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Abstract
Thirty four newborns presenting with per-
sistent hypoxaemia in the first three days
of life underwent detailed haemodynamic
assessment using Doppler echocardio-
graphy, including measurements of pul-
monary arterial pressure (PAP), left
ventricular (LV) function, and left ven-
tricular output (LVO). Results were com-
pared with values from 51 healthy babies,
and those of survivors were compared
with non-survivors. Four of the 34 babies
were excluded from this analysis because
one was found to have transposed great
arteries, one had a large left-to-right
shunt with no evidence of persistent pul-
monary hypertension, and two had diffuse
skeletal myopathy.

Tricuspid regurgitation was present in
70%, permitting systolic PAP estimation.
The pulmonary:systemic arterial pressure
ratio range was 0*7:1 to 1*83:1 (mean
1.02:1). A patent duct was present in 83%,
and flow patterns indicated PAP approach-
ing, or above, systemic pressure in all.
Systolic time interval ratio TPV/RVET
(time to peak velocity at the pulmonary
valve/right ventricular ejection time) was
mostly (65%) in the normal range, and did
not correlate with other PAP measure-
ments. LV function was below the 10th
centile in only 11 %, but values for LVO lay
below the 10th centile in 41%, and for left
ventricular stroke volume index (LSVI) in
66%.

Results of 18 survivors were compared
with 10 non-survivors (excluding two pre-
mature babies who died early with pul-
monary interstitial emphysema). There
were no significant differences for any
parameter ofPAP or LV function, but LVO
and LSVI were significantly lower in non-
survivors: LVO survivors (mean (SD)), 205
(57), non-survivors 138 (63) ml/kg/minute
(P<0.01); LSVI survivors, 1*29 (0-51), non-
survivors 0-86 (0-31) mI/kg (P<0.05). All
four babies with LVO <100 ml/kg/minute
died, and 6/7 babies with LSVI <1 ml/kg
died.

Detailed echocardiographic evaluation
shows that the haemodynamic features of
persistent pulmonary hypertension are
diverse and that clinical diagnosis can be
incorrect. Low LV output and stroke
volume, usually with normal LV func-
tion, were the only Doppler echo-
cardiographic parameters to predict
subsequent death. This correlation with

outcome requires further prospective
evaluation.
(Arch Dis Child 1996; 74: F26-F32)

Keywords: haemodynamic assessment, Doppler
echocardiography, persistent pulmonary hypertension.

Assessing prognosis in babies with persistent
pulmonary hypertension of the newborn
(PPHN) is extraordinarily difficult. The calcu-
lation of risk for each individual is usually based
on ventilatory requirements, oxygenation
ratios, and condition at birth. ' Such evaluation
is especially important in determining suit-
ability for extracorporeal membrane oxygena-
tion. However, this condition is primarily a
circulatory problem associated with failure of
the transitional circulation and characterised by
pulmonary hypertension, right-to-left shunting
at the oval foramen and at the arterial duct, and
ventricular dysfunction.24 It is rather surpris-
ing, therefore, that, to our knowledge, there
have been no previous studies correlating
haemodynamic features at presentation with
outcome. Doppler echocardiography now
permits rapid and detailed non-invasive assess-
ment of cardiopulmonary haemodynamics in
sick newborns, akin to the information avail-
able from cardiac catheterisation. Previous
echo-Doppler studies in PPHN have concen-
trated on a single measured parameter, ignor-
ing the plethora of other information available,
but we have assessed several circulatory para-
meters, all obtained at one examination, in
babies at presentation, and compared the
results of survivors with those of non-survivors
to see which of these measurements could be
used to assess prognosis. As this condition
affects both term and preterm babies, both
groups were included.

This study aimed to: (i) describe the cardio-
pulmonary haemodynamics of babies present-
ing with PPHN, assessed by Doppler
echocardiography; (ii) to see which, if any,
Doppler echocardiographic indices of systemic
and pulmonary arterial blood flow, pulmonary
and systemic arterial pressure, and myocardial
performance are associated with fatal outcome
in PPHN.

