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A patent ductus arteriosus has been found to
shunt 4 to 19 liters of oxygenated blood from the
aorta to the pulmonary artery each minute, repre-
senting 45 to 75 per cent of the output of the left
ventricle (1). However, even with pulmonary
blood flow of from two to four times the systemic
flow, the pulmonary arterial pressure has been
within normal limits in most cases in which meas-
urements have been made (2, 3). These results
are in agreement with data obtained by Cournand
(4) which indicated that in normal man the
flexibility of the pulmonary vessels is such that
the flow through them can be increased two to
three times without an appreciable increase in
pulmonary arterial pressure.

It might be expected that closing a patent ductus
arteriosus with a flow of such magnitude would
cause a dramatic cardiovascular response. The
lack of knowledge of the immediate changes in the
circulodynamics during closure of a patent ductus
arteriosus, and especially of the changes occurring
in the pulmonary arterial pressure, led to study of
these physiologic variables before, during and after
surgical correction of this condition.

METHODS

Preoperative cardiac catheterization was performed in
six of the patients. Pressures were recorded in the pul-
monary artery, right ventricle and right atrium by means
of a strain gauge manometer (5, 6) attached to the end of
the cardiac catheter. The oxygen saturation of blood
samples from the pulmonary artery, right ventricle and
radial artery was determined by gasometric analysis in
order to calculate the amount of blood flow through the
patent ductus arteriosus. In six cases, it was also pos-

1 Abridgment of thesis submitted by Dr. Taylor to the
Graduate School of the University of Minnesota in par-
tial fulfillment of the requirements for the degree of
Master of Science in Medicine.

2 Fellow in Medicine, Mayo Foundation.

sible to make an approximation of the percentage of the
left ventricular output shunted through the patent duc-
tus, by oxygen saturation determinations of blood sam-
ples taken from the pulmonary artery at the operation.
One blood sample was taken before and another after
closure of the patent ductus arteriosus. The blood sam-
ple drawn drom the pulmonary artery after the ductus ar-
teriosus had been closed was assumed to represent mixed
venous blood. Blood samples were also taken from the
radial artery to determine the oxygen saturation of the
systemic arterial blood. Because the blood samples taken
during the operation contained nitrous oxide and ether,
the oxygen saturation was determined by means of a
cuvette oximeter for whole blood (7, 8).

Before and after the operation for closure of the patent
ductus arteriosus, direct arterial pressures, electrocardio-
gram and heart rate were recorded in some of the pa-
tients during rest in the supine position, standing at rest,
walking 1.7 miles per hour for one minute and also dur-
ing another one-minute period of walking 3 miles per
hour. The pressures were recorded by an intraradial ar-
terial needle connected by 30 cm. of polythene tubing 3 to
a strain gauge manometer as shown in Figure 1. The
electrocardiogram and instantaneous heart rate were re-
corded by means of a cardiotachometer (9). This pro-
cedure was also utilized to study the effect of exercise on
the arterial pressure and heart rate in a series of normal
subj ects.

Photographic records of the radial arterial pressure,
the pulmonary arterial pressure, electrocardiogram, in-
stantaneous heart rate and respiration were made by
means of a mobile oscillograph during the operation for
closing of the ductus arteriosus (10). Both arterial
pressures were recorded by means of strain gauge manom-
eters (5).

During operation, after the patent ductus arteriosus
had been isolated and ligatures had been placed loosely
around it but not tied, the diameter and length of the
ductus were measured by means of small calipers. The
needle attached to the sterile strain gauge manometer
used to measure the pulmonary pressures (Figure 2)
was then inserted into the left pulmonary artery slightly

3 Polythene tubing: inner diameter = 0.085; outer diam-
eter = 0.135 inch, Surprenant Manufacturing Company,
Boston, Massachusetts.
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FIG. 1. STRAIN GAUGEMANOMETERASSEMBLYIUSED TO RECORDRADIAL AR-
TERIAL PRESSURESWHILE THE SUBJECTWASWALKINGON A TREADMILL

distal to the ductus arteriosus. Simultaneous records of
the radial and pulmonary arterial pressures were made
while the ductus arteriosus was closed and opened by
means of rubber covered surgical forceps.

Mean pressures were determined from the recorded
pulse contours by planimetric measurement of at least a 10
second period of the continuous recording of the pressure.

Values for systolic and diastolic pressure were obtained
by averaging the values obtained for each pressure pulse
during this same period.

RESULTS

In the group of seven patients with patent
ductus arteriosus in whom arterial pressure was

recorded continuously during exercise, the average

pulse pressure while standing was 84 + 9 4 (43 to

4 The number following the + sign is the standard er-

ror of the mean, n = 7.

