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Cardiorespiratory performance capacity and airway
microbiome in patients following primary repair
of esophageal atresia
Christoph Arneitz1, Jana Windhaber1, Christoph Castellani1, Bernhard Kienesberger1, Ingeborg Klymiuk2, Günter Fasching3,
Holger Till1 and Georg Singer1

BACKGROUND: Patients following repair of an esophageal atresia (EA) or tracheoesophageal fistula (TEF) carry an increased risk of
long-term cardiopulmonary malaise. The role of the airway microbiome in EA/TEF patients remains unclear.
METHODS: All EA/TEF patients treated between 1980 and 2010 were invited to a prospective clinical examination, spirometry, and
spiroergometry. The airway microbiome was determined from deep induced sputum by 16 S rRNA gene sequencing. The results
were compared to a healthy age- and sex-matched control group.
RESULTS: Nineteen EA/TEF patients with a mean age of 24.7 ± 7 years and 19 age- and sex-matched controls were included. EA/TEF
patients showed a significantly lower muscle mass, lower maximum vital capacity (VCmax), and higher rates of restrictive ventilation
disorders. Spiroergometry revealed a significantly lower relative performance capacity and lower peak VO2 in EA/TEF patients. Alpha-
and beta-diversity of the airway microbiome did not differ significantly between the two groups. Linear discriminant effect size
analysis revealed significantly enriched species of Prevotella_uncultured, Streptococcus_anginosus, Prevotella_7_Prevotella_enoeca, and
Mogibacterium_timidum.
CONCLUSION: EA/TEF patients frequently suffer from restrictive ventilation disorders and impaired cardiopulmonary function
associated with minor alterations of the airway microbiome. Long-term examinations of EA/TEF patients seem to be necessary in
order to detect impaired cardiopulmonary function.
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IMPACT:

● The key messages of the present study are a significantly decreased VCmax and exercise performance, as well as airway
microbiome differences in EA/TEF patients.

● This study is the first to present parameters of lung function and exercise performance in combination with airway microbiome
analysis with a mean follow-up of 24 years in EA/TEF patients.

● Prospective, long-term studies are needed to unravel possible interactions between alterations of the airway microbiome and
impaired pulmonary function in EA/TEF patients.

INTRODUCTION
The importance of the respiratory long-term outcome of patients
with EA/TEF (esophageal atresia/tracheoesophagel fistula) has
been increasingly recognized in recent years.1–5 The determinants
of reduced exercise capacity are still unclear, but comorbidities
like tracheomalacia or ventilation disorders may represent under-
lying causes.2–4,6 Children following EA repair more frequently
suffer from respiratory symptoms and impairment of cardiopul-
monary function compared to the healthy population.1–3,5,6 While
the negative impact of those health conditions on quality of life in
adolescence and adulthood has been demonstrated in several
studies, there is no exact idea about the relationship between
early childhood disease progression and later pulmonary

impairment.2,5,7 Recurrent respiratory tract infections may con-
tribute to impaired pulmonary function.
The common opinion that lungs are sterile has been refuted in

several studies identifying up to 2000 bacterial genomes per cm2

lung tissue.8–10 In detail, the airways get colonized soon after birth
and the airway microbiome continues to evolve during
growth.8,11,12 Comparisons of the airway microbiome between
infants with chronic lung diseases, such as asthma, chronic
obstructive pulmonary disease (COPD), bronchiectasis, or cystic
fibrosis, and healthy controls have shown significant differ-
ences.12–15 The importance of the human microbiome has been
increasingly recognized in recent years and the microbiome
seems to play a substantial role in pulmonary health and immune
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esponse.10,13,15,16 The scientific work of airway microbiota
composition, however, mainly focuses on chronic pulmonary
diseases, and microbiome studies for EA/TEF patients are currently
lacking. In addition, it remains unknown whether there is an
association between cardiopulmonary performance capacity and
alterations of the airway microbiome in EA/TEF patients.
Therefore, the aim of this prospective cohort study was to

investigate the cardiopulmonary performance capacity and the
airway microbiome of adolescent and adult patients after
corrected EA and provide a comparison to a healthy age- and
sex-matched control group.

