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Exercise induced pulmonary vasoconstriction
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SUMmARY Pulmonary vascular resistance normally falls or remains unchanged during exercise.

Seven children with pulmonary hypertension were exercised during cardiac catheterisation after
operative correction of ventricular septal defect (6) and truncus arteriosus (1). Except for the presence

of moderate pulmonary hypertension, resting haemodynamics in these seven children were similar to

those of normal children of equal age, but during exercise the postoperative patients showed a rise
rather than a fall (+2% vs -18%) in total pulmonary vascular resistance. Two of the seven children
had a substantial increase in pulmonary arteriolar resistance during exercise (from 509 to 715 dyne s

cm-5 in one patient and from 606 to 828 dyne s cm-5 in the other). These two patients did not differ
from normal children in respect of arterial or mixed venous oxygen saturations or of pH with
exercise, nor was left atrial pressure related to the rise in pulmonary resistance. These two patients,
however, had only a small rise in cardiac output during exercise (6-8% and 43 1%) in spite of a

substantial increase in oxygen consumption (121% and 373%). One of the patients with exercise-
induced pulmonary vasoconstriction had an 82% increase in resting pulmonary vascular resistance
over a five year period subsequent to her first exercise study. Analysis of these data, and those
previously reported, suggests that exercise induced pulmonary vasoconstriction may occur in 10 to

25% of patients who survive correction of certain congenital cardiac defects. The vasoconstriction
cannot be attributed to abnormal changes in blood gases or left atrial pressure, and may be an early
sign of progressive pulmonary hypertension.

Studies on the effect of exercise in healthy human
subjects have shown that the pulmonary vascular bed
reacts to an exercise induced increase in blood flow in
a consistent way. Though pulmonary artery pressure
usually rises with exercise, total pulmonary vascular
resistance and pulmonary arteriolar resistance change
little or fall.'1-5 In contrast, patients catheterised
after operation for lesions associated with a left to
right shunt may have a large increase in either pulmo-
nary artery pressure'6 or total pulmonary vascular
resistance with exercise,'7 18 as may subjects with
congestive heart failure8 or primary pulmonary arter-
ial hypertension.'920 Unfortunately, most studies of
such patients lack sufficient data to characterise fully
the response of the pulmonary vasculature to exercise.
We became interested in exercise induced pulmo-

nary vasoconstriction when one of our patients, who
had residual pulmonary artery hypertension after
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closure of a ventricular septal defect, had a large rise
in pulmonary arteriolar resistance with exercise. This
patient had a progressive increase in her pulmonary
arteriolar resistance over the next five years. We
therefore reviewed our studies of patients exercised at
cardiac catheterisation after repair of ventricular sep-
tal defect (6) and truncus arteriosus (1) in an attempt to
address three issues: (1) how frequently does exercise
induced pulmonary vasoconstriction occur? (2) what
is its aetiology? and (3) what is its clinical significance?

Patients and methods

Paediatric patients at the University of Minnesota are

not routinely catheterised after intracardiac repair;
but those with preoperative rise in pulmonary vascu-

lar resistance are catheterised postoperatively. We
reviewed all postoperative catheterisations in
paediatric patients after repair of left to right shunting
lesions associated with pulmonary hypertension from
1969 to 1980. All patients included in this study: (1)
had no residual intracardiac shunt at postoperative
catheterisation, (2) had normal resting pulmonary
capillary wedge pressures (<12 mm/Hg), (3) had
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raised postoperative total pulmonary vascular resis-
tance (>400 dyne s cm-5), and (4) performed supine
exercise as a part of the catheterisation, with meas-
urement of oxygen consumption, cardiac output, and
pulmonary and systemic vascular resistances at rest
and during exercise. There were seven patients in this
group 1 (one patient was studied twice at an interval
of five years); six had repair of ventricular septal
defect (including one patient. with ventricular septal
defect and coarctation of the aorta) and one had repair
of truncus arteriosus. Four were female and three
male patients, and ranged in age from 6 years to 18
years (mean 11.6 years). Preoperatively, all patients
had raised pulmonary artery pressure and raised pul-
monary to systemic resistance ratios (0.4 to 0.6), but
there were insufficient data in most cases to calculate
the preoperative total pulmonary vascular resistance.
Postoperative catheterisations were performed from
one year to 12 years (average of 6- 1 years) after opera-
tion. All patients were asymptomatic except one (case
2) who had mild congestive heart failure. Light seda-
tion, using phenobarbitone (3 mm/kg) and morphine
sulphate (0-1 mm/kg), was used. Intravascular pres-
sures were measured using fluid filled catheters. Car-
diac output was determined by the Fick method in six
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(and by indicator dilution curves in one patient).
After measurement of resting cardiac output, the
patients performed submaximal supine exercise using
a bicycle ergometer. Exercise cardiac output and pres-
sures were measured between three and six minutes
after initiation of exercise.
These data are compared with those obtained from

