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Factors influencing survival after balloon atrial
septostomy for complete transposition of great arteries
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FERGUS J MACARTNEYt
From The Departments of Paediatric Cardiology and Clinical Physiology and the Thoracic Unit,
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SUMMARY Despite balloon atrial septostomy within the first days of life, some patients with complete
transposition ofthe great arteries die before reaching elective definitive surgery in the second six months
of life. To discover why, we analysed the fate of 144 patients who had balloon atrial septostomy after
1966, using a modified logrank survival test with multivariate capability. Patients were withdrawn 'alive'
on reaching definitive surgery.

The following largely independent factors were associated with a statistically significant excess

mortality: pulmonary hypertension, the presence and size of a ventricular septal defect or persistent
ductus arteriosus, relative anaemia, absence of left ventricular outflow tract obstruction, low arterial
oxygen saturation, aortic stenosis and coarctation, and balloon atrial septostomy between 1 week and
1 month of life.

Those of the above factors which can be determined at balloon atrial septostomy or at routine
cardiac catheterisation at 3 months of age were then introduced into discriminant function analysis
on survival to 6 months. Hence the probability of any individual patient dying in the first six months
was calculated, allowing for these factors. This prediction was correct in 76 per cent of the patients
studied. By offering earlier definitive correction to patients thus identified as being at high risk of
premature death, it should prove possible to reduce overall mortality in transposition of the great
arteries.

Balloon atrial septostomyl has dramatically im-
proved life expectancy for infants with complete
transposition of the great arteries. Even so, many
infants die before reaching definitive surgery,2-9
frequently in an unexpected and unexplained
manner.2 3 If it were possible to predict which
patients were at risk of dying, the overall mortality
from transposition of the great arteries might be
reduced by earlier definitive surgery in selected
patients. This study was carried out in order to
determine whether such selection was feasible.

Subjects and methods

One hundred and forty-four patients from the
United Kingdom with complete transposition of the
great arteries underwent balloon atrial septostomy
between 6 December 1966 and 1 June 1978 at
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The Hospital for Sick Children, Great Ormond
Street. Only patients with atrioventricular con-
cordance and ventriculoarterial discordance10 were
included; patients with imperforate valves or
common atrioventricular orifice were excluded. The
first 80 of these patients formed the basis of a
previous report by Tynan.2
Each case record was reviewed, and the data

possibly relevant to survival and obtainable before
definitive surgery were extracted. These are listed
in Table 1. The information was punched on to
cards, and processed at the University of London
Computer Centre. Unless the angiocardiographic
appearances suggested a defect not more than 2 to
3 mm in diameter, a ventricular septal defect was
classified as large if the left ventricular right
ventricular systolic pressure ratio was above 0-8,
and a persistent ductus arteriosus was classified as
large if the pulmonary artery/aortic systolic pressure
ratio was above 0-8. The pressure data used were,
if possible, those obtained at the second cardiac
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Table 1 Initial coding of variables

Code 1 2 3 4

Age at septostomy <1 wk 1 wk-1 mth .1 mth
Weight velocity (3 mth) <0 3 kg/mth 0-3-0 4 kg/mth 04-0 5 kg/mth .0-5 kg/mth
Weight velocity (6 mth) <0 3 kg/mth 0 3-0 4 kg/mth 0-4-0 5 kg/mth >0 5 kg/mth
Flat weight curve Present Absent
SA O2 before BAS <50% 50-60% 60-70% >70%
SA 0, after BAS <50% 50-60% 60-70% >70%
SA O° at 2nd cath <50%/O 50-60% 60-70% >70%
PO2 before BAS <25 mmHg 25-35 mmHg 35-45 nmmHg .45 mmHg
PO2 after BAS <25 mmHg 25-35 mmHg 35-45 mmHg .45 mmHg
PO2 at 2nd cath <25 mmHg 25-35 mmHg 35-45 mmHg .45 mmHg
pH before BAS <7 30 7 30-7 35 7 35-7 40 . 7-40
pH after BAS <7 30 7 30-7 35 7 35-7 40 .7-40
pH at 2nd cath <7 30 7 30-7 35 7 35-7 40 .7-40
Base excess before BAS -2 mEq/1 -2 to -5 mEq/1 -5 to -8 mEq/1 <-8 mEq/1
Base excess after BAS -2 mEq/l -2 to -5 mEq/l -5 to -8 mEq/l <-8 mEq/l
Base excess (cath 2) -2 mEq/l -2 to -5 mEql1 -5 to -8 mEq/l <-8 mEq/l
SVC sat. before BAS < 25O% 25-40% 40-50% >50%
SVC sat. after BAS <25% 25-40% 40-50% >50%/0
SVC sat. (cath 2) <25% 25-40% 40-50% >50%
LV/PA gradient (mmHg) <15 15-30 30-45 >45
LV/RV pressure ratio <0 3 0-3-0-65 .0-65
Era of septostomy Prior to Dec 69 Jan 70 to Dec 72 Jan 73 to Dec 75 Jan 76 on
VSD Absent Small Large
PDA Absent Small Large ligated Large not ligated
Repeat septostomy Not done Done
Intermediate op Not done Done
LVOTO Mild Moderate Severe
Anomalies aorta/RVOT None Coarc resected Coarc not resected Aortic stenosis
Thromboses/bleeds None CVA Aortic thrombosis
CVA No Yes
Hb at septostomy < 13 g/dl 13-15-5 g/dl 15-5-18 g/dl .18 g/dl
Hb at 2nd cath < 13 g/dl 13-15-5 g/dl 15-5-18 g/dl .18 g/dl
QP/QS <1 0 1 0-3-0 3-0-60 . 6-0
RP/RS <0-1 0-1-0-2 0-2-03 .0-3
Rise in °2 sat (BAS) No change or fall 15% 15-30% >.30%,h
Rise in SVC sat No change or fall 15% 15-30% .30%
Rise in PO2 at BAS No change or fall 15% 15-30% .30%
Pre-BAS LA-RA grad <-1 mmHg -1 to + 1 mmHg 1 to 3 mmHg .3 mmHg
Post-BAS LA-RA grad <-1 mmHg -1 to +1 mmHg 1 to 3 mmHg .3 mmHg
Age at 2nd cath <3 mth 3 mth-1 y .1 y
PA systolic pressure <30 mmHg 30-50 mmHg 50-70 mmHg .70 mmHg

Abbreviations: BAS, balloon atrial septostomy; coarc, coarctation; CVA, cerebrovascular accident; Hb, haemoglobin concentration;
LV, left ventricle; LVOTO, left ventricular outflow tract obstruction; op, operation; PDA, persistent ductus arteriosus; SA 02s
systemic arterial oxygen saturation; VSD, ventricular septal defect; LA, left atrium; RA, right atrium; SVC, superior vena cava;
PA, pulmonary artery; cath, catheterisation.

catheterisation, which took place in 98 patients, and
well after the newborn period. In the first few days
of life, left ventricular presures are occasionally
high even in the absence of a ventricular septal
defect, persistent ductus arteriosus, or left ventricular
outflow tract obstruction.

