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Abstract

The effects of reversible fetal tracheal occlusion (TO), and antenatal
glucocorticoids on lung growth, structure, surfactant levels, and function were assessed in
a lamb hypoplastic lung model of congenital diaphragmatic hernia (CDH). CDH,
CDH+TO, CDH+TO+release of the tracheal occlusion one week before delivery (TR),
and unoperated twin controls were compared. TO+/-TR partially normalized the
hypoplastic lungs of CDH: they accelerated growth of both lungs and led to structural
maturity. Only TO thinned the medial area of small pulmonary arteries closer to control
values. Despite TO, TR, and glucocorticoids, lungs from lambs with CDH have
dysfunctional type I cells with decreased surfactant levels. Nonetheless, CDH+TO lambs
showed normal oxygenation, ventilation, and compliance over untreated CDH, with a
clear survival advantage over an eight hour resuscitation. TR one week before delivery
had no added benefit in terms of lung function. It appears that surfactant independent
mechanisms such as pulmonary growth and structural changes are of foremost importance

in relating to improved compliance, oxygenation, and ventilation of CDH+TO animals.



Abrégé

Cette étude vise A déterminer a 1’aide d’un modele ovin d’hypoplasie pulmonaire
causée par une hernie diaphragmatique congénitale (HDC) les effets de I’occlusion
réversible de la trachée foetale (OT) et du traitement anténatal avec des glucocorticoides
sur la croissance des poumons, le développement structural, le niveau de surfactant et la
fonction pulmonaire. Quatre groupes expérimentaux sont comparés: 1. la HDC; 2. la
HDC+OT; 3. la HDC+OT+le relichement de 1I’'occlusion trachéale (RO) une semaine
avant la naissance; 4. le groupe contrdle (des jumeaux nonopérés). L'’OT+/-RO
normalisent en partie I’hypoplasie pulmonaire de la HDC: ils accélerent la croissance des
poumons et induisent une maturation structurale. Seule I'OT peut amincir 'aire de ia
média des petites arteres pulmonaires. Malgré I’OT, le RO et les glucocorticoides, les
poumons affectés par la HDC ont des cellules de type II dysfonctionnelles avec un. niveau
faible de surfactant. Néanmoins, au cours d’une resuscitation de huit heures, les agneaux
avec I'HDC+OT ont démontrés une oxygénation, une ventilation et une compliance
normales comparés aux agneaux avec une HDC. Le RO une semaine avant la naissance
n’a aucun avantage en ce qui concerne la fonction pulmonaire. I1 nous semble que des
mécanismes indépendants du surfactant, tel que la croissance pulmonaire et les
changements structuraux pulmonaires, ont une importance primordiale en ce qui concerne
I’amélioration de la compliance, de 1’oxygénation et de la ventilation des poumons
affectés par la HDC et traités avec I’OT.
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Abbreviations

ABG-= arterial blood gas

BAL-= bronchoalveolar lavage fluid

CDH-= congenital diaphragmatic hernia

CVP= central venous pressure

DBP= diastolic blood pressure

DLCO-= diffusing capacity

ECMO-= Extra-Corporeal-Membrane-Oxygenation
EM-= electron microscopy

ET= endotracheal

FBM-= fetal breathing movements

FEV,= forced expiratory volume in | second
FiO,= percentage of inspired oxygen

FRC= functional residual capacity

Hct= hematocrit

Hb= hemoglobin

HR= heart rate

I:E ratio= inspiratory time to expiratory time ratio
i.m.= intramuscular

i.v.= intravascular

LW/BW= lung weight over body weight ratio
MAP= mean arterial blood pressure

mRNA= messenger ribo-nucleic acid

MTBD= mean terminal bronchiole density
NaHCO,= sodium bicarbonate

PA= pulmonary artery

PaCO,= partial pressure of arterial carbon dioxide
PaO,= partial pressure of arterial oxygen

PC= phosphatidylcholine

PEEP= positive end-expiratory pressure



PIP= peak inspiratory pressure
PPHN-= persistent pulmonary hypertension of the newborn
RV= residual volume

RR= respiratory rate

Sa0,= arterial oxygen saturation
SBP= systolic blood pressure
SEM-= standard error of the mean
SP-A= surfactant-protein A
SP-B= surfactant-protein B
SP-C= surfactant-protein C
SP-D= surfactant-protein D
Tinsp= inspiratory time

TLC= total lung capacity

TO= tracheal occlusion

TR= release of tracheal occlusion
US= ultrasound

VC= vital capacity



Introduction

Congenital diaphragmatic hernia (CDH) affects 1 in 2000-4000 live human births
[1, 2]. The herniation of intestines through the diaphragmatic defect that occurs during
fetal development results in: lung hypoplasia [3, 4]; pulmonary hypertension with
increases in medial and adventitial thickness of peripheral pulmonary arteries [5-7]; a
primary or secondary surfactant deficiency [8-12]; and low compliance postnatally that
may be due in part to a lack of surfactant [13-15] and also to an increased lung collagen
density {16]. This combination of factors is lethal in around 20-40% of those babies born
with CDH despite optimal care [17-19], with the most important predictor of survival
being the degree of lung hypoplasia [20, 21].

Given a prenatal diagnosis of CDH, the mother could be faced with difficult
choices:

1. Termination of pregnancy. Or,

2. Standard postnatal care that may or may not require Extra-Corporeal-
Membrane-Oxygenation (ECMO), followed by repair of CDH once hemodynamically
stable for “good prognosis” CDH [1]. Although complete repair of the diaphragmatic
defect in utero works for fetuses without liver herniation into the chest, it does not
improve the survival rate over standard postnatal care. Of those with good prognosis
CDH, there is a 75% survival for in utero repair versus 86% survival for standard
postnatal care [22]. Or,

3. In utero intervention for “poor prognosis” CDH.

Poor prognosis CDH includes babies diagnosed by obstetrical ultrasound (US)
before 25 weeks gestation, a lung-head ratio <1, and liver herniation into the chest [23,
24]. Complete in utero repair of CDH does not work for fetuses with liver herniation
because reduction of the liver back into the abdomen causes fatal kinking of the umbilical
vein [25]. For these fetuses, a “Plug the Lung Until it Grows (PLUG)” strategy, where the
fetal trachea is occluded in utero, allows for lung growth, thus correcting the lung
hypoplasia, and slowly reducing the viscera before birth [26, 27]. In a recent retrospective
study of 34 human fetuses diagnosed with poor-prognosis CDH, it was found that the

survival rate was 38% in the group treated by standard postnatal therapy (n=13), 15% in



the open tracheal occlusion group (n=13), and 75% in the group with tracheal occlusion
by fetoscopy (n=8) [28]. Those treated with tracheal occlusion by fetoscopy had lung
enlargement before birth demonstrated by ultrasound examination of the lungs, and had
good postnatal respiratory function as determined by low percentage of inspired oxygen
(FiO,) requirements, and rapid extubations. In addition, it is believed that fetoscopic
surgery is less invasive than open fetal surgery, and that it lessens the risk of myometrial
irritability and preterm labour {29-33].

At first glance, it would seem that fetal tracheal occlusion (TO) could solve the
problem of lung hypoplasia. Unfortunately, TO consistently causes a decrease in type I
pneumocytes and a dramatic surfactant deficit [34-37]. Thus, TO either damaged type I
cells or delayed their maturation while accelerating lung growth. However, even though
lung growth after TO occurs at the expense of type II cell differentiation, this effect is
reversible with the release of tracheal occlusion (TR) one week before birth in a normal,
non-CDH fetal lamb lung model [38].

In the attempt of improving the outcome of CDH, research with CDH animal
models has shown that a limited number of prenatal interventions such as experimental
fetal TO, and prenatal glucocorticoids have independently proved beneficial in terms of
improving oxygenation, ventilation, and compliance, and have shed some light on the
pathophysiology of CDH [39-42].

Given the high mortality of CDH from pulmonary hypoplasia and its associated
pulmonary hypertension, we sought to combine the beneficial effects of fetal TO to
accelerate lung growth, then, TR one week before delivery to restore type II cell density,
with the addition of antenatal glucocorticoids, to increase the surfactant synthetic ability
of type II cells.

The gverall goal of our study was to maximize existing prenatal interventions that
can safely accelerate in utero lung growth, structural, biochemical, and functional
maturation in a CDH model. Our objective was to analyze the effect of minimally
invasive fetoscopic TO with or without TR one week before birth, with one dose of
antenatal glucocorticoids one day before delivery. on lung growth, lung structural

maturation, pulmonary artery remodeling, surfactant levels, and lung function, as



measured by oxygenation, ventilation, and compliance, in the hypoplastic lung model of
lambs with a surgically created CDH.

Our hypothesis was that CDH with TO will allow for lung growth, structural
maturation and pulmonary artery remodeling, with the addition of TR and antenatal
glucocorticoids favoring increased type II cell density with increased surfactant levels,

and improved lung function over CDH lungs.
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Review of the Literature
L Overview

The transition from fetus to neonate at birth is truly amazing; in the first few
minutes of extrauterine life, the newborn must replace the liquid in the lungs with air, and
establish the pulmonary circulation. In most newboms, the transition occurs smoothly, but
it is known that anomalies in size, structure, and maturation of the lung are leading causes
of infant mortality. As many as one-third of all early neonatal deaths are associated with
lung hypoplasia [43].

Interestingly, the observation that babies born with laryngeal atresia, causing a
natural form of tracheal occlusion, had large, hyperplastic lungs led to experimental fetal
TO to counteract lung hypoplasia [42, 44]. To understand the mechanism of fetal TO
causing lung growth, we must first grasp the normal physiology controlling the structural
and biochemical maturation of fetal lungs, then examine lung hypoplasia in CDH and
how it is affected by TO, by release of the occlusion before birth, and by antenatal
glucocorticoids.

IL Normal Lung Development

The five lung development stages in the human [45, 46] and the lamb [47] are
(human/ lamb), where term is >37 weeks gestation in humans, and >145 days gestation in
the lamb:

a. 0-6 weeks/ 0-40 days: the embryonic stage where the lung is developing as a
single bud off the anterior portion of the foregut and thus forming the proximal airways
with the appearance of segmental bronchi.

b. 7-16 weeks/ 40-80 days: the pseudoglandular stage where the entire
bronchial/conducting airways are formed.

c. 17-24 weeks/ 80-120 days: the canalicular stage where the peripheral airways
(acinus) and distal pulmonary circulation, ie: future airspace volume, are formed. In the
sheep, maximal lung growth occurs between 112 and 124 days gestation.

d. 24-36 weeks/ 120-14S5 days: the terminal sac stage where there is formation of
gas-exchange units with alveclar development and type I cell differentiation. The

alveolar surface area increases through the development of alveolar sacs, and the distance
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between the alveolar epithelium and capillaries decreases, making it possible for gas
exchange to occur. Thus, the lungs of a baby born before 24 weeks would not be expected
to support extratuterine life.

¢. 36 weeks- 3 to 8 years postnatally/ 145 days: the alveolar, postnatal stage where
there is an increase in the number and size of alveoli. It is important to note that in
humans, only 1/3-1/2 of alveoli are present at birth (45, 46], while in the lamb, most of
the alveoli are present at birth [47].

Normal diaphragm development allows for normal lung growth by separating the
thoracic and abdominal cavities, and maintaining their respective organs in their proper
domains. The diaphragm is derived from four components: a. the septum transversum
ventrally that forms the central tendon b. the pleuroperitoneal membranes dorsolaterally
c. the mesentery of the esophagus dorsally that forms the crura, and d. the intercostal
muscle group that forms the posterior-lateral muscle [1]. Closure of the pleuroperitoneal
canal to form the pleuroperitoneal membrane normally occurs during the eighth week of
gestation in humans [48], and by day 28 of gestation in lambs [49]. It is thought that the
posthepatic mesenchymal plate is important in leading to the closure of the canals [48]. If
there is failure of the pleuroperitoneal canals to close, such as in CDH, then, the thoracic
and abdominal cavities communicate freely. This becomes a problem once the viscera
return into the abdomen during the tenth week of gestation in humans, where they will
herniate into the chest preventing lung growth through competition for space.

L. The Importance of Lung Liquid

Experiments have shown that fetal lung liquid is essential to lung growth and that
fetal lung liquid volume must be maintained within normal physiological ranges for
proper lung development [50-54].

During fetal life, the pulmonary epithelial cells secrete a fluid that fills the
potential airspaces. This luminal fluid is called lung liquid and is not inhaled amniotic
fluid. Influx of amniotic fluid into the trachea is apparently a very rare event [50]. The
lung liquid has its own distinct composition that is relatively stable throughout gestation,
such as high chloride and low protein contents [S0). Lung liquid is important because it

maintains the developing lung expanded, and this expansion is crucial for lung growth. It
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is not known exactly when lung liquid secretory function starts, but by mid-gestation,
lung liquid is secreted at mean rates of 5 ml/hr/kg as determined by lamb fetal lung
development experimental models [50]. The lung liquid secretion increases with
gestational age. On the other hand, the lung liquid secretion is decreased with parturition,
B-adrenergic agents, epinephrine, prostaglandin E2, vasopressin, fetal hypoxemia,
elevated cortisol and thyroid hormones [52]. This makes physiological sense as in the
days shortly before birth, there is a surge of fetal hormones such as cortisol and
epinephrine, and, during labor, there is relative fetal hypoxemia, thus preparing the fetus
for extrauterine air breathing by decreasing the secretion rate of lung liquid in anticipation
of clearance of lung liquid. There is no change in lung liquid secretion rates by fetal
behaviour (awake or sleeping), or by fetal breathing movements.

Even though fetal breathing movements (FBM) do not affect the rate of lung
liquid secretion, FBM of normal incidence and intensity are necessary for maintaining
normal lung volumes and thus normal lung growth [51)]. Experiments have shown that if
FBM are abolished, for example, with phrenic nerve ablation or by using muscle
relaxants, this causes lung hypoplasia [50, 52}. Normally, FBM last for 20-30
minutes/hour and occur during rapid-eye-movement sleep which is present for 30-50% of
time during late gestation. When the fetus is not practicing FBM, it is apneic. What
exactly stimulates the fetus to alternate between apneic states and FBM siates is not well
understood.

The role of the diaphragm, and the laryngeal constrictor muscles is important in
the mechanics of FBM and in the maintaince of lung volume [50]. For example, during
normal fetal apnea, the laryngeal constrictor muscle is tonically active creating an airway
resistance, and thus lung liquid accumulates as the rate of lung liquid secretion is greater
than lung liquid efflux. During FBM, the laryngeal constrictor relaxes, and allows for a
small net rate of fluid efflux. Experiments have shown that the fetal lung filled with liquid
has an elastic recoil resulting in negative intrapleural pressures (0.2-0.7 mm Hg below
amniotic fluid pressure) [50-53]. The fetal intra-tracheal pressure is slightly greater than
amniotic pressure by 1-3 mm Hg because of the high laryngeal resistance and pulmonary

recoil pressure [50). Thus, lung volume is maintained during apnea by the contraction of
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the laryngeal constrictor muscle, and lung volume is maintained during FBM by
contraction of the diaphragm opposing the lung recoil. Apparently, the volume of tracheal
fluid moved with each FBM is less than 1-2% of the total luminal volume; this may be
due to the high resistance of the laryngeal constrictors, and the viscosity of the lung liquid
[50]. By the resistance to outflow of tracheal fluid, and negative intrapleural pressure,
there is thus a tendency to maintain the “status quo” of lung liquid volume inside the
lungs and positive intra-tracheal pressure. As such, lung liquid volume is around 30
mL/kg, and, interestingly, is roughly equal to functional residual capacity (FRC)
postnatally [52].

The greatest increase in lung growth in fetal lambs (limited data for humans)
occurs during the canalicular stage of development where lung liquid secretion increases
rapidly, thus increasing lung liquid volume, and there is maximal intra-tracheal pressure
[50, 54].

How does the normally sustained expansion of the fetal lung by lung liquid
volume affect the growth and maturation of the fetal lung? Moessinger performed an in
utero experiment in fetal lambs where he decreased right fetal lung volumes by drainage
of lung fluid, and increased left fetal lung volumes by ligation of the mainstem bronchus
and compared them to controls [43]. What he found was that the left lung (occluded) was
significantly hyperplastic and contained more DNA than controls, while the right lung
(drained) was significantly hypoplastic and contained less DNA. However, indices of
lung maturation such as pulmonary surfactant showed no difference between the
hypoplastic, hyperplastic, and control groups. He thus concluded that lung cell
multiplication is influenced by local distension with lung fluid while the maturation of
surfactant is under systemic control.

Although lung liquid is important for fetal lung growth, part of it must be removed
for normal gas exchange at birth. There are different ways fetal lung liquid is removed at
birth: compression of the thorax during vaginal delivery, absorption of lung liquid into the
pulmonary capillaries, clearance by pulmonary lymphatics, and most importantly,
transepithelial movement of alveolar fluid by the amiloride-sensitive sodium transport by
lung epithelium [55].

14



In a normal newbormn, in order to overcome the surface tension of the alveoli and
the viscosity of the remaining lung fluid, the first breath must generate great negative
intrathoracic pressures of 60-80 cm H,O [56]. The volume of the first breath is around 40
mL, but not all of it is expired, thus establishing FRC. Subsequent breaths will then

require less inflation pressures as more alveoli remain inflated. Apparently, the alveoli

open up in a serial sequence. A normal FRC is established within the first few hours of
life [56].

At birth, the pulmonary vasculature is remodeled rapidly to allow an abrupt
reduction in pulmonary vascular resistance and a 10 fold increase in pulmonary blood
flow [57-59]. Adaptation involves the entire arterial pathway, but especially important are
the resistance arteries just proximal to the respiratory unit. In the fetus, pre-acinar
branching of both conventional (arteries that accompany airways and branch with them)
and supernumerary arteries (arteries which branch off the conventional ones at right
angles and supply alveoli immediately adjacent to the broncho-vascular tree) is completed
by mid fetal life, and is closely associated with the bronchial branching pattern [60].
Vascular development in the acinar region proceeds concurrently with alveolar growth
and multiplication. Normally, at birth, no muscle is present in arterial walls beyond the
level of the terminal bronchioles; however, muscular arteries of the fetus have thicker
walls than arteries of the same size in adults [61]. Soon after birth, there is an immediate
increase in external diameter and thus a drop in wall thickness of the vessels below 200
um, while the larger vessels take up to 4 months to fall to adult thickness [62]. New
conventional arteries are added up to 18 months, and new supernumerary vessels up to 8
years [63]. In the first 2 months, there is a rapid increase in arterial size, and arterial
number, with a decrease in medial artery thickness especially in the first 10 days [64].
There is gradual remodeling with deposition of connective tissue [65]. Intra-acinar
arteries become more muscular during childhood as they increase in size also [66].

If there is failure of pulmonary artery remodeling, pulmonary hypertension occurs
with its clinical manifestation of worsening right-te-left shunting, peor exygenation,

hypercapnea, and acidosis [57, 67). The structural changes of the pulmonary arteries with
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muscular extension into intra-acinar arteries, medial thickening, and adventitial
thickening with excessive connective tissue deposition contribute to the severity of
pulmonary hypertension [68]. Some believe that the thick walled pulmonary arteries of
idiopathic persistent pulmonary hypertension of the newborn (PPHN) become excessively
muscularised during fetal life, and are unable to adapt at birth [57, 59].

Interestingly, for normal fetuses, in arteries <100 um, wall thickness and
adventitia has been reported to be significantly increased in those <34 weeks gestation,
and this thickness decreased in those >34 weeks gestation [7]. Moreover, it has been
found that endothelin-1 (a potent vasoconstrictive and pro-mitogenic peptide) levels are
detected at 12 weeks gestational age in human fetuses, and rise to a peak at 24 weeks
gestational age, upon which there is a dramatic decrease until birth, and this low level is
maintained into normal adulthood [69]. These two findings may indicate that pulmonary
artery remodeling is especially important in the latter part of gestation.

Y. The Importance of Type II Cells and Surfactant

The type H cells, which only make up 5% of the lung epithelium, are extremely
important as they produce and secrete surfactant [70]. They also are the precursor cells to
type I cells that make up most of the lung’s alveolar lining [70]. Type II cells are detected
at around 12 weeks gestation in humans, with maturation as evidenced by lamellar bodies
appearing at 24 weeks gestation [71, 72]. Surfactant produced by type II cells consists of
phospholipids and surfactant proteins. Disaturated phosphaditylcholine (PC) is detectable
in amniotic fluid at around 30 weeks, even though it can be identified earlier in lung
tissue [72]. Surfactant protein A (SP-A) first appears in significant quantities at around
30 weeks also, and then increases in parallel with the surfactant lipids [72]. Thus, SP-A is
considered to be an indicator of fully differentiated type II cells [73, 74]. Surfactant
protein B (SP-B) and surfactant protein C (SP-C) appear earlier, with their messenger
ribo-nucleic acid (mRNA) detected at 13 weeks {72]. In normal animals, surfactant lipids
and apoproteins increase in an approximately coordinated manner in late gestation [75-
78).

