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Response of the Pulmonary Vasculature to Hypoxia and
H* Ion Concentration Changes *

A ABraEAM M. RUDOLPH T AND STANLEY YUAN
(From the Department of Pediatrics, Albert Einstein College of Medicine, New York, N. Y.)

Considerable controversy regarding the effects
of hypoxia on the pulmonary vasculature has
arisen over the past few decades. The literature
has been extensively reviewed by Fishman (1),
and it is now generally accepted that hypoxia is a
pulmonary vasoconstrictor. Much of the con-
troversy has centered around the interpretation of
a small elevation of pulmonary arterial pressure in
the face of an increase in cardiac output related to
the hypoxic stimulus. Some investigators calcu-
lated a small increase of pulmonary vascular re-
sistance, whereas others could not confirm this ob-
servation. Most studies were performed in adult
animals, or in adult humans, but more recently at-
tention has been directed to hypoxic responses in
the newborn animal, in view of the greater re-
sponsiveness of the pulmonary vasculature at this
age.

The relationship between the degree of pulmo-
nary vascular response and the level of hypoxia
has received only little attention, and usually a
constrictor response to a single low oxygen gas in-
halation has been reported. Recently Thilenius,
Hoffer, Fitzgerald, and Perkins (2) attempted to
relate pulmonary vascular resistance change to the
level of inspired gas oxygen tension, but no ob-
vious relationship could be demonstrated. Lil-
jestrand (3) in 1958 suggested that the pulmonary
vascular response to hypoxia may be related to
the production of local H* ion concentration
changes in the lung. More recently Enson and as-
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sociates (4) described a relationship between the
response to hypoxia and the level of H* jon con-
centration.

The purpose of the present study was 1) to at-
tempt to delineate the effects of varying degrees
of hypoxia induced by breathing low oxygen gas
mixtures on the pulmonary vasculature of the new-
born calf; 2) to study possible interrelationships
between pulmonary vascular response, hypoxia,
and H* ion concentration; 3) to assess the mecha-
nism of the hypoxic response; and 4) to study the
general hemodynamic effects of hypoxia in the
newborn animal.

Methods

Naturally born Holstein calves aged 9 to 36 hours
were anesthetized with sodium Pentothal in doses of 15 to
20 ml of a 2.5% solution given intravenously. An endo-
tracheal tube with an inflatable cuff was inserted perorally,
and anesthesia was then maintained with a gas mixture
containing 3 to 1% Fluothane and approximately 30%
oxygen and 70% nitrous oxide. Spontaneous breathing
was first allowed, while an incision was made through
skin and muscle down to parietal pleura in the fourth left
intercostal space. Positive pressure breathing was then
administered with a Harvard respiratory pump by using
a tidal volume of 350 to 500 ml and a frequency of 16 to
18 per minute. The expiratory tube from the pump was
placed under 2 to 3 cm of water to slightly elevate endex-
piratory pressure and so help to maintain expansion of
the lungs with the chest open.

The ductus arteriosus was isolated and ligated twice
with heavy suture material. An electromagnetic flow-
meter probe was placed around the main pulmonary ar-
tery after minimal dissection. A polyvinyl tube with
several side openings and a sealed tip was placed in the
left atrium and the main pulmonary artery by direct
puncture into these structures. Another catheter was
passed through the internal mammary, artery into the
aorta. In two animals a multiple side-hole catheter was
passed through a small branch of the middle pulmonary
vein into the main pulmonary vein for sampling and pres-
sure recording. The pericardium was closed; the chest
was closed in layers, and the flowmeter connections and
catheters were exteriorized. Air and fluid were carefully
removed from the pleural cavity. A polyvinyl catheter
was then passed through a hind-leg vein into the inferior
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TABLE I

Effects of high and low oxygen comcentrations in inspired air on pulmonary arterial pressure, pulmonary blood flow, and
pulmonary vascular resistance at varying levels of blood H* ion concentration*