Left ventricular outflow tract obstruction was
regarded as absent if the systolic gradient between
left ventricle and pulmonary artery was less than
15 mmHg, mild if the gradient was 15 to 25 mmHg,
and moderate if the gradient was 25 to 60 mmHg.
It was regarded as severe if the left ventricular
pressure was suprasystemic, or systemic with a
gradient above 60 mmHg, or if the angiocardio-
graphic appearances showed unequivocal and
distinct subvalvular obstruction. Patients who had a
left ventricular systolic pressure less than 40 mmHg,
those whose pulmonary arterial pressure had not
been measured, and those who died before they

could be re-catheterised, were graded as having no
left ventricular outflow tract obstruction. Those in
whom the initial left ventricular pressure was higher
than the right but who died without the pul-
monary arterial pressure having been measured,
were graded according to the angiographic and/or
necropsy findings.
Data transformations were calculated by an

initial Fortran processing programme which calcu-
lated time periods in days, coded continuous
variables, and transformed discontinuous variables
where necessary, calculated oxygen contents and
pulmonary and systemic resistance ratios, and fitted
either quadratic and cubic equations (of possible)
to the weights at different times, so as to produce a
weight curve. These weight curves were output
onto microfilm using the Dimfilm package and
reviewed visually. At least one of the cubic and
quadratic fits was always acceptable and was ac-
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cordingly selected. Weight velocities were then
computed by differentiation at three and six
months, and the presence of maxima in the weight
curves before death or surgery (that is a subsequent
period of weight loss) detected by double dif-
ferentiation. While it was felt highly desirable to
calculate absolute pulmonary and systemic flows
and resistance, the lack of a measured oxygen

uptake in most patients, together with lack of a

body length (from which to determine surface area)
in many, led us to calculate only ratios between
flows and resistances. In determining oxygen

content, allowance was made for dissolved oxygen
in the plasma (03 ml/100 ml per 100 mmHg).
The coding of derived variables is shown in Table 1.
Three separate statistical techniques were then

applied to the disc file thereby created from the raw

data.
First, the relation of coded variables with survival

was analysed by a modification of the Mantel-
Haenszel test" originally developed for analysis
of cancer survival.12 Approximately 500 runs of this
programme were carried out, so as to establish what
variables had a broadly independent relation with
survival. In any particular run, the effect of up to
four variables was studied. If the value of any of
those four variables in a particular patient was

unknown, that patient had to be excluded from the
analysis, that is missing values were dealt with by
casewise deletion. Care was taken to ensure that
casewise deletion was not the spurious reason for
abolition of the effect of one variable when adjusted
to allow for a second.

Survival time was calculated up to the date when
the patient had last been alive, except for patients
reaching definitive surgery who were treated as

though they had last been seen alive on that day.
Before entry into the remaining parametric

statistical tests, discontinuous variables expressed as

grades (for example ventricular septal defect) were

reordered if their effect had been shown to be non-

linear, and then re-expressed so as to improve the
normality of distribution."3 Continuous variables or

derivatives thereof which had been shown to be
non-linear and to have an intermediate level at
which survival was maximal or minimal were

squared, both the original variable and the squared
variable being subsequently employed. This re-

coding is presented in Table 2.
Those independent variables which could use-

fully be used for future prediction of survival were

then introduced into stepwise discriminant function
analysis with the objective of distinguishing those
patients who died or required definitive surgery
before 6 months of age from those who survived
or had definitive surgery later. This prediction was

Table 2 Recoding of discontinuous variables for
entry into discriminant function analysis

Variable State Code

VSD None -0-40
Small -3*53
Large 2-31

PDA None -090
Small, ligated 1 11
Small, not ligated 1-56
Large, ligated 2-20
Large, not ligated 4 00

LVOTO Absent or trivial -1-00
Moderate 1-76
Severe 3-45

VSD, ventricular septal defect; PDA, persistent ductus arteriosus;
LVOTO, left ventricular outflow tract obstruction.

based only upon data available at the time of balloon
atrial septostomy. Continuous variables which had
required coding for the survival analysis, and were
shown to have an independent effect, were intro-
duced as continuous variables from here on. The
Statistical package for the social sciences programme14
was used, with prior probabilities set according to
the proportion of patients in each group, and
minimisation of Wilks' lambda as the criterion for
preferred entry in the analysis. The cut-off level
for entry or exclusion of variables was set at
F =2-0. The three patients having balloon atrial
septostomy after 6 months of age were excluded.
The discriminant function obtained in this pro-
gramme is based upon casewise deletion of missing
values. Consequently a combination of forward and
backward stepwise regression was used, by intro-
ducing variables with the least number of missing
values first, eliminating by backward regression
those which were uncontributory, adding further
variables and so forth.

This programme produces a classification of
patients into groups according to the discriminant
function obtained. In order to obtain the best
estimate of the performance of this discriminant
function on classification of patients whose fate is
unknown, jack-knifing'5 was employed, introducing
the variables already selected by discriminant
function analysis in a data set containing no missing
values into the Genstat'6 macro routine. Jack-
knifing consists in essence of removing one patient
at a time from the analysis, and predicting his status
from the discriminant function obtained from all the
rest.'3

Results

In presenting these results, we emphasise that to
state that a variable has an effect on survival merely
means that when it is introduced, it has a statistically
significant effect on the calculation of survival. This
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does not imply that if all other variables were held
constant, and an intervention were made so as to
alter this variable and no other, that survival would
necessarily be altered in the manner predicted.

OVERALL PROFILE OF POPULATION
STUDIED
Of the 144 patients, 99 (68 8%) had an intact
ventricular septum; 11 (7.6%) had a small ven-
tricular septal defect, and 34 (23.6%) had a large
ventricular septal defect. Of those patients with an
intact ventricular septum, seven (7 1%) had
moderate, and three (3 0%) had severe left ven-
tricular outflow tract obstruction, while the cor-
responding figures for those with small ventricular
septal defects were two (18.2%) and one (9-1%).
Of the patients with large ventricular septal defects,
moderate left ventricular outflow tract obstruction
was present in three patients (8 8%) and severe
left ventricular outflow tract obstruction in seven
(20 6%). Ninety-nine patients (68 8%) had no
persistent ductus arteriosus, 22 (15-3%) a small
persistent ductus arteriosus, and 23 (16-0%) a large
persistent ductus arteriosus. Twelve patients (8 3%)
had an aortic coarctation, and two (1 4%) had
subaortic stenosis.
The median age at septostomy was the fourth day

of life, ranging from the first day to the 10th year
(six septostomies were carried out beyond the first
four months of life before it was appreciated that
the septum was by then too tough). Before septo-
stomy, the systemic arterial oxygen saturation
ranged from 17 to 83 per cent (median 48 2%),
whereas afterwards it ranged from 25 to 88 per cent
(median 69 3%). The base excess before balloon
atrial septostomy ranged from -23 to +8 mEq/l
(median -6 0 mEq/l) whereas after balloon atrial
septostomy it ranged from -25 to +9 (median
-6-2 mEq/1).