In the fetal lamb, the window of type I cell maturation may correspond to 125-
135 days when there is a gradual increase in surfactant flux. Thereafter, there is a rapid
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increase from 135 days until birth [79]. It is important to note that the final stages of fetal
lamb surfactant system maturation have been designated: immature (99-119 days
gestation); transitional (120-134 days gestation); and mature (135 days to term) [75].
Virtually all lambs delivered before 130 days gestation develop respiratory distress
syndrome, while all lambs delivered after 136 days maintain spontaneous breathing [75].

There are two surfactant pools in the lung: one is the extracellular pool, surfactant
secreted into the alveolar spaces and isolated by bronchoalveolar lavage (BAL), and the
second is the intracellular pool that consists of lung tissue lamellar bodies in alveolar type
I1 cells [80]. When the extracellular surfactant pool is analyzed in normal animals, it is
composed of 90% lipids of which the most common is PC, and 10% surfactant-specific
proteins SP-A, SP-B, SP-C, and SP-D [80].. The phospholipid composition of the lamellar
bodies is very similar to the composition of the extracellular compartment [80]. Lamellar
bodies contain SP-B and SP-C which constitute 28% and 22% of total lamellar body
protein, whereas SP-A accounts for only 1% of lamellar body protein [81]. Extracellular
surfactant from BAL indicates a different pattern of surfactant protein distribution where
SP-A accounts for 50%, SP-B for 8%, and SP-C for 4% of the protein [81]. When
compared to lung tissue SP-A content, the BAL SP-A content is higher. This suggests that
SP-A secreted into BAL is derived from sources other than lamellar bodies, such as from
other organelles within type II cells or Clara cells [81, 82].

The phospholipid composition of BAL and lung tissue surfactant is mainly PC, of
which more than half is fully saturated [76]. The saturated PC consists almost entirely of
dipalmitoyl species and it is dipalmitoyl-PC that is largely responsible for the activity of
pulmonary surfactant in reducing surface tension [76, 83]. Phosphatidylglycerol is the
second most abundant phospholipid in surfactant and accounts for up to 12% of the total
[76]. On the other hand, sphingomyelin is only a minor component of surfactant [76]). The
unique composition of surfactant phospholipids has allowed the development of assays
for measurement of surfactant in amniotic fluid. Thus, the ratio of PC (lecithin) to
sphingomyelin (L/S ratio) and the amount of phosphatidylglycerol are used clinically to

assess the extent of fetal lung maturity [76].
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Both SP-A and SP-B are essential for tubular myelin formation, and SP-B is
critical for film formation [82]. The lamellar bodies containing lipids and surfactant
proteins are exocytosed from the type II cells, and unravel to form tubular myelin and
loose lipid arrays. This forms the alveolar surface film that decreases surface tension. The
lowered surface tension allows for proper lung inflation during inspiration, and prevents
alveolar collapse during expiration. Surfactant secretion is stimulated in the intact lung by
hyperventilation and lung inflation (81].

Interestingly, in vitro, SP-A inhibits surfactant secretion and stimulates PC uptake
by type II cells [81, 82]. However, in vitro SP-A function does not correlate with in vivo
SP-A function as SP-A gene knock-out mice have normal lung function [84]. It is thought
that SP-A is not an important regulator of surfactant metabolism in vivo under steady
state condition [82]. Rather, in vivo, SP-A is considered a lung host-defense molecule,
much like complement {76, 80, 85].

In type II cells, SP-B is localized to the lamellar bodies [86]. Inactivation of the
SP-B gene results in disruption of lamellar bodies and normal processing of other
surfactant components [84, 87]. Once SP-B and PC are in lamellar bodies, they have
secretion kinetics that are parallel [86]). SP-B gene knock-out mice do not survive after
delivery unless rescued with SP-B proprotein or managed with liquid perfluorocarbon
ventilation [84]. The heterozygous mice have decreased lung compliance and air-trapping
{84]. In both homozygous, and heterozygous mice, PC, SP-A, SP-C, and SP-D are present
in normal amounts (84]. SP-B content is a predictor of lung function at birth [84]. From a
clinical point of view, there is a significant incidence of abnormal structural variants of
SP-B or low levels of SP-B amongst infants with respiratory distress syndrome [84].

V1. Lung Hypoplasia

Fetal lung hypoplasia is rarely idiopathic and is usually associated with an
abnormality of the physical factors necessary for normal fetal lung growth. Hypoplastic
lungs are defined as lungs with a low lung weight to body weight ratio (LW/BW) of
<0.012 (67% of mean normal ratio) [4], a low radial alveolar count of <4.1 (75% of mean
normal count) [4], or high mean terminal bronchiole density [88). There are four main

physical factors that can lead to lung hypoplasia [53]:
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1. Adequate fetal intrathoracic space is not available [53]:

This occurs if there is a space-occupying lesion in the fetal thorax preventing
normal lung expansion. Such is the case in congenital diaphragmatic hernia where there is
a hole in the diaphragm allowing intestines to herniate into the thorax, preventing lung
growth.

2. Adequale intrauterine space is not available [53]:

This occurs with oligohydramnios where there is reduced amniotic fluid either
from premature rupture of membranes causing a leak of amniotic fluid, or from urinary
tract abnormalities that reduce the flow of urine into the amniotic cavity. It is thought that
the low amniotic fluid cannot “cushion” the fetal thorax from the weight of the uterine
walls, and the fetus assumes a position of extreme trunk flexion with reduction in thoracic
volume, upward displacement of the diaphragm, and restriction of fetal breathing
movements, thus limiting lung growth. Another hypothesis is that pulmonary hypoplasia
associated with oligohydramnios is a result of an increased loss of pulmonary fluid [89].
This concept developed from the observation that fetal rabbits which had amniotic fluid
shunting (to simulate oligohydramnios) and ablation of fetal breathing movements by
high cervical cord transection had a further decrease in lung growth than those fetal
rabbits which had only high cervical cord transection [89].

3. Fetal breathing movements of normal frequency and intensity are not possible
[53]):

Animal experiments where the fetal phrenic nerve is sectioned have hypoplastic
lungs by abolishing fetal breathing movements. In addition, because of the lack of
innervation of the diaphragm by the phrenic nerve, there is diaphragmatic muscle atrophy
resulting in a passive upward movement of the diaphragm into the thorax because of lung
recoil. This upward movement of the diaphragm limits normal lung growth.

4. Normal balance of lung liquid volume and pressure is not possible [53]:

When the fetal positive intra-tracheal pressure is decreased to amniotic fluid
pressure levels by performing a tracheostomy in utero in fetal lambs, it is found that lung
growth is decreased. In other experiments were the fetal lung liquid is chronically

drained, there is resultant lung hypoplasia. Interestingly, a case report of a baby born with
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laryngeal atresia, and tracheo-esophageal fistula (unchecked lung fluid drainage into the
gastro-intestinal tract) that resulted in pulmonary hypoplasia demonstrates the importance
of an adequate amount of distending lung fluid for lung growth [90].

¥I11. CPH Lung Development

Around 20-40% of neonates with CDH are unable to adapt to extrauterine life [17-
19]. This is due in part to the associated lung hypoplasia and pulmonary hypertension as
seen in human CDH and animal models of CDH [49, 91-94]. In the human, CDH is
thought to occur when there is failure of closure of the pleuroperitoneal canal at 8-10
weeks gestation, corresponding to the pseudoglandular stage, or even earlier in the
embryonic stage [18]. CDH lungs have a low lung weight to body weight ratio, low radial
alveolar count, and a low number of airways. The hypoplastic lungs also appear
structurally immature with thickening of alveolar walls and muscularization of the small
pulmonary arteries. Even though the defect in the diaphragm is usually left-sided, both
lunigs are affected. The ipsilateral lung is the most hypoplastic, but the contralateral lung
is also hypopolastic as a result of compression from a shifted mediastinum. Even though
in the fetal lamb model of CDH, we are creating a defect later in gestation at the
beginning of the canalicular stage, this nevertheless profoundly affects lung development.

The pulmonary hypertension seen in CDH is similar to idiopathic PPHN [93]. The
mechanisms that may contribute to pulmonary hypertension in CDH are not fully known,
but can be divided in terms of vasoactive mediators, and structural factors.

Even though inhaled nitric oxide is a selective pulmonary vasodilator that
significantly improves oxygenation in newborns with PPHN from various causes, it is
often not effective in CDH {95, 96]. The poor response of CDH to nitric oxide is not clear
as there appears to be an intact nitric oxide pathway with normal pulmonary artery
relaxation response {97, 98, 99]. However, the relaxation response of pulmonary veins to
nitric oxide is abnormal [99].

Interestingly, human babies with CDH and significant PPHN have elevated
endothelin-1 levels, a potent vasoconstrictive and pro-mitogenic peptide [69, 100-103].
Thus, endothelin-1 is suspected to be a patholegical mediater of PPHN in patients with
CDH [93]. Endothelin-1 is a vasoactive peptide released by the endothelium with both
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constrictor and dilator activities. In the fetal lamb, even though endogenously produced
endothelin-1 acts on at least two receptors, ET-A and ET-B, which mediate
vasoconstriction and vasodilation, respectively, it primarily causes vasoconstriction [98,
104, 105). Imbalance of the endothelin-1 receptor activation favoring pulmonary
vasoconstriction is thought to account for PPHN in the fetal lamb CDH model {98].
Interestingly, in the rat nitrofen induced CDH model, if an endothelin-converting
enzyme/neutral endopeptidase inhibitor is given during pregnancy, there is increased
survival at birth over CDH rats without treatment, and this could support the hypothesis
that endothelin could exert an action on the embryologic process of PPHN associated
with CDH [106]. It may be that the hyperreactivity of the endothelin-1 pathway accounts
not only for the functional pulmonary vasoconstriction in CDH, but also for the
histological pulmonary vascular remodeling by stimulating smooth muscle cell
proliferation, with increased wall thickness of small pulmonary arteries [98].

Structurally, human CDH lungs have a decreased number of arterial branches and
an increased muscularisation of the arterial tree, with extension of the muscularisation
into intra-acinar arteries [3, 21, 107-113]. On the other hand, CDH lungs have a normal
capillary load because there is a proportional decrease in total alveolar surface area, and
in total capillary surface area [110, 114]. For all sizes of arteries of human CDH lungs,
there is increased medial and adventitial thickness; for those arteries with an external
diameter of <75 um, both medial and adventitial areas are increased, and for those
arteries >75 pm, only the adventitial area is increased [5). All sizes of veins of human
CDH have an increased adventitial area [6, 115]. It is thought that connective tissue
accumulation within the vessel wall contributes to alterations in vascular conductance and
to persistence of hypertension. Furthermore, in human CDH, newly synthesized pro-
collagen was detected in the media and adventitia of pulmonary arteries [116]. The
importance of structural changes, even in the postnatal period, was shown further by the
adventitial thinning of small pulmonary arteries <100 um as one of the mechanisms by
which ECMO treatment may lead to improvement in pulmonary hypertension associated
with human CDH [7].
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Even though different animal models have been validated for the study of PPHN,
it is important to remember that humans and different animal species with significant
PPHN show gradients of pulmonary artery structural changes. For example, in the
experimental model of fetal lambs with PPHN where the ductus arteriosus is ligated in
utero, there is an increase in vascular percent medial thickness only in small vessels of
50-100 pm diameter, with the rest of the larger pulmonary arteries showing minimal
pulmonary vascular remodeling when compared to other animals, like the rat [117-119].
In addition, CDH pulmonary hypertension arterial changes seem more accentuated in
human cases as opposed to the CDH lamb model. In the fetal sheep model of PPHN, there
is lack of changes in connective tissue deposition, and only the small arteries are affected.
This may explain why in the human CDH, the adventitial changes involve all sizes of
arteries, while in the lamb CDH, only the small arteries (pulmonary arteries 50-100 pm in
diameter) have increased adventitial areas when compared to controls.

Lungs of neonates with CDH have a poor compliance [120]. The compliance of
the hypoplastic lung is decreased because of a primary or secondary surfactant deficiency,
and because of an increased intrinsic lung stiffness caused by increased collagen content
[8-17, 20]. This decrease in compliance creates a clear disadvantage in these neonates as
during their first breaths, they are unable to establish a normal FRC. Their alveoli
collapse and subsequent breaths will require higher inflation pressures that can lead to
eventual respiratory distress. One study analyzed FRC and compliance of human neonates
with CDH as a predictor of outcome. It found that the most accurate predictor of poor
outcome (defined as death or oxygen dependency at 28 days of life) was a very low
compliance (<0.18 mL/cm H,0/kg) [120]. Functionally, hypoplastic CDH lungs exhibit
poor gas exchange with low Pa0O,, and high PaCO, when compared to controls [121). In
the fetal lamb with CDH, the lungs are profoundly surfactant deficient: BAL has shown
decreased phospholipid, a decreased % PC, SP-A, and SP-B, even though the CDH fetal
lamb model has been shown to have an increased type II cell density [9, 18, 37, 122].

Other studies showed that in human neonates with hypoplastic lungs from CDH, a
minimum lung volume of 45% of the value predicted from age-matched controls is

required for survival [20, 21]. Thereafter, there is postnatal lung growth and pulmonary
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artery remodeling in CDH babies [123]. Just as alveolar size and number increase
postnatally in the normal situation [61], this also occurs in the hypoplastic lungs of CDH
babies. In one longterm follow-up study of 19 patients with repair of CDH with a follow-
up of 6-18 years, their total lung capacity (TLC), vital capacity (VC), residual volume
(RYV), diffusing capacity (DLCO), and forced expiratory volume in 1 second (FEV,) were
all normal [124]. Conversely, in a more recent study of 60 patients with a repaired CDH
at a mean follow-up of 29.6 years, obstructive or restrictive ventilatory impairment was
found in 52% of the patients; 25% of the patients had both obstructive and restrictive
impairment, but relatively few of the patients with abnormal lung function had clinical
symptoms [125]. In addition, even though there is postnatal vascular remodeling with
larger and less muscular arteries in CDH, thereby diminishing the pulmonary
hypertension over time, longterm follow-up studies have consistently shown that CDH
survivors have a persistent reduction of blood flow on the ipsilateral lung. Ventilation on
the ipsilateral side is also lower, but the perfusion is worse [124, 125]. Thus, it appears
that initially, a CDH baby needs a minimum lung volume and a minimum compliance to
survive. Because the lungs grow postnatally, even if there is persistent abnormal
perfusion on the ipsilateral lung, most survivors have few clinical respiratory symptoms
beyond the second year of life [126].
VIIL Tracheal Occlusion to Correct Lung Hypoplasia

As mentioned earlier, the clinical observation that babies born with laryngeal
atresia [127], a form of “natural” TO, had larger than normal lungs, led to the idea that in
utero TO may cause lung growth and thus reverse lung hypoplasia. Indeed, prolonged
increases in lung liquid volume and pressure caused by fetal TO greatly stimulate lung
growth as proven by various animal models with normal lungs or with hypoplastic lungs.

Fetal TO reverses lung hypoplasia in CDH as shown by previous studies using the
fetal ovine model [41, 42]. In the lamb CDH model, TO accelerates lung growth with a
radial alveolar count comparable to normal lungs, and demonstrates thin alveolar walls
with very little interstitial tissue compared to the thickened alveolar walls and increased
interstitium of CDH lungs [37]. The air-space fraction and alveolar numerical density of

CDH+TO are similar to controls. TO also reverses the increased muscularization of
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pulmonary arteries of CDH [128, 129]. In the fetal lamb, DiFiore et al have shown that
CDH+TO results in normal capillary load, normal thickness of capillary-alveolar
interface, and no fully muscularised vessels <100 um [128]. One important detail to note
from the latter study is that both TO and CDH were done at the same operation, and thus,
the lung was not hypoplastic to start off with.

An elevated pulsatility index has been described in fetal CDH lambs [130]. This is
a Doppler measurement which reflects pulmonary vascular impedance as a measure of
small vessel resistance to pulsatile flow [130]. Fetal TO reverses this high pulsatility
index, resulting in a normal physiological response to changes in oxygen tension at term
[130]. Similarly, CDH+TO in rats showed that in the preacinar arteries, both medial
thickness and adventitial thickness were decreased to normal levels; while in the intra-
acinar arteries, medial thickness, but not adventitial thickness, was decreased to levels
even lower than normal [129].

The specific mechanisms responsible for lung growth from TO are not entirely
known, but there are several theories. Neonatal lambs with CDH+TO have increased
mean lung liquid volumes, and increased mean lung air volumes when compared to
controls. TO results in intra-tracheal pressures of 4 mm Hg higher compared to control
animals without TO [131]. Is the accelerated lung growth associated with in utero TO
because of retained growth factors in the lung fluid, increased intra-tracheal and intra-
alveolar pressures, or both ?

Some believe it is the elevated intra-tracheal pressure that produces large volume
changes in liquid-filled lungs of fetal lambs. This volume increase creates a tension on the
cells of the pulmonary system resulting in cell proliferation. The hypothesis of control of
cell division by tension is seen in other systems, for example, the use of skin expanders
where mechanical stress leads to increased cell proliferation [132, 133]. In vitro studies of
fetal pulmonary cells in culture have shown that rhythmic stretching by as little as 5% can
increase cell proliferation [134, 135]. It is thought that platelet-derived-growth-factor-
B ®PDGF-B) and its receptor are involved in mechanical strain-induced fetal lung cell
division [136]. Distortion of the extracellular matrix by mechanical distension may affect

type II cell function [70]. In addition, if the pressure inside the trachea is maintained at a
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level higher than the pressure generated by TO alone (ie: 8.5 mm Hg intratracheal
pressure in the pressurized group versus 4 mm Hg intratracheal pressure in the TO
group), then there is a significant increase of lung growth in the pressurised group
compared to TO alone [137]. This indicates that the amount of sustained intratracheal
pressure correlates with lung growth. In addition, the duration of TO also correlates with
lung growth as 3 weeks of TO [131] produces larger lungs than | week of TO [34].

On the other hand, in the experiment by Nardo [138], it was found that increases
in lung liquid volumes may be more important than increases in intratracheal pressures.
Normal fetal lungs were occluded in utero and compared to controls. It was found that
tracheal pressures increased from the normal control value of 3 mm Hg to 4.3 mm Hg in
those with TO within one day and remained at this level for the duration of the occlusion
period. Lung liquid volume increased progressively from 25 mlL/kg on day 0 to 100
mL/kg on day 7 of TO, but did not increase further afterwards (this may be due to the
physical boundary of the chest wall preventing any further increases in lung liquid
volume). DNA and protein contents were markedly increased in the TO group especially
by day 2 of TO. Thus, they concluded that the mechanisms responsible for lung growth
by TO are most active on day 2 of TO and returned to control levels by day 10 of TO.
The TO lungs had a stable protein/DNA ratio indicating that lung hyperplasia, and not
hypertrophy had occurred. Interestingly, the increase in DNA content correlated with the
increase in lung liquid volume, but not with the increase in intra-tracheal pressure. Thus,
they felt that it was the increase in lung liquid volume rather than increases in intra-
tracheal pressures that was responsible for the increased lung growth with TO.

However, this discussion becomes like “the chicken or the egg” debate. In a
closed space, like the fetal thoracic cavity, an increase in volume will lead to an increase
in pressure. We feel that initially the pulmonary epithelial cells produce lung liquid which
is trapped because of the tracheal occlusion, and this accumulation of fluid leads to an
increase in pressure over a certain period of time. This increase in pressure will create a
mechanical stress leading to increased cell proliferation and increased alveolar count.

These increased number of pulmonary cells produce even more lung liquid, thus
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increasing lung volumes and lung fluid. The cycle of growth induced by tension continues
as long as tracheal pressure remains elevated.

Are there particular growth factors associated with accelerated lung growth? In an
experiment by Papadakis [139], fetal lambs had TO, but their lung liquid volume was
aspirated and replaced with an equal amount of saline. It was found that replacement of
lung liquid with saline inhibits the lung growth seen after TO. Even though there may
have been momentary drops in intra-tracheal pressures during the lung fluid exchanges,
and thus decreasing the growth stimulus, their findings suggest that there are specific
growth factors in the lung liquid that are “trapped” with TO that may be important in lung
cell proliferation.

Growth factors that may be involved in fetal lung growth include: insulin-like
growth factors (IGF-I and IGF-II), epidermal growth factor (EGF), PDGF, transforming-
growth-factor-B1 (TGF-B1), and TGF-82 [140, 141]. The precise interactions between
these growth factors is not yet elucidated. As stated earlier, PDGF is important in
mechanical strain fetal lung growth [136). IGF-I gene expression is reduced in the fetal
lamb CDH model and restored to normal by TO {142, 143). Another group has found that
IGF-I mRNA expression is actually increased in lung tissue from human CDH autopsies
[144]. Moreover, TO induces IGF-II mRNA expression, while lung hypoplasia caused by
abolition of fetal breathing movements decreases IGF-II mRNA [145, 146]. EGF is
known to accelerate type II cell maturation to a greater extent than steroids [147].
Structurally related to EGF, TGF-a causes remodeling of the developing lung during
postnatal alveolarisation [148]. In addition, only TGF-B2, and not TGF-f1, mRNA and
protein are increased in CDH+TO [149]. Interestingly, both TGF-f1 and TGF-B2 inhibit
the expression of SP-A in human fetal lung explants, and this may suggest that increases
in TGF-B2 due to TO may result in delayed type II cell maturation [150-152]. Recently,
keratinocyte growth factor (KGF), which is involved in normal lung organogenesis and is
a potent mitogen of type II cells, has been found to be downregulated in CDH lambs,
while it is upregulated in CDH lambs treated with TO [153].
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IX. Is Tracheal Occlusion the Cure for Lung Hypoplasia?

