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Physiological investigations in patients with
mitral valvular disease usually have involved,
hitherto, the study of circulatory functions such as
pulmonary arterial pressure, pulmonary vascular
resistance, cardiac output and the changes in them
brought about by exercise and following treatment.
It is well known, however, that other aspects of
pulmonary function are affected in patients with
mitral stenosis and this paper deals with these less
well-studied functions.

I. Pathological Evidence of Lung Involvement in
Disease of the Mitral Valve

Parker and Weiss (1) were among the first to
point out that in addition to pulmonary edema,
morphological changes in the pulmonary vascular
bed could be demonstrated post mortem in patients
with mitral disease. They found changes particu-
larly in the lower lobes: dilatation of the pulmon-
ary capillaries with thickening of the capillary
basement membrane. Larabee, Parker, and Ed-
wards (2) described medial and intimal thickening
of the pulmonary arterioles. Welch, Johnson, and
Zinsser (3) described a case with obliterative vas-
cular lesion throughout all lobes of both lungs.
Other workers (4, 5) have confirmed the findings
of Parker and Weiss.

Critical analysis of these papers raises at least
three important questions: 1) are the lesions,
which have been described, specific for mitral sten-
osis; 2) are the lesions distributed throughout the
lungs in high concentration in most cases of mitral
stenosis; and 3) are these lesions of functional
significance? Although categorical answers can-
not be given to any of these questions, at least one

1 Aided by a contract between the Office of Naval Re-
search, Department of the Navy, and The Johns Hop-
kins University (NR 12-101).

authority believes that the first two must probably
be answered at present in the negative (6). The
findings to be reported in this paper bear on the
third question.

II. Physiological evidence of lung involvement in
mitral disease

It has been known for many years that increas-
ing degrees of pulmonary engorgement and edema
decrease the vital capacity and residual lung vol-
ume (7). Whencardiac comhpensation is restored,
these values return toward normal (8). Studies by
cardiac catheterization have shown a low cardiac
output and an increase in the pulmonary "capil-
lary" and pulmonary arterial pressures. The re-
sistance in the pulmonary vascular bed is also
increased (9).

CLINICAL MATERIAL

Twenty-nine patients in all stages of mitral valvular
disease were studied, the majority being patients in whom
mitral commissurotomy was being considered. All were
thought to have mitral stenosis alone with the exception
of patient No. 28 who had mitral insufficiency alone and
patients Nos. 9, 10, 12, 15, 17, 19, and 27 who had both
mitral stenosis and insufficiency. The classification of
valvular disease was based on clinical examination of the
heart.

METHODS

Functional studies were designed to make a preliminary
evaluation of pulmonary ventilation, circulation, distribu-
tion, and diffusion in resting patients.

Ventilation. A spirogram was obtained with the Col-
lins Ventilometer from which the carbon dioxide absorb-
ing mechanism had been removed, as described by Bald-
win, Cournand, and Richards (10). Vital capacity and
maximal breathing capacity determinations were done,
and the shape of the spirographic tracing was studied for
evidences of airway obstruction or other abnormality of
the breathing pattern.
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PULMONARYFUNCTION IN MITRAL VALVULARDISEASE

Circulation. On 15 of the patients, measurements of
cardiac output and pulmonary arterial pressure were made
in another laboratory in this hospital.2 Pulmonary "cap-
illary" pressure was determined in 11 patients by the
method of Dexter and his coworkers (11).

Distribution. The distribution of inspired gas and mixed
venous blood to alveoli in different parts of the lung was
evaluated by methods first described by Lilienthal, Riley,
Proemmel, and Franke, and subsequently elaborated by
Riley, Cournand, Donald, and Renzetti (12-15). Estima-
tion of the degree to which distribution was impaired was
based upon comparison of the actual concentration of
respiratory gases in the gas and blood leaving the lungs
(expired gas and arterial blood) with the theoretical con-
centrations ("effective" alveolar gas and "effective" cap-
illary blood) which would have existed if the ventilation-
perfusion ratio had been constant in all parts of the lung.
The difference between the expired gas and the "effective"
alveolar gas was used in calculating the amount of dead
space gas (inspired gas) which, if added to the "effective"
alveolar gas, would yield a mixture with composition iden-
tical to that of the expired gas. This amount of dead
space gas was then expressed as a percentage admixture
of dead space gas by taking the final step:

Per cent dead space admixture = W X 100.J

The difference between the arterial blood and the "effec-
tive" capillary blood was used in calculating the amount of
mixed venous blood which, if added to the "effective" cap-
illary blood, would yield a mixture with composition iden-
tical to that of the arterial blood. This amount of mixed
venous blood was then expressed as a percentage of ve-
nous admixture in the following manner:

Per cent venous admixture = Qva X 100.'Qt
The percentages of dead space admixture and venous ad-
mixture represent the form in which the degree of impair-
ment of distribution of gas and blood throughout the lungs
is expressed quantitatively.

Dead space, as the term is used here, is occupied by gas
of two kinds: gas exhaled from non-perfused parts of
the lungs, which therefore has not taken any part in gas
exchange, and gas exhaled from relatively poorly perfused
alveoli. The term dead space thus includes true dead
space and a dead-space-like contribution. Venous admix-
ture is also made up of two parts. One is contributed
by blood which has passed through non-ventilated regions,
such as direct pulmonary arterio-venous communications,
dense fibrotic tissue and non-ventilated alveoli. Small
contributions from Thebesian and anterior cardiac veins
are also included if they empty into the oxygenated stream
beyond the alveoli. The other part consists of blood which
has passed through relatively poorly ventilated alveoli.

2Weare indebted to Dr. Henry Bahnson, Dr. Richard
Bing, and the Surgical Physiology Laboratory for the
hemodynamic studies.

3 See table of symbols.

The term venous admixture thus includes true venous ad-
mixture and a venous-admixture-like contribution. Dead
space and venous admixture values cannot be subdivided
into their component parts on the basis of data to be pre-
sented in this paper. Furthermore, since both terms will
be used in the expanded sense just defined, the values do
not necessarily correspond to those obtained by other
methods.

The upper limit of normal values for the ratio of dead
space to tidal volume is considered to be 0.30 and the up-
per limit for the ratio of venous admixture to total blood
flow is considered to be 0.06. Abnormally high values for
either dead space or venous admixture ratio are interpreted
as indicating abnormal variations in the ventilation-
perfusion ratio in different parts of the lung. In general,
a high percentage of dead space indicates ventilation of
areas which are poorly perfused or non-perfused, and a
high percentage of venous admixture indicates perfusion
of areas which are poorly ventilated or non-ventilated.

