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Summary

Summary

English summary

Background: Survival rates of prematurely born infants are increasing throughout high-income
countries, resulting in around 10% preterm births at present. Preterm infants are a very
heterogenous group in terms of respiratory morbidity and mortality and have impaired capacity
to deal with oxidative stress in the perinatal period, making them more susceptible to
environmental stimuli than their healthy term peers. However, it is unknown, whether this
vulnerability is associated with an increased oxidative stress response and low-level

inflammation during infancy and childhood, which can be measured in exhaled breath.

Aim: The aim of this thesis was to investigate the effects of air pollution on lung function and
inflammatory and metabolic profiles in infancy and childhood. Therefore, the primary aim was
to directly compare pre- and postnatal exposure to low-to-moderate air pollution with lung
function at 44 weeks of postconceptional age (PCA) and at six years of age in preterm and
term—born children. The secondary aim was to develop and standardize a mass spectrometry
technique to retrieve metabolic information from exhaled breath of preterm and term infants
and to correlate oxidative stress markers with lung function parameters and fraction of exhaled

nitric oxide (FeNO).

Methods: All the studies of this thesis were performed within the prospective Basel-Bern
infant lung development (BILD) cohort (SNF 182871/1). Information on perinatal risk factors
was collected from medical records and by standardized questionnaires. For each individual
child and window of exposure, air pollution levels were calculated using space-hybrid models
for nitrogen dioxide (NOz2), particulate matter with a diameter < 10 um (PMio), and ozone (O3).
To assess airway abnormalities and inflammation, lung function and FeNO measurements were
performed at 44 weeks of PCA and at six years of age. For the development and standardization

11
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of the off-line technique for metabolic profiling in infants, secondary electrospray ionization-

high resolution mass spectrometry (SESI-HRMS) was used.

Results: Pre- and postnatal exposure to low-to-moderate air pollution levels showed clear
associations with impaired lung function in infancy and at school-age. These effects were most
pronounced in children with the highest exposure and when higher air pollution levels occurred
during a time windows of accelerated lung development: the second trimester of pregnancy, as
well as the first and second year of life. Furthermore, aggravated impairment of lung function

in infancy was seen in moderate to late preterm infants (born 32 — 37 weeks of gestational age).

We have found evidence of effects of air pollution on FeNO, however FeNO is influenced by,
but not specific for measuring oxidative stress. Oxidative stress markers can potentially be
measured in exhalomics, however, techniques are not yet available for use in infants. Thus, as
a first step, we developed and tested a new methodology, which showed performance
characteristics comparable to the gold standard of SESI-HRMS measurements. For the first
time, the successful deployment of this technique enabled the measurement of specific
metabolites suggestive of oxidative stress (e.g. 4-Hydroxynonenal) in infants. Additionally, the
novel method of capturing information on metabolic profiles from infant breath could provide
further biological background information on metabolic responses to environmental stimuli,

such as exposure to air pollution, supporting our findings.

Conclusions: Air pollution levels even below currently recommended thresholds are associated
with impaired lung function in healthy children and are even more pronounced in preterm
infants. As a proof of concept and novelty, these results support the hypothesis of increased
time- and dose-dependent vulnerability of children to environmental stimuli and increased
susceptibility of preterm infants. Prevention in utero and early life are of utmost importance as

lung function deficits in childhood have been shown to trace through life with the potential for

12
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respiratory morbidity in adulthood. Therefore, more stringent policies to reduce air pollution

levels and consequently the burden of disease should be taken.
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Deutsche Zusammenfassung

Hintergrund: In den vergangenen Jahrzehnten ist die Rate der liberlebenden Friihgeborenen
in industrialisierten Landern stetig angestiegen. Der Anteil der Frithgeborenen betriagt weltweit
aktuell etwa 10% aller Geburten. Frithgeborene, eine heterogene Population beziiglich
respiratorischer Morbiditdt und Mortalitit, haben perinatal eine erhohte Anfélligkeit gegentiber
oxidativem Stress. Folglich sind sie, im Vergleich zu Termingeborenen, anfélliger fiir die
negativen Einfliisse von Umweltfaktoren. Es ist jedoch nicht klar, ob diese Vulnerabilitit mit
einer gewissen Inflammation im Sduglings- und Kindesalter einhergeht, welche theoretisch in

der Ausatemluft gemessen werden kann.

Ziele: Das Ziel dieser Dissertation war es, den Effekt von Luftschadstoffen auf die
Lungenfunktion und das inflammatorische und metabolische Profil im S&uglings- und
Kindesalter zu untersuchen. Das primédre Ziel war die Untersuchung der Assoziation von pri-
und postnataler geringer bis moderater Luftverschmutzung mit der Lungenfunktion im Alter
von 44 Wochen postkonzeptionell und 6 Jahren in Friih- und Termingeborenen. Das sekundére
Ziel war die Entwicklung und Standardisierung einer Methode fiir die Messung von
Stoffwechselprodukten in der Ausatemluft von frilh- und termingeborenen Kindern mittels
Massenspektrometrie und die Korrelation damit gemessener oxidativer Stressmarker mit

Lungenfunktionsparametern und exhaliertem Stickstoffoxid (FeNO).

Methoden: Alle Studien dieser Dissertation wurden im Rahmen der prospektiven Basel-Bern
infant lung development (BILD) Kohortenstudie (SNF 182871/1) durchgefiihrt. Informationen
iber perinatale Risikofaktoren wurden mittels medizinischer Berichte sowie standardisierter
Fragebogen erfasst. Die individuelle Exposition gegeniiber Luftschadstoffen wurde fiir
unterschiedliche Zeitfenster anhand von rdumlich-hybriden Modellen fiir Stickstoffdioxid
(NO2), Feinstaub mit einem Durchmesser < 10 um (PMio) und Ozon (Os) berechnet.

Lungenfunktionstests und FeNO wurden fiir die Einschitzung der Lungenfunktion und einer

14
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allfélligen Inflammation der Atemwege im Alter von 44 Wochen postkonzeptionell und 6
Jahren durchgefiihrt. Fiir die Entwicklung und Standardisierung der Methode der Messung
metabolischer Profile von Kindern wurde das sekundére Elektrospray Ionisierung-hoch

Resolution Massenspektrometer (SESI-HRMS) verwendet.

Resultate: Die prd- und postnatale Belastung mit geringer bis moderater Luftverschmutzung
war mit einer verminderten Lungenfunktion im Sduglings- und Kindesalter assoziiert. Die
Effekte waren am ausgeprigtesten bei Kindern mit der hochsten Exposition und im Falle einer
hohen Luftverschmutzung wihrend Zeitfenstern beschleunigter Lungenentwicklung: das
zweite Trimester sowie das erste und zweite Lebensjahr. Des Weiteren zeigte sich bei den
moderat bis spdt Frithgeborenen (geboren 32 — 37 Gestationswochen) eine zusitzliche

Verschlechterung der Lungenfunktion im Alter von 44 Wochen postkonzeptionell.

Wir konnten zudem einen Effekt von Luftverschmutzung auf FeNO aufzeigen, wobei FeNO
von oxidativem Stress beeinflusst wird, nicht aber als spezifischer Marker oxidativen Stress
gewertet wird. Marker von oxidativem Stress kdnnen theoretisch in der Ausatemluft gemessen
werden, jedoch ist aktuell keine Messmethodik fiir Sduglinge verfiigbar. Folglich haben wir in
einem ersten Schritt eine Messmethodik entwickelt und standardisiert, welche eine gute
Vergleichbarkeit zu der aktuell benutzten und etablierten on-line Messmethode mittels SESI-
HRMS zeigte. Die Messung spezifischer Marker von oxidativem Stress (bspw. 4-
Hydroxynonenal) konnten damit zum ersten Mal in der Ausatemluft von Sduglingen gemessen
werden. Die Entwicklung der neuen Messmethode von Metaboliten in der Ausatemluft von
Sduglingen hat das Potenzial zusdtzliche biologische Hintergrundinformationen zur

metabolischen Antwort auf Umweltfaktoren, wie die Luftschadstoffbelastung, zu liefern.

Schlussfolgerung: Unsere Resultate belegen, dass eine Luftverschmutzung mit Werten, die
unterhalb der aktuell international geltenden Richtlinien liegen, mit einer Verschlechterung der

Lungenfunktion in gesunden Kindern und besonders in frithgeborenen Sduglingen assoziiert
15
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ist. Die Erkenntnisse dieser Dissertation unterstiitzen die Hypothese einer zeit- und dosis-
abhingigen Empfindlichkeit der Lunge von Kindern gegeniiber Umweltfaktoren sowie eine
besonders erhohte Vulnerabilitdt von Frithgeborenen. Somit erscheint eine Prdvention in utero
und in den ersten Lebensjahren enorm wichtig, da aufgezeigt werden konnte, dass sich Defizite
der Lungenfunktion im frithen Kindesalter bis ins Erwachsenenalter ziehen und somit fiir eine
respiratorische Morbiditdt im Lebensverlauf verantwortlich sein konnen. Eine mdgliche
Konsequenz, um dieser Entwicklung entgegenzuwirken, konnten strengere Richtlinien fiir die

Reduktion der Luftverschmutzung sein.
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Introduction

1 Introduction

Over the last decades, the global prevalence of respiratory diseases in childhood has
significantly risen (1). Respiratory diseases, with asthma being the most common chronic
disease in children, represent a substantial issue for health care and families, especially because
the increasing number of hospitalizations and long-term medication lead to a high financial
burden (2, 3). Studies investigating the long-term outcome of asthmatic children into adulthood
have provided evidence that chronic respiratory disease later in life might be determined
primarily in early childhood (4, 5), as infants with premorbid lung function might not reach

predicted peak lung function during early adult life (6).