Pressures Pulmo-
Oxygen Pulmo- nary

in Aorta PA LA nary vascu-

inhaled blood lar re-
Calf Age Time gas S D M S D M M flow sistance Po: Pco: pH

% mm Hg L/min- mm Hg/ mm Hg
ute  L/min-
ule

Calf no. 1 (12 hours) 7:21 50 180 125 153 89 27 50 8 3.9 10.8 245 7.19
Buffer infusion 7:25 50 165 115 145 88 25 50 9 4.0 10.2 260 28 7.23
Buffer infusion 7:37 50 145 110 130 88 27 0. 9 4.8 8.1 260 26 7.29
7:45 50 150 115 130 90 27 55 11 4.4 10.0 250 21 7.25
8:02 10 160 120 130 100 40 60 6 3.1 17.5 24 ‘34 7.21
8:09 10 137 105 120 110 45 75 4 2.9 24.5 16 34 7.19
8:19 50 145 115 129 75 25 40 4 2.8 12.8 270 37 7.19
Buffer infusion 8:26 10 160 120 125 90 27 50 3 2.9 16.3 14 7.27
Buffer infusion 8:30 10 105 55 65 97 30 58 8 4.8 10.4 11 23 7.34
Lactic acid infusion 8:36 10 140 95 115 125 45 85 8 3.8 20.3 20 7.19
8:46 100 145 110 125 83 28 50 8 3.3 12.7 600 38 7.18
Calf no. 2 (10 hours) 5:26 100 90 45 60 68 15 40 11 6.6 4.4 434 15 7.42
Buffer infusion 5:30 10 95 60 75 63 20 40 13 6.1 4.4 18 16 7.38
5:37 100 110 75 95 68 23 43 13 6.3 4.8 400 21 7.32
5:47 10 125 90 110 100 40 63 12 6.6 7.5 18 22 7.33
5:55 100 150 105 125 78 20 47 13 6.8 5.0 420 7.36
Lactic acid infusion 5:57 100 145 100 120 80 18 45 13 5.2 6.2 450 22 7.29
6:10 100 155 105 125 88 20 48 11 5.2 7.1 450 7.28
Lactic acid infusion 6:15 100 150 105 125 85 25 50 11 4.6 8.5 450 25 7.25
6:21 100 140 90 115 90 20 50 11 4.6 8.5 540 28 7.25
Lactic acid infusion 6:26 100 142 90 115 95 20 55 11 4.8 9.2 420 7.22
6:33 10 135 90 115 155 70 105 10 4.4 23.0 20 29 7.20
6:34 10 125 75 102 150 70 102 12 4.1 22.0 17 23 7.22
6:40 100 145 105 125 80 25 50 10 - 46 8.7 415 7.25
Lactic acid infusion 6:54 100 140 100 115 125 55 80 15 5.2 12.5 450 7.14
6:59 10 120 70 100 150 60 105 10 4.2 22.6 18 36 7.16
Buffer infusion 7:13 100 . 135 55 75 98 23 60 14 9.2 5.0 460 15 7.31
7:20 10 135 60 80 115 30 65 11 8.1 6.7 18 15 7.33
7:25 100 135 65 92 100 25 62 13 9.2 5.3 450 16 7.32
Calf no. 3 (12 hours) 5:35 100 88 68 80 48 25 35 9 3.8 6.9 430 20 7.26
Buffer infusion 5:47 100 75 50 60 45 30 35 11 5.7 4.2 530 14 7.40
5:52 10 83 60 70 57 30 40 11 54 53 32 20 7.31
Buffer infusion 5:56 10 70 40 50 47 33 35 11 6.6 3.6 19 15 7.40
6:06 100 90 65 80 50 28 39. 12 4.8 5.6 560 20 7.32
Lactic acid infusion 6:21 100 150 110 125 65 33 42 11 4.0 7.8 300 34 7.24
6:25 10 110 75 85 98 55 70 8 4.1 14.7 25 37 7.25
6:27 10 112 82 95 110 65 82 9 4.1 17.3 21 37 7.24
6:33 100 - 90 65 72 57 33 40 7 4.8 6.7 350 32 7.25
Lactic acid infusion 6:45 100 120 90 110 60 30 42 7 3.8 9.0 270 46 7.22
6:49 10 110 85 88 105 72 82 5 3.0 24.6 24 46 7.19
6:54 10 110 85 90 113 80 90 3 2.6 32.2 21 44 7.19
Lactic acid infusion 7:07 100 110 85 95 87 50 67 7 34 17.2 415 50 7.14
7:12 10 110 85 95 118 72 90 3 3.2 26.8 35 41 7.18
7:17 10 102 85 88 125 80 98 3 2.7 34.5 23 41 7.17
7:24 100 100 72 85 72 42 55 7 29 16.6 390 39 7.18
Both vagosympathetic 7:29 100 80 60 72 68 40 50 6 2.6 16.9 420 39 7.20
trunks cut 7:35 10 68 52 60 83 58 66 5 1.4 41.8 27 37 7.20
Calf no. 4 (10 hours) 5:48 100 140 110 120 45 18 30 4 3.4 7.7 590 15 7.32
6:15 100 130 115 125 47 18 35 4 3.8 7.6 550 14 7.30
6:23 12 160 120 135 59 23 35 4 2.8 10.4 44 14 7.30
Lactic acid infusion 6:32 12 170 145 156 85 48 70 4 3.5 19,7 42 21 7.22
Lactic acid infusion 6:40 12 155 135 130 95 55 80 5 3.6 20.9 42 20 7.16
Buffer infusion 6:59 12 150 120 120 53 27 40 4 4.3 8.4 43 12 7.33
7:10 100 125 110 115 40 22 29 -5 2.8 8.6 410 13 7.30
Lactic acid infusion 7:18 100 100 85 90 50 30 38 8 2.8 10.7 390 19 7.18
7:23 100 145 125 132 53 25 43 7 3.2 11.3 510 19 7.21
. 7:32 12 200 160 175 97 58 75 5 3.0 23.4 45 17 7.25
Lactic acid infusion 7:39 12 190 150 165 95 53 80 5 3.0 25.5 45 16 7.22
7:50 12 200 150 175 98 55 73 5 3.0 22.8 43 16 7.26
Lactic acid infusion 8:05 100 140 120 135 50 23 38 4 3.0 11.5 500 20 7.19
Buffer infusion 8:11 100 125 100 115 45 18 33 6 3.3 8.2 500 16 7.23
8:20 100 120 105 112 43 23 35 5 3.2 9.4 550 16 7.31
8:26 12 140 120 130 67 35 48 6 2.7 15.6 35 14 7.30

* Abbreviations: PA = pulmonary artery; LA = left atrium; S = systolic; D = diastolic; M = mean; Po2 and Pcos = oxygen and carbon
dioxide tension.



PULMONARY VASCULAR RESPONSE TO HYPOXIA AND ACIDOSIS

vena cava. An additional vinyl catheter was inserted
into a front-leg vein; succinyl choline chloride in doses
of 1 to 2 mg per minute was ‘then infused continuously
into the catheter in the front leg in five calves. After 3
to 4 minutes, anesthesia was stopped and ventilation was
maintained with room air or 30% oxygen in nitrogen by
using positive pressure administered by the Harvard
pump.

Pressures were measured in the pulmonary artery,
aorta, and left atrium, and in some cases in a major pul-
monary vein, by means of Statham P 23 Db pressure
transducers. Mean pressures were obtained by electri-
cal integration. Pulmonary arterial flow was measured
with a gated sine-wave electromagnetic flowmeter.! The
velocity tracing so obtained was integrated electrically to
record stroke volume of the right ventricle. Recording
of each beat was made in some experiments, whereas the
totalized integration was recorded in others. Calibra-
tions of the electromagnetic flowmeter and probes in
vitro showed that the response was linear with flow.
The flowmeter was calibrated in vivo from the average
of several indicator dilution curves with injection into
the left ventricle and sampling from the aorta, performed
while the calf breathed 100% oxygen. Right-to-left
shunt at the time of recording of cardiac output was ex-
cluded by injection of indicator into the inferior vena
cava and sampling in the aorta. Indicator dilution
curves were performed by using indocyanine green with
continuous sampling through a Waters X-300 cuvette
densitometer, by means of a Harvard continuous with-
drawal pump.

