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ABSTRACT

In animal CDH models, surfactant deficiency contributes to
the pathophysiology of the condition but information on human
disease is very limited. The aim of our study was to investigate
surfactant kinetics in CDH newborns. We studied surfactant
disaturated-phosphatidylcholine (DSPC) half-life, turnover and
apparent pool size by stable isotope methodology in CDH new-
borns with no ExtraCorporeal Membrane Oxygenation (ECMO)
support (n = 13, birth weight (BW) 3.2 £ 2.2 kg, gestational age
(GA) 39 = 0.4 wks, postnatal age 43 = 11 h) and in 8§ term
infants with no lung disease (CONTROLS, BW 2.7 = 0 kg, GA
38 £ 0.8 wks, postnatal age 96 = 26 h). We administered a trace
dose of '*C-palmitic acid dipalmitoyl-phosphatidylcholine (DPPC)
through the endotracheal (ET) tube and we measured DSPC kinetics
by gas chromatography-mass spectrometry from DSPC'*C-enrich-
ment decay curves obtained from sequential tracheal aspirates.
DSPC amount from tracheal aspirates (TA-DSPC) was measured by
gas chromatography. In CDH infants DSPC half-life was shorter
(24 = 4 and 53 = 11 h, p = 0.01), turnover faster (0.6 = 0.1 and
1.5+ 0.3d " p = 0.01), apparent pool size smaller (34 = 6
and 57 = 7 mg/kg body weight, p = 0.02) and tracheal aspirates
DSPC amount lower (2.4 = 0.4 and 4.6 = 0.5 mg/mL Epithelial
Lining Fluid (ELF), p = 0.007) than in CONTROLS. In conclusion
surfactant kinetics is grossly abnormal in mechanically ventilated
CDH. Whether alterations of DSPC kinetics in CDH infants are
caused by a primary surfactant deficiency or are secondary to

oxygen therapy and ventilator support has still to be determined.
(Pediatr Res 54: 653—658, 2003)
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FSR, fractional synthesis rate
ASR, absolute synthesis rate
BPD, bronchopulmonary dysplasia
RDS, respiratory distress syndrome
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amounts of DSPC and of surfactant Protein A (SP-A) in lung
tissue but no alteration of the amniotic lecithin/sphingomyelin
(L/S) ratio (4—7). However CDH animal models have several
limitations. Nitrofen fed pregnant rat mothers produces CDH
in about 80% of fetuses (4, 8). Interestingly studies applying
this method showed structural and biochemical immaturity also
in pup lungs that did not develop CDH, raising the concern that
Nitrofen exposed rats fetuses may develop lung hypoplasia
independently from the occurrence of CDH and therefore by a
mechanism different from that occurring in humans (5, 7).
Surgical CDH models have also been developed in lambs,
where CDH is induced by excision of a portion of fetal
diaphragm at a relative late time of gestation compared with
the human condition (4, 9-12).

Data in human CDH come mainly from the histologic
studies although their interpretation is complicated by the
presence of structural changes induced by mechanical ventila-
tion. It has been observed in 17 autopsy cases of CDH asso-
ciated pulmonary hypoplasia that the lung of the affected side
is less developed than the contralateral one and that DSPC
content is markedly lower in the affected side compared with
the contralateral lung and to control lungs (13).

A recent study, in mechanically ventilated infants, reports
similar concentrations of phosphatidylcholine (PC), phosphati-
dylglycerol and L/S ratios from bronchoalveolar lavage fluid of
CDH and of age matched control infants, suggesting that a
primary surfactant deficiency is unlikely in infants with CDH
(14). An even more recent study (15) showed similar PC
half-life and pool size in CDH newborns who required ECMO
support, compared with CDH newborns not treated with
ECMO and with newborns with meconium aspiration syn-
drome (MAS). It is noteworthy that patients studied by Janssen
et al. had all severe respiratory failure (15). In the present study
by applying a stable isotope tracer methodology (16) we
studied DSPC half-life, turnover and apparent pool size in
mechanically ventilated newborn infants with CDH and in
newborn infants, who were on mechanical ventilation but had
normal lungs.