PATIENTS AND METHODS
All consecutive children treated at the Department of Pediatric
and Adolescent Surgery of the Medical University of Graz for EA/
TEF between 1980 and 2010 were invited to participate in a
prospective study consisting of spirometry, cardiopulmonary
exercise performance testing, and analysis of the airway micro-
biome. Exclusion criteria were antibiotic and pre-/probiotic
treatment within the past 2 weeks and respiratory or gastro-
intestinal infections with the past 2 weeks.
This study was performed according to the Declaration of

Helsinki. Informed written consent was obtained from all patients
and controls and/or their legal guardians. The study was approved
by the institutional review board (EK 29-276 ex 16/17).
The medical records of the EA/TEF patients were reviewed

retrospectively for associated congenital anomalies, postoperative
complications, and consecutive interventions or disease-related
comorbidities. Gastroesophageal reflux disease (GERD) was
assessed by pHmetry or 24 h impedance pHmetry. All patients
were classified according to Spitz risk groups.17 The results were
compared to healthy age- and sex-matched control group
recruited from the personal environment of the Department’s
employees or patients.
All participants were asked to assess their quality of life

regarding the presence of abdominal discomfort, swallowing
difficulties, regurgitation, acid belching, recurrent cough allergies,
or food intolerances.
At the study visit, a 12-lead resting electrocardiography (ECG)

was obtained to exclude cardiac arrhythmias and non-invasive
blood pressure measurement at rest was performed. Height and
body weight (BW) were assessed and body mass index (BMI) was
calculated. The body fat in % was determined by the caliper
method using a four-site skin fold procedure and estimated
according to a standardized table.18,19

Appendicular muscle mass was measured by a multifrequency
impedance spectroscopy (CombynTM ECG, Academic Technologies
at the Institute of Cardiovascular Medicine GmbH, Graz, Austria) as
previously described in the literature.20

The individual physical activity level (PAL) was assessed as
previously published and expressed as PAL values between
1.1–1.2 and 2.0–2.5, according to inactive-sedentary, moderate,
or vigorous active lifestyle.21

Spirometry
The lung function was measured by a small spirometry (Oxycon
Pro® Carl Reiner GmbH, Vienna, Austria) at rest and after exercise
with a determination of the maximum vital capacity (VCmax) and
the forced expiratory volume in 1 s (FEV 1). The VCmax was
expressed as observed over age- and gender-corrected expected
maximum vital capacity. The Tiffeneau index was calculated as FEV
1/VCmax. An obstructive ventilation disorder was documented if
the Tiffeneau index was <75%, a restrictive disorder if VCmax was
<80%. The spirometry was repeated after the cardiopulmonary
exercise performance testing to rule out an exercise-induced
asthma by showing a decreased Tiffeneau index following
intense physical activity.22

Cardiopulmonary exercise performance testing
The cardiopulmonary exercise performance was determined by
cardiopulmonary exercise testing (CPET) with a bicycle ergometer
(Excalibur Sport®, Lode B.V., Groningen, The Netherlands) and the
spirometer in an upright position. Spiroergometry was performed
with a gender- and age-adapted protocol using a stepwise load
increase as previously published.19 The spiroergometry was
carried out to subjective exhaustion or until the participants were
unable to maintain the required pedaling speed (cadence) of >60
revolutions per minute (r.p.m.). The exercise phase was followed
by a 3-min recovery period of slow pedaling (60 r.p.m.) with the
same workload as at the beginning of the test.
The respiratory parameters determined during the bicycle

spiroergometry test included the minute ventilation (VE), the
oxygen uptake (VO2), the oxygen pulse (O2/heart rate (HR)), the
respiratory equivalent for oxygen (EQO2), and the respiratory
exchange ratio (RER).19 A RER > 1.10 was used as a criterion to
determine that the peak VO2 reflects a peak physiological
workload.23

