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INTRODUCTION

The effect of acutely induced anoxia upon the
respiration and circulation of man and animals has
been repeatedly investigated (1-4). Various cir-
culatory responses have been described, and it is
apparent that the observations of different in-
vestigators have sometimes been divergent. For
example, following the induction of acute anoxia,
the minute output of the heart has been noted
by individual authors to increase, decrease, or
remain unchanged. Grollman (1) reviewed these
results and ascribed them to several readily dis-
cernible causes: 1) inaccuracies inherent in the
methods used to measure cardiac output; 2) fail-
ure to distinguish between the physiologic re-
sponses of anesthetized versus unanesthetized ani-
mals; 3) the variety of species studied, and 4) dis-
similar degrees of anoxia.
A previous report from this laboratory on the

effects of acute anoxia on pulmonary artery pres-
sure (3) included measurements of the cardiac
output using the "Direct Fick Method" in five
normal subjects. It was found in these studies
that short periods of anoxia (breathing 10 per
cent oxygen for approximately 10 minutes) usu-
ally resulted in a decrease of the estimated cardiac
output. This response to anoxia which has been
observed in normal individuals, merits further
consideration in patients with chronic pulmonary
disease where spontaneous variations in anoxia
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and cardiac output incident to their daily activity
may contribute to the evolution of cardiopulmonary
disease.

It is the purpose of this report to analyze the
effects of breathing gas mixtures with various
oxygen concentrations upon the circulation of 35
patients with chronic pulmonary disease. Be-
cause a "steady state" of the respiration and circu-
lation is essential when one measures cardiac out-
put during cardiac catheterization by the Fick
principle, a special attempt has been made to in-
clude only studies in which such a state was at-
tained and maintained during the period of ob-
servation.

METHODS

All patients were studied in the unanesthetized, post-
absorptive, "basal" state. The observations were usually
begun approximately one-half hour after arrival in the
laboratory, and considerable attention was given to the
achievement of complete relaxation during the period
of observation. This was facilitated by respiratory
measurements and arterial puncture on previous days
which served to familiarize the patient with the labora-
tory, its apparatus and personnel. In some, cardiac
catheterization had been previously performed. All de-
terminations were completed within two hours after
placement of the cardiac catheter. The methods used
were identical with those previously described from this
laboratory (5, 6).
The heart rate was observed on the electrocardiogram

throughout the entire procedure, including the period of
cardiac catheterization and arterial puncture. Lability of
heart rate while the subject was at rest and breathing
ambient air, supplemented other clinical guides to sympa-
thetic overactivity (tachypnea, moist skin, wide pupils).
The initial series of determinations of cardiac output and

blood pressures (pulmonary artery and brachial artery)
were made while the relaxed subject was breathing 21
per cent oxygen. After expired gas, mixed venous blood
and arterial blood had been simultaneously collected to
measure the cardiac output, the entire procedure was
repeated with the subject inspiring a higher (if original
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arterial oxygen saturation was less than 90 per cent), or
lower oxygen mixture. The blood and expired gas sam-
ples were also used to calculate the alveolar-arterial
(A-A) oxygen gradient. All determinations were re-
quired to check in duplicate. The techniques used are de-
tailed elsewhere (6). The PO2 of mixed venous blood
was obtained by plotting oxygen content (Van Slyke-
Neill) on a standard oxyhemoglobin dissociation curve
using the corresponding pH determined by the Mac-
Innes-Belcher glass electrode. The oxygen and carbon
dioxide tensions of arterial blood were determined di-
rectly (7), and the latter was also estimated from the
line charts of Van Slyke and Sendroy, using the CO,
content and the pH of the whole blood. Systolic and
diastolic pressures were calculated as averages of two
complete respiratory cycles; the mean pressure was ob-
tained by planimetric integration of the area included
within these boundaries. Variations were considered
significant only if they exceeded limits previously de-
fined in this laboratory (8-10) and include deviations
greater than + 5 mm. Hg for pulmonary artery mean
pressure and -12 to + 18 mm. Hg for systemic artery
mean pressure. Similarly under the conditions of these
experiments, any cardiac output change exceeding 9 per
cent of control was considered significant.
The inspired gas mixtures used in these studies in-

cluded 100 per cent oxygen and mixtures of 33, 25, 21,
18, 16, 14, and 12 per cent oxygen in nitrogen, adminis-
tered through demand-type valves or from an anesthesia
bag. At least two experiments, each at a different level
of arterial oxygen saturation, were completed for each
subject. In the following pages, "low oxygen" refers to
inspired gas mixtures containing less than 21 per cent
oxygen; conversely, "high oxygen" mixtures contain
more than 21 per cent oxygen. The specific concentrations
used are indicated in the tables.

Criteria used for defining the "steady state"
Three criteria were used as guides to stability of the

respiration and circulation (the "steady state") as suc-
cessive levels of oxygenation. These were 1) emotional
stability, 2) constancy of oxygen consumption, and 3)
constancy of the respiratory exchange ratio (RQ). Sig-
nificant deviations in any of these three criteria served
to exclude a given subject from this study.