Methods
Over a two and a half year period (April 1989
to September 1991), 34 babies with clinical
evidence of PPHN were referred for echo-
cardiographic evaluation from the two regional
neonatal units in Newcastle upon Tyne,
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Doppler echocardiographic study ofpersistent pulmonaty hypertension F27

Table 1 Clinical status of33 babies presenting as probable PPHN

Age at Mean ainuay Base
Case Gestation Birthweight Age death Fio2 pressure CO2 excess P02 Oximetry Specific
No (weeks) (g) (h) Chief diagnosis Outcome (h) (%lo) (cm H20) pH (kPa) (meg/l) (kPa) (%) treatment

1 42 3240 14 Asphyxia Died 34 100 8 7-48 2-8 -5-2 6-6 96
2 42 4390 31 'PFC' Alive and well 100 0 89
3 41 3425 24 Asphyxia Alive 100 14 7-56 3-6 4-6 6-0 90
4 41 2800 35 Asphyxia Died, ICH, Ph'age 60 100 24 7-38 4-6 -3-8 6-2 82 Tolaz, Dopa
5 40 4325 3 Meconium aspiration Alive and well 100 7 7-4 5-4 0-8 7-2 90 Dobut
6 40 3500 72 Asphyxia Died 96 70 9 7-31 5-6 -4-6 7-7 90
7 40 3335 33 Asphyxia Died Ph'age 136 100 14 7-32 2-1 -15-0 9-1 92 Dopa
8 40 2785 22 'PFC' Alive and well 65 15 7-61 2-9 4-1 10-2 94
9 39 3020 37 HMD Alive and well 100 22 4-5 7-0 91 Tolaz
10 39 3570 36 'PFC' Alive and well 100 0 7-45 4-5 -0-8 8-0 88
11 39 3270 4 Asphyxia Died 24 100 14 7-53 1-7 6-8 4-1 89
12 39 3720 54 Meconium aspiration Alive 100 14 7-34 2-6 -13-0 82
13 38 2595 4 Asphyxia Died 18 100 12 7 6-4 -19-0 84 Dopa
14 38 3147 24 HMD (equivocal) Alive 100 12 7-2 7 9 -5 0 78
15 37 2720 53 Asphyxia Alive and well 100 18 7-38 6-0 -0.9 88
16 36 2760 20 HMD Alive and well 75 16 7-34 6-1 -1-1 5-6 78
17 36 2650 12 HMD Alive 80 12 7-3 6-0 -3-5 7-5 93
18 36 3450 12 Hydrops (autoimmune) Died (PTX) 490 100 20 7-58 3-7 -6-6 4-2 72
19 36 4615 22 HOCM maternal diabetes Died 44 100 14 7-0 75 Dobut
20 36 2765 16 Asphyxia Died, ICH 133 95 17 7-45 3 0 -5-6 95 Dobut
21 36 2960 10 Hypoplastic lungs Alive 100 10 7-46 4-6 2-1 81
22 33 1988 15 HMD (resc surfactant) Alive 100 27 7-25 5-8 -7-6 3-8 72
23 32 2060 29 HMD (resc surfactant) Alive and well 100 15 7-14 9-6 -3-3 5-4 82
24 31 2000 12 HMD (resc surfactant) Alive 100 15 7-46 4-5 1-2 7-5 89
25 31 1600 16 HMD Alive 100 20 7-22 8-3 -3 5 4-8 81 Dobut
26 31 2290 8 Asphyxia Died 68 100 26 7-2 6-1 -10-0 6-0 80
27 28 1305 2 HMD Died (PIE) 28 81 12 7-32 4-8 -6-2 12-1 95
28 28 835 2 HMD (surfactant) Alive and well 95 18 (7-31) 7-9 7 0 7 0 91
29 26 950 3 HMD Died (PIE) 18 100 14 7-41 5 0 0 3 5-7 81
30 26 855 14 HMD Alive (BPD) 99 12 7-43 4-3 1-4 6-2 82
Babies excluded from analysis
31 40 3610 31 Myopathy, hypoplastic Died (myopathy) 550 60 10 7-36 5 9 -0-2 8-0 88

lungs
32 39 3055 131 Myopathy Died (myopathy) 172 100 14 7-4 5.0 -1-0 84
33 32 1290 41 Asphyxia/HMD Died 270 95 16 7-34 5-2 -3 0 8-0 89

HMD, hyaline membrane disease; PIE, pulmonary interstitial emphysema; BPD, bronchopulmonary dysplasia; PTX, pneumothorax; ICH, massive intracranial
haemorrhage. Surfactant not given unless indicated - 'resc surfactant' - about to have first dose ('rescue'). 'Dopa', 'Dobut', 'Tolaz'; baby receiving dopamine,
dobutamine, or tolazoline, respectively, at the time of the scan. HOCM: hypertrophic cardiomyopathy; Ph'age: pulmonary haemorrhage.