At first glance, it would seem that TO could solve the problem of lung hypoplasia.
Unfortunately, TO may have a pitfall: TO of normal fetal lungs consistendy causes a
decrease in type II pneumocytes and a dramatic surfactant deficit [34-37]. Thus, TO
either damages type Il cells or delays their maturation while accelerating lung growth.
Perhaps it is the exaggerated lung expansion and mechanical stress induced by TO that
favors the conversion of type II cells into type I cells, as it is known that type II cells can
differentiate into type I cells under situations of lung injury or alveolar stretch [70, 154].

In addition, TO of fetal hypoplastic lungs also have a low type II cell number. For
example, fetal lambs with CDH+TO for 19 days have a decreased type II cell density, as
identified by SP-B immunohistochemistry [37]. Even though one paper did not find any
difference between CDH and CDH+TO in terms of levels of saturated PC in lung tissue
homogenate, the saturated PC as a percentage of total amount of phospholipid was lower
in the CDH+TO group [41]. Additional stidies have found that CDH+TO lungs have
reduced lung lavage phospholipids [155], reduced surfactant lipid synthesis from isolated
type II cells [155), and reduced disaturated PC in lamellar bodies isolated from
homogenised lung tissue when compared to CDH [37].

Paradoxically, CDH+TO lungs have better oxygenation and ventilation than CDH
(41, 42, 155] with the compliance of CDH+TO being better than CDH alone, but not
quite reaching normal neonatal lamb values [42, 155]. The compliance of CDH+TO lung
is increased 3.5 times when compared to CDH alone. By adding surfactant to CDH+TO,

these lungs demonstrate even better oxygenation [156].

Fortunately, even though lung growth after TO occurs at the expense of type II
cell differentiation, this effect is reversible with the release of tracheal occlusion (TR)
before birth in the lamb model [38]. Thus, TO of normal fetal lungs for some weeks,
followed by TR before birth allows for beneficial effect on lung growth, and also allows
for the type II cells to recover to normal density with appropriate surfactant production.
For example, BinSaddiq et al found that TR 2 days before birth was not sufficient to
reverse the deleterious effects of TO on type II cells, but that TR 7 days before birth
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restored type II cell density and surfactant gene expression almost back to normal levels
of the control group (38]. Thus, TR at least one week before delivery restores type II cell
number, as detected by SP-C in-situ hybridization, and SP-C mRNA expression in
normal, non-hypoplastic fetal lamb lungs [38].

Another study by Papadakis et al was done where CDH, CDH+TO for 2
weeks+TR 2 weeks before delivery, normal lungs+TO for 4 weeks, and controls were
compared [35]. Similarly to BinSaddiq et al, Papadakis et al found that normal lungs+TO
have a decreased type II cell density as identified by anti-SP-B immunohistochemistry. In
contrast to other studies [9, 18, 37, 122], Papadakis et al found no difference in type Il
cell density between CDH, CDH+TO+TR, and controls [35]. Interestingly, their
treatment of TO+TR to a hypoplastic CDH lung model did not produce lung growth as
CDH and CDH+TO+TR groups had similar lung weight/ body weights and radial
alveolar counts {35]. This may be explained if their technique of TO was not completely
occlusive, and thus ineffective at promoting lung growth. Thus, their conclusions
regarding CDH versus CDH+TO+TR in terms of type II cell density and maturity may be
loosely interpreted.

X1 The Effect of Glucocorticoids on Normal Fetal Lungs

Glucocorticoids have a dramatic effect on the fetal lung of several animal species
and humans: they increase lung tissue and alveolar surfactant; they increase compliance
and maximal lung volume; they decrease vascular permeability; and they produce more
mature parenchymal structure. This translates to improved respiratory function, and
increased survival [157].

More specifically, glucocorticoids enhance SP-B and SP-C mRNA in fetal lungs
[78, 158). On the other hand, glucocorticoids have a complex effect on SP-A gene
expression that is species-specific, and dependent on the gestational age, and the dose
given [74, 158]. At lower doses, there is a stimulatory effect on SP-A mRNA, and at
higher doses, an inhibitory effect [74, 158]. To further cloud the picture, surfactant
protein mRNA is unaltered in Glucocorticoid Receptor knock-out mice; this would
indicate that the glucocorticoid receptor is not required for surfactant protein gene

expression in the perinatal and postnatal periods [158]. However, Corticotropin Releasing
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Factor knock-out mice have a 44% reduction in SP-B mRNA [158]. In addition, steroids
stimulate type II cell choline-phosphate cytidyliransferase, the enzyme responsible for PC
synthesis [159].

Glucocorticoids also increase lung compliance and maximal lung volumes by
surfactant-independent means in preterm rabbits [160]. The lung structural remodeling
and maturity achieved by glucocorticoids is shown by changes in collagen:elastin ratio
[161], and by morphometric changes with decreased perilobar connective tissue,
decreases in alveolar wall thickness and an increase in aerated parenchyma in animal
species [162-164]. In addition, glucocorticoids have an anti-oxidant effect in lambs [165],
reduce protein leak from pulmonary vasculature [157], and accelerate clearance of fetal
lung liquid before birth [157].

Interestingly, while glucocorticoid induced structural maturity occurs within 48
hours after treatment, it can take longer for surfactant pool sizes of the alveolar and lung
tissue to increase [166-168]. Thus, it appears that the endogenous synthesis and secretion
of PC is a slow process. This slow synthesis rate may explain the long delay between
prenatal glucocorticoid treatment and increased surfactant pools. This implies that the
improved pulmonary function at birth of preterm animals after antenatal glucocorticoids
is initially from lung structural changes.

Moreover, antenatal steroid treatment further improved type II pneumocyte
number and function in normal fetal lambs with TO and TR [169].

XIL The Effect of Glucocorticoids on CDH Fetal Lungs

Prenatal glucocorticoid treatment in a CDH lamb model with high dosing fetal
intravenous (i.v.) steroids twice a day for three days before delivery improved lung
morphology with thinning of the interstitium, and more mature alveoli with thinner walls
[40]. There was significant decrease of glycogen in the contralateral lung, but not the
ipsilateral lung, where a decreased glycogen level is an indication of pulmonary
biochemical maturation [39]. Even though the concentrations of lung tissue disaturated
PC did not change, there were significant improvements in oxygenation and compliance
compared to CDH without prenatal glucocorticeids [39]. In ancother study with CDH

lambs and antenatal maternal intramuscular (i.m.) glucocorticoids, the authors did not
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find any improvement in gas exchange, and no difference in lung lavage phospholipid
concentrations between the steroid treated and the saline treated CDH [170}. However,
there was a marked improvement in compliance of CDH lambs treated with one dose of
glucocorticoids once a day for two days before delivery [170]. Clearly, the steroid
protocol, ie: whether it is given to the ewe or the fetus directly, the route, the dosage, the
timing, and the duration will affect the intensity of the outcome. Interestingly, in rats with
nitrofen-induced CDH, glucocorticoids also have an effect of increasing SP-A and SP-B
mRNA, with correction of the biochemical, morphometric, and compliance abnormalities
of CDH [171-173]).

As for pulmonary artery remodeling, to our knowledge, there are no documented
reports of the effect of antenatal steroids on the CDH pulmonary media and adventitia in
the fetal lamb model. However, in the rat nitrofen-induced CDH model, antenatal

maternal dexamethasone treatment reverses CDH pulmonary arterial structural changes

with resultant normal medial thickness and area, and normal adventitial thickness and
area [174-175]).

Presently, the mean survival rate for live-born babies with CDH is 60-80%, with
some improvement in recent years, using the concept of gentle ventilation and permissive
hypercapnea [18, 19, 176]. This is because the baby is born with a “fait accompli”:
pulmonary hypoplasia. Consequently, the only hope for improvement is to address the
pulmonary hypoplasia by intervening before the lung is irreversibly affected. This can
only be accomplished during intra-uterine life.

In utero repair of the diaphragmatic defect in human fetuses with CDH was
attempted in 14 patients as reported in 1993 by the University of California in San
Francisco group [25]. Five died intraoperatively, and 9 were successfully repaired.
However, of those 9, 5 died post-operatively, and only 4 survived. The major lesson
learned was that direct diaphragmatic repair is not possible if the liver is up in the chest
since reduction of the liver back into the abdominal cavity causes fatal umbilical vein
kinking.
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Clearly, not all human fetuses with CDH are the same. Prenatal ultrasonographic
predictors have divided human fetuses with CDH into two groups: good and poor
prognosis [23, 24]. The poor prognosis CDH includes those fetuses diagnosed before 25
weeks gestation, with a lung-head ratio less than 1, and with a significant portion of the
liver up in the chest as evidenced by Doppler flow of the umbilical vein or hepatic vein.
The good prognosis CDH did not have any of those features. If the diagnosis of CDH was
made at or before 25 weeks gestation, survival was 56% versus 100% if made after 25
weeks. As these were all left-sided CDH, the lung-head ratio is defined as the right lung
area to head circumference as measured by prenatal uitrasound (US). If the lung-head
ratio is less than 0.6, there are no survivors; if the lung-head ratio is 0.6-1.35, there is a
61% survival rate; and if the lung-head ratio is greater than 1.35, there is 100% survival.
In addition, if the liver was up in the chest, survival was 56%, while if the liver was
down, then survival was 100%.

Moreover, as published in 1997, for good prognosis human fetuses with CDH
without liver herniation and favorable lung-head ratio, in utero correction of the
diaphragmatic defect did not improve survival over standard postnatal care (75% versus
86%, respectively) [22].

Candidates for fetal intervention are those “poor prognosis” CDH human fetuses
such as liver up in the chest, low lung-head ratio, and early diagnosis [28]. For these, in
utero fetal TO has proven beneficial, particularly when a fetoscopic approach is used, by
allowing for prenatal lung growth such that extra-uterine existence is possible. Thus, for
poor prognosis isolated left sided CDH fetuses, survival rate was 38% in the group treated
by standard postnatal therapy; 15% in the open TO group; and 75% in the fetoscopic TO
group [28].

There is a trend toward the use of maternal glucocorticoids for the prenatal
treatment of fetuses diagnosed with CDH [177]. One protocolized approach included
antenatal assessment, antenatal steroids, planned delivery, use of prophylactic surfactant,
gentle ventilation, and ECMO if indicated [177].
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In order to understand the pathophysiology of CDH and how medical and surgical
interventions can alter the course of this disease, an appropriate animal model must be in
place. For CDH, there are two main established animal models that resemble the human
CDH condition: the surgically created CDH in the fetal lamb at the early canalicular
stage, and the nitrofen-induced CDH in the fetal rat at the embryonic stage [94]. Of
course, each model has its limitations: the lamb CDH model is a relatively “late” onset
CDH, while nitrofen is a teratogen, and affects other organ systems also. Thus, the larger
lamb CDH model is mainly used to study surgical and medical interventions, and measure
ventilatory parameters, while the smaller rat CDH model is mainly used for
embryological and molecular studies.

The following is a review of resuscitation studies of fetal lamb CDH with various
treatment modalities and how these affected pulmonary parameters. The number in
parenthesis is the date that particular paper was published. Most of these studies were
done under the assumption that the fetal lamb CDH model is surfactant deficient, and that
while TO promotes lung growth, it further depresses the surfactant pool by decreasing the
number of type II cells. Thus, the treatment modalities have the goal of either increasing
lung growth and/or increasing surfactant pool.

a. CDH+glucocorticoids

1. (1996) The resuscitation was conducted for 30 minutes after birth, and
compared CDH versus CDH+fetal i.v. glucocorticoid high dosing twice a day for three
days before delivery. The CDH+glucocorticoid group showed improved lung morphology
with thinning of the interstitium, and more mature alveoli with thinner walls [38]). There
was significant decrease of glycogen in the contralateral lung, but not the ipsilateral lung,
where a decreased glycogen level is an indication of pulmonary biochemical maturation.
Even though the concentrations of lung tissue disaturated PC did not change, there were
significant improvements in oxygenation and compliance in the CDH+glucocorticoids
when compared to CDH without prenatal glucocorticoids [39].

2. (1999) The resuscitation was conducted for 2 hours after birth, and

compared CDH, CDH+maternal i.m. glucocorticoids at 24 hours before delivery,

32



CDH+maternal i.m. glucocorticoids at 24 hour and 48 hours before delivery, and normal
controls without any treatment. The authors did not find any improvement in gas
exchange, and no difference in lung lavage phospholipid concentrations between the
glucocorticoid treated and the saline treated CDH. However, all CDH animals, regardless
of whether or not they received glucocorticoids, had low phospholipid concentrations
when compared to controls. Nevertheless, there was a marked improvement in
compliance for the CDH+maternal i.m. glucocorticoids at 24 hour and 48 hours before
delivery, but not quite reaching normal control values [170].
b. CDH+surfactant

I. (1994) The resuscitation was conducted for 30 minutes after birth, and
compared CDH versus CDH-+surfactant before the first breath. Exogenous prophylactic
surfactant improved gas exchange with higher PaO,, lower PaCO,, and higher pH when
compared to untreated CDH. In addition, the exogenous prophylactic surfactant increased
lung volumes, FRC, and compliance [15].

2. (1996) The resuscitation was conducted for 4 hours after birth, and
compared CDH, CDH+surfactant before the first breath, and normal controls without any
treatment. Exogenous prophylactic surfactant in CDH increased pulmonary blood flow,
and decreased pulmonary vascular resistance to normal levels. This resulted in lower
right-to-left shunting with higher Pa0O,, lower PaCO,, and higher pH when compared to
untreated CDH [178].

3. (1996) The resuscitation was conducted for 4 hours after birth, and
compared CDH versus CDH+surfactant rescue after 30 minutes of ventilation. Surfactant
rescue had no effect on PaO,, PaCO,, or pH. Thus, if surfactant is to be effective in CDH,
it should be administered as early as possible, even before the first breath [14].

c. CDH+TO

1. (1994) The resuscitation was conducted for 2 hours after birth, and

compared CDH versus CDH+TO. CDH+TO had larger lungs and mature alveolar

structure with increased compliance that translated to improved oxygenation and

ventilation when compared to CDH hypoplastic lungs {42].
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2. (1994) The resuscitation was conducted for 1 hour after birth, and
compared CDH versus CDH+TO. Similarly, CDH+TO had larger lungs with higher
Pa0,, higher pH, and lower PaCO, when compared to CDH hypoplastic lungs [41].

3. (1996) The resuscitation was conducted for 30 minutes after birth, and
compared CDH, CDH+TO, and normal controls without any treatment. CDH+TO
resulted in significant lung growth with similar lung weight over body weight to controls.
The lungs of CDH+TO had better oxygenation and ventilation than CDH, and was
comparable to controls. However, the compliance of CDH+TO was intermediate between
the low compliance of CDH and the high compliance of control lungs. In addition,
because the BAL showed a reduction in total phospholipids with a decrease in surfactant
synthesis by isolated type II in the CDH+TO group, it was thus assumed that the
improved oxygenation, ventilation, and compliance of CDH+TO versus CDH may only
be a transient phenomenon, as this was only a 30 minute survival study [155].

d. CDH+TO+surfactant

1. (1997) The resuscitation was conducted for 4 hours after birth, and
compared CDH+in utero direct repair of the diaphragmatic defect, CDH+TO, and
CDH+TO+surfactant before the first breath. CDH+TO and CDH+TO-+surfactant had
larger lungs than CDH with in utero repair. There was no difference between the three
groups in terms of pH and PaCO,. Over the course of the 4 hours, Pa0O,, pulmonary blood
flow, and pulmonary vascular resistance worsened for the CDH+TO group when
compared to the other two groups. It was thus concluded that CDH+TO induces lung
growth at the expense of type II cell maturation. CDH+TO resulted in surfactant deficient
lungs, that over the course of a longer resuscitation of 4 hours, deteriorate. By adding
surfactant to CDH+TO, this deterioration was prevented [156).

e. hypoplastic lungs+TO+TR

1. (1999) In order to mimic the “CDH hypoplastic lung”, pulmonary
hypoplasia was induced in fetal lambs by prolonged drainage of lung liquid. This method
of inducing lung hypoplasia was selected because it avoided the need for surgical creation
of CDH and its subsequent repair needed for ihe planned prolonged resuscitation. The

resuscitation was conducted for 8 weeks, and consisted of three groups: 1. the group with



lung liquid drainage from day 112 of gestation until term (149 days); 2. the group with
lung liquid drainage from day 112, then TO at 137 days, then TR at 147 days, and
delivery at 149 days; and 3. controls were normal lambs delivered at 149 days. The lambs
with lung liquid drainage from day 112 of gestation until term had hypoplastic lungs, and
died within 4 hours of birth. The ones that had lung liquid drainage+TO+TR were
hypoxic for the first week and were hypercapneic at 2 days of life. Pulmonary diffusing
capacity, gas volumes, and respiratory compliances were not different between control
and lung liquid drainage+TO+TR lambs. Minute ventilation was not different between
the two groups; but tidal volumes were lower and respiratory frequencies were higher in
lung liquid drainage+TO+TR lambs than controls for 2 weeks after birth. The authors
concluded that 10 days of TO in the presence of initial lung hypoplasia prevented death at
birth and returned most aspects of pulmonary function to normal by 1-2 weeks after birth
[179].
XV. What R ins To Be Done; CDH+TO+TRel ticoid

Given the high mortality of CDH from pulmonary hypoplasia, we sought to
combine the beneficial effects of fetal tracheal occlusion to accelerate lung growth with
release of the tracheal occlusion one week before birth to restore type II cell density, and
antenatal glucocorticoids to increase the surfactant synthetic ability of the remaining
number of type II cells. We elected to resuscitate our experimental and control animals
for up to 8 hours, as this would be longer than any of the other CDH studies, to further
observe pulmonary function trends over time.
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Materials and Methods
Animal model:
reation:

Animal protocols were approved by the McGill University Animal Care
Committee. At 80 days gestation, a left sided CDH was created in the fetal lamb as
described previously {180]. Briefly, the time-dated pregnant mixed breed ewe was fasted
24 hours pre-operatively. On the day of surgery, anaesthesia was induced in the ewe with
i.v. thiopental and maintained with halothane-oxygen mixture while being ventilated on a
respirator. After wool clipping, and initial cleansing of the abdomen with proviodine soap
and alcohol, the ewe was prepped with proviodine solution, and draped, with strict asepsis
being maintained. A midline laparotomy was performed, the uterus was exposed and the
gravid homn of the uterus was delivered into the incision. The fetal left hemithorax was
identified by palpating the fetal parts through the uterine wall, using the tail, spine,
shoulder blade, and costal margin as landmarks. The uterine wall was then sutured with 4-
0 silk to the underlying fetal skin as anchor points at the fetus’ left shoulder blade and
fetus’ left costal margin. A small incision in the uterus was made between the sutures at a
point 2/3 of the way down from the shoulder stitch to the costal stitch. A left thoracotomy
was performed on the fetus. After retracting the fetal left lung superiorly into the chest
with a cotton Q-tip, the diaphragm was identified, and was picked up and nicked in its
central white tendinous part with a 23G needle tip. The hole in the diaphragm was further
enlarged with a fine scissors and spread with a small mosquito forceps, until the hole was
1-1.5 cm in diameter. At this point, at least 2 stomachs (the sheep has 3 stomachs) were
gently pulled up into the left chest. The fetal thorax was closed by re-approximating the
ribs with interrupted 4-0 silk suture. The fetal chest wall muscle and skin were closed
with a running 4-0 silk suture. Prior to closure of the hysterotomy in 2 layers with 2-0
Dexon suture, the uterus was instilled with warm saline, cefazolin S00 mg, gentamicin
150 mg, and liguamycin 200 mg. The fascia of the ewe was closed with #1 Prolene
interrupted suture, the subcutaneous tissue reaproximated with a running 3-0 Vicryl

suture to obliterate the dead space, the skin was closed with a running subcuticular 3-0
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Vicryl suture, and opsite was sprayed on the insicion. The ewe received liquamycin 400
mg i.m. each day for three days post-operatively.

