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Abstract
Systolic pulmonary arterial pressure was
determined serialiy over the first 10 days of
life in 33 babies with hyaline membrane
disease by measuring the peak velocity of
pansystolic tricuspid valve regurgitation, using
Doppler ultrasound, and applying the Ber-
noulli equation. Results are presented in age
groups 0-12, 13-36, 37-72, and 73-96 hours
respectively. The incidence of tricuspid valve
regurgitation was 92, 97, 80, and 64% (falling
to 35% by day 10) compared with 53, 50, 31,
and 0% in 17 healthy premature infants.

In comparing healthy babies with those with
hyaline membrane disease, no allowance was
made for right atrial pressure. The derived
'right ventricle to right atrial (RV-RA) pres-
sure difference', was expressed as a ratio of
systemic arterial (systolic) pressure. Over the
first three days, this ratio fell much faster in
the healthy babies. Values were 0-78:1, 0-77:1,
and 0-72:1 in babies with hyaline membrane
disease and 0-87:1, 0-53:1, and 0-44:1 in
healthy babies.

Ductal patency was prolonged in babies
with hyaline membrane disease (75% on day 4
compared with 6% in healthy babies). The
incidence of bidirectional ductal flow, indica-
ting balanced pulmonary and systemic arterial
pressures, was 79, 53, 30, and 20%, and in
healthy babies was 41% at 0-12 hours and zero
thereafter.
Pulmonary arterial pressure was then calcu-

lated by adding a right atrial pressure estimate
of 5 mm Hg to the RV-RA difference when the
babies were ventilated. Babies of lower gesta-
tionhadlowervalues. The pulmonary:systemic
arterial pressure ratio showed considerable
temporal variability, but fell with age and was
raised by high mean airway pressure and
pneumothorax (through a reduction in systemic
pressure), and less noticeably by carbon
dioxide tension. It did not correlate signifi-
cantly with other indices of disease severity.

Hyaline membrane disease is associated
with delayed postnatal circulatory adaptation
characterised by pulmonary hypertension,
systemic hypotension, and prolonged ductal
patency.

The role of pulmonary vascular tone received
considerable attention when the aetiology of
hyaline membrane disease was first being eluci-
dated 30 years ago. Moss et al were the first to
demonstrate the existence of pulmonary hyper-
tension by direct catheter measurement in 11
unventilated babies.' Chu et al, in their influen-

tial paper entitled 'neonatal pulmonary ischae-
mia' 25 years go, showed that pulmonary blood
flow, gas transfer, and clinical status were
improved by an infusion of acetylcholine, and
argued that pulmonary perfusion, rather than
surfactant deficiency might be the primary
underlying cause of hyaline membrane disease.2
It was only some years later that surfactant
deficiency came to be accepted as the main
cause.3 Since then the part played by pulmonary
vascular tone and extrapulmonary shunting has
received relatively little attention, and arguably
less attention than it deserves.
Due to the invasive nature of cardiac cathe-

terisation, serial direct measurements of pul-
monary arterial pressure have never been
possible, but new developments in Doppler
ultrasound now make it possible to estimate
pulmonary arterial pressure non-invasively.
The most direct technique available utilises
measurement of the maximal velocity of a
regurgitant jet from the tricuspid valve with
application of the Bernoulli equation. This
method has been validated extensively against
direct catheter measurements both in adults and
children.8 In a previous report we showed that
healthy neonates in the first three days of life
commonly have tricuspid regurgitation measur-
able on Doppler echocardiography.9
The aim of the present study was to obtain

serial measurements of pulmonary arterial pres-
sure by non-invasive means in babies ventilated
for hyaline membrane disease and to correlate
results with the severity of the disease, blood
gas status, and gestational age during the first
10 days of life.