group 2, consisting of 23 essentially normal children
of similar age (10 normal subjects and 13 with mild
pulmonary stenosis) catheterised at this institution in
an identical fashion and previously reported.Is Paired
and unpaired Student's t tests were used as appropriate.

Results

Group 1 patients were similar to normal children with
regard to age (see Table 1). Except for raised pulmo-
nary arterial pressures and resistances, patients in
both groups had similar resting haemodynamic data,
including heart rates, systemic blood pressures, car-
diac output, oxygen consumption, wedge pressures,
and systemic vascular resistances. Unlike the control
group, the pulmonary artery mean pressure (45.0 vs
14*3 mmHg) and total pulmonary vascular resistance
(875 dyne s cm-5 vs 269 dyne s cm-5) were consider-

Table 1 Rest and exercise haemodynamic data obtained at cardiac cathetenrsaion in seven group I patients and in group 2 control chikiren (S text)

Case No. Age(y) Exercise HR Pa Sa Pa Sa VO2 Cl PAP SAP RAP PCWP TPVR PAR SVR SI
load (bea 02 sat 02sat pH pH (lhn (lhnin (mmHg) (mnHg) (mmHg)nmnHg) (dyn s (des (*4s (mihu
(wa min) (%f) (Yc per m) per M) cm-) cm-' cu-s) perm)
M2)

8 - 102
43 155

10 - 90
43 180

13 - 75
67 171

6 - 108
43 165

12 - 102
58 180

13 - 82
36 115
71 145

75-7 95-4 7-34 7-35 151 4-4
54-0 95-1 7-29 7-34 334 4-7
73-7 95-3 - 7-38 149 4-3
408 93-7 - 7-34 682 7-4
68-8 95-1 7-39 7-41 150 3.04
17-8 93.6 7-14 7-31 754 5-43
68-0 95-3 7-36 7-39 200 6-0
- - - - 747 9-6
80 0 947 7-40 7-40 178 6-2
460 87-3 7-22 7-31 695 8-4
76-7 98-7 7-48 7-53 208 5-1
468 97-2 7.33 7-40 562 5-8
267 93-1 7-23 7-30 888 67

6 18 - 62 77-3 94 8 7-43 7-45 131 3-3
41 108 44 1 95-2 7-32 7-40 620 5.8

7 . 14 - 96 63-0 91-4 7-46 7-47 193 3-5
51 162 33-4 94 2 7-31 7-38 6% 5-8

Rest mean* 11-6 - 91 72.4 94-6 7-40 7-41 165 4-39
SD 3-99 - 166 5.99 1.42 0.044 0.041 25-9 1-27
Exercise mcan* 49 160 39-4 93-2 7-26 7.35 647 6.73
SD 9-83 248 12.5 2-96 0-076 0 037 145 1-78
Group 2
Rest mean 11-1 - 86-1 76.3 96-7 7-40 7-41 159 4 41
SD 2.88 - 18-2 3.84 4-32 0-033 0-034 22.5 0 72
Exercise mean 49 142 49.6 95-7 7.33 7-39 675 8.00
SD 11-5 23.5 9 59 1-44 0.058 0-039 151 1-29

33 94 8 5
48 92 - 6
30 97 7 8
50 100 - -
51 95 8 10
93 110 - -
52 88 2 3
90 105 - -