It is known that clinical manifestations of sympathetic
overactivity are at best a crude guide to emotional dis-
turbance. However, in response to emotional stimula-
tion, oxygen consumption nearly always increases (11);
in absence of such stimulation, oxygen consumption re-
mains remarkably constant from day to day when de-
termined under comparable conditions (12, 13). Neither
acute anoxia per se nor the hyperventilation induced by
it (14-16) causes increase of oxygen consumption. Be-
cause of these considerations and in keeping with a large
body of data previously gathered in this laboratory dur-
ing cardiac catheterization (8), any change in oxygen
consumption which exceeded + 11 per cent eliminated the
experiment from inclusion in this study.

If the oxygen consumption is constant (within the
limits defined above) at the two levels of oxygenation,
an elevation in respiratory gas exchange ratio (R.Q.)
becomes a reflection of respiratory rather than metabolic
carbon dioxide liberation (unstable respiratory state).
A review of a series of patients previously studied under
comparable conditions in this laboratory (8) indicated
that all of 20 patients had R.Q. values less than 1.0 dur-
ing repeated determinations, and that 17 of the 20 devi-
ated from the initial value by less than 0.13 during the
second determination performed within one hour. In
selecting the group to be presented below, any patient
with pulmonary disease with any R.Q. greater than 1.0,
or with a second R.Q. which differed from the first by
more than 0.11, was excluded.

RESULTS

These data were derived from 45 complete stud-
ies on 35 subjects with pulmonary disease. The
clinical diagnoses, physical findings, procedures
and data concerning the steady state are indi-
cated in Table I.

A. Ventilation
With three exceptions all of these subjects,

while breathing ambient air, had a higher than
normal respiratory minute volume (Table I).
This observation is in accord with similar re-
spiratory studies previously done on the same pa-
tients in this laboratory. In the experiments em-
ploying high oxygen, there was no significant
change in ventilation. However, during low oxy-
gen breathing, the volume of ventilation usually
exceeded control levels.

B. Carbon dioxide tension in arterial blood (Table
I)

Seventeen of 35 patients, while breathing ambi-
ent air, had normal (39.4 ± 2.8) arterial pCO2.
Ten had low pCO2 values, probably secondary
to their chronic hyperventilation. Eight, however,
had elevated arterial pCO2, the two highest values
occurring in two subjects with emphysema and cor
pulmonale (Cases 32 and 33). Following ex-
posure to low oxygen, the arterial pCO2 was usu-
ally lower than on ambient air. The arterial
pCO2 while the subjects were breathing a high
oxygen mixture showed no consistent direction of
change.

C. Heart rate
Resting heart rates ranged from 48 to 137. Ex-

posure to high oxygen usually caused slowing or
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TABLE I

Physical characteristics, clinical diagnoses, and orienting data in 35 patients studied at successive levels of oxygenation

Concen- Oye
BSA ~~~~~~~~~tration. Ventila- Oxygensup Arterial

Case Sex Age BS Diagnosis inspired tion R.Q. ctionIm- PMO
oxygenlit./miN./matndi mm. Hs

____ (a) Normal and low oxygen____ ___

1. G. W. f 38 1.67 Bronchiectasis; interventricular sep- 21 6.6 .87 113 40
tal defect 10 8.3 .82 124 31

2. L. K. m 29 1.80 Diffuse pulmonary infiltration, cause 21 5.1 .86 174 34
unknown 12 7.2 .97 177 29

3. M. Mc f 22 1.42 Diffuse pulmonary fibrosis, sclero- 21.5 5.1 .85 133 42
derma 14 4.8 .85 132 37

4. J. L. m 49 1.90 Silicosis; chr. pulm. emphysema 21 3.8 .87 134 36
12 5.2 .91 148 36

5. D. P. m 36 1.75 Bronchiectasis; diffuse pulmonary in- 21.5 3.5 .73 127 41
filtration 18.5 3.9 .79 135 38

6. J. R. m 40 1.38 Acute hematogenous tuberculosis 21 4.4 .83 112 40
16 4.2 .94 102 37
21.5 4.4 .86 124 37
16 5.2 .84 128 36