Tracheal Occlusion:

Endoscopic TO was achieved using a detachable balloon system (GVB12 Latex
Goldvalve Balloon with a maximum diameter 14 mm, length 22.5 mm, volume 2.5 mL;
and CCOXLS co-axial catheters, Yocan Medical Systems, Ontario, Canada). The balloon
was inflated with 1.5 mL of saline colored with methylene blue, after being positioned by
fetal tracheoscopy (2.7 mm Semi Flexible Mini-Endoscope, Karl Storz, Germany) at 108
days gestation [88, 181, 182]. Briefly, the ewe was prepared as described above for the
operation. After delivering the gravid uterus into the incision, the fetal head and mouth
were palpated through the uterine wall. The fetal head position was maintained by the
surgical assistant to allow for neck extension and optimal endoscope angle of entry. A
small 1 cm hysterotomy was made over the fetal snout through which the endoscope was
introduced into the fetal mouth. A purse-string suture with 2-0 Dexon was tightened
around the hysterotomy to maintain the seal between the uterine wall and endoscope such
that there was minimal amniotic fluid loss. Low flow, low pressure irrigation with warm
saline, through the first instrument channel of the endoscope, was used to enhance
visibility, to obtain sufficient workspace, and to dilate the vocal cords. The endoscope
was then gently advanced in the trachea. The second instrument channel was used to
position the balloon in the trachea. At first, we positioned the balloon 2 cm above the
right upper lobe orifice; however, this proved later on to make tracheal release more
difficult if the balloon was too low in the thoracic trachea. We then decided to position
the balloon higher up in the cervical trachea at approximately 2 cm below the vocal cords
allowing for easy access for future ultrasound (US) guided release. Once properly
positioned, the balloon was inflated with 1.5 mL of saline colored with methylene blue,
and thus creating the TO. The balloon was detached from its catheter. The balloon has a
valve preventing leaking of the filling fluid. The tracheoscope was then removed, the
uterus was instilled with cefazolin, gentamicin, and liquamycin, the purse-string closed,

and another layer of hysterotomy closure with 2-0 Dexon suture was made over the purse-
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string. The rest of the ewe abdominal closure and post-operative care was done as
detailed earlier.

Tracheal Release:

TR was done at 129 days gestation either by US-guided (ALOKA SSD-630, probe
3.5 MHz, Instruments for Science and Medicine Inc., Quebec, Canada) percutaneous, or
trans-uterine deflation of the fetal intra-tracheal balloon, with a 22G spinal needle; or, by
performing fetal tracheoscopy as detailed earlier and deflating the fetal intra-tracheal
balloon directly with the micro-scissors via the endoscopic instrument channel. Briefly,
the US-guided percutaneous deflation of the fetal intra-tracheal balloon was as follows.
The fetal trachea was visualized using US, and we confirmed that it was not a vascular
structure by having no doppler flow signals. We then searched the trachea for the balloon
by measuring an increase in the mean tracheal diameter. The balloon location could also
be visualized by the fact that the valve of the balloon appeared as an echogenic point.
Once the tracheal balloon was clearly visualized, the maternal abdomen was prepped and
draped, and under sterile conditions, a 22 G spinal needle was placed percutaneoulsy
under US guidance through the maternal anterior abdominal wall, into the uterus, and
through the anterior fetal trachea. Balloon deflation was confirmed by aspiration of
methylene blue stained tracheal fluid, and the percutaneous needle was removed. If
percutaneous deflation was not possible because of difficult visualization, or potentially
unsafe because of needle trajectory, then maternal laparotomy was performed and US
guided needle deflation of the fetal tracheal balloon was done through the uterine wall. If
this failed, fetal racheoscopy was performed as described earlier, and the balloon was

deflated with the mini-scissors through the endo:cope instrument channel.

All ewes received 250 mg medroxyprogesterone i.m. at 129 days to prevent
preterm labour [183]. Progesterone is not known to influence lung development or the
response to future glucocorticoid treatment [168].

All ewes also received one dose of 0.5 mg/kg betamethasone i.m. at 135 days to
accelerate fetal surfactant production since the lambs are slightly premature {75, 184-

187]. The rationale for the glucocorticoid dose and route was to give as much as needed
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for an effect on lamb lung function, but also as little as possible to prevent preterm labour
in the ewe. Rebello et al have shown that either fetal or maternal treatment with 0.5
mg/kg of betamethasone improved postnatal lung function if given 24 hours before
delivery [185].
At 136 days (term=145 days), the fetus was delivered by caesarian, and sacrificed
at birth for phase I of the study, and resuscitated for 8 hours for phase II of the study.
Four groups were compared for the phase I study: CDH (n=7), CDH+TO (n=6),
CDH+TO+TR (n=6), and unoperated twin controls (n=16). All groups were given
antenatal glucocorticoids.
Phase I outcome measures were:
1. Lung growth: LW/BW
2. Lung morphometry: mean terminal bronchiole density (MTBD)
3. Pulmonary artery remodeling: pulmonary artery medial and adventitial areas
4. Type II cell density assessed by electron microscopy (EM)
5. Capillary load assessed by EM
6. Lung tissue and BAL content of SP-A and SP-B
7. BAL content of PC
Four groups were compared for the phase II study: CDH (n=5), CDH+TO (n=5),
CDH+TO+TR (n=5), and unoperated twin controls (n=4). All groups were given
antenatal glucocorticoids.
Phase II outcome measures were:
1. Lung growth: LW/BW
2. Survival time
3. Arterial blood gas trends: PaO,, PaCO,, pH
4. Oxygenation and ventilatory parameters
a. modified ventilatory index (MVT) [188]
MVI= (RR X PIP X PaCO,)/1000
b. ventilatory efficiency index (VEI) [189]
VEI= 3800/((PIP-PEEP) X RR X PaCO,)
c. alveolar-arterial oxygen gradient (AaDO,) [188]
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AaDO,=[((713 X Fi0O,) - PaC0O,)/0.8] - PaO,

5. Compliance
Ph . Lung lavage and pr: ing:

The body weight was measured, and after harvesting the lungs, the total lung
weight was measured. Then the right lung and left lung were separated by transecting the
left mainstem bronchus, and their respective weights were measured. The total, right and
left LW/BW were determined.

After the left mainstem bronchus stump was oversewn on the right lung, the
trachea on the right lung and the left bronchus on the left lung were cannulated. BAL was
performed on each lung. Each lung was filled twice with saline by gravity until fully
distended and the fluid was drained by gravity. Efficiency of this procedure for PC
retrieval was expected to be approximately 60% [190]. The two alveolar washes were
pooled, and the total volume of lavage fluid was recorded. The lavage fluid was
centrifuged at 500g for 10 minutes, to eliminate cellular debris that remained in the
lavage fluid. The remaining supernatant was centrifuged at 40 000g for 15 minutes. The
final pellet was analyzed for BAL SP-A and BAL SP-B. The final supernatant and final
pellet were analyzed for total BAL PC, and total BAL protein. Samples of lung tissue
(approximately | g each) of the peripheral upper and lower lobes were frozen in liquid
nitrogen and stored at -80 °C for analysis of SP-A, SP-B, and protein.

The right middle lobe and lingula were then tied off and fixed with 3%
glutaraldehyde at a pressure of 25 cm H,O for 15 minutes, and processed for electron
microscopy (EM).

The remainder of the right and left lungs were separately perfused via cannulation
of the trachea or left mainstem bronchus, with 10% formaldehyde at a pressure of 25 cm
H,0 for 48 hours, after which time, 2-3 mm thick random transverse 2 cm long slices
were taken of both upper and lower lobes, and then embedded in paraffin.

Phase I. Lung Morphometry for Lung Struct Maturity:

Sections 4-5 pm thick of the paraffin embedded lung were stained with
hematoxylin and eosin, and morphometric evaluation was performed using the mean
terminal bronchiole density (MTBD) method. This method was chosen over the radial



alveolar count because of decreased intra and inter-observer variation. The number of
terminal bronchioles seen in a given field is inversely proportional to the number of
alveoli surrounding each bronchiole [88, 181, 182]. Thus, a structurally more mature lung
has a smaller mean terminal bronchiole density. Forty random (10 from each upper and
lower lobes), non-overlapping fields were examined per animal at 100X magnification.
Phase I. Lung Mo m for Pulmon Evaluation:

Four-5 um thick sections of the paraffin embedded lung were stained with
Gomori’s aldehyde fuchsin stain where the elastic fibers stain deep purple, and counter-
stained with Halmi’s stain, and where collagen stains green, and muscle fibers stain red.
Pulmonary arteries were distinguished from pulmonary veins on the basis of structure and
position {191]. Arteries that were approximately round, meaning that the maximal
external diameter did not exceed the minimal external diameter by >50%, and had both an
external and internal elastic lamina were analyzed. At least 15 arteries per lung equally
distributed between upper and lower lobes were examined at 100-200X, with a total of at
least 30 random arteries per animal, using the ImageProPlus Version 4.0 for Windows
Image Analyzer (Media Cybemetics, Silverspring, MD, USA). The external diameter was
defined as the diameter between the external lamina and expressed in um [191].
Pulmonary arteries were divided in S groups according to size: 0-75 um, 76-100 pm, 101-
150 um, 151-250 pm, and 251-500 um. The medial area was defined as the area
contained by the external elastic lamina minus the area contained by the internal elastic
lamina, and expressed in um?. The adventitial area was defined as the area contained by
the entire artery minus the area contained by the external elastic lamina, and expressed in
pum’. The lumen area was defined as the area contained by the internal elastic lamina.
Please see Figure 1 for details. In uninjected arteries, medial area is thought to be a better
measurement than percentage of wall thickness because medial area does not vary with
the degree of distension of the artery, whereas the percentage of wall thickness does [192,
193].

Phase I. Type II cell density:
Type H cell density was determined by EM as the number of type II cells per cm’

of tissue alveolar surface area as previously described [38], with some modification.
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Results were expressed as the number of type II cells over the cellular surface area of the
alveoli, excluding the alveolar air-space in order to avoid bias that could arise from
alveolar distension produced by TO. Cellular surface area was determined from EM
images using the NIH Image Program, version 1.61 for the Macintosh. Type II cells were
recognized by their characteristic lamellar bodies and glycogen inclusions [194].

Ph illary Load:

Lung capillary load was determined by EM as the vessel luminal surface area to
tissue surface area, expressed as a percentage.

Phase I. Lung tissue SP-A, tissu¢c SP-B -A, BAL SP-B. and BAL PC Content:

Ovine SP-A and SP-B were separately determined by enzyme-linked
immunosorbent assay (ELISA) of the lung homogenate and of the BAL as described
previously, and using purified sheep SP-A and bovine SP-B as controls {195]. SP-A and
SP-B concentrations were normalized to total protein content in the lung homogenate, and
to the PC content of the BAL. Tissue and BAL protein were determined by the Lowry
assay [196] using bovine serum albumin as controls.

BAL PC contents were determined using an enzymatic phospholipid assay kit
(Boehringer and Mannhein, Diagnostic Kit PL MPR #691844), as directed by the
manufacturer. BAL PC content was normalized to animal body weight.

Ph R itation for 8 h :

At 136 days gestation, the fetal lamb was delivered by caesarian in steps. The
maternal sheep underwent general anaesthesia with halothane 0.5-2% (titrated to effect)
and pentobarbital 6-32 mg/kg i.v (titrated to effect). A laparotomy was made, and the
uterus exposed. A hysterotomy big enough to allow only for the fetal head and neck to
emerge was made. A latex glove filled with saline was placed over the lamb’s snout to
avoid spontaneous breathing. While the fetus was still under placental circulation,
cannulation of the carotid artery, jugular vein, and trachea were done as follows. A
transverse incision was made in the fetal neck at roughly the midpoint between the
suprasternal notch and the thyroid cartilage to allow for a limited dissection of the right
jugular vein, right common carotid artery (pre-ductal), and trachea. Once the right jugular

vein was identified, it was distally ligated with 2-0 silk tie, and a 5.5 Fr triple lumen
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catheter was inserted down to the 10 cm mark, and secured with 2-0 silk tie. The triple
lumen was flushed with 1 U/mL heparinised saline. Once the right common carotid was
identified, it was distally ligated with 2-0 silk tie, and an 18G Jelco catheter was inserted,
and secured with 2-0 silk tie. Blood was withdrawn from the arterial line for fetal arterial
blood gas (ABG). Then, the arterial line was flushed with 1U/mL heparinised saline.
After the cricoid cartilage was identified, the trachea was opened between its third and
fourth rings with a transverse incision. If the animal was in the CDH+TO group, the intra-
tracheal balloon was palpated before opening the trachea; the trachea distal to the balloon
was encircled with umbilical tape which was gently tightened to prevent the subsequent
deflated balloon remnant from lodging down the bronchus; the trachea was incised just
distal to the balloon but proximal to the umbilical tape, and the balloon was then
punctured with the edge of a number 11 blade, upon which the balloon remnant was
removed with fine pick-ups. The tension on the umbilical tape was released, and excess
lamb lung liquid was suctioned into a suction trap. A 4 mm uncuffed clamped (by putting
a 5 mL syringe plunger on its end) endotracheal (ET) tube was inserted into the trachea
down to the 2 cm mark. The ET tube was secured with umbilical tape around the trachea.
The neck incison was closed with interrupted 2-0 silk sutures. Based on an average birth
weight of 3 kg, paralysis was achieved by pancuronium bromide 0.3 mg i.v. (0.1 mg/kg)
given through the jugular venous line. Analgesia was achieved by ketamine 18 mg i.v. (6
mg/kg) through the jugular venous line. We also administered sodium bicarbonate
(NaHCQO,) 6 mmol i.v. (2 mmol/kg) through the jugular venous line.

The hysterotomy was enlarged to allow for the entire fetus to be delivered. The
umbilical cord was clamped with umbilical tape and cut, and the latex glove was
removed.

After the cord was clamped, the lamb was immediately, and gently bagged with
oxygen, weighed, and placed under the radiant overhead warmer with a warming blanket,
and then dried.

Before the mother was euthanised, placental blood was collected and stored on ice
for later neonatal lamb blood transfusion, if needed. The mother was given an anaesthetic

overdose with Pentothal i.v. for euthanasia.
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I. Resuscitation Protocol:

Simultaneously, the lamb was connected to a Sechrist Infant Ventilator Model IV-
100B. Initial ventilator settings were: peak inspiratory pressure (PIP) 25 cm H,0, peak
end-expiratory pressure (PEEP) 5 cm H,0, FiO, 1.0, respiratory rate (RR) 120 breaths per
minute, inspiratory time (Tinsp) 0.25 sec, and inspiratory time to expiratory time ratio
(LE) 1:1. The range of permitted ventilatory settings were as follows: PIP 15-35 cm H,0,
PEEP 3-7 cm H,O, FiO, 0.21-1.0, RR 10-120 breath per minute, Tinsp minimum 0.25
sec, and I:E ratio aimed for optimal ratio of 1:2 or 1:3, but not lower than 1:1. The goal
was 0 maximize oxygenation, and ventilation, while avoiding barotrauma. The principle
of permissive hypercapnea ventilation was used to minimize barotrauma. Ventilatory
settings were changed accordingly if PaCO, >65 mm Hg or PaCO, <40 mm Hg; if PaO,
<40 mm Hg or Pa0O, >100 mm Hg; and if pH<7.4 or pH>7.5. We calculated the pH
deficit up to pH 7.4, and bolused with 2 mmol/kg of NaHCO;i.v. to increase the pH by
0.1 unit.

Heart rate (HR), post-ductal oxygen saturation (Sa0,) via the pulse oxymeter on
the lamb’s tail, systolic (SBP), diastolic (DBP), and mean arterial (MAP) blood pressures,
and central venous pressures (CVP) were monitored continuously. A rectal temperature
probe was inserted to monitor rectal temperature continuously with a goal of 38-39 °C
achieved with the overhead warmer, and heating blankets. Blood glucose, electrolytes
(sodium, potassium, calcium), hematocrit (Hct), and pre-ductal arterial blood gas (ABG)
analysis were done using a portable clinical analyzer and EG7+ cartridges (i-STAT,
Sensor Devices Inc., Waukesha, W1, USA), for the initial fetal blood sample before
umbilical cord clamping, and every 15 minutes for the first hour of life, then every 30
minutes for the second hour of life, then every hour unul the end of the 8 hour
resuscitation. Urine output was regularly checked as a a percutaneous cystostomy was
performed by inserting an 18G Jelco catheter suprapubically.

If the MAP was <40 mm Hg, or there was a drop of blood pressure >50% of
baseline, then, we ruled out a tension pneumothorax, and checked the Hct. If the MAP
was <20 mm Hg. we administered an Epinephrine bolus of 0.1 mg i.v. If we suspected a

tension pneumothorax because of an acute, dramatic decrease in cardiopulmonary



dynamics, we quickly visualized the thorax for hyper-inflation, and auscultated the lung
fields for decreased breath sounds. We decompressed the pneumothorax by inserting a
10-12Fr chest tube into the fifth intercostal space in the right (most common side for
barotrauma in our CDH experiment) mid-axillary line, and leaving it to straight drainage.
If hemodynamics did not improve, then a chest tube was placed on the contralateral side.
If this still did not result in any improvement, then a tension pneumomediastinum (in
lambs, the mediastianal lobe is part of the normal anatomy of the right lung) was
suspected, and the only way to decompress it was by performing a subxyphoid incision,
and incising its pleura. If a low MAP was accompanied by a Hct of <0.30, then we
transfused 10 mL/kg i.v. of placental blood, and if the Hct was >0.30, then we bolused 10
mEJ/kg i.v. of Normal Saline solution, with a maximum bolus 20 mL/kg/hr.

Ionized calcium levels were checked with each blood gas, and if the ionized
calcium was less than 0.9 mmol/L, then ImL/kg i.v. of 10% calcium gluconate was given.
Potassium levels were also checked, and if the potassium was less than 3 mmoV/L, then 1
mEq i.v. potassium was given slowly. We also monitored for hypoglycemia (glucose <2.0
mmoVl/L) or hypergiycemia (glucose >20 mmol/L); however, this never became an issue.

The jugular venous line was a triple lumen: one lumen was used for a continuous
infusion, using an intravenous syringe pump, of Dextrose 5% in Water at 4 mL/kg/hr,
mixed in with ketamine at 2 mg/kg/hr, and with 0.12 mEq/mL potassium chloride; the
second lumen was used for the NaHCO; i.v. 0.5 mmol/kg/hr infusion at 1 mL/hr, and for
any additional sodium bicarbonate boluses; the third lumen was used for CVP readings
and it was continuously flushed with 0.5 mL/hr of 1 U/mL heparin in normal saline to
keep it patent. Pancuronium bromide i.v. 0.1 mg/kg/hr in Dextrose 5% in Water drip was
given at 1 mL/kg/hr piggy-backed to the ketamine drip. The arterial line from the right
common carotid artery was continuously flushed with 0.5 mL/hr of 1 U/mL heparin in
normal saline to keep it patent. A single dose of antibiotics was administered within 60
minutes after birth: ampicillin S0 mg/kg i.v. and gentamicin 2.5 mg/kg i.v. through the
jugular venous line.
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II. Compliance:

Respiratory mechanics were determined every 60 minutes, starting at 1.5 hours,
from measurements of tracheal pressure, flow, and volume using a pulmonary function
machine (Hewlett Packard 7754B system) and pneumotachometer. Compliance was
calculated as the change of volume divided by the change of pressure in the expiratory
phase of the respiratory cycle during no flow state. Compliance was then expressed over
the body weight.

IMl. Termination of resuscitation:

Resuscitation ended once eight hours of life had progressed, or cardiac
dysfunction occurred despite optimization of cardio-respiratory parameters. Death before
the anticipated eight hour resuscitation would usually be preceded by:

i. bradycardia (heart rate<80) for 30 minutes

ii. persistent hypotension with MAP <20 mm Hg despite blood transfusion, fluid
bolus, bilateral chest tubes and subxyphoid incision for relief of tension pneumothorax,
and epinephrine bolus

ili. pH<6.8 on three arterial blood gases done 60 minutes apart, in spite of
alkalinisation, and hyperventilation
IV. Neonate lamb sacrifice:

Once termination of resuscitation was determined, the lamb received a lethal dose
of i.v. pentothal for euthanasia. The neck and chest were opened, and the position of the
diaphragmatic hernia was noted and whether or not there was herniation of viscera. The
lung condition and level of gross barotrauma was noted. The trachea was dissected, and
the lungs were removed en block with the heart. Total lung weight was measured. Then
the right lung and left lung were separated by transecting the left mainstem bronchus, and
their respective weights were measured. The total, right and left LW/BW were
determined. Specimens were taken from the right middle lobe and lingula for dry-to-wet
lung weight analysis. For this, a small piece of lung tissue was resected, weighed, and left
to air dry for a minimum of one week. When completely dessicated, the tissue was re-
weighed. and the dry-to-wet ratio was thus obtained [162]). To calculate dry right and dry
left lung weights, the wet right and wet left lung weights were multiplied by the dry-to-
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wet ratio. The total dry lung weight was calculated as the average between the right and
left dry-to-wet ratio multiplied by the total wet lung weight.
Phase I and Phase II. Statistical Analysis:

Statistical analysis was performed using the statistical software SPSS version 9.
Results from Phase I and Phase II were processed separately. Results between the four
groups were compared using ANOVA with Duncan post-hoc testing, and right and left
lung comparisons within each group were made with paired t-test. P values of <0.05 were
considered statistically significant. Data is presented as mean +/- standard error of the
mean (SEM), and where #=different from control (p<0.05), and *=different from CDH
(p<0.05).

