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Changes in the mitral and aortic valve areas have been studied by many workers since Gorlin
and Gorlin (1951) put forward a formula by which they could be estimated. The calculated areas
before and after valvotomy have been compared with each other and with the size found by the
surgeon at operation. Much less attention has been paid to the pulmonary valve area. The
theoretical relationship of the pulmonary valve area and of the right ventricular pressure would seem
of interest, since critical sizes for the valve area could be calculated-critical in the sense of (1) the
area at which the pressure begins to rise sharply and (2) the area at which the pressure rises so much
(or the flow becomes so small) that the circulation fails.

THEORETICAL ASSUMPTIONS FOR USING THE FORMULA
Gorlin and Gorlin (1951) gave the following formula for calculating the pulmonary valve area

(P.V.A.).
P.V.A. Flow rate through P.V. (in ml. per sec. of systole)
(in sq. cm.) 445VP1- P2

where P 1 = mean systolic ejection pressure in the right ventricle,
P 2 = mean systolic ejection pressure in the pulmonary

artery,

and P 1-P 2 is of course the mean systolic ejection pressure gradient across the pulmonary valve.
P 2 is substantially the same as the pulmonary arterial mean pressure. Under normal conditions
we have taken this as 12 mm. (20/8 mm.) and Wood (1956) gives it as 11 mm. (16/7 mm.). In
moderately severe cases of pulmonary stenosis submitted to valvotomy it is not very different and
we have found it about 10 mm. (15/7 mm.).

The flow across the pulmonary valve varies more than this but its range ofvariation is small com-
pared with that of the right ventricular pressure or of the pulmonary valve area. It is the same
as the cardiac output when there is no right-to-left shunt and in most cases of pulmonary stenosis
varies between low normal and perhaps half normal. It remained within normal limits for their
size, though generally about the lower normal limit, in more than half of our acyanotic patients
with pulmonary stenosis, including many of those who had valvotomy (Campbell and Brock, 1955).
In 12 of our acyanotic patients, only two of whom were in the first decade, the average pulmonary
flow was 4-5 litres before valvotomy and 4 9 litres a minute after. In 8 cyanotic patients it was 2-7
before and 4*3 litres a minute after valvotomy.

The fact that the flow rate is the essential figure in the formula does not greatly increase the range
of variation. It is the cardiac output divided by the systolic ejection time, and this depends on the
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heart rate and on the relationship of the pressure curves. In 13 cases of pulmonary stenosis Gorlin
and Gorlin (1951) found an average systolic ejection period for each beat of 0-31 sec. and an average
systolic ejection time of 27 sec. for each minute: they found most of the flow rates were between
180 and 280 ml. a second. Accepting our average cardiac output of 4 5 litres a minute and using
the systolic ejection time of the Gorlins, the average P.V. flow rate is 166 ml. a second.

We shall return later to the effect of changes in the flow but are taking, in the first place, a P.V.
flow rate of 180 ml. a second-a figure rather above our own estimate and below the mean level
found by the Gorlins. We shall be introducing some inaccuracy but no great error if, at first, we
assume

(1) that P2 remains constant at 10 mm., and
(2) that the flow rate is constant at 180 ml. a second.

The formula will then express directly the inverse relationship of right ventricular pressure and
pulmonary valve area.

The Area of the Normal Valve. The area of the pulmonary valve is not given in most text books
of anatcmy. The average circumference of the normal pulmonary orifice is given as 72 mm. in
men and 68 mm. in women (Walmsley, 1929). Taking a circumference (27Tr) of 70 mm., the radius
is 11 mm., the diameter 22 mm., and the valve area can not be larger than a circle of this size (lTr2):
this would be 388 sq. mm. or just under 4 sq. cm. White (1951) gives a circumference of 8 to 9 cm:
which would give an area of up to 5 8 sq. cm. I have assumed throughout that the area is roughly
circular, the largest area that can be obtained for a given diameter, but sometimes it may be a little
less than this.

RELATIONSHIP OF VALVE AREA AND MEAN SYSTOLIC EJECTION PRESSURE (P1)

After squaring the original Gorlin formula we get the following equation

Flow rate2
PI1-P2=44 52x P.V.A.2 (1)

Substituting in (1) the constants that we have just discussed, we get (2) and (3).

