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It has been shown by cardiac catheterization that an increased resistance to blood flow through
the lungs occurs in four main conditions: (1) congenital heart disease with potential shunt, (2) mitral
valve disease or left ventricular failure, (3) chronic lung disease, and (4) primary and thrombo-
embolic pulmonary hypertension. Although the burden of an increased pulmonary vascular
resistance falls almost entirely on the circulation, the primary lesion is probably in the lungs. Up
to now little has been written about the effect of pulmonary hypertension on pulmonary function
and the object of this paper is to report a study of the mechanical properties of the lungs and the
diffusing capacity in a group of patients in whom the presence of a raised pulmonary vascular
resistance was established by cardiac catheterization.

MATERIAL AND METHODS
Of the 27-patients investigated, 17 had congenital heart disease with a shunt at atrial, ventricular, or

ductal level which was usually bi-directional. In no case was the pulmonary blood flow increased, and
in all there was clinical and laboratory evidence of an increased pulmonary vascular resistance. In 5
patients mitral valve disease was complicated by pulmonary hypertension with a pulmonary vascular resist-
ance of 10 units (800 dyne sec./cm.-5) or more. In one case pulmonary hypertension was associated with
chronic pulmonary fibrosis, while in the remaining four a diagnosis of primary pulmonary hypertension
was made on clinical grounds and confirmed by cardiac catheterization. The relevant physiological findings
are given in Table I. In 25 cases pulmonary arterial pressure and pulmonary blood flow were measured;
in the other two only right ventricular pressure tracings were obtained, but the clinical findings left no doubt
that the pulmonary vascular resistance was raised.

Pulmonary function studies were carried out at rest with the patient sitting in a chair and either during
exercise on a motor-driven treadmill or after the patient had walked upstairs. The aspects of pulmonary
function studied included the compliance of the lungs, the respiratory resistance, the diffusing capacity of
the lungs for carbon monoxide (Dco), the helium mixing curve, and the ventilation equivalent for oxygen
(02/V) during exercise. Compliance in 1./cm. H20 is a measure of the pressure required to overcome the
elastic recoil of the lungs, and respiratory resistance in cm. H20/l./sec. expresses the resistance to air flow
in the bronchial tree. The measurement of Dco in ml.02/min./mm. P02 is an overall measure of the rate
of transfer of oxygen into the pulmonary capillary blood: it is influenced by any disturbance of the normal
balance between alveolar ventilation and perfusion as well as by abnormality of the alveolar membrane.
The helium mixing curve measures the equality of the distribution of ventilation to different parts of the
lungs and if it is normal, any reduction in Dco must be due to inequality of perfusion or abnormality of the
alveolar membrane. The ventilation equivalent for oxygen in ml. 02/1. ventilation expresses the oxygen
uptake for a given ventilation and, since oxygen uptake is related to the grade of exercise, the ventilation
equivalent measures the efficiency of ventilation.

The compliance and respiratory resistance of the lungs were measured from simultaneous tracings of
intra-cesophageal pressure and tidal volume. The pressure in the cesophagus was measured by the method
described by Mead et al. (1955). Tidal volume was recorded either by means of a spirometer, the movement
of which was transmitted to a potentiometer, or by electrical integration of a pneumotachographic tracing.
The compliance of the lungs was measured from the pressure difference at the points of zero air flow and
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McILROY AND APTHORP

TABLE I
CLINICAL AND PHYSIOLOGICAL DATA IN 27 PATIENTS WITH PULMONARY HYPERTENSION

2-F7 B 9502 _ A..D (c

3~~~~~~~~~~~~0F0 20855 5 46 1 2/5 9 - ...(..9%4~~~~CF 31 2B 12/7 90 _ 2 1/7 5 49 ASD

.06"'Fi495 Diagnosis and
H~Ced#, r.-E S2 Aremarks

8~~~~~~. u27 2A 7/54E3 1080 8 - ...?Otu
20 F 27 2B 905/05*80- - - 26 105/0 80 4-1 A.S.D.(

