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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). COU,

CDH+TO, COU+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 COU: they accelerated growth of both lungs and led to structural

maturity. Only TO thinned the medial area of small pulmonary arteries doser to control

values. Despite TO, TR, and glucoconicoids, lungs from lambs with CDU have

dysfunctional type II ceUs with decreased surfactant levels. Nonetheless, COH+TO lambs

showed normal oxygenation, ventilation, and compliance over untreated CDU, with a

clear survival advantage over an eight hour resuscitation. TR one week before delivery

had no added henefit in tenns of lung function. Il 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 animais.
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Ab"
Cette étude vise à déterminer à l~aide d'un modèle ovin d~hypoplasie pulmonaire

causée par une hernie diaphragmatique congénitale (HDC) les effets de l'occlusion

réversible de la trachée foetale (On 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 HOC; 2. la

HDC+OT; 3. la HDC+OT+le relâchement de l'occlusion trachéale (RO) une semaine

avant la naissance; 4. le groupe contrôle (des jumeaux nonopérés). L~DT+/-RD

normalisent en partie 1~ hypoplasie pulmonaire de la HOC: ils accélèrent la croissance des

poumons et induisent une maturation structurale. Seule r DT peut amincir l'aire de la

média des petites artères pulmonaires. Malgré 1~ DT~ le RD et les glucocorticoides~ les

poumons affectés par la HOC ont des cellules de type n dysfonctionnelles avec un niveau

faible de surfactant. Néanmoins~ au cours d'une resuscitation de huit heures, les agneaux

avec l'HDC+OT ont démontrés une oxygénation~ une ventilation et une compliance

normales comparés aux agneaux avec une HOC. Le RD une semaine avant la naissance

n'a aucun avantage en ce qui concerne la fonction pulmonaire. Il 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

l'amélioration de la compliance, de l'oxygénation et de la ventilation des poumons

affectés par la HOC et traités avec l'DT.

4



•

•

Açknowledumeots

The author would like to thaRk the following individuals for their help leading to the

creation of this lhesis.

Dr. Hélène Flageole and Dr. Jean-Martin Laberge, my supervisors, for their

encouragement, innovative suggestions, and expert guidance, especially during those

moments of delicale fetal surgery.

Dr. Bruno Piedboeuf for his valuable suggestions, and for the detailed measurements of

the type ncell density and long capillary load on electron microscopy.

Dr. Moy-Fong Chen for her enthusiasm and advice on pulmonary morphometry.

Dr. Samir Khalifé for his expert ultrasonographic skills and performing the release of the

tracheal occlusion by percutaneous ultrasound-guided needle puncture of lite fetal

intratracheal balloons.

Dr. Jeffrey Whitsett and William Hull for the ELISAs for the surfactant-protein A and

surfactant-protein B on the lung tissue and bronchoalveolar lavage tluid.

Dr. Fred Possmayer and Robert Harbottle for the phosphatidylcholine assays on the

bronchoalveolar lavage tluid.

The Montreal Children's Hospital Research Institute., the Montreal Children's Hospital

Biomedical Department., and the Montreal Children's Hospital Respiratory Department.,

especially Dr. Michael Davis and Julia Mesiano, for donation of equipment needed for

the resuscitation phase of the study.

The author would lite to thanle the following for personal fmancial assistance:

Fonds de la Recherche en Santé du Québec

Canadian Association of General Surgeons Research Fund

5



•

•

AbbreyiatioJW

ADG= arterial blood gas

BAL= bronchoalveolar lavage fluid

COU= congenital diaphragmatic hemia

CVP= central venous pressure

DBP= diastolic blood pressure

DLCO= diffusing capacity

ECMO= Extra-Corporeal-Membrane-Oxygenation

EM= eleclron microscopy

ET=endotracheal

FBM= fetal breathing movements

FEV t=forced expiratory volume in 1 second

FiOz= percentage of inspired oxygen

FRC= functional residual capacity

Het= hematocrit

Hb= hemoglobin

UR= heart rate

I:E ratio= inspiratory time to expiratory time ratio

ï.m.= intramuscular

ï.v.= intravascular

LWIBW= lung weight over body weight ratio

MAP= mean arterial blood pressure

mRNA= messenger ribo-nueleic acid

MTBD= mean terminal bronchiole density

NaHCO]= sodium bicarbonate

PA= pulmonary artery

PaC02= partial pressure of arterial carbon dioxide

Pa02=partial pressure of arterial oxygen

PC= pbosphatidylcholine

PEEP= positive end-expiratory pressure
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PIP= peak inspiratory pressure

PPHN= persistent pulmonary hypertension of the newbom

RV= residual volume

RR= respiratory rate

Sa02= 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
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Introduction

Congenital diaphragmatic hernia (COH) affects 1 in 2000-4000 live human binhs

[1, 2]. The hemiation 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 [5-71; a

primary or secondary surfactant deficiency [8-12]; and low compliance postnatally that

may be due in part to a lack of surfactant [13-151 and also to an increased lung collagen

density [16]. This combination of factors is lethal in acound 20-40% of those babies born

with CDH despite optimal care [17-19], with the most imponant 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" COH [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

COU, 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 COU includes babies diagnosed by obstetrical ultrasound (US)

before 25 weeks gestation, a lung-head ratio <1, and liver hemiation ioto the chest [23,

24]. Complete in utero repair of COU does not work for fetuses with liver herniation

because reduction of the liver back into the abdomen causes fatal kinking of the ombilical

vein [25]. For these fetuses, a "Plug the Lung Uotil it Grows (PLUG)" strategy, where the

fetaI 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 retuses 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
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the open tracheal occlusion group (0=13), and 75% in the group with tracheal occlusion

by fetoscopy (n=8) [28]. Those treated with tracheal occlusion by fetoscopy had lung

enlargemeot before birth demonstrated by ultrasound examioation of the lungs, and had

good postnatal respiratory function as determined by low percentage of inspired oxygen

(FiOJ requirements, and rapid extubations. In addition, il 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 fust glance, it would seem that fetal tracheal occlusion (TO) could solve the

problem of lung hypoplasia. Unfonunately, TO consistently causes a decrease in type n
pneumocytes and a dramatic surfactant deficit [34-37]. Thus, TO either damaged type fi

ceUs or delayed their maturation while accelerating lung growth. However, even though

lung growth after TO occurs at the expense of type Il cell differentiation, this effect is

reversible with the release of tracheal occlusion (TR) one week before birth in a normal,

non-COH fetallamb lung model [38].

In the attempt of improving the outcome of COH, research with COH 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 sorne light on the

pathophysiology of COH [39-42].

Given the high monality of con from pulmonary hypoplasia and its associated

pulmonary hypenension, we sougbt to combine the beneficial effects of fetal TO to

accelerate lung growth, then, TR one week before delivery to restore type D cell density,

with the addition of antenatal glucoconicoids, to increase the surfactant synthetic ability

of type fi cells.

The oletali pal of our study was to maximize existing prenatal interventions that

can safely accelerate in utero lung growth, structural, biochemical, and functional

maturation in a COU model. Our objective was to analyze the effeet of minimally

invasive fetoscopic TO witb or witbout 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

9
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measured by oxygenation, ventilation, and compliance, in the hypoplastic lung model of

lambs with a surgically created CDH.

Our bypotbesjs 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 fonction over COH lungs.

10
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ReYicw of the Ljterature

1. Qyerview

The transition from felus to neonale al birth is lruly amazing; in the first few

minutes of extrauterine liCe, the newbom must replace the Iiquid 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 aIl early neonatal deaths are associated with

lung hypoplasia [43].

Interestingly, the observation that babies born with laryngeal atresia, causing a

naturaI form of tracheal occlusion, had large, hyperplastic lungs led to experimentaJ fetaI

TO to counteract lung hypoplasia [42, 44]. To understand the mechanism of felal TO

causing lung growth, we must firsl grasp the normal physiology controlling the structural

and biochemical maturation of fetal lungs, then examine lung hypoplasia in CDH and

how il is affected by TO, by release of the occlusion before binh, and by antenalal

glucocorticoids.

Q. Normal LUDI DevelQgment

The five lung development stages in the human [45, 46] and the lamb [47] are

(humanllamb), where tenn is >37 weeks gestation in humans, and >145 days gestation in

the lamb:

a. 0-6 weeksl 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

witb the appearance of segmental bronchi.

b. 7-16 weeksl 40-80 days: the pseudoglandular stage where the entire

bronchiallconducting airways are fonned.

c. 17-24 weeksiSo-l20 days: the canalicular stage where the peripheral airways

(acinus) and distal pulmonary circulation, ie: future airspace volume, are formed. In the

sheep, maximallung growtb occurs between 112 and 124 days gestation.

d. 24-36 weeksll2o-145 days: the tenninal sac stage where there is fonnation of

gas-exchange units with alveolar development and type fi 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 he expected

to support extrauterine Iife.

e. 36 weeks- 3 to 8 years posblatally/145 days: the a1veolar,. postnatal stage where

there is an increase in the number and size of alveoli. ft is important to note that in

humans, only 1/3-112 of alveoli are present at birth [45, 46], white 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 componenls: a. the septum transversum

ventrally that forms the central tendon b. the pleuroperitoneal membranes dorsolaterally

c. the mesentery of the esophagus dorsally thal forms the crura, and d. the intercostal

muscle group that forms the poslerior-Iateral muscle [1 J. Closure of the pleuroperitoneal

canal to form the pleuroperitoneal membrane nonnally 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 imponant 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

retum into the abdomen during the tenth week of gestation in humans. where they will

bemiate ioto the chest preventing long growth through competition for space.

m. De Importance of LUDI Liguid

Experiments have shown that fetallung liquid is essential to lung growth and that

fetal lung Iiquid volume must he maintained within normal physiological ranges for

proper lung development [50-54].

During fetal life,. the pulmonary epithelial cells secrete a fluid that fiUs the

potential airspaces. This luminal fluid is called lung liquid and is not inhaled amniotic

fluid. Influx of amniotic fluid ioto the tracbea 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 [50]. Lung liquid is important recause il

maintains the developing long expanded,. and this expansion is crucial for long growth. Il
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i8 not known exactly when lung liquid secretory function stans. bUI by mid-gestation•

lung liquid is secreted al mean rates of 5 mUhrlkg 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.

p-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 felal hormones such as cortisol and

epinephrine, and, during labor. there is relative fetal hypoxemia. thus preparing the felUs

for extrauterine air breathing by decreasing the secretion rate of lung liquid in anticipation

of clearance of lung Iiquid. 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 Iung

liquid secretion. FBM of normal incidence and intensity are necessary for maintaining

normal long volumes and thus normallung 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. 52J. Normally. FBM last for 20-30

minuteslhour and occur during rapid-eye-movement sleep which is present for 30-50% of

lime during late gestation. When the fetus is not practicing FBM, it is apneic. What

exactly stimulates the fetus to altemate between apneic states and FBM states is not weil

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 tonicaUy active creating an airway

resistance. and thus lung liquid accumulates as the rate of lung liquid secretion is greater

tban long liquid efOux. During FBM. the laryngeal constrictor relaxes, and allows for a

small net rate of fluid efflux. Experiments have shown that the fetallung ftlled with liquid

bas an elastic recoil resulting in negative intrapleural pressures (0.2-0.7 mm Hg below

amniotic fluid pressure) [50-53]. The Cetal intra-tracheal pressure is slightly greater than

amniotic pressure by 1-3 mm Hg because of the high laryngeal resistance and pulmonary

rccoil pressure [SOl. Thus, long volume is maintained during apnea by the contraction of

13



•

•

the laryngeal constrictor muscle, and lung volume is maintained during FBM by

contraction of the diaphragm opposing the lung recoil. Apparently, the volume of tracheaI

tluid moved with each FBM is less than 1-2% of the total luminal volume; this May he

due to the high resistance of the laryngeaI constrictors, and the viscosity of the lung Iiquid

[50]. Dy the resistance to outflow of tracheal tluid, and negative intrapleural pressure,

there is thus a tendency to maintain the ·~status quo" of lung Iiquid volume inside the

lungs and positive intra-tracheal pressure. As such, lung Iiquid volume is around 30

mLlkg, and, interestingly, is roughly equal to functional residuaI capacity (FRC)

postnatally [52].