MATERIALS AND METHODS

Patients. Mechanically ventilated newborn infants with
CDH and not requiring ECMO at any time during their hospital
stay (CDH) and newborn infants who were on mechanical
ventilation but had normal lungs (CONTROLS). CONTROLS
required endotracheal intubation for upper airways malforma-
tions, abdominal wall defects or neuro-muscular diseases. All
patients were admitted either to the Neonatal or to the Pediatric
Intensive Care Unit of the Department of Pediatrics, University
of Padua. The study protocol was approved by the local Ethics
Committee, and written informed parental consent was ob-
tained for each study infant.

CDH Infants. Inclusion criteria were: /) respiratory failure
requiring endotracheal intubation, 2) written informed consent
from parents, 3) no exogenous surfactant administered 4) no
chromosomal abnormalities.

CONTROL infants. Full term infants who required mechan-
ical ventilation for surgery, airways malformations or neuro-
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muscular diseases during the first week of life. Inclusion
criteria were: /) no history of lung disease, 2) normal chest
radiograph, 3) fraction inspired oxygen (Fio,) of less than 30%
at any time during the study period, 4) written informed
consent from parents 5) no clinical or biochemical evidence of
infection.

Study design. All CDH infants were ventilated with High
Frequency Oscillatory Ventilation (HFOV) from birth apart
from one who received conventional ventilation. Management
of CDH in our unit included HFOV, i.v. infusion of midazo-
lam, fentanyl and vecuronium and enteral feeding as soon as
tolerated. Time of surgery was postponed until hemodynamic
stability was achieved. Ventilator parameters and Fio, were
adjusted so that the preductal oxygen saturation was greater
than 90% and the Pco, from 40 to 50 mm Hg. CONTROLS
were either on mechanical ventilation or breathing spontane-
ously through a tracheostomy tube. Ventilator parameters for
both groups were recorded before the start of the study and
every 6 h thereafter. The oxygenation index (OI) was calcu-
lated as MAPxFio,/Pao, where MAP represented Mean Air-
way Pressure.

All CDH and CONTROLS received an endotracheal tracer
dose of 5 mg/kg of [U-'*C-PA]-DPPC to trace pulmonary
surfactant DSPC. Both palmitic acids (PA) of the tracer mol-
ecule were uniformly labeled with the stable isotope carbon-13
(Martek Biosciences, Columbia, MD, U.S.A.) and [U-"°C-
PA]-DPPC was prepared and administered as previously de-
scribed (16, 17). Briefly at the time of the study the tracer was
towed and mixed with small amount of porcine surfactant
(Curosurf, Chiesi Farmaceutici S.p.a, Parma, Italy) diluted in
normal saline (Phospholipid concentration 10 mg/mL) and
warmed to body temperature before endotracheal administra-
tion. Total administered volume was 0.3 mL/kg body weight.
The tracer was administered as follows: after routine endotra-
cheal suctioning, a 6-French catheter was placed beyond the tip
of the ET tube. Pre warmed tracer was administered via the
catheter, followed by 1 mL of normal saline. The neonate was
bag ventilated for 3—5 breaths and then immediately recon-
nected to the ventilator at pretreatment settings.

Tracheal aspirates (TAs) were collected before the tracer
administration (time 0) and then every 6 h until 72 h and every
12 h thereafter until extubation.

Samples and analytical methods. Methods of collection and
storage of tracheal aspirates have been reported elsewhere (16).
One mL of normal saline was instilled in the endotracheal tube,
followed by collection of TA in a Lukens trap. Sample was
kept at +5°C and processed within 3 h. It was gently vortexed
and then centrifuged at 400 g per 10 min to discard mucus and
cells and kept at —20°C until analysis.

DSPC analysis had been described previously (16). Briefly,
after extraction by Bligh and Dyer (18), DSPC from TAs was
purified by thin layer chromatography with osmium tetroxide.
DSPC amount was calculated by measuring the individual fatty
acids by capillary gas chromatography. By this method satu-
rated fatty acids comprised more than 98% of the fatty acid
composition in all study infants (16). DSPC amount from TAs
was expressed in mg/mL ELF after correction with the urea
method (19). Dilution of ELF was calculated as ELF volume
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(per mL of return fluid from TAs) = ([urea] /[urealp asma)-
The enrichment of [U-'*C-PA]-DSPC from the TAs was mea-
sured by gas chromatography-mass spectrometry and results
expressed in mol percent excess (MPE) as previously reported
(16, 20).

