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Abstract
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growing child with esophageal atresia. Digital Comprehensive Summaries of Uppsala
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Background: Esophageal atresia (EA) is a congenital malformation that consists of various
degrees of discontinuity of the esophagus and affects about 1:3000 live births. EA is usually
corrected at birth with survival rates over 90%, which has shifted the focus towards improvement
of associated morbidity and health-related quality of life.

The aims of this thesis were to investigate how morbidity in the esophagus and respiratory
system in children with EA relates with diagnostic and function tests included in the follow-up
programme after EA repair and evaluate the efficacy of the recommended proton pump inhibitor
(PPI) prophylaxis.

Methods: The study population consists of 169 children treated for EA in the Department
of Pediatric Surgery at University Children’s Hospital, Uppsala between 1994 and 2018. The
patients participated in the multidisciplinary follow-up programme that was established in 2011
for patients with EA. The thesis is based on four observational studies that investigated the
outcome of the patients and generalisability of the results; risk factors for anastomotic strictures
and the efficacy of PPI-treatment regimen in reducing its incidence; pulmonary function and
risk factors for pulmonary function impairment; and association between ambulatory 24h
pH test, endoscopic findings of esophagitis and hiatal hernia, symptoms of gastroesophageal
reflux (GER), and histopathological esophagitis. The studies were approved by the Regional
Committee for Medical Research Ethics.

Results: The demographics and outcome of our study population are comparable with centres
of higher caseload, showing low mortality rate but significant morbidity, especially considering
anastomotic strictures and patients with long gap EA. Long gap EA, higher birth weight,
and anastomotic tension were independent risk factors of anastomotic stricture formation.
Prophylactic PPI-treatment did not reduce anastomotic strictures compared with symptomatic
PPI-treatment. Respiratory morbidity and obstruction of the airways were common in children
and adolescents after EA repair. The risk for pulmonary function impairment increased with
lower birth weight and older age at follow-up. Neither ambulatory 24h pH-metry, clinical
symptoms of GER nor endoscopic esophagitis were reliable tools to identify histopathological
esophagitis in children and adolescents after EA repair and cannot replace esophageal biopsies.

Conclusion:The poor correlation between clinical symptoms and morbidity of the esophagus
and respiratory system justifies the need of clinical follow-up programmes in patients with
EA. A general recommendation to stop prophylactic PPI-treatment after EA repair cannot be
supported, however, sufficient evidence is available to support randomised controlled studies.
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Abbreviations

ATS
ABG
BMP4
CDH
CHARGE

CHD7
DLCO
EA
Egf
ERS
FEV,
Fgfs
FOT
FRC
FVC
GER
GERD
GLI
10S
MRI
LLN
Nkx2.1
PdgfA
RV
SHH
Sox2
Tbx4
TEF
TGV
TLC
VACTERL

American Thoracic Society

arterial blood gas

bone morphogenetic protein 4

congenital diaphragmatic hernia

Syndrome with coloboma of the eye, heart defects,
atresia of the choanae, retardation of growth and/or de-
velopment, genital and/or urinary tract defects and ear
anomalies and/or deafness

chromodomain helicase DNA-binding protein 7
diffusing capacity of the lungs for carbon monoxide
esophageal atresia

epidermal growth factor

European Respiratory Society

forced expiratory volume in 1 s

fibroblast growth factors

forced oscillation technique

functional residual capacity

forced vital capacity

gastro-esophageal reflux

gastro-esophageal reflux disease

glioma-associated oncogene homolog

impulse oscillometry

magnetic resonance imaging

lower limit of normal

NK2 homeobox 1

platelet derived growth factor subunit A

residual volume

sonic hedgehog signaling pathway

SRY (sex determining region Y)-box 2

T-box 4

tracheoesophageal fistula

thoracic gas volume

total lung capacity

association in which three or more of the following
malformations are present vertebral, anorectal, cardiac,
tracheo-esophageal, renal and/or limb.



VC vital capacity
Vr tidal volume
Wnt2 Wnt family member 2



Introduction

Esophageal atresia (EA) is a congenital malformation affecting 1:2500-1:5500
live births'™. It consists of various degrees of discontinuity of the esophagus
and its classical presentation was first described by Thomas Gibson in 1697°.
Several attempts and approaches to correct this malformation were made but

the first successful primary repair was described by Haight and Towsley in
19437,

Anatomical classification

Over the years there have been several classification systems of EA. The cur-
rently most used is Gross’ classification system® (Figure I). Gross A consists
of EA without tracheoesophageal fistula. Gross B has a proximal trache-
oesophageal fistula. Gross C has a distal tracheoesophageal fistula. Gross D
has both a proximal and a distal tracheoesophageal fistula. Gross E has an
isolated tracheoesophageal fistula without discontinuity of the esophagus.
Gross F is a congenital narrowing of the esophagus and it is important to men-
tion due to associated anomalies. The most common type of EA is Gross C
(86%), followed by type A (7%), type E (4%) type B (2%) and D (1%)’.

133388

Figure 1. Gross’ classification system of esophageal atresia®.

Associated malformations

The process leading to EA may affect other organ systems. About 50%"'* of
the patients suffering from EA have one or more associated anomalies. The
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most frequent anomalies are cardiac anomalies, accounting for approximately
30%, vertebral 20%, limb 15%, anorectal 15% and renal 10%'°.

On the other hand, EA can be part of other conditions. Currently, the human
phenotype ontology database'' lists 25 diseases and 28 genes associated with
EA. The diseases with which EA is frequently associated are listed in Table
1. From a clinical point of view, it is important to mention the VACTERL
association and CHARGE syndrome.

VACTERL association is the presence of three or more of the malfor-
mations mentioned in the acronym (Vertebral, Anorectal, Cardiac, Tracheo-
Esophageal, Renal and Limb), when genetical causes are ruled out (as Fanconi
anemia, Feingold, Apert, Goldenhar, anophthalmia or other syndromes). The
incidence of VACTERL association is 1 in 10,000-40,000 live births and
about 20% of patients with EA have this association'”.

CHARGE syndrome was first described in 1979 by Brian D Hall. Later it
was showed that it originates due to mutations in the CHD7-gene coding for
chromodomain helicase DNA-binding protein and is located in chromosome
8 (8q12.2)" and leads to Coloboma of the eye, Heart defects, Atresia of the
choanae, Retardation of growth and/or development, Genital and/or urinary
tract defects and Ear anomalies and/or deafness'*. The incidence of CHARGE
among patients with EA ranges from 0.7-5%'"*!>""7,

Table 1. Diseases with frequently associated esophageal atresia.

Disease Gene
Anophthalmia/microphthalmia-Esophageal Atresia Syndrome SOX 2
CHARGE CHD7; SEMA3E
Coffin-siris Syndrome 11 SMARCDI1
Methimazole Embryofetopathy -

Trisomy 18 -

VACTERL with hydrocephalus FANCB
VACTERL -

Adapted from the human phenotype ontology database''.

Embryology of the esophagus and lungs

In order to understand the formation of EA one has to understand the embry-
ological development of the gastrointestinal and respiratory tract. All the em-
bryological layers contribute to the formation of the gut; the endoderm forms
the epithelial layer, mesoderm the muscular layer and the ectoderm forms the
neural plexus. By the 4™ week the embryo is folded and there is a regionalisa-
tion of the gut precursor given by retinoic acid concentration with foregut,
midgut and hindgut (Figure 2). The foregut is the endodermal common pre-
cursor of the upper gastrointestinal-tract and the respiratory system and can be
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divided in the anterior foregut (precursor of the pharynx, trachea and esopha-
gus) and the posterior foregut (precursor of stomach, proximal duodenum,
liver and pancreas). All further mention of the foregut refers to the anterior
foregut. At day 22, from the ventral foregut an extension is formed, called
respiratory diverticulum. This extension will go through a compartmentalisa-
tion process that will eventually lead to the separation from the dorsal foregut
by the tracheoesophageal septum, forming separated precursors to the esoph-
agus and trachea by the 6™-7" week. There are currently three models that try
to explain the compartmentalisation of the foregut. The septation model, states
that the ventral and dorsal foregut are separated by lateral folds that fuse in the
ventral-dorsal midline creating the tracheoesophageal septum. The outgrowth
model, states that the trachea and lungs grow out from the foregut as an ex-
tension of the respiratory diverticulum and that the foregut itself becomes the
esophagus. Finally the watershed model postulates that a mesenchymal tra-
cheoesophageal septum blocks the growth in the ventral-dorsal midline and

the trachea and esophagus grow independently on each side of the septum'®
20
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Figure 2. Embryology of the esophagus and lungs.

Even though the process by which the esophagus and trachea are separated is
not fully understood some molecular aspects have been described. As previ-
ously mentioned, the retinoic acid concentration gradient in the longitudinal
embryonic axis (where the oral end is exposed to the lowest concentration and
the caudal to the highest) leads to the differentiation of each part of the gut by
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activating different transcription factors. In a similar fashion the ventral and
dorsal foregut, that will form the trachea and esophagus respectively, have
different protein expression patterns directed by the surrounding mesenchy-
mal cells’ protein expression. The ventral foregut has an Nkx2.1 expression
and Sox2 repression, while the dorsal foregut has the opposite expression pat-
tern of Nkx2.1 and Sox2 (Figure 3). In the ventral foregut, Sox2 repression is
due to mesenchymal expression of BMP4, while Nkx2.1 expression is induced
by Wnt2 and Wnt2b. The dorsal foregut mesenchyme and notochord secrete
NOGGIN, which, not only inhibits BMP4 but also directly activates Sox2 ex-
pression. Nkx2.1 repression is accomplished by Wnt. Further stabilisation of
this expression pattern is regulated by sonic hedgehog (SHH) expressed by
mesenchymal cells (SHH-GLI signaling pathway). Furthermore, Tbx1 seems
to be important for normal esophageal development and has been shown to be
expressed in the dorsal foregut. Tbx4 seems to be important for lung develop-
ment and the development of the mesenchymal tracheoesophageal sep-
tum18,20,21‘
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Figure 3. Differentiation mechanisms of ventral and dorsal foregut (adapted from
Perin et al.'®).

