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Proloog

November 1992: Direct na de coschappen naar de afdeling kinderchirurgie van het
Sophia kinderziekenhuis, toen nog aan de Gordelweg te Rotterdam. Een zeer bewuste
keuze om daar te willen werken. Toen: Van elke twee patiénten die kort na de geboorte
met een congenitale hernia diafragmatica op de IC kinderchirurgie opgenomen worden,
overleeft er uiteindelijk maar één. Na perfecte opvang, optimale beademing, inotropie en
alles wat we verder te bieden hebben, en dat is veel met alle expertise en mogelijkheden
die tot onze beschikking staan, redt slechts de helft het. Geen statistieken maar namen,
gezichtjes, ouders en emoties. Het was maar aan een deel van deze kinderen gegund
om uiteindelijk met twee dolblije, en doordrongen van het hun bespaarde leed, ouders
huiswaarts te gaan. Die frustrerende, neerwaartse spiraal van pulmonale hypertensie
met almaar toenemende hypoxie en acidose die tot aan de dood van een mooi, gaaf
mensje kan leiden.........

Juni 2012: Met alle huidige nieuwe mogelijkheden en protocollen is die overleving
gestegen van 50% tot maar liefst 80%. Wat een winst en vreugde. Toch?? Zestig
procent van de kinderen die destijds zouden zijn overleden redden het nu, anno 2012,
wel dankzij voortschrijdend inzicht en de mogelijkheden op medisch gebied. ECMO,
HFO en evidence-based protocollen, op Europees niveau gedragen, bieden optimale
overlevingskansen voor kinderen met ernstiger vormen van hernia diafragmatica,
longhypoplasie en pulmonale hypertensie. Fantastisch! Maar na alle Kklinische
inspanningen gaan onze wonderkindjes het normale leven in. Hun ouders zijn vaak blij
met alle cognitieve en motorische vaardigheden die zij zich, na het moeizame begin van
hun leven, toch eigen maken. Op de polikliniek van de chirurgische lange termijn follow-
up wordt dit vergeleken met datgene wat gezonde leeftijdgenoten kunnen. Kunnen onze
‘paradepaardjes’ zich wel meten met hun leeftijdgenoten? En zo niet, wat dan? Dat is
onze verantwoordelijkheid, verbeterde overleving gaat niet gelijk op met een verbetering
van de kwaliteit van leven. Een ernstiger vorm van deze, en andere, aangeboren
longafwijkingen gaat logischerwijs samen met meer beperkingen in het dagelijks leven.
Aan ons om te meten en weten wat de beperkingen zijn, en hoe we ook na ontslag deze
kinderen in hun latere leven de meest optimale en complete zorg kunnen bieden.

Daarom; deze afdeling, deze loopbaan, dit proefschrift!

Met dank!

Marjolein, juni 2012
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Introduction
Preamble

Intensive care for children is one of the areas of medicine that have significantly matured in
the past decades. New treatment modalities have been introduced, such as high frequency
oscillation (HFO), inhaled nitric oxide (NO), and extracorporeal membrane oxygenation
(ECMO), and minimally invasive surgery is an example of improvement in surgical
techniques. These new modalities have reduced mortality rates, but sometimes at the cost
of more morbidity. Not only the underlying disease itself, but also side effects of the
treatment can cause morbidity. Aspects of short-term and long-term morbidity have
therefore become a focus of attention 2. Congenital anomalies that include abnormal lung
development requiring neonatal intensive care treatment can result in pulmonary function
impairment. These long-term pulmonary sequelae can be assessed by lung function
measurement. Longitudinal evaluation of lung function can help identify infants and
children at risk for respiratory impairment and elucidate the long-term consequences of
congenital lung anomalies.

Anatomical congenital anomalies

Annually some 5,500 newborns (about 3% of all births) in the Netherlands present with
major anatomical congenital anomalies °. These children often need prolonged
hospitalization with (multiple) surgical interventions in the neonatal period and thereafter.
Improved antenatal detection, improved surgical techniques and peri-operative care have
reduced the mortality rates of these anomalies *. The pediatric surgeon Ravitch classified
six major anatomical congenital anomalies as "index" diagnoses °. Those are: congenital
diaphragmatic hernia, esophageal atresia, intestinal atresia, Hirschsprung's disease,
anorectal malformations, and abdominal wall defects. The causes of most of these
anomalies are still unknown. They occur either in isolated form or as part of more
complex syndromes. In the Netherlands, children with index diagnoses are to be treated
in one of the six designated pediatric surgical centres. Survivors may show considerable
morbidity and many will have to rely on the health care system for the rest of their life 610,
This thesis deals with long-term morbidity in three anatomical congenital anomalies with
concomitant abnormal lung development; congenital diaphragmatic hernia, esophageal
atresia, and congenital cystic lung lesions.

Congenital diaphragmatic hernia

Congenital diaphragmatic hernia (CDH) is a rare congenital anomaly of the diaphragm
with an incidence of approximately 1 per 2500 births. Typically, the abdominal organs will
herniate into the chest cavity, with resulting maldevelopment of the alveoli and



pulmonary vessels . The defect is usually — reported in 84% of the cases — located in
the left hemidiaphragm. CDH can present as an isolated defect or in combination with
other congenital anomalies, such as congenital heart disease or chromosomal anomalies
2. The condition may be life-threatening and key determinants of mortality are the
severity of pulmonary hypoplasia and the presence of therapy-resistant pulmonary
hypertension ''. Smaller number and generations of airways, thickened alveolar septa,
and abnormal architecture of the respiratory acinus characterize pulmonary hypoplasia.
Pulmonary hypertension may result from medial hyperplasia and adventitial thickening
associated with under- and maldevelopment of the pulmonary vessels .

Although mortality rates have gone down over the years, mortality rates in live-born
patients still range from 10-35%'*"°, depending on case selection. Moreover, survivors
carry a substantial risk of developing secondary morbidity, such as cardiopulmonary,
gastro-intestinal and neurological problems %. Approximately 30-50% of CDH survivors
develop long-term pulmonary sequelae, including chronic lung disease, persistent
pulmonary hypertension, asthmatic symptoms, and recurrent respiratory tract infections
12124 pylmonary hypoplasia and lung damage due to mechanical ventilation predispose
newborns with CDH to develop chronic pulmonary symptoms. Patients who receive
ECMO and/or a patch repair are more likely to develop pulmonary complications %
Long-term pulmonary sequelae may range from full clinical recovery to impaired lung
function, respiratory tract infections, cor pulmonale, and even death. Many studies report
obstructive lung function abnormalities in CDH survivors; restrictive and combined
obstructive/restrictive abnormalities are reported to a lesser extent "**?%. Lung function
abnormalities occur in 28-52% 2°?®. Longer duration of ventilation is associated with
worse pulmonary function 3 Furthermore, chest wall deformities, which occur in 46% of
the patients, may be responsible for lung function anomalies ?*%*. CDH patients show
higher rates of bronchial hyperreactivity after provocation tests than do controls 2>%. This
hyperreactivity is thought to be due to ventilation-induced lung damage rather than to
pulmonary hypoplasia 23 Apart from lung function anomalies, abnormalities on chest X-
rays are reported in 33-80% of the patients ***. These include hyperlucency,
hyperinflation, persistent lung hypoplasia, decreased pulmonary vascularity, persistent
lung opacities, mediastinal shift, and abnormal diaphragm configuration 2%,

Lung function abnormalities in CDH survivors are relatively mild and usually improve
over time, especially over the first six months ?°. This may well be due to compensatory
growth of the lungs, as V/Q scans show no reduction in lung volume and a normal
diffusion capacity #*. Still, there is much to say for thorough pulmonary follow-up and lung
function tests in CDH survivors beyond the neonatal period, especially those with severe
chronic lung disease. In milder cases, monitoring of pulmonary problems is important to
assess treatment strategies. Previous research on lung function abnormalities in CDH
survivors was mostly retrospective and in small samples. These retrospective data also
come from the era before ‘gentle’ ventilation strategies and ECMO were used and are
therefore not representative for the present-day population of patients with CDH.



Research should therefore be directed towards prospective follow-up of lung function
measurements starting from a very early age. This will eventually reveal the evolution
and functional consequences of this anomaly during childhood and adolescence.

A newborn with left-sided congenital diaphragmatic
hernia; abdominal organs protrude into the thoracic
cavity.

Esophageal atresia

Esophageal atresia (EA) with or without tracheo-esophageal fistula (TEF) is an
anatomical congenital anomaly of the gastrointestinal and respiratory tract characterized
by absence of the normal continuity of the esophagus. TEF is a congenital connection
between the proximal and/or distal esophagus and the airway. The great majority of the
patients have both EA and TEF. The most common variant is EA with a distal TEF (type
C), other types are pure EA without TEF (type A), EA with a proximal TEF (type B), EA
with a distal and proximal fistula (type D), and a so-called H-type fistula (type E).
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EA of any type occurs in approximately 1 in 3,500 live births. In about half of the cases
there are associated anomalies, with cardiac malformations being the most common.
Most children born with EA undergo surgical repair (end-to-end anastomosis) within a
few days after diagnosis except for type A. EA-TEF is associated with tracheomalacia,



which is a condition of the trachea characterized by weakness of the supporting tracheal
cartilage resulting in an abnormally wide posterior membranous wall 2 This condition
may cause the trachea to collapse, especially under increased transmural pressure such
as during coughing, crying or feeding. Tracheomalacia most commonly affects the distal
one-third of the trachea. Intervention is not always necessary; as the child grows the
tracheal cartilage stiffens, and the airway widens, making the airway less vulnerable.

Since the first successful primary repair of EA and TEF in 1941 by Haight and Townsley
% survival rates of infants with this condition have dramatically improved. Apart from
advances in neonatal intensive care and surgical techniques, this may be ascribed to
better anaesthetic management, early diagnosis and treatment of associated anomalies,
recognition of anastomotic complications, dilation of anastomotic strictures, and
aggressive treatment of gastro-esophageal reflux disease (GERD) *".

Infant with esophageal atresia; nasogastric tube curls in the proximal part of the interrupted
esophagus.

The improved survival has opened the eyes to the possibility of long-term complications
of EA. Morbidity is often secondary to GERD, anastomotic strictures, disordered motility
and tracheomalacia. In addition, children with EA-TEF may develop cough, wheeze,
aspiration, pneumonia, vomiting, choking and feeding difficulties >, which are most
pronounced in the first 3 years of life and improve considerably after 8 years of age *.
Respiratory symptoms may be multifactorial in origin and related to recurrent aspiration,
bronchial obstruction and tracheomalacia. Variable respiratory and gastrointestinal
symptoms can continue into adulthood and may be associated with abnormal pulmonary
function tests. A more restrictive lung function pattern seen at school age is hypothesized
to be the result of suboptimal lung growth in the early years of life *. It has also been
suggested that recurrent pneumonia, due to retention of secretions from squamous



metaplasia of the tracheal mucosa and ineffective cough, may contribute to smaller lung
volumes %*. Thoracotomy itself may also result in restrictive pulmonary function
impairment. Long-term outcome after thoracoscopic repair has not yet been described,
but is expected to be better than after conventional surgery *.

Congenital lung lesions

Congenital malformations of the lung are relatively rare with an estimated prevalence of
1:11.000-35.000 pregnancies and vary widely in their presentation and severity *°.
Advances in diagnostic techniques have improved the antenatal detection and
characterisation of congenital lung lesions **. Consequently, the incidence of these
lesions has increased considerably. The differential diagnosis of an antenatally detected
lung malformation includes congenital cystic adenomatoid malformation (CCAM),
bronchopulmonary sequestration, bronchogenic cyst, and congenital lobar emphysema.
Regarding the origin of CCAM, some consider it to be a hamartomous lesion of the
bronchial tree; others favor a localized arrest in the development of the fetal bronchial
tree . CCAM usually presents on prenatal ultrasound as a cystic or solid intrapulmonary
mass, usually confined to one lobe. A bronchopulmonary sequestration is a mass of non-
functioning lung tissue with a blood supply originating from the systemic vasculature.
Two types are distinguished: intralobar and extralobar. A bronchogenic cyst results from
abnormal budding of the foregut, is usually unilocular, mostly located in the mediastinum
and does not communicate with the airway “°. Congenital lobar emphysema is a term
used to describe a distended hyperlucent lobe, usually the left upper or right middle lobe.
The pathogenesis remains unclear but transient bronchial obstruction in utero or
bronchial valve stenosis have been suggested *'.

Most cases of congenital lung lesions are now diagnosed prenatally and it is possible to
observe their natural courses in utero from severe hydrops to total regression. In the
perinatal period, air trapping within the cystic component of CCAM can result in life-
threatening respiratory distress requiring immediate surgical intervention. Later in life,
communication of the cysts with the airways can result in recurrent pneumonia for which
surgical resection of the affected lung part(s) is indicated. Controversy remains on
postnatal surgical management in asymptomatic lesions, deferred surgery at 3-6 months
to prevent possible late infection is suggested . On the other hand, asymptomatic
lesions may regress spontaneously and observation is warranted. To our knowledge, no
studies on clinical course and respiratory outcome are available.

Extracorporeal membrane oxygenation

Extracorporeal membrane oxygenation (ECMO) was first used to treat neonatal
respiratory failure more than 30 years ago. It is a pulmonary bypass technique providing



life support in acute reversible cardiorespiratory failure when conventional management
fails. It is thought that this prevents further injury from high oxygen concentration, volume
trauma and barotrauma, and hence promotes lung healing **. The Erasmus MC-Sophia
Children's Hospital Rotterdam and the Radboud University Medical Center Nijmegen are
the only two ECMO centers in the Netherlands. In the Sophia Children's Hospital, more
than 400 neonates have been treated with ECMO since 1992 and the overall survival
rate of neonatal ECMO is stable around 70%.

In neonates, ECMO is used predominantly in CDH, meconium aspiration syndrome,
persistent pulmonary hypertension of the newborn, and sepsis. A large trial in the UK on
neonatal ECMO conferred a survival advantage of ECMO over conventional
management without a concomitant increase in severe disability “**°. Thus, ECMO may
be of benefit to infants with severe respiratory dysfunction who otherwise would have
died. Detailed assessment of long-term morbidity seems therefore essential to confirm
the reported survival advantage “°.

Infant treated with neonatal extracorporeal membrane oxygenation.

Follow-up

The departments of Pediatric Surgery and Pediatric Intensive Care in the Erasmus MC-
Sophia Children's Hospital offer a multidisciplinary follow-up program for children born
with major anatomical malformations and for their families since January 1999. The
program aims to reduce the overall morbidity associated with these malformations, and
to offer better care and lines of communication. From 2001 onwards, children treated
with ECMO were included in the follow-up program as well. The follow-up team consists
of: a pediatric surgeon, pediatricians, developmental psychologists, ICU nurses, a social
worker, a clinical geneticist and pediatric physiotherapists. Children and their parents are
evaluated when the child is 6, 12, and 24 months and 5, 8, 12 and 18 years of age.



Evaluation of growth and development up to age 24 months showed impaired growth
and psychomotor developmental delay up to this age. Another study showed that early
development was predictive of development at 5 years, which can guide individualized
follow-up for this vulnerable group of children 2. A study on lung function in the first year
of life in patients treated with neonatal ECMO revealed airflow obstruction and signs of
hyperinflation, especially in CDH patients *’. In a nationwide evaluation of 5-year-olds
following neonatal ECMO treatment, children presented with considerable morbidity "%
In a study in 5- ,8- and 12-year-old children treated with neonatal ECMO, exercise
capacity declined significantly over time irrespective of the primary diagnosis “®. In the
first 5 years of life patients with CDH and EA showed to be at risk for long-term
respiratory morbidity, growth impairment, and disturbed maximal exercise performance "
These findings warrant a dedicated multidisciplinary follow-up team evaluating morbidity
up till adolescence.

Because of the expected, considerable respiratory morbidity in the aforementioned
patient groups, thorough follow-up should include lung function testing starting in the first
year of life. In the first year of life we performed infant lung function testing, which of
necessity is limited to functional residual capacity, tidal volume and maximal expiratory
flow at functional residual capacity. At 5, 8, 12 and 18 years of age lung function tests
also included measurement of dynamic and static lung volumes, and from 8 years
onwards also diffusion capacity.

Infant lung function testing
Lung volume

The only lung volumes that can be measured reliably and routinely in infants are the
functional residual capacity (FRC) and tidal volume, based on the resting end-expiratory
volume. FRC by plethysmography is also known as thoracic gas volume and measures
all the compressible gas within the thoracic cage, including that which is not in direct
communication with the airway opening. Therefore, values obtained with this method in
healthy infants and young children are consistently some 15% higher than values
obtained with gas dilution techniques **°2. This may reflect some degree of airway
closure during tidal breathing, influence of air in the stomach and/or poor gas mixing®.
Plethysmographic measurement of FRC under sedation is a time-consuming but
noninvasive and repeatable technique for measurements of lung volume . For the
measurement of forced expiration during tidal breathing, we used the rapid
thoracoabdominal compression technique with a non-elastic, inflatable jacket. This is a
practical, non-invasive method to assess airway pathology which has been used for over
20 years at the department of respiratory medicine of the Erasmus MC-Sophia Children’s
Hospital. The maximal flow at FRC (V’'maxgrc) is thought to reflect airway mechanics
upstream to the airway segment subjected to flow limitation, and therefore is a measure



of airway patency that is relatively independent of the upper airway resistance °>°°. Only
a single study, in 29 patients with cystic fibrosis, attempted to relate lung function during
infancy (at 6 months of age) to lung function in childhood (at 6 years of age) °’. The
measurement of V’maxgrc was obtained at a lung volume close to MEF;5 and MEFs,
both of which can be used for comparison. However, no significant relationship between
these parameters and V’'maxgrc was found.

Sedated infant during lung function testing.

Aim and outline of this thesis

This thesis aims to improve the knowledge on pulmonary morbidity in infants with
congenital lung anomalies such as CDH, EA and cystic lung lesions, children after ECMO
treatment and young adults with CDH. We conducted the following prospective and
longitudinal studies.

A cohort of CDH patients whose lung function previously had been studied in childhood 2
was now studied at young adult age in order to see if lung function had evolved since then.
We now also studied exercise capacity.

In an earlier study, lung function testing in the first year of life after neonatal ECMO had
revealed that CDH patients had more hyperinflation and airflow obstruction compared
with infants treated with ECMO for other diagnoses *’. We now studied CDH patients in
the first year of life who either had received ECMO treatment or not in order to evaluate
any differences between these 2 groups of CDH patients.

Furthermore, patients treated with neonatal ECMO were longitudinally studied at the
ages of 5, 8 and 12 years to assess evolution of lung function in childhood. In addition,



analysis of diagnostic subgroups in this study identified lung function of ECMO-treated
CDH patients during childhood.

Data on lung function in infants with EA "%%2°%®" and CLL ® are scarce and established
in studies with a cross-sectional design. We assessed lung function in these infants
longitudinally in the first year of life.

In Chapter 1 we describe the study comparing lung function in infants with CDH who either
or not had received ECMO treatment and who either or not had developed chronic lung
disease.

In Chapter 2 we report the study on lung function of infants with EA-TEF and the
differences in outcome between thoracotomic and thoracoscopic surgical repair.

In Chapter 3 we evaluated respiratory morbidity and lung function in children with cystic
lung lesions. Differences between infants needing resection and those who were treated
conservatively were evaluated.

In Chapter 4 lung function in children with CDH, meconium aspiration syndrome and other
diagnoses who underwent ECMO treatment in the neonatal period was evaluated at 5, 8
and 12 years of age.

In Chapters 5 and 6 we report the results of a study on lung function and exercise capacity
in a cohort of young adults with CDH.

In Chapter 7 we describe lung function in 2 cases of recurrent CDH at the ages of 24 and
25 years respectively; lung function was tested before and after repair.
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Abstract

Objective:

To evaluate lung function and respiratory morbidity prospectively during the first year of
life in patients with congenital diaphragmatic hernia (CDH) and to study the effect of
extracorporeal membrane oxygenation therapy (ECMO).

Design:

Prospective longitudinal cohort study

Setting:

Outpatient clinic of a tertiary level pediatric hospital

Patients:

The cohort of 43 infants included 12 patients treated with ECMO. Evaluation was at 6
and 12 months; 33 infants were evaluated at both time points.

Interventions:

None

Measurements:

Maximal expiratory flow at functional residual capacity (V’maxgrc) and functional residual
capacity (FRC,) were measured with Masterscreen Babybody (Viasys). SD-scores were
calculated for V’maxgge.

Main results:

Mean V’maxgrc values at 6 and 12 months were significantly below the expected values
(mean SD-scores -1.4 and -1.5, respectively) without a significant change between both
time points. Values did not significantly differ between ECMO and non-ECMO-treated
patients. FRC, values were generally high, 47% were above the suggested normal
range, and did not change significantly over time. Mean FRC, values in ECMO patients
were significantly higher than in non-ECMO patients (p=0.006). The difference (5.1
mL/kg + 1.8 SE) did not change significantly between the two time points. Higher mean
airway pressure and longer duration of ventilation were associated with higher FRC,.
None of the perinatal characteristics was associated with V’'maxgrc. Mean weight SD-
scores were significantly below zero at both time points (p<0.001). Mean weight SD-
scores in ECMO patients were lower than in non-ECMO patients (p=0.046).

Conclusions:

Infants with CDH have decreased expiratory flows and increased functional residual
capacity within the first year of life. ECMO-treated CDH patients may have more
respiratory morbidity and concomitant growth impairment. Close follow-up beyond the
neonatal period is therefore required.



Introduction

Congenital diaphragmatic hernia (CDH) occurs in 1 in 3000 live births and accounts for
8% of all major congenital anomalies '. Many patients show lung hypoplasia and
pulmonary hypertension requiring ventilatory support of variable duration. Conventional
management includes different forms of mechanical ventilation (SIMV, IPPV, high-
frequency oscillatory ventilation (HFOV), with or without inhaled nitric oxide). Infants with
severe respiratory failure and high mortality risk will receive extracorporeal membrane
oxygenation (ECMO) therapy in specialized centers. ECMO provides a cardiopulmonary
bypass using minimal ventilator settings, potentially avoiding ongoing lung damage.
Surgical repair of the diaphragmatic defect is delayed until stabilization is achieved and
cardio respiratory condition has been optimized 2. These strategies have raised survival
rates of CDH patients to almost 80% **. However, survivors have high risk of respiratory
morbidity through different stages of life. For example, ventilator induced lung injury and
high concentrations of oxygen predispose newborns to develop bronchopulmonary
dysplasia (BPD) °.

Previous studies showed that ventilated CDH patients’ lung volume was reduced during
the immediate perioperative period and that their respiratory system compliance was low
7 A retrospective study in infants with CDH showed abnormal lung function indices in
the first 6 months, which gradually normalized by 24 months 2. Recently, our group
reported significantly higher lung volumes in the first year in ECMO-treated CDH patients
than in infants who received ECMO for meconium aspiration syndrome °. Results of
studies investigating pulmonary sequelae of non-ECMO patients in late childhood and
adolescence were indicative of persistent airway obstruction and increased airway
responsiveness '°'2.

We prospectively evaluated CDH patients’ lung function at 6 and 12 months of age and
looked for a possible effect of ECMO treatment on respiratory morbidity. We also studied
possible associations between clinical characteristics and lung function parameters and
other factors contributing to respiratory morbidity.

Methods

A prospective longitudinal follow-up was conducted in all surviving patients with CDH
admitted to the intensive care unit of the Erasmus MC - Sophia Children’s Hospital
between November 2004 and November 2008. (Flow chart, Figure 1). All patients were
ventilated according to the principles of permissive hypercapnia and ventilatory support
was provided either by conventional ventilation (Babylog 8000, Drager Medical, Lubeck,
Germany) or high-frequency oscillatory ventilation (Sensormedics, Bilthoven, the
Netherlands). All infants were treated according to a standardized treatment protocol *.
ECMO treatment was applied in case of reversible severe respiratory failure as



described by Reiss et al '>. ECMO treatment always was of the veno-arterial type.
Procedures and in- and exclusion criteria were described previously °.

We recorded gestational age, birth weight, sex, side of the diaphragmatic defect, lung-to-
head ratio (if available in case of a prenatal diagnosis) ™, position of the liver
(intrathoracic or intra-abdominal, if available in case of a prenatal diagnosis), place of
birth (inborn or outborn), initial ventilation mode (HFOV or conventional ventilation) and
type of repair (primary or patch). Furthermore we recorded several indicators of illness
severity: SNAP-II score during the first 12 hours °, use of inotropics, use and maximal
dose of inhaled nitric oxide (iNO), use of sildenafil, ECMO treatment, highest mean
airway pressure (MAP), and duration of ventilatory support and supplemental oxygen
provision. The presence and severity of BPD were determined as described by Bancalari
16

The study was part of a follow-up programme for CDH patients in which lung function,
growth and developmental parameters are regularly assessed until 18 years of age "".
The assessment protocol is the standard of care in the Netherlands. The Medical Ethical
Review Board Erasmus MC stated that “Medical Research in Human Subjects Act (also
known by its Dutch abbreviation "WMQO”) does not apply to this research proposal, since
subjects are not being submitted to any handling, nor are there rules of human behaviour
being imposed”. Therefore IRB approval was waived. All parents were informed about
the study and provided permission to use the data for research purposes. Lung function
data were evaluated at the end of 2009.

Lung function

Lung function was measured at the ages of 6 and 12 months (corrected for prematurity),
provided there were no signs of infection or acute respiratory symptoms. Patients were
not mechanically ventilated and were independent of supplemental oxygen at the time of
lung function measurement. Infants were sedated with chloral hydrate (50-75 mg/kg).
Forced expiratory flow at FRC, (V'maxerc), @ measure of airway patency and
compressibility, was determined by the end-tidal rapid thoracoabdominal compression
technique (Masterscreen Babybody, Viasys, Hochberg, Germany). The mean V’maxgrc
(mL/kg) of 3 to 5 technically acceptable measurements was calculated. All equipment
and procedures complied with the guidelines of the ERS/ATS Task force on standards
for infant respiratory testing 18 Regarding V’'maxgrc, we used the reference values
provided by Hoo and colleagues ' SD-scores were calculated as the difference
between observed and predicted value divided by the residual standard deviation from
the reference values for V’'maxgrc. Functional residual capacity (FRC,) was measured by
whole body plethysmography (Masterscreen Babybody, Viasys, Hochberg, Germany).
The mean FRC, (mL/kg) of 3 to 5 technically acceptable measurements was calculated.
FRC, was expressed in mL/kg as suggested by Hulskamp et al % The normal range
suggested by those authors was 13 to 26 mL/kg.

V’'maxgrc SD-scores and FRC, (mL/kg) were the primary outcome measures.



Respiratory morbidity and physical growth

The infants were physically examined at both follow-up visits. Examination included
measurement of height and weight, pulmonary auscultation, and neurological
examination. Respiratory rate (RR) was measured during lung function assessment. The
following factors were recorded: supplemental oxygen provision, episodes of wheezing,
number of respiratory tract infections (RTI), therapeutic and prophylactic courses of
antibiotic treatment, and use of inhaled bronchodilators and corticosteroids.

Dutch population data served as reference values for physical growth ?'. SD-scores for
weight and height were calculated using Growth Analyser version 3.5 (Dutch Growth
Foundation). SD-scores < -1.96 (2.5 percentile of the reference population) were
considered abnormally low; SD-scores > 1.96 (97.5" percentile of the reference
population) were considered abnormally high. SD-scores for patients treated with ECMO
were calculated separately.

The above-mentioned factors were the secondary outcome measures.

Data Analysis

Patient characteristics are presented as number of patients (percentage) or median
(range). Univariate analyses were performed, using Chi-squared and Mann-Whitney U
tests where appropriate, to evaluate differences between ECMO and non-ECMO
patients. Anthropometric and lung function data are presented as mean (SD).

In this longitudinal study, the data are composed of repeated lung function
measurements obtained in different individuals at two time points (six and twelve months
of age). In the majority of patients, assessment at both time points was performed
whereas in others only measurements at one time point were obtained. Since repeated
measurements ANOVA allows for missing data at one time point, FRC,, V'maxggrc,
V’maxgrc SD-scores and SD-scores for weight and length were evaluated longitudinally
using repeated measurements ANOVA %,

Possible associations between clinical characteristics and lung function parameters were
also analysed using ANOVA. For this purpose, highest MAP and the duration of
ventilation were transformed logarithmically to reduce the effect of outlying observations.
To evaluate a possible influence of ECMO treatment on FRC,, V'maxrrc SD-scores and
SD-scores for weight and length, we specifically performed ANOVA analyses adjusting
for ECMO treatment. Possible associations between clinical characteristics between
ECMO treated and-non ECMO treated patients were also evaluated in an ANOVA
adjusting for age (6 and 12 months).