However, the development of respiratory disease throughout life is complex and has various
contributing factors. Host and environmental factors (7, 8), such as sex, atopy of the mother,
prematurity, and exposure to environmental tobacco smoke or air pollution are just a few to
mention. Besides the increasing prevalence of asthmatic children, the numbers of infants born
prematurely (< 37 weeks of gestational age [GA]) has risen due to substantial progress in
obstetric and neonatal care (9). Preterm infants represent a vulnerable subgroup that need
special attention. They are known to have impaired capacity to deal with oxidative stress
perinatally (10-13) due to various factors augmenting oxidative stress or impairing
antioxidative response (14). Subsequently, preterm-born children develop more respiratory
symptoms than term-born children (15-17) and have impaired lung function throughout

childhood until adolescence and adulthood (18-20).

To date, it is unknown whether preterm infants have persistent low-level airway inflammation
as an altered oxidative stress response. This may be reflected in altered metabolic profiles of
the lung which, in principle, can be measured in exhaled breath, as it potentially offers a non-
invasive window to monitor such processes (21). Additionally, it is not yet well understood,

whether exposure to oxidative stress, such as pre- and postnatal exposure to air pollution leads
17
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to aggravated impairment of lung function in infancy and school-age in preterm compared to

term-born children. The aim of this thesis was therefore to address these major knowledge gaps.

1.1 The complexity of host—environment interaction and respiratory disease in
infancy and childhood

The development of respiratory disease is likely influenced by multiple factors. Host factors,

such as sex and maternal atopic disease may lead to the child having a higher susceptibility to

respiratory symptoms, and environmental factors, such as environmental tobacco smoke (ETS)

exposure, air pollution and infections may contribute to the severity and recovery of respiratory

symptoms (22, 23). Interestingly, most of these determinants or risk factors have a small effect

size by themselves, but become relevant due to a complex interplay among several factors (8).

It has been hypothesized that these early life factors and especially their interplay modulate the
properties of the respiratory system, which include lung growth and development, immune
development, and inflammatory and repair response to oxidative stress and respiratory
infections (8). These mechanisms are often referred to as “early life programming” (24). This
hypothesis assumes that in early life, the various components of the respiratory system inherit
a certain plasticity, which, under normal conditions, enable adaptation to the child’s
environment. It is likely that inflammation, the oxidative stress response, and lung growth are
highly interlinked during early life, during a phase of rapid lung growth and development with
fast cell replication (8). Therefore, the relative impact of each contributing subsystem may be
age-dependent and dynamic in nature. For example, several prospective studies have
investigated the age-dependent effect of air pollution on lung function in infancy (25-27),
childhood (28-30) and adolescence (31). However, there were conflicting conclusions, and open

questions remained. For instance, no clear agreement has been reached on time windows of

18



Introduction

increased vulnerability to exposure to air pollution (28, 32, 33). Moreover, the effects of air
pollution on lung function in infancy or even in vulnerable populations (e.g. boys, asthmatics

or preterm infants) have not yet been fully answered (25, 34, 35).

1.2 Effects of air pollution on the respiratory system
Air pollution, a mixture of various gases and particles from natural sources (e.g. dust, organic
compound emissions from plants) and from human activity (e.g. fossil fuel burning), primarily
impacts barrier organs, such as the respiratory system (36). Nonetheless, due to the
heterogenous composition of air pollution and its oxidative activity (37, 38), the effects are not
just limited to immediate and local responses, but secondarily trigger systemic responses,
activating the immune system beyond the immediate location of the insult, activating metabolic
functions, and altering organ-to-organ signaling and autonomic nervous system control (39).
Besides, continued and persistent environmental exposures are considered to induce apoptosis
and necroptosis (40). Specifically, fine particulate matter, a mixture of transition metals,
polycyclic aromatic hydrocarbons (PAHs), soot, and other oxygen radical-producing
substances (37), contributes through these pathways to the loss of functional lung epithelium

and the subsequent development of chronic obstructive lung disease (36).

Furthermore, air pollution leads to oxidative stress in the airways (36), which is defined as an
imbalance between the production of free radicals or oxidants and antioxidant defence
mechanisms (41), leading to tissue injury and cell death (42). Although the body has many
antioxidant mechanisms to fight against reactive oxygen species (ROS) (41), there are certain
populations, such as preterm infants, which are particularly vulnerable to the oxidative damage
because of an imbalance in ROS production and their immature antioxidant systems with lower

possibility to scavenge excess ROS (43, 44). For preterm infants, this is especially due to higher

19
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exposure to supplementary oxygen, inflammation, and occurrence of free iron in tissues and

simultaneously poorly developed intracellular antioxidant defence systems (43).

The effects of air pollution on the respiratory system can therefore be clinically measured by
various methods, such as lung function testing (e.g. tidal breathing flow volume loops in
infancy, or spirometry and body plethysmography) (25, 45), fraction of exhaled nitric oxide
(FeNO) as an inflammatory marker (46), occurrence and severity of respiratory symptoms
including wheeze (22), specific metabolites suggestive of oxidative stress (e.g. 4-

hydroxynonenal) (47), and many others.

On the one hand, the adverse effects of high air pollution levels on respiratory health in children
and adults have been demonstrated (7, 8, 22, 48, 49). On the other hand, it is unclear, whether
there are thresholds below which children’s respiratory health might not be affected and
whether such thresholds depend on the age of the child. Even in low-to-moderate polluted areas
(e.g. Sweden), the most recent studies indicate the need for more stringent air pollution
reductions, since associations have been described between these air pollution levels and

impaired lung function in preschool and school-aged children (45, 50, 51).

There is some evidence suggesting that the timing of susceptibility and dose-response might
vary for different pollutants during lung tissue development (52). Additionally, due to the
manifold mechanisms behind the adverse effects of air pollution on respiratory health (e.g.
endocrine dysfunction, toxicity, impaired development, and epigenetics) (53), prospective
cohort studies with precise pre- and postnatal risk factor and lung function assessment at
different time points throughout infancy and childhood are needed to evaluate whether there
are time- and dose-dependent effects of air pollution in low-to-moderate polluted areas, such as

Switzerland.
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Moreover, since children starting with impaired lung function are especially at risk for chronic
lung disease in adulthood and respiratory mortality (6, 54), the impact of exposure to air
pollution on more vulnerable subgroups, such as asthmatics or preterm-born children should be
investigated. For example, preterm infants, who are particularly susceptible to oxidative stress
shortly after birth (11), might be more vulnerable to such environmental stimuli. Unfortunately,
studies on the effects of air pollution on respiratory health in this population are lacking. Such
investigations, however, are of utmost importance for the determination and early prevention

of populations at risk for later respiratory disease (6).

1.3 Susceptibility of premorbid groups of children for air pollution effects: The
special situation of preterm infants

Due to advances in obstetric and especially in neonatal care over the last decades, the rate of
prematurely born infants has risen throughout high-income countries (9). Consequently, around
7% of infants in Switzerland (55) and around 15 million infants worldwide are born prematurely
each year (56). This subgroup of new-born infants is quite heterogenous in terms of risk of
respiratory morbidity (18) and mortality (57), due to the interrupted development of the lungs
at birth at different maturation phases. Premature birth leads to incompletely developed alveoli,
inefficient gas exchange and an immature surfactant system (58), resulting in smaller and less

compliant airways (59).

Many studies have investigated the long-term outcome of former preterm children, especially
extremely (< 28 weeks of GA) and very early (29 — 31 weeks of GA) preterm infants (19, 60).
These trials showed strong correlations of low lung function from early childhood until
adolescence and adulthood with preterm infants never reaching optimal lung function in early

adulthood (20, 59, 61-65). However, studies on respiratory outcomes in moderate to late
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preterm infants (32 — 37 weeks of GA) are conflicting (66-69), and studies directly comparing
preterm and term infants and the effects of air pollution on lung function are lacking. Such
investigations are important to better understand differences in the susceptibility of infants born
prematurely compared to term infants, which can only be answered in well-controlled, direct
comparisons. Moderate to late preterm infants further represent the epidemiologically largest
group of preterm births, accounting for around 6% of total births (55). However, assessing the
special susceptibility of preterm infants is difficult, due to many other factors impacting on lung
function with potentially stronger influences (19, 70). Thus, methodological strategies to tackle
this issue are: multivariable approach and stratification of preterm infants in subgroups
according to their GA at birth (e.g. born before and after 32 weeks of GA). Additionally, it is
unknown, whether preterm infants show persistent low-level airway inflammation as an altered
oxidative stress response, which might be reflected in altered metabolic profiles of the lung that,

in principle, can be measured in exhaled breath.

1.4 Detecting oxidative stress response by breath analysis
There are several ways to detect oxidative stress response and inflammation in humans (71),
but most techniques are measured in plasma (72), tissues and/or urine (44, 73) and are not
specific for respiratory processes. These methods may be invasive in nature or need extensive
sample preparation, which can be both time consuming and expensive. Invasive techniques are
not optimal to apply especially in pediatric populations or in research settings, and should
ideally be omitted or replaced by alternative approaches. In the last decades, several techniques
have been developed with the aim of non-invasively capturing information on oxidative stress

response and inflammation (46) of the respiratory system.
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Much attention has been given to FeNO measurements as a non-invasive marker of primarily
eosinophilic respiratory inflammation, in particular in asthma (46). However, it has not been
included in the Global Initiative for Asthma (GINA) guidelines for asthma diagnosis mainly
due to its low discriminating power (specificity and sensitivity) (74). Other studies, however,
indicated the power of FeNO in phenotyping asthma and monitoring of corticosteroid treatment
response (75). FeNO has been shown to be influenced by environmental stimuli, such as
maternal smoking (76) or air pollution (77), and viruses (78) and allergens (79) have shown
direct induction of inducible nitric oxide synthase. Therefore, FeNO levels should always be
carefully interpreted within the context of environmental factors, as it reflects a mixture of low-
grade inflammation and oxidative stress response with different cell types influencing FeNO

levels.