11F 40 3 115/50 7~~0 -4 3 -2 d23 11/0 7 - ...(..9%
2 F 30 2B 88/50 65 5 43 13 120/80 9 275 A.S.D.(L.2

14 F 31 2B 125/75 90 -5 21- 24t 115/75 85 497 A.S.D

I F 34 2A 90/35 5 12 26- 18 120/75 96 26- A.S.D.
6 F 20 2B 75/0 49 - -8 42t 95/6 5 A.S.D. (PaV8th7t
7 F 54 2B 810/52 - 315 -3 120/55 75 3.9 A.S.D. (P.V.92ho)

18 F 31 2B 125/75 90 - 2-1 40t 115/75 75 4-9 Pulmonar

Asthma
8 F 27 2A 75/25 40 0 30 13 110/80 85 2-8 A.S.D. ? Ostium

primum
9 F 21 2A 120/60 80 0 53 15 120/70 85 53 V.S.D.
10 F 26 2B 105/65 80 1 30 26 105/70 80 4-1 V.S.D.
11 F 40 3 115/50 70 -4 32 23 115/60 72 3-6 V.S.D.(P.V. 94o )
12 F 57 3 145/55 90 018 3 69 160/100 120255 V.S.D.
13 F 45 2B 110/60 80 - 2-0 251 110/60 80 27- M.S. M.
14 F 45 3 100/35 65 25 1-4 24 110/75 85 147 M.S.
15 F 48 2B 90/45 60 20 2-2 18 130/80 95 2-7 M.S.
16 F 20 2B 105/60 75 18 42t 120/80 95 24 Idiopathic
17 F 64 2B 80/24 40 4 1-5 24 120/65 85 24 Idiopathic
18 F 57 2B 105/30 55 - 3-3 1St 115/30 75 3-3 Corpulmonale

Pulmonary
fibrosis

19 M 45 1 75/25 40 1 4-5 9 125/65 90 5-4 A.S.D.
20 M 32 2A 105/60 80 -2v5 32t 105/60 803w0 A.S.D. ? Ostium

primum
21 M 36 2A 120/60 80 - 3-0 26t 120/60 80 6-0 V.S.D.+P.D.A.
22 M 43 2B 115/65 80 s2r5 32t 115/65 804m5 P.D.A. Bron-

chitis
23 M 46 2B 125/90 105 8 3-7 26 125/75 95 4-1 P.D.A.
24 M 26 2A 110/70 80 30 3-3 15 90/65 75 4-5 M.S.
25 M 39 2A 70/35 55 18 3-6 10 100/65 75 4-0 M.I1. M.S.
26 M 23 1 65/25 45 - 4.4 lOt 125/75 90 4-8 Idiopathic
27 M 46 2B 120/75 90 - 3.4 26t - - - Idiopathic

*Right ventricular pressure. t Assuming wedge pressure zero. 1: Assuming wedge pressure 30.

the tidal volume. The respiratory resistance during inspiration was measured from the non-elastic pressure
difference at the mid-point of inspiration and the rate of air flow at the same instant. Both values were
expressed as the average for five breaths.

In 11 patients the diffusing capacity of the lungs for carbon monoxide (Dco) was measured by the method
described by Bates et al. (1955). In these patients the lung volume (F.R.C.) and "mixing efficiency" were
measured using the closed circuit helium method (Bates and Christie, 1950). In a number of patients, the
oxygen saturation was measured with an ear oximeter at rest and after exercise. The accuracy of the
instrument was checked by comparing oximetric readings with simultaneous arterial samples analysed by
Haldane's method. A graph of the oximetric reading plotted against the oxygen saturation of arterial
samples is shown in Fig. 1. (p. 400).