The greatest increase in lung growth in fetal lambs (limited data for humans)

occurs during the canaIicular stage of development where lung Iiquid secretion increases

rapidly, thus increasing lung Iiquid 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 fetaI lung? Moessinger perfonned an in

utero experiment in fetallambs where he decreased right fetal lung volumes by drainage

of lung tluid, and increased left fetaI lung volumes by ligation of the rnainstern bronchus

and compared them to controls [43]. What he found was that the left lung (occluded) was

significantly hyperplastic and contaioed more DNA than controls, while the rightlung

(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 tluid while the maturation of

surfactant is onder systemic control.

Although lung liquid is ÎlDponaot for fetallung growth, part of it must he removed

for normal gas exchange at birth. There are different ways fetallung Iiquid is removed at

birth: compression of the thorax during vaginal delivery, absorption of long liquid ioto the

pulmonary capiUaries, clearance by pulmonary Iymphatics, and most imponantly,

transepithelial movement of aIveolar fluid by the amiloride-sensitive sodium transport hy

lung epithelium [55].
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In a normal newbom, in order to overcome the surface tension of the alveoli and

the viscosity of the remaining lung f1uid, the first breath must generate great negative

intrathoracic pressures of 60-80 cm H20 [56]. The volume of the first breath is around 40

mL, but not all of it is expired, thus establishing FRC. Subsequent brealhs will then

require less inflation pressures as more a1veoli remain inflated. Apparently, the a1veoli

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

life [56].

IV, lbe Imgortapçe ofPulmon1o Artea RemodeliDI

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

tlow [57-59]. Adaptation involves the entire arterial pathway, but especially important are

the resistance arteries jusl proximal to the respiratory unit. In the fetus, pre-acinar

branching of both conventional (aneries thal accompany airways and branch with them)

and supemumerary arteries (arteries which branch off the conventional ones al righl

angles and supply alveoü immediately adjacent to the broncho-vascular tree) is completed

by rnid 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 retus have thicker

walls than arleries of the same sile in adults [61]. Soon after birth, there is an immediate

increase in extemal diameter and thus a drop in wall thickness of the vessels below 200

J..LID, wbile the larger vessels take up to 4 months to falI to adult thickness [62]. New

conventional arteries are added up to 18 months, and new supemumerary vessels up to 8

years [63]. In the fust 2 months, there is a rapid increase in arterial size, and arlerial

number, with a decrease in medial anery thickness especially in the fust 10 days [64].

There is graduaI 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 hypenension occurs

with its clinical manifestation of worsening right-to-left shunting, poor oxygenation,

hypercapnea, and acidosis [57, 67]. The structura! changes of the pulmonary aneries with

15



•

•

muscular extension into intra-acinar arteriesy Medial thickening y and adventitial

thickening with excessive connective tissue deposition eontribute to the severity of

pulmonary hypertension [68]. Sorne believe that the thick walled pulmonary aneries of

idiopathic persistent pulmonary hypertension of the newbom {pPHN} become exeessively

muscularised during fetallife y and are unable to adapt at birth [57 y 59].

Interestingly y for normal Cetuses, in aneries <100 J.1m, wall thiekness and

adventitia has been reported to be significantly increased in those <34 weeks gestation,

and this thickness deereased in those >34 weeks gestation [7]. Moreovery it has been

found that endothelin-l (a potent vasoconstrictive and pro-mitogenic peptide) levels are

deteeted at 12 weeks gestational age in human fetoses, and rise to a peak al 24 weeks

gestational agey upon which there is a dramatie deerease until birth, and this low level is

maintained into normal adulthood [69]. These two fiodings May indieate that pulmonary

artery remodeling is especially impottant in the lalter pan of gestation.

V, lbe Importance of IXIP' D Cells and Sudaçtanl

The type fi eeUs, whieh only malee up 5% of the lung epithelium, are extremely

important as they produee and secrete surfactant [70]. They also are the precursor eeUs to

type 1eeUs that make up MOst of the lungYs alveolar lining [70]. Type n ceUs 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 fi ceUs consists of

phospholipids and surfactant proteins. Disaturated phosphaditylcholine (PC) is detectable

in amniotic fluid at acound 30 weeks y even though it can be identified eartier in lung

tissue [72]. Surfactant protein A (SP-A) fust appears in significant quantities at acouod

30 weeks alsoy and then increases in parallel with the surfactant Iipids [72]. Thus, SP-A is

considered to he an indicator oC Cully differentiated type fi ceUs [73, 74]. Surfactant

protein B (SP-B) and surfactant protein C (SP-C) appear eacHer, with their messenger

ribo-nucleie acid (mRNA) deteeted al 13 weeks [72]. In normal animais, surfactant lipids

and apoproleins increase in an approximately coordinated manner in late gestation [75

78].

In the CetaI lamb, the window of type n cell maturation may correspond to 125

135 days when there is a graduai 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 fetaI

lamb surfactant system maturation have been designated: immature (99-119 days

gestation); transitional (120-134 days gestation); and mature (135 days to term) [75].

Vinually all lambs delivered before 130 days gestation develop respiratory distress

syndrome, while alliambs delivered arter 136 days maintain spontaneous breathing [75].

There are two surfactant pools in the lung: one is the extraceUular pool, surfactant

secreted into the alveolar spaces and isolated by bronchoalveolar lavage (BAL), and the

second is the intraceUular pool that consists of lung tissue lamellar bodies in alveolar type

II cells [80]. When the extracellular surfactant pool is analyzed in nonnal animais, 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-O [80]. The phosphoüpid 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

prolein, 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 suggeslS that

SP-A secreted into BAL is derived from sources other than lamellar bodies, such as from

other organelles within type II ceUs or Clara ceUs [81, 82].

The phospholipid composition of BAL and lung tissue surfactant is mainJy PC, of

which more than balf is fullYsaturated [76]. The saturated PC consislS aImost entirely of

dipalmitoyl species and il is dipalmitoyl-PC that is largely responsible for the activity of

pulmonary surfactant in reducing surface tension [76, 83]. Phosphatidylglycerol is the

second most abondant 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 pbosphoüpids has allowed the development of assays

for measurement of surfactant in amniotic fluid. Thus, the ratio of PC (Iecithin) to

sphingomyelin (US ratio) and the amount of phosphatidylglycerol are used clinically to

a...,~.ess the extent of fetal Jung maturity [76].
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Both SP-A and SP-B are essential for tubular myelin formation, and SP-B is

critical for Hlm formation [82]. The lamellar bodies containing Iipids and surfactant

proteins are exocytosed from the type n cells, and unravel to fonn tubular myelin and

loose lipid anays. This forms the alveolar surface film tbat decreases surface tension. The

lowered surface tension a110ws for proper lung inflation during inspiration, and prevents

alveolar collapse during expiration. Surfactant secretion is stimulated in the intact long by

hyperventilation and lung inflation [81].

Interestingly, in vitro, SP-A inhibits surfactant secretion and stimuJates PC uptake

by type n ceUs [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 normallung 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].

ln 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 pertluorocarbon

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 fonction 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].

VI. Lunl fb:pQplasia

FetaJ lung hypoplasia is rarely idiopathic and is usually associated with an

abnonnality of the physical factors necessary for normal fetaI lung growth. Hypoplastic

lungs are defined as lungs with a low lung weigbt to body weight ratio (LWIBW) of

<0.012 (67% of mean nonnal ratio) [4], a low radial alveolar count of <4.1 (75% of mean

normal count) [4]. or high Mean terminal bronchiole density [88J- 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

normallung expansion. Such is the case in congenital diaphragmatic hemia where there is

a hole in the diaphragm allowing intestines to herniate into the thorax, preventing lung

growth.

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

This occurs with oligohydramnios where there is reduced amniolic tluid either

from premature rupture of membranes causing a leak of amniotic fluid, or from urinary

tract abnormalities that reduce the f10w of urine into the amniotic cavity. It is thought that

the low amniotic f1uid cannot "cushion" the fetaI 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 Iimiting 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 fetaI rabbits which had amniotic f1uid

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 fetaI breathing movements. In addition, because of the Jack 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 Iimits normallung 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 lhe 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 f1uid for lung growth [90].

VU, cnu Luna Deyelopment

Around 20-40% of neonates with CDH are unable te adapt to extrauterine life [17

19]. This is due in pan to the associated lung hypoplasia and pulmonary hypertension as

seen in human COH and animal models of COU [49, 91-94]. In the human, CDU is

thought to occur when there is failure of closure of the pleuroperiloneal canal al 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 arterles. Even though the defect in the diaphragm is usually left-sided, both

lungs are affected. The ipsilateral lung is the most hypoplastic, but the contralateral lung

is a1so hypopolastic as a result of compression from a shifted mediastinum. Even though

in th(~ 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 COH is similar to idiopathie PPHN [93]. The

mechanisms that may contribute to pulmonary hypertension in COH are not fully known,

but can he divided in terms of vasoactive mediators, and structural factors.

Even though inhaled nitrlc oxide is a selective pulmonary vasodilator that

significantly improves oxygenation in newboms with PPHN from various causes, il is

often not effective in CDH [95, 96]. The poor response of COU to nitric oxide is not clear

as there appears to be an intact nitrie oxide pathway with normal pulmonary artery

relaxation response [97, 98, 99]. However, the relaxation response of pulmonary veins to

nitric oxide is abnonnal [99].

Interestingly, human babies with CDH and significant PPHN have elevated

endothelin-l levels~ a potent vasoconstrictive and pro-mitogenic peptide [69, 100-103].

Thus, endothelin-l is suspected to be a pathological Mediator of PPHN in patients with

CDH [93]. Endotbelin-l is a vasoaetive peptide released by the endothelium with both
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constrictor and dilator activities. In the fetallamb, even though endogenously produced

endothelin-l acts on al least two receptors, ET-A and ET-B, which Mediale

vasoconstriction and vasodilation, respectively, il 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 COH model (98].

Interestingly, in the rat nitrofen induced COH model, if an endothelin-converting

enzyme/neutral endopeptidase inhibilor is given during pregnancy, there is increased

survival al birth over CDH rats without treatment, and this could support the hypothesis

that endothelin could exert an action on the embryologie process of PPHN associated

with COH [106]. Il may he that the hyperreactivity of the endothelin-l pathwayaccounts

not only for the functional pulmonary vasoconstriction in COH, but also for the

histological pulmonary vascular remodeling by stimulating smooth muscle cell

proliferation, with increased wall thickness of small pulmonary arterics [98].

Structurally, human CDH lungs have a decreased number of arterial branches and

an increased muscularisation of the arterial tree, with extension of the muscuJarisation

ioto intra-acinar arteries [3, 21, 107-113]. On the other hand, CO" 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 ail sizes of arteries of human COH lungs,

tbere is increased medial and adventitial thickness; for those arteries with an external

diameter of <75 1J.IIl, both medial and adventitial areas are increased, and for those

aneries >75 J,lm, oRly the adventitial area is iocreased [5]. AlI sizes of veins of human

COH have an increased adventitial area [6, 115J. Il is thought that connective tissue

accumulation within the vessel wall contributes to alterations in vascular conductance and

to persistence of hypertension. Furthennore, in human COH, newly synthesized pro

coUagen was detected in the media and adventitia of pulmonary arteries [116]. The

imponance of structural changes, even in the postnatal period, was shown further by the

adventitial thinning of small pulmonary arteries <100 J.lID 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,

il is imponant to remember that humans and different animal species with significant

PPHN show gradients of pulmonary anery structural changes. For example, in the

experimental model of fetaI lambs with PPHN where the ductus aneriosus is ligated in

utero, there is an increase in vascular percent medial thickness only in small vessels of

50-100 Jlm 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, COH 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 smaU arteries are affected.

