaneously from the femoral and pulmonary
arteries and analyzed as follows:

1). Oxygen saturation was determined spectrophoto-
metrically using the Beckman D.U. spectrophotometer
and the Nahas cuvette, according to the method of Holling,
MacDonald, O'Halloran and Venner (19).

2). Oxygen and carbon dioxide contents were deter-
mined by the micromanometric method of Natelson as

modified by Holaday and Verosky (20).
3). pH was determined by passing blood directly from

the catheters in the femoral and pulmonary arteries
through a glass electrode pH meter, as described by
Holaday (21).

4). Hematocrit was measured using the microcentrifuge
technique (22).

5). Lactic acid concentration of arterial blood was de-
termined by the method of Barker and Summerson (23).

d). Cakulations. From the simultaneously obtained
blood and gas samples we calculated the following:

1). Carbon dioxide tension of arterial and mixed venous

blood from the Singer-Hastings nomogram (24) using the
values obtained for the blood carbon dioxide content, pH
and hematocrit.

2). Pulmonary blood flow by the direct Fick principle
using the values for the blood and gas oxygen contents.

3). Respiratory (physiological) dead space by the Bohr
formula using the carbon dioxide values and substituting
the arterial for the alveolar carbon dioxide tensions (25).

Thus:

respiratory dead space = (Paco, Pzco,) VT
Pacoo

where Paco, and Pzoo, are the carbon dioxide tensions
(mm. Hg) in the arterial blood and mixed expired gas,

respectively, and VT is the tidal volume. When used in
this manner, the total respiratory (physiological) dead
space is equivalent to that portion of the tidal volume
which does not undergo gas exchange with pulmonary
capillary blood (26).

4). Percentage of venous admixture from the blood
oxygen contents (ml. 02 per 100 ml. blood), using the ratio
of the concentration differences of arterial to end-pulmo-
nary capillary blood: mixed venous to end-pulmonary
capillary blood, as: (Cc'o2- Cao2)/(Cc'o, - CVo.) (27);
"Cao," and "CVo2" refer to the oxygen concentrations in
the arterial and mixed venous bloods, respectively, and
"Cc'o," refers to the "ideal" end-pulmonary capillary
blood which is assumed to be fully saturated.

5). Buffer base of arterial and mixed venous blood from
the Singer-Hastings nomogram, using the values obtained
for carbon dioxide content, oxygen saturation, pH and
hematocrit (24).

e). Estimates of errors in the methods. All analyses were

performed in duplicate. The reproducibility (one stand-
ard deviation) of the analytical methods was as follows:

1). Blood analyses: oxygen saturation, 4-1 per cent;
oxygen content, :1:0.2 volume per cent; carbon dioxide
content, :0.1 mM per L.; pH, -10.007; hematocrit,
-1.0 per cent; lactic acid, 1:10 jig. per ml.; buffer base,
10.5 mEq. per L.
2). Gas analyses: oxygen and carbon dioxide concen-

trations, 40.04 per cent; carbon dioxide partial pressure,
40.5 mm. Hg.
f). Estimates of variance. The above data are contained

in Tables I through VI. Wherever possible the standard

deviation (S.D. = 2 (x x)) and the standard error

a:
Zu
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TABLE I

Relative changes in mean systemic and pulmonary arterial blood pressures and lung-thorax compliance during hemorrhage

Estimated blood volume
reduction (%)

Number of dogs
Mean femoral arterial

blood pressure
(% of control)

(Range)
i 1 standard
deviation

Standard error of
mean

Mean pulmonary arterial
blood pressure
(% of control)

(Range)
:1 1 standard

deviation
Standard error of
mean

Lung-thorax compliance
(% of control)

(Range)
t 1 standard
deviation

Standard error of
mean

Control 7 12 17 22 27 32 37 42 48
8 8 8 8 8 6 5 3 2 1

100* 89 78 68 52 45 39 42 33
(70-98) (60-93) (42-90) (30-80) (25-72) (75-65) (30-60) (20-47)

30

9.6 13.4 15.6 17.9 17.2 15.4

3.4 4.8 5.5 6.3 7.0 6.8

100* 93 85 78 73 67 65 68 65
(90-100) (72-100) (70-93) (65-90) (60-83) (55-82) (55-80) (55-75)