Diffusion. The diffusion characteristics of the lung
were estimated by determining the diffusing capacity for
oxygen, which is the amount of oxygen in ml. which would
diffuse across the alveolo-capillary membrane in one min-
ute if the oxygen partial pressure gradient was 1 mm. Hg.
The diffusing capacity can be expressed mathematically
as follows:

PeAO2 - P,o2

The determination of diffusing capacity involves the same
technical procedures as those required for evaluation of
distribution characteristics. These will be discussed far-
ther on in the text.

The diffusing capacity is primarily a function of the
area of the diffusing surface and of the permeability of
the surface per unit area. The total area of the surface de-
pends upon the number and size of the pulmonary capil-
laries across whose walls gas exchange takes place. The
permeability of the diffusing surface per unit area depends
upon the character of the alveolo-capillary interface. Theo-
retical considerations suggest that, when there are wide
variations in the permeability per unit area of membrane
in different parts of the lung, the method may give val-
ues for diffusing capacity which are a little low (16).
Such an error, if present, would tend to exaggerate the
degree of abnormality in the patients with low diffusing
capacity.

Resting values for diffusing capacity vary considerably
in normal subjects, and only a few values, obtained by the
method employed in this study, have been published (12).
This is partly because the technics for determining blood
gas tensions are not sufficiently accurate to permit con-
fident interpretation of small alveolo-capillary gradients.
These difficulties are reduced when patients with lowered
diffusing capacity are studied, because in these instances
the pressure gradients are bigger than normal and the er-
ror in the final calculation resulting from technical inac-
curacies is reduced. In terms of diffusing capacity per
square meter, values below nine will be considered ab-
normal for resting subjects.
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TABLE I*
The venous admixture ratios and difusing capacities per square meter body surface cakulated using

assumed values for Sc - So of 20, 30, and 40 per cent saturationt

Sc-SV20 Sc"-Sv 30 Sc"-Sv-40

QvaX 0 Do, Q.vaXoo Doh Qva X Dh
Case No. Qt m' Qt 'Qt

Group I 1 7 N 5 N 4 N
2 4 N 3 N 2 N
3 2 N 1 N 1 N
4 5 N 4 N 3 N
5 1 N 1 N 1 N
6 1 N 1 N 1 N
7 2 N 1 N 1 N

Group 2 8 3 N 2 N 2 N
9 11 N 8 N 6 N

10 10 11 7 10 5 8
11 8 12 6 11 4 9
12 18 N 13 N 9 N
13 17 11 12 11 9 9

Group 3 14 6 7 4 5 3 5
15 10 7 7 6 5 5
16 6 9 5 8 3 7
17 8 9 6 8 4 8
18 11 6 8 5 6 5
19 6 8 4 8 3 7

Group 4 20 2 7 2 6 1 6
21 9 6 6 6 4 5
22 10 8 7 7 5 6
23 20 6 13 6 10 5
24 9 5 6 4 5 4
25 16 6 11 6 8 5
26 19 5 13 5 10 5
27 15 8 10 6 8 6
28 13 7 8 7 6 6
29 2 5 1 5 1 4

* This table gives a quantitative idea of the magnitude of errors which may be introduced when assumed values
are used for mixed venous blood saturation.

t See table of symbols for definition of headings.

TECHNICAL CONSIDERATIONSIN THE ANALYSIS OF

DISTRIBUTION ANDDIFFUSION

The analysis of distribution and diffusion involved the
simultaneous sampling of expired gas and arterial blood,
with the patient breathing, first, room air and, then, a low
oxygen gas mixture. The volume of expired gas was

measured and samples of expired gas were analyzed for
oxygen and carbon dioxide concentration. Arterial blood
was analyzed for oxygen and carbon dioxide tension.
The pH of the arterial blood was not determined (17).
The oxygen saturation of the mixed venous blood was

estimated, either on the basis of average values for ar-

terio-venous difference found in other patients with mitral
stenosis or on the basis of information gained by cardiac
catheterization in the same patient within eight days of
the respiratory study. The use of the estimated values
for mixed venous blood saturation is justified by the fol-
lowing considerations: 1) The venous admixture ratio and
diffusing capacity, which are the determinations whose
calculation involves a value for mixed venous Wlood, are

relatively insensitive to the exact value for mixed venous
blood which is used; 2) an estimate of mixed venous blood
saturation can be made which is believed to be adequate
for present purposes; and 3) there are practical difficul-
ties associated with the performance of cardiac catheteri-
zation. These three points require detailed consideration.

1) Relative insensitivity of the diffusing capacity and ve-
nous admixture ratio to the value used for mixed

venous blood saturation
Justification for the use of assumed values for the satu-

ration of mixed venous blood depends in large measure
upon the magnitude of the errors which would result if
the assumed values were wrong. Accordingly, we have
calculated all the data to be presented in this paper using
values for the difference in saturation between "effective"
capillary and mixed venous blood which are 10 per cent on
either side of the more probable value of 30 (see below).
In Table I the calculations using 20 and 40 per cent are
to be compared with the values obtained when 30 per
cent was used. These data provide quantitative infor-
mation regarding the magnitude of the errors which may
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be introduced as a result of assuming values for mixed
venous blood saturation. Errors of this order would not
alter the interpretations presented below, nor would they
greatly alter the classification of patients to be presented
except in the case of Group 3.

2) Basis for estimated values for mixed venous blood
saturation

Average values for the arterio-venous difference in oxy-
gen saturation of patients with mitral stenosis can be
judged from the experience gained by other workers who
have used cardiac catheterization. Thirty-six patients
with mitral stenosis were studied in another laboratory of
this hospital. The mean and the median value for arterio-
venous difference in oxygen saturation was 30 per cent,
with a range extending from 15 to 50 per cent (18).
Among 15 patients with mitral stenosis studied by Curti
and Cohen, the mean saturation difference between "ef-
fective" capillary blood and mixed venous blood was 34
per cent, with a median value close to 30 per cent and a
range extending from 20 to 60 per cent (19). It thus
appears that a reasonable estimate of mixed venous blood
oxygen saturation in patients with mitral stenosis who are
being evaluated for commissurotomy can be made by sub-
tracting 30 per cent from the oxygen saturation of the
"effective" capillary blood. Wehave followed this prac-
tice when samples of mixed venous blood were not avail-
able.