This May explain why in the human COH, the adventitial changes involve all sizes of

arteries, while in the lamb CDH, ooly the small arteries (pulmonary arteries 50-100 Jlm in

diameter) have increased adventitial areas when compared to controls.

Lungs of neonates with COU have a poor compliance [120). The compliance of

the hypoplastic lung is decreased because of a primary or secondary surfactant deficiencyt

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 frrst 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 prediclor 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 mUcm H20llcg) [120]. Functionally, hypoplastic CDH longs exhibit

poor gas excbange with low Pa02' and high PaC02when compared to controls [121]. In

the fetal lamb with CDH, the lungs are profoundly surfactant deficient: BAL bas shown

decreased pbospholipid, a decreased % PC, SP-A, and SP-B, even though the CDU fetal

lamb model has been sbown to have an increased type fi eeU density [9, 18,37, 122].

Other slUdies showed that in buman neonates with bypoplastic longs from COH, a

minimum lung volume of 45% of the value predicted from age-matched controls is

required for survival [20, 21]. lbereafter, there is posmatallung growth and pulmonary
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artery remodeling in COU babies [123]. Just as alveolar size and number increase

postnatally in the normal situation [61], this also accurs in the bypoplastic lungs of CO"

babies. In one longterm follow-up study of 19 patients with repair of CDH with a follow

up of 6-18 years, their totallung capacity (TLC), vital capacity (VC), residual volume

(RV), diffusing capacity (DLCO), and forced expiratory volume in 1 second (FEV1) were

all nonnal [124]. Conversely, in a more recent study of 60 patients with a repaired CD"

al 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 resUictive

impairment, bul relatively few of the patients with abnormaIlung function had clinical

symptoms [125]. In addition, even though there is postnatal vascular remodeling with

larger and less muscular arteries in COU, thereby diminishing the pulmonary

hypertension over time, longterm follow-up sludies have consistently shown that CDH

survivors have a persistent reduction of blood tlow on the ipsilaterallung. Ventilation on

the ipsilateral side is also lower, but the perfusion is worse [124, 125]. Thus, it appears

that initially, a CD" 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].

VIDe Tracheal QççJusjon Jo Correct Lu. UXJPOplasia

As mentioned earlier, the clinicat observation that babies born with laryngeal

atresia [127], a fonn of "natural" TO, bad larger than normallungs, led to the idea that in

utero TO may cause lung growth and thus reverse long bYPOplasia. Indeed, prolonged

increases in long liquid volume and pressure caused by fetaI TO greatly stimulate lung

growth as proven by various animal models with normallungs or with hypoplastic lungs.

Fetal TO reverses long hypoplasia in CDH as shown by previous studies using the

fetaI ovine model [41, 42]. In the lamb CDU model, TO accelerates long growth with a

radial alveolar count comparable to normallungs, and demonstrates thin alveolar wa11s

with very little interstitial tissue compared to the thickened alveolar walls and increased

interstitium of CDU 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 aneries of CDH [128, 129]. In the fetal lamb, DiFiore et al have shown that

COH+TO results in normal capillary load, normal thickness of capillary-alveolar

interface, and no fully muscularised vessels <100 J.lm [128]. One important detail to nole

from the latter study is that both TO and COH were done al the same operation, and thus,

the lung was not hypoplastic to stan off with.

An elevated pulsatility index has been described in fetaI COH lambs [130]. This is

a Doppler measurement which reflects pulmonary vascular impedance as a measure of

small vessel resistance to pulsatile flow [130]. FetaI TO reverses this high pulsatility

index, resulting in a normal physiological response to changes in oxygen tension at tenn

[130]. Similarly, COH+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 specifie mechanisms responsible for lung growth from TO are Dot 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 eompared to

controls. TO results in intra-tracheal pressures of 4 mm Hg higher compared to control

animais without TO [131]. Is the aecelerated 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 fetallambs. This volume increase creates a tension on the

ceIls 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 ecU proliferation [132, 133]. In vitro sludies of

fetaI pulmonary cells in culture have shown that rhythmic stretehing by as little as 5% can

increase ceU proliferation [134, 135]. It is thought that platelet-derived-growth-factor

li f»DGF-Ji) and its receptor are involved in mechanical strain-induced fetallung cell

division [136]. Distortion of the extracellular matrix by mechanical distension may affect

type fi cell fonction [70]. In addition, if the pressure inside the tracbea is maintained at a
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level higher than the pressure generated by TO aJone (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 aJone [137]. This indicates that the amount of sustained intratracheal

pressure correlates with lung growth. In addition, the duration of TO aJso correlates with

lung growth as 3 weeks ofTO [131] produces larger lungs than 1 week ofTO [34].

On the other hand, in the experiment by Nardo [1381, it was found that increases

in lung liquid volumes May be more important than increases in intratracheal pressures.

Normal fetaJlungs were occluded in utero and compared to controls. Il 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 Iiquid volume increased progressively from 25 mUleg on day 0 to 100

mI1kg on day 7 of TO, but did not inerease further afterwards (this May be due to the

physical boundary of the chest wall preventing any further increases in lung liquid

volume). DNA and prolein contents were markedly inereased 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 relumed to control levels by day 10 of TO.

The TO lungs had a stable proteinIDNA 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 uthe chieken or the egg" debate. In a

closed space, like the fetaI thoracie eavity, an increase in volume will lead to an increase

in pressure. We feel that initially the pulmonary epithelial eeUs produce lung Iiquid whicb

is trapped because of the tracheal occlusion, and this accumulation of fluid leads to an

increase in pressure over a certain period of tïme. This increase in pressure will create a

mechanical stress leading to increased cell proliferation and increased alveolar count.

Tbese increased number of pulmonary ceUs produce even more lung liquid! thus
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increasing lung volumes and long fluid. The cycle of growth induced by tension continues

as long as tracheal pressure remains elevated.

Are there panicular 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, theic findings suggest that there are specifie

growth factors in the lung liquid that are Utrapped" with TO thal May he imponant in lung

ceU proliferation.

Orowth factors that may be involved in fetallung growth include: insulin-like

growth factors (IOF-I and lOF-m, epidermal growth factor (EGF), POOF, transforming

growth-factor-pl (TGF-Pl), and TOF-p2 [140, 141]. The precise interactions between

these growth factors is not yel elucidaled. As staled earHer, PDGF is important in

mechanical strain fetallung growth [136]. IGF-I gene expression is reduced in the fetal

lamb COH model and restored 10 normal by TO [142, 143]. Another group has found that

IGF-I mRNA expression is actually increased in lung tissue from human COH autopsies

[144]. Moreover, TO induces lOF-fi mRNA expression, while lung hypoplasia caused by

abolition of fetal breathing movements decreases lOF-fi mRNA [145, 146]. EOF is

known to accelerate type n cell maturation to a greater extent than steroids [147].

Structurally related to EOF, TOF-Œ causes remodeling of the developing lung during

postnatal alveolarisation [148]. In addition, only TGF-p2, and not TOF-pl, mRNA and

protein are increased in COH+TO [149]. Interestingly, both TOF-pl and TOF-p2 inhibit

the expression of SP-A in human fetallung explants, and this may suggest that increases

in TOF-p2 due to TO May result in delayed type fi cell maturation [150-152J. Recently,

keratinocyte groWlh factor (KOF), which is involved in nonnallung organogenesis and is

a potent mitogen of type fi ceUs, has been found to be downregulated in CDH lambs~

wbile it is upregulated in COH lambs treated with TO [153].
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IX. Il Tracheal Occlusion the Cure ror LUDI "YJIOIII.ia?

At flfst glance, it would seem that TO could solve the problem of lung hypoplasia.

Unfonunately, TO May have a pitfall: TO of normal fetal lungs consistently causes a

decrease in type fi pneumocytes and a dramatic surfactant deficit [34-37]. Thus, TO

either damages type fi 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 eeUs into type 1 ceUs, as it is known that type Il ceIls can

differentiate into type 1cells onder situations of lung injury or alveolar stretch [70, 154).

ln addition, TO of fetal hypoplastic lungs also have a low type II cell number. For

example, fetallambs with CDH+TO for 19 days have a decreased type n cell density, as

identified by SP-D immunohistochemistry [37]. Even though one paper did not find any

difference between COH and COH+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 ceUs [155], and reduced disaturated PC in lamellar bodies isolated from

homogenised lung tissue when compared to COH [37].

Paradoxically, COH+TO lungs have better oxygenation and ventilation than COH

[41, 42, 155] with the compliance of COH+TO being better than COH alone, but not

quite reaching normal neonatallamb values [42, 155]. The compliance of COH+TO lung

is increased 3.5 limes when compared to COH alone. Dy adding surfactant to COH+TO,

these lungs demonstrate even better oxygenation [156].

X. One SieD [urther: Re1case 01 Tracheal Ocdusion Belore Didb

Fonunately, even thougb long growtb after TO occues al the expense of type n
cell differentiation, this effect is reversible with the release of tracbeal occlusion (TR)

before birth in the lamb model [38]. Thus, TO of normal fetal longs for sorne weeks,

followed by TR before birtb allows for beneficial effect on lung growth, and also allows

for the type fi ceUs 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 fi ceUs, but that TR 7 days before birth
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restored type II ceU density and surfactant gene expression aImost back to normal levels

of the control group (38]. Tbus, TR al least one week before delivery restores type II ccli

number, as delected by SP-C in-situ hybridization, and SP-C mRNA expression in

normal, non-hypoplastic fetallamb 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 normaIlungs+TO

have a decreased type D 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 D

cell density between CDH, CDH+TO+TR, and controis [35J. 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 weightl body weights and radial

alveolar counts [35]. This May he explained if their technique of TO was not completely

occlusive, and thus ineffective al promoting lung growth. Thus, their conclusions

regarding CDH versus CDH+TO+TR in terms of type n cell density and malurity May he

loosely interpreted.

XI. The Etreçt 01 Gluçoc;ortiçoids on Normal (etai Luna

Glucocorticoids have a dramatic effecl on the fetaI lung of severa! animal species

and humans: they increase lung tissue and alveolar surfactant; they increase compliance

and maximal long volume; they decrease vascular permeabitity; 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 fetallungs

[78, 158]. On the other hand, glucocorticoids have a complex effect on SP-A gene

expression that is species-specific, and dependenl on the gestational age, and the dose

given [74, 158]. At lower doses, tbere is a stimulatory efreet on SP-A mRNA, and at

bigher doses, an inhibitory effeet [;4, 158]. To fW1ber cloud the picture, surfactant

protein mRNA is unaltered in Glucocortieoid Receptor mock-out mice; this would

indicate that the glucocorticoid receplor is not required for surfactant protein gene

expression in the perinatal and postnatal periods [158]. However, Cortieotropin Releasing
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Factor knock-out mice have a 44% reduction in SP-B mRNA [158]. In addition, steroids

stimulate type fi cell choline-phosphate cytidyltransferase, 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 long 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 effeet in lambs [165],

reduce protein leale from putmonary vasculature [157], and accelerate clearance of Cetal

lung liquid before birth [157].

Interestingly, white glucoconicoid 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 al birth of pretenn animais aCter antenatal glueocorticoids

is initially from lung structural changes.