7. T. Me f 30 1.59 Chr. pulm. tuberculosis 21 4.8 .86 129 43
16 5.6 .86 141 40

8. E. H. m 17 1.47 Severe diffuse pulmonary granulo- 21 8.3 .86 197 40
mata, cause unknown 16 8.9 .83 199 34

21.5 7.6 .95 172 32
16 7.0 .96 170 31

9. S. A. m 60 1.65 Bronchiectasis; chr. pulm. emphy- 21 6.4 .94 123 41
sema 16 5.8 .98 128 38

14 5.6 .97 125 39

10. Q. G. f 43 1.66 Severe diffuse pulmonary granulo- 21.5 6.5 .76 146 39
mata, Boeck's sarcoid 17 7.2 .85 141 37

21 6.3 .88 157 39
17 6.8 .94 145 35

11. C. D. m 23 1.67 Chr. pulm. tuberculosis 21 4.8 .72 157 34
16 5.2 .80 146 32

12. H. K. f 25 1.53 Bronchiectasis; bilateral lobectomy 21 5.0 .79 146 34
16 5.0 .84 135 34

13. E. C. m 29 1.69 Chr. pulm. tuberculosis 21 5.6 .82 125 39
16 5.4 .88 120 36

14. K. C. f 31 1.73 Acute hematogenous tuberculosis 21 3.7 .82 112 38
16 3.8 .90 104 40

15. W. H. m 22 1.90 Diffuse pulmonary granulomata, 21 4.7 .78 169 35
Boeck's sarcoid 16 6.5 .89 167 34

16. F. A. m 48 1.55 Chr. pulm. tuberculosis; acute hema- 21 7.4 .85 147 35
togenous tuberculosis 16 7.4 .83 148 35

17. F. L. m 23 1.85 Severe diffuse pulmonary fibrosis, 21 5.8 .78 140 37
beryllium exposure 16 6.9 .88 131 35

18. R. S. m 25 1.85 Moderate diffuse pulmonary granu- 21 4.3 .83 149 39
lomata, Boeck's sarcoid 16 4.7 .92 146 36

19. N. I. m 31 1.35 Moderate diffuse pulmonary granu- 21 4.4 .82 121 34
lomata, Boeck's sarcoid 16 5.4 .91 128 35

20. C. L. f 21 1.74 Moderate diffuse pulmonary granulo- 21 7.0 .81 166 45
mata, Boeck's sarcoid 16 7.9 .82 168 43
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TABLE I.-Continued

Concen- Oxgn Atra

Case Sex Age M2 Diagnosis npired tionVReQntl-tion APrteCia
Oxygen lil./min./m R.Q./M pCO2mmH

(a) Normal and low oxygen-Continued

21. J. R. m 23 1.57 Acute hematogenous tuberculosis; 11 21.5 5.5 .79 147 40
days after start Rx with strepto- 16 5.7 .86 140 36
mycin

(b) Normal, low and high oxygen

22. B. B. m 52 1.54 Bronchial asthma; chr. pulm. emphy- 21 6.6 .84 137 47
sema; cor pulmonale, not in failure 16 7.2 .90 151 42

21 7.3 1.0 150 41
25 6.7 .90 146 39

23. A. P. m 49 1.55 Chr. pulm. emphysema; cor pul- 21.5 5.8 .88 141 45
morale, in failure 16 6.5 .97 144 46

21 5.4 .84 127 42
30 5.9 .93 128 42

24. D. Mc m 62 1.61 Carcinoma of bronchus, RML; chr. 21 5.7 .80 149 39
pulm. emphysema 16 6.5 .88 143 39

21 5.7 .80 149 39
25 6.1 .83 138 42

25. P. B. f 42 1.56 Severe diffuse pulmonary granulo- 12.5 7.4 .92 156 40
mata, Boeck's sarcoid 17.4 8.0 .96 157 36

21 7.4 .92. 156 40
25 8.3 .98 164 40

26. W. B. m 46 1.61 Bronchial asthma; chr. pulm. emphy- 21.5 5.8 .85 138 38
sema; cor pulmonale, not in failure 16 6.0 .87 138 36

21 5.8 .85 138 40
30 5.4 .83 135 43

27. P. B. m 36 1.49 Severe diffuse pulmonary granulo- 21 8.8 .77 203 35
mata, Boeck's sarcoid 17.4 8.8 .83 184 32

21 8.8 .77 205 37
25 8.8 .82 187 36

28. M. L. f 29 1.32 Severe diffuse pulmonary infiltration, 21 7.3 .77 147 29
cause unknown 17 7.3 .84 141 28

21 6.4 .70 153 37
25 6.5 .80 141 39

(c) Normal and high oxygen

29. J. P. m 43 1.66 Bronchiectasis; cor pulmonale, in fail- 21 6.9 .75 182 42
ure 100 - - 206

30. G. Na f 52 1.87 Bronchial asthma; chr. pulm. emphy- 21.5 5.9 .72 150 52
sema 25 6.6 .74 140 54

31. P. L. m 65 1.60 Bronchial asthma; chr. pulm. emphy- 21.5 6.8 .72 141 30
sema 25 6.7 .83 131 35

33 6.8 .78 138 45

32. A. Y. m 38 1.47 Bronchial asthma; chr. pulm. emphy- 21 4.8 .79 157 62
sema; cor pulmonale in congestive 25 4.9 .74 166 58
failure

33. M. C. m 55 1.54 Bronchial asthma; pulmonary fibro- 21 6.2 .73 168 58
sis; chr. pulm. emphysema; cor pul- 25 6.1 .70 161 55
monale after treatment

34. E. M. f 60 1.73 Severe diffuse pulmonary infiltration, 21 5.8 .72 127 39
cause unknown 100 - - 121

35. M. H. f 64 1.39 Severe diffuse pulmonary infiltration, 21 10.0 .82 144 43
cause unknown; cor pulmonale, not 30 9.3 .80 140 49
in failure
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TABLE II

The influence of the level of oxygenation upon the circulation in 35 patients with pulmonary disease

Concen- Pumnr rey rcilatr
tration Alveolar Arterial MVB Arterio- Cardiac pumnryssarter Brachasurter

Case inspired po0 p0t p02 venous index Heart rate Pmm.reug presure
oxygenmm Hg mm. g mm. Hg oxygen diff.* lil./min./m' beats/mi,,. mmHgm.g

oxygenS mm. Hg |mm. Hg mm. Hg | olutc % E BSA ||sd i m |$/ i mvolumes % volumes%SA(sid msNd ml
(a) Normal and low oxygen