The significance level was set at p < 0.05. SPSS 17.0 (Chicago, lllinois) was used for the
analyses.



Results

Between November 2004 and November 2008, 62 newborns with CDH had been
admitted, of whom 48 had survived (77%). Two were lost to follow-up and 3 were
clinically unstable or needed supplemental oxygen at the time of lung function
assessment. Thus, 43 infants with CDH were included (Figure 1).

Live-born CDH patients born
between November 2004 and

November 2008
N =62
Deceased patients No lung function
N =14 measurement
(11 PPHN, 3 MCA) performed
N=5*
Included patients
N=43
Lungfunction Lung function Lung function
measurements at measurements at measurements at
6 and 12 months 6 months only 12 months only
N= 33 N=3 N=7

Figure 1. Flowchart showing two patients were lost to follow up; three patients still had oxygen
therapy at the time of lung function assessment and therefore measurements could not be performed.
CDH: congenital diaphragmatic hernia, PPHN: therapy resistant persistent pulmonary hypertension of
the neonate, MCA: multiple congenital anomalies.

Thirty-three infants were measured both at 6 and 12 months of age. Reasons for not
completing both measurements were being awake during one of the measurements (n=
4), loss to follow-up (n=1), recurrent RTI (n=1). Furthermore, 4 infants whose first
measurement was performed with different equipment were excluded. Baseline
characteristics of the 43 infants are shown in Table 1.



Table 1. Baseline characteristics (n=43)

Variables Total (n=43) ECMO (n=12) Non-ECMO (n=31) p-value
Males 30 (70) 10 (83) 20 (65) 0.290
Left-sided defect 39 (91) 11 (92) 28 (90) 1.000
Prenatal diagnosis 27 (63) 4 (33) 23 (74) 0.032
Lung-to-head ratio 2 (0.9-3.5) 1.5(1.3-2.4) 1.7 (0.9-3.5) 0.689
Intrathoracic liver position 9 (21) 2(17) 7 (23) 0.702
Inborn 27 (63) 4 (33) 23 (74) 0.032
Gestational age, weeks 38.7 (33.6-41.4) 39.2 (36.9-41.4) 38.4 (33.6-41) 0.022
Birth weight, kilograms 3.0 (1.7-4.7) 3.0 (2.3-4.6) 3.0 (1.7-3.7) 0.524
High risk (intubated < 6 hrs after birth) 41 (95) 12 (100) 29 (94) 1.000
SNAPP-II score 21 (0-52) 37 (12-52) 16 (0-41) 0.095
Treatment with HFO ventilation 30 (75) 12 (100) 18 (58) 0.019
Patch repair 28 (65) 9 (75) 19 (61) 0.719
Treatment with iINO 24 (56) 12 (100) 12 (39) <0.001
iNO maximum dose, ppm 20 (10-30) 20 (15-30) 20 (10-20) 0.574
Maximal mean airway pressure,cm H,O 17 (10-29) 20 (17-29) 16 (10-20) <0.001
Treatment with inotropics 39 (91) 12 (100) 27 (87) 0.563
Treatment with sildenafil 7 (16) 6 (50) 1(3) 0.001
Bronchopulmonary dysplasia 16 (41) 7 (64) 9 (32) 0.150
Duration of mechanical ventilation, days  10.3 (0.7-53.4) 22.2 (8.5-53.4) 8.1 (0.7-51.6) 0.002
Duration of oxygen dependence, days 19.0 (3.0-141.3)  37.0(9.6-141.3) 18.5 (3.0-104.5) 0.171

ECMO, extracorporeal mebrane oxygenation therapy. Data from the total group (n=43) and the
subgroups of ECMO-patients (n=12) and non-ECMO patients (n=31). P-values are given for
differences between the ECMO and non-ECMO group. Data are demonstrated as number (%) or
median (range).*Data from the subgroups of infants measured at 6 months (n= 36) and at 12 months
(n=40) did not differ significantly and are not shown. iNO: inhaled Nitric Oxide, ppm: parts per million.

Lung function measurements

The median postnatal age at the two lung function tests was 29.9 weeks (range 26.0-
37.7, n=36) and 56.1 weeks (range 49.3-66, n=40). The corresponding median age
corrected for prematurity was 28.4 weeks (range 25-37.7) and 54.4 weeks (range 50.1-
66.9). Reliable V’maxgrc measurements were obtained in 29 patients at 6 months and in
38 patients at 12 months. Reliable FRC, measurements were obtained in 35 patients at
6 months and in 38 patients at 12 months. At 6 months 24 infants (73%) had a RR = 35
breaths/min, of whom 17 (52%) = 40 breaths/min. At 12 months 18 infants (47%) had a
RR of = 35 breaths/min, of whom 7 (18%) = 40 breaths/min.

Forty-seven percent of FRC, measurements were > 26 mL/kg (39% at 6 months and
55% at 12 months). The mean FRC, and mean SD-score of V'maxrrc did not change
significantly over time. The results of the ANOVA analysis are presented in Table 2.



6 months 12 months P-value comparing
the 2 time points

FRC, (mL/kg) 28.1 (1.1) 28.7 (0.8) 0.518
V’maxerc (SD-score)’ -1.4 (0.1)" -1.5(0.1)" 0.573
V’maxgrc (ml/sec) 108.0 (7.9) 153.9 (8.9) <0.001
RR (breaths/min) 39.1 (1.2) 34.0 (1.2) <0.001

Table 2. Mean values of lung function parameters at 6 and 12 months
Mean (SE) values from ANOVA are shown. FRC,: functional residual capacity. RR: respiratory rate.
V'maxerc (SD-score) T p<0.001below the reference value (Z=0).

Associations between lung function parameters and clinical characteristics

Overall, a longer duration of ventilation was associated with higher FRC, values at both 6
and 12 months (p=0.001). Doubling of the ventilation time resulted in a mean 1.9 mL/kg
increase in FRC,. Higher MAP was also significantly associated with higher FRC,, values
at both time points (p=0.002). Furthermore, FRC, values were significantly higher
(p=0.049) and V’maxrrc SD-scores were significantly lower (p=0.048) in patients who
received treatment with iINO (p=0.049).

Other significant associations between clinical characteristics and FRC, values or
V’maxgrc SD-scores were not found.

Lung function in ECMO patients

A total of twelve patients received ECMO therapy (Table 1) for a median of 7.1 days
(range 3-12.1).The median day on which ECMO was started was the second day of life
(range 1-4 days).

Table 1 lists clinical characteristics for both ECMO and non-ECMO patients. The former
were less often prenatally diagnosed (p=0.032), less often inborn (p=0.032), had a higher
median gestational age at birth (p=0.022), were more often treated with iNO (p<0.001)
and sildenafil (p=0.001), had a higher median maximal mean airway pressure (p<0.001),
were more often treated with HFO (p=0.019) and were ventilated for a longer time
(p=0.002) than non-ECMO patients.

At both time points, mean FRC, values differed significantly between ECMO- and non-
ECMO-treated patients (p=0.006, Figure 2). This difference (5.1 mL/kg + 1.8 SE) did not
significantly change between the two time points (p=0.625). In ECMO patients, mean
(SE) V'maxgrc SD-scores at 6 and 12 months were -1.52 (0.31) and -1.54 (0.25)
respectively. Mean (SE) V’maxgrc SD-scores at 6 and 12 months were -1.41 (0.14) and -
1.49 (0.15) in patients who did not receive ECMO therapy. These did not differ
significantly (p=0.781).

To further evaluate possible effects of clinical characteristics and ECMO therapy on
FRC, values, these characteristics were entered in the ANOVA models together with the



factor ECMO. When adjusted for duration of ventilation or highest mean airway pressure,
the difference in FRC, values between ECMO and non-ECMO patients was not
significant anymore (p=0.108 and p=0.369 respectively). No other significant
associations between baseline characteristics and FRC, values were found when
adjusted for ECMO.

2 I — I
o 0©
| - . .

40 .: [ ] o o
) e _o° go o8
= 304 o.-0° %o
= o0 00 [e)
E o* e %
(8] o® o° o
x 20- 00 0o
s o)

10-

(2.6) (1.5) (1.2) (1.0)
c L) L) L) L)
6 mos 12 mos 6 mos 12 mos
ECMO no ECMO

Figure 2 : FRC, (mL/kg) measurements in CDH patients who were treated with ECMO (2 panels left
side; ECMO) and in those who were not treated with ECMO (2 panels right side; no ECMOQ) at the age
of 6 and 12 months. Bars denote mean values from repeated measurements ANOVA. Data shown at
the bottom represent means with standard error (SE) between parentheses. Mean levels at both 6
and 12 months did not significantly differ between ECMO and non-ECMO treated patients (both
p>0.60).

ECMO and BPD

Sixteen patients developed BPD (41%, missing=4, see table 1). At both time points, BPD
patients’ mean FRC, was significantly higher than that of the non-BPD patients (p<0.001,
Figure 3). This difference (6.2 ml/k kg £ 1.5 SE) did not significantly change between the
two time points (p=0.585). ANOVA did not reveal a significant effect of BPD on V’maxgrc
SD-scores (p=0.159).

Seven of the 11 ECMO-treated patients developed BPD (1 missing) versus 9 of the 28
non-ECMO patients (3 missing, p=0.15, see table 1). Simultaneous evaluation of BPD
and ECMO resulted in a significant effect of BPD on FRC, (p=0.001, difference: 3.2
mL/kg lower in no BPD). The effect of ECMO was larger in this combined analysis
(difference: 5.4 mL/kg lower in no ECMO) but did not reach statistical significance
(p=0.066).

In Figure 4, individual FRC, measurements are shown for the 4 combinations of
ECMO/non-ECMO and BPD/non-BPD. Data obtained at 6 and 12 months were clustered
because there were no significant differences between the 2 time points.
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Figure 3: FRC, (mL/kg) measurements in CDH patients who developed BPD (2 panels left side; BPD)
and those who did not develop BPD (2 panels right side; no BPD) at the age of 6 and 12 months. Bars
denote mean values from repeated measurements ANOVA. Data shown at the bottom represent
means with SE between parentheses. Mean levels at both 6 and 12 months did not significantly differ
between patients with and without BPD (both p>0.30).
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Figure 4: FRC, (mL/kg) measurements of CDH at 6 and 12 months. Closed symbols represent
ECMO-treated newborns; open symbols represent non-ECMO ftreated patients. BPD is indicated as
circles; no-BPD as triangles. Thus, 4 different groups are shown. Bars denote mean values from
repeated measurements ANOVA. Data shown at the bottom represent means with SE between
parentheses. * mean level in this group significantly differed from that in the no ECMO/no BPD group
(both p<0.003). Other differences between groups were not significant.



Respiratory morbidity and physical growth

At 6 months, 4 patients (12%) had received at least one therapeutic course of antibiotics;
the same was true for 7 patients (19%) at 12 months. One child used antibiotics daily for
12 months to prevent recurrent respiratory tract infections. Two (6%) and 5 (14%)
patients used bronchodilators and/or inhaled corticosteroids at 6 and 12 months,
respectively. At 6 and 12 months, 12 (28%) and 6 patients (14%) respectively had an
abnormally low weight. Mean weight SD-scores were -1.01 (0.22) and -1.10 (0.18) at 6
and 12 months, respectively, significantly below the norm (Z=0, p < 0.001 at both time
points). At both 6 and 12 months, weight SD-scores in ECMO-treated patients (6
months:-1.61 (0.37) and 12 months: -1.59 (0.32)) were significantly lower than in patients
without ECMO (6 months: -0.83 (0.22) and 12 months: -0.82 (0.20), p=0.047). Mean
height SD-scores were 0.02 (0.18) and 0.07 (0.16) at 6 and 12 months, respectively.
Height SD-scores were not significantly different from normal at 6 and 12 months (p= 0.9
and p=0.6 respectively). At both time points, height SD-scores did not differ significantly
between patients with and without ECMO.

Discussion

This prospective longitudinal study revealed that FRC, in patients with CDH was
generally above the expected range and did not change significantly from 6 to 12
months. Forced expiratory flows were below the expected value and also did not change.
ECMO-treatment was associated with significantly higher FRC,. Presence of BPD,
higher MAP and longer duration of ventilation were associated with higher FRC,. None of
the perinatal characteristics was associated with V’maxgrc.

Two studies by other groups reported reduced forced vital capacity and impaired
maximal expiratory flows in neonates with CDH who were still on mechanical ventilation
during lung function assessment ®7. In these studies, measurements were taken within
the first weeks of life and the findings therefore cannot be compared to our findings in
older and spontaneously breathing infants. A retrospective evaluation in 56 CDH patients
showed that FRC, SD-scores, measured with the nitrogen washout technique, were
initially below average but increased after the first 6 months of life; V’maxgrc was below
average throughout the first year of life . A study using the sulphur hexafluoride wash-
in/wash-out technique found similar FRC, levels in 13 CDH patients and in age-matched
healthy controls %. Earlier, our group found higher FRC, levels in ECMO-treated CDH
patients than in infants who needed ECMO-support for meconium aspiration syndrome °,
These findings on FRC, are in line with the present findings.

In the present study, FRC, values were generally above the expected range. This is
likely to be due to the lung hypoplasia that is inherent to CDH ?**”. Repair of CDH is
usually followed by compensatory hyperinflation of the ipsilateral and/or the contralateral
lung to fill the space previously occupied by abdominal organs . Helms and Stocks,
however, found normal to low FRC, in infants aged up to 8 weeks after operative repair



of CDH 2. They argued that normal lung volume does not necessarily imply normal
intrauterine lung development. Indeed, normal lung volume later in infancy 29 may be the
result of alveolar distension and even of destructive emphysema of a hypoplastic lung
2430 Nagaya and co-workers, using computed tomography scans and perfusion
scintigrams in infants following surgical repair of CDH and ECMO treatment, found
ipsilateral lung volumes that were 61% of contralateral lung volumes at 3 months and
had increased to 88% at 3 years of age *'. Perfusion of the affected side remained low,
or decreased to below the initial value. These authors concluded that the ipsilateral lung
apparently may have little ability to develop arterial branches and that enlargement of
lung volume may depend on overexpansion or progressive emphysema, rather than on
an increase in lung tissue *'. Hayward and co-workers suggested that expansion of
already existing alveoli and not an increase in the number of alveoli explained most of
the lung growth in their CDH population 0.1-13 years®%. Thus, the normal, near-normal or
elevated FRC, values in our study are more likely to reflect hyperinflation than true lung
tissue growth. FRC, values did not increase from 6 to 12 months, so there seems to be
no progressive hyperinflation. Indeed, studies in older children after repair of CDH
showed mildly increased residual volume and mild airway obstruction "2,

The question remains whether increased FRC;, levels in CDH result from abnormal lung
development or from lung damage due to barotrauma and hyperoxia. Most studies on
lung function in BPD patients without CDH concern prematurely born neonates. As CDH
patients are mainly born at term, findings are hard to compare. Studies on term born
infants with BPD are scarce. However, Hofhuis and co-workers found that FRC, levels at
6 and 12 months in in ECMO-treated CDH patients were significantly higher than those
in neonates treated with ECMO for meconium aspiration syndrome (MAS) °. Fifteen of
the 25 MAS patients (60%) in that studied developed BPD (personal communication).
This suggests that the elevated FRC, values in our population resulted from abnormal
lung development in CDH patients rather than from the neonatal intensive care
treatment. This assumption is supported by the study of Beardsmore and co-workers
who found similar FRC, levels in term born neonates treated with ECMO or with
conventional ventilation *.

It could be argued that plethysmography in CDH patients with or without BPD in the
present study may not be suitable to evaluate alveolar functional recovery. On the other
hand, gas dilution FRC measurements also has limitations, and underestimates lung
volumes as gas diffusion is suboptimal in airways with an elevated resistance. Hence, we
propose that follow-up should include both lung function studies and lung imaging to
evaluate the evolution of lung volume in CDH patients.

In the present study, FRC, in ECMO-treated patients was higher than in the other
patients. We may speculate that ECMO treatment increases the chance of survival in
case of CDH with more severe lung hypoplasia and/or persistent pulmonary
hypertension, and consequently a higher respiratory morbidity and more hyperinflation of
the lungs °. Indeed, after failure of conventional ventilation, HFO ventilation was used
more frequently in the ECMO treated group. Also, total ventilation time and MAP were



significantly higher in the ECMO treated group. In the ECMO treated group, 64%
developed BPD versus 32% in the non-ECMO treated group and although this difference
did not reach statistical significance, it indicates more severe respiratory problems which
is associated with higher FRC,. A study by Bernbaum et al. reported a 63% incidence of
BPD at discharge in survivors of CDH who underwent ECMO-procedure **. This
incidence is the same as we found in our study. Also ECMO-treated patients received
more often iINO and sildenafil in order to reduce pulmonary hypertension.

The decreased maximal expiratory flows in our study are in agreement with findings from
similar studies in CDH patients *®*°. Abnormal airway size or alveolar architecture may
play a role here together with airway damage from mechanical ventilation. We found
neither significant differences in forced expiratory flows between patients treated
conservatively or with ECMO, nor between patients who did or did not develop BPD.
Therefore, it seems that differences in FRC, cannot be explained by differences in
airway obstruction only.

Although 41% of the patients developed BPD, only few suffered from respiratory tract
infections requiring antibiotic treatment. Only few patients had wheezing and/or dyspnea
requiring inhaled medication. We speculate that an increased airflow obstruction is
indicative of abnormal airway structure and fibrosis as a result of lung injury rather than
of increased airway responsiveness. All patients showed impaired growth during the first
year of life, especially the ECMO-treated patients with weight SD-scores below average.
A potential limitation of our study was that we were not allowed to examine healthy
controls, as sedation of healthy infants for research purposes is not permitted in the
Netherlands. Therefore, we had to use reference values published by others. We
expressed FRC, values in mL/kg. The earlier reference equations to compute FRC, into
SD-scores are perhaps not entirely appropriate for data obtained with the newer
equipment. We therefore expressed results as mlL/kg, which is acceptable in the
neonatal period, as the regression of FRC, on weight is relatively linear and passes
close to the origin % Until new reference data are available, users of new equipment
would do well to interpret results cautiously. The normal range of FRC, suggested by
Hulskamp et al, is 13-26 mL/kg, mean 19.6, SD 3.4 *°. Regarding V’maxgrc, we used the
references values provided by Hoo and colleagues. These reference values are based
on a large representative population of healthy infants ' and have been used by others
using similar equipment as we did *’. Another limitation was the lack of well defined
parameters to assess the severity of pulmonary hypertension and the effect on cardiac
function by cardiac ultrasound retrospectively. A possible relation between lung function
parameters in the first year of life and severity of pulmonary hypertension shortly after
birth could therefore not be established. Also, we did not evaluate pulmonary
hypertension and a possible effect on lung function by cardiac ultrasound during follow-
up.

In summary, we found evidence of lung hyperinflation and impaired lung growth in CDH
survivors after ECMO-treatment. Long-term monitoring of these patients’ lung function
evolution is recommended.
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Abstract
Background:

Lung function abnormalities have been described in patients who underwent repair of
esophageal atresia at neonatal age. We aimed to compare the influence of thoracotomy
or thoracoscopy on lung function.

Methods

Functional residual capacity (FRC,), indicative of lung volume, and maximal expiratory
flow at functional residual capacity (V’'maxgrc), indicative of airway patency, of 37 infants
operated for esophageal atresia were measured with Masterscreen Babybody at 6 and
12 months. SD-scores were calculated for V’maxggrc.

Results

Repair was by thoracotomy in 21 cases (57%) and by thoracoscopy in 16 cases (43%).
Lung function parameters did not differ between types of surgery (FRC,; p=0.384 and
V’'maxgrc; p= 0.241). FRC, values were in the upper normal range and increased from 6
to 12 months (22.5 and 25.4 mL/kg respectively, p=0.010). Mean (SD) V’'maxgrc was
below the norm without significant change in SD-scores from 6 to 12 months (-1.9 and -
2.3 respectively, p=0.248). Lung function or type of repair were not associated with
clinical evolution up to 5 years.

Conclusion

Lung function during the first year was similar in infants with thoracotomy or
thoracoscopy. Ongoing follow-up including pulmonary function testing is needed to
determine whether differences occur at later age in this cohort.



Introduction

Specialized centers with optimal anesthetic and neonatal support facilities and surgical
experience have reported 92% survival rates in infants with esophageal atresia (EA) with
tracheo-esophageal fistula (TEF) ". Mortality cases are mainly related to prematurity and
associated anomalies. The focus of attention is shifting to morbidity, because persistent
respiratory symptoms are increasingly recognized after repair of EA, especially in the
type with TEF. Symptoms include respiratory tract infections (RTI), brassy cough, chronic
cough, stridor, dyspnea and wheezing ?, and are thought to result from tracheomalacia,
abnormal epithelial function and defective esophageal motility. Severe tracheomalacia
can cause collapse with life-threatening cyanotic spells sometimes even resulting in
death. These symptoms are most pronounced in the first years of life with a tendency to
improve considerably after this age **. Lung function abnormalities with both mild
obstructive and restrictive patterns were described in several cross-sectional studies in
infancy (3 months) °, childhood (6-19 years) *®7 and adulthood (< 37 years) °. Restrictive
lung function is supposed to result from reduced lung growth after surgery rather than
being a concomitant feature of the EA °. Thoracotomy-induced rib-fusion and reflux-
associated problems are considered major risk factors for the restrictive ventilatory
defects in EA patients . However, longitudinal studies - especially within the first years of
life — are scarce. Therefore, the above mentioned assumption on restrictive lung function
in EA remains speculative.

We report a prospective study that evaluated lung function longitudinally at 6 and 12
months after repair of EA, distinguished by type of surgery: via thoracotomy or
thoracoscopy. Furthermore we evaluated whether lung function outcomes in the first year
of life could predict respiratory symptoms at 2 and 5 years of age and studied possible
associations between clinical characteristics, other factors contributing to respiratory
morbidity and lung function parameters.

Methods

The children included in this study all participated in a prospective longitudinal follow-up
program for surviving patients with EA admitted to the intensive care unit of the Erasmus
MC - Sophia Children’s Hospital between January 2005 and March 2009. Five types of
EA are distinguished depending on the presence or absence of a TEF and its location.
Until 2006, surgical repair was always by thoracotomy. Then, in 2006 a pediatric surgeon
broadly experienced in minimal invasive surgery introduced thoracoscopic procedures in
our department *'°. As a consequence, learning curve was minimalised. After
preoperative cardiac ultrasound showing a normal turning aorta a right-sided extrapleural
posterolateral thoracotomy was performed under general anesthesia. Right-sided
transpleural thoracoscopy was performed by insertion of 3 cannulae (2x3 mm, 1x5 mm)



and CO; insufflation at a pressure of 5 mm Hg and a flow of 0.5 L/min. No chest
drainage tube was placed routinely, feeding and anti-reflux therapy by nasogastric tube
was started at day 3. All patients received morphine intravenously as analgesic treatment
with doses adjusted to validated pain assessment using the COMFORT-B scale as
published before by our group .

Ventilatory support was provided by conventional ventilation (Babylog 8000, Drager
Medical, Libeck, Germany).

We recorded gestational age, birth weight, sex, type of EA, additional congenital
anomalies, duration of ventilation and supplemental oxygen and thoracotomy or
thoracoscopic repair. Retrospectively we recorded the presence of rib fusions on a chest
X-ray in the first year of life. Lung function tests and other examinations were performed
as described below.

The follow-up programme aims to regularly assess lung function, growth and
developmental parameters until 18 years of age %12 The assessment protocol is the
standard of care in the Erasmus MC-Sophia Children’s Hospital and is offered to all
children with congenital anomalies. Lung function is performed routinely in all children
with abnormal development of the respiratory system tract. The Erasmus MC Medical
Ethical Review Board (IRB) ruled that the “Medical Research in Human Subjects Act”
does not apply to this research proposal, since subjects are not being submitted to any
handling, nor are there rules of human behaviour being imposed”. Therefore IRB
approval was waived. All parents were informed about the study and provided
permission to use the data for research purposes. Lung function data were evaluated at
the end of 2011.

Lung function

Lung function was measured at the ages of 6 and 12 months (corrected for prematurity),
provided the infants showed no signs of infection, had no acute respiratory symptoms,
were not mechanically ventilated and were not dependent of supplemental oxygen.
Sedation consisted of chloral hydrate (50-75 mg/kg). Functional residual capacity (FRC,)
was measured by whole body plethysmography (Masterscreen Babybody, Viasys,
Hochberg, Germany) as described previously "*. The mean FRC, (mL/kg) of 3 to 5
technically acceptable measurements was calculated. FRC, was expressed in mL/kg as
suggested by Hiilskamp et al ™. The normal range suggested by those authors is 13 to
26 mL/kg. Forced expiratory flow at FRC, (V'maxgrc), @ measure of airway patency and
compressibility, was determined by the end-tidal rapid thoracoabdominal compression
technique (Masterscreen Babybody, Viasys, Hochberg, Germany). The mean V’'maxgrc
(mL/s) of 3 to 5 technically acceptable measurements, with reliable end tidal expiratory
flow generation, was calculated. All equipment and procedures complied with the
guidelines of the ERS/ATS Task force on standards for infant respiratory testing’. We
used the V’'maxgrc reference values provided by Hoo and colleagues'®. Tidal flow



limitation, which indicates that maximal expiratory flow is achieved during tidal breathing,
was recorded during lung function measurement’’.

FRC, (mL/kg) was the primary outcome measure. Standard deviation scores (SDS)
V’maxegrc, respiratory symptoms and anthropometric SDS were the secondary outcome
measures.

Respiratory morbidity, gastro-intestinal morbidity and physical growth

Before lung function testing, infants were physically examined at both follow-up visits.
Examination included height and weight measurements, pulmonary auscultation, and
neurological examination. Respiratory rate (RR) was measured during lung function
assessment. Three respiratory outcome variables were recorded: the occurrence of one
or more respiratory tract infections (RTI) necessitating therapeutic courses of antibiotic
treatment over the last 6 months prior to assessment, use of prophylactic antibiotics, and
the use of inhaled bronchodilators and/or corticosteroids. Gastro-esophageal reflux
(GER) was evaluated by barium swallow X-ray and pH-metry as previously described by
our team '®. According to the criteria by Vandenplas *%°, a gastro-esophageal reflux
index of > 10% was considered pathological. Gastrointestinal symptoms, use of
medication and surgical treatment for GER were recorded. Dutch population data served
as reference values for physical growth ?'. Chest X-rays were examined retrospectively
to evaluate the presence of rib fusions.

Data Analysis

Patient characteristics are presented as number of patients (percentage) or median
(range). Mann Whitney U tests served to test differences in perinatal characteristics
between included and excluded patients and between patients with a thoracotomic and
thoracoscopic surgical repair. In this longitudinal study, the data are composed of
repeated lung function measurement values obtained in different individuals at two time
points (6 and 12 months of age). Most infants were assessed at both time points; some,
however, only once. Differences between the subgroup of patients measured both times,
the subgroup measured only at 6, and the subgroup measured only at 12 months were
explored with the Chi-square and Kruskal-Wallis tests. Anthropometric and lung function
data are presented as mean (SD). V'maxgrc SDS were calculated as the difference
between observed and predicted value divided by the residual standard deviation from
the reference values for V'maxgrc. Since repeated measurements ANOVA allows for
missing data at one time point, FRC,, V'maxgrc, V'maxrrc SDS and SDS for weight and
length were evaluated by this method ">%.

To set approximate normal distribution for FRC,, data were log-transformed. Back
transforming the resulting means resulted in geometric means, which are presented. We
analyzed the following parameters as covariates in univariate Mixed Models to
investigate if they had a significant influence on lung function parameters: gestational



age, birth weight, duration of ventilation, duration of supplemental oxygen, age at surgery
and type of surgery (thoracotomy or thoracoscopy). The duration of supplemental oxygen
was transformed logarithmically in order to reduce the effect of outlying values. All results
are expressed as mean (SD, 95% CI) or median (range, IQR). The significance level was
set at p < 0.05. SPSS 17.0 (Chicago, lllinois) was used for the analyses.

Results

Between January 2005 and March 2009, 55 newborns with EA were admitted to the
Intensive Care Unit of the Erasmus MC-Sophia Children’s Hospital. Five children with
severe other congenital and/or syndromal anomalies died during admission, from causes
unrelated to EA (trisomy 18 in one, CHARGE syndrome in one, cardiac anomalies in
three). Thirteen infants (24%) were not included for various reasons; upper airway
obstruction (n = 4), parental refusal to join the follow-up program including lung function
measurement (n = 5), failure to sleep during lung function measurement (n = 2), severe
scoliosis (n = 1) and the presence of a nasogastric tube preventing lung function
measurement (n = 1). Thus, 37 infants were included in this study (Figure 1).

