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In a previous paper (Wade et al., 1956) it was suggested that hexamethonium bromide, in lowering
the raised pulmonary vascular resistance present in some cases of mitral disease, acted indirectly
through changes in, or redistribution of, the blood content of the lungs; and that evidence for
participation of the autonomic system was inconclusive. These views were supported by Storstein
and Tveten (1954) but were at variance with those of Fowler et al. (1950), Meriel et al. (1953),
Davies et al. (1954), and Scott et al. (1955), all of whom considered that the effects of ganglion-
blocking drugs could only be construed as meaning that the increased hindrance was neurogenically
maintained through the medium of the sympathetic system. It is necessary, therefore, to try and
separate these two factors and attempt to ascertain the effects of each independently. There is a
general measure of agreement that the lung blood volume is less in the erect position than in recum-
bency (Lagerlof et al., 1951; Gilmore et al., 1952; and Sjostrand, 1953), while, at the same time there
is an increased systemic resistance (McMichael and Sharpey-Schafer, 1944; Stead et al., 1945) and
systemic vasoconstriction (Brigden et al., 1950). Providing that other parameters remained
relatively constant, tilting therefore appeared to offer a simple means of investigating the effects on
pulmonary dynamics of altering the lung blood volume without blocking sympathetic nerve impulses.

In this paper we report the effects of tilting from recumbency to 400 feet down on pulmonary and
systemic dynamics in 18 cases of mitral valve disease. We find that, whereas there is no appreciable
change in putse rate, systemic blood pressure, pulmonary ventilation, oxygen coefficient, oxygen
consumption, and respiratory quotient, the pulmonary pressures are always diminished and the
pulmonary vascular resistance frequently falls. The cardiac output response is somewhat variable
but the peripheral resistance usually rises.

Material and Method. The material consisted of 18 patients with mitral stenosis, selected at
random from those who had attended the Department of Cardiology at the Manchester Royal Infirmary for
consideration of surgical treatment. Three patients (Cases 4, 7 and 11) were pregnant. All were examined
in the usual manner and then subjected to cardiac catheterization, 3 grains of seconal and 0 5 g. of procaine
amide being given one hour before hand. Pressures were recorded electrically by means of capacitance
manometers. Systemic pressures were measured through a Cournand needle placed in the brachial artery.
Mean pressures were obtained by electrical damping. Blood gases were analysed on the Van Slyke-Neill
apparatus; expired air was collected in a Tissot spirometer and analysed on the Haldane apparatus.

In fifteen observations the initial measurements were made with the subject horizontal and the head resting
on two pillows. After recording pressures and estimating cardiac output the table was tilted so that the
patient was lying feet-down at an angle of 400 to the horizontal. This degree of tilt was chosen for the follow-
ing reasons; it was an angle at which the subjects could still remain comfortably relaxed, zero-point reference
errors were minimized (see below), and large gravitational effects upon the lungs were avoided. Ten to
fifteen minutes after assuming this position the various measurements were repeated and the cardiac output
again estimated. The subjects were then returned to the horizontal and, in eight cases the pulmonary
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arterial pressure was repeatedly recorded over the ensuing ten minutes. In two observations the subjects
were unable to lie flat so the initial and final measurements were made in a 500 feet-down position while in
another the order of events was reversed, the initial measurement being made at 400. In sixteen cases the
"wedge" or "pulmonary capillary venous" pressure (PCV) was recorded in both positions. In five cases,
on a subsequent occasion, the intra-thoracic pressure was measured, under identical conditions, using the
method of Domhorst and Leathart (1952).

Resistances were expressed in c.g.s. units and calculated as follows:
Total Pulmonary Resistance=(PAm-5) x 1332/C.O. in ml./sec.
Pulmonary Vascular Resistance= (PAm-PCV) x 1332/C.O. in ml./sec.
Systemic Resistance=BAm x 1332/C.O. in ml./sec.

where PAm is the mean pulmonary arterial pressure, BArn is the mean systemic pressure, PCV is the mean
pulmonary venous pressure and C.O. is the cardiac output.