The possibility must be considered of a change in ar-
terio-venous difference when patients with mitral stenosis
are changed from room air to low oxygen breathing.
In 10 patients with mitral stenosis who were breathing
13 per cent oxygen, Bahnson (18) found an increase in
the arterio-venous difference in five, no significant change
in three, and a decrease in two, as compared to the values
obtained on room air. Curti and Cohen (19) studying 14
patients with mitral stenosis, found extraordinary con-
stancy of the saturation difference between "effective"
capillary blood and mixed venous blood when the patients
breathed first room air and then 15 per cent oxygen. We
have, therefore, used the same saturation difference in es-
timating the oxygen saturation of the mixed venous blood
when the patient breathed low oxygen, as was used when
the patient breathed room air.

Fifteen of the patients reported in this paper were
catheterized. In 12 of those the catheterization was per-
formed within eight days of the respiratory studies and
no apparent clinical change took place in the interval.
These patients were considered to be in optimal condition
for commissurotomy and in a stable state of cardiac com-
pensation. In these patients, the estimation of mixed ve-
nous blood saturation was based on the arterio-venous
difference found on catheterization. Only one patient,
(number 24, first study) had respiratory studies performed
during cardiac catheterization.

3) Practical difficulties associated with cardiac
catheterization

One undesirable feature of cardiac catheterization is the
limitation on the number of times the procedure can be

repeated. For example, patient number 24 was studied
10 times from the respiratory point of view in an effort
to evaluate the effects of ACTHtherapy as well as com-
missurotomy (20). Three of these studies are shown in
Tables XI, XII, XIII, and XIV. Catheterization was
performed three times, after which no more suitable veins
could be found.

A second consideration is the possibility that the pul-
monary function of patients with mitral stenosis may
change as a result of the sedation, prolonged immobiliza-
tion in the supine position, infusion of fluid and psycho-
logical stress which often accompany cardiac catheteriza-
tion. In 15 patients on whom Curti and Cohen (19)
performed respiratory studies during catheterization, the
venous admixture ratios were in general higher than ours.
Because these patients were roughly comparable on the
basis of clinical and hemodynamic criteria and because
no technical reason seems to be implicated, it is possible
that the venous admixture values may have risen as a
result of subclinical pulmonary edema associated with the
catheterization study. This would be consistent with the
occasional development of frank pulmonary edema during
catheterization which has been observed both at this hos-
pital and elsewhere. Better evaluation of this aspect of
the problem, as related specifically to patients with mitral
stenosis, is planned.

These considerations are believed to justify the omis-
sion of cardiac catheterization at the time of the respira-
tory studies.

The effects of differences in the state of the patient dur-
ing the periods of high and low oxygen breathing also re-
quire critical consideration. We shall discuss first the
question of an unsteady state and then the question of a
changed state during low oxygen breathing.

Unsteady state during low oxygen breathing

There is no doubt that some of the patients herein re-
ported did not reach a completely steady state during the
periods of low oxygen breathing. This is indicated by
the high values of the CO2 to 02 exchange ratio (R) and
is further suggested by the low values for oxygen con-
sumption during low oxygen breathing (21). Further-
more, there is no doubt that unsteadiness of this type
causes an error in the calculated diffusing capacity. Pre-
liminary studies in which serial samples of expired gas and
arterial blood were taken at intervals during a 30 minute
period of low oxygen breathing indicate that the presence
of an unsteady state causes the calculated diffusing capacity
to be somewhat low. After a 15 minute period on low
oxygen, however, the magnitude of the error in diffusing
capacity is negligible and in the case of patients with mitral
stenosis, continuation of low oxygen breathing for longer
periods increases the possibility of altering the pulmonary
function by causing congestive changes. It is believed
now that a period of 15 minutes on low oxygen, before
collection of samples, usually constitutes a good compro-
mise when evaluating diffusion at rest in patients with
mitral stenosis.
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TABLE II

Physical characteristics, vital capacity, and maximal breathing capacity of patients in Group 1*

Predicted values Measured values Per cent
predicted

Age Sex B.S.A. PB V.C. M.B.C. V.C. M.B.C. V.C.
1. D. D. 26 F 1.64 758 3,080 97 3,330 97 108
2. T. P. 39 M 1.77 763 3,950 117 3,930 135 99
3. CT 36 F 1.44 755 2,740 84 2,520 98 92
4. RIT 21 M 1.85 759 4,400 140 4,410 173 100
5. D. B. 40 F 1.88 761
6. R. R. 31 F 1.57 753 3,548 88 3,100 70 87
7. V. B. 32 F 1.48 758 2,840 87 3,240 130 114

* B.S.A. = body surface area.
V.C. - vital capacity.
M.B.C. - maximal breathing capacity.
PB = barometric pressure, in mm. Hg.

The period actually used in the studies reported in this stenosis. This finding does not in itself prove that no
paper varied from nine and one-half to 15 minutes. Al- change in state occurs when patients with mitral steno-
though the shorter periods may have led to inaccuracies in sis are permitted to breathe a low oxygen mixture, but it
the calculated diffusing capacities, there are reasons, to be suggests that the cardiac output does not change greatly.
presented below, for believing that the interpretation of The possibility of a minor change in state raises ques-
the data has not been materially affected. tions related to the technic of analyzing the alveolar-ar-

terial tension gradient at two levels of oxygenation. As re-
Changed state during low oxygen breathing cently described (14), the assumption was made that the

The possibility that during low oxygen breathing the mean alveolo-capillary oxygen gradient and the venous ad-
state of the patient may be different from that during air mixture ratio remain constant at the two levels of oxy-
breathing deserves consideration. It has been demon- genation. If a minor change in state occurs, there may
strated, for example, that severe degrees of hypoxia may be small changes in the mean gradient and in the venous
cause an increase in cardiac output in patients with admixture ratio. The question under consideration is,
chronic pulmonary disease (22). The evidence presented therefore, do such changes seriously interfere with the
in the preceding section however (Basis for estimated val- system of analysis.
ues for mixed venous blood saturation, paragraph 2) sug- In most of the studies to be reported, the alveolar po,
gests that the arterio-venous difference in oxygen satura- during room air breathing was 100 mm. Hg or higher,
tion remains relatively constant in patients with mitral and the diffusion gradient at this level was less than 1 mm.