Relative performance capacity was calculated from the achieved
maximal wattage in relation to the age- and gender-specific
standard values.24 The peak oxygen uptake (peak VO2) was
defined as the average VO2 over the past 30 s prior to subjective
exhaustion and was expressed in ml/kg/min.24 HR was measured
by continuous 12-lead ECG (CombynTM ECG, Academic Technol-
ogies at the Institute of Cardiovascular Medicine GmbH Graz,
Austria) and oxygen saturation was continuously monitored
(finger pulse oximeter Habel Medizintechnik®, Vienna, Austria).
Lactate levels were obtained by earlobe sampling (20 µl of blood
per measurement were sampled to heparinized capillaries per
test) before the test, at the end of each step and after the recovery
phase (enzymatically amperometric measurement with a Biosen
C_line®, EKF Diagnostics for life, Cardiff, UK).

Airway microbiome sampling, total DNA isolation, 16S amplicon-
based library preparation and sequencing
Deep induced sputum samples of the patients and age- and sex-
matched controls were harvested as previously described.25

Samples were stored at −80 °C until total DNA isolation. Before
nucleic acid extraction, samples were treated with an equal
volume of 1 M (100 µg/ml) DL-dithiothreitol solution in water and
incubated at 37 °C for 20min in a water bath. After centrifugation
at 4000 × g and 30min at room temperature, the supernatant was
decanted and the cell pellet was resuspended in phosphate-
buffered saline (Roth) up to a volume of 500 µl. Two hundred and
fifty microliters of the suspension were used for total DNA
extraction with the MagNA Pure LC DNA Isolation Kit III (Bacteria
and Fungi) (Roche, Mannheim, Germany) according to the
manufacturer’s instructions and as published in Klymiuk et al.26

The cell suspension of each sample was mixed with 250 µl
bacterial lysis buffer and bead beaten in a MagNA Lyser tube
in a MagNA Lyser instrument (Roche, Mannheim, Germany) at
6000 r.p.m. for 30 s twice.
After incubation with lysozyme (25 µl, 100mg/ml) at 37 °C for

30min and proteinase K (43.4 µl, 20 mg/ml) digestion at 65 °C for
1 h, samples were heat inactivated at 95 °C for 10 min. After
centrifugation for 5 min at 14,000 r.p.m., 200 µl of the sample was
loaded to the MagNA Pure LC 2.0 instrument (Roche, Mannheim,
Germany) and isolated according to manufacturer’s instructions
with the MagNA Pure LC DNA Isolation Kit III (Bacteria, Fungi)
(Roche, Mannheim, Germany). Total DNA was eluted in 100 µl
elution buffer. For PCR reaction, 5 µl of total DNA was used in a 25
µl PCR reaction in triplicates using a Fast Start High Fidelity PCR
System (Roche, Mannheim, Germany) according to Klymiuk et al.26

with the target-specific primers F27-AGAGTTTGATCCTGGCTCAG
and R357-CTGCTGCCTYCCGTA.27 Finally, the triplicates of each
sample were pooled and the PCR for indexing was performed as
described in Klymiuk et al.26 with eight amplification cycles. Five
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microliters of the indexing PCR of each sample were pooled and
the final library was purified by conventional gel electrophoresis
and quantified using the QuantiFluor ONE dsDNA Dye (Promega,
Hilden, Germany) on a Quantus™ Fluorometer (Promega, Hilden,
Germany). Quality control was performed on a BioAnalyzer 2100
instrument (Agilent Technologies Inc. 2020, USA) using a DNA 7500
LabChip. For sequencing, the pool was diluted according to
standard procedures and the 6 pM library was sequenced on an
Illumina MiSeq desktop sequencer (Illumina, Eindhoven, Nether-
lands) with 20% PhiX control DNA (Illumina, Eindhoven, Nether-
lands) and v3 chemistry for 600 cycles in paired-end mode
according to the manufacturer’s instructions and FastQ raw reads
were used for data analysis. For data analysis, a total of 2,363,371
(per sample minimum 39,514, maximum 81,288, median 63,061)
raw sequence reads were used in the Galaxy-based workflow
(Medical University of Graz, funded by the Austrian Federal Ministry
of Education, Science and Research, Hochschulraum-Strukturmittel
2016 grant as part of BioTechMed Graz). Briefly, raw reads were
quality-filtered, de-noised, de-replicated, merged, and checked for
chimeras using DADA2 pipeline with standard settings in
QIIME2.0.28,29 For taxonomic assignment, SILVA rRNA database
1.3 with 97% identity was used. Low abundant taxa with <0.01%
abundance across all samples were eliminated from the analysis.

