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Extract

The surface-active complex lining alveoli in normal lung lowers surface tension on ex-
piration, thus preventing alveolar collapse. Surface activity follows a developmental
timetable. Infants with idiopathic respiratory distress syndrome (RDS) almost ex-
clusively are prematurely born, and their lungs lack adequate surface activity and are
deficient in the principal surface-active component, lecithin. This deficiency implies
that RDS is a "disease of development," with fetal and neonatal timetables for lecithin
synthesis. The biosynthesis of lung lecithin in the living human infant was studied by
examining phospholipids in lung effluent (pharyngeal aspirates, mucus), which have
identical phospholipids to those in lung lavage (alveolar wash). The fatty acid esters of
isolated lecithin and phosphatidyl dimethylethanolamine (PDME) were examined.
The fi-carbon fatty acids are indicators of the primary pathways of synthesis of lecithin:
(1) a preponderance of palmitic acid signifying cytidine diphosphate choline (CDP-choline) +
D-a,{3-diglyceride -+lecithin (choline incorporation pathway) and (2) a preponder-
ance of myristic acid signifying phosphatidyl ethanolamine (PE) + 2 CH3 —»• PDME +
CHZ —> lecithin (methylation pathway).

Fetal lung of 18 and 20 weeks showed slight incorporation by GDP-choline pathway,
absence of PDME, and almost no methylation. Salivary lecithin had totally different
fatty acids from lecithin in aspirates. Phosphatidyl dimethylethanolamine (PDME)
(therefore methylation) was identified in aspirates as early as 22-24 week-gestation.
Lecithin fatty acid esters in aspirates from premature infants after birth or those with
no RDS closely resembled PDME fatty acids. With RDS, PDME disappears and
/3-carbon palmitic acid (therefore dipalmitoyl lecithin) increases. With recovery,
PDME reappears, as does the premature infant's major lecithin, palmitoylmyristoyl.
Full term infants are born with more /3-carbon palmitic acid (20-40%) and by 12-18
hr have equal palmitic and myristic acids, indicating function of both lecithin syn-
thesis pathways. Stress (hypoxia acidosis, hypothermia) cause disappearance of
PDME and loss of /3-carbon myristic acid. Similar changes in full term infants who do
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not get RDS are due to adequate lecithin synthesis by the GDP-choline pathway. The
capacity to synthesize lecithin in the lung by methylation in the human fetus and new-
born allows the human to be born prematurely; rabbits and sheep lack this capacity
and cannot be prematures, but die from respiratory insufficiency if born too soon.

Speculation

The diagnosis of RDS can be made objectively by looking for PDME in aspirates
(lung effluent). Prognosis also can be established by lack or presence of PDME. The
effects of various therapies also can be assessed this way. The techniques and consider-
ation described herein can be employed to study biochemically the effects of other
stresses to lung, including oxygen toxicity and anesthesia.

Introduction

Surface activity of lung follows a developmental time-
table and first is detected in late fetal life [2, 6, 9,
17-20, 24, 28, 30, 31]. In normal lung, alveoli are lined
with a surface-active complex containing the phospho-
lipid lecithin, its principal component. The lining sta-
bilizes alveoli by lowering surface tension on expira-
tion, thus preventing alveolar collapse, but is lacking
in lungs from infants dying of the idiopathic respira-
tory distress syndrome (RDS) [3, 6, 23].

RDS is characterized by progressive atelectasis (with
consequent widespread anoxic changes) of lungs of
premature infants. Lungs from infants dying with
RDS are unstable, collapse at low volumes, are difficult
to inflate with air, do not exhibit normal lowered ten-
sion of saline extracts on surface compression in a
modified Wilhelmy balance [6], and have significantly
less than normal lecithin [3, 8, 11].

Because RDS affects prematurely born infants al-
most exclusively and surface activity is a phenomenon
of fetal development, RDS has implications as a dis-
ease of development. Surface activity development in
fetal and newborn rabbit lung depends upon biosyn-
thesis of lecithin in lung during fetal maturation and
after the onset of breathing [17-20, 28]. Similar infor-
mation about biosynthesis of lecithin in developing
human lung is essential to understand, biochemically,
both normal respiratory adjustment of the newborn
and the pathogenesis of RDS.

There are no known published studies about biosyn-
thesis of lecithin in human lung. Investigations of
human pulmonary phospholipids were conducted at
autopsy on lungs from infants with and without RDS,
including surface activity [3, 6, 8, 11, 23], quantitative
estimations [3, 8, 11], and acyl esters of lecithin [8].
Necessarily, these studies were static owing to the im-

possibilities of studying living humans with techniques
used on laboratory animals.

A series of observations suggested a way to study the
biosynthesis of surface-active alveolar wash phospho-
lipids in living human infants. First, it has been estab-
lished that the fluid distending fetal lung is produced
by the lung and is not amniotic fluid [17]. Measured
flow rates (e.g., sheep) show that this fluid issues from
lung into the nasopharynx [1] at rates as high as
30-120 ml/hr [34]. These secretions continue after
birth. Second, there was close correspondence between
the component lipids in the newborn infant's lung
secretions and those in alveolar wash from lungs of
infants who died (described in this report). Further-
more, in newly born rabbits, radioactive lecithin ap-
peared rapidly in tracheal aspirates after intraperito-
neal injection of radioactive precursors. [20]. Third, it
was established in rabbits (and sheep) that the acyl
ester structure of surface-active lecithin synthesized by
each of the two major pathways for synthesis of leci-
thin in lung is distinct. That produced by incorpora-
tion of cytidine diphosphate choline (CDP-choline) +
D-a,fS-diglyceride predominantly was a-palmitic/j$-
palmitic acid [18], whereas acyl ester composition of
surface-active lecithin, synthesized by methylation of
phosphatidyl ethanolamine, was found to be largely
a-palmitic I p-myristic acid [18].

Thus, a qualitative estimation of each pathway for
de novo biosynthesis of lecithin could be made from
the fatty acids esterified on the /J-carbons. This esti-
mation could be done in the living infant by examin-
ing the lecithin in the tracheal effluent (tracheal aspi-
rates).

This is a report of the phospholipids in lung secre-
tions, recovered as tracheal or oropharyngeal aspirates,
or both, from full term and prematurely born human
infants, both clinically normal and those with RDS.
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These studies were correlated when possible with find-
ings on alveolar wash of lungs of infants who died.
The investigations suggest that human fetal lung be-
fore term synthesizes its relatively small amount of
surface-active lecithin by both pathways. Before 35-37
weeks of gestation, the methylation pathway seems es-
sential to survival, and after 35-37 weeks the more
important CDP-choline pathway becomes mature. The
findings further suggest that loss of normal surface
activity and resultant RDS in the prematurely born
infant may follow compromise of the methylation
pathway by abnormal physiologic states such as aci-
dosis and hypothermia.

