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Figure 1 Measurement ofcolourflow Doppler of ductal shunt (orange). The calipers (marked by arrows) are positioned
at the site ofmaximum constriction. In this case the minimum diameter was 2 1 mm near the pulmonary end of the ductus.
Flow in the left pulmonary artery (LPA) and descending aorta (Desc Ao) is shown in blue.

ECHOCARDIOGRAPHIC DATA COLLECTION
This was performed with an Acuson 128/XP10
scanner with a 7 MHz transducer, incorporating
colour flow, pulsed wave, and continuous wave
Doppler. Scans were performed daily for the
first seven days of life, twice in the second week,
and then periodically as indicated until dis-
charge home or to the referring hospital. The
scans were recorded on to videotape and the
measurements then taken from the videotape
later. Structural normality of the heart was
established on the initial scan; one infant with a
ventricular septal defect was excluded.

DUCTUS ARTERIOSUS
This was imaged from the high left parasternal
view. Colour Doppler was set for automatic
preprocessing, lowest velocity variance setting,
and filters were set for maximum range for
volume and velocity settings with a medium
degree of motion discrimination (Acuson
128/XP10 filter setting 3). The colour flow
Doppler mapping scale was set to the maxi-
mum range of the automatic preprocessing,
usually the maximum velocity was between
064 to 08 m/second. The gain was set to
optimise the colour flow image within the
course of the duct and eliminate any peripheral
colour interference. When patent, the mini-
mum diameter (the site of maximum constric-
tion) of the colour flow jet within the course of
the ductus was measured from a frame by
frame analysis ofthe videotape (fig 1). End sys-
tolic frames with the clearest discrete appear-
ance to the shunt within the duct were used for
measurement. A mean was taken from three to
five of the best quality cardiac cycles.9 The
shunt was assessed with pulsed and or contin-
uous wave Doppler with the sample volume in

the pulmonary end of the duct. The shunt
pattern was classified as left to right, bidirec-
tional, or right to left. Intra-observer variability
for measurement of ductal diameter was tested
by repeating the measurements from the video-
tape of 27 studies, blinded as to the original
measurement. The coefficient of variation was
12%.

Postductal aortic diastolic flow (PADF)
The descending aorta was imaged from the
high left parasternal or suprasternal position.
The insertion of the ductus arteriosus into the
aorta was determined by colour flow Doppler
mapping. The pulsed Doppler range gate was
placed postductally in the aorta and the flow
velocity time signal recorded. The PADF was
classified into three groups: antegrade
throughout diastole; no clear direction to dias-
tolic flow; and retrograde throughout diastole
(fig 2).9

Atrial shunting
Colour Doppler diameter of the atrial shunt
was measured as described in previously pub-
lished data.8 Minimal atrial shunting was
defined from these data as no shunt on colour
Doppler or one with a diameter of less than
2 mm. Atrial shunt diameter has a significant
correlation with atrial shunt size,8 so atrial
diameter was used to describe longitudinal
patterns of atrial shunting into three groups:
(1) no atrial shunt or a small shunt (<3 mm)
which resolved in the early postnatal period
(n=22); (2) a small atrial shunt (<3 mm)
which remained for the period of follow up
(n= 11); and (3) a large atrial shunt (>3 mm)
(n= 15). In nine this resolved at an average of
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diastolic flow seen with a closed or small PDA (top) with
the absent diastolic flow seen with a moderate PDA
(middle) and the retrograde diastolic flow seen with a large
PDA. The ductus was patent in all examples shown here.
The diameters were (from top to bottom) 1 i mm, 11- mm,
and 2S- mm (reprinted with kind permission ofMosby
Year Book Inc9).

30 days and in six the shunt remained for the
period of follow up. This analysis has been
described in detail before.8

Echocardiographic findings were not made
available to the clinical staff unless there were
clinical concers about the presence of a PDA.
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whicibsnvariabtlyclorelaedwto respierator insAb-
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Indomethacin was given on a schedule of
0 1 mg/kg daily for six days unless contraindi-
cated. Surgical ligation was used where a PDA
remained symptomatic and haemodynamically
important, despite a course of indomethacin.
Infants with contraindications to indomethacin
received conservative medical treatment
which involved fluid intake reduction by
30 ml/kg/day.