Almost simultaneously to the development of FeNO measurements, a second approach evolved,
with various studies investigating exhaled breath condensate (EBC) to detect possible
correlations between oxidative stress response and the development of respiratory disease (80,
81). The drawbacks of EBC include the dependency on the sampling procedure (e.g.
normalisation to sample size), as well as time-consuming collection (5 to 15 min for every 1 ml
of EBC) and analysis of condensates. In addition, the method is prone to dilution due to the
exhaled vapor, requiring sensitive analytical tools for the detection of various markers occurring
in very low concentrations (80, 82). Despite broad attempts to make EBCs more reproducible
and less dependent on environmental factors (e.g. humidity, temperature), this method only

remains available for research purposes and has not been implemented clinically.

Direct analysis of breath by mass spectrometry (MS) (on-line/real-time breath analysis)
however, has gained great momentum in recent years, and has been shown to non-invasively
capture profiles of the endogenous metabolism of patients (21, 83). There are various analytical

platforms enabling on-line breath analysis, including selected ion flow tube-MS (SIFT-MYS),
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proton transfer reaction-MS (PTR-MS), and secondary electrospray ionization-high resolution
mass spectrometry (SESI-HRMS). All the mentioned techniques report detection limits ranging
in the parts-per-trillion range. In contrast to PTR-MS and SIFT-MS, ionization of exhaled
metabolites takes place at atmospheric pressure in SESI-MS. This results in a higher ionization
probability (84) and allows the use of any pre-existing atmospheric pressure ionization mass
analyzer, such as an ultra-high-resolution MS (e.g. Orbitrap), making SESI-HRMS a sensitive

and selective on-line analysis tool for measuring the whole metabolome in exhaled breath (85).

The non-invasive nature of SESI-HRMS makes it pivotal for future more personalized medicine
(86). However, one of the remaining challenges for the implementation of breath measurements
in clinics are non-cooperative patients or patients not capable of performing the necessary
maneuveres for on-line breath measurement (87). Therefore, off-line breath collection
techniques have been the subject of research (88-90). Off-line techniques can be divided into at
least two independent steps of breath collection and analysis, thus, optimizing the potential
availability for patients in need of disease diagnosis and monitoring or non-invasive therapeutic

drug monitoring.

Currently, three techniques to collect off-line breath measurements are available: EBC as
described previously (80), adsorption (91, 92), and sampling in containers or bags (93). Each
technique has several advantages and disadvantages, however, for breath measurement of
volatile organic compounds (VOCs) mainly bags have been used, due to their affordability,
easy use and light weight (93, 94). Nonetheless, the application of off-line techniques in non-
cooperative patients has only been studied in intubated adults (95) and issues in the use and
storage of off-line samples have occurred (e.g. reaction of metabolites with bag material or
between various metabolites present in bag). Therefore, measuring techniques for metabolic
profiling by MS in infants and children still remain unknown, and the development and

standardization of such collection and analysis platforms is therefore needed.
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2 Aims of the thesis

The aim of this thesis was to investigate host—environment interactions and their effects on lung
function and metabolic responses in infancy and childhood. The primary aim was therefore to
assess the effects of air pollution on lung function in preterm versus term-born infants and
children. The secondary aim was to standardize a measuring technique to study the metabolic
profile of preterm and term infants. To achieve these goals, I mainly worked in the BILD cohort
recruiting children, and performing and analyzing lung function measurements.
Simultaneously, within the Sinues Lab we developed and standardized an off-line sampling

method to capture metabolic profiles of infants in exhaled breath.

The following specific aims were addressed in this work:

1. To understand the complex network of interactions leading to impairment of lung
function development in utero, in early life, and in later childhood:
a. to comprehensively summarize extant literature on lung function development
and airway disease-related lung function trajectories throughout childhood
2. To assess the effect of low-to-moderate pre- and postnatal exposure to nitrogen dioxide
(NO2), ozone (03), and particulate matter with an aerodynamic diameter of < 10 um
(PMo):
a. with lung function at 44 weeks of postconceptional age (PCA)
b. with lung function of healthy formerly term—born children at school-age
c. to investigate specific windows of enhanced vulnerability pre- and postnatally
d. to investigate the potential susceptibility of subgroups, such as preterm infants
3. To enable metabolic profiling in infant breath by SESI-HRMS analysis:
a. to develop and standardize a collection and analysis platform for metabolic
information retrieval of uncooperative patients in exhaled breath by SESI-

HRMS
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b. to prove feasibility of the off-line measuring technique by i) measuring key
metabolites in comparison to the gold standard method; ii) investigating short-
term repeatability; iii) investigating the in-/dependency of the collection method
on breathing patterns; iv) exploring an exemplary relationship between oxidative
stress markers measured off-line by SESI-HRMS and an independently

measured, less specific marker of oxidative stress and inflammation (FeNO)

Our group has previously shown (22) that premorbid conditions may make certain groups of
infants more vulnerable to the deleterious effect of air pollution. One large group with
premorbid alterations and potential susceptibility are infants born prematurely, which are
particularly susceptible to oxidative stress shortly after birth. Unfortunately, studies on the
effects of air pollution on respiratory health in this population are lacking. With around 10% of
infants worldwide being born prematurely, this population reflects a large and heterogeneous
population. Such investigations are therefore of utmost importance for the determination and

early prevention of populations at risk for later respiratory disease.
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3 Methods

3.1 The Basel-Bern infant lung development cohort
The Basel-Bern infant lung development (BILD) cohort (SNF 182871/1) was initiated in 1999
in Bern and in 2011 in Basel to study early lung development and the environmental and genetic

factors influencing it from infancy through childhood.

Infants are therefore recruited antenatally and standardized interviews and questionnaires are
used to assess potential risk factors for respiratory morbidity during childhood. To assess
genetic and immune response information, cord blood samples are collected at birth.
Furthermore, the urine of infants is collected at several time points during the first year of life
for the analysis of metabolic markers. To monitor the respiratory health of the participants,
weekly phone interviews are made by study nurses during the first year of life and a lung

function test and collection of exhaled breath at 44 weeks of PCA are conducted.

At six years of age, participants are invited for a follow-up visit, which includes a variety of
lung function tests, the collection of exhaled breath, and the assessment of asthma and allergic

disease by standardized interviews and prick test.

Figure 1 illustrates the current study outline. The study has been described elsewhere in detail
(96). The Ethics Committees of Bern and Basel, Switzerland approved the study and informed

consent was obtained from parents.

27



Methods

Age

End Phase 2/ End 6. year of life

Phase 1 Phase 2
Prenatal
Recruitment ‘ Air pollution measurement Clinical symptoms based on
. . ) standardized scores in the 6.
Medical history: year of life
“ .. . . .
Sl - family ’ Clinical symptoms (score): weekly telephone interviews
aQj . pregnancy
* environment /I\ /I\
Lung function at 44 3 weeks Lung function at 6
Birth weeks of gestational years
i
— age : :
First respiratory + Breathing mechanics
* Newbo_rn « Breathing mechanics tract infection «  Lung volume/
screening + Lung volume/ - o inhomogenity of
« Cord blood . . * Clinical score = T
’ inhomogenity of . Nasal swab s ventilation
(genetics, ventilation . Urinary § ||+ ExhaledNO
immunological « Exhaled NO measurement: > || + Nasal swab
8 markers) + Nasal swab leucotriens ’ S || = Cheek swab
o . ’ = .
= Cheek swab cytokines liJ Mass spectometry
) + Mass spectometry ©
-E g
S T
(|| Puerperium Urinary measurement: T || Urinary measurement:
Urinary leucotriens, cytokines L leucotriens, cytokines
measurement: Blood draw (voluntary):
) ) immunological markers,
Steroids, leucotriens, serology
cytokines
Skin prick test of the
mother Skin prick test of the child

Figure 1. Schematic layout of the BILD cohort study. Phase 1 includes lung function test and exhaled breath

measurement at 44 weeks of postconceptional age and weekly telephone interviews during the first year of life.

Phase 2 includes lung function tests, exhaled breath measurement, prick test and questionnaires/interviews for

atopic outcome definition. Exhaled NO: fraction of exhaled nitric oxide (FeNO)
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3.2 Exposures

3.2.1 Assessment of risk factor and modifier
Information on possible covariates and confounders for respiratory morbidity were gathered
from medical records (e.g. birth weight, duration of supplementary oxygen), and standardized

questionnaires and interviews after birth and at follow-up visits.

Risk factors could be divided in prenatal/host, perinatal and postnatal factors. With atopic
disease of the mother, active smoking during pregnancy, ETS during pregnancy, and education
status of the mother being prenatal/host factors. Perinatal influences included gestational age at
birth, birth weight and length, APGAR, supplementary oxygen and mechanical ventilation
duration, and bronchopulmonary dysplasia (BPD) classification, where BPD was defined
according to treatment at 36 weeks’ GA, irrespective of prior or current oxygen therapy (97).
No BPD was defined as no support, mild/grade I was defined as nasal cannula < 2 L/min,
moderate/grade II as nasal cannula > 2 L/min or non-invasive positive airway pressure,
severe/grade III as invasive mechanical ventilation (97). Postnatal factors included catch-up

weight gain until lung function measurement, weight and length at lung function, and ETS.

Risk factors were included into regression models based on previous literature (22, 98, 99) and

statistical approaches (e.g. backward selection) were used to check for significance.

3.2.2 Air pollution assessment
Air pollution data included daily mean levels of NO2, O3 and PMio. For the calculation of
individual exposures, space-hybrid models were used and residential or hospital addresses were

geocoded using a reference file from the Swiss Federal Statistical Office (Neuchatel).

For NO:2 exposure estimates time-spaced hybrid models were used in order to capture seasonal

air pollution variations during the entire study period and spatial variation in different study
29



Methods

areas. This model was based on high-quality information on land use, population density,
traffic, road network, dispersion models, meteorological data, and air quality from a fixed
measurement station (i.e. Payerne), trained with 28,849 NO2 biweekly and monthly passive
sampler measurements. For external validation of the model, observations were consecutively
collected over more than ten years at 146 locations (100). PMio exposure was estimated using
a simplified spatial-temporal model in which the temporal variation from Payerne was
superimposed on the annual dispersion model from Pollumap (101) which provided the spatial

contrast in exposures.