65

7.8 10.8 9.4 9.2 10.6 11.4

2.8 3.8 3.3 3.2 4.3 5.1

100* 99 98.0 97.5 96.0 94.5 90.0 89.5 88.5
(97-100) (95-100) (92-100) (88-100) (92-97) (88-95) (87-92) (87-90)

85.0

1.26 2.43 2.48 4.80 1.70 3.32

0.44 0.86 0.91 1.70 0.69 1.48

* The actual mean values during the control period were: 135 mm. Hg for the femoral arterial blood pressure, 13.0
mm. Hg for the pulmonary arterial blood pressure, and 30.5 ml. per mm. Hg for the lung-thorax compliance.

of the mean (S.E.m = S.D.) are given ("x'" represents

the mean, "x" the individual variation and "n" the number
of determinations). In those cases where only the mean
values and the range are given, we intend to show merely
the direction of change, the degree of which was propor-
tional to the percentage of the blood volume removed
which varied from animal to animal.

g). Procedure. After a 30 minute equilibration period
two sets of control blood and gas samples were obtained
one hour apart. We then began to bleed the animals from
the other femoral artery in successive steps, each approxi-
mating 5 per cent of the assumed blood volume [estimated
as 10 per cent of the body weight (18)], until the systemic
blood pressure fell to between 25 and 50 per cent of the
control level. After each aliquot of blood was removed,
three minutes were allowed for re-equilibration. A sus-
tained hypotension was obtained after approximately one-
third of the estimated blood volume had been removed.
Over the next hour we collected three more sets of blood

and gas samples, after which all the blood was replaced in
similar step-wise increments.2 Another two sets of data
were obtained during the hour following reinfusion. We
then sacrificed the animals by injecting concentrated

2 Three of the eight animals died before complete data
could be obtained for the postreinfusion period.

potassium chloride into the left ventricle. As soon as the
heart beat ceased, the chest was rapidly opened and the
hilum of one lung clamped to prevent leakage of air and
blood. The lungs were removed, fixed in formalin and
microscopic sections prepared.

RESULTS

A. Systemic and pulmonary arterial blood pres-
sure values

Figure 2 and Tables I and II portray the rela-
tive changes in the mean systemic and pulmonary
arterial blood pressures and total lung-thorax
compliance in terms of the percentage of their
control values. The data plotted are the averaged
values of the mean pressures obtained three min-
utes following completion of each successive step
in the process of bleeding and reinfusion.

During blood volume depletion the systemic
and pulmonary arterial blood pressures both de-
creased until the pulmonary pressure reached ap-
proximately two-thirds of its control value (from
13 to 8.5 mm. Hg). Despite additional blood
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FIG. 2. RELATIVE CHANGES IN AVERAGE MEAN SYSTEMIC AND PULMONARY ARTERIAL
BLOOD PRESSURES AND TOTAL LUNG-THORAX COMPLIANCE DURING HEMORRHAGE AND DURING
BLOOD REPACEMENT
Values for the control period are: main pulmonary artery blood pressure, 13 mm. Hg; fe-

moral artery blood pressure, 135 mm. Hg; lung-thorax compliance, 30.5 ml. per mm. Hg.

loss, the pulmonary pressure then stabilized at
this level, falling only slightly, whereas the sys-

temic pressure continued its marked decline.
When the blood was replaced, the systemic pres-
sure returned to only 90 per cent of its pre-

hemorrhagic level, whereas the pulmonary pres-

sure exceeded its control value by 10 per cent.

B. Blood flow
During the control period the blood flow aver-

aged 2.6 L. per minute. Following blood re-

moval, the flow fell to between 21 to 35 per cent
of the control value. After the blood was rein-
fused the blood flow returned to 68 per cent of
the control level (Table III, Figure 3).

C. Respiratory dead space

The total respiratory (physiological) dead
space, as derived by the above methods, is the sum

of the "anatomical" or airway dead space, and the
so-called "alveolar" dead space (28-34). The

"anatomical" portion of the dead space is a vir-
tual volume equivalent to the volume of the respira-
tory passages leading to the alveoli. The "alveolar"
dead space represents the volume of air ventilating
alveoli which are either not perfused, or inade-
quately perfused, and depends upon the overall
ventilation-perfusion relationship in the alveoli
throughout the lung (26).
Under normal conditions, the ventilated alveoli

are well perfused so that the "alveolar" dead space
is negligible and the total respiratory (physio-
logical) dead space is equivalent to the "anatomi-
cal" dead space alone (31, 32). When, however,
blood flow is diminished in relation to ventila-
tion, a significant "alveolar" dead space may de-
velop in addition to the "anatomical" dead space