Ventricular work was calculated as pressure work only and expressed in kg./metres from the formule:
Right Ventricular Work=(PAm-RAm) x Cardiac Index x 0014
Left Ventricular Work=(BAm-5) x Cardiac Index x 0-014.

The right atrial pressure was usually available, but if not it was assumed to be 4 mm. Hg in calculating
right ventricular work. The mitral valve area was calculated, from the data obtained in the two positions,
by the method of Gorlin and Gorlin (1951).

The Zero Reference Point. In this laboratory we have previously referred all intra-pulmonary pressures
to a point 5 cm. below the sternal notch. This was chosen as it approximates to the position of the right
atrium when the subject is lying down. It is, however, an unsatisfactory reference in tilting experiments for
it alters in relation to both the right atrium and the lung root. We therefore decided to refer pressures to
the lung root, levelling the manometer to the surface marking of the lung root, namely the mid-axillary line
in the forth intercostal space. It must be appreciated that, even with this reference point, there will still be
a systematic error in recording the PCV. This is because the PCV was invariably recorded in the same
place, the right lower lobe. Thus with the patient tilted the catheter tip was lying below the lung root to a
varying extent while when horizontal it would be lying approximately in the same plane. This error would
not occur in measuring the pulmonary arterial pressure for the catheter tip was always lying at the origin of
the right main branch and thus at the level of the lung root. The tendency, then, will be to record, on tilting,
PCV pressures that are a little lower than the correct pressure, but this error will be trivial for the vertical
distance between lung root and catheter tip with a 40° tilt is not more than 2 or 3 cm. of water, i.e. 1 or
2 mm. Hg.

RESULTS
The pulse rate rose on tilting in ten observations, fell in two, and was unchanged in the remainder.

The change was usually slight and the difference in the mean rates in the two positions was only
three beats a minute.

Changes in pulmonary ventilation were inconstant and small, the mean change being a slight but
insignificant rise from 4-4 to 4 5 l./min./m.2. The ventilatory coefficient showed very little change,
having an average of 2-77 in recumbency and 2-82 tilted. The respiratory quotient was generally
almost unaltered, the mean values being 0-84 and 0 85.

There were small and inconstant changes in oxygen consumption, the mean value in the two
positions being identical at 158 ml./m.2. Cardiac outputs, and consequently cardiac indices, were
reduced to some extent in twelve observations, the greatest drop being in the two cases in which the
dynamics were most nearly normal (16 and 17): in the others the output either rose slightly or re-
mained unchanged. The mean values were 4-29 1./min. recumbent and 3-87 l./min. at 40°, the
indices being 2-74 and 2-48 l./min./m.2 respectively. In some cases the change in output was more
dependent on alteration in arterio-venous difference rather than oxygen consumption but in others
it was the converse. There was, on average, a small but insignificant increase in the arterio-venous
02 difference from 6 45 at 1800 to 6-7 ml. per 10 ml. when tilted. This is in part due to a drop in
oxygen content of the pulmonary arterial blood but it is also due, in part, to a rise in brachial arterial
oxygen content. This increase is oxygen saturation of the brachial arterial blood occurred in 15 of 17
observations and the difference between the mean values of 91-7 per cent and 93 3 per cent is significant.
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CIRCULATORY EFFECTS OF CHANGING POSITION IN MITRAL DISEASE 235

The pulmonary arterial and pulmonary capillary pressures invariably fell on tilting, thePA systolic
pressures being always affected more than the diastolic. With the exception of Cases 16 and 17 in
which the dynamics were virtually normal, and Case 18 in which the pulmonary vascular resistance
was extremely high, the mean arterial pressure fell more than the PCV pressure so that the PA-PCV
gradient was narrowed (Fig. 1 and 2). The average fall in PAm was from 45 to 32 mm. Hg and in
the PCV from 23 to 16 mm.: both these changes are significant. In addition to a change in PCV
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FIG. 1.-The changes in mean pulmonary arterial and PCV

pressures on tilting. In this, and all subsequent figures,
closed circles represent data obtained horizontal, and
crosses when tilted 40° feet down from the horizontal.
Pressures are expressed in mm. Hg and resistances in
c.g.s. units.
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FIG. 2.-The relation betvween changes in PCV
pressure and pulmonary vascular resistance.
One case is incorrectly shown as PVR 270-*