England. Clinical details are listed in table 1.
There were no strictly defined clinical criteria
for echocardiography; each baby was con-
sidered by the attending clinicians to have
hypoxaemia disproportionate to lung disease,
and specific treatment for PPHN had already
been started or was being considered. Positive
pressure ventilation, volume expansion, cor-
rection of base-deficit, and inotropic support
and tolazoline were all given as clinically
indicated. The study was performed before
extracorporeal oxygenation became available.
Each baby underwent detailed Doppler

echocardiographic examination as described in
table 2, using one of two Hewlett-Packard
ultrasound machines with facilities for con-
tinuous and pulsed-wave Doppler analysis.
Doppler echocardiographic estimates of pul-
monary arterial pressure (peak velocity of
tricuspid regurgitation (TR),5-7 analysis of
ductal flow,7-9 and systolic time interval tech-
niques1S'5) were made along with parameters
of left ventricular output,16 17 right ventricular
output, and myocardial performance.18
Four babies were excluded from detailed

analysis because their diagnosis rendered
meaningful interpretation of results difficult.
One baby had transposed great arteries. Two
babies had generalised severe skeletal myo-
pathy ofunknown cause (cases 31 and 32), and
both died, one from pneumonia and the other
from multiorgan failure. One baby of 32 weeks
gestation with hyaline membrane disease and
pulmonary interstitial emphysema (case 33)
had echocardiographic evidence of very high
pulmonary blood flow, despite hypoxaemia. In
all the other 30 babies features consistent with
persistent transitional circulation were present

- that is, there was evidence of high pulmonary
arterial pressure or right-to-left interatrial or
ductal shunting (including bidirectional
shunting), and left atrial and left ventricular
dimensions did not suggest high pulmonary
venous return.

These 30 babies are therefore the subjects of
this study. There were 14 term babies (birth-
weight 2585-4390 g), and 16 preterm babies
(gestation 26-36 weeks, birthweight 855-
4615 g). Only three babies had pure 'PFC syn-
drome', as described by Gersony et al,2 there
being no obvious precipitating cause for the
problem. Many of the babies had a history of
perinatal asphyxia and most of the premature
babies had underlying hyaline membrane
disease. A list of the principal underlying diag-
noses is shown in table 1, along with clinical
status at the first examination. Simultaneous
pre-ductal pulsed oximetry and transcutaneous
oxygen readings were recorded along with ven-
tilatory requirements, recent blood gas (within
two hours of the examination), including
arterial Po2 when this was available, and systolic
arterial blood pressure recorded either by
indwelling arterial line or by Doppler sphygmo-
manometry.
Normal values, recorded by the same single

observer (JRS), were taken from 34 normal
healthy term babies (2615-4695 g) and 17
healthy, non-oxygen dependent preterm
babies (28-35 weeks gestation, 1165-2290 g)
and are used for comparison.7 Percentiles
(10th, 50th, and 90th) were calculated for each
Doppler echocardiographic measurement in
three age bands over the first 72 hours (0-12,
13-36, and 37-72 hours). Some of the
measurements did not change noticeably over
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F28 Skinner, Hunter, Hey

Table 2 Summary ofDoppler echocardiographic measurements

Abbreviation Description Relation to pulmonary arterial pressure

Indices ofpulmonary arterial pressure
I TR5r7Peak velocity of tricuspid regurgitation. Measured using Direct

continuous-wave Doppler. Apply modified Bernoulli Close relation.
equation to peak velocity to derive right ventricle to right
atrial pressure drop, add estimated RA pressure (5 mm Hg).

2 PDAMAX7-9 Peak left-to-right velocity across the arterial duct. Measured Inverse
using continuous or pulsed Doppler. Ductal flow patterns Related to pressure difference between
are also classified: aorta and pulmonary artery.
I =pure right-to-left
2=bidirectional
3 =low velocity left-to-right
4=high velocity left-to-right

3 TPV/RVET Time to peak velocity at the pulmonary valve/right ventricular Inverse
ratio'0 1' ejection time. Measured with pulsed Doppler at the Effected by heart rate.

pulmonary valve.
4 PEP/RVET Right ventricular pre-ejection period/right-ventricular ejection Direct

ratio'2 15 time. Measured by pulsed Doppler at the pulmonary valve. Increased by myocardial dysfunction.
Indices of bloodflow
1 AoSD Aortic stroke distance. Measured with continuous-wave

Doppler at suprasternal notch. Reflects
2 LV. Stroke Left ventricular stroke volume index. AoSDXcross-sectional left ventricular output/
volume index area of the aortic root, divided by body weight. pulmonary venous return

3 LV output'617 Left ventricular output, in ml/kg/minute. LV. Stroke volume
indexxheart rate.

4 PaSD Pulmonary stroke distance. Measured with pulsed-wave Reflects RV output/
Doppler at the pulmonary valve. systemic venous return

the first three days (fractional shortening of the
left ventricle, heart rate, and stroke volume
index); percentiles for these values were calcu-
lated, including all measurements taken over
the first three days of life.

