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The fact that morphological changes occur in
the lungs of patients with mitral stenosis has
been generally accepted since 1936 when Parker
and Weiss described thickening of the capillary
basement membrane, scarring and probable loss
of capillaries (1). These findings have been con-
firmed and extended by others (2, 3), yet there is
no agreement regarding the physiological and
clinical significance of the pulmonary lesions. Be-
cause of their location in relation to vascular struc-
tures, one would expect that such lesions might
interfere with the flow of blood through the lungs
or with the diffusion of gases across the pulmonary
membrane. Hemodynamic studies by a number of
different workers have demonstrated an increase
in pulmonary vascular resistance in patients with
mitral stenosis (4-10). This paper deals with
studies of the diffusion of gases across the pul-
monary membrane in a group of patients on whom
mitral valvulotomy had been performed.
The diffusing capacity for oxygen is the number

of ml. of oxygen diffusing across the pulmonary
membrane per minute in response to a mean differ-
ence of 1 mm. Hg in the partial pressure of oxy-
gen on the two sides of the membrane. It is a
function of the thickness, physicochemical struc-
ture and area of the surface across which diffusion
takes place. The area is related to the area of the
walls of all capillaries which are actively involved
in gas exchange. Capillaries are not included if
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provided under contract AF 18 (600) -435 with the
USAF School of Aviation Medicine, Randolph Field,
Texas.
2Fellow of the National Foundation for Infantile

Paralysis.
8 Medical Research Fellow of the National Tubercu-

losis Association. (Administered by the National Re-
search Council, July 1953 to July 1955.)

they are not perfused with blood and do not take
part in gas exchange. This qualification is of great
importance since recent studies suggest that at rest
only a fraction of the total capillary bed is perfused
(11). With increase in cardiac output in re-
sponse to exercise the diffusing capacity ap-
proaches a maximal value, probably because an in-
creasing fraction of the total capillary bed takes
part in gas exchange.

In an earlier study in this laboratory low diffus-
ing capacities were demonstrated pre-operatively
in some patients with mitral stenosis studied at
rest (12). It was impossible to decide whether
these low values indicated morphological changes
in the diffusing surface or simply a smaller than
usual fraction of perfused capillaries. The pres-
ent study was designed to minimize this difficulty
by dealing only with patients who could tolerate
the combined stress of exercise and hypoxia, a
combination which is effective in producing maxi-
mal values for diffusing capacity in normal per-
sons. The finding of diffusing capacities during
exercise which approach the predicted normal val-
ues for maximal diffusing capacity would provide
evidence against the presence of extensive struc-
tural lesions involving the pulmonary membrane.
Low results might be equivocal because of uncer-
tainties regarding the fraction of the total capillary
bed perfused, but very low values would suggest
the presence of extensive structural changes.

CLINICAL MATERIAL AND METHODS

The subjects were 14 patients who had had incapaci-
tating mitral stenosis of long standing but who had im-
proved sufficiently following mitral valvulotomy to toler-
ate the combined stress of exercise and hypoxia. They
were believed to have little or no mitral insufficiency on
the basis of the clinical examination and the surgeon's
impression at operation. Vital statistics and clinical in-
formation are listed in Table I. The pre-operative stud-
ies performed at rest on 5 of these patients (M. C., F. G.,

1008



PULMONARY DIFFUSING CAPACITY IN MITRAL STENOSIS

TABLE I

Physical characteristics of patients and prc-operative clinical data

Years since onset of
Ht. BSA*

Subject Sex Age (cm.) (sq. m.) ARFt Dyspnea Failure Digitalis Hemoptysis Fibrillation

N. R. F 46 163 1.74 31 2 1 it 2 1
F. G. F 25 162 1.65 11 3 6/12 2 1/12 6/12
D. E. M 31 187 1.99 28 3 None None 2 1/12
J. W. F 38 160 1.45 None 4 2 4 None None
W. L. M 37 178 1.98 31 8 None 3 7 None
D. B. F 40 175 1.89 30 5 2/12 None 2/12 None
E. S. F 39 160 1.58 None 5 1/12 1/12 7/12 None
J. A. M 24 183. 2.07 12 3 1 1 9/12 8
G. B. M 24 183 1.83 None 4 None None 4 None