170 and PCV 25-12. The correct figure should
be ,150-+24 and 29-+12 respectively.

pressure there was also, in seven observations, a change in the form of the PCV curve. These were
,curves that initially possessed definitive waves. In six the major wave was late systolic and this
invariably diminished in amplitude by approximately half. An example of this is shown in Fig. 3.
In another there was a large early systolic wave and this also diminished in size. In the other cases
the initial curve did not possess definitive waves and none appeared after tilting.

The total pulmonary resistance always fell on tilting; the extent of the fall varied with an average
-drop from 894 to 644 units. The pulmonary vascular resistance was calculated in 16 observations,
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and it fell in 12 and rose in 4. Two in which it rose were Cases 16 and 17, in which pulmonary
dynamics were normal, and a third was Case 18, in which the initial resistance was the extremely
high figure of 1213 units. The largest falls were seen in those with moderately raised vascular
resistances (300 to 800 units) and only one of these failed to show a fall (Case 4) (Fig. 4). In some
the drop in pulmonary vascular resistance was the main cause of the fall in total resistance but in
others the "non-vascular" resistance was the more important. The vascular resist4nce generally

I i tI Idos!I

______'/gSo
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FIG. 3.-Changes in the form of the PCV pressure curve on tilting. The upper trace is with the subject
horizontal. Note, below, the diminished amplitude of the late systolic wave in addition to the fall
in mean pressure.
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INITIAL PULMONARY VASCULAR RESISTANCE

FIG. 4.-Changes in pulmonary vascular resistance in relation to the initial resistance. The changes are
expressed in c.g.s. units.
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CIRCULATORY EFFECTS OF CHANGING POSITION IN MITRAL DISEASE 237

followed the directional change of the PCV (Fig. 2) but failed to show this relation in the two that
were hmmodynamically normal (Cases 16 and 17) and the one with an extremely high resistance
(Case 18). It was less closely linked with cardiac output (Fig. 5).
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FIG. 5.-The-relation between changes in PV resistance
and cardiac output.
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FIG. 6.-The relation between pressure and flow at
the mitral valve in differing degrees of stenosis.
(Reproduced by kind permission ofDr. Richard
Gorlin and the C. V. Mosby Co. from the paper
by Gorlin and Gorlin. 1951).

The systemic pressure changed slightly and inconsistently, the average mean reading being
identical in the two positions. Peripheral resistances rose slightly in 13 of 16 observations, the
average mean figures being 1546 and 1705 units recumbent and tilted; this difference is not significant.

The ventricular work invariably diminished on tilting, but whereas the left ventricular work fell
by an average of only 10 per cent, a change that is hardly significant, the right ventricular work
dropped by 38 per cent, a highly significant change. The mitral valve area was calculated in the two
positions in ten experiments; with the exception of Case 17 the results were usually fairly close,
the tilted figure being slightly larger in seven. In Case 17 the two figures were 147 and 2-81 cm.2 but
this patient was judged clinically to have slight mitral regurgitation as well as stenosis and this
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CARDUS, MACKINNON, AND WADE

TABLE
CHANGES OBSERVED IN CASES OF Mr1RAL DISEASE,

Case Position Pulse (PA.) pressures PCV (Bra)ilressturerys Ventilation Ventilation R.Q.
No. rate (.. rsue mean (BA)pesrs .,'min./m.2 02 cons.