Materials and Methods

A total of 296 premature (130 with RDS and 166 nor-
mal) and 144 full term infants were studied [35] from
Yale-New Haven Hospital and Hospital of St. Ra-
phael, New Haven, Connecticut; Jackson Memorial
Hospital, Miami, Florida; and University Hospital,
San Diego, California. Premature infants were appro-
priately sized for short gestation; infants small for ges-
tation and infants of mothers with diabetes mellitus
represent abnormal metabolic states and will be in-
cluded in subsequent reports.

On the first 35 infants, effluents of lung (tracheal
aspirates) were collected endotracheally under direct
laryngoscopy. These samples were identical to those
obtained by posterior oropharyngeal suction with a
bulb syringe or DeLee trap in the same infants, and all
subsequent collections were aspirated from the oro-
pharynx. Aspirates collected in sterile tubes either
were extracted immediately or were stored at —20°
until analyzed. On 150 infants, first specimens were
obtained in the delivery room. Specimens were col-
lected hourly from infants as long as they were not fed
by mouth. In infants with RDS, specimens were col-
lected hourly as long as RDS persisted, and for one or
more collections after recovery. Each sample was as large
as possible. The samples were frequently small and,
when this occurred, several samples collected within a
relatively short period were pooled to provide enough
material for analysis.

From twenty-one of thirty-eight study infants who
died, one or more lobes of lung were analyzed for
phospholipids in alveolar wash. The wash was ob-
tained as in previous descriptions [19], by gentle endo-
bronchial lavage with 0.9% saline, and was centri-
fuged to remove cells and debris. Alveolar wash lipids
[19, 20], were extracted with an equal volume of meth-

anol and 2 volumes of chloroform. Lipids were then
separated on microcolumns of diethylaminoethyl cellu-
lose acetate (DEAE-acetate) and thin layer chromatog-
raphy (TLC).

Lipids were extracted from aspirates as follows: each
aspirate was emulsified (Vortex spinner) in 1 ml 0.9%
saline, 1 ml absolute methanol added with mixing,
and 1 ml chloroform. Lipids were drawn off in the
lower chloroform layer and were concentrated under
nitrogen.

Nonacidic phospholipids (sphingomyelin, lecithin,
phosphatidyl ethanolamine (PE), phosphatidyl methyl-
ethanolamine (PME), and phosphatidyl dimethyl-
ethanolamine (PDME)) were separated from the total
lipid extract on microcolumns of N, JV-diethylami-
noethyl cellulose acetate [16, 36]. Individual phospho-
lipids were isolated by preparative TLC on silica gel
H [16] (A.G. Merck, Darmstadt, Germany). Phospho-
lipids from extracts too small for columns were iso-
lated directly by TLC on silica gel H.

Phospholipids were quantified by densitometry [16]
or estimated from phosphorus content [7]. Lecithins
were separated into acetone-soluble (non-surface ac-
tive) and acetone-precipitated (surface-active) fractions
[19, 20]. (As noted previously [19, 20], concentration of
the surface-active fraction with acetone is artificial but
is the best way to measure changes in this physiologi-
cally active fraction. When small amounts are present
in total lecithin, this may be the only way to detect
any surface-active material. Surface activity is a unique
property of saline extract of minced mammalian lung
(and certain purified phospholipids) measured by sur-
face compression and expansion in a modified Wil-
helmy balance. When active, surface tensions range
from below 10 dyn/cm on compression to above 30
dyn/cm on expansion. The smallest amount of pure
synthetic dipalmitoyl lecithin necessary (on 60-cm2 sur-
face) to demonstrate activity was 20 /xg [15]; purified
acetone-precipitated lecithin from lung demonstrated
identical surface activity with 20-25 /ig [19].)

Phospholipid fatty acid esters were analized after
splitting /3-carbon esters with phospholipase A (Naja
naja venom) [18], and «- and /3-carbon fatty acids of
lecithin and PDME were methylated separately. Gas-
liquid chromatography (GLC) conditions for fatty
acids were as described previously [18], using glass col-
umns of 15% diethylene glycol succinate on acid-
washed silanized Chromosorb W. Isothermal column
temperature was 180°, injector temperature was 290°,
flame ionization detector temperature was 210°, and
helium carrier gas pressure was 40 psi.
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1.7 1.6
0.9-3.23 0.9-3.15

3.2 1.5
0.0-22.0 0.5-5.0

Table I. Comparison of concentrations in lung of total phos-
pholipids and of lecithin from 10 infants dying of nonpulmonary
causes and 10 infants dying with hyaline membrane disease
(HMD)

Control Infants dying
infants with HMD

Birth wt, kg
Mean
Range

Age at death, days
Mean
Range

Total phospholipids,
mg/g wet wt lung ± SD 18.3 ± 2 . 1 9.5 ± 1 . 8

Total lecithin,
mg/g wet wt lung ± SD 10.1 ± 1 . 5 1.3 ± 0 . 5

Minimum surface tension
of saline extracts of
lung, dynes/cm1

Mean 7.2 22.0
Range 5.0-9.0 17.0-34.0

1 On modified Wilhelmy balance.

Table II. In vitro incorporation into lecithin of radioactive pre-
cursors of de novo biosynthesis by homogenates of lung from two
previable human fetuses whose lung wash contained no PDME1

Radioactive precursor

Lecithin per mg homogenate
protein, net ^

18-week
fetal lung

20-week
fetal lung

CDP-(1,2-14C) choline3 438 317
("CHs^-adenosyl-L-methionine4 32 11

'PDME: phosphatidyl dimethylethanolamine.
2 Figures represent averages of quadruplicate determinations
made after 1-hr incubation.
3 The reaction mixture for CDP-choline (cytidine diphosphate
choline) incorporation contained 50 fimoles Tris buffer pH 8.0,
10 fimoles MgCU, 5 jumoles reduced glutathione, 0.25 ml 30%
homogenate of lung tissue (in 0.01 M Tris, pH 7.2) and 1 ,umole
CDP-(1,2-"C) choline in a final volume of 0.55 ml.
4 The reaction mixture with .S-adenosyl-L-methionine was
identical except for adjustment of the reaction mixture to pH
7.4 before incubation and the use of 1 /*mole (14CH3)-iS'-adenosyl-
L-methionine as the precursor. Other details and extraction
procedures are described in Materials and Methods.

The left lower lobe of one lung from each of two
previable fetuses was homogenized in 0.01 M Tris
buffer, pH 7.2 [20], for studies of enzymatic activity.
The entire right lung of each fetus, was lavaged with
0.9% saline through the main stem bronchus and the
alveolar wash was extracted for analysis as described
above.

Lung homogenates were incubated with CDP-(1,2-
14C) choline (specific activity 48,000 cpm/^mole), syn-

thesized according to Kennedy [26], and with (14CH3)-
S-adenosyl-L-methionine [37] as described previously
[18, 20].