Surfactant kinetic parameters. The [U-'>C-PA]-DSPC half-
life and apparent DSPC pool size were calculated from the
mono exponential part of the DSPC decay enrichment curve
over time (16, 21, 22). The software used for calculation of
DSPC kinetics was Prism v. 3.0 by Graph Pad Software Inc.
San Diego, CA. Extrapolation back to the time of the admin-
istration of the tracer (t = 0) represented the '*C enrichment at
t = 0, from which we calculated the dilution of the tracer.
Surfactant results are presented as mean * SEM whereas
clinical data as mean = SD. Group comparisons were by Mann
Whitney test. Correlations were obtained by Pearson correla-
tion. The level of significance was p < 0.05. Statistical analysis
was performed with SPSS10.0 for Windows2000.

RESULTS

We studied 13 infants with CDH and 8 CONTROLS. Clin-
ical characteristics of the two study groups are reported in
Table 1. Mean BW, GA and postnatal ages were comparable in
the two groups whereas ventilator settings differed. Seven
CDH were diagnosed prenatally, all but one before 26 wks GA.
Two of the 13 CDH infants were right side CDH and 11 left
side. One had associated skeletal anomalies and one had left
heart hypoplasia defined according to Baumgart ef al. (23). No
one had chromosomal abnormalities. All but one CDH infants
were ventilated on HFOV since birth and they were sedated
and paralyzed. One was conventionally ventilated because
CDH was diagnosed postnatally, when the chest radiograph
was performed at the referring hospital. At that time the
newborn was intubated and transferred to our NICU on con-
ventional ventilation. All CDH infants were studied within the
first 6 d of life. During the study period no infants showed
evidence of infection. Four CDH infants (31%) died before
hospital discharge. One CDH died within 72 h from birth
because of severe respiratory failure and pulmonary hyperten-

sion. The study was not completed at that time and DSPC
Table 1. Clinical characteristics of the two study groups
CDH Controls

n =15 n=38 pr
Study weight (kg) 3207 27+06 0.1
Gestational age (wks) 3914 3824 02
Postnatal age (h) 43 =40 96 £ 73 0.07
Mechanical ventilation (days) 106 17 £ 17 0.3
Survival (%) 69% 89% 0.3
Sex (M/F) 5/10 4/4 0.2
FiO, at the start of the study 0.47 £0.26 0.24 =0.01 0.006
Mean FiO, during the study 0.45+=0.18 023 £0.02 0.001
Mean PaO, during the study 73 =19 85+ 14 0.12
Mean PaCO, during the study 416 37+3 0.26
Mean pH during the study 738 £0.03 7.41 x=0.03 0.02
PaO,/FiO, at the start of the study =~ 223 = 154 325 * §3 0.03
Mean PaO,/FiO, during the study 219 £ 116 315+ 47 0.04
Mean PaCO, x HFOV Amplitude 1037 * 335
Mean OI 125 1 +03  0.0003
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half-life and pool size could not be determined. The other 3
CDH died after the study period. Two of the 3 CDH died
because of sepsis at 10 and 20 day of postnatal age, one died
at 2 months for lung hypoplasia associated with vertebral and
rib anomalies. None of the CDH survivors was oxygen depen-
dent at hospital discharge. Of the 8 CONTROLS, 5 required
mechanical ventilation for airways or oral malformations while
waiting for surgery. Two had abdominal wall defects and one
was ventilated because of severe intracranial bleeding. This
control infant died at 10 d postnatal age (mortality in the
control group was 12.5%), when the study was already com-
pleted. Six newborns were mechanically ventilated and two
were breathing spontaneously on room air via a tracheostomy
tube. In all control infants the study was started within the first
week of life. No one presented with evidence of infection
during the entire study period.