Statistical analysis
All data were entered into an Excel 2019® (Microsoft Corporation,
Microsoft Excel [Internet], 2018, USA) spreadsheet and SPSS
Statistics 21© (IBM Corp., released 2012, IBM SPSS Statistics for
Windows, Version 21.0, IBM Corp, Armonk, NY) was used for data
analysis. A Kolmogorov–Smirnov test was used to assess normal
distribution. In case of normal distribution, data are displayed as
mean and standard deviation and statistical group comparison
was performed using a two-sided, unpaired t test. In case of
absent normal distribution, data are displayed as median and
interquartile range and a Mann–Whitney U test was used for
group comparison. The Fisher’s exact test or the χ2 test was used
to compare the categorical data. Statistical significance was
defined as p < 0.05.
To interpret and compare taxonomic information from the 16S

rRNA datasets online software Calypso® (Version 8.84) was used.30

Species richness was calculated using the Chao1 estimator, the
Shannon’s index, and inversed Simpson index. As a measure for
beta-diversity redundancy analysis (RDA), color-coded principal
component analysis (PCoA) plot and the Anosim (analysis of
similarities) Bray–Curtis dissimilarity score were used. Differences
in taxa abundance were calculated with Calypso® after log 10
transformation of data. P values were adjusted for multiple testing
by false discovery rate. The top 100 most abundant taxa were
included in the analysis. Linear discriminant effect size (LEfSe)
analysis was performed to detect statistically relevant bacteria in
different groups.

RESULTS
Out of 47 eligible EA/TEF patients treated in the regarded time
period, 21 agreed to participate. Three patients refused to take
part and 23 patients were unavailable. At the follow-up
examinations, one patient had to be excluded because of mental
impairment and another one was unable to donate a sufficient
sputum sample, leaving 19 patients for further analysis.

EA/TEF patient group
The mean age of the EA/TEF group (10 males, 9 females) was 24.7
± 7 years (range: 14–40 years). Eleven of them (57.9%) were born
preterm. Sixteen patients (84.2%) had a TEF Gross type C, 1 a type
B and 1 a type D. One patient had a pure EA (Gross type A). All
patients underwent right thoracotomy for EA/TEF repair.

Five patients (26.3%) suffered from at least one additional
congenital anomaly: one patient was born with an imperforate
anus and a unilateral renal agenesis. Four patients had a
congenital cardiac anomaly; three of these patients underwent
cardiac surgery: one patient with an atrial septal defect (ASD) type
II, one patient with a muscular ventricular septal defect, and
another patient with congenital aortic coarctation. The fourth
patient with a congenital cardiac anomaly had a not hemodyna-
mically relevant ASD type II. No patient had a birth weight below
1500 g. Only the three patients with hemodynamically relevant
cardiac anomalies were therefore classified as risk group II,
according to the Spitz risk classification.17

The following postoperative complications were recorded: one
patient (5%) had an anastomotic insufficiency, and seven patients
(37%) required dilatations because of esophageal strictures.
Clinically relevant tracheomalacia was diagnosed in six patients

(32%). Fifteen patients (79%) had a documented GERD, and nine
of them required a fundoplication in the further course.
At the study visit, nine EA/TEF patients (47%) complained about

abdominal discomfort. Five patients (26%) reported swallowing
difficulties. Regurgitation and acid belching were recorded in six
patients (32%). The prevalence of recurrent cough was 21% (n= 4)
and occurred only in the EA/TEF patient group (χ2 test, p= 0.034).
Six patients (32%) mentioned allergies, another three (16%)
reported food intolerances.