P1-10= 1802 (2)44.52 XP.V.A.2

P1=10+ P16VA. (3)

From (3) it follows that for any size of valve area between 4 sq. cm. and 2 sq. cm., P1 will vary only
between 11 and 14 mm., and as we shall see later these correspond with the right ventricular systolic
pressures of 22 and 27 mm. Even when the area falls to 1 sq. cm. P1 will only rise to 26 mm.,
which agrees with the view held for a long time that there is no great effect on the hlumodynamics
of the circulation until the valve area has been reduced to one quarter of its original area. Wiggers
(1952) writes that all investigators are agreed there is not much effect on the cardiac output or blood
pressure till the aortic valve is narrowed to about 60 per cent of its original diameter, which would
be 36 per cent of its original area. For a normal pulmonary valve of 4 0 sq. cm. this would be
1-44 sq. cm. This does not mean that the valve areas have evolved to a size that is unnecessarily
large, for a reserve is needed so that the flow can be increased with little or no rise of pressure during
exercise (see later).

After this, however, as the valve becomes smaller, the pressure rises more rapidly and the figures
are given in Table I and Fig. IA. The mean systolic ejection pressure reaches 60 mm. when the
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PRESSURE AND VALVE AREA IN PULMONARY STENOSIS
TABLE I

RELATIONSHIP OF THE AREA OF THE PULMONARY VALVE TO THE RIGHT VENTRICULAR PRESSURE

103

Right ventricular pressure (in mm. Hg)

Pulmonary Mean systolic ejection pressures (P1) Corresponding R.V. systolic pressures
valve area
(sq. cm.) With P.V. flow rate of With P.V. flow rate of

360 ml. 180 ml. 90 ml. 360 ml. 180 ml. 180 90 ml.
to 90*

4.0 14 11 10-2 27 22 22 20-5
3 0 17 12 10-4 33 24 24 21
2-0 26 14 11 47 27 27 22

1-75 31 15-5 11 5 56 29 29 23
1-5 39 17 12 66 32 32 24
1-25 52 20-5 12-7 90 38 37 25-5
1.0 75 26-5 14 124 47 41 27

0-8 102 35 5 16-5 172 62 53 31
0-6 182 55-5 21-5 298 95 70 39
0 5 262 75-5 26-5 128 82 47

0 45 (324) 92 30 5 153 90 53
0 4 (410) 112-5 35-5 188 101 62
0 35 143 44 _ 239 117 75
0 3 - 192 56 (323) 136 96

0-25 283 78 161 133
0-2 (420) 113 194 188
0 15 - (739) 192 - - 239 239

ColumnNo.1 2t 3 4 5t 6 7 8

*Estimated true figures with flow falling gradually from 180 to 90 ml.
tColumns 2 and 5 need not be referred to till reading the section on the effect of exercise.

D 25 50 75 100 150 200 300 400
nim. Hg.

12. 5 25 50 75 100

mm. Hg.

FIG. 1.-Relationship of pulmonary valve area and right ventricular (R.V.) pressures, the latter being
drawn on logarithmic scales, with the flow rate constant at 180 ml. a second.

(A) R.V. mean systolic ejection pressure (P1).
(B) R.V. systolic pressure. This hardly increases till the valve area is reduced from 4 0 to

1-5 sq. cm., but increases very rapidly after the valve area is reduced below 0-8 sq. cm.
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104 MAURICE CAMPBELL

valve area is reduced to about 0-6 sq. cm., and then rises very rapidly to reach 100 mm. when the
area has decreased only another 0-2 sq. cm. to 0 4 sq. cm. (Column 3 of Table I). At these higher
pressures, the pulmonary flow and the flow rate will have begun to fall, so slowing down the rate of
increase of the pressure. The pressure reached for each given valve area when the flow is reduced
to half is given in the fourth column of Table 1. The third column is accurate with a relatively
large valve area, the fourth with a very small valve area, the true relationship of pressure and valve
size moving gradually from one to the other (see later).