The development of the complex structure of the esophagus encompasses sev-

eral parallel processes. The simple columnar epithelium of the foregut becomes
stratified and then differentiates into the final squamous stratified epithelium.
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Parallel to this process the cross-sectional structure of the esophagus is devel-
oped with the mucosa, submucosa, muscularis and adventitia. The process of
epithelial stratification starts after the foregut compartmentalisation. By the
eighth week, the foregut has reached its proportion in relation to the stomach.
At this point, the epithelium has partially occluded the lumen and large vacuoles
start to form in the epithelium. Over a couple of weeks, the esophageal lumen
becomes recanalised by the fusion of the vacuoles and the epithelium becomes
multi-layered. The expression of Sox2 and p63 is important for the stratification
process. During this time BMP4 is suppressed by NOGGIN. This expression
pattern is maintained in the basal (proliferating) layer of the epithelium. In the
suprabasal layers BMP4 becomes activated and represses SOX2 and p63 ex-
pression, promoting the differentiation of the suprabasal layers into the squa-
mous stratified epithelium. This process is completed by the 16™ week. The de-
velopment of the cross-sectional structure of the esophagus is modulated by
SHH-signaling and the concentration gradient of its products. SHH blocks the
development of smooth muscle. From the fourth to fifth week the mesenchyme
surrounding the foregut starts to differentiate into smooth muscle. Both an inner,
circular layer, and an outer, longitudinal layer are formed throughout the esoph-
agus by the eighth week. At this point the muscularis mucosae begins to appear
and the precursors of the stratified muscle of the esophagus are present cranially.
By the 12" week, the smooth muscle of the muscularis is replaced by stratified
muscle, in the cranio-caudal direction, according to the final esophageal pattern.
Several genes, crucial to this process, have been identified. Tbx1 is essential for
the caudal migration of the stratified muscle. Cdo is required to determine the
appropriate caudal limit of the stratified muscle. Myf7, Pax7, Foxpl and Foxp2
are necessary for the differentiation of the stratified muscle. The myenteric and
submucosal neural plexus are derived from neural crest cells expressing
Sox10*"2,

The development of the lungs can be divided into five foetal stages. The
embryonic stage; after the formation of the respiratory diverticulum (day 22)
and its growth into the surrounding mesenchyme, the first division into right
and left primary bronchial buds takes place (day 26-28). At this point, the
proximal stem is the precursor of the larynx and trachea and the primary bron-
chial buds are the precursors of right and left lungs. At day 30, the second
division of the bronchial tree takes place forming the precursors of the lung
lobes, three secondary bronchial buds on the right side and two secondary
bronchial buds on the left. By day 38 another division has occurred forming
tertiary bronchial buds. At this point the pseudoglandular phase starts (week
6-16) leading to another 14 divisions and ending with the formation of tubes
of thick epithelium surrounded by dense mesenchyme called terminal bron-
chioles. In the canalicular phase (week 16-28) each terminal bronchiole
branches to two or more respiratory bronchioles, the epithelium starts to spe-
cialise into neuroendocrine, ciliated and secretory cells proximally and pre-
cursors of alveolar cells type I and II distally; and the surrounding
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mesenchyme becomes vascularised with blood vessels in close relation to the
terminal bronchioles. The saccular phase (week 28-36) is characterised by the
further division of terminal bronchioles to produce primitive alveoli, called
terminal sacs. These sacs are surrounded by a dense network of capillaries and
some gas exchange is possible. Terminal sacs continue to be produced during
childhood. The alveolar phase (week 36-40) consist of maturation of the ter-
minal sacs to alveoli, with mature type I cells for gas exchange and type II
cells for surfactant production and damage control. This process continues
also after birth as does the process of septation for further division of the al-
veoli. Besides the molecular mechanisms described above, other growth fac-
tors are important for lung development and maturation such as Fgfs, Egf and
Pdng'9’20’24.

The normal esophagus

The esophagus is a muscular tube that actively transports food from the phar-
ynx to the stomach in a coordinated manner. It is located at the posterior me-
diastinum, behind the trachea and is delimited cephalad by the upper esopha-
geal sphincter (inferior constrictor and cricopharyngeus muscles) and caudally
by the lower esophageal sphincter (smooth muscle). It grows in length from
approximately 10 cm at birth to 25 cm in adults. As all the gastrointestinal-
tract, it consists of four functional entities: mucosa, submucosa, muscularis
and adventitia. The mucosa is the inner lining of the tube, towards the lumen
and consists of nonkeritinized squamous epithelium, lamina propria and a
smooth muscle layer called muscularis mucosae. The submucosa contains the
submucosal nerve plexus (Meissner’s), blood and lymphatic vesical plexus
and esophageal and cardiac glands (the last are present in the caudal part) for
mucus secretion to the lumen. The muscularis consist of an inner circular mus-
cle layer, an outer longitudinal muscle layer and the myenteric (Auerbach’s)
nerve plexus in between. The upper third of the muscularis is composed of
exclusively skeletal muscle, the middle third of both skeletal and smooth mus-
cle fibres and the caudal third of exclusively smooth muscle. The adventitia is
the outer layer in contact with surrounding tissues®=’.

The process of swallowing and transportation of food through the esopha-
gus is a well-orchestrated process that starts as a voluntary process (oral and
pharyngeal phase) and is completed as an autonomous one (esophageal
phase). In the pharyngeal phase the airway is protected through elevation of
the larynx, closure of the vocal cords and closure of the epiglottis while the
food bolus passes through the laryngopharynx, sensory stimuli (through vagal
nerve and glossopharyngeal nerve) trigger the relaxation of the upper esopha-
geal sphincter, the bolus is pushed to the esophagus and the sphincter contracts
once again. Peristaltic waves are originated through parasympathetic vagal
stimulation creating positive pressure towards the stomach. Local distention
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of the esophagus generates secondary peristaltic waves. The peristaltic waves
are more rapid in the superior part of the esophagus that contains skeletal mus-
cle. The lower esophageal sphincter relaxes when the esophageal wave
reaches it allowing the food bolus to reach the stomach?®*®, The peristaltic
waves are regulated by the parasympathetic system through efferent vagal
nerve fibres. The origin of these fibres is two nuclei in the medulla. The fibres
regulating skeletal muscle originate from the nucleus ambiguous and termi-
nate directly on the motor endplate of skeletal muscle. The fibres regulating
smooth muscle originate from the dorsal motor nucleus and terminate on neu-
rons of the myenteric nerve plexus. The submucosal nerve plexus serves as an
afferent signalling pathway through parasympathetic and sympathetic fibres.
The parasympathetic afferent signals go through the vagus nerve to the tractus
solitarius and then the nucleus ambiguous and the dorsal motor nucleus of the
vagus nerve and to the limbic system and frontal cortex. The sympathetic af-
ferent signals go through the dorsal root ganglia to the dorsal horn of the spinal
cord and then to the somatosensory cortex and limbic system through the spi-
nothalamic and spinoreticular pathways to the thalamus and reticular nuclei®.

Principles of assessment of esophageal morbidity

Esophageal morbidity can be caused by anastomotic strictures, gastro-esoph-
ageal reflux (GER), esophagitis, dysmotility and combinations of these. With
cine esophagogram it is possible to diagnose strictures and to assess motility
which can further be refined by manometry. GER is confirmed by pH-metry
measures which are performed placing a measuring catheter (through the
nose) above LES according to the recommendations®’. The monitoring is then
performed over 24 h in an ambulatory manner. These measurements can be
refined with the addition of impedance measurements. The advantage of com-
bined multiple intraluminal impedance (MII) and pH-metry (i.e. pH-imped-
ance monitoring) over just pH-metry, is the ability of the former to discrimi-
nate between acidic (pH<4), weakly acidic (pH 4-7) and alkaline (pH>7) epi-
sodes of GER; distinguish between antegrade (swallow) and retrograde flow
(GER), the physical properties of the refluxate (gas, liquid, semisolid or mix)
and the height of the reflux***'. However, the analysis of the collected data is
time consuming and the available software for automated analyses is not reli-
able in patients treated for EA due to misinterpretation of motility patterns
around the anastomosis®>* and underestimation of the reflux burden due to
lower impedance in this group of patients****. These problems may require the
manual evaluation of the analyses by an experienced clinical physiologist*”.
Considering the total time of exposure to acidic GER a score can be computed
that consider the percentage of time under pH4 (reflux index®) or according
to DeMeester’® or Boix Ochoa®’. These scoring systems for GER have six
components in common, percentage time with acidic reflux for the total
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period, percentage time with acidic reflux in the upright position, percentage
time with acidic reflux in supine position, number of reflux episodes, number
of reflux episodes of 5 min or more, and longest reflux episode; Boix-Ochoa
added percentage time with acidic reflux in the prone position®’. The effects
of GER can be assessed through endoscopic examination of the esophagus
which allows the detection and classification of esophagitis according to
standardised criteria (7Table 2). Endoscopy can also be useful in detecting and
treating strictures. Furthermore, biopsies can be taken and submitted for the
histological assessment of esophagitis (Table 3).

Table 2. Classification systems for reflux esophagitis

Savary-Miller Classification

Grade 0 Normal mucosa

Grade | Discrete areas of erythema

Grade 11 Noncircumferential erosions

Grade III Circumferential erosions

Grade IV Ulcers, strictures or Barret esophagus

Los Angeles Classification

Grade A >1 mucosal break <5 mm long that does not extend between the tops of 2
mucosal folds

Grade B >1 mucosal break >5 mm long that does not extend between the tops of 2
mucosal folds

Grade C >1 mucosal break that extends between the tops of >2 mucosal folds in-
volving <75% of the esophageal circumference

Grade D >1 mucosal break that involves >75% of the esophageal circumference

MUSE classification
Metaplasia Ulceration Stricture Erosion

Grade 0 MO absent U0 absent S0 absent EO absent

Grade 1 M1 one Ul one S1>9 mm EO one

Grade 2 M2 circumferential U2 >2 S2 <9 mm E2 circumferential

Adapted from Spechler et al. 3%

Table 3. Histological classification of esophagitis according to Ismail-Beigi*®.

Grade Definition Criteria
1 Criteria 1, 2 and 3 1 Hyperplasia of the basal layer (>15% of epithelial
(mild) thickness)
2 Elongation of the papillae within the lamina pro-
pria (>50 of epithelial thickness)
1T Criterion 4 alone or 3 Dilatation of interpapillary vascular spaces
associated with 1-3
(moderate) 4 Neutrophils, eosinophils, and lymphocytes within
the lamina propria (exocytosis)
1 Criteria 5 and 6 alone 5 Erosions or ulcerations within the epithelium
or associated with 1-4
(severe) 6 Granulation tissue
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The normal lungs

The main function of the lungs is gas exchange i.e. enrich the blood with ox-
ygen and cleanse it from carbon dioxide. The components of the respiratory
system contribute to this task by providing static properties (structural/elastic)
to the lung that affect the dynamic properties (related to air flow/resistance).
The lungs are composed of the airways, interstitium, vascular and lymphatic
systems, and nerves*’.

The airways consist of a central/conducting part referred to as the bronchial
tree that continues into a peripheral/gas-exchanging part, the alveolar region
or acinus. The histology of the airways changes throughout its pathway ac-
cording to the function of the region. The trachea and bronchi consist of a
ciliated pseudostratified columnar epithelium which is lined by a mucus layer,
a submucosal layer with capillaries and submucosal glands, a smooth muscle
layer and a fibro-cartilaginous layer. This structure changes in the bronchioles,
where the epithelium is cuboidal and the submucosal glands and cartilage dis-
appears. In the alveoli the structure is completely different with squamous ep-
ithelium consisting of type I (gas exchange) and type Il (surfactant and repar-
atory) cells, a submucosa that in places is reduced to a capillary bed and in
others has a supportive structure of connective tissue and fibroblasts®.

The interstitium provides a structural framework for the lung, which re-
flects its elastic properties, as well as a ground for cell growth and differenti-
ation®.

Postnatal lung development

The lungs must undergo dramatic changes to adapt from intrauterine life to
extrauterine life, they are under development throughout infancy and have to
grow further throughout childhood. It is important to distinguish between lung
development and lung growth (Figure 4). At birth the lung epithelium
changes, by effects of catecholamines and oxygen tension, from fluid-secret-
ing to fluid-absorbing epithelium. The distal lung units must fill with and re-
tain air and the circulation of the lung must increase considerably. The trachea
approximately triples its diameter during childhood but reaches the childhood
conductance by 18 months and further increase in conductance occurs mainly
in adolescence. The peripheral airways increase in cross-sectional diameter
mainly during the first five years leading to an increased conductance of air.
Alveolar numbers increase through formation of new alveoli from saccules,
segmentation of these alveoli and alveolarization (transformation of terminal
bronchioles into respiratory bronchioles). New alveoli are not formed, under
normal circumstances, after eight years of age. Alveolar multiplication leads
to increased circulation by the formation of new blood vessels. Microvascular
maturation takes place up until three years of age and consists of the process
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of remodelling the capillary network in the saccular walls and secondary septa
of the alveoli from double capillary to single capillary network®.
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Figure 4. Foetal and postnatal lung development and growth. Various stages of lung
development. The actual separation of individual stages is not discrete, and it over-
laps. Note that the alveolar stage commences before normal term birth (Adapted
from Ochs et al.*?).