Control group
The mean age of the age- and sex-matched control group was
24.6 ± 8 years (range: 12–43 years) and consisted of ten male and
nine female participants. Two of the control participants were
born preterm. There was no statistically significant difference
regarding patient age between EA/TEF and control groups
(unpaired t test; p= 0.949).

Anthropometric data
There was no statistically significant difference in the amount of
PAL and the height, weight, BMI, or body fat percentage between
the study and the control group. However, EA/TEF patients
showed a significantly lower muscle mass compared to the control
group (unpaired t test; p < 0.001) (Table 1).

Spirometry
Spirometry revealed a significantly lower VCmax for EA/TEF
patients compared to controls (p < 0.001; unpaired t test) (Table 1).
Twelve patients showed a reduced VCmax; nine of these had a
restrictive and three a combined ventilation disorder. Restrictive
ventilation disorders occurred only in the EA/TEF patient group
(EA/TEF n= 9 vs. controls n= 0; χ2 test, p= 0.001). Two EA/TEF
patients were obstructive and one patient showed an exercise-
induced asthma.

Cardiopulmonary exercise performance
All participants had a RER value >1.10. Spiroergometry revealed a
significantly lower relative performance capacity (unpaired t test;
p= 0.001) and a significantly lower peak VO2 (unpaired t test; p=
0.013) in the EA/TEF group compared to the control group
(Table 1). The values for O2/HR and EQO2 were within the normal
ranges in both groups. However, the O2/HR was significantly lower
(Mann–Whitney U test; p= 0.012) and the EQO2 was significantly
higher in the EA/TEF group (Mann–Whitney U test; p= 0.014)
(Table 1).
Exclusion of the four EA/TEF patients with congenital cardiac

anomalies and their respective controls still revealed a signifi-
cantly decreased performance capacity (mean 116.7 ± 24.6 vs.
146.1 ± 31.5; unpaired t test, p= 0.008) and peak VO2 (mean 37.6
± 8.8 vs. 44.7 ± 8.9, unpaired t test; p= 0.036) of EA/TEF patients in
the remaining participants.
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Patients with restrictive ventilation disorders showed a sig-
nificantly lower relative performance capacity compared to
participants without restrictive ventilation disorders (Mann–
Whitney U test; p= 0.029) (Supplement 1). Moreover, neither
tracheomalacia nor prematurity had a significant impact on the
relative performance capacity or spirometry results in EA/TEF
patients (Supplements 2 and 3).

16S rRNA-based airway microbiome
Alpha-diversity—as a measure of the diversity of microbes in a
single sample—of the deep induced sputum samples as measured
by Shannon index, inversed Simpson’s, and Chao1 did not differ
significantly between EA/TEF patients and controls (Fig. 1). Like-
wise, beta-diversity as a measure of the variation of the species
composition between two samples was not significantly different
between the two groups in Anosim Bray–Curtis, PCoA, and RDA
analysis (Fig. 1). Figure 2 depicts the relative abundances at the
phylum and order levels comparing EA/TEF patients and controls.
LEfSe analysis at the species level is shown in Fig. 3. Prevotella

uncultured (p= 0.0081), Streptococcus anginosus (p= 0.0078),
Prevotella 7 prevotella enocea (p= 0.026), and Mogibacterium
timidum (p= 0.047) were significantly enriched in the EA/TEF
patient group. Species from Alloprevotella uncultured (p= 0.0079)
and Campylobacter uncultured (p= 0.0072) were significantly
higher in the control group than in the EA/TEF group (Fig. 3).
Analysis of the airway microbiome composition in EA/TEF

patients with a reduced VCmax compared to their respective
controls revealed no significant differences of alpha- and beta-
diversity (Supplement 4). LEfSe analysis revealed significantly
enriched Prevotella uncultured bacterium (p= 0.004) and S.
anginosus (p= 0.021) and decreased Alloprevotella uncultured
Prevotellacae (p= 0.035) of patients with a reduced VCmax

(Supplement 4).
Comparison of the airway microbiome in formerly preterm EA/

TEF patients (n= 11) to formerly full-term patients (n= 8) revealed
no differences of alpha- and beta-diversity (Supplement 5). LEfSe

analysis revealed significantly enriched Campylobacter uncultured
bacterium (p= 0.0075), Bergeyella uncultured bacterium (p= 0.041)
and Neisseria meningitides (p= 0.03) and significantly decreased
Filifactor uncultured bacterium (p= 0.03) in formerly preterm
patients.