Results
The clinical condition of the 30 babies fluctu-
ated rapidly, and consequently some were not
hypoxaemic at the time of the examination
(table 1); eight babies had an oximetry reading
>900/o saturation, 16 babies (53%) had a
blood pH >7-34, and 11 were acidotic; six had
a pH below 7 30. Four babies had a Pco2 >6 5
kPa, indicating ventilatory failure. Three were
examined before positive pressure ventilation.
Twelve of the 30 (40%) babies subsequently

died. However, two very low birthweight
babies died early of respiratory failure as a
result of rapidly progressive pulmonary inter-
stitial emphysema despite the fact that hyper-
ventilation was not used, such that death was
not directly related to the PPHN. Results of 18
survivors were therefore compared with those
of 10 non-survivors who died as a consequence
of PPHN.
Each of the Doppler echocardiographic

features was considered separately and com-
pared against normal values. The figures are
designed to establish any link with subsequent
outcome and therefore only show values taken
from 28 babies, excluding the two babies
who died early from pulmonary interstitial
emphysema.

DETERMINATION OF PULMONARY ARTERIAL
PRESSURE
There was no apparent relation between any of
the parameters of pulmonary arterial pressure
and subsequent fatal outcome, but several
features are worthy of note.

Tricuspid regurgitation
Nine (30%) babies did not have tricuspid

regurgitation (TR) sufficient to generate a
measurable signal even though eight of them
did have raised pulmonary arterial pressure, as
evidenced by ductal flow pattern. Values from
those who did have TR are shown in table 3.
The estimated systolic pulmonary arterial
pressure was less than 30 mm Hg in four of the
preterm babies. However, these low values
were accompanied by low systemic pressure,
such that the lowest pulmonary:systemic (sys-
tolic) arterial pressure ratio was 0-7: 1. The
mean Pa:Ao systolic pressure ratio was 1 02:1
(range 0 7:1 to 183:1). The initial pul-
monary:systemic arterial pressure ratio was no
different in babies who died from those who
recovered (fig 1).

Ductalflow pattern
Five babies had a closed arterial duct, and in a
further four babies the duct was small.
Therefore, significant ductal shunting was not
possible in nine (30%) babies, all of whom
were over 35 weeks' gestational age. Details of
ductal size, flow pattern, and flow velocity are
shown in table 3.

All of the babies with a patent arterial duct
had a pulmonary arterial pressure approaching
or above systemic levels judged by flow pattern.
Four (13%) babies had pure right-to-left flow
(which is never seen in healthy babies after
birth). Nineteen (63%) babies had bidirec-
tional flow, and two (7°/0) had pure left-to-right
flow with very low velocity (less than 0-2 m/s) in
systole. When the maximal velocity of the left-
to-right phase offlow was measured, all but two
babies had velocities below the 10th percentile
(indicating raised diastolic pulmonary arterial
pressure), but there was no significant differ-
ence between survivors (0-65 (0-55) m/s) and
non-survivors (0 54 (0 48) m/s).

Systolic time intervals
The TPV/RVET ratio was measured in 28 of
30 babies. (This ratio is inversely related to
pulmonary arterial pressure.) There was a wide
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Table 3 Indices ofpulmonary and systemic arterial pressure

Systemic Systolic PA.Ao Ductal Ductalflow
BP PAP pressure size pattern PEPIRVET TPWVRVET pdamax pdamin
mm Hg mm Hg ratio (0-3) (0-3) ratio ratio m/s mAs