Thirty-one patients (21 5%) had a palliative
operation between balloon atrial septostomy and
definitive surgery. Resection of coarctation with
ligation of a persistent ductus arteriosus was
carried out in six, and banding withcut resection of
coarctation but with ligation of a persistent ductus
arteriosus if needed in seven. Two patients had
ligation of a persistent ductus arteriosus alone.
Twelve patients had a Blalock-Hanlon operation
(with a shunt in one and banding in three, noted
above). Eight patients in all had a shunt operation,
one after previous banding. The remaining shunts
were carried out in one patient with an intact ven-
tricular septum and trivial left ventricular outflow
tract obstruction but severe cyanosis, one patient
with severe left ventricular outflow tract obstruction
and a small ventricular septal defect, and four

patients with large ventricular septal defect and
severe left ventricular outflow tract obstruction.
One patient with severe left ventricular outflow
tract obstruction and an intact ventricular septum
had a Blalock-Hanlon septectomy and shunt.

OVERALL SURVIVAL ANALYSIS
These results will concentrate on independent
variables, that is to say those whose effect could not
be abolished by introduction of any other variables.
Unless otherwise stated, it can be assumed that the
effect of a variable is independent. Where the total
number of patients is less than 144, it is because at
least one of the explanatory variables was unknown,
either because the particular variable was not re-
corded, or else because the patient had not survived
long enough for the observation to be made.

FACTORS RELATING TO TIME
Era of septostomy (Table 3)
There was a progressive improvement in survival
for each three year period since 1966 (X2 for trend:
p < 0-001). The most pronounced difference be-
tween these eras was in survival to 6 months, which
was 54-6 (±7 5) per cent in 1970-72 inclusive,
72A4 (±8 5) per cent in 1972-75 inclusive, and
86-0 (±5-8) per cent thereafter. At 18 months
survival during the same eras was, respectively,
44.4 (±100) per cent, 49-8 (±8 5) per cent, 72-4
(+85) per cent, and 76-5 (±10.4) per cent.

Table 3 Survival according to date of balloon
atrial septostomy

Era of septostomy No. of Obs. Exp. OIE
patients deaths deaths

Before 31.12.69 31 18 10-78 1-67
1.1.70 to 31.12.72 44 21 16-14 1-30
1.1.73 to 31.12.75 33 8 11-75 0-68
1.1.76 on 36 6 14-33 0-42

Overall x2 = 12-58 on 3 d.f.
x2 for trend= 11-86 on 1 d.f.
x2 for non-linearity =0-27 on 2 d.f.
N=144

P =0 0057
P =0-0006
P =0-8728

Age at septostomy (Table 4)
At all points on the survival curve, patients having
balloon atrial septostomy during the first week of
life did best, followed by those having balloon atrial
septostomy at the age of over 1 month. Patients
having balloon atrial septostomy between 1 week
and 1 morth of age did worst of all.

It was possible to abolish the effect of age at
septostomy by a combination of haemoglobin con-
centration and superior vena caval saturation after
balloon atrial septostomy (Table 5).
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Table 4 Relation between age at septostomy and
survival

Age at balloon No. of Obs. Exp. O/E
atrial septostomy patients deaths deaths

< 1 wk 88 25 34-08 073
1 wk-1 mth 27 16 7-97 2-01
>1 mth 29 12 10-95 1-10

Overall x2 = 10-84 on 2 d.f.
X2 for trend=2-68 on 1 d.f.
X' for non-linearity =7-87 on 1 d.f.
N=144

P =0 0044
P =0-1017
P=0 0050

Table 5 Survival and age at septostomy allowing for
haemoglobin concentration at septostomy and superior
vena caval saturation after septostomy

Age at balloon No. of Obs. Exp. O/E
atrial septostomy* patients deaths deaths

< 1 week 62 21 24-80 0-85
1 wk-I mth 18 9 8-31 1-08
>I mth 21 10 6-88 1-45

Overall X2=2 55 on 2 d.f. P=0-2796
X2 for trend = 2-17 on 1 d.f. P =0-1411
X' for non-linearity=

0 03 on 1 d.f. P=0-8566
*Allowing for Hb concentration and SVC oxygen saturation after
BAS.
N=101.

ANATOMICAL FACTORS
Ventricular septal defect (Table 6)
A small ventricular septal defect was associated with
a slightly lower risk than no ventricular septal
defect at all, but this is of borderline significance,
since though the risk with large ventricular septal
defect was much higher, the test for non-linearity
was not quite significant at the 5 per cent level.
There were no hospital deaths in patients with
small ventricular septal defects, whereas the greatest
toll from large ventricular septal defects occurred
in the first three months of life. At this time,
survival was 82-5 (±3 9) per cent in patients
without a ventricular septal defect, 90 (+9 5) per
cent in those with a small defect, and 47-1 (±8 6)
per cent in those with a large one.

Table 6 Relation between survival and ventricular
septal defect

VSD No. of Obs. Exp. O/E
patients deaths deaths

Absent 99 29 37-10 0-78
Small 11 2 4-27 0-47
Large 34 22 11-63 1-89

Overall x2 = 12-84 on 2 d.f.
xI for trend=9-26 on 1 d.f.
X' for non-linearity =

3-06 on 1 d.f.

P =0-0016
P =0-0023

P =0-0802

Table 7 Presence of PDA and survival

PDA No. of Obs. Exp. OIE
patients deaths deaths

Absent 99 27 40-91 0-66
Small 22 8 7 17 1-12
Large, ligated 16 11 4-27 2-58
Large, not ligated 7 7 0-64 10-94

Overall X2=82 68 on 3 d.f.
x2 for trend=46-49 on 1 d.f.
x2 for non-linearity =

34-78 on 2 d.f.

p < 0-0001

p<0-0001

Persistent ductus arteriosus (Table 7)
In contrast to ventricular septal defect, even a small
persistent ductus arteriosus had a deleterious effect
on survival, and a large, unligated persistent ductus
arteriosus was disastrous (p <00001). No patient
in the last group survived beyond five days. At 1
year, survival was 74-3 (+448) per cent in patients
with no persistent ductus arteriosus, 66-5 (±10O4)
per cent in patients with a small persistent ductus
arteriosus, and 22-7 (±12-4) per cent when the
persistent ductus arteriosus was large and ligated.

Left ventricular outflow tract obstruction (Table 8)
This had a beneficial effect regardless of the
associated anomalies, in particular of the presence or
absence of a ventricular septal defect. At 1 year,
survival was 54-2 (±5 3) per cent in patients with
no obstruction, 84A4 (±8 3) per cent with trivial,
91-7 (±&80) per cent with moderate, and 90 9
(+8 7) per cent with severe obstruction.

Right ventricular outflow obstruction
The effects here were diametrically opposite to
those of left ventricular outflow obstruction. Both
patients with aortic stenosis and all six patients with
untreated coarctation died. Four of six patients with
resected coarctation also died (p <0-001).

VASCULAR ACCIDENTS
Not surprisingly, whether cerebrovascular accidents
or thromboses of the abdominal aorta or its major
branches, these had a very adverse effect on sur-
vival, which could not be explained, among other

Table 8 Left ventricular outflow tract obstruction
and survival

LVOTO No. of Observed Expected OIE
patients deaths deaths

Absent 101 46 34 49 1-33
Trivial 20 3 7-14 0-42
Moderate 12 1 4-91 0-20
Severe 11 3 6-47 0-46

144

Overall X2 = 11-48 on 3 d.f.
x2 for trend=8-41 on 1 d.f.
x2 for non-linearity=2-68 on 2 d.f.