DISCUSSION
This study presents parameters of lung function and exercise
performance in combination with airway microbiome analysis
with a mean follow-up of 24 years in EA/TEF patients. The main
findings of the present study were a significantly decreased VCmax

and exercise performance, as well as minor airway microbiome
differences in EA/TEF patients compared to healthy age- and sex-
matched controls.

Anthropometric data
Our EA patients had a significantly lower muscle mass compared
to the control group. This could be associated with a decreased
physical fitness and impaired locomotor function as described in
previous studies.6,7,31 Therefore, a routine locomotor function
evaluation in school-aged patients and a referral to physiotherapy
if required seems to be necessary in EA/TEF patients.

Spirometry
Spirometry revealed that the majority of EA/TEF patients in our
study (78.9%) had some sort of ventilatory impairment confirming
other reports of long-term pulmonary function in patients
following EA/TEF repair.1–6,32,33 EA patients showed a significantly
lower VCmax than their age- and sex-matched peers in our series.
Reduced lung volumes following EA/TEF repair were found
frequently in long-term pulmonary function tests.3,4

The proportion of restrictive pulmonary dysfunction in patients
after esophageal atresia compared to healthy controls is strikingly
high; it was documented in almost half of our EA/TEF patients.
Nevertheless, it remains unclear whether an altered lung
parenchyma or a restricted thoracic mobility as sequelae of the
operation acts as the underlying cause. A comparison with
patients who had thoracoscopic surgery would be very interesting
in this regard. Furthermore, restrictive ventilatory defects were
significantly correlated to the interpouch distance, the duration of
postoperative ventilation, recurrent aspiration pneumonia during
infancy, and GERD in recently published reports.2

Cardiopulmonary exercise performance
Patients following esophageal atresia repair showed a significantly
lower relative performance capacity and peak VO2 compared to
controls in bicycle spiroergometry. A significantly lower exercise
duration and maximum exercise tolerance has also been found in
previous studies.2–4,6,33,34 Only three groups have studied the
maximum exercise capacity of EA/TEF patients using bicycle
ergometry and presented divergent results; none of these studies,
however, has prospectively compared the cardiopulmonary
exercise results to a healthy age- and sex-matched control
group.1,32,35

A strong correlation between ventilation disorders and exercise
performance capacity has also been reported in previous
studies.2–4,6 Furthermore, earlier exhaustion in CPET significantly
correlated with the interpouch distance, duration of postoperative
ventilation, GERD, and recurrent aspiration pneumonia during
infancy.2

The largest number of CPET following EA/TEF repair was
published by Toussaint-Duyster et al.6, showing a significantly
lower mean endurance time in 55 eight-year-old EA/TEF patients.
Seventeen of these patients had been previously tested at the age
of 5 years and their exercise capacity was not significantly
different, suggesting that a reduced exercise performance may
persist over time.

Table 1. Anthropometric data, results of spirometry, and
spiroergometry of EA patients and controls (n= 19 each).