120) mm. of mercury as compared with the
average value of 55 + 4 (44 to 71) mm. of mer-

cury obtained in seven normal subjects. The in-
crease of pulse pressure in cases of patent ductus
arteriosus was associated with an average slight
increase in systolic pressure and a small average

decrease in diastolic pressure in comparison to the
values obtained in normal subjects (Table I). Fig-
ure 3 is a blood pressure recording during exercise
of a patient with a patent ductus arteriosus in
whom the auscultatory fifth sound was found to be
audible to zero pressure. The auscultatory pres-

sures recorded at the time of the exercise test
were: standing: 118/44; after walking 1.7 miles
per hour for one minute: 120/40-0; and after
walking 3 miles per hour for one minute: 118/40-

FIG. 2. STRAIN GAUGEMANOMETERASSEMBLY USED TO RECORDBLOOD PRESSURES
IN THE OPEN THORAX

The manometer is enclosed in a waterproof plastic sleeve to facilitate chemical
sterilization.
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TABLE I

The effect of walking on intraradial blood pressure in normal subjects and patients with
patent ductus arteriosus

Standing at rest Walking Walking
rnm/hr. 1 min. 3 m. /hr. 1 min.

Systolic Dias- Ht. rate Systolic Dias- Ht. rate Systolic Dias- Ht. ratetolic tolictoi

mm. Hg mm. Hg beats/min. mm. Hg mm. Hg beats/min. mm. Hg mm. Hg beats/'min.
Patent ductus arteriosus Average 151 66 86 159 67 101 172 69 109

(7 cases)
Range 102-184 56-75 66-114 116-210 60-77 78-114 123-211 61-83 78-138

Average 133 78 87 149 75 94 150 73 99
7 nOrmal SUbjeCtSR-9 78I102125_171 62-85 72_102 135_173 -88 84_120

|Range |109-149 |64-9>4 |78-102 |125-171 |62-85 |72-102 |135-173 |56-88; 84-120

28. Direct recording of arterial pressure, how-
ever, did not reveal any instance of an appreciable
decrease in diastolic pressure during exercise in
these patients. Actually a slight increase of both
the systolic and diastolic pressures occurred as-
sociated with a marked increase in pulse rate
(Table I). The changes in blood pressure pro-
duced in normal subjects by walking were similar

(Table I, Figure 4) as were the effects obtained
in two of these patients two weeks after ligation of
the ductus arteriosus (Figure 5). Small decreases
in diastolic pressure during walking were fre-
quently observed in the normal subjects.

Six patients with patent ductus arteriosus were
studied preoperatively by means of cardiac cathe-
terization. Calculations based on the Fick princi-

PATENT DUCTUS ARTERIOSUS

SUPINE U STANDING II7 m.pZ.13.O m.D.h 4.5 m.p.h SUPINE

FIG. 3. THE EFFECT OF WALKINGON THE INTRARADIAL ARTERIAL PRESSURE
ANDHEARTRATE IN A PATIENT WITH A PATENT DUCTUSARTERIOSUS

The successive panels were recorded during supine rest, standing at rest,
walking 1.7, 3.0 and 4.5 miles per hour.

. li
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TABLE II

Intraarterial pressures and blood flow as determined by
cardiac catheterization in six patien:s with patent

ductus arteriosus

Pul - Blood Shunt as
Sytmc Pul- Systemic moay

flow per cent
Case Systemic monary blood mblnd through of lef t

pressure flow flowo th ventricularflw ductus output

mm. Hg mm. Hg 1. /min. 1. /min. 1. /min.
1 127/72 30/12 5.1 8.1 3.0 37
2 117/54 37/22 5.6 10.7 5.1 48
7 156/66 30/20 6.5 24.2 17.7 73

12 124/76 25/10 5.3 6.9 1.6 23
1 7 * 108/29 2.9 5.4 2.5 46
18 126/58 29/20 3.6 17.9 14.3 80

Average 130/65 43/19 4.8 12.2 7.4 51

* Direct systemic arterial pressures not recorded.

ple (11) made it possible to determine the ap-
proximate cardiac output and the magnitude of
flow through the patent ductus arteriosus in these
cases (Table II). The average pulmonary pres-
sure recorded in these cases was 43 mm. of mer-
cury systolic and 19 diastolic. The systemic blood
flow averaged 4.8 liters, the pulmonary blood flow
12.2 liters and the amounit of flow through the
ductus arteriosus was approximately 7.4 liters per
minute. The average shunt through the ductus
arteriosis in these six cases was 51 (23 to 80) per
cent of the left ventricular output.