Moreover, antenatal steroid treatmenl further improved type U pneumocyte

number and function in normal fetallambs with TO and TR [169].

m, The Eacet of Glumçortiçgj«ls og CDD 'e'" Luna
Prenatal glucocorticoid treatment in a CDH lamb model with high dosing fetaI

intravenous (Lv.) 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 contralaterallung, but not the

ipsilateral lung, where a decreased glycogen level is an indication of pulmonary

biochemical maturation [39]. Even tbough the concentrations of lung tissue disaturated

PC did not change, there were significant improvements in oxygenation and compliance

compared to CDH without prenatal glucocorticoids [39]. In another study with CDH

lambs and antenatal maternaI 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 COH [170]. However,

there was a marked improvement in compliance of CDH lambs treated with one dose of

glucoconicoids 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 COH, glucocorticoids a1so have an effect of increasing SP-A and SP-B

mRNA, with correction of the biochemical, morphometric, and compliance abnormalities

ofCOH [171-173].

As for pulmonary artery remodeling, to our knowledge, there are no documented

reports of the effect of antenatal steroids on the COH pulmonary media and adventitia in

the fetal lamb model. However, in the rat nitrofen-induced con model, antenataJ

maternai dexamethasone treatment reverses COH pulmonary arterial structural changes

with resultant nonnal medial thickness and area, and normal adventitiaI thickness and

area [174-175].

xm. PrenatallnleryentiQns and Sornya' Protoools (or Ruman CDR FetJaes

Presently, the Mean survival rate for live-born babies with CDU is 60-80%, with

sorne 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 ufait accompli":

pulmonary hypoplasia. Consequently, the ooly hope for improvement is to address the

pulmonary hypoplasia by intervening before the lung is irreversibly affected. This cao

ooly he 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 tbose 9, 5 died post-operatively, and ooly 4 survived. The major lesson

leamed was that direct diaphragmatic repair is not possible if the liver is up in the chest

since reductioo of the liver back into the abdominal cavity causes fatal umbilical vein

kinking.
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Clearly, not all human fetuses with COH are the same. Prenatal ultrasonographic

predictors have divided human fetuses with COU 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 veine

The good prognosis COH did not have any of those fealures. 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 COU, the lung-head ratio is defmed as the right lung

area 10 head circumference as measured by prenatal ultrasound (US). H 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.

[n 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 hemiation and favorable lung-head ratio, in ulero correction of the

diaphragmatic defect did not improve survival over standard postnatal care (75% versus

86%, respectively) [22].

Candidates for fetaI intervention are those u 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 fetoses, 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 maternaI glucocorticoids for the prenatal

treatment of fetuses diagnosed with COU [177]. One prolocolized approach included

antenatal assessmenl, antenatal steroids, planned delivery, use of prophylactic surfactant,

gentle ventilation, and ECMO if indicated [177].
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XIV. PrenatalloleaentioDS and Suaiyal Protoools for Lamb CDU Fe" •

In order to understand the pathophysiology of COH and how medical and surgical

interventions can alter the course of this disease, an appropriate animal model must he in

place. For COU, there are two main established animal models that resemble the human

COH condition: the surgically created CDH in the fetal lamb at the early canalicular

stage, and the nitrofen-induced COH in the fetaI rat at the embryonic stage [94]. Of

course, each model has its limitations: the lamb CDH model is a relatively Ulate" onset

COH, while nitrofen is a teratogen, and affects other organ systems also. Thus, the larger

larnb COH model is mainly used to study surgical and Medical interventions, and measure

ventilatory parameters, while the smaller rat COH model is mainly used for

embryological and molecular studies.

The following is a review of resuscitation studies of fetallamb con 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 fetallamb COH model is surfactant deficient, and that

while TO promotes lung growth, il further depresses the surfactant pool by decreasing the

number of type fi 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 COR versus CDH+fetal i.v. glucocorticoid high dosing twice a day for three

days before delivery. The CDH+glucocortîcoid group showed improved lung morphology

with thinning of the interstitium, and more mature alveoli wim thinner walls [38]. There

was significant decrease of glycogen in the contralaterallung, but nol the ipsilaterallung,

where a decreased glycogen level is an indication of pulmonary biochemical maturation.

Even though the concentrations of long tissue disaturated PC did not change, there were

significant improvements in oxygenation and compliance in the CDH+glucocorticoids

when compared to COH without prenatal glucoconicoids [39].

2. (1999) The re-suscitatioD was conducted for 2 hours after birth, and

compared CDH, CDH+matemal Lm. glucoconicoids al 24 hours before delivery,
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CDH+matemai Lm. glucocorticoids al 24 hour and 48 hours before delivery, and normal

controls without any trealment. The authors did not find any improvemenl in gas

excbange, and no difference in lung lavage phospholipid concentrations between the

glucocorticoid treated and the saline treated COU. However, ail COH animais, regardless

of whether or not they received glucocorticoids, had low phospholipid concentrations

when compared to contrais. Nevertheless, there was a marked improvement in

compliance for the CDH+malemal i.m. glucocorticoids al 24 hour and 48 hours before

delivery, but not quite reaching nonnal control values [170].

b. COH+surfactant

1. (1994) The resuscitation was conducted for 30 minutes after birtb, and

compared COU versus CDH+surfactant before the firsl breath. Exogenous prophylactic

surfactant improved gas exchange with higher Pa02, lower PaC02, and higher pH when

compared 10 untreated COH. In addition, the exogenous prophylactic surfactant increased

lung volumes, FRC, and compliance [15].

2. (1996) The resuscitation was conducted for 4 hours aCter birth, and

compared CDH, COH+surfactant before the first breath, and normal contrais without any

treatment. Exogenous prophylactic surfactant in COH increased pulmonary blood tlow,

and decreased pulmonary vascular resistance ta normal levels. This resulted in lower

right-to-Ieft shunting with higher Pa02, lower PaC02, and bigher pH when compared to

untreated COH [178].

3. (1996) The resuscitation was conducled for 4 hours after birth, and

compared COH versus CDH+surfactant rescue aCter 30 minutes of ventilation. Surfactant

rescue bad no effect on Pa02, PaC02, or pH. Thus, if surfactant is to he effective in COH,

il should be administered as early as possible, even before the fust breath [14].

c.COH+TO

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

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

structure with increased compliance that translated to improved oxygenation and

ventilation when compared 10 CDR hypoplastic lungs [42].
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2. (1994) The resuscitation was conducted for 1 hour after binh, and

compared COU versus COH+TO. Similarly, COH+TO had larger lungs with higher

Pa02, hîgher pH, and lower PaC02 when compared to COH hypoplastic longs [41].

3. (1996) The resuscitation was conducted for 30 minutes after binh, and

compared COH, COH+TO, and normal controls without any treatment. COH+TO

resulted in significant lung growth with similar lung weight over body weight 10 controls.

The lungs of CDH+TO had better oxygenation and ventilation than COH, and was

comparable to controls. However, the compliance of COH+TO was intermediate between

the low compliance of COH 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 COH+TO group, it was thus assumed that the

improved oxygenation, ventilation, and compliance of COH+TO versus COH May only

be a transient phenomenon, as this was only a 30 minute survival study [155].

d. COH+TO+surfactant

1. (1997) The resuscitation was conducted for 4 hours after binh, and

compared CDH+in utero direct repair of the diaphragmatic defect, COH+TO, and

CDH+TO+surfactant before the first breath. COH+TO and COH+TO+surfactant had

larger lungs than COH 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, PaO!, pulmonary blood

flow, and pulmonary vascular resistance worsened for the COH+TO group when

compared to the other two groups. Il was thus concluded that CDH+TO induces lung

growth at the expense of type fi celI maturation. COH+TO resulted in surfactant deficient

lungs, that over the course of a longer resuscitation of 4 hours, deteriorate. By adding

surfactant to CDH+TO, tbis deterioration was prevented [156].

e. hypoplastic lungs+TO+TR

1. (1999) ln order to mimic the "CDH hypoplastic lung", pulmonary

hypoplasia was induced in fetallambs by prolonged drainage of lung Iiquid. This method

of inducing lung hypoplasia was selected because it avoided the need for surgical creation

of con and its subsequent repaîr needed for the planned prolonged resuscitation. The

resuscitation was conducted for 8 weeks, and consisted of tbree groups: 1. the group with
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lung liquid drainage from day 112 of gestation until tenn (149 days); 2. the group with

lung liquid drainage from day 112, then TO at 137 days, then TR at 147 days, and

delivery al 149 days; and 3. controls were normallambs delivered al 149 days. The lambs

with lung Iiquid 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 frrst 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 binh. The authors

concluded that 10 days of TO in the presence of initiai lung hypoplasia prevented death at

birth and retumed Most aspects of pulmonary function to normal by 1-2 weeks after birth

[179].

xy. Wh., SemaiN To Be Done: CPU+TO+TR+11uoorortjeojds

Given the high mortality of CD" from pulmonary hypoplasia, we sought to

combine the beneficiaI effects oC Cetal tracheal occlusion to accelerate lung growth with

release of the tracheal occlusion one week beCore birth to restore type fi ceU density, and

antenatal glucocorticoids to increase the surfactant synthetic ability of the remaining

number of type II ceUs. We elected to resuscitate our experimental and control animais

for up to 8 hours, as this would he longer than any oC the other COH studies, to Curther

observe pulmonary fonction trends over lime.
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Materials and Metbods

Animal model:

CDH Creation:

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 ventilaled on a

respirator. ACter 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 horn of the uterus was delivered into the incision. The Cetal left hemithorax was

identified by palpating the fetal pans through the uterine wall, using the tail. spine,

shoulder blade, and costal margin as landmarks. The uterine wall was then sutured with 4

o silk 10 the underlying CetaI skin as anchor points al the fetus' left shoulder blade and

fetus' left costal margin. A small incision in the uterus was made belween the sutures al a

point 213 of the way down from the shoulder stitch to the costal stitch. A left thoracotomy

was perfonned on the fetus. Mter retracting the fetal left lung superlorly 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 fme scissors and spread with a small Mosquito forceps, until the hole was

1-1.5 cm in diameler. At titis point, at least 2 stomachs (the sbeep has 3 stomachs) were

gendy pulled up ioto the left chesL The fetal thorax was closed by re-approximating the

rlbs 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 wann saline, cefazolin 500 mg, gentamicin

150 mg, and liquamycin 200 mg. The fascia of the ewe was closed with #1 Prolene

inlerrupted suture, the subcutaneous tissue reaproximated with a running 3-0 Vicryl

suture to ohliterate the dead ~paceT the skin was closed with a running subcuticular 3-0
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Vicryl suture, and opsite was sprayed on the insicioD. The ewe received liquamycin 400

mg i.m. each day for three days post-operatively.

Tracheal Occlusion:

Endoscopie TO was achieved using a detachable ballaon system (GVB 12 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 bluet after being positioned by

fetal tracheoscopy (2.? 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. ACter delivering the gravid uterus into the incision, the fetal head and mouth

were paIpated 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 fetaI mouth. A purse-string suture with 2-0 Dexon was tightened

around the hysterotomy to maintain the scaI 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 firs~ we positioned the balloon 2 cm above the

right upper lobe orifice; however, this proved later on to malee tracheal release more

difficull if the balloon was too low in the thoracic trachea. We then decided to position

the balloon higher up in the cervical trachea al approximately 2 cm below the vocal cords

a1lowing for easy access for future ultrasound (US) guided release. Once properly

positioned, the balloon was inflated with 1.5 mL of saline colored wim methylene blue,

and thus creating the TO. The balloon was detacbed from its catheter. The balloon has a

valve preventing leaking of the filling fluide 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 endoscopie instrument channel. Briefly,

the US-guided percutaneous deflation of the fetal intra-tracheal baIloon was as follows.