1

2

3

4

s

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21
10

21
12

21.5
14

21
12

21.5
18.5

21
16
21.5t
16t

21
16

21
16
21.5t
16t
21
16
14

21.5
17
21t
17t

21
16

21
16

21
16

21
16

21
16

21
16

21
16

21
16

21
16

21
16

97
45

116
62

100
57

111
50

103
89

108
78

108
69

107
77

107
72

113
73

107
71
58

107
88
99
78

114
74

107
72

105
64

102
72

110
75

109
67

109
71

106
78

104
83

110
75

73
35

100
46

94
29

75
36

75
68

102
70
84
52

77
63

74
43
94
56

66
47
38

56
36
71
53

78
64

88
60

69
52

96
66

92
75

84
54

86
47

88
74

98
82

75
47

44
27

38
31

37
22

35
27

33
31

34
33
30
27

40
32

36
28
38
32

34
31
30

27
25
30
27

37
34

36
32

35
32

38
36

40
36

32
30

36
30

42
36

30
28

34
28

2.1
2.1

4.6
3.4

3.7
1.8

5.5
4.0

5.3
5.1

4.2
3.5
4.9
4.5

3.6
3.7

4.1
4.1
3.9
4.1

4.5
4.4
4.0

4.3
3.3
3.7
3.2

5.1
4.7

3.5
3.3

4.7
4.3

4.5
3.9

3.5
3.0

4.8
5.1

4.9
4.9

3.8
4.1

4.1
3.8

4.4
4.5

6.20
6.88

3.78
5.19

3.60
7.33

2.43
3.71

2.39
2.65

2.65
2.96
2.38
2.67

3.68
3.80

4.80
4.88
6.95
6.56

2.67
2.85
3.05

3.39
4.21
4.23
4.52

3.09
3.10

3.90
4.10

2.64
2.80

2.49
2.68

4.83
5.58

3.04
2.90

2.85
2.68

3.92
3.82

2.96
3.37

3.82
3.73

100
102

85
98

79
98

75
88

48
55

85
88
68
74

78
75

107
115
90
100

86
88
88

94
94
106
103

80
80

72
82

80
80

60
74

74
78

80
80

80
79

98
96

97
105

91
93

25/10
25/7

28/11
32/12

32/13
41/18

32/11
54/20

36/12
41/12

12/4
17/7

24/6
22/6

34/18
41/23
39/17
40/23

25/12
31/13
35/15

55/27
67/28
46/21
56/23

18/8
19/7

26/9
31/10

23/10
25/11

23/7
30/9

17/9
19/10

24/8
28/10

30/14
37/17

20/8
30/10

22/8
22/9

32/10
32/14

18
16

18
20

20
27

21
36

19
24

9
12

15
14

26
31
27
31

17
20
24

37
43
32
42

12
13

16
20

16
18

13
18

13
14

15
18

21
25

13
20

15
16

21
24

131/76
108/65

145/94
123/79

95/57
110/69

120/68
135/75

136/83
134/80

104/71
111/75

116/64
110/61

98/64
82/55
132/83
124/80

139/77
127/73
127/80

115/67
109/68
113/67

122/77
129/83

126/74
130/77

114/77
115/72

128/85
121/82

124/82
116/80

118/77
108/71

116/85
115/83

151/92
141/88

111/69
113/67

127/73
120/76

99
86

114
95

74
84

89
103

106
106

84
90

86
81

77
67
106
98

102
92
102

87
85
85

94
98

99
100

94
92

104
101

99
96

95
89

101
97

118
110

87
86

91
92

-774



ACUTE ANOXIA IN CHRONIC PULMONARY DISEASE

TABLE II.-Continued

Concen- Arteno Cardiac Pulmonary artery Brachial artery
tration Alveolar Arterial MVB venous index Heart rate pressure pressure

Ca
xy

inspired Pmm pH 2pH 2 oxygen diff.* lil./min./m' beats/mmn. mm. Hg mm. g

olums Hg mm. Hg mm. Hg volumes % BSA s/d m s/d m

(a) Normal and low oxygen-Continued

21 I 21.5 105 88 34 3.7 3.97 102 17/7 13 124/76 93
16 69 66 30 3.1 4.50 102 14/7 11 127/77 93

(b) Normal, low, and high oxygen

22 21 94 62 36 4.1 3.33 90 26/11 15 109/62 80
16 69 55 32 4.1 3.70 103 49/20 32 119/74 92
21 110 60 37 4.6 3.43 93 39/18 27 142/83 104
25 141 71 38 4.8 3.20 93 31/17 22 119/76 94

23 21.5 101 60 22 3.9 3.62 95 35/17 24 102/63 79
16 71 36 18 4.0 3.59 94 49/20 32 119/74 92
21t 104 61 29 4.7 2.71 68 36/9 19 121/61 85
30t 189 100 33 4.7 2.71 62 39/12 22 137/67 94

24 21 101 78 34 4.2 3.55 83 29/8 17 143/70 99
16 72 63 32 3.7 3.86 88 35/9 19 142/72 100
21 101 78 34 4.2 3.55 83 29/8 17 143/70 99
25 129 87 36 5.1 2.71 83 31/7 17 153/74 104