Subjects and methods
The study group consisted of 33 ventilator
dependent neonates diagnosed clinically and
radiographically as having hyaline membrane
disease in the two regional neonatal units in
Newcastle. Babies were of 25-39 weeks' gesta-
tion (median 30 5). Birth weight was between
893 g and 3020 g (median 1651). Three babies
died: at 12 hours, 9 days, and 11 days respec-
tively. None of the babies received exogenous
surfactant.
The results were compared with those

obtained in the first 72 hours of life from 17
healthy premature neonates who were not venti-
lated, not oxygen dependent, and had no
history of perinatal asphyxia. Birth weight in
this group was between 1143 g and 2290 g
(median 1608) and gestational age was between
28 aind 35 weeks (median 32). Parental permis-
sion for serial study was obtained in all cases
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and ethical approval was granted by the district
ethics committee.

MEASUREMENT TECHNIQUE
Examinations were performed by a single
observer when the babies were clinically stable,
starting during the first 24 hours of life, three or

four times in the first five days of life, and
intermittently until successful extubation. At
the first examination normal cardiac anatomy
was confirmed with cross sectional and pulsed
Doppler echocardiography. At all examinations
a detailed Doppler echocardiographic study was
done using one of two Hewlett-Packard ultra-
sound machines. The maximal velocity of the
jet of tricuspid regurgitation was measured, as

previously described, using a blind 1-9 MHz
probe.9 Ductal patency was established, and
flow velocities recorded, using a combination of
cross sectional echocardiography, pulsed and
continuous wave Doppler. Detailed clinical
status was recorded and the arterial:alveolar
(a:A) oxygen tension ratio was used as a

measure of disease severity.'0 Systolic blood
pressure was determined by indwelling arterial
line or Doppler sphygmomanometry.

TRICUSPID REGURGITATION AND THE BERNOULLI
EQUATION
The Bernoulli equation is derived from fluid
mechanics and relates the pressure drop between
two chambers to the velocity of the fluid passing
between them." The peak velocity of blood,
measured using continuous wave Doppler, is
converted into a pressure drop by application of
the modified Bernoulli equation: p=4v2, where
p is the pressure drop (mm Hg) and v is the
velocity of blood (metres/second). In the right
heart, the drop in pressure from the right
ventricle to the right atrium in systole can be
assessed by applying the Bernoulli equation:
right ventricular pressure-right atrial pres-
sure=4x(tricu'spid regurgitant jet velocity)2.

Systolic pulmonary arterial pressure is equal
to right ventricular systolic pressure if there is
no pulmonary stenosis. Hence systolic pul-
monary arterial pressure is equal to the drop in
pressure in systole between right ventricle and
right atrium plus the right atrial pressure. In the
healthy neonate, shortly after birth, right atrial
pressure is close to zero. Therefore in these
babies no allowance for right atrial pressure is
necessary.

In the babies with hyaline membrane disease,
changes in right atrial pressure are still small in
comparison with arterial pressure changes, but
a small allowance for right atrial pressure may
be appropriate to allow fair comparison of our
results with previous direct measurements of
pulmonary arterial pressure and with con-

current systemic blood pressure. Two of the
babies in this study had single central venous

pressure measurements made: one measure-
ment was 4 mm Hg and the other 6 mm Hg.
After reviewing all the available evidence,'2 we
decided to allow 5 mm Hg for right atrial
pressure in babies ventilated at the time of the
examination when determining pulmonary
arterial pressure. This allowance was made
when presenting the results shown in figs 2 and
3 and tables 4 and 5. However, because this
allowance can only be approximate, and to
permit direct comparison between the ill and
healthy babies, we have presented the actual
observed pressure difference across the tricuspid
valve in table 2, and called this the 'right
ventricle to right atrial (RV-RA) pressure
difference'.

DUCTAL FLOW
The pattern of flow during the cardiac cycle was
observed and recorded along with the peak left
to right flow velocity.9 13 14 The pressure differ-
ence between the systemic and pulmonary
circulations was also assessed, by estimating the
pressure gradient across the arterial duct.'3 15
This was done by applying the Bernoulli
equation to the maximal left to right flow
velocity across the duct.