3.3 Clinical outcomes

3.3.1Respiratory symptoms during the first year of life
Children’s health status, respiratory symptoms, and lower respiratory tract infections (LRTI)
were assessed by weekly telephone interviews using a standardized respiratory symptom score,
which groups symptoms into four levels according to severity (Appendix Table E1) (102).
LRTIs were defined, as previously described (103), as more than two consecutive days with
wheeze, cough, breathing difficulties and upper respiratory tract symptoms (e.g. rhinitis) and
fever (> 38.0°C). Parents reported the duration of the LRTI as the number of days the child

presented symptoms.

3.3.2Wheeze, atopic disease, and rhinitis at six years of age
Information on clinical outcomes (e.g. wheeze, rhinitis, and atopic dermatitis) at the age of six
years was gathered through standardized questionnaires, adapted from the International Study
on Asthma and Allergy in Childhood (ISAAC) questionnaire (104). Asthma was defined
following GINA guidelines (105) as cough/wheeze/difficult or heavy breathing in the absence

of a respiratory tract infection in the last 12 months in combination with an asthma medication
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(inhaled corticosteroids or B-agonists) used in the last 12 months and/or positive past history of
allergic conditions (atopic dermatitis and/or rhinitis/rhino conjunctivitis) and/or a positive
family history of allergic conditions. Rhinitis/rhino conjunctivitis was defined as parent-
reported pro-longed sneezing, runny, or blocked nose accompanied by ocular itching and

tearing without a common cold in the last 12 months, according to international standards (106).

Wheeze was obtained from a physician-administered questionnaire and defined as present if the

child had at least 1 episode of wheeze during the 12 months before the questionnaire.

3.4 Lung function outcomes

3.4.11Infant lung function testing
Lung function testing was performed at 44 weeks of PCA using the Exhalyzer D (EcoMedics,
Duernten, Switzerland) according to current European Respiratory Society/American Thoracic
Society (ERS/ATS) guidelines (107). For analysis we used the first 100 regular breaths during
non-rapid eye movement (non-REM) sleep from the total recorded breathing. We excluded
sighs and ten breaths before and after a sigh. Mean tidal flows, volume, and flow-volume loop

were calculated following ERS/ATS guidelines for infant lung function testing.

The following parameters were investigated: respiratory rate (RR), mean tidal volume (Vr), and
minute ventilation (Vg). Ratio of time to peak tidal expiratory flow (PTEF) and expiratory time

(tererre) were used to describe tidal breathing flow volume loops (TBFVL) shapes.

3.4.2 Lung function testing at school-age
During follow-up visits, spirometry was performed using the MasterLab setup (Jaeger,

Wurzburg, Germany) according to ERS/ATS guidelines (108). The following lung function
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parameters were measured: forced expiratory volume in 1 second (FEV1), forced vital capacity
(FVC), forced expiratory flow at 25-75% of FVC (FEF2s.75%), and FEVI/FVC was calculated.
Tests were defined as reproducible if FVC and FEV1 agreed within 100 mL or 10% between
the best two exhalations (108). Data were expressed as z-scores using the Global Lung Function

Initiative (GLI) 2012 prediction equation (109).

Body plethysmography measurements were performed to assess the functional residual
capacity (FRCpletn), which is the volume of air present in the lungs at the end of passive
expiration (108). Three high-quality measurements (coefficient of variation (CV) between

measurements < 25%) were used to calculate their mean.

3.4.3 Fraction of exhaled nitric oxide measurements in infants
Concurrent to TBFVL recording at 44 weeks of PCA, the fraction of exhaled nitric oxide
(FeNO) was measured online with a chemiluminescence analyzer (CLD 77 AM; EcoMedics
AG, Duernten, Switzerland) during the third quartile of expiration and averaged over the 100
breaths used for analysis and adjusted for VE, as previously described (98). We used air free of

nitric oxide (NO) for respiration to prevent contamination of FeNO with ambient NO.

3.4.4Fraction of exhaled nitric oxide measurements in school-aged children
During the follow-up visits, FeNO was measured by the single-breath method with a rapid-
chemiluminescence analyzer (CLD 88 sp; EcoMedics, Duernten, Switzerland). According to

ERS/ATS guidelines (110), flow was simultaneously recorded and FeNO values adjusted for.
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3.5 Development of breath measurement by mass spectrometry
Metabolic profiles in breath were measured in adults and infants. Healthy adults provided breath
on-line and off-line. Infant breath measurements were performed subsequent to the infant lung
function measurement at 44 weeks of PCA in unsedated sleep. Off-line breath collection was
performed until the Nalophan bags were filled (approximately 2 L for adults and 500 mL for

infants) and replicates were attempted if infants were still asleep after the first bag was filled.

After off-line collection of breath in Nalophan bags, the samples were emptied into the ion
source (Super-SESI, FIT, Spain). The ion source featured a low-pressure mass flow

controller that ensured similar flow conditions through the ion source for the samples.

The on-line breath analysis platform consisted of the Exhalion interface (Exhalion, FIT, Spain)
for real-time display of COz, flow rate and exhaled volume and an the previously mentioned
ion source (Super SESI, FIT, Spain) coupled to a high-resolution MS (Q-Exactive Plus, Thermo
Fisher Scientific, Germany) (85, 111). The Q ExactivePlus MS was operated via
Q Exactive Tune software in full scan mode, positive mode over the mass range m/z 70-1000
with a resolution of 140,000 for positive mode at m/z 200, 4 microscans, automatic gain control

(ACQG) target 1 x 10° and maximum injection time 500 ms.
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Abstract

Early life environmental risk factors are associated with chronic respiratory morbidity in child-
and adulthood. A possible mechanism for this sustained effect is their influence on early life
lung functional growth and development, a susceptible phase of rapid lung growth with
increased plasticity. We summarize evidence of hereditary and environmental ante-, peri- and
early postnatal factors on lung functional development, such as air pollution, tobacco exposure,
nutrition, intrauterine growth retardation, prematurity, early life infections, microbiome and
allergies and their effect on lung functional trajectories. While some of the factors (e.g.
prematurity) directly impair lung growth, the influence of many environmental factors is
mediated through inflammatory processes (e.g. recurrent infections or oxidative stress). The
timing and nature of these influences and their impact results in degrees of impaired maximal
lung functional capacity in early adulthood; and they potentially impact future long-term
respiratory morbidity such as chronic asthma or chronic obstructive airway disease (COPD).
We discuss possibilities to prevent or modify such early abnormal lung functional growth

trajectories and the need for future studies and prevention programs.

Keywords: Review, Lung growth, Asthma, children, development, environmental factor
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Literature search strategy

We searched PubMed for articles published in English from 2000 to 2019 with terms: “lung
function/ trajectories/lung growth/air pollution/environmental tobacco smoke/” and associated
terms. We identified relevant articles published before 2000 through a search via Google
Scholar and through reviewing the articles and their relevant references cited. This was by no

means an exhaustive search.
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Introduction

Asthma is one of the most common causes of morbidity and hospitalizations in childhood in
the industrialized world. Over the past decades, there is increasing evidence that asthma is a
complex and dynamic disease entity, whereby multiple environmental factors and multiple
genetic polymorphisms determine the various phenotypes of asthma (e.g. (1)). Interestingly
enough, most of these determinants or risk factors have a small effect size and it is likely that
no single mechanism explains the complex development of asthma during childhood. There are
also complex interactions between some of these factors. There is increasing evidence that early
life risk factors play a critical role in the development of asthma in adulthood and even in
chronic airway disease of the elderly. How exactly these early life factors influence the
development of adult asthma disease is still unclear. It has been hypothesized that these early
life factors modulate the properties of the respiratory system, including lung growth and
development, immune development, as well as the inflammatory and repair response to
oxidative stress and infections. These mechanisms are often referred to as ‘early life
programming’ (2). This hypothesis is based on the assumption, that in early life, the various
components of the respiratory system inherit a certain plasticity, which under normal conditions
allows for adaptation to the child’s environment. However, given that we do not yet know
whether deviation from normal growth and development is preventable or treatable, we cannot

yet say whether early life interventions have an asthma modifying effect.

It is likely, that inflammation, the oxidative stress response and lung growth are highly
interlinked during early life, during a phase of rapid lung growth and development (3) (Figure
1). The relative impact of each contributing subsystem may be age-dependent and dynamic in
nature. It is also still not very well known how early life inflammatory and immunological
events affect the long-term development of the immune system into adulthood (Figure 1, right

panel). However, there is increasing evidence that early life impairment of lung functional
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growth could be central to the promotion of early life environmental risk factors and triggers
leading to the development of asthma in adulthood (Figure 1, left panel). A significant number
of longitudinal studies have suggested that recurrent respiratory symptoms are associated with
poor lung function throughout life, (e.g. (4, 5)). Similarly, there is evidence suggesting that
impaired lung function at birth and early life persists into adulthood, (e.g. (5, 6)), highlighting
the importance of the vulnerable phase in early life (‘window of opportunity’). However, the
most convincing evidence has come from recent longitudinal studies showing the close
relationship between respiratory senescence and early life respiratory morbidity and lung

function impairment (3, 4, 6-9).

While we do not yet understand the complex network of interactions, which lead to impairment
of lung functional development in utero, early life and later childhood, in this review, we aim
to summarize extant literature on lung functional development and airway disease related lung

functional trajectories.