25 21.5 118 84 28 5.1 3.07 87 59/27 37 170/105 131
17.4 94 57 26 4.2 3.74 90 60/23 34 169/109 133
21 112 84 28 5.1 3.07 90 59/27 37 183/112 135
25 139 95 30 4.9 3.35 90 52/22 34 190/117 143

26 21.5 107 67 32 5.8 2.39 56 28/7 16 136/79 106
16 66 40 29 4.8 2.88 66 32/11 20 128/77 101
21 107 67 33 5.8 2.39 56 28/7 16 136/79 106
30 167 110 40 5.6 2.41 60 30/9 17 141/80 102

27 21 103 63 19 5.9 3.45 100 50/23 34 91/65 77
17.4 83 46 16 5.3 3.46 90 59/27 39 91/63 74
21 103 63 20 5.9 3.45 100 50/23 34 91/65 77
25 133 81 24 6.0 3.12 100 65/31 42 110/79 92

28 21 114 65 33 4.2 3.12 80 34/16 23 108/71 89
17 82 40 31 3.2 3.94 80 48/23 33 105/71 87
21 114 65 34 4.3 3.15 73 36/18 26 97/67 81
25 142 77 37 4.0 3.14 76 34/17 24 99/66 81

(c) Normal and high oxygen

29 21 95 54 37 3.5 5.20 137 42/19 31 129/88 - 108
100 104 76 4.4 4.68 129 40/17 28 131/88 110

30 21.5 88 48 30 4.5 3.62 75 42/18 28 118/49 75
25 109 60 31 4.7 3.17 78 42/18 27 124/50 76

31 21.5 116 64 34 4.0 3.53 76 22/7 12 140/82 108
25 139 75 34 3.9 3.35 74 24/8 15 146/88 114
33 190 83 34 3.9 3.52 73 20/6 11 138/82 105

32 21 73 46 33 3.4 4.63 106 43/21 30 112/72 84
25 102 75 38 3.4 4.89 114 51/24 38 139/86 105

33 21 72 33 21 5.6 3.00 115 74/32 46 121/84 99
25 102 50 28 5.6 2.88 108 77/36 51 114/78 92

34 21 98 82 34 3.9 3.24 91 58/20 34 121/69 91
100 100 111 4.3 2.83 85 31 127/69 94

35 21 105 45 26 5.6 2.57 88 67/26 41 120/59 84
30 194 84 33 5.7 2.46 88 60/28 40 125/62 89

* Using mixed venous blood obtained from the pulmonary artery.
t These observations were made on a second day.
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ARTERIAL BLOOD
pO2 DIFFERENCE IN MM HG

FIG. 1A. RELATION BETWEEN CHANGES IN ARTERIAL
OXYGEN TENSION AND CARDIAC OUTPUT

The cardiac output change is expressed in per cent of
change from the initial measurement. A change of 9 per

cent (above and below the two solid lines) is significant.
Note that during anoxia, cardiac output remains un-

changed or rises and that increased oxygenation causes

no change or a decrease in cardiac output.

insignificant change in heart rate (Table II). A
persistent tachycardia was observed in seven of
28 patients during exposure to low oxygen.

D. Cardiac output

There was considerable variation in the level of
the initial cardiac index in these experiments (28
normal [3.09 0.5 lit./min./m2 B.S.], five low
and 12 greater than normal). All 12 with high
resting cardiac output had advanced pulmonary
disease. Three (Cases 23, 29, 32) were in right
heart failure; one (Case 1) had an associated in-
terventricular septal defect. The effects of varia-
tion in level of oxygenation on cardiac output are

illustrated in Figures 1 and 2. It is apparent that
during exposure to low oxygen, the cardiac output
either failed to change significantly (less than
9 per cent) or increased. There was a significant
increase in 14 of the 32 cases. In no instance was

there a significant decrease. In 10 additional cases

there were small increases, but less than the er-

ror of the method. The net experience suggests at

least a tendency toward increased cardiac output
during moderate anoxia in this series of cases.
On the other hand when we applied the Fick

principle to a group of patients with similar clin-
ical diagnoses, but which had been rejected from
this study because, according to our criteria, they
had failed to achieve a "steady state," the calcu-
lated cardiac outputs were found to vary greatly,
often with values considerably below control.
Since values for cardiac output so obtained are
meaningless, we have not tabulated.them.

Tables II and III further demonstrate that ex-
posure to high oxygen in the steady state either
effected no significant change or a decrease in
cardiac output. The degree of change in cardiac
output could not be quantitatively correlated with
the concentration of oxygen in the inspired gas
mixture. This is to be anticipated in the presence
of chronic pulmonary disease, particularly in pa-
tients with alteration of the alveolar-capillary mem-
brane (for instance Case 3), where decrease in
inspired oxygen concentration will cause a greater
decrease in arterial oxygen saturation than in nor-
mal subjects. The greatest changes in cardiac
output were associated with marked changes in

+120

D
a_ +100
D
0
u +80

i + 60
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FIG. 1B. RELATION BETWEEN CHANGES IN MIXED VE-
NOUS BLOOD OXYGEN TENSION AND CARDIAC OUTPUT
Note that mixed venous blood oxygen tension is not re-

lated to cardiac output.
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arterial oxygen tension (Figure la). There was
no significant relation between mixed venous oxy-
gen tensions and cardiac output (Figure lb).

