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Summary Ten preterm infants severely ill with hya-
line-membrane disease (HMD) were

given artificial surfactant endotracheally. Oxygenation
and alveolar-arterial oxygen gradients improved, the
levels of inspired oxygen and peak respirator pressure
could be reduced, and many of the radiological abnor-
malities resolved. Acidosis and systemic hypotension
were also reversed. In nine infants a patent ductus arter-
iosus became evident after recovery from HMD,
necessitating further assisted ventilation. Eight infants
survived, including five of six with birthweight less
than 1500 g; two died of unrelated causes. Postnatal
tracheal instillation of artificial surfactant may prove a
useful treatment for severe HMD.

Introduction

IN hyaline-membrane disease (HMD) the underlying
process is believed to be a deficiency of alveolar surfac-
tant which results in progressive neonatal atelectasis.l,2
An obvious form of treatment is therefore to administer
surfactant through the airways. There have been experi-
mental and clinical trials with an aerosol of dipalmitoyl
lecithin,3 the principal component of pulmonary surfac-
tant, but this agent has proved uniformly ineffective.4,s
By contrast, "natural" surfactant, delivered to the lung
of fetal animals before the onset of breathing, does seem
to compensate for a deficiency of alveolar surfactant. 6, 7
Owing to side-effects and variable specific surface

activity, "natural" surfactant cannot be used in man,
so we have developed an artificial surfactant with pro-
perties closely resembling those of pulmonary surfac-
tant. It consists of a mixture of naturally occurring sur-
factant lipids and synthetic lipids containing dipalmitoyl
lecithin and phosphatidyl glycerol in the phosphorus
molar ratios of 1:0.65:0-12. This surfactant improved
pulmonary mechanics in premature rabbits8 and pro-
tected their immature lungs from injuries due to inter-
mittent positive-pressure ventilation.9 After extensive
studies to establish the safety of this surfactant as a
drug, we have tried it in ten infants severely ill with hya-
line-membrane disease.

Patients and Methods

We studied ten infants with HMD admitted consecutively to
the intensive-care unit within 20 hours of delivery. Informed
consent was obtained from one or both parents. Two infants
were born in the hospital and eight were transferred from else-
where. They had a mean (&plusmn;SEM) gestational age of30-2&plusmn;0-6
weeks (range 28-33) and a mean birthweight of 1552::t:104 g
(range 1150-2143). Table i shows the provenance of the
infants. Early diagnosis in cases 1, 2, 3, and 5 was aided by
tests on amniotic fluid. Infants born outside our hospital were
attended in the ambulance by one of us. Before treatment with
surfactant all were observed on the ventilator with unchanged
settings. That the infants were not improving before surfac-
tant administration was shown by comparison of Pa02, PCO,
and pH 10-20 min before the procedure with those 30-90 min
earlier. There were no significant differences. Further details
of the infants are in table n. HMD was diagnosed by clinical
and radiological criteria.1o The infants were managed in servo-
regulated incubators without humidification. All had radial-
arterial catheters in place for monitoring of arterial P02,
PC02, acid-base balance, and blood-pressure. Alveolar-arterial
oxygen tension gradients (AaD02) were calculated from the
alveolar air equation. 11 All infants were ventilated according to
the guidelines of Reynolds,’O with the MVP-10 paediatric neo-
natal ventilator (Bio-Med) in two cases and with the electro-
controlled respirator (Fukuda, Tokyo) in the remainder.

Administration of Artificial Surfactant
Lyophilised artificial surfactant5 was suspended in physiolo-

gical saline (19 mol lipid phosphorus/ml) and about 10 ml of
this fluid was put into the endotracheal tube. Mean age at this

point was 12.3&plusmn;(SEM) 2-8 h, range 4-33. During the instilla-
tion, which took about 20 s, the infant was held in many pos-
itions to facilitate entry of the instillate into each lobar and
segmental bronchus. Then 100% oxygen was blown into the
lungs with an anaesthetic bag. The dose of surfactant was
about 150 p.mollipid phosphorus/kg. After completion of this
treatment each infant was ventilated with a respirator. To
evaluate the acute effects of supplementary surfactant, we
compared the P.02, P.C02, and acid-base balance, and the
radiographic findings, 45 min or less before surfactant treat-
ment with those up to 3 h after surfactant treatment, the
initial respirator settings and fractional inspired oxygen (F;&Ucirc;2)
remaining unchanged. Neither bicarbonate nor diuretics were
given during this study period. Between 20 min and 3 h after
administration of surfactant, it was usually possible to reduce
the F;&Ucirc;2 to 0-4 and the respirator pressure by 5-10 cm H2O.