TABLE III

Ventilatory data and arterial blood tensions of patients its, Group 1 *

Plo2 P"AO2 Pao2 Pacog PEco2 VE f VIP"P VO2 R T
1. D. D. 149 115 99 28 21 7.7 13 35 235 .80 11I

83 55 54 28 20 7.8 14 35 193 .95 15

2. T. P. 150 109 100 38 26 8.6 14 35 290 .90 14
99 62 58 37 24 9.7 15 35 281 .98 15

3. C. J. 148 106 102 35 14 6.6 15 55 200 .79 10
94 64 71 28 9 7.8 17 55 184 .93 13

4. R. H. 149 107 97 35 25 7.4 13 35 268 .80
100 59 57 35 27 8.0 15 35 285 .86

5. D. B. 149 104 102 39 25 6.6 12 88 229 .83 -
84 45 42 37 22 7.4 13 88 203 .94

6. R. R. 148 94 92 42 27 5.3 17 35 223 .74 15
98 53 50 43 25 6.3 17 35 187 .95 15

7. V. B. 151 108 104 33 21 8.6 21 55 271 .77 10
78 41 36 33 20 8.5 21 55 216 .90 10

* See table of symbols for definitions of headings.
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TABLE IV
Distribution, diffusion, and Iemodynamic findings on patients in Group 1*

VD/VTo Qva/Qt Pressures Measured Assumed
Vne X100 X100 Do2/m2t PA(m)t Cap.$ Sa - Sv Sce - Svi C.I.t Dyspnea§

1. D. D. 109 19 4 N 41 35 35 1.60 ++
121 24

2. T. P. 147 26 3 N 30 +
175 29

3. C.J. 120 30 1 N 15 12 32 30 2.12 +
95 22

4. R.H. 117 23 4 N 30 0
94 -18

5. D. B. 115 24 1 N 3011 2011 30 3.111 0
151 32

6. R.R. 81 29 1 N 30 +
100 29

7. V. B. 94 26 1 N 30 0
106 30

* See table of symbols.
t The diffusing capacity is divided by the body surface area in order to take account, in at least an approximate

manner, of the differences in body size. When the diffusion gradient at the low oxygen level was less than 6 mm. Hg,
the diffusing capacity has been classified as normal, since small technical errors lead to large errors in the calculation
under these circumstances (25, 26). In some of the cases in Groups 1 and 2, an insufficient degree of induced hypoxia
contributed to the smallness of the diffusion gradient.

t PA(m) mean pulmonary artery pressure in mm. Hg,
Cap. -capillary pressure in mm. Hg,
C.I. = cardiac index:cardiac output in liters per minute, per square meter body surface area.

§ 0 = asymptomatic; + - mild dyspnea on exertion; ++ - moderate dyspnea on exertion; +++ = severe
,dyspnea on exertion.

11 Values obtained at catheterization four months prior to respiration studies.

Hg. This insignificant diffusion gradient would have re-
mained insignificant in spite of small changes in the mean
alveolo-capillary gradient and such a change would there-
fore not have distorted the predominant venous admixture
gradient During low oxygen breathing the arterial po0
was usually lowered to the vicinity of 40 mm. Hg, where
the venous admixture gradient became very small. This
small gradient would have remained small in spite of
minor changes in the venous admixture ratio and such a
change would therefore not have appreciably affected the
predominant diffusion gradient The choice of values for
"effective" capillary oxygen tension, which approximate
100 mm. Hg at the high level and 40 mm. Hg at the low
level, makes the evaluation of venous admixture virtually
independent of the evaluation of diffusion except when
extreme abnormalities are involved.4 Because of this
fact, technical aspects of the respective determinations are
ordinarily not affected by slight changes in the state of
the patient

Wethus conclude that the changes occurring during low
oxygen breathing in these patients with mitral stenosis
were probably small and that small changes in state in-

4This constitutes a change from recommendations pre-
viously made as to the choice of oxygen levels (14). A
more complete discussion of this matter will be published
shortly (23).

troduce no significant technical difficulties if the levels
of oxygenation are properly chosen.

RESULTS

The patients were divided into four groups on
the basis of their distribution and diffusion charac-
teristics. The groups were as follows:

Group
bution;

Group
bution;

Group
bution;

Group
bution;

1: Normal diffusion, normal distri-

2: Normal diffusion, abnormal distri-

3: Abnormal diffusion, normal distri-

4: Abnormal diffusion, abnormal distri-

The findings were as follows:

Normal diffusion and distribution-Group 1
(Tables II, III, and IV)

Of the 29 cases studied, seven had normal re-

spiratory function with respect to the categories
studied. In one of these, no vital or maximal
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TABLE V

Physical characteristics, vital capacity, and maximal breathing capacity of patients in Group 2*

Predicted values Measured values Per cent
predicted

Age Sex B.S.A. PB V.C. M.B.C. V.C. M.B.C. V.C.

8. B. N. 33 F 1.47 766 3,010 82 2,760 70 92
F9. A. C. 40 F 1.51 762 2,880 79 2,520 60 88
10. W. S. 46 M 2.12 769 4,240 115 4,200 92 99
11. A.W. 35 M 1.57 759 4,040 107 3,400 85 84
12. D. S. 43 M 1.78 769 4,000 112 4,330 100 108
13. C. M. 30 M 1.58 754 4,200 125 2,964 103 71

* See footnote to Table II for explanation of abbreviations.

TABLE VI

Ventilatory data and arterial blood tensions of patients in Group 2*

PIO2 PAo02 Pao2 Paco2 PEco2 VE f VDSPP' VO2 R T

8. B. N. 150 114 107 32 22 6.3 12 35 186 .85 14
96 60 60 32 21 5.7 11 35 167 .85 15

9. A. C. 149 108 88 35 22 7.0 14 35 203 .85 11
99 56 54 36 20 7.3 19 35 208 .83 12

10. W.S. 151 111 91 35 23 9.8 17 35 322 .86 12
82 50 42 31 21 10.5 17 35 286 .97 11

11. A.W. 149 102 88 41 22 7.9 16 35 233 .85 12
99 58 48 38 19 10.5 16 35 297 .93 15

12. D.S. 151 120 83 31 18 14.1 26 110 286 1.00
102 55 48 39 18 9.7 22 110 249 .81

13. C. M. 148 105 79 40 21 10.5 20 55 279 .92
85 53 42 31 16 13.3 23 55 256 .97

* See table of symbols for definitions of headings.

TABLE VII

Distribution, diffusion, and hemodynamic findings on patients in Group 2*

VDC/VTe Qva/Qt Pressures Measured Assumed
Vn" X100 X100 Doh/m't PA(m)t Cap.: Sa-SV Sce-Svi C.I.$ Dyspnea§

8. B. N. 123 39 2 N 30 +
133 36

9. A. C. 147 32 8 N 30 +
132 38

10. W. S. 163 30 7 10 30 +
169 34

11. A.W. 198 43 6 11 30 +
288 47

12. D.S. 124 28 13 N 30 +
126 38

13. C. M. 195 41 12 11 4711 2611 39 30 2.46 +
227 43

* See table of symbols for definitions of headings.