Genetic background

Environmental
trigger

R . R . In utero
Inflammatory airway disease, wheezing disorders, asthma SvrGRImERE
in early infancy and childhood
ETS
Air pollution

Nutrients

Innate or early acquired factors

Innate or early acquired factors . . o Nutrition

e . which lead to impaired inflammatory Obesity
which impair lung structural and b :

. response, epithelial dysfunction or —

functional growth ) Infections:

immune development, allergy Viruses, Bacteria
Antigens
Allergens

Chronic obstructive airway disease, asthma, COPD
of the elderly

Figure 1. Simplified interaction model of intrinsic and extrinsic stimuli on lung growth and

development of chronic respiratory disease in the elderly.
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Mechanisms and factors impacting lung function trajectories

Lung development begins around the fifth gestational week and continues in stages into early
adulthood, when lung function peaks (10). Lung function plateaus for a few years before it
begins to slowly decline with lung aging (11). Several mechanisms are known to influence lung
growth and development. A large variety of genetic and growth factors are known to influence
alveolarization, airway branching and differentiation in utero (9). Some of these growth factors
are modified by intrauterine mechanical forces (e.g. breathing movements), hydramnion,
geometric constraints of the thoracic walls (e.g. diaphragmatic hernia, skeletal, obesity) as well
as nutritional toxins and prematurity. A second category of factors are mediated through a
process of chronic, low grade inflammation, e.g. induced by oxidative stress or recurrent
infections or allergic reactions. Interestingly, there are interactions between these two entities.
Some of the cytokines and chemokines (e.g. TGFf) not only play a role in inflammatory and

remodelling processes, but in utero play a role as natural growth factors (12, 13).

Influencing factors act differently on lung function trajectories during these distinct time
windows (4, 5, 8, 14-17) and are dependent on the nature of influencing factors (Figure 2).
There are several theoretical situations that model how lung growth becomes disturbed. An
early life injury can theoretically be limited in time (e.g. premature birth, severe early life lung
injury), or continuous throughout childhood (e.g. air pollution). After a limited window of
insult, three theoretical situations could follow: The lung could (a) recover its growth capacity
after cessation of the insult, (b) catch-up lost growth, or (¢) growth velocity becomes altered by
the insult. If the insult to the lung is continuous (d) (e.g. air pollution, constant oxidative stress,
chronic low-grade inflammation), lung growth velocity can be sustainably impaired, whereby
it is unclear whether such toxic stimuli need to reach a certain threshold or whether they act
cumulatively. In this review, we therefore discuss genetic, prenatal, perinatal and postnatal

environmental factors separately.
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Figure 2. Schematic model of lung function trajectories throughout life. Temporary insult
including antenatal injury, prematurity or early life severe lung injury may lead to lung function
trajectories (a), (b) or (c). Continuous insults/effects including genetic deficits, gene
environment susceptibility, chronic oxidative stress, air pollution, and environmental tobacco
smoke can lead to impaired lung growth velocity (d), whereby it is unclear whether such toxic

stimuli need to reach a certain threshold or whether they act cumulatively.

Hereditary and prenatal factors

Genetics

Genetic determinants of lung function have been found using targeted gene approaches as well
as whole genome-wide association studies (GWASs) (18). Recent large-scale GWASs

identified 97 genetic loci (19-23) in which variation was associated with lung function mainly
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in adults. Some of these studies investigated the association of lung function with genetic
variants in populations of children (19, 23). Interestingly, some of them also play a role in
asthma and chronic obstructive pulmonary disease (COPD) (24-26). There was also overlap of
some variants for lung function in adults and children, but the effect was lower in children. This
lower effect in children could be an indication of the different effect size of the same locus on
lung function in a different age group (from childhood to adulthood) which may be caused by
gene-environment interaction. Researchers also focused on cross-sectional lung function
measured at a single time-point, which may represent the combination of the peak lung function
during early adulthood and subsequent age-related decline in lung function in the adult
population (21). Indeed, genetic variants identified in cross-sectional GWASs of lung function
showed no effect on the rate of lung function decline in adults (27, 28). GWASs assessment of
the association between genetic variants and lung function trajectories in childhood is limited.
McGeachie et al. (29) reported a significant association between a SNP located on chromosome
8 (rs4445257) and lung function trajectories in asthmatic children. The complex biological

mechanism linked to this association, however, has not been extensively studied.

Genetic factors limiting fetal lung development may persist after birth. Further investigations
of genetic determinants of lung function in early life, childhood and adulthood comparing
children and those with airway disease (e.g. asthma) will help disentangle the biological
mechanisms of fetal lung growth and later lung development, and related respiratory disease.
Despite an increased number of studies on the genetic basis of lung function, genetic variants
underlying lung function at birth or lung development trajectories from birth into adulthood are
still unclear. The birth cohort studies exploring the association between genetics and lung

function in infancy remain challenging and are often limited by sample size.

In experimental studies of the fetal lungs of mice, effects of genetic variants on lung

development in the embryonic stage were shown (30). Therefore, the possibility that SNPs
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could partly influence lung function and respiratory disease later in life through lung

developmental changes exists.

Environmental factors

Prenatal exposure to environmental factors influencing lung development and growth might
have deleterious long-term effects on lung health. In this section, we discuss the effects of
environmental factors during pregnancy, such as air pollution, maternal smoking and nutritional

factors.

Outdoor air pollution

Outdoor air pollutants, such as nitrogen dioxide (NO2), particulate matter with a diameter
smaller than 2.5um or 10pum (PMa2.s or PMio), ozone (O3), benzene and many others are known
airway irritants causing inflammation. In epidemiological studies, pre- and postnatal exposure
to these pollutants had a negative impact on lung function in childhood and adolescence (31-
35). At school-age, several studies demonstrated that high levels of air pollution were not only
associated with low lung function, but also with lower functional growth (35). Improving air
quality in these cities reversed this impairment and decreasing air pollution levels either over
time or by moving to a less polluted area decreased lung growth impairment (35, 36). Both
findings suggest certain causality. At preschool age, fewer longitudinal studies are available.
Latzin et al. (32) demonstrated that PMio exposure during pregnancy is associated with altered
lung function after birth. Examining the effect of air pollutants during different time windows,
the most vulnerable phase seems to be during pregnancy and early infancy, during lung
maturation and growth. During these time intervals, low to moderate levels of air pollution
already impact upon lung function in childhood (31-33). However, the effect sizes of each of
these pollutants are small. A recent exposomics study (37) showed no significant effect of toxic

environmental substances on lung functional growth in preschool children, likely due to these
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small effect sizes. While the effect sizes are small for the individual, for the population at large,
even small effects can become a significant health burden (e.g. (38)). Nonetheless, exact
mechanisms explaining the effects of air pollutants on lung growth and function are not known.
Current evidence is consistent with lung functional growth trajectory type (a) (Figure 2), with
today’s infants exposed to air pollution potentially experiencing long-term effects of respiratory

morbidity into old age (39).

Studies in more susceptible subgroups, such as asthmatics, preterm-born children or boys are
needed, and further air pollution reduction measures are necessary to ameliorate the long-term

negative effects on health.

Maternal smoking and environmental tobacco smoke

Exposure to environmental tobacco smoke (ETS) pre- and postnatally has been negatively
correlated with lung function at school-age and adolescence (40-42). Maternal smoking during
pregnancy in particular seems to have the strongest and most persistent effect on lung function
up to adulthood with dose-dependent effects (43-46). Mechanisms related to tobacco toxicity
are manifold; one interesting mechanism relates to the methylation of genes, important in the
detoxification process of tobacco smoke components. Joubert et al. (47) identified DNA-sites
in cord blood of 1062 newborns, which were methylated following maternal smoking during
pregnancy. These genes (AHRR, CYP1A1) are known to impact the detoxification of tobacco
smoke components. They were able to show a clear interaction between genetic background

and environmental stimuli.

Additionally, it has been suggested by animal studies that maternal smoking during pregnancy
modifies the epithelial-mesenchymal interaction of the developing alveolus and therefore
increases the production of myofibroblasts in airways (48). Further experimental studies

examining the effects of maternal smoking on offspring showed structural lung impairment,
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hyperplasia of neuro-endocrine cells and diminished lung growth (49, 50), resulting in different
structure and function of the lungs. Dai and colleagues (41) contributed to the hypothesis that
maternal smoking during pregnancy might affect airway and alveolar growth and therefore lead
to impaired lung function in adolescents. They showed within a prospective birth cohort of 620
children that mean FEV: growth was reduced by 154 ml between 12 and 18 years, when parents

smoked during perinatal time windows, compared to children of non-smoking parents.

Literature on the effect of passive exposure to tobacco during childhood on lung functional
growth is heterogeneous. Some evidence suggests a joint effect of parental and active smoking
on lung function in young adults (44). Nonetheless, we must consider that prenatal ETS and
active maternal smoking might lead to low birth weight and prematurity (51), which both

independently influence lung function and susceptibility of the lungs (52).

Maternal nutrition and intrauterine growth retardation

Maternal nutrition and a healthy and balanced diet, eating patterns and supplementation with
vitamins and their associations with the respiratory health of the offspring have been the subject
of current research. Most studies examining the effects of the maternal diet on the lung function
of the child found no associations between the two (53-56), whereas malnutrition during
pregnancy has been associated with an increased prevalence of obstructive airway disease in
adults (57). However, results from recent experimental studies in mice proved inconclusive on
how a mother’s high fat diet impacts the developing lungs of her child. Some studies described
negative effects of a high fat diet, resulting in decreased pulmonary resistance, elastance,
compliance and decreased lung-weight-to-body-weight ratios (58); while other studies showed

increased lung growth with higher volumes related to bigger body length (59).

In examining supplementation with specific vitamins during pregnancy, no associations

between vitamins B12, folate, vitamin D or E, or probiotics and respiratory health of the
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offspring were seen (53-56). Nonetheless, vitamin A-supplementation in chronically
undernourished Nepalese women increased FEV1 by 46 ml and FVC by 46 ml in their children
aged 11 years (60). Appropriate levels of supplements such as Vitamin A, D and E are
instrumental in lung regeneration after chronic lung disease after premature birth (61, 62). There
is no convincing evidence that higher doses of Vitamins A, D and E support catch-up growth
in the lung of formerly premature infants. Diets with fish oil derived fatty acids had no effect

on lung function in the offspring (63).