The radiographic severity of HMD was graded 1-5 by Bom-
sel’s criteria as modified by Matsumura. 12 Significant left-to-
right shunting was diagnosed by (1) clinical signs (precordial
murmur, bounding femoral pulses, hyperactive precordium,
apnoca, bradycardia) and (2) progressive pulmonary plethora
and oedema on radiographs with echocardiographic evidence of
increasing left-atrial to aortic-root dimension ratio (LA/AO
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TABLE I-PROVENANCE OF INFANTS AND OBSERVATION PERIODS

I I I

IPPV=intermittent positive-pressure ventilation.

ratio). Pulmonary changes due to patent ductus arteriosus
were graded as follows: 0, within normal limits; 1, slightly
increased pulmonary vascular markings; 2, more prominent
pulmonary vasculature; 3, hazy pulmonary vessels, some ill-
defined homogeneous shadows of water density, interval car-
diomegaly ; 4, "white-out"-massive cardiomegaly, indist-

inguishable from severe hyaline-membrane disease.

Results

Clinical data and the outcomes are summarised in
table n.

TABLE 11--clinical DATA ON STUDY INFANTS

I

r I I I I

Abbreviations: GA=gestational age; BW=birth weight; IPPV=intermittent positive pressure ventilation; ROM=premature rupture of membranes
PDA=patent ductus arteriosus. C=caesarian.

Clinical Effects
Soon after instillation of surfactant the peripheral cir-

culation seemed to increase in all infants. Grunting,
when present, ceased quickly and the chest looked more
compliant. On auscultation of the chest, all infants had
predominantly vesicular breath sounds. Of the seven
infants with no bowel sounds before surfactant, all had
bowel sounds within an hour afterwards. There was a
diuresis in all but one.

Blood-pressure
Continuous measurement of blood-pressure was pos-

sible in six infants. The mean systolic was 37&plusmn;(SEM)5
mm Hg, range 25-50, before surfactant, and within 6 h
it was 59+4 mm Hg, range 48-70 (p<0.02).

Blood-gas Tensions and pH
Arterial P02 (fig. 1) increased from 45&plusmn;7 mm Hg,

range 17-89, to 212&plusmn;46 mm Hg, range 61-464
(p<0.005), in 67&plusmn;15 min, range 20-180. During the
same period the arterial PC02 fell from 50&plusmn;4 mm Hg,
range 38-68, to 33&plusmn;2 mm Hg, range 23-38 (p<0-005),
and the pH rose from 7.129&plusmn;0.051, range
6.810-7.293, to 7.305&plusmn;0-044, range 7.045-7.638

(p<0.05).
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Fig. 1-Changes in Pa02 within 45 min before and within 3 h
after administration of artificial surfactant.

AGE (days)

Fig. 2-Changes in Fj02 during the first 108 h of life.

For comparison, the FP2 values reported by Baden et al." for the
infants with HMD are superimposed on the figure, with permission
from Dr Baden and the American Academy of Pediatrics.

FP2 and Respirator Inspiratory Pressure
We were able to lower the inspired oxygen concentra-

tion from an average of 81&plusmn;7%, range 35-100, to

38&plusmn;3%, range 21-60 (p<0.01) within 3 h of adminis-
tration of surfactant (fig. 2). Likewise the peak inspira-
tory pressure could be reduced from 30&plusmn;2 cm H2O,
range 20-45, to 22&plusmn;2 cm H20, range 15-35 (p<0.02)
within 6 h of surfactant.

AaD02 2
Fig. 3 shows the changes in AaD02 during the first

108 h of age. It fell from an initial 4?4+_49 mm Hg,
range 176-639, to 189&plusmn;29, range 62-260 (p<0.005) 3
h after surfactant and 120+_18 mm Hg, range 56-184
(p< 0-001), at 30 h. For comparison, the AaD02 values

Fig. 3-Changes in AaD02 during the first 108 h of life.