Principles of respiration and pulmonary function testing

The measurements of lung volumes and capacities are influenced by factors
such as elasticity of the lungs and chest wall, airways status and resistance,
age and cooperation of the subject performing the test.

The elastic properties of the lungs and chest wall create the pressure-gradi-
ent necessary for the movement of air in and out of the lungs. The elastic
properties of the lungs means that they have a tendency to decrease their size
at all volumes. The most significant determinant of the elasticity of the lungs
is the presence of surfactant that provides a liquid-air interface, other factors
are the structural components and the geometry of the terminal airspaces. The
chest wall is also an elastic structure that tends to expand at low volumes and
decrease at high volumes™.

Airway resistance is the opposing force that the airways offer to accelera-
tion and movement of air within them. This is of importance during forced
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inspiration/expiration and pathological processes and is determined by the di-
ameter of the airways, the velocity of air flow, and the physical properties of
the gas breathed. The diameter of the airways is determined by the balance
between the forces tending to narrow and widen the airways. The airway re-
sistance is more marked at the upper airway and trachea®.

Several factors change the elastic properties of the lungs and chest wall as
well as the airway resistance. In our patient population, these factors could be
age, scars from thoracotomy, tracheomalacia, postinfectious fibrosis, impaired
interstitial development of the lungs and capillary beds.

We can understand the dynamics of the lungs and its volumes through the
spirogram (Figure 5). Normal breathing is illustrated by tidal volume (V).
Vital capacity (VC) is the volume of expired air from maximal inspiration to
maximal expiration or the volume of inspired air from maximal expiration to
maximal inspiration. Forced vital capacity (FVC) is assessed during a forced
expiration manoeuvre. Forced expiratory volume in 1 second (FEV)) is the
volume of expired air from maximal inspiration during a forced expiration
manoeuvre. The FEV; can be limited by lung volume or obstruction of the
airways. In the case of limitation by lung volume (restriction), the airflow-
limitation is proportional to the lung volume resulting in a normal or increased
FEV, and VC or FVC ratio (FEV/VC or FEV/FVC). In the case obstructive
limitation, the airflow is limited to greater extent than the lung volume result-
ing in reduced FEV/VC or FEV/FVC (see Figure 6). Residual volume (RV)
is the volume of air that remains in the lungs following maximal expiration.
Total lung capacity (TLC) is the maximal air volume that a subject can contain
in her/his lungs.
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Figure 5. Spirogram. VC= vital capacity, FVC= forced vital capacity, FEV= forced
expiratory volume at 1 s. ( Adapted from http://www.webnetworksmd.com/rtstu-
dent/pics/spirogram.jpg).
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In order to assess the dynamics of respiration, the elastic properties of the air-
ways and their functional cross-sectional area, forced expiratory spirometry is
employed. In contrast to inspiratory flow, the forced expiratory flow is limited
by airway compliance, total cross-sectional area of the airway at the sites of
limitation and gas density. This limitation can be understood by the concept
of “equal pressure point”. Thus, at forced expiration, the flow-volume curve
is an added reflection of the anatomic point of limitation as it moves from the
trachea (at maximal expiratory flow) to the peripheral airways. Consequently,
changes in the airway configuration need to be substantial before they can be
detected by this method. The responsiveness of the airway can also be meas-
ured by comparing FEV; and FVC before and after administration of ,-ago-
nists*'.

Measurement of airway resistance can be made by forced oscillation tech-
nique (FOT) which is less demanding for the patient, as it requires only tidal
breathing, and more operator independent. FOT is measured during tidal
breathing with the subject breathing through a mouthpiece. External pressure
oscillations are generated, usually by a loudspeaker, and sent through the
mouthpiece. Impulse oscillometry (I0S) is a variant of FOT where a sequence
of pulses is mathematically decomposed in theory to a continuous spectrum
of frequencies*. The changes in air flow and pressure at different frequencies
are measured to obtain impedance, which can be divided into the components
of the pressure signal that are in phase with the air flow i.e. resistance and the
components of the pressure signal that are out-of-phase i.e. reactance. Re-
sistance depends on the resistive behaviour of the respiratory system and re-
actance on its elastic and inertive properties*'*. Alternative tests for the as-
sessment of airway resistance are the interrupter and plethysmographic tech-
niques.

Neither TLC, RV or the functional residual capacity (FRC) can be meas-
ured directly, since they are not entirely exhaled. Other methods are employed
in order to assess these volumes. The plethysmographic method uses Boyle’s
law to calculate the thoracic gas volume (TGV), measuring changes in airway
pressure through a mouthpiece and pressure changes in the box. It is worth
mentioning that this method also measures thoracic air that is not in contact
with the airways or in poorly ventilated sections. These measurements are
made with the test subject breathing through the mouthpiece with a closed
shutter, the shutter is closed at end-tidal expiration so TGV equals FRC. Other
methods to calculate FRC are helium dilution and nitrogen washout. In the
helium dilution method, a known concentration of helium is diluted into a
closed system including the subject’s airways; from these values the FRC can
then be calculated. In nitrogen washout, the nitrogen molecules are driven out
of the lungs by breathing 100% oxygen; from the total volume needed for
washout and the final nitrogen concentration, the FRC can then be calculated.
These methods are however affected by airways obstruction and ventilation
heterogeneity*'*.
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The ultimate goal of respiration is gas exchange; the diffusing capacity of
the alveolo-capillary membrane can be measured by the diffusing capacity for
carbon monoxide (Drco). As oxygen, the carbon monoxide is transported from
the alveoli to the red blood cells by passive diffusion through the alveolo-
capillary membrane, being limited by gas tension across the membrane and
area and thickness of the alveolo-capillary surface. To perform the test, the
subject exhales to RV and then takes a deep breath of a mixture of carbon
monoxide, a tracer gas (helium or methane), oxygen and nitrogen that passes
through a spirometer. The breath is hold for 10 s followed by complete exha-
lation. The concentration of the inert gas is used to measure alveolar volume
by dilution. Based on the known inhaled carbon monoxide concentration and
the measured exhaled concentration of carbon monoxide, the volume of car-
bon monoxide that diffused to circulation can be calculated. Adjusting the re-
sults to the patient’s haemoglobin levels is recommended *'.

The interpretation of pulmonary function tests is a complex procedure in
which not just the results need to be evaluated but the quality of the test, ref-
erence population, the clinical presentation and the possibility of a false posi-
tive or negative interpretation of the results*. For this reason the American
Thoracic Society (ATS) and European Respiratory Society (ERS) have
worked towards the standardisation of pulmonary function tests and published
guidelines for procedures and interpretation strategies* presented in a simpli-
fied algorithm in Figure 6.

FEV\VC 2
LLN

Yes No
VC2LLN VC 2z LLN
No Yes No
Yes
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oSN TLC> LN
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No Yes No
Normal Restriction Obstruction Mixed

D2 LLN D2 LLN D2 LLN

Yes No Yes No Yes No
Pulmonary Chest wall Interstitial Emphysema/

Asthma

Normal
vascular distorder lung disease air trapping

Figure 6. Algorithm for lung function assessment according to ATS/ERS*
(adapted). LLN = lower limit of normal, it corresponds to the 5th percentile of the
reference population and is approximately 80% of predicted value for the spirometry
parameters and 75% of predicted value for Dico (although this varies to some extent
with age).
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Description of the surgical procedure for EA and long
gap EA

EA can be suspected prenatally by the repeated absence of the stomach and
the identification of polyhydramnios on ultrasonography, a diagnostic finding
- in these circumstances - is the identification of an upper esophageal pouch
(pouch sign) which can be confirmed with MRI. However, polyhydramnios is
an unspecific finding and the stomach may be visible on ultrasonography due
to the pass of amnion fluid to the stomach through a distal tracheoesophageal
fistula. For this reason, the diagnosis is often made postnatally when the child
is unable to feed, and a gastric tube does not pass to the stomach. The diagno-
sis is confirmed by a plain radiography showing the tube in the upper pouch,
the diagnosis can be refined with the use of small amounts of water-soluble
contrast (Figure 7). If gas is identified in the abdomen one can assume that
there is a distal tracheoesophageal fistula, otherwise an isolated EA or EA with
proximal tracheoesophageal fistula should be suspected and proper planning
for treatment should take place accordingly. It is important to assess if associ-
ated cardiac anomalies are present prior to surgery by echocardiography. Fur-
ther characterisation of other possible associated malformations by ultraso-
nography of the urogenital system, radiology of the spine and limb examina-
tion are recommended and can be performed pre- or postoperatively. Radio-
logical exams of the limbs can be performed if they are considered necessary
based on the clinical examination. Peroperative tracheobronchoscopy is rec-
ommended as well*.

Figure 7. Plain radiography of an infant with esophageal atresia, Gross type C. The
gastric tube is trapped in the upper pouch where contrast is accumulated. Notice that
there is gas in the abdomen, suggesting the presence of a distal tracheoesophageal
fistula.
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When there is gas in the abdomen the surgery is usually performed within 48
hours from birth. The standard surgical approach is by right sided thoracotomy
at the level of the 4™ or 5" intercostal space. To reach the esophagus an extra
pleural approach is used and, if necessary, the azygos vein is divided. The
vagal nerve and distal tracheoesophageal fistula are identified and the latter is
ligated. The proximal pouch is identified, dissected and opened. The posterior
esophageal wall is anastomosed by single sutures, at this point many prefer to
pass a gastric tube through the anastomosis to the stomach and then proceed
with the anastomosis of the ventral esophageal wall. The routine placement of
thoracic drains has been abandoned by most paediatric surgeons. If primary
direct anastomosis is not possible the approach is changed to resemble that of
gasless abdomen.

A minimally invasive alternative is to perform an EA repair with the tho-
racoscopic technique. The major differences are that the thoracoscopic ap-
proach requires one lung (usually the right one) to be collapsed and that the
patient is held on one-lung ventilation during the procedure. The benefits that
this approach offers are better visualisation and cosmetic results. The first tho-
racoscopic EA repair was reported in 1999 by Lobe et al.*°. Since, the tech-
nique has evolved, and a recent meta-analysis*’ comparing open and thoraco-
scopic EA repair, in Gross type C; concluded that there is no difference in
postoperative complication rates. The operative time was, nevertheless, higher
with the thoracoscopic approach. The authors also discussed the concerns re-
garding hypercapnia during the minimal invasive procedure and reports that
several studies showed no difference in ABG measurements between the
groups. However, they stated that “the respiratory status of the patient should
be considered when determining which method to use”. This became apparent
in the study by Bishay et al.*® where patients with congenital diaphragmatic
hernia (CDH, a condition with inherent pulmonary hypoplasia) and EA were
randomised for open or thoracoscopic procedure and the patients with CDH
developed “profound and prolonged” hypercapnia and acidosis. In a recent,
prospective comparative study by Rozeik et al.*’ no differences in outcomes,
operative time nor complication rate were found.