The fetaI trachea was visualized using US, and we confirmed that it was not a vascular

structure by having no doppler f10w signais. We then searched the trachea for the baIloon

by measuring an increase in the Mean tracheal diameter. The balloon location could aIso

be visualized by lhe 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 maternai anterior abdominal wall, ioto the uterus,. and

through the anterior fetal trachea. BaIloon deflation was confirmed by aspiration of

methylene blue stained tracheaI fluid, and the percutaneous needle was removed. If

percutaneous deflation was not possible because of difficult visualization, or potentiaIly

unsafe because of needle trajectory, then maternai laparotomy was performed and US

guided needIe deflation of the fetaI tracheaI balloon was done through the uterine wall. If

this failed, fetaI tracbeoscopy was performed as described earlier, and the balloon was

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

Ali ewes received 250 mg medroxyprogesterone Lm. al 129 days to prevent

preterm labour [183]. Progesterone is not known to influence lung development or the

response to future glucocorticoid treatment [168].

AlI ewes aIso received one dose of 0.5 mglkg betamethasone i.m. at 135 days 10

accelerate Cetal 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 a1so as little as possible to prevent pretenn labour

in the ewe. Rebello et al have shown that either Cetal or maternaI treatment with 0.5

mglkg oC betamethasone improved postnatal lung fonction if given 24 hours before

delivery [185].

At 136 days (tenn=145 days), the felus was delivered by caesarian, and sacrificed

at binh for phase 1of the study, and resuscitated for 8 hours for phase D of the study.

Four groups were compared for the phase 1 study: CDH (n=7), COH+TO (n=6),

COH+TO+TR (n=6), and unoperated twin controls (n=16). AlI groups were given

antenatal glucocorticoids.

Phase 1outcome measures were:

1. Lung growth: LWIBW

2. Lung morphometry: mean terminal bronchiole density (MTBD)

3. Pulmonary artery remodeling: pulmonary artery medial and adventitial areas

4. Type D 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 fi study: COH (n=5), CDH+TO (0=5),

COH+TO+TR (n=5), and unoperated twin controls (n=4). Ali groups were given

antenatal glucocorticoids.

Phase fi outcome measures were:

1. Lung growth: LWIBW

2. Survival lime

3. Arterial blood gas trends: Pa02, PaC02, pH

4. Oxygenation and ventilatory parameters

a. modified ventilatory index (MVI) [188]

MVI= (RR X PIP X PaCOJ/lOOO

b. ventilatory eCficiency index (VEI) [189]

VEI= 3800/«PIP-PEEP) X RR X PaCOJ

c. a1veolar-arterial oxygen gradient (AaDOJ [188]
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AaD02=[«713 X Fi02) - PaC02)/O.8] - Pa02

5. Compliance

Phase 1. Luna: lavaKe and processinK=

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 LWIBW were determined.

After the lefl 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 fil1ed twice with saline by gravity until Cully

distended and the fluid was drained by gravity. Efficiency of this procedure for PC

retrieval was expected to he approximately 60% [190]. The two a1veolar 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 fluide The remaining supematant was centrifuged at 40 OOOg 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 1 g each) of the peripheral upper and lower lobes were frozen in liquid

nitrogen and stored at-80 oC for analysis of SP-A, SP-B, and proteine

The right middle lobe and lingula were then tied off and fixed with 3%

glutaraldehyde at a pressure of 25 cm H20 for IS 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 mainstern bronchus, with 10% formaldehyde at a pressure of 25 cm

8 20 for 48 hours, after which lime, 2-3 mm thick random transverse 2 cm long slices

were taken of both upper and lower lobes, and then embedded in parafîm.

Phase J. Luna: Mor.phometr.Y for Lune Structural Maturity:

Sections 4-5 J.1m 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
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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 looX magnification.

Phase 1. Lune Momhometry for Pulmonary Mery Evaluation:

Four-5 J.l.rn thick sections of the paraffin embedded lung were stained with

Gomori's aldehyde fuchsin staÎn 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 arterles 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 extemal diameter by >50%, and had both an

external and internai elastic lamina were analyzed. At least 15 arterles per lung equally

distributed between upper and lower lobes were examined at IOO-2ooX, 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 J.1m [191].

Pulmonary arterles were divided in 5 groups according to size: 0-75 J.l.m, 76-100 J.l.m, 101

150 1J1ll, 151-250 Jl.m, and 251-500 J.l.m. 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 Jl.m2
• The adventitial area was deîmed as the area contained by

the entire artery minus the area contained by the external elastic lamina, and expressed in

J.1ID2. The lumen area was defined as the area contained by the internai elastic lamina.

Please see Figure 1 for details. In uninjected arterles, medial area is thought to he a better

measurement tban percentage of wall thickness because medial area does not vary with

the degree of distension of the artery, whereas the percentage of wall thiekness does [192,

193].

Phase J. Type fi eell densit)':

Type n cell density was determined by EM as the number of type n cells per cm2

of tissue alveolar surface area as previously described [38], with sorne modification.
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Results were expressed as the number of type ncells over the cellular surface area of the

alveoli, excluding the alveolar air-space in order to avoid bias that couId arise from

alveolar distension produced by TO. Cellular surface area was determined from EM

images using the NnIlmage Program, version 1.61 for the Macintosh. Type II ceIls were

recognized by their characteristic lameUar bodies and glycogen inclusions [194).

Phase I. Capillary Load:

Lung capillary Joad was determined by EM as the vessel luminal surface area to

tissue surface area, expressed as a percentage.

Phase 1. LunK tissue SP-A. tissue SP-B. BAL SP-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 [1951. SP-A and

SP-B concentrations were norma1ized to total protein content in the lung homogenate, and

10 the PC content of the BAL. Tissue and BAL protein were delermined by the Lowry

assay [196] using bovine serum albumin as controls.

BAL PC contents were determined using an enzyrnatic phospholipid assay kit

(Boehringer and Mannhein, Diagnostic Kit PL MPR #691844), as directed by the

manufacturer. BAL PC conlent was nonna1ized to animal body weight.

Phase n. Resuscitation for 8 hours:

At 136 days gestation, the fetallamb was delivered by caesarian in steps. The

maternai sheep underwent general anaesthesia with halothane 0.5-2% (titrated to effect)

and pentobarbital 6..32 mglkg Lv (titrated to effect). A laparotomy was made, and the

uterus exposed. A hysterotomy big enough to alIow ooly for the fetal head and neck to

emerge was made. A latex glove filled with saline was placed over the lamb's snout 10

avoid spontaneous breathing. While the fetus was still under placenta! circulation,

cannulation of the carotid artery, jugular vein, and trachea were done as follows. A

transverse incision was made in the fetai neck at roughly the midpoint between the

suprastemal noteh and the thyroid cartilage to alIow for a limited dissection of the right

jugular vein7 right common carotid artery (pre-ductal), and trachea. Once the right jugular

vein was identified, it was distally ligated with 2-0 sille 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 V/mL heparinised saline. Once the right common carotid was

identified. it was distally ligated with 2-0 silk tie. and an 180 Jelco catheter was insened.

and secured with 2-0 silk tie. Blood was withdrawn from the arterial line for fetaI anerial

blood gas (ABO). Then. the arterial Hne was flushed with 1V/mL heparinised saline.

ACter 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 l'rom 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 Il blade. upon which the balloon remnant was

removed with fine pick-ups. The tension on the umbilical tape was released. aod 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 ioto 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 interrupled 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 mglkg)

given through the jugular venous lïoe. Analgesia was achieved by ketamine 18 mg i.v. (6

mg/kg) through the jugular venous line. We also adminislered sodium bicarbonate

(NaHCO) 6 MmDI i.v. (2 mmollkg) through the jugular venous line.

The hysterotomy was enlarged to allow for the entice fetus to be delivered. The

umbilical cord was clamped with umbilical tape and eut, and the latex glove was

removed.

Alter 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 laler neonatallamb blood transfusion, if needed. The mother was given an anaesthetic

overdose with Pentothal i.v. for euthanasia.

43



•

•

I. Resuscitation Protocol:

Simultaneously, the lamb was connected to a Sechrist Infant Ventilator Model IV

lOOB. Initial ventilator settings were: peak inspiratory pressure (PIP) 25 cm H20, peak

end-expiratory pressure (PEEP) 5 cm H20, Fi02 1.0, respiratory rate (RR) 120 breaths per

minute, inspiratory lime (Tinsp) 0.25 sec, and inspiratory time to expiratory lime ratio

(I:E) 1:1. The range of permitted ventilatory settings were as fol1ows: PIP 15-35 cm H20,

PEEP 3-7 cm H20, 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 to maximize oxygenation, and ventilation, while avoiding barotrauma. The principle

of permissive hypercapnea ventilation was used to minimize barotrauma. Ventilatory

settings were changed accordingly if PaC02 >65 mm Hg or PaC02 <40 mm Hg; if PaOl

<40 mm Hg or PaOl >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 mmoIJkg of NaHC03 Lv. to increase the pH by

0.1 unit.

Heart rate (HR), post-ductal oxygen saturation (SaDI) 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 oC

achieved with the overhead wanner, 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, WI, 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 until the end of the 8 hour

resuscitation. Urine output was regularly checked as a a percutaneous cystostomy was

perfonned by inserting an 180 lelco 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 cbecked the Hct. If the MAP

was <20 mm Hg~ we administered an Epinephrine bolus orO.l mg i.v. If we suspected a

tension pneumothorax because of an acute, dramatic decrease in cardiopulmonary
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dynamics y we quickly visualized the thorax for hyper-inflation, and auscultated the lung

fields for decreased breatb 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 liney and leaving it to straight drainage.

H hemodynamics did not improvey then a chest tube was placed on the contralateral side.

If this still did not result in any improvementy 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.Jkg î.v. of placental blood, and if the Hct was >0.30, then we bolused 10

mUkg i.v. of Normal Saline solution, with a maximum bolus 20 mlJkg/hr.

lonized calcium levels were checked with each blood gas, and if the ionized

calcium was less than 0.9 mmollL, then ImLlkg Lv. of 10% calcium gluconate was given.

Potassium levels were also checked, and if the potassium was less than 3 mmollL, then 1

mEq Lv. potassium was given slowly. We also monitored for hypoglycemia (glucose <2.0

mmollL) or hyPerglycemia (glucose >20 mmollL); however, this never became an issue.

The jugular venons 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 mIJkglbr,

mixed in with ketamine at 2 mglkg/hr, and with 0.12 mEqlmL potassium chloride; the

second lumen was used for the NaUC03 Lv. 0.5 mmolJkg/hr infusion al 1 mUhr, and for

any additional sodium bicarbonate boluses; the third lumen was used for CVP readings

and il was continuously flushed with 0.5 mUhr of 1 U/mL heparin in nonnal saline to

keep it patent Pancuronium bromide i.v. 0.1 mglkg/hr in Dextrose 5% in Water drip was

given al 1 mUkglhr piggy-backed to the ketamine drip. The arterialline from the right

common carotid artery was continuously flushed witb 0.5 mUhr of 1 U/mL heparin in

nonnal saline to keep il patent. A single dose of antibiotics was administered witbin 60

minutes after binh: ampicillin 50 mgJkg Lv. and gentamicin 2.5 mglkg Lv. through the

jugular venous line.
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ll. Compliance:

Respiratory mechanics were detennined 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 cbange 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.

m. Termination of resuscitation:

Resuscitation ended once eight hours of Iife had progressed, or cardiac

dysfunction occurred despite optimization of cardio-respiratory parameters. Death beCore

the anticipaled 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

iii. pH<6.8 on three arterial blood gases done 60 minutes apart, in spite of

alkalinisation, and hyperventilation

IV. Neonale lamb sacrifice:

Once termination of resuscitation was detennined, the lamb received a lethal dose

of i.v. penlothal 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 longs were removed en block with the heart. Total long 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 LWIBW were

detennined. 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]. Ta calculate dry right and dry

left lung weigblS, the wet rigbt and wet left long weights were multiplied by the dry-to-
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wet ratio. The total dry long weight was caIcuJated as the average between the right and

left dry-to-wet ratio multiplied by the total wet lung weight.