RESULTS
The values for lung compliance and inspiratory resistance at rest and after exercise are shown

in Table II, together with the oxygen saturation measured with the oximeter. Although there was
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PULMONARY FUNCTION JN PULMONARY HYPERTENSION

TABLE II
THE MECHANICAL PROPERTIES OF THE LUNGS IN 27 PATIENTS WITH PULMONARY HYPERTENSION

Rest Exercise

_;<t j W , D,, k tim; 2-, ciX

1 0 184 2-7 340 91 - 3 0 105 1-1 51-3 80
2 0-069 4-5 9-7 85 4-3 <1 0073 4-2 22-7 -
3 0@076 0-7 190 95 -1 0074 1-0 27*2 95
4 0-139 3-4 131 82 35 1 0-076 35 13-6 82
5 0-047 9 1 13-1 92 -4 0-133 4-6 30 0 -
6 0-108 2-2 9-8 89 40 <1 0134 3-7 36-6
7 0256 58 11-9 84 270 <1 0-214 49 20-7 -
8 0 155 5-7 9-6 93 -2 0 178 1-3 335 80
9 0-088 49 111 87 -2 0 097 58 170 80
10 0-141 5 6 10-8 90 -2 0*096 4-2 18-1 75
11 0-114 2-4 16-4 90 _ _
12 0 077 4-8 8-6 85 3-8 <1 0-062 2-9 14-9 -
13 0*022 10 0 5 7 86 1-4 2 0 044 66 85 88
14 01054 6-9 930 87 2030<1 0 097 8-2 12-3 87
15 0-162 - 6-1 - 2 0057 546 1121
16116 0 17-9 87 2 0 095 0 9 4328 87
17 01085 9-7 9-7 92 - 2 0-076 234 13-4 -
18 0-051 140 11-2 87 146 1 0 051 12-1 12-2 81

Mean 02114 5.5 - - - - 02098 4-3 -7
Normal 0-13 2-8 - - - 0-13 21-3 -

Range 009- 145- - - - 0-09- 2-0- - -
0-18 458 - - - 0-18 30 - -

19 0-115 2-2 16-1 87 30 4 0-127 15 38-1
20 0 097 3-8 67 75 1-7 2 00128 2-1 2017
21 0-107 4-2 1251 80 3-6 4 0-125 2-3 330 76
22 0 034 13-7 55 96 - 3 0-036 789 10-3 93
23 0-217 3-2 20-3 89 2 - - - 87
24 0-081 5.1 27-9 90785 2 0-072 405 2645 89
25 0-092 2-3 1790 90 2 0 077 4-3 2510 90
26 0-173 140 111 - - 4 0-086 2-1 16-6 -
27 0-118 4-3 15-8 95 -2 0-128 3.7 29-6 90

Mean 0-115 4-4 - 0 097 3-6
Normal 0 19 2-0 0-22 124

Range 0014- 0-7- 0-12- -0-6
2 02331 325 - - - 08392-2 - -

considerable variation from patient to patient, the values for compliance tended to be less, and for
inspiraory resistance greater than normal. As would be expected, lung complance was reduced
in the patient ral valve disease (Marshall et al., 1954; Hayward and Knott, 1955), and
also in the patient with pulmonary fibrosis (Case 18) in whom the inspiratory resistance was also
raised. In two patients with congenital heart disease, in whom there was a history of associated
lung disease (Cases 7 and 22), the mechanical properties of the lungs were also grossly abnormal.
In Case 7, with a long history of asthma, there was a high compliance and a high inspiratory resist-
ance, while in Case 22 with a long history of winter bronchitis, the compliance was greatly reduced
and the inspiratory resistance high. Further evidence of associated lung disease was obtained
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McILRO Y AND APTHORP

from the measurement of the rate of change of oxygen saturation when the patient breathed 100 per
cent oxygen. In Cases 7 and 18 the rate of change of saturation was 27 per cent and 15 per cent
per minute, indicating that the reduction in arterial saturation was due to impaired diffusion in
the lungs rather than to a right-to-left shunt: this will be referred to later when the diffusing
capacity is considered. The third patient, in whom the arterial oxygen saturation changed rapidly
with 100 per cent oxygen (Case 14), had mitral stenosis, and it is presumed that diffusion in the lungs
was impaired in this patient although the diffusing capacity was not measured.