Results
INCIDENCE OF TRICUSPID REGURGITATION
The incidence of measurable tricuspid regurgi-
tation (where the peak velocity is seen clearly) in
the healthy preterm babies and the babies with
hyaline membrane disease is shown in table 1.
The incidence was significantly higher in babies
with hyaline membrane disease throughout the
first 72 hours. After this, none of the healthy
babies was found to have measurable tricuspid
regurgitation, and the incidence in babies with
hyaline membrane disease began to fall, although
it was possible to follow the course of pulmonary
arterial pressure in half of the babies requiring
oxygen for up to 10 days. The procedure was
well tolerated by even the sickest babies as long

Table I Incidence of tricuspid regurgitation measurable on Doppler ultrasound in 33 babies with hyaline membrane disease and 17 healthy preterm babies

Age range Infants with hyaline membrane disease Healthy preterm infants
(hours)

Mean age No examined No ventilated No (%) in whom Mean age No examined No (%) in whom
(hours) tricuspid regurgitation (hours) tricuspid regurgitation

measurable measurable

0-12 7 13 10 12 (92)* 6 15 8 (53)
13-36 23 30 26 29 (97)". 27 16 8 (50)
37-72 50 30 28 24 (80)' 44 16 5 (31)
73-96 84 25 25 16 (64)** 88 17 0
97-144 119 28 24 16 (57)
145-192 169 17 12 7 (41)
193-240 221 19 11 11 (58)

Comparing babies with respiratory distress with healthy babies, *p<005, **p<0.005 by Fisher's exact test.
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as they were kept warm during the examination.
On some occasions measurement of the peak
velocity of tricuspid regurgitation was hampered
by the presence of a pneumothorax, the small
amounts of interposing air being impervious to
ultrasound. In one baby, with a pneumothorax
on day 1, no measurements were obtainable
despite some Doppler evidence of tricuspid
regurgitation.

After day 6 (144 hours), fewer babies were

examined because some were extubated and
well. Therefore the values derived from those
babies who were studied may not be descriptive
of the group as a whole. If none of the babies
with hyaline membrane disease who were well
by 193-240 hours had measurable tricuspid
regurgitation, then the true incidence of regur-

gitation at this time would be 35% (see table 1).

RIGHT VENTRICULAR AND SYSTEMIC ARTERIAL
PRESSURES
Measurements of systemic blood pressure, and
the RV-RA pressure difference are shown in
table 2. Over the first 24 hours, systolic blood
pressure rose by a mean of 7 mm Hg in the
healthy babies. A significant rise was not seen

until day 4 in the ill babies.
The RV-RA pressure difference was similar

in the two groups in the first 12 hours, but then
fell rapidly in the healthy babies, and more

slowly in the babies with hyaline membrane
disease. A comparison between the ill and
healthy babies is shown in fig 1, where the
RV-RA pressure difference is expressed as a

ratio of systemic blood pressure.

DUCTAL FLOW
Ductal patency was prolonged in hyaline mem-
brane disease. By day 4 all but one of the
healthy premature babies had a closed duct,
while in the diseased group it was still patent
in 24 of 32 (75%). Only two of these 24 babies
(8%) had a clinically audible ductal murmur.

Flow patterns
Bidirectional ductal flow, right to left in systole
and left to right in diastole, is known to be
associated with balanced pulmonary and
systemic arterial pressures.1""1 The incidence
of bidirectional flow was higher in the ill
babies at all ages. The difference between the
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Figure I Right ventricle to right atrial pressure difference
(RV-RA) expressed as a ratio ofsystemic arterial pressure
(BP). Values are mean and 95% conftdence limitsfor the
mean. The closed triangles represent valuesfrom 33 babies
with hyaline membrane disease and the open triangles are
from 17 healthy preterm babies. (The proportion at each age
who had measurable tricuspid regurgitation, allowving right
ventricular pressure to be derived, are shown in table 1.)

groups was most noticeable at 13-36 hours
when 53% of the babies with hyaline membrane
disease had a patent duct with bidirectional
flow, while all the healthy babies with a patent

duct had pure left to right flow.