Reaction mixtures (described in Table I) were incu-
bated for 1 hr at 37°; reactions were stopped with 3 ml
absolute ethanol. Lipids were extracted rapidly as de-
scribed by Kennedy [20, 27] and were passed through
microcolumns of DEAE-acetate [16]; lecithin was iso-
lated by TLC [16]. Radioactivity was measured in a
Packard Tri-carb scintillation spectrometer [20].

Results

In all studies, a- and /J-carbon fatty acids on phos-
pholipids were quantified separately by GLC. Fatty
acids were identified by carbon chain length and by
numbers of unsaturated bonds and included 14:0,
16:0, 16:1, 16:2, 18:0, 18:1, 18:2, 18:5, 20:0, 20:4,
22:0, 22:2, and 23:0 (the figure after the colon signi-
fies the number of unsaturated bonds).

There were great similarities in «-carbon fatty acid
composition of all of the lecithins and PDME exam-
ined. The a-carbons were distinguished by consistent
high percentages of palmitic acid.

The major differences in the lecithins were in the
fatty acids esterified on their /?-carbons and, particu-
larly, between their myristic acid (14:0) and palmitic
acid (16:0) components. There were no patterns nor
consistent nor even clearly interpretable differences
among other fatty acids.

Accordingly, to simplify interpretations and visuali-
zation of differences in lecithins in the tables to follow,
only the myristic and palmitic acid fractions of the
carbon are shown with their standard deviations.

Concentrations of Phospholipid in Lung

Concentrations of total phospholipids and lecithin
in lungs from newborn infants dying of nonpulmonary
causes were compared with those from infants dying of
hyaline membrane disease (HMD). Similar to those
reported by others [3, 8, 11], lower concentrations both
of total phospholipids and of lecithin were found in
HMD lungs than in lungs from control infants (Table
I). Minimum surface tensions for saline extracts of lung
also are shown and indicate loss of surface activity in
HMD lungs.

Biosynthesis of Lecithin in Lungs of Previable
Fetuses

Lungs were removed at the moment of death from
two fetuses of 18- and 20-week gestation (therapeutic
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Fig. 1. A: Lipids separated on thin layer chromatography from alveolar wash of 20-week fetus. No phosphatidyl dimethylethanolamine is
seen. B: Gas-liquid chromatography tracing of /3-carbon fatty acids of lecithin which are principally palmitic (16:0). PE: Phosphatidyl
ethanolamine. Sph: Sphingomyelin.

hysterotomies). Homogenates of lung from each fetus
were incubated either with CDP-(l,2-14C)-cholme
or with (14CH3)-S-adenosyl-L-methionine, precursors of
the major pathways for in vitro biosynthesis of lecithin
in fetal lung [20].

As shown in Table II, neither fetal lung incorpo-
rated more than trace amounts of radioactive methyl
groups into lecithin. There was small but definite in-
corporation of CDP-choline.

Figure \A is a TLC plate of the nonacidic phospho-
lipids isolated from alveolar wash. Absence of the in-
termediate in the methylation pathway, dimethylated
PE (phosphatidyl dimethylethanolamine, PDME) on
TLC, both in alveolar wash and in homogenate of
residual lung after wash, also is evidence for lack of
methyl transferase enzyme activity [18].

The total amount of acetone-precipitated surface-ac-
tive lecithin from alveolar wash was very small. As
shown in Table III, its principal /3-carbon fatty acid
was palmitic acid (see also Fig. 15).

Table III. Composition of myristic (14:0) and palmitic (16:0)
acids esterified on the /3-carbons of surface-active acetone-pre-
cipitated alveolar wash lecithin isolated from two previable
human fetuses. Values given in per cent

Fatty acid 18-week human
fetus

20-week human
fetus

14:0
16:0

12.2
73.9

7.5
61.3

Comparison of Aspirates and Alveolar Wash

Lipid compositions and acyl esters of PDME and
lecithin in aspirates were compared with those in al-
veolar wash. Secretions from trachea and pharynx
from three adults and five infants without RDS before
death and alveolar wash obtained from the same pa-
tients after death were examined. Comparisons were
considered "valid" because aspirates were obtained
close to the time of death and the patients died acutely
thus minimizing agonal effects.
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Fig. 2. Qualitative comparison by thin layer chromatography of lipids in alveolar wash with those in tracheal aspirates in (A) adult and (B)
newborn infant. Close similarities are seen between alveolar wash and tracheal aspirates and between adult and infant. PE: phosphatidyl
ethanolamine. PME: Phosphatidyl methylethanolamine. PDME: Phosphatidyl dimethylethanolamine. Sph: Sphingomyelin.

Two adults had cerebral vascular accidents and tra-
cheostomies (male: 68 years; female: 56 years) and one
had an acute surgical death (female: 38 years) from
whom, before death, the anesthesiologist had collected
tracheal aspirates as part of a study on the effects of
inhalation anesthetics on pulmonary phospholipids.

Phospholipid composition in tracheal aspirates and
alveolar lavage essentially were identical for each pa-
tient. A decreased proportion of PE was found in some
samples of aspirates as compared with PE in alveolar
wash (see Fig. W). These were found in aspirates al-
lowed to sit at room temperature for 1-2 hr, possibly
representing continuing methylation of PE. The com-
ponent fatty acids of lecithin in both aspirates and
lavage resembled each other closely. Similar compari-
sons were true for PDME. Table IV shows representa-
tive percentages by GLC of /?-carbon fatty acids of
lecithin and PDME isolated from aspirates and alveo-
lar wash from an adult (38-year-old female, Fig. 2A).

The five infants died of causes other than RDS:
three died acutely with intracranial hemorrhage in this
first 48 hr (1345 g, 32-week gestation; 980 g, 29-week
gestation; and 1580 g, 31-week gestation); of the two'
term infants, one was anencephalic and one had multi-
ple malformations. Figure 2JB is the TLC comparison
of phospholipids in aspirate and alveolar wash of the
1345-g infant. Proportions of nonacidic phospholipids
were very similar. The similarity between fatty acid
compositions on surface-active acetone-precipitated lec-
ithin in both aspirates and alveolar lavage and on
PDME in both aspirates and alveolar wash is shown in
Table IV.

Comparison of Phospholipids in Saliva and Aspirates

Several collections of saliva from both infants and
adults were extracted and examined. AH lacked both
PDME and surface-active lecithin. Fatty acids of sali-
vary lecithin differed markedly from those of lecithin
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in aspirates, principally in a lesser percentage of satu-
rated fatty acids on the /3-carbon. Newborn infants
produce extremely meager saliva in the first several
days of life, so that the saliva studied came from 4-6-
week-old infants.