Two groups of experiments were conducted: a) In
four calves, aged 6 to 20 hours, the responses of the
various hemodynamic parameters were observed when
arterial oxygen tension (Po:) was changed acutely from
high levels to very low levels at varying levels of blood
H+* ion concentration. The inhaled gas mixtures used
were 100% oxygen and 10% oxygen in nitrogen in three
calves and 12% oxygen in one calf. The blood pH was
changed by infusion of lactic acid or amine buffer (Tris)
into the right atrial catheter. Two types of experi-
mental procedures were performed. The effect of lower-
ing arterial Po: was examined after blood pH had been
changed to varying degrees, and also the effect of chang-

ing pH at fixed high and fixed low Pos was examined-

(Table I).

b) Various gas mixtures of oxygen in nitrogen were
administered, with oxygen concentrations varying from
8 to 100% (8, 9, 10, 12, 15, 21, 37, 50, and 100%). After
measurement of pressures and pulmonary arterial flow
and sampling of blood for Pos;, Pcos, and pH from the
aorta, and in some cases pulmonary artery and pulmonary
vein, lower percentages of oxygen were administered
until a steady level of pulmonary arterial pressure was
maintained for several minutes. After successive de-
creases in oxygen concentration, similar studies were
performed as oxygen was increased.

Blood was analyzed for pH, Pcos, and Pos within §

1 Kolin-Kado type, Kado, Los Angeles, Calif.
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minutes of collection. Blood pH was measured with a
Radiometer capillary electrode, Po: with a Beckman
electrode, and Pcos with a Severinghaus electrode, us-
ing a Beckman 160 physiological gas analyzer. The oxy-
gen electrode was calibrated throughout the whole range
of Pos measurements from O to about 700 mm Hg by
blood samples equilibrated in a tonometer at 37° with
gases of measured oxygen concentration in nitrogen. The
response of the electrode was linear within the whole
range. In two experiments, a Harris needle oxygen elec-
trode was inserted into a carotid artery and continuous
Po,, pulmonary arterial pressure, and pulmonary blood
flow were recorded during inhalation of 100% oxygen
after breathing 8% oxygen. All recordings were made on
a Grass 8 channel polygraph or an Offner recorder. Pul-
monary vascular resistance was expressed in resistance
units of millimeters Hg per liter per minute and was
calculated from the equation, resistance = PA mean — LA
mean pressure/pulmonary flow, where PA = pulmonary
arterial, and LA =left atrial. The pressures are ex-
pressed in millimeters Hg, and pulmonary flow is ex-
pressed in liters per minute.

Results

The results in the two groups of experiments
will be presented separately.

1) Effect of H* ion concentration changes dur-
ing 100% oxygen inhalation (Table I, Figure 1).
The blood pH was reduced to levels of 7.19 to 7.32
in all four calves as a result of the surgical pro-
cedure. Administration of amine buffer increased

pH and resulted in an increase in pulmonary

blood flow in all animals. Lactic acid reduced pH
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F16. 1. RESPONSE OF PULMONARY VASCULAR RESISTANCE
TO CHANGES IN BLOOD PH AT DIFFERENT LEVELS OF OXYGEN
TENSION. Data from four calves in Table I are plotted.
Open circles show observations made when oxygen ten-
sion (Po;) in arterial blood was above 100 mm Hg, and
solid circles show observations during hypoxia when ar-
terial Po; was below 40 mm Hg.



‘snoudA Areuownd = AJ ![BLISHIE OIWAISAS = Y :SUOIIBIARIGQY 4

0L 154 SLe V€T LE'T 14 9¢ ST Ly 86 88 oIl 001 60-11

€0'L 44 6¢ §'S¢ 6C'1 14 LE 8T 0S 801 001 (44} 1T YO T1

€0'L 44 1€ 0S¢ el S 49 ov 99 (1741 (411 8€T St LS:01

€0'L 34 (44 8T (U S 69 8S L8 ST1 S0l 8€T 4} 67-01

90°L 154 81 08 6¢°1 S Sl 09 86 eIl 41)8 €€T1 6 -0l

LO'L 144 61 9°0S Le'1 14 Sl 79 001 €Cl STT 154 6 8¢- 01

LO'L 14 (44 (X4 'l € €T [44 44 8C1 6 8V1 12 12:01

LO'L (44 9¢ 0'St 0S°T € o¥ 8¢ 49 S€T STl Sst ST 80-01

90'L 8y €S §°TC W'l [4 Ve €T oy scl STI LET 1C LS°6
oz 969 (114 91 L'81 SS'1 € 4% (44 154 (1148 801 (113} 0s Lv6 (simoy g1) £, "ou J&D
<
2 or’L oy 144 €€ 1ee €T S 18 99 SoT1 [4] 8L . ¢ot ST €09
~ 9T’L 154 801 €yl €T € 9¢ (44 8¥ 78 89 6 0s 6¥:¢
> (AN LE 14! 91 %14 0'C 14 S6 9 scl [41]4 8 (1748 8. 1S
w L LE A (444 1T S 06 69 (1741 701 V8 STT 8 9¢:¢
Z STl Lg 1T 8'¢e (44 14 8L 09 66 06 SL (41} 8 €9
< 91°L (44 (441 T'1l 9°C 14 €¢ yc 14 78 [4) 96 0s 8¢S
an.u 91°L Le 6€ 99 (1x4] 9°C € Ve | 54 154 78 14 96 1T 0z:§

9T’L 144 8¥ 89 8¢l &4 € 9¢ ¥e Ly ¥8 9. 01 1T (A5
m eT'L (44 e 29 %4} &4 € (45 ye 154 88 9. 96 0s S0:S
< 4y ¥ 9¢ 60T (4! X4 4 6¢ 0¢ IS 06 08 01 0S LSy
m ST'L 44 91 81 VvLE €T 14 06 (4] 14! 801 96 971 (1]8 8V ¥
Y 4% 6¢ 0T [44 VLT &4 S 0. ¥S €6 801 6 (174} (1] 8¢¥
m a2 6V LS 101 801 9T S €€ 14 (44 96 78 SOt 0s (4334 (smoy g1) 9 -ou je)
w eT'L 1€ 08¥% oye 6°Cl 60°C i ! LT 61 8¢ €8 0L S6 007 S€:6
[ (494 1€ 8L ()4 yel 60°C 1 8¢ 67 [44 08 0L 6 1T 6C:6