(26, 34).
During the control period the total dead space

comprised 33 per cent of the tidal volume (dead
space, 74 ml.; tidal volume, 220 ml.) (Table III,
Figure 3). There was no significant arterial to

end-tidal carbon dioxide tension difference (Table

PERCENT

or

CONT ROL

* Lung-Thorax Compliance

* Mean Pulmonary Artery Pressure

x M"n Femoral Artery Pressure

205

-7
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IV, Figure 4), so that we can assume that no
significant "alveolar" dead space existed, all the
dead space being "anatomical." Following re-
moval of one-third of the estimated blood volume,
the total respiratory (physiological) dead space in-
creased to 55 per cent of the same tidal volume
(120 ml.), and an arterial to end-tidal carbon
dioxide tension gradient appeared which averaged
8 mm. Hg. This indicates the development of a
significant "alveolar" dead space. When the blood
volume was restored (minus the 6 per cent ex-
pended for samples) the dead space volume re-
turned toward the control volume (90 ml.) and
the carbon dioxide tension difference decreased
to 2.5 mm. Hg. The increase in the mixed
venous blood carbon dioxide tension presumably
reflects only the decreased cardiac output; it
returned to its control level after blood restora-
tion (Tables III and IV, Figures 3 and 4.)

SAMPLES

% BLOOD

VOLUME

2 3 4

The percentage of venous admixture was re-
duced, following hemorrhage, from a control
value of 18 to 11 per cent. After blood volume
was restored, this was further decreased to 5 per
cent, and then rose to 7 per cent one hour after
blood volume restoration (Table III).
During the control period the average oxygen

saturation of the arterial blood was 95 per cent
and of the mixed venous blood, 72 per cent. Fol-
lowing hemorrhage, the mixed venous blood oxy-
gen saturation decreased to only 30 per cent, and
the arterial blood achieved 90 per cent saturation
(Table V, Figure 4). This fall in the arterial
oxygen saturation is commensurate with the de-
gree of admixture of markedly unsaturated venous
blood and the decreased effective alveolar venti-
lation. There is thus no evidence of a barrier to
gas diffusion; with blood replacement both values
rapidly returned to their control levels.
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TABLE II

Relative changes in mean systemic and pulmonary arterial blood pressures and lung-thorax compliance during reinfusion

Estimated blood volume
reduction (%)

Number of dogs

Mean femoral arterial
blood pressure
(% of control)

(Range)
:1 1 standard

deviation
Standard error of
mean

Mean pulmonary arterial
blood pressure
(% of control)

(Range)
i: 1 standard
deviation

Standard error of
mean

Lung-thorax compliance
(% of control)

(Range)
i 1 standard

deviation
Standard error of
mean

35 30 25 20 15

3 5 5 5 5

10

5

6

5

7*

5

41 55 68 76 83 87 91 85
(25-65) (30-75) (35-85) (45-95) (55-100) (60-100) (65-100) (55-100)

19.0 17.0 19.8 19.7 18.9

11.0

15.8 14.7 19.7

7.0 8.8 8.8 8.5 7.1 6.6 8.8

71 74 80 88 96 105 110 95
(60-90) (60-90) (65-100) (70-110) (80-120) (85-125) (90-130) (65-120)

16.1 13.2 14.5 14.5 14.1 15.4 16.9 22.2

9.3 5.9 6.5 6.5 6.3 6.9 7.6 9.9

92.0 94.0 95.0 95.5
(88-95) (90-98) (90-100) (91-100)

2.85 3.46 4.80 4.58

1.65 1.55 2.15 2.10

96.5 98.0 99.0 98.0
(93-100) (93-100) (95-100) (93-100)

2.92

1.31

2.23

1.00

3.10

1.52

* One hour after all the blood was returned.