Surfactant treatment comprised two doses
of Exosurf, 12 hours apart, administered as
rescue treatment when the alveolar to arterial
oxygen ratio was less than 0-22.
For each of the first five postnatal days, a

mean oxygenation index was calculated from
averaged percentage inspired oxygen, mean
airway pressure, and arterial partial pressure
of oxygen. Using the formula (mean airway
pressureXpercentage inspired oxygen)/arterial
partial pressure of oxygen, two measures were
calculated: the mean oxygenation index for the
first 24 postnatal hours as an index of initial
disease severity; and the mean oxygenation
index for all the first five postnatal days as an
index of both initial severity and recovery.
Total days requiring positive pressure ventila-
tion and supplemental oxygen were recorded
as long term respiratory outcomes.
The study was approved by the Royal Prince

Alfred Hospital ethics committee and
informed written parental consent was
obtained in all cases studied.

Statistical analysis was done with a
computer statistics package (SPSS/PC) using
stepwise logistic regression analysis, the Mann
Whitney U test, and x2 test. P values of less
than 0 05 were regarded as significant.

Results
Ductal shunt flow patterns have been
described before9 and were mainly left to right
(90%). Nine per cent showed bidirectional
flow, but in these an average of 82% of the
cardiac cycle was left to right. Just two (1%)
studies showed right to left ductal shunting.
After the first 48 hours all shunting was left to
right.

In the 163 studies where the ductus was
closed and the PADF was assessed, it was
antegrade throughout diastole in all except one
study where there was no clear direction to
flow. When the PDA was less than 1-5 mm in
diameter (n=61), PADF was antegrade in 58
(95%), with three showing no clear direction
to flow. When the PDA was 1-5 to 1-7 mm
(n= 23), PADF was antegrade in 11, indeter-
minate direction in eight, and retrograde
in four. And when the PDA was more than
1-7 mm (n=58), PADF was antegrade in one,
indeterminate direction in seven, and retro-
grade in 50 (86%). Retrograde flow was always
seen when the PDA diameter was greater than
2X1 mm (n=36).
The same association holds in studies done

in the first 36 hours. All studies with a PDA of
1v5 mm or less had antegrade PADF (n=19),
and all studies with a PDA of more than
1-5 mmn had indeterminate or retrograde
PADF (n=24). All PDAs of more than 2 mm
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Clinical comparisons between ductal shunting groups (figures are presented as medians and
range or percentage*)

Asymptomatic Symptomatic Symptomatic
spontaneous PDA, constricted PDA, minimal
closure (n=31) after birth (n=9) constricton (n=8)

Gestation (weeks) 28 (24-33)* 26 (25-27)*t 27-5 (26-29)t
Birthweight (g) 1030 (512-1490) 906 (700-1030) 1047 (650-1340)
Antenatal steroids 90% 77% 75%
Surfactant 61% 66% 75%
Oxygenation index
Day 1 mean 4-73 (1 1-10 7) 4-6 (2 9-19 1) 7 0 (3-1-12-1)
Mean of first 5 days 3-5 (1-0-7-9)*t 5-3 (2-21-9)* 5-6 (2 7-8 7)t

Ventilator days 7 (2-43)* 24 (9-58)*t 5 (5-29)t
Days in oxygen 29 (1-140) 44 (9-172)t 17 (6-39)t

*Indicate different pairings in same group of 3; tp<0-05.

(n= 11) had retrograde PADF. Retrograde
PADF was seen as early as 7 hours of age.
Three infants were excluded from analysis of

longitudinal changes in ductal shunt, two
because of late initial echocardiogram, and one
due to early death. The patterns of ductal
closure and patency in the other 48 infants fell
into three groups.