*}See footnotes to Table IV.

Values obtained at catheterization four months prior to respiration studies.
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breathing capacity was recorded, but in other as-

pects the findings were normal. In Case 6, the
vital capacity and maximal breathing capacity
were slightly low, but because the other findings
were normal, the patient was included in this
group.

Three of these patients were catheterized.
Case 3 had normal mean pulmonary arterial pres-

sure and normal "capillary" pressure. Case 5
showed moderate elevation of pulmonary arterial
pressure, and Case 1 showed a more striking ele-
vation. Clinically, all were in cardiac compensa-

tion at the time of study. Cases 1, 2, and 6 had
moderate dyspnea on exertion. None was thought
to have mitral insufficiency.

Normal diffusing capacity wcith abnormal distri-
bution-Group 2 (Tables V, VI, and VII)

There are six patients in this group. All of
these had high dead space to tidal volume ratios.

Case 8 had a normal venous admixture to total
flow ratio, Case 12 had a high ratio and the re-

maining patients showed moderate elevation. No
patient in this group had normal maximal breath-
ing capacity, although two had normal vital ca-

pacities. All these patients had moderate dyspnea
on exertion. Case 9, 10, and 12 had apical mur-

murs suggesting mitral insufficiency in addition
to mitral stenosis. Cardiac catheterization showed
rather striking elevation in pulmonary arterial and
"capillary" pressures in the one patient on whom
these measurements were made.

Low diffusing capacity with normal distribution-
Group 3 (Tables VIII, IX, and X)

Six patients had low diffusing capacities, but
normal dead space to tidal volume ratios and nor-

mal venous admixture to total blood flow ratios.
Vital capacity was measured in five cases and was

within normal limits in four. Maximal breathing

TABLE VIII

Physical characteristics, vital capacity, and maximal breathing capacity of patients in Group 3*

Predicted values Measured values Per cent
predicted

Age Sex B.S.A. PB V.C. M.B.C. V.C. M.B.C. V.C.

14. D. R. 44 F 1.73 756 2,930 87 3,380 109 115
15. V.N. 26 F 1.31 757 - -
16. J.W. 24 F 1.55 766 3,013 109 3,750 81 125
17. D. Do. 26 F 1.67 756 3,140 95 3,488 102 115
18. M. C. 21 F 1.41 757 3,120 - 2,250 - 72
19. R. F. 54 F 1.54 747 2,340 73 2,390 79 102

* See footnote to Table II for explanation of abbreviations.

TABLE IX

Ventilatory data and arterial blood tensions of patients in Group 3*

PIOg2 PAo2 Pao2 Pacos PECO" V1 f VDM"P Vo2 R T

14. D. R. 148 108 97 36 23 8.8 10 110 264 .88 -
100 64 53 33 22 7.8 11 110 217 .90

15. V. N. 149 119 95 24 18 6.2 18 35 156 .81 15
99 65 52 30 22 7.5 17 35 169 .86 15

16. J.W. 150 102 91 38 26 4.4 11 35 158 .81 14
82 50 41 32 22 7.5 10 35 192 1.03 15

17. D. Do. 148 102 88 32 25 7.4 17 35 301 .70 13
81 50 34 28 22 9.4 15 35 256 .91 13

18. M. C. 148 109 89 34 20 7.5 21 55 215 .82 12
101 67 46 32 19 8.9 21 55 207 .94

19. R.F. 147 111 98 32 23 7.2 10 55 218 .89 10
89 51 41 39 23 7.6 20 55 197 1.02 101

* See table of symbols for definitions of headings.
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TABLE X

Distribution, diffusion, and hemodynamic findings on patients in Group 3*

Vbe/V,e Qva/Qt
P

Measured Assumed
VIo X100 X100 Dod/m't PA(m)t Cap.t Sa - SV Sce - Sv C.I.t Dyspneaf

14. D. R. 202 24 4 5 30 ++
125 22

15. V. N. 65 20 4 5 75 47 50 1.71 +
90 22

16. J.W. 110 26 5 8 30 +
183 26

17. D. Do. 67 17 6 8 31 25 23 25 +
105 18

18. M. C. 88 29 6 5 38 21 34 35 3.40 +
110 33

19. R. F. 142 21 4 8 28 27 28 30 2.31 +
97 30

* See table of symbols for definitions of headings.

t}See footnotes to Table IV.

capacity was measured in four and was normal in study was done when the patient had reached op-
three. Pulmonary vascular pressures were ele- timal cardiac compensation and is used for com-
vated in the four patients who were catheterized. parison with the studies on other patients in this

Exertional dyspnea was marked in Case 14 and series. Four patients had high dead space to tidal
moderate in the remainder. Cases 15, 16, and 19 volume ratios with normal venous admixture to
had apical systolic murmurs in addition to apical total flow ratios. One case had normal dead space
diastolic murmurs. to tidal volume ratio with high venous admixture

ratio. The remaining six patients had elevation
Low diffusing capacity wIth abnormal distribution of both dead space and venous admixture ratios.

-Group 4 (Tables XI, XII, and XIII) The vital capacity was reduced in all cases in

Ten patients had low diffusing capacities and Group 4, but in five, the maximal breathing ca-

abnormal distribution of blood and gas. Two pacity was normal.
studies are recorded for Case 24. The second In eight patients pulmonary arterial pressure

TABLE XI

Physical characteristics, vital capacity, and maximal breathing capacity of patients in Group 4*

Predicted values Measured values Per cent
predicted

Age Sex B.S.A. PB V.C. M.B.C. V.C. M.B.C. V.C.