52 93 5 11
68 105 - -
28 88 - 8
70 104 - -
90 118 - -
33 80 4 8
73 108 10 13
64 92 8 10
80 115 14 8
45 91 6-0 7-9
13-0 5-7 2-38 2-91
71l1t 105 - -
17-8 7.39

143 90 41 -
3-36 7-67 1-92

20-9 120 3-1 -
432 7-67 2-88

600 509 1710 43-1
817 715 1560 30.3
558 409 1805 47.8
541 - 1081 41-1
1342 1079 2500 40.5
1370 - 1621 31.8
693 653 1173 55-6
750 - 875 58.2
671 529 1200 608
648 - 1000 467
439 314 1380 62-2
966 - 1435 50-4
1075 - 1409 46i2
800 606 1939 53.2
1007 828 1490 53.7
1463 1234 2103 36 5
1103 993 1586 35-8
875 717 1776 48.2
370 313 476 8.76
891t - 1316 42.5
278 318 10-8

269 - 1687 52-7
91-1 379 959
216 - 1046 57.3
62-3 187 11-0

Group I
1

2

3

4

6

6

CI, cardiac index; HR, heart rate; Pa pH, pulmonary arterial pH; Pa 02sat, pulmonary arterial oxygen saturation; PAP, mean pulmonary arterial pressure; pAR,
pulmonary arteriolar resistance; PCWP, mean pulmonary capillary wedge pressure; RAP, mean right atrial pressure; Sa 02 sat, systemic artery oxygen satu on;
SAP, mean systemic artery pressure; Sa pH, systemic arterial pH; SD, standard deviation; SI, stroke index; SVR, systemic vascular resistance; TPVR, t0tal
pulmonary vascular resistance.
*Calculated using data from the second postoperative catheterisation case 6; tlndicates a statistically significant difference between rest and exercise wih r-
p < 0.05.
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Fig. 1 The change in cardiac index when compared with
oxygen consumption (VO) (mlhnin perm2) for seven children in
group 1. The shaded area represents 95% confidence limitsfor the
normal children in group 2.

ably raised in the postoperative group.

Both groups performed similar work loads, and had
similar oxygen consumption levels both at rest and on

exercise. The rise in cardiac output was slightly, but
not significantly lower in group 1 than in normal
children (Fig. 1); the rise in heart rate, however, was
greater in group 1 patients. As a result, though stroke
index rose significantly (p<0.02) in the normal chil-
dren, there was a fall in stroke index with exercise in

the postoperative patients (48 to 42 ml/beat per m2), a

change that was significantly different from that of
normal children (p<0.01).
The children with pulmonary hypertension also

showed an abnormal response of the pulmonary circu-
lation to exercise. Though total pulmonary vascular
resistance fell 18% (p<0 001) in normal children dur-
ing exercise, it rose 2o in the postoperative group
(Fig. 2). Though all seven patients had normal pul-
monary capillary wedge pressure at rest, only three
had exercise pulmonary capillary wedge pressure
measurements. Thus, this rise in total pulmonary vas-
cular resistance could conceivably be the result of a
rise in left atrial pressure. Since, however, the two
patients with the greatest rise in total pulmonary vas-
cular resistance with exercise also had increases in
pulmonary arteriolar resistance, it is clear that the rise
in total pulmonary vascular resistance with exercise
was not secondary to an increase in left atrial pressure.

In two group 1 patients, both the total pulmo-
nary vascular resistance and pulmonary arteriolar
resistance rose by more than 25% during exercise.
Mechanical factors (such as exercised induced
changes in left atrial pressures, or diminished cardiac
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Fig. 2 The change in total pulmonary vascular resistance with
exercise for 23 normal children (group 2, solid circles) and seven

children with pulmonary hpenrsion (group 1, open circles)
when compared with cardiac index. Asterisks (*) mark the lines
for cases I and 6 (see text).