INOFMAL SUBJECT
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FIG. 4. THE EFFECT OF WALKING ON THE INTRA-
RADIAL ARTERIAL PRESSURE AND HEART RATE IN A

NORMALSUBJECT
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FIG. 5. THE EFFECT OF WALKING ON THE INTRA-
RADIAL ARTERIAL PRESSUREAND HEART RATE IN A PA-
TIENT AFTER LIGATION OF A PATENT DUCTUsARTERIOSUS

This recording was obtained on the same patient more
than two weeks after the record shown in Figure 3 and
two weeks after surgical obliteration of the ductus ar-
teriosus.

The oxygen saturation of the blood samples
withdrawn during operation from the pulmonary
artery before and after closure of the patent ductus
arteriosus and also from the radial artery was used
to estimate the percentage of left ventricular out-
put shunted through the ductus arteriosus.5 In
the six cases in which these blood samples were
obtained, the shunt through the patent ductus
averaged 37 (27 to 52) per cent of the left ventri-
cular output.

The diameter and length of the ductus arteriosus
were measured at the time of operation in 15 cases.

The following formula was used to calculate the shunt
through the patent ductus arteriosus:

Ductl flow =100 (PA - RV)Ductl flw = (A - RV)

where ductal flow was calculated as the cubic centimeters
per 100 cc. of the left ventricular output, A was the oxy-
gen saturation of the systemic arterial blood, RV was the
oxygen saturation of the mixed venous blood (oxygen
saturation of blood in the pulmonary artery after closure
of the ductus) and PA was the oxygen saturation of the
blood in the pulmonary artery when the ductus was open.

I

I
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TABLE III

Immediate change of pressure in radial and pulmonary
arteries produced by closure of a patent ductus arteriosus

in 15 patients

Radial artery Pulmonary artery

Average Range Average Range

mm. Hg mm. Hg mm. Hg mm. Hg
Systolic 8.7 2 to 26 -3.0 +2.2 to -10

4: 1.9* 41.0

Diastolic 10.6 5 to 31 -5.1 -1.1 to -10
4 1.9 41:0.9

Mean 10.8 4 to 25 -4.2 +0.5 to -10.9
41 1.7 :1:0.8

* The number after the -+ sign is the standard error of
the mean, n = 15.

The average outside diameter of the ductus arte-
riosus in situ was 10 mm., range 7.5 to 13 mm.
The approximate length of the ductus averaged 8
(6 to 10) mm. In all but one case the outside
diameter exceeded the length of the ductus.

Satisfactory records of radial and pulmonary
arterial pressure were obtained in 15 patients.
The immediate changes in the radial and pul-
monary arterial pressures produced by closure of
a patent ductus arteriosus are summarized in
Table III. The systolic, diastolic and mean radial
arterial pressures increased in every instance when
the ductus was closed. The average increase in
the systolic radial pressure was 9, the diastolic was
11 and the mean pressure was 11 mm. of mercury.

The systolic and diastolic pulmonary pressures

decreased with one exception. The average de-
crease in pulmonary pressure was systolic 3 and
diastolic 5 mm. of mercury. The mean pulmonary
arterial pressure decreased an average of 4 mm.

of mercury. These average values were found to
be statistically significant (p values less than
0.001).

The recorded pulse rate and respiration showed
no immediate changes coincident with the closure
of the patent ductus arteriosus in these 15 patients.
Four records were obtained during the applica-
tion of pressure on both carotid sinuses of three
of these patients at the time of the operation while
the patient was under the nitrous oxide, oxygen

and ether anesthesia. No slowing of the heart rate
was produced.

The relationship between systemic and pul-
monary arterial pressures, the size of the ductus
arteriosus and the relative blood flow through a

patent ductus arteriosus is shown in Table IV.
This table includes the estimations of blood flow
through the ductus as determined from the six
cardiac catheterizations and the per cent shunt
determined from samples of blood obtained during
the operation for closure of the patent ductus
arteriosus.