EA patients born between
January 2005 and March 2009

N =55
Deceased No lung function
N=5 measurement
(1 trisomy 18, 1 N=13
CHARGE, 3 cardiac
malformations)
Included
N =37
Lung function Lung function Lung function
measurement at 6 measurement at 6 measurement at
and 12 months months only 12 months only
N =26 N=7 N=4

Figure 1: Flowchart



None of the perinatal characteristics differed significantly between included and excluded
patients (not shown). Five patients had additional cardiac anomalies, all without
hemodynamic consequences. These anomalies spontaneously resolved in 2 cases and
remained without consequences in 2 other cases. One other patient was operated at the
age of 2 weeks for coarctation of the aorta. Twenty-six infants were measured both at 6
and 12 months of age. Eleven were seen only once, either at 6 or at 12 months, for the
following reasons: failure to sleep during one of the measurements (n = 5), respiratory
tract infection at the time of measurement (n = 2), upper airway obstruction (n = 1), loss
to follow-up (n = 1) and logistic reasons (n = 2). Thirty-five (95%) of all children were also
seen at the age of 2 years, and 14 children (41%) at both 2 and at 5 years of age. The
other participants in this study have not reached that age yet. Clinical characteristics of
the 37 infants are shown in Table 1.The surgical procedure had been right-sided in all
cases. In 1 patient, conversion to open thoracotomy was needed. Chest X-rays
performed within the first 5 years of life (median 11, range 1.5-65 months) in 19/21
patients (90%) who underwent a thoracotomy revealed rib fusion at the ipsilateral side in
2/19 (10%). One other patient (5%) had a rib fusion at the contralateral side where
formerly a thoracic drain had been placed. None of the 16 patients who underwent a
thoracoscopic procedure showed rib fusions on chest X-rays within the first 3 years of life
(median 8, range 1.5-36 months). At 5 years, 1/14 patients evaluated at this age had a
stable lumbar scoliosis with a Cobb’s angle of 18°. In none of the other patients a
scoliosis was diagnosed at this age.

Lung function measurements

The median postnatal age at the first lung function test was 32 weeks (range 24-43
weeks; n = 33); at the second it was 57 weeks (range 51-66 weeks; n = 30). The
corresponding median ages corrected for prematurity were 30 weeks (range 24-39
weeks) and 54 weeks (range 49-66 weeks), respectively. Reliable V’maxgrc
measurements were obtained in 25 patients at 6 months and in 27 patients at 12 months.
Reliable FRC, measurements were obtained in 31 patients at 6 months and in 30
patients at 12 months. Reliable FRC, measurement with inability to measure SDS
V’maxgrc Was caused by failure to sleep in 4 cases where the infant woke up during
rapid inflation of the jacket, in 2 cases a gastrostomy drain needed for a severe
anastomotic stricture prevented the infant from wearing the jacket. Two infants had tidal
flow limitation and one had an irregular breathing pattern. At 6 months, 14 infants (44%)
had a respiratory rate = 35 breaths/min, of whom 6 (19%) had = 40 breaths/min. At 12
months, 6 infants (19%) had a respiratory rate = 35 breaths/min, of whom 3 (10%) had a
respiratory rate = 40 breaths/min.

Tidal flow limitation was observed seven times (six cases at 6 months and one at 12
months).



Variables Total group Thoracotomy Thoracoscopy p
N 37 21 (57) 16 (43)
Males, n (%) 20 (54) 12 (57) 8 (50) 0.670
Gestational age (wks) 38.3 (28.9-42.3) 38.1(33.7-42.3) 38.0 (28.9-41.9) 0.878
Prematures, n (%) 10 (27) 7 (33) 3(19) 0.166
Birth weight (kg) 2.70 (1.08-3.81) 2.54 (1.18-3.81) 2.89 (1.08-3.52) 0.471
Type of EA (n) 0.845
A 2 (5) 1(5) 1(7)
C 35 (95) 20 (95) 15 (93)
Age at surgery (days) 2 (0-121) 2 (0-47) 2 (1-121) 0.192
Duration of ventilation (days) 2(1-7) 2 (1-5) 1(1-7) 0.166
Duration of oxygen dependence (days) 2 (1-35) 2 (1-10) 1(1-35) 0.222
Nissen fundoplication, n (%) 4 (11) 2(10) 2 (13) 0.776
Age at Nissen fundoplication (weeks) 16 (11-19) 14 (11-17) 17 (14-19) 0.439
Aortopexy, n (%) 2 (5) 1(5) 1(6) 0.845
Age at aortopexy (weeks) 9 (7-11) 7 11 0.317
Anastomotic stricture, n (%) 17 (46) 9 (43) 8 (50) 0.548
Number of dilatation procedures 3 (1-15) 3(1-5) 3(1-15) 0.230
Additional anorectal malformation, n (%) 5(14) 3 (14) 2 (13) 0.827
Cardiac anomaly, n (%) 5 (14) 3 (14) 2 (13) 0.827
Repaired by right sided thoracotomy 1 1
Age at repair (weeks) 2 2

Table 1: EA: esophageal atresia. Type A = esophageal atresia without tracheo-esophageal fistula,
type C = esophageal atresia with distal tracheo-esophageal fistula. Data are shown as number (%) or
median (range). Characteristics of the 3 subgroups — measured both times (n=26), only at 6 (n=7) and
only at 12 months (n=4) — did not differ significantly (data not shown).

Neither at 6 nor at 12 months FRC, values were < 13 mL/kg. Twenty-five percent of
FRC, measurements were > 26 mL/kg (19% at 6 months and 30% at 12 months). The
mean FRC, increased significantly from 6 to 12 months (p=0.010). SDS V’'maxgrc did not
change significantly over time (p=0.248). The results are presented in Table 2 and Figure
2. Results from analyses excluding the two patients with a long-gap-type EA (type A)
were not significantly different (data not shown). Five FRC, measurements in 4 patients
were >30 mL/kg (Figure 2). All four had airflow obstruction with SDS V’maxgrc between



-2.08 and -3,57. Tidal flow limitation was observed in two of them; another patient had
clinical evidence of tracheomalacia. None of the patients underwent a bronchoscopy as a
routine pre- or postoperative diagnostic procedure to confirm the extent of

tracheomalacia.

6 mos 12 mos p-value
FRC,, mL/kg 22.5 (20.7-24.6) 25.4 (23.2-27.7) 0.010
V’'maxgre, SDS -1.9 (-2.5t0 -1.3)* -2.3(-2.7t0-1.8)* 0.248
V’'maxggrc, mL/sec 79.8 (52.8-106.8) 109.1 (81.4-136.8) 0.023
RR, breaths/min 34.2 (31.6-36.7) 30.6 (27.6-33.6) 0.005

Table 2: FRC,: functional residual capacity. V'maxerc: maximal expiratory flow at functional residual
capacity. RR: respiratory rate. * p< 0.001 below the reference value (SDS = 0). Mean (95% CI) values

from analysis of variance are shown.

Thoracotomy

FRCp (mL/kg)

Figure 2a: FRC, (mL/kg) at 6 and 12 months in patients with thoracotomic type of repair. Repeated
measurements are indicated by closed dots and a connecting line. The range of normal values
(beween 13 and 26 mL/kg) is indicated by dotted horizontal lines.



Thoracoscopy

FRCp (mL/kg)

Figure 2b: FRC, (mL/kg) at 6 and 12 months in patients with thoracoscopic type of repair. Repeated
measurements are indicated by open dots and a connecting line. The range of normal values
(beween 13 and 26 mL/kg) is indicated by dotted horizontal lines.

Associations between lung function parameters and clinical characteristics

Perinatal characteristics did not differ significantly between patients undergoing a
thoracotomic and a thoracoscopic type of repair (Table 1). FRC, and SDS V’'maxrrc
were not associated with type of surgery (p=0.384 and p=0.241 respectively, Table 3). A
longer duration of the log supplemental oxygen days was associated with higher SDS
V’maxgrc only at 12 months (p=0.020). A two-fold longer duration of supplemental
oxygen days resulted in a mean increase of 0.4 SDS V’maxgrc at both time points. Other
significant associations between clinical characteristics and FRC, values or SDS
V’maxgrc Were not found. When analyses were repeated after exclusion of the 2 patients
with a long gap type esophageal atresia (type A), results did not change significantly (not
shown).

Thoracotomy (n=21) Thoracoscopy (n=16) p-value
FRC,, mL/kg 23.2 (20.9-25.8) 24.9 (22.0-28.2) 0.384
V’'maxgre, SDS -1.9 (-2.4 to -1.3)* -2.3(-3.0to -1.7)* 0.241
V’'maxggrc, mL/sec 101.6 (68.9-134.3) 85.8 (48.5-123.1) 0.520

RR, breaths/min 33.3 (29.9-36.6) 31.2 (27.4-35.1) 0.425



Table 3: FRC,: functional residual capacity. V'maxerc: maximal expiratory flow at functional residual
capacity. RR: respiratory rate. * p< 0.001 below the reference value (SDS = 0). Mean (95% CI) values
from analysis of variance are shown.

Respiratory morbidity at 6 and 12 months, 2 years and 5 years of age

All infants had been ventilated conventionally. One was born prematurely at 29 weeks
and developed CLD according to the definition by Jobe and Bancalari ?°. Two suffered
from tracheomalacia with life-threatening incidents requiring an aortopexia at the ages of
7 and 11 weeks, respectively. Respiratory morbidity at the various ages is specified in
Table 4. One case of atopic eczema occurred; the family history of 8 patients was
positive for atopic symptoms.

6 mos (n=34) 12mos (n=35) 2yrs(n=35) 5yrs(n=14)

RTI with AB treatment, n (%) 10 (29.4) 15 (42.9) 11 (31.4) 4 (28.6)
Profylactic AB
Airway, n (%) 4(11.8) 3(8.6) 5(14.3) 3(21.4)
Urologic, n (%) 2(5.9) 3(8.6) 5(14.3) 1(7.1)
Use of bronchodilators, n (%) 6 (17.6) 7 (20.0) 1(2.9) NA
Use of inhaled steriods, n (%) 2 (5.9) 3 (8.6) 2 (5.7) NA

Ausculatory abnormalities
Wheezing NA NA NA NA
Mucus 7 (20.6) 6 (17.1) 4(11.4) 1(7.1)

Table 4: RTI: = 1 respiratory tract infection in the past 6 months requiring a therapeutic dose of AB;
AB = antibiotics.NA=not applicable.

Associations between lung function parameters and respiratory morbidity at different
ages

FRC, values and SDS V’'maxrrc at 6 and 12 months were not associated with the
occurrence of RTI requiring therapeutic antibiotic treatment in the previous 6 months.
Two infants at 6 months and three at 12 months were being treated with prophylactic
antibiotics for urologic reasons (both had an anorectal malformation as well). FRC, at 12
months was significantly higher in these five children (p=0.006, airway and urologic
prophylaxis). At 12 months, the use of bronchodilators and inhaled corticosteroids was



not associated with lower FRC, or SDS V'maxrrc. At 6 months, the use of
bronchodilators and inhaled corticosteroids was associated with higher log FRC,
(p=0.031). At 2 and 5 years of age, neither number of RTI within the past 6 months nor
the use of prophylactic antibiotics was associated with lung function parameters during
the first year of life.

Gastro-intestinal morbidity

A barium swallow X-ray was performed in 36 infants at a median age of 10 (IQR 6-13)
weeks. Eight infants had no signs of reflux, three showed reflux only at abdominal
compression, and 25 had spontaneous reflux. A 24-hrs pH-metry was performed in 35
infants at a median age of 9 (IQR 8-17) weeks. Thirty-three of them were measured
during 24 hours without the use of anti-reflux medication; 27 of them were measured
another 24 hours longer with the use of anti-reflux medication. Pathological GER was
found in 3 of the former (3/33; 9.1%) and in 2 of the latter (2/27; 7.4%). Four patients who
suffered from severe tracheomalacia with life-threatening events underwent a surgical
anti-reflux procedure before the age of 6 months (normal pH-metry n=2, pathological
GER n=1, no pH-metry available n=1).

Physical growth

At all ages SDS height and weight for height were significantly below the norm (SDS=0)
except for height at 5 years. Height and weight data at 6 and 12 months, 2 and 5 years
are shown in Figure 3.

6 mos 12 mos 2 yrs 5yrs
n=34 n=32 n=35 n=14
14 ' : :
o height
e weight for height
)
AR AL R
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Figure 3: Mean (SE) SDS height and weight for height at 6 and 12 months and 2 and 5 years. At all
ages SDS height and weight for height were significantly below the norm (SDS=0) except for height at
S years. *p<0.05 #p <0.01, + p<0.001



Discussion

In this study we longitudinally evaluated lung function during the first year of life in 37
infants after thoracotomic or thoracoscopic repair of EA. Thirty-five patients had type C
EA and 2 type A. Furthermore we evaluated possible relationships between lung
function, perinatal characteristics and respiratory morbidity. Lung function did not differ
by type of surgery. FRC, values, referring to intrathoracic lung volume 2 were in the
upper normal range and had significantly increased from 6 to 12 months. SDS V’'maxgrc
was significantly below the norm without a significant change from 6 to 12 months. Flow
limitation, which may reflect severe airway malacia, was observed in 7 patients (19%).

Lung function abnormalities in patients with EA with obstructive as well as restrictive
patterns have been described at different ages from infancy >° and childhood *®7 to
adulthood ®%%°. Sistonen and colleagues reported restrictive lung function in 57% of 101
adult EA patients (aged 22-56 years), for which thoracotomy-induced rib fusion was a
significant risk factor ?°. Thirty percent of these adult EA patients had rib fusions in the
previous thoracotomy area %°. In the present study only 3 patients show rib fusion in the
first year of life, all after thoracotomy. A thoracoscopic repair might contribute to a
reduction of rib fusion and later concomitant restrictive ventilatory defects but we did not
find a significant difference in lung function yet in the first year of life. Maybe differences
in lung function between the 2 types of repair may become manifest later in life. FRC,
corrected for body weight increased significantly from 6 to 12 months suggesting an
increase in lung volume. There is no reason to assume that this is based on extensive
lung growth during the first year of life after repair of EA. It might well be that persistent
higher airway obstruction caused by tracheomalacia, together with recurrent RTI, caused
a mild form of hyperinflation, reflected by FRC, values in the upper normal range.
Indeed, 4 patients with FRC, values far above the normal range also had low SDS
V’maxgrc values and 3 of them had clinical signs of substantial tracheomalacia with tidal
flow limitation.

SDS V’'maxgrc Was significantly below the norm without a change during the first year of
life. Beardsmore et al. also found abnormal lung function at various time-points during
the first year of life in 9 of 16 EA-TEF patients ®. These patients’ functional abnormalities
were related with severity of persistent symptoms. Other studies have reported airway
obstruction in 30- 41% of older EA patients ®’. A longer duration of log supplemental
oxygen days was associated with higher V’'maxgrc. This may be a false positive, type 1
error, however in view of the multiple tests performed. Recurrent RTl were reported in
30-40% of our patients, in line with findings from other studies in EA patients 2%,
Recurrent RTI, as seen in patients with cystic fibrosis and primary ciliary dyskinesia, are
associated with significantly diminished flows 2**° and hyperinflation and air trapping .

Tidal flow limitation was observed in 7 patients (19%). Van der Wiel and colleagues
showed that tidal flow limitation was 100% predictive of airway malacia, as diagnosed by
bronchoscopy; although only half of 32 wheezy infants with airway malacia had tidal flow



limitation *'. Turner and colleagues found an association between tidal flow limitation

early in the first year of life and reduced lung function later in life 2 Thus, absence of
tidal flow limitation does not rule out airway malacia but presence of tidal flow limitation
may identify an at-risk group in these EA patients. At both ages in our study, 19% of the
infants had a RR above the normal median at that age while asleep **.

The decreased morbidity with increasing age in EA patients appears considerably higher
for the respiratory symptoms than for gastrointestinal symptoms **, suggesting no clear
direct causal relation between gastrointestinal and respiratory complications 2. In the
present study only 2 patients who were treated with anti-reflux medication showed
pathological GER. We therefore assume that GER did not substantially affect lung
function results in our study.

Like subjects in comparable studies, physical growth of or subjects was impaired *?2. As
FRC, in mL/kg and SDS V’'maxrrc are corrected for weight and length respectively, we
assume this impaired growth did not influence the lung function results. On the other
hand, impaired nutritional status can influence the prevalence of RTI.

A potential limitation of our study was that we were not allowed to examine healthy
controls, as sedation of healthy infants for research purposes is not permitted in the
Netherlands. Therefore, we had to use reference values published by others. We
expressed FRC, values in mL/kg as described previously ®*_ The normal range of FRC,
suggested by Hiilskamp et al, is 13-26 mL/kg, mean 19.6, SD 3.4 . Regarding
V’maxgrc, We used the references values provided by Hoo and colleagues. These
reference values are based on a large representative population of healthy infants '® and
others have applied these as well in tests with the same equipment as we used *°.

Chest X-rays were performed post-operatively in all patients, but in only 13 patients a
repeated chest X-ray was made after the age of 12 months. In patients with only a chest
X-ray early in the first year of life, rib fusions may not have been diagnosed which is also
a limitation of ths study.

Another limitation is the lack of lung function measurements at the age of 5 years. In a
previous study we found that only few 5-year-old EA-patients could successfully perform
flow-volume measurement testing . In the present cohort we will therefore evaluate lung
function, including measurement of static and dynamic lung volumes, at the age of 8
years.

In conclusion, there were no differences in lung function in the first year of life after
thoracotomic or thoracoscopic type of repair of EA and the influence of ribfusion is low.
We did not find arguments in this study for the pro- and con-discussion of thoracotomy vs
thoracoscopically treated patients with EA. The results of infant lung function testing
were of limited predictive value for respiratory morbidity at older age. Clinical care should
especially consist of frequent monitoring focused on nutritional status and RTI



prevention. Low-threshold use of antibiotics, prophylactic antibiotics and vaccination for
respiratory syncytial and influenza virus is recommended in case of recurrent RTI.
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Abstract
Background:

Several studies have evaluated short-term neonatal outcome in infants with congenital
lung lesions (CLL) but clinical course and lung function on the longer term have not yet
been documented.

Objective:

To evaluate respiratory symptoms and lung function longitudinally in the first year of life
in infants with CLL and analyse differences herein between infants managed by
observation only and infants whose affected lung parts were resected; the surgical

group.
Methods:

In 30 patients with CLL we evaluated respiratory symptoms and lung function at 6 and 12
months. Functional residual capacity (FRC,) and maximal expiratory flow at functional
residual capacity (V’'maxgrc) were measured with body plethysmography. SD-scores
were calculated for V’maxgrc.

Results:

Prevalence of respiratory symptoms did not differ between the observation and surgical
group. Mean (95%Cl) FRC, values were in the upper or above normal range without a
significant change in time (25.4 (23.7-27.1) and 26.8 (25.1-28.5) mL/kg, p=0.195 at 6 and
12 months respectively). SDS V’maxrrc was significantly below normal without a change
in time (SDS -1.39 (-1.70 to -1.09) and -1.72 (-2.21 to -1.24), p=0.209 at 6 and 12
months respectively). Mean FRC, values and SDS V'maxgrc did not differ between the
observation and surgical groups.

Conclusion:

Respiratory morbidity and lung function were not significantly different between the
observation and surgical groups. We recommend prolonged pulmonary follow-up of all
CLL patients into adulthood to further identify the long term effects of CLL and
observation or surgery.



Introduction

Congenital malformations of the lung are rare with a reported estimate prevalence of one
in 11.000-35.000 pregnancies and vary widely in their presentation and severity .
Advances in antenatal diagnostic techniques have improved the detection and
characterisation of congenital lung lesions (CLL) *. The differential diagnosis of lung
lesion includes congenital cystic adenomatoid malformation (CCAM), bronchopulmonary
sequestration (BPS), bronchogenic cyst (BC) and congenital lobar emphysema (CLE).
CCAMs are characterised by hamartomous growth of terminal respiratory structures
deriving their blood supply from the pulmonary vasculature. BPSs are masses of non-
functioning lung tissue, either in intralobar or extralobar form. BCs result from abnormal
budding of the foregut, are usually unilocular, mostly located in the mediastinum and do
not communicate with the airway °. CLE is a term used to describe a distended
hyperlucent lobe, usually the left upper or right middle lobe, perhaps resulting from
transient bronchial obstruction in utero °.

Natural courses of CLL in utero from severe hydrops to total regression have been
observed . In the perinatal period, air trapping within the cystic component of CCAM can
result in life-threatening respiratory distress requiring immediate surgical intervention.
Later in life, communication of the cysts with the airways can result in recurrent
pneumonia for which surgical resection of the affected lung part(s) is indicated.
Controversy remains whether asymptomatic lesions should be resected. Some centers
prefer elective resection at 3-6 months to reduce the risk of infection '; others prefer
observation only because asymptomatic lesions may regress spontaneously °.

Several studies evaluated short-term neonatal outcome but to our knowledge, lung
function in the first year of life has not yet been documented. We report a prospective
study in in infants with CLL in which we established the clinical course, respiratory
symptoms, and lung function halfway and at the end the first year of life. Furthermore we
analysed differences between infants with asymptomatic lesions, the observation group,
and those after resection of the affected lung part(s), the surgical group. We also studied
possible associations between clinical characteristics and lung function parameters.

Methods

Of all CLL patients born in our center between May 2005 and September 2010 we
recorded data on antenatal ultrasound, gestational age, birth weight, gender, type of lung
anomaly, duration of post-operative ventilation and supplemental oxygen. In the group of
infants that underwent resection of the affected lung part(s), the surgical group, surgical
procedure (lobectomy, pneumonectomy or non-anatomical resection) was recorded. The
indication for resection was respiratory distress in all cases. Asymptomatic infants, the
observation group, were observed only.



The study was part of a routine follow-up program for CLL patients in which lung
function, growth and developmental parameters are regularly assessed until 18 years of
age """, The Medical Ethical Review Board Erasmus MC stated that “the Medical
Research in Human Subjects Act does not apply to this research proposal, since
subjects are not being submitted to any handling, nor are there rules of human behaviour
being imposed”. Therefore approval was waived. All parents were informed and provided
permission to use the data for research purposes. Lung function data were evaluated at
the end of 2011.

Respiratory morbidity and physical growth

The infants were physically examined at the ages of 6 and 12 months. Examination
included anthropometry and pulmonary auscultation. Respiratory rate (RR) was
measured during lung function assessment. The following factors were recorded:
respiratory tract infections (RTI) with a need of therapeutic courses of antibiotic treatment
in the 6 months prior to the visit, use of prophylactic antibiotics and the use of inhaled
bronchodilators and/or corticosteroids. Dutch population data served as reference values
for physical growth 2.

Infant lung function tests

Infant lung function test were done at the ages of 6 and 12 months (corrected for
prematurity), when children were clinically stable. Infants were sedated with chloral
hydrate (50-75 mg/kg). Functional residual capacity (FRC,) was measured by whole
body plethysmography (Masterscreen Babybody, Viasys, Hochberg, Germany) as
described previously . FRC, was expressed in mL/kg as suggested by Hulskamp et al
" Forced expiratory flow at FRC, (V'maxrrc), @ measure of airway patency and
compressibility, was determined by the end-tidal rapid thoracoabdominal compression
technique (Masterscreen Babybody, Viasys, Hochberg, Germany). All equipment and
procedures complied with the guidelines of the ERS/ATS '°. Regarding V’maxgrc, we
calculated standard deviation scores (SDS) according to Hoo °. FRC, (mL/kg) was the
primary outcome measure. SDS V’'maxggrc, respiratory symptoms and anthropometric
SDS were the secondary outcome measures.

Imaging

Antenatal ultrasound scan data of infants with an antenatal diagnosis were collected if
available and evolution of the CLL in the prenatal period was described. These data were
not available for all infants because in the Netherlands the 20 week anomaly scan was
not introduced until 2007. Data included gestational age at diagnosis, type of CLL, and
size measured from 2D images as two perpendicular measurements of the CLL.



Data analysis

Group comparisons were made with Mann Whitney U tests. In a minority of patients, lung
function was measured only at one of the two time points. Since repeated measurements
ANOVA allows for missing data at one time point, mean (95% CI) FRC,, SDS V'maxrrc
and SDS for weight and height were evaluated longitudinally using this method . The
following parameters were entered as covariates in univariate Mixed Models to
investigate their influence on lung function parameters: gestational age at birth, birth
weight, duration of ventilation, duration of supplemental oxygen, and management —
either observation or surgery. The durations of ventilation and supplemental oxygen were
transformed logarithmically to reduce the effect of outlying values. All results are
expressed as number (percentage), mean (SD) or median (range) where
appropriate.The significance level was set at p < 0.05. SPSS 17.0 (Chicago, lllinois) was
used for the analyses.

Results

Between May 2005 and December 2010, 55 of 57 newborns with a CLL survived (96%).
One died from persistent pulmonary hypertension after pneumectomy for CCAM; one
from intracranial hemorrhage after bowel resection for complicating necrotizing
enterocolitis. For logistic reasons the infants were gradually included in the follow-up
program. Seventeen (31%) patients had been included after the first year of life and were
therefore excluded from this study. Two other, asymptomatic, patients had serious
neurological co-morbidity (1 with a chromosomal anomaly and 1 with a muscular disease
due to Filamin A deficiency) as contraindication for lung function testing. Parents of 5
patients refused follow-up including lung function testing. One patient was awake during
the first measurement en suffered from a RTI at the second occasion. Eventually, 30
patients with a congenital lung lesion participated in the follow-up program including lung
function and 27 did not participate (Figure 1).

Participants’ birth weight was significantly lower than that of the non-participants (median
2930 (1650-4200) g vs.median 3580 (2450-4505) g; p=0.005). Other perinatal
characteristics did not significantly differ between participants and non-participants (data
not shown). Fifteen participants were measured at both time-points, 5 at 6 months only
and 10 at 12 months only (Figure 1). Reasons for not completing both measurements
were delayed inclusion (n=7), RTI (n=3), being awake (n=2), and logistic reasons (n=3).
Clinical characteristics of participants are shown in Table 1. Thirteen (43%) developed
respiratory symptoms and underwent resection of the lung lesion at a median age of 3
weeks (range 0-39 weeks). All patients were ventilated post-operatively; two were
extubated on the day of surgery. One patient underwent pneumonectomy and was
treated with veno-arterial extracorporeal membrane oxygenation (ECMO) for 5 days due
to respiratory failure of conventional mechanical ventilation.



Respiratory morbidity and physical growth

In all 13 patients who underwent resection (surgical group), respiratory distress
necessitated surgery. Significantly more therapeutic courses of antibiotics in case of
infection had been prescribed between 0-6 months than between 6-12 months. This
difference between the 2 time point did not reach statistical significance in the
observation and the surgical group separately. Number of courses of antibiotics for RTI
or respiratory symptoms did not differ between these two periods (Table 2). Prevalences
of respiratory symptoms for the whole population did not significantly differ at 6 and 12
months, Table 2) nor between the observation and surgical groups (data not shown).

Overall, SDS weight at 12 months was significantly below normal (Table 2). There were
no significant differences in SDS weight and SDS height between both groups (data not
shown).

May 2005-December 2010:

57 neonates with CLL

30 participants:

Lung function 6 mos :5
12mos :10
6+12mos : 15

CCAM : 17 (57%)
BPS :9(30%)
CLE :3(10%)
BC  :1(3%)

Antenatal diagnosis : 23 (77%)
Resection: 13 (43%)

27 non-participants:

2 deceased

2 co-morbidity

17 included > age 1 year
5 parental refusal

1 no lung function

CCAM : 16 (59%)

BPS  :5(19%)
CLE  :2(7%)
BC 13 (11%)

CCAMI/CLE : 1 (4%)

Figure 1: Flowchart

Antenatal diagnosis: 20 (74%)
Resection: 8 (30%)




Variables Total gorzi%rvational Surgical group gBri[queseg
N 30 17 13
Males 21 (70) 13 (76) 8 (62) 0.385
Gestational age (wks) 39.1 (38.0-41.0) 39.6 (37.1-41.6) 40.0 (34.7-41.7) 0.950
Birth weight (grams) 3490 (3000-4505) 3585 (2450-4200) 3730 (2925-4505) 0.601
Type lung lesion 0.887

CCAM 17 (57) 10 (59) 7 (54)

BPS 9 (30) 5(29) 4 (31)

CLE 3(10) 2(12) 1(8)

BC 1(3) 0 1(8)
Duration ventilation 0 (0-40) 0 (0-10) 2 (0-40) <0.001
(days)

Conventional 0 (0-38) 0 (0-10) 2 (0-38) <0.001

HFO 0 (0-11) 0 0 (0-11) 0.016
(Ez";?sti)"” OXygen supply 4 (g_42) 0 (0-10) 5 (0-42) <0.001
Type of surgery

Lobectomy 8 (62) 8 (62)

Pneumectomy 2 (15) 2 (15)

N-A resection 3 (23) 3 (23)
Age at surgery (wks) 3 (0-39) 3 (0-39)

Table 1: CCAM: congenital cystic adenomatoid malformation, BPS: bronchopulmonary sequestration,

BC: bronchogenic cyst,

necessary. * significantly below normal (SDS=0), one sample t-test was used.