output) cannot be reasonably implicated as the cause
of this rise in total pulmonary vascular resistance,
indicating that the rise in resistance is almost certainly
the result of active pulmonary vasoconstriction. Case
1, an 8 year old girl who presented at 7 years of age
with a small ventricular septal defect and pulmonary
hypertension, had no symptoms or history of cardiac
failure. Though her pulmonary artery pressure fell
after closure of the ventricular septal defect, pulmo-
nary hypertension and a raised total pulmonary vascu-
lar resistance persisted. Case 6 presented at 2 months
of age with signs of a ventricular septal defect, and at
the age of 10 months had congestive heart failure,
pulmonary hypertension, and a large left to right
shunt. Her pulmonary to systemic resistance ratio was
only mildly raised (0-4) when her ventricular septal
defect was closed at the age of 5 years, but pulmonary
hypertension persisted after closure. Though her
pulmonary arteriolar resistance was only moderately
raised at postoperative catheterisation (439 dyne s
cm-5), it rose conspicuously with exercise (to 1075
dyne s cm-5). A large exercise induced rise in pulmo-
nary vascular resistance was still present at repeat
catheterisation five years later. Of particular concern,
the resting pulmonary arteriolar resistance rose dur-
ing the five year interim from 439 to 800 dyne s cmS.

In addition to these two patients, it is notable that
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case 4 showed an 8% rise in total pulmonary vascular
resistance during exercise at her initial postoperative
catheterisation. A subsequent catheterisation 12 years
later (at the age of 18 years) showed a dramatic
increase in resting pulmonary arteriolar resistance
(from 693 to 2544 dyne s cm-) and suprasystemic
pulmonary artery pressure (mean pulmonary arterial
pressure 96 mmHg, mean systemic arterial pressure

89 mmHg); the cardiac index was 2-83 1/min per M2.
No clinical or haemodynamic variables could be

related to the presence of an exercise induced rise in
pulmonary vascular resistance, including age at opera-
tion, the resting pulmonary artery pressure and resis-
tance, and pulmonary artery pH and oxygen satura-
tion with exercise. The response of the pulmonary
circulation to oxygen was also tested in four patients
(cases 1, 3, 4, and 6) and did not correlate with the

presence or absence of exercise induced pulmonary
vasoconstriction.

Discussion

In 1919 Dunn2l exercised a goat, measured its right
ventricular pressure and cardiac output, and showed
that with exercise cardiac output rose out of propor-
tion to right ventricular systolic pressure. Numerous
studies of human subjects have followed. Though
these studies are heterogeneous regarding the inten-
sity, duration, and type of exercise used they consis-
tently show that, on average, in normal subjects total
pulmonary vascular resistance (and pulmonary
arteriolar resistance when available) changes lit-
te3 5 7 14 or falls' 2 6 8 9 12 15 with exercise.
There are, however, a few normal subjects in whom

total pulmonary vascular resistance or pulmonary
arteriolar resistance rises with exercise.3-57 13
Analysis of the haemodynamic data from these normal
individuals shows the following: (1) the rise in resis-
tance is nearly always small (10%); (2) the few indi-
viduals with a large increase in total pulmonary vascu-
lar resistance have a very low apparent resting pulmo-
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nary vascular resistance, suggesting that the resting
pulmonary vascular resistance may be inaccurate; and
(3) the total pulmonary vascular resistance in normal
subjects remains normal on exercise. Therefore, we

use exercise induced pulmonary vasoconstriction to

denote an increase in both total pulmonary vascular
resistance and pulmonary arteriolar resistance of at

least 25%, resulting in raised pulmonary arteriolar
resistance (greater than 400 dyns s cm-5 ) on exercise.
Total pulmonary vascular resistance should be consi-
dered as well as pulmonary arteriolar resistance since
a fall in left at-ial pressure with exercise might
increase calculated pulmonary arteriolar resistance on
a purely mechanical basis by decreasing the pressure

distending pulmonary vessels.22 Though arbitrary,
this definition will exclude all normal subjects.

INCIDENCE
Exercise induced pulmonary vasoconstriction is not
rare in patients after repair of left to right shunt
lesions, occurring in two of seven (29%) of our

patients. From the previously reported postoperative
studies of left to right shunt lesions,'7 18 23-26 that
included relatively complete haemodynamic data, it
appears that exercise induced pulmonary vaso-
constriction may have occurred in four of 33 such
patients.