The arterial and mixed venous blood pH values
declined after hemorrhage, as did the values for
the buffer base concentration (Table V, Figure
5). These changes were accompanied by a simul-
taneous rise in lactic acid concentration, sugges-
ting that products of anaerobic metabolism were
the source of the metabolic acidosis which de-
veloped.
The total lung-thorax compliance declined to 90

per cent of its control level with blood removal
and then returned to the control value following
blood replacement (Tables I and II, Figure 2):
This decrease could mean either that the lungs
became "stiffer" as pulmonary blood flow was
reduced, possibly owing to increased bronchomotor
tone or changes in pulmonary blood volume, or
that there was a decrease in the functioning lung
tissue owing to collapse of alveoli (35-38).
Histological sections of the sealed lungs from dogs
that died during hypotension showed areas of
collapse, particularly in the hilar regions (Fig-

ure 6), which would tend to
explanation.

support the latter

DISCUSSION

The findings obtained in this study are signifi-
cant in two respects. First, with reduction in
blood flow the systemic arterial blood pressure
decreased continuously, whereas the blood pres-
sure in the main pulmonary artery leveled off
after an initial decline. Second, there was a
marked increase in the total respiratory (physio-
logical) dead space attributable to the development
of a significant "alveolar" dead space. Following
the restoration of blood volume, the systemic
blood pressure did not return completely to its
pre-hemorrhagic level, whereas the pulmonary
pressure actually exceeded its control value. The
total dead space decreased towards the control
volume, but remained somewhat greater than be-
fore hemorrhage, and the lung-thorax compliance
returned to its starting level.
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FIG. 4. VARIATIONS IN ARTERIAL AND MIXED VENOUS

BLOOD AND END-TIDAL GAS CARBON DIOXIDE TENSIONS,

VOLUME OF CARBON DIOXIDE EXPIRED PER VENTILATION,

AND ARTERIAL AND MIXED VENOUS BLOOD OXYGEN

SATURATIONS DURING THE CONTROL PERIOD (1, 2), FOL-

LOWING HEMORRHAGE (3, 4, 5) AND AFTER BLOOD RE-

STORATION (6, 7)

Note the arterial to end-tidal carbon dioxide tension

gradient which developed after hemorrhage.

In the face of an equivalent reduction in blood

flow, maintenance of the central pulmonary ar-

terial blood pressure, despite a continuous de-

cline of the systemic arterial blood pressure, sug-

gests either an elevation of left auricular pressure
or an increase in the pulmonary vascular re-

sistance. To evaluate the first possibility we

measured left auricular pressure by direct needle
puncture in two additional dogs and found a pro-
gressive decrease during hemorrhage (Table VI).
Thus, it must be assumed that as blood flow de-
creases the pulmonary vascular resistance rises
more rapidly than the systemic resistance. This
could occur as a result of: a) uniform and pro-

gressive vasoconstriction throughout the lungs,
or b) complete closure of an ever-increasing
number of pulmonary vascular channels, or both
processes occurring simultaneously. An "alveo-
lar" dead space could develop with either alter-
native. A distinction between these two mecha-
nisms can be made from our data by examining

the blood and gas carbon dioxide tensions, and
the blood oxygen saturations.

Normally, there is adequate perfusion of the
ventilated alveoli so that an equilibrium for a
readily diffusible gas, such as carbon dioxide,
will exist between alveolar gas when sampled as
end-tidal gas, and end-pulmonary capillary blood
when sampled as arterial blood (25, 27, 39-41).
We found this to be true for our control deter-
minations. Figure 7 is a schematic portrayal of
the lung showing the relationship between pulmo-
nary circulation and ventilation, according to the
values obtained from the blood and gas analyses
during the control period.

Following blood volume depletion, if the blood
flow to the ventilated alveoli were reduced uni-
formly throughout the lung, as by partial vaso-
constriction, a carbon dioxide equilibrium be-
tween end-tidal gas and arterial blood would still
exist because of the great diffusibility of this gas
(42-44). Our findings, however, show that the
end-tidal gas carbon dioxide tension fell below
that of the arterial blood (Table IV, Figure 4),
so that a marked arterial to end-tidal carbon
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FIG. 6. MICROSCOPIC APPEARANCE OF LUNG SECTIONS FROM A DOG THAT DIED DURING HYPOTENSION
A. Hilar portion showing collapse of alveoli. B. Peripheral portion showing air filled alveoli and relatively

avascular parenchyma.
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TABLE III

Respiratory and circulatory observations during hemorrhage and reinfusion

Control Hemorrhage Restoration

Sample 1 2 3 4 5 6 7

Number of dogs 8 8 8 8 8 5 5

Tidal volume (ml.) 220 220 220 220 220 224 224
(Range) (200-270) (200-270) (200-270) (200-270) (200-270) (200-270) (200-270)

