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Pulmonary blood flow and left ventricular volumes
in transposition of the great arteries and
intact ventricular septum'

John F. Keane, R. Curtis Ellison, Michael Rudd, and Alexander S. Nadas
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Pulmonary blood flow and left ventricular volumes were determined angiographically from 33 studies on 30
patients (2I male, 9 female) with transposition of the great arteries and intact ventricular septum. Twelve
of the studies were performed on infants under 2 months of age (median age 33 hours). The pulmonary blood
flow in this group ranged from I 3 to 4 8 (mean, 3 0) 1./min/m2. There were 21 studies on patients over 2
months of age (median age I6 months) with a pulmonary blood flow ranging from 3 9 to II -3 (mean= 6 4)
l./min/m2. This difference in mean pulmonary bloodflow was statistically significant (P< o-ooi).

Left ventricular end-diastolic volume rangedfrom I2 to 39 (mean, 3I) ml/m2 in those under 2 months of
age andfrom 30 to II6 (mean, 70) ml/m2 in those over this age. Left ventricular mass rangedfrom I5 to 35
(mean, 28) g/m2 for those under 2 months of age and increased with increasing pulmonary bloodflow. For the
older group, it rangedfrom 32 to i5o (mean, 69) g/m2 and showed a positive correlation with both pulmonary
blood flow and left ventricular systolic pressure. The ejection fraction did not change with age and ranged
from 0-57 to o 85 (mean, 0.73) for the whole group.

In 8 patients, aged 9 months to 4years (median age, 24J years), oxygen consumption was measured; pulmon-
ary bloodflow as estimated by the Fick method in these rangedfrom 6i2 to I4i9 (mean, Io.4) 1./minIm2. This
was appreciably higher than thefigures 3 9 to 8-7 (mean, 6 .5) .L/min/M2 obtained by the angiographic method
during the same study.

Measurement of pulmonary blood flow using the
Fick principle when the arteriovenous oxygen
difference is small is felt to be inaccurate (Mesel,
1970). In patients with transposition of the great
arteries, particularly those with intact ventricular
septum, estimation of pulmonary blood flow by the
Fick method is suspect of rendering erroneously
high values (Burchell, I966). In this group of
patients angiograms of the left ventricle and the pul-
monary ventricle, have been used as an alternative
method for measuring pulmonary blood flow
(Graham et al., I97Ia).

In the present study, we have used biplane angio-
graphy to determine pulmonary blood flow, left
ventricular mass, and left ventricular ejection frac-
tion in 33 studies on 30 patients with transposition
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of the great arteries and intact ventricular septum.
Specifically, we have sought to determine differences
in pulmonary blood flow during and after the neo-
natal period, to compare pulmonary blood flow
derived from the Fick method with that obtained
from left ventricular angiograms, and to speculate
on the determinants of pulmonary blood flow in
patients with transposition of the great arteries and
intact ventricular septum. In addition, we have
analysed the characteristics of left ventricular func-
tion in these patients.

Subjects and methods

We have reviewed the cardiac catheterization data ob-
tained from patients with transposition of the great
arteries and intact ventricular septum studied at the
Children's Hospital Medical Center, Boston. Only those
studies that permitted accurate angiographic analysis of
left ventricular volumes were selected. Between I965 and
I972, 33 such studies were available, performed on 30
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patients (2I male, 9 female). Twelve of these catheteriza-
tions were carried out on very cyanotic infants less than
2 months of age (median age, 33 hours). The remaining
2I studies were undertaken at ages ranging from 7
months to 4 years 4 months (median age, i6 months).
The latter studies were undertaken primarily in patients
being evaluated for surgical repair by the Mustard
procedure. Fortuitously, there were no studies between
3 and 6 months of age in this series of patients. A very
small ventricular septal defect was present in 3 of the
patients and a minimally persistent ductus arteriosus in
another. On the basis of oxygen saturation, pressure,
and angiographic data, it was felt that these additional
lesions were haemodynamically insignificant and these
patients were thus not excluded. Balloon septostomy was
performed just before or shortly after the angiogram
during the catheterization in all those less than 2 months
of age. Of the older group of patients, i6 had had a
previous surgical atrial septostomy and 5 had previously
undergone balloon atrial septostomy only. The pul-
monary artery was entered during I3 of the studies, all
in the older age group.
Angiograms were recorded by biplane equipment (3I