RELATIONSHIP OF VALVE AREA AND R.V. SYSTOLIC PRESSURE
In ordinary work with ventricular pressures we are more familiar with the systolic and diastolic

levels than with the mean systolic ejection pressure (P1). In my original calculations of the relation-
ship between these two, my data were very scanty and made the right ventricular (R.V.) systolic
pressures rather too high at the higher ranges, so that it seemed impossible for the valve area to
be less than 0 4 sq.cm. with a normal flow, or 0-2 sq. cm. with a flow that was reduced to half.

I am greatly indebted to Dr. Alan Johnson for giving me a chart (Fig. 2) showing a linear relation-
ship between P1 and the R.V. systolic pressure. The recalculated values for the R.V. systolic

b
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FIG. 2.-Relationship of R.V. systolic pressure and R.V. mean systolic
ejection pressure (P1), based on the results of cardic catherteri-
zation in 25 patients. I am indebted to Dr. Alan Johnson for the
data in this figure.

pressures for flow rates of 180 ml. and 90 ml. a second are given in the sixth and eighth columns of
Table I and are used for the Figures. His chart was based on 25 cases with adequate data, some
before and some after valvotomy, and some after exercise. His average flow rate was 210 against
the 180 ml. a second that I used for the formula, and with the larger flow P1 (and therefore the
related R.V. systolic pressure as well) would be a little higher for a given size of valve area. There
would, however, be little differences with a relatively large valve of 1 0 sq. cm. or more, though they
would be greater, about 30 per cent, with the smaller valve areas considered.

There are so many assumptions and possible errors that the reader may doubt if this theoretical
approach can provide any useful picture of the relationship of the valve area and the R.V. systolic
pressure. The various assumptions made cannot, however, affect the general principles or change
the shapes of the curves greatly, and calculating the figures several times with various assumptions
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PRESSURE AND VALVE AREA IN PULMONARY STENOSIS

has convinced me that it does provide a picture that is of practical use. Reasons are given later
for thinking that the figures are not very far from the true values.

The right ventricular systolic pressure hardly rises till the valve area is reduced to 1 25 sq. cm. and
is still under 50 mm. when it is I 0 sq. cm., and only reaches 60mm. when it is reduced to 0-8 sq. cm.
Thereafter the pressure rises much more rapidly and reaches 100 mm. when the valve area is 0 55 sq. cm.,
and 200 mm. when it is just under 0-4 sq. cm. (Table I, Column 6).

To some perhaps this relationship will be easier to follow from the Figures. The curves relating
the R.V. pressures-whether they are mean systolic ejection pressures (Fig. IA) or systolic pressures
(Fig. 1B and 3)-and the pulmonary valve area are asymptotic, which means that at both ends they

0.2
0.4-
0. 6-

c0.8-

,2. 0 -

< 3.0 _ RIGHT VENTRICULAR
Z SYSTOLIC PRESSURE

4. 01 _
50 100 150 200 250 300

mm. Hg.

FIG. 3.-Relationship of pulmonary valve area and right ventricular systolic
pressure, which rises very slowly at first but very rapidly after the valve area
is reduced to 0-75 sq. cm.

Both parameters are drawn on normal arithmetical scales to give a picture
of the true relationship. (Compare with Fig. 4.)

The lower curve shows this on the assumption that there is no reduction
of the pulmonary flow rate from 180 ml. a second. The upper curve shows
it when the flow rate has been reduced to one-half. The thinner intermediate
line shows what is probably the true relationship with the flow rate falling
gradually as the pressure begins to rise sharply.

approximate to straight lines. Starting with a normal-sized valve (4.0 sq. cm.) there is very little
change in the pressure until the valve area is reduced to about 1 25 sq. cm. At the other extreme
when the valve area has been reduced to about 0 75 sq. cm. an enormous rise of pressure is produced
by very little further reduction in the valve area.