CLE: congenital lobar emphysema. HFO: high frequency oscillatory
ventilation. N-A resection:non-anatomical resection. P values are given for the differences between
patients in the observation and surgical groups. Data demonstrated as number (%), median (range) or
mean (SD) where appropriate. One asymptomatic CCAM patient had a laryngeal cyst causing upper
airway compression, after resection of this specific lesion 10 days of mechanical ventilation were



6 mos 12 mos p-value

RTI with AB treatment

None 15/26 (58%) 25/29 (86%)

1 9/26 (35%) 4/29 (14%)

2 1/26 (4%) 0

3 1/26 0 0.018
Inhalation medication

No 25/28 (89%) 29/30 (97%)

Yes 3/28 (11%) 1/30 (3%) 0.500
Admitted for RTI

No 28/30 (93%) 29/30 (97%)

Yes 2130 (7%) 1/30 (3%) 1.000
Auscultatory findings

Normal 25/26 (96%) 28/30 (93%)

Wheezing 1/26 (4%) 2/30 (7%) 1.000
SDS height 0.32 (0.85) 0.11 (1.0) 0.451
SDS weight -0.20 (1.04) -0.36 (1.05)* 0.409
FRC,, mL/kg 25.4 (23.7-27.1) 26.8 (25.1-28.5) 0.112
V’maxgre, SDS -1.39 (-1.70 to -1.09)*  -1.72 (-2.21t0-1.24)* 0.113
RR, breaths/min 35.4 (32.4-38.4) 30.4 (28.7-32.1) 0.009

Table 2: Respiratory symptoms: n= number of respiratory tract infections (RTI) in the past 6 months
requiring treatment with antibiotics (AB). SDS weight height are expressed as mean (SD). Lung
function: FRC,: functional residual capacity. V'maxrrc: maximal expiratory flow at functional residual
capacity. RR: respiratory rate. * p< 0.001 below the reference value (SDS = 0). Mean (95% Cl) values
from analysis of variance are shown.

Infant lung function tests

The median postnatal age at the two respective time points was 30 weeks (range 23-40
weeks, n= 20) and 54 weeks (range 49-72 weeks, n=25). Reliable V’maxgrc
measurements were obtained in 19 patients at 6 months and 25 patients at 12 months.
Reliable FRC, measurements were obtained in 20 patients at 6 months and 24 patients
at 12 months. Results are shown in Figures 2a-b and 3a-b.

All FRC, values were > 13 mL/kg. Fifty percent of FRC, measurements were > 26 mL/kg;
i.e. in 8/20 patients at 6 months and 14/24 patients at 12 months. Mean SDS V’'maxgrc
was below normal at both time points in both groups. Mean FRC, and mean SDS
V’maxerc did not change significantly over time (Table 2) and did not significantly differ
between the groups: mean (95%Cl) FRC, was 25.3 (23.3-27.3) in the observation group
vs. 27.3 (25.1-29.6) in the surgical group (p=0.149); mean (95%CIl) SDS V’'maxgrc Was -
1.45 (-1.84 to -1.06) vs. -1.41 (-1.90 to -0.91) (p=0.892).
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Figure 2a/2b: FRC, in observation and surgical group. FRC, (mL/kg) at 6 and 12 months (observation
group; Figure 2a, surgical group 2; Figure 2b). The range of normal values (beween 13 and 26 mL/kg)
is indicated by dotted horizontal lines. Open circles represent CCAM: congenital cystic adenomatoid
malformation, open squares represent BPS: bronchopulmonary sequestration, closed triangles
represent CLE: congenital lobar emphysema, open diamonds represent BC: bronchogenic cyst.
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Figure 3al/3b: V'maxgrc in observation and surgical group. SDS V'maxgrc at 6 and 12 months
(observation group; Figure 3a, surgical group: Figure 3b). Open circles represent CCAM: congenital
cystic adenomatoid malformation, open squares represent BPS: bronchopulmonary sequestration,
closed triangles represent CLE: congenital lobar emphysema, open diamonds represent BC:
bronchogenic cyst.

Antenatal ultrasound

In 23/30 patients (77%) the lung lesion had been identified by antenatal ultrasound scan.
Serial antenatal ultrasonographic monitoring showed partial regression in 7 cases (47%),
complete regression in 2 cases (13%), and progression in 6 cases (40%) in the
observation group, and partial regression in 4 cases (50%), stable lesion in 1 case
(13%), and progression in 3 cases (37%) in the surgical group.



Associations between lung function parameters and clinical characteristics

We found no significant associations between FRC, and SDS V’'maxrrc and gestational
age, birth weight, log duration of ventilation, log duration of supplemental oxygen and
observation or surgery at both time points. FRC, and SDS V'maxrrc did not significantly
differ between the observation and surgical group (p=0.796 and p=0.553 respectively).

Discussion

To our knowledge this is the first longitudinal study that evaluated lung function and
respiratory morbidity in the first year of life in infants with a CLL. We found that FRC,
values were in the upper or above normal range without a significant change from 6 to 12
months. SDS V’maxgrc Was significantly below normal at 6 and 12 months without a
significant change from 6 to 12 months. Both FRC, and V'maxrrc did not differ
significantly between infants in the observation or surgical group. We found no significant
associations between clinical characteristics and lung function parameters.

Several studies on CLL describe antenatal observations and perinatal outcome.
Malignant transformation was described but this issue remains controversial . The
management of initially asymptomatic lesions deserves attention because complications
like pneumonia, pneumothorax, hemoptysis and hemothorax may arise . Some centers
recommend early surgical intervention to prevent these complications; this would also
stimulate compensatory lung growth 181% On the other hand, early resection of
pulmonary lesions is associated with higher morbidity and mortality”>. Observational
management may be warranted because asymptomatic lesions may remain
asymptomatic or regress spontaneously. In the present study we looked beyond the
perinatal period at outcome parameters in the first year of life because these are very
important to justify a policy of observation only in asymptomatic patients. Compensatory
lung growth has been described in several (animal) studies after extensive resection of
lung tissue 2?2, However, our results do not testify to compensatory lung growth taking
place during this first year of life. FRC, measurements were in the upper normal or
above normal range in both groups and did not change significantly from 6 to 12 months.
FRC, is considered to represent lung volume during quiet breathing. We assume that
FRC, is a poor estimate of the volume of functional lung parenchyma in infants with CLL,
as we observed before '°. Enlarged, air filled spaces in the lung parenchyma cause
hyperinflation with consequently an increase of FRC,. Also, FRC, values did not
signicantly differ between patients in the observation and surgical groups. We speculate
this might be due to hyperinflation of the remaining lung tissue or to the presence of
residual abnormal lung tissue. Airway patency as measured by V'maxgrc was
significantly below normal at both 6 and 12 months, and to the same extent in the
observation as in the surgical group. We assume, therefore, that this may be a
consequence of the anatomical anomaly itself and not of surgical treatment and/or the



subsequent mechanical ventilation. The hyperinflated cystic, or in some cases more
solid, lesions can compress the surrounding structures which can result in a mediastinal
shift observable on a chest X-ray or CT scan '. In 2009, Keijzer et al. performed
pulmonary function tests in 14 CLL children (mean age 10 years) who all had undergone
lobectomy. Test results pointed at mild airflow obstruction in all, irrespective of surgery
having been performed before or after the 2" year of life ?*. In our study, respiratory
morbidity was not significantly different between infants who underwent resection and
those managed by observation. Only a minority of patients needed inhalation medication
(11% and 3% at 6 and 12 months respectively) or hospital admission for RTI (7% and
3% at 6 and 12 months respectively).

A limitation of our study was the heterogeneity in the types of CLL and the consequently
small numbers per type. Four different types of CLL were included with CCAM and BPS
as the largest groups. However, to evaluate the differences between infants in the
observation and surgical groups, the type of CLL seemed to be of lesser importance as
this was not our primary research question. Another potential limitation was that we were
not allowed to examine healthy controls, as sedation of healthy infants for research
purposes is not permitted in the Netherlands. Therefore, we had to use lung function
reference values published by others. We expressed FRC,, values in mL/kg as described
previously. The normal range of FRC,, suggested by Hulskamp et al, is 13-26 mL/kg,
mean 19.6, SD 3.4 . Regarding V’maxgrc, we used the references values provided by
Hoo and colleagues, which are based on a large representative population of healthy
infants and have been used by others using similar equipment as we did *°.

In conclusion, we found no significant differences in respiratory morbidity and infant lung
function parameters between the observation and surgical groups. Mild airflow
obstruction is common in patients with any type of CLL. We assume that FRC, does not
accurately reflect lung volume and is not suitable to assess possible compensatory lung
growth in the first year of life after resection of lung part(s). There may be a role for
standardized pre- and postnatal imaging in this respect. For the future we recommend
prolonged pulmonary follow-up of lung structure and function.
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Abstract
Objective:

To assess lung function longitudinally after neonatal ECMO, and to identify any effects of
diagnosis and perinatal characteristics.

Patients and methods:

121 neonatal ECMO-treated children (70 meconium aspiration syndrome, 20 congenital
diaphragmatic hernia, 31 other diagnoses) performed altogether 191 lung function
measurements at 5, 8 and/or 12 years. We assessed dynamic and static lung volumes,
reversibility of airway obstruction and diffusion capacity.

Results:

Mean SDS FEV, at 5 years before and after bronchodilation (-0.51 and 0.07) was
significantly higher than at 8 (-0.79 and -0.4, p<0.04) and 12 years (-1.10 and -0.52,
p<0.003). Mean SDS for all spirometric parameters before and after bronchodilation
were significantly lower in the congenital diaphragmatic hernia group compared the other
diagnostic groups (all p<0.025). A significant volume of trapped air was observed in 86%
patients with congenital diaphragmatic hernia, 50% with meconium aspiration syndrome
and 58% with other diagnoses. After bronchodilation mean SDS FEV, and FVC were
negatively influenced by duration of ventilation (both p<0.001) and duration of ECMO
(p=0.003 and p=0.02 respectively).

Conclusion:

Long-term pulmonary sequelae after neonatal ECMO-treatment mainly occur in
congenital diaphragmatic hernia patients and tend to deteriorate over time.



Introduction

Extracorporeal membrane oxygenation (ECMO) is a cardiopulmonary bypass technique
providing life support when conventional treatment for severe respiratory failure is not
enough. Underlying diagnoses include meconium aspiration syndrome, congenital
diaphragmatic hernia (CDH), persistent pulmonary hypertension of the newborn (PPHN),
sepsis and pneumonia. Ventilator settings are low during ECMO so the lungs can rest.
Lung healing is promoted by reducing barotrauma and hyperoxia '. The collaborative UK
ECMO trial showed improved survival of term infants with severe respiratory failure who
were treated with ECMO #°. The long-term pulmonary sequelae of neonatal ECMO have
hardly been studied. Cross-sectional studies during or shortly after ECMO all reported
reduced lung function, perhaps due to severity of the underlying respiratory disease °°.
We report a study in which we longitudinally evaluated residual lung function in neonatal
ECMO-treated children now between 5 and 12 years of age, distinguished by underlying
diagnosis. Furthermore we related perinatal characteristics to lung function.

Methods

Participants

A prospective longitudinal follow-up study was conducted in children who received veno-
arterial (VA) ECMO support within the first week of life between February 1991 and
August 2004 at the Intensive Care Unit of the Erasmus MC-Sophia Children's Hospital.
The cohort was supplemented with 5 children who received VA ECMO in two other
ECMO centers (Nijmegen, The Netherlands: n=4 and Leuven, Belgium: n=1). Inclusion
criteria and treatment protocols in those centers were the same as ours. ECMO was
initiated in case of reversible severe respiratory failure and an estimated mortality risk of
higher than 80% using the entry criteria of Stolar et al ''. We reported our entry criteria
and exclusion criteria earlier '° and these did not change during the study period. The
study was embedded in a structured prospective post-ECMO follow-up program initiated
in 2001 that provides for regular assessments of lung function, growth and
developmental parameters until 18 years of age '°. Based on the national consensus on
neonatal follow-up and the Dutch Ministry of Health’s requirement to provide relevant
data, the assessment protocol is the standard of care in the Netherlands following
ECMO. As a consequence IRB approval was waived. The parents received information
about the study and gave written informed consent for analysis of data collected during
routine care. Background data were obtained from the charts, including diagnosis,
gestational age, birth weight, age at onset of ECMO, duration of ECMO support, duration
of mechanical ventilation, highest mean airway pressure (MAP) and highest oxygenation
index (Ol) prior to ECMO, total duration of mechanical ventilation (including ECMO), and
duration of oxygen dependency.



Following Jobe and Bancalari, we defined chronic lung disease (CLD) as oxygen
dependency at day 28 and classified it as as mild, moderate or severe, based on the
amount of oxygen needed at day 56 or at discharge, whichever comes first '°.

Lung function

Pulmonary function tests were performed at 5, 8, and 12 years if children were in a
clinically stable condition.

We obtained flow-volume curves; forced expiratory volume in 1 sec (FEV1), forced vital
capacity (FVC), and maximum midexpiratory phase (FEFs.75) were determined from the
best of three reproducible maneuvers. At 8 and 12 years we also determined total lung
volume, functional residual capacity, and residual volume by helium dilution spirometry
(TLCspiro , FRCspiro and RVspiro, respectively) and by bodyplethysmography (TLCpietn,
FRCpieth @and RVpen), and carbon monoxide diffusion capacity (D.co) corrected for
alveolar volume (Kco) using a single breath method (all equipment: Jaeger Masterlab,
Viasys, Hoechberg, Germany). Equipment and procedures were all according to
European Respiratory Society (ERS) criteria ™.

Respiratory morbidity

At 5, 8, and 12 years a medical history was taken including the presence of atopic and
respiratory symptoms, and prescription of prophylactic antibiotics, bronchodilators and
inhaled corticosteroids medication for pulmonary disease.

Analysis

The Ol was calculated as: [(Mean airway pressure x FiO,)/PaO,] x 100 ''. FEV,, FVC,
FEV4/FVC, and FEF.575 were expressed as SDS calculated from the reference values
of Stanojevic '°. Volume of trapped air is considered significant when the ratio of
plethysmographic to spirometric FRC is larger than 1.10 . Post bronchodilator changes
of FEV, were calculated as a simple percentage of the prebronchodilator value: 100x
(post-pre)/post. A >11% bronchodilator change in FEV,; was considered significant,
reflecting reversible airflow obstruction '’.

The null hypothesis that the SDS of lung function parameters did not differ from those of
the reference population (SDS=0) was tested with the one sample Student’s T-test.
Mixed-model ANOVA, which allows for missing data, was applied for the longitudinal
evaluation of the spirometric SDS at 5, 8 and 12 years and RV/TLC ratios, and the ratio
of FRCyieth to FRCqpiroand SDS of Dyco at 8 and 12 years '®.

Values for the two largest diagnostic subgroups (CDH and MAS) were analyzed
separately. The other subgroups were but small and we grouped these as “other
diagnoses”. Correlation coefficients between lung function parameters and gestational



age, birth weight and duration of ventilation, supplemental oxygen and ECMO were
established with Spearman'’s correlation test.

Possible associations between lung function parameters and CLD were explored by
univariate analyses. All results are expressed as mean (SD) or median. P-values of
<0.05 were considered significant. Statistical analysis was performed using SPSS 17.0.

Results

238 children received ECMO support within the first week of life between February 1991
and August 2004 in the Erasmus MC - Sophia Children’s Hospital; 166 survived (70%)
(Figure 1). Twenty children could not perform reproducible lung function tests. Five
children could not be traced, 4 were followed in another ECMO center, parents of 15
children gave no consent, and 6 children had not been tested for logistic reasons. Hence,
the study population included 121 ECMO survivors (including the aforementioned 5 from
other centers) who altogether performed 191 pulmonary function tests between February
2002 and March 2011 in Erasmus MC Rotterdam. Seventy children (58%) had been
diagnosed with MAS; 20 (17%) with CDH. Smaller subgroups received ECMO for:
persistent pulmonary hypertension of the newborn (PPHN; n=17), sepsis (n=8),
pneumonia (n=4) and cardio respiratory failure (n=2). The characteristics at birth are
shown in Table 1. The tested children did not differ from the non-tested children in
gestational age, birth weight, underlying diagnosis, highest MAP, highest Ol, age at
onset of ECMO or duration of ECMO (data not shown). Atopic symptoms were reported
in 7 (9.7%), 9 (11.7%) and 9 (21.4%) children at 5, 8 and 12 years respectively. One
child at age 5 (1.4%) and 1 child at age 8 years (1.3%) took antibiotic prophylaxis to
prevent recurrent airway infections. At 5 years, 10 children (13.9%) used bronchodilators
(4 with additional inhaled steroids). At 8 years, 8 children (10.4%) used bronchodilators
(5 with additional inhaled steroids). At 12 years, 4 children (9.8%) used bronchodilators
(2 with additional inhaled steroids).



238 children received ECMO < first
week of life between February 1991

and August 2004

5 children received ECMO
elsewhere and were
included in our follow-up

72 died (6 MAS, 41 CDH, 25

other)

50 not measured (20 unable,
5 untraceable, 4 follow-up
elsewhere, 15 refusal, 6

logistic)

121 children (191 measurements) |

CDH MAS other
5 years only: n=25 4 13 8
8 years only: n=13 1 10 2
12 years only: n=18 2 11 5
5 and 8 years: n=41 10 21 10
5 and 12 years: n=1 0 0 1
8 and 12 years: n=18 2 14 2
5, 8 and 12 years: n=5 1 1 3
Figure 1: Flowchart: children included in follow-up program.
All participants MAS CDH Other
N (male) 121 (65) 70 (33) 20 (15) 31(17)
Gestational age (wk) 40 (34.7-43.3) 40.6 (36.6-43.3) 39 (36-40.9) 38.5 (34.7-42.3)
Birth weight (g) 3380 (2160-4980) 3400 (2300-4980) 3500 (2160-3810) 3280 (2375-4880)
Age at onset ECMO (hours) 25 (5-168) 23 (6-73) 16 (5-168) 40 (15-152)
Duration of ECMO (hours) 132 (24-369) 126 (24-345) 192 (68-369) 122 (53-288)
Duration of ventilation (days) 10 (1-70) 10 (1-34) 28 (11-70) 9.5 (2-30)
Highest MAP prior to ECMO 20 (12-45) 20 (14-30) 19 (12-45) 19 (13-26)
(cm H20)
Highest Ol prior to ECMO 43 (15-143) 44 (27-143) 44 (15-130) 40 (21-106)
NO treated newborns, n (%) 80 (66) 42 (60) 13 (65) 25 (81)
CLD, n (%) 22 (18.2) 12 (17.2) 10 (50.0) -
Mild CLD 11 (9.1) 0(14.3) 1(5.0) -
Moderate CLD 1(0.8) - 1(5.0) -
Severe CLD 10 (8.3) 2(2.9) 8 (40.0) -

Table 1: Clinical perinatal characteristics of neonatal ECMO-treated patients. Data are expressed as
median (range) unless otherwise indicated. Shown are the total group and the subgroups of infants.
ECMO: Extracorporeal membrane oxygenation. MAS: meconium aspiration syndrome. CDH:
congenital diaphragmatic hernia. MAP: mean airway pressure. Ol: oxygenation index. NO= nitric oxide
therapy. CLD: chronic lung disease, classified according to Jobe and Bancalari '



Lung function

Spirometry

The results of spirometry after bronchodilation (BD) are shown in Table 2. Significant
differences from the norm (SDS=0) are indicated in the table. Significant reversibility of
FEV, was observed in 34 measurements (18%). The median change in FEV, after BD
was 5% (IQR 1 to 10%).

Mean SDS FEV, before and after BD significantly changed within time: at 5 years it was
significantly higher than at 8 years (p=0.039 before and p=0.001 after BD) and at 12
years (p=0.003 before and p=0.001 after BD). It did not significantly change between 8
and 12 years.

Mean SDS FVC before and after BD did not change significantly within time (p-values
not shown).

Mean SDS FEV4/FVC at 5 years was higher than at 8 and 12 years, both before and
after BD (all p-values < 0.001). After BD mean SDS FEV/FVC did not change
significantly between 8 and 12 years; before BD it was higher at 8 years (p=0.033).

Mean SDS FEF,s.75 after BD was higher at 5 years than at 8 years (p=0.02); it did not
change significantly before BD or from 8 to 12 years before and after BD.

Figures 2 and 3 show the SDS FEV, at 5, 8, and 12 years for the three subgroups and
the whole group, before and after BD. Initial diagnosis was a significant determinant in
the mixed model: all spirometric parameters before BD in the CDH group were
significantly lower than those in the other two subgroups. The parameters did not
significantly differ between the MAS group and the other diagnoses group (data not
shown). Individual measurements of FEV; before and after BD in CDH patients are
shown in Figures 4 and 5.

We analysed spirometric values in children with repeated measurements separately.
After bronchodilation, SDS FEV, was significantly higher at 5 year compared with 8 and
12 years (p=0.002 and p=0.005 respectively). FEV/FVC was significantly higher at 5
years compared with 8 and 12 years (both p<0.001). FEF25.75 was significantly higher at
5 years compared with 8 years (p=0.028), there was no significant difference with 12
years. This is similar to the analysis of the whole group, including children with only one
measurement. For all lung function parameters, differences between the different
subgroups were independent of age.



5yrs (n=72) 8 yrs (n=77) 12 yrs (n=42)

SDS FEV,

All participants 0.07 (0.14) -0.40 (0.15)t -0.52 (0.16)t

MAS 0.49 (0.17)% 0.12 (0.14) 0.01 (0.23)

CDH -0.71 (0.40) -2.27 (0.36)* -2.73 (0.61)t

Other 0.01 (0.23) 0.08 (0.31) -0.49 (0.25)
SDS FVC

All participants -0.08 (0.15) -0.22 (0.13) -0.29 (0.16)

MAS 0.40 (0.18)t 0.01 (0.15) 0.12 (0.27)

CDH -0.69 (0.43) -1.48 (0.35)* -1.28 (0.98)

Other -0.01 (0.29) 0.19 (0.25) -0.17 (0.33)
SDS FEV4/FVC

All participants 0.32 (0.15) -0.53 (0.12)* -0.63 (0.15)*

MAS 0.22 (0.19) -0.19 (0.11) -0.32 (0.19)

CDH 0.11 (0.35) -1.47 (0.39)% -2.16 (0.30)%

Other 0.21 (0.35) -0.37 (0.28) -0.61 (0.34)
SDS FEF 5.5

All participants -0.56 (0.19)% -1.02 (0.18)* -0.97 (0.20)*

MAS -0.12 (0.25) -0.34 (0.14)t -0.67 (0.21)f

CDH -1.76 (0.42) -3.07 (0.46)* -3.28 (0.54)%

Other -0.82 (0.38) -0.71 (0.42) -0.93 (0.30)t

Table 2: Longitudinal results of spirometry after neonatal ECMO, after bronchodilation. ECMO:
extracorporeal membrane oxygenation. CDH: congenital diaphragmatic hernia. Mean SDS (+ SE) are
shown for FEV1, FVC, FEV1/FVC, and FEF25-75. Number of patients studied in each group: MAS:
35, 46 and 26 at 5, 8 and 12 years, CDH: 15, 14 and 5 at 5, 8 and 12 years. other: 22, 17 and 11 at 5,
8 and 12 years.SDS significantly below normal (SDS=0; one-sample Student T-test): t+: p < 0.05; £: p
<0.01;*: p<0.001
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Figure 2. SDS FEV, (mean, 95%CI) before bronchodilation at 5, 8 and 12 years for the different
subgroups. Triangles represent CDH patients (n = 14, 13 and 5 at 5, 8, and 12 years respectively);
circles represent children with MAS (n = 34, 46, and 24 at 5, 8, and 12 years respectively), squares
represent children who underwent neonatal ECMO for other diagnoses (n = 22, 16 and 9 at 5, 8, and
12 years respectively). A summary of all cases is shown as diamond.
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Figure 3. SDS FEV, (mean, 95%CI) after bronchodilation at 5, 8 and 12 years for the different
subgroups. Triangles represent CDH patients (n= 10, 14 and 5 at 5, 8, and 12 years respectively);
circles represent children with MAS (n=26, 46 and 23 at 5, 8, and 12 years respectively), squares
represent children who underwent neonatal ECMO for other diagnoses (n= 16, 15 and 11 at 5, 8, and
12 years respectively). A summary of all cases is shown as diamond.
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Figure 4. Change of SDS FEV, before bronchodilation in CDH patients from 5 to 12 years. Each dot
respresents a measurement of an individual patient.



5yrs 8 yrs 12 yrs
n=10 n=14 n=5

Figure 5. Change of SDS FEV/; after bronchodilation in CDH patients from 5 to 12 years. Each dot
respresents a measurement of an individual patient.

Helium dilution spirometry, bodyplethysmography, and diffusion capacity at 8 and 12
years.

The mean (SD) RV%TLCspiro at 8 years was 22.1 (8.3); at 12 years it was 21.1 (7.0). The
mean (SD) RV%TLCen at 8 years was 29.4 (8.2); at 12 years it was 26.5 (6.8) (Table
3). The mean FRCpeispio Was 1.22 (0.22) at 8 years and 1.09 (0.11) at 12 years. A
significant volume trapped air (defined as FRCpietspi>1.10)"> was observed in 32 (64%)
and 13 (46%) of children at 8 and 12 years, respectively. This concerned 12/14
measurements in the CDH group (86%), 26/52 in the MAS group (50%), and 7/12 in the
other diagnoses group (58%). Total diffusion capacity did not differ from the norm
population at 8 and 12 years (p=0.286 and p=0.392 respectively). However, after
correction for alveolar volume the diffusion capacity was significantly below the norm at
the age of 8 (p<0.001) but not at 12 years (p=0.172).

8 years n 12 years n
RV%TLCspiro 22.1 (8.3) 56 21.1(7.0) 30
RV%TLCpleth 294 (8.2) 40 26.5 (6.8) 25
FRColethsspiro 1.22 (0.22) 50 1.09 (0.11) 28
VTA, n (%) 32 (64) 13 (46)
DLCOc (SDS) 0.32 (1.6) 29 -0.28 (1.5) 22
KCOc (SDS) -0.95 (1.1)* 22 -0.41 (1.2) 18

Table 3. Static lung volumes and diffusion capacity at 8 and 12 years. DL coc: diffusion capacity
corrected for Hb. Kcoc: diffusion capacity corrected for alveolar volume and Hb.

RV%TLCgpiro, RV%TLCpetn: mean (SD) %. FRCpetyspiro, Diffusion capacity: mean (SD).

VTA: volume trapped air; number (%) of patients with significant VTA (defined as FRCpsityspiro > 1.10)
is shown.

*: significantly below normal (SDS-score = 0) (p<0.001 at 8 years).



Other determinants of lung function parameters

Beside the effects of age and initial diagnosis we evaluated the influence of other
determinants on spirometric parameters. Before BD, mean SDS FEV, and SDS FVC
were negatively influenced by duration of ventilation (both parameters p<0.001), duration
of ECMO support (p<0.001 for both parameters), and the presence of CLD (both
p<0.001). Both parameters were positively correlated to birth weight (both p<0.001); SDS
FEV: only was positively correlated to gestational age (p=0.001). After BD, mean SDS
FEV4, SDS FVC and SDS FEF,5.75 were negatively influenced by duration of ventilation
(all parameters p<0.001), duration of ECMO support (all p<0.03), and the presence of
CLD (all p<0.001). Mean SDS FEV,, SDS FVC, SDS FEV/FVC and SDS FEF,s75 were
positively influenced by birth weight (all p<0.05); mean SDS FEV, and SDS FEFs.75
were also positively influenced by gestational age (both p<0.01). In univariate analysis
doubling of the logarithm ventilation time resulted in a mean decrease of -0.415 SDS
FEV, at 5 years, -0.782 SDS FEV, at 8 years, and -1.35 SDS FEV, at 12 years (all
p<0.001). RV%TLCpetn and FRCyetvspio Were positively correlated to duration of
ventilation (p<0.001), duration of ECMO support (p<0.02), and birth weight (p<0.04).
Highest MAP and Ol before ECMO did not correlate with any of the lung function
parameters.

Discussion

Residual lung function of the studied 121 children — in terms of mean SDS FEV, and
SDS FEF,5.75 before BD — had significantly decreased between 5 and 12 years of age.
CDH was associated with significantly lower spirometric values and higher frequency of a
significant volume of trapped air compared to other diagnoses. Mean SDS FEV,,FVC,
and FEF2s.75 were negatively influenced by duration of ventilation, and the presence of
CLD.