-_
D

pressures 1./100 ml.
- _ S D M S D IM

1 H 100 110 54 75 102 58 73 3 70 3 31 0 81
T400 102 87 40 56 98 62 66 3 84 3 11 0-80

2 H 95 65 30 43 24 99 60 82 4-36 2-80 0-84
T400 101 38 21 25 15 114 78 90 4-56 2-75 0-86

3 H 96 100 98 65 22 115 79 89 5-46 3 30 0-83
T400 84 89 34 56 20 119 81 89 5 0 3-47 0-86

4 H 120 83 31 53 27 108 63 76 6-41 3-01 0-83
T400 120 64 27 42 18 110 71 82 5 46 3-22 0 90

5 H 100 56 28 36 29 112 60 78 4-14 2-43 0-85
T400 100 39 12 17 12 124 48 80 3-82 2-38 0-78

6 H 82 64 28 40 20 - 6-46 3-75 1-05
T400 86 55 25 34 18 - 6-81 3-87 1-10

7 H 90 79 42 56 31 116 50 66 5 32 3 04 0-86
T400 93 71 33 47 27 100 62 76 5 67 3-01 0-84

8 H 63 58 27 36 22 124 70 85 4.49 3 03 0 85
T400 63 42 18 26 19 132 74 91 4-31 2-83 0-79

9 H 120 70 32 43 18 96 78 84 5-15 3-21 0-88
T40° 124 46 22 28 10 93 70 46 5-10 3-23 0 85

10 H 90 70 34 47-5 24 92 53 65 3-64 2-48 0-85
T400 90 40 21 31 16 90 55 65 4.55 2-65 0-84

11 H 90 90 42 61-5 31 104 56 5 75 5 03 2-82 0 79
T400 96 52 24 33 21 106 60 75 5-31 2-95 0 79

12 H 84 60 25 49.5 26-4 3-38 2-12 0-83
T40° 90 47 20-4 32 16-8 _ 3-38 2-17 0-84

13 H50 90 72-6 43 51 16 96 57 68-6 3 66 2-80 0-83
T400 96 49 28*4 42-2 22 90 55 68-6 4-60 2 81 0-86

14 H 72 80 5 33 50 5 21*8 105 58 75 3 57 2 56 0-82
T400 84 48-2 23 27*6 101 58 77-5 4-21 2-93 0 94

15 H 90 56 28 33 6 26 130 76 95-6 3-42 2-11 0-80
T40° 84 32 18 22 18 119 70 87 3-35 2-22 0-81

16 H 100 20 9 16 11 140 74 96 3-52 2-12 0-82
T400 100 16 5 5 10 5 3 130 65 83 3*37 2-13 0 85

17 H 70 24 12 17 13-5 94 51 68 3-23 2-30 0-76
T400 87 18 7.6 11-5 6-4 91 5 56 70 3-31 2-35 0 83

18* H 120 176 71 100 43 107 64 76 9-70 1-21 0-73
T40° 120 181 62 95 32 176 71 100 8-80 1-26 0 78

f M 91 68 32 45 23 115 63 78 4 40 2-77 0-84
H S.D. 4-23 15 3 5.7 9-8 0-96

1 S.E. 1-02 3-7 1-4 2-5 0-23

r M 94 48 22 32 16 108 64 78 4 50 2-82 0 85
T S.D. 13-9 11-5 6-2 8-6 0 95
400l S.E. 3-37 2-8 1-6 2|2 0-23

* Case 18 was investigated after the statistical analysis was
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CIRCULATORY EFFECTS OF CHANGING POSITION IN MITRAL DISEASE 239

I
ON TILTING FROM HORIZONTAL TO 400 FEET DOwN

TPulmonary
Ventric.

