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Evidence from several sources clearly indicates
that the pulmonary vascular bed is abnormal in
patients with mitral stenosis. Pathologic studies
of the lungs have revealed varying degrees of ar-
teriolar sclerosis, thickening of the basement mem-
brane of the alveolar capillaries, pericapillary
edema and fibrosis (1-3). Increased resistance to
the flow of blood through the lungs has been con-
firmed by measurements made with the technique
of cardiac catheterization (4-6). In a study of
lung biopsy sections obtained at the time of mitral
commissurotomy a direct relationship between the
magnitude of the pulmonary vascular resistance
and the degree of vascular sclerosis was observed
(3). In addition to the anatomic alterations,
physiologic changes, perhaps in the nature of in-
creased vascular tone, have been implicated. The
striking decreases in pulmonary vascular resistance
observed within four to six weeks following success-
ful commissurotomy of the mitral valve (4, 6) and
acutely after the administration of certain vaso-
dilating agents (7) suggest participation of re-
versible physiologic factors. The pathogenesis of
neither the anatomic nor physiologic changes is
clearly understood.

Dexter and his co-workers contend that the pul-
monary arterioles constrict when the pressure in
the capillaries of the lungs attains plasma col-
loid osmotic levels, as it may in left ventricular fail-
ure or in mitral stenosis (8). In studies of mitral
stenosis this group of workers have demonstrated
an inverse relationship between the size of the
calculated mitral valve orifice and the pulmonary
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arteriolar resistance-the smaller the mitral valve
area, the larger the resistance (9). The restric-
tion of pulmonary blood flow by the constricted
arterioles has been thought of as protective in na-
ture. Since increases in the rate of flow through
a stenotic mitral valve require elevations of left
atrial, pulmonary venous, and capillary pressures
that frequently exceed plasma protein osmotic
pressure it is argued that arteriolar constriction
prevents pulmonary edema (8,9).

In this paper certain data obtained by cardiac
catheterization of 36 patients with mitral stenosis
are presented. Only those observations relative to
the interrelationships of mitral valve area and the
vascular resistance, "capillary" pressure, blood
flow and the occurrence of edema in the lungs are
presented. Our data differ from those of Dexter
and his co-workers (8, 9) in that they failed to
demonstrate: 1) evidence of pulmonary arteriolar
constriction occurring as a response to elevation of
the pulmonary "capillary" pressure; 2) any re-
liable correlation between pulmonary vascular
resistance and mitral valve orifice area; 3) that
an increased pulmonary vascular resistance pre-
vents increases in pulmonary "capillary" pres-
sure high enough to cause pulmonary edema.
More comprehensive data on the pulmonary circu-
lation in mitral stenosis have been published
previously (4).

SUBJECTS AND METHODS

Subjects
Thirty-six hospitalized patients with mitral stenosis of

varying severity were used in this study. The majority
were catheterized as part of pre-mitral commissurotomy
evaluation and were moderately to severely restricted by
their heart disease. All were considered to be compen-
sated at the time of study; those with auricular fibrillation
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and a number of those with normal rhythm were main-
tained on digitalis.

All but a few subjects had apical systolic murmurs, but
clinically and at operation the predominant lesion was
mitral stenosis. In 16 (44 per cent) evidence of tri-
cuspid insufficiency was noted in the right atrial pressure
tracing obtained at cardiac catheterization. In none was
tricuspid stenosis apparent. The high incidence of clini-
cally inapparent tricuspid insufficiency in severe mitral
stenosis has been noted previously (4).
Each subject was studied in the resting state, five hours

post-absorptive. Sodium amytal 0.2 gm. was administered
one-half hour prior to the procedure.

Methods

The technique of cardiac catheterization and the analy-
tic methods were reported previously (4). Pulmonary
"capillary," pulmonary arterial, right ventricular pres-
sures and cardiac output were determined at rest. These
observations were repeated during the last two minutes of
a five-minute exercise, which consisted of flexion and ex-
tension of the legs in a bicycling manner at the rate of
one cycle per two seconds.
The area of the mitral valve orifice (MVA) was cal-

culated by the method of Gorlin and Gorlin (10) except
that the diastolic filling period, during which blood flows
across the mitral valve, was determined from the right
ventricular or pulmonary arterial pressure tracing. In
21 patients where sufficient data were available the MVA
was calculated during both rest and exercise (Table I).
The average difference between the values from the two
calculations was 0.12 sq. cm.; the range of difference was
0.01 to 0.34 sq. cm. The close agreement between the
two sets of calculated valve areas affords an internal
check on the reliability of the methods of obtaining the
data and the calculations. This, however, does not vali-

TABLE I

Mitral valve orifice area in sq. cm. calculated from
rest and exercise data

Case No.