GROUP 1: ASYMPTOMATIC SPONTANEOUS
CLOSURE n=31 (65%)
In 20 infants the ductus closed within the first
48 hours. Fourteen had a closed ductus at the
time of the first scan (mean 25 hours); of these,
12 remained closed and two temporarily re-
opened at the end ofweek 2, but both remained
clinically important and asymptomatic. Eleven
closed after 48 hours, four between days 2 and
3, three between days 3 and 4, one between
days 4 and 5 and one between days 5 and 7.
Two others were not seen to close due to back
transfer to referring unit, but neither developed
clinical signs or symptoms of a PDA. Their last
scans were, respectively, on days 4 and 30.

Fourteen infants had a closed ductus at the
time of the first scan. In the 17 infants with a
PDA on the first scan the median colour
Doppler diameter was 1-3 mm (range 0-8-
2-5 mm) at an average postnatal age of 15
hours (8-24 hours). Five of these had a diame-
ter greater than or equal to 1-5 mm. Three of
these retained a clinically silent but significant
PDA greater than 1-8 mm in diameter with
absent or retrograde PADF for at least 33
hours before spontaneously restricting or
closing on day 3. Ductal diameters remained
less than 1-5 mm in the other 12 until spon-
taneous closure.

GROUP 2: SYMPTOMATIC PDA, DUCTUS
ENLARGED AFTER CONSTRICTING n=9 (19%)
The PDA diameters were moderate in size at
the time of the first scan, median 1-8 mm
(0-2 5 mm) at a mean of 13-5 hours. Only two
were less than 1-5 mm. There followed a
period of variable duration, during which the
duct was constricted to diameters of less than
1m51 mm. This was associated with normal
antegrade PADF, and in two cases the ductus
closed. The ductus then enlarged and became
clinically apparent. Median diameter at clinical
diagnosis was 2-5 mm (1-5-3s0 mm).
The median time of the scan performed to

confirm the clinical diagnosis was 175 hours

(98-354 hours). Eight ofthese infants were suc-
cessfully treated with indomethacin with closure
occurring during the treatment course; one then
reopened and was treated surgically. The other
infant was successfully treated conservatively
due to contraindications to indomethacin.

GROUP 3: SYMPTOMATIC PDA, MINIMAL
POSTNATAL CONSTRICTION n=8 (16%)
PDA diameters were large at the time of the
first scan, median 2-65 mm (1 8-3-2 mm) at a
mean time of 22-5 hours. The ducts in this
group remained large, or increased in size, with
continuing abnormal retrograde PADF until
clinical diagnosis. The median diameter at
clinical diagnosis was 3-25 mm (2-2-3-8 mm).
Median time of scan to confirm clinical

diagnosis was 59 hours (22-144 hours) which
was significantly earlier than group 2
(p=0004). All but one infant were success-
fully treated with indomethacin: this infant had
contraindications to indomethacin and was
successfully treated conservatively.
The clinical associations of ductal shunting

groups are shown in the table. Group 2 infants
were of significantly lower gestation than the
other groups (p<0003). Averaged oxygena-
tion index over the first five days was signifi-
cantly higher in groups 2 and 3 than group 1
(p<003). Group 2 were ventilated signifi-
cantly longer than the other two groups
(p<0007) and spent significantly longer in
oxygen than group 3 (p<001). All other
differences were insignificant.

MULTIVARIANT ANALYSIS OF CORRELATIONS
WITH RESPIRATORY OUTCOMES
In these stepwise logistic regression analyses,
ductal and atrial shunting were analysed as
categorical variables. The ductal shunting
groups above 1 to 3 were respectively allocated
to categories 0 to 2, and the three atrial shunt-
ing groups described in the methods section
were respectively allocated to categories 0 to 2.
In both categories, those with minimal atrial or
ductal shunting (category 0) were compared
with the other groups.

Day 1 oxygenation index
Gestation, birthweight, antenatal steroids, five
minute Apgar score, maternal hypertensive
disease, atrial shunting group and ductal
shunting group were analysed against day 1
mean oxygenation index as a dichotomous
dependent variable of more or less than 7-5
(75th centile). None of the factors reached sig-
nificance, only the presence of maternal hyper-
tensive disease came close (p=008).