Aorto-pulmonaty pressure difference
The derived maximal pressure difference is
shown for each age group in table 3. Comparing
babies with hyaline membrane disease with well
babies, values are similar in the first 12 hours
but become strikingly different after 12 hours.
This confirms the rapid fall in pulmonary
arterial pressure in relation to systemic pressure
in healthy babies and a slower fall in babies with
hyaline membrane disease.

COMPARISON OF DUCTAL FLOW PATTERNS WITH

ARTERIAL PRESSURE RATIO

The pulmonary:systemic arterial pressure ratio
was compared with concurrent ductal flow
patterns. There were 42 examinations with
bidirectional flow and measurable tricuspid
-regurgitation. With no allowance for right atrial
pressure the mean ratio (and its standard
deviation) was 0-87 (0-17): 1. Allowing 5 mm Hg
for right atrial pressure in the ventilated babies
the ratio was 0-97 (0-18): 1. As the pressures can

be expected to be approximately equal, this

Table 2 A comparison of systemic and right heart pressures in 33 babies with hyaline membrane disease and 17 healthy premature babies

Age range Infants with hyaline membrane disease Healthy preterm infants
(hours)

Mean age RV-RA Systemic RV-RA: a.A ratio Mean age RV-RA Systemic RV-RA:
(hours) difference systolic BP systolic BP (hours) difference systolic BP systolic BP

(mm Hg) (mm Hg) ratio (mm Hg) (mm Hg) ratio

0-12 7 38-7 (9-5)t 48-8 (6-2)t 0-78:1 (0-16)t 0-19 (0 07) 6 40 3 (5 3) 49 4 (9-3) 0-87:1 (0 20)
13-36 23 35-9 (7-5) 47 3 (6 8) 0 77:1 (017)Y 0-15 (0-06) 27 27-6 (2-5) 56-3 (6-4) 0-53:1 (0-07)
37-72 50 35-6 (7-6)* 49-6 (9 5j'* 0-72:1 (0-18)' 0-17 (0-06) 44 25-4 (5-4) 58-8 (9-3) 0-44:1 (0109)
73-96 84 34-6 (9-1) 56-2 (9-8) 0-61:1 (0-13) 0-29 (0 18)
97-144 119 34-4 (6-1) 56 2 (8-7) 0-61:1 (0-13) 0-39 (0-18)
145-192 169 32-6 (4 4) 57-2 (11-7) 0-50:1 (0 11) 0 37 (0-19)
193-240 221 25-9 (5 4) 65 6 (10-6) 0-39:1 (0-10) 0 40 (0 24)

Comparing babies with respiratory distress with the healthy babies: tnot significant, 'p<0-01, '*p<O-005.
BP=blood pressure; RV-RA=maximal right ventricle to right atrial pressure difference.
The numbers examined at each age, and the proportion in whom right ventricular pressures could be derived from measurable tricuspid regurgitation, are shown
in table 1. Systemic arterial pressure values are included from all babies examined, whether measurable tricuspid regurgitation was present or not.
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Pulmonary and systemic arterial pressure in hyaline membrane disease

Table 3 Ductal patency and Doppler flow characteristics from 33 babies with hyaline membrane disease and 17 healthy preterm babies

Age range Infants with respiratory distress Healthy preterm infants
(hours)

Mean age No No No (%) with No (%) with Maximum Mean age No No (%) with No (%) with Maximum
(hours) alive examined bidirectional patent duct AolPa (hours) examined bidirectional patent duct AolPa

flow pressure flow pressure
difference difference
(mm Hg) (mm Hg)

0-12 7 33 13 11 (85) 33 (100) 5-9 (9-2) 6 17 7 (41) 16 (94) 9-9 (7-5)
13-36 23 32 30 16 (53)'* 30 (94)'"-1 5 6 (4 8) ' 27 17 0 8 (47) 20-5 (4-1)
37-72 50 32 30 9 (30)- 28 (88) 6-9 (6- 1) 44 17 0 3 (18) 30 (6-6)
73-96 84 32 25 5 (20) 24 (75)' 10-7 (6-9) 88 17 1 (6) -
97-144 119 32 28 2 (7) 17 (53) 10-0 (7 7)
145-192 169 32 17 1 (6) 13 (41) 16-0 (12-2)
193-240 221 31 19 1 (5) 8 (26) 24-1 (16-4)