P =0-0094
P=0 0037
P =0-2621
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things, by haemoglobin concentration or hypox-
aemia (p < 0 0001).

HAEMOGLOBIN CONCENTRATION
The lower the plasma haemoglobin concentration,
the poorer was the survival. This applied both at the
time of balloon atrial septostomy and at the second
cardiac catheterisation (p <0 05 for trend in both
instances). The effect was particularly obvious in
patients with a haemoglobin below 13-5 g/dl at
balloon atrial septostomy where at five months after
balloon atrial septostomy, survival was 47 0 (±9 8)
per cent, as opposed to 70 0 (±6 8) per cent for
13.5-15g/dl, 84-4 (+5-9) per cent for 15-5-18
g/dl, and 78-7 (±9 6) per cent for those with above
18 g/dl. It is of particular interest that no deaths
occurred in the 13 patients with a haemoglobin
above 18 g/dl at their second cardiac catheterisation.

HAEMODYNAMIC STATE BEFORE BALLOON
ATRIAL SEPTOSTOMY
Apart from the factors already mentioned, no
haemodynamic variable or combination thereof was
found to affect survival.

HAEMODYNAMIC STATE AFTER BALLOON
ATRIAL SEPTOSTOMY
Systemic arterial oxygen saturation and P02
The rise in systemic arterial oxygen saturation after
balloon atrial septostomy was strongly predictive
of survival (p < 0.05), but the effect was non-linear
(p < 0-05) (Table 9). Patients did worst if there was
a rise in saturation under 15 per cent, and did better
with either a higher rise, no change, or a fall in
oxygen saturation. Thus at 10 months after opera-
tion, 86 7 ( ±8 8) per cent of patients with no change
or a fall of arterial oxygen saturation survived, as
opposed to 49-2 (±7 5) per cent who had a rise of
15 per cent, 75-4 (±7 2) per cent with a rise of 15 to
30 per cent, and 91 1 (±6 0) per cent with a rise
above 30 per cent.
On the other hand, the patients who did best

had a systemic arterial P02 between 25 and 45

Table 9 Survival and rise in O2 saturation with
balloon atrial septostomy

Rise in 02 saturation No. of Obs. Exp. O/E
(BAS) patients deaths deaths

No change or fall 15 3 5-80 0-52
< 15% 51 25 15-19 1-65
15-30% 39 10 13-62 0 73
> 30% 23 5 8-39 0-60

Overall X2 = 10-17 on 3 d.f.
X' for trend= 1-32 on 1 d.f.
X' for non-linearity=8-66 on 2 d.f.
N=128

P =0-0172
P =0-2512
P =0-0132

mmHg, whereas more extreme values were less
well tolerated (Table 10). At six months, survival
was 66&7 (±16&1) per cent for a P02 below 25
mmHg, 86-2 (±6 4) per cent for between 25 and 35
mmHg, 73-6 (±t76) per cent for values between
35 and 45 mmHg, and 58X4 (± 10-6) per cent when
the Po2 was above 45 mmHg. The non-linearity of
the response reached statistical significance in 68
patients with balloon atrial septostomy at less than
one week (p < 0 02), but in general, adjustment for
other variables, notably the presence of persistent
ductus arteriosus and ventricular septal defect,
abolished the effect. The arterial blood gases and
interatrial gradients before and after balloon atrial
septostomy could not be correlated with survival.

HAEMODYNAMIC STATE AT SECOND
CARDIAC CATHETERISATION
Pulmonary artery systolic pressure (Table 11)
This variable proved to be more closely correlated
with survival, and more resistant to adjustment for
other variables than did ratios between flows and
resistances, which were not in themselves predic-
tive in this respect. In particular, the effect was not
abolished by allowance for persistent ductus
arteriosus or ventricular septal defect. At eight
months after balloon atrial septostomy, survival in
patients with a pulmonary artery systolic pressure
of less than 30 mmHg was 94 0 (±2 9) per cent.
When the pressure was 30 to 50 mmHg, survival
was 92-3 (±7A4) per cent; at 50 to 70 mmHg it was
60-0 (±21-9) per cent; and at above 70 mmHg,
40 0 (±21-9) per cent.

Systemic arterial and venous oxygen saturations
These variables, taken alone, had an effect on
survival of borderline statistical significance, but
adjustment for haemoglobin concentration greatly
strengthened this relation (p < 0-02 for systemic
arterial saturation, p < 0*005 for superior vena caval
saturation). The observed/expected death ratio was
seven times greater for patients with a superior

Table 10 Survival and systemic arterial Po2 after
septostomy

Po after BAS No. of Obs. Exp. OIE
patients deaths deaths

< 25 mmnHg 10 3 2-45 1-22
25-35mmHg 30 5 10-82 0-46
35-45 mmHg 37 11 11-52 0-95
> 45mmHg 22 13 7-20 1-80

Overall x'=8-09 on 3 d.f. P =0-0442
X2 for trend=4-01 on

1 d.f.
x2 for non-linearity=

3-67 on 2 d.f.
N =99

P =0 0453

P =0-1600
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vena caval saturation of less than 40 per cent than
for patients with a saturation of greater than 40
per cent, when the effect of haemoglobin concen-
tration was taken into account.

Putting the effect of haemoglobin concentration
and oxygen saturation together by calculating
systemic arterial oxygen content resulted in a signifi-
cant linear correlation with survival (p <005 for
trend) with the effect most obvious at nine months
afterballoonatrial septostomy,when survival was 74'6
(+8 4) per cent in patients with a content less than
12 vol per cent, and not less than 92-9 (±6 9) per
cent whenever the content was higher. This effect
was strongly reinforced when patients with right
ventricular outflow tract obstruction were excluded
(Table 12), and mildly reinforced when left ven-
tricular outflow tract obstruction was allowed for.
Similar results applied to systemic venous arterial
content, except that the reinforcement was not so
strong when patients with right ventricular outflow
tract obstruction were excluded.

Acid-base state at cardiac catheterisation
It is of interest that there was a high mortality in
those patients who had a base excess, three out of
five patients, all deaths occurring in patients with a

Table 11 Survival and pulmonary artery systolic
pressure

PA systolic pressure No. of Obs. Exp. OIE
patients deaths deaths

< 30 mmHg 71 7 12-06 0-58
30-50 mmHg 13 3 1-96 1-53
50-70mmHg 5 2 0 37 5-45
> 70 mmHg 5 3 0-62 4-87

Overall X'= 19-53 on 3 d.f.
X2 for trend= 16-11 on 1 d.f.
x' for non-linearity= 1 91 on 2 d.f.
N=94

P =0-0002
P=0.0001
P=0-3842

Table 12 Survival and systemic arterial oxygen
content at repeat cardiac catheterisation (patients with
right ventricular outflow tract obstruction excluded)

Oxygen content No. of Observed Expected OIE
patients deaths deaths

<12 vol % 31 8 4 04 1-98
12-13-5 vol % 29 5 3-72 1-34
13-15-5 vol % 22 2 4-23 047

>15-5vol % 13 0 3-01 0

95

Overall X'= 8 88 on 3 d.f.
X' for trend=8-04 on 1 d.f.
X's for non-linearity=0-14 on 2 d.f.