on 35 mm cine film, 2 on full-size cut film), the site of
injection of contrast material being either the left
atrium or the left ventricle. Left ventricular volumes
were then calculated using the method previously
described from this institution (Tyrell et al., I970) and
using the regression equation for infancy and childhood
as determined by Graham et al. (197ib).
Oxygen consumption was determined in 8 patients

aged 9 months to 4 years using a Kipp-Zonen diaphero-
meter (Stocker et al., I972), and pulmonary blood flow
using the Fick method was calculated and compared
with angio-derived values obtained at similar heart
rates. In 7 of these children the pulmonary artery was
entered during the study while in the eighth patient,
the left ventricular saturation of 88 per cent was used
as an adequately mixed venous sample. A pulmonary
vein was entered in all.

Systemic output was determined by the Fick principle
using simultaneous saturations from the superior vena
cava and a systemic artery. Saturations were measured
on an American Optical Company standard oximeter.

Results
Pulmonary blood flow measured angiographically
in the I2 patients less than 2 months of age ranged
from I 3 tO 4-8 (mean, 3-o) l./min/m2. For 8 of these
infants studied in oxygen, the mean value was 2-8
1./min/m2, compared to 3.4 L./min/M2 for the re-
maining 4 patients studied in room air. In the 21
studies performed over 2 months of age all in room
air, pulmonary blood flow ranged from 3.9 to II-3
L./min/M2, and the mean value of 6-4 L./min/M2 was
significantly higher (P <oooi) when compared with
the mean value of those under 2 months (Fig. i).
There was no relation between pulmonary blood
flow and arterial oxygen saturation.

For the entire group, left ventricular end-diastolic
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FIG. I Pulmonary blood flow, by angiographic
analysis, related to age. The mean value for those
under 2 months was 3o0 1./min/m2 and was 6-4
I./min/m2 for those over this age.

volume increased with age (Fig. 2) and with pul-
monary blood flow (Fig. 3). In the newborns, it
ranged from I2 tO 39 (mean, 3i) ml/m2 and from
30 tO i i6 (mean, 70) ml/m2 for those in the older
age group. Left ventricular mass increased with
increasing pulmonary blood flow for the whole
group (Fig. 4). The left ventricular mass was un-
related to pressure in those under 2 months but
increased with increasing pressure in the older
children. In patients under 2 months of age, the left
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FIG. 2 Left ventricular end-diastolic volume, by
angiographic analysis, related to age. Higher values
were found in the older patients.
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FIG. 3 Left ventricular end-diastolic volume showed
a significant correlation with pulmonary blood flow,
both determined angiographically.

ventricular mass ranged from IS tO 35 (mean, 28)
g/m2, while in those over this age it ranged from 32
tO I50 (mean, 69) g/m2. The highest value of I5o
g/m2 was measured in a patient, 4 years and 4
months of age, whose pulmonary arterial pressure
was at systemic level. The left ventricular ejection
fraction was unrelated to age and ranged from 0o57
to o-8s (mean, 0-73). There was no relation between
the ejection fraction and the arterial oxygen satura-
tion either.

In the I3 patients in whom the pulmonary artery
was entered, the gradient across the left ventricular
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FIG. 5 No significant relation wasfound between the
systolic gradient across the left ventricular outflow
tract and the angiographically derived pulmonary
blood flow.

outflow tract was measured. In 7 of these children,
the gradient was less than I0 mmHg, while in the
remaining 6 it ranged from I0 tO 33 (mean, 20)
mmHg. The relation between this gradient and the
angio-determined pulmonary blood flow was not
statistically significant (Fig. 5).
The calculated pulmonary and systemic blood

flows and arterial oxygen saturations obtained in
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FIG. 4 Left ventricular mass showed a significant
correlation with pulmonary blood flow.
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FIG . 6 The effective pulmonary blood flow, derived
by the Fick method, did not correlate significantly with
the angiographically derived pulmonary blood flow.
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TABLE Data obtained from patients with measured oxygen consumption

Case No. Age (yr) Qp (Fick) QP (angio) Qs (Fick) Qp (Fick) Qp (angio) SA sat. %
(I./min/m2) (I./min/m2) (I./minIm2) Qs (Fick) Qs (Fick)