M. C. F 22 157 1.47 6 11/12 None 11/12 2/12 None
T. P. M 39 170 1.80 30 2 None 11/12 2 None
L. E. F 35 155 1.47 23 3 None 3 6 None
M. P. F 27 151 1.34 18 2 1 10/12 None None
R. D. F 39 159 1.48 None 7 2 3 None 1

* BSA: body surface area.
t ARF: acute rheumatic fever.

J. A., L E., and R. D.) were part of the previous re-
port (12). Similar studies at rest have been reported by
others (5, 13, 14).

Studies of ventilation, of the distribution of blood and
gas within the lungs and of diffusing capacity were per-
formed. Vital capacity and maximal breathing capacity
measurements were compared to the normal standards
of Baldwin, Cournand, and Richards, as re-analyzed by
Armstrong (15, 16). The distribution of blood and gas
within the lungs was evaluated by means of the ratio of
"dead space" to tidal volume and the ratio of "venous
admixture" to total blood flow, according to a system
of analysis which has been reported (17-19). The upper
limit of normal for the ratio of "dead space" to tidal vol-
ume is considered to be .30 and for the ratio of "ve-
nous admixture" to total flow, .06.

Diffusing capacity was determined by the method of
Lilienthal, Riley, Proemmel, and Franke (20). The
patients' exercise tolerance was not adequate to permit
determinations at several different levels of work as can
be done with normal subjects (11). Work was per-
formed on a motor-driven treadmill at rates which on
clinical grounds seemed as strenuous as the patients could
safely tolerate at the lower level of oxygenation. The
duration of exercise was 6 to 10 minutes. Every patient
except one (R. D.) consumed oxygen at a rate in excess
of 400 ml. per min. per sq. meter body surface, and all
had diffusion gradients at the end of the alveolar capil-
laries (PA - P.) of 6 mm. Hg or more. In every in-
stance the arterial blood oxygen tension was 50 mm. Hg
or below at the lower level of oxygenation.
The determinations of "dead space," "venous admixture"

and diffusing capacity required simultaneous sampling
of expired gas and arterial blood at two different levels
of oxygenation. A value for mixed venous blood is
also necessary, and simultaneous sampling of mixed ve-
nous blood would have been desirable theoretically but
might have been dangerous during treadmill exercise.

Values for mixed venous blood at either extreme of the
physiologic range were therefore assumed and a cor-
responding range for diffusing capacity calculated. The
assumed values for oxygen saturation of mixed venous
blood were such as to produce differences in saturation
between the blood leaving the pulmonary capillaries and
the mixed venous blood (S.0-Sv) of 40 and 70 per cent
during exercise and 25 and 50 per cent at rest. Since the
saturation of the blood leaving the capillaries (Se) was
approximately 80 per cent at the lower level of oxygena-
tion, the assumed mixed venous blood values (Sv) were
approximately 40 and 10 per cent, respectively, for the
studies during exercise. They were approximately 55
and 30 per cent for the studies at rest. The range of
values for diffusing capacity yielded by this procedure
is sufficiently precise for the problems under consideration.
The values obtained for diffusing capacity were com-

pared to the maximal values reported by Cohn, Carroll,
Armstrong, Shepard, and Riley for normal men of dif-
ferent ages (21). Since adequate normal standards for
women are not available, three-fourths of the value for
a man of the same age and height was used in the case
of female subjects. This procedure is consistent with the
findings in the 9 normal women in the same age group
whose maximal diffusing capacities have been determined
in this laboratory to date. If the predicted normal value
in any instance is taken to be 100 per cent, a given de-
termination will be within one standard deviation if it
falls within 19 per cent of the predicted normal, e.g., be-
tween 81 and 119 per cent.