Phase I animals included for analysis were: CDH (n=7), CDH+TO (n=6),
CDH+TO+TR (n=6), and controls (n=16). Phase II animals included for analysis were:
CDH (n=5), CDH+TO (n=5), CDH+TO+TR (n=5), and controls (n=4). Because of the
small number of animals in each group, it was difficult to calculate a “‘true’” power of the
study. However, based on previous studies as described under *‘Prenatal Intervenuons
and Survival Protocols for Lamb CDH”, we expected to observe significant differences
between CDH and controls, as well as between CDH and CDH+TO+/-TR in both Phase
and Phase II of the study. To note is that there were two sets of controls; one set for Phase
I, and the other set for Phase II of the study. They essentially have the same prenatal
treatment, but Phase I controls were sacrificed at birth, and the Phase II controls were
sacrificed after an 8 hour resuscitation. Thus, we could assume that the characteristics of a
Phase I control at birth would also hold true for a Phase II control at birth in terms of
baseline lung morphometry, pulmonary artery structure, and surfactant levels at birth.
Moreover, the baseline characteristics of Phase I CDH+/-TO+/-TR animals at birth would
also hold true for their Phase II counterparts at birth.

During the resuscitation Phase II study, the average over the eight hours (as shown
in Tables 8 and 9) was the statistical average where the sum of all measurements for a
particular group was divided by the number of measurements, regardless of time. Thus,

they were not weighted for their corresponding time over the 8 hour period.
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Resuits

General Resuits:

The mortality rate for Phase I was 33%, and for Phase II, 34%. This is acceptable,
as the quoted mortality for fetal lamb CDH experiments is around 50% [9]. It is important
to note that in our analysis, only animals with documented herniated viscera up in the left
chest at autopsy were considered to be “CDH+/-TO+/-TR”. If there was no diaphragmatic
hole or no herniated viscera at the time of autopsy, then these animals would be excluded
from analysis. In Phase I, 3 animals were excluded, and in Phase II, 1 animal was
excluded from analysis. Thus, Phase I animals included for analysis were: CDH (n=7),
CDH+TO (n=6), CDH+TO+TR (n=6), and controls (n=16). Phase I animals included for
analysis were: CDH (n=5), CDH+TO (n=5), CDH+TO+TR (n=5), and controls (n=4).

In terms of technique, all of our TO using the detachable balloons were reliably
inflated and snug against the tracheal wall at autopsy. For this study, we did not examine
the trachea histologically, but from a previous study by Benachi et al [197], there can be
erosions of the tracheal epithelium due to the balloon of TO. However, as similarly
reported previously, macroscopically, no trauma could be seen to the pharynx, vocal
cords, or tracheal cartilage [182]. Even though TO achieved by intra-tracheal balloon
causes mild epithelial changes such as unfolding of the epithelium, limited epithelial
defects, and local inflammatory changes, these changes disappear following TR [198].

For Phase I of our study, TR was successfully achieved by US percutaneous
needle deflation in 3 of the 6 lambs; these were the last three cases. In the first three
cases, the balloon had been placed 2 cm above the right upper lobe orifice; this was too
low for proper US detection and safe deflation percutaneously. Thus, in one lamb, the
ewe had a laparotomy, and the balloon was deflated with a 22 G spinal needle using US
guidance, but through the uterine wall. In the other two lambs, we had to directly
visualize the fetal intra-tracheal balloon with the fetal tracheoscope, and deflated the
balloon with the micro-scissors via the endoscope instrument channel. We remedied this
problem: when the balloon was placed 2 cm below the vocal cords, the balloon was easily
seen by ultrasound and could be safely deflated percutaneously. In Phase II, TR was
successfully achieved by US percutaneous needle deflation in 4 of the 5 lambs. In the
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case of the unsuccessful percutaneous TR, the balloon had been optimally placed in the
fetal cervical trachea, but, the experimental fetus was not in optimal position: there were
twins in the same uterine horn, and the experimental animal was underneath the control. It
was thus physically impossible for our spinal needle to reach that depth in order to
puncture the intra-tracheal balloon. We elected to do a maternal laparotomy, and the
balloon was deflated with a 22 G spinal needle using US guidance, but through the
uterine wall. In all eleven TRs (Phase I and II), all balloons were reliably deflated at
autopsy. There were no fetal losses, premature labor, or other complications because of
the added procedure of TR one week before delivery.

Phase | Results:

The CDH lungs (Figure 2) from our experimental fetal ovine model were
markedly hypoplastic as evidenced by lung weight of 1.26% of body weight (Figure 3)
and by the elevated mean terminal bronchiole density (Figure 4). Figure 2 shows the
thoracic cavity of a CDH lamb; one can appreciate the hole in the diaphragm through
which a Kelly forceps is passed for demonstration purposes, and through which small
bowel herniate into the left chest, preventing ipsilateral lung growth, and causing a
mediastinal shift with an effect on contralateral lung growth. Treatment of CDH by TO
with or without TR resulted in lungs that were intermediate in size with a weight of 2.03-
2.28% of body weight. This was significantly larger than CDH but still somewhat smaller
than the controls with a lung weight of 2.98% of body weight.

Even though the CDH+TO+/-TR groups did not produce lungs the size of
controls, these lungs were structurally mature as indicated by a low mean terminal
bronchiole density when compared to the immature lungs of CDH, despite the fact that
herniated viscera were still present in the left chest at birth. The lung growth after TO was
never sufficient to displace the abdominal viscera out of the thoracic cavity, in contrast
with descriptions by others where the TO was performed at the same time as the CDH
was created [42]. At 100X magnification, CDH lungs had numerous terminal bronchioles
near the pleural edge, indicating an immature lung, and thickened, non-distendable
interstitium (Figure 5A). In contrast, at 100X magnification, CDH+TO (Figure 5B). and
CDH+TO+TR (Figure 5C) had similar pulmonary architecture to controls (Figure 5D)
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with few terminal bronchioles near the pleural edge, a thinned out interstitium, and fully
distended alveoli.

The percentage increase of right lung growth from the baseline CDH hypoplastic
lung in the CDH+TO group was 85%, and in the CDH+TO+TR group was 59%.
Similarly, the % increase of left lung growth from the CDH hypoplastic lung in the
CDH+TO group was 72%, and in the CDH+TO+TR group was 63%. Even though the
left lung was the more hypoplastic in the CDH+/-TO+/-TR groups, both right and left
lungs grew proportionally as evidenced by the stable right to left lung ratios of CDH+/-
TO+/-TR (Table 1). There was no difference between right and left lung MTBD, except
for CDH where the right lung MTBD was 5.35+/-0.56 versus left lung MTBD 7.05+/-
0.53 (p<0.05).

The adventitial area was only statistically different for arteries <75 um in size,
where the CDH+/-TO+/-TR had large adventitial areas when compared to controls (Table
2). In terms of medial area, CDH and CDH+TO+TR had thickened areas in pulmonary
arteries <75 um in size when compared to controls. CDH+TO had intermediate medial
areas in between the high area of CDH and the low area of controls (Table 3). Figure (6)
shows the actual contributions, stacked on top of each other, of the lumen area, medial
area, and adventitial area for pulmonary arteries <75 um. It can be seen that for
pulmonary arteries <75 pm, controls had the smallest overall vessel area, CDH+TO had
an intermediate area, while CDH and CDH+TO+TR had the largest areas. In Figure (7A),
at 100X magnification, one can appreciate the thickened connective tissue impinging on
the already thickened small pulmonary arteries of CDH. This is in contrast to the
stretched out parenchyma of CDH+TO (Figure 7B) that appears to have a tethering effect
of holding the thinned out small pulmonary arteries open (at 100X magnification). Figure
(7C) shows the appearance of CDH+TO+TR lungs' where the parenchyma is thinned out,
but the small pulmonary arteries appear to have a thickened area (at 100X magnification).
Figure (7D) shows the normal alveolar architecture and arterial appearance of controls (at
100X magnification).



As for the capillary load, there was no difference between controls and CDH+/-
TO+/-TR in terms of the ratio of vessel surface area to tissue surface area as seen on
electron microscopy (Table 4).

Type 1I cell density was abnormally increased in CDH, and CDH+TO+/-TR
restored type II density to normal levels (Figure 8).

BAL SP-A and BAL SP-B levels were similar in all four groups, indicating no
differences in these surfactant apoproteins secreted in utero by day 136 of gestation
(Table 5). In addition, BAL protein concentrations were similar in the four groups,
indicating that CDH+/-TO+/-TR did not compromise the integrity of the fetal lung
vascular epithelium. However, BAL PC was very low in CDH and remained low after
TO+/-TR. Similarly, lung tissue SP-B was low in CDH+/-TO+/-TR. On the other hand, a
different pattern of results was observed for lung tissue SP-A content. CDH lambs
exhibited lung SP-A tissue concentrations comparable to those in control fetuses, while
low tissue SP-A content was observed with CDH+TO+/-TR (Table 5).

Phase II Resuits:

The CDH lungs were hypoplastic as evidenced by wet lung weight of 1.11% of
body weight (Figure 9). Treatment of CDH with TO+/-TR resulted in significant lung
growth with a % wet lung weight to body weight (1.88% and 2.39%) that was comparable
to controls (1.73%). Similar to our Phase I results, even though the left lung was more
hypoplastic in the CDH+/-TO+/-TR groups, both right and left lungs grew proportionally
as evidenced by the stable right to left lung ratios of CDH+/-TO+/-TR (Table 6).

Table (7) shows the dry-to-wet ratio expressed as a percentage. The total lung dry-
to-wet ratio was the highest for CDH at 20.7%, and this was statistically different from
CDH+TO at 16.8% dry-to-wet ratio. The right lung dry-to-wet ratio was the lowest for
CDH+TO at 16.1%, and this was statistically different from controls at 19.2%, or CDH at
19.9%. The left lung dry-to-wet ratio was the highest for CDH at 21.5%, and this was
statistically different from CDH+TO at 17.5% dry-to-wet ratio. This signifies that
CDH+TO lungs had a higher water content than CDH lungs. Moreover, for the right lung,
CDH+TO lungs had a higher water content not only than CDH lungs. but also than
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control lungs. It is not surprising that TO lungs would contain more water at birth, but it
is interesting to see that it persists even after 8 hours of resuscitation.

Even though CDH+TO lungs had greater lung water content than CDH, the lung
growth achieved by CDH+TO was indeed significant when comparing dry lung weights.
Figure (10) shows the dry total lung weight over body weight ratios, where CDH lungs
are hypoplastic at 0.23%. Treatment of CDH with TO+/-TR resulted in significant lung
growth with dry lung weight of body weight (0.36% and 0.43%) that were comparable to
controls (0.32%). These results parallel the wet total lung weight over body weight ratios
results shown in Figure (9).

Figure (11) shows the highest PaO, achieved over the resuscitation. The highest
PaO,s were the best for CDH+TO (239 mm Hg) and controls (217 mm Hg), while CDH
(89 mm Hg) and CDH+TO+TR (64 mm Hg) had poor highest PaO,s. As shown in Figure
(12), the lowest PaCO,s were the best for CDH+TO (29 mm Hg) and controls (22 mm
Hg), while CDH (54 mm Hg) and CDH+TO+TR (47 mm Hg) had poor lowest PaCO,s.

Table (8) shows the mean values averaged over the eight hour resuscitation for
pH, PaCO,, PaO,, and AaDQO,. It can be seen that for pH and PaCOQ, averaged over eight
hours, three groups arise: one group with acidosis and hypercarbia corresponding to CDH
animals; one intermediate group with middle values for pH and PaCO, corresponding to
CDH+TO+TR; and the third group with normal acid-base status and normalized PaCO,
corresponding to CDH+TO and controls. For PaO, and AaDO, averaged over eight hours,
two groups arise: one with hypoxia and high AaDO, gradient corresponding to the CDH
and CDH+TO+TR groups; and the other with normal PaO, levels and lower AaDO,
gradient corresponding to the CDH+TO and control groups. Table (9) shows the mean
values averaged over the eight hour resuscitation for VEI, MVI, and compliance. For
VEI, two groups arise from the results: one with the smallest VEI corresponding to CDH
and CDH+TO+TR; and the other with a high VEI corresponding to CDH+TO and
controls. Interestingly, for the MVI and compliance, each experimental group was
significantly different from each other. The descending rank of averaged MVI, starting
with the highest, was: CDH, then CDH+TO+TR, then CDH+TO, and then controls. The
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ascending rank of averaged lung compliance, starting with the lowest, was: CDH, then
CDH+TO+TR, then controls, and then CDH+TO.

Figures (13-19) show the trends over the eight hour resuscitation for lung
compliance, MVI, VEI, PaCO,, pH, Pa0O,, and AaDO, gradient. {Note: Because of space
constraints, I did not add the symbols # or * to signify statistical significance for the
graphs representing trends over eight hours. I did add the upper bar of the SEM for each
mean value represented on the graph. Thus, if one imagines the lower error bar of the
SEM of one point in time that corresponds to the mean of a particular group, and if that
bar does not overlap with the upper band of the SEM of another group at the same time,
then those two points are statistically different at that time. Basically, if there is no
overlap of the error bars of the SEM at one particular time, then those two means are
statistically different with p<0.05]. It can be seen that for compliance trends (Figure 13),
CDH lungs are the least compliant throughout the length of the resuscitation, and that
CDH+TO are the most compliant, and at certain times, even more so than normal
controls. On the other hand, CDH+TO+TR show intermediate compliance values.

For MVI trends (Figure 14), CDH lungs have the highest values, meaning a more
difficult ventilation, and CDH+TO had low MVI values throughout. Even though
CDH+TO+TR initially had high MVI, ventilation improved after 180 minutes into the
resuscitation. Towards the end of the resuscitation, CDH+TO+TR, CDH+TO, and
controls all had low MVI values. The VEI trend (Figure 15) is another measure of ease of
ventilation where a higher value signifies an easier ventilation. Figure (15) demonstrates
further that after 180 minutes of resuscitation, a dramatic change in VEI was seen in those
CDH lambs treated with TO+/-TR. While VEI improved for CDH+TO+TR to
intermediate values, the most impressive improvement was seen in CDH+TO lambs that
followed the same curve as the normal controls. In contrast, untreated CDH lambs had a
persistently low VEI throughout the eight hour resuscitation. The pH trends (Figure 16)
clearly showed that after 180 minutes of resuscitation, CDH lambs dipped into acidosis,
while CDH+TO+/-TR and controls achieved normal acid-base balance. Similarly, PaCO,
trend values (Figure 17) for CDH showed persistent hypercapnia, while CDH+TO and
controls showed a trend towards normocapnia from the start. Initially, CDH+TO+TR
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lambs also showed hypercapnia, but after 180 minutes, showed improvement towards
intermediate values of PaCO,.

Interestingly, while pulmonary ventilation showed significant trends in pH,
PaCO,, VEI, MVI, and compliance, pulmonary oxygenation did not show the same
dramatic differences in trends between groups. There were no clear differences between
the PaO, trends, except for the few sporadic high PaO,s of CDH+TO (Figure 18). The
AaDO,s (Figure 19) were only beginning to show differences after 300 minutes, with
CDH+TO having lower AaDO, when compared to CDH or CDH+TO+TR.

Table (10) shows the number of lambs that survived the entire eight hour
resuscitation, and whether they had chest tubes or subxyphoid incisions for relief of
tension pneumothoraces. All controls, CDH+TO, and CDH+TO+TR survived 8 hours.
None of the controls developed tension pneumothoraces. In contrast, two CDH lambs did
not survive the eight hour resuscitation: one died at 5 hours, and the other at 7 hours. All
CDH animals required chest tubes at a median time of 1.5 hours into the resuscitation.
Three CDH lambs required a subxyphoid incision to drain the mediastinal lobe, two of
which were the ones that died at 5 and 7 hours. For CDH+TO animals, three required
chest tubes at a median 5 hours into the resuscitation, and two needed a subxyphoid
incision. For CDH+TO+TR, three lambs also required chest tubes at a median of 4 hours
of resuscitation, and one required a subxyphoid incision. Of those animals that developed
tension pneumothoraces, all had PIP of 35 cm H,0. Thus, the development of tension
pneumothorax was an indication of iatrogenic barotrauma because of the need to change

ventilatory settings in view of persistent acidosis, hypercapnea, or hypoxia.
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Conclusion

Our results show that both right and left lungs were severely hypoplastic in this
animal model of CDH. TO with or without TR partially normalized the hypoplastic lungs
of CDH: this resulted in an accelerated, harmonious growth and structural maturation of
both lungs despite the persistence of the CDH at autopsy. Furthermore, lung growth was
not significantly affected by TR one week before delivery. CDH lungs were structurally
immature with numerous terminal bronchioles near the pleural edge and thickened
interstitium and alveolar walls. In contrast, CDH+TO+/-TR allowed for normalization of
pulmonary architecture with thinned out interstitium, and normal appearing alveoli with
few terminal bronchi near the pleural edges. Thus, lung growth achieved by TO+/-TR
appeared to follow normal structural development.

The current study confirms previous observations that CDH hypoplastic lungs
have thickened pulmonary artery media and adventitia in arteries <75 um in diameter [5].
We further showed that these fetal anatomic changes are not “fixed” and nonreversible
components of the pulmonary vascular bed, as some may have postulated (98]): TO
reversed the increased pulmonary artery medial area, but not the adventitial area in
arteries <75 pm in diameter of our present fetal lamb CDH model. Similarly, DiFiore et al
have shown that CDH+TO in the fetal lamb reversed the increased muscularization of
pulmonary arteries: for vessels of diameters <100 um, 29% of them were fully
muscularized in CDH, whereas none were muscularized in CDH+TO and controls [128].
It is important to note that DiFiore had created the CDH and TO at the same operation,
and had injected and inflated the pulmonary artery with barium-gelatin; our CDH and TO
were created at different times, allowing lung hypoplasia to occur before applying TO,
and the pulmonary artery was not inflated. This would explain the apparent discrepancy
between non-inflated and inflated pulmonary artery diameter size and how it relates to
muscularization of the media. It is interesting to note that for normal neonate lambs,
nearly 100% of inflated arteries with a diameter of 51-100 um, at <24 hours from birth,
have been reported to be muscularized [199]. Obviously, different methods of injection,
inflation, and fixation of the lung or pulmonary arnteries will affect the relative reported
size of the artery; what is important is the trend between the groups.
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Like others [110, 114], we found no difference between control or CDH+/-TO+/-
TR in terms of composition at the level of the acinus when comparing capillary load. In
the fetal lamb, there is an initial increase in alveolar surface area followed by an increase
in endothelial surface area as indicated by a change in the ratio of capillary alveolar
surface area during the last third of gestation [47]. After 120 days gestation, there is a
close relationship between pulmonary capillary formation and alveolar development in
the fetal lamb [47]. Our results show that TO with or without TR in a hypoplastic CDH
model maintains that proportional relationship between capillary and alveolar
development even though the main growth stimulus is initiated by alveolar stretch or
bronchial pressure.

We further show that the effect of TO on pulmonary artery remodeling may be
especially significant in the latter part of gestation, as one week of TR before delivery
prevents thinning of the small pulmonary artery (<75 um) medial area. By promoting
harmonious lung growth that include alveoli and capillaries and by allowing thinning of
the medial area in small pulmonary arteries, TO would undoubtedly decrease the
pulmonary hypertension seen postnataily with CDH.

Our results reveal that despite TO, TR, and prenatal glucocorticoids, lungs from
lambs with CDH have dysfunctional type II cells with decreased BAL PC and decreased
lung tissue SP-B. Moreover, when compared to normal lambs treated with TO, CDH
animals treated with TO appear to respond differently in terms of type II cell numbers and
surfactant composition.

In normal fetal lungs, TO induces the lungs to grow at the expense of type II cell
density [34-37], likely due to signaling related to alveolar stretch. It may be that TO,
through mechanical distension, promotes proliferation of respiratory epithelial cells, thus
suppressing differentiation of mature type II cell phenotype while allowing for type I cell
growth [70, 154]. This would explain the decreased type II cell density and surfactant
immaturity associated with TO in normal lungs. However, CDH lungs do not behave like
normal lungs since type II cell density does not necessarily correlate with the amount or
composition of surfactant. For example, type II cell density is elevated in CDH, yet the

type II cells produce low levels of BAL PC and low levels of lung tissue SP-B.
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Furthermore, despite normal type H cell density, CDH+TO+/-TR lambs still produce low
levels of BAL PC and low levels of lung tissue SP-B. Since BAL SP-A and BAL SP-B
were similar in the four groups, the surfactant protein levels initially secreted in the
alveolar spaces by the fetus are not altered in CDH+/-TO+/-TR. It should be noted that
fetal alveolar pools are relatively small and that most of the surfactant is secreted at birth
[75]. Since tissue SP-B is low in CDH+/-TO+/-TR, this indicates that they would have
reduced stores of SP-B. Unlike normal lungs, for CDH lungs, TR offers no added benefit
over TO in terms of surfactant production: there is still poor quality surfactant with low
BAL PC and low lung tissue stores of SP-B. SP-B is essential for normal respiration, and
SP-B and PC are predictors of lung function at birth [84]. Since these are reduced with
CDH, the use of prophylactic exogenous surfactant before the first breath at birth may be
useful in the therapy of CDH even after prenatal intervention such as TO and maternal
steroid administration.