Somewhere before this stage is reached, the rate of the rise of pressure becomes slower than it
would be with an unchanged flow through the pulmonary valve, because the flow becomes less:
if the flow were reduced to one-half, the systolic pressure would not reach 100 mm. till the valve
area was 0-3 (instead of 0 55) sq. cm. and would be nearing 200 mm. when it was 0-2 (instead of 0'4)
sq. cm. (Column 8 of Table I). This change over is illustrated in Fig. 3: the lower curve shows
the relationship when the flow remains normal and is accurate when the valve area is relatively
large, while the upper curve shows it when the flow is reduced to one-half and is more accurate
when the valve area is small. The change from one to the other must take place gradually and there-
fore a similar-shaped curve has been drawn connecting the upper and lower curves, and this probably
approximates to the true relationship. The average figures taken from several drawings of this
curve (including Fig. 3 and 4 and others) are shown in the seventh column of Table I: they represent
the nearest that we can get to the true state of affairs with this theoretical approach.
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THE EFFECT OF EXERCISE

Just as a reduction of the pulmonary flow lowers the R.V. pressure for any given size of pul-
monary valve, so an increase of flow raises it. As long as the valve size is larger than 1*5 sq. cm.,
these changes in pressure are small and unimportant. In the normal subject exercise readily doubles
the pulmonary flow, and this amount of exercise does not increase the pulmonary arterial pressure
or, so far as is known, cause any significant gradient across the pulmonary valve.

With moderately severe pulmonary stenosis the position is different. If,Jfor a moment, we return
to formula (3), we see that as long as the valve area is greater than 1P5 sq. cm., P1 is mainly dependent
on P2 which is constant; but that when the valve area becomes less than this, P1 becomes increasingly
dependent on the second factor in the equations,

P1=10+16'4/ P.V.A.2 (3)

This is also true for the R.V. systolic pressure, since it has a linear relationship to P1. Conse-
quently, the R.V. systolic pressure, which only rises from 22 to 47 mm. as the valve area is reduced
from 4 0 to 1 0 sq. cm., becomes 128 when it is reduced to 0 5 sq. cm, and 323 mm.-a level that is
probably impossible for anyone to maintain for long-when it is reduced a little more, only to
0-3 sq. cm.

If the flow rate is twice as large (and this would not need very strenuous exertion), formula (3)
becomes

P1 =10+65-6/P.V.A.2 (4)

and the results are very different. The figures for an assumed flow rate of 360 ml. a second are
given in columns 2 and 5 of Table I and in the bottom curve of Fig. 4. The R.V. systolic pressure
rises from 27 to 47 mm. as the valve area is reduced from 4 0 to 2f0 sq. cm., and reaches 66 mm.
while it is 1l5 sq. cm., 124 mm. while it is 1l0 sq. cm., and 172 while it is still 0f8 sq. cm.

50 100 150 200 250 300

010 .1 . I . , , , , , 0 .1
0 2 FLOW RATE ~0ml,_______
0*3~~~~~~~~~~~~~~~~~~~~-

E 0 3 - 0; 5
0-5~~~~~~~06~~~ ~ ~ ~ ~ ~ ~ ~ ~~~~-

0620 150ml. 20 300410 I I I I

>1-5010-50 00 250 30

mm. Hg.
FIG. 4.-Relationship of R.V. systolic pressure and pulmonary valve area, but

with the latter drawn on a logarithmic scale to distinguish more clearly the
differences between the smaller valve areas.

The lowest curve (not shown in Fig. 3) represents the relationship during
exercise with a pulmonary flow rate of 360 ml. a second. The middle curve
represents it with a steady flow rate of 180 ml. and the upper curve with a
flow rate of 90 ml. a second. The normal relationship is, we think, repre-
sented by the thinner line moving from the middle curve to the upper curve.
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PRESSURE AND VALVE AREA IN PULMONARY STENOSIS

The flow could not be doubled if the valve area was 06 sq. cm. or less, for by this time the R.V.
systolic pressure would have reached 298 mm. (see Table I). This does not mean that it is impossible
for a patient with this degree of pulmonary stenosis to take exercise of this severity, for there are
other ways of getting the extra oxygen. The patient may make a greater use of the available arterial
oxygen so that there is a larger difference than usual between the arterial and venous oxygen contents
and a lower venous oxygen than usual with this degree of exercise. But it does mean that he is
getting into difficulties.