RESULTS

In all of the tables the patients are arranged in
order of decreasing diffusing capacity during exer-
cise. The data of patients whose highest diffusing
capacity during exercise was within 1 standard de-
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TABLE' II

Ventil4tory capacities and values related to blood-gas distributin in the lungs

Range of
Vital capacity Maximal breathing capacity % venous

Months % Dead space admixture
Subject post-op. L. % N.* L. min. % N.* VD°/VT°X100 Qva/QtXI00t

N. R. 41 2.58 96 67 82 30 3.5-2

F. G. 26 3.38 108 106 112 18 2-1

D. E. 55 5.70 129 1SS 114 26 3-2

J. W. 6 3.75 133 89 102 26 1-0.5
21 3.84 136 107 120 24 2.5-1.5

W. L. 24 5.95 145 177 136 26 3-1.5
41 4.49 116 126 116 26 4-2.5

D. B. 37 3.73 116 132 136 30 4.5-3

E.S. 29 2.37 87 88 105 28 4-2.5
42 2.20 81 62 75 28 5-3

J.A. 4 4.32 95 128 87 22 3-1.5
31 4.38 97 129 98 24 7.5-5

G. B. 25 4.45 99 117 87 32 1.5-1

M. C. 5 2.11 68 19 2.5-1.5

T. P. 5 3.67 93 148 127 22 1-O.S
9 3.88 99 132 113 26 4-2.5

33 4.08 108 147 134 35 4-2.5

L. E. 29 2.39 88 62 75 30 2-1

M. P. 11 2.39 83 87 100 39 3-1.5

R.D. 11 2.12 74 87 88 31 7-4
38 2.12 78 76 92 39 14-9

* Predicted normal values for vital capacity and maximal breathing capacity decrease with age and therefore, in a
given patient, the predicted normal values change when the studies are separated by a period of many months.

tValues for % venous admixture are dependent upon the composition of the mixed venous blood and hence upon
the assumed values for SOe-Sv (see text).

viation of the predicted normal maximal value ap-
pear above the horizontal line; the lower values are
below the line. No helpful correlation between the
pre-operative clinical information and the diffus-
ing capacity during exercise is evident (Table I),
and abnormalities in ventilatory capacities and in
values related to blood-gas distribution in the lungs
are not significantly correlated with abnormalities
in diffusing capacity (Table II).

Diffusing capacities and related values are pre-
sented in Table III. Three of the 5 patients for
whom serial data are available show increases in
diffusing capacity during exercise over periods of
4, 15 and 27 months, but these changes are not
beyond one standard deviation (19 per cent of the
predicted normal maximal value). In a fourth
patient (W. L.) a significant decrease in diffusing

capacity occurred between 24 and 41 months post-
operatively. In Figure 1 the range of diffusing
capacity is shown for all post-operative studies
during exercise. These data are plotted as per-
centage of the predicted normal maximal values
and are shown in relation to the number of months
after operation. Approximately half of the pa-
tients had diffusing capacities during exercise
which were within 1 standard deviation of the
predicted normal maximal values.

In the 6 patients for whom pre-operative studies
at rest are reported, the diffusing capacity at rest
was 24 per cent or less of the predicted normal
maximal value. Normal standards for diffusing
capacity at rest have not been defined clearly for
the reason that the normal alveolar-capillary dif-
fusion gradient at the end of the capillary (PA"-PC"
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TABLE III