In normal animals, surfactant lipids and apoproteins increase in an approximately
coordinated manner in late gestation [75-78). In our control animals, as expected, SP-A,
SP-B, and PC contents were elevated appropriately in a parallel manner. However, it
appears that, in the experimental animals, the normal physiological expression of
surfactant components was altered. For example, even though all groups had normal
levels of BAL surfactant proteins, CDH lambs possessed high levels of lung tissue SP-A
which were comparable to control levels. In contrast, CDH lambs treated with TO+/-TR
displayed low levels of tissue SP-A. Thus, for CDH lambs, overall relative SP-A content
was elevated. On the other hand, CDH+TO+/-TR had uniformly low levels of lung tissue
SP-A, tissue SP-B, and BAL PC content. In CDH, the loss of normal coordinated
production of surfactant lipids and proteins suggest a disruption of the normal
physiological controls which induce surfactant production during development. In the
normal situation, despite a parallel, coordinated surfactant production, the genes for
surfactant proteins may be independently regulated through the net effect of humoral
influences [75). Further, SP-A can be secreted separately from other surfactant
components [82]. It is important to note that while SP-A is essential for tubular myelin
formation, SP-A gene ablation (“knock-out”) studies show that SP-A deficient mice have
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normal lung function [84]. SP-A is important for the innate host defense system of the
lung {76, 84]. The manner in which the relative SP-A deficiency in CDH+TO+/-TR
animals affects the lung remains to be determined.

Since PC and SP-B levels are predictors of lung function at birth [76, 84), we

would have anticipated that our present resuscitation study would have demonstrated a
decline in pulmonary function in CDH lambs treated with TO+/-TR compared to controls.
Others have persistently shown that CDH+TO have initial good physiological function if
resuscitated <4 hours [41, 42, 155, 156]; yet, there was a fear that the surfactant
deficiency in CDH+TO would lead to progressive deterioration in lung function with
longer periods of ventilation. We prove this not to be true. Several conclusions can be
drawn from our resuscitation (Phase II) study:

1. TO with or without TR reversed lung hypoplasia induced by CDH, and
resulted in lung weights that were comparable to controls.

2. CDH animals treated with TO with or without TR were all able to survive the
eight hours of resuscitation, while only 3 out of 5 CDH animals survived eight
hours with significant acidosis, hypercapnea, hypoxia, and barotrauma.

3. Marked improvement in ventilation was noted after 180 minutes for controls,
and CDH+TO+/-TR, that resulted in improvements in pH and PaCO,.
CDH+TO values were clearly superior to CDH values and reached normal
values, while CDH+TO+TR values remained intermediate. As to the
physiological mechanism responsible for the improvement in ventilation after
180 minutes for controls and CDH+TO+/-TR, we can only speculate that the
initial low ventilation-perfusion mismatch was reversed as compliance
increased and more ventilatory units were recruited relative to the pulmonary
blood flow.

4. Oxygenation was improved in CDH animals treated with TO, but not those
treated with TO+TR. Perhaps pulmonary artery remodeling and thinning of
the media of small pulmonary arteries, that is only achieved with TO until

delivery, were important factors in lessening pulmonary hypertension, leading
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to decreased right-to-left shunting, and improvements in oxygenation for
CDH+TO to levels comparable to controls.

5. The compliance of CDH animals was low, and treatment with TO allowed for

normal compliance levels. CDH+TO+TR had intermediate compliance values.

6. Release of the tracheal obstruction one week before delivery has no added

benefit in terms of lung function in this model.

The improvement in lung function of CDH+TO is most likely from surfactant-
independent mechanisms that include an appropriate lung growth to allow a minimum
lung volume needed for adequate gas exchange [21], a normal pulmonary architecture to
allow for compliant lungs [120], and pulmonary artery remodeling to prevent persistent
pulmonary hypertension [59]. The concept that surfactant independent mechanisms may
improve lung compliance arose from the observation that while glucocorticoid-induced
increases in lung compliance normally occur within 48 hours after treatment, it can take
longer before significant alterations in alveolar and/or tissue surfactant lipids become
apparent [163]. It has become evident that glucocorticoids increase lung compliance
through surfactant-independent as well as surfactant-dependent mechanisms [74, 76, 157,
163]. The former include structural changes related to alterations in collagen/elastin ratio,
morphometric alterations associated with decreased perilobar connective tissue, and
reduction in alveolar wall thickness resulting in marked elevation in aerated parenchyma
[163]. The conclusion that our CDH+/-TO+/-TR+glucocorticoid lamb models are likely
surfactant deficient may appear incompatible with our present experimental observations
or previous observations that CDH+TO [41, 42, 155] or CDH+glucocorticoids [39, 170]
lambs have increased oxygenation, ventilation indices, and survival compared to CDH
alone. However, these observations would be reconciled if compliance were increased in
these models through surfactant-independent mechanisms. As indicated above,
compliance is influenced by the lung’s intrinsic connective tissue qualities, as well as by
surfactant. An increase in compliance contributes to distension and recruitment of alveoli
and opening up of previously closed vessels for gas exchange, resulting in improved lung
function and decreased pulmonary hypertension. The increased lung volumes would

stretch the parenchyma and the resultant radial traction on the extra-alveolar vessels
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would lead to a lower vascular resistance [200]. Thinning of the interstitium and more
mature alveoli with thinner walls have been reported for CDH+glucocorticoids [40]. In
addition, our study confirms that TO+/-TR, in a CDH hypoplastic lung, accelerates lung
growth, leading to a more normal parenchymal structure in terms of terminal bronchiole
density, while maintaining an appropriate capillary load. Despite a surfactant deficiency
in CDH+TO+glucocorticoids, the normalization of lung architecture and size led to
normalization of lung function.
While our resuscitation model was limited as we could not provide our sickest
CDH lambs with high-frequency-ventilation, inhaled nitric oxide, or extra-corporeal-
membrane-oxygenation as would happen in the human condition [19, 177, 201], we did
inadvertently show that pulmonary hypoplasia complicated by iatrogenic lung injury from
high ventilatory pressures resulted in significant barotrauma, and decreased survival.
Postnatally, in babies with CDH, there is a tendency to use lower PIP (<25 mm Hg), and
high-frequency-ventilation or ECMO instead of inducing barotrauma [19].
To achieve a reduction in the high mortality and morbidity associated with human

CDH, it will be necessary to optimize numerous aspects of care:

1. Improve lung growth prenatally since a minimum lung volume of 45% of the value

predicted from age-matched controls is required for survival of CDH babies treated

with extra corporeal membrane oxygenation [21].

2. Improve compliance further (hence, decreases pulmonary hypertension) by giving

maternal glucocorticoids and exogenous surfactant to the baby before the first breath.

3. Avoid barotrauma as discussed above.

4. Decrease pulmonary hypertension. Pharmacological manipulations, including the

use of inhaled nitric oxide, have had limited success in the treatment of the pulmonary

hypertension associated with CDH. It now appears that gentle ventilation and the use

of ECMO, if necessary, will allow for spontaneous improvement over time in many

patients. Improving compliance at birth may be another step to minimize pulmonary

hypertension, but the most severely affected fetuses may require TO to provide them

with a sufficient number of alveoli and an adequate pulmonary capillary bed.



For poor prognosis CDH (hemniated liver, lung:head ratio <1, <25 weeks
gestational age at diagnosis), fetal TO is feasible and can promote prenatal lung growth
that improves survival from 38% up to 75% [28, 202]. TO can be done with tracheal
clipping, either by an open or fetoscopic approach [28, 202]. We have proposed an
alternative method where the trachea is obstructed with a detachable balloon placed by
fetal tracheoscopy thereby eliminating the risk of laryngeal nerve and tracheal trauma
associated with tracheal clipping. Fetal tracheoscopy is conducted through a single port
and thus may reduce the risk of amniotic fluid leak and premature rupture of membranes.
Even though TR one week before delivery does not provide added benefit over TO until
term, in the event that TO causes excessive uncontrolled lung growth resulting in fetal
hydrops [203], this method can be reversed by US-guided percutaneous needle puncture.
Once babies with CDH survive the neonatal period without iatrogenic lung injury, it is
expected that postnatal lung growth and remodeling will occur [123]. A baby with CDH
needs a minimum lung volume to survive; despite persistent signs of ipsilateral lung
hypoplasia after postnatal lung growth and remodeling, most survivors have few clinical

respiratory symptoms [125].
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Summary
In our fetal lamb CDH model, TO+/-TR+glucocorticoids allowed for accelerated

lung growth and normalized pulmonary architecture. Only CDH treated with TO allowed
for thinning of the pulmonary artery media area for arteries <75 um in external diameter.
There was poor quality surfactant in CDH, despite TO, TR, and glucocorticoids as shown
by low lung tissue SP-B, and low BAL PC. This implies that exogenous prophylactic
surfactant may be needed at birth in babies with CDH. The second phase of our study
confirmed that CDH lungs were hypoplastic as these lambs showed low pulmonary
compliance, acidosis, hypercapnia, hypoxia, pulmonary barotrauma, and decreased
survival if resuscitated for eight hours. TO reversed lung hypoplasia induced by CDH,
and normalized lung compliance, MVI, VEI, and arterial blood gases. It was only after
180 minutes of resuscitation that the beneficial effects of TO on lung function could be
observed. Even though release of the tracheal occlusion did not hinder lung growth or
MVI, values for VEI, pulmonary compliance and arterial blood gases remained
intermediate suggesting that TR one week before delivery was not beneficial over TO
until term in this lung model. The improvements in lung function of CDH animals treated
with TO were primarily from surfactant-independent mechanisms via pulmonary growth
and structural changes with thinning of the interstitium, thinner alveolar walls, and

pulmonary artery remodeling.

62



Bibli ]
I. Katz AL, Wisewell TE, Baumgart S: Contemporary controversies in the management
of congenital diaphragmatic hernia. Clin Perinatol 25:219-248, 1998

2. Langham MR, Kays DW, Ledbetter DJ, et al: Congenital diaphragmatic hernia
epidemiology and outcome. Clin Perinatol 23:671-688, 1996

3. Kitagawa M, Hislop A, Boyden EA, et al: Lung hypoplasia in congenital
diaphragmatic hernia. Br J Surg 58:342-346, 1971

4. Askenazi SS, Periman M: Pulmonary hypoplasia: lung weight and radial alveolar count
as criteria of diagnosis. Arch Dis Child 54:614-618, 1979

5. Yamataka T, Puri P: Pulmonary artery structural changes in pulmonary hypertension
complicating congenital diaphragmatic hernia. J Pediatr Surg 32:387-390, 1997

6. Taira Y, Yamataka, Puri P: Adventitial changes in pulmonary vasculature in congenital
diaphragmatic hernia complicated by pulmonary hypertension. J Pediatr Surg 33:382-387,
1998

7. Shehata SM, Tibboel D, Sharma HS, et al: Impaired structural remodeling of
pulmonary arteries in newborns with congenital diaphragmatic hernia: a histological
study of 29 cases. J Pathol 189:112-118, 1999

8. Suen H-C, Catlin EA, Ryan DP, et al: Biochemical immaturity of lungs in congenital
diaphragmatic hernia. J Pediatr Surg 28:471-477, 1993

9. Glick PL, Stannard VA, Leach CL, et al: Pathophysiology of congenital diaphragmatic
hernia II: The fetal lamb CDH model is surfactant deficient. J Pediatr Surg 27:382-388,
1992

10. Wilcox DT, Glick PL, Karamanoukian HL, et al: Contributions by individual lungs to
the surfactant status in congenital diaphragmatic hernia. Pediatr Res 41:686-691, 1997

11. Moya FR, Thomas VL, Romaguera J, et al: Fetal lung maturation in congenital
diaphragmatic hernia. Am J Obstet Gynecol 173:1401-1405, 1995

12. Ijsselstijn H, Zimmermann LJI, Bunt JEH, et al: Prospective evaluation of surfactant
composition in bronchoalveolar lavage fluid of infants and of age-matched controls. Crit
Care Med 26:573-580, 1998

63



13. Glick PL, Leach CL, Besner GE, et al: Pathophysiology of congenital diaphragmatic
hernia III: Exogenous surfactant therapy for the high-risk neonate with CDH. J Pediatr
Surg 27:866-869, 1992

14. O’Toole SJ, Karamanoukian HL, Sharma A, et al: Surfactant rescue in the fetal lamb
model of congenital diaphragmatic hernia. J Pediatr Surg 31:1105-1109, 1996

15. Wilcox DT, Glick PL, Karamanoukian H, et al: Pathophysiology of congenital
diaphragmatic hernia. V. Effect of exogenous surfactant therapy on gas exchange and
lung mechanics in the lamb congenital diaphragmatic hernia model. J Pediatr 124:289-
293, 1994

16. Hasset MJ, Glick PL, Karamanoukian HL, et al: Pathophysiology of congenital
diaphragmatic hernia XVI: Elevated pulmonary collagen in the lamb model of congenital
diaphragmatic hernia. J Pediatr Surg 30:1191-1194, 1995

17. Pfleghaar KM, Wapner RJ, Kuhiman, et al: Congenital diaphragmatic hernia:
prognosis and prenatal detection. Fetal Diagn Ther 10:393-399, 1995

18. Ijsselstijn H, Tibboel D: The lungs in congenital diaphragmatic hernia: Do we
understand? Pediatr Pulmonol 26:204-218, 1998

19. Kays DW, Langham MR, Ledbetter DJ, et al: Detiimental effects of standard medical
therapy in congenital diaphragmatic hernia. Ann Surg 230:340-351, 1999

20. Antunes MJ, Greenspan JS, Cullen JA, et al: Prognosis with preoperative pulmonary
function and lung volume assessment in infants with congenital diaphragmatic hernia.
Pediatrics 96:1117-1122, 1995

21. Thibeault DW, Haney B: Lung volume, pulmonary vasculature, and factors affecting
survival in congenital diaphragmatic hernia. Pediatrics 101:289-295, 1998

22. Harrison MR, Adzick NS, Bullard KM, et al: Correction of congenital diaphragmatic
hernia in utero VII: a prospective trial. J Pediatr Surg 32:1637-1642, 1997

23. Metkus AP, Filly RA, Stringer MD, et al: Sonographic predictors of survival in fetal
diaphragmatic hemia. J Pediatr Surg 31:148-152, 1996

24. Lipschutz GS, Albanese CT, Feldestein VA, et al: Prospective analysis of lung-to-
head ratio predicts survival for patients with prenatally diagnosed congenital
diaphragmatic hemia. J Pediatr Surg 32:1634-1636, 1997



25. Harrison MR, Adzick NS, Flake AW, et al: Correction of congenital diaphragmatic
hernia in utero: V1. hard-earned lessons. J Pediatr Surg 28:1411-1414, 1993

26. Skarsgard ED, Meuli M, VanderWall KJ, et al: Fetal endoscopic tracheal occlusion
(“fetendo-plug”) for congenital diaphragmatic hernia. J Pediatr Surg 31:135-1338, 1996
27. Harrison MR, Adzick NS, Flake AW, et al: Correction of congenital diaphragmatic
hernia in utero VIII: response of the hypoplastic lung to tracheal occlusion. J Pediatr Surg
31:1339-1348, 1996

28. Harrison MR, Mychaliska GB, Albanese CT, et al: Correction of congenital
diaphragmatic hernia in utero IX: fetuses with poor prognosis (liver herniation and low
lung-to-head ratio) can be saved by fetoscopic temporary tracheal occlusion. J Pediatr
Surg 33:1017-1023, 1998

29. Estes JM, MacGillivray TE, Hedrick MH, et al: Fetoscopic surgery for the treatment
of congenital diaphragmatic hernia. J Pediatr Surg 27:950-954, 1992

30. Luks FI, Deprest JA, Vandenberghe K, et al: A model for fetal surgery through
intrauterine endoscopy. J Pediatr Surg 29:1007-1009, 1994

31. VanderWildt B, Luks FI, Steegers EAP, et al: Absence of electrical uterine activity
after endoscopic access for fetal surgery in the Rhesus monkey. Eur J Obstet Gynecol
Reprod Biol 58:213-214, 1995

32. Luks FI, Peers KHE, Deprest JA, et al: The effect of open and endoscopic fetal
surgery on uteroplacental oxygen delivery in the sheep. J Pediatr Surg 31:310-314, 1996
33. Farrell JA, Albanese CT, Jennings RW, et al: Matemal fertility is not affected by fetal
surgery. Fetal Diagn Ther 14:190-192, 1999

34. Piedboeuf B, Laberge J-M, Ghitulescu G, et al: Deleterious effect of tracheal
obstruction on type II pneumocytes in fetal sheep. Pediatr Res 41:473-479, 1997

35. Papadakis K, De Paepe ME, Tackett LD, et al: Temporary tracheal occlusion causes -
catch-up lung maturation in a fetal model of diaphragmatic hernia. J Pediatr Surg
33:1030-1037, 1998

36. Istam S, Donahoe PK, and Schnitzer JJ: Tracheal ligation increases mitogen-activated
protein kinase activity and attenuates surfactant protein B mRNA in fetal sheep lungs. J
Surg Res 84:19-23, 1999

65



37. Benachi A, Challey-Heu B, Delezoide A-L, et al: Lung growth and maturation after
tracheal occlusion in diaphragmatic hernia. Am J Respir Crit Care Med 157:921-927,
1998

38. Bin Saddiq W, Piedboeuf B, Laberge J-M, et al: The effects of tracheal occlusion and
release on type II pneumocytes in fetal lambs. J Pediatr Surg 32:834-838, 1997

39. Schnitzer JJ, Hedrick HL, Pacheco BA, et al: Prenatal glucocorticoid therapy reverses
pulmonary immaturity in congenital diaphragmatic hernia in fetal sheep. Ann Surg
224:430-439, 1996

40. Hedrick HL, Kaban JM, Pacheco BA, et al: Prenatal glucocorticoids improve
pulmonary morphometrics in fetal sheep with congenital diaphragmatic hernia. J Pediatr
Surg 32:217-222, 1997

41. Hedrick ML, Estes JM, Sullivan KM, et al: Plug the lung until it grows (PLUG): A
new method to treat congenital diaphragmatic hernia in utero. J Pediatr Surg 29:612-617,
1994

42. DiFiore JW, Fauza DO, Slavin R, et al: Experimental fetal tracheal ligation reverses
the structural and physiological effects of pulmonary hypoplasia in congenital
diaphragmatic hemia. J Pediatr Surg 29:248-257, 1994

43. Moessinger AC, Harding R, Adamson TM, et al: Role of lung fluid volume in growth
and maturation of fetal sheep lung. J Clin Invest 86:1270-1277, 1990

44. DiFiore JW, Wilson JM: Lung liquid, fetal lung growth, and congenital diaphragmatic
hernia. Pediatr Surg Int 10:2-9, 1995

45. Thurlbeck WM: Prematurity and the developing lung. Clin Perinatol 19:497-519,
1992

46. Jeffery PK: The development of large and small airways. Am J Respir Crit Care Med
157:S174-S180, 1998

47. Alcorn DG, Adamson TM, Maloney JE, et al: A morphologic and morphometric
analysis of fetal lung development in the sheep. Anat Rec 201:655-667, 1981

48. Kluth D, Losty PD, Schnitzer JJ, et al: Toward understanding the developmental
anatomy of congenital diaphragmatic hernia. Clin Perinatol 23:655-669, 1996

66



49. Lipsett J, Cool JC, Runciman SC, et al: Morphometric analysis of pulmonary
development in the sheep following creation of fetal diaphragmatic hernia. Pediatr Pathol
Lab Med 17:789-807, 1997

50. Harding R, Hooper SB: Regulation of lung expansion and lung growth before birth. J
Appl Physiol 81:209-224, 1996

51. Harding R, Sigger JN, Wickman PJD, et al: The regulation of flow of pulmonary fluid
in fetal sheep. Resp Physiol 57:47-59, 1984

52. Kitterman JA: Fetal lung development. J Develop Physiol 6:67-82, 1984

53. Kitterman JA: The effects of mechanical forces on fetal lung growth. Clin Perinatol
23:727-740, 1996

54. Nobuhara KK, Wilson JM: The effects of mechanical forces on in utero lung growth
in congenital diaphragmatic hernia. Clin Perinatol 23:741-752, 1996

S§5. Jain L: Alveolar fluid clearance in developing lungs and its role in neonatal transition.
Clin Perinatol 26:585-599, 1999