The amount of DSPC from tracheal aspirates was 2.4 = 0.4
mg/mL ELF and 4.6 = 0.5 mg/mL ELF in CDH and CON-
TROLS, respectively. This difference was statistically signifi-
cant with a p of 0.007. DSPC enrichment decay curves exhibit
a bi-exponential pattern in all study infants. Mean = SEM log
plot of DSPC isotopic enrichment values in CDH and CON-
TROLS are represented in Fig. 1. Surfactant DSPC half-life
was significantly shorter and turnover significantly higher in
CDH compared with CONTROLS (24 = 4 h versus 53 = 11 h,
p =0.01and 0.6 + 0.1 d" " versus 1.5 + 0.3 d"", p = 0.01
respectively). (Fig. 2, 4 and B) The apparent DSPC pool size
was 34 *= 7 mg/kg (range 13—85) in CDH and 57 = 7 mg/kg
(range 42—-101) in CONTROLS. The difference was statisti-
cally significant (p = 0.02). (Fig. 2, Panel C) We could not find
significant correlations between any of DSPC kinetic parame-
ters and the level of mechanical ventilation, expressed by mean
airway pressure and oxygenation index, neither in the CDH nor
in the CONTROL groups.
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Figure 1. represents a semi-logarithmic plot of the mean isotopic enrichment
values of DSPC (£SEM) obtained from TAs against time of sampling. The
CDH group is represented by triangles and CONTROL by circles. We recorded
a rapid initial fall of the DSPC isotopic enrichment soon after the tracer
administration followed by a slow long decay in both study groups, which is
consistent with a bi-exponential decay curve. DSPC half-life and the apparent
pool size were calculated from the final mono-exponential part of the curve,
which were clearly distinguishable in all study subjects.
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Figure 2. Histograms in panels A, B, and C depict DSPC half-life, turnover and apparent pool size in CDH newborn infants and in age matched CONTROLS.

DISCUSSION

To the best of our knowledge this is the first study that
reports significant alteration of DSPC kinetics in vivo in new-
born infants with CDH compared with age matched controls
with no lung disease. We have recently developed methods
based on the safe (non-radioactive) stable isotopes that make
surfactant kinetics studies ethically feasible in humans (16, 20,
24). Stable isotope methodology provides information, which
is virtually identical to that obtainable with radioactive tracers
without the hazard of radioactivity (25). We measured surfac-
tant DSPC half-life and apparent pool size in human infants
with the use of stable isotope U-'>C-DPPC, which was admin-
istered endotracheally. We chose DSPC as landmark of sur-
factant kinetics since no biologic fluid or tissue contains such
high amount of DSPC. Recent work by our group describes
this method in detail, and we refer the reader to these publi-
cations where strengths and limitations are discussed (16) (26).
The method has been recently validated in premature baboons
by comparing half-life measurements using stable isotopes
with those using radioactive DPPC and apparent pool size by
stable isotopes with measurements of DSPC pool size in total
lung at autopsy (27). DSPC half-lives measured by stable
isotope tracer at day 5 of life and with radioactive tracer at day
8 of life were 28 = 4 and 35 = 4 h respectively in 8 pre-term
ventilated baboons. Apparent DSPC pool size was 129 * 14
pmoL/kg by stable isotope methodology and 123 = 11
pmoL/kg in total lung at autopsy by direct determination. The
apparent DSPC pool size represents the volume of distribution
of the stable isotope tracer, i.e. the apparent space of the body
available to contain the tracer. When a small amount of tracer
is given endotracheally as a bolus, we demonstrated that
apparent DSPC pool size is a reasonable estimation of the total
lung DSPC pool size (27).

In the present study we found that DSPC half-life was
significantly shorter in CDH infants compared with GA and
postnatal age matched controls with normal lungs. From the
DSPC half-life we also calculated the DSPC turnover that
represents the resident time of the tracer in the system. DSPC
turnover in CDH infants was two-fold faster than that of our
age-matched CONTROLS. A faster DSPC turnover is the
consequence of a faster [U-'>C-PA]-DPPC disappearance from
the DSPC pool size. Tracer disappearance can be caused either
by and increased DSPC catabolism leading to a loss of stable