Diffusing capacity and related values t

Months Vo
Subject post-op. M' Pao2

N. R. 41 488 43

F. G. -i* 178* 32*
26 530 36

D. E. 55 762 43

J. W. 6 422 50

21 510 34

W. L. 24 470 43
41 470 31

D. B. 6* 117* 47*
37 470 44

E. S. 29 464 46
42 424 45

J. A. -2}* 149* 47*
-1* 197* 38*
4 442 40

31 728 33

G. B. 25 675 41

M. C. -1* 147* 46*
5 498 43

T. P. 5 470 45
9 556 45

33 586 40

L. E. -i* 128* 39*
29 403 37

M. P. -I* 99* 40*
11 403 37
21* 108* 38*

R. D. -1* 151* 41*

-i...j* 135* 42*
1* 115* 48*
2* 147* 46*
11* 107* 41*

11 238 41
38 360 42

Range
Of

PA-P.O

11-10

27*
10

10

7
14

6
20

9*
11

11
10-11

15-14*
20*
8
17

12

19-18*
14

20
14

20-19

16-15*
19

23*
19
7*

46-47*
17-16*
18-12*
20-18*
13-12*
16
26

Range Assumed
of - range

PA' -Pc Se -Sv

21-27 40-70

30-34* 25-50*
18-22 40-70

20-26 40-70

20-26 40-70
21-26 40-70

16-20 40-70
26-31 40-70

14-19* 25-50*
22-28 40-70

23-30 40-70
22-29 40-70

27-32* 25-50*
27-31* 25-50*
17-21 40-70
24-30 40-70

21-27 40-70

29-34* 25-50*
25-31 40-70

32-38 40-70
26-32 40-70
30-35 40-70

23-27* 25-50*
28-33 40-70

29-34* 25-50*
31-36 40-70
12-16* 25-50*

63-68* 25-50*
25-30* 25-50*
30-32* 25-50*
32-36* 25-50*
20-24* 25-50*
27-33 40-70
40-47 40-70

* Indicates data obtained at rest.
t 'IodMs = 02 consumption in ml. per minute S.T.P.D. (Standard temperature and pressure, dry) per square meter

of body surface area.
Pao2 - arterial Po2 in mm. Hg.

P-Pc -Mean alveolo-capillary oxygen tension gradient in mm. Hg, or "effective" alveolar-mean capillary
oxygen tension gradient.

Se-SYv Difference in oxygen saturation between blood leaving the alveolar capillaries and mixed venous blood,
or "effective" capillary-mixed venous difference in oxygen saturation.

Max. Do2 Maximal diffusing capacity for oxygen.

Per cent of predidW normal maximal D)o2 -Observed Do2 X 100

Predicted normal max. Do2'

in Table III) is often less than 6 mm. Hg and operatively at rest, PA'-PC ranged between 14 and
hence too small to determine without a large 47 mm. Hg. In view of these large gradients,
percentile error. In the 6 patients studied pre- there can be little doubt that the corresponding val-

Pred.
max.
D02

31

40
39

65

34
33

56
55

40
39

32
31

68
68
67
66

67

39
39

50
50
49

33
32

34
34
33

34
34
34
34
33
33
31

Range of
observed

Do2

40-31

9 8*
49-40

76-58

31-24
35-29

59-47
36-30

16-11*
40-32

32-25
30-23

11- 9*
1S-13*
51-42
65-52

59-46

7- 6*
29-24

26-22
38-31
35-30

8- 7*
22-18

5- 4*
18-16
12- 9*

3*
8- 6*
6- 5*
6*

8- 7*
13-11
13-11

Range of
% pred.
max. Do2

129-100

22-20*
126-102

117- 89

91- 71
106- 88

105- 84
65- 56

40- 27*
103- 82

100- 78
97- 74

16- 13*
22- 19*
76- 63
98- 78

88- 69

18- 15*
74- 61

52- 44
76- 62
71- 61

24- 21*
69- 56

15- 12*
53- 47
36- 27*

9*
24- 18*
18- 15*
18*

24- 21*
39- 33
42- 35
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The vertical lines indicate the range within which each diffusing capacity

value falls, based on calculations using an extreme range of assumed values
for mixed venous blood (see text). The results of successive studies on the
same patient are connected by broken lines. The horizontal broken lines en-

close a range of one standard deviation above and below the predicted nor-

mal value (100 per cent). Note that the ordinate scale does not begin at

zero.

ues for diffusing capacity at rest were abnormally
low.4
When the patients who were studied pre-

operatively at rest had additional studies post-
operatively during exercise, there was a striking
increase in diffusing capacity in every case.