Long-term pulmonary function abnormalities such as hyperinflation and airway
obstruction are well recognized after neonatal respiratory failure secondary to lung injury
from MAS, CDH and neonatal pneumonia '®'%. Treatment modalites such as
supplemental oxygen and mechanical ventilation contribute to the pathogenesis of CLD
21 Avoiding continued exposure to high inspired oxygen concentration and barotrauma
during the course of ECMO has reduced mortality and encouraged lung healing and
recovery. To our knowledge this is the first longitudinal study on the impact of neonatal
ECMO on lung function in children between 5 and 12 years of age. Beardsmore et al. in
2000 cross-sectionally studied 51 ECMO patients at age 1 year and found few
differences in lung function compared with conventionally ventilated controls. This
provided reassurance that in addition to decreased mortality respiratory function
following ECMO was no worse °. In addition, another study by Beardsmore et al. showed



that when children were categorized according to the underlying reason for ECMO, those
treated for RDS and those treated beyond the first 3 weeks for bronchiolitis or
pneumonia had poorer pulmonary function 12 months later. However, only few CDH
patients were included in this studied population of 106 subjects 2 Hofhuis and
colleagues found below-average but normal lung volumes and stable forced expiratory
flows during the first year of life in 64 infants following ECMO. At 12 months, only the
CDH patients showed signs of hyperinflation with plethysmographic FRC significantly
above normal '°. In an earlier study we found significantly impaired expiratory flows and
increased FRC levels in 12 ECMO and 31 non-ECMO treated CDH patients during the
first year of life. The ECMO-treated CDH patients had significantly higher FRC levels,
thus reflecting more hyperinflation %°. In a cross-sectional study in 54 eight-year-old
patients after severe neonatal respiratory failure, Majaesic and coworkers found a poorer
pulmonary outcome in the subgroup of ECMO treated CDH patients 2 In 2004 Hamutcu
and coworkers cross-sectionally studied 50 children after neonatal ECMO treatment. At a
mean age of 11 years they had significantly lower FEV and FEF;5.75 and hyperinflation
with higher RV compared to healthy matched controls. Single breath diffusion capacity
for carbon monoxide was within the normal range . When children with congenital heart
disease (8%) and CDH (12%) were excluded from analysis, no significant differences in
lung function were observed. Boykin and coworkers reported signs of air trapping and
mild lower airway obstruction in 17 ECMO-treated MAS patients ’.

The strength of the present study is the longitudinal aspect, as most other studies were
performed cross-sectionally. A potential weakness is the lack of appropriate reference
values for longitudinal spirometric measurements and the lack of a healthy control group
in our study. Up-to-date reference data are needed to reflect evolving measurement
techniques and equipment and changes in population characteristics. In 2008, Quanjer
and co-workers compared 5 commonly used reference equation sets to serial
measurements and found that Stanojevic’s equations performed best and are suitable for
longitudinal data analysis as they cover a wide age range and account for a gradual
transition from childhood into adulthood. In another study they compared 30 spirometry
datasets and concluded that the use of local controls to validate reference equations will
rarely be practical due to the numbers required and that the use of reference equations
derived from large or collated datasets is recommended **. Therefore we computed SDS
of spirometric values using those equations, which distinguish between the effects of
disease and those of growth and development % As treatment protocols improve over
time, results from earlier studies may not just be applicable to patients treated with
ECMO today. This is, albeit to a lower extent, also a limitation of our study. Not all
patients were tested at all 3 time points, which created an unfavorable but unavoidable
heterogeneity in the age distribution. Our ventilation strategies and ECMO treatment
protocols have indeed been adjusted over the past decade, resulting in better survival in
CDH patients ?°. Recent protocols based on meta-analysis of retrospective studies



provide guidelines for the use of ECMO in CDH patients ?’. These could well lead to
better long-term pulmonary outcome and lung function.

In our study, the SDS for all spirometric parameters in the CDH group were significantly
lower than those in the MAS or other diagnoses patients. This finding is in line with
findings from other studies. While infants with MAS have normal lung development, CDH
is associated with lung hypoplasia and PPHN. The severity of lung hypoplasia and PPHN
in CDH patients covers a wide range. ECMO-treated CDH patients are regarded as the
most severe cases 2>?°. Their improved survival might be counterbalanced by increased
morbidity. Maldevelopment of the alveoli and pulmonary vessels with disturbed lung
growth may be responsible for the deterioration of lung function. Also, prolonged
ventilatory support and supplemental oxygen after ECMO treatment may result in CLD.
Recurrent respiratory tract infections can further compromise lung function over time.
Our group has recently reported a significant decline of exercise capacity in a cohort of
ECMO survivors which overlaps with the population described in the present study. 2,
Interestingly, this decline was irrespective of the underlying diagnosis and we were
unable to show an association between maximal exercise capacity and SDS of FEV, and
FEV4/FVC. For all patients, we advocate an active lifestyle and healthy eating pattern as
sports participation interacts positively and BMI negatively with exercise capacity *°.
Adequate treatment of recurrent respiratory tract infections, close monitoring and
treatment of asthma could perhaps halt deterioration of exercise capacity and lung
function, especially in CDH patients. The use of prophylactic bronchodilators, e.g. during
exercise, should not be advised routinely.

From our results it can be concluded that lung function is compromised after neonatal
ECMO treatment and seems to deteriorate over time in CDH patients only. Airway
patency in patients with all other diagnoses was within the normal range and remained
stable over time. Therefore we assume that the underlying condition and not ECMO itself
is responsible for the compromised lung function post-ECMO. ECMO may even reduce
the harmful effects of high pressure ventilation and high doses of oxygen. Although the
severity of pulmonary hypertension diminishes during ECMO and later in CDH patients,
sequelae of abnormal lung development will still be present as reflected by compromised
lung function in this patient group.

We recommend prolonged follow-up, especially of patients with CDH, to further elucidate
the increased respiratory morbidity that occurs with better survival and changing
treatment protocols.
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Abstract

Background

Survival rates of patients with congenital diaphragmatic hernia (CDH) have improved to
up to 80%. Little is known about long-term consequences of the disease and its
treatment. We evaluated lung function and respiratory symptoms longitudinally in a
previously studied cohort of CDH patients and age-matched non-CDH patients who
underwent similar neonatal intensive care treatment.

Study Design

We tested 27 young adults (mean (SD) age: 26.8 years (2.9)) with CDH and 30 non-CDH
patients. Dynamic and static lung volumes, midexpiratory flows and diffusion capacity
were expressed as mean (SD) standard deviation scores (SDS). Prevalence of
respiratory symptoms was evaluated with the European Community Respiratory Health
Survey.

Results

All data are expressed as mean (SD). FEF25.75 in CDH patients had slightly deteriorated
since childhood (CDH: -0.7 (1.4) vs. -1.6 (1.5), p<0.001; non-CDH patients: 0.2 (1.4) vs. -
0.3 (1.6), p=0.038, ns). Diffusion capacity decreased in both groups (CDH: DLcoc 0.2
(1.1) vs. -1.5 (1.1), p <0.001; non-CDH: DL¢oc 0.1 (0.4) vs. -1.1 (1.1), p<0.001). Lung
volumes were normal in both groups. The prevalence of asthma was higher than in the
normal population (27.6% in CDH patients and 30% in non-CDH patients, p<0.001).

Conclusions

Airflow obstruction and diffusion capacity deteriorated mildly from childhood into
adulthood in survivors of congenital diaphragmatic hernia. The improved survival of
patients with more severe forms of diaphragmatic hernia calls for long-term follow-up of
lung function.



Introduction

Congenital diaphragmatic hernia (CDH) combines a developmental defect of the
diaphragm with pulmonary hypoplasia, abnormal pulmonary vascular development and
vaso-reactivity '. Postnatal survival rates are now approaching 80% 2.The focus of
research has therefore shifted from mortality to morbidity *>. Neonates with CDH are at
risk of developing bronchopulmonary dysplasia (BPD) due to ventilator induced injury
and high concentrations of oxygen *°. Respiratory morbidity through different stages of
life of CDH patients was reported in several cross-sectional studies ®'?. In 1997 we
published data on lung function in 7 to18-year-old CDH patients and age-matched
controls without CDH and lung hypoplasia who underwent similar neonatal treatment.
We found mild airway obstruction in both groups and more peripheral airway obstruction
in CDH than in non-CDH patients. Both groups had normal lung volume and a high
prevalence of increased airway responsiveness °. To our knowledge, no study has
evaluated lung function longitudinally from childhood to adulthood in CDH. The primary
objective of this study was to evaluate longitudinal development of pulmonary function
and respiratory symptoms in the above mentioned cohort of CDH patients and non-CDH
patients with normal lung development who as neonates underwent similar intensive
care treatment The secondary objective was to compare lung function and respiratory
symptoms at adult age between groups as this would allow for estimating if and to what
extent neonatal intensive care treatment contributes to the sequelae of CDH.

Methods

Participants

The original study by IJsselstijn et al ° concerned 40 children at a mean (SD) age of 11.8
(2.6) years who as neonates had been operated on for CDH in the Erasmus MC-Sophia
Children’s Hospital, could perform lung function tests reproducibly, and had been
clinically stable for at least 3 weeks prior to the lung function tests. The study excluded
children who had undergone previous thoracic surgery for other reasons than CDH,
suffered from non-CDH lung hypoplasia or other lung anomalies, or were unable to
perform reproducible lung function tests. Setting out to include 2 controls for each CDH
patient, |Jsselstijn et al. were able to recruit 65 non-CDH patients from the 3 academic
centres in question in the Netherlands with the best possible match for age at follow-up,
gestational age, birth weight, duration of mechanical ventilation, supplemental oxygen
and sex. In the present study we contacted all 40 participants (CDH) and their
individually matched controls (non-CDH) in the original study. Exclusion criterion for the
present study was severe neurological co-morbidity preventing lung function
measurement. The Medical Ethical Review Board Erasmus MC approved the study
(MEC-2007-150) and all patients provided written informed consent.



Medical assessment

Medication for pulmonary disease was discontinued 24 hours prior to the tests. Height
(cm) and weight (kg) were measured. Body mass index (BMI) was calculated and the
Dutch Growth Analyser, version 3.0 (Dutch Growth Foundation, Rotterdam, the
Netherlands) served to calculate standard deviation score (SDS) for height on the basis
of Dutch reference values . This was done to correct for sex-specific differences. We
classified smoking habits and calculated “pack years”: ((number of cigarettes smoked per
day x number of years smoked) / 20). Presence of scoliosis was determined by a
standardized physical examination.

Lung function measurement

Spirometry was performed with a dry rolling seal spirometer (Jaeger, Wurzburg,
Germany). To assess potential airway obstruction, spirometry was repeated after
inhalation of 12 mcg of formoterol. Forced expiratory volume in 1 sec (FEV,) and FEV+/
forced vital capacity (FVC) and forced expiratory flows between 25% and 75% of vital
capacity (FEFs.75) were expressed as SDS '*. To compare the lung function parameters
longitudinally and to correct for sex, we calculated SDS from the absolute data using the
reference equations according to Stanojevic '°. Total lung capacity (TLC), residual
volume (RV) and functional residual capacity (FRC) were determined by whole body
plethysmography (Masterscreen PFT, Carefusion, San Diego, USA) and expressed as
SDsS ™.

Diffusion capacity for carbon monoxide (DLco) was measured by the single-breath
method using a multigas analyzer (Jaeger, Wurzburg, Germany). Reference values for
DLco and DLco corrected for alveolar volume (Kco) were based on the modified
reference equations by Stam ', (extended dataset, as recommended by the
manufacturer). DLco and Kco were corrected for hemoglobin concentration (DLcoc and
Kcoc). The fraction of exhaled NO (FEno) was measured online using the NIOX analyzer
(Aerocrine, Solna, Sweden) according to previously described guidelines '®. Equipment
and procedures all fulfilled ERS criteria *°.

Questionnaires

The European Community Respiratory Health Survey (ECRHS) questionnaire was
administered to assess the prevalence of respiratory symptoms and asthma 2 A
validated screening questionnaire was used to assess the prevalence of atopic
symptoms 2",



Data analysis

Differences in perinatal characteristics between participants and non-participants were
established with Mann Whitney U tests. One-sample t-tests were used to test whether
mean SDS height and lung function parameters differed from normal (SDS=0). The
prevalence of respiratory symptoms from the ECRHS questionnaire among CDH and
non-CDH patients was compared with that of the general population with the Chi-square
test. Longitudinal differences in lung function between childhood and adulthood in CDH
and non-CDH patients were tested with paired sample T-tests. Only childhood data from
the participating CDH and non-CDH patients in the current study were used. Adulthood
data of normally distributed variables were compared between CDH and non-CDH
patients in using Mixed Model ANOVA taking account of the pairing of individuals. In
case 2 non-CDH patients were available for one CDH patient, mean value of 2 non-CDH
patients was used for the paired analysis. RV/TLC was expressed as percentage. A post
bronchodilator change in FEV, of > 12% was considered clinically significant, thus
reflecting reversible airflow obstruction '*%2. We analyzed the following components in a
Mixed Model as covariates to investigate if they had a significant influence on lung
function parameters: neonatal ventilatory support, neonatal supplementary oxygen, SDS
height at follow up, atopy, doctor-diagnosed asthma, smoking habits and parental
smoking habits. Data were shown as mean (SD) unless stated otherwise. In view of the
multiple comparisons made, statistical significance was accepted at two-tailed 1% level
for all tests. Statistical analyses were performed using SPSS 15.0 for Windows.

Results

In CDH patients, 27 of the 40 patients in the original study of IJsselstijn ° (68%)
participated fully (mean (SD) age 26.8 (2.9) years). Two others only completed the
questionnaires. Two of them had not undergone lung function testing in childhood (one
refused and one suffered from neurodevelopmental impairment which improved over the
years). Eleven CDH patients did not participate at all for the following reasons: refusal
(n=9), acquired serious neurological co-morbidity (n=1) and lost to follow-up (n=1). For
these 27 CDH patients 48 previously matched patients were available; two others had
died (from causes unrelated to neonatal problems). Sixteen patients refused and 2 were
lost to follow-up. Thus, the non-CDH group consisted of 30 patients (63%) at a mean
(SD) age of 26.6 (2.4) years. Eighteen CDH patients each had one matched patient and
6 CDH patients each had 2 matched patients. Matched patients were not available for
the 3 remaining CDH patients.

In non-CDH patients the 30 participants had received neonatal intensive care for:
meconium aspiration (n=12), persistent pulmonary hypertension (n=5), respiratory



distress syndrome (n=5), asphyxia (n=4), pneumonia (n=3) and sepsis (n=1). Perinatal
characteristics (age at follow-up, gestational age, birth weight, duration of ventilation,
supplemental oxygen and sex) did not significantly differ between participants and non-
participants (data not shown). In CDH patients the mean SDS height was significantly
lower than that of the non-CDH patients (p=0.002), between groups p-value).
Participants’ characteristics are listed in Table 1.

40 CDH patients included in
study of IJsselstijn et al. (1997)
with 65 age-matched controls

CDH

9 no consent

2 only questionnaires

1 acquired neurological co-
morbidity

1 lost to follow-up

27 CDH had 50 historical
age-matched controls

Control patients

2 dead
16 no consent
2 |ost to follow-up

Present study

27 CDH patients (67.5% of 40 particlpants in 1997)
2 CDH patients only questionnaires (5% of 40
participants in 1997)

30 control patients (62.5% of 48 eligible controls)

Figure 1: Flowchart. CDH: congenital diaphragmatic hernia



CDH Non-CDH

Number 27 30
Male n (%) / female n (%) 16 (59) /11 (41) 20 (67) /10 (33)
Birth weight, kg ; mean (SD) 3.2 (0.6) 3.0 (0.6)
Gestational age, weeks (median, range) 40 (28-43) 38 (29-40)
Left-sided diaphragm defect 26 (96%) -
Patch repair n (%) 10 (37%) -
Duration of ventilation, days (median, range) 4 (0-143) 4.5 (0-25)
Duration of oxygen supply, days (median, range) 6 (0-60) 5 (0-19)
CLD n (%)(02 > 28 days) 5(18.5) 0(0)
History of asthma; n(%) * 8 (29.6) 9 (30.0)
Family history lung disease positive; n(%) * 7(25.9) 5(16.7)
Family history atopy positive (n%) * 12 (44.4) 10 (33.3)
Atopic symptoms (= 1); n (%) t 17 (63) 15 (50)
Smoking *

Yes: n (%) 12 (44 .4) 8 (26.7)

Pack years of smokers: median (range) 10.4 (3.5-30.0) 8.8 (0.1-22.5)
Maternal smoking during pregnancy *

Yes: n (%) 4 (15) 3 (10)
Parental smoking during childhood *

Yes: n (%) 18 (67) 19 (63)
Age at assessment, years; mean (SD) 26.8 (2.9) 26.6 (2.4)
SDS height; mean, (SD)  (n=27) -0.9 (1.1) 0.0 (0.9)
BMI, m/kg%; mean (SD) (n=27) 23.8 (4.4) 24.3 (3.8)
Scoliosis: n (%)(n=27)

Mild 5(18.5) 0 (0)

Severe 2(7) 0 (0)

Table 1: Characteristics of all participants studied in adulthood. CDH = congenital diaphragmatic
hernia, CLD = chronic lung disease. Patch repair: diaphragm defect repaired with a patch (Teflon,
Lyodura), in 1 patient primary or patch repair unknown. BMI = body mass index.

*items from ECRHS questionnaire { item from atopy questionnaire } between groups p = 0.002,
(mixed model ANOVA)

Change in lung function from childhood to adulthood

In CDH patients all spirometry parameters before BD did not change significantly over
time. In non-CDH patients mean (SD) SDS FEV/FVC improved significantly over time (-
0.8 (1.0) in childhood and -0.3 (1.3) in adulthood; p<0.001). The other spirometry values
before BD were unchanged in non-CDH patients (data not shown). In CDH patients
mean values of SDS FEF5.75, SDS DLcoc and SDS Kc¢oc after BD in were significantly
lower in adulthood than in childhood (Table 2a). In non-CDH patients mean SDS DLcoc,
Kcoc and SDS K¢oc were significantly lower in adulthood than in childhood (Table 2b).



Results of lung function measurements after BD are shown in Table 2, Figure 1 and 2.
Bronchodilator responsiveness, defined as improvement of SDS FEV; after
bronchodilation, was statistically significant in both groups in childhood and adulthood (in
CDH patients mean difference 0.53 (p<0.001) and 0.26 (p=0.001) respectively, in non-
CDH patients 0.58 (p<0.001) and 0.31 (p<0.001)). The improvement of SDS FEV, after
bronchodilation decreased significantly from childhood to adulthood in both groups
(p<0.003).

Mean (SD) Childhood (n=27)  Adulthood (n=27) p-value
SDS FEV, -0.8 (1.2) -1.3(1.4) 0.046
SDS FVC -0.4 (1.0) -07(1.2)° 0.051
SDS FEV,/FVC 0.6 (1.2)° 09(1.2)° 0.222
SDS FEF,5.75 -0.7 (1.4) 1.6 (1.5)° <0.001"
RV/TLC jetn % 29.3 (5.1) 27.0 (5.6) 0.028"
DLcoc (pmol/s/kPa) 95.3 (20.8) 147.2 (38.6) 0.001"
SDS DLcoC 0.2 (1.1) -1.5(1.1)° <0.001"
KcoC (umol/s/kPalL) 32.0 (4.2) 26.3 (4.0) <0.001"
SDS Kcoc -0.1 (0.6) -0.5(0.7)" 0.622

Table 2a: Longitudinal lung function from childhood to adulthood in CDH patients. Results of
Spirometry, Lung volume measurement and Diffusion Capacity in CDH patients after bronchodilation
in childhood and adulthood

Mean (SD) Childhood (n=30)  Adulthood (n=30) p-value
SDS FEV, -0.1 (1.3) -0.4 (1.7) 0.132
SDS FVC -0.1 (1.1) -0.4 (1.4) 0.031
SDS FEV4/FVC -0.2 (1.1) 0.0 (1.2) 0.413
SDS FEF5.75 0.2(1.4) -0.3 (1.6) 0.038
RVITLCpietnh % 25.6 (4.9) 23.9 (4.3) 0.106
DLcoc (Wmol/s/kPa) 109.8 (23.5) 173.6 (31.3) <0.001"
SDS DLcocC 0.1 (0.4) 1.1(1.1)* <0.001"
Kcoc (pmol/s/kPall) 32.1(3.2) 26.1(3.4) <0.001"
SDS Kcoc 0.1 (0.6) -0.4 (0.9) 0.007"

Table 2b: Longitudinal lung function from childhood to adulthood non-CDH patients. Results of
Spirometry, Lung volume measurement and Diffusion Capacity in non-CDH patients after
bronchodilation in childhood and adulthood

*one sample t-test: mean value significantly below the norm (SDS=0)

t: significantly lower, paired sample T test (p < 0.01)

Childhood data only from the participating CDH and non-CDH patients were used.
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Figure 1: CDH patients: Spirometric values (SDS) after bronchodilation. Open circles represent
values in childhood, closed circles represent adult values. Bars per panel indicate mean value.
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Figure 2: non-CDH patients with normal lung development and similar neonatal intensive care
treatment: Spirometric values (SDS) after bronchodilation. Open circles represent values in childhood,
closed circles represent adult values. Bars per panel indicate mean value.

Differences in lung function in adulthood between CDH and non-CDH patients

The mean SDS FEF.s.75 before BD in CDH patients was significantly lower than that in
non-CDH patients (-1.6 (1.5) vs. -0.6 (1.3); p=0.008). Clinically reversible airflow
obstruction with > 12% individual post bronchodilator change in FEV4 occurred in 5/27
(18.5%) CDH patients and in 1/30 (3.3%) non-CDH patients. The mean (SD) SDS
FEV4/FVC and SDS FEF,s.75 after BD in CDH patients were significantly lower than those



in non-CDH patients (Table 3). In adult CDH patients all spirometric values, before and
after BD, and SDS DL¢oc and SDS Kc¢oc were significantly below normal (p<0.009) for all
parameters, within groups one sample t-test). In adult non-CDH patients mean SDS
FEV,and SDS FEF,s.75 before BD, and DLcoc after BD were significantly below normal
(p=0.006, Table 3).

Mean (SD) CDH (n=27) non-CDH (n=30) p-value
SDS FEV, -1.2 (1.4) -0.2 (1.5) 0.071
SDS FVC 0.7 (1.1)* -0.3 (1.3) 0.243
SDS FEV4/FVC -0.8(1.2)* 0.0 (1.0) 0.008"
SDS FEF 5.5 -1.5(1.6)* -0.2 (1.3) 0.006"
Reversibility FEV4(ml) 101 (150) 158 (124) 0.154
% FEV, change after BD 3.4 (5.5) 3.7 (2.9) 0.855
SDS TLCyetn 0.1 (1.1) 0.1 (1.1) 0.977
SDS RVyetn 0.3 (0.9) -0.1 (0.9) 0.071
SDS FRCpietn -0.1 (1.1) -0.1 (1.1) 0.960
RVITLCpeth (%) 27 (5.8) 24 (4.4) 0.015
SDS DLcoc -1.501.1)* -1.1(1.0)* 0.145
SDS KcoC -0.5(0.7)* -0.3 (0.9) 0.349
NO ppb (median, range) 9.9 (4.0-33.7) 18.4 (5.9-37.8) 0.025

Table 3: Comparison of lung function between both groups in adulthood. * : significantly below normal
(SDS = 0). One sample t-test was used. t: significantly lower, p-values from mixed model ANOVA

Questionnaires

In CDH patients, 3 (10.3%) reported shortness of breath when walking at their own pace
on level ground (Table 4). This proportion was significantly larger than that in the general
population (p < 0.001). The prevalences of doctor-diagnosed asthma in CDH and non-
CDH patients were significantly higher compared to reference values (p<0.001 in both
groups). The prevalence of atopic symptoms did not significantly differ between groups
(in CDH patients: 63%; in non-CDH patients: 50%; p=0.471; Table 1).

Associations

In CDH patients, a longer duration of supplementary oxygen was associated with lower
SDS FVC (R= -0.60, p=0.001). ANOVA showed no other significant associations
between clinical characteristics and and lung function parameters.



CDH Non-CDH  General pop.

CDH Non-CDH
(n=29)  (n=30) (n=1310) on

Symptom Yes, % Yes, % Yes, % p p

. I-.Iave. you had wheezing in your chest at any 31 10 20.4 0.242 0.241
time in the last 12 months?

e Have you had this wheezing when you did 13.8 33 122 1.00 0.232
not have a cold?

o Are you troubled by shortness of breath when
hurrying on level ground or walking up a 13.8 0 13.1 1.00 0.042
slight hill?

e Do you get short of breath walking with other 10.3 0 16 0.004 * 1.00
people of your own age on level ground?

¢ Do you have to stop for breath when walking 103 0 04 <0.001 * 1.00
at your own pace on level ground?

e Have you ever had asthma? 27.6 30 4.5 <0.001*  0.001*

e Have you had an attack of asthma in the last 0 33 13 1.00 0.338
12 months?

¢ Do you use asthma medication now? 6.9 3.3 2.1 0.128 0.473

¢ Do you have hay fever? 17.2 13.3 18.7 1.000 0.617

¢ Do you have eczema? 27.6 36.7 36.2 0.458 1.00

Table 4: Prevalence of symptoms established with the ECRHS questionnaire. General population
from the Dutch part of the European Community Respiratory Health Survey (ECRHS) questionnaire
20. Prevalences of symptoms in CDH and non-CDH patients were compared with prevalences in the
general population using crosstabs and Chi-square/Fisher exact test. Questionnaires were completed
by 29 CDH patients. * : significantly higher prevalence compared with general population

Discussion

In this study we evaluated the course of lung function and respiratory symptoms from
infancy until adulthood in a cohort of CDH patients and matched non-CDH patients with
normal lung development who underwent similar neonatal intensive care treatment. In
both groups airflow obstruction increased from childhood into adulthood, being still mild
to moderate in CDH patients, and mild in non-CDH patients. Several cross-sectional
studies showed peripheral airway obstruction in infants with CDH %, in childhood ®°"'
and adulthood ?*%° but evolution of this airway obstruction has never been assessed. In
2009 Filippone reported that V’maxgrc values in seventeen 2-year old BPD survivors
correlated with FEV, values at 9 and 15 years of age. This suggested that early lung
injury may influence long-term lung function and respiratory health % The limited
differences between CDH and non-CDH patients in this study suggest that it is not
residual lung hypoplasia but mainly neonatal intensive care treatment that contribute to
long-term pulmonary sequelae. Bronchodilator response decreased from childhood into
adulthood but remained significant. This indicates that the observed airway obstruction
due to increased airway responsiveness was still present and that a reduced distal



airway diameter is not only due to fibrotic changes. Although airway obstruction improved
after bronchodilation, all spirometric values were still reduced in CDH patients. Indeed,
the prevalences of asthma in CDH and non-CDH patients were significantly higher than
that in the general population. Static lung volumes were normal in adult patients in both
groups, consistent with the observations of others ''. The RV/TLC ratio was higher and
tended to be significantly higher in CDH than in non-CDH patients, which might be due to
obstructive lung disease. As the number of alveoli may be reduced, we also measured
diffusion capacity as a measure of the alveolar surface. Significantly decreased levels of
DLcoc in both groups in adulthood, and decreased levels of Kcoc in CDH patients
suggest a decreased diffusion surface area. Although a normal TLC suggests the
absence of residual lung hypoplasia in CDH, it cannot differentiate between normal lungs
and hyperinflated hypoplastic lungs. Increased RV/TLC and reduced Kcoc are
suggestive of persisting abnormal lung structure. Indeed, several reports on lung
morphology after neonatal repair of CDH describe an increase in alveolar size ?’ and
chest radiographs are frequently abnormal in CDH survivors %. A recent study
comparing MRI-based functional pulmonary measurements in 12 CDH patients and
healthy matched controls revealed normal volumes on pulmonary function testing and
increased ipsilateral lung volume on MRI in CDH ?°. Those CDH patients had a smaller
cross-sectional area and lower flow parameters of the left pulmonary artery. Earlier
scintigraphic studies also showed reduction of the entire pulmonary vascular bed *.
From ventilation—perfusion data Hayward and colleagues suggested that most of the
lung growth in their CDH population 0.1-13 years was caused by the expansion of
already existing alveoli and not by increasing numbers of alveoli *'. Our findings suggest
dysanaptic lung growth with normal lung volumes, a decreasing RV/TLC ratio from
childhood into adulthood and decreased D coc and Kcoc, — consistent with findings in
these aforementioned studies. Asthma appeared to be highly prevalent in both groups.
This is in line with findings from previous studies and we previously documented
increased airway responsiveness in this group * °. In the general population, wheezing
and shortness of breath was reported more frequently than doctor-diagnosed asthma.
With a registered (RIVM, National Institute for Health and Environment) asthma
prevalence of 2.3% in the age group 20-29 years in the Dutch population, we assume the
crux of the matter is overestimation of (non-asthma) wheezing and exercise induced
(normal) shortness of breath in the ECRHS population rather than underestimation of
doctor-diagnosed asthma. Many CDH patients smoked. Smoking can cause a slightly
faster decline in FEV; with age * and a lower diffusion capacity **. In our study smoking
was not associated with spirometric parameters. Diffusion capacity however, was
negatively related to pack years. This might (partly) explain the significantly below-
normal Kcoc value in CDH patients. When using the data from the ECRHS
questionnaire, the prevalence of smoking in CDH patients was not significantly different.
However, the ECRHS questionnaire was published in 1996 and during this period the
prevalence of smoking in the Netherlands decreased from 35% to 23% in the period
2007-2009 when our study was performed (Statistics Netherlands).