Oxygenation index averagedforfirstfive days
The same factors were analysed against oxy-
genation index averaged over the first five days
as a dichotomous dependent variable of more
or less than 5 (75th centile). The only factor
incorporated as significant was ductal shunting
group, with groups 2 and 3 having a significant
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influence on this outcome (p values, respec-
tively, 0 007 and 0-016).

Days ventilated
Gestation, birthweight, day 1 and five day oxy-
genation index, antenatal steroids, five minute
Apgar score, maternal hypertensive disease,
atrial and ductal shunting groups were
analysed against days ventilated as a dichoto-
mous dependent variable of more or less than
14 days. Gestation was the only significant
factor (p=0004).

Days in oxygen
The same factors were analysed against days in
oxygen as a dichotomous dependent variable
of more or less than 28 days. The two factors
incorporated as significant were gestation
(p=0003) and atrial shunt group (p=0*043).

Discussion
The normal postnatal course for the ductus
arteriosus is constriction and functional
closure. In babies born at term and in preterm
babies without respiratory problems this
process is usually completed within the first 48
postnatal hours.'O 1 l This is not the case in very
preterm infants with respiratory problems,
where about 35% ofbabies will have symptoms
resulting from persisting PDA. Previous
studies of the natural history of the preterm
PDA have looked either at whether the duct
was open or closed - without taking into
account the size of the ductal shuntl 2 or have
serially plotted indirect measures which have
only a loose association with ductal shunt
size.12 13 The closest association with ductal
shunt size is provided by the diameter of the
duct, as assessed by colour Doppler and the
presence of retrograde PADF.9 These data
have confirmed that, regardless of postnatal
age, there is also a close correlation between
these two assessments. When the PDA is less
than 1 5 mm, the PADF was almost always
normal antegrade; when more than this, the
PADF was usually absent or retrograde. This
was also true in studies performed within the
first 36 hours with retrograde PADF seen as
early as 7 hours of age, confirming that early
shunting through large PDAs is usually
haemodynamically important. Plotting the
longitudinal change in colour flow Doppler
ductal diameter therefore provides useful
information about changes in the haemo-
dynamics of a duct. Measurement of defect
size with colour Doppler mapping is reason-
ably accurate14 but there are limitations. For
example, other machines with different colour
Doppler settings could give different results.
To minimise error, we used a standardised
-colour Doppler setup and took averaged
measurements from only the clearest videotape
frames.

Although functional immaturity of the duct
is important in the pathophysiology of PDA, it
may not be the only factor. First, PDA is
rare in preterm babies without respiratory

problems1o 11 and secondly, 65% of very
preterm babies with respiratory problems do
not develop PDA. In 20 (42%) of the babies in
this study the duct was closed within 48 hours
of birth, much the same time frame as might be
seen in a term baby. 1 This group of babies
were of comparable gestation to the other
groups, though they tended to have less severe
acute lung disease. The others display a wide
spectrum of failure of constriction of the
ductus arteriosus. In a further 11 (23%)
infants the duct closed spontaneously after 48
hours without causing symptoms. In seven
(15%) spontaneous closure occurred after day
3. This is in contrast to previous studies which
have suggested that if the duct was patent on
day 3 or 4 then it was unlikely to close
spontaneously.1 2
The other 17 infants developed sympto-

matic PDA. The factors determining PDA in
the preterm are likely to represent an interplay
between immaturity of the ductal constrictive
mechanisms and exogenous factors relating to
the respiratory disease, and possibly circulating
prostaglandins. 15 In eight babies in group 3 the
absence of any evidence of constriction would
suggest that factors such as high circulating
prostaglandins were maintaining ductal
patency. In nine babies in group 2 ductal
closure failed after initially constricting. These
babies were of significantly lower gestation,
and functional immaturity may have had a
more important role here. In most of the
babies with asymptomatic spontaneous closure
the duct was always small, but five of these
babies had large ducts (>1-5 mm) during the
first 48 hours. These five babies had a higher
average gestation that the group as a whole -
29 weeks (range 28-30) - and a more mature
duct may have been able to overcome the
initial dilating stimulus from the respiratory
distress. Some babies do have large PDAs early
on which then close spontaneously, and some
have small PDAs early on which then reopen,
but in most infants where the duct became
symptomatic, the duct was more than 1-5 mm
on the first scan. Thus the rate of early post-
natal constriction of the duct seems to relate to
the likelihood of persisting PDA. This observa-
tion may provide a means for early prediction
of symptomatic PDA, thus allowing targeted
prophylaxis. We are currently testing this
hypothesis prospectively.
What are the clinical effects of ductal