CAUSE
Although exercise induced pulmonary vasoconstric-
tion has been described in other clinical settings
(Table 2), its aetiology remains unknown. The most
obvious known causes of pulmonary vasoconstriction
are hypoxia, acidosis, and left atrial hypertension.
Blood oxygen desaturation (either mixed venous or
arterial) can cause pulmonary vasoconstriction.3' No
previous studies documenting exercise induced pul-
monary vasoconstriction, however, measured both
arterial and mixed venous oxygen levels. In our study,
the arterial and mixed venous oxygen saturations in

Table 2 Summary ofprevious studies which include patient who had exercise induced pulmonary vasoconstriction

Clnical seting Reference Comments

(1) Congsive heart failure, in adults, mostly secondary to 527-29 Exercse induced pulmonary vasoconstnction seen with little
valve lesions (excluding mitra stenosis) or systemic change or fall in cardiac output
hypertension

(2) Chronic pulmonay disease, in adults with emphysema or 28 Exercise induced pulmonary vasoconstction is an infrequent
pulmonary fibrois fiding in these panents; pulmnay vasalar resisae genelly

decreases or does not chane
(3) Primary pulmonay hypertension, in adults 19 Exercise induced pulmonary vasoconstnction was seen in one

patient, and was associated with decrease in cardiac output
with exercise

20 Case report of single patient who showed a rise in pulmonay
artenolar reistance (456 dyne s cm 5 to 1096 dyne s cm s)
asociated with a 13% fall in cardiac output; exercise induced
pulmonary vasoconstriction abolished by phentolamine

30 Three of nine paients exercised showed exercise induced
pulmonary vasoconstriction
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patients in group 1 were not significantly different
from those of subjects in group 2, nor did cases 1 and
6 have low oxygen saturations relative to other
group 1 patients. Thus, the data available indicate
that exercise induced pulmonary vasoconstriction is
not a result of low blood oxygen saturation. Similarly,
none of the cited studies measured pH during exer-
cise. Our group 1 patients showed no significant dif-
ference in pH of either arterial or mixed venous blood
compared with our normal subjects, nor did cases 1
and 6 have an especially low pH relative to other
patients in this group.

Left atrial hypertension (secondary to mitral valve
disease) has been implicated as a cause of active pul-
monary vasoconstriction.32 Case 1 showed little
change in pulmonary capillary wedge pressure with
exercise and case 6 showed only a modest rise. The
two patients of Maron et al. 8 showed a nearly identi-
cal picture, and Beck et al.23 had no patients with
exercise induced pulmonary vasoconstriction in spite
of a large mean increase in left atrial pressure. It
seems unlikely that a rise in left atrial pressure causes
exercise induced pulmonary vasoconstriction in these
children.
One finding common to all studies is that exercise

induced pulmonary vasoconstriction occurred with a
small risor even a fall-in cardiac output with
exercise. Cases 1 and 6 had exercise induced increases
in cardiac output of only 6-8% and 43*1% (normal
subjects showed an increase of 81-4%), in spite of rises
in oxygen consumption of 121% and 373%. Most
patients with exercise induced pulmonary vaso-
constriction cited in Table 2 had an exercise induced
increase in cardiac output of 25% or less and many
had a cardiac output with exercise of less than 3 1/min
per M2.

Although a lower than normal increase in cardiac
output during exercise may somehow contribute to
the observed vasoconstriction, we cannot identify a
cause for low exercise cardiac output in either our
patients or in those reported previously. Specifically,
it is unlikely that the low cardiac output with exercise
is the result of acute right ventricular hypertension.
We have reviewed a group of 28 children33 with mod-
erate pulmonary stenosis (pulmonary valve area 0. %
1.0 cm2/m2) who had right ventricular systolic pres-
sures during exercise indistinguishable from those of
our group 1 patients (106 and 99 mmHg, respec-
tively), yet had a normal rise (81%) in cardiac output
with exercise. These patients had no signs of exercise
induced pulmonary vasoconstriction.