Put it another way, the flow will increase less than is desirable for this amount of exercise: at
first the relationship of the pressure and valve area will be shown in Column 5 of Table I, but at
the higher levels, the pressure will move over to somewhere between this and the figures given in
Column 6. Partly because of the further assumptions that would have to be made, and partly
because there are less data about exercise, I have not calculated a further set of figures for this.
In fact, Table I, which started with only four columns of figures, has become too detailed to show
easily my main conclusions. These are, therefore, set out more shortly and, I hope, more clearly
in Table II. The figures show that the pressures should be increased two or three times with

TABLE II

RELATIONSHIP OF RIGHT VENTRICULAR SYSTOLIC PRESSURE TO PULMONARY VALVE AREA

Right Ventricular Systolic Pressure
(in mm. Hg.)

Pulmonary
valve area With exercise that With a steady flow Under normal
(in sq.cm.) increases the P.V. rate of 180 ml. conditions, with the

flow rate to 360 ml. flow rate falling
from 180 to 90

4*0 27 22 22
2-0 47 27 27
1-25 90 38 37
1.0 124 47 41

0-8 172 62 53
0-6 298 95 70
0 4 _ 188 101
0 3 _ (323) 136
0-2 194

exercise, and in fact R.V. systolic pressures of 75 to 100 mm. have been nearly doubled in several
patients with the easy exercise that can be taken while such pressures are being measured
(Johnson, personal communication, to be published). The similar influence of coarctation of the
aorta in producing a very large rise of pressure with exercise is now well known.

VALVE AREAS FOUND AT OPERATION
So far, we have been dealing with purely theoretical considerations, the relationship of the valve

area and pressure depending on the Gorlin folmula. Practical experience shows that it is uncommon
to find an R.V. systolic pressure of 240 mm. or much above this. This would mean a valve area of
about 0-20 sq. cm.-O 35 with a normal flow or 0-15 sq. cm if, as is more likely, the flow has been
reduced to half. This seems to be about the smallest size that is compatible with life.

If this is so, the measurements that we, and others, have reported at necropsies are too small,
probably because they were smaller than they had been in life owing to some shrinkage of the
valve after death. In our 14 cases of simple pulmonary stenosis with necropsy (Campbell, 1954)
the average diameter of the valve was 2-5 mm. which would give a valve area of 0 05 sq. cm. We
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think this is much too small to be compatible with life, for the pressure needed to produce even a
small flow would be greater than anything that has been found.

Campbell and Missen (1959), in a discussion of patients with pulmonary stenosis who had lived
to 60 years or more, thought that on the rather scanty evidence of these cases the diameter of the
valve averaged about 6 mm. This would mean a valve area of about 0-28 sq. cm. and a R.V. systolic
pressure of just over 134 mm. It seems probable that the pressures were lower than this and that
the valve areas were in the region of 0'5 to 0-6 sq. cm. so that again at necropsy the estimate of the
diameters (and therefore of the valve areas) was too small.

While writing the preceding part of this paper I refrained from any discussions about the valve
areas found at open operations. Later, without revealing my calculations, I asked Sir Russell
Brock for his views and he kindly replied as follows. "I should hate to be precise at the moment
and it would be better to make exact measurement at operation. Since performing open valvotomy,
however, I have been surprised to find the valve area much bigger than I anticipated. Assuming
that the shape of the orifice is a rough triangle or a circle based on a triangle, the opening in adults
can be as much as 1 cm. along each side of the triangle in the milder cases and 0'75 cm. in average
cases. In severe cases, the opening is usually more nearly circular and about 0 5 cm.: an orifice of
0*3 cm. in an adult would be extremely severe and in the last stages."

This means that the milder cases submitted for operation would have a valve area of about
079 sq. cm. with a systolic pressure of 50 to 60 mm. Hg, and the average cases one of 0*44 sq. cm.
with a pressure of probably about 100 mm. (135 mm. with a normal flow and 87 mm. with the
estimated reduced flow: see Table I). For the severe cases, the area would be just under 0-2 sq. cm.
with a pressure of 188 mm. Hg, assuming the flow was reduced to one-half.