Occurrence and Structure of Phosphatidyl Dimethyle-
thanolamine (PDME)

Phosphatidyl dimethylethanolamine was found in
aspirates as early as 22-24-week gestation and there-
after in tracheal aspirates and alveolar wash of nearly
all breathing infants without RDS. Exceptions were
infants with unusual diseases such as those with Pot-
ter's syndrome and hypoplastic lungs, and in infants
severely acidotic or hypothermic after delivery (Fig. 10,
A and B).

The acyl composition is remarkably constant, partic-
ularly the /3-carbon fatty acids of surface-active ace-
tone-precipitated PDME, shown in Table V, predomi-
nantly myristic (14:0) acid. Palmitic acid (16:0) was
the prinicipal fatty acid on the a-carbon. This charac-
terized the acyl structure of acetone-precipitated
human PDME as a-palmitic//3-myristic acid, similar to
that from adult rabbit alveolar wash [9].

Table IV. Composition of myristic (14:0) and palmitic (16:0)
acids esterified on the 0-carbons of acetone-precipitated PDME
and lecithin.1 Values given in per cent

Adults Infant3

PDME

wash

Lecithin

wash

PDME

Alve-
olar
wash

Aspi-
rate

Lecithin

wash

14
16
:0
:0

66
14
.5
.2

63
16
.0
.2

39
45
.6
.3

40.1
44.5

84.
4.
5
7

80
5
.1
.4

64
24

.2

.2
68
22

.4

.0

PDME: phosphatidyl dimethylethanolamine. This table compares those
myristic and palmitic acids isolated from alveolar wash with those isolated from,
tracheal aspirates. Characteristic patients are compared as described in text.
Thirty-eight-year-old female, acute surgical death.
1345 g, 32-week gestation, died age 27 hr of intracranial bleeding.

Acetone-soluble and Acetone-precipitated Lipid Frac-
tions in Aspirates

Figures ZA and AA are representative thin layer
chromatograms of lipids in aspirates from infants 1 hr
of age: one 1030 g, 33-week gestation; the other 2000 g,
37-week gestation). The extracts were separated into
acetone-soluble and acetone-precipitated (surface-ac-
tive [19]) fractions. In both apparently normal infants,
the acetone-precipitated lecithin had a preponderance
of myristic acid on the /3-carbon similar to those shown
in Table VI.

Greater amounts of neutral lipids (e.g., free fatty
acids, cholesterol and esters, and glycerides), princi-
pally acetone-soluble, appeared in aspirates from term
infants than from premature infants. Phosphatidyl di-
methylethanolmine (PDME), almost all acetone-pre-
cipitable, comprised a much greater proportion of
nonacidic phospholipids (lecithin, sphingomyelin,
PDME, PME, PE) in premature infants than in term
infants.

Fatty Acid Esters of Lecithin in Aspirates from Infants
without RDS

The a- and ^-carbon acyl esters of acetone-precipi-
tated lecithin in aspirates at 1 hr of life from stabilized
clinically normal infants of various gestational ages
were examined. Compositions of lecithin fatty acids
from infants shown in Table VI resemble closely those
of PDME (see Table V), in a predominance of /3-car-
bon myristic acid (14:0).

The fatty acid compositions of surface-active lecithin
varied both with gestational maturity and with age
after birth, principally in increasing percentages with
time of /J-carbon palmitic acid. The fatty acid compo-
sition of PDME did not change regardless of gesta-
tional or postnatal age.

By 12 hr of age or earlier, surface-active lecithin in

Table V. Composition of the 0-carbon fatty acids in acetone-precipitated PDME1 isolated from aspirates and alveolar wash of infants of
varying gestational ages. Values given in per cent2

Alveolar wash3
Aspirates from trachea or oropharynx, or both

Vaginal delivery Cesarean section

Fatt;
acid

750-1485 g,
22-28-wk
gestation,
6 infants

1550-2795 g,
29-35-wk
gestation,
5 infants

3100-4850 g,
38-42-wk

gestation,
5 infants

1090-1500 g,
25-30-wk

gestation,
5 infants

1680-2
32-35-wk
gestation,
5 infants

2950-3800 g,
37-41-wk
gestation,
5 infants

1495-2010 g,
30-3S-wk
gestation,
5 infants

2910-3660 g,
37-43-wk
gestation,
5 infants

14:0
16:0

79.2 ± 3.3
6.0 ± 1.2

68.2 ± 2.9
6.0 ± 0.4

72.7 ± 2.4
12.0 ± 1.1

82.9 ± 4.2
7.2 ± 1.8

71.5 ± 5.7
12.2 ± 2.6

68.0 ± 3.9
12.0 ± 1.1

71.9 ± 4.7
10.4 db 3.1

64.0 ± 3.4
16.1 ± 1.3

1 PDME: phosphatidyl dimethylethanolamine.
•Mean ± SD.
8 AH infants died from nonrespiratory causes.
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2000 gram, 37 week gestatic

No Respiratory Distress
Aspirate 1 hour of life

Acetone
Precipitated

Acetone
Soluble

Negtrol
Lipids
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Lecithin

Sph •

B

Fig^3. Aspirates from 1030-g, 33-wk gestation infant with no RDS. A: Thin layer chromatography of acetone-precipitated (Ppt) and
soluble (Soft fractions of lipids. B: Gas-liquid chromatography of fatty acids on the 0-carbons of the PDME'and lecithin shown in A. Both
PDME and lecithin show preponderance of myristic acid (14:0) and little palmitic acid (16:0). Note the close resemblance of the PDME
and lecithin fatty acid patterns.

PDME

B
1,2 HI IM

PPt Sol u
Fig. 4. Aspirates from normal full term infant, 2000 g, 37-wk gestation without RDS. A: Thin layer chromatography of acetone-pre-
cipitated and soluble fractions. B: The fatty acids on the /S-carbons of the PDME and lecithin isolated from tracheal effluent showing pre:

ponderant myristic acid (14:0) in PDME and lecithin, but with a larger palmitic acid (16:0) component than in the 1030-g infant oj
Figure 3.
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aspirates from almost every normal term infant
showed similar percentages of palmitic and myristic
acids on the /Rarbon. Some infants were born with
similar proportions of the two fatty acids, which did
not change over the next 12 hr (Table VI).

Generally, infants of less than 36-37 gestational
weeks exhibited these changes much later, with few
exceptions. In normal infants without RDS, between
33-37-week gestation, the proportions of /J-carbon pal-
mitic acid on acetone-precipitated lecithin generally
were increased by 24 hr.

Table VI. Composition of myristic (14:0) and palmitic (16:0)
acids on /3-carbons of acetone-precipitated lecithin in aspirates
from normal infants of different gestational ages. Values given in
per cent1

Fatty acid

1 hr of life
14:0
16:0

12 hrs of life
14:0
16:0

"Mean ± SD.