Phase 1and Phase ll. Statistical Analysis:

Statistical analysis was perfonned using the statistical software SPSS version 9.

Results from Phase 1 and Phase II were processed separately. Results between the four

groups were compared using ANOVA with Duncan post-hoc tesling, and right and left

long comparisons within each group were made with paired (-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<O.05), and *=different from CDH

(p<O.05).

Phase 1 animaIs 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 contrais (n=4). Because of the

small number of animais in each group, it was difficult to calculate a ·'true" power of the

study. However, based on previous studies as described under uPrenatal Interventions

and Survival Protocols for Lamb CDH7t
, we expected to observe significant differences

between CDH and controls, as weIl as between CDH and CDH+TO+/-TR in both Phase 1

and Phase II of the study. Ta note is that there were lWO sets of contrais; one set for Phase

l, and the other set for Phase n of the study. They essentially have the same prenatal

treatInent, but Phase 1 contrais were sacrificed at binh, and the Phase II contrais were

sacrificed after an 8 hour resuscitation. Thus, we could assume thal the characteristics of a

Phase 1 control al birth would also hold true for a Phase fi control al birth in terms of

baseline lung morphometry, pulmonary artery structure, and surfactant levels al binh.

Moreover, the baseÜDe characteristics of Phase 1CDH+/-TO+/-TR animais al birth would

also hold true for their Phase II counterparts al birtb.

During the resuscitation Phase fi study, the average over the eight hours (as shawn

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 lime. Thus,

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

General Resolts:

The monaIity rate for Phase 1was 33%, and for Phase D, 34%. This is acceptable,

as the quoted monaIity for fetallamb COH experiments is around 50% [9]. It is important

to note that in our analysis, ooly animais with documented hemiated viscera up in the left

chest at autopsy were considered to be "COH+/-TO+/-TR". If there was no diaphragmatic

hale or no hemiated viscera al the lime of autopsy, then these animais would he excluded

from analysis. In Phase l, 3 animais were excluded, and in Phase II, 1 animal was

excluded from analysis. Thus, Phase 1 animais inciuded for analysis were: COU (n=7),

COH+TO (n=6), COH+TO+TR (n=6), and controis (n=16). Phase fi animais included for

analysis were: COH (n=5), CDH+TO (n=5), COH+TO+TR (n=5), and contrais (n=4).

ln lerms of technique, ail of our TO using the detachable balloons were reliably

intlated and SRug againsl the tracheal wall al 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 1 of our study, TR was successfully achieved by US pereutaneous

needle deflation in 3 of the 6 lambs; these were the last three cases. In the first three

cases, the balloon bad been placed 2 cm above the right upper lobe orifice; this was too

low for proper US detection and safe deflation pereutaneously. 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 deOated percutaneously. In Phase fi, TR was

successfully achieved by US percutaneous needle deOation 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 maternai laparotomy, and the

balloon was deflated with a 22 G spinal needle using US guidance, but lhrough the

uterine wall. In all eleven TRs (Phase 1 and II), aIl balloons were reliably detlated al

autopsy. There were no fetaI losses, premature labor, or other complications because of

the added procedure ofTR one week before delivery.

Ph.e 1Raults;

The con 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 COH lamb; one can appreciale the hole in the diaphragm through

which a Kelly forceps is passed for demonstration purposes, and through which small

bowel hemiate into the left chest, preventing ipsilaleral lung growth, and causing a

mediastinal shift with an effect on cantralateral lung growth. Treatment of COH 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 COH but still somewhat smaller

than the controls with a lung weight of 2.98% of body weight.

Even though the COH+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 10 th\~ immature lungs of COH, 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 wbere the TO was performed al the same lime as the CDH

was created [42]. At lOOK magnification, CDH longs had nornerous terminal bronchioles

Dear the pleural edge, indicating an immature lung, and thickened, non-distendable

interstitium (Figure SA). In contras~ at lOOX magnification~ CDH+TO (Figure 5B)~ and

CDH+TO+TR (Figure SC) had similar pulmonary architecture to controls (Figure ID)
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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 COH hypoplastic

lung in the CDH+TO group was 85%, and in the COH+TO+TR group was 59%.

Similarly, the % increase of left lung growth from the COH hypoplastic lung in the

CDH+TO group was 72%, and in the COH+TO+TR group was 63%. Even though the

left lung was the more hypoplastic in the COH+/-TO+/-TR groups, both right and left

lungs grew proportionally as evidenced by the stable right 10 lefllung ratios of COH+/

TO+/-TR (Table 1). There was no difference between right and left lung MTBO, except

for COH where the right lung MTBO was 5.35+/-0.56 versus left lung MTBO 7.05+/

0.53 (p<O.05).

The adventitial area was only statistically different for aneries <75 flm in size,

where the COH+/-TO+/-TR had large adventitial areas when compared to controis (Table

2). In lerms of media! area, COH and COH+TO+TR had thickened areas in pulmonary

arterles <75 J.Ull in sile when compared 10 controls. COH+TO had intermediate medial

areas in between the high area of COH and the low area of contrais (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 anerles <75 flm. ft can be seen that for

pulmonary arteries <75 J,.1m, controls had the sma1lest overall vessel area, COH+TO had

an intermediate area, while COH and COH+TO+TR had the largest areas. In Figure (7A),

al looX magnification, one cao appreciate the thickened connective tissue impinging on

the already thickeoed small pulmonary arterles of COU. This is in contrast ta the

stretehed out parenchyma of COH+TO (Figure 7B) that appears to have a tethering effect

of holding the thinned out small pulmonary arteries open (atlOOX magnification). Figure

(7C) shows the appearance of COH+TO+TR longs where the parenchyma is thinned out,

bUl the small pulmonary aneries appear 10 have a thickened area (al looX magnification).

Figure (7D) shows the nonnal alveolar architecture and arterial appearance of controls (at

looX magnification).
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As for the capillary load, tbere was no difference between controls and CDH+/

TO+I-TR in terms of the ratio of vessel surface area to tissue surface area as seen on

electron microscopy (Table 4).

Type fi cell density was abnormally increased in COH, and COH+TO+I-TR

restored type fi density to normallevels (Figure 8).

BAL SP-A and BAL SP-B levels were similar in ail 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 COH+/-TO+/-TR did not compromise the integrity of the fetal lung

vascular epithelium. However, BAL PC was very low in COU and remained low after

TO+I-TR. Similarly, lung tissue SP-B was low in CDU+I-TO+I-TR. On the other hand, a

different pattern of results was observed for lung tissue SP-A content. COH lambs

exhibited lung SP-A tissue concentrations comparable to those in control fetuses, while

low tissue SP-A content was observed with COH+TO+/-TR (Table 5).

Phase g Results;

The COU lungs were hypoplastic as evidenced by wet lung weight of 1.11% of

body weight (Figure 9). Treatment of COU with TO+I-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 1 results, even though the left lung was more

hypoplastic in the COH+I-TO+I-TR groups, both right and left lungs grew proportionally

as evidenced by the stable right to left lung ratios of COH+I-TO+/-TR (Table 6).

Table (7) shows the dry-to-wet ratio expressed as a percentage. The totallung dry

to-wet ratio was the highest for COU at 20.7%, and this was statistically different from

COU+TO at 16.8% dry-to-wet ratio. The right lung dry-to-wet ratio was the lowest for

CDU+TO at 16.1%, and this was statistically different from controls at 19.2%, or CDH al

19.9%. The left lung dry-to-wet ratio was the higbest for COU at 21.5%, and this was

statistically different from CDH+TO al 17.5% dry-to-wet ratio. This signifies tbat

COH+TO longs had a higher water content than COR longs. Moreover, for the righl lung,

COU+TO lunes had a hieher water content not oolv than COH lunes. but also than--.... ., ......

51



•

•

controllungs. It is not surprising that TO lungs would contain more water at binh, bUl it

is interesting ta see thal il persists even after 8 hours of resuscitation.

Even though COH+TO lungs had greater lung water content than COH, the lung

growth achieved by COH+TO was indeed significant wben comparing dry lung weights.

Figure (10) sbows the dry totallung weight over body weight ratios, where COH lungs

are hypoplastic at 0.23%. Treatment of COH with TO+/-TR resulted in significant lung

growth with dry lung weighl of body weight (0.36% and 0.43%) thal were comparable lo

controls (0.32%). These results parallel the wet totallung weight over body weight ratios

results shawn in Figure (9).

Figure (11) shows the highest Pa02 achieved over the resuscitation. The highest

Pa02s were the oost for COH+TO (239 mm Hg) and controls (217 mm Hg), while CD"

(89 mm Hg) and COH+TO+TR (64 mm Hg) had poor highest Pa02s. As shown in Figure

(12), the lowest PaC02s were the best for COH+TO (29 mm Hg) and contrais (22 mm

Hg), while COH (54 mm Hg) and COH+TO+TR (47 mm Hg) had poor lowest PaC02s.

Table (8) shows the mean values averaged over the eight hour resuscitation for

pH, PaC02, Pa02, and AaDO!_ It can 00 seen that for pH and PaC02 averaged over eight

hours, tbree groups arise: one group with acidosis and hypercarbia corresponding to CD"

animais; one intermediate group with middle values for pH and PaC02 corresponding ta

COH+TO+1R; and the third group with normal acid-base status and normalized PaC02

corresponding ta COH+TO and controls. For PaO! and AaD02 averaged over eight hours,

two groups arise: one with hypoxia and high AaDO! gradient corresponding to the CDU

and CDH+TO+TR groups; and the other with normal Pa02 levels and lower AaD02

gradient corresponding ta 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 COH+TO+TR; and the other with a high VEI corresponding to COH+TO and

controls. Interestingly, for the MVl and compliance, each experimental group was

significantly different from each other. The descending rank of averaged MVI, starting

with the highes~ was: CDH, then CDH+TO+m, then CDH+TO, and then controls. The
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ascending rank of averaged long compüance, starting with the lowest, was: COH, then

COH+TO+TR, then controls, and then COH+TO.

Figures (13-19) show the trends over the eight hour resuscitation for lung

compliance, MVI, VEI, PaC02, pH, Pa02' and AaD02gradient. [Note: Because of space

constraints, 1 did not add the symbols # or * to signify statistical significance for the

graphs representing trends over eight hours. 1 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 panicular group, and if that

bar does not overlap with the upper band of the SEM of another group at the same time,

tben those two points are statistically dirferent at that lime. Basically, if there is no

overlap of the error bars of the SEM at one particuIar time, then those two means are

stalistically different with p<O.05]. It can be seen that for compliance trends (Figure 13),

COH lungs are the least compliant throughout the length of the resuscitalion, and that

COH+TO are the most compliant, and at cenain limes, even more so than normal

controls. On the other hand, CDH+TO+TR show intermediate compliance values.