P =00309
P =0-0046
P =0 9335

pulmonary artery systolic pressure above 50
mmHg.

DISCRIMINANT FUNCTION ANALYSIS
State at 6 months
For this analysis, patients were withdrawn "dead"
if before 6 months of age they had undergone a
definitive operation, since the indication for surgery
was that death was felt to be imminent. All analyses
are presented for patients in whom values for all the
predictive variables were recorded.
The most widely applicable discriminant function

was based upon the rise in oxygen saturation pro-
duced by balloon atrial septostomy, the systemic
arterial oxygen content after balloon atrial septo-
stomy, the presence of left ventricular outflow
obstruction, the presence and size of ventricular
septal defect, and the presence, size, and manage-
ment of persistent ductus arteriosus. The summary
of the stepwise procedure and performance of the
jack-knified discriminant function are shown in
Table 13. The latter produced a correct prediction
in 96/126 (76 2%) of cases. From Tables 14 to 18
may be read the probability of surviving to the age
of 6 months without requiring urgent definitive
repair.

Table 13 Discriminant function on death or definitive
repair before 6 months of age

Step No. Variable F to enter Wilks Significance
entered lambda

1 PDA 29-4 0-808 p < 0 0005
2 SARCON 11-2 0 740 p < 0 0005
3 DELSA 6-3 0 704 p < 0-0005
4 LVOTO 4-6 0-678 p < 0 0005
5 VSD 3-3 0-660 p < 0 0005

Death or early repair predicted if:
0-598 (PDA) -0-124 (SARCON) -0-024 (DELSA)
-0-324 (LVOTO) +0-221 (VSD) >-1-15.
Performance ofjack-knifed function

Predicted state

Alive without Dead or Total
repair repaired

Alive without
repair 72 18 90

Actual Dead or
state repaired 12 24 36

Total 84 42 126

Correct prediction in 76-2 per cent overall.
Coding as in Table 3.
DELSA, change in systemic arterial oxygen saturation on septo-

stomy (%).
LVOTO, left ventricular outflow tract obstruction.
PDA, persistent ductus arteriosus.
SARCON, systemic arterial oxygen content after septostomy

(ml/100 ml).
VSD, ventricular septal defect.
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Table 14 Probability of survival without "correction" to 6 months of age
Patients with no PDA

SA 02 content 5 10 15 20 25
after BAS
(mlllOO ml)

Rise in SA 02 LVOTO None Mod Sev None Mod Sev None Mod Sev None Mod Sev None Mod Sev
saturation on or or or or or
BAS(%) Triv Triv Triv Triv Triv

VSD

-20 Absent 0-25 0-58 0-76 047 0 70 0-89 0 70 0 91 0 95 0-86 0-96 0-98 0 94 0-99 0 99
Small 0 50 0 6Z 0 91 0 73 0-92 0 96 0-88 0 97 0-99 0 95 0-98 0 99 0-98 100 100
Large 0-12 0 35 0 55 0-26 0-58 0 77 0-48 0-71 0 90 0-7 0 91 0-96 0-87 0-96 0-98
Absent 0-41 0-74 0-87 0-65 0-88 0-95 0-83 0 95 0-98 0 93 0-98 0-99 0 97 0 99 100

0 Small 0-68 0 90 0 95 0-85 0-96 0-98 094 0-98 0-99 0-98 0 99 100 0 99 100 100

Large 0-22 0 53 0-72 0-42 0 75 0-87 0-66 0-89 0 95 0-84 0 95 0-98 0 93 0-98 0 99

Absent 0-60 0-86 0-93 0-80 0-94 0 97 0 91 0-98 0 99 0 97 0 99 100 0.99 100 100
20 Small 0-82 0 95 0-98 0-92 0-98 0 99 0 97 0 99 100 0.99 100 100 100 100 100

Large 0-37 0 70 0-85 0-61 0-86 0 94 0-80 0 94 0-98 0-92 0-98 0 99 0 97 0-99 100
Absent 0-76 0 93 0 97 0-89 0 97 0 99 0-96 0 99 100 0-98 100 100 0 99 100 100

40 Small 0 90 0 97 099 0-96 099 100 099 100 100 099 100 100 100 100 100

Large 0 55 0-83 0-92 0-76 0 93 0 97 0 90 0 97 0 99 0-96 0 99 100 0-98 100 100

Absent 0-87 0-96 0-98 0-95 0 99 100 0-98 100 100 0.99 100 100 100 100 100

60 Small 095 099 100 0-98 100 100 099 100 100 100 100 100 100 100 100

Large 0-72 0 91 0-96 0-81 0 97 0 99 0 95 0 99 0 99 0-98 100 100 0.99 100 100

Table 15 Probability of survival without "correction" to 6 months of age
Patients with small ligated PDA

SA 02 content
after BAS
(ml/100 ml) 5 l(K 15 20 25

Rise in SA 0° LVOTO None Mod Sev None Mod Sev None Mod Sev None Mod Sev None Mod Sev
saturation on or or or or or
BAS(%) Triv Triv Triv Triv Triv

VSD

Absent 0 03 0-12 0-24 0-08 0-26 0-46 019 0 49 0-69 0-38 0-71 0-85 0-62 0-87 0 94
-20 Small 0 09 0-29 0-48 0-21 0-52 0-71 0-41 0 73 0-87 0-65 0-88 0 95 0-83 0 95 0-98

Large 0 01 0 05 0 11 0 03 0-12 0-25 0-08 0-26 0-46 0 19 0-49 0 70 0 39 0-72 0-86
Absent 0 07 0-22 0 40 0-16 0-43 0-64 0-33 0-67 0-82 0-56 0-84 0 93 0 77 0 93 0 97

0 Small 0-17 0-46 0-66 0 35 0-69 0-84 0-59 0-86 0 93 0 79 0 94 0 97 0 91 0 97 0 99
Large 0 03 0-10 0-21 0 07 0-23 0-41 0-16 0 44 0-65 0 34 0-67 0-83 0 57 0-85 0 93
Absent 0-28 0-61 0 59 0-51 0-62 0 91 0 73 0-92 0-96 0-88 0 97 0 99 0-88 0 97 0 99

20 Small 0-54 0-83 0-92 0 75 0-93 0-97 0-89 0 97 0 99 0-96 0 99 1 00 0-96 0-99 1-00

Large 0-13 0-38 0 79 0-29 0-81 079 0-52 0-81 0 91 0 74 0-92 0-96 0 74 0-92 0-96

Absent 0-24 0-56 0 75 045 0 77 0-89 0-69 0 90 095 0-85 0-96 0-98 0 94 0-98 0 99

40 Small 0-48 0 79 0 90 0-71 0 91 0-96 0-87 0 97 0-98 0 95 0.99 0.99 0-98 1 00 1 00

Large 011 0 33 0 54 0-21 0-57 0 75 0-46 0-78 0-89 0-69 0 90 0-96 0-86 0-96 0-98

Absent 0 44 0-73 0-86 0-63 0-88 094 0-82 095 0-98 0-92 0 99 0 99 100 0 99 100

60 Small 0-66 0-89 0-95 0-84 0-96 0-98 093 0-98 0 99 0 97 0-99 100 0.99 100 100

Large 0-20 0-51 0-71 0 40 0-73 0-87 0-64 0-88 0 95 0-83 0 95 0-98 0 93 0-98 0 99
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Table 16 Probability of survival without "correction" to 6 months of age
Patients with small uwdigated PDA