1 49 39 0-8 3 2 0-86 045 07 00
2 55 70 1-3 2 1 034 0-0 0-0
3 50 0 0
4 48 60 1-2 2 2 0-24 0-20 04 0.0
5 65 3 2 033 2 1 00
6 36 41 1.1 2 2 0-52 1 4 0.0
7 24 44 1 8 0 0 041
8 45 55 1-2 0 0 0-27
9 54 49 0-9 3 2 034 0-8 00
10 70 1 2 047 0-21 1.1 00
11 45 3 2 044 07 00
12 52 54 1.0 1 2 0-88 0-46 1.0 00
13 30 2 2 0-29 0-36 0-2 0.0
14 67 3 1 0-38 00 00
15 65 54 0-8 0 0 0-18
16 48 57 1-2 2 2 07 00
17 48 54 1.1 3 2 0-36 0-23 0-5 00
18 55 1 1 0-20 00 00
19 20 21 1.1 2 1 0-38 00 00
20 65 47 07 1 2 0-23 00
21 52 57 1.1 0 0 0-24
22 41 41 1.0 3 2 054 021 0.1 00
23 80 3 3 033 0-36 07 0.1
24 51 51 1 0 3 2 043 033 0-8 00
25 38 41 1.1 3 2 045 045 0-6 00
26 88 63 07 2 2 0-48 0-23 09 00
27 40 28 0 7 3 2 0-27 0-2 0 0
28 42 3 2 0 33 0-39 0 5 0-0
29 30 28 09 3 3 0-42 0.19 1-4 0.1
30 30 23 0-8 3 2 030 0-25 0-2 00

pdamax, maximal left-to-right ductal flow; pdamin, minimal left-to-right ductal flow. (Right-to-left flow is recorded as zero.)
Ductal size: 0=closed, 1 =small, 2=moderate, 3=big.

spread of values (0-20 to 0 52), little relation
between these and TR determined pulmonary
arterial systolic pressure values, and 16 of 26
values (65%) lay within the normal range.
There was no significant difference between
survivors (0-31 (0-09)) and non-survivors
(0 34 (0d12)).
The PEP/RVET ratio was measured in only

14 of 30 babies, because the ultrasound
machine was not linked to an ECG monitor in
the early part of this study. (This ratio is
directly related to pulmonary arterial pressure.)
The two highest values (0-86 in case 1 and 0-88
in case 14) occurred in two babies who had
particularly poor right ventricular function by
subjective assessment (by cross-sectional echo-
cardiography). One value (0-24 in case 4) was
low even though the pulmonary arterial systolic
pressure was high when estimated for tricuspid
regurgitation and bidirectional ductal flow.

INTER ATRIAL SHUNTING
The oval foramen was patent in every baby,

A preterm healthy
* term healthy

1.8 A prem PPHN survived
A prem PPHN died

. 1.6 0o term PPHN survived
t * term PPHN died
t 1.4

1.2 0.-
1.0 A AO

>.D 0001.20. AA A A

0..6 24 48AA A hours)
0 AA~~~~A

A

E 0.4 -A* ZLAA
0.. 0.2

0.0 I
0 24 48 72

Age (hours)

Figure 1
Pulmonary:systemic arterial
pressure ratio in 21 babies
with PPHN who had
measurable tricuspid
regurgitation (large
symbols) compared with
values from healthy babies
(small symbols) over the
first 72 hours. Systolic
pulmonary arterial pressure
was derivedfrom peak
velocity of tricuspid
regurgitation and
application of the modified
Bernoulli equation, and by
adding an allowance of
5 mm Hgfor right atrial
pressure in ventilated
babies. 19 Systolic systemic
arterial pressure was
measuredffrom indwelling
arterial line or Doppler
sphygmomanometry.
Survivors are compared
with non-survivors as
indicated in the key; there
was no apparent difference.

and pulsed Doppler interrogation of the
pattern of flow during the cardiac cycle20
revealed pure right-to-left flow in four babies
(cases 13, 14, 18, and 20). Flow was bidirec-
tional (mostly right-to-left) in all of the rest.

RIGHT VENTRICULAR STROKE VOLUME
Pulmonary stroke distance is an index of right
ventricular stroke volume. Stroke volume was
not reported because of the unreliability of
measurement of pulmonary valve or artery
diameter. Results are shown in table 4. Six of
the 14 (43%) values from term babies and four
of the 12 (33%) values from the preterm babies
had values below the 10th centile. While there
was no consistent correlation with outcome,
the two values below 2 cm both occurred in
very sick term babies who did not recover. The
Doppler trace was remarkable in these two
babies in that there was no forward flow
through the pulmonary valve with every
second or third beat.