E. Pulmonary artery pressure (Table II)

Following increase in the concentration of in-
spired oxygen, there was no significant change
in mean pulmonary artery pressure, except in
two subjects (cases 27 and 32), where the mean
pulmonary artery pressure rose by 8 mm. Hg.
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FIG. 2A. THE RESPONSE OF CARDIAC OUTPUT To AcUTE
ANOxiA IN INDIVIDUAL PATIENTS

The upper end of each line indicates the arterial oxygen
tension on 21 per cent oxygen; the lower knobbed end
indicates the arterial oxygen tension during anoxia.
Note that the slope of the lines indicates that the car-

diac output increased or did not change significantly dur-
ing anoxia.

During low oxygen, mean pulmonary artery pres-

sure rose more than 5 mm. Hg in 10 of 38 ex-

periments. Of the remaining 28 observations, 11
had increases in pulmonary artery pressure, dur-
ing anoxia, of 3 to 5 mm. Hg. Not all subjects
with increased pressures during anoxia had in-
creased cardiac outputs. However, the subjects
(Cases 4 and 22) with the largest increases in pul-
monary artery pressure had significant simultane-
ous increases in cardiac output.
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FIG. 2B. THE RESPONSE OF CARDIAC OUTPUT TO IN-
CREASE IN ARTERIAL OXYGEN TENSION IN INDIVIDUAL
PATIENTS
The lower end of each line indicates the arterial oxygen

tension on 21 per cent oxygen; the upper knobbed end
indicates the arterial oxygen tension at the higher level
of oxygenation.
Note that at these higher levels of arterial oxygen ten-

sion there was either no significant change or a fall in
cardiac output.

F. Brachial artery pressure
The changes in brachial artery pressure follow-

ing high and low oxygen showed no consistent
trend. Only one subject (Case 32) underwent
a large change in mean pressure (+ 21 per cent)
while breathing high oxygen.

DISCUSSION

The importance of achieving the "steady state"
when one determines cardiac output by the Fick
principle 4 has been emphasized in this presenta-
4The Fick principle states that the quantity of any sub-

stance taken up by blood perfusing an organ is equal to
the amount of that substance in the volume of blood
leaving the organ minus the amount contained in the
volume of blood entering the organ. For the instan-
taneous uptake of oxygen by blood in the lungs

V0 dVo, - [Cao(t) - Cvo2(t)]Q(t), Equation 111 dt
where Q instantaneous blood flow to lungs = instan-
taneous blood flow from lungs at time (t) and Cao2,
Cvo, - instantaneous concentrations of oxygen in arterial
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tion. Failure to recognize the importance of this
factor may explain some of the discrepancies in pre-
vious observations on the effects of anoxia upon
the circulation. The difficulty in achieving a
"steady state," even in normal subjects exposed
to moderate anoxia, is clearly indicated by the
data of Rahn and Otis (15). In their studies,
normal trained subjects were acutely elevated
to simulated altitude, and the time was noted for
restoration of heart rate, R.Q., and oxygen con-
sumption to normal. They found that the higher
the altitude, the longer the time required for re-
equilibration, and at 10 per cent oxygen (roughly
and mixed venous blood respectively, at time (t), from
which,

Q~t) = Cao, - Cvo, Equation 2

and generalizing, the mean flow (Q) during time (t),
becomes

aT-rC Cvo, dt. Equation 3

When the quantities Vo,, Cao2- Cvo, remain constant
(or do not significantly differ from the mean), then,

= Vo3 Equation 4
Cao, - Cvo2

In this equation Q. V02, and CaO2- Cvo2 represent
mean values during the time t. This is the form of the
Fick principle generally used for calculation of cardiac
output. Implicit to its application are the concepts that
oxygen is neither secreted nor stored in the lungs.
For substitution in Equation 4, it is assumed that the

oxygen uptake, as measured from collection and analysis
of expired gas, is equal to the oxygen taken up by the blood
in its passage through the lungs; which in turn is equal to
the oxygen consumed by the tissues. This relationship
does not obtain during the period immediately following
the change-over from ambient air to the anoxic mixture.
During this period of adjustment to the acute anoxia, the
-quantity of oxygen in the blood phase and the gas phase
is greater than will exist when equilibrium is achieved.
Consequently tissue need for oxygen will be met not only
from the inspired low oxygen mixture, but also from the
surplus oxygen retained in the circulating blood and lungs
from the previous level of oxygenation. The oxygen con-
sumption as measured from the spirometer ("apparent
oxygen consumption") will thus be lower than both the
actual tissue oxygen consumption and the oxygen taken
up by the blood traversing the lungs. Cardiac output
calculated from this "apparent oxygen consumption" will
be lower than the true cardiac output.
Another difficulty in the unsteady state is to relate the

measured oxygen uptake to the blood samples responsible
for its uptake. Simultaneous and prolonged collection
periods for blood and gas do not completely solve this
problem, since the proper time relationship is unpredict-
able.

equivalent to 18,000 feet) an hour or more was re-
quired for these measurements to return to con-
trol levels. It is apparent that if our patients had
been exposed to these levels of anoxia, a steady
state would have been difficult or impossible to
approach during the time (15 minutes or more)
allotted for equilibration. This is emphasized by
the large number of patients who were excluded
from this presentation because of their inability to
reach a "steady state" even with mild depression
of inspired oxygen content.