Pulmonary ~~~work
Oxygen P.A. B.A. A-V Cardiac Cardiac resistances Systemic Mitral kg./min./

cons./m.2 sat'n. sat'n. dif. output index resist. area m.2 Case Position
vol % Non- No.

|[___ ____ _ Vasc. vasc. Tot. R L

112 63-2 94 6-25 2-75 1-79 - 2010 2118 - 181 1-70 1 H
123 64-3 96-8 655 2 90 1-88 1412 1811 1*41 1-60 T400

156 62 92-5 7 4-30 2-23 353 353 706 1524 0 82 1-18 2-40 2 H
166 53 2 93 9-25 3-47 1-80 229 231 460 2065 0 94 0 50 2-13 T400

166 35-6 92 8-56 2-88 1-93 1185 480 1665 2465 0 56 1-65 2-26 3 H
144 34-7 90 5 8-46 2-54 1-70 1132 466 1598 2800 0-52 1-24 2-01 T400

213 51-7 89 5-65 5-94 3-76 349 307 656 1020 130 2-84 3-73 4 H
169 55 89-2 5-18 5-17 3-26 370 201 571 1265 1-47 2-01 3-51 T400

171 49-8 91 8-47 3-73 2-01 150 515 665 1668 - 090 2 05 5 H
161 46-5 91-3 9-23 3-21 1-74 124 174 298 1987 - 0-31 1-81 T400

172 54 91-5 6-28 3-66 2-73 437 326 763 - 1-37 - 6 H
176 52-6 95 7-10 3-32 2-47 385 313 698 - 1-04 - T400

176 58-2 91 5-12 5-62 3.43 354 370 724 935 1-09 2-32 2-93 7 H
188 58-9 93-2 5 35 5-75 3*50 277 305 583 1057 1-23 1-96 3-48 T400

148 62 90 3 5.75 3 60 2 57 310 378 688 1881 0-74 1-17 2-87 8 H
152 60-6 91-5 6 25 3.40 2-43 163 330 493 2140 0 73 0 73 2-93 T400

160 55 90 8 7-74 3-15 2*07 634 328 962 2131 - 1-13 2-28 9 H
158 50 92-6 9-2 2-60 1-71 552 154 706 2331 - 0 57 1 70 T400

147 63-9 94-2 5.15 4-27 2-85 440 355 795 1215 0-82 1-93 2-40 10 H
171 60 8 96-2 6 0 4-50 3 00 267 195 462 1154 1-10 0 95 2-51 T400

178 61 93 5-02 5-65 3.55 430 361 791 1060 0-99 2-91 3-47 11 H
180 58 94 5 65 5 08 3-18 189 251 440 1180 1-08 1-34 3-13 T400

160 616 94 6-2 3 50 2*57 527 488 1015 - 1-64 - 12 H
155 62-8 5.95 3-51 2 58 345 269 614 - 1-02 - T400

131 50 8 85 7 02 2-49 1-86 800 665 1465 2200 0-48 1'25 1-65 13 H50
163 50 8 87 7.4 2-94 2-19 549 462 1011 1860 0-65 1 20 1 95 T400

140 62-3 91-4 4-87 4-54 2-87 506 298 804 1320 - 1-87 2-82 14 H
144 56-5 96 6 60 3-44 2-17 - 530 1800 - 0-71 2-21 T400

162 57.7 93 5-27 5-45 3-07 111 309 420 1404 1-06 1-12 3 90 15 H
151 57 94-8 5-65 4.75 2-68 67 219 286 1466 1-13 0 53 3 07 T400

166 74-2 94.3 3-8 6-47 4-36 62 74 136 1186 2-86 0-73 5-56 16 H
153 71 93-8 4-32 5-27 3.55 114 84 1259 - 0-32 3-88 T400

140 69-3 95 4-6 5 06 3.04 55 134 189 1072 1-47 0-21 2-68 17 H
140 65-4 97-8 5-8 4.04 2-43 101 28 129 1384 2-81 0 25 2-21 T400

224 33-4 76 9-0 3-44 2-5 1231 976 2207 1766 18 H
210 35-8 77.4 8-7 3-33 2-4 1428 632 2160 1844 T400

158 58-3 91-7 6-45 4-29 2*74 413 390 894 1546 1V53 2-84 f M
2-23 8-6 2-4 1-4 0-73 298 505 0-71 0-86 H S.D.
0-54 2 0 0-6 0 3 0-17 77 130 0-17 0-22 1 S.E.