I
5

7
9

11
12
13
14
16
17
19
20
22
23
26
29
30
31
32
33
34

Average

Rest

2.68
1.53
1.31
1.32
1.29
1.27
1.19
1.21
1.27
0.92
1.00
1.10
0.98
1.21
1.04
0.73
0.73
0.64
0.70
0.64
0.51

1.11

Exercise

2.71
1.54
1.24
1.15
1.62
0.93
1.15
1.17
1.08
0.73
0.94
1.34
1.00
1.39
0.95
0.61
0.81
0.72
0.81
0.67
0.45
1.10

Difference

.03

.01

.07

.17

.33

.34

.04

.04

.19

.19

.06

.24

.02

.18

.09

.12

.08

.08

.11

.03

.06
0.12

date the Gorlin formula since it may yield considerably
inaccurate values in the presence of marked mitral in-
sufficiency. Experience with this and other groups of
patients with small degrees of mitral insufficiency has in-
dicated that the MVA usually agrees closely with the area
determined at autopsy or commissurotomy. The Gorlin
formula has been used here since it is the only available
method of estimating MVA in the living patient and be-
cause it has been used extensively by other workers.
The calculated MVA was related to body surface area
(BSA) and expressed as MVA index. The pulmonary
capillary pressure is regarded by many (10-13) as a rea-
sonable estimate of the pressure in the pulmonary veins
and left atrium and is used interchangeably with the latter
in the discussion. The true pressure in the capillaries of
the lungs is thought to be a few mm. Hg higher than the
"PC" pressure (12).
The pulmonary vascular resistance (PVR) was deter-

mined by the formula of Aperia (14):

PVR - (PAm - "PC"m) X 1.332 X 60
co

where
PVR = pulmonary vascular resistance in dynes-sec.-

cm.J5
PAm = mean pulmonary arterial pressure in mm. Hg

"PC"m = mean pulmonary "capillary" pressure in mm.
Hg

CO = cardiac output in L./min.

This measurement includes the resistance of the pul-
monary capillaries since the pressure decrement from
pulmonary artery to vein is used.

RESULTS

"PC" pressure at rest and exercise

In two subjects, resting "PC" pressure was al-
most normal; the MVA index was greater than
1.4 sq. cm. in both. In the remainder of the sub-
jects MVA indices were below 1.4 sq. cm. and
there was an increase in the resting "PC" pres-
sure to a strikingly similar level (Table II). The
mean value was 28 mm. Hg with a narrow stand-
ard deviation of ± 3.2 mm. Despite variations in
the PVR the hydrostatic pressure in the pulmonary
capillaries remained in the range of plasma col-
loid osmotic pressure (i.e., 25 to 30 mm. Hg) and
significant pulmonary edema was not present in
any of the subjects.
The adjustment in "PC" pressure was adequate

for the maintenance of a normal cardiac index at
rest when the MVA index was greater than 0.9
sq. cm. As the mitral valve narrowed below this
figure the cardiac index declined directly (r =
0.897 + 0.037) (Figure 1). To facilitate normal
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TABLE II

Physical characteristics, mitral valve area indices, cardiac indices, pulmonary "capillary" pressures and
vascular resistances during rest and exercise in mitral stenosis

Mitral valve
Age Body surface area index
and area sq. cm./
sex sq. m. sq. m. bsa

2.3-3.3

26M 1.75 1.53
18F 1.74 1.44
36F 1.57 1.38
24M 1.80 1.01
36F 1.54 0.99
22M 1.66 -
44F 1.32 0.99
37F 1.54 0.88
21F 1.58 0.84
29F 1.44 0.82
41M 1.60 0.81
24F 1.56 0.81
22F 1.57 0.76
31F 1.60 0.76
29F 1.84 0.74
41M 1.73 0.73
34F 1.33 0.69
38F 1.49 0.67
49F 1.50 0.67
37F 1.67 0.66
24F. 1.48 0.64
30F 1.57 0.62
30M 1.99 0.61
45F 1.48 0.61
35M 1.55 0.60
37F 1.72 0.60
40M 1.83 0.58
25M 1.88 0.55
46F 1.50 0.49
43F 1.51 0.48
22F 1.35 0.47
45F 1.53 0.46
32F 1.47 0.43
43F 1.25 0.41
39M 1.69 0.40
37F 1.58 0.37