CLINICAL SIGNIFICANCE
The outlook for patients with exercise induced pul-
monary vasoconstriction is unknown. None the less,
case 6, who had exercise induced pulmonary vasocon-
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striction at two postoperative heart catheterisations,
had a substantial increase in resung pulmonary vascu-
lar resistance over a five year interval. Case 4, whose
pulmonary vascular response to exercise was also
abnormal (albeit total pulmonary vascular resistance
rose less than 25%), had a progressive increase in
pulmonary arteriolar resistance. These observations
raise the question of whether an exercise induced
increase in pulmonary vascular resistance in such
patients may be a harbinger of progression of pulmo-
nary vascular disease.

In summary, analysis of our data and those
reported previously, suggests that exercise induced
pulmonary vasoconstriction is a not uncommon
finding in children who have survived cardiac correc-
tion of left to right shunting lesions. The vasoconstric-
tion cannot be attributed to abnormalities in left atrial
pressure, blood gas levels, or acute right ventricular
hypertension. Finally, the presence of pulmonary
vasoconstriction during exercise may be an early sign
of progressive pulmonary hypertension.

References

1 Hickman JB, Cargill WH. Effect of exercise on cardiac
output and pulmonary arterial pressure in normal per-
sons and in patients with cardiovascular disease and pul-
monary emphysema. J Cin Invest 1948; 27: 10-23.

2 Riley RL, Himmeistein A, Modey HL, Weiner HM,
Cournand A. Studies of the pulmonary circulation at rest
and during exercise in normal individuals and in patients
with chronic pulmonary disease. Am J Physiol 1948;
152: 372-82.

3 Dexter L, Whittenberger JL, Haynes FW, Goodale WT,
Gorlin R, Sawyer CG. Effect of exercise on circulatory
dynamics of normal individuals.J Appl Physiol 1951; 3:
439-53.

4 Slonim NB, Ravin A, Balchum OJ, Dressler SH. The
effect of mild exercise in the supine position on the pul-
monary arterial pressure of five normal human subjects.
J Clin Invest 1954; 33: 1022-30.

5 Donald KW, Bishop JM, Cummings G, Wade OL. The
effect of exercise on the cardiac output and circulatory
dynamics of normal subjects. Clin Sci 1955; 14: 37-73.

6 Sancetta SM, Rakita L. Response of pulmonary artery
pressure and total pulmonary resistance of untrained
convalscent man to prolonged mild steady state exercise.
J CGin Invest 1957; 36: 1138-49.

7 Barratt-Boyes BA, Wood EH. Hemodynamic response of
healthy subjects to exercise in the supine position while
breathing oxygen.J Appi Physiol 1957; 11: 129-35.

8 Sancetta SM, Kleinerman J. Effect of mild, steady state
exercise on total pulmonary resistance of normal subjects
and those with isolated aortic valvular lesions. Am Heart
J 1957; 53: 404-14.

9 Fishman AP, Fritts HW, Coumand A. Effects of acute
hypoxia and exercise on the pulmonary circulation. Cir-
culation 1960; 22: 204-15.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

B
r H

eart J: first published as 10.1136/hrt.50.1.59 on 1 July 1983. D
ow

nloaded from
 

http://heart.bmj.com/


64

10 Damato AN, Galante JG, Smith WM. Hemodynamic
response to dmill exercise in normal subjects. Appl
Physiol 1966; 21: 959-66.

11 Ekelund LG. Circulatory and respiratory adaptation dur-
ing prolonged exercise in the supine position. Acta
Physiol Scand 1966; 68: 382-96.

12 Ekelund LG, Holmgren A. Central hemodynamics
during exercise. Circ Res 1967; 20 and 21 (suppl I): I-

33-1-43.
13 Epstein SE, Beiser GD, Stampfer M, Robinson BF,

Braunwald E. Characterization of the circulatory
response to maximal upright exercise in normal subjects
and patients with heart disease. Circulation 1967; 35:
1049-62.