158 56-3 93-3 6-70 3-87 2-48 324 257 644 1705 0-94 2-54 r M
160 8-3 2-9 1-3 0-63 268 506 0-52 0-59 T S.D.
0-38 2 0 0 7 0*3 0.15 69 130 0-13 0°15 400 S.E.

completed and is not, therefore, included in the mean figures.
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CARDUS, MACKINNON, AND WADE

may have led to error in calculating the diastolic filling pressure. In the five patients in whom it
was measured, the intrathoracic pressure showed a wider respiratory excursion when recumbent but
little or no change in mean pressure.

The rapidity with which tracings could be taken after changing position was limited by the time
needed to reset the zero reference point-about one minute. On tilting, the pressures were found
to have reached their lowest point already and remained stable thereafter for the duration of the tilt,
which did not exceed twenty minutes. Similarly, the pulmonary pressures were found to have
returned to pre-tilt levels on restoration to horizontal, in six of nine observations in which they were
thus checked. In one case the pressures and pulmonary resistances exceeded pre-tilt figures and in
the other pressures persisted 5 and 7 mm. Hg respectively below the initial figure. All these data
are tabulated in Table I.

DISCUSSION
Our data show that tilting from recumbency to 400 feet-down in cases of mitral disease has very

little effect on several important aspects of circulatory dynamics. Thus the pulse rate and the
systemic blood pressures were virtually unchanged; with the exception of the cases with trivial mitral
disease cardiac output changes were small; and, although the systemic resistance tended to rise in most
of them, the changes were relatively slight. The constancy of the oxygen consumption and the
respiratory quotient suggests that the positional change did not alter metabolism. The major effects
were confined to pulmonary dynamics and the absence of changes elsewhere renders the technique
particularly valuable for the investigation of the pulmonary circulation.

The drop in intra-pulmonary pressures so frequently observed cannot be ascribed to a more
negative intra-thoracic pressure, for the systolic and diastolic pulmonary arterial and the PCV
pressures did not move in parallel. Moreover, the intrathoracic pressure recordings did not reveal
a change in mean pressure. The fall was always greater than the conceivable zero-reference point
error. We have been unable to find any previous reports on the effects of tilting on pulmonary
dynamics in mitral disease and little has been published on the effects in normal subjects or in other
disease states. In one normal subject and in one patient with essential hypertension tilted to 60°,
Lagerlof et al. (1951) reported a fall in both pulmonary arterial and capillary pressures and cardiac
output, and a rise in the calculated total and pulmonary vascular resistances; they also estimated the
cardio-pulmonary blood volume by the Hamilton dye-dilution method and found it to diminish in
both cases. There is general agreement that the lung blood volume is less in the erect position
(Gilmore et al., 1952; Sjostrand, 1953) and, in an ingenious series of experiments Sjostrand (1952)
showed that this blood is transferred from the heart and lungs to the legs and in magnitude may be
as much as 25 per cent of the cardio-pulmonary volume. This shift has been held responsible for
the observed increase, on standing, in vital capacity and lung compliance (McMichael and McGibbon,
1939-42; Attinger et al., 1956). Although we did not measure the lung blood volume, the evidence
is so uniform that it is reasonable to assume a reduced blood volume on tilting. It is also reasonable
to assume that the drop in lung blood volume is basically responsible for the fall in pulmonary
pressures.

We have already observed that except in the cases with normal hemodynamics, the pulmonary
arterial and capillary venous pressure do not move in parallel. It seems unlikely, therefore, that the
pressure changes are simply the result of altered lung blood volume and/or cardiac output. In a
rigid system a diminution in volume will cause a general drop in pressure in the various parts of the
vascular bed and the forward flow will be affected in accordance with the relations expressed in
Poisuelles equation; this should not effect the calculated hindrances. In an elastic system reduction
in distending pressure mediated through volume changes should cause an increase in hindrance, not
the converse, for the lumen of the vessels will diminish, and Borst et al. (1956) have found this to be
so in animal lungs. The only means whereby a satisfactory mechanical explanation can be afforded
is by treating the site of pre-capillary hindrance, the "pulmonary vascular resistance", as an orifice
through which flow is turbulent, as in the general hydraulic equation used by Gorlin and Gorlin
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CIRCULATORY EFFECTS OF CHANGING POSITION IN MITRAL DISEASE 241