A potential weakness of our study was the lack of appropriate reference values for
longitudinal spirometric measurements. As techniques, equipment and population
characteristics evolve, up-to-date reference data to reflect these changes are needed. In
2008, Quanjer and co-workers compared different reference equations. Importantly, they
concluded that Stanojevic’s reference equations covered the widest age range (4-80
years) with a gradual transition from childhood into adulthood '°. This is why we
computed SDS of spirometric values at both ages using these equations. Also,
longitudinal reference data for static lung volumes and diffusion capacity are lacking. For
diffusion capacity, we used reference data from Stam et al. for 6-18 year-olds and those
for adults from 18 years old "*. We could not longitudinally compare our lung volume
data collected during childhood and adulthood.

In conclusion, both CDH patients and non-CDH patients who as neonates underwent
similar intensive care treatment had mild airflow obstruction and reduced diffusion
capacity at adult age, both of which conditions had deteriorated mildly but significantly
since childhood in CDH patients. Differences between groups were only minor, indicating
that not only residual sequelae of CDH but mainly intensive care treatment contributed to
the outcome. For children born from the early 1990s onwards, improved ventilation
techniques such as high frequency oscillation and extracorporeal membrane oxygenation
therapy can reduce lung injury. This evolution may be counterbalanced by the rise in
CDH survival rate from 50 to 80%, with survivors showing more severe lung hypoplasia
and persistent pulmonary hypertension *°’. As collective data have recently
documented a 41% incidence of BPD %, there is every reason to advocate long-term
follow-up of lung function in CDH patients. Education and early intervention may be
important to reduce the harmful effects of smoking on lung function.
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Abstract

Little is known about long-term effects of neonatal intensive care on exercise capacity,
physical activity, and fatigue in term borns.

We determined these outcomes in 57 young adults, treated for neonatal respiratory
failure; 27 of them had congenital diaphragmatic hernia with lung hypoplasia (group 1)
and 30 had normal lung development (group 2). Patients in group 2 were age-matched,
with similar gestational age and birth weight, and similar neonatal intensive care
treatment as patients in group 1. All patients were born before the era of extracorporeal
membrane oxygenation, nitric oxide administration and high frequency ventilation.
Exercise capacity was measured by cycle ergometry; daily physical activity with an
accelerometry-based activity monitor; and fatigue by the Fatigue Severity Scale.

Median (range) VO, peak in mL/kg/min was 35.4 (19.6-55.0) in group 1 and 37.6 (15.7-
52.7) in group 2. There was a between groups p-value of 0.65 for exercise capacity.
Daily activity and fatigue was also similar in both groups. So, residual lung hypoplasia did
not play an important role in this cohort . There were no significant associations between
exercise capacity and perinatal characteristics.

Future studies need to elucidate whether exercise capacity is impaired in patients with
more severe lung hypoplasia who nowadays survive.



INTRODUCTION

Long-term pulmonary sequelae and exercise tolerance in term born patients following
neonatal respiratory failure are under-documented. Airflow obstruction and hyperinflation
have been reported in 8- and 11-year-old children following neonatal intensive care
treatment "2. Hamutcu (2004) reported that both oxygen saturation levels at maximal
exercise and peak oxygen consumption in 11-year-olds who had undergone neonatal
extracorporeal membrane oxygenation (ECMO) treatment were lower than those in
healthy controls.

Congenital diaphragmatic hernia (CDH) patients form an interesting subgroup of term
born neonates with respiratory failure. In CDH, a developmental defect of the diaphragm
is combined with pulmonary hypoplasia, abnormal pulmonary vascular development and
vaso-reactivity °. The focus of research interest has gradually shifted from mortality to
morbidity *. Cross-sectional studies have documented a range of long-term
complications at childhood and adolescent ages, including ventilation-perfusion
mismatch and airflow obstruction *>".

We previously reported pulmonary sequelae in CDH patients (median age 11.7 years)
and age-matched patients who underwent similar neonatal intensive care treatment ’.
This cohort was born before the era of ECMO, nitric oxide administration and high
frequency ventilation. In other words, the concepts of treatment and the therapeutic
possibilities were quite different than nowadays. In childhood, we found increased
bronchial responsiveness, normal carbon monoxide diffusion capacity (DLco) and mild
airway obstruction in both groups, with more peripheral airway obstruction in CDH
patients. Exercise capacity was not determined then. Re-evaluation of lung function in
the same cohort in young adulthood, revealed a slight but significant deterioration of
airflow obstruction in CDH patients and deterioration of DLco in both groups. The
prevalence of asthma was — for both groups — higher than in the normal population 2.

Another cohort of patients with neonatal respiratory failure who all had to be treated with
neonatal ECMO was studied at 5-12 years. In that cohort we observed decreased
exercise capacity deteriorating over time ™.

Little is known about exercise capacity and health status in adult survivors after neonatal
surgical repair of CDH . Moreover, it is unclear whether CDH and lung hypoplasia
influence level of physical activity or severity of fatigue. The aims of the present study
therefore were:

- To assess exercise capacity, level of physical activity, severity of fatigue, health
status and participation in our previously studied cohort of CDH survivors (group
1) in comparison with a group of age-matched non-CDH patients with normal lung
development who underwent similar neonatal treatment (group 2); and so to



investigate if and to what extent residual lung hypoplasia affects the above-
mentioned parameters in young adults after neonatal respiratory failure.

- To investigate correlations between exercise capacity and perinatal
characteristics, and between exercise capacity and outcome parameters, i.e. lung
function, smoking habits, fatigue, health status and participation at young adult
age.

METHODS

Participants

All patients described in a study by IJsselstijn et al.” were regarded as potential
participants. In that study, efforts had been made to match each CDH patient with two
non-CDH patients. The non-CDH had been matched for age at follow-up and were
further selected to obtain the best possible match for gestational age, birth weight,
duration of artificial ventilation, duration of supplemental oxygen, and gender. We
screened all participants with the Physical Activity Readiness Questionnaire "*'® and
participants had to be clinically stable > 3 weeks. Any medication for pulmonary disease
was discontinued 24 hours prior to testing. Patients with serious comorbidity, such as
serious neurological impairment, were excluded. Except for daily physical activity testing,
which was done at home, all assessments were performed in our outpatient clinic on a
single morning between 9 and 12 am.

The Medical Ethical Review Board Erasmus MC approved the study (MEC-2007-150)
and all patients provided written informed consent.

Medical assessment

Height (cm) and weight (kg) were measured. Body mass index (BMI) and standard
deviation scores (SDS) for height were calculated as described previously 2. Sports
participation, paid employment and smoking habits were recorded. Smoking was
quantified in terms of “pack years”. The presence of scoliosis was determined by a
standardized physical examination; it was considered severe if referral to an orthopaedic
surgeon was required.

Lung function

Spirometry was performed with a dry rolling seal spirometer (Jaeger, Wurzberg,
Germany) and repeated after inhalation of 12 mcg of formoterol. Forced expiratory
volume in 1 s (FEV,), forced vital capacity (FVC), and FEV4/FVC were expressed as
standard deviation scores (SDS) '. In addition DLco was measured using a single-



breath method. Reference values for DLco and DL¢o corrected for alveolar volume
(DLco/Va ) were based on modified equations according to Stam et al. '®. For males:
DLco (umol.s™ kPa™) = 271 - (2.1 x age) (SD 25); for females: DLco = 187 - (1.3 x age)
(SD 19). For males and females: DLco/Va (umol.s™ kPa™'.L™") = 31.5 - (0.17 x age) (SD
3.4).

Exercise testing

All exercise tests were performed after spirometry, and therefore 1-2 hrs after inhalation
of formoterol. Maximal cardiopulmonary exercise testing (CPET) was performed on an
electrically braked cycle ergometer (ER800, Jaeger Toennies, Breda, The Netherlands)
according to ATS/ACCP guidelines '°. Resistance was increased every minute (min) with
a variable load according to Wasserman et al ?°. Pedal frequency was maintained
between 50 - 70 revolutions/min. Heart rate (HR) was monitored with a pulse oximeter
(MARS (motion artifact reduction system), type 2001, Respironics Novametrix,
Murrysville (PA)). Respiratory gas was monitored on a breath-by-breath basis using a
Jaeger Oxycon Pro (Care Fusion, Houten, the Netherlands). Cardio-respiratory fitness
was defined as the mean oxygen uptake during the last 30 seconds (s) of exercise
(VOopeak expressed as ml/min and relative to body weight as ml/min/kg). The ventilatory
anaerobic threshold (VAT, expressed as percentage of the VO,peak) was estimated 2.
The VE/VCO, slope was calculated from a regression line of minute ventilation and
carbon dioxide production. Peak workload (Wpeak) Was defined as the mean highest
workload maintained during 1 min. The CPET was considered to be maximal if one or
more of the following conditions were met: achievement of maximal HR > 80% of pred;
(pred = 220 beats per min (bpm) - age (years)), respiratory exchange ratio (RER = ratio
of VCO,/VO,) > 1.15, or exhaustion '°. The Borg scale for rating perceived exertion %
was applied to measure subjective strain. VO,peak was reported as absolute value and
was calculated as percentage of the predicted VO,max for group comparisons because
of the unequal distribution of men and females in the two groups %. We analyzed
peripheral venous plasma lactate concentrations at rest and at 3 min after peak
exercise %,

Level of daily physical activity

Level of physical activity was measured in a subgroup of both study groups with an
accelerometry-based activity monitor (AM) during two consecutive weekdays (48 hours).
We aimed at studying the first available 15 subjects in each study group for this
measurement. To avoid measurement bias, we explained the principles of the AM only
after the measurements were taken. All subjects agreed with this procedure. Level of
daily physical activity was analyzed by: 1] duration of dynamic activities as percentage of
a 24-h period; 2] mean motility representing both duration and intensity of daily physical
activity; and 3] motility during walking, representing walking speed. Data were compared



with those of 45 age-matched healthy subjects, who were measured with the same AM
and the same measurement protocol, obtained from a database of our institution. This
reference population is representative for the Dutch population and comprises a wide
range in profession, socioeconomic status, education, living situation, and activity level .
Methodology and validity of the AM and the use of the reference population have been
described previously 2.

Fatigue, health status, and participation

Severity of fatigue experienced in daily life was assessed with the Fatigue Severity Scale
(FSS) ?’. The FSS is a nine items questionnaire, with a mean score of the nine questions
that ranges from 1 (no sign of fatigue) to 7 (most disabling fatigue). "Fatigue" was
defined as a score of > 1 SD (FSS = 4); "severe fatigue" as a score of > 2 SD (FSS =
5.1) above the mean score in healthy individuals ?®. The Dutch Life Habits Questionnaire
(LIFE-H 3.0) was administered to evaluate functioning in daily activity and social
participation. Scores for the two sub-domains (daily activity and social roles) and the Life
Habit total score were calculated. A score < 8 indicated difficulty in performance %°.
Health status was measured with the Short Form (SF)-36 health survey, which consists
of 36 questions organized into eight domains. Two summary scores can be derived:
physical health and mental health *. SD scores were calculated using Dutch age-
adjusted population norms (25-34 years) *'.

Data analysis

Mann Whitney U tests served to test differences in perinatal characteristics between
participants and non-participants. The relationship between lung function and exercise
capacity was analysed only from spirometric data after bronchodilation. One-sample t-
tests served to test whether the mean SDS height, FEV4, FVC, FEV4/FVC, DLco and
DLco/Va, within both groups differed from those of the norm population. Data of normally
distributed variables were compared between groups using Mixed Model ANOVA taking
into account the pairing of individuals. Other data were compared between groups with
Wilcoxon's signed rank tests or Mc Nemar's tests. Correlation coefficients between
perinatal characteristics and outcome parameters with the %pred VO,peak were
established using the Pearson‘s correlation test. Data of the AM measurement were
calculated per day (24-h period) and averaged over the two measurement days because
there were no differences between the first and the second day. Univariate analysis of
variance served to compare data of AM measurements of group 1 with those of group 2
and those of healthy subjects. Continuous parameters with a lognormal distribution were
transformed logarithmically to reduce the effect of outlying observations. Statistical
significance was accepted at two-tailed 5% level. Statistical analyses were performed
using SPSS 17.0.



RESULTS

All 40 CDH patients from the previous study ” were approached; 27 (68%) of them were
included (group 1; Figure 1). For these 27 patients 48 previously matched patients were
available; two others had died (from causes unrelated to neonatal problems). Thirty of
them participated (63%). Eighteen CDH patients each had one matched patient; 6 CDH
patients each had 2 matched patients. Matched patients were not available for 3 CDH
patients. The 30 matched patients (group 2) had received neonatal intensive care for:
meconium aspiration (n = 12), persistent pulmonary hypertension (PPH) (n = 5),
respiratory distress syndrome (n = 5), asphyxia (n = 4), pneumonia (n = 3), and sepsis (n
= 1) (see: Figure 1 and Table 1) Perinatal characteristics of participants and non-
participants in both groups did not differ significantly (data not shown). Data on liver
position at time of surgical repair of the diaphragmatic defect could be obtained in 21/26
CDH patients (81%). In 16/21 (76%) of CDH patients the liver was in the abdominal
cavity, whereas in 5/21 (24%) of cases (part of) the liver was in the thoracic cavity.

group 1 group 2
number 27 30
male; n (%) 16 (59) 20 (67)
birth weight, kg; mean (SD) 3.2 (0.6) 3.0 (0.6)
ventilatory support, days; median (range) 4 (0-142) 4.5 (0-25)
supplementary oxygen, days; median (range) 6 (0-60) 5 (0-19)

Table 1: Perinatal characteristics of participants. group 1: congenital diaphragmatic hernia patients,
group 2: non-CDH patients who underwent similar neonatal treatment.n = number, kg = kilogram, SD
= standard deviation



40 CDH patients included in
study of IJsselstijn et al. (1997)
with 65 age-matched patients

CDH

11 no consent

1 acquired neurological co-
morbidity

1 lost to follow-up

27 CDH had 50 historical
age-matched patients

Age matched patients
2 dead

16 no consent

2 |ost to follow-up

Present study

Group 1: 27 CDH patients (68% of 40 participants in 1997)
Group 2: 30 non-CDH patients who underwent similar neonatal
treatment (63% of 48 eligible controls)

Figure 1: Flowchart

At examination, mean height in group 1 was significantly lower than that in group 2. The
mean SDS FEV4, SDS FVC, SDS FEV4/FVC, SDS DLco and SDS DLco/Va were all
significantly below zero in group 1. In group 2 only the mean SDS DL¢o was significantly
below zero. Mean SDS FEV/FVC in group 1 was significantly lower than that in group 2.
Scoliosis was seen only in CDH patients (group 1) (see: Table 2).

Three patients did not perform CPET: one in group 1 with unstable diabetes and two in
group 2 with motor skill disorders. Technical problems led to unreliable data in one other
patient in group 2. VO, peak in ml/min/kg had a median (range) of 35.4 (19.6-55.0) in
group 1 and 37.6 (15.7-52.7) in group 2. Males and females were not equally distributed
between the two groups; therefore we presented in table 3 separate values for males
and females in both groups. Furthermore we recalculated the VO, peak as percentage
predicted of the VO, max published by Wasserman to correct for gender influence on
outcome. These mean (SD) values were not different between both groups: group 1:
96.4% (15.4) and group 2: 98.0% (14.0); between groups’ p-value: 0.65. Furthermore the
groups did not differ in peak HR (between groups’ p-value: p=0.34), peak HR as
percentage of predicted (between groups’ p-value: p=0.35), VAT (between groups’ p-
value: p=0.66), VE/VCO, slope (between groups’ p-value: p=0.43), RER (between
groups’ p-value: p=0.09), and Borg score (between groups’ p-value: p=0.90)(Table 3).
The mean (SD) venous lactate concentration at rest was 1.0 (0.4) mmol.I"" in both
groups; peak levels 3 minutes after maximal exercise were 8.0 (2.9) and 8.7 (2.1) mmol.I
"in group 1 and group 2, respectively (between groups’ p-value: p=0.29).



group1, n =27 group 2, n =30

age at examination, years 26.8 (2.9) 26.6 (2.4)
BMI 23.8 (4.4) 24.3 (3.8)
SDS length * -0.9 (1.1) 0.0 (0.9)
FEV; (1) 3.4 (1.0) 4.3(1.0)
SDS FEV; -1.4 (1.6)t -0.4 (1.7)
FVC (1) 4.5(1.3) 5.3(1.1)
SDS FVC -0.8 (1.5)t -0.4 (1.4)
FEV4/FVC ratio 0.8 (0.1) 0.8 (0.1)
SDS FEV4/FVC £ -0.9 (1.2)t 0.0 (1.2)
DLco (umol.s™ .kPa™) 154.8 (39.6) 176.2 (34.7)
SDS DLco -1.5(1.1)t -1.1 (1.0)t
DLco/Va (umol.s™ kPa™.L™) 25.4 (3.6) 26.8 (3.2)
SDS DLco/Va -0.5 (0.7)t -0.2 (0.8)
Scoliosis; n (%)

mild 5(19) 0(0)

severe 2(7) 0(0)
Smoking

yes; n (%) 12 (44) 8 (27)

pack years of smokers: median (range) 10.4 (3.5 - 30.0) 8.8 (0.1 -22.5)
Sports participation

no 14 (52) 10 (33)

1 - 4 times weekly 6 (22) 14 (47)

= 4 times weekly 7 (26) 6 (20)
Paid employment; n (%)

no 3(11) 2(7)

> 12 hours weekly 24 (89) 28 (93)

Table 2: Characteristics of the participants at young adult age



group 1: congenital diaphragmatic hernia patients,
group 2: non-CDH patients who underwent similar neonatal treatment.
BMI = body mass index; FEV, = forced expiratory volume in 1 s ; FVC = forced vital capacity; DLco =

diffusion capacity carbon monoxide; V, = alveolar volume

* between groups P value = 0.002, 1 between groups P value = 0.008

Level of physical activity

Level of physical activity was measured in 28 patients (group 1: n=15; group 2: n=13).
For both groups, perinatal characteristics did not significantly differ between the
participants and non-participants (data not shown). AM testing resulted in a significant
group and gender difference (p=0.02 and 0.01 respectively, independent of the group
effect (p=0.36)) in duration of dynamic activities; duration was longer in women than in
men. Duration of dynamic activities was longest in group 2 (p=0.02 in comparison with
healthy subjects) (Table 4).

Fatigue, health status, and participation

Seven patients in group 1 (26%) and one in group 2 (3%) reported "fatigue" (FSS between
4 and 5.1); three in group 1 (11%) and three in group 2 (10%) reported "severe fatigue"
(FSS = 5.1). In group 1 the mean (SD) score on the FSS was 3.4 (1.5); in group 2 this was
2.9 (1.2) (p = 0.14, between groups p-value). Mean SDS physical and mental health scales
of the SF-36 for both groups were not significantly different from zero: SDS SF-36 physical
scale was 0.0 (0.7) and -0.1 (0.7) in group 1 and group 2, respectively (p=0.66, between
groups p-value). For the SF-36 mental scale the SDS were -0.2 (0.9) and -0.2 (1.0) for
group 1 and group 2, respectively (p=0.93, between groups p-value). On the LIFE-H
questionnaire, five patients in group 1 (19%) and one in group 2 (3%) reported difficulties
in daily activities (p=0.03, between groups p-value); six patients in group 1 (22%) and four
in group 2 (14%) reported difficulties in social participation (p=0.42, between groups p-
value) (see: table 4).



VOypeak ml/min
VO,peak ml/min/kg
VO, peak % pred

Peak Workload, W

Max. heart rate / min

Max. heart rate /

group 1

n=26

group 2

n=27

2160 (1442-4149)

35.4 (19.7-55.0)
96.4 (15.4)
173 (113-338)

183 (146-207)

3037 (1442-4168)
37.6 (15.7-52.7)
98.0 (14.0)

259 (135-338)

184 (162-203)

min, % pred 95 (77-106) 95 (83-103)

VAT 63.9 (14.1) 62.3 (10.7)

VE/VCO; slope 29.1 (3.3) 28.3 (4.1)

Respiratory

Exchange Ratio 1.19 (SD 0.08) 1.22 (0.06)

Borg Score 8.7 (SD1.1) 8.7 (SD 1.3)

Additional group 1 males group 1 females group 2 males group 2 females
information:

VOzpeak ml/min
VO,peak ml/min/kg

Peak Workload, W

n=15

n=11

n=20

n=7

2974 (1459-4149)
38.1 (29.6-55.0)

250 (120 - 338)

1908 (1442-2253)
30.5 (19.7-41.3)

150 (113 - 180)

3281 (2557-4168)
40.0 (30.5-52.7)

281 (210 - 338)

2160 (1442-2719)
30.5 (15.7-35.5)

180 (135 - 225)

Table 3. Results on exercise testing .
Group 1: congenital diaphragmatic hernia patients,
Group 2: non-CDH patients who underwent similar neonatal treatment.

Data are presented as median (range), or as mean (SD). VO,% pred = in comparison with VO,
Wasserman (2005). Definition of abreviations: pred = predicted; W = Watt; VAT = ventilatory
anaerobic threshold;, VE/VCO, =relationship between minute ventilation and the rate of CO,
elimination.VAT is presented as % of the VO,peak ml/min.



group 1 group 2

reference data

(n=15) (n=13) (n=45)
male/female n=8/n=7 n=8/n=5 n=19/n=26
age (yrs) 27 (25-28) 27 (26-29) 27 (24 - 30)
(n=38)
BMI (kg/m?) 22.2 (19.7-28.0) 24.4 (21.3-28.5) 21.2 (19.6-23.0)
?c;,ritfi?nnea:in:f;ﬁt Z‘:;‘;ities 10.6 (8.1-16.7) 13.0 (10.3-20.6)* 11.3(8.1-12.7)
(n=15) (n=13) (n=27)
mean motility 0.025 (0.021 - 0.029) 0.026 (0.022 - 0.048) 0.027 (0.022 - 0.032)
(n=15) (n=13) (n=31)
motility during walking 0.188 (0.153 - 0.194) 0.167 (0.146 - 0.183) 0.171 (0.158 - 0.184)

Table 4: Physical activity as measured with the Activity Monitor.
Group 1: congenital diaphragmatic hernia patients

Group 2: non-CDH patients who underwent similar neonatal treatment.

Reference data that were not obtained during this study but retrieved from a database in our institution

are shown in italics. Data are presented as median (IQR)

*p =0.018, group difference between group 2 and reference data

Correlations

In the total study group (n=53), SDS FEV,, SDS p,co, Life-H social participation and SF-
36 SD physical health were positively related with VO,peak %pred (see: table 5).



R P-value

SDS FEV, 0.39 0.004
SDS DLco 0.34 0.015
Life-H social participation 0.31 0.028
SD SF 36 physical health 0.28 0.045

Table 5: Significant associations with VO, peak % pred in total group (53 patients)

R denotes Pearson correlation coefficient

FEV, = forced expiratory volume in 1 sec
DL = diffusion capacity carbon monoxide
Life-H = Life Habit

SF36 = Short Form 36

DiSCUSSION

We aimed to assess exercise capacity, severity of fatigue, and level of physical activity in
young adults who at neonatal age had been treated for respiratory failure: a cohort of
patients with CDH and lung hypoplasia (group 1) and a cohort non-CDH patients
matched for age and neonatal intensive care treatment (group 2). Levels of exercise
capacity did not differ between both groups, which seems to indicate that residual lung
hypoplasia does not affect this outcome.

In both groups the VO,peak values did not deviate from norm values *°. We found no
significant relationships between VOjpeak % pred and perinatal characteristics.
Interestingly, of the lung function parameters, only the SDS FEV, and the SDS DLco
correlated positively with VO,peak % pred. The SDS DLco/Va did not correlate with
VO,peak % pred. The significantly lower mean SDS FEV4/FVC in group 1 did not affect
exercise capacity tolerance. Other factors than airway obstruction may play a role here. It
has been speculated that reduced diffusion capacity of the lungs diminishes exercise
capacity in CDH and lung hypoplasia. However, this assumption is not supported by our
data.

There were no differences between both study groups in daily physical activity. However,
there was a tendency towards a longer duration of dynamic physical activities in the
group of patients with normal lung development. Overall the results imply that neonatal
intensive care treatment does not lead to an inactive lifestyle in adulthood.



The proportion of patients reporting fatigue was slightly, but not significantly higher in
group 1 compared to group 2. Difficulties with physical activities were significantly more
often reported in group 1 than in group 2. We speculate that patients with CDH and lung
hypoplasia may experience more fatigue and difficulties in performing physical activities.
However, due to the small numbers studied — especially in daily activity testing — findings
should be cautiously interpreted.

Interestingly, we found an association of the Life-H social participation scale and the
scores on the physical scale of the SF-36 with the VO,peak % pred.

The association between exercise capacity and sports participation was not statistically
significant (p = 0.134 Spearman’s Rho = 0.21). Further (longitudinal) research should
investigate if higher sports participation indeed improves exercise capacity and leads to
better self-perception after neonatal respiratory failure.

It could be argued that the reference values for VO, peak may not be appropriate for our
population, because they were collected several years ago and in a different population.
We chose the reference data by Wasserman et al * to compare our results with that
from Peetsold et al. (2007) and Vrijlandt et al. (2006) and because the calculations of
Wasserman et al. also took weight and height into account.

Peetsold et al. (2007) reported on exercise capacity in 12 young adult survivors of CDH
(all non ECMO treated patients): the mean (SD) VO,max % pred was 90.8% (18.9), a
little lower than in our cohort. Vrijlandt et al. * reported that young Dutch adults born
prematurely had a lower exercise level and VO, max % pred than healthy controls when
analysed using the reference values of Wasserman et al. (2005). Healthy controls,
however, had a mean (SD) VO, max % pred of 105 (20), so we may assume that values
of Wasserman et al slightly underestimate exercise capacity of present-day healthy
Dutch young adults.

To place our conclusions in perspective, we recalculated our results with reference
values of **3. Only with the use of the values of Wasserman et al. (2005) our groups
scored within the normal range. However, none of the reference values yielded a
significant difference between the groups (see Table 6). So the main conclusion that
residual lung hypoplasia does not affect exercise capacity in young adults with CDH, is
not influenced by the choice of reference values.

Scoliosis was noted in CDH patients only, but at a higher prevalence than previously
described *>*, possibly because we considered even very mild deviation of the spine as
“mild scoliosis”. We did not perform radiographic evaluation and referred two patients
with severe scoliosis to an orthopaedic surgeon.

As a possible limitation, selection bias may have occurred. However, in the original study
” the response rate was 40/45 (89%). In the present study there were no significant
differences in perinatal characteristics between participants and non-participants.

The number of subjects studied is relatively small. However, in the previous study, we
contacted all CDH survivors born between 1975 and 1986 who underwent surgical repair



in our hospital. We put a lot of effort in finding two non-CDH patients matched for age at
follow-up, gestational age, birth weight, duration of ventilation and supplemental oxygen,
and gender, for each participating CDH patient. As most neonates with respiratory
insufficiency are prematurely borns, whereas only three CDH patients in the original
study were born prematurely, we needed to recruit patients from three university
hospitals in the Netherlands. As 68% of the CDH patients and 63% of the eligible
controls were willing to participate in the present study, we performed our study with
these relatively small numbers. It can be argued that the non-CDH patients are not
suitable as controls because in that group the underlying diagnosis of acquired lung
diseases leading to neonatal respiratory insufficiency is heterogeneous and the long-
term outcome in these patients may be influenced by this. On the other hand, should we
have chosen controls who did not suffer from neonatal respiratory failure, it would have
become less clear to what extent long-term respiratory morbidity in CDH patients is
caused by residual lung hypoplasia or by lung damage due to neonatal artificial
ventilation.