patency on respiratory outcomes? An increase
in pulmonary blood flow from a ductal shunt
has been shown to reduce lung compliance,16
increase capillary protein leakage,'7 18 and
possibly inhibit responsiveness to endogenous
and exogenous surfactant.19 The suggested
clinical impact of this has been prolongation of
the requirement for ventilation and subsequent
oxygen therapy.1 6 7 In this study none of the
factors examined seemed to influence the
mean day 1 oxygenation index, suggesting that
a PDA was neither the cause, nor simply the
result of, the initial severity of the respiratory
disease. Ductal shunting was, however, signifi-
cantly related to the mean oxygenation index
over the first five days. This would fit in with
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the clinical observation that a PDA often
presents with respiratory instability and failure
to wean from ventilation during recovery. We
were unable, using multivariant analysis, to
demonstrate an independent association of
ductal shunting to ventilator time or days in
oxygen. Gestation has the most significant
correlation with both these outcomes and
probably accounts for the univariant differ-
ences in these outcomes for group 2 (table).
When oxygen requirement beyond 28 days was
the dependent variable, the only other factor
incorporated into the equation as significant
was atrial shunting group. While gestation is
clearly the most important factor, these data
support our previous observation that the pro-
longed nature of atrial shunting may have more
influence on long term respiratory outcomes
than ductal shunting.8
Why is this so, when other studies have

linked PDA to time on the ventilator and days
in oxygen? These studies all analysed this asso-
ciation in a univariant manner and did not
control for confounding variables which will
influence the incidence ofPDA - most import-
antly, gestation and respiratory disease.' 6 7 20
In the study by Reller et al 20 most of the babies
without PDA did not need ventilation for their
initial respiratory distress: this is likely to have
been an important factor in their reduced time
on ventilators and in oxygen. By controlling for
these factors in a multivariant manner and
excluding infants without significant respira-
tory problems, our study has shown that gesta-
tion, independent of ductal status, is the
dominant influence on these respiratory out-
comes. Progress in perinatal and neonatal care
may have blunted the effect of a PDA on
respiratory outcomes. Eighty five per cent of
our infants were treated with antenatal steroids
and exogenous surfactant was routinely used
as rescue treatment. The former intervention
probably reduces the incidence of PDA,2' the
latter reduces the incidence of chronic lung
disease.22 The other important difference
between this and previous studies is the timing
of treatment. In the studies by Dudell and
Gersonyl and Reller et al,20 where gestation
was controlled for in a univariant manner,
most PDAs were not treated until the second
week or later. Most babies in our study were
treated well within the first week. Duration is
probably as important as degree of left to right
shunt in determining long term respiratory
effects. This observation may explain why
randomised trials of early prophylactic
indomethacin have not shown any beneficial
effects on long term respiratory outcomes. In
these trials infants in* the placebo control
arms had symptomatic PDAs treated with
indomethacin well within the first week,23
often within the first three days.24 25

In conclusion, the preterm duct displays a
wide spectrum of postnatal constrictive
activity, and to classify the ductus arteriosus as
simply open or closed is to ignore the breadth
of this spectrum. The range of haemodynamic

effects needs to be taken into account when
examining outcomes in relation to the ductus
arteriosus. Ducts which eventually become
symptomatic usually display slower early post-
natal constriction, which may permit early
prediction of a symptomatic PDA. Ductal
shunting in this study group was significantly
related to short term respiratory outcomes
only.
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