(1951). Under these circumstances, if the drop in pressure causes a fall in output, this fall is related
to the square root of the pressure change; a fall in flow would then be accompanied by a fall in cal-
culated resistance and this is made plain in the curves published by Gorlin and Gorlin (Fig. 6). This,
formula is hardly applicable to flow in a tube, and if it were there should be a direct relation between
the change in resistance and the cardiac output on the one hand and the initial resistance on the other;
this does not appear to be so. It might also be argued that a fall in pulmonary or venous pressure
may affect vascular hindrance by reducing interstitial pressure and therefore the external pressure on
the small non-muscular vessels. Morphologically the location of the resistance would appear to
be the small muscular arteries prior to the capillary bed (Henry, 1952) and it seems unlikely that
external pressure changes of a few millimetres of mercury would affect their lumen to any great extent.
It is difficult to avoid concluding that, when a fall in pulmonary vascular resistance occurs, it is due
to some degree of vasodilatation.

There is a strong suggestion in our data, and this is especially well seen in Fig. 4 that the response ta
tilting in those cases with moderate elevation of the pulmonary resistance (300 to 800 units) differs
both from the normal response and from that seen in cases with a very high resistance. The two
patients with mitral disease so slight as to be hemodynamically normal both responded with a
parallel fall in PA and PCV pressures, but with a considerable drop in cardiac output and therefore
an increase in calculated resistance. This is the type of response found by Lagerlof et al. (1951) in
two normal subjects. We also found, in two patients in whom tilting to 400 had reduced the PCV
and pulmonary vascular resistance to normal limits, that further tilting to 60° caused a rise in resis-
tance (unpublished data). The reason for the greater fall in output in normal subjects is apparent
in the pressure/flow curves at the mitral valve (Fig. 6); the larger the valve the greater the change in
flow for a given change in pressure. The relative constancy of the pulmonary arterial/venous
pressure gradient at physiological pressures, despite the drop in volume and output, suggests a
capillary bed operating close to a critical closing pressure.

There are only two cases in this series, with a very high vascular resistance (over 1000 units), but
it is noteworthy that in one there was no appreciable change and in the other an increase in resistance
on tilting. In the middle ranges with resistances of 300 to 800 units ten of the eleven cases showed a
considerable drop in resistance and we have already concluded that this is probably due to vasodilata-
tion. The method whereby this vasodilatation is brought about is not clear. It may be, as has
been previously suggested, that vascular resistance is linked to the PCV pressure (Wood, 1954; Wade
et al., 1956) but this is clearly not so in Case 18 in which the initial resistance was 1231 units rising to
1428 on tilting despite a fall in PCV from 43 to 35 mm. There would seem to be some support here
for the views of Harris (1957) that very high resistances will not yield to vasodilators, in his case
acetylcholine, and are therefore presumptively due to organic obstruction rather than vasocontrac-
tion. This view must be accepted with some reserve, however, for after successful valvotomy, even
extremely high pulmonary vascular resistances may fall rapidly (Mackinnon et al., 1956). Moreover,
there are many similarities between these cases and some of those with unexplained pulmonary
hypertension, and it has been suggested that in some of these the increased hindrance is due to
vasocontraction (Wade and Ball, 1957). If, as seems probable, there is a linkage, in the middle
group, between the PCV pressure and the vascular resistance, the behaviour of the systemic resistance
argues against sympathetic meditation. Brigden et al. (1950) demonstrated skin vasoconstriction on
tilting while, in our cases, there was a general tendency for the systemic resistance to rise; it seems
unlikely that a sympathetically mediated vasodilatation would occur in the lungs at a time when
sympathetic tonus elsewhere is increased. These data support the view expressed by Wade et al.
(1956) that the hypotensive effect of hexamethonium in some cases of mitral disease is not due to
direct blocking of sympathetic nerve impulses to the lungs.