Comparing distressed with the healthy babies: 'p<005, '*<00005.
If the arterial duct was closed at the final examination it was presumed to have remained closed.
Maximum Ao/Pa pressure difference=maximal pressure difference during the cardiac cycle between the aorta and pulmonary artery.

analysis supports the use of a 5 mm Hg constant
for right atrial pressure. Therefore, for the rest
of the analysis, this constant has been added
when determining systolic pulmonary arterial
pressure during the time period for which the
babies were ventilated. The results are sum-
marised in table 4.

FACTORS INFLUENCING PULMONARY AND
SYSTEMIC ARTERIAL PRESSURE
Multiple linear regression analysis was performed
to determine which factors most influenced
systemic and pulmonary arterial pressures and
their ratio. If a baby had more than one
measurement within a single time band, one
value was selected for analysis at random (this
process was utilised for all the comparative
analyses reported in this paper). The predictive
factors tested in the analysis were: age, a:A
oxygen tension ratio, inspired oxygen fraction,
mean airway pressure, transcutaneous oxygen
tension, and pH and carbon dioxide tension
(PCo2) from the most recent blood gas.

Pulmonary:systemic arterial pressure ratio
The regression model only explained 48% of the
variability of the pulmonary:systemic arterial
pressure ratio. Clearly factors other than those
included in the analysis were influencing the
ratio, including random variation. There was
some evidence of a negative correlation with
inspired oxygen fraction and a positive corre-
lation with Pco2. However, the most significant
correlation was with age (negative) and with
mean airway pressure (positive). Therefore the
downward trend in the pulmonary:systemic

Table 4 Corrected estimates of systolic pulmonary arterial
pressure in babies with hyaline membrane disease. Results
are mean (SD)

Age Systolic Pulmonary:systemic
(hours) pulmonary arterial pressure

artersal pressure ratio
(mm Hg)

0-12 42-4 (9-2) 0-86 (0-16)
13-36 40 2 (7-1) 0-86 (0-18)
37-72 40-2 (7-3) 0-82 (0-19)
73-96 39-3 (8-9) 0-69 (0-13)
97-144 39-1 (6-2) 0-69 (0-14)
145-192 34-7 (5-2) 0-53 (0-12)
193-240 29-1 (6-1) 0-43 (0-11)

Data as in table 2, after allowing for an average right atrial
pressure of 5 mm Hg in babies ventilated at the time of
examination.

arterial pressure ratio persisted with increasing
age even with continuing severe respiratory
distress. A higher mean airway pressure was
associated with a higher pulmonary:systemic
arterial pressure ratio. This relationship was
mediated by low systemic arterial pressure and
not high pulmonary arterial pressure.

Systemic arterial pressure
Systemic arterial pressure correlated negatively
with mean airway pressure and positively with
age.

Pulmonary arterial pressure
The regression model explained less than 20%
of the variability of pulmonary arterial pressure.
There was a strong negative correlation with
age, and a weaker correlation with PCo2.

None of these variables correlated with the
a:A oxygen tension ratio.

Utilising the serial measurements to deter-
mine the effect of disease severity, paired t tests
were done comparing the final low value for the
arterial pressure ratio with the immediate
previous higher value in each baby. There was
no consistent correlation with a fall in the ratio
with any of the selected predictive factors.

INDIVIDUAL VARIABILITY
Serial values for the pulmonary:systemic arterial
pressure ratio for the whole group are plotted in
fig 2A. All the babies with hyaline membrane
disease in whom three or more measurements
were obtained are shown. The figure demon-
strates considerable variability and a downward
trend with age. In fig 2B the values derived
from the healthy babies are superimposed,
showing the dramatic difference between the
groups despite this variability.