1.59 0.73

Cardiac index
L./min./sq. m. bsa

Rest
3.4

3.53
3.09
3.57
3.03
3.31
3.44
2.92
3.18
3.40
2.58
2.83
2.26
2.36
1.91
2.31
2.22
1.47
2.28
2.17
2.02
1.80
3.08
2.66
2.31
2.39
1.86
2.47
2.22
2.03
1.95
2.39
2.47
2.00
1.87
1.82
1.87

Exercise
4.4+

4.88
5.83
3.68
4.86
4.21
4.28
3.07
4.16
3.72
2.32
3.79
2.15
3.87
1.96
2.52
2.28
2.03
2.66
2.96
2.70

3.16
4.08
2.20
2.71
2.98
3.54

2.29
2.03
2.85
2.44
2.52
1.80
2.80
2.20

2.47 3.10

Pulmonary
"capillary" pressure

mm. Hg

Rest
8-10

13
11
29
28
21
33
29
29
25
30
32
29
29
29
29
24
25
23
25
30
28
32
23
28
28
26
29
33
29
30
27
26
28
32
31
36

Exercise
12

26
28
40
46
35

45
45
44
40
54
40
45
37
44
40
35
33
40
40

45
47

57
45

54
55
35
42
34
35
52

Pulmonary vascular
resistance

dynes-sec.---cm-6

Rest Exercise
100 < 100

91 112
59 47

242 263
249 347
110 62
182 -
457 572
212 287
179 177
172 311
194 434
772 1237
216 302
1201 1200
132 103
271 324
2049 1954
165 161
885 612
474 744
2065 -
347 S00
76 89

421 -
216 514
200 265
318
594
394 326
1223 1354
223 208
190 429
326 324
1127 1172
417
135 -

27 42 461 498
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FIG. 1. RELATIONSHIP OF CARDIAC INDEX TO MITRAL
VALvE AREA INDEX IN MITRAL STENOSIS

blood flow across such small mitral orifices, "PC"
pressures larger than those encountered would
have been required.
During exercise "PC" pressure rose abruptly

to levels well above plasma protein osmotic pres-

sure. The degree of increase above the resting
value did not correlate with the PVR (r =
- 0.310 + 0.168). Many subjects with greatly in-
creased PVR had marked elevation of "PC" pres-
sure with exercise. It was apparent that increase
in cardiac output was not solely responsible for
this change since only 15 subjects had adequate
increases in output of one L./min./sq. M. BSA or

more. In the remainder, cardiac index increased
slightly, not at all, or even decreased. Marked
tachycardia was frequent during exercise. Since
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the diastolic period of the cardiac cycle is shortened
with tachycardia, "PC" pressure also rose in as-
sociation with restriction of the time allotted in the
cardiac cycle for the flow of blood across the
stenotic mitral valve (15).

Although "PC" pressure was well elevated
above plasma colloid osmotic pressure during the
five minute exercise period, acute pulmonary
edema occurred in only one subject (subject 16).
This patient developed marked orthopnea, cough
and many moist rales in his lungs during the fourth
minute of exercise. His "PC" pressure was 54
mm. Hg and PVR 594 dynes-sec.-cm.-5, a value
six times normal. The occasional appearance of
a few rales at the lung bases was the only sign of
pulmonary edema in the other subjects.

Pulmonary vascular resistance (PVR)

The PVR varied from normal to 20 times nor-
mal (Table II). Correlation between PVR and
mitral valve size was poor in both a direct and
logarithmic comparison (r = - 0.316 + 0.154
and r = - 0.435 ± 0.139, respectively). A large
PVR, however, was most frequently but not con-
sistently encountered among patients with very
small mitral valve orifices. As example: PVR
among subjects with MVA indices of 0.4 to 0.5
varied from normal to 1,223 dynes-sec.-cm.-5.
There was an inverse logarithmic correlation

between the cardiac output and PVR during both
rest (r =-0.707 + 0.085) and exercise (r =

RL$s7

- 0.757 + 0.082) (Figure 2). However, the de-
gree of change in cardiac output with exercise from
resting levels did not correlate well with the PVR
(r = -0.487 + 0.133). In general an increase
of PVR was associated with depression of blood
flow below that required by the metabolic needs
of the body but not necessarily with inability to
increase cardiac output with exercise.