; 4% 6C LS 144 LT 68'1 1 €¢ [44 (44 S8 8L $6 ST (44l
= €T°L 6C 9T 114 'Sy €€l 09 Ly 8L 88 9. 007 6 11°6
= (4 0¢ %4 Le 891 €0'C T s¢ 0¢ 8y 98 9L 86 4} €98
< (1] 6C 45 6C 1°LS LTt L9 Y V8 L8 8. 001 6 (4531
s 14 67 0¢ 8T £9¢ 19°1 6S Ly 8. L8 8L (408 6 S1:8
M €L 6C 144 9¢ ¥'I1e €9°1 1 s¢ 8¢ 8¥ €8 S/ 86 cl £€0'8
) 4% 1€ €8 8°ST £€8'1 4 1€ 0T 14 8/ $9 00T ¥4 0¢- 4
< erL Le LST 8¥1 671 SL'T € 8T 8T 54 S8 St $6 Le 679 (smoy ¢ ) § -ouje)
anusw
SH ww \»wm S\.M«N anusw /T SH ww %
Hd 094 vd Ad VS souessis mop N W a s n a s se3 sy BY  jed
poolg  poorg -l ey pooyq pareyur
+50d poolg -nosea Arew g vd w0y w
Areu -owng uaB4AxQ
-owng - §21n8saIg

402

U01SUI] UITLXO PO0IQ PUD IIUDISISIL 4DINISDB
Kvuomgnd puv ‘moyf poo1q Kivuomsing ‘2unssaid (149140 Livtownd U0 410 PaLGSuL UL SU0DLUIIU0I UIFLx0 Furkiva fo s1o3 5y

II 4719VL



403

PULMONARY VASCULAR RESPONSE TO HYPOXIA AND ACIDOSIS

8T°L 374 008 g9 8°T 81 8 LT 86 78 (A8} 001 [4°3 !
91°L - S¢ 8¢S 8L ¢ ST 1 LE 01 8 911 1C 9¢:1
61°L 13 14 8¢ Vet 8'¢ 18 9¢ 99 o1t 86 8¢l o1 ¥ 1
8T°L 44 19 8'8 ¥'e 0o¢ 61 194 41 96 8€T 1C o1l
91°/ €€ 154 ¥6 e o€ ST (274 1418 701 (43 ST SO 1
1T°L [45 €S 18 9°C 1T 4} 9¢ (41} 06 (1748 1T LyTl
61°L 1¢ (1)1 91 811 8'¢ 154 €e 0L €6 VL 811 8 ‘8¢ C1
or’, 8  0f 9 (1 (A 01 06 (744 [£4 AAKA (s&ep ¥ ) 01 "ou j[&D
114 9¢ 11 0T 81 9°7C e 0L 8¢ 06 oy (123 g9 6 664
91/ 18 14! 81 81 L'vT 0¢ 9/ 09 SO0t 89 0s 88 6 €€ L
1L (4% ST € (4 9'¥C e LL 09 00T 00T L8 STI cl 61/
91, LS 9¢ Ss €S 181 e 09 ¥ 8. 88 Sl €01 ST 11:4
81°4 LS 154 6S 9 1t 9'¢ oV 144 09 88 Sl €01 1C 10:L
oT’L 0s 139 008 (1154 ¥L 6'¢ I 0o¢ 81 oS LL [4Y Y6 007 6s:9 (smoy 9¢) 6 "ou jje)
L LS 8V ste 8°01 ¥'C 14 0o¢ 81 LE 8. -9 06 001 66 ¢
80°L 8¢S 0¢ 9% 'St €T S ov oe 8Y 98 69 [41] 1T 8¥:S
1L LS 19 S6 LTl €T 14 €€ 1C oV 8 99 001 LE oy-¢ '
1L zs 91 144 §°6C 0T 14 €9 154 06 8 (4 06 o1 1¢€:€
1174 LS 61 (44 0'8C | %4 € 9 114 8L 78 [4) 911 (1) (A
or’ 8¢ VS 18 L8 €T S ST ST €€ 8 [4 96 LE eI:e
o1l 8¢ ¥e 9¢ 1°61 (A4 S 154 o€ 1$ 08 CL [41]1 ST 90:§
80°% 149 17 001 €T 9 9C 81 e 06 St 801 Le Sy
'L 79 (174 144 S'vT 0'C S S 8¢ 89 06 08 0ozr 8 1544
LSS 54 9 9°6 ¥'C 9 6C 1T 8¢ 06 08 (4118 0s (17434 (sanoy 9¢) g -ou j&D)

€€ §°ze LS'T 14 199 €01 1T |80

1€ ¥'¥ve LS°T 14 8S SoI oV 11

LT 9's¢ LS'T 4 09 ort 6€: 11

yC 8°8¢ LS°T 14 <9 (1198 8¢ 11

(174 9'SY ST 14 0L €01 LE 1T

61 6’19 ¥e'1 4 L8 06 ) 6 SE Tl

20 %12 93 30 %6 woay 3uidueyd Suridwes pidey
amuswu /T
SH ww /3H ww amuswu /T 3 wew %
Hd 004 Vd Ad Vs soueysis mop n n a s W a s i swry a3y 1D
doorg  poolg e — -1 xe| poorq pareyur ’ .
+¥0d pooig -nosea Areu v1 vd B0y ur
Areu -owng - GOMZNO
-owrjng £IN88AIJ

(panuspuo) )—1 a1avi



404

and caused a consistent, often marked, fall in pul-
monary blood flow in three calves (no. 1, 2, 3) but
did not affect the pulmonary blood flow signifi-
cantly in one calf (no. 4).

Resting pulmonary arterial mean pressures
while the calf was respired with high oxygen mix-
tures and pH was near normal levels ranged be-
tween 30 and 42 mm Hg. When pH was lowered
there was a significant increase in pulmonary ar-
terial mean pressure to levels of 33 to 80 mm Hg.
Both left and right atrial mean pressures decreased
significantly when pH was lowered, and in one
calf (no. 3) marked reductions of 4 to 5 mm Hg
were recorded.

Calculated pulmonary vascular resistance was
increased by reduction of pH. Moderate increases
were observed when arterial blood pH dropped
below 7.3, and a progressive increase was noted
as pH dropped further (Figure 1). ‘

Response to hypoxia at variable pH levels. Hy-
poxia produced minor but inconsistent small de-
creases in pulmonary blood flow when pH levels
were above 7.3 to 7.35. When hypoxia was in-
duced in the presence of acidosis, a consistent de-
crease in pulmonary blood flow occurred during
inhalation of 10% oxygen.

Pulmonary arterial pressure was dramatically
increased by hypoxia when pH was below 7.3,
whereas only minor changes were noted when pH
was above 7.3. Left and right atrial pressures did
not change significantly when hypoxia was in-
duced at higher pH levels, but further reductions
in mean pressures were noted over and above the
already reduced levels when pH was lowered.