The average intraradial pressure was systolic
130 and diastolic 72 mm. of mercury. The aver-

age pulmonary arterial pressure was systolic 40
and diastolic 19 mm. of mercury. In this com-

TABLE IV

Relationship of systemic and pulmonary arterial pressures to the size and relative blood flow through a
patent ductus arteriosus (12 patients)

Direct systemic pressure Pulmonary arterial pressure Size of ductus Shunt as
per cen t

Case of left

Systolic Diastolic Systolic Diastolic Length diamete output

mm. Hg mm. Hg mm. Hg mm. Hg mm. mm.
I* 127 72 30 12 37
2* 117 54 37 22 8 10.5 48
7* 156 66 30 20 10 12 73

10 128 71 48 16 6.9 7.6 29
11 113 74 35 23 7 9.3 52
12* 124 76 25 10 10 13 23
13 88 53 28 11 7.5 10 29
14 128 81 30 17 9.5 10 27
15 159 95 37 21 9 8 41
16 165 92 39 27 8 9 42
17* 108 29 46
18* 126 58 29 20 80

Average 130 72 40 19 8.4, 9.9 44

* Values determined by cardiac catheterization. All other values determined at operation.
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bined group of cases, the shunt through the ductus
averaged 44 per cent of the left ventricular out-
put. No consistent relationship was found to exist
between the flow through the ductus and the pres-
sure gradient across it (coefficient of correlation
= 0.01), nor between the flow and the diameter of
the ductus (coefficient of correlation = 0.15).

COMMENT

The decrease in diastolic pressure during ex-
ercise in cases of patent ductus arteriosus has been
used as a diagnostic sign and has been thought to
be indicative of a large ductus (1, 2, 12-14). That
there was no significant decrease in diastolic pres-
sure during exercise when recorded by the direct
technic seems to indicate that some changes de-
termined by auscultation are primarily related to
the errors inherent in the indirect method of re-
cording blood pressure (15, 16). It is suspected
that the error is greatest in conditions associated
with an increased pulse pressure.

The determination of the amount of shunt
through a patent ductus arteriosus is admittedly
an approximation. A large degree of error can be
introduced into such determinations by the tip of
the cardiac catheter or the arterial needle being in
the stream of oxygenated blood entering the pul-
monary artery from the ductus. Another recog-
nized source of error in such calculations based on
the blood samples taken during operation is that
the samples were taken from the left pulmonary
artery, and since the left lung was partially col-
lapsed, the flow through the left artery would be
expected to differ from the flow through the right
pulmonary artery. Errors of this type cannot be
avoided with certainty in individual cases; how-
ever, it is believed that the magnitude of the aver-
age values is of significance.

No consistent relationship was apparent be-
tween the flow through the ductus arteriosus and
the pressure gradient across it nor between the
flow and the outside diameter of the ductus arte-
riosus. The most consistent correlation was ob-
tained by correlating the blood flow through the
ductus arteriosus with the product of the radius
of the ductus arteriosus squared and the square
root of the aorta to pulmonary artery pressure
gradient, as in the formula for fluid flow through
a short tube (17, 18). However, this did not
follow in every case. The lack of a constant rela-

tionship between the inside and outside diameter
of a patent ductus arteriosus and errors in estima-
tion of ductal flow are very probably important
factors in the variability obtained.

Because of the clinical impression that the pulse
pressure is indicative of the size of the ductus and
the amount of the shunt, an attempt was made to
correlate these variables. There was a question-
able positive correlation when the auscultatory
pulse pressure was related to the percentage of left
ventricular output shunted through the ductus.
A somewhat better correlation was obtained by
using the direct pressures recorded at the time of
measurement of the shunt through the ductus and
expressing the pulse pressure as percentage of the
diastolic pressure (Figure 6).

Numerous studies have been reported, indicat-
ing that after a patent ductus arteriosus had been
closed surgically there was postoperatively a rise
in the systemic diastolic pressure (2, 19-21), a
reduction in the pulmonary flow (2, 20), and a re-
duction in size of the dilated heart (20-22). Most
of the reports emphasize the rise in diastolic pres-
sure and very little change was noted in the
systolic pressure. Crafoord, Mannheimer, and
Wiklund (23) noted a rise in systolic pressure in
some cases when the ductus arteriosus was closed
but the pressure returned to normal in a few
minutes.

Our data indicated that the increased systolic
pressure coincident with closure of a ductus arte-
riosus was almost as great as the diastolic rise
recorded in these patients. However, this was an
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TABLE V

A comparison of the pulmonary arterial pressure recorded
through a cardiac catheter prior to operation with the

pressure recorded by puncture of the pulmonary
artery during thoracotomy for ligation of a

patent ductus arteriosus

Pulmonary arterial pressure recorded

Case Preoperatively During thoracotomy

through a by means of pulmonary
cardiac catheter arterial puncture

mm. Hg mm. Hg
1 30/14 38/18
3 112/66 113/70
7 30/20 45/22

12 25/10 28/17

immediate change and cannot be applied to the
postoperative clinical status of the patients.