There was no correlation between the values ob-
tained pre-operatively at rest and those obtained
post-operatively during exercise. Clinically all
patients were markedly improved after operation
and had greatly increased exercise tolerance."

Furthermore, by the criterion used in a previous pub-
lication (12) all these determinations at rest would be
considered low.
5R. D. died suddenly at home 4% years after valvu-

lotomy. The x-ray picture of the chest had for several

DISCUSSION

The patients whose diffusing capacities ap-

proached the maximal values for normal people
must have been both close to normal and close to
maximal with respect to diffusion. The fact that
they were close to normal indicates that extensive
lesions of the pulmonary membrane probably were

not present at the time of study. The fact that
they were close to maximal indicates that the de-
termination of the maximal, or nearly maximal,
diffusing capacity is technically feasible in at
least some patients who have had mitral stenosis.

years shown multiple nodular densities indicating struc-
tural changes in the lungs which may have been related
to the rheumatic process.
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This is of particular interest because the level of
exercise which the patients performed was less
than that which is required of normal people in
obtaining maximal values for diffusing capacity,
and the patients' cardiac output values were prob-
ably considerably below those of normal persons
during the determination of the maximal diffusing
capacity. These considerations suggest that the
increased pulmonary capillary pressure and/or
other hemodynamic alterations in the patients with
mitral stenosis tend to increase the proportion
of pulmonary capillaries perfused at a given level
of cardiac output.
The diffusing capacities which were below nor-

mal during exercise might have been low because
of structural changes in the diffusing surface or
because many of the pulmonary capillaries were
not perfused with blood under the conditions of
the study. A choice between these alternatives is
difficult to make in the case of the moderately low
values, but the very low values obtained in pa-
tients M. P. and R. D. probably reflect extensive
structural damage to the diffusing surface.
Although the factors causing the low pre-opera-

tive diffusing capacities at rest cannot all be evalu-
ated, the subsequent post-operative finding of
considerably higher values during exercise sug-
gests that some of the factors were reversible. On
theoretical grounds it seems possible that the low
preoperative diffusing capacities might have been
related to low cardiac output, high critical closing
pressure of small pulmonary vessels (12), or sub-
clinical pulmonary edema-all potentially re-
versible.
With respect to the selection of patients for

surgery, the experience with this small group in-
dicates that striking clinical improvement from
valvulotomy may be obtained even in patients with
severe impairment of diffusion. Normal people
have a large reserve of diffusing capacity which is
required only during very heavy exercise. The
limitation of exercise tolerance in patients with
mitral stenosis reduces the need for this reserve.
Impairment of diffusion therefore appears to be of
secondary importance in this group of patients.

SUMMARY

1. Studies of pulmonary function are reported
in 14 patients on whom mitral valvulotomy was

performed 5 to 55 months previously. Pulmonary
ventilation, intrapulmonary distribution of blood
and gas, and diffusing capacity were measured.
Findings were related to pre-operative studies
previously reported.

2. Although significant incapacity had existed
over a period of years pre-operatively, approxi-
mately half of the patients showed post-operative
diffusing capacities during exercise which were
within one standard deviation of the predicted
normal values for maximal diffusing capacity.
The other patients showed moderate to severe
lowering of diffusing capacity during exercise.

3. The patients with diffusing capacities during
exercise which.were normal probably did not have
extensive structural changes in the pulmonary
membrane. The 2 with very low values probably
did have extensive structural changes. Inter-
mediate values could not be interpreted.

4. All 6 of the patients who were studied pre-
operatively at rest showed low diffusing capaci-
ties. Since all were greatly improved following
mitral valvulotomy, a low pre-operative diffusing
capacity is not considered a contraindication to
surgery.
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