If the radiology shows a gasless abdomen the primary surgery is for assess-
ment of the esophageal gap length and placement of a feeding gastrostomy.
The esophageal repair surgery is recommended when the patient is 3-4 months
allowing the distal pouch to grow. The stimuli to grow are the swallowing
reflex - for the upper pouch - and the reflux of gastric contents into the lower
esophageal pouch. Primary anastomosis has been reported with delays up to
12 months®’. Many advocate repeated radiological exams during this period
to identify esophageal growth and decide on the correct timing for reconstruc-
tive surgery. Some advocate active elongation strategies to stimulate growth
and approximate the esophageal pouches. The available elongation techniques
apply traction by different surgical approaches (as described by Foker et al.”!
and Kimura et al.’?) or by the use of catheter based magnets®; or decrease
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tension applying botulinum toxin®*. If possible, a delayed primary anastomo-
sis is performed as described above otherwise several esophageal replacement
strategies have been described with different advantage/disadvantage profiles
and most importantly surgeons’ experience. The esophageal replacement
strategies available are: gastric transposition or pull-up, colonic, ileal or jeju-
nal interposition and reversed gastric tube. A recent report from the Nordic
countries” summarised the use of these strategies in the region. Approxi-
mately half of the patients with long gap EA were treated with delayed pri-
mary anastomosis. One quarter were treated with gastric transposition and the
remaining quarter were proportionately treated by colonic or jejunal interpo-
sition, or reversed gastric tube.

Current survival and reported morbidity

Currently, the overall survival for EA is over 90% which has shifted the focus
to minimisation of complications and ultimately improvement in quality of
life. The children with major cardiac malformations, severe prematurity and
those in which EA is part of a syndrome have higher mortality risk®® (Table
4).

Morbidity of the esophagus and respiratory system has been described after
EA repair both early on and in the long-term perspective.

Table 4. EA survival according to Spitz’ classification.

Group Definition 1980-1992  1993-2004 2001-2011  p-value
A B C Avs. C
1 Birth weight > 1,500 g, no  97% 98.5% 97.2% 0.93
major cardiac anomaly (283/293) (130/132) (142/146)
I Birth weight < 1,500 gor  59% (41/70) 82.4% 0.01
major cardiac anomaly (42/51)

111 Birth weight < 1,500 gand  22% (2/9)  50% (3/6)  66.7% (2/3) 0.48
major cardiac anomaly

Adapted from Malakounides et al>®.

Morbidity of the esophagus

Surgical complications such as anastomotic leakage and strictures dominate
early esophageal morbidity. The reported incidence of anastomotic leakage
ranges from 2 to 24.7% '®°7% leading to severe infections both locally and
systemically, atelectasis, pleural effusion and pneumothorax®. In most cases,
anastomotic leakage can be managed conservatively i.e. with broad spectrum
antibiotics, chest-tube drainage and total parenteral nutrition®-**. Anastomotic
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strictures present early in the postoperative course but have also been reported
later in childhood. They causes dysphagia, regurgitation, aspiration pneumo-
nia and chronic respiratory tract infections®. Known risk factors for anasto-
motic strictures are GER, anastomotic tension and leakage"'®. The reported
incidence ranges from 13 to 78%>*¢7:3:16:57-60.62.66

Gastro-esophageal reflux disease (GERD), esophageal dysmotility, dys-
phagia and esophagitis have been reported as mid- and long-term esophageal
morbidity after EA repair. GER is reported in 22 to 63%%® of patients after
EA repair and presents in these patients with symptoms such as vomiting,
heartburn, growth failure, apparent life-threatening events and respiratory
symptoms®”*7° Untreated and prolonged GER causes esophagitis with or
without intestinal metaplasia (Barret esophagus) which is considered to in-
creases the risk of esophageal cancer’'. Useful diagnostic tests for the evalua-
tion of GER, GERD and the assessment of the esophagus are 24 h pH-imped-
ance test and esophagoscopy with biopsies. GER is mainly caused by transient
lower esophagueal sphincter relaxations in infants with EA but also straining’?
Dysphagia is reported in 21-84% of patients following EA repair’®”* "> and
presents with swallowing dysfunction, heart burn, vomiting and growth retar-
dation®". The aetiology of dysphagia following EA repair is multifactorial
and dependent on surgical procedure and initial conditions. It is affected by
esophageal motility’”, GER, esophagitis, anastomotic strictures and oral aver-
sion.

Abnormal innervation of the esophagus and damage to the innervation dur-
ing surgery, leading to peristaltic and sphincter dysfunction and disruption of
the angle of His, have been proposed as causes of the esophageal morbidity
after EA repair’® ",

Morbidity of the respiratory system

An unusual (5-10%"***") complication after EA repair is recurrent trache-
oesophageal fistula and is more frequent after anastomotic leakage. The pa-
tient is affected by chronic cough, apneic and cyanotic attacks during feeding,
and recurrent pneumonia'. The diagnosis is made by cine esophagogram and
tracheobroncoscopy.

In the long term, several respiratory symptoms and findings have been re-
ported such as chronic cough, recurrent pneumonia/bronchitis, restrictive and
obstructive lung disease, vocal cord dysfunction and paralysis, wheezing and
dyspnea, apneic and cyanotic attacks and lower quality of life due to respira-
tory symptoms’**?. These symptoms and findings are attributable to different
actiologies that often co-exists, such as:

e The esophageal morbidity described above.
e Tracheomalacia: incomplete cartilaginous support of the trachea
and increased length of the transverse musculature leading to a
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“softer” trachea that collapses, especially during forced expira-
tion"® and affecting up to 78% of patients®’.

Bronchiectasis: damage to some components of the airway wall
leads to increased compliance in this tissue leading to permanent
dilation of the airway*"*.

Chest wall deformities: after surgery the patients may develop sco-
liosis, stiffness of the operated segments, wing scapula, all of which
might affect pulmonary development and contribute to restrictive
lung disease™.



Aim of the thesis

General aims

To investigate how morbidity in the esophagus and respiratory system in chil-
dren with EA relates to diagnostic tools and function tests in the follow-up
programme and evaluate the efficacy of the recommended proton pump inhib-
itor (PPI) prophylaxis.

Specific aims

To assess the following areas:
Paper 1
To assess outcome and management of patients with EA in our depart-
ment of paediatric surgery between 1994 and 2013 and to compare our
results with international paediatric surgery centres with high case-
load. How representative is the study population of a broader EA-pop-
ulation and to what extent are we able to generalise our conclusions?
Paper 11
To identify risk factors for anastomotic strictures and to assess the ef-
ficacy of prophylactic PPI-treatment regimen in reducing the inci-
dence of anastomotic strictures compared with symptomatic PPI-treat-
ment.
Paper 111
To assess pulmonary function and eventual differences between eight
and 15-year-old patients after EA repair. To identify risk factors for
pulmonary function impairment and to investigate the relationship be-
tween respiratory morbidity, defined as medical treatment for respira-
tory symptoms or recent pneumonia, and pulmonary function impair-
ment after EA repair.
Paper 1V
To investigate the association between ambulatory 24h pH test, endo-
scopic findings of esophagitis and hiatal hernia, symptoms of GER,
and esophageal biopsies with histopathological evaluation. We also
aimed to evaluate predictors for histopathological esophagitis.
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Material and Methods

Patients

The study population consists of children treated for EA in the Department of
Pediatric Surgery at University Children’s Hospital, Uppsala between 1994
and 2018. During this period,179 patients with EA were managed at our clinic.
Of these patients 10 were excluded from the study population due to disap-
proval of participation (n=1), surgery at another centre (n=2), were not sum-
mited to surgical repair of EA (n=7) due to trisomy 18 (n=4), 15 q deletion
syndrome and birthweight of 523g (n=1) or severe multiple malformations
(n=2). In total 169 patients were included in our study population. The studies
were approved by the Regional Committee for Medical Research Ethics (Dnr
2014/060, 2014/119, 2014/119/1 and 2014/119/3).

Follow-up programme

In 2011, the Swedish Association of Paediatric Surgery established a follow-
up programme for patients that have been operated for EA (Table 5). The pro-
gramme is a multiprofessional approach and the team consists of a paediatric
surgeon, a paediatric pulmonologist, a dietitian or a nutrition nurse and a
speech-language pathologist. Height and weight are recorded at every consul-
tation. All children are prescribed PPI until one year of age. At the one-year
follow-up the surgeon evaluates PPI-treatment and decides if it should con-
tinue based on the results of histopathology and pH-test. If further follow-up
is needed, it is arranged. The adaptation of the programme adopted at Univer-
sity Children’s Hospital, Uppsala is presented in Table 6.
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Table 5. Swedish national follow-up programme after EA repair.

Intervention Imo 2mo 6mo ly 34y 7-8y 14-15y

Paediatric surgeon' . . . o’ . . .

Esophageal radiography

Endoscopy (calibration/dilatation + biopsy)

Paediatric pulmonologist o

Spirometry

Ergometry

pH+ impedance? 3

Dietitian .

Speech-language pathologist °

! Length/height, weight, inspection of skar/scoliosis, summary of the number of dilatations (in-
clusive balloon size) at all appointments with the surgeon.

2 Bvaluation and decision of further treatment with PPI.

3 PPI should be discontinued >4 weeks prior to the procedure.

Table 6. Follow-up programme after EA-repair at Uppsala University Children’s
Hospital.

Intervention Imo 2mo 6mo ly 3-4y 7-8y 14-15y

Paediatric surgeon' . . o2 . . .
Esophageal radiography?

Endoscopy (calibration/dilatation-*-biopsy)3 .
Paediatric pulmonologist . ) ) . .
Spirometry .
Wash-out, FOT ° °
Ergometry °
pH+ impedance* . .
Dietitian ° ° ° ° ° °
Speech-language pathologist® . °

! Length/height, weight, inspection of skar/scoliosis, summary of the number of dilatations (in-
clusive balloon size) at all appointments with the surgeon.

2 Bvaluation and decision of further treatment with PPI.

3 If further follow-up is needed, it is arranged.

4 PPI should be discontinued >4 weeks prior to the procedure.

Definitions

EA was classified according to Gross®. We defined long gap EA as Gross type
A or B with an initial distance of three vertebral bodies or more. An anasto-
motic stricture was defined as a symptomatic narrowing of the esophageal
anastomosis that needed at least one balloon dilatation. Risk groups were de-
fined according to Spitz classification®. Major cardiac anomaly was defined
according to Spitz*’; as either cyanotic congenital heart disease that required
palliative or corrective surgery, or noncyanotic congenital heart disease that
required medical or surgical treatment for heart failure. A diagnosis of
VACTERL-association was made if three or more components of the associ-
ation were present. We defined respiratory morbidity as medical treatment for
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respiratory symptoms with [3,-agonists and/or inhaled steroids and/or history
of pneumonia during recent years. Abnormal reflux index was defined as De
Meester-score >14.7 or Boix Ochoa-score > 11.99. The dichotomous variable
pulmonary function impairment was defined based on the assessment of pul-
monary function by the clinical physiologists (obstructive, restrictive, and/or
diffusing capacity impairment) and reflected abnormal results in any of these
categories.
Statistical significance was set at values of p < 0.05.

Surgical management

Preoperative management

All infants had a chest and abdominal X-ray before surgery. Upper
esophageal pouch decompression was performed by a nasogastric tube and
preoperative antibiotics were given. Echocardiography was done preopera-
tively and perioperative tracheobronchoscopy has been routinely performed
since 2012.