Further factors influencing lung function trajectories include intrauterine growth retardation
(IUGR). Reasons for IUGR are various. They differ from genetic, placental, fetal, and maternal
factors or a combination of any or all of these (64). Two maternal conditions previously
mentioned are: maternal active smoking and malnutrition. Further, IUGR may have many
adverse implications later on, one of which is premature birth, leading to impaired lung function
in the offspring (see 2.2.1.) (14, 52) and therefore reduced peak lung function in early

adulthood.

Perinatal factors

Prematurity, bronchopulmonary dysplasia and Cesarean Section

The negative impact of premature birth on later respiratory health is becoming better understood
due to the increasing rates worldwide of adults who were born prematurely. Premature birth
interrupts natural lung development and leads to incompletely developed alveoli, inefficient gas
exchange and immature surfactant system (65). The resulting airways are smaller and less
compliant. Long-term follow-up of preterm-born children strongly correlated with low lung
function from early infancy into adulthood (6, 66-68). Prematurity itself leads to impaired lung

growth and function, but so too do the consequences of premature birth and low birth weight
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(68, 69). We will focus on these aspects in “Catch-up weight gain, obesity, and breastfeeding”

section.

Another important aspect of premature birth is bronchopulmonary dysplasia (BPD, or chronic
lung disease of infancy CLDI), which occurs in premature born infants, especially in those with
respiratory distress requiring ventilation and oxygen supplementation, resulting in impaired
alveolar, airway and vascular growth (66, 70). In summary, children with BPD showed even
more lung function impairment in early infancy and later follow-ups than did preterm infants
without BPD (67). It remains unclear, whether infants born prematurely have sustainably
impaired growth (c) (71) (Figure 2) or limited growth deficit (a or b). Some novel functional

evidence suggests the continuation of alveolarization until school-age (72).

Further perinatal impacts, such as delivery mode and its effects on lung function shortly after
birth have been extensively published (73). However, studies on the effects of delivery mode

on lung function show no evidence of long-term lung functional deficits.

Catch-up weight gain, obesity and breastfeeding

Rapid weight gain after prematurity or low birth weight has been shown in several studies to be
an independent risk factor for adverse respiratory outcomes (14, 68). In a meta-analysis of
24938 children from 24 different cohorts, greater weight gain during infancy was significantly
associated with higher FEV but lower FEV1/FVC-ratio and FEF7s in childhood (68). These
findings corroborate associations found between obesity and decreased lung function (69, 74-
76). The mechanisms behind these associations are as yet unclear, but genetic predisposition,
prenatal exposures and immunomodulation as well as mechanical changes are discussed (76,
77). A recent dietary interventional study in obese adolescent patients showed a recovery from
lung functional impairment during growth (78), indicating that obesity related lung function

impairment has the potential to be reversed (trajectory model case c).
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The effects of breastfeeding on respiratory symptoms, particularly in the first six months of life
(e.g. (79)), are evident, however the effect of breastfeeding on subsequent lung function is
discussed controversially. Longer or exclusive breastfeeding may have positive effects on lung
function at school-age (80, 81). These effects are mainly seen in children of asthmatic mothers
(81). The effect of breastfeeding on lung functional growth is not understood, but seems to be

dependent on the underlying asthma disease process (81).

Postnatal factors

Lower respiratory tract infections

The effects of early viral infections of the respiratory tract, especially with human rhinovirus
(HRV) and respiratory syncytial virus (RSV), on lung functional growth are subject to intense
research. It is well known, that infants with severe bronchiolitis, especially when triggered by
RSV or HRYV, are at risk of asthma and impaired respiratory function later in childhood (5, 82-
86) leading to decreased maximally attained lung function values in early adulthood. The
mechanism behind the association of viral infections with impaired respiratory outcomes is not
fully known. It is assumed that lung functional abnormalities are the result of virus-induced
inflammatory processes of the airways. Hypotheses include a two-hit theory, where either viral
infections raise susceptibility to a second and succeeding stimulus or are the result of a genetic
or immune susceptibility or pre-existing lung function deficit (87-90). Evidence supporting the
theory of genetic predisposition to viral infections are the identification of genetic variants, such
as the gene CDHR3 on chromosome 7q22, which is known as the asthma susceptibility gene
encoding for the RSV receptor (91, 92). Additionally, genetic variants of the 17q21 locus are
associated with HRV-induced wheezing and infections in early childhood and later respiratory
morbidity (93, 94). Assumptions supporting the hypothesis of viral infections raising the

susceptibility for further stimuli include immune response modulation or direct airway damage
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through the viral infection (90). Alternatively, it is possible, that pre-existing functional
abnormalities predispose the lungs to more virally induced airway inflammation in infancy (95)
or that some host factors are responsible for both airway development and response to viral

infections. The hen and egg conundrum remain unresolved.

Microbiome

Environmental microbiota and the microbiome in the respiratory tract play an important role in
the development of asthma. Current research is inconclusive as to whether colonization with
certain bacteria lead to an inflammation response, and therefore to the development of asthma
phenotypes, or if predisposed children or children with immunological deficits are prone to
certain bacterial colonization and promote a niche for their growth (96, 97). Studies on the

effects of the microbiome on lung functional growth and trajectories are lacking.

Studies promoting the notion of predisposition to bacterial colonization include Hales et al.
publications (98-100). They could show that asthmatic infants and school-aged children had
impaired humoral immunity against common bacteria leading to respiratory disease. In
particular, these children had low specific IgG1 antibody production. Further, Bisgaard et al.
(101) showed, that colonization with S. pneumoniae, H. influenza, M. catarrhalis, or more than
one microorganism at a time in infants preceded asthma phenotypes at five years of age. Hilty
et al. (102) obtained a different microbial diversity in bronchoalveolar lavages (BAL) and
airway brushings in healthy or asthmatic children. BALs from asthmatic children showed more
H. influenzae and other Proteobacteria. Due to the study design, disentangling the sequence of
colonization and respiratory disease was impossible. No study has thus shown an asthma

independent effect of microbiome on lung functional development.
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Allergic sensitization

There is broad epidemiologic evidence of early sensitization and subsequent asthma in
childhood and asthma related to impaired lung function later in life (5, 103-107). Interactions
between environmental factors, such as the previously mentioned viral infections, pollutants

and endotoxins and allergic disease have been widely shown (107, 108).

In the absence of the asthma disease process, the effect of allergic sensitization on lung function
development alone is less evident. In one cohort of 1314 children, sensitization to perennial
allergens in the first three years of life was associated with subsequent decreased lung function
at school-age (107). This effect was augmented when exposure levels to allergens were high.
Nonetheless, sensitization later in life, or sensitization to seasonal allergens, had only a weak-
to-no effect on lung function. These findings suggest the significance of early sensitization.
However, there is no clear evidence that early sensitization leads to respiratory disease and

impaired lung function in adulthood.

Interventional studies examining the effects of allergen avoidance were able to show a
significantly better sRaw in three-year-old children, but were unable to find any protective long-
term effect on lung function (109). Additionally, studies investigating the impact of allergen
immunotherapy on lung function showed no effects on FEV1 and FVC, but small effects on
MEF25.75 (110). Nonetheless, long-term observational studies investigating the effect of allergic

sensitization on lung function in adulthood are missing.

Premorbid impairment of lung functional growth and subsequent respiratory disease and

asthma

It is long known that impairment of lung function and respiratory morbidity are associated
throughout life (3, 5, 9, 15, 86, 111). However, what is less known is whether premorbid lung

function impairment is an independent risk factor for subsequent respiratory morbidity and
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asthma. Initial evidence comes from birth cohort studies correlating infant lung function and
subsequent wheezing disorders at preschool age (6, 106, 112, 113). Furthermore, a recent multi-
center study suggests that the associations of gestational age, birth weight, and infant weight
gain with childhood asthma are at least partly explained by adaptions in airway caliber (68).
Similarly, there is strong evidence that comes from survivors of prematurity. Proietti et al.
demonstrated that postnatal lung abnormalities were associated with respiratory morbidity in
the first year of life (114). A recent meta-analysis showed that infants with chronic lung disease
of prematurity showed impairment of lung function into early adulthood (115). Antenatal
tobacco smoke exposure was associated with impaired infant lung function (116) and
subsequent asthma (42). Similarly, impaired premorbid neonatal lung function enhanced the
effect size of air pollution on respiratory symptoms in the first year of life. In summary, there
is increasing evidence that premorbid impairments of lung functional growth mediated by a
variety of early life risk factors are associated with subsequent respiratory morbidity and

asthma, emphasizing the instrumental role of lung functional growth on asthma development.

Conclusion

Impairment of lung function in early life is one mechanism that explains some of the sustained
effects of early life environmental risk factors on long term respiratory morbidity even in
senescence. The analysis of the risks and mechanisms of early life factors influencing lung
function trajectories are important to our understanding of the long-term effects of genetics and
environmental stimuli on later respiratory morbidity and mortality. During pregnancy and the
first year of life there is a phase of rapid lung growth, and the development and adaptation of
the anti-oxidative, inflammatory and immune system are still ongoing. This results in an
increased plasticity of the respiratory system, leading to increased vulnerability to
environmental stimuli. Within this phase genetic and environmental factors can lead to

impaired lung growth or secondarily through inflammation and consequent remodelling
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processes to structural changes, resulting in impaired lung function in early adulthood. There is
convincing evidence that perinatal factors such as prematurity and chronic lung disease in
infancy result in impaired lung development, likely resulting in a form of chronic lung disease
in adulthood. There is increasing evidence that premorbid impairments of lung functional

growth may be an independent risk factor for asthma development.