EA patients,
n= 19

Controls,
n= 19

P value

Age 24.7 ± 7.0 24.6 ± 8.0 0.949

Anthropometry

Height (m) 1.69 ± 0.09 1.70 ± 0.10 0.812

Body weight (kg) 62.6 ± 13.9 68.5 ± 12.4 0.181

BMI 22.0 ± 4.9 23.8 ± 4.3 0.311

Body fat (%) 21.2 ± 9.0 18.6 ± 6.3 0.331

Muscle mass (kg/height2) 6.6 ± 1.5 8.3 ± 1.5 <0.001

PAL value 1.6 ± 0.2 1.7 ± 0.2 0.216

Spirometry

VCmax (%) 73.8 ± 15.6 103.7 ± 10.3 <0.001

Tiffeneau index (%) 82.1 ± 7.2 82.8 ± 5.4 0.705

Spiroergometry

Relative performance (%) 114.4 ± 22.4 144.2 ± 28.2 0.001

Peak VO2 (ml/kg/min) 37.5 ± 8.6 45.0 ± 9.0 0.013

O2/HR (ml) 12.5 ± 3.4 16.2 ± 4.4 0.012

EQO2 21.4 ± 1.8 19.7 ± 2.8 0.014

Data are displayed as mean ± standard deviation (SD).
PAL physical activity level, VCmax maximum vital capacity, peak VO2 peak
oxygen uptake, O2/HR oxygen pulse, EQO2 respiratory equivalent for
oxygen.
P-values highlighted in bold represent significant group differences.
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Airway microbiome
In our study, we have examined the airway microbiome following
esophageal atresia repair and compared the results to an age- and
sex-matched healthy control group for the first time. Alpha- and
beta-diversity of the deep induced sputum samples did not differ
significantly between EA/TEF patients and controls.
LEfSe analysis between the two groups showed marker bacteria

such as Prevotella, S. anginosus, or M. timidum on the species level.
These bacteria are considered normal bacterial inhabitants of the
oral cavity.36 However, Prevotella and S. anginosus were also found
among the respiratory microbiota of patients with chronic lung
diseases.37,38 Furthermore, higher relative abundances of Prevo-
tella in airway microbiota have been shown to be associated with
an increased host inflammatory response, protracted bacterial
bronchitis, asthma development, and a higher risk of progressing
COPD.38–40 However, obstructive airway disease was uncommon
in our study cohort, but recurrent cough occurred in 21% of our

patients and may be related to prolonged respiratory tract
infection. Recurrent respiratory tract infections are common in
infants with EA/TEF, but are described to become less frequent
with increasing age.41,42 Investigations of the aerodigestive
microbial composition in children with chronic cough revealed
that the lower airway microbiota was enriched with Prevotella in
the bacterial bronchitis group.43

Airway microbiome studies have also found a high relative
abundance of oral microbes, suggesting that recurrent microaspira-
tions might influence the lower airway microbiota.36,43 Especially in
EA/TEF patients with a high number of possible aspirations
associated with esophageal dysmotility and gastroesophageal
reflux, the oral microbiota could have a major impact on the
composition of the airway microbiome. For instance, Veillonella,
another oral commensal, was found significantly enriched in the
lower airway microbiome of orally fed, neurologically impaired
children who frequently suffer from aspiration of food, oral

LEfSe
CTRL EA

Prevotella_uncultured_bacterium

Prevotella_uncultured_bacterium
P = 0.0081 (ANOVA)

Streptococcus_Streptococcus_anginosus_subsp._anginosus

Streptococcus_Streptococcus_anginosus_subsp._anginosus
P = 0.0078 (ANOVA)

Campylobacter_unidentified

Campylobacter_unidentified
P = 0.098 (ANOVA)

Prevotella_7_Prevotella_enoeca

Prevotella_7_Prevotella_enoeca
P = 0.026 (ANOVA)

Peptostreptococcus_uncultured_bacterium

Peptostreptococcus_uncultured_bacterium
P = 0.093 (ANOVA)

Alloprevatella_uncultured_bacterium

Alloprevatella_uncultured_bacterium
P = 0.0079 (ANOVA)

Campylobacter_uncultured_bacterium

Campylobacter_uncultured_bacterium
P = 0.0072 (ANOVA)

Bergeyella_uncultured_bacterium

Bergeyella_uncultured_bacterium
P = 0.052 (ANOVA)

Alloprevatella_uncultured_Prevotellaceae_bacterium

Mogibacterium_Mogibacterium_timidum

Mogibacterium_Mogibacterium_timidum
P = 0.047 (ANOVA)

0 1 2

LDa Score (log 10)