Surgical approach for Gross type C

Tracheobronchoscopy was performed to assess eventual proximal fistula, loca-
tion of distal fistula and tracheomalacia. The esophageal repair was performed
through an open thoracotomy (extrapleural approach) mainly by three senior
surgeons. All the infants had a 5 or 6 Fr transanastomotic tube. Since 2008, a
chest drain has not been routinely inserted; it was only inserted in infants with
a tense anastomosis. From 2008, a continuous 72-hour local anaesthetic infiltra-
tion with levobupivacaine has routinely been applied in the wound.

Surgical approach for Gross type D and E

Tracheobronchoscopy was performed to assess the (upper) fistula and cannu-
late it, location of eventual distal fistula and tracheomalacia. The division of
the (upper) fistula was mainly performed through a right cervical incision. For
Gross type D the repair of the lower fistula was performed as the procedure
for Gross C described above.

Surgical approach for Gross type A and B (long gap EA)

These patients had a feeding gastrostomy inserted with an open technique

without an esophagostomy. The esophageal gap was assessed perioperatively
during the gastrostomy procedure and then repeated prior to the esophageal
reconstruction. Hegar dilators were used to identify the lower esophageal
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segment and at the same time an endoscope was placed in the upper esopha-
geal segment, the segments were maximally pushed against each other and the
gapwas visualised with X-ray. After postoperative recovery the infants were
transferred to their local hospital or home if the parents could have assistance
with suction in the upper esophageal pouch. The surgical options for esopha-
geal reconstruction were delayed primary anastomosis, gastric transposition
or reversed gastric tube. The repairs of long gap EA were mainly performed
by three senior surgeons.

Postoperative management

Elective paralysis was only adopted in infants with severe tension in

the anastomosis. In 2011, a routine cine esophagogram seven days after the
surgery was introduced as part of the postoperative management programme.
If the esophagogram was normal, oral feeding was started, and antibiotic treat-
ment was discontinued. The nasogastric tube was removed when the infant
could eat enough to gain weight. Prior to discharge from the hospital, all in-
fants had a spinal X-ray and a renal ultrasonography to screen for associated
anomalies. Anastomotic leakage was treated with broad-spectrum antibiotics,
chest drainage and total parenteral nutrition. Anastomotic stricture was treated
with balloon dilatations (except for three patients that were ultimately treated
with surgery, esophageal stent or steroid injections). Recurrent tracheoesoph-
ageal fistula was treated endoscopically with glue or surgery.

Methods
Paper 1

This is a retrospective observational study including patients treated for EA at
the University Children’s Hospital in Uppsala, Sweden; between 1994 and
2013. The medical records of 135 patients were reviewed and 129 were included
in the study. The study population was analysed regarding patient’s de-
mographics and mortality according to Spitz’ risk group classification. A sub-
group analysis was performed, comparing patients with long gap EA (Gross
type A and B) to non-long gap EA (Gross type C, D and E). The groups were
compared regarding demographics, surgical management and postoperative
complications. To compare both groups, Fisher's exact test and Wilcoxon rank
sum test were used. The results were also compared to other reports.

Paper 11

Paper 11 is a retrospective observational study including patients treated for
EA between 1994 and 2013 at the University Children’s Hospital, Uppsala,
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Sweden. The medical records of 128 patients were reviewed. The patients
were divided into two subgroups based on the intended PPI-treatment strategy
during the first postoperative year. The symptomatic group received PPI-treat-
ment if they showed symptoms of GER and included patients treated with EA
repair between 1994 and 2004. The prophylactic group received PPI-treatment
(omeprazole/esomeprazole, 1 mg/kg body weight per day) regardless of symp-
toms of GER and included patients that underwent EA repair between 2005
and 2013. The number of dilatations until the age of one and five years were
recorded. For the risk factor analysis, data were collected on: gender, presence
of long gap EA, birth weight, premature birth, anastomotic tension and anas-
tomotic leakage. Three statistical models were used to evaluate the effects of
prophylactic PPI-treatment and risk factors for anastomotic strictures: logistic
regression with stricture as a dichotomous outcome; Cox regression consider-
ing the time to first stricture; and Poisson regression considering number of
strictures until one and five years. Fisher’s exact test and Wilcoxon rank sum
test were used for descriptive statistics.

Paper III

Paper 111 is a retrospective observational study including patients with EA who
participated in the follow-up programme for eight- or 15-years old patients
between 2014 and 2018 and performed pulmonary function testing with body
plethysmography, dynamic spirometry, impulse oscillometry, and diffusing
capacity of the lungs. The tests were conducted by trained pulmonary techni-
cians using Jaecger MasterScreen Body and MasterScope PFT system with IOS
(Erich Jaeger AG, Wiirzburg, Germany). The lung function test-reports were
analysed by two clinical physiologists and measurements that did not fulfil the
quality criteria were excluded. The following variables were analysed:

e Total lung capacity (TLC) from body plethysmography measure-
ments

e DLCO adjusted for haemoglobin from diffusing capacity measure-
ments (DLCOc)

e Forced vital capacity (FVC), forced expiratory volume in 1 second
(FEV1), FEV1/vital capacity (VC) alternatively FEV1/FVC from
dynamic spirometry

e [0S parameters:

o Reactance at SHz (reflecting elastic properties of the
lung and small airways),

o Resistance at SHz (reflecting resistance in the whole
airways tree),

o Resistance at 20Hz (reflecting resistance of central
airways).
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The test were evaluated for possible pulmonary function impairment which
was categorised as obstructive and/or restrictive and/or diffusing capacity im-
pairment in a consensus review by the two clinical physiologist; based on the
ATS/ERS lung function assessment strategies**.

For comparative purposes the test and anthropometric values were analysed
and presented as a percentage of predicted or z-score based on the predicted
value from the reference population. The reference values were obtained from
Solymar (1980), Polgar®”*® the Global Lung Function Initiative (GLI)***°
Nowowiejska et al’!, the WHO Child Growth Standards’** and the extension
of this data published by Rodd et al.”.

For the risk factor analysis, we collected data on: EA classification, post-
operative day of extubation, weight at follow-up, history of anastomotic leak-
age, abnormal reflux index, gestational age and number of episodes of general
anaesthesia. Lung function parameters expressed as a percentage of predicted
were compared between subjects aged eight years and subjects aged 15 years.
Logistic regression and multiple stepwise logistic regression with pulmonary
function impairment as the outcome were performed. For descriptive statis-
tics, Fisher’s exact test and Kruskal-Wallis rank sum test were performed.

Paper IV

Paper 1V is a cross-sectional study including one- and 15-year-old patients
that participated in the national follow-up programme between 2012 and 2020;
including upper endoscopy with esophageal biopsies, ambulatory 24h pH test
and an interview. Data was collected from patients’ medical records and pH
analysis software. Endoscopic-esophagitis was defined as signs of inflamma-
tion in the esophageal mucosa described by the surgeon (areas of erythema,
erosions, coating and ulcerations) and Boix-Ochoa index above the 95" per-
centile (>11.99) was considered to be abnormal reflux-index. The biopsy eval-
uations were according to Ismail-Beigi**®. Possible predictors were identified
from the literature and included: abnormal reflux index, endoscopic esopha-
gitis, hiatal hernia, symptoms of GER, age group and PPI-treatment. These
predictors were included in different logistic regression models. Two multiple
logistic regression models with stepwise forward selection based on AIC were
constructed.
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Results

Paper 1

A total of 129 patients were included in the study with a median follow-up
time of 5.3 years. The median birth weight was 2685 g and the median gesta-
tional age was 38 weeks. The most common anatomical variation of EA was
Gross type C and 13 patients had long gap EA. Twenty-four patients (18.6%)
had VACTERL-association and two (1.8%) had CHARGE-syndrome. Thir-
teen patients (10%) had major cardiac defects.

The overall survival rate was 94.6% (mortality rate 5.4%). The cause of
death was major cardiac anomalies in two infants and severe associated anom-
alies in three. One infant died in sudden infant death (negative autopsy) at the
age of 54 days and another infant with EA and tracheoesophageal cleft type
IV died two days after surgery in respiratory insufficiency. The survival rate
according to Spitz’ risk group classification is presented in Table 7. All pa-
tients with long gap EA survived.

Table 7. Survival according to Spitz’ risk group classification.

Group Definition All infants Deceased  Survival rate
n % (n=129) n %

1 Birth weight >1500 g and no major 109 84.5 5 95

cardiac anomaly

II Birth weight <1500 g or major 19 14.7 2 89

cardiac anomaly (7 BW, (5.4 BW,
12MC) 9.3 MC)

III Birth weight <1500 g and major 1 0.8 0

cardiac anomaly
BW = birth weight; MC = major cardiac anomaly.

The overall incidence of anastomotic leakage was 7%, recurrent fistula 4.6%
and anastomotic strictures 53.5%. The corresponding incidences for long gap
EA were 23%, 0% and 69%, respectively. The postoperative course of non-
long gap EA and long gap EA are presented in Table 8. No statistical differ-
ence in postoperative course was observed between the groups.

A comparison of the results of Paper I to reports of relatively high case load
in the literature is presented in Table 9.
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Table 8. Postoperative course.

p . All infants Non-LGEA LGEA lue®
ostoperative course (n=129) (%) (n=116) (%) m=13) (%) p-value
Anastomotic stricture 68 53.5 59 52.2 9 69.2 03
(NA=3) (NA=3)
Anastomotic leakage 9 7.0 6 5.2 3 23.1  0.05
Reoperation 1 0.8 0 0 1 7.7 0.1
Recurrent TEF 6 4.6 6 5.2 0 0 1
Aortopexy 3 23 3 2.6 0 0 1
Tracheostomy 9 7.0 9 7.8 0 0 0.6
Antireflux surgery 11 8.5 9 7.8 2 154 0.6

* Reported p-value is for the comparison between non-LGEA and LGEA.

TEF = tracheoesophageal fistula; LGEA= long gap esophageal atresia.
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Paper 11

A total of 128 patients were included. Patients’ demographics, surgical
method, grading of anastomotic tension, postoperative complications, and sur-
vival rates did not differ significantly between the symptomatic (n=71) and
the prophylactic group (n=57). In the symptomatic group, 19 (26.8%) patients
received omeprazole during periods of symptomatic GER, with a median
treatment length of 3.3 months. In the prophylactic group, 48 (84.2%) received
prophylactic PPI during the first year after EA repair with a median treatment
length of 18 months. This corresponds to a significant increase in the number
of PPI-treated patients (p < 0.01) and the length of the treatment (p < 0.01).

Comparing the symptomatic and prophylactic PPI-groups, there was no
significant difference in the incidence of anastomotic strictures (56.5% respec-
tively 50.9%), median age at the first anastomotic stricture (9.3 respectively
six mo.) nor in the number of dilatations until one (two respectively two) and
five years (five respectively four). Further details are presented in Table 10.

The prophylactic PPI-treatment regimen had no different effect on the de-
velopment of anastomotic strictures compared with the symptomatic PPI-
treatment (Table 11).

Long gap EA, high birth weight, and anastomotic tension were found to be
independent risk factors for anastomotic strictures (Table 12).

Table 10. Postoperative course in the symptomatic and prophylactic PPI-group.