1100-1560 g,
30-33-wk
gestation,
5 infants

80.2 ± 4.1
7.7 ± 2.9

69.4 ± 6.5
19.2 ± 4.2

1842-2590 g,
34-36-wk

gestation,
5 infants

70.0 ± 6.2
12.9 ± 3.3

50.1 ± 5.9
32.4 ± 5.1

2680-4250 g,
38-42-wk
gestation,
12 infants

46.1 ± 3.9
40.3 ± 4.1

44.8 ± 7.9
39.4 =h 4.1

PDME and Lecithin in Aspirates and Alveolar Wash
from Infants with RDS

Figures 5 and 6 are representative TLC analyses of
aspirates from infants with RDS. With significant
RDS, PDME disappeared. With worsening or fulmi-
nant RDS (Fig. 6) there also was disappearance of
lecithin. This did not reappear and the infant died.
Adequate sampling is evidenced by the presence of
neutral Iipids on chromatograms. With recovery (Fig.
5) there was return of PDME and increase of lecithins
in aspirates.

Representative TLC analyses of the alveolar washes
of infants who died of RDS (Fig. 7) showed lack of
PDME.

On GLC, palmitic acid was the principal /?-carbon
fatty acid of acetone-precipitated lecithin from aspi-
rates and alveolar wash of infants dying of RDS
(Table VII). The lack of ^-carbon myristic acid coin-
cided with absence of PDME. The lecithin «- and fi-
carbon fatty acids of an infant with fatal RDS followed
serially are shown in Table VII.

Table VII also shows representative serial analyses
of lecithin fatty acids in aspirate from an infant with
RDS who recovered. Characteristic of RDS was the
marked drop in /S-carbon myristic acid (14:0) coincid-
ing with loss of PDME in the aspirate. With improve-

Adtn fs

1430 gran Infant, 33 weeios gestation

2 hwin 4 houn

P&ME

Lecithin

Sph

o liours

RDS
Improved

Fig. 5. Thin layer chromatography showing sequential changes in Iipids extracted from tracheal aspirates of an infant with RDS who
recovered. Phosphatidyl dimethylethanolamine (PDME) and also lecithin first disappear as condition worsens and then reappear with
improvement. Cf Figure 6.
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ment, PDME reappeared and the proportion of myris-
tic acid in /2-carbon of lecithin increased.

Neutro
Lipids

PDME

Lccithi

Admission

•

1280 groms, 32 weeks gestation
Died 8 hours of Respiratory DhtreM Syndrcnie

2 hours 5 hours 7 hours :

* 0 T

i

•

i

Fig. 6. Thin layer chromatography showing sequential changes in
lipids extracted from tracheal aspirates of an infant with ful-
minant RDS who died after 8 hr of disease with early hyaline
membranes. Phosphatidyl dimethylethanolamine (PDME) and
lecithin disappear with worsening disease. The sample is valid,
with neutral lipids used as reference.

2100 grams, 35 weeks gestation
Died of Respiratory Distress Syndrome
Non-acidic phospholipids from

alveolar wash

PE

Proportions of Acetone-Precipitated Lecithin in Aspi-
rates from Full Term Infants
Survival of the prematurely delivered rabbit fetus

was found to depend upon his ability to synthesize
surface-active alveolar lecithin after breathing began
[18-20]. Acetone-precipitated lecithin in alveolar war*1

of term rabbit fetuses rose from 11% of total lecithirj
before breathing to about 50% after 1 hr of breathing
[19, 20], whereas surviving prematurely delivered ones
(at 29 days) achieved similar proportions much more
slowly. Previable fetuses were those delivered by cesar
ean section which could not increase lecithin synthesis
and did not survive.

Similar information on rates of appearance of sur-
face-active lecithin in the human infant was sought in
aspirates to get an estimation of its rate of synthesis
during normal and abnormal respiratory adjustment
of the newborn.

Aspirates from 40 term (3SM:2-week gestation) in
fants were measured for proportions of acetone-precip
itable lecithin at varying intervals from birth, including
16 sampled at delivery during the first few breaths
Additional samples from these and the remaining 2A
infants were obtained hourly for at least 6 hr. Aspi
rates from six infants were collected until the firsi
feeding at 12 hr.

The limits of percentage of acetone-precipitated led
thin during the first 6 hr of life are shown in Figure 8,

Lecithin

Sph r
LECITHIN

P-corbon fatty ocid

B
Fig. 7. Alveolar wash from a 2100-g, 35-wk gestation infant dying of RDS. A: Distribution on thin layer chromatography of nonacidi<
phospholipids. Note absence of PDME. B: Gas-liquid chromatography of/3-carbon fatty acids of the lecithin showing predominance c
palmitic acid (16:0).
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Table VII. Composition of the jS-carbon fatty acids in acetone-precipitated lecithin in aspirates of babies with RDS.1 Values given in per
cent2

Fatty
acid

14:0
16:0

4
27

RDS*

6hr

.2 ±

.1 db
2
4

.9

.3

lhr

10.7
35.4

RDS
recovered8

2hr

6.6
44.3

3hr

69.4
11.4

Time after birth

9hr

57.6
23.8

lOmin

74.3
6.5

RDS
expired4

2 hr 5 hr

5.9 3.1
31.1 31.6

8hr

0.7
25.2

Postmortem
(alveolar wash)

2.1
22.5

1 RDS: respiratory distress syndrome.
2 12 infants, 1190-2710 g, 29-34-wk gestation; no phosphatidyl dimethylethanolamine; arterial pH < 7.25, Po2 45-50 mm in 50% O2)

Pcoa 40 mm, x-ray changes, severe respiratory distress. Mean ± SD.
8 980-g white male, 31-wk gestation; depressed at birth, pulse 50, Apgars 2 and 5, body temperature 34°; arterial pH 7.10 at 2 hr; clinically
improved by 4 hr, "normal" by 8 hr.
4 1280-g white female, 33-wk gestation; at birth Apgars 8 and 9, body temperature 34°; arterial pH 7.10 at 2 hr, 6.85 at 8 hr; infant ex-
pired at 9.5 hr.

1100 g-n
Twin "A"

I gm i \ j t 1690 gm
m a l ^ '*/f Normal

Twin "B"
l « 0 g m
RDS

e 1/2 1

Fig. 8. Changes in percentage of total lecithin fraction provided by acetone-precipitated surface-active lecithin after birth in normal prema-
ture infants and in those with RDS. Shaded area represents limits for normal full term infants.

No significant change from a mean of about 50% was
seen after the 1st hr, although initial percentages from
aspirates at birth were significantly higher (about
30%) than those in alveolar wash of rabbits.

Proportions of Acetone-precipitated Lecithin in Aspi-
rates from Premature Infants

Surface-active lecithin formed a variable proportion
of total lecithin in aspirates from prematurely born
infants. No distinct pattern was established from the
onset of breathing, unlike the uniformity in the term

infant. Representative percentages of acetone-precipi-
tated lecithin in aspirates from eight premature in-
fants with RDS are shown in Figure 8. Percentages of
acetone-precipitated lecithin in aspirates from prema-
ture infants, free of RDS regardless of gestational age,
were more than in term infants, often above 90% of
the lecithin.