Pulmonary vascular resistances were affected
either minimally or not at all by changing the
oxygen concentration of inspired air when pH was
above 7.3. However, below this level dramatic
increases of pulmonary vascular resistance oc-
curred when hypoxia was induced. The lower the
pH, the greater was the response of pulmonary
vascular resistance to hypoxia (Figure 1).

The responses of pulmonary arterial pressure,
pulmonary blood flow, and pulmona\ry vascular re-
sistance to changes in inspired air oxygen tension
were examined at two levels with varying H* ion
concentrations. With the calf breathing 50 to
100% oxygen, arterial or left atrial Po, levels of
245 to 600 mm Hg were accomplished. With 10%
oxygen inhalation in three calves, Po, levels of 11

ABRAHAM M. RUDOLPH AND STANLEY YUAN

to 32 were constantly achieved, and in one calf
breathing 12% oxygen Po, levels of 35 to 45 were
produced. Pco, levels in arterial or left atrial
blood varied from 14 to 50 mm Hg. The maximal
changes in Pco, were observed soon after lactic
acid or buffer infusion. No relationship could,
however, be established between the changes in
pulmonary blood flow, pulmonary arterial pres-
sure, and pulmonary vascular resistance and varia-
tion in Pco,. _ .

2) Responses at different levels of hypoxia (Ta-
ble 11, Figures 2, 6, 7). The resting pulmonary
arterial mean pressures when the calves were ven-
tilated with gas mixtures with an oxygen concen-
tration of 21% or greater ranged from 20 to 36
mm Hg except in one calf aged 4 days (no. 10),
in which resting pressure was 18 mm Hg. Res-
piration with 15% oxygen resulted in a mild in-
crease of pulmonary arterial mean pressure to
levels of 30 to 44 mm Hg. Further reduction of
inspired air oxygen levels resulted in a precipitous
increase of pulmonary arterial pressure, and with
8% oxygen, levels of 45 to 95 mm Hg were
achieved (Figure 2). The responses of pulmo-
nary arterial pressure were greater in those calves
under 24 hours of age; in the 4-day-old calf the
response was least striking, but the same general
pattern of response was noted.

Left atrial pressure.  Left atrial pressure ranged
from 0 to 6 mm Hg (mean) while the calves were
ventilated with oxygen or air. Only small changes
of 0 to 2 mm Hg were noted in left atrial mean
pressure with variations of inhaled oxygen; there
was no specific relationship between the change in
left atrial pressure and the gas inhaled.
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iNn TasLe II. Data on different calves are represented
by different symbols.
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Aortic pressure. Aortic mean pressures were
between 80 and 90 mm Hg during air or oxygen
breathing in all except one calf (no. 7) in which
a resting level of 125 mm Hg was observed. As
oxygen concentration in inspired air was reduced,
no significant changes in aortic pressure were ob-
served. Increases or decreases of 5 to 10 mm Hg
occurred at random as oxygen concentration was
changed, but no consistent pattern was observed.

Pulmonary blood flow. In previous experi-
ments, attempts were made to measure pulmonary
blood flow with indicator-dilution techniques by
injecting indocyanine green into the right or left
atrium or pulmonary artery and sampling from the
aorta. It became apparent that this method was
not valid due to shunting, and it was necessary to
measure pulmonary flow directly by means of a
flowmeter on the main pulmonary artery.

Actual levels of total pulmonary blood flow var-
ied considerably but were lower in the younger
calves (under 24 hours). During inhalation of air
or oxygen, pulmonary blood flows of 1.35 to 2.09
L per minute were observed in the younger calves,
and 3.9 to 5.6 L per minute in the older calves
(over 24 hours). Reduction of oxygen concen-
tration in inspired air resulted in a consistent de-
crease of pulmonary blood flow of 10 to 35% of
the flow during air or oxygen inhalation. An in-
teresting change in the pattern of blood flow
through the main pulmonary artery was observed.
The blood velocity as recorded by the electromag-
netic flowmeter showed a smooth rounded contour
during ejection while the animal breathed air,
but during low oxygen inhalation the ejection was
more rapid, and a sharper rise and fall with a
higher peak velocity were observed. In spite of
an increase in peak velocity, the total area under
the velocity curve was decreased, indicating a de-
crease in stroke volume (Figure 3).

Indicator dilution curves (Figure 4). Ductal
shunting was obviated by surgical ligation of the
ductus arteriosus. During air or oxygen breath-
ing indicator dilution curves with indocyanine
green injected into the pulmonary artery or left
atrium with sampling from the aorta revealed a
change in slope on the descending portion of the
curve with a delayed descent, indicating the pres-
ence of a left-to-right shunt. Since no other de-
fects were present (the ductus having been li-
gated), it was assumed that this shunt was occur-
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F16. 3. PULMONARY ARTERIAL PRESSURE AND BLOOD
VELOCITY IN MAIN PULMONARY ARTERY (MPA) As MEAs-
URED BY AN ELECTROMAGNETIC FLOWMETER IN CALF NO. 2.
Marked increase in peak velocity in main pulmonary ar-
tery occurs, but stroke volume, as represented by the
area under the flowmeter curve, is actually reduced.
Slow tracing started 5 minutes after initial rapid
recording.

ring at the atrial level through the foramen ovale.
Injection of indicator into the left ventricle with
sampling in the pulmonary artery showed very
late appearance, whereas injection into the left
atrium with sampling from the pulmonary artery
revealed the early appearance of a small amount
of indicator, confirming that the left-to-right shunt
was at the atrial level. The magnitude of the left-
to-right shunt varied from one animal to the other

EFFECTS OF HYPOXIA ON ATRIAL SHUNTING

INHALED  INJECTION LA-SAMPLING AORTA
GAS L*R SHUNT
AIR
9%02
INJECTION IVC-SAMPLING AORTA
AIR
—
R#L SHUNT
9%02 ‘
OYE INJECTION

F16. 4. INDICATOR DILUTION CURVES SHOWING LEFT-TO-
RIGHT SHUNT IN UPPER TRACING AND ABSENCE OF RIGHT-
TO-LEFT SHUNT (THIRD TRACING) WHEN CALF BREATHES
ROOM AIR. During inhalation of 9% oxygen, left-to-right
shunt disappears and large right-to-left shunt is noted in
lower tracing. LA =left atrium; IVC = inferior vena
cava.
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and was absent in the 4-day-old calf. When hy-
poxia was induced, the atrial left-to-right shunt
disappeared. ‘

Injection of indicator into the inferior vena cava
with sampling in the aorta showed an early appear-
ance of indicator with a small preliminary hump,
demonstrating the presence of a small right-to-left
shunt, while the animal was ventilated with air or
oxygen. This right-to-left shunt was markedly
accentuated during inhalation of low oxygen gas
mixtures and in some animals appeared to account
for as much as half the systemic blood flow. It
was presumed that the right-fo-left shunt was
through the foramen ovale, and this was confirmed
in two animals in which sampling from the left
atrium when indicator was injected into the in-
ferior vena cava showed the same double hump
type of curve.