3

0.4

0.3

0.2

0.1

0.0

A
bu

n
d

an
ce

 s
q

rt
 (

T
S

S
)

A
bu

n
d

an
ce

 s
q

rt
 (

T
S

S
)

A
bu

n
d

an
ce

 s
q

rt
 (

T
S

S
)

A
bu

n
d

an
ce

 s
q

rt
 (

T
S

S
)

A
bu

n
d

an
ce

 s
q

rt
 (

T
S

S
)

A
bu

n
d

an
ce

 s
q

rt
 (

T
S

S
)

A
bu

n
d

an
ce

 s
q

rt
 (

T
S

S
)

A
bu

n
d

an
ce

 s
q

rt
 (

T
S

S
)

A
bu

n
d

an
ce

 s
q

rt
 (

T
S

S
)

CTRL EA

CTRL EA

CTRL EA

CTRL EA

CTRL EA

CTRL EA

CTRL EA

CTRL EA

CTRL EA

2.5

2.0

1.5

1.0

0.5

1.4
1.2
1.0
0.8
0.6
0.4

2.0

1.5

1.0

0.5

1.5

1.0

0.5

0.0

0.8

0.6

0.4

0.2

0.0

1.2
1.0
0.8
0.6
0.4
0.2
0.0

0.4

0.3

0.2

0.1

0.0

0.8

0.6

0.4

0.2

0.0

Fig. 3 Microbiome analysis and pairwise comparison. The top graph shows histograms of linear discriminant analysis (LDA) effect size
(LEfSe) comparison of deep induced sputum samples at the species level comparing EA patients (n= 19) and controls (CTRL) (n= 19). Log-
level changes in LDA score are displayed on the x-axis. The graphs below display charts of pairwise comparisons for selected bacteria; only
results with p < 0.1 are shown as pairwise comparisons.
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secretions, and common reflux of gastrointestinal contents into the
airways.43 However, only little is known about the microbial
functionality and the kinetics of microbiome changes.44

The microbiota composition can be influenced by exogenous
forces, including diets, environmental biodiversity, infection, and
antibiotics.45 For instance, antibiotic-induced changes in the
microbiome composition may play an important role in the
formation of allergies, autoimmunity, and infectious diseases.45

The exclusion criteria of our study were designed to avoid as many
of these confounding factors as possible. However, the possibility
to positively shape the airway microbiome in EA/TEF patients with
for instance pro- or prebiotics is subject for further examinations.

LIMITATIONS
Possible limitations of this study include that deep induced
sputum samples were used to examine the airway microbiome.
There are concerns that these samples may be contaminated by
the oropharyngeal microorganisms; however, deep induced
sputum appears to be the only method that is ethically justifiable,
since the assessment of the pulmonary microbiome is only
possible with bronchoalveolar lavage or bronchoscopy, which can
only be obtained under anesthesia. Thus, deep induced sputum is
frequently used to describe the airway microbiome.10,44

Other possible limitations are the relatively small sample size
and the mode of testing by bicycle spiroergometry instead of
treadmill testing. Treadmill testing was preferred over bicycle
testing in previous EA/TEF studies, because underdeveloped knee
extensors could be a limiting factor in children.6 However, in our
long-term follow-up, the youngest patient was already 14 years
old and the mean age of the patients was 24.7 years. Large sample
sizes in orphan pediatric diseases are difficult to achieve and other
follow-up studies of EA/TEF patients have included between 8 and
63 patients.1–4,6,32,33,35

The strengths of our study are the long-term follow-up of 24.7
years and the age- and sex-matched control group.

CONCLUSION
EA/TEF patients frequently showed restrictive ventilation disorders
and impaired cardiopulmonary function and discreet changes of
the airway microbiome. Long-term examinations of patients with
congenital esophageal atresia consisting of routine locomotor
function evaluation, spirometry, and spiroergometry are necessary
in order to detect impaired cardiopulmonary function and to
prevent the progression of associated complications. Prospective,
long-term studies are needed to unravel possible interactions
between alterations of the airway microbiome and impaired
pulmonary function.
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