20. G. B. 39 F 1.53 763 2,920 85 2,760 84 95
21. F. G. 25 F 1.53 761 3,125 95 2,830 93 91
22. E. G. 28 F 1.43 768 3,500 99 2,850 57 82
23. J. A. 24 M 1.99 756 4,560 147 3,480 83 76
24. R. D. 39 F 1.45 764 2,890 77 1,968 88

R. D. 39 F 1.45 750 2,890 77 2,080 100 72
25. L. E. 32 F 1.39 765 2,700 82 2,420 68 -
26. G. M. 44 F 1.41 752 2,810 86 2,360 43 84
27. M. C. 40 F 1.44 749 2,705 83 2,162 98 80
28. R. R. 43 M 1.58 762 3,480 101 3,280 95 94
29. B. L. 39 F 1.59 754

* See footnote to Table II for explanation of abbreviations.
t Case 24 was restudied three days prior to operation, at which time she was in optimal clinical condition.
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TABLE XII

Ventilatory dafa and arterial blood knsmions of patiens in Group 4*

PI02 P'AO

20. G. B. 150 98
96 55

Pao, Paco2
94 42
46 38

PECO2

22
21

i/B f VD!PP.
6.2 18 35
6.4 18 35

21. F.G. 149 111 93 36 19 8.9 22 55 208 .94 15

105 65 51 35 19 9.6 21 55 205 e .98 12

22. E.G. 152 105 88 41 25 5.8 13 55 236 .87 15

88 55 41 33 22 6.9 15 55 209 1.00 13j

23. J.A. 148 108 78 36 20 12.5 19 35 322 .91
98 67 47 34 19 14.7 18 35 296 1.09

24. R. D.t 175 143 52 27 15 11.9 22 65 245 .82
129 104 41 23 13 15.0 27 65 219 1.00 -

R. D.: 147 105 88 39 20 8.3 16 110 215 .91
112 73 56 35 18 7.8 15 110 178 .87

25. L. E. 152 106 81 38 22 7.7 19 55 235 .82
88 57 39 35 20 8.6 13 55 178 1.13

10
9

26. G. M. 148 112 80 33 18 9.2 21 55 213 .92 10
86 58 38 30 16 10.9 18 55 183 1.08 10

27. M. C. 149 109 84 33 19 8.4 21 55 223 .82 10
89 60 47 30 16 11.6 23 55 204 1.05 9j

28. R. R.

29. B.L.

150 97 80 45 22 8.4 19 55 256 .82 10
95 54 36 39 18 11.3 22 55 237 .95 14j

147 94 91 41 18 5.6 21 65 160 .73
98 57 46 38 16 7.5 27 65 153 .92

* See table of symbols for definitions of headings.
t Study performed during cardiac catheterization one and one-half months prior to operation.
$ Respiratory study done three days prior to operation at which time the patient was in optimal clinical condition.

was obtained at rest and was uniformly elevated.
Pulmonary "capillary" pressure, obtained in six,
was elevated in all except Case 22. In this patient,
catheterization was repeated, and the same low
"capillary" pressure was obtained. All patients in
Group 4 had severe dyspnea on exertion, being
unable to walk up a flight of stairs without stop-
ping. All had severer dyspnea than any patient
in any other group.

DISCUSSION

Further remarks on technical matters

Since the findings in these studies have led to
the grouping of patients in four categories and
since the data will be interpreted in terms of this
grouping, it is important to be sure that technical
errors have not led to a false classification. The
likelihood of errors in classification resulting from
erroneous estimates of mixed venous blood satura-

tion can be judged from Table I. The use of the
values for venous admixture ratio and diffusing
capacity appearing in columns 1 or 3 (Sce -Sv =

20 or Sc - SV = 40) would cause Case 1 to move

from Group 1 to Group 2, Case 10 to move from
Group 2 to Group 3 and Case 22 to move from
Group 4 to Group 3. Thus, Groups 1, 2, and 4
would remain intact with the exception of one case

in each group. Group 3 is less solidly established
since the classification of four of the six patients
(Cases 15, 16, 17, and 18) would be changed as

a result of possible errors in the assumed values
for mixed venous blood saturation. This is a

manifestataion of the fact that the patients in
Group 3 tend to be close to the borderline between
normal and abnormal with respect to both diffu-
sion and distribution.

The classification might also be altered as a re-

sult of the patient's not having reached a steady
state during low oxygen breathing. This type of

Vo2
205
172

R T

.78 13

.92 15
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error, by producing erroneously low values for
diffusing capacity, might have caused patients,
who belonged in Groups 1 and 2, to be placed in
Groups 3 and 4. Again, suspicion falls upon the
borderline cases in Group 3, some of whommight
have shifted to Group 1 if they had reached a

steady state. It is less likely that the cases in
Group 4 were improperly classified because most
of them had such low diffusing capacities that even

a considerable increase would not have brought
them into the normal range.

Clinical correlations

Of the clinical signs and symptoms, the degree
of exertional dyspnea was best correlated with the
physiological grouping. In Group 1, dyspnea was

mild or absent; in Groups 2 and 3, it was mild or

moderate; in Group 4 it was uniformly severe.

Dyspnea has long been considered a manifesta-
tion of pulmonary congestion, which, as will ap-
pear below, contributes to abnormalities of distri-
bution. Dyspnea is also associated with impaired
diffusion (24). It is not surprising, therefore,
that the patients in Group 4, who had impairment
of both distribution and diffusion, suffered from
the most severe dyspnea.

There was no correlation between the duration
of signs and symptoms and the severity of the
physiological abnormalities in these patients.

Pulmonary vascular pressures

In three patients the pulmonary "capillary"
pressure may have been in error. In Cases 3 and
19, the mean pulmonary arterial and "capillary"
pressures were so close that there is a question
as to whether the catheter was adequately wedged

TABLE XIII

Distribution, diffusion, and hemodynamic findings on patients in Group 4*

VDC/VTe Qva/Qt Pressures Measured Assumed
Via' X 100 X 100 Do2/m2t PA(m)t Cap.t Sa - Sv~ Sc" - Sv C.I. Dyspnea§

20. G. B. 131 43 2 6 45 19 30 30 1.89 +++
124 38

21. F.G. 137 38 4 5 65 6 42 40 1.97 +++
161 39

22. E.G. 119 30 7 7 43 22 30 30 2.39 +++
110 26

23. J.A. 271 43 13 6 8811 3211 3011 30 2.9211 +++
324 42

24. R.D. 184 39 26 2 94 - 35 50 2.60 +++
211 43

R. D. 148 35 6 4 30 +++
144 35

25. L.E. 124 35 7 5 57 54 50 2.00 +++
219 37

26. G. M. 141 37 11 5 49 18 36 35 1.52 +++
238 43

27. M.C. 122 35 7 6 47 27 43 40 1.75 +++
181 40

28. R. R. 169 45 8 7 30 +++
224 48

29. B. L. 87 42 1 5 30 +++
124 47

* See table of symbols for definitions of headings.

1iSee footnotes to Table IV.

| Values obtained at catheterization 10 months after respiratory studies.
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when the pulmonary "capillary" pressure was re-
corded. In Case 21, the pulmonary "capillary"
pressure was found to be 6 mm. Hg on two differ-
ent occasions. This patient had severe mitral
stenosis at operation and was dramatically im-
proved by commissurotomy. It seems unlikely
that such a low pulmonary "capillary" pressure
could exist in a patient with severe mitral stenosis.