Preventative therapeutic measures had a significant impact on the prevalence of long-term lung
functional sequelae in this disease group. The effect of smoking during pregnancy on
impairment of lung functional trajectories has been shown in several studies. Here, genetic
predisposition and epigenetic phenomena modulate the effects. Preventative measures likely
reduce the negative long-term effects on lung growth. The effect of environmental air pollution
on lung function and lung functional growth has been shown at school-age, whereas evidence
in infants and pre-schoolers is emerging. Again, preventative measures and the reduction of air
pollution levels have been shown to be effective in reducing these effects. Nutrition, obesity,
and catch-up growth show some effect, again preventable by dietary measures. Whereas
consistent evidence of the impact of nutritional supplements (e.g. Vitamin A, D, E, fatty acids)
on lung functional growth is outstanding. There is controversial evidence whether breastfeeding
is associated with subsequent lung functional growth in healthy children and whether probiotics

influence the microbiome.

Recurrent viral infections in early infancy are associated with long-term respiratory morbidity
and subsequent impairment of lung function. Causality and reverse causation are however
outstanding questions. Little is known about the dynamics of lung functional impairment. It is
unclear whether environmental insult over a limited time period during early life leads to
temporary impairment of lung development, or sustained growth velocity impairment. It has
not yet been explored whether catch-up growth is spontaneously possible after cessation of the

insult, or whether catch-up growth and lung regeneration can be induced in the future. The
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heterogeneity of the evidence suggests that the latter option may depend on time, strength and

type of the environmental insult as well as predisposing host factors.

In any case, even small effect size alterations in lung functional trajectory by exposure to
environmental toxicity in today’s infants, could lead to long-term respiratory morbidity in
adults and the elderly. Given that the entire population is exposed, future research needs to look
into the potentially significant future healthcare burden and explore preventative and

therapeutic options to avoid such a development.
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Air pollution and postnatal lung function in preterm infants

Descriptor number: 14.3

Total word count: text 3460/3500

Today, approximately 10% of all infants are born prematurely, pre-existing vulnerability means

that their lungs are potentially more susceptible to environmental air. This is the first study
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showing that the effect size of low-to-moderate levels of air pollution exposure during
pregnancy on postnatal lung function is significantly higher than in healthy term infants of
similar postconceptional age of 44 weeks. The effect was best detectable in moderate to late
preterm infants and these findings are highly relevant, since recent evidence indicates that early-
life lung functional impairment and its lifespan developmental tracking may be an important

early-life risk factor for chronic obstructive lung disease in adulthood.

This article has an online data supplement, which is accessible from this issue's table of contents

online at www.atsjournals.org
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Abstract

Rationale Infants born prematurely have an impaired capacity to deal with oxidative stress

shortly after birth.

Objectives We hypothesize that the relative impact of pre- and postnatal exposure to air

pollution on postnatal lung function is higher in preterm than in term infants.

Methods In the prospective Basel-Bern Infant Lung Development (BILD) cohort of 771
infants, 254 preterm and 517 term, we investigated the associations of pre- and postnatal air
pollution levels for particulate matter with a diameter < 10 um (PMio) and nitrogen dioxide
(NO2) with postnatal lung function (tidal breathing flow volume loops) at 44 weeks
postconceptional age and exhaled surrogate markers of inflammation and oxidative stress
response (fraction of exhaled nitric oxide (FeNO)). Multilevel mixed-effects linear regression

was used and adjusted for known confounders and study center.

Measurements and Main Results Significant negative associations of PMio during the second
trimester of pregnancy with lung function and FeNO were found in term and preterm infants.
Importantly, we observed stronger associations in moderate-late preterm infants (32 — 37
weeks), with an increase of [184.9 (79.1 — 290.7) mL/min] minute ventilation per 10 pg/m’
increase in PMio (pprematurity x PM10 interaction = 0.04). Associations of air pollution and FeNO

differed significantly between preterm and term infants (pprematurity x PM10 interaction = 0.006).

Conclusion Preterm infants showed significant higher susceptibility even to low-to-moderate
air pollution exposure during pregnancy than term infants, leading to increased impairment of
postnatal lung function. FeNO results further elucidate differences in inflammatory/oxidative

stress response comparing preterms to terms.
Abstract word count: 248/250
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Introduction

Adverse effects of high air pollution levels on respiratory health in children and adults have
been shown (1-4), whereas low-to-moderate air pollution levels and their impact on lung
function and respiratory symptoms in infants and children are a matter of ongoing discussion
(5-8). Most recent studies indicate the necessity of further air pollution reductions, since clear
associations between low-to-moderate air pollution and impaired lung function in preschool
and school-aged children have been found (5-7). These studies further indicate the need for
precise analysis and large prospective cohort studies to assess the impact on more vulnerable
subgroups, such as asthmatics, preterm-born children or boys (9, 10). Children starting with
impaired lung function are especially at risk for later respiratory morbidity and mortality (11,

12).

Survival rates of preterm infants are increasing throughout high-income countries (13) due to
substantial progress in perinatal care. However, preterm infants are particularly known to have
impaired capacity to deal with oxidative stress shortly after birth, which reflects in higher levels
of inflammatory and oxidative stress markers, such as FeNO (14-17). Air pollution, a known
oxidative stressor to the airways and lungs (17) and its effects on lung function in this vulnerable
subgroup, should therefore be examined. We have previously shown that prenatal air pollution
exposure affects lung function in healthy term born infants (18). We hypothesize that exposure
to pre- and postnatal air pollution has a stronger effect on lung function in preterm infants due

to increased vulnerability.

In a multivariable statistical approach after adjustment for known covariates of prematurity, we
aimed to determine whether pre- and postnatal exposure to particulate matter with an
aerodynamic diameter of < 10 um (PMio) and nitrogen dioxide (NO2) affects lung function at

44 weeks of postconceptional age (PCA) in preterm more prominently than in term infants. We
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additionally stratified the analysis in groups of preterm infants born prior to or after 32 weeks
of gestational age (GA), knowing that in the earlier group lung functional abnormalities may
be more affected by mechanical ventilation and chronic lung disease (CLD) of infancy (19).
Some of the study participants (207 healthy term infants) from this study have been previously

included in a study by Latzin et al. (18).

Methods

Study design

The prospective Basel-Bern Infant Lung Development (BILD) cohort (https://www.bild-
cohort.ch/) comprises unselected neonates recruited since 1999 in the region of Bern and since
2012 in Basel, Switzerland (20). Prematurity was defined as GA at birth < 37 weeks (21). The

ethics committees from Basel and Bern approved the study and written consent was obtained.

Air pollution exposure

Time-space hybrid models were used to calculate individual mean exposure by pollutant for
different exposure windows: 1%, 274 3™ trimester and postnatal. Weighted averages were
calculated for children who changed their residential address or were hospitalized (mainly
preterm infants in the 34 trimester of pregnancy). The detailed NO2 model is described in (22),

and more simplified PM1o model in (5) with further detail in the online supplement.
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Lung function outcomes

Pulmonary function was performed at 44 weeks of PCA using Exhalyzer D (EcoMedics,
Duernten, Switzerland) according to current ERS/ATS guidelines (23) and procedures for

analysis as described previously (18).

We investigated respiratory rate (RR), mean tidal volume (Vr) and minute ventilation (VE).
Ratio of time to peak tidal expiratory flow (PTEF) and expiratory time (tprer/te) were used to
describe TBFVL shapes. Further, fraction of exhaled nitric oxide (FeNO) was measured as a

marker for airway inflammatory response and oxidative stress (17).

Covariates

After a stepwise backward regression and considering previous research (18, 19), we adjusted
the regression model for the following covariates: sex, weight at lung function measurement,
season and postconceptional age at lung function measurement, GA at birth, maternal smoking
during pregnancy, days of supplementary oxygen, days of mechanical ventilation (defined as
days of continuous positive airway pressure (cPAP) or intubation), maternal asthma (defined

as self-reported or doctor-diagnosed). For FeNO analyses we additionally adjusted for Vg (18).

Statistical analysis

We performed a multilevel mixed-effects linear regression for term and preterm infants
separately, adjusted for the above-mentioned covariates and corrected for clustering on center

level (Basel vs. Bern). Inspection of the outcome variables suggested normal distribution.
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Since we previously showed that lung functional abnormalities can be the result of prematurity
and perinatal insults, particularly in extremely and very early preterm infants (19), we
conducted a stratified analysis according to GA at birth into four clinically relevant groups:
extremely (< 28 weeks of GA), very early (29 — 31 weeks of GA) or moderate to late (32 — 37
weeks of GA) preterm and term infants. We tested the presence of interaction within term and
moderate to late preterm infants adding the interaction terms between exposure to air pollution

and prematurity.

We performed sensitivity analyses in respect to CLD classification, sex as modifier (9, 10),
education status of the mother as a confounder (due to many missing values) (9, 10) and within
the FeNO analyses additionally adjusted for exposure to caffeine (24). We also checked

differences of the main model with and without length at measurement date (25).

More detailed information on methods and power calculation are given in the online

supplement.

Results

From 1999 to 2017, 1100 infants were recruited. We had complete data available for 890 (81%)
children on pulmonary function testing at 44 weeks of PCA, modeled air pollution exposure
and potential risk factors (Figure E1). Of these, data from 775 infants (87%) passed quality
control of lung function measurements according to ERS/ATS guidelines (23), and after
excluding outliers (see online supplement) in the moderate to late preterm infants with severe
asphyxia a total of 771 infants were included for the main analyses. Anthropometric information
and potential confounders are depicted in Table 1. Of the 771 infants, 517 (67%) were term
and 254 (33%) were preterm infants. The preterm population consisted of 65 (26%) extremely,

90 (35%) very early and 99 (39%) moderate to late preterm infants. Overall, 60 infants (8%)
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were children from actively smoking mothers, 85 (11%) had asthmatic mothers and 108 (14%)
had a diagnosis of CLD. Comparison between participants lost to follow-up and included
participants is given in Table E1. As most infants lost to follow-up or excluded were preterm
infants, the excluded population differed significantly from the population included in the study.
Main differences were in GA at birth, maternal smoking during pregnancy, diagnosis of

maternal asthma and duration of oxygen supplementation.