56. Aloan CA, Hill TV. in Respiratory Care of the Newbom and Child, Second Edition.
Lippincott-Raven Publishers, 1997, pp 3-19

57. Haworth S: Pulmonary vascular remodeling in neonatal pulmonary hypertension.
Chest 93:133S-138S, 1988

58. Dukarm RC, Steinhorn RH, Morin III FC: The normal pulmonary vascular transition
at birth. Clin Perinatol 23:711-726, 1996

59. Lakshminrusimha S, Steinhorn RH: Pulmonary vascular biology during neonatal
transition. Clin Perinatol 26:601-619, 1999

60. Hislop A, Reid L: Intra-pulmonary arterial development during fetal life-branching
pattern and structure. J Anat 113:35-48, 1972

61. Reid LM: Lung growth in health and disease. Br J Dis Chest 78:113-134, 1984

62. Hislop A, Reid L: Pulmonary arterial development during childhood: branching
pattern and structure. Thorax 28:129-135, 1973

63. deMello D: Concepts of pulmonary vascular development. Presented at the Erasmus
University Rotterdam workshop on Pathogenetic and Experimental Aspects of Congenital
Diaphragmatic Hernia, The Netherlands, May 3-5, 1999

67



64. Haworth SG, Hislop AA: Pulmonary vascular development: normal values of
peripheral vascular structure. Am J Cardiol 52:578-583, 1983

65. Allen K, Haworth SG: Human postnatal pulmonary arterial remodeling. Lab Inv
59:702-709, 1988

66. Davies G, Reid L: Growth of the alveoli and pulmonary arteries in childhood. Thorax
25:669-681, 1970

67. Stenmark KR, Orton EC, Reeves JT, et al: Vascular remodeling in neonatal
pulmonary hypertension. Chest 93:127S-1328S, 1988

68. Morin III FC, Stenmark KR: Persistent pulmonary hypertension in the newborn. Am J
Respir Crit Care Med 151:2010-2031, 1995

69. Giaid A, Polak JM, Gaitonde V, et al: Distribution of endothelin-like
immunoreactivity and mRNA in the developing and adult human lung. Am J Respir Cell
Mol Biol 4:50-58, 1991

70. Rannels DE, Rannels SR: Influence of the extracellular matrix on type 2 cell
differentiation. Chest 96:165-173, 1989

71. Post M, van Golde LMG: Metabolic and developmental aspects of the pulmonary
surfactant system. Biochim Biophys Acta 947:249-286, 1988

72. Gross I: Regulation of fetal lung maturation. Am J Physiol 259 (Lung Cell Mol
Physiol 3):L337-L344, 1990

73. Ikegami M, Polk D, Tabor B, et al: Corticosteroid and thyrotropin-releasing hormone
effects on preterm sheep lung function. J Appl Physiol 70:2268-2278, 1991

74. Mendelson CR, Gao E, Li J, et al: Regulation of expression of surfactant protein-A.
Biochim Biophys Acta 1408:132-149, 1998

75. Cockshutt AM, Possmayer F: Metabolism of surfactant lipids and proteins in the
developing lung, in Robertson B, Van Golde LMG, Batenburg JJ (eds): Pulmonary
Surfactant: From Molecular Biology To Clinical Practice, Amsterdam, Elsevier Science
Publishers, 1992, pp 339-377

76. Rooney SA, Young SL, Mendelson CR: Molecular and cellular processing of lung
surfactant. FASEB J 8:957-967, 1994

68



77. Braems GA, Yao L-J, Inchley K, et al: Pulmonary mRNAs following prolonged fetal
hypoxemia. Am J Physiol (in press)

78. Tan RC, Ikegami M, Jobe AH, et al: Developmental and glucocorticoid regulation of
surfactant protein mRNAs in preterm lambs. Am J Physiol 277:L1142-L1148, 1999

79. Benson BJ, Kitterman JA, Clements JA, et al: Changes in phospholipid composition
of lung surfactant during development in the fetal lamb. Biochim Biophys Acta 753:83-
88, 1983

80. Creuwels LAJM, van Goldw LMG, Haagsman HP: The pulmonary surfactant system:
biochemical and clinical aspects. Lung 175:1-39, 1997

81. Mason RJ, Voelker DR: Regulatory mechanisms of surfactant secretion. Biochim
Biophys Acta 1408:226-240, 1998

82. Ikegami M, Jobe AH: Surfactant protein metabolism in vivo. Biochim Biophys Acta
1408:218-225, 1998

83. Veldhuizen R, Nag K, Orgeig S, et al: The role of lipids in pulmonary surfactant.
Biochim Biophys Acta 1408:90-108, 1998

84. Goerke J: Pulmonary surfactant: Functions and molecular composition. Biochim
Biophys Acta 1408:79-89, 1998

85. Floros J, Hoover RR: Genetics of the hydrophilic surfactant proteins A and D.
Biochim Biophys Acta 1408:312-322, 1998

86. Weaver TE: Synthesis, processing and secretion of surfactant proteins B and C.
Biochim Biophys Acta 1408:173-179, 1998

87. Nogee LM: Genetics of the hydrophobic surfactant proteins. Biochim Biophys Acta
1408:323-333, 1998

88. Flageole H, Evrard VA, Piedboeuf B, et al: The plug-unplug sequence: An important
step to achieve type II pneumocyte maturation in the fetal lamb. J Pediatr Surg 33:299-
303, 1998

89. Adzick NS, Harrison MR, Glick PL, et al: Experimental pulmonary hypoplasia and

oligohydramnios: relative contributions of lung fluid and fetal breathing movements. J
Pediatr Surg 19:658-665, 1984

69



90. Walton JC, Silver MM, Chance GW, et al: Laryngeal atresia, pleurodesis, and
diaphragmatic hypertrophy in a newborn infant with findings relevant to fetal lung
development. Pediatr Pathol 4:1-11, 1985

91. Kitterman JA: The effects of mechanical forces on fetal lung growth. Clin Perinatol
23:727-740, 1996

92. Wilcox DT, Irish MS, Holm BA, et al: Pulmonary parenchymal abnormalities in
congenital diaphragmatic hemia. Clin Perinatol 23:771-779, 1996

93. O’'Toole SJ, Irish MS, Holm BA, et al: Pulmonary vascular abnormalities in
congenital diaphragmatic hernia. Clin Perinatol 23:781-794, 1996

94. Wilcox DT, Irish MS, Holm BA, et al: Animal models in congenital diaphragmatic
hernia. Clin Perinatol 23:813-822, 1996

95. The Neonatal Inhaled Nitric Oxide Study Group: Inhaled nitric oxide and hypoxic
respiratory failure in infants with congenital diaphragmatic hernia. Pediatrics 99:838-845,
1997

96. Karamanoukian HL, Glick PL, Wilcox DT, et al: Pathophysiology of congenital
diaphragmatic hernia VIII: inhaled nitric oxide requires exogenous surfactant therapy in
the lamb model of congenital diaphragmatic hernia. J Pediatr Surg 30:1-4, 1995

97. Karamanoukian HL, Glick PL, Wilcox DT, et al: Pathophysiology of congenital
diaphragmatic hernia X: localization of nitric oxide synthase in the intima of pulmonary
artery trunks of lambs with surgically created congenital diaphragmatic hernia. J Pediatr
Surg 30:5-9, 1995

98. Thebaud B, De Lagausie P, Forgues D, et al: ET-A receptor blockade and ET-B
receptor stimulation in experimental congenital diaphragmatic hernia. Am J Physiol Lung
Cell Mol Physiol 278:1.923-L.932, 2000

99. Irish MS, Glick PL, Russell J, et al: Contractile properties of intralobar pulmonary
arteries and veins in the fetal lamb model of congenital diaphragmatic hernia. J Pediatr
Surg 33:921-928, 1998

100. Kobayashi H, Puri P: Plasma endothelin levels in congenital diaphragmatic hernia. J
Pediatr Surg 29:1258-1261, 1994

70



101. Giaid A, Yanagisawa M, Langleben D, et al: Expression of endothelin-1 in the lungs
of patients with pulmonary hypertension. N Engl J Med 328:1732-1739, 1993

102. Ivy DD, Kinsella JP, Abman SH: Endothelin blockade augments pulmonary
vasodilation in the ovine fetus. J Appl Physiol 8:2481-2487, 1996

103. Ivy DD, Parker TA, Kinsella JP, et al: Endothelin A receptor blockade decreases
pulmonary vascular resistance in premature lambs with hyaline membrane disease.
Pediatr Res 44:175-180, 1998

104. Ivy DD, Parker TA, Ziegler JW, et al: Prolonged endothelin A receptor blockade
attenuates chronic pulmonary hypertension in the ovine fetus. J Clin Invest 99:1179-1186,
1997

105. Ivy DD, Kinsella JP, Abman SH: Physiologic characterization of endothelin A and B
receptor activity in the ovine fetal pulmonary circulation. J Clin Invest 93:2141-2148,
1994

106. Kavanagh M, Battistini B, Kluth D, et al: Effect of CGS 26303, an endothelin-
converting enzyme/neutral endopeptidase inhibitor, on nitrofen-induced congenital
diaphragmatic hernia in the rat. J Pediatr Surg 35:780-784, 2000

107. Naeye RL, Shochat SJ, Whitman V, et al: Unsuspected pulmonary vascular
abnormalities associated with diaphragmatic hernia. Pediatrics 58:902-906, 1976

108. Levin DL: Morphologic analysis of the pulmonary vascular bed in congenital left-
sided diaphragmatic hernia. J Pediatr 92:805-809, 1978

109. Shochat SJ, Naeye RL, Ford WDA, et al: Congenital diaphragmatic hernia: new
concepts in management. Ann Surg 190:332-341, 1979

110. Geggel RL, Murphy JD, Langieben D, et al: Congenital diaphragmatic hernia:
arterial structural changes and persistent pulmonary hypertension after surgical repair. J
Pediatr 107:457-464, 1985

111. Adzick NS, Outwater KM, Harrison MR, et al: Correction of congenital
diaphragmatic hernia in utero IV. An early gestational fetal lamb model for pulmonary
vascular morphometric analysis. J Pediatr Surg 20:673-680, 1985

112. Nakamura Y, Harada K, Yamamoto I, et al: Human pulmonary hypoplasia. Arch
Pathol Lab Med 116:635-642, 1992

71



113. Tenbrinck R, Gaillard JLJ, Tibboel D, et al: Pulmonary vascular abnormalities in
experimentally induced congenital diaphragmatic hernia in rats. J Pediatr Surg 27:862-
865, 1992

114. Ting A, Glick PL, Wilcox DT, et al: Alveolar vascularization of the lung in a lamb
model of congenital diaphragmatic hernia. Am J Respir Crit Care Med 157:31-34, 1998
115. Taira Y, Yamataka T, Miyazaki E, et al: Comparison of the pulmonary vasculature
in newborns and stillborns with congenital diaphragmatic hernia. Pediatr Surg Int 14:30-
35, 1998

116. Yamataka T, Puri P: Active collagen synthesis by pulmonary arteries in pulmonary
hypertension complicated by congenital diaphragmatic hernia. J Pediatr Surg 32:682-687,
1997

117. Belik J, Keeley FW, Baldwin F, et al: Pulmonary hypertension and vascular
remodeling in fetal sheep. Am J Physiol 266 (Heart Circ Physiol 35): H2303-H2309,
1994

118. Wild LM, Nickerson PA, Morin III FC: Ligating the ductus arteriosus before birth
remodels the pulmonary vasculature in the lamb. Pediatr Res 25:251-257, 1989

119. Morin III FC: Ligating the ductus arteriosus before birth causes persistent pulmonary
hypertension in the newborn lamb. Pediatr Res 25:245-250, 1989

120. Kavvadia V, Greenough A, Laubscher B, et al: Perioperative assessment of
respiratory compliance and lung volume in infants with congenital diaphragmatic hemia:
prediction of outcome. J Pediatr Surg 32:1665-1669, 1997

121. Kaiser JR, and Rosenfeld CR: A population based study of congenital diaphragmatic
hernia: impact of associated anomalies and preoperative blood gases on survival. J Pediatr
Surg 34:1196-1202, 1999

122. Pringle KC, Tumer JC, Schofield JC, et al: Creation and repair of diaphragmatic
hernia in the fetal lamb: lung development and morphology. J Pediatr Surg 19:131-140,
1984

123. Beals DA, Schloo BL, Vacanti JP, et al: Pulmonary growth and remodeling in
infants with high-risk congenital diaphragmatic hernia. J Pediatr Surg 27:997-1002, 1992

72



124. Wohl MEB, Griscom NT, Strieder DJ, et al: The lung following repair of congenital
diaphragmatic hernia. J Pediatr 90:405-414, 1977

125. Vanamo K, Rintala R, Sovijarvi J, et al: Long-term pulmonary sequelae in survivors
of congenital diaphragmatic defects. J Pediatr Surg 31:1096-1100, 1996

126. Muratore C, Lund DP, Kharasch V, et al: Pulmonary morbidity in one hundred
survivors of congenital diaphragmatic hernia followed in a multidisciplinary clinic.
Presented at the 31" annual meeting of the American Pediatric Surgical Association,
Orlando, FL, May 25-28, 2000

127. Wright JR, Thompson DL, McBride JA, et al: Asynchronous pulmonary hyperplasia
associated with tracheal atresia: pathologic and prenatal sonographic findings. Pediatr
Path Lab Med 15:81-97, 1995

128. DiFiore JW, Fauza DO, Slavin R, et al: Experimenta! fetal tracheal ligation and
congenital diaphragmatic hemia: a pulmonary vascular morphometric analysis. J Pediatr
Surg 30:917-924, 1995

129. Kanai M, Kitano Y, Radu A, et al: Effect of prenatal tracheal occlusion on
pulmonary arterial structural changes in rats with nitrofen-induced congenital
diaphragmatic hemia. Surgical Forum L:567-568, 1999

130. Sylvester KG, Rasanen J, Kitano Y, et al: Tracheal occlusion reverses the high
impedance to flow in the fetal pulmonary circulation and normalizes its physiological
responses to oxygen at full term. J Pediatr Surg 33:1071-1075, 1998

131. Hashim E, Laberge J-M, Chen M-F, et al: Reversible tracheal obstruction in the fetal
sheep: effect on tracheal fluid pressure and lung growth. J Pediatr Surg 30:1172-1177,
1995

132. Squier CA: The stretching of mouse skin in vivo: effect on epidermal proliferation
and thickness. J Inv Dermatol 74:68-71, 1980

133. Liu M, Skinner SJ, XU J, et al: Stimulation of fetal rat lung cell proliferation in vitro
by mechanical stretch. Am J Physiol 263:1L.376-L383, 1992

134. Curtis ASG, and Seehar GM: The control of cell division by tension or diffusion.
Nature 274:52-53, 1978

73



135. Sanchezesteban J, Tsai SW, Sang JB, et al: Effects of mechanical forces on lung
specific gene expression. Am J Med Sci 316:200-204, 1998

136. Liu M, Liu J, Buch S, et al: Antisense oligonucleotides for PDGF-B and its receptor
inhibit mechanical strain-induced fetal lung cell growth. Am J Physiol 269:L.178-L184,
1995

137. Kitano Y, Flake AW, Quinn TM, et al: Lung growth induced by tracheal occlusion
in the sheep is augmented by airway pressurization. J Pediatr Surg 35:216-222, 2000

138. Nardo L, Hooper S, Harding R: Stimulation of lung growth by tracheal obstruction
in fetal sheep: relation to luminal pressure and lung liquid volume. Pediatr Res 43:184-
190, 1998

139. Papadakis K, Luks FI, DePaepe M, et al: Fetal lung growth after tracheal ligation is
not solely a pressure phenomenon. J Pediatr Surg 32:347-351, 1997

140. Price WA, Sites AD: New insights into lung growth and development. Curr Opin
Pediatr 8:202-208, 1996

141. Kotecha S: Lung growth: implications for the newbomn infant. Arch Dis Child Fetal
Neonatal Ed 82:F69-F74, 2000

142. Nobuhara KK, DiFiore JW, Ibla JC, et al: Insulin-like growth factor-l gene
expression in three models of accelerated lung growth. J Pediatr Surg 33:1057-1061, 1998
143. Joe P, Wallen LD, Chapin CJ, et al: Effects of mechanical factors on growth and
maturation of the lung in fetal sheep. Am J Physiol 272:L.95-L105, 1997

144. Miyazaki E, Ohshiro K, Taira Y, et al: Altered insulin-like growth factor | mRNA
expression in human hypoplastic lung in congenital diaphragmatic hernia. J Pediatr Surg
33:1476-1479, 1998

145. Hooper SB, Han VKM, Harding R: Changes in lung expansion alter pulmonary
DNA synthesis and IGF-II gene expression in fetal sheep. Am J Physiol 265:1L403-L409,
1993

146. Harding R, Hooper SB, Han VKM: Abolition of fetal breathing movements by
spinal cord transection leads to reductions in fetal lung liquid volume, lung growth, and
IGF-1I gene expression. Pediatr Res 34:148-153, 1993

74



147. Edwards LA, Red LC, Nishio SJ, et al: Comparison of the distinct effects of
epidermal growth factor and betamethasone on the morphogenesis of the gas exchange
region and differentiation of alveolar type II cells in lungs of fetal Rhesus monkeys. J
Pharmacol Exp Therap 274:1025-1032, 1995

148. Hardie WD, Bruno MD, Huelsman KM, et al: Postnatal lung function and
morphology in transgenic mice expressing transforming growth factor-alpha. Am J Path
151:1075-1083, 1997

149. Quinn TM, Sylvester KG, Kitano Y, et al: TGF-B2 is increased after fetal tracheal
occlusion. J Pediatr Surg 34:701-705, 1999

150. Whitsett JA, Weaver TE, Lieberman MA, et al: Differential effects of epidermal
growth factor and transforming growth factor-B on synthesis of Mr= 35 000 surfactant-
associated protein in fetal lung. J Biol Chem 262:7908-7913, 1987

151. Beers MF, Solarin KO, Guttentag, et al: TGF-B1 inhibits surfactant component
expression and epithelial cell maturation in cultured human fetal lung. Am J Physiol
275:1L.950-L960, 1998

152. Ryan RM, Mineo-Kuhn MM, Kramer CM, et al: Growth factors alter neonatal type
11 alveolar epithelial cell proliferation. Am J Physiol 266:L17-L22, 1994

153. McCabe AJ, Carlino U, Holm B, et al: Upreguiation of keratinocyte growth factor in
the tracheal ligation lamb model of congenital diaphragmatic hernia. Presented at the 31*
annual meeting of the American Pediatric Surgical Association, Orlando, FL, May 25-28,
2000

154. Wirtz HR, Dobbs LG: The effects of mechanical forces on lung function. Resp
Physiol 119:1-17, 2000

155. O’Toole SJ, Sharma A, Karamanoukian HL, et al: Tracheal ligation does not correct
the surfactant deficiency associated with congenital diaphragmatic hernia. J Pediatr Surg
31:546-550, 1996

156. O’Toole SJ, Karamanoukian HL, Irish MS, et al: Tracheal ligation: The dark side of
in utero congenital diaphragmatic hernia treatment. J Pediatr Surg 32:407-410, 1997

157. Ballard PL, Ballard RA: Scientific basis and therapeutic regimens for use of
antenatal glucocorticoids. Am J Obstet Gynecol 173:254-262, 1995

75



158. Whitsett JA, Glasser SW: Regulation of surfactant protein gene transcription.
Biochim Biophys Acta 1408:303-311, 1998

159. Post M: Maternal administration of dexamethasone stimulates choline-phosphate
citidyltransferase in fetal type II cells. Biochem J 241:291-296, 1987

160. Fiascone JM, Jacobs HC, Moya FR, et al: Betamethasone increases pulmonary
compliance in part by surfactant-independent mechanisms in preterm rabbits. Pediatr Res
22:730-735, 1987

161. Ward EW, Roussos C, Macklem PT: Respiratory mechanics. in Murray JF, Nadel JA
(eds):Textbook of Respiratory Medicine, Second Edition, Philadelphia, W.B. Saunders
Company, 1994, pp 90-95

162. Beck JC, Mitzner W, Johnson JWC, et al: Betamethasone and the rhesus fetus:
Effect on lung morphometry and connective tissue. Pediatr Res 15:235-240, 1981

163. Kendall JZ, Lakritz J, Plopper CG, et al: The effects of hydrocortisone on lung
structure in fetal lambs. J Develop Physiol 13:165-172, 1990

164. Pinkerton KE, Willet KE, Peake JL, et al: Prenatal glucocorticoid and T4 effect on
lung morphology in preterm lambs. Am J Respir Crit Care Med 156:624-630, 1997

165. Walther FJ, Ikegami M, Warburton D, et al: Corticosteroids, thyrotropin-releasing
hormone, and anti-oxidant enzymes in preterm lamb lungs. Pediatr Res 30:518-521, 1991
166. Bunt JEH, Camielli VP, Seidner SR, et al: Metabolism of endogenous surfactant in
premature baboons and effect of prenatal corticosteroids. Am J Respir Crit Care Med
160:1481-1485, 1999