Some evidence regarding the early sequence of
events in patients with mitral stenosis can be
gleaned from the studies in Group 1. Among these
patients with normal respiratory function, there
were three whose pulmonary arterial pressures
were measured, and in two of these, the pressure
was significantly elevated. Thus it appears that
elevation of pulmonary vascular pressures may
precede abnormalities of pulmonary function as
measured by the technics used in this study.

Further correlations between hemodynamic and
respiratory findings are uncertain because the
measurements were not simultaneous. For pur-
poses of this report, the hemodynamic data simply
serve to indicate, in terms which have become rela-
tively familiar, the severity of the disease process
under consideration.

Vital capacity and maximal breathing capacity

The vital capacity and maximal breathing ca-
pacity were usually normal in Groups 1 and 3 and
were usually reduced in Groups 2 and 4. In pa-
tients with cardiac disease, a low vital capacity and
reduced maximal breathing capacity have long
been thought to indicate pulmonary congestion.
These changes may result from decreased lung dis-
tensibility and retractability and from obstruction
of the smaller airways caused by tissue edema and
free fluid within the airways.

Distribution characteristics

In general, variations in the ventilation-perfu-
sion ratio in different parts of the lung tend to ele-
vate both the venous admixture ratio and the dead
space ratio (13). Obstruction of airways may per-
mit perfusion of poorly ventilated areas and lead
to a high venous admixture ratio, while obstruc-
tion of blood channels may permit ventilation of
poorly perfused areas and lead to a high dead space
ratio. Because of their common relationship to
vascular congestion and edema, it is not surprising

that reduction in vital capacity and maximal breath-
ing capacity proved to be characteristic of the
same groups in which the distribution of gas and
blood to the alveoli was abnormal (Groups 2 and
4).

This relationship is supported by the correlation
between vital capacity and dead space ratio shown
in Figure 1. The correlation is as good as can be
expected between two functions which are affected
independently by factors other than vascular con-
gestion and edema. It is at least consistent with
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FIG. 1. CORRELATIONBETWEENVITAL CAPACrrY AND

DEAD SPACERATIO
Open triangle = Group 1.
Closed triangle = Group 3.
Open circle = Group 2.
Closed circle = Group 4.

the belief that both the vital capacity and the dead
space ratio are affected to a significant degree by
vascular congestion and edema.

Additional evidence for this belief is provided
by the comparison of findings before and after
mitral commissurotomy. In Table XIV such find-
ings on three patients are present. The vital ca-

pacity and maximal breathing capacity tended to
increase after operation. The dead space ratio de-
creased by a significant amount, and the venous

admixture ratio did not change appreciably. Since
mitral commissurotomy is usually followed by a

decrease in pulmonary capillary pressure (9) and

_ I I I I

120

Ito~~~I110 -

A 0

a100 _ a

90 .0~~~~~~~~04

80 _ * _

70 _ o

521

l,



DOUGLASCARROLL, JEROMEE. COHN, AND RICHARD L. RILEY

TABLE XIV

The findings in three patients studied at rest pre-operatively and post-operativly

Case 8 Case 24 Case 30

12 mos. 3 days 11 mos. 11 mos.
Pre-op. Post-op. Pre-op. Post-op. Pre-op. Post-op.

V. C.* 2,760 2,800 2,080 2,125 2,100 2,390
M.B.C.* 70 92 100 87 73 87
VDO/VTe X 100t 39 29 35 27 42 35
Qva/Qt X 100t 2 1 6 7 4 2
Doi/m't N 4 6 -t N

* C+P%4roMaT'hl. TYTee icouEnote to 1 aDie 11.iL
t See table of symbols for definition.
$ The pre-operative low level study on this patient was unsatisfactory and a pre-operative.diffusing capacity there-

fore was not obtained. For this reason, the patient could not be classified and is not included in the other tables.

hence, presumably, in the tendency for fluid to
escape from the capillaries, the decrease in dead
space ratio after operation may well have resulted
from decreased pulmonary vascular congestion
and edema.

The increase in venous admixture ratio in most
of the patients in Groups 2 and 4 is consistent with
the findings of Blount, McCord, and Anderson
(28).

Diffusion characteristics
A low diffusing capacity is attributed to abnor-

malities in the character of the diffusing surface or
to reduction in its total effective area, i.e., the area
of the capillary walls across which gas exchange
takes place. These changes may be either struc-
tural or functional in nature.

Although histological evidence for structural
changes in the diffusing surface in mitral stenosis
has been presented (1), the changes are usually
not striking and it is difficult to evaluate their im-
portance. The possibility that physico-chemical
changes may alter the ease with which oxygen dif-
fuses per unit area, without altering the appear-
ance of the microscopic section, must be acknowl-
edged but cannot be evaluated. Pulmonary edema
produces a structural change in the character of
the pulmonary membrane but the degree of edema
presumed to be present in Group 2 did not cause
a significant decrease in the diffusing capacity at
rest. Several mechanisms for reduction, in the area
of the diffusing surface, may be postulated.
Parker and Weiss provided suggestive, but not
conclusive, evidence for loss of capillaries, based
on direct capillary counts (1). Degenerative
changes, leading to elimination of capillaries, would

seem a not unlikely result of prolonged capillary
hypertension and might also arise as a direct ef-
fect of the rheumatic process. Interruption of pul-
monary capillary blood flow by small emboli must
also be considered, because evidence of emboliza-
tion is frequently found in patients dying of mitral
stenosis (25).

The most convincing evidence for functional
changes in the pulmonary membrane is provided
by the increase in diffusing capacity which occurs
with exercise. The fact that such an increase oc-
curs has been demonstrated repeatedly both in nor-
mal subjects and in patients with mitral disease.
The explanation would seem to require either that
the permeability to oxygen of the diffusing surface
increase with exercise, or that its area broaden.
While no proof is available, it seems likely that
the area of the perfused portion of the pulmonary
capillary bed might increase, but unlikely that the
diffusion characteristics of the capillary walls and
alveolar membrane should change. From these
reasonable assumptions it is postulated: 1) That
the area of the active diffusing surface increases
during exercise; 2) conversely, that part of the
surface, across which diffusion takes place during
exercise, is inactive in the resting state; and 3) that
this reduction results, in large measure, from the
cutting off of blood flow through portions of the
capillary bed.