Infants with RDS had lower percentages of acetone-
precipitated lecithin than normal term infants. With
recovery from RDS, however, percentages increased to
within limits for normal term infants.
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16:0

18:2

14:0

B

16:0

18:2 18:1 18:0

Fig. 9. Male, 1885 g, 33-wk gestation; Apgar scores: 8 at 1 min, 9 at 5 min; body temperature 34.5° at 10 min of age; developed severe
RDS. A: Gas-liquid chromatography (GLC) of /S-carbon fatty acids of acetone-precipitated lecithin from tracheal aspirate of infant at 3
hr of age when pH was 7.21 and Poo2 was 62 mm Hg. Infant was then treated with Tris (THAM). B: GLC of /S-carbon fatty acids of
acetone-precipitated lecithin from tracheal aspirates of infant at 12 hr of age when the patient became better and when plasma pH was
7.30 and Pco2

 w a s 36 mm Hg. Six hours later infant was entirely normal clinically (pH 7.36).

In Figure 8, twin B (1400 g, 35-week gestation) de-
veloped severe RDS from birth and at 1 hr (A) arterial
pH was 7.09, PC02 70. After intravenous Tris
(THAM), pH rose to 7.20, Pc02 dropped to 51, and
acetone-precipitated lecithin in aspirates increased
promptly. There was clinical recovery by 8 hr.

In the infant of 1030 g, 31-week gestation, acetone-
precipitated lecithin increased steadily despite RDS
from delivery. Initial arterial pH was 7.22 and PC02

was 40. The pH corrected spontaneously (only glucose
was given intravenously), with recovery clinically by 5
hr.

Changes in lecithin in two representative infants
with fulminant RDS are shown. There was rapid total
disappearance of surface-active lecithin in their aspi-
rates. That this was not due to poor yield of samples
was shown by recovery of some nonsurface-active leci-
thin until shortly before death and the presence of

usual amounts of neutral lipids found in aspirates
(compare also Figs. 5 and 6).

Of particular significance, nearly all infants develop-
ing RDS had either intrauterine acidosis at birth
(usually with a low Apgar score) or hypothermia (e.g.,
twin A in Figure 8), arriving in the nursery at less
than 35°. The two "normal" premature infants in Fig-
ure 12 (1100 g, 32-week gestation; 1650 g, 34-week ges-
tation) did not develop RDS. They were not cooled,
leaving delivery with identical rectal temperatures of
36°. Figure 9 shows GLC tracings of /3-carbon fatty
acids of lecithin during RDS and recovery.

Quantification of concentrations of lecithin in single
aspirates technically was difficult owing to problems in
achieving constant volume of aspirates. The range of
variation of concentration from patient to patient per
aspirate was too great for statistical significance. How-
ever, in the individual patient, concentrations varied
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ferm Infant

Severely depressed at birth

Adm

Recovery in

1 hour 2 hours

Admission

Hypothetic Infer* 3 8 w e a k s ^ j ^

2 hours 3 hour*

Neutral
Lipids

PE

PDME

Lecithin

Sph

Sph, » I
B

Fig. 10. With acidosis (due to depression during labor), A, and hypothermia, B, changes similar to those found in premature infants with
RDS were found in full term infants who did not get RDS. Phosphatidyl dimethylethanolamine (PDME) disappeared with stress and re-
turned with recovery. (See text for description of changes in /S-carbon fatty acids of lecithin with these stresses.) Adm: Age, 20 min.

according to clinical condition, acetone-precipitated lec-
ithin increasing significantly when RDS improved
clinically.

Effects of Acidosis (Depression) on Lecithin in the Full
Term Infant

Figure 1(L4 and Table VIII show typical findings
with hypoxia acidosis in a term infant (2970 g, 39-week
gestation). He was delivered by emergency section for
abruptio placentae, and was limp and apneic at birth
(Apgar scores of 1 and 3). He was intubated and resus-
citated. Arterial pH at 20 min (labeled Adm) was 6.80.
Tris buffer was given intravenously. At 1 hr of age,
arterial pH was 7.10 and by 1.5 hr it was 7.25. At 2 hr
of age the infant was improved, pH was 7.32, and he
recovered completely. At no time did he have clinical
respiratory distress.

Aspirates on admission and 1 hr of age contained no
PDME (see Fig. 10.4). However, large amounts of leci-

Table VIII. Representative1 composition of the |8-carbon fatty
acids of acetone-precipitated lecithin isolated from aspirates of
full term infants stressed by hypothermia and acidosis. Values
given in per cent

Fatty
acid

14:0
16:0

20 min

51.6
19.4

Acidosis2

l h r

9.1
48.2

Time after birth

2hr

46.2
19.3

10 min

46.3
18.3

Hypothermia'

2hr

13.6
33.9

4hr

41.8
10.5

1 Patterns in 10 infants with acidosis at birth and subsequent im-
provement, and in 10 infants with severe hypothermia and
subsequent improvement were identical to those of the 2 cases
presented. Because there were differences in timing of samples,
means and standard deviations are not shown.
2 Full term, 2970 g, 39-wk gestation, emergency section; Apgars
1 and 3; arterial pH 6.80 at 20 min, corrected by 2 hr.
3 Full term, 3400 g, 40-wk gestation; rectal temperature 34° at 2
hr, 37° by 4 hr.
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thin were present. The /J-carbon fatty acids on ace-
tone-precipitated lecithin at admission primarily were
palmitic, as they also were at 1 hr. The aspirates on
recovery contained significant amounts of PDME and
the principal /?-carbon fatty acid on surface-active leci-
thin at recovery was myristic acid.

Effect of Hypothermia on Lecithin in the Full Term
Infant

Aspirates were obtained from 12 term infants who
were significantly cold after delivery, with rectal tem-
peratures below 35° at 2 hr of life. None manifested
signs or symptoms of RDS. In their aspirates, PDME
either was lacking or was greatly decreased. The fatty
acids on acetone-precipitated lecithin showed de-
creased percentage of myristic acid and increased pal-
mitic acid. Warming infants (rectal temperatures
above 35.5-36.0°) was accompanied in aspirates both
by return of PDME and increased ^-carbon myristic
acid in the acetone-precipitated lecithin. An example
is shown in Figure 105 and Table VIII of an infant of
3400 g, 40-week gestation, whose rectal temperature
was 34.2° at 2 hr of age.

Comparison of Surface Activities of /3-Palmitic versus
fi-Myristic Lecithin

Fifty micrograms each of acetone-precipitated leci-
thin, isolated from RDS lung and from lung of a pre-
maturely born infant (18 hr of age) who died with
hypoplastic left heart syndrome, were compared on a
modified Wilhelmy balance (60 cm2). This was cycled
for 24 hr at room temperature and tensions were re-
corded.