Variable Symptomatic PPI % of Prophylactic % of p-value
(n=71) group PPI (n=57) group

Anastomotic stricture 39 (NA=2) 56.5 29 50.9 0.59

Number of dilatations until 2 (n=26) 2 (n=20) 0.52

1 year (1; 1; 4; 10) 1;1.75;4;9

(min; Qi; Q3; max)

Number of. dilatations until 5 (n=38)* 4 (n=28)A 0.28

5 year (1;2;7.75; 29) (1; 1.75; 5; 43)

(min; Qr; Q3; max)

Age at first dilatation 9.3 (n=38)4 6 (n=28)A 0.45

(months) (1;3.3;12.8; 32) (0.4;3.4;12;22)

(min; Q1; Q3; max)
A 2 patients presented with first anastomotic stricture after the five-year follow-up limit of this
study.

Table 11. Different regression methods for evaluation of prophylactic PPI-treat-
ment.

Regression method Coefficient® 95% confidence interval p-value
Logistic 0.86 0.18-4.16 0.855
Cox 1.25 0.44-3.56 0.674
Poisson 1 year 1.37 0.71-2.62 0.346
Poisson 5 year 0.75 0.49-1.15 0.183

AValues >1 indicate an increased risk and values <1 a diminished risk.
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Table 12. Poisson regressions for long gap, birth weight, anastomotic tension (AT)
and leakage.

Regression method, risk factor Coefficient*  95% confidence p-value
interval
Poisson 1 year, long gap 2.53 1.47-4.35 0.001
Poisson 5 year, long gap 5.17 3.74-7.15 <0.001
Poisson 1 year, birth weight (per kg) 1.46 0.98-2.18 0.064
Poisson 5 year, birth weight (per kg) 1.34 1.04-1.73 0.022
Poisson 1 year, AT some vs no tension 1.88 1.11-3.19 0.019
Poisson 5 year, AT some vs no tension ~ 2.54 1.81-3.57 <0.001
Poisson 1 year, AT severe vs no tension ~ 4.29 2.51-7.34 <0.001
Poisson 5 year, AT severe vs no tension ~ 3.97 2.83-5.55 <0.001
Poisson 1 year, anastomotic leakage 1.25 0.71-2.20 0.430
Poisson 5 year, anastomotic leakage 1.07 0.75-1.52 0.699

A Values >1 indicate an increased risk and values <1 a diminished risk.

Paper 111

This study included 47 patients that were enrolled in the follow-up programme
between February 2014 and September 2018. The study population was com-
posed of 21 girls (45%) and 26 boys (55%). The median gestational age was
38 weeks, the median birth weight was 2.80 kg (Q:=1.99; Q3=3.29) and the
median birth length was 48 cm (Q;=46; Q3=50). Compared to the reference
population the z-scores for birth weight and length were -1.05 (-3.19; 0.03)
respectively -0.81 (-2.05; 0.46). The corresponding scores at follow-up were
-0.24 (-1.09; 0.66) respectively -0.15 (-0.94; 0.68). The most common ana-
tomical EA variation was Gross C (38 participants, 80.9%) and seven of the
participants (14.9%) had long gap EA. Five (10.6%) of them were recon-
structed with delayed primary anastomosis, one (2.1%) with a gastric tube and
one with gastric transposition. Six patients (13%) had a major cardiac anom-
aly. All patients underwent surgical repair with thoracotomy. The infants were
extubated on the second postoperative day (Q:;=1; Q3=3). The median number
of episodes of general anaesthesia prior to the pulmonary function tests was 6
(Q1=2.5; Q3=12). Pulmonary function impairment was found in 19 patients
(41%) and 16 of those patients (35% of total) had an obstructive component.
Respiratory morbidity at follow up was found in 23 (52%, NA=3) of the pa-
tients (Table 13).

Risk factor analyses showed an increased risk of pulmonary function im-
pairment with decreasing birth weight, for every additional year in age at fol-
low-up and a reduced risk for each episode of general anaesthesia (Table 14).
We found no correlation between impaired pulmonary function and abnormal
reflux index.
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Table 13. Patients’ characteristics by pulmonary function (n=46%).

Impaired pulmo- ~ Normal pulmo-  p-value
nary function nary function
(n=19)° (n=27)
Birth length z-score (Qi; Q3) -1.69 (-5.61;-0.27) -0.20 (-1.5;0.89) 0.018*
Birth weight z-score (Q1; Qs) -2.02 (-5.14;-0.56) -0.93 (-1.5;0.10) 0.02*
Gestational age w (Q1; Q3) 37.9 (30.6; 38.7) 38.6 (37.3;40.3) 0.036*
Age at follow-up (Q1; Q3) 14.50 (8.10; 15.45) 8.40(7.81;14.92) 0.39
Abnormal reflux index n (%) 9 (56.2) 11 (61.1) 1
Respiratory morbidity at follow-up n (%) 7 (36.8) 16 (66.7) NA=3 0.157
Medical treatment n (%) 2 (10.5) 8(33.3)
Pneumonia n (%) 1(5.3) 14.2)
Both® n (%) 4 (21.1) 7(29.2)

2 The pulmonary function of one patient could not be evaluated due to incomplete tests.

b Twelve patients had an isolated obstructive impairment. One patient had isolated impairment
of Drco. Two patients had both obstructive and restrictive impairment; two had obstructive and
Dico impairment; and two patients had restrictive and Dico impairment.

¢ Both medical treatment and pneumonia.

Table 14. Multiple stepwise logistic regression (n=43)2.

Odds ratio 95 % CI p-value
Episodes of general anaesthesia 0.84 (0.72-0.98)  0.025%*
Birth weight 0.30 (0.11-0.77) ~ 0.012*
Age at follow-up 1.27 (1.02-1.58)  0.029*

2 The dependent variable was impaired pulmonary function and the independent variables were:
anastomotic leakage, episodes of general anaesthesia, extubation day, birth weight, age at fol-
low-up and Gross classification.

Four patients were excluded from the risk factor analyses. The pulmonary function of one pa-
tient could not be evaluated due to incomplete tests, one patient received a tracheostomy and
two patients were considered outliers regarding episodes of general anaesthesia (27 and 53 ep-
isodes).

Paper IV

A total of 65 patients were included in this study, 47 children and 18 adoles-
cents. At one-year follow-up, 72.3% of the children (n=34) had abnormal re-
flux index and 68.1% (n=32) had histopathological esophagitis. The corre-
sponding numbers for the adolescents were 83.3% (n=15) and 55.6% (n=10).
Of the patients with esophagitis, six (9.2% of total) had eosinophilic esopha-
gitis and one patient presented intestinal metaplasia at one year of age. The
proportion of patients with endoscopic esophagitis was 21.3% (n=10) respec-
tively 27.8% (n=5). Clinical symptoms of GER were reported by 31.7%
(n=13, NA=6) of the children’s caregivers and by 50% (n=8, NA=2) of the
adolescents. In the children’s group, 35 patients (74.5%) were treated with PPI
and five (31.2%) in the adolescent’s group. The patient distribution among the
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predictor factors is shown in Figure 8. Histopathological esophagitis was ob-
served in 42 patients (64.6% of total); four of these patients (9.5%) had normal
reflux index, reported no symptoms of GER and did not have hiatal hernia in
upper endoscopy; yet another seven patients (out of the 42 with histopatho-
logical esophagitis, 16.7%) had normal reflux index. Forty-nine patients
(75.4% of total) had abnormal reflux index, and 35 of them (71.4%) presented
histopathological esophagitis. Out of 21 patients with symptoms of GER
(36.8% of total, NA =8), 10 patients (47.6%) had normal esophageal biopsies
and four (19 %) had normal reflux-index. On the other hand, 29 patients
(50.9% of total, NA=8) that did not report symptoms of GER had histopatho-
logical esophagitis and/or abnormal reflux-index. Six patients (9.2% of total)
had no histopathological or endoscopic esophagitis, they had normal reflux-
index, no hiatal hernia and no symptoms of GER.

Figure 8. Patient distribution among the predictor factors.

We found that abnormal reflux index, endoscopic esophagitis, PPI-treatment
and age group were independent predictors for histopathological esophagitis
(Table 15). No association was found between histopathological esophagitis
and symptoms of GER nor hiatal hernia (Table 15). Abnormal reflux index
had a sensitivity of 83.3% (95% CI 68.8-93) and a specificity of 39.1% (95%
CI 19.7-61.5); the patients with histopathological esophagitis that had normal
reflux index (n=7, 16%) had esophagitis grade 1. The sensitivity and specific-
ity for endoscopic esophagitis were 31% (95% CI 17.6-47.1) and 91.3% (95%
CI 72-98.9), respectively. Out of the patients with histopathological esopha-
gitis that had normal endoscopy regarding esophagitis (n=29), 21 patients had
esophagitis grade I and 8 patients had esophagitis grade II.

43



Table 15. Logistic regression model for factors associated with histopathological
esophagitis.

Logistic regressions odds ratio  95%CI pvalue n
Abnormal reflux index 3.21 1-10.3 0.0497 65
Endoscopic esophagitis 4.71 0.959-23.1 0.056 65
Hiatal hernia 1.76 0.48-6.45 0.394 60
Symptoms of GER 0.48 0.159-1.47 0.201 57
Age group (adolescent) 0.59 0.19-1.78 0.347 65
PPI-treatment 0.43 0.13-1.47 0.177 63
Multiple logistic regression* odds ratio 95% CI pvalue 53
Abnormal reflux index 4.32 1.03-18 0.045
Symptoms of GER 0.27 0.07-1.02 0.053
Endoscopic esophagitis 5.17 0.87-30.9 0.071
Extended multiple logistic regression” 52
Abnormal reflux index 23.4 2.04-267 0.011
Endoscopic esophagitis 16.7 1.37-204 0.027
PPI-treatment 0.03 0.002-0.4 0.008

Age group (adolescent) 0.09 0.008-0.9 0.044

*Hiatal hernia was excluded from the final model by stepwise selection.
*Hiatal hernia and symptoms of GER were excluded from the final model by stepwise selection.
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Discussion

Generalisability

The study population, that forms the foundation of this thesis, has de-
mographics and outcomes that are comparable with reports from centres or
conglomerates with high caseload®™!®>7961.6266:97 inclyding later re-
ports”>’%*_This enables one to generalise the conclusions from this work to
the broad population of patients treated for EA according to current standard
practice with an open approach. The limitations, in terms of generalisability,
lie within the subgroup of patients with extremely low birthweight (< 1500g)
and major cardiac anomalies (group III according to Spitz’ survival classifi-
cation).

Morbidity

In general, we showed a low mortality rate (5.4%) but high morbidity, which
is comparable with other centres*™76:9798:1636.57.59.61.62.66.75 "Thjg highlights the
need for a standardised follow-up programme to monitor the health and detect
illness in the growing child with EA to prevent further deterioration of func-
tions and improve quality of life.

Morbidity of the esophagus

After EA repair patients may experience dysfunction in the esophagus related
to early postoperative complications such as anastomotic failure (reoperation),
anastomotic leakage, recurrent tracheoesophageal fistula; and mid- and long-
term complications such as anastomotic strictures, GERD and esophagitis.
The symptomatology affecting the patient’s every-day-life is complex and
sometimes difficult to assess and treat. It encompasses dysphagia, regurgita-
tion, vomiting, morning cough and heartburn.

The immediate postoperative complications, in our patients with EA were
found to be in accordance with other reports®>®7-98:16:37:59.61.62.66.75.76,  fyyrther
validating the generalisability of the studies but more importantly, reflecting
the complexity of the procedure and its limitations.