LEFF VENTRICULAR OUTPUT
Left ventricular output was significantly lower
by Student's t test (P<0 01) in non-survivors
(138 (63) mI/kg/minute) than survivors
(205 (57) mllkg/minute). In fig 2 11 of the 27
(41%) values lie below the 10th centile. Four
babies had very low values, below 100
ml/kglminute (cases 4, 13, 18, and 19), and all
four subsequently died. In several babies (par-
ticularly cases 5, 6, 7, 22, and 26) the output
was maintained over 100 mI/kg by profound
tachycardia (>180 beats per minute) in the
presence of a low stroke volume index.
The left ventricular stroke volume index

(stroke volume/body weight) is shown against
normal percentiles in fig 3. Eighteen of the 27
(66%) values lay below the 10th percentile.
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Table 4 Indices ofpulmonary and systemic bloodflow and myocardialperformance

PaSD AoSD LVStroke volume Heart rate LVoutput Fractional
cm cm index ml/kg beats/minute ml/kg/minute shortening %

1 1-2 9-7 1-18 166 197 10
2 7-3 9-8 1-12 168 188 54
3 135 37
4 9-1 12-9 0-67 145 98 31
5 6-8 10-8 1-25 190 238 37
6 6-4 13-7 1 11 185 205 36
7 5-1 7-3 0-79 184 146 32
8 10-2 12-0 1-10 117 129 24
9 7-8 12-0 1-62 160 259 27
10 3-2 12-2 1-28 135 172 29
11 1-9 5-8 0 74 172 128 18
12 1-5 10-3 1-36 156 212 38
13 7-6 8-7 0-58 112 65 44
14 7-8 8-5 1-07 149 159 37
15 10-1 12-0 1-95 148 288 35
16 11-9 1-10 150 165 39
17 8-1 15-9 1-87 141 264 35
18 7-8 8-6 0-80 120 96 26
19 4-0 5-1 0-33 158 53 61
20 7-2 6-8 1-09 135 147
21 3-7 5-8 1-03 158 163 34
22 4-0 5-2 0-71 190 136 16
23 6-6 11-7 1-35 141 190 31
24 7-2 7-8 1-10 141 155 22
25 4-0 7-0 1-16 175 202 38
26 8-7 7-7 1-33 184 245 39
27 4-7 8-3 1-25 146 182 22
28 4-3 8-3 1-80 135 243 26
29 3-8 6-5 1-24 165 204 17
30 8-2 8-6 2-30 143 329 35

PaSD: pulmonary stroke distance; AoSD: aornic stoke distance; LV: left ventricle.

Values were significantly lower (P<0 05) in
non-survivors (0-86 (0-31) mi/kg) than survivors
(1-29 (0-51) mi/kg). Six of the seven lowest
values (< 1 mi/kg) were in babies who died.
The significant difference between survivors

and non-survivors for both stroke volume
index and output is not affected if the two
babies who died early with PIE are included in
the analysis.

SYSTEMIC ARTERIAL PRESSURE AND BASE
DEFICIT
Among the term babies systemic arterial
pressure was lower in non-survivors (39 (10)
mm Hg) than survivors (58 (9) mm Hg)
(P<0 01), and whereas all six babies with a sys-
tolic pressure above 50 mm Hg survived, six of

--Term 90 %
--Term 10 %

Preterm 90 %
Preterm 10 %

A preterm survived
350 A preterm died

A o term survived
* term died

300 _ o
A ~~0.E 250 M-

200 - - - °
E 1

150 - A .
CL ~ A 0

o 100 _ 0

5050 _A

0

0 24 48 72
Age (hours)

Figure 2 Left ventricular output, cakculatedfrom Doppler
echocardiography, in 27 babies with PPHN against normnal
percentiles. There was wide variation, but the four lowest
values (<100 mI/kg/minute) occurred in babies who did
not survive.

eight at 50 mm Hg or below subsequently died.
There was no significant difference between the
preterm babies. The base deficit was larger,
overall, in non-survivors (-5 6 (8 2) vs -P1
(4.9)), but the difference was not significant.

LEFT VENTRICULAR FUNCTION
Twenty two of the 27 (81%) values of LV
fractional shortening lay within the expected
normal range (despite frequently associated
low LV output and blood pressure), and only
two of the 10 babies with a primary diagnosis
of perinatal asphyxia had significantly
reduced LV function. There was no signifi-
cant difference between survivors (33 (8)%)
and non-survivors (33 (12)%). However, two
of the three values lying well below the 10th
percentile (fractional shortening of 20% or
less) occurred in babies who subsequently
died; left ventricular stroke volume was also
very low (fig 4). Two values were very high.
One was in case 2 (fractional shortening of
54%), who was an unventilated term baby
receiving inotropic support who did well. The
stroke volume index was low in this baby
despite the brisk myocardial performance
(112 ml/kg) - low pulmonary venous return
rather than poor ventricular function must
have been the cause of this low stroke volume
in this baby. The other, case 19 (fractional
shortening 61%) had a grossly hypertrophied
myocardium that was assumed to be sec-
ondary to maternal diabetes; this baby was
extremely unwell with hypotension and poor
peripheral perfusion and died a few hours
after the examination.