Ventilations per minute 13 13 13 13 13 12 12
(Range) (11-15.5) (11-15.5) (11-15.5) (11-15.5) (11-15.5) (11-13) (11-13)

Total (physiological) respira-
tory dead space (ml.)* 74 75 122 120 124 90 88

(Range) (61-87) (66-88) (98-144) (98-145) (98-150) (76-107) (78-100)
% of control 100 100 164 162 167 120 118

Effective alveolar ventilation
(ml. per inflation)* 146 145 98 100 96 134 136

(Range) (115-206) (115-204) (60-168) (55-167) (54-163) (80-163) (78-177)
% of control 100 100 67 69 66 94 93

Pulmonary blood flow
(L./min.)* 2.6 2.6 0.55 0.65 0.92 1.75 1.60

(Range) (1.1-8.1) (1.1-5.7) (0.19-1.1) (0.25-1.6) (0.31-2.8) (1.1-2.4) (0.63-2.2)
ml. per inflation 200 200 42 50 71 146 134
% of control 100 100 21 25 35 68 62

Estimated blood volume
(% of control)* 100 100 67 66 65 94 93

(52-79) (51-78) (50-77)
Venous admixture*
(% of cardiac output) 16 18 9 11 12 5 7

Ventilation/perfusion ratio* 0.73 0.73 2.30 2.00 1.40 0.90 1.00

Respiratory exchange ratio* 0.90 0.94 1.10 1.10 1.15 0.97 0.90

* The mean value for the entire group is given to indicate the direction of change. The degree of change was pro-
portional to the amount of blood removed, which varied from animal to animal.

dioxide tension difference was present. This
indicates that the development of a significant
"alveolar" dead space is responsible for the in-
crease in the total (physiological) dead space.
Thus, under conditions of reduced pulmonary
blood flow we must view the lung as though por-
tions of the pulmonary bed close completely,
leading to nonuniform perfusion as indicated in
Figure 8. Those ventilated alveoli which are no
longer perfused cease to take part in gas ex-
change, and thus contain only that carbon di-
oxide washed into them from the dead space
during inflation (34). On expiration, the gas
coming Prom these alveoli dilutes the carbon di-
oxide coming from the perfused alveoli, lowering
the end-tidal carbon dioxide tension and lead-
ing to the development of a carbon dioxide ten-
sion gradient between the end-tidal air and the

arterial blood. Such a concept is compatible
with our findings.
A probable mechanism by which such nonuni-

form closure of blood vessels could occur involves
the relationship between the forces which keep
blood vessels open and those which tend to close
them. The primary force which distends the
vessels is the intravascular blood pressure. This
is opposed by the tension within the vessel walls,
the surrounding tissue pressure and, in the case
of the lung during intermittent positive pres-
sure ventilation, the intrapulmonic air pressure
which tends to compress the delicate pulmonary
capillaries suspended in an air matrix with little
solid support.
As the blood flow decreases there occurs, initi-

ally, a fall in the central pulmonary arterial blood
pressure. When the blood pressure drops to a
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TABLE IV

Arterial and mixed venous blood and end-tidal gas carbon dioxide tensions, and end-tidal to arterial
carbon dioxide tension gradients

Control Hemorrhage Restoration

Sample 1 2 3 4 5 6 7
Number of dogs 8 8 8 8 8 5 5
%fEstimated blood

volume removed 1 2 33 34 35 6 7
(Range) (21-48) (22-49) (23-50)

Mixed venous blood
Pco2 (mm. Hg)* 41.5 41.0 52.3 57.5 56.5 45.3 42.5

(Range) (35-56) (30-57) (34-78) (34-91) (39-87) (39-56) (30-57)
Arterial blood Pco2

(mm. Hg)* 35.5 35.5 33.6 34.0 36.0 36.5 33.5
(Range) (27.9-43.0) (26.7-42.0) (23.9-48.3) (19.5-47.5) (18.4-44.8) (27.6-44.1) (22.3-42.0)

End-tidal gas Pco2
(mm. Hg)* 35.2 34.9 25.3 26.0 28.2 34.0 31.0

(Range) (29.0-39.0) (29.5-40.5) (18.0-32.5) (15.5-38.0) (14.0-36.0) (30.0-39.0) (21.0-38.0)
Average end-tidal to

arterial Pco2 gra-
dient (mm. Hg)* 0.3 0.6 8.3 8.0 7.8 2.5 2.5

(Range) (-2.3-4.0) (-2.8-2.9) (4.2-18.7) (2.6-21.0) (1.6-26.7) (-2.4-6.1) (-0.4-5.0)

* The mean value for the entire group is given to indicate the direction of change. The degree of change was pro-
portional to the amount of blood removed which varied from animal to animal.