I 9/I2 8-5 3 9 2-9 3.0/I I.3/I 63
2 I0/12 II-5 8-7 3 3 3-5/I 2-6/I 73

3 I2/12 I3-2 7 4 4.8 2.7/I I-5/I 52
4 I II/I2 7 8 5-0 5.6 I-4/I 0-9/I 55
5 2 7/I2 8-4 8-3 4 5 i-8/i I-8/I 72
6 3 6/I2 6-2 4-0 8-I o08/i 0-5/I 65
7 3 8/I2 14-9 7-0 4-3 3-5/I i-6/i 75
8 4 I/I2 I3-0 7-4 4-0 3.2/I I-9/I 70

Mean I0-4 6.5 4.6 2-5/I I.5/I

Angio, angiographic analysis; Qp, pulmonary blood flow; Qs, systemic blood flow; SA sat. %, systemic arterial oxygen
saturation.

the group of 8 patients in whom oxygen consump-
tion was measured are illustrated in the Table.
Pulmonary blood flow as calculated by the Fick
method was considerably higher than that obtained
by angio analysis in all but one (mean, IO4
l./min/m2, compared to mean, 65 L./min/m2). A
similar relation was noted in an additional 6 patients
aged 6 months to 4 years, in whom oxygen consump-
tion values were assumed (Rudolph and Cayler,
I958). The pulmonary to systemic flow ratio
(Qp/Qs), where both were measured by Fick, ranged
from o-8 to 3-5/I (mean, 2*5/I), whereas the Qp/Qs,
where pulmonary blood flow was determined by
angio analysis and systemic flow by Fick, ranged
from os to 2*6/I (mean, I-/I). In 2 patients (Cases
4 and 6) where pulmonary blood flow was measured
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FIG. 7 A significant relation was found between the
Fick-determined effective pulmonary blood flow and
the arterial oxygen saturation.

angiographically, the Qp/Qs ratio was o 9 and 0o5/I,
with arterial oxygen saturations of 55 and 65 per
cent, respectively. A Qp/Qs ratio of less than i was
observed in another 4 patients in whom oxygen
consumption values were assumed. In the group of
8 patients, there was no relation between pulmonary
blood flow and left ventricular pressure, between
pulmonary blood flow and left atrial pressure, or
between pulmonary blood flow and effective pul-
monary blood flow (Fig. 6). Effective pulmonary
blood flow ranged from I-3 to 2z6 (mean, 17)
L./min/m2. Arterial oxygen saturation increased
with increasing effective pulmonary blood flow
(Fig. 7) and with increasing oxygen carrying
capacity (Fig. 8).
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Discussion

Systemic cardiac output in normal newborn infants
has been measured previously by the dye-dilution
method. Gessner et al. (I965) obtained a mean
value of 3-90 L/min/m2 (range 3 15 to 4-65 L./min/m2)
in a study on 14 newborns ranging in age from o to
20 hours; Arcilla et al. (I967) calculated a mean left
ventricular output of 3-35 L/min/m2 (range 3 o8 to
3-62 L/min/m2) in a study of 45 infants ranging
from 2 to 24 hours of age and Emmanouilides et al.
(1970) obtained a mean value of 4-07 L./min/M2
(range 3'80 to 4-34 J./min/m2) during observations
on 23 babies ranging in age from 6 tO 35 hours.
Similar values for effective pulmonary capillary
flow were obtained by Brady and Rigatto (I97I),
using a plethysmographic and nitrous oxide tech-
nique, in 24 babies up to 14 days of age. One may
assume from these studies that systemic and pul-
monary blood flows in normal newborns, without
significant shunts, vary between 3-4 L./min/M2.

Estimation of left ventricular output by angio-
graphic analysis has been shown to be a valid tech-
nique (Dodge, Hay, and Sandler, I962; Graham et
al., I970). In patients with transposition of the great
arteries and intact ventricular septum, this measure-
ment reflects pulmonary blood flow, since surgical
experience suggests that bronchial collateral flow
in these patients is minimal (Mair et al., I971).
Our findings indicate that pulmonary blood flow

in patients with transposition of the great arteries
and intact ventricular septum is within the normal
range in the first 2 months of life. In older infants,
values approximately twice this level were found,
presumably due to a progressive decrease in pul-
monary vascular resistance.
As expected, the left ventricular end-diastolic

volume and calculated left ventricular mass in-
creased with age and with pulmonary blood flow.
In the older infants and children, left ventricular
mass also increased with left ventricular systolic
pressure. This suggests that both volume work and
pressure work are important in determining the left
ventricular mass. Though the numbers are few,
there seemed to be a tendency for a greater increase
in left ventricular mass with an increase in pressure
than with an increase in volume load in the left
ventricle.
The ejection fraction was within normal limits