Discussion
The value of careful Doppler echocardio-
graphic examination to exclude congenital
heart disease in babies with failure of the transi-
tional circulation has been emphasised
before,21 and the clinically unexpected finding

A preterm survived
* preterm died
o term survived
* term died
--Term 90 %
--Term 10%

Preterm 90 %
E A ----Preterm 10%
x

c ___---- -

Xo A

5) 0
E
- ~07: -----A----o----

0 ~~ ~~~

2_ 0
t;;

0 24 48 72
Age (hours)

Figure 3 Left ventricular stroke volume, calculatedfrom
Doppler echocardiography and indexedfor body weight, in
27 babies with PPHN, against normal percentiles.
Seventeen (63%) values lie clearly below the 10Oth centile,
and six of the seven lowest values (<1I ml/kg) occurred in
babies who died.
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Figure 4 Fractional
shortening of the left
ventricle in 27 babies with
PPHN against normal
percentiles. Most lie
between the 10th and 90th
centiles and there was no
clear relation to survival.
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of a patient with transposed great arteries in this
study indicates that echocardiography should
now be routine in these patients. Developments
in Doppler echocardiography over the past
decade now permit detailed and rapid non-
invasive assessment of complex haemodynam-
ics. In extreme cases haemodynamic evaluation
is obviously clinically useful; one patient in this
study had evidence of high pulmonary blood
flow, with a left-to-right ductal shunt, despite
the clinical suspicion of PPHN. It is hard to
know how common this is, but clearly such
patients would not benefit from treatment
aimed at reducing pulmonary vascular resis-
tance. However, aside from confirming or dis-
puting a diagnosis, the enormous potential for
haemodynamic evaluation in babies with a
structurally normal heart and PPHN has not
yet been fully realised, and the feasibility and
predictive value of the various Doppler
echocardiographic measurements have not
been established in this population.

Previous echocardiographic studies ofPPHN
have usually concentrated on one particular
aspect. Riggs et al 13 and Johnson et al 14 both
used the PEP/RVET ratio to assess pulmonary
arterial pressure. The latter study was particu-
larly interesting because it suggested that this
systolic time interval ratio could differentiate
between babies who would and would not
respond to tolazoline. Hiraishi et al20 studied
interatrial flow patterns and demonstrated a
gradual change from right-to-left to left-to-right
flow with clinical improvement. While the
measurement of a single factor is attractive,
because it is simple, rapid, and can be measured
in every patient, the problem with such an
approach is that the diversity within the popula-
tion is likely to be missed, and each measure-
ment needs to be related to the whole picture in
order to appreciate its clinical relevance in an
individual. This study has shown that the
haemodynamic features ofPPHN vary substan-
tially among babies; the condition represents a
spectrum of problems rather than a discrete
diagnosis, as discussed by Reimenschneider
et al,3 and this has important therapeutic and
possibly prognostic implications.

Consideration should be given as to how
pulmonary arterial pressure in PPHN should
best be estimated. The method, using the peak

velocity of tricuspid regurgitation, has been
extensively validated at all ages,5-7 and analysis
of ductal flow is also considered to be reli-
able.7-9 The value and accuracy of systolic time
intervals in assessing pulmonary arterial
pressure are much more controversial.22 The
TPV/RVET values measured in this study bear
little relation to pulmonary arterial pressure
determined from ductal flow and tricuspid
regurgitation, suggesting that this ratio is
unlikely to be of value in this population.
However, assessment of pulmonary arterial
pressure was feasible by analysis of ductal flow
or tricuspid regurgitation in all but one of the
30 babies. Therefore, meaningful serial analy-
sis of pulmonary arterial pressure should be
possible in most babies with PPHN by using
one or both of these techniques, as has already
been done in babies with hyaline membrane
disease.23 24 Notably, tricuspid regurgitation
was not present in one in four of the group,
when it has been described as one of the
important clinical features ofPPHN,4 although
it is possible that colour Doppler techniques
will reveal a higher incidence of trivial tricuspid
regurgitation in the future. The fact that it was
commoner in the preterm babies might be
explained by the observations of Setzer et al.25
They found, in a necropsy series, that papillary
muscle necrosis was present only in term
babies with a history of perinatal asphyxia, but
was common and unrelated to asphyxia in
preterm babies. Perhaps the papillary muscles
of preterm babies are more vulnerable to
ischaemia than term babies, leading to the
higher prevalence of tricuspid regurgitation.
Another 'classic' feature of PPHN, that of
right-to-left ductal shunting, also cannot have
been important in a third of the babies because
the arterial duct was closed or very small in this
number; right-to-left shunting must have
occurred primarily at the oval foramen or
within the lungs in these babies.
The most noteworthy result in the present