DISCUSSION

Depending upon the size of the valve orifice
mitral stenosis presents varying degrees of ob-
struction to the flow of blood from left atrium to
left ventricle. The degree of obstruction depends
also on the usual blood flow requirements of the
individual and therefore on his size. It is ap-
parent that a valve orifice of 1 sq. cm. is physio-
logically more tolerable in a small child with a
body surface area of 1 sq. M. than it would be in
a large well-developed male with a 2 sq. M. body
surface area.3 In this report, therefore, in order

3 A child with a 1 sq. M. body surface area has a rest-
ing cardiac output in the range of 3.4 L./min.; a man
with a 2 sq. M. body surface area has an output of 6.8
L./min. The effect of a mitral stenosis with an orifice
area of 1.0 sq. cm. on the "PC" pressure of each can be
calculated from the Gorlin formula:

Co

MVA= DFP311"pC" - 5

If a diastolic filling period of 30 sec. is assumed the "PC"

EXERCASE

I0'or
9

s.-7

'4

a
a

N 3

2

I. rO.71

0

0*

* S

9

a

7

6

5

4

3

2

0 2 4 6 8 10 12 54 16 l8 20

rxO.T6

*,

22 4 6 8 l0 12 14 16 58 20

PULMONARY VASCULAR RESISTANCE, DYNLS-SEC.-CM.-'

FIG. 2. RELATIONSHIP OF CARDIAC OUTPUT TO PULMONARY VASCULAR
RESISTANCE DURING REST AND EXERCISE IN MITRAL STENOSIS
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to compare the effects of stenosis among subjects
of varying size the MVA was referred to the
body surface area and expressed as MVA index
in the same way as is conventional for the cardiac
output.
With MVA indices greater than 1.4 sq. cm. only

modest increases of left atrial, pulmonary venous,

capillary and arterial pressures are required to
maintain a normal cardiac index at rest. With
smaller mitral orifices the maintenance of cardiac
output is accomplished at the expense of elevation
of pulmonary venous pressure to plasma colloid
osmotic levels (i.e. 25 to 30 mm. Hg). Since the
resting pulmonary venous pressure remains selec-
tively fixed at 28 3.2 mm. Hg, progressive nar-

rowing of the MVA index below 0.9 sq. cm. is
associated with progressive and marked diminu-
tion in cardiac output.

It appears therefore that in severe mitral steno-
sis selective fixation of the resting pulmonary ve-

nous pressure in the plasma protein osmotic range

is effected by reduction of cardiac output. The
mechanism by which cardiac output is reduced is
not known. Dexter (8), Lewis (9) and their
associates believe that the increased flow resistance
of the pulmonary arterioles is responsible. In the
present study an inverse correlation between car-

diac output and PVR was observed. It is not
likely, however, that lowering of blood flow is ac-

complished by an increased PVR since output was

similarly depressed among patients with identi-
cal MVA regardless of the degree of PVR change.
Nor can regulation of cardiac output be ascribed
to inability of the right ventricle to pump blood
since many of these patients were able to increase
their output with exercise. It is possible that the
cardiac output is regulated by reflexes originating
from pressure receptors in the left atrium or the
pulmonary veins.

Other investigators (5, 6) have not observed
as close an agreement in resting "PC" pressure

among subjects with mitral stenosis as reported
here. It is possible that the state of cardiac com-

pensation was more variable in their patients. This
is true in the case of one report in which several
patients with failure were included (6). None of

pressure in the child at rest would be 18 mm. Hg and in
the man 58 mm. Hg. The effect of a stenotic mitral ori-
fice of similar size on the pulmonary circuit pressures in
these different-sized individuals is obviously marked.

the present group of subjects was decompensated
at the time of cardiac catheterization.

It is of interest that the direct measurements of
left atrial pressure in 10 patients with severe mi-
tral stenosis reported by Bland ( 16) averaged
32 mm. Hg (range: 27 to 39 mm.), a value only
slightly higher than the average "PC" pressure in
our patients. These measurements, however,
were made in the open chest at time of operation
and are not accompanied by a zero reference level.