in all patients and appeared to be unrelated to the
pulmonary blood flow or to the arterial oxygen
saturation. Thus, in our patients, the low arterial
oxygen saturation in the coronary arteries did not
appear to cause impairment of left ventricular func-
tion, as reflected in the ejection fraction. Our ob-
servations regarding the pulmonary blood flow and

left ventricular volumes are similar to the findings
of Graham et al. (197ia) from their study of 2I
patients with transposition of the great arteries with
intact ventricular septum. By contrast, our data re-
lating to left ventricular mass are lower than the
values for normals as reported by Graham et al.
(I97Ib) probably because left ventricular pressure
in transposition of the great arteries and intact ven-
tricular septum is commonly below the systemic
level.
Use of the Fick principle to calculate blood flow

when arteriovenous oxygen saturation difference is
small is thought to be unreliable. Mesel (I970) has
shown, in experimental studies using a electromag-
netic flow transducer, that the Fick method usually
much overestimated pulmonary blood flow when
pulmonary artery saturation exceeded 85 per cent.
Oxygen saturation in the pulmonary artery ofpatients
with transposition ofthe great arteries and intact ven-
tricular septum is commonly well above this level.
In our group of 8 patients in whom oxygen con-
sumption was measured, and in an additional 6 in
whom it was assumed, the Fick-determined pul-
monary blood flow exceeded the angio-derived
value considerably in all but one.

It is worth noting, and somewhat surprising, that
in 6 patients over 2 months of age with transposition
of the great arteries and intact ventricular septum,
the Qp/Qs ratio was less than i. The mean values
of arterial oxygen saturation and capacity were 59
and 23 vol. per cent, respectively, in this group,
being similar to the respective mean values of 62
and 24 vol. per cent for the other I5 patients over
2 months of age whose Qp/Qs ratios exceeded I.
The mean effective pulmonary blood flow in this
group of 6 patients was i 8 1./min/M2 and it was 1.7
L./min/M2 for the other children.
The systemic arterial saturation did not prove to

be a reliable index of the magnitude of pulmonary
blood flow. Confirmation of this was seen in Case 6
(Table) where the pulmonary blood flow by angio-
graphic analysis was only 4-0 L./min/M2 yet the sys-
temic arterial saturation was an acceptable 65 per
cent. Case 3, by contrast, had a pulmonary blood
flow of 7.4 L./min/m2 with an arterial saturation of
only 52 per cent. On the other hand, systemic
saturation was found to be directly proportional to
effective pulmonary flow, representing the degree
of mixing between the two circuits, and also to
haemoglobin level. Similar results have recently
been described by Mair et al. (I97I) in a study of
patients with transposition of the great arteries and
ventricular septal defect. It is of interest that the
mean effective pulmonary blood flow reported in
that study is similar to that found in our group.
The determinants of pulmonary blood flow in
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transposition of the great arteries and intact ven-
tricular septum are unknown. In normal subjects
without shunts, the pulmonary blood flow equals
systemic blood flow. The chemo- and baro-recep-
tors in the circulation demand a certain magnitude
of systemic flow which would then be passed on
passively to the pulmonary circuit. In patients
with large shunts without transposition, the pul-
monary blood flow is determined by the relation
between the total systemic and pulmonary resist-
ances and by the size of the shunt orifice. In indi-
viduals with transposition of the great arteries and
intact ventricular septum the presence of a bi-
directional shunt of equal magnitude between the
two circuits is necessary for survival. The size of the
pulmonary blood flow is independent of the sys-
temic output, and may be controlled entirely by the
level of the total pulmonary resistance, rather than
the resistance ratio. It is possible that an increase in
systemic blood flow could lead to an increase in the
right atrial pressure, which would then lead to an
increase in left atrial and thus left ventricular filling
pressure: this could, by Starling's law, lead to an
increase of pulmonary flow. However, we did not
find a correlation between the level of left atrial
pressure and pulmonary blood flow, nor between
the systemic blood flow and pulmonary blood flow
in our patients. The level of systemic arterial satura-
tion also failed to show a close correlation with
pulmonary blood flow, suggesting that neuro-
humeral mechanisms initiated by low saturation are
not important determinants of the pulmonary flow.
Thus, the possible systemic determinants of the
pulmonary blood flow remain obscure.
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