For MVI trends (Figure 14), COU lungs have the highest values, meaning a more

difficult ventilation, and CDH+TO had low MVI values throughout. Even though

CDH+TO+TR inilially had high MVI, ventilation improved after 180 minutes ioto the

resuscitation. Towards the end of the resuscitation, COH+TO+TR, COH+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 secn in those

COH lambs treated with TO+/-TR. White VEI improved for CDH+TO+TR to

intermediate values, the most impressive improvement was seen in CDH+TO lambs that

foUowed 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, CDU lambs dipped ioto acidosis,

while CDH+TO+/-TR and controls achieved normal acid-base balance. Similarly, PaC02

trend values (Figure 11) for CDH showed persistent bypercapnia. while CDH+TO and

controIs showed a trend towards nonnocapnia from the start Inilially, COH+TO+TR
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lambs aIso showed hypercapnia, bUl after 180 minutes, showed improvement towards

intermediate values of PaC02•

Interestingly, while pulmonary ventilation showed significant trends in pH,

PaC02, VEI, MVI, and compliance, pulmonary oxygenation did not show the same

dramatic differences in trends between groups. There were no clear differences between

the Pa02 trends, except for the few sporadic high Pa02s of COH+TO (Figure 18). The

AaD02s (Figure 19) were only beginning to show differences aCter 300 minutes, with

COH+TO having lower AaDO! when compared lO CDH or COH+TO+TR.

Table (10) shows the number of lambs that survived the entire eighl hour

resuscitation, and whether they had chest tubes or subxyphoid incisions for relief of

tension pneumothoraces. AIl controls, CDH+TO, and COH+TO+TR survived 8 hours.

None of the controIs developed tension pneumothoraces. In contrast, two COH lambs did

not survive the eight hour resuscitation: one died al 5 hours, and the other at 7 hours. AlI

COH animais required chest tubes al a Median time of 1.5 hours into the resuscitation.

Three COH lambs required a subxyphoid incision to drain the mediastinallobe, two of

which were the ones that died a15 and 7 hours. For CDH+TO animais, three required

chesl tubes al a Median 5 hours into the resuscitation, and two needed a subxyphoid

incision. For COH+TO+TR, three lambs also required chest tubes al a median of 4 hours

of resuscitation, and one required a subxyphoid incision. Of those animais that developed

tension pneumothoraces, a1l had PIP of 35 cm 8 20. Tbus, the deveIopment 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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COQÇlusioo

Our results show that both right and left lungs were severely hypoplastic in this

animal model of COH. TO with or without TR partially normalized the hypoplastic lungs

of COH: this resulled in an accelerated, harmonious growth and structural maturation of

both lungs despite the persistence of the COH al autopsy. Funhermore, lung growth was

oot significantly affected by TR one week before delivery. COU lungs were structurally

immature with nurnerous terminal bronchioles near the pleural edge and thickeoed

interstitium and alveolar walls. ln contrast, COH+TO+/-TR. a1lowed for normalization of

pulmonary architecture with thinned out interstitium, and normal appearing a1veoli with

few terminal bronchi oear the pleural edges. Thus, lung growth achieved by TO+/-TR

appeared la follow normal structural development.

The current sludy confinns previous observations that COH hypoplastie lungs

have thickened pulmonary artery media and adventitia in aneries <75 J.lm in diameter [5].

We further showed that these fetal anatomie changes are not "fixed" and nonreversible

components of the pulmonary vascular bed, as sorne May have postulated [98]: TO

reversed the increased pulmonary artery medial area, but oot the adventitial area in

aneries <75 J.1Ill in diameter of our present fetallamb CDH model. Similarly, DiFiore et al

have shown thal COH+TO in the fetallamb reversed the increased muscularization of

pulmonary aneries: for vessels of diameters <100 J1m, 29% of them were fully

muscularized in COH, whereas none were muscularized in CDH+TO and controls [128].

It is important to note thal DiFiore had created the CDH and TO at the same operation,

and had injected and intlated the pulmonary anery with barium-gelatin; our CDH and TO

were created at different times, allowing lung hypoplasia to accur before applying TO,

and the pulmonary artery was nol inflated. This would explain the apparent discrepancy

between non-intlated and inflated pulmonary artery diarneter size and how il relates to

muscularization of the media. ft is interesting to note that for normal neonate lambs,

nearly 100% of inflated aneries with a diameter of 51-100 J.I.IIl, al <24 hours from bïrth,

bave been reponed 10 he muscularized [199]. Obviously, different metbods of injection,

inflation, and ftxation of the lung or pulmonary arteries \\ill 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 al 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]. Mter 120 days gestation, there is a

close relationship between pulmonary capillary formation and alveolar development in

the fetallamb [471. Our resuJts show that TO with or without TR in a hypoplastic COH

model maintains that proportional relationship between capillary and alveolar

development even though the main growth stimulus is initiated by a1veolar stretch or

bronchial pressure.

We further show that the effeet 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 J..l.m) medial area. By promoting

harmonious lung growth that include alveoli and capillaries and by allowing thinning of

the medial area in smalt pulmonary arteries, TO would undoubtedly deerease the

pulmonary hypertension seen postnatally with COH.

Our results reveal that despite Ta, TR, and prenatal glucocorticoids, lungs from

lambs with COH have dysfunctional type n ceUs with decreased BAL PC and decreased

lung tissue SP-B. Moreover, when compared to normallambs treated with Ta, COH

animais treated with Ta appear to respond differently in terms of type fi ceU numbers and

surfactant composition.

In nonnal fetal lungs, TO induces the lungs to grow al the expense of type fi cell

density [34-37], likely due to signaling related to alveolar stretcb. It May be that TO,

through mecbanical distension, promotes proliferation of respiratory epithelial cells, thus

suppressing differentiation of mature type D ceU phenotype while allowing for type 1cell

growth [70, 154]. This would explain the decreased type fi cell density and surfactant

immaturity associated with TO in nonnallungs. However, COH lungs do not behave like

normal longs since type fi cell density does not necessarily correlate with the amount or

composition of surfactant. For example. type fi cell density is elevated in CDH, yet the

type fi ceUs produce low levels of BAL PC and low levels of lung tissue SP-B.
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Furthermore, despite normal type II 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 felus are not altered in CDH+/-TO+/-TR. ft should be noled that

fetal alveolar pools are relatively small and that most of the surfactant is secreted al birth

[75]. Sînce tissue SP-B is low in CDH+/-TO+/-TR, this indicates that they would have

reduced stores of SP-B. Unlike normallungs, for CDH lungs, TR offers no added benefit

over TO in terms of surfaclant 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 [841. Since these are reduced with

CDH, the use of prophylactic exogenous surfactant before the first breath at birth may he

useful in the therapy of CDH even after prenatal intervention such as TO and maternai

steroid administration.

In normal animais, surfactant lipids and apoproteins increase in an approximalely

coordinated manner in late gestation [75-78). In our control animais, as expected, SP-A,

SP-B, and PC contents were elevated appropriately in a parallel manner. However, il

appears that, in the experimental animais, the normal physiological expression of

surfactant components was altered. For example, even though ail groups had normal

levels of BAL surfactant proteins, CDU lambs possessed high levels of lung tissue SP-A

which were comparable to control levels. In contrast, COU 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 band, COU+TO+/-1R bad unüormly 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 ('bock-out") studies show that SP-A deficient mice have
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normallung function [84]. SP-A is impottant for the innate host defense system of the

long [76, 84]. The manner in which the relative SP-A deficiency in CDH+TO+/-TR

animals affects the lung remains to he detennined.

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

would have anticipated that our present resuscitation study would have demonstrated a

decline in pulmonary function in COU lambs treated with TO+/-TR compared 10 controls.

Others have persistently shown that CDH+TO have initial good physiological fonction if

resuscitated <4 hours [41, 42, 155, 156]; yel, 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 cao be

drawn from our resuscitation (phase fi) 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 animais treated with TO with or without TR were all able to survive the

eighl hours of resuscitation, while ooly 3 out of 5 CDH animais 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 PaC02•

CDH+TO values were clearly superior to CDH values and reached normal

values, wbile 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 cao ooly speculale thal the

initial low ventilation-perfusion mismatch was reversed as compliaoce

increased and more ventilatory uoits were recruited relative to the pulmonary

blood flow.

4. Oxygenation was improved in CDH animaIs treated with TO, but not those

treated witb TO+TR. Perhaps pulmonary artery remodeling and thinning of

the media of small pulmonary arteries, that is ooly achieved with TO until

delivery~ were important factors in lessening pulmonary hypertension~ leading
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to decreased right-to-Ieft shunting, and irnprovernents in oxygenation for

CDH+TO to levels comparable to controls.

5. The compliance of CDn animais was low, and treatment with TO a1lowed 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 COH+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 mechanisOls Olay

improve lung compliance arose from the observation !hat while glucocorticoid-induced

increases in lung compliance normatly occur within 48 hours after treatment, it can take

longer before significant a1terations in a1veolar and/or tissue surfactant lipids becorne

apparent [163]. ft has become evident that glucocorticoids increase lung compliance

through surfactant-independent as weil as surfactant-dependent Olechanisms [74, 76, 157,

163]. The former include structural changes related to alterations in collagenlelastin ratio,

morphometric alterations associated with decreased perilobar connective tissue, and

reduction in a1veolar 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 COH

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 weil as by

surfactant. An increase in compliance contributes to distension and recruitment of alveoli

and oPenïng up of previously closed vessels for gas exchange? resuIting in împroved 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 parenchYmai structure in terms of terminal bronchiole

density, while maintaining an appropriate capiUary load. Despite a surfactant deficiency

in COH+TO+glucocorticoids, the normalization of lung architecture and size led la

normalization of lung function.

While our resuscitation model was Iimited as we could not provide our sickest

CDH lambs with high-frequency-ventilation, inhaled Ritric oxide, or extra-corporeal

membrane-oxygenation as would happen in the hu~an condition [19, 177, 201], we did

inadvertently show that puimonary hypoplasia complicated by iatrogenic long 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 nornerous aspects of care:

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

predicted from age-matched controis is required for survival of con babies treated

with extra corporeal membrane oxygenation [21J.
2. Improve compliance funher (hence, decreases pulmonary hypertension) by giving

maternai glucoconicoids and exogenous surfactant to the baby before the flJ'St breath.

3. Avoid barotrauma as discussed above.

4. Decrease pulmonary hypertension. Phannacological manipulations, including the

use of inhaled nitric oxide, have bad 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 he another step to minimize pulmonary

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

with a sufficient number of alveoü and an adequate pulmonary capillary bed.
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For poor prognosis CDH (hemiated liver, lung:head ratio < 1, <25 weeks

gestational age al diagnosis), fetal TO is feasible and cao promote prenatallung 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

fetaI 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 benefil over TO until

term, in the event that TO causes excessive uncontrolled lung growth resulting in fetaI

hydrops [203), this method cao he reversed by US-guided percutaneous needle puncture.

Once babies with CDH survive the neonatal period without iatrogenic lung injury, it is

expected thal postnatallung 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 postnatallung growth and remodeling, most survivors have few clinical

respiratory symptoms [125].
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Sununar.y

In our fetallamb COU model, TO+/-TR+glucoconicoids al10wed for accelerated

lung growth and normalized pulmonary architecture. Only CDH treated with TO allowed

for thïnning of the pulmonary artery media area for arteries <75 J.lIll in extemal diarneter.