14 Harris PC, Heath D. The human pulmonary circulation.
2nd ed. New York: Churchill Livingstone, 1977: 157.

15 Lock JE, Einzig SE, Moller JH. Hemodynamic
responses to exercise in normal children. Am Cardiol
1978; 41: 1278-84.

16 Hallidie-Smith KE, Wilson RSE, Hart A, Zeidfard E.
Functional status of patients with large ventricular septal
defect and pulmonary vascular disease 6 to 16 years after
surgical closure of their defect in childhood. Br Heart
1977; 39: 1093-101.

17 Kimball KG, McElroy MB. Pulmonary hypertension in
patients with congenital heart disease. Am J7 Med 1966;
41: 883-97.

18 Maron BJ, Redwood DR, Hirschfeld JW Jr, Goldstein
RE, Morrow AG, Epstein SE. Postoperative assessment
of patients with ventricular septal defect and pulmonary
hypertension. Circulation 1973; 48: 864-74.

19 Gazetopoulos N, Salonikides N, Davies H. Cardiopul-
monary function in patients with pulmonary hyperten-
sion. Br Heart 1974; 36: 19-28.

20 Ruskin JN, Hutter AM Jr. Primary pulmonary hyper-
tension treated with oral phentolamine. Ann Intern Med
1979; 90: 772-4.

21 Dunn JS. Measurement of pressure in the right ventricle
[abstract]. Physiol 1919; 53: iii.

22 Borst HG, McGregor M, Whittenberger JL, Berglund E.
Influence of pulmonary arterial and left atrial pressures
on pulmonary vascular resistance. Circ Res 1956; 4:
393-9.

Kulik., Bass, Fuhrman, Molker, Lock
23 Beck W, Swan HJC, Burchell HB, Kirklin JW. Pulmo-

nary vascular resistance after repair of atrial septal
defects in patients with pulmonary hypertension. Circu-
laiwn 1960; 22: 938-46.

24 Lueker RD, Vogel JHK, Blount SG Jr. Cardiovascular
abnormalities following surgery for left-to-right shunts.
Circulation 1969; 40: 785-801.

25 Hallidie-Smith KA, Hoilman A, Cleland WP, Bentall
HH, Goodwin JF. Effects of surgical closure of ventricu-
tal defects upon pulmonary vascular disease. Br
HeartJ 1969; 31: 24660.

26 WalUgren CG, Boccanelli A, Zetterqvist P, Bjork VO.
Late results after surgical closure of ventricular septal.
defect in children. ScandJ Thorac Cardiovasc Swrg 1980;
14: 145-51.

27 Lewis BM, Houssay HEJ, Haynes FW, Dexter L. The
dynamics of both right and left ventricles at rest and
during exercise in patients with heart failure. Circ Res
1953; 1: 312-20.

28 Judson WE, Hollander W, Hatcher JD, Halperin MH.
The effects of exercise on cardiovascular and renal func-
tion in cardiac patients with and without heart failure.J
CGn Invest 1955; 34: 1546-58.

29 Gorlin R, McMiflan IKR, Medd WE, Matthews MB,
Daley R. Dynamics of the circulation in aortic valvular
disease. Am J Med 1955; 18: 855-70.

30 Lupi-Herrera E, Sandoval J, Seoane M, Bialostozky D.
The role of hydralazine therapy for pulmonary arterial
hypertension of unknown cause. Circulation 1982; 65:
645-50.

31 Fishman AP. Hypoxia on the pulmonary circulation.
Circ Res 1976; 38: 221-31.

32 Sbderholm B, Werko L. Acetylcholine and the pulmo-
nary circulation in mitral valvular disease. Br Heart J
1959; 21: 1-8.

33 Moller JH, Rao S, Lucas RV Jr. Exercise hemodynaniics
of pulmonary valvular stenosis. Circulation 1972; 46:
1018-26.

Requests for reprints to Dr Thomas J Kulik,
Department of Pediatrics, Box 94, Mayo Memorial
Building, University of Minnesota Hospitals, Min-
neapolis, Minnesota 55455, USA.  on M

ay 22, 2023 by guest. P
rotected by copyright.

http://heart.bm
j.com

/
B

r H
eart J: first published as 10.1136/hrt.50.1.59 on 1 July 1983. D

ow
nloaded from

 

http://heart.bmj.com/