For comparison, the AaD02 values reported by Baden et al." for
the infants with HMD who survived and those who died, are superim-
posed on the figure with permission from Dr Baden and the American
Academy of Pediatrics.

reported by Baden et al." for infants with HMD who
survived and those who died are superimposed.

Chest Radiographs

Radiographic resolution was much more abrupt than
usual, with all traces of HMD disappearing in most pa-
tients. The time for nearly complete radiological clear-
ing of HMD averaged 6 h after surfactant, range
1.5-23. In two patients (cases 3 and 9) the 2 h post-sur-
factant chest film suggested that the surfactant was not
distributed equally throughout the lungs. In case 3, the
right lower lobe was well-inflated while the right upper
field and the left lung still showed pulmonary changes
typical of HMD; complete clearing of the HMD was
observed on the 4th day of life. In case 9 the 2 h post-
surfactant film showed a well-inflated right lung but an
atelectatic left lung. By the 6th day of life the atelectatic
lung was clear.

Subsequent Clinical Course
In nine infants a patent ductus arteriosus became

clinically evident. The mean time at which the murmur
was heard was 35 h of life, range 21-96, and 21 h after
surfactant, range 2-94. The mean time of onset of pul-
monary plethora after resolution of the HMD was 36 h
of life, range 20-53. The PDA closed spontaneously in
four infants (cases 1, 3, 4, 10), one of whom (case 1)
needed prolonged respiratory support. Other infants
with PDA (cases 2, 6, 7, 8) also required days or weeks
of ventilation.

Fig. 4 shows the changes in radiographic HMD grad-
ing after surfactant, together with other indices

throughout the clinical course. After recovery from
HMD the AaD02 remained nearly normal, as did Pa02’
Fig. 5 shows the effect of artificial surfactant in one case
with subsequent pulmonary oedema due to a large PDA.
Three infants (cases 7, 8, 9) had their PDA ligated, were
weaned off the respirator, and are doing well. An
increased LA/AO ratio correlated well with clinical and
radiological evidence of increasing shunt. ,
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Fig. 4-Changes in AaD02, radiographic grading of HMD and
pulmonary oedema due to a PDA, and LA/AO ratios following
administration of artificial surfactant throughout the course
of HMD.

o&mdash;&mdash;&mdash;o indicates radiographic grading of HMD.
o&mdash; &mdash; &mdash;o indicates radiographic grading of HMD in patients 3 and

9 (see text).
- indicates radiographic grading of pulmonary oedema due to

PDA.

Duration of Respiratory Care
The duration, after administration of surfactant, of

inspired oxygen at a concentration of more than 60%
was 2-2&plusmn;1-1 h, range 0-12. The mean total durations
of intermittent positive-pressure ventilation (IPPV),
intermittent mandatory ventilation (IMV), and CPAP
were 2.8 d (range 0-11), 8 d (range 0-20), and 4.3 d
(range 0-13), respectively. The mean total duration of
endotracheal intubation was 13&plusmn;3.3 d (range 1-5-30).

Complications and Outcome
None of the infants had alveolar rupture. Artificial

surfactant seemed to have no adverse effects. Eight
infants, including five of six weighing less than 1500 g
at birth, survived. Two infants died of unrelated causes.
In case 5 the infant died at 36 h of life with post-
operative complications after surgical correction of

resophageal atresia with tracheo-oesophageal fistula

(Vogt IIIb). The necropsy revealed a well-inflated lung
free of HMD. The other infant (case 6) died with Serra-
tia sepsis on the 30th day of life before surgical ligation
of the ductus was possible; histologically the alveoli were
generally aerated without hyaline membranes, but there
were some focal pulmonary changes compatible with
bronchopulmonary dysplasia (BPD). The ductus was
widely patent. His recurrent pulmonary oedema had
been only partly controlled by fluid restriction, fruse-
mide, digoxin, indomethacin, and ventilatory support.
During the acute phase of HMD, he had been ventilated
with a peak inspiratory pressure of 35 and end-expira-
tory pressure of 3 cm H2O with 100% oxygen for 6 h
and 55% oxygen for 12 h. In one infant (case 2) the typi-
cal appearance of BPD (Northway’s stage 3) developed
on the 15th day of life. He had been exposed to less than
40% oxygen for 2 h and IPPV with a peak inspiratory
pressure of 20 cm H20 for 6 h during the acute phase
of HMD. At 3-1 2 months of age pulmonary insufficiency

Fig. 5-Chest radiographs of a 28 wk gestation, 1340 g infant
with severe HMD and pulmonary cedema secondary to large
shunting PDA (case 7, table H).