100

90~~~~~~~~~9C 0

ARTERIAL

80 S
SATURATION

XX70
BY OXIMETER

fi0~~~~

So- 60 70 80 90 100
ARTERIAL SATURATION % BY GAS ANALYSIS

FIG. 1.-Comparison of oxygen saturation of arterial samples
with oximeter reading in 13 patients.

The values for lung volume, mixing efficiency, and Dco at rest and during exercise are shown
in Table III. The lung volumes were within normal limits and mixing was normal in all except
the two patients with associated lung disease (Cases 7 and 18). The values for the diffusing capacity
were generally less than normal and, as the values obtained in normal subjects vary with lung
volume, the results have been shown in Fig. 2 plotted against the lung volume (F.R.C.). The
normal range is derived from the results using this method in young normal subjects (Bates et al.,
1955). It will be seen that Cases 7 and 18 with associated lung disease showed lower values than
the rest of the group, confirming the suggestion, made from the measurement of the rate of change
of arterial saturation on 100 per cent oxygen, that diffusion was impaired in these two patients.
In the other 9 patients the diffusing capacity was lower than expected on the basis of lung volume
and did not increase normally on effort. In only one (Case 1), the youngest patient with congenital
heart disease studied, was the Dco within normal limits.

The ventilation equivalent for oxygen (02/V) in ml. 02/litre ventilation was measured in 9 patients
during exercise and found to be low, indicating a greater ventilation than normal for a given oxygen
consumption. In the patients in whom oxygen consumption was not measured, a lowered ventilation
equivalent could only be inferred from the high levels ofventilation required for relatively mild exercise.
In Case 26, a young man in whom the diagnosis of primary pulmonary hypertension was made
following the discovery of a dilated pulmonary artery on mass radiography, the ventilation
equivalent was normal. His oxygen consumption on moderately severe exercise was 1550 ml./min.
with a ventilation equivalent of 43 ml. 02/1. ventilation.

DISCUSSION
These results indicate that the disturbance of pulmonary function in patients with pulmonary

hypertension varies considerably. In deciding how much&tho e abnormality is due to pulmonary
hypertension and how much to associated conditions, it is important to consider the results in
those patients in whom there was no associated lung disease and no mitral valve disease, two con-
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PULMONARY FUNCTION IN PULMONARY HYPERTENSION

TABLE III
THE DIFFUSING CAPACITY FOR CARBON MONOXIDE IN 11 PATIENTS WITH PULMONARY HYPERTENSION

Exercise

Z iECS'b'Sc E

1~ ~~~~~~~~ co57 CIS75- 91 73 5 2

4.i~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I

7~~~~~~c2 04 3-0 45 7-

Cd x~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-

1 257 2-29 71 150 2951737 25 200
2 1-65 2-11 66 6-4 14-7 350 24 7-6
3 216202 58 10-0 196- 510 26 154
4 2-47 3-34 102 9-6 23-1 395 17 13-3
5 2-77 2-7 89 11-2 2 22-3 652 29 11-4
7 2-04 3-03 45 7.9 -----
8 3-29 3-77 80 12-8 1II 30-3 571 19 16-0
16 2-03 2-47 68 10-0 Ij 31-2 549 18 14-8
18 1-50 3-29 31 4-5 i 12-5 280 22 7-5
21 4-27 3-28 78 17-1 1 22-3 665 30 19-1
23 3 44 5 31 83 12 4 i 204 770 38 21-0

ditions that are known to affect the mechanical properties of the lungs. The general picture
that emerges when such cases are excluded is that pulmonary hypertension is associated with a
normal or reduced compliance of the lungs, a normal or slightly raised inspiratory resistance, and
a low ac which does not increase normally on exercise. That these changes are not
the direct result of a raised pulmonary vascular resistance is shown in Case 26, in which pulmonary
function was normal in the presence of a pulmonary vascular resistance of 10 units (800 dyne
sec./cm.-5). Any attempt to explain the variable impairment in pulmonary function found in patients
with pulmonary hypertension must be speculative, but it seems possible that pulmonary vascular
disease with local thrombosis or embolism in different parts of the lungs could produce changes
that would vary from patient to patient. If this were the case, the impairment of pulmonary
function might well depend on the duration of the pulmonary hypertension. Such a concept is
supported by the fact that among the patients with congenital heart disease, the disturbance of