study was that while none of the Doppler
echocardiographic indices ofpulmonary arterial
pressure at presentation correlated with subse-
quent death, Doppler indices oflow left ventric-
ular output and stroke volume did. All four
babies with a left ventricular output below 100
mi/kg and six of seven babies with a stroke
volume index below 1 ml/kg at presentation
subsequently died. These results are striking,
particularly when it is remembered that these
were single, 'one-off' measurements. The
babies with the lowest cardiac output did not,
however, have significantly reduced left ventri-
cular function (fractional shortening 26-61%).
These results cannot merely be dismissed as
describing failing myocardium in desperately ill
babies. The low left ventricular output must
result mostly from decreased filling. Because
LV filling is dependent on pulmonary venous
return, it is reasonable to postulate that the rela-
tion of low LV stroke volume to subsequent
death is due primarily to the greatly reduced
pulmonary blood flow secondary to high pul-
monary vascular resistance, and possibly also
right ventricular dysfunction (which is very
difficult to quantify echocardiographically).
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Assuming these results can be confirmed else-
where, the most important factor in survival
therefore seems to be pulmonary perfusion,
rather than pulmonary hypertension or LV dys-
function. Prolonged low left ventricular output
is, of course, itself detrimental for the already
hypoxaemic brain and other organs, including
the heart, and a vicious cycle of acidosis with
systemic hypotension and rising pulmonary
vascular resistance sets in.

This study has shown that it is now possible
to evaluate pulmonary arterial pressure, ven-
tricular output and ventricular function in
most newborn babies with failure of the
transitional circulation, and that the haemo-
dynamic features of this condition vary con-
siderably among patients. It has shown that
assessment of pulmonary arterial pressure,
while useful in diagnosis, is not necessarily a
marker of disease severity, presumably because
it is simply not a measure of pulmonary blood
flow, flow being related to both resistance and
pressure. It is paradoxical, and frequently
wrong, that while systemic arterial pressure is
used clinically as a direct measure of systemic
blood flow, pulmonary arterial pressure is
assumed to have an inverse relation to pul-
monary arterial blood flow. Parallels exist in
congenital heart disease, where babies with a
large left-to-right intracardiac shunt, from a
ventricular septal defect - for example, may
have systolic pulmonary arterial pressure at
systemic levels in the presence of huge pul-
monary blood flow. The observation also
agrees with the fact that high pulmonary
arterial pressure is a normal transient pheno-
menon in healthy newborn babies (who are not
hypoxic and must therefore have adequate pul-
monary blood flow), and while increased
during hyaline membrane disease, is not
related to disease severity in most babies.23
The term 'PPHN' is hence somewhat mislead-
ing and should probably be replaced by a term
describing low pulmonary blood flow (such as
'neonatal pulmonary hypoperfusion'), or fail-
ure of the normal circulatory adaptation (such
as 'persistent transitional circulation'). In relat-
ing pulmonary arterial pressure to flow, raised
diastolic pressure is a more reliable sign of
increased pulmonary vascular resistance than
systolic pressure, and this presumably explains
the lower velocity of left-to-right ductal flow
during diastole in babies with PPHN seen in
this study compared with those in healthy con-
trols,23 in whom systolic pulmonary arterial
pressure is frequently at systemic levels in the
first day of life.7

High pulmonary arterial pressure is to be
expected in respiratory failure in the newborn
and is not usually pathological, but low left
ventricular output is always pathological and
potentially harmful. This study suggests that
low left ventricular output is usually a conse-
quence of low pulmonary blood flow rather
than left ventricular dysfunction in PPHN and
is also an early marker of fatal disease. Further
prospective study is therefore warranted to
evaluate the predictive power of Doppler
measurements of left ventricular output and

stroke volume index in determining eventual
outcome in critically ill hypoxaemic babies
with failure of the transitional circulation, and
to evaluate its potential in monitoring thera-
peutic intervention.
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