The fall in "non-vascular" resistance, which in some cases was the major factor in reducing the
total pulmonary resistance, can largely be explained by the form of the pressure-flow curves at the
mitral orifice (Fig. 6), for resistance will be related to flow changes as the tangent of this curve. The
differences in calculated valve area in the two positions were generally small and only in one was
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there an appreciable discrepancy (Case 17). This patient had mitral regurgitation as well as stenosis
clinically, although the PCV curve did not show a large systolic wave, and possibly this has led to an
error in calculating the orifice size. The difference in the other cases are all within the error of the
method which has been assessed by Rodrigo (1953) as i 50 per cent.

In addition to a fall in mean pressure, the PCV curve frequently changed in form, in that, when
there were definitive waves they diminished in size; the converse was never observed. In six cases
the major wave was late systolic and there is general agreement that this wave represents the V wave
of the auricular pulse. Wade et al. (1952) showed that this wave was augmented in mitral regurgita-
tion and suggested that it did not exceed 8 mm. Hg unless this was present. By these criteria the
mitral valve was incompetent in recumbency but became competent on tilting in five patients. It
seems unlikely that this reflects a true variation in valvular competency, but rather changes in the
elasticity of the pulmonary-venous-left-atrial system at different pressure levels. There was no
obvious correlation between the height of the recumbent pressure and the fall on tilting such as Oser
et al. (1955) reported for the right atrium in cases of congestive heart failure.

Tilting has a striking differential effect on ventricular work. Right ventricular work diminishes
by some 40 per cent, mainly on account of the fall in pulmonary arterial pressure, while left ventri-
cular work drops by only 10 per cent entirely due to the slight fall in output.

The consistent and significant increase in the oxygen content of the systemic arterial blood can
be explained in three possible ways. (1) There may be impairment of ventilation in recumbency and
Blair and Hickam (1955) have shown that, in normal subjects, portions of lung are more slowly
ventilated in this position; (2) there may be an alteration in the diffusing capacity of the lungs, and
Carroll et al. (1953) have claimed that oxygen diffusion is impaired in the congested lung of mitral
disease; or (3) there may be changes in the amount of venous admixture. Our data do not enable
us to differentiate between these various possibilities. It seems improbable that these changes in
systemic arterial oxygen content are related to the altered pulmonary vascular resistance for, although
breathing pure oxygen will often lower the raised pulmonary resistance in mitral disease (McGregor
et al., 1953), the changes in our cases were small and did not correlate well, in individual cases, with the
change in resistance. Pulmonary arterial blood oxygen also seemed unimportant, for the relation
between this and the resistance was generally inverse.

CONCLUSIONS
Hfmodynamic findings are reported in eighteen patients suffering from mitral disease who were

studied recumbent and also when tilted feet-down at an angle of 40° from the horizontal.
On tilting, the pulmonary arterial and capillary pressures and the total pulmonary vascular

resistance invariably fell. The pulmonary vascular resistance rose in two patients with normal
hlmodynamic findings, fell in all but one of those with a moderately raised resistance, and rose in
one and was unchanged in the other of two cases with a very high resistance. It is concluded that a
fall in pulmonary vascular resistance probably represents vasodilatation, that this is brought about
indirectly by a diminution in lung blood volume, and that the autonomic nervous system is probably
not involved. 0

The form of the pulmonary capillary venous curve was frequently altered, definitive waves, if
present, becoming smaller.

The pulse rate, systemic blood pressure, oxygen consumption, and respiratory quotient did not
alter with the change in position. Cardiac output changes were usually small.

It is suggested that tilting is a useful method for investigating pulmonary dynamics with minimal
interference with other aspects of the circulation.

We thank Dr. Morgan Jones for his help and for permission to study patients under his care, Mr. R. C. de Meneaud
for his technical assistance and Miss K. M. Lamb for secretarial help. We also thank our patients for their tolerant
co-operation.
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