Blood oxygen tension. Oxygen tensions of
aortic and left atrial blood measured simultane-
ously were essentially similar in all the observa-
tions made. During inhalation of 100% oxygen,
arterial Po, levels reached only 325 to 500 mm
Hg, indicating the presence of some right-to-left
shunt, either intracardiac or possibly intrapul-
monary. There was considerable variation in the
levels of arterial Po, reached during inhalation of
various gas mixtures, presumably due to some
variation in the degree of ventilation accomplished
and to variability of right-to-left shunting. Dur-
ing ventilation with room air, arterial Po, levels
ranged from 50 to 68 mm Hg; with 15% oxygen,
the levels were 36 to 47 mm Hg; with 12% oxy-
gen, 32 to 38 mm Hg; and with 8% oxygen, 16 to
22 mm Hg.

Simultaneous Po, determinations were made in
. pulmonary venous and left atrial blood samples in
three calves. During inhalation of high oxygen
gas mixtures, a large difference in Po, favoring
pulmonary venous blood was noted, whereas when
oxygen in inspired air diminished there was a pro-
gressively smaller difference in Po,. When pul-
monary venous Po, was below 35 mm Hg, only
minimal differences were observed (Figure 5).
In three calves simultaneous pulmonary arterial
and aortic or left atrial blood Po, measurements
were made. A progressive decrease in pulmonary
_ arterial Po, was noted as inspired oxygen concen-
tration decreased. When arterial Po, was below
35 mm Hg, the levels of pulmonary arterial Po,

to small changes of Po,.
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Fic. 5. PuLMoNARrY VENOUS (PV) AND SYSTEMIC AR-
TERIAL P0O; DURING INHALATION OF VARIOUS CONCENTRA-
TIONS OF OXYGEN (CALF No. 5). During breathing of low
oxygen mixtures, in spite of large right-to-left shunt,
only small differences exist.

were only slightly lower than those in the systemic
artery.

Hydrogen ion concentrations were allowed to
remain at the levels present after the surgical pro-
cedure with no attempt at regulation. In all ani-
mals pH was below 7.2, and in one animal it was
as low as 7.0. In each individual animal there was,
however, a variation of no more than 0.1 pH unit
throughout the experimental period.

Arterial Pco, levels were quite variable from
one animal to another, and the levels were largely
dependent on the state of ventilation maintained.
In spite of this wide range, there was, however,
little variation of Pco, within an individual animal.

Pulmonary vascular resistance and oxygen ten-
sion. A very striking relationship has been dem-
onstrated between the calculated pulmonary vas-
cular resistance and the level of arterial Po,.
When Po, levels were maintained above 100 mm
Hg, pulmonary vascular resistance ranged from
6.5 to 23.4 mm Hg per L per minute. This resting
level of pulmonary vascular resistance was de-
pendent on the age and the blood pH of the ani-
mals, being higher in the younger and more aci-
dotic animals. As Po, was lowered to 45 to 50
mm Hg, there was only a small increase in pul-
monary vascular resistance, but with further de-
crease of Po, there was a much more precipitous
rise of resistance. In the range of arterial Po, of
15 to 30 mm Hg there was an extremely marked
increase in pulmonary vascular resistance response
Although the resting
levels of pulmonary vascular resistance were vari-
able, the patterns of response to Po, changes were
quite comparable (Figure 6).
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In view of the fact that only minimal differences
in pulmonary venous and systemic arterial Po, lev-
els occurred at low Po, values, whereas a wide sep-
aration occurred at higher levels, the general pat-
tern of pulmonary vascular resistance change
shown in Figure 7 would be essentially similar if
plotted ‘against pulmonary venous Po,. The
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F16. 7. PATTERN OF PULMONARY VASCULAR RESPONSES
TO CHANGES OF PH AND Po.. In this figure, the average
increases of pulmonary vascular resistance (PVR) are
expressed as a per cent of the level at pH 7.4 and Po. 100
mm Hg:. The changes in pulmonary vascular resistance
with changes in Po. have been related at different levels
of pH. This information has been derived from a com-
pilation of the measurements made in all the animals
studied.
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steep portion of the curve would be displaced mini-
mally to the right, and the flat portion would not
be changed. Thus if the fesponse of pulmonary
vasculature is related to a direct local response of
the vessels to Po, change, the pattern demonstrated
would be essentially similar.

In two animals bilateral section of the vagosym-
pathetic trunks did not alter the pulmonary vascu-
lar response to acidosis and hypoxia.

Discussion

Observations on the reactivity of the pulmonary
circulation have most frequently been made in hu-
man adults and adult dogs. The pulmonary cir-
culation in these species has demonstrated remark-
ably little response to most physiologic and phar-
macologic influences. Since resting pulmonary
arterial pressure is quite low and since only small
changes in pressure occur, it has been difficult to
separate pulmonary vasomotor effects from simple
physical effects related to changes in cardiac out-
put and pulmonary venous or left atrial pressure.
Numerous techniques have been developed to over-
come these difficulties in interpretation. Himmel-
stein, Harris, Fritts, and Cournand (5), by means
of bronchospirometry, measured blood flow
through each lung and demonstrated a reorienta-
tion of flow in response to hypoxia in one lung.
Rudolph and Scarpelli (6) continuously measured
flow through each lung of the dog by means of elec-
tromagnetic flowmeters.