TABLE V

Changes in blood values during hemorrhage and reinfusion

Control Hemorrhage Restoration

Sample 1 2 3 4 5 6 7

Number of dogs 8 8 8 8 8 5 5

Percentage blood oxygen
saturation*

Arterial 94.7 94.8 93.0 90.0 90.0 98.0 97.0
(Range) (90.2-97.9) (89.0-99.1) (75.8-100) (70.0-100) (72.7-100) (96.1-99.7) (95.9-98.6)

Venous 72.9 71.7 30.2 32.0 31.2 74.1 66.0
(Range) (48.1-84.2) (50-87.2) (7.2-61.5) (10.0-66.3) (11.0-76.7) (69.2-81.1) (61.0-71.9)

Hematocrit*
Arterial 40.3 40.7 34.0 31.0 30.5 35.8 36.9

(Range) (34.4-48.2) (34.6-47.8) (26.9-42.7) (20.4-41.3) (24.0-37.0) (24.3-41.8) (30.0-42.0)
Venous 41.0 41.5 33.3 31.2 30.8 35.1 37.2

(Range) (34.2-51.8) (34.6-49.0) (27.6-41.5) (24.5-37.0) (24.5-37.0) (30.0-38.6) (29.1-45.0)
Blood pH*

Arterial 7.315 7.318 7.212 7.140 7.135 7.285 7.322
(Range) (7.233-7.388) (7.218-7.411) (6.921-7.388) (6.699-7.388) (6.700-7.361) (7-.230-7.331) (7.272-7.402)

Venous 7.281 7.286 7.146 7.053 7.068 7.228 7.270
(Range) (7.152-7.361) (7.184-7.390) (6.827-7.361) (6.582-7.363) (6.630-7.314) (7.168-7.311) (7.168-7.358)

Blood buffer base
(mEq./L.)*

Arterial 39.6 39.6 33.1 29.6 31.5 37.9 39.3
(Range) (36.3-44.8) (36.2-42.8) (21.8-39.6) (15.6-40.0) (15.5-40.2) (34.2-42.0) (37.0-42.2)

Vrenous 39.3 39.4 33.3 28.4 31.0 37.0 38.5
(Range) (36.0-44.3) (36.9-42.8) (20.7-40.6) (14.2-40.7) (14.6-40.1) (33.1-42.3) (36.4-42.1)

Lactic acid concentration
(;g./ml.)*

Arterial 190 172 380 677 557 182 155
(Range) (76-338) (75-257) (125-965) (117-1,347) (165-1,570) (140-240) (99-199)

* The mean value for the entire group is given to indicate direction of change. The degree of change was proportional to the amount of
blood removed which varied from animal to animal.
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TABLE VI

Average mean systemic and pulmonary arterial blood pressures and left atrial pressure in
two dogs during hemorrhage and reinfusion

Control During hemorrhage During reinfusion

Estimated blood volume
reduction (%) 0 5 10 15 20 25 30 35 40 40* 35 30 25 20 15 10 5 0 Ot

Femoral arterial blood
pressure (mm. Hg) 140 135 130 120 115 105 90 70 40 50 75 100 115 120 125 130 135 138 135

Pulmonary arterial blood
pressure (mm. Hg) 11.5 10.8 9.5 9.0 8.5 8.0 7.5 7.0 6.5 7.5 9.8 13.0 12.5 13.1 15.3 15.7 17.2 18.0 16.5

Left atrial pressure
(mm. Hg) 4.0 3.0 2.5 1.5 1.0 0.5 0 0 0 0 0.5 1.5 2.5 3.5 4.5 5.0 5.5 6.0 5.5

* Measured after a 10 minute interval.
t Ten minutes after all the blood was returned.
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FIG. 7. SCHEMATIC PORTRAYAL OF THE RELATIONSHIP BETWEEN PULMONARY
CIRCULATION AND VENTILATION ACCORDING TO THE VALUES OBTAINED DURING THE
CONTROL PERIOD
The alveoli are represented by the circular areas into which are directed shaded

tubes designating conducting airway or "anatomical" dead space. The darkly
shaded channels surrounding the alveoli represent pulmonary blood flow. The
large arrows entering the alveoli indicate the distribution of the inspired air, and
the small arrows represent diffusion of respiratory gases across the alveolar capil-
lary walls. The rectangular block above designates the minute volume, which
is divided into total respiratory dead space (white area) and effective alveolar
ventilation (hatched area) (26).