Examination of the serial plot (fig 2A) shows
six babies with a sharp rise in the ratio at around
48 hours of age against the trend of the whole
group. These are highlighted in fig 2C. Two
babies, represented by the open symbols, were
remarkable in having a very low ratio initially,
accompanied by pure left to right ductal flow,
then rising to a much higher value with bi-
directional ductal flow. They were two mature
babies (34 and 37 weeks' gestation) who were
initially unventilated with relatively mild hyaline
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membrane disease. They both developed
worsening respiratory distress, requiring a brief
period of ventilation on days three and four.
The three highest values in fig 2C were associated
with systemic hypotension: two, as indicated,
after a recently treated pneumothorax and the
third with myocardial dysfunction secondary to
myocardial ischaemia. The sixth baby was the
39 week gestation baby, who was thought
clinically to have an element of persistent fetal
circulation, and was receiving inotropic sup-
port. In these six cases the pulmonary:systemic
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Figure 2 Serial measurements ofthe pulmonary:systemic
arterial pressure ratio in babies with hyaline membrane
disease. Systolic pulmonary arterial pressure is derivedfrom
maximal tricuspid regurgitant velocity (adding 5 mm Hgfor
right atrial pressure in ventilated babies). Only babies with
three or more values are included. Points ofmeasurement are
excludedfor clarity but are indicated by angulation changes.
(A) The whole group with hyaline membrane disease. The
ratios show considerable variability and a downward trend
with age. (B) All the valuesfrom the healthy preterm babies
(open triangles, dark lines) are superimposed on those from
the babies with hyaline membrane disease. The rate offall in
the pulmonary to systemic arterial pressure ratio is much faster
in the healthy babies. (C) In six babies with hyaline
membrane disease, the ratio rose between the second and third
day oflife, against the trend (see text); ptx, recent
pneumothorax.

arterial pressure ratio was closely related to
oxygen requirements.
Two other babies (of 32 and 36 weeks'

gestation) were also unventilated until the third
day but had high initial pulmonary arterial
pressure values. In one of these babies the
pressure value fell soon after ventilation was
started while in the other it did not.
One baby (36 weeks' gestation, 2760 g)

received tolazoline at 22 hours of age. Arterial
pH was 7-34 and Pco2 6-1 kPa. Arterial oxygen
saturation rose from 78% to 90%. Derived
pulmonary arterial systolic pressure was 66 mm
Hg and fell only marginally, to 60 mm Hg. The
pulmonary:systemic arterial pressure ratio was
raised (1 -4: 1), and is the earliest peak in fig 3A;
the ratio had risen from 1 -2: 1 over the two
hours before treatment.

After 48 hours, no babies with uncomplicated
hyaline membrane disease (that is, no pneumo-
thorax or myocardial dysfunction) had a
pulmonary:systemic arterial pressure ratio over
1-0: 1.

GESTATIONAL AGE
Using the arterial pressure ratio, rather than
pulmonary arterial pressure alone, it was pos-
sible to compare babies of differing size and
maturity directly. Babies of less than 30 weeks'
gestation (mean 27-6) were compared with those
of over 32 weeks' gestation (mean 35-7). The
serial values are plotted in fig 3. The course over
time is very varied among the larger babies, but
remarkably consistent in the more premature
babies. As the ratio may be transiently raised by
pneumothorax, these values were excluded
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Figure 3 A comparison ofthe way the ratio of
pulmonary:systemic arterial pressure ratio changed with time
(A) in eight babies >32 weeks' gestation and (B) seven
babies <30 weeks' gestation.
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Table S A comparison of systemic and pulmonary arterial systolic pressure in infants of less than 30 weeks' gestation with
infants of over 32 weeks' gestation when 13-36 hours and 37-72 hours old. Results are mean (SD)