A way in which such dynamic changes in the
diffusing surface might be brought about is sug-
gested by the work of Burton, Nichols, Girling,
Jerrard, and Claxton (26, 27). These workers
inferred, from careful studies of the circulation of
the rabbit's ear and hind limb, that small vessels
close completely at pressures below a certain level,
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called the critical closing pressure. They also
found evidence that the critical closing pressure
rises as the tone in the vessel walls increases.

If these ideas are applied in the case of mitral
stenosis, it would seem possible that some of the
small pulmonary vessels close in the resting state
because the pressure tending to hold them open is
less than the critical closing pressure. As a con-
sequence, blood flow through some of the capil-
laries may be eliminated with resultant reduction
in the area of the active diffusing surface and re-
duction in the diffusing capacity as determined.
Such a mechanism would account for the dynamic
changes in the capillary bed which were postulated
to explain the difference between the diffusing
capacity at rest and during exercise.5

The objection might be raised that the pul-
monary vascular pressures are high in mitral sten-
osis and that, therefore, all vessels must necessarily
be open even in the resting state. To this it could
be answered that the pulmonary vascular resistance
is also high in mitral stenosis, suggesting that the
tone of the small vessels, and hence their critical
closing pressure, is high. Probably the balance
between the pressures tending to hold the vessels
open and the vasomotor tone, tending to close them,
determines which vessels remain patent and which
do not.

It may be postulated that gas exchange takes
place across virtually all capillary walls during
strenuous exercise, and that the diffusing capacity,
determined under these conditions, is related to the
structural characteristics of the entire diffusing
surface of the lung (17). If this is so, the highest
value obtainable during exercise, called the maxi-
mal diffusing capacity, may be interpreted in static
morphologic terms. Values obtained at rest, on
the other hand, are almost certainly affected by
dynamic, as well as static, factors. It is there-
fore felt, that quantitative interpretations regarding
the over-all structure of the diffusing surface are
not justified by knowledge of the resting diffusing
capacity alone.

The low values for diffusing capacity found in
the patients in Groups 3 and 4 indicate simply that
the summation of morphologic and physiologic fac-
tors, affecting the diffusing surface in the resting
state in patients with mitral stenosis, may lead to

5 These mechanisms would apply to normal as well as
pathological states.

a lower-than-normal value. The differences be-
tween Groups 2 and 3 demonstrate that significant
abnormalities of diffusion and distribution may oc-
cur independently.

Pathogenesis of the pulmonary changes in patients
with mitral stenosis

The development of pulmonary changes in pa-
tients with mitral stenosis is presumably related to
the well-recognized hemodynamic changes. As the
mitral valve becomes deformed, the flow of blood
through the narrowed valve is maintained by an
increase in the diastolic pressure gradient between
the left auricle and the left ventricle. This increase
is brought about by elevation of the left auricular
pressure, which is necessarily accompanied by ele-
vation in pressure throughout all vessels up-stream
from the auricle. The energy for these pressure
changes is provided primarily by the right ven-
tricle. The pressure is, thus, progressively higher
in the pulmonary capillary bed and in the pul-
monary artery. Cases 1, 3, and 5 demonstrate that
elevation of pulmonary vascular pressures may
precede other evidences of abnormal pulmonary
function in the categories tested, although dyspnea,
on exertion, may be present at this phase of the
disease.

Abnormalities of alveolar function appear after
the onset of vascular hypertension and are probably
related to its duration and intensity. The alveolar
dysfunction may take the form of distribution ab-
normality, which is manifested by elevation of the
dead space ratio or the venous admixture ratio.
Such abnormality is ordinarily associated with re-
duction in vital capacity and maximal breathing
capacity and probably arises primarily as a result
of vascular congestion ard associated changes.
In other cases, the first abnormality of alveolar
function may be a low diffusing capacity, resulting
either from structural changes in the diffusing sur-
face or, possibly, from vasomotor changes eliminat-
ing blood flow in some of the capillaries. Whenthe
disease process becomes far advanced, combined
abnormalities of distribution and diffusion are in-
variably found.

SUMMARY

Twenty-nine patients with mitral valvular dis-
ease were studied by methods designed to ex-
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plore pulmonary ventilation, circulation, distribu-
tion and diffusion. Dyspnea was the clinical fea-
ture best correlated with physiological abnormali-
ties, being absent or slight in patients who displayed
normal respiratory function and most severe in
those who had evidence of impaired diffusion of
oxygen and abnormal distribution of blood and
gas to the alveoli. Impairment of distribution ap-
peared to be related to the presence of at least mini-
mal pulmonary edema. Impairment of diffusion,
on the other hand, was related to capillary changes
of a structural or functional nature, acting singly
or in combination. The fact that abnormalities of
distribution and diffusion often appeared inde-
pendently suggested that the sequence of events in
the development of altered pulmonary function
in patients with mitral stenosis might vary from
patient to patient. When the disease was far ad-
vanced, there were abnormalities in all aspects of
pulmonary function which were studied.

SYMBOLS

(In alphabetical order)
Do2m2 -= diffusing capacity of the lungs per square meter

body surface area.
f - respiratory rate in breaths per minute.
N = normal.
P*Ao2 = "effective" alveolar Po2, in mm. Hg, as7specifi-

cally defined (13).
Pao2 = arterial Po2, in mm. Hg.
Paco2 = arterial Pco2, in mm. Hg.

P.o2 = mean partial pressure of oxygen in the pulmo-
nary capillaries.

PB = barometric pressure, in mm. Hg.
PE" = expired gas Pco2, in mm. Hg B.T.P.S. (body

temperature and pressure and saturated
with water vapor).

P1o2 = inspired gas Po2, in mm. Hg B.T.P.S.
Qva/Qt X 100 = ratio of venous admixture to total blood

flow, expressed as per cent.
R = the C02 - 0, exchange ratio or respiratory

quotient.
Sa = oxygen saturation of arterial blood.
Sc - oxygen saturation of "effective" capillary blood,

i.e., blood leaving alveolar capillaries, as
specifically defined (13).

Sv = oxygen saturation of mixed venous blood.
T = time in minutes during which the patient ap-

proached a steady state, while breathing
either room air or a low oxygen mixture,
before samples of arterial blood and expired
gas were collected for analysis.

VD";,- = apparatus dead space.
VDe = physiological dead space, corrected for appara-

tus dead space in ml. B.T.P.S.
VD°/VTO X 100 = ratio of dead space to tidal volume, both

corrected for apparatus dead space, ex-
pressed as per cent.

VE = minute volume of expired gas, i.e., ventilation
in L. per minute B.T.P.S.

VOX -02 consumption in ml. per minute S.T.P.D.
(standard temperature and pressure, dry).
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