The considerably greater response to the pul-
monary circulation in the fetal or neonatal animal
has been repeatedly described. The small pulmo-
nary vessels of the fetus have thick muscular walls
with relatively small lumina, and the pulmonary
arterial pressure is at systemic arterial levels.
After birth, the vessels rapidly lose this thick mus-
cular medial layer and assume the characteristics
of the adult circulation in 2 to 3 weeks (7, 8).
This is associated with a rapid decrease of pul-
monary arterial pressure toward adult levels, and
also a loss of the marked physiologic response of
the circulation over a similar period (9, 10). In
view of this great reactivity of the pulmonary vas-
culature during the fetal and immediate postnatal
periods, an excellent experimental model for the
study of pulmonary vascular response is provided;
physical factors such as changes in left atrial pres-
sure and blood flow exert relatively small changes
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compared with those produced by pulmonary vaso-
motion. An increase in viscosity could produce an
increase in pulmonary vascular resistance as cal-
culated from arterial pressure, as demonstrated in
the Posseuille equation. There was, however, no
significant increase in hematocrit during hypoxia,
and the likelihood of hypoxemia producing an in-
creased viscosity by other means is small. Green-
berg, Kass, and Castle (11) have shown that little
change in blood viscosity occurs when normal he-
moglobin is reduced.

Although pulmonary vasoconstriction in re-
sponse to inhalation of hypoxic gas mixtures has
been unquestionably demonstrated in the adult, the
changes in the fetal and neonatal animal are far
more striking. Cook and associates (12) and Cas-
sin and associates (13) have stressed the im-
portance of a low ‘Po, in maintaining pulmonary
vasoconstriction in the fetus, and the immediate in-
crease of pulmonary blood flow associated with
ventilation of the lungs with gas containing oxy-
gen. James and Rowe (14) demonstrated the
marked increase in pulmonary arterial pressure
resulting from administration of low oxygen mix-
tures to the neonatal human infant. Reeves and
Leathers (15) have carefully delineated the nor-
mal changes in pulmonary arterial pressure and
pulmonary vascular resistance with advancing age
in the calf; the marked vascular response to hy-
poxia noted in the postnatal period rapidly de-
creased as resting pulmonary arterial pressure fell.

Although the greater reactivity of the pulmo-
nary circulation in the newborn animal affords an
excellent model to study the responses of the pul-
monary vasculature, certain special aspects of the
neonatal circulation have to be taken into account.

Fetal shunting 'mechanisms may still be operative,

thus making the measurement of pulmonary blood
flow by either Fick or indicator dilution tech-
niques most unreliable. During the first 24 hours
* after birth the ductus arteriosus may still be func-
tionally patent, thus allowing left-to-right or right-
to-left shunting, depending on the relationship be-
tween systemic and pulmonary vascular resist-
The absence of any ductal shunt during
inhalation of room air does not preclude the pos-
sibility that the ductus may reopen with hypoxemia
(16), thus introducing difficulties of interpretation
of indicator curves and oxygen saturation data.
The foramen ovale also does not provide a com-
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plete and competent separation of the left and
right atria after birth. A small left-to-right shunt
can be demonstrated very frequently both in the
calf (Figure 4) and in the human infant. When
pulmonary vascular resistance is elevated, as when
right ventricular outflow obstruction occurs, a
marked right-to-left shunt may occuir through the
foramen ovale. These considerations have been
neglected in many studies relating to measurement
of pulmonary vascular resistance and to shunting
mechanisms in the newborn infant and experi-
mental animals (15-18).

The difficulties in measurement of pulmonary
blood flow and pulmonary vascular resistance im-
posed by these mechanisms were overcome in our
preparation. Ligation of the ductus arteriosus
prevented any shunting into or away from the pul-
monary artery, thus assuring the accuracy of the
electromagnetic flow probe around the main pul-
monary artery in measuring pulmonary blood flow.
Shunting through the foramen ovale also did not
interfere with the measurement of pulmonary
blood flow by the method applied.

The increase in pulmonary vascular resistance
with acidosis at normal or high levels of arterial
Po, confirms the observations of a number of
previous studies. In our studies no attempt was
made to distinguish between the effects of increase
of Pco, or decrease of pH by fixed acid infusion.
Bergofsky, Lehr, and Fishman (19) have shown
that the pulmonary vascular response is related to
a change of hydrogen ion concentration and that a.
similar response occurs either with respiratory or
metabolic acidosis. These previous studies did
not, however, establish any specific relationship

- between the level of pH and the pulmonary vas-

cular response. Our observations indicate that
pulmonary vasoconstriction occurs when pH falls
below 7.30 to 7.35. As pH drops further, a large
increase in pulmonary vascular resistance is ob-
served below levels of 7.15 to 7.2. There thus ap-
pears to be a curvilinear relationship between pH
and pulmonary vascular resistance.

Although many observations of a pulmonary
vasoconstrictor response to hypoxia have been re-
ported, little information is available regarding the
relationship between the degree of hypoxia and
the magnitude of the pulmonary vascular response.
Several attempts to compare the pulmonary vascu-
lar resistance with the level of arterial oxygen
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saturation have not shown any consistent relation-
ship (2, 20, 21). A rise of pulmonary vascular
resistance has usually been observed in patients
with chronic pulmonary disease when arterial
oxygen saturation falls to 80 to 85% representing
a Po, of 46 to 50 mm Hg (1).

However, Reeves and Leathers (15) have
shown a progressive increase in pulmonary arterial
pressure with decreasing concentration in inhaled
gases in unanesthetized newborn calves, and Cas-
sin and co-workers (13) established a linear re-
lationship between the conductance of the pulmo-
nary circulation and the Po, of blood perfusing
the lung. These latter studies were performed in
the fetal lamb and show very wide scatter.

The results of our studies in calves have demon-
strated a very definite pattern of pulmonary vas-
cular response to hypoxia. Pulmonary arterial
pressure and pulmonary vascular resistance showed
only a slight increase as systemic arterial Po,
dropped to 50 to 60 mm Hg. More significant
increases occurred when Po, fell to 40 to 45 mm
Hg, and below this level there was a very steep
rise of pulmonary arterial pressure and pulmonary
vascular resistance, indicating an exquisite sensi-
tivity of the pulmonary vessels to Po, changes in
the range below 35 to 40 mm Hg. It was not pos-
sible to maintain Po, levels of 18 to 20 mm Hg at
low levels of pH for more than a few minutes be-
cause of the effect on the myocardium with result-
~ ing circulatory depression (22). However, it ap-
peared that the pulmonary vascular response was
maximal at Po, levels of 18 to 20 mm Hg, and no
further increase occurred below this level.