Tbere was poor quality surfactant in COU, despite TO, TR, and glucocorticoids as shown

by low lung tissue SP-B, and low BAL PC. This implies that exogenous propbylactic

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 arteriaI blood gases. It was only after

180 minutes of resuscitation that the beneficial effects of TO on lung function could he

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 lerm in this lung model. The improvements in lung function of con animais treated

with TO were primarily from surfactant-independent mechanisms via pulmonary growth

and structural changes with thinning of the interstitium, thinner a1veolar waIls, and

pulmonary artery remodeling.
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Table (1). Phase 1. Right and Left Lung Growth

RLWIBW% LLWIBW% RLWILLW

•

cou

COU+TO

CDH+TO+TR

CONTROL

0.83+/-0.10 #

1.54+/-0.24 •

1.32+/-0.15 *#

1.82+/-0.01 •

0.43+/-0.04 #

0.74+/-0.15 * #

0.70+/-0.12 • #

1.11+/-0.(,'4 •

2.01+/-0.24 #

2.18+/-0.14 #

1.97+/-0.15 #

1.56+/-0.04 •

Legend Table (1):
BW=body weight, RLW=right lung weight, LLW=Ieft lung weighl
Data are given as mean +/-SEM
'=different from control, p<Cl05; *=different from CDH



•

Table (2), Pulmonary Anery Adventitial Area

PA Adventitial Are. (J.lID2) For Ali Artery Sizes
PAslze(~):

0-75 76-100 101-150 151·250

•

251-500

CDB
CDH+TO
CDH+TO+TR
CONTROL

4996+/- 493 #
4487+/- 274 #1
5304+/- 289 #
3139+/- 163

9871+/- 999
9540+/- 929
10688+/- 1402
8205+/- 854

18528+/- 2239
15609+/- 1552
24623+/- 5457
14066+/- 1104

38185+/- 4142
39362+/- 5439
30218+/- 3192
33887+/- 3905

52979+/- 11539
89571+/.. 24469
138630+/- 28408
94698+/- 21410

Legend Table (2):
PA= pulmonary artery
Data are given as mean+/- SEM
#= different from control, p<O.05



•

Table (3). Pulmonary Artery Medial Area

PA Medial Are. GmS) For Ail ARery Sizes
PA slze fJdn):
0-75 76-100 lOI-ISO 151-250 251-500

•

CDB
CDH+TO
CDH+TO+TR
CONTROL

1365+/- 101 #
1265+/- 52
1336+/- 63 #
1124+/- 34 *

2676+/- 220
2774+/- 176
2973+/- 283
2543+/- 106

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

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

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

Legend Table (3):
PA= pulmonary artery
Data are given as mean +/-SEM
#= different from control, p<O.05; *= differenl from CDH, p<O.05



•

Table (4). Capillary Load

Vesselfflssue Surface Area (~)

Total Right Lung

CDB 10.08+/- 1.01 8.18+/- 0.89

CDH+TO 9.61+/- 1.10 9.56+/- 1.98

CDH+TO+TR 11.18+/- 1.46 12.65+/- 2.91

CONTROL 11.02+/- 1.07 12.04+/- 1.79

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

LeRLung

11.97+/- 1.26

9.67+/- 1.18

9.70+/- 0.33

10.0+/- 1.19

•



•

Table (~). Surfactant Composition

•

BALSP·B BALSP·A BAL proteln BAL PC LUlli Tissue SP·B Luna Tissue SP·A

CDR

CDH+TO

CDH+TO+TR

CONTROL

119 +/·~O

129 +/-54

323 +/-191

182 +/-4~

34 +/-8

~0+1-14

69 +/-48

28+/-8

1.21 +/-0.79

2.66 ./-1.04

2.77 +1-0.61

1.59 +/-0.30

38.71 +1-22.07 "

SI.S4 ./-7.5211

31.17./-8.6211

233.87 +/-45.03 •

17.6~ +/-4.26"

11.12./-3.1111

14.11 +/-2.6011

45.29 +/-5.60 •

0.2S +/-0.06

0.05 ./-0.01 • 1#

0.09 +/-0.03 • Il

0.19 +/-0.03

Legend Table (5):
BAL SP-B= bronchoalveolar lavage Ouid Surfactant Protein-B ng/mg PC
BAL SP-A= broncboalveolar lavage Ouid Surfactant Protein-A Jlg/mg PC
BAL protein= bronchoalveolar lavage Ould proteln Jlg/JlL
BAL PC: bronchoalvcolar lavage Ouid phosphatidylcholine Ilg/g body weight
Lung Tissue SP-B= lung tissue Surfactant Protein-B ng/mg protcio
Lung Tissue SP-A= lung tissue Surfactant Protein-A ..&lmg protein
Daia are given as mean +1- SEM
##= differenl from control, p<O.OS; .= differenl from CDH, p<0.05
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Table (6). Phase Il. Right and Lert Loog Growth

RLWIBW% LLWIBWIfJ RLWILLW

COH 0.79+/-0.08 0.32+/-0.04 2.5+/-0.1 #

COH+TO 1.66+/-0.23 * 0.69+/-0.18 • 2.7+/-0.4 #

CDH+TO+TR 1.30+/-0.12 * 0.55+/-0.08 * 2.4+/-0.2 #

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 lWlg weight
Data are given as mean +/-SEM
#=different from conuol, p<O.05; *=differenl from CDH

•



•

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

Total Dry·to-Wet % Right Dry·to.Wet % Lert Dry·to.Wet %

•

CDH

CDH+TO

CDH+TO+TR

CONTROL

20.7+/-1.3

16.8+/-1.3 •

19.2+/-0.4

19.0+/-0.9

19.9+/-0.7

16.1+/-1.5· #

17.9+/-0.4

19.2+/-1.1

21.5+/-1.9

17.5+/-1.3 •

20.5+/-0.4

18.7+/-0.8

Legend Table (7):
Data are given as the mean+/-SEM
#=different from control, pdl05, ·=different from CDH, p<O.05
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Table (8). Average pH, PaC02, Pa02, and AaD02 Over the Eight Hour Resuscitation

pH PaC02 (mm Hg) Pa02 (mm Hg) AaD02 (1010 Ha)

COU 7.11+/-0.02 # 103+/-3 # 49+/-3 # 707+/-5 #

CDH+TO 7.39+/-0.02 • 55+/-4 • 87+/-9 • 635+/-18 •

CDH+TO+TR 7.32+/-0.02 • # 82+/-4· # 41+/-2 # 744+/-5 #

CONTROL 7.40+/-0.02 • 48+/-3 • 78+/-7 • 646+/-25 •

Legend Table (8):
Data are given as the mean+/-SEM
#=different from control, p<O.05; *=düferent from CDH, p<O.OS

•



•

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

•

CDB

CDH+TO

CDH+TO+TR

CONTROL

MVlt

401+/-15

165+/-21

284+/-20

93+/-12

lOOxVEI

1.27+/-0.06 #1

18.48+/-3.16 •

4.32+/-0.84 #1

19.65+/-2.99 *

CompUancet

0.27+/-0.01

0.87+/-0.03

0.46+/-0.01

0.72+/-0.03

Legend Table(9):
Data are given as mean+/-SEM
#=different from control, p<O.05; *=different from CDHt p<O.OSt t=a11 are different from each other, p<O.05
MVI=modified ventilalory index=(RRxPIPxPaC02)/1()()()
1OOxVEI= lOOxventilatory efficiency index=1OOx3800/((PIP-PEEP)xRRxPaC02)
Compliance= mUcm H20/kg
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Table (10). Survival and Barotrauma

•

Survived Age atdeath Chesl lube Median age al Subxyphoid Age al
8 hours (hours) (N) chesllube incision subxyhpoid incision
(N) (hours) (N) (hours)

CDH 3 5, 7 5 1.5 3 l, 1.5. 1.5

(n=5)

CDH+TO 5 - 3 5 2 1.5,6

(n=5)

CDH+TO+TR 5 - 3 4 1 1.5

(0=5)

CONTROL 4 - 0 - - -

(0=4)
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Fleures:

Legends for Figures:

Figure 1. Pulmonary anery morphometry.

The external diameter is defined as the diameter between the external lamina and

expressed in J.lm. The medial area is defined as the area contained by the externat elastic

lamina minus the area contained by the internai elastie lamina, and expressed in J.U1l2. The

adventitial area is defined as the area contained by the entire artery minus the area

contained by the external elastie lamina, and expressed in J.lID2. The lumen area is defined

as the area contained by the internaI elastie 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 hemiate ïnto the left

chest, preventing ipsilaterallung growth, and causing a mediastinal shift with an effect on

contralaterallung growth. B=bowel, D=diaphragm, H=heart, K=Kelly forceps, L=Left

Lung, R=Right Lung.

Figure 3. Phase I. Lung weightlbody weighl

Data is presented as Mean +/- standard error of the Mean (SEM), and where

#=different from control (p<O.OS), and *=different from CDH (p<O.OS).

Figure 4. Mean Terminal Bronchiole Density (MTBD).

Data is presented as Mean +/- standard error of the Mean (SEM), and where

*=different from CDH (p<O.OS).

Figure S. Pulmonary structure.

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

near the pleural edge (arrow), indicating an immature lung, and thickened, oon-
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distendable interstitium. In contrast, al lOOX magnification, COH+TO (B), and

COH+TO+TR (C) had similar pulmonary architecture to controls (0) with few terminal

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

Figure 6. PuImonary aneries with an extemal diarneter less than 75 J,lm.

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 J.lm. It can he

seen that for pulmonary aneries <75 J.lm, controls had the smallest overall vessel area,

COU+TO had an intermediate area, while CDn and COH+TO+TR had the largest areas.

Oata is presented as mean +/- standard error of the Mean (SEM), and where #=different

from control (p<O.05), and *=different from COU (p<O.OS).

Figure 7. Pulmonary arteries.

In (A), at lOOX magnification, one cao appreciate the thickened connective tissue

impinging on the already thickened small pulmonary arteries (arrow) of COH. This is in

contrast to the stretched out parenehyma of COH+TO (B) that appears to have a tethering

effeet of holding the thinned out small pulmonary arteries (arrow) open (at lOOX

magnification). (C) shows the appearanee of COH+TO+TR lungs where the parenchyma

is thinned ou~ but the small pulmonary arteries (arrow) appear to have a thiekened area

(al lOOX magnification). (D) shows the nonnal alveolar architecture and arterial (arrow)

appearance of controls (at lOOX magnification).

Figure 8. Type fi cell density.

Data is presented as mean +/- standard error of the Mean (SEM), and where

*=different from CDH (p<O.05).

Figure 9. Phase ll. Lung weightlbody weight.

Data is presented as Mean +/- standard error of the Mean (SEM), and where

*=different from CDH (p<O.05).
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Figure 10. Phase II. Dry lung weightlbody weight.

Data is presented as mean +/- standard error of the Mean (SEM), and where

*=different from CDH (p<O.OS).

Figure Il. Highest Pa02•

Data is presented as Mean +/- standard error of the Mean (SEM), and where

#=different from control (p<O.OS), and *=different from CDH (p<O.05).

Figure 12. Lowest PaC02•

Data is presented as Mean +/- standard error of the Mean (SEM), and where

#=different from control (p<O.OS), and *=different from CDH (p<o.OS).

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) al one particular lime, then those lwo means are statistically differenl with p<O.05.

Figure 14. MVI. Modified ventilalory 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 (bath upper SEM shown and lower "'imaginary"

SEM) at one particular lime, then those two means are statistically different with p<O.05.

Figure 15. lOOXVEI. Ventilalory efficiency index overeight 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) al one particular lime, then those lWo means are statistically differenl with p<O.05.
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Figure 16. pH ovec 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 Uimaginary"

SEM) al one particular lime, then those two means are statislically differenl with p<O.OS.

Figure 17. PaC02 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 (bath upper SEM shawn and lower Uimaginary"

SEM) al one particular lime, then those lWO means are stalislically differenl with p<O.OS.

Figure 18. Pa02 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 .4imaginary"

SEM) al one particular lime, then those two means are statislically differenl with p<o.05.

Figure 19. AaD02 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 Uimaginary"

SEM) al one particular lime, then those two means are stalistically different with p<O.05.
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Figure (1). Pulmonary Artery Measurements
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Figure 3. Phase 1. Lung Weight/Body Weight
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Figure 13. Lung Compliance
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