= pulmonary blood flow (per inflation), A = alveolar ventilation, TV =
tidal volume, and Ps, Pa, PA and Pe. t. represent the carbon dioxide tensions in
mixed venous and arterial bloods, and alveolar and end-tidal gases, respectively.
The figures shown are the mean values.
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FIG. 8. SCHEMATIC PORTRAYAL OF THE RELATIONSHIP BETWEEN PUL-
MONARY CIRCULATION AND VENTILATION, BASED UPON DATA OBTAINED
DURING THE MID-POINT OF THE HYPOTENSIVIE PERIOD (POINT 4)
The lung is portrayed as if some portions of the pulmonary vascular bed

were closed completely, all the "alveolar" dead space being limited to the
nonperfused alveoli. In the block representing the minute volume the dead
space ventilation, indicated by the white area, is divided by the broken line
into "anatomical" dead space above, and "alveolar" dead space below.

critical level below the opposing pressures, some

of the pulmonary capillaries may then close com-

pletely (45-52). This would evoke a reduction
in the size of the vascular bed leading to a rise in
vascular resistance; the central pulmonary arterial
blood pressure could then be maintained despite
a progressive reduction in blood flow. Since
these pressure relationships may not be uniform
throughout the lung, this process may take place
in scattered portions of the lung and lead to closure
of vessels despite a blood pressure in the main
pulmonary artery considered adequate for per-

fusion. When the blood flow again increases, the
resistance offered by the closed vessels to passive
reopening would initially require a driving force
in excess of that necessary to maintain flow in
patent channels. This force must be provided by
increased work on the part of the right ven-

tricle resulting in a rise in the pulmonary arterial
blood pressure (Figure 2) (53), or the cardiac
output could not be maintained at its control level
(54).
We feel that the evidence presented here sup-

ports the concept that decrease in pulmonary blood
flow can lead to complete closure of pulmonary
vessels (55, 56), at least during intermittent
positive pressure ventilation. Such a mechanism
may be responsible for some of the phenomena
ascribed to pulmonary vasomotor activity (57),
and may, in part, account for the variations in
pulmonary diffusing capacity noted under dif-
ferent circumstances (42, 44, 58-60). It may
also help to explain some of the respiratory diffi-
culties occasionally seen during hemorrhagic
shock in patients receiving artificial ventilation, or
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following complete circulatory bypassing of the
lungs, as in open heart surgery (61).

SUMMARY

1. Blood flow in eight anesthetized dogs was
decreased by removal of one-third of the estimated
blood volume and then restored by blood replace-
ment.

2. The pulmonary and systemic arterial blood
pressures, total lung-thorax compliance and end-
tidal carbon dioxide gas tension were continu-
ously measured. Pulmonary and systemic ar-
terial blood samples were analyzed for oxygen
and carbon dioxide contents, pH, hematocrit val-
ues and lactic acid concentrations. Samples of
mixed expired air, obtained simultaneously with
the blood samples, were analyzed for carbon di-
oxide and oxygen concentrations. From these
data we calculated pulmonary blood flow, respira-
tory dead space, venous admixture, carbon di-
oxide tensions and buffer base.

3. The significant findings were as follows:

a. With reduction in blood flow the systemic
arterial blood pressure declined continuously,
whereas the pulmonary arterial blood pres-
sure stabilized after an initial decline, there-
after dropping only slightly.

b. The respiratory dead space increased fol-
lowing hemorrhage, with the appearance of
a marked carbon dioxide tension gradient
between the arterial blood and the end-tidal
gas, indicating development of a significant
"alveolar" dead space.

c. Upon restoration of blood volume the pul-
monary blood pressure initially rose above
its control level. The respiratory dead space
decreased toward its control volume and the
carbon dioxide tension gradient was re-
duced.

4. We conclude that, with intermittent positive
pressure ventilation, reduction of pulmonary blood
flow may lead to complete closure of portions of
the pulmonary bed and that, following restora-
tion of blood flow, there is some delay before
these vessels again reopen.
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