<30 weeks' gestation >32 weeks' gestation

13-36 hours 37-72 hours 13-36 hours 37-72 hours

No of observations 11 9 8 9
Systemic arterial pressure (mm Hg) 44-8 (7-6) 51-3 (8 7) 50 3 (7 3) 53-0 (8 5)
Pulmonary arterial pressure (mm Hg) 37 0 (6-1)* 36-0 (6 4)** 44 1 (7 8) 46-6 (5-1)
Pulmonary:systemic arterial pressure ratio 0-83:1 (0-20) 0-70:1 (0-11)* 0 88:1 (0 20) 0 88:1 (0 20)
Fractional inspiratory oxygen 0-65 (0-19) 0 59 (0-19) 0-63 (0 14) 0 68 (0-19)
a:A ratio 0 15 (0-03) 0 19 (0-08) 0-18 (0-06) 0-14 (0 02)

All values are compared with more mature babies: 'p<0 05, '*p<0005.

from the comparison presented here and in
table 5. Pulmonary arterial pressure is signifi-
cantly lower in the babies of lower gestation.
The pulmonary:systemic arterial pressure ratio
is initially similar, but is significantly lower in
the more premature babies at 37-72 hours; this
is due mostly to their larger rise in systemic
arterial pressure between the two time periods.

There were no significant differences in the
a:A oxygen tension ratio or inspired oxygen
concentrations between the two groups. How-
ever, these are small numbers and it may be
important that these figures show a trend
suggesting that the more mature babies had
worsening respiratory distress between the first
and second age band.

Discussion
These two methods of assessing pulmonary
arterial pressure are new to neonatology, so are
the results reliable? It is possible to under-
estimate peak flow velocities if the Doppler
probe is not directly in line with flow, so while
overestimation is unlikely, some of the values
could have underestimated the true pressure,
although this was not a problem in validatory
studies.8 Furthermore, when ductal flow
patterns were compared with the derived
pulmonary:systemic arterial pressure ratio in
our previous, report of healthy babies over the
first three days of life,9 bidirectional flow was
associated with a ratio of between 0-88:1 and
1 22:1 (mean 0-96:1), which would not suggest
serious underestimation of pulmonary arterial
pressure. Musewe et al found that, in neonates
with respiratory distress, an allowance of
10 mm Hg for right atrial pressure improved the
correlation of pulmonary arterial systolic pres-
sure values obtained simultaneously from
tricuspid regurgitation and from ductal flow.'5
Ten mm Hg may be appropriate in large babies
with asphyxia or persistent fetal circulation, but
seems too high for a preterm neonate with
hyaline membrane disease.'2 This high figure
may therefore represent a tendency for the
tricuspid regurgitant technique to underestimate
pulmonary arterial pressure in the premature
neonate. This is partly supported by the obser-
vation that some babies in the present study had
bidirectional ductal flow with pulmonary:sys-
temic arterial pressure ratio below 0x8:1, even
allowing 5 mm Hg for right atrial pressure. It is,
however, equally possible that the ductal flow
method may slightly overestimate pulmonary
arterial pressure. It would seem prudent there-
fore to combine these two methods where this is

possible and our conclusions are drawn using
both of the methods. In observing trends within
a subject, the allowance for right atrial pressure
is less important, as this will change much less
than arterial pressure.
The most striking feature in this study is the

appreciable difference between the healthy pre-
term babies and those with respiratory distress.
Pulmonary hypertension is indeed a significant
part of hyaline membrane disease. This finding
is consistent with those of Halliday et al'6 and
Evans and Archer'7 who used systolic time
intervals to estimate pulmonary arterial pressure
in hyaline membrane disease. The present study
has shown that there is a delay in the normal
postnatal fall in pulmonary arterial pressure and
the normal postnatal rise in systemic blood
pressure. This is accompanied by persistent
patency of the arterial duct. Even when the
respiratory distress remains severe, the pul-
monary:systemic arterial pressure ratio usually
continues to fall, though at a much slower rate
than in the healthy baby.