Another limitation of our study is that cardiac performance was not evaluated. Therefore,
we were not informed about ventilation/perfusion mismatch, which may occur in patients
with CDH and lung hypoplasia °. Riley and colleagues (2000) reported reduced exercise
capacity in patients with persistent pulmonary hypertension (PPH). In our study venous
lactate concentrations did not differ between the both groups. Moreover, lactate
concentrations after exercise correspond with the values measured by Riley et al (2000)
in healthy controls. These observations suggest that our study population did not suffer
from PPH. Furthermore, the VE/VCO, slope in both groups was not elevated, also
suggesting that PPH did not play an important role here (Palange et al. 2007).

Recently we reported significantly decreased exercise capacity in 5-year-old children
with CDH **". The children in those studies had the benefit of new treatment modalities
such as ECMO. Nevertheless we believe that today’s survivors of CDH might suffer from
more severe residual pathology, and not necessarily do better than patients treated long
ago. Actually, it could even be the other way around. Independent risk factors that may
determine the need for ECMO or development of chronic lung disease in CDH are
intrathoracic position of the liver and observed to expected lung-to-head ratios (Van den
Hout et al. 2011). In the present study, antenatal data were not available, but the rate of
intrathoracic liver position was 24%. In the cohort from Van den Hout et al. (2011)
intrathoracic liver position had been observed in 41% of survivors. This, and the fact that
the median duration of ventilation in our study cohort was only 4 days, suggests that
disease severity was less in our population compared to CDH patients who nowadays
survive.

In conclusion, in the present cohort we found no differences in exercise capacity
between our study groups and only slightly increased airflow obstruction in CDH patients
with lung hypoplasia. This suggests that residual lung hypoplasia in CDH doesn’t seem
to play a role in this group of young adults. The finding that exercise capacity is normal in



both groups has to be interpreted with caution because of the lack of more recent
reference values.

Perspectives:

Based on the conclusions of this study it can be assumed that in patients with CDH no
residual lung hypoplasia is present in adulthood. One can argue, however, that the
young adults evaluated in the present study had less residual pulmonary sequelae than
those born with CDH and lung hypoplasia in more recent years. Survival rates of
neonates with severe respiratory failure, including CDH patients with more severe lung
hypoplasia, have much improved owing to advancements in intensive care treatment and
treatment modalities such as ECMO. We, therefore, conclude that the results of the
present study confirm the necessity of intensive follow-up with recommendations about
life-style, sports activities and physical activity level.

group 1 group 2 Paired samples test
VO,peak n=26 n=27
% Pred Wasserman 96.4 (15.4) 98.0 (14.0) p =0.65
% Pred Shvartz ml/min/kg 84.0 (16.1)"  84.7 (14.4)" p=0.95
% Pred Jones 91.6 (‘I6.8)§ 89.3 (13.7)" p=0.47
% Pred Fairbarn 75.3 (14.0)"  78.5(11.6)" p=0.53

Table 6 Results Cardiopulmonary Exercise Testing using different reference values
group 1: congenital diaphragmatic hernia patients
group 2: non-CDH patients who underwent similar neonatal treatment

T One sample t-test p < 0.001 (patients versus norm scores)

$ One sample t-test p = 0.017 (patients versus norm scores)
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Abstract

We report 2 cases of recurrent CDH in young adult patients in whom we measured lung
function before and after repair of the defect. Lung volumes and airway patency did not
differ between the two measurements. Diffusion capacity had deteriorated slightly in both
patients (SDS DLcoc from -4.29 to -5.06 and from -1.67 to -3.41; SDS K¢oc from -2.16 to
-3.50 and from -0.44 to -1.48). Our findings suggest that recurrence of the diaphragmatic
defect had not measurably compromised lung function.

Introduction

Survival rates of patients with congenital diaphragmatic hernia (CDH) have improved to
up to 80% ' and the focus of CDH research has therefore shifted from mortality to
morbidity 2. Recurrent congenital diaphragmatic hernia is a complication with a reported
incidence between 3 and 22% *°. Primary repair is applied in smaller defects; prosthetic
materials are used in larger defects. Patch repair has been suggested to be a risk factor
for recurrence ®. We report 2 cases of young adult CDH patients who underwent lung
function measurements in the course of a longitudinal follow-up study, and within 3 years
after evaluation appeared to have a late recurrence of CDH. To determine whether lung
function had changed after repair of the diaphragmatic defect, we repeated lung function
tests postoperatively.

Case reports
Patient 1

At 23-year-old male performed a lung function test in June 2008. He had been born with
a left-sided diaphragmatic hernia at a gestational age of 40 weeks, birth weight 3500 g,
and needed mechanical ventilation for 20 days and supplemental oxygen for 25 days in
the neonatal period. The defect was closed in the neonatal period with a Lyodura patch
(human cadaver, B. Braun Melsungen AG, Germany). At the day of lung function testing,
he suffered from mild abdominal discomfort. On physical examination chest auscultation
was normal, without bowel sounds. In May 2009 he was admitted to a regional hospital
with intestinal obstruction signs which on CT-imaging appeared to be due to herniation of
bowel loops into the thoracic cavity. Conservative therapy was successful and he was
referred to our centre. Four months later he underwent surgical repair of a two-fist large
posterolateral defect, which was closed using a Gore-tex® patch of 15x19 cm. Ten
months postoperatively — in July 2010 — his lung function was re-evaluated. Test results
are shown in the Table.



Abdominal X-ray patient 1: Recurrent CDH with bowel loops protruding in the left side of the thoracic
cavity.

Patient 2

A 21-year-old female performed a lung function test also in February 2008. She had
been born with a left-sided CDH and underwent Lyodura patch repair in the neonatal
period as well. At the age of 19 years she underwent a Nissen fundoplication for therapy-
resistant gastro-esophageal reflux (GER). On the day of lung function testing, she had
had no symptoms at all. Physical examination revealed no abnormalities, with normal
breathing sounds on chest auscultation. In January 2011, 35 months later, she
developed progressive tenderness in the upper left abdomen. CT-imaging revealed that
colon and spleen had herniated into the chest. Eight months later, she underwent
surgical repair by thoracotomy of the recurrent diaphragmatic defect. Bowel loops
protruded into the thoracic cavity and a large posterolateral defect in the diaphragm was
closed using a Gore-tex® patch. In November 2011, 2 months after surgery, her lung
function was re-evaluated. Test results are shown in the Table.



Chest X-ray patient 2: Recurrent CDH with bowel loops protruding in the left side of the thoracic cavity.

Patient 1 Patient 2
1% test 2" test 1% test 2" test

Spirometry

FEV, -1.61 -1.43 -0.13 -0.71

FVvC -1.91 -1.76 -0.46 -1.14

FEV,/FVC 0.20 0.29 0.25 0.57

FEF 2575 -0.66 -0.50 0.25 -0.35

TLChe -2.27 -2.19 0.56 -0.28

RVye -0.90 -1.12 0.78 -0.14

FRChe -0.81 -0.72 0.32 -0.60

RV/TLChe (%) 22.86 20.85 30.86 27.19
Plethysmography

TLCpietn -1.63 -1.56 0.65 0.38

RVopieth -0.53 0.24 0.91 1.27

FRCpietn -0.92 0.09 0.26 0.09

RV/TLCyieth (%) 23.31 27.87 31.41 35.18

FRCpieth/FRChe (%) 0.97 1.16 0.99 1.15
Diffusion capacity

DLcocC -4.29 -5.06 -1.67 -3.41

KcoC -2.16 -3.5 -0.44 -1.48

Table 1 Lung function after bronchodilation at the first and second test in 2 patients. Standard
deviation scores (SDS) for spirometry, plethysmography and diffusion capacity were calculated from
the absolute data as described previously ’. He: static volumes measured by helium spirometry; pleth:
static lung volumes measured by bodyplethysmography; D,coc: diffusion corrected for haemoglobin
concentration. Kcoc: diffusion corrected for haemoglobin concentration and alveolar volume.



Discussion

Recurrence of CDH may be asymptomatic and accidentally detected on chest X-ray
performed for another reason. However, most recurrences present with symptoms that
can be either respiratory with coughing and wheezing, or gastrointestinal with reflux and
feeding difficulties or with pain due to obstruction ®. The age at presentation varies
considerably °, but late recurrences after several years are rare °. Only one study has
specifically evaluated risk factors for recurrence . This study reported a 14% incidence
of recurrence in CDH patients within 7 months after the initial repair and found that a
right-sided defect, the use of a patch and extracorporeal membrane oxygenation
(ECMO) accounted for a higher risk. Our patients both had a left-sided defect and were
treated before ECMO was available in our institution. In both cases, the primary defect in
the diaphragm had been repaired in the neonatal period by a Lyodura patch. Both
patients have been free of symptoms until young adulthood. Prior to the diagnosis of
recurrent CDH, these 2 patients participated in a study on long term pulmonary sequelae
of CDH. Until then, none of the other patients (n=25) had presented with recurrent
hernia. Lung function was re-evaluated 10 months (patient 1) and 2 months (patient 2)
after repair of the recurrent CDH. As both patients had a large diaphragmatic defect with
a considerable volume of bowel in the thoracic cavity during surgery, we assumed that
lung volumes could have been compromised at the first test. Most studies in adult CDH
patients, including our own, report normal TLC values with increased RV/TLC ratios and
reduced KCOc, consistent with radiographically confirmed, hyperinflated and hypoplastic
lungs °. In these 2 patients lung volume as reflected by TLC had not noticeably
deteriorated between the first and second test. In both, diffusion capacity had
deteriorated slightly over time. Patient 1 smoked 20 cigarettes/day, which might have
contributed to this, although the elapsed time between the measurements was rather
short to explain such a deterioration °. Patient 2 was a lifelong non-smoker and we
found no explanation for the decrease in KCOc. She had suffered from GER, however,
for which anti-reflux surgery was performed at the age of 19. Prolonged periods of
(micro)aspirations may influence lung function negatively. Airflow obstruction could be
due to compression of lung tissue by bowel loops in the thorax. This assumption was not
supported by the spirometric findings in the second lung function test. In patient 1, airflow
obstruction had slightly improved whereas in patient 2 it had slightly worsened. In patient
2, the relatively short time span since thoracotomy could have compromised a forced
expiratory manoeuvre during spirometry.

We conclude that in 2 patients with recurrent CDH, the diffusion capacity of the lungs
deteriorated after operative closure of the diaphragm defect without any changes in
expiratory flows or lung volumes. We speculate that at the first evaluation abdominal
organs had not yet herniated into the chest, or that any volume effect had been minimal.
Although recurrence of CDH in adulthood is rare, thorough examination including chest
X-ray, should be considered in case of suspect gastrointestinal symptoms.
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General discussion




General discussion

The studies in this thesis generally deal with the short-term and long-term respiratory
morbidity associated with severe congenital anomalies such as congenital diaphragmatic
hernia, esophageal atresia and congenital lung lesions. After all, the better survival of
children with these conditions achieved in the past decades coincides with increased
morbidity, also due to adverse effects of intensive care treatment such as high inspiratory
oxygen fraction, shear forces and high peak inspiratory pressures during mechanical
ventilation. A role of neonatal ECMO-treatment herein has been suspected as well.

In January 1999 we started a multidisciplinary follow-up program aimed to evaluate and
potentially reduce the overall morbidity associated with major anatomical anomalies, to
offer better care and to improve lines of communication. In 2001 children treated with
ECMO became a target group as well . Many of the problems encountered in children
with major congenital anomalies are also found in ECMO-treated patients and the patient
populations partly overlap. In this follow-up program pulmonary function and/or
respiratory morbidity are assessed routinely at the ages of 6, 12 and 24 months and at 5,
8, 12 and 18 years. At 18 years, transition to adult specialists and targeted genetic
counselling is accomplished.

The most important aims of the studies presented in this thesis are:

- to evaluate lung function and respiratory morbidity in the first year of life in
children with congenital diaphragmatic hernia who either received or not received
ECMO treatment (Chapter 1).

- to evaluate lung function and respiratory morbidity in the first year of life in infants
with esophageal atresia after thoracotomy or thoracoscopic surgery and in infants
with congenital lung lesion, asymptomatic or after resection of the affected lung
part(s) (Chapters 2 and 3).

- to study lung function and respiratory morbidity at 5, 8 and 12 years of age after
neonatal ECMO treatment for congenital diaphragmatic hernia, meconium
aspiration syndrome, and other diagnoses (Chapter 4).

- to assess lung function and exercise capacity in young adults with congenital
diaphragmatic hernia and in matched controls, who underwent similar neonatal
treatment (Chapter 5 and 6).

- to describe two patients in this cohort with a recurrent diaphragmatic defect
presenting with gastrointestinal symptoms (Chapter 7).

Based on the findings of our studies and the literature so far, we will elaborate on the
pulmonary morbidity in congenital diaphragmatic hernia, esophageal atresia and
congenital lung lesions. Moreover, we give recommendations for future research.



Congenital diaphragmatic hernia

Interference in early embryonic development of both the lungs and the diaphragm may
lead to herniation of the abdominal organs in the thoracic cavity causing pulmonary
hypoplasia and maldevelopment of the lungs 2. This condition is termed congenital
diaphragmatic hernia (CDH). Furthermore, either structural or functional abnormalities of
pulmonary vasculature cause pulmonary hypertension >°. The pulmonary artery density
is decreased and the media and adventitia of the small arteries are thickened ° causing
reduced blood flow through the lungs and subsequent hypoxia. Directly after birth
mechanical ventilation is started which in itself is associated with baro- and volutrauma
and may cause ventilator-induced lung injury comprising alveolar septal damage,
inflammation, fibrosis and pulmonary edema “®. Besides intensive ventilation and
oxygenation techniques, postnatal infections, such as sepsis and airway colonization,
may also predispose for pulmonary injury °.

During the last 20 years, ‘gentle’ ventilation and permissive hypercapnia '*'?, delayed
surgery " and improved peri-operative care ' have contributed most to bringing down
mortality in this condition. As multicenter randomized controlled trials on CDH are
lacking, only standardized treatment protocols may enable more valid comparisons of
patient data in multicenter studies and identify areas for future research. A collaboration
of specialized CDH centers in Western Europe, the CDH-EURO consortium, has
developed a consensus statement for the postnatal treatment of patients with CDH
based on the recent literature and expert opinion '°. After the implementation of a
standardized treatment protocol the survival rates in CDH patients are now approaching
80% ''®. This forms the basis for the VICI trial which may provide further insight in
ventilation strategies in CDH patients (NTR1310) *7.

ECMO treatment

In case conventional treatment strategies fail,b, ECMO can be used as a form of
cardiopulmonary bypass for severe, but reversible cardiopulmonary failure. ECMO
improved survival rates in infants with respiratory failure due to meconium aspiration
syndrome, respiratory distress syndrome or sepsis '°. Its benefit for infants with CDH is
still unclear *°. Especially ECMO-treated CDH patients, who have the most severe form
of lung hypoplasia and pulmonary hypertension, should herefore be followed thoroughly
to asses long-term outcome and provide optimal care in their first years of life. Because
of this evolution in the treatment of CDH in the last decades, there is a need for
longitudinal follow-up of cohorts of CDH patients, treated in the same period. Respiratory
morbidity and long-term outcome with respect to pulmonary function can not be
extrapolated from today’s adult CDH survivors to children who survived in recent years.



Respiratory morbidity

Several cross-sectional studies evaluated lung function in children with CDH and found
peripheral airway obstruction in infancy ?°, childhood ?'?* and adulthood 2*?°. Although
pulmonary hypoplasia is present, restrictive impairment is not a common finding in CDH.
Lung volumes in childhood and adulthood are usually within the normal range #2°%°,
Most likely the hypoplasia has been compensated for by alveolar distension and
consequently hyperinflation 227,

Prospective longitudinal studies in these patients are scarce. In 2011 our group reported
on lung function in the first year of life in infants after neonatal ECMO treatment born
between 2001-2005. They found significantly more hyperinflation, as reflected by higher
FRC,, in CDH patients than in patiens with with meconium aspiration syndrome (MAS).
Maximal expiratory flow at functional residual capacity (V'maxgrc) was significantly below
the average in both groups without a change in the first year and did not differ between
groups 2.

We conducted several longitudinal studies to evaluate lung function in more detail in
CDH patients, with and without ECMO treatment.

In a group of CDH patients we found decreased expiratory flows and hyperinflation within
the first year of life. Twenty-eight percent of these patients had received ECMO
treatment. The FRC, in these patients was significantly higher than that in non-ECMO
treated patients, especially in those who had developed chronic lung disease (CLD).
V’maxgrc did not differ between ECMO treated and non-ECMO treated patients
(Chapter 1).

A second study concerned children who as neonates had received ECMO treatment for
various conditions. Longitudinal evaluation of lung function between the ages of 5 to 12
years revealed significantly more airflow obstruction and higher prevalence of
hyperinflation in CDH patients than in children with other conditions. Lung function in
CDH patients tended to deteriorate over time (Chapter 4).

The third longitudinal study concerned a cohort of young adults with CDH who at a
median age of 11.7 years had shown mild airflow obstruction and reduced diffusion
capacity. Now, 15 years later, the airflow obstruction and diffusion capacity had slightly
deteriorated. Taking into account similar findings — although less robust — in controls who
as neonates also had received intensive care for respiratory problems, we concluded
that neonatal intensive care treatment had contributed to the long-term pulmonary
problems in CDH survivors ** (Chapter 5).

In all above-mentioned studies, ventilation and/or supplemental oxygen time and FRC,
levels in infancy correlated positively with extent of airflow obstruction in child- and
adulthood. In childhood and adulthood, we found increased RV%TLC and FRCgethspiro >
1.10 in CDH patients, which may reflect hyperinflation caused by alveolar distension %°.



Importantly, the group of CDH survivors from the seventies and eighties had milder forms
of lung hypoplasia and/or pulmonary hypertension than today’s group of survivors. Their
lung function had only slightly deteriorated since childhood. Both the anatomical anomaly
itself and neonatal treatment could be responsible for deteriorated lung function. Among
today’s CDH survivors are patients with more severe disease requiring mechanical
ventilation and supplemental oxygen for a longer time. Eventually we may be faced,
therefore, with a population of adult CDH patients with much more respiratory problems
and impaired lung function. This relative negative outcome may be counterbalanced
nowadays by the increasing use of gentle ventilation and permissive hypercapnia to
prevent triggering inflammatory responses resulting in chronic lung disease (CLD) %0,
Greenough showed that in premature infants without CDH respiratory morbidity was still
present in adolescence >'. Seeing that our studies also rather consistently found airflow
obstruction and hyperinflation at different ages, we are concerned these CDH patients
may develop clinically significant chronic obstructive pulmonary disease (COPD) and/or
emphysema in the future. In a study on preterm infants ventilated for respiratory distress
syndrome, 20% had radiological evidence of pulmonary interstitial emphysema . The
development of this condition was significantly associated with the use of high peak
pressures.

Chronic pulmonary impairment may be associated with compromised exercise capacity
% Also, preterm born adults showed reduced pulmonary blood flow and gas transfer
during exercise **. And then, exercise capacity of ECMO-treated patients aged 5 to 12
years, with or without CDH, was significantly worse than expected from reference data,
and deteriorated over time *. Therefore we also examined exercise capacity in the
earlier mentioned cohort of young adults with CDH. It was not significantly different from
exercise capacity of a cohort of matched controls without CDH and lung hypoplasia. This
finding suggests that residual lung hypoplasia did not affect outcome. For today’s CDH
survivors however, and especially those treated with ECMO and prolonged mechanical
ventilation, we expect they are at serious risk for worsening lung function and exercise
capacity in time *'**®. Considerable impairment in daily life could be their perspective,
unfortunately. Bronchopulmonary dysplasia (BPD) was originally characterized by airway
injury, smooth muscle hypertrophy and lung parenchymal fibrosis with emphysematous
changes *. The new BPD may occur with little acute lung injury and is believed to be
affected by factors such as inflammation and the presence of a patent ductus ateriosus
%39 CLD encompasses both the classic and the new BPD but also recognizes that lung
injury can occur not only in preterm infants but in term infants who need aggressive
ventilatory support for severe lung disease and develop lung injury as a result *. We
therefore defined oxygen dependence after 28 days of postnatal age as CLD and not as
BPD in our population of, mostly term born, CDH patients.



Esophageal atresia

Tracheomalacia and respiratory morbidity in esophageal atresia (EA) with
tracheoesophageal fistula (TEF) have been described in multiple studies “°*'. Lung
function abnormalities with obstructive as well as restrictive patterns have been
described at different ages in infancy “**?, and childhood “***** to adulthood ***°*°.
Restrictive lung function is supposed to result from reduced lung growth after surgery
rather than being a concomitant feature of EA *®. Thoracotomy-induced rib fusions and
gastro-esophageal reflux disease (GERD) associated problems are considered major
risk factors for restrictive ventilatory patterns in EA patients later in life % Thoracoscopic
repair might help reduce these restrictive lung function abnormalities *’. The above-
mentioned cross-sectional studies described lung function abnormalities at different
ages. To our knowledge, we performed the first prospective, longitudinal evaluation of
lung function and respiratory morbidity in a cohort of 37 infants with EA (Chapter 2). Lung
volume was normal during the first year of life, and did not differ between those who had
undergone a thoracotomic or a thoracoscopic type of repair. In contrast, FRC, values
were in the upper normal range and increased from 6 to 12 months. There is no reason
to assume that this higher FRC,, value is based on catch-up lung growth during the first
year of life after repair of EA. It might well be that persistent higher airway obstruction
caused by tracheomalacia, together with recurrent respiratory tract infection, caused mild
hyperinflation, reflected by FRC, values in the upper normal range. Rib fusions were
present only in 3 patients (8%) in our study, but in around 30% in a study in adult EA
patients “®. Infant lung function testing (ILFT) was not associated with respiratory
morbidity at 2 and 5 years of age in this patient group with EA-TEF. For clinical
management, we consider ILFT in the first year of life of limited value. Clinical care
should especially focus on GERD and active treatment, nutritional status and the
prevention of respiratory tract infection. Low-threshold use of antibiotics, prophylactic
antibiotics and vaccination for respiratory syncytial and influenza virus is recommended
in case of recurrent respiratory tract infections.

Congenital cystic lung lesions

The incidence of antenatally diagnosed congenital lung lesions (CLL) has increased.
Studies on infants with CLL mostly focus on etiology, diagnosis, natural history of the
lesions and neonatal survival. To our knowledge, no studies on clinical course and
respiratory outcome are available (Chapter 3). It is likely to assume that the true
incidence of CLL has not changed over the years but rather that prenatal ultrasound
imaging has become more sensitive and that it is implemented as a routine procedure at
20 weeks of gestation from 2007 onwards. Especially congenital cystic adenomatoid
malformations (CCAM) has resulted in growing doubt with regards to the prediction of the
natural history during pregnancy. This results into major uncertainty by consultants and
parents with significant burden for both groups. The fincreasing’ incidence has



considerable implications for the management of CLL. If resection is advocated in these
cases, many children will be undergoing lung surgery in the near future *°. The
management of asymptomatic CLL is still controversial. Some authors recommend
observation, however most authors favor surgical resection, at least for CCAM, intralobar
sequestration and bronchogenic cysts *°. Finally, others recommend surgery for
‘significant’ lesions and observation of smaller ones *'2. Arguments for observation are
the unknown natural history and possible regression and secondly the disadvantages
and risks of thoracotomy and lung resection *°. Arguments against prolonged observation
are the risk of infection, pneumothorax or sudden cyst enlargement with respiratory
compromise, cases of malignancy occurring in such lesions, faster post-operative
recovery in a young asymptomatic child, and early resection allowing for compensatory
lung growth *°. We assume that FRC, does not accurately reflect lung volume, and there
is less suitable to assess compensatory lung growth in the first year of life. This
assumption is based, first, on our findings that both FRC, and V'maxgrc did not
significantly differ between the infants who underwent resection and those who did not,
and, second, on the fact that we found no significant associations between clinical
characteristics and lung function parameters.

Limitations of the studies
Infant lung function testing

ILFT has progressed in the last decade and has contributed to the understanding of
normal lung development as well as the mechanisms involved in lung disease .
Reference values for various populations are lacking, however. A potential limitation of
our research was that we were not allowed to examine healthy controls, as sedation of
healthy infants for research purposes is not permitted in the Netherlands. Therefore, we
had to use reference values published by others. The earlier reference equations to
compute FRC, into standard deviation scores (SDS) are perhaps not entirely appropriate
for data obtained with the newer equipment. The more recent low deadspace equipment
for plethysmographic measurements resulted at introduction in much lower SDS than
predicted **. We expressed FRC, values in mL/kg. Earlier published prediction equations
could not be used to interpret FRC, results obtained with our newer equipment.
Expressing results as mL/kg, is acceptable when pertaining to neonates, as the
regression of FRC, on weight is relatively linear and passes close to the origin %5 Until
new reference data are available, users of new equipment would do well to interpret
results cautiously. There is therefore an urgent need for collaborative studies of healthy
infants using the same equipment and carefully standardized protocols for data
collection, analysis, and quality control, so that new reference data can be established as
rapidly as possible. Collation of appropriate reference data in healthy infants, not only for
lung volumes but also for all other parameters of lung function in infants, could be
facilitated by the ERS/ATS taskforce by use of the improved and readily available



contemporary equipment. The normal range of FRC,, suggested by Hulskamp et al. is
13-26 mL/kg, mean 19.6, SD 3.4 **. FRC, as measured by whole body plethysmography
is based on Boyle’s law and includes the volume of any gas trapped behind obstructed
airways *. In case of normal anatomy of the lungs and normal peripheral airway
diameter, FRC, reflects lung volume well. In case of hyperinflation and/or airway
obstruction FRC, is overestimated and rather reflects airway pathology. These
measurements depend on rapid equilibration of pressures during respiratory efforts
against occlusions, so that pressure changes at the airway opening reflect those in the
alveoli. In the presence of airway obstruction, this equilibration may not occur °°.
Assessments of FRC by gas dilution or washout are similarly non-invasive but require
the infant to remain asleep for at least 10 minutes, whereas 5 measures of FRC, can be
collected in less than 5 minutes. Furthermore, in the presence of airway obstruction and
uneven ventilation, FRC may be seriously underestimated if insufficient time is allowed
for complete equilibration of gas concentrations ***’. For all these reasons we chose the
plethysmographic assessment of FRC. In our population of infants with CDH, EA, or CLL
we find many cases of hyperinflation due to enlarged air filled spaces in the lung and/or
and secondary to airway obstruction. Alveolar size may be increased in CDH,*® and
ventilation-perfusion data suggested that most of the lung growth from 0.1-13 years was
caused by expansion of already existing alveoli and not by greater abundance of alveoli
. Significant inhomogeneity of ventilation was shown by lung clearance index
measurement in CDH patients in the first year of life ®°. Also, in prematurely born BPD
patients, our group found mean FRC, values in the upper normal range in a previously
performed study °'. In EA, airway malacia may cause airway obstruction and perhaps
some hyperinflation. In CLL we also found mild airflow obstruction and FRC,
measurements in the upper normal or above normal range we speculate this may be due
to ventilation heterogeneity secondary to the cystic lesion, or disrupted anatomy due to
resection. In CDH, EA and CLL we therefore assume that high and above normal FRC,
rather reflects airway pathology than a beneficial high lung volume.

Interrupter technique measurements are feasible to assess airway function in infants and
preschool children and proved to be sensitive in detecting airway calibre changes,
monitoring the effect of interventions and identifying subgroups with mild respiratory
symptoms among children from a general population 6264 However, the between-
occasion repeatability is too poor for intra-individual detection of changes and therefore
less suitable for longitudinal measurements in our studies .

Forced oscillation technique (FOT) provides information on the mechanical properties of
the respiratory system and requires only normal tidal breathing without performance of
respiratory manoeuvres. However, it is a sensitive measure for airway obstruction but it
does not discriminate between obstructive and restrictive lung disorders %, which is of
particular interest in the population of children we studied.