Upper: severe HMD (grade 5) at age 6 h.
Middle: 3 h after administration of surfactant, at age 9 h.
Lower: interval cardiomegaly with increased pulmonary blood flow

and pulmonary (Edema on day 4.

developed after an episode of upper-respiratory-tract
infection. The PDA was ligated at 4 months, and 3 days
postoperatively he was breathing air spontaneously.
This infant still has some radiological evidence of BPD,
but is progressing well. The other seven are progressing
normally.
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Discussion

The improvements after surfactant administration
were in line with results in animals6-9 and we do not
think they were spontaneous. The infants were making
little progress until they received surfactant, whereupon
the radiological appearances, arterial oxygenation, acid-
base balance, and AaD02 all improved rapidly; in addi-
tion, the babies needed less oxygen and less ventilator
pressure. These trends point to improved lung function.
The progressive hypoxia of acute HMD has been attri-
buted by Chu et al. to acidosis, systemic hypotension,
and progressive pulmonary ischoemia, but they seemed
to be reversed by surfactant administration; this obser-
vation supports the theoryl,2 that HMD is the conse-
quence of alveolar surfactant deficiency at birth.

In animals,7,9,13 supplementary surfactant protects
the very immature lung from injuries due to IPPV-
which are a major complication of HMD. We,note the
absence of alveolar rupture, the major complication of
severe HMD with or without CP AP14,IS or mechanical
ventilation.ls

It is noteworthy that a single dose of artificial surfac-
tant seemed effective throughout the course of HMD.
This may be because the biological half-life is long, or
because the material somehow promotes the synthesis of
natural surfactant. The first possibility is supported by
work in newborn rabbits showing that endogenous lipid,
once secreted, remains for at least 4 days in the alveolar
space. 16
Why was the incidence of PDA so high in this series?

Jones and Pickering18 report that increased survival of
infants with HMD may increase the apparent incidence
of PDA; those who die of HMD usually have a PDA, but
die before it becomes clinically evident. We do not think
the artificial surfactant could have been responsible for
either the PDA or the pulmonary oedema. As judged by
the LA/AO ratios, the shunts were sufficient on their
own to account for the pulmonary oedema; and our work
in animals gives no suggestion that the material pro-
motes cedema. It is, incidentally, so free of adverse
effects that we have been unable to determine the intra-

peritoneal LDso in animals.
Severe HMD complicated by a large shunting PDA

remains an extraordinarily difficult condition to

treaty,18 Although surgical ligation often controls the
heart-failure, many infants go on to die from their lung
disease.19-11 In contrast to previous reports,18-22 most of
the infants in our series, despite having varying degrees
of pulmonary oedema, had nearly normal AaD02 with
optimal blood gases while on the respirator with air.

Hypoxia due to lung disease is therefore unlikely to be
the major factor in the maintenance of a PDA in these
infants. A possible explanation is that our artificial sur-
factant was preventing progressive lung disease.

Spontaneous or surgical closure of the large shunting
PDA helped us in weaning infants from the respirator.
In the two infants (cases 2 and 6) who did not undergo
surgical ligation of the ductus there was evidence of
bronchopulmonary dysplasia. Three main factors have
been implicated in the pathogenesis of BPD&mdash;oxygen
toxicity,23 mechanical trauma from prolonged respirator
therapy,2’ and congestive heart-failure secondary to left-
to-right shunting through a PDA.19 In our cases oxygen
toxicity and high respirator pressure could be excluded,

and the likely cause was chronic pulmonary oedema due
to the large shunting PDA. In one of them (case 2) an
added fluid load25 may have potentiated the effect of pul-
monary oedema. Our findings thus support the
notion18-22 that BPD and other complications of pro-
longed intubation may be prevented by early PDA liga-
tion.

In our view these early results with artificial surfac-
tant are sufficiently encouraging to justify further trials.

We thank Dr S. Suzuki, Dr T. Mori, Dr T. Mitsuhata, and the
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Prof. T. Shozawa and Dr M. Sageshima for the pathology reports.
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