The lecithin from RDS lung predominantly had a-
palmiticIfj-palmitic acid esters, that for non-RDS lung
had a-palmiticIp-myristic. The lowest surface tension
recorded by a-palmitic//}-palmitic lecithin was 0 dyn/
cm. The hysteresis loop was full and stable for about
24 hr. The lowest surface tension by a-palmitic//?-myr-
istic lecithin was 4 dyn/cm. The hysteresis loop was
less full and, after 6 hr of cycling, became unstable.
Even after 2 hr of cycling there were deviations from
base line.

Discussion

Physiologic Aspects of Alveolar Stability

During the first breath of life Karlberg et al. [25]
found that high negative intrathoracic pressures pre-
ceded expansion of lung with air. On expiration, the

lung of the normal term infant retains residual air, up
to 40% of total lung volume [21], so that, with subse-
quent breaths, inspiratory pressures are much lower
than with the first. The retention of expiratory resid-
ual air is the functional measure of alveolar stability
[2]-

Lungs excised from premature infants with and
without RDS and from stillborn infants may have nor-
mal, less than normal, or inadequate alveolar stability
[22, 24-28]. This variability suggests that some prema-
ture infants born with relatively adequate surfactant
cannot synthesize it at sufficient rates after birth, or, at
birth, have diminished or, rarely, no surfactant. In
any event, with RDS, the infant's lungs cannot hold
residual air, collapsing with expiration. He then must
again develop a high inflating pressure, in effect
breathing his first breath over and over.

In normal lung, a lecithin-laden lining layer lowers
surface tension as the alveolus shrinks with expiration
[12-14, 32]. Absence of this surface-active layer results
in negative pressures greater than the normal intra-
pleural negative pressure [32], whereupon the lung
may collapse and fluid may be drawn from the blood
vessels, against the osmotic effect of the plasma pro-
teins, and fill the alveoli.

Lung Secretions

For a variable period after birth, newborn infants
are productive of secretions (mucus), often copious, in
their posterior oropharynges. These originate in the
lung, are brought up into the posterior pharynx, and
are swallowed, a process beginning in fetal life [1, 17].
Tracheal aspirates from dying adults and infants were
compared with the alveolar wash from their lungs
after death. The phospholipid composition and the
fatty acid esters of PDME and lecithin in aspirates
essentially were identical to those in alveolar wash.
The secretions thus reflect the synthesis of lecithin re-
coverable by endobronchial lavage [20] from the alveo-
lar spaces. They have enabled serial studies to be done
ethically and safely on living infants, providing much
information about the biosynthesis and metabolism of
the surface-active phospholipids in the human alveolar
layer.

Lecithin Storage

In fetal rabbit lung, storage of surface-active ace-
tone-precipitated lecithin begins in lung parenchyma
long before it appears, late in gestation (day 29 of a
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31-day gestation), in the alveolar wash [18-20]. The
present studies could not document similar storage in
human lung. Human fetuses of 18- and 20-week gesta-
tion yielded very small amounts of surface-active leci-
thin, both in tracheal lavage and in residual lung
parenchyma after wash. This is consistent with observa-
tions by Gruenwald [22] of occasional lung stability in
very small fetuses, and with suggestions by Pattle [32]
and Reynolds et al. [33] that surface-active alveolar
lining appears in human fetuses of about 21-24 weeks
gestation.

Biosynthetic Pathways

In vivo and in vitro studies [18-20] of the develop-
ing rabbit fetus revealed two pathways for de novo
biosynthesis of lecithin in lung. Both were docu-
mented also in lungs of infants:

CDP-choline + D-a,j8-diglyceride —> lecithin

(choline incorporation) (1)

.S-adenosyl-L-methionine —> CH3 -f-

phosphatidylethanolamine (PE) —>

phosphatidyl methylethanolamine (PME) +

CH3 —• phosphatidyl dimethylethanolamine

(PDME) + CH3 -> lecithin

(methylation reaction) (2)

It is possible to estimate each pathway's contribu-
tion to the synthesis of surface-active alveolar lecithin
by the esterified fatty acids on the /J-carbon [17-20] as
shown previously.

Choline Incorporation

Lungs of human fetuses of 18- and 20-week gestation
incorporated in vitro almost no (about 2%) radioac-
tive methyl groups into lecithin. There was small but
definite in vitro incorporation of CDP-(1, 2-14C)-cho-
line into lecithin. The fatty acids esterified on the
acetone-precipitated lecithin from these early lungs
were predominantly a-palmitic/y8-palmitic. No PDME
was found. This verified finding in the rabbit fetus
delivered at 29 days, whose surface-active alveolar wash
lecithin at 1 hr o£ life was labeled 100% by radioactive
precursors [18-20] and 90% by choline incorporation,
was principally a-palmitic//3-palmitic, and there was
no PDME.

Methylation Reaction

The methylation pathway, virtually noncontribu-
tory to alveolar lecithin in the breathing rabbit new-
born, is of paramount importance to survival of the
prematurely born human, becoming active at least by
the 22nd-24th week of gestation.

The rate-limiting step in this pathway is introduc-
tion of the first methyl group on PE [20], after which
the reaction rapidly goes to completion. The fatty acid
esters associated with the methylation pathway may
thus be characterized by examining those fatty acids
esterified on an intermediate. Because it is relatively
abundant, differs from lecithin by only one methyl
group, and is surface-active [19, 29], PDME was the
intermediate chosen. At birth, aspirates from all nor-
mal newborns including prematures contain PDME.
The fatty acid esters of surface-active PDME princi-
pally are a-palmitic / p-myristic acid. The almost identi-
cal acyl esters of lecithin and PDME in the prema-
turely born infant indicate that this alveolar lecithin is
synthesized largely by methylation of PE.

Assessment of Biosynthesis Pathways

Presence of PDME and predominantly a-palmitic / ft-
myristic acid lecithin indicates synthesis largely
through methylation of PE; absence of PDME and
lecithin, primarily a-palmitic//3-palmitic, signifies syn-
thesis largely by CDP-choline incorporation. Presence
of PDME and lecithin with a-palmitic/p-palmitic and
myristic acids is a normal change occurring in full
term infants in the first few hours after birth and is
present in adults, indicating that both pathways are
active. The change to both fatty acids on surface-active
lecithin may take the premature infant from 12 to 144
hr postbirth.

Differences in Lecithin

The marginal extrauterine pulmonary adaptation of
premature infants, until adequate synthesis of lecithin
by CDP-choline incorporation, stems both from less
production of lecithin (primarily by methylation in
the premature's lung) and differences in the lecithins
themselves, in that a-palmitic//3-palmitic acid lecithin
produced by the CDP-choline pathway is more stable
on the modified Wilhelmy balance than is the a-palmi-
tic I/3-myristic acid lecithin from the methylation path-
way.