The calculations suggest that this is getting near the lowest possible limits, and that Sir Russell's
estimate for the exceptionally severe cases is slightly lower than is possible, since it would imply an
area of only 0*07 sq. cm. If, however, we add only 1 mm. to his estimate of the diameter of the
smallest possible valve, the area would be 013 sq. cm. which is very near our estimate of 0X15 sq. cm.
as the smallest valve area compatible with life. The observed pressures in the milder and average
cases suggest that my calculations ought to show a higher pressure for a given valve area or that
the valve areas here may have been a little smaller than Sir Russell's estimates, since relatively few
had been operated on with systolic pressures under 100 mm. In fact, of 59 patients operated on
by Sir Russell whom I have studied, only 1 had a systolic pressure between 80 and 99, 25 between
100 and 139, 27 between 140 and 179, and 6 above this, about 200 mm. (Campbell, 1959).
We have emphasized throughout the many assumptions we have made that must introduce some

errors, but we think this comparison with the sizes found at operation shows reasonable general
agreement. On the whole, this comparison confirms that the figures given for the relationship
between the valve areas and pressures are not very far from the truth, though it would be too much
to hope at this stage that they are accurate. It will be interesting to see, now that more actual
measurements of valve area and pressure are being obtained, how nearly accurate they may prove
to be.

I have the greatest admiration for the pioneer surgery that obtained such good results with
pulmonary valvotomy at closed operations, but I have wondered sometimes how it was possible
under these conditions for anyone to obtain such good results so consistently. Perhaps the figures
help to explain this, for they show how great would be the benefit produced by even a small increase
in the size of the valve in the patients with the more severe stenosis. In fact the low pressures found
at recatheterization after valvotomy in many patients show that the valve opening had been
enlarged more than this and had been made an adequate size.

It would be wrong to advise patients about the need for operation on such theoretical grounds
as those discussed here. When, however, further observations on living patients have made it
possible to draw accurately such curves as are shown in Fig. 3 and 4, it seems that the point where
the curve begins to turn sharply will indicate the pressure and valve area at which operation is
becoming necessary, if it is not to be too late.
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PRESSURE AND VALVE AREA IN PULMONARY STENOSIS

On the present evidence, operation seems to be needed urgently when the valve area is reduced
to 0-6 sq. cm.; and in a younger patient, where the pressure rises more frequently with exercise
and where there is a greater risk of the valve becoming smaller, when the valve area is about
[ 0 sq. cm.; but on present knowledge the pressure is a more reliable guide than the valve area. In
a recent review of patients after operation (Campbell, 1959), the result seemed entirely satisfactory
where the R.V. systolic pressure had been reduced to 50 mm. (calculated valve area, 0-8 sq. cm.)
but those where it was still 70 mm. (valve area, 0-6 sq. cm.) did not get good electrocardiographic
recovery, though they were greatly improved clinically.

SUMMARY AND CONCLUSIONS
The relationship of the right ventricular systolic pressure to the pulmonary valve area has been

calculated from the formula of Gorlin and Gorlin (1951), though certain additional assumptions
have had to be made. Assuming that the pulmonary flow remains normal when the valve area is
1 25 sq. cm. or more and then falls gradually to half the normal as the valve becomes smaller, they
can be summarized as follows.

Pulmonary valve area (in sq. cm.) R.V. systolic pressure (mm. Hg)
4-0 to 125 22 to 37
10 to0-8 41 to 53
0-6 to 0'5 70 to 82
0*4 to 0*3 101 to 135
0 25 to 015 161 to 240

The pressure rises very little as the valve area becomes reduced from 4 0 to 1 25 or even
1-0 sq. cm., but then rises increasingly fast as it is reduced to 0 75 and 0-5 sq. cm., and thereafter
precipitously. A valve area of less than 0 15 sq. cm., is probably incompatible with life and it is, in
fact, surprising that life can be maintained with a minute opening of this order of size. Even the
valve sizes that are reasonably adequate at rest produce much greater rises of pressure with exercise,
and an area of less than I 0 sq. cm. is a considerable handicap under these conditions.

I am most grateful to Dr. Alan Johnson for providing me with the data relating right ventricular mean systolic
ejection pressure and ordinary systolic pressure. I should like to thank Sir Russell Brock for allowing me to quote
his present views about the size of the valve and indeed for our close association over the last twelve years which has
enabled me to take an interest in these subjects. I should also like to thank Miss Treadgold for the Figures.
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