In our subjects presented above, despite the
presence of advanced lung disease, it was possible
to approximate a "steady state" by careful selection
of the inspired oxygen mixture so as to avoid
extreme variations in arterial oxygen saturation.
Under these conditions, no significant fall in car-
diac output was ever observed during anoxia. This
finding led us to re-evaluate the observations on
cardiac output previously recorded from this lab-
oratory (3) incident to a study of changes in pul-
monary artery pressure in five normal subjects
who were exposed to low oxygen mixtures (10
per cent) for brief periods (about 10 minutes).
The average cardiac output of the five subjects
was reported to have decreased from 5.74 liters to
5.20 liters. A review of the original data from
which these results were calculated indicated that
these subjects were not in a "steady state" (high
initial R.Q., marked variations in successive R.Q.
values, and unusually low oxygen intake at the
low level of oxygenation). Similar considerations
apply to the fall in cardiac output during acute
anoxia recently reported from another laboratory
(4). Such evidence of an unsteady state invali-
dates the use of the Fick principle for calculation
of cardiac output.
The need for a "steady state" prior to the ap-

plication of the Fick principle obviously extends
to conditions other than acute anoxia, e.g., exercise.
Bock, Dill, and their associates (17) stressed the
difficulties in reaching a "steady state" during ex-
ercise, and urged caution in the interpretation of
measurements so made. The evaluation of meas-
urements of cardiac output after exercising pa-
tients with heart disease for three minutes is
consequently difficult (18).
The other recorded changes in the circulation

in man are generally in accord with previous data

778



ACUTE ANOXIA IN CHRONIC PULMONARY DISEASE

TABLE III
Summary of changes in circulation and respiration at two levels of oxygenation

Final con- Oxygen | PCrdiac | artery aBrteir
Case* inspired

% iot .telod MVBt ratet inde4t pressure4 pressurescen Vnt|mm.Hconm l l o mm. Hg beats/min. % me | mmea
%~~ ~ ~ ~ ~ ~ mgmm. Hg mm. Hg

(a) From normal to low oxygen

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

10

12

14

12

18.5

16
16

16

16
16

16
14

17
17

16

16

16

16

16

16

16

16

16

16

16

+25.8

+41.2

- 5.9

+36.9

+11.4

- 4.2
+27

+ 9.2

+ 8.3
- 7.9

- 8.6
-12.4

+10.7
+ 7.9

+ 8.3

0

- 3.6

+ 2.7

+40.0

0

+19.0

+ 9.3

+22.5

+12.8

+ 3.6

+11

+ 1.5

0

+11

+ 6.8

- 8.6
+ 0.5

+ 9

+ 3
0

+ 4.4
+ 1.5

- 3.4
- 5.1

- 7.5

- 6.2

- 4.0

- 7.2

0

0

- 6.4

0

+ 5.8

0

- 4.8

-.05

+.11
0

+.04

+.06

+.11
-.02

0

-.03
+.01

+.04
+.03

+.09
+.06

+.08

+.05

+.06

+.08

+.11

- .02

+.10

+.09

+.09

+.01

+.07

-38

-54

-65

-39

- 9

-32
-32

-14

-31
-28

-19
-28

-20
-18

-14

-28

-17

-30

-17

-30

-39

-14

-16

-28

-22

-17

- 7

-15

- 8

- 2

- 1
- 3

- 8

- 8
- 6

- 3
- 4

- 2
- 3

- 3

- 4

- 3

- 2

-4

- 2

- 6

- 6

- 2

- 6

- 4

+ 2

+13

+19

+13

+ 7

+ 3
+ 6

-3

+ 8
+10

+ 3
+ 6

0
- 3

0

+10
0

+14

+ 4

0

- 1

- 2

+ 8

+ 2

0

+ 11

+ 37

+104
+ 53

+ 11

+ 12
+ 8

+ 3

+ 1
- 6

+ 7
+ 14

+ 24
+ 7

0

+ 5

+ 6

+ 8

+ 16

- 5

- 6

- 3

+ 14

- 2

+ 13

-2

+ 2

+ 7

+15
0

+ 3

- 1

+ 5
+ 4

+ 3
+ 7

+ 6
+10

+ 1

+ 4

+ 2

+ 5

+ 1

+ 3

+ 4

+ 7

+1

+ 3

-2

-13

- 9

+10
+14

0

+ 6

- 5

- 9
- 8

- 4
+ 3

0

+ 4

+ I

- 2

- 3

- 3

- 6

- 4

- 8

- 1

+ 1

0

from this laboratory (3), and, in animals, from
other laboratories (19). Motley and his associ-
ates (3) found that pulmonary artery pressure
uniformly increases in normal subjects acutely ex-
posed to 10 per cent oxygen. Approximately one-
third of our patients with pulmonary disease man-
ifested a similar response to anoxia. However,
the failure of 28 of the 38 to have a significant
increase in pulmonary artery pressure at the end
of 15 to 20 minutes of anoxia deserves comment.
At least three other factors may be considered in

evaluating this finding: 1) The observed tendency
of the elevated pulmonary artery pressures to fall
towards initial levels in many of these patients as
breathing at the low level of oxygenation is con-
tinued; 2) the difference which may exist between
the response of the chronically anoxic (acclima-
tized) and normal subject to acute anoxia; and 3)
the significantly higher PO2 alveolar level attained
in these studies when compared to the previous
studies in normal animals and man (3, 19).
Whether a single mechanism is involved in the
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TABLE xii-Continued