In contrast with Halliday et al, our study and
that of Evans and Archer, found no consistent
relationship with disease severity, although
there was a suggestion in our study that arterial
carbon dioxide tension was important and in the
study of Evans and Archer that pH had an
influence. Oxygen concentrations in the pul-
monary artery may also have influenced pul-
monary arterial pressure because oxygen is
known to be a potent pulmonary vasodilator.'8 '9
Oxygen saturation concentrations varied only
over a fairly narrow range in most of the babies
reported here, but the concentrations were
almost always lower than those seen in the
healthy preterm neonate.20 It would be neces-
sary to undertake serial studies in individual
babies, while varying oxygen saturation over a
wider range, to demonstrate how much influence
hypoxia had on the persistent pulmonary hyper-
tension. Such a study was done by Halliday et al
using M mode echocardiography in babies with
bronchopulmonary dysplasia.2'l
The negative influence of mean airway pres-

sure on systemic blood pressure was indepen-
dent of disease severity and is presumably
related to high intrathoracic pressure impeding
venous return and thereby reducing cardiac
OUtpUt.22 23 The high pulmonary:systemic art-
erial pressure ratio is thus partly maintained by
ventilation itself.
There was considerable temporal variability

in both arterial pressures, and pneumothorax
had a profound impact. It also appears that
gestation is an important factor. Less mature
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babies had lower absolute pulmonary arterial
pressures and a steadier fall in the pulmonary:
systemic arterial pressure ratio over time. This
latter feature may be a chance finding, because
of the small sample size, or it could be due to a
genuine difference in the disease at different
gestations or to management differences. In the
classical disease there is steadily worsening
respiratory distress over the first two to three
days, followed by steady improvement. This
was seen in the four relatively mature babies
who were not ventilated until they were about
48 hours old. In three of these babies pulmonary
arterial pressure fell soon aftef ventilation, sug-
gesting that it was higher at a time of alveolar
collapse. The less mature babies were all venti-
lated early, and structural lung immaturity
may be a further important ingredient of the
disease in these babies.
A spectrum of maladaptation of the transi-

tional circulation to extrauterine life was de-
scribed by Reimenschneider et al who presented
13 newborn babies who were cyanosed in
oxygen without structural heart disease.24
There were three categories: pulmonary hyper-
tension with normal myocardial function and
blood pressure, pulmonary hypertension with
decreased myocardial function, and systemic
hypotension alone without appreciable pul-
monary hypertension. The present study sug-
gests that these circulatory disturbances can also
occur without overt cyanosis and can be part of
hyaline membrane disease (though they will not
usually present as a clinical problem). The
observation that babies can be clinically stable
and acyanotic with pulmonary arterial pressure
at sytemic levels and a patent duct suggests that
despite pulmonary hypertension, pulmonary
blood flow is adequate. This distinction is
important; merely having pulmonary hyper-
tension does not imply that it should be treated
pharmacologically. Indeed, drugs such as
tolazoline and prostacyclin may cause systemic
hypotension,25 already a common accompani-
ment of severe hyaline membrane disease,26 and
therefore cause clinical deterioration.
The present analysis has concentrated on the

pressure ratios seen in systole, but pure right to
left ductal shunting was never seen in any of the
children in this study. Therefore it can be
inferred that, during diastole (which is longer
than systole), pressure in the pulmonary artery
was always lower than systemic pressure, allow-
ing a period of left to right flow with each
cardiac cycle. Furthermore, it is probable that
right to left shunting across the foramen ovale is
at least as important in the development of
persistent fetal circulation,27 and in this context,
right ventricular diastolic dysfunction may be as
important as pulmonary arterial pressure. The
method used by Halliday et al to estimate
pulmonary arterial pressure is influenced by
right ventricular dysfunction,'6 and this might
explain why their values followed the severity of
hyaline membrane disease more closely.
We conclude that there is a spectrum of

postnatal circulatory adaptation among babies
with hyaline membrane disease. At one extreme
there are babies in whom the pulmonary:
systemic arterial pressure ratio is always

relatively low, even with severe disease. At the
other extreme there are babies who have
appreciable pulmonary hypertension, some of
whom have problems related to persistent fetal
circulation, even with relatively mild disease,
and some of whom do not. The uniting feature
of all of these babies with hyaline membrane
disease is that postnatal circulatory adaptation is
delayed.
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