The possibility that pulmonary arterial Po, de-
termines the response of the pulmonary vessels
has been considered. Our studies did not sepa-
rate the relative roles of pulmonary venous and
pulmonary arterial Po, in pulmonary vascular re-
sponse, since pulmonary arterial Po, also de-
creased when oxygen concentration in inhaled air
was reduced.

Enson and associates (4) reported a definite re-
lationship between pulmonary vascular resistance
and the levels of Po, and pH in a group of pa-
tients with chronic pulmonary disease. There
was, however, wide scatter of the data and only
little information relating to repeated studies in
the same individual. The interrelationship be-
tween pulmonary arterial pressure and pulmonary
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vascular resistance and Po, and pH has been strik-
ingly demonstrated in our studies. The mecha-
nism of the enhanced pulmonary vasoconstrictor
response to hypoxia in the presence of acidosis has
not been elucidated.

Although it is possible that the presence of aci-
dosis may result in an increased sensitivity of the
vascular smooth muscle to hypoxia, the increased
response of vascular resistance to hypoxia could
be explained on a simple physical basis. The cal-
culated pulmonary vascular resistance is an ex-
pression of total cross-sectional area of the pul-
monary vascular bed; a given decrease in circum-
ference or diameter produced by smooth muscular
constriction will result in a relatively small de-
crease in cross-sectional area. However, if the
same degree of smooth muscular constriction pro-
duces a similar reduction in diameter of the vessel
already partly constricted from some other influ-
ence, this same reduction will cause a much greater
decrease in cross-sectional area and thus a marked
increase in pulmonary vascular resistance.

That a simple physical phenomenon is probably
not the only mechanism involved is suggested by
the fact that marked reduction in Po, to levels
below 25 mm Hg could be produced in some in-
stances and yet, when pH was normal, no in-
crease in pulmonary vascular resistance occurred.

On the basis of our studies, the relationship be-
tween pulmonary vascular resistance, Po,, and H*
ion concentration may be represented diagram-
matically as depicted in Figure 7. This extreme
response of the pulmonary vasculature to small
changes of Po, in the range 15 to 30 mm Hg at de-
creased pH may have an important role in the
fetal circulation. Blood perfusing the lungs in
the fetus has a Po, in this range, and this could
provide a sensitive mechanism for distribution of
blood flow in the fetus. An increase in pulmonary
vascular resistance would divert blood away from
the lungs and through the ductus arteriosus into
the descending aorta and thus to the placenta.
This mechanism could thereby result in an in-
crease in blood flow to the placenta where gas ex-
change occurs, providing a means of adapting to
stress situations interfering with oxygenation of
the fetus.

In the neonatal period, the development of aci-
dosis and hypoxia from any cause may produce
pulmonary vasoconstriction, which may have seri-
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ous consequences. An increase in pulmonary vas-
cular resistance in the immediate neonatal period
would reestablish a fetal pattern of circulation with
right-to-left shunting through the ductus arterio-
sus and foramen ovale. Pulmonary blood flow
would be reduced, and whereas this is of no con-
sequence in the fetus where oxygenation is car-
ried out in the placenta, it would result in a vicious
cycle of events in the newborn animal or infant.
Acidosis and hypoxia would increase pulmonary
vascular resistance and decrease pulmonary blood
flow, thus further reducing oxygenation and inter-
fering with the respiratory compensating mecha-
nism to correct acidosis by CO, elimination. This,
combined with right-to-left shunting, would pro-
duce greater hypoxia and combined metabolic and
respiratory acidosis, with more severe pulmonary
vasoconstriction. '

This sequence of events may be important in
the respiratory distress syndrome of the newborn
infant (hyaline membrane disease). Suggestive
evidence for a decreased pulmonary blood flow has
been presented by Chu and co-workers (23).

The pulmonary vasoconstrictor response to aci-
dosis and hypoxia may also be important in the
postoperative period in infancy, particularly after
thoracic procedures. Acidosis develops quite
readily in infants, and if ventilation is decreased
and hypoxia superimposed, pulmonary vasocon-
striction may result. In the absence of shunting
-mechanisms, total cardiac output may be decreased

if the right ventricle is not capable of maintaining -

an adequate output. If the foramen ovale is still
patent, right-to-left shunting could result.

The necessity of the presence of acidosis for a
significant hypoxic vasoconstrictor response pro-
vides a relatively simple means of avoiding this
mechanism. Rapid correction of acidosis by means
of bicarbonate or amine buffer infusion can rapidly
reverse the general hemodynamic effects resulting
from pulmonary vasoconstriction.

This mechanism of pulmonary vascular response
to hypoxia and acidosis was not conclusively es-
tablished in this study. However, the fact that
vagosympathectomy did not in any way alter the

response in two animals studied suggests that it is
" not mediated through a central reflex pathway and
that it is most likely a local reaction of the vessels.
This is supported by Bergofsky and Weinberg
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(24), who have shown that strips of pulmonary
artery suspended #n vitro constrict on exposure
to hypoxia. '

’ Summary

The pulmonary vascular responses to variations
in blood oxygen tension and H* ion concentration
levels have been studied in the newborn calf. The
difficulties in measuring pulmonary blood flow in
the newborn animal are discussed. In this study,
flow was measured directly with an electromag-
netic flowmeter.

When arterial oxygen tension (Po,) is 100 mm
Hg or above, reduction of pH below 7.30 results
in a small increase in pulmonary vascular resist-
ance. A progressive and more dramatic increase
in vascular resistance occurs as pH drops to lower
levels.

At normal levels of blood pH (above 7.35) re-
duction of arterial Po, produced by inhalation of
low oxygen gas mixtures resulted in minimal in-
creases in pulmonary vascular resistance even
when artérial Po, fell to 18 to 20 mm Hg. When
pH was lowered, reduction of Po, produced an in-
crease of pulmonary vascular resistance which was
of significant degree when Po, fell below about 50
mm Hg. Further reductions of Po, resulted in
very marked increases in pulmonary vascular re-
sistance. A curvilinear relationship between pul-
monary vascular resistance and Po, was estab-
lished, with extreme sensitivity of pulmonary vas-
cular resistance to Po, changes in the range 18 to
20 mm Hg. Also, the lower the pH, the greater
was the pulmonary vascular resistance response
to Po, reduction.

The importance of this relationship on shunting
mechanisms through the ductus arteriosus and
foramen ovale in the neonatal period is discussed,

-with particular reference to the respiratory distress

syndrome and to postoperative complications of
thoracotomy in infancy.
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