167. Jobe AH, Polk D, Ikegami M, et al: Lung responses to ultrasound-guided fetal
treatments with corticosteroids in preterm lambs. J Appl Physiol 75:2099-2105, 1993

168. Ballard PL, Ning Y, Polk D, et al: Glucocorticoid regulation of surfactant
components in immature lambs. Am J Physiol 273:L1048-L1057, 1997

169. Kay S, Laberge J-M, Flageole H, et al: The use of antenatal steroids to counteract the
negative effects of tracheal occlusion in the fetal lamb model. Pediatr Res (in press)

170. Kapur P, Holm BA, Irish MS, et al: Lung physiological and metabolic changes in
lambs with congenital diaphragmatic hernia after administration of prenatal maternal
corticosteroids. J Pediatr Surg 34:354-356, 1999

76



171. Hedrick HL, Pacheco BA, Losty PD, et al: Dexamethasone increases expression of
surfactant-associated protein mRNA in rats with nitrofen-induced congenital
diaphragmatic hernia. Surgical Forum XLVI:654-657, 1995

172. Suen HC, Bloch KD, Donahoe PK: Antenatal glucocorticoid corrects pulmonary
immaturity in experimentally induced congenital diaphragmatic hemia in rats. Pediatr Res
35:523-529, 1994

173. Losty PD, Suen HC, Manganaro TF, et al: Prenatal hormonal therapy improves
pulmonary compliance in the nitrofen-induced CDH rat model. J Pediatr Surg 30:420-
426, 1995

174. Taira Y, Miyazaki E, Ohshiro K, et al: Administration of antenatal glucocorticoids
prevents pulmonary artery structural changes in nitrofen-induced congenital
diaphragmatic hemia in rats. J Pediatr Surg 33:1052-1056, 1998

175. Okoye BO, Losty PD, Lloyd DA, et al: Effect of prenatal glucocorticoids on
pulmonary vascular muscularisation in nitrofen-induced congenital diaphragmatic hernia.
J Pediatr Surg 33:76-80, 1998

176. Clark RH, Hardin WD, Hirschl RB, et al: Current surgical management of
congenital diaphragmatic hernia: a report from the congenital diaphragmatic hernia study
group. J Pediatr Surg 33:1004-1009, 1998

177. Finer NN, Tierney A, Etches PC, et al: Congenital diaphragmatic hemnia: Developing
a protocolized approach. J Pediatr Surg 33:1331-1337, 1998

178. O’Toole SJ, Karamanoukian HL, Morin III FC, et al: Surfactant decreases
pulmonary vascular resistance and increases pulmonary blood flow in the fetal lamb
model of congenital diaphragmatic hernia. J Pediatr Surg 31:507-511, 1996

179. Davey MG, Hooper SB, Tester ML, et al: Respiratory function in lambs after in
utero treatment of lung hypoplasia by tracheal obstruction. J Appl Physiol 87:2296-2304,
1999

180. de Luca U, Cloutier R, Laberge J-M, et al: Pulmonary barotrauma in congenital
diaphragmatic hemia: experimental study in lambs. J Pediatr Surg 22:311-316, 1987

77



181. Flageole H, Evrard VA, Vandenberghe K, et al: Tracheoscopic endotracheal
occlusion in the ovine model: Technique and pulmonary effects. J Pediatr Surg 32:1328-
1331, 1997

182. Deprest JAM, Evrard VA, Van Ballaer PP, et al: Tracheoscopic endoluminal
plugging using an inflatable device in the fetal lamb model. Eur J Obstet Gynecol Reprod
Biol 81:165-169, 1998

183. Jenkin G, Jorgensen G, Thorburn GD: Induction of premature delivery in sheep
following infusion of cortisol in the fetus. I. The effect of maternal administration of
progestagens. Can J Physiol Pharmacol 63: 500-508, 1985

184. Polk DH, Ikegami M, Jobe AH, et al: Postnatal lung function in preterm lambs:
effects of a single exposure to betamethasone and thyroid hormones. Am J Obstet
Gynecol 172:872-881, 1995

185. Rebello CM, Lkegami M, Polk DH, et al: Postnatal lung response and surfactant
function after fetal or maternal corticosteroid treatment. J Appl Physiol 80:1674-1680,
1996

186. Ikegami M, Polk D, Jobe A: Minimum interval from fetal betamethasone treatment
to postnatal lung responses in preterm lambs. Am J Obstet Gynecol 174:1408-1413, 1996
187. Polk DH, Ikegami M, Jobe AH, et al: Preterm lung function after retreatment with
antenatal betamethasone in preterm lambs. Am J Obstet Gynecol 176:308-315, 1997

188. Stolar CJH and Dillon PW: Congenital diaphragmatic hernia and eventration, in
O’Neill JA, Rowe MI, Grosfeld JL, Fonkalsrud EW, and Coran AG (eds): Pediatric
Surgery. St. Louis, Missouri, Mosby-Year Book, Inc., 1998, pp 819-837

189. Ikegami M, Polk D, Jobe AH, et al: Effect of interval from fetal corticosteroid
treatment to delivery on postnatal lung function of preterm lambs. J Appl Physiol 80:591-
597, 1996

190. Rebello CM, Jobe AH, Eisle JW, et al: Alveolar and tissue surfactant pool sizes in
humans. Am J Respir Crit Care Med 154:625-628, 1996

191. Levin DL, Rudolph AM, Heymann MA, et al: Morphological development of the
pulmonary vascular bed in fetal lambs. Circulation 53:144-151, 1976

78



192. Colpaert C, Hogan J, Stark AR, et al: Increased muscularization of small pulmonary
arteries in preterm infants of diabetic mothers: a morphometric study in noninflated,
noninjected, routinely fixed lungs. Pediatr Path Lab Med 15:689-70S5, 1995

193. WagenvoortCA, Neufeld HN, Edwards JE: The structure of the pulmonary arterial
tree in fetal and early postnatal life. Lab Invest 10:751-762, 1961

194. Fehrenbach H, Schmiedl A, Wahlers T, et al: Morphometric characterisation of the
fine structure of human type II pneumocytes. Anat Rec 243:49-62, 1995

195. Lesur O, Veldhuizen RAW, Whitsett JA, et al: Surfactant-associated proteins (SP-A,
SP-B) are increased proportionally to alveolar phospholipids in sheep silicosis. Lung
171:63-74, 1993

196. Lowry OH, Rosenbrough NJ. Farr AL, et al: Protein measurement with the folin
phenol reagent. J Biol Chem 193:265-275, 1951

197. Benachi A, Dommergues M, Delezoides AL, et al: Tracheal obstruction in
experimental diaphragmatic hernia: an endoscopic approach in the fetal lamb. Prenat
Diagn 17:629-634, 1997

198. Deprest JAM, Evrard VA, Verbeken EK, et al: Tracheal effects of fetoscopic
endoluminal plugging using an inflatable device in the fetal lamb model. Eur J Obstet
Gynaecol Reprod Biol (in press)

199. Michel RP, Gordon JB, Chu K: Development of the pulmonary vasculature in
newborn lambs: structure-function relationships. J Appl Physiol 70:1255-1264, 1991

200. West JB: Respiratory Physiology- the essentials Sth edition. Baltimore, MD,
Williams & Wilkins, 1995, pp 31-50

201. Rimensberger PC, Beghetti M, Hanquinet S, et al: First intention high-frequency
oscillation with early lung volume optimization improves pulmonary outcome in very low
birth weight infants with respiratory distress syndrome. Pediatrics 105:1202-1208, 2000
202. Kitano Y, Flake AW, Crombleholme TM, et al: Open fetal surgery for life-
threatening fetal malformations. Sem Perinatol 23:448-461, 1999

203. Graf JL, Gibbs DL, Adzick NS, et al: Fetal hydrops after in utero tracheal occlusion.
J Pediatr Surg 32:214-216, 1997

79



80



Table (1). Phase 1. Right and Left Lung Growth

RLW/BW % LLW/BW % RLW/LLW
CDH 0.83+/-0.10 # 0.43+/-0.04 # 201+/-0.24 #
CDH+TO 1.54+/-0.24 * 0.74+/-0.15 * # 2.18+4/-0.14 #
CDH+TO+TR 1.324/-0.15* # 0.70+/-0.12 * # 1.97+/-0.15 #
CONTROL 1.82+/-0.07 * 1.174/-0.04 * 1.56+/-0.04 *

Legend Table (1):

BW=body weight, RLW=right lung weight, LLW=left lung weight

Data are given as mean +/-SEM

#=different from control, p<0.05; *=different from CDH



Table (2). Pulmonary Artery Adventitial Area

PA Adventitial Area (um) For All Artery Sizes

PA size (um):

0-75 76-100 101-150 151-250 251-500
CDH 4996+/- 493 # 9871+/- 999 18528+/- 2239 38185+/- 4142 52979+/- 11539
CDH+TO 4487+4/- 274 # 9540+/- 929 15609+/- 1552 39362+/- 5439 89571+/- 24469
CDH+TO+TR  5304+/- 289 # 10688+/- 1402 24623+/- 5457 30218+/- 3192 138630+/- 28408
CONTROL 3139+/- 163 8205+/- 854 14066+/- 1104 33887+/- 3905 94698+/- 21410
Legend Table (2):

PA= pulmonary artery
Data are given as mean+/- SEM
#= different from control, p<0.05



Table (3). Pulmonary Artery Medial Area

PA Medial Area (um) For All Artery Sizes

“PA size (um):
0-78 76-100
CDH 1365+/- 101 # 2676+/- 220
CDH+TO 1265+/- 52 2774+/- 176

CDH+TO+TR  1336+/- 63 # 2973+/- 283
CONTROL 1124+/- 34 * 2543+/- 106

101-150

4584+/- 493
4955+/- 485
5182+/- 752
3981+/- 185

151-250

11101+/- 1166
11726+/- 1805
9215+/- 816
8903+4/- 617

251-500

32100+/- 7770
26181+/- 2609
39010+/- 7803
30272+/- 6059

Legend Table (3):
PA= pulmonary artery
Data are given as mean +/-SEM

#= different from control, p<0.05; *= different from CDH, p<0.05



Table (4). Capillary Load

Vessel/Tissue Surface Area (%)
Total Right Lung Left Lung
CDH 10.08+/- 1.01 8.18+/- 0.89 11.97+/- 1.26
CDH+TO 9.61+/- 1.10 9.56+/- 1.98 9.67+/- 1.18
CDH+TO+TR  11.18+/- 1.46 12.65+/- 291 9.70+/- 0.33
CONTROL 11.02+/- 1.07 12.04+/- 1.79 10.0+/- 1.19

Legend Table (4):
Data are given as mean +/- SEM
There is no statistical difference between the four groups



Table (5). Surfactant Composition

BAL SP-B BAL SP-A BAL protein BAL PC Lung Tissue SP-B _Lung Tissue SP-A
CDH 119 +/-50 34 +/-8 1.21 +/-0.79 3871 4/-:2207 # 17.65 +/-4.26 # 0.25 +/-0.06
CDH+TO 129 +/-54 50 +/-14 2.66 +/-1.04 51.54 +/-71.52 4 11112 +/-3.11 # 0.05 +/-00]! * #
CDH+TO+TR 323 +/-191 69 +/-48 2.77 +/-0.6} 31.17 +/-8.62 # 14.11 +/-2.60 # 0.09 +/-003* #
CONTROL 182 +/-45 28 +/-8 1.59 +/-0.30 233.874/-4503* 4529 +/-560* 0.19 +/-0.03

Legend Table (5):

BAL SP-B= bronchoalveolar lavage fluid Surfactant Protein-B ng/mg PC
BAL SP-A= bronchoalveolar lavage fluid Surfactant Protein-A pg/mg PC

BAL protein= bronchoalveolar lavage fluid protein pg/plL
BAL PC= bronchoalveolar lavage fluid phosphatidylcholine pg/g body weight

Lung Tissue SP-B= lung tissue Surfactant Protein-B ng/mg protein
Lung Tissue SP-A= lung tissue Surfactant Protein-A pg/mg protein

Data are given as mean +/- SEM

#= different from control, p<0.05; *= different from CDH, p<0.05



Table (6). Phase I1. Right and Left Lung Growth

RLW/BW % LLW/BW% RLW/LLW
CDH 0.79+/-0.08 0.32+/-0.04 2.54/-0.1 #
CDH+TO 1.66+/-0.23 * 0.69+/-0.18 * 2.7+/04 #
CDH+TO+TR 1.30+/-0.12 * 0.55+/-0.08 * 244024
CONTROL 1.05+/-0.03 * 0.66+/-0.02 * 1.5+/-0.1

Legend Table (6):

BW=body weight, RLW=right lung weight, LLW=left lung weight

Data are given as mean +/-SEM

#=different from control, p<0.05; *=different from CDH



Table (7). Dry-10-Wet Lung Weight Ratios

Total Dry-to-Wet %  Right Dry-to-Wet % Left Dry-to-Wet %

CDH 20.7+/-1.3 19.9+/-0.7 21.5+/-1.9
CDH+TO 16.8+/-1.3 * 16.14/-1.5* # 17.5+/-1.3 *
CDH+TO+TR 19.2+/-0.4 17.9+/-0.4 20.5+/-0.4
CONTROL 19.0+/-0.9 19.2+/-1.1 18.7+/-0.8
Legend Table (7):

Data are given as the mean+/-SEM
#=different from control, p<0.05, *=different from CDH, p<0.05



Table (8). Average pH, PaCO2, Pa0O2, and AaDO2 Over the Eight Hour Resuscitation

pH PaCO2 (mm Hg) Pa02 (mm Hg) AaDO2 (mm Hg)
CDH 7.114/-0.02 # 103+/-3 # 49+/-3 # 707+/-5 #
CDH+TO 7.39+/-0.02 * 55+/-4* 87+/-9 * 635+/-18 *
CDH+TO+TR 7.324/-0.02 * # 82+/-4* # 41+/-2 # T744+/-5 #
CONTROL 7.404/-0.02 * 48+/-3 * 78+/-7 * 646+/-25 *

Legend Table (8):
Data are given as the mean+/-SEM
#=different from control, p<0.05; *=different from CDH, p<0.05



Table (9). Average MV], VEI, and Compliance Over the Eight Hour Resuscitation

MVIt 100xVEI Compliance t
CDH 401+/-15 1.27+/-0.06 # 0.27+/-0.01
CDH+TO 165+/-21 18.48+/-3.16 * 0.87+/-0.03
CDH+TO+TR 284+/-20 4.32+/-0.84 # 0.46+/-0.01
CONTROL 93+/-12 19.65+/-2.99 * 0.72+/-0.03

Legend Table(9):

Data are given as mean+/-SEM

#=different from control, p<0.05; *=different from CDH, p<0.05, t=all are different from each other, p<0.05
MVI=modified ventilatory index=(RRxPIPxPaC02)/1000

100xVEI=100xventilatory efficiency index=100x3800/((PIP-PEEP)xRRxPaCQ2)

Compliance= mL/cm H20/kg



Table (10). Survival and Barotrauma

Survived Age at death Chest tube | Median age at Subxyphoid Age at
8 hours (hours) (N) chest tube incision subxyhpoid incision
(N) (hours) (N) (hours)

CDH 3 57 5 1.5 3 1,15, 1.5

(n=5)

CDH+TO 5 - 3 5 2 15,6

(n=5)

CDH+TO+TR 5 - 3 4 1 1.5

(n=5)

CONTROL 4 - 0 - . -

(n=4)




Figures:

Legends for Figures:

Figure 1. Pulmonary artery morphometry.

The external diameter is defined as the diameter between the external lamina and
expressed in um. The medial area is defined as the area contained by the external elastic
lamina minus the area contained by the internal elastic lamina, and expressed in um’. The
adventitial area is defined as the area contained by the entire artery minus the area
contained by the external elastic lamina, and expressed in um’. The lumen area is defined

as the area contained by the internal elastic lamina.

Figure 2. Thoracic cavity of a CDH lamb.

One can appreciate the hole in the diaphragm through which a Kelly forceps is
passed for demonstration purposes, and through which small bowel herniate into the left
chest, preventing ipsilateral lung growth, and causing a mediastinal shift with an effect on
contralateral lung growth. B=bowel, D=diaphragm, H=heart, K=Kelly forceps, L=Left
Lung, R=Right Lung.

Figure 3. Phase I. Lung weight/body weight.
Data is presented as mean +/- standard error of the mean (SEM), and where
#=different from control (p<0.0S), and *=different from CDH (p<0.0S5).

Figure 4. Mean Terminal Bronchiole Density (MTBD).
Data is presented as mean +/- standard error of the mean (SEM), and where
*=different from CDH (p<0.05).

Figure 5. Pulmonary structure.

At 100X magnification, CDH lungs (A) had numerous terminal bronchioles (TB)

near the pleural edge (arrow), indicating an immature lung, and thickened, non-
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distendable interstitium. In contrast, at 100X magnification, CDH+TO (B), and
CDH+TO+TR (C) had similar pulmonary architecture to controls (D) with few terminal

bronchioles near the pleural edge, a thinned out interstitium, and fully distended alveoli.

Figure 6. Pulmonary arteries with an external diameter less than 75 pm.

This figure shows the actual contributions, stacked on top of each other, of the
lumen area, medial area, and adventitial area for pulmonary arteries <75 um. It can be
seen that for pulmonary arteries <75 pm, controls had the smallest overall vessel area,
CDH+TO had an intermediate area, while CDH and CDH+TO+TR had the largest areas.
Data is presented as mean +/- standard error of the mean (SEM), and where #=different
from control (p<0.05), and *=different from CDH (p<0.05).

Figure 7. Pulmonary arteries.

In (A), at 100X magnification, one can appreciate the thickened connective tissue
impinging on the already thickened small pulmonary arteries (arrow) of CDH. This is in
contrast to the stretched out parenchyma of CDH+TO (B) that appears to have a tethering
effect of holding the thinned out small pulmonary arteries (arrow) open (at 100X
magnification). (C) shows the appearance of CDH+TO+TR lungs where the parenchyma
is thinned out, but the small pulmonary arteries (arrow) appear to have a thickened area
(at 100X magnification). (D) shows the normal alveolar architecture and arterial (arrow)
appearance of controls (at 100X magnification).

Figure 8. Type II cell density.

Data is presented as mean +/- standard error of the mean (SEM), and where
*=different from CDH (p<0.05).

Figure 9. Phase II. Lung weight/body weight.

Data is presented as mean +/- standard error of the mean (SEM), and where
*=different from CDH (p<0.0S).
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Figure 10. Phase II. Dry lung weight/body weight.
Data is presented as mean +/- standard error of the mean (SEM), and where
*=different from CDH (p<0.05).

Figure 11. Highest PaO,.
Data is presented as mean +/- standard error of the mean (SEM), and where
#=different from control (p<0.05), and *=different from CDH (p<0.05).

Figure 12. Lowest PaCO,.
Data is presented as mean +/- standard error of the mean (SEM), and where
#=different from control (p<0.05), and *=different from CDH (p<0.0S).

Figure 13. Lung compliance over eight hours.

Data is presented as mean + standard error of the mean (SEM), and if there is no
overlap of the error bars of the SEM (both upper SEM shown and lower “imaginary”
SEM) at one particular time, then those two means are statistically different with p<0.05.

Figure 14. MVI. Modified ventilatory index over eight hours.

Data is presented as mean + standard error of the mean (SEM), and if there is no
overlap of the error bars of the SEM (both upper SEM shown and lower “imaginary”
SEM) at one particular time, then those two means are statistically different with p<0.05.

Figure 15. 100X VEI Ventilatory efficiency index over eight hours.

Data is presented as mean + standard error of the mean (SEM), and if there is no
overlap of the error bars of the SEM (both upper SEM shown and lower “imaginary”
SEM) at one particular time, then those two means are statistically different with p<0.05.
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Figure 16. pH over eight hours.

Data is presented as mean + standard error of the mean (SEM), and if there is no
overlap of the error bars of the SEM (both upper SEM shown and lower “imaginary”
SEM) at one particular time, then those two means are statistically different with p<0.0S.

Figure 17. PaCO, over eight hours.

Data is presented as mean + standard error of the mean (SEM), and if there is no
overlap of the error bars of the SEM (both upper SEM shown and lower “imaginary”
SEM) at one particular time, then those two means are statistically different with p<0.05.

Figure 18. PaO, over eight hours.

Data is presented as mean + standard error of the mean (SEM), and if there is no
overlap of the error bars of the SEM (both upper SEM shown and lower “imaginary”
SEM) at one particular time, then those two means are statistically different with p<0.0S.

Figure 19. AaDO, over eight hours.

Data is presented as mean + standard error of the mean (SEM), and if there is no
overlap of the error bars of the SEM (both upper SEM shown and lower “imaginary”
SEM) at one particular time, then those two means are statistically different with p<0.05.
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Figure (1). Pulmonary Artery Measurements

Internal Elastic Lamina
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