isotope DPPC molecules, or by and increased deacylation/
reacylation pathway (recycling) (28). In the latter case the
tracer palmitate produced by DSPC breakdown is reincorpo-
rated into a newly synthesized nondisaturated PC molecule,
thus it is lost from the DSPC pool. Under steady state condition
(16), DSPC disappearance must be equal to DSPC synthesis
rate. We previously demonstrated in a similar group of CDH
term infants that the mean DSPC fractional synthesis rate
(FSR) from plasma free palmitate was 22% and 17% per day
in CDH and CONTROLS respectively. The difference was not
statistically significant (29). The meaning of the FSR compared
with the Absolute Synthesis Rate (ASR) have been discussed at
length elsewhere (30). It is noteworthy that for a given ASR a
smaller pulmonary surfactant pool size results in a higher FSR.
In our previous study (29) we had no information on the
surfactant pool size in CDH infants. By applying the measure-
ments of FSR of our previous study (29) to the present work we
can estimate the DSPC absolute synthesis rate (ASR) from
plasma palmitate or more simply DSPC synthesis. This is
about ~ 7.5 mg/kg/d in CDH and ~ 9.7 mg/kg/d in CON-
TROLS with a 23% reduction of surfactant DSPC synthesis
from plasma free palmitate in mechanically ventilated CDH
newborns compared with age matched controls. This finding
clearly needs to be confirmed in future studies with the mea-
surement of endogenous surfactant synthesis and the simulta-
neous administration of an intra-tracheal tracer in the same
patient. Synthesis from other metabolic DSPC precursors, such
as acetate, ketone bodies etc, should also be measured to
account for the total surfactant synthesis (31, 32), but, to the
best of our knowledge, this information is very limited even in
the animal literature.

We recently reported measurements of surfactant PC kinet-
ics in CDH infants treated with ECMO in comparison with
newborns on ECMO for MAS and with a third group of
mechanically ventilated newborns with severe respiratory fail-
ure. PC half-lives were comparable in the three study groups.
All infants presented with severe lung injury either related to
the primary lung disease (MAS) or to CDH or secondary to
mechanical ventilation and high oxygen requirement (15). We
also found a faster DSPC lifespan in pre term ventilated infants
at high risk of developing bronchopulmonary dysplasia (BPD)
compared with GA and birth weight matched controls (26).
Given that all these groups of infants were mechanically
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ventilated and on high ventilatory setting, this could support
the hypothesis that a shorter DSPC half-life may not be specific
of CDH itself but could be related to mechanical ventilation
associated lung injury.

CDH infants in this study and in our previous study (29) had
lower ELF-DSPC amounts compared with age-matched con-
trols. At variance IJsselstijn et al. found no difference in PC
content obtained from tracheal aspirated in CDH infants and
compared with other newborns with respiratory failure (14).
They conclude that surfactant deficiency is unlikely in CDH
infants with severe respiratory failure. However PC is associ-
ated also with lung membrane cell and perhaps more impor-
tantly with inflammatory cells. An increased amount of PC and
a decreased amount of DSPC has been described in TA and
bronchoalveolar lavage of patients with acute respiratory dis-
tress syndrome or with acute lung injury (33-35).

DSPC apparent pool size in CDH was 38% lower than in
CONTROLS. CDH is associated with lung hypoplasia and a
lower DSPC pool size could be explained by the lower lung
volume and weight. Thus it is still debatable if our data of a
reduced pool size is supportive of a primary surfactant defi-
ciency in CDH. Moreover if a deficiency exists, this could be
secondary to lung injury and inflammation (36, 37). The use of
HFOV and paralysis in the CDH infants could also affect
surfactant kinetics. In vitro studies suggest that repetitive
alveolar distention, such as occurs during conventional me-
chanical ventilation, stimulates surfactant synthesis and secre-
tion (38—41). On the other hand, this cyclic alveolar stretch
may be decreased during HFOV, which could decrease surfac-
tant production (42—44). Recently Merchaz et al. reported
similar surfactant synthesis and kinetics in preterm infants
ventilated with CV and HFOV, suggesting that alveolar dis-
tension produced by HFOV did not decrease surfactant pro-
duction (45). Work in progress by our group also support
Merchaz’s findings.

Janssen et al. found a PC pool size of 73 mg/kg in § CDH
newborns on ECMO. The apparent DSPC pool size of the
CDH group in the present study was 34 = 7 mg/kg which is
about half (47%) of the PC pool size of the 8 CDH newborns
on ECMO studied by et al. (15). This difference could be
explained either by the different compound measured (PC
versus DSPC), or by changes in surfactant composition that
occur during lung inflammation (33, 34). Another theoretical
explanation could be that during the “lung rest” associated with
ECMO surfactant catabolism is reduced while surfactant syn-
thesis is preserved and this leads to an increased surfactant pool
size.

CONCLUSIONS

In summary data on surfactant kinetics is now obtainable in
CDH infants. We demonstrated significant alterations of sur-
factant kinetics in CDH compared with age-matched controls
with no lung disease. Larger studies will ascertain if alterations
of surfactant DSPC in CDH infants are related to lung dyspla-
sia or are secondary to mechanical ventilation lung injury.
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