SA 0, content
after BAS
(MI/100 mI) 5

Rise in SA O, LVOTO None Mod Sev
saturation on or
BAS (%) Triv

10

None Mod Sev
or
Triv

15

None Mod Sev
or
Triv

20

None Mod Sev
or

Triv

25

None Mod Seo,
or
Triv

VSD

Absent 0-05

-20 Small 0-13

Large 0-02

Absent 0-10

0 Small 0-24

Large 0-04

Absent 0-18

20 Small 0-44

Large 0-08

Absent 0-32

40 Small 059

Large 0-16

Absent 0 50

60 Small 0 75

Large 0-28

0-17

0-38

007

030

0-56

0-14

0-48

073

0-26

0-66

0-85

043

0-80

0-92

0-61

033

059

0-16

050

075

0-28

0-68

0-86

045

0-82

093

0-64

091

079

079

0-12

0-28

005

0-22

0-46

0-1

037

0-64

0-19

0-56

079

033

073

0-89

0-51

035

0-62

0-16

053

077

0-31

0-71

0-88

049

0-84

0-91

0-67

0-92

097

0-81

0-56

079

033

073

0-89

0-51

0-85

094

0-69

0-92

097

0-82

0-96

099

0-91

0-26

0-51

0-12

043

0-69

0-23

0-61

0-82

0-38

077

090

0-56

0-88

095

073

059

0-81

0-36

075

090

054

0-87

095

0-71

093

0-98

0-84

097

099

0-92

077

0-91

057

0-88

0-96

074

094

0-98

0-85

097

099

093

099

1-00

0-96

0-48

074

0-27

0-66

0-86

043

0-81

093

0-62

090

0-96

077

095

0-98

0-88

079

0-86

0-60

0-89

0-96

0-76

094

0-98

0-87

097

099

093

099

1-00

097

090

0-96

0-78

095

0-98

0-88

0-98

099

094

099

1-00

097

099

1-00

099

0-71

0-88

049

0-84

094

0-67

0-92

097

0-81

0-96

099

090

0-98

099

095

0-91

097

0-80

0-96

099

0-89

0-98

099

095

099

1-00

097

1-00

1-00

099

0-96

0-96

090

0-98

099

0.95

0o99

1.00

0-98

1-00

1-00

099

1-00

1-00

1-00

Table 17 Probability of survival without "correction" to 6 months of age
Patients with large ligated PDA

SA Os content
2fter BAS
(ml/100 Ml) 5 10 15 20 25

Rise in SA O, LVOTO None Mod Sev None Mod Sev None Mod Sev None Mod Sev None Mod Sev
saturation on or or or or or
BAS (%) Trv Triv Triv Triv Triv

VSD

Absent 0-02 0 07 0-15 0-05 0-16 0-31 0 11 0 34 0 55 0-25 0-58 0-76 0 47 0-78 0 90

-20 Small 0105 0-18 0 34 0-12 0 37 0-58 0-27 0-61 0-78 0 50 0-80 0-91 0 73 0-92 0-96

Large 0-01 0 03 0-06 0-02 0 07 0-15 0 05 0-17 0-32 0-12 0 35 0-56 0-26 0-56 0 77
Absent 0 04 0-13 0-27 0 09 0-29 0 49 0-21 0-52 0-72 0-41 0 74 0-87 0-65 0-88 0-95

0 Small 0-10 0-32 0-52 0-023 0 55 0 74 0 44 0-76 0-88 0-68 0 90 0 95 0-85 0 95 0-98
Large 0-02 0-06 0-12 0 04 0-14 0-27 0-09 0-40 0-50 0-22 0-59 0-72 0-42 0-75 0-88
Absent 0 07 0-25 0 43 0-18 0 47 0-67 0-36 0 70 0-84 0-60 0-86 0-94 0-80 0 94 0-97

20 Small 0 19 0-49 0-70 039 0-72 0-86 0-63 0-87 094 0-82 095 0-98 0-92 0-96 099
Large 0 03 0-11 0-23 0-08 0-25 0 44 0-18 0-47 0-67 0-37 0-70 0-85 0-61 0-86 0 94
Absent 0-15 0-41 0-62 0-31 0-65 0-81 0 54 0-83 0-92 0-76 0*93 0 97 0-89 0-97 0-99

40 Small 033 0 67 0-83 0-57 0-85 0 93 0-78 0 94 0 97 0 90 0-98 0 99 0-96 0 99 1 00

Large 0-06 0-21 0-39 0-15 0-42 0-63 0-32 0-65 0-82 0-55 0-83 0-92 0-77 0*93 0-97
Absent 0-26 0 59 0-77 0 49 0-80 0 90 0-72 0-91 0-96 0-87 0-96 0-99 0-95 1-00 1-00

60 Small 0-52 0-81 0-91 0-74 0-92 0-96 0-88 0 97 0 99 0-95 0 99 1-00 0-98 1*00 1-00

Large 0-12 0-36 0 57 0-27 0-60 0-78 0 49 0-80 0-90 0-72 0-91 0-96 0 90 0.99 0.99
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Table 18 Probability of survival without "correction" to 6 months of age
Patients with large unligated PDA

SA 0 content
after BAS
(MlllOO ml) 5 10 15 20 25

Rise in SA 0, LVOTO None Mod Sev None Mod Sev None Mod Sev None Mod Sev None Mod Sev
saturation or or or or or
on BAS (%) Triv Triv Triv Triv Triv

VSD

Absent 0-00 0 01 0 03 0 01 0 04 0-08 0-02 0 09 0-18 0-06 0-20 0 37 0-14 0 40 0-61
-20 Small 001 004 009 003 0-10 0-20 007 0-22 0 4 0-16 0 43 064 033 0-67 0-82

Large 0 00 0 01 0 01 0 00 0 01 0 03 0 01 0 04 0-08 0-02 0-09 0-17 0-06 0-21 0-62
Absent 0-01 0 03 0-06 0-02 0 07 0-15 0 05 0-17 0-32 0-12 0-35 0 55 0-26 0-58 0 77

0 Small 0-02 0-08 0-17 0-05 0-18 0 35 0-13 0-37 0-58 0-28 0-61 0-79 0-51 0-81 0 91
Large 0 00 0 01 0 03 0 01 0 03 0-06 0-02 0 07 0-15 0 05 0-17 0 33 0-12 0 35 0-56
Absent 0-02 0-06 0-12 0 04 0-14 0-27 0 09 0 30 0 50 0-22 0 53 0-72 0-42 0 75 0-87