Anastomotic stricture was found in approximately half of the patients
treated for EA during a follow-up period of 5.3 years. The first stricture was

45



diagnosed before the age of 2.6 years, only anecdotal presentation was regis-
tered beyond this point. The comparison of results between different centres
at the time of the publication of paper I was difficult due to differences in
follow-up time, as well as the lack of consensus regarding the definition of
anastomotic stricture.

A significant proportion of children (3/4) and adolescents (4/5) had abnor-
mal reflux index (GER) but only 1/3 reported symptoms. This might reflect
the patients’ adaptation to the symptoms”. Primary malformations of the
nerve supply and intraoperative damage to nerves supplying of the esoph-
agus cause GER’*". About 1/10 had so severe GERD that they needed anti-
reflux surgery.

Histopathological esophagitis was found in 2/3 of the children and half of
the adolescents, reflecting a substantial morbidity that affects the normal
structure of the esophagus.

The use of prophylactic PPI during the first year of life is a standard proce-
dure and recommended by important organisations* to prevent anastomotic
strictures, peptic esophagitis and Barrett esophagus®. In paper II, we exam-
ined the effect of such a policy, regarding the development of anastomotic
strictures, and did not find any advantage in this approach compared to symp-
tomatic treatment. This finding is in accordance with other studies'®'* and
has generated a discussion in the European reference network for EA (ER-
NICA) regarding the use of prophylactic PPI'™*. On the other hand, in paper
IV, we find an association between PPI-treatment and better outcome in his-
topathological esophagitis even though 2/3 of the patients developed histo-
pathological esophagitis while approximately the same proportion were
treated with PPI. Considering the fact that our studies have been conducted
with single outcome analyses (univariate), their retrospective design and their
relatively small study population, a general recommendation to stop prophy-
lactic PPI-treatment after EA repair cannot be supported. However, sufficient
evidence is available to support randomised controlled studies without com-
promising the ethical aspects of such research.

Long gap and anastomotic tension have previously been reported as risk
factors for anastomotic strictures'>'*™'"7. However, the multiple risk factors
analysis in paper Il identified anastomotic tension, long gap EA and higher
birth weight as independent risk factors for anastomotic stricture for-
mation. This indicates that factors other than anastomotic tension could be
involved in the pathology of long gap EA resulting in anastomotic stricture
formation. An alternative interpretation might be that the pathology of EA
Gross type A and B is different from the other Gross types leading to anasto-
motic strictures independently of anastomotic tension. The role of higher birth
weight as a risk factor for anastomotic strictures needs confirmation before
further hypotheses are formulated around this finding. In contrast to other se-
ries 1% anastomotic leakage was not found to be a risk factor for anasto-
motic strictures.
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Esophageal biopsies are important to monitor the treatment of patients with
EA (statement 5, 6 and 7; ESPGHAN-NASPGHAN guidelines regarding pa-
tients with EA*). They reflect the added effects of different conditions on the
esophageal structure and should be considered in the evaluation of the mor-
bidity burden on the esophagus.

One of the goals of EA follow-up programmes and PPI-treatment is to pre-
vent, diagnose and treat changes in the normal esophagus (discussion on state-
ment 7, ESPGHAN-NASPGHAN guidelines regarding patients with EA*).
Despite this goal, there are few studies in children/adolescents treated for EA
that consider histopathological esophagitis as the outcome. In paper IV, we
examined the association of several variables with histopathological esopha-
gitis in children and adolescents treated for EA and found that symptoms of
GER were not predictive of histopathological esophagitis. Moreover, abnor-
mal reflux index measured by ambulatory 24h pH tests, endoscopic findings
of esophagitis, PPI-treatment (as discussed above) and age group were all pre-
dictive factors of histopathological esophagitis. However, the sensitivity
and/or the specificity of the ambulatory 24h pH tests and endoscopic findings
of esophagitis were too low to be of practical use in a clinical setting. There-
fore, neither symptoms of GER, pH tests nor endoscopic findings of esopha-
gitis can be used in patient selection strategies nor replace esophageal biopsies
in the diagnostics of histopathological esophagitis.

One limitation of paper IV is that we only analysed the data on pH-metry
and not impedance data. This has likely underestimated the acidic reflux epi-
sodes'”. However, we decided to use this simplified measurement rather than
combined pH-impedance due to the limitations of impedance analysis soft-
ware, basal impedance discrepancy in EA patients®** and unclear therapeutic
consequence since there is no medical treatment for non-acid reflux*. Another
reason was the limited number of patients which restricted the number of var-
iables that could be included in the regression models.

The risk of histopathological esophagitis was lower in the adolescent
group. This age difference was not mediated by GER. Our findings, in this
regard, contrast with the reports of Sistonen et al.”” and Koivusalo et al.''’
who reported no difference between age groups. However, neither our study
nor the studies mentioned above were conducted with repeated measurements,
which is needed to fully address this question.

Morbidity of the respiratory system

After EA repair our patients experienced morbidity of the respiratory system
in the form of pneumonia, airways obstruction, recurrent tracheoesophageal
fistula (4.6%), tracheomalacia (where 2% underwent aortopexy), dysfunction
of the upper airways (tracheostomy, 7%) and it was common to find lung func-
tion tests that were compatible with impaired pulmonary function.
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Half of the patients suffered from recent pneumonia and/or respiratory
symptoms that required treatment with 3,-agonists or inhaled steroids. No dif-
ference, in this regard, was observed between the group with normal and im-
paired pulmonary function. This finding has been described in other studies,
as well as its negative impact on quality of life®®®!-83111-115,

Pulmonary function impairment was common among patients treated for
EA and affected four out of 10 patients. The most common dysfunction was
obstruction of the airways and it affected 1/3 of the patients. This lies within
the range given by other studies of 12-57%"*''°. Restrictive impairment was
seen exclusively in the adolescent group and was lower (12%) compared to
other studies of 17-35%"'"".

Birth weight, age at follow-up and episodes of general anaesthesia were
found to be risk factors for pulmonary function impairment.

Birth weight has strong correlation with gestational age and is likely to re-
flect lung maturity at birth. Neonates with low gestational age have more pul-
monary complications such as broncho-pulmonary dysplasia, which in turn
has been associated with impaired pulmonary function, expressed as obstruc-
tive disorder. Similar obstructive patterns were found in patients born ex-
tremely preterm and with extremely low birth weight, at eight and 18 years of
age''®. This suggests the involvement of the small airways, leading to ventila-
tion heterogeneity that can affect the diffusing capacity'".

Higher age at follow-up was found to be a risk factor for pulmonary func-
tion impairment. The implication of this finding is that pulmonary function
impairment is not transient during childhood but a progressive condition; that
can be understood as a reflection of insufficient lung development at birth in
combination with impaired pulmonary growth during childhood. In this case,
the point of pulmonary deterioration would be reached earlier in life than in
the normal population, driving the pulmonary function impairment. GER and
pneumonia have been proposed as factors that suppress the normal pulmonary
growth during childhood. This was not confirmed in our series which is sup-
portive of the results of Pedersen et al''” but in contrast to Dittrich et al'*.

The role of episodes of general anaesthesia or mechanical ventilation in
lowering the risk of pulmonary function impairment needs confirmation in
larger series but could reflect a positive effect of mechanical ventilation on
lung development (at the alveolar stage and the stage of micro-vascular mat-
uration) and growth.

The lack of correlation between respiratory symptoms and pulmonary func-
tion impairment, as well as the adaptive capabilities of children to their con-
dition®”, makes it necessary to implement a follow-up programme that consid-
ers the pulmonary development of patients treated for EA throughout child-
hood and beyond. Even though pulmonary function tests are difficult to per-
form prior to school age, an expert assessment is mandatory starting during
early childhood. At school age it is also necessary to conduct a pulmonary
function test including a reversibility test to evaluate the need as well as the

48



effect of asthma medication. Many children are treated with 3,-agonists and/or
inhaled steroids, perhaps due to lack of better treatment options.

Organisational challenges

The lack of consensus in certain areas as well as common terminology has
been a recurrent difficulty throughout the thesis project. This problem pre-
sented a challenge in the comparison of different studies and ultimately in the
identification of practices that generate better outcomes. It has become clear,
during this journey, that multicentre follow-up registries are necessary for the
further development of this field of research. In my opinion, the main value of
such registries (beyond the increased case load) is the establishment of com-
mon terminology that enables comparison and identification of favourable
practice patterns to improve outcome for patients with EA. The construction
of such registries can encounter several difficulties that are necessary to over-
come in order to be able to use the data in the most effective way. There are
legal issues that may impede the establishment of international registries.
However, it is necessary to construct the individual national registries based
on multinational consensus regarding terminology, basic variables of interest
and definition of outcome measurements. The efforts made by ES-
PGHAN/NASPGHAN® and ERNICA'* in addressing these issues form the
foundation for overcoming these problems. It is also important to avoid uni-
formity in the clinical practice during the establishment of a registry until fa-
vourable practice patterns can be identified.

The children with syndromic EA face a more complex pathology and have
heterogeneous comorbidity patterns. This presents a challenge for the
healthcare system in order to meet the individual needs of these patients. The
care of the conditions that these patients face is often distributed among dif-
ferent specialities/subspecialities and their multiprofessional teams. In this
setting, it is easy to focus solely on the most problematic area affecting the
patient and postpone the parts that are not urgent; thus missing out the prophy-
lactic or “early detection purpose” of a follow-up programme. Therefore, it is
necessary to have a structured follow-up programme that does not solely focus
on the most problematic areas that affects the patient but also has a “prophy-
lactic intention”.

The scientific field of EA has reached a plateau, where more single centre
reports do not further expand the field, simply due to data limitations. Further
collaborations that go beyond the registries are needed to expand the field. A
national strategy that is rooted down to the local level is necessary to enable
and encourage such research and collaboration. This strategy needs to account
for the limitations that fields with rare diseases encounter and value collabo-
rations as scientific merits and grounds for funding.
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Thoughts about follow-up programmes

Risk and predictive factors for different morbidities might be helpful in de-
signing follow-up programmes that are cost-effective and focus on relevant
parameters to identify the areas that cause morbidity and reduce quality of life
for the patients.

The follow-up programmes need to be designed in close proximity to the
multicentre registries discussed above to maximise their effectiveness. The
complexity of EA and its relatively low incidence requires that the surgeons
are involved in all aspects of both the follow-up programme and the registries;
from follow-up of the treated patients to the design and administration of these
programmes. The surgeon has the competence to interpret changes in symp-
tomatology, evaluate and associate them with the malformation and surgical
procedure. A practice that is necessary to identify important parameters, gain
knowledge and expand the field. This does not mean that the surgeon does not
need the expertise of a multidisciplinary team (as recommended in guide-
lines*'°*) but the follow-up and evaluation of the registry parameters cannot
be outsourced. There are some parameters that can be collected directly from
the patient as patient-reported outcomes. An example of this is the report pre-
sented by Acher et al.”>. However, the more technical aspects of a procedure
and the evaluation of tests and other diagnostic tools needs to be performed
by professionals, even if they are collected from the patients’ medical records.
Whether it should be the operating surgeon or another surgeon in the team
who follows up the patient is a matter for discussion. It is good practice and
service to the patients to offer a follow-up by the operating surgeon; on the
other hand, this surgeon may overestimate the results of the operation or the
patient and her/his tutors may not feel at liberty to highlight some problematic
areas. This has to be taken into account and be defined in the design of the
programme/registry. Another aspect to consider is the visibility of the registry.
In order to be able to find favourable practice patterns, it is necessary to have
access to the data and to identify specific surgeons that have better outcomes,
the objective being the spreading of good techniques. Whether there is any
value for the individual patients in having access to this information depends
on the healthcare system of each country, but the profession benefits from it
as long as the intention is to improve the collective knowledge and skills.