Final con- Oxygen Pulmonary Brachial
cetation Ventilation* consump | 0 Heart Cada arte|Bp|bery/fardaoteryai ,,[|Cas* nsptired n9~iz cnu arterial MVBt rate index pressure pressuretCaa* ySglen '%' tiont blood? mm. Hg beats/mmx. % en ma
oxygen, mm. Hg ~~~~~~~~~~~~~~~~~~~mm.HZ mm. Hg

(b) From normal to low and to high oxygen

22 16 + 9.1 +11 +.06 - 7 - 4 +13 + 11 +17 +12
25 - 8 - 2 -.11 +11 + 1 0 - 7 - 5 -10

23 16 + 8.3 + 2 +.09 -24 - 4 - 1 0 + 8 +13
30 + 9.3 0 +.09 +39 + 4 - 6 0 + 3 + 9

24 16 -14.0 + 0.5 +.08 -15 - 2 + 5 + 9 + 2
25 + 7 + 7.5 +.03 + 9 + 2 0 - 24 0 + 5

25 17.4 + 8.1 0 +.04 -27 - 2 + 3 + 22 - 3 + 2
25 +12.1 + 5.8 +.06 +11 + 2 0 + 9 - 3 + 8

26 16 + 3.5 0 +.02 -27 - 3 +10 + 20 + 4 - 5
30 - 6.9 - 2.2 -.02 +43 + 7 + 4 0 + 1 - 4

27 17.4 0 - 9.3 +.06 -17 - 3 -10 0 + 5 - 3
25 0 - 8.8 +.05 +18 + 4 0 - 10 + 8 +15

28 17 0 - 4.1 +.07 -25 - 2 0 + 25 +10 -2
25 + 1.6 - 7.9 +.10 +12 + 3 + 3 0 - 2 0

(c) From normal to high oxygen

29 100 +11 +50 + 9 -8 - 10 - 3 + 2

30 25 +12 - 6 -.01 +12 + 1 + 3 - 12 + 3 +11

31 25 0 - 8 +.11 +11 0 - 2 - 5 -3 + 6
33 0 - 3 +.06 +19 0 - 3 0 -1 - 3

32 25 + 1 + 5 -.05 +29 + 5 + 8 0 + 8 +21

33 25 - 1 - 4 -.03 +17 + 7 + 3 - 4 + 5 - 7

34 100 - 4 +18 + 7 -6 - 13 - 3 + 3

35 30 - 7.0 - 2.7 -.02 +39 + 7 0 - 4 -1 + 5

*As in Tables I and II.
t Second level of oxygenation. Initial level in all instances was ambient or compressed air.
t As compared to study with ambient or compressed air.

cases in whom the pulmonary artery pressure in-
creased during anoxia is not clear. Indeed, our
data do not provide any information concerning
the contribution of the pulmonary veins or left
auricle to the elevation in the pulmonary arterial
'pressure. However, in this group of patients
with chronic pulmonary disease, an increase of
blood flow in a pathologically restricted vascular
bed may cause a rise in pulmonary arterial pres-
sure. This factor could be invoked in seven of
the 10 subjects in whom an increase in pulmonary
arterial pressure was observed following low
oxygen breathing.

Changes in cardiac output greater than 15 per

cent at the lower level of oxygenation occurred in
nine of the 47 determinations. Such marked
changes are of particular importance in the method
which Riley, Cournand and Donald (6) have re-
cently described for estimating the oxygen-diffus-
ing capacity and the ventilation-perfusion relation-
ships of the lung. Our data suggest that the as-
sumption of a relatively constant cardiac output
in subjects exposed to two levels of inspired oxy-
gen, an assumption which is essential to their
method, is most apt to be valid if extreme variation
in arterial oxygen tension is avoided by careful
selection of inspired oxygen mixtures and the use
of an oximeter. However, even with this precau-
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tion, a significant, but at the present time unpre-
dictable, increase in cardiac output may occur
in some patients with pulmonary disease.

SUMMARY

1. The circulatory responses of 35 patients with
pulmonary and cardiopulmonary disease to selected
levels of oxygenation (higher and lower than
room air) were investigated.

2. Particular care was exerted to arrive at a
"steady state" of the respiration and circulation.
The criteria for the "steady state" are defined;
the relation of the "steady state" to the applica-
bility of the Fick principle for cardiac output
measurement is discussed.

3. After the "steady state" was achieved in the
patients with chronic pulmonary disease exposed
to moderate anoxia, cardiac output remained un-
changed or increased. Conversely, an increase in
concentration of inspired oxygen caused either
no change or occasionally a slight fall in cardiac
output. The largest increases in cardiac output
during anoxia were associated with marked de-
creases in arterial oxygen pressure.

4. In response to anoxia, pulmonary artery pres-
sure increased significantly (more than 5 mm. Hg)
in a third of these patients with pulmonary disease
and remained unchanged in the others.
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