20 Small 0 04 0-15 0 30 0 10 0-32 0 53 0-24 0-56 0 75 0 45 0 77 0-89 0-68 0 90 0-95
Large 0 01 0-02 0 05 0-02 0-06 0-13 0 04 0-14 0-28 0-10 0 30 0-51 0-22 0 54 0-73
Absent 0 03 0-11 0-23 0-08 0-25 0-44 0-18 0-47 0-68 0 37 0 70 0-85 0-61 0-86 0 94

40 Small 009 0-27 047 0-20 050 070 0 39 0 73 0-86 0-63 0-88 0 94 0-82 0 95 0-98
Large 0 01 0 05 010 0 03 0-12 0-23 0-08 0-26 0 45 0-18 0-48 0-68 0-37 0-71 0-85
Absent 0-06 0-21 0-39 0-15 0-41 0-62 0-32 0-65 0-82 0 55 0-83 0-92 0-76 0-93 0-97

60 Small 0-16 0 40 0-65 0-15 0 34 0-83 0-58 0 85 0 93 0-78 0-94 0-97 0 91 0-98 0 99
Large 0 03 0 09 0-20 0-06 0-22 0 39 0-15 0-42 0-63 0-32 0 66 0-82 0-56 0 84 0-92

Discussion

Complete transposition of the great arteries occurs
once in somewhere between 2130 and 4500 live
births.17 Our best knowledge of its natural history
without balloon atrial septostomy comes from the
Californian necropsy study covering the years
1957-64.1' Even so, at that time the study was of
unnatural history, inasmuch as 110 of the 669
deaths occurred after operation. Liebman and
colleagues'7 found that in the whole group of 655
children (which included a few patients with univen-
tricular hearts and mitral atresia), 28-7 per cent
were dead by 1 week of life, 51-6 per cent by 1
month of life, and 89-3 per cent by 1 year. In the
subset of 290 patients seen in the cardiac centres
the overall prognosis was slightly better, but in
patients with no ventricular septal defect or a ven-
tricular septal defect of less than 3 mm in diameter,
and no atrial septal defect, for example, 24-4 per
cent were dead by 1 week, 66-1 per cent by 1
month, and 98-4 per cent by 1 year. The authors
confirmed previous observations'8 19 as to the bene-
ficial effects on survival of an atrial or ventricular
septal defect, and the deleterious effects of a
persistent ductus arteriosus.19 Left ventricular
outflow tract obstruction was shown to improve
survival in association with ventricular septal defect.
Statistical tests, however, of the significance of these
differences were not attempted, and ofcourse physio-
logical, as opposed to anatomical, information was
infrequently available, and not analysed.
A study such as ours has the major advantage that

it is prospective in the sense that entry to it is
towards the beginning of life rather than at death.
We cannot, of course, eliminate the effects of opera-
tion on the course of the disease after balloon atrial
septostomy. We have reduced as far as possible,
however, the problem of definitive surgery by
looking at the data in two ways, either counting
patients as alive or dead when they reached definitive
surgery. Palliative surgery was not treated thus,
but in any case was only used in a minority of
patients (21-5%).

Balloon atrial septostomy has been shown to have
a dramatic beneficial effect on survival.2- 20
Equally, it fails to prevent a great many deaths in
early life, which is why our hospital adopted a
policy of elective definitive repair in the second six
months of life.2 But even this policy failed to help
the 15 to 40 per cent who died within the first six
months. The emergency intra-atrial baffle opera-
tion2' is one answer to this problem, but carries a
higher risk than elective operation, and does not deal
with sudden unexpected deaths, which are not un-
common.2 3 What is therefore needed is some way
of predicting the outcome in advance, so that
surgery can be carried out electively in appropriate
patients. But so far, this has not been tried. Indeed,
even when attempts to identify "risk factors" were
made, they usually failed. Hawker and colleagues,5
using univariate analysis, did have some success,
and found a significantly better prognosis in patients
with either a high interatrial pressure gradient or a
high systemic arterial oxygen saturation in the
absence of a ventricular septal defect. But both of
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these applied to the situation before balloon atrial
septostomy. They could not correlate survival with
the situation after balloon atrial septostomy. By
contrast, we have not been able to show any relation
between survival and factors existing before balloon
atrial septostomy which can be altered by it, where-
as the state of several of those factors after this
procedure strongly affected survival. This inci-
dentally indicates that no patient is too sick to
benefit from balloon atrial septostomy.

Prognosis depends on many factors. It follows
that unless multivariate analysis is used, the
subtleties of some actions, and the interaction
between different factors will lead to masking of the
effects of some of them. But the disadvantage of
multivariate analysis is that interpretation of the
results can be so difficult. This is the reason for our
somewhat laborious statistical methodology. The
modified Mantel-Haenszel test was used to identify
which factors influenced overall survival and how
they interacted. Multivariate discriminant function
analysis was simply used as an empirical method of
predicting survival at 6 months. A variable will not
be selected in that analysis unless it is correlated
with survival. But which particular variables are
selected depends on a multitude of other factors,
such as how often that variable was measured,
what the interaction with other variables was, and
how and whether it was transformed. Conse-
quently, the results of the discriminant function
analysis should not be used as a guide to which
factors are most important, and the individual
discriminant coefficients should not be taken to
indicate either the direction or magnitude of the
effect.13
The lesions associated with transposition of the

great arteries appear to affect overall survival
greatly. The malignant nature of a persistent ductus
arteriosus has been repeatedly shown in previous
necropsyl8 19 and clinical22 reports. But action to
rectify this has been inhibited by the argument that
patients dying in the first few days of life are bound
to have a large normally patent ductus which may
not have contributed to death at all.8 Our results
indicate that some of the apparent effect of per-
sistent ductus may be spurious, since those patients
with a large persistent ductus arteriosus did indeed
die within five days. On the other hand this explana-
tion cannot possibly account for the excess of deaths
in patients with a small persistent ductus arteriosus
or a ligated large persistent ductus arteriosus, since
the majority of these occurred long after physio-
logical and indeed anatomical closure of the ductus
should have occurred. Presumably persistent ductus
arteriosus increases volume overload of the left
ventricle without adequate compensation in terms

of improved mixing.
Interestingly, a small ventricular septal defect

actually improved survival. This may mean that
improved mixing was obtained at a lower cost,
since shunting into the pulmonary circuit could
occur before aortic valve opening, that is at a lower
pressure. A large ventricular septal defect carried a
heavy toll because in the majority of cases this was
not associated with left ventricular outflow tract
obstruction.
The deleterious effect of right ventricular obstruc-

tion is hardly surprising since the right ventricle
has to support the systemic circulation. It is
interesting, however, that two patients who died
had subaortic stenosis, which is rare in complete
transposition of the great arteries.
The deleterious effect of right ventricular outflow

tract obstruction contrasts interestingly with the
beneficial effects of left ventricular outflow tract
obstruction. While the latter effect has been
previously documented in necropsy studies,18-19
these can be criticised on the grounds that haemody-
namically significant left ventricular outflow tract
obstruction may be difficult or impossible to
recognise at necropsy. The fact that left ventricular
outflow tract gradients were documented haemody-
namically in the majority of patients in this study
adds weight to the previous necropsy studies.
Furthermore, the effect of left ventricular outflow
tract obstruction could not be abolished by allowing
for the presence or absence of a ventricular septal
defect. This indicates that though specific varieties
of left ventricular outflow tract obstruction with
intact ventricular septum may cause harm,2325 the
general effect is beneficial. It should be noted,
however, that shunts were carried out in six patients
with severe left ventricular outflow tract obstruc-
tion, five of whom had a ventricular septal defect
and one of whom had an intact ventricular septum.
Two haemodynamic factors dominate prognosis,