It is desirable to evaluate the pulmonary function of the patients treated for
EA before normal lung growth ends, in order to optimise the conditions for
the growing lung. We had an evaluation by a pulmonologist raising the ambi-
tion to perform an FOT on the four-year-old patients but experienced some
difficulties in compliance to the test. A possible solution is to postpone this
evaluation until the children reach five years of age and simplify the test to a
FOT that has reference values’ for this age-group.

As mentioned before the ESPGHAN/NASPGHAN has done valuable work
in developing guidelines for the evaluation and treatment of gastrointestinal
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complications in patients with EA**. However, despite their recognition of the
lack of correlation between symptoms and esophagitis they recommend deter-
mining whether or not to perform the first endoscopy with biopsies based on
the patients’ symptomatology. This is contrary to the evidence provided by
our and others’'>!13121122 regylts.

The ERNICA network has reached consensus in the need for the respiratory
assessment of patients after EA-repair as part of the follow-up programme'®.
However, they have not reached a consensus regarding which tests are needed
or how these patients should be managed, exposing the need for an expert
society in the matter to develop guidelines, and point out the direction of fur-
ther research.
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Conclusions

Paper 1

We found that the demographics and outcome of our study population are
comparable with centres of higher caseload. We could define some problem-
atic areas in the group of children treated for EA. The results show low mor-
tality rate but a significant morbidity, especially considering anastomotic
strictures and patients with long gap EA. We experienced the lack of consen-
sus in terminology as a limitation to identification of practice patterns with
favourable outcomes and can see how multicentre EA registries, with long-
term follow-up, could overcome these problems.

Paper 11

We found that long gap EA, higher birth weight, and anastomotic tension were
independent risk factors of anastomotic stricture formation. Prophylactic PPI-
treatment did not reduce anastomotic strictures compared to symptomatic PPI-
treatment. A general recommendation to stop prophylactic PPI-treatment after
EA repair cannot be supported, due to the retrospective design and relatively
small study population. However, sufficient evidence is available to support
randomised controlled studies without compromising the ethical aspects of
such research.

Paper III

We found that respiratory morbidity and pulmonary function impairment were
common in children and adolescents after EA repair. The major component of
pulmonary function impairment was obstruction of the airways. Increased risk
of pulmonary function impairment was found in patients with lower birth
weight and older age at follow-up, suggesting that pulmonary function impair-
ment does not improve over time. The poor correlation between respiratory
morbidity and pulmonary function impairment justifies the need for clinical
follow-up programmes including pulmonary function tests in patients with
EA.
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Paper IV

We found that esophageal biopsies were necessary to monitor and evaluate
the morbidity burden on the esophagus after EA reconstruction. Neither am-
bulatory 24h pH-metry, clinical symptoms of GER nor endoscopic esophagitis
were reliable tools to identify histopathological esophagitis in children and
adolescents after EA repair and cannot replace esophageal biopsies.
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Future perspectives

The key to developing the field of EA is collaboration through international
registers including well-defined pre-, per- and postoperative variables and data
from follow-up programmes. The questions that need to be answered require
large amounts of data and we need to focus on exploring several outcomes
(multivariate analyses) or at least coordinated series of (univariate) studies that
focus on different outcomes of interest to the procedures that we perform. An
important question, in the era of globalisation and big data, is if we can afford
not to include in these collaborations the parts of the world that have higher
birth rates than “the industrialised” countries. We need all data that we are
able to include and we urge for the inclusion of prospective data in the search
for improvement of our patients’ outcome.

The registries and follow-up programmes need to be encouraged to address

the problem of lack of repeated measurements that we encounter in the scien-
tific literature regarding EA.
The use of prophylactic PPI is questionable with current knowledge and cer-
tain areas need to be elucidated. Does long term PPI-treatment have any neg-
ative effects on health, physiology, microbiome, etc? The long term use of PPI
is associated with increased risk of esophageal adenocarcinoma'”. There is
sufficient evidence available to support randomised controlled studies on the
prophylactic use of PPI, without compromising the ethical aspects of such re-
search.

The nature of pulmonary function impairment that patients treated for EA
face needs to be understood at a deeper level. Currently we offer treatment
based on the asthma protocols but do patients with EA really suffer from
asthma? Are there other pathological components of the obstruction and other
forms of pulmonary function impairment that we see in these patients? Further
research is needed to elucidate these matters to refine and adapt an optimal
treatment for pulmonary function impairment after EA repair.
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Sammanfattning pd svenska (Summary in
Swedish)

Bakgrund

Esofagusatresi (EA) dr en medfodd missbildning som drabbar ca. 1 av 3000
levande fodda barn'™. Detta innebir att det i Sverige fods ca. 40 barn per &r
med EA. Tillstdndet innebér olika grader av avbrott i matstrupen med eller
utan forbindelse till luftstrupen, s.k. trakeoesofageal fistel. Mat- och luftstrupe
har ett gemensamt ursprung under embryonala utvecklingen, det ar storningar
i denna utveckling som ligger till grund for uppkomsten av EA. For ndrmare
beskrivning av Gross-klassifikation av EA v.g. se Figur 1.
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Figur 1. Klassifikation av esofagusatresi enligt Gross.

Den vanligaste formen av EA dr Gross C (86%), foljt av typ A (7%), E (4%)
B (2%) och D (1%)’. Vid EA formerna Gross C, D och E finns det en trakeo-
esofageal fistel till nedre matstrupe och saledes dven till magsiack och ovriga
tarmen. Detta gor att Magsdcken vixer pa sedvanligt sédtt och EA inte &r syn-
ligt pa ultraljud innan fodelsen. Darfor upptiacks EA vanligen direkt efter fo-
delsen genom att barnet inte kan svélja saliv, krdks, hostar och far svart att
andas vid tillmatning. Detta insjuknande beskrevs forsta gangen av Thomas
Gibson, 1697°. De barn som uppticks under graviditeten har oftast EA typ A
eller B. Omkring hilften av barnen med EA har ocksé en annan missbildning,
vanligast ar hjért- (30%), kot- (20%), extremitet- (15%), anorektal- (15%) el-
ler njurmissbildning (10%)".

Den forsta lyckade operationen av EA beskrevs 1943 av Haight och Tows-
ley’ och utgdr grunden till den kirurgiska teknik som anvinds #n idag. Over
90% av barnen som fods med EA 6verlever idag, fr.a. tack vare utvecklingen

57



av intensivvarden for nyfodda barn. Dessa framgéngar har skiftat fokus fran
Overlevnad till forbattring av samsjuklighet och hélsorelaterad livskvalité.
Flera komplikationer, pad medel- och lang sikt, efter en operation for EA ar
vanliga och paverkar barnens livskvalité. Sviljningssvarigheter pga. dalig
funktion av matstrupen; fortrdngning av det ihopkopplade partiet i matstrupen
som kraver ballongvidgning (anastomosstriktur); backflode av magsacksinne-
hall till matstrupen som paverkar tillvixt av barnet och/eller funktionen av
matstrupen (gastroesofageal reflux sjukdom, GERD). Gastroesofageal reflux
anses ocksa orsaka anastomosstrikturer, inflammation i matstrupen (esofagit)
och lunginflammationer genom att tringa in i andningsvigarna. Paverkan pa
andningsvégarna utgors av aterkommande lunginflammationer och astmalik-
nande besvdr. Andningen kan dessutom péaverkas av olika faktorer som en
mjukare struktur av luftstrupen som gor att den kan fortrdngas vid olika sam-
manhang och operationsarr som kan forsvara normala andningsrorelser.

Sedan 2011 har vi i Sverige ett uppfoljningsprogram for barn opererade for
esofagusatresi som syftar till att upptdcka och behandla besvér fran luftvdgar
och matstrupe i ett tidigt skede. Uppfoljningsprogrammet ar multidisciplinért
och i behandlingsgruppen bestar av barnkirurg, lunglidkare, dietist, logoped
och specialistsjukskoterska. Som en del i att minska effekterna av gastroesofa-
geal reflux pd matstrupe och luftvigar sa rekommenderas behandlingen med
protonpumps hdmmare (PPI) under forsta levnadsaret.

Det 6vergripande syftet med denna avhandling var att undersdka hur sjuk-
lighet 1 matstrupen och luftvigarna hos barn med EA 6verensstimmer med
diagnostiska- och funktionstester som ingar i uppfoljningsprogrammet for
EA; samt att utvérdera effektiviteten av den forebyggande behandlingen med
PPIL

Metoder

Studiegruppen bestar av 169 barn som opererats for EA pa barnkirurgiska kli-
niken, Akademiska barnsjukhuset, Uppsala mellan 1994 och 2018. Studierna
var godkédnda av Regionala Etikprovningsnamnden i Uppsala.

Avhandlingen vilar pa fyra observationsstudier som belyser:

- utfallet for patienterna och generaliserbarheten av resultaten,

- riskfaktorer for anastomosstrikturer samt effektiviteten av den forebyg-
gande behandlingsregimen med PPI,

- lungfunktion samt riskfaktorer for nedsatt lungfunktion,

- samband mellan 24 timmars pH-méitning, endoskopiska fynd av esofa-
git/hiatusbréack, symtom av gastroesofageal reflux och histopatologiska
fynd av esofagit.

Resultat

Patientegenskaper och utfall i var studiegrupp var jimforbara med centra med
hogre patientfloden. Vi fann en 1&g dodlighet men betydande sjuklighet
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sarskilt géllande anastomosstrikturer och inom gruppen barn med long gap EA
(Gross A och B med ett avstind mellan matstrupestumparna om tre eller flera
kotkroppar).

Long gap EA, hogre fodelsevikt och spanning i anastomosen var oberoende
riskfaktorer for att utveckla anastomosstriktur. Forebyggande PPI-behand-
lingsregim minskade inte insjuknandet i anastomosstriktur jamfort med sym-
tomatisk behandling.

Sjuklighet i luftvdgarna och nedsatt lungfunktion var vanligt férekom-
mande bland barn och ungdomar som opererats for EA. Den storsta kompo-
nenten 1 lungfunktionsnedséttningen utgjordes av obstruktivitet. Risken for
nedsatt lungfunktion 6kade med lagre fodelsevikt och stigande alder vid upp-
foljningen.

Varken 24-timmars pH-métning, symtom for gastroesofageal reflux eller
endoskopiska fynd pa esofagit var tillforlitliga metoder att identifiera histopa-
tologisk esofagit hos barn eller ungdomar som opererats for EA. Dessa meto-
der kan saledes inte ersitta biopsier fran matstrupen.

Slutsatser

Det svaga sambandet mellan kliniska symtom samt sjuklighet i matstrupe och
luftvigar stodjer behovet av uppfoljningsprogram for patienter som opererats
for EA. Det finns inte vetenskapligt stod for en generell rekommendation att
avstd den forebyggande PPI-behandlingen, ddremot finns det tillrickligt stod
for genomforandet av randomiserade kontrollerade studier utan att kompro-
missa de etiska aspekterna av sddan forskning.
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