The pulmonary arterial pressures (Table II)
recorded through the cardiac catheter averaged
43 mm. of mercury systolic and 19 diastolic. If
the one case of severe pulmonary hypertension
were excluded from the group, the average would
be 30/17, the upper limits for normal (24). In
four cases it was possible to compare the pul-
monary arterial pressures recorded preoperatively
through a cardiac catheter with the pressures re-
corded by direct arterial puncture during thora-
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cotomy for closure of the patent ductus arteriosus
(Table V).

That the pulmonary arterial pressures recorded
during operation were uniformly higher than the
pressures obtained preoperatively could have re-
sulted from several factors such as anesthesia, the
open thorax, partial collapse of the left lung; also
systemic instrumental errors in recording pres-
sures through a cardiac catheter cannot be abso-
lutely excluded (6).

The change in the pressure in the pulmonary
artery after surgical closure of a patent ductus
arteriosus has been determined in only a few in-
stances. Dexter and co-workers (25) have re-
ported preoperative and postoperative catheteriza-
tion studies in a patient with patent ductus
arteriosus, in whom the pulmonary arterial pres-
sure was 63/35 mm. of mercury with ductus open
and increased to 80/45 after the ductus had been
closed. In another case, reported by Dexter (26),
however, preoperative pulmonary arterial pressure
of 48/33 mm. of mercury decreased after surgical
closure of a patent ductus arteriosus to 32/10 mm.
of mercury.

In the present study closure of the ductus ar-
teriosus produced an immediate slight increase in
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FIG. 7. THE EFFECT OF TEMPORARYCLOSUREOF A PATENT DUCTUSAR-
TERIOSUS ON THE SYSTEMIC AND PULMONARYARTERIAL PRESSURE
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the systemic blood pressure and a slight decrease
in the pulmonary arterial pressure (Figures 7 and
8). These changes could be repeated at will by
opening or closing the ductus with rubber covered
surgical forceps. That these changes were both
immediate and simultaneous supports the belief
that the changes were primarily a direct hydro-
dynamic effect. Although the changes in the pul-
monary arterial pressures were small, the relative
changes, if they are considered on a percentage
basis, are as great or greater than those in the
systemic circulation. That there were no dra-
matic changes in the pulmonary arterial pressures

when the ductus arteriosus was closed probably is
related to the great flexibility of the pulmonary
vessels and the low peripheral resistance of the
pulmonary system in the patients studied.

The present studies (18) have been for the most
part confirmed by similar studies conducted in an-

other laboratory (27).
The bradycardic response seen with closing of

a peripheral arteriovenous fistula was not ob-
served coincident with the temporary occlusion of
a patent ductus arteriosus (Figures 7 and 8).
That there was no change in heart rate may have
been due to the effects of anesthesia on cardio-
regulatory mechanisms as suggested by the fact
that the three patients tested during the period of

80
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FIG. 8. THE EFFECT ON SYSTEMic ARTERIAL PRESSURE

AND HEART RATE PRODUCEDBY INTERMITTENT CLOSURE

OF A PATENTDUCTUsARTERIOSUS

anesthesia showed no response to pressure on the
carotid sinus.

SUMMARY

In six patients in whom preoperative cardiac
catheterization studies were performed, the aver-
age flow through the patent ductus arteriosus was
calculated to be 7.4 (1.6 to 17.7) liters per minute.

Calculations based on the oxygen saturation of
systemic arterial, pulmonary arterial and mixed
venous blood samples obtained in 12 patients in-
dicated that the average flow through the patent
ductus arteriosus was 44 (23 to 80). per cent of
the left ventricular output. The outside diame-
ter of the ductus arteriosus in nine of these cases
averaged 9.9 (7.6 to 13) mm.

Continuous, direct, radial arterial pressures in
seven patients with a patent ductus arteriosus and
in seven normal subjects recorded during standing
at rest and walking 1.7 and 3 miles per hour showed
on the average that the patients had a higher pulse
pressure than the normal subjects, a moderately in-
creased systolic pressure and a slightly decreased
diastolic pressure. The changes in blood pres-
sure produced by exercise were similar in patients
before and after ligation of the ductus arteriosus
and for practical purposes not different from those
obtained in normal subjects. Exercise did not
produce a decrease in diastolic pressure in these
cases.

The average pulmonary arterial pressures meas-
ured in 16 of the patients with patent ductus arte-
riosus were slightly elevated above the values re-
ported for normal subjects.

Closure of a patent ductus arteriosus in 15 pa-
tients produced an immediate increase in the
systemic systolic and diastolic arterial pressure in
every instance. There was also a significant, im-
mediate decrease in the pulmonary arterial
pressure.
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