Experimentally edema of the lungs occurs when
the pulmonary venous pressure attains plasma col-
loid osmotic levels (17, 18). In the present study
the absence of significant pulmonary edema with
pulmonary venous pressures in such a range at
rest, and well above during brief exercise, is a
matter of considerable interest. These facts sug-
gest that the alveolar-capillary structures in mitral
stenosis are not normally permeable to fluid.
The anatomic alterations (i.e. capillary basement
membrane thickening and pericapillary fibrosis)
that very commonly exist in these structures prob-
ably impede transudation of fluid from the pul-
monary capillaries out into the alveoli. This is
suggested by the frequency with which interstitial
pulmonary edema without edema fluid in the al-
veolar spaces is observed in lung biopsy sections
from patients with mitral stenosis (3).
The data of Gorlin and his co-workers (5) pro-

vide additional evidence of decreased permeability
of the alveolar membranes to fluid. In their pa-
tients with mitral stenosis pulmonary edema at
rest was noted only in those with pulmonary
"capillary" pressures averaging 40 mm. Hg (a
value considerably in excess of plasma protein
osmotic pressure) : whereas those with pulmonary
"capillary;" pressures in the range of osmotic pres-
sure (average 24 mm. Hg) did not manifest pul-
monary edema at rest. From these observations it
appears that regulation of the resting pulmonary
venous pressure at the plasma protein osmotic
level and decreased alveolar membrane perme-
ability to fluid combine to prevent the development
of pulmonary edema in the patient with severe
mitral stenosis. Clinically detectable pulmonary
edema is produced only by prolonged elevations of
pulmonary venous pressure well in excess of
plasma protein osmotic pressure.

This study sheds no light on the pathogenesis
of the increased resistance to flow of the pulmonary

1086



PULMONARY VASCULAR RESISTANCE IN MITRAL STENOSIS

vessels. It is evident that very small mitral ori-
fices predispose to the development of pulmonary
vascular changes but are not always associated
with them. In view of the frequently normal and
wide range of values for PVR in association with
"PC" pressures of 25 to 30 mm. Hg, there is little
evidence to indicate that arteriolar contraction oc-
curs as a response to elevations of pulmonary ve-
nous pressure to the plasma protein osmotic
range, as has been suggested previously (8, 9).
The close relationship between measured PVR
and degree of vascular sclerosis observed in lung
biopsy sections (3), suggests that these structural
changes in the vessels are primarily responsible
for the resistance to flow.
Although there is some tendency of a large re-

sistance to damp increases of pulmonary blood
flow during exercise, large changes in pulmonary
venous pressure are not prevented. Indeed the
degree of increase of both blood flow and pul-
monary venous pressure with exercise cannot be
related reliably to the state of the PVR. In the
light of these observations the concept of an in-
creased PVR performing an active protective func-
tion in mitral stenosis must be held in doubt.

It has been pointed out repeatedly that pul-
monary vascular changes cause a disproportionate
rise of arterial pressure with respect to the venous
pressure in the lungs (4-6). Right ventricular
work is consequently increased. In some instances
more work is expended by the right ventricle in
driving blood through the pulmonary vessels than
through the stenotic mitral valve (4). Large in-
crements in PVR thereby accelerate the process
of right ventricular hypertrophy, dilatation and
failure.

SUMMARY

The maintenance of blood flow across the ste-
notic mitral valve is accompanied by an increase in
the left atrial and pulmonary venous pressure.
In a group of patients with severe mitral stenosis
but not in cardiac failure pulmonary "capillary"
pressure at rest was found to be fixed within the
range of the plasma protein osmotic pressure.
Fixation of the pulmonary "capillary" pressure
was accomplished at the expense of the resting
cardiac output which varied directly with the size
of the mitral orifice. The mechanism by which re-
duction of cardiac output (needed for regulation

of pulmonary "capillary" pressure) was accom-
plished is not known. It was not achieved by an
increased pulmonary vascular resistance since
there was no correlation between mitral valve size
and pulmonary vascular change. The latter varied
widely among individuals with similar valve areas.

Large increases in pulmonary "capillary" pres-
sure occurred during exercise and were not pre-
vented by an increased pulmonary vascular re-
sistance. There was no evidence that pulmonary
arteriolar constriction occurs when the pulmonary
"capillary" pressure attains plasma protein osmotic
levels. Despite pulmonary "capillary" pressures
at and above such levels detectable alveolar edema
was rare. This suggests that changes in the al-
veolar membrane rather than in the pulmonary
arterial tree protect against pulmonary edema.
The increased pulmonary vascular resistance of
mitral stenosis is primarily the result of anatomic
changes in the vessels.
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