Initiation of RDS,

Acetone-precipitated lecithin and PDME in aspi-
rates may decrease or disappear in infants developing
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RDS, accompanied by a change in fatty acids of leci-
thin, principally to a-palmitic/^-palmitic. These
changes almost always are initiated by hypoxia and
acidosis or hypothermia, or both.

Hypothermia

The most interesting stress associated with RDS is
hypothermia from birth. Possibly cold evokes a cate-
cholamine response [10], with constriction of pulmo-
nary vessels and decreased pulmonary blood flow. Pos-
sibly catecholamines may compete for methyl groups
from methionine, thereby selectively inhibiting methyl-
ation of PE. Possibly the acidosis following hypother-
mia triggers the effects.

There was no critical temperature associated with
RDS. Few infants developed symptoms with rectal
temperatures above 35° on admission, whereas prema-
ture infants with admission temperatures below 34.5°
developed the most severe RDS. Statistically, such hy-
pothermia for the premature prolonged beyond 2 hr
was associated with an especially high mortality.

Aspirates from both full term and prematurely born
infants with hypothermia showed decreased lecithin,
decreased or absent PDME, and changes in acyl esters
of lecithin to a-palmiticjfi-palmitic.

Acidosis

Low pH inhibits methylation. Methyl incorporation
in vitro by rabbit lung homogenate [20] is nearly com-
pletely inhibited below pH 7.2. It also seems to be
confirmed clinically in the human during the course of
RDS. Coinciding with low arterial pH, PDME disap-
pears from aspirates as the infant's condition deterio-
rates. An increase in pH toward correction with, e.g.,
vigorous ventilatory support (or Avith buffers) is fol-
lowed by return of PDME.

Changes during RDS

When RDS improves, PDME reappears, lecithin in-
creases, and proportions of /3-carbon myristic acid in-
crease in acetone-precipitated lecithin in aspirates. In
infants dying of RDS, there is no return of PDME,
lecithin remains scant, and its fatty acid esters are «-
palmitic//?-palmitic lecithin. With this inhibition of
methylation, choline incorporation becomes the only
pathway by which the infants' lung may synthesize
lecithin. When the infants' lungs are too immature
(usually less than 36 weeks), choline incorporation may
be too ineffectually developed. Progressive alveolar col-
lapse may initate the atelectasis, anoxia, and acidosis
so often progressing to death.

Changes with Hypothermia and Acidosis in Full Term
Infants

Hypothermia and hypoxia acidosis affected methyla-
tion and produced chemical changes in stressed full
term infants similar to those changes in premature
infants with RDS. The PDME disappeared and fatty
acids on acetone-precipitated lecithin became primar-
ily a-palmitic//3-palmitic. However, those infants did
not develop RDS. Mature newborn infants synthesize
surface-active lecithin by both pathways. The choline
incorporation pathway seems resistant and able to pro-
duce surface-active lecithin in relative abundance,
even in the stressed term infant, when there is no
evidence of lecithin production by methylation.

Lecithin from the Fetal Lung in Amniotic Fluid

The preceding observations have been extended by
examining phospholipids in amniotic fluid [17]. Al-
though sources other than lung also contribute am-
niotic fluid phospholipids, lecithin, the major fraction,
appears to originate largely from lung. Acyl esters of
acetone-precipitated lecithin, isolated from amniotic
fluids during gestation, reflected findings almost identi-
cal to those described here. Comparison of surface-ac-
tive lecithin from amniotic fluid showed close resem-
blance to that from tracheal aspirates.

There was evidence of intrauterine methylation (a-
palmitic//?-myristic acid lecithin) early in gestation,
and, about week 35 of gestation, evidence of synthesis of
lecithin also by the CDP-choline incorporation (in-
creasing /^-palmitic acid).

Intrauterine lung maturation is clearly defined by
an abrupt rise in the ratio of amniotic fluid lecithin/
sphingomyelin. With gestation, lecithin concentration
increases. Until week 34 the lecithin/sphingomyelin
ratios hover around 1; i.e., about equal concentrations
of the two phospholipids. About weeks 35-36,
lecithin/sphingomyelin rises sharply after a "surge" of
lecithin, when pulmonary maturity is achieved, and,
should birth occur, there will be no RDS.

Evolutionary Aspects

Comparisons with other species show that presently
there is no known suitable animal model for the study
of RDS, including the commonly studied sheep and
rabbit. Neither sheep nor rabbits can be prematures in
the same sense that humans and other primates are.
Rabbits and sheep develop pulmonary competence
late in fetal life coincident with appearance of suffi-
cient surfactant to maintain alveolar stability and to
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Alveolar stability depends upon adequate
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Fig. 11. Scheme of timing of 2 pathways for synthesis of lecithin. Stresses and effects on each pathway are indicated. Initially, the GDP-
choline pathway is not affected by conditions such as hypothermia and acidosis.
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Fig. 12. Probable vicious cycle centered about the progressive atelectasis resulting initially from low levels of pulmonary surfactant. The
force set in motion by collapse, hypoxia, and the like, may become cumulatively deflating, resulting in hyaline membranes as shown.
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support life. Rabbit survival is dependent upon sur-
face-active lecithin synthesis by CDP-choline pathway,
which becomes significantly active at day 28-29 of a
31-day gestation (90-93% of gestation). Sheep survive
around day 127-130 of a 150-day gestation (about 87%
of gestation). In mice, day 18 of a 19-day gestation is
the time of appearance of surface activity and of sur-
vival [9] (94% of gestation). In the human, survivors
after 24-28-week gestation are not rare (60-70% of
gestation). This is when the fetus makes alveolar leci-
thin chiefly by methylation. The "surge" of lecithin in
human fetal lung marks maturation of CDP-choline
incorporation at about week 36. Similar to other Mam-
malia, this occurs at 90% of gestation.

Summary

The following two figures sum up the findings pre-
sented and put them into perspective. Figure 11 dia-
grams the developmental sequences and influences
associated with normal and abnormal lecithin produc-
tion.

Figure 12 is a diagram of the interrelationships of
atelectasis in RDS and HMD. Caused by inability to
maintain residual air in his alveoli, the end of expira-
tion with each breath is marked by alveolar collapse.
The resultant high intrathoracic pressures become part
of a vicious cycle of events which include exudation of
plasma into alveolar spaces, hypoxia, acidosis, de-
creased pulmonary blood flow, endothelial damage
and extravasation, epithelial necrosis, clotting [4, 5],
and obliteration of alveoli with some dilatation of ter-
minal bronchiolar and alveolar duct areas.

Thus the respiratory distress syndrome is not a "dis-
ease," but a consequence of development. It should be
called not idiopathic RDS, but more appropriately de-
velopmental RDS.
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