LUNG VOLUME IN LITRE S

FIG. 2.-The relationship between the diffusing capacity
for carbon monoxide and lung volume in 11
patients with pulmonary hypertension.
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McILROY AND APTHORP

pulmonary function was least in the youngest patient (Case 1), and also that, in Case 26, in which
primary pulmonary hypertension was diagnosed in a pre-symptomatic stage, pulmonary function
was normal. The exact mechanism by which thrombosis or embolism of the pulmonary arterial
tree could lead to a reduction in lung compliance and an increase in respiratory resistance is not
clear. It has, however, been shown by Doyle et al. (1957) that the pulmonary vascular bed is
reduced in patients with pulmonary hypertension and congenital heart disease, and such changes
could well account for the reduction in diffusing capacity by reducing the surface area available for
gas exchange. It would not then be necessary to postulate any abnormality of the alveolar mem-
brane in such patients. In this connection it should be stressed that the measurement of the diffus-
ing capacity with carbon monoxide measures the overall process of diffusion and is influenced by
inequality of ventilation, increased dead space effect, and venous admixture, as well as by any abnor-
mality of the pulmonary membrane itself.

As has been shown, hyperventilation was common in the patients with pulmonary hypertension
studied. In those patients with congenital heart disease and a right-to-left shunt, in whom the
arterial saturation fell on exercise, hyperventilation would be expected to occur as a result of the
fall in arterial oxygen tension and rise in arterialpCO2 associated with increased shunting of venous
blood into the systemic circulation on exercise. Some other factor must be invoked to explain the
hyperventilation seen in patients with no shunt. The clearest example of this was seen in Case 16,
a girl with primary pulmonary hypertension in whom the ventilation equivalent was 18ml. 02/1.
This hyperventilation was not abolished by oxygen and the stimulus for it is unknown.
That it is not directly related to the increased pulmonary vascular resistance is shown by the findings
in Case 26 in which a raised pulmonary vascular resistance due to primary pulmonary hypertension
was associated with a normal ventilation equivalent. Further work is needed to explain the nature
of the ventilatory stimulus in such patients and to explore the suggestion that it may be related to
limitation of the cardiac output.

Dyspncea was the symptom that limited exercise performance in all the patients studied, and
it appears that several factors may be responsible for this. Firstly, impairment of the mechanical
properties of the lungs must result in an increase in the oxygen cost of breathing; secondly, hyper-
ventilation due either to arterial oxygen unsaturation on effort or to some unknown stimulus must
increase the ventilatory requirements for a given grade of exercise; thirdly, the restricted blood
flow through the lungs on exercise must limit transport of oxygen to the tissues.

SUMMARY
The mechanical properties and diffusing capacity of the lungs have been measured at rest and

on exercise in patients with pulmonary hypertension.
There was no direct relationship between the level of the pulmonary vascular resistance and

the degree of disturbance of pulmonary function, which ranged from zero to considerable. In
general, patients with pulmonary hypertension showed a variable reduction in lung compliance,
diffusing capacity, and ventilation equivalent, and a slight increase in inspiratory resistance.

It is suggested that while pulmonary hypertension per se has no effect on pulmonary function,
changes in lung compliance, resistance, and diffusing capacity may result from associated lung
disease, mitral valve disease, or the effects of thrombosis or embolism of the pulmonary
arterial bed.

We wish to thank the physicians of the National Heart Hospital for allowing us to study their patients.
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