Reference values for longitudinal lung function testing

Selecting an appropriate reference data set is essential for interpretation of lung function
data and especially for longitudinal measurements in children of various ages, seeing
that lung function increases 20-fold during the first 10 years of life . Quanjer and
Stanojevic compared 30 spirometry datasets worldwide in Caucasian subjects. They
concluded that the use of local controls to validate reference equations will rarely be
practical due to the high numbers required. Therefore, reference equations derived from
large or collated datasets can be recommended. Differences between the largest
datasets were small and clinically minimal ®’. In another study Quanjer et al. compared
five commonly used reference equation sets to serial measurements in Dutch, German
and Austrian children. They found that Stanojevic’s equations performed best and are
suitable for longitudinal data analysis as they cover a wide age range from 4-80 years
and account for a gradual transition from childhood into adulthood . Taking this into
consideration, and to facilitate comparison of our study with other recent studies, we
used Stanojevic’s reference equations for longitudinal spirometry in our 5-, 8- and 12-
year-old patients after neonatal ECMO treatment, and in young adult CDH patients °.
Recently, researchers in the department of Paediatric Pulmonology in the University
Medical Centre-Wilhelmina Children’s Hospital, Utrecht, the Netherlands, published new
Dutch reference data for spirometry, using age, height and sex as determinants for
pulmonary function. They measured a healthy population of Dutch, Caucasian children
aged 6-18 years using similar methods as in our study °. Therefore, we considered to
use these new reference equations for spirometry, lung volumes and diffusion capacity,
and recalculated standard deviation scores according to the new equations by Koopman
et al. The results did not alter the main conclusions of our study. However, we decided
not to use these new reference equations for the studied population of 5-, 8- and 12-year
old ECMO-treated patients for several reasons: First, the Utrecht dataset only provides
reference equations for spirometric values before bronchodilation. Second, reference
equations for FEV4/FVC are not available for 5-year-old children. Third, and perhaps
most important, we encountered a number of ambiguities in the newly published
reference equations which are currently being reassessed by the Utrecht research group.
Although the main conclusions of our study were not altered by using their reference
equations, differences between spirometric values expressed as SDS according to these
reference equations and those by Stanojevic were striking. Especially spirometric values
further below the normal range deviated to a greater extent.

Also, longitudinal reference data for static lung volumes and diffusion capacity are
lacking. Longitudinal comparison of static lung volumes from childhood to adulthood was
therefore not possible. For diffusion capacity, we used reference equations from Stam
and colleagues for 6 to 18-year-olds and those for adults from the age of 18 years "2,



Lung function testing; reflection of abnormal pulmonary development?

As lung function testing in infants and children has progressed over the last 20 years,
many research questions have been addressed and there is now consensus how the
techniques should be applied ">"°. However, lung function tests reveal mainly the
physiological representation of abnormal pulmonary development. The anatomical
substrate for lung function results, as well as questions concerning evolvement of these
anatomical malformations with increasing age, are not being addressed. Also, abnormal
vascular development and ventilation- perfusion abnomalities as described in CDH
patients . may influence diffusion capacity but studies relating diffusion capacity to
vascular anatomy are lacking . We consider this a limitation of the previously mentioned
studies. Additional information on anatomy would contribute to our knowledge on
congenital pulmonary anomalies and the future perspective of today’s survivors.
Therefore, imaging could enable and substantiate interpretation of these lung function
results.

Reference values for exercise capacity

A limitation of the study on exercise capacity is the lack of recent reference values for
exercise capacity in young adults indicated as V0, peak. It could be argued that the
reference values for VO, peak may not be appropriate for our population, because they
were collected several years ago and in a different population ’’. We recalculated our
results with different sets of reference values and chose the reference data by
Wasserman et al. These reference data enabled us to compare our results with other
studies and these calculations also took weight and height into account to correct for
differences in gender distribution 8.

Recommendations for clinical practice

From the results of our studies we concluded that FRC, does not accurately reflect lung
volume but that it is rather a measure for hyperinflation. V’maxgrc remained stable in the
first year of life in our studied populations and is only indicative, but not conclusive for
airway malacia. FRC, and V’'maxrrc measurement were considered of limited value for
daily practice our studied population of infants with CDH, EA and CLL.

Lung function can be assessed accurately but we do not foresee ILFT as a routine in
infants with congenital pulmonary anomalies. These are at risk for multiple problems that
may interact with each other: residual lung hypoplasia, chronic lung disease resulting
from prolonged ventilation, recurrent RTI, growth impairment, GERD, delayed motor
function development, and impaired exercise tolerance. For these children, especially
those with CDH and EA who suffered from a complicated course, we recommend
standardized multidisciplinary follow-up until adulthood including assessment of
respiratory symptoms, longitudinal lung function measurements and lung imaging. In



case of respiratory problems and/or lung function abnormalities, we recommend referral
to a pediatric pulmonologist for monitoring. Early, adequate treatment of infections and
asthma may prevent deterioration of lung function. Active treatment of GERD, improving
nutritional status and the low-threshold use of antibiotics, prophylactic antibiotics and
vaccination for respiratory syncytial and influenza virus is recommended in case of
recurrent respiratory tract infections.

With the increased survival of CDH patients with more severe pulmonary hypertension in
the first weeks of life we recommend cardiac evaluation in the first years of life with a
focus on persistent pulmonary hypertension as well as prolonged follow-up on respiratory
morbidity and exercise capacity.

We saw two adult CDH patients with gastrointestinal symptoms caused by recurrent
diaphragmatic hernia within 3 years after participation (Chapter 7). Therefore, thorough
examination, including appropriate imaging techniques, should be considered in CDH
patients in case of suspect gastrointestinal symptoms.

Recommendations for future research

Studies on the morphological substrate of functional lung changes in CDH are scarce.
Today’s survivors of CDH may develop into COPD patients in the future. Furthermore, it
is unknown to what extent compensatory lung growth occurs after birth. Volumetric
imaging techniques like CT and MRI scans enable to identify the degree of air trapping
7980 and can be used to monitor progression of the morphological changes. Alveolar
dimensions can be measured non-invasively with a recently developed Magnetic
Resonance Imaging (MRI) technique using hyperpolarized 3-Helium (*He-MRI) as a
contrast agent. With this technique we can also determine other unique structural and
functional parameters, such as homogeneity of ventilation and flow velocities in isolated
airways 81-83. A recent study in patients with chronic obstructive pulmonary disease
produced time-series of images showing ventilation defects with delayed filling of
peripheral airspaces, probably due to collateral ventilation 84. Delayed filling of the 3He
can be expected in case of collateral ventilation but also in partial obstruction, narrowing
of the peripheral airways, and lung hyperinflation. This technique, however, requires
specific equipment and availability of 3He, which is not widespread. Recently we had the
opportunity to apply this technique in a small subgroup of our young adult CDH patients;
results will follow soon. Valuable information on lung development in younger CDH
survivors, especially those with more severe forms of lung hypoplasia and/or pulmonary
hypertension, could be obtained with this specific, or other imaging techniques in the
near future.



*He-MRI image from an 18-year old CDH patient. The left-sided diaphragmatic defect was closed
primarely in the neonatal period. Image was acquired after inhalation of ®He over the period of a single
breath-hold. Hypoventilated areas with filling defects of varying size are present in both lungs. (Image
courtesy of J. M. Wild, Department of Academic Radiology, University of Sheffield, UK).

Early intervention programs with exercise training and lifestyle-coaching might contribute
to better exercise capacity in CDH and ECMO-treated patients. Encouraging these
children to be physically active may prevent deterioration of exercise capacity during
childhood and/or adulthood. It would be interesting to see if exercise capacity improved
in all patients with long term respiratory morbidity. Physical activity might be less
effective for those with severely compromised pulmonary function.

Lung clearance index (LCIl) is a rather simple, sensitive and reproducible marker of
deranged ventilation and can identify early lung disease in children 8 It measures inert
gas washout and identifies ventilation heterogeneity due to regional differences in airway
calibre. LCI measurements are currently being performed in our population of patients
with congenital pulmonary malformations and results are expected soon.

In EA, planned international prospective randomized clinical trials with allocation to either
thoracotomic, or thoracoscopic type of repair followed by longitudinal assessment of lung
function and respiratory morbidity could further elucidate which of the two is most
beneficial on the long term. As the thoracoscopic type of EA repair is CO; inflation-
assisted, long-term neuro-cognitive developmental assessment in a standardized and
validated manner should be incorporated in the follow-up program as well.

For children with CLL we recommend to evaluate postnatal natural history and, in case of
resection, compensatory lung growth in the first year of life. Standardized pre- and



postnatal imaging contribute to the current, limited knowledge on this subject. For the
future we recommend prolonged pulmonary follow-up to identify any long term effects of
CLL and to shed a light on the question whether surgical or observational management
should be preferred as the best ‘therapeutic’ modality.

Major findings and recommendations

The studies presented in this thesis show that children with congenital pulmonary
malformations such as congenital diaphragmatic hernia, esophageal atresia and
congenital lung lesions are at risk for respiratory morbidity and long-term lung function
abnormalities. Intensive follow-up with evaluation of respiratory morbidity and lung
function to improve long-term care, opens the possibility for tailormade early
interventions.
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Summary

In Chapter 1 we describe a prospective longitudinal cohort study on lung function and
respiratory morbidity of infants with congenital diaphragmatic hernia (CDH) during their
first year of life. The cohort consisted of 43 infants, 12 (28%) of whom were treated with
extracorporeal membrane oxygenation (ECMO). Sixteen of all infants (41%) developed
chronic lung disease (CLD), defined as oxygen dependency at day 28. Respiratory
morbidity and lung function were assessed at 6 and 12 months of age. The following lung
function parameters were measured: functional residual capacity (FRC,) and maximal
expiratory flow at functional residual capacity (V'maxrrc). While the FRC, was generally
above the expected range, the V’maxgrc was below normal. Both outcome measures did
not significantly change from 6 to 12 months. Presence of CLD, ECMO-treatment, higher
maximum mean airway pressure, and longer duration of ventilation were associated with
significantly higher FRC, values. V'maxrrc was not associated with any of these
characteristics. The FRC, values reported in our study may reflect hyperinflation.
However, since FRC, values did not increase over time, there does not seem to be
progressive hyperinflation of the alveoli in the first year of life. Decreased maximal
expiratory flows in our study may reflect abnormal airway size or flawed alveolar
architecture, perhaps due to airway damage from mechanical ventilation. Thus, CDH
survivors are at risk for respiratory morbidity with lung function abnormalities, especially
those who were treated with ECMO and/or were ventilated for a long time. These
patients’ lung function should be closely monitored.

In Chapter 2 describes a study similar to the one in chapter 1 in 37 infants who had
undergone repair of esophageal atresia. In addition we assessed whether type of repair—
thoracotomic or thoracoscopic — had any influence on lung function. FRC, values were in
the upper normal range and increased from 6 to 12 months. V'maxgrc was below the
normal range without a significant change from 6 to 12 months. Lung function
parameters did not differ between the groups of infants with a thoracotomic or
thoracoscopic type of repair. Flow limitation, which may reflect severe airway malacia,
was observed in 7 (19%) patients. Persistent higher airway obstruction caused by
tracheomalacia and recurrent respiratory tract infections (RTI) might have caused a mild
form if hyperinflation, reflected by FRC, in the upper normal range. First-year test results
were of limited predictive value for respiratory morbidity at 2 and 5 years of age.
Evaluation of lung volume within the context of planned international trials could further
elucidate which type of surgery — thoracotomic or thoracoscopic type — is most beneficial
on the long term. Frequent monitoring focussed on RTI prevention and nutritional status
is recommended.



In Chapter 3 we focussed on clinical course and lung function in 30 infants with
congenital lung lesions. Most of them suffered from congenital cystic adenomatoid
malformation (n=17), followed by bronchopulmonary sequestration (n=9), bronchogenic
cyst (n=1) and congenital lobar emphysema (n=3). Respiratory symptoms and lung
function were evaluated at 6 and 12 months of age. In addition we assessed whether
respiratory morbidity and lung function would differ between infants with asymptomatic
lesions (n=17) who received observational management and infants whose affected lung
parts were resected, the intervention group (n=13). Respiratory morbidity was not
different between both groups. Mean FRC, values were in the upper normal range;
V’maxrrc Was significantly below normal. Both parameters did not significantly change
over time and did not differ between infants in the observation or intervention group. No
significant associations were found between FRC, and V'maxgrc and clinical
characteristics at both time points. We assume FRC, does not accurately reflect lung
volume in the case of congenital lung lesions. Standardized pre- and postnatal imaging
could contribute to the current, limited knowledge on compensatory lung growth after
resection of lung parts. More understanding is important because improved antenatal
detection has led to a higher prevalence of congenital lung lesions. For the future we
recommend prolonged pulmonary follow-up of lung structure and function.

In Chapter 4 we assessed lung function at 5, 8 and 12 years of age in 121 children
treated with neonatal extracorporeal membrane oxygenation (ECMO) and identified any
effects of diagnosis and perinatal characteristics. Seventy children had suffered from
meconium aspiration syndrome (MAS), 20 from CDH and 31 from other conditions.
Dynamic and static lung volumes, reversibility of airway obstruction and diffusion
capacity were measured. Mean SDS FEV, before and after bronchodilation was
significantly higher at 5 years than at 8 and 12 years. Mean SDS for all spirometric
values were significantly lower in the CDH group compared with the other diagnostic
groups. Airway patency in patients with MAS and other diagnoses was within the normal
range and remained stable over time. A significant volume of trapped air was observed in
86% of the patients with CDH, 50% with MAS and 58% with other diagnoses. After
bronchodilation mean SDS FEV; and SDS FVC were negatively influenced by duration
of ventilation and duration of ECMO. We concluded that lung function is compromised
after neonatal ECMO treatment and that it tends to deteriorate over time in CDH patients
only. Therefore we assume that the underlying condition and not the ECMO-treatment
itself is responsible for the compromised lung function after neonatal ECMO. Prolonged
follow-up, especially of patients with CDH, is recommended.

In Chapter 5 we examined a previously studied cohort of 27 young adults with CDH and
30 age matched controls without CDH and lung hypoplasia who had undergone similar
neonatal intensive care treatment. The mean age of the former CDH patients was now



26.8 years. The non-CDH patients had been matched as best as possible for present
age, gestational age, birth weight, duration of mechanical ventilation, duration of
supplemental oxygen and gender. Dynamic and static lung volumes and diffusion
capacity were measured and the prevalence of respiratory symptoms was assessed.
Present data were compared with those measured 15 years earlier in childhood. Airflow
obstruction and diffusion capacity had slightly deteriorated since childhood. Lung
volumes were normal in CDH and non-CDH patients. In both groups, the prevalence of
asthma was higher compared with the normal population. We concluded that CDH and
non-CDH patients, who underwent similar neonatal intensive care treatment, had mild
airflow obstruction and reduced diffusion capacity at adult age, both of which had slightly
deteriorated since childhood in CDH patients only. Differences between groups were
only minor, indicating that not only residual sequelae of CDH but mainly intensive care
treatment contributed to outcome. Although improved ventilation techniques and ECMO
can reduce lung injury, long-term follow-up of CDH patients is still recommended seeing
that more patients with severe forms of lung hypoplasia and pulmonary hypertension
survive nowadays.

In Chapter 6 we determined long-term outcome of exercise capacity, severity of fatigue,
and level of physical activity in this same cohort as described in Chapter 5. Maximal
cardiopulmonary exercise testing was performed on an electrically braked cycle
ergometer. Cardio respiratory fitness was defined as the mean oxygen uptake (VO2
peak: in ml/min/kg) during the final 30 seconds of exercise. Mean VO2 peak did not
significantly differ between the groups: in former CDH patients it was 96.4%; in controls
98.0% predicted. Neither did exercise capacity, severity of fatigue, and level of physical
activity significantly differ between the groups. More CDH patients than controls reported
difficulties in their daily activities as estimated with the Life-H questionnaire. We
concluded that residual lung hypoplasia did not play an important role in this cohort of
young adults. Future studies need to elucidate whether exercise capacity is impaired in
patients with more severe lung hypoplasia.

In 2 of the 27 former CDH patients (7%) a large diaphragmatic defect was accidentally
discovered within the 3 years following this study. In Chapter 7 we reported on their lung
function before and after repair of this recurrent defect. They both had a history of mild
and aspecific abdominal complaints. Lung function was not substantially compromised
within 2 years before and after repair. No striking differences in airflow or lung volumes
were observed in the second test. We speculate that at the first evaluation, abdominal
organs were not present at all in the thoracic cavity or were present but did not
considerably compromise lung function. Although recurrence of CDH in adulthood is
reported to be rare, thorough examination, including chest X-ray, should be considered in
former patients in case of unexplained gastrointestinal symptoms.



In the concluding General Discussion we discuss our findings and make
recommendations for future studies.

These are the major recommendations:

- The use of imaging techniques such as the recently developed Magnetic
Resonance Imaging (MRI) technique using hyperpolarized 3-Helium (3He-MRI)
as a contrast agent could yield valuable information on lung development in
younger CDH survivors, especially those with more severe forms of lung
hypoplasia and/or pulmonary hypertension.

- Early intervention programs aimed at physical activity (of aimed at exercise
training and lifestyle-coaching) could contribute to better exercise capacity in
former CDH patients.

- International trials evaluating lung volume could elucidate which type of surgery —
thoracoscopic or thoracotomic type — in patients with pulmonary congenital
anomalies requiring intrathoracic surgery is most beneficial on the long term.

- Standardized pre- and postnatal imaging and prolonged pulmonary follow-up of
infants with congenital lung lesions could help evaluate the postnatal natural
history and, in case of resection of lung part(s), compensatory lung growth in the
first year of life.









Samenvatting

Hoofdstuk 1 betreft een prospectief, longitudinaal onderzoek naar de longfunctie en
luchtwegklachten in het eerste levensjaar van 43 kinderen met een congenitale hernia
diafragmatica (CHD). Extracorporele membraan oxygenatie (ECMO) werd toegepast bij
12 van de kinderen, en 16 hadden nog zuurstof nodig op dag 28 na de geboorte hetgeen
wijst op een chronisch longbeeld. Bij routinecontrole op de leeftijd van 6 en 12 maanden
werd gestandaardiseerd vastgelegd of er luchtwegklachten waren en werd de longfunctie
gemeten. In het bijzonder werd gekeken naar de functioneel residuale capaciteit (FRC,),
een maat voor de longinhoud, en maximale expiratoire flow bij functioneel residuale
capaciteit (V’'maxrrc), een maat voor de doorgankelijkheid van de luchtwegen. FRC,
waarden lagen aan de bovengrens van de normale spreiding van gezonde kinderen;
V’maxgrc Was lager dan waardes bij gezonde controles. Beide uitkomstmaten
veranderden niet significant tussen 6 en 12 maanden. Zuurstofbehoefte op dag 28,
ECMO-behandeling, hogere gemiddelde beademingsdruk en langere beademingsduur
waren geassocieerd met significant hogere FRC, waarden. Dit gold niet voor V'maxgrc.
De hogere FRC, waarden zouden kunnen wijzen op hyperinflatie (toegenomen
luchthoudendheid van de longen), echter zonder progressie van 6 naar 12 maanden. De
lagere V’maxgrc zou er op kunnen wijzen dat de dimensies of de structuur van de longen
en/of luchtwegen afwijken van normaal — wellicht als gevolg van kunstmatige
beademing. De conclusie is dat CHD-patiénten een verhoogd risico hebben op het
ontwikkelen van luchtwegklachten of abnormale longfunctie, vooral als ze ECMO-
behandeling hebben gekregen en/of lang zijn beademd. Alle reden om deze patiénten tot
de leeftijd van 18 jaar regelmatig te controleren.

Bij oudere patiénten met een slokdarmafsluiting (oesofagusatresie) is in de literatuur een
beperkte longfunctie beschreven. In hoofdstuk 2 wordt eenzelfde onderzoek
beschreven als bij CHD-patiénten, maar nu bij 37 kinderen met een slokdarmafsluiting.
De FRC, waarden lagen aan de bovengrens van de normale spreiding van gezonde
kinderen en namen toe van 6 naar 12 maanden. V’maxgrc Was beneden gemiddeld ten
opzichte van gezonde kinderen en veranderde niet in de tijd. We keken of er verschil
was in longfunctie bij kinderen die met thoracotomie of met thoracoscopie (kijkoperatie)
waren geopereerd. Er bleek geen significant verschil te zijn. Flow limitatie, hetgeen een
ernstige verslapping van de luchtwegen kan representeren, werd bij 7 patiénten
vastgesteld. Dit kan wijzen op ernstige verslapping van de bovenste luchtwegen. De
verslapping van de luchtwegen met daardoor vernauwing hiervan, samen met herhaalde
luchtweginfecties kunnen hyperinflatie met een FRC, aan de bovengrens van de
normale spreiding veroorzaken. De resultaten van onderzoek op de leeftijd van 6 en 12
maanden bleken van weinig voorspellende waarde voor het optreden van
luchtwegklachten op de leeftijld van 2 en 5 jaar. Grote internationale studies zijn nodig



om op te helderen welk type operatie — thoracotomisch of thoracoscopisch - op de lange
termijn het meeste voordeel biedt. Regelmatige controle zou gericht moeten zijn op de
preventie van recidiverende luchtweginfecties en verbetering van de voedingstoestand
van deze kinderen.

Door verbetering van prenatale echografische technieken en de invoering van de
standaard 20-weken echo in januari 2007 worden vaker congenitale longafwijkingen
(CLA) gediagnostiseerd. Hoofdstuk 3 beschrijft een onderzoek naar het klinische beloop
en de longfunctie bij 30 kinderen met een congenitale longafwijking te weten; congenitale
cysteuze adenomateuze malformatie (n=17), bronchopulmonaal sekwester (n=9),
bronchogene cyste (n=1) en congenitaal lobair emfyseem (n=3). Het longfunctie
onderzoek werd op dezelfde manier verricht als bij de kinderen met CHD of een
slokdarmafsluiting, met metingen op de leeftijd van 6 en 12 maanden. Verschillen in
luchtwegklachten en longfunctie werden vergeleken tussen kinderen met een CLA die na
de geboorte asymptomatisch bleek en waarvoor een afwachtend beleid werd
afgesproken (n=17) en kinderen die een resectie van het aangedane longdeel(-delen)
ondergingen (n=13). Er bleken geen significante verschillen te zijn. Er werden geen
significante associaties gevonden tussen FRC, en V'maxgrc en klinische karakteristieken
op beide tijdstippen. Wij nemen aan dat FRC, geen goede maat is voor het longvolume
bij kinderen met een congenitale longafwijking. We bevelen het gebruik van
geavanceerde beeldvormende technieken aan om inzicht te krijgen in de eventuele
compensatoire longgroei na resectie van een longdeel(-delen). Ook deze kinderen
zouden regelmatig gedurende langere tijd moeten worden gecontroleerd.

In hoofdstuk 4 worden de resultaten beschreven van longfunctiemetingen op de leetftijd
van 5, 8 en 12 jaar bij kinderen die als pasgeborenen ECMO-behandeling hadden
gekregen. Het ging om 70 kinderen met een meconium aspiratie syndroom (MAS), 20
met een CHD, en 31 kinderen die met ECMO werden behandeld vanwege een andere
aandoening. Dynamische en  statische longvolumes, reversibiliteit  van
luchtwegobstructie, en diffusiecapaciteit werden gemeten. De gemiddelde standaard
deviatie score (SDS) van FEV4 voor en na bronchodilatatie op 5-jarige leeftijd was
significant hoger dan op 8- en 12-jarige leeftijd. Gemiddelden van SDS van alle
spirometrische waarden waren significant lager voor kinderen met CHD vergeleken met
de andere groepen. De luchtwegdoorgankelijkheid was bij de patiénten met MAS en
andere afwijkingen normaal en bleef stabiel over de tijd. Een hoog volume aan “trapped
air” werd gevonden bij 86% van de patiénten met een CHD, bij 50% met MAS en bij 58%
met andere diagnoses. SDS FEV,; en SDS FVC na bronchodilatatie werden negatief
beinvloed door de duur van de beademing en de duur van ECMO. Wij concludeerden
dat de longfunctie bij CHD-patiénten na neonatale ECMO slechter is dan die bij kinderen
die vanwege een andere aandoening met neonatale ECMO zijn behandeld en dat deze



alleen bij CHD-patiénten neigt tot verslechtering in de tijd. Wij nemen daarom aan dat het
onderliggend lijden en niet de ECMO behandeling zelf verantwoordelijk is voor deze
slechtere longfunctie na neonatale ECMO behandeling. We bevelen langdurige follow-up
aan, zeker van de CHD-patiénten.

In een eerdere studie, in de jaren 90, hebben we een cohort van kinderen met CHD
(leeftiid 7-18 jaar) onderzocht. Deze werden vergeleken met 30 leeftijdgematchte
controles zonder CHD en longhypoplasie, die als pasgeborenen ook intensive care
behandeling hadden ondergaan. We hebben nu dit cohort onderzocht op de gemiddelde
leeftijld van 26,8 jaar. De resultaten zijn beschreven in hoofdstuk 5. Dynamische en
statische longvolumina en diffusiecapaciteit werden gemeten en eventuele respiratoire
symptomen werd vastgesteld. Luchtwegobstructie en diffusiecapaciteit waren in beide
groepen weinig verslechterd sinds de kindertijd. De longvolumes waren normaal in beide
groepen. De prevalentie van astma was in beide groepen hoger dan die in de normale
populatie. Wij concludeerden dat zowel bij CHD-patiénten en niet-CHD-patiénten, die
ook intensive care behandeling hebben ondergaan als pasgeborenen, milde
luchtwegobstructie en verminderde diffusiecapaciteit voorkomt op de volwassen leeftijd
met geringe verslechtering sinds de kinderleeftijd. De verschillen tussen de groepen
waren slechts gering, wat er op wijst dat niet zo zeer de afwijking, maar vooral de
intensive care behandeling bijdragen aan de uitkomsten. Omdat door verbeterde
behandelingsmogelijkheden de overleving van patiénten met een ernstiger vorm van
longhypoplasie en pulmonale hypertensie is toegenomen, bevelen wij lange termijn
follow-up van CHD patiénten aan.

In hoofdstuk 6 rapporteren we de resultaten van een maximale inspanningstest op een
fietsergometer, waarbij ook de zuurstofopname werd gemeten, in hetzelfde cohort zoals
beschreven in hoofdstuk 5. Beide groepen scoorden binnen de norm zonder significant
verschil tussen de groepen: CHD 96,4% en controles 98,0% van de voorspelde waarde.
Er werden geen significante verschillen gevonden in het duuruithoudingsvermogen, mate
van vermoeidheid en niveau van dagelijkse activiteit. Meer CHD-patiénten rapporteerden
in de Life-H vragenlijst problemen bij hun dagelijkse activiteiten. Wij concludeerden dat
residuale longhypoplasie geen belangrike rol speelde in dit cohort van jong
volwassenen. Toekomstig onderzoek moet uitwijzen of bij patiénten met een ernstiger
vorm van longhypoplasie het duuruithoudingsvermogen is verminderd.

Bij twee van die jong volwassen patiénten met een CHD (7%) werd bij toeval binnen 3
jaar na het bovenstaand beschreven onderzoek weer een gat in het middenrif ontdekt.
Beiden hadden een voorgeschiedenis met milde en aspecifieke buikklachten. In



hoofdstuk 7 beschrijven wij hun longfunctie voor en na operatieve correctie. Bij beiden
waren er geen noemenswaardige verschillen gevonden in luchtwegdoorgankelijkheid en
longvolume voor en na de operatie. Wij veronderstellen dat er bij de eerste meting of
geen buikorganen in de borstholte waren doorgedrongen, of wel, maar dan zonder
nadelige invioed op de longfunctie. Alhoewel een recidief hernia diafragmatica bij
volwassenen zeldzaam wordt geacht, is nader radiologisch onderzoek het overwegen
waard bij onverklaarbare gastro-intestinale klachten.

In de algemene discussie bespreken we onze bevindingen en doen we aanbevelingen
voor toekomstige studies.

De belangrijkste aanbevelingen zijn:

- Toepassing van beeldvormende technieken zoals de recent ontwikkelde Magnetic
Resonance Imaging (MRI) met gehyperpolariseerd 3-Helium als contrast. Vooral
bij CHD patiénten met ernstiger vormen van longhypoplasie en/of pulmonale
hypertensie en persisterende longfunctie afwijkingen kan de longontwikkeling
geévalueerd worden..

- Uitvoering van grote internationale trials om te bepalen welke vorm van chirurgie
bij kinderen met een slokdarmafsluiting op de lange termijn het gunstigst is —
thoracoscopisch of thoracotomisch.

- Voor kinderen met een CLA is evaluatie van het postnatale, natuurlijke beloop
van belang. Gestandaardiseerde pre- en postnatale beeldvorming en langdurige
follow-up kunnen bijdragen aan de huidige, beperkte kennis over dit onderwerp.
In geval van resectie van een long deel(-delen), kan de compensatoire longgroei
in het eerste levensjaar van kinderen met een CLA geévalueerd worden.

- Kinderen met congenitale longafwijkingen zoals congenitale hernia diafragmatica,
oesofagusatresie en congenitale cysteuze longafwijkingen lopen risico op het
ontwikkelen van luchtwegklachten en lange termijn longfunctie afwijkingen.
Intensieve follow-up met evaluatie van luchtwegklachten,de longfunctie, en het
uithoudingsvermogen (of: conditie) biedt de mogelijkheid tot goede lange termijn
zorg en gerichte interventies.
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