oxygen transport and pulmonary artery pressure.
Effective pulmonary and systemic flow were not
measured, because oxygen uptake was not measured
but systemic venous oxygen saturation does reflect
effective flow,26 27 So it is not surprising that the
higher the systemic venous oxygen content at the
second cardiac catheterisation, the better the chance
of survival. This effect, however, was probably not
as important as that of systemic arterial content,
which of course depends on both systemic arterial
oxygen saturation and haemoglobin concentration.
These two constituents are mutually supportive,
and yet distinct, in that the beneficial effect of a
high haemoglobin concentration either at balloon
atrial septostomy or at the second cardiac cathe-
terisation was independent of either systemic
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arterial oxygen saturation or Po2. In view of the
commonly expressed concern at the deleterious
effect of a high haemoglobin concentration (in-
creased blood viscosity, cerebrovascular accidents,
and so forth), it is salutary to notice that no deaths
at all occurred in patients with a haemoglobin con-
centration above 18 g/dl at the second cardiac
catheterisation. While it can be argued that this was
because a high haemoglobin concentration may have
hastened the date of definitive surgery, the poor
outlook for patients with a haemoglobin concen-
tration below 13-5 g/dl at balloon atrial septostomy
cannot be attributed to this mechanism nor, in-
cidentally, to the age at balloon atrial septostomy.
Furthermore, the severe effect on survival of
vascular accidents, whether in the brain or else-
where, could not be explained by the haemoglobin
concentration at either cardiac catheterisation.
The relation between arterial oxygen saturation,

or Po2 and survival is not straightforward because
of the tendency for high arterial Po2 to be associated
with persistent ductus arteriosus and ventricular
septal defects. The optimal Po, after balloon atrial
septostomy was 25 to 45 mmHg. Above this the
benefits were outweighed by the costs of volume
overload and pulmonary hypertension. Below this,
hypoxia was presemably too severe.
While a high systemic arterial oxygen content is

beneficial, a high pulmonary artery systolic pressure
is not, and it is of considerable interest that this
effect could not be abolished by consideration of
any anatomical features (notably persistent ductus
arteriosus and a ventricular septal defect) either
singly or in combination. In other words, pulmonary
hypertension per se appears harmful. This in turn
suggests that the beneficial effect of left ventricular
outflow tract obstruction is not just (partly or
totally) because of the consequent reduction of
pulmonary blood flow, but because of the resultant
fall in pulmonary artery pressure.
The effect of age at balloon atrial septostomy is

striking. We interpret the higher survival in those
having balloon atrial septostomy at under a week
or over a month as being because the former group
needed balloon atrial septostomy and received it in
good time, whereas the latter group probably had
relatively little need for septostomy. Lack of need
for septostomy probably also explains the otherwise
surprising fact that patients who had a fall in
oxygen saturation at balloon atrial septostomy did
rather better than those with a rise less than 1 per
cent. The group between a week and a month
probably needed septostomy but did not benefit so
much from it as younger neonates. Though it seems
no more difficult to tear the septum at 1 week
than at 1 month, it may be that a more generous

defect results from early septostomy. Certainly the
fact that this age effect could be abolished by con-
sidering the haemoglobin concentration and superior
vena caval saturation after septostomy indicates
that the 1 week to 1 month group ended up with
lower effective pulmonary and systemic flows.
Weight gain was studied because it was felt that

poor weight gain or even weight loss might ante-
date death. Though gross failure to thrive may have
precipitated earlier definitive surgery in some
patients, our negative results suggest that the answer
to predicting death does not lie in the weight chart.
The steady increase in survival over the years is

gratifying, but not immediately explicable. In part,
it is the result of a greater readiness to perform
definitive surgery within the first six months, but
this cannot explain the steady improvement in
survival within a month of balloon atrial septo-
stomy. Nor could the latter be explained by age at
septostomy or condition at septostomy as judged
by acid-base status. Balloon septostomy is not tech-
nically difficult, so we doubt if an improvement in
technique has produced this change. The most im-
portant reason is probably the recognition that in-
tensive care before and after septostomy is as im-
portant as before and after any surgical operation.
We have also tended to limit investigation at the
time of balloon atrial septostomy to the minimum
necessary to establish the diagnosis of transposition
of the great arteries. After balloon atrial septostomy
its adequacy is checked, and then, only if the con-
dition of the baby is blameless, and there is a strong
indication for further investigation, such as suspected
pulmonary hypertension or coarctation, if further
catheter manipulation or angiocardiography carried
out.
As already indicated, we cannot assume that

because a factor has a statistically significant effect
on survival, that alteration of that factor will alter
survival in the manner predicted. We think it likely,
however, that four measures would improve overall
survival in patients with transposition of the great
arteries. First, continued emphasis on the need for
earlier referral would mean a higher proportion of
balloon septostomies carried out in the first week of
life. Second, every effort should be made to main-
tain haemoglobin levels at above normal levels, by
iron supplements and transfusion if necessary,
particularly at the time of cardiac catheterisation,
because it seems that relative anaemia is much
more dangerous than polycythaemia. Third, the
presence of a persistent ductus arteriosus of any size
should be taken seriously particularly when as-
sociated with ventricular septal defect, and ligation
carried out, provided that balloon septostomy is
adequate. Interatrial repair at the same time may be

570



Balloon atrial septostomy

appropriate for patients with a large patent ductus
arteriosus, but we are not certain on this point.
A routine cardiac catheterisation at 3 months of age
enables a persistent ductus arteriosus to be dis-
tinguished from a physiologically patent ductus
arteriosus present in the first few days of life.
Evidence for the adequacy of balloon atrial septo-
stomy at the time of cardiac catheterisation is
equalisation of mean atrial pressures with a signi-
ficant rise in arterial or mixed venous oxygen satura-
tion, but of course it sometimes happens that an
initially adequate septostomy is later suspected of
being inadequate. Subxiphoid real time two-
,dimensional echocardiography may be very helpful
here, as it enables the atrial septal defect to be
visualised.28 It could be argued that our results
show a need for the wider use of atrial septectomy,
but as our experience is that this improves little, if at
all, on balloon septostomy,2 we have preferred to
rely on earlier interatrial repair in the manage-
ment of the severely hypoxic infant. This leads us
to the fourth way of improving overall survival,
which is to carry out earlier definitive operation in
patients identified as being at particular risk of
dying within early infancy. The tables provided
should help in this respect. Two-thirds of deaths
are correctly predicted, and a small proportion of
patients survive despite prediction of death. The
method is imperfect, though it could perhaps be
improved by more systematic recording of the risk
factors we have identified. Nevertheless, to demand
anything like perfect prediction is quite unrealistic,
and to know the probability of death within a
certain period should lead in time to a more
rational overall treatment programme for patients
with this serious disease.

We would like to express our gratitude to Dr A S
Nadas for his comments.
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