Lung function data at 44 weeks of PCA, completed between 16" March 2000 and 12 January
2018 are shown in Table 2. Lung function values differed between subgroups with the highest
values of Vi, Vr and FeNO in moderate to late (32 — 36 weeks of GA) preterm infants, when
not adjusted for weight at lung function measurement. Distribution of duration of mechanical

ventilation and of supplementary oxygen is shown for preterm infants in Figure E2.

The distribution of air pollution in the study region over the 18-year study period is depicted in
Figure 1. Air pollution concentrations for each pollutant during the second trimester of
pregnancy and postnatal time period are shown in Table 3 and for all exposure windows in

Table E2.

Association of air pollution with lung function at 44 weeks of postconceptional age (tidal

breathing flow volume loops)

The association between prenatal and postnatal air pollution with lung function in early infancy
is given in Table 4 and for all exposure windows in Table E3. Adverse associations of exposure
to air pollution on lung function were highly dependent on the time window of exposure and
most prominent when occurring during the second trimester of pregnancy. Moreover, when
comparing preterm children, divided into three clinically used groups, to term born children, a

clear differentiation was seen between moderate to late preterm (32 — 37 weeks of GA) and
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term infants and within these two groups a significant interaction of prematurity and air
pollution (p-value for interaction = 0.040). However, no association of air pollutants on lung
function was seen in the subgroup of extremely (< 28 weeks of GA) and very early (29 — 31

weeks of GA) preterm infants (data not shown).

Within the term group Ve increased by [coefficient (B) (95% confidence intervals (Cls))] [75.27
(19.74-130.79) mL/min] per each 10 pg/m’ increase in PMio during the second trimester,
whereas in all preterm infants, Ve increased by [88.62 (18.57-158.68) mL/min] and within the
moderate to late preterm infants by [184.89 (79.12-290.66) mL/min] (Figure 2). Interactions
of prematurity and PMio during the second trimester of pregnancy for Ve within the term and
moderate to late preterm infants were significant (p = 0.040). In the stratified analysis, similar
associations were found between PMio during the second trimester and Vr in the term, all
preterm and moderate to late preterm infants with increases of [1.22 (0.18-2.26) mL], [1.33 (-

0.18-2.85) mL] and [3.82 (1.57—6.08) mL], respectively.

The association of postnatal air pollution with pulmonary function is given in Table 4. In term
infants, associations of postnatal PMio exposure with RR and Vr were observed [2.12 (0.65—
3.58) /min], and [-0.92 (-1.68— -0.17) mL], respectively. Further, Vr decreased by [-1.04 (-
1.83— -0.25) mL] per increase of 10 pug/m® in NOz. No significant associations between
postnatal exposure to air pollutants and lung function were seen in the entire group of preterm

infants, nor in the strata.

Fraction of exhaled nitric oxide (FeNO)

In the preterm group, FeNO increased significantly by [2.84 (0.84—4.84) ppb] and in the

moderate to late preterm infants by [3.38 (-0.08-6.83) ppb] per each 10 pg/m? increase in PMio
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during the second trimester. However, in term infants, no clear associations between prenatal

exposure to air pollution and FeNO were found.

Postnatal exposure to PMio and NO2 showed no association with FeNO either in term or preterm

infants (Table 4).

Sensitivity analyses and results are described in the online supplement.

Discussion

Main findings

We showed significantly impaired lung function values with increasing air pollution exposure
during the second trimester of pregnancy in term and preterm infants. However, in comparison
to the age-matched term infants, the effect of air pollution on alterations of postnatal lung
function in the preterm infants was significantly larger. The effect was best detectable in the
subgroup of moderate to late preterm infants (32 — 37 weeks of GA). The stratified analysis was
supported by complementary statistical analysis showing significant interaction of prematurity
and PMio exposure in the latter group. Statistical findings remained robust after extensive
sensitivity analysis accounting for concomitant perinatal and biometric factors. This supports
the suspected hypothesis of increased vulnerability of premature-born infants due to pre-
existing conditions (26). In infants born < 32 weeks, this increased effect size was not
detectable, likely due to the dominating influence of immaturity and perinatal treatment effects
on lung function. Nevertheless, to the best of our knowledge this is the first study examining
the effects of low-to-moderate air pollution levels during pregnancy and early infancy on infant
lung function in preterm infants. Interestingly, across all infants, air pollution showed the

strongest association with lung function impairment when occurring during the second trimester
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of pregnancy. These findings are supported by the physiological development of the lung,

where the second trimester is the most important and most susceptible phase (27).

Comparison with literature

Literature on the effects of outdoor air pollution on lung function in infancy is scarce. A study
from the region of Grenoble (France) has shown associations between increasing prenatal NO2
exposure levels and postnatal functional residual capacity (FRC) at 6 — 10 weeks of age (28) in
healthy term infants. These results were not in line with the findings previously published from
the BILD cohort by Latzin et al. (18), where no clear associations of prenatal air pollution
exposure with FRC were shown. However, Latzin et al. (18) showed significant associations
between prenatal PMio exposure and increases in Ve at 44 weeks of GA in around 241 healthy
term children (207 infants are part of the healthy control group in this study). These effects are
qualitatively similar but around three-times higher than the effect sizes seen in the term
population in this current extended study. We assume that due to the larger sample size of 771
infants, more precise modeling (22), and mainly decreasing air pollution levels over time. As a
novel finding, effect sizes were significantly larger in preterm vs. term infants, particularly in
moderate to late preterm infants. Interestingly, no associations of prenatal NO2 exposure with
infant lung function were seen in the current study. We presume, that this is due to the relative
level of exposure. Mean NOz2 levels were on average only half of the World Health Organization
annual guideline limits of 40 pg/m?, whereas mean PMo levels were around the WHO threshold
levels of 20 pg/m? (29), with individual exposures above guideline thresholds. Colleagues from
the GRAPHS trial, however, focused on the effects that indoor air pollution, in particular carbon
monoxide (CO), might have on infant lung function in nearly 400 infants at 30-days of age (9).

Within their cohort Ve and RR increased significantly with increasing levels of CO.
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Air pollution also has an impact on biomarkers associated with airway inflammation and/or
oxidative stress. In healthy term infants, Latzin et al. (18) found negative associations of air
pollution on FeNO levels. In the current study, we found a positive association between PMio
and NO:z2 levels during the second trimester, increasing FeNO values in preterm and moderate
to late preterm infants and a no clear association in term infants. These findings reflect a
different inflammatory context or oxidative stress response to pollutants in preterm infants in
comparison to term infants. We hypothesize, that in preterm infants there is a persisting
underlying process, which is consistent with the observations of Filippone et al. (30) or Teig et
al. (31), who show that even in adolescent children after prematurity, oxidative stress response
is different. Alternatively, one could speculate differences in underlying inflammatory response
in accordance with other observations e.g. of Paunescu et al. (32) who show increased FeNO
values after higher black carbon exposures only in children with persistent respiratory
symptoms. On a cellular level, inflammation in preterm infants after birth could be related to
persistent neutrophil activity and oxidative stress, which have both previously been identified
as affecting FeNO levels (17, 33). Both promote the oxygenation of nitrogen oxide (NO) to
soluble NO metabolites, which have been shown in increased concentrations in plasma and
bronchoalveolar lavage (BAL) fluids during the first month of life (34, 35). However, after
peaking during this time window, the neutrophil activity seems to decrease thereafter (33). It is
unclear how long this process persists after term. We suggest that in future studies, along with
FeNO, additional, well-established markers of oxidative stress such as 4-Hydroxy-2-nonenal
(36) could potentially be measured non-invasively in exhaled breath of infants by modern mass
spectrometric techniques (37). Such, metabolic analyses may allow for a more comprehensive
characterization of the relationship between air pollution and its detrimental effects on the

respiratory system.
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We and others have shown that infant lung function is most severely altered in very immature
infants with chronic lung disease of infancy (19, 38, 39). Furthermore, in our cohort, extreme
and very early preterm infants did not show any clear associations of air pollution on lung
function. Although we carefully adjusted for known confounders and covariates, and performed
extensive sensitivity analysis, in the severely ill groups (GA < 32 weeks) the relatively small
association between air pollution and lung function may have been undetectable. We assume,
that the lack of association in these populations is due to many other dominant developmental
and perinatal therapeutic factors which may outweigh the small effects that air pollution might
have on overall lung mechanics (19, 40) and ventilatory needs. When discriminating between
term and preterm infants born before and after 32 weeks of GA, we were able to show that
moderate to late preterm infants showed an increased effect of air pollution on lung function in

comparison to term infants.

Clinical relevance

Harmful effects of air pollution on the developing lung, especially during time windows of fast
growth and when exposed to high air pollution levels have been explored widely (6, 41, 42).
As a novelty and proof of principle, we demonstrated that groups of infants with pre-existing
vulnerability, such as preterm infants, are more susceptible to detrimental effects of air
pollution. Furthermore, the effect of air pollution may depend on the window of exposure
during rapid lung development (27, 42), e.g. during the second trimester of pregnancy. The
results additionally support the hypothesis of susceptibility of preterm infants to oxidative stress
and therefore the necessity to protect them. The findings also have a highly relevant impact on
population health. Recent evidence has shown that early-life lung function impairment may
track through the lifespan, and poor lung functional trajectories from childhood to late

senescence are important early-life risk factors for chronic respiratory disease in adults (3, 43-
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45). Prevention in early-life is therefore one of the most important factors to avert development
of chronic respiratory disease (e.g. COPD) and long-term negative health effects in adulthood,
and subsequently senescence (3, 12, 43-47). Even though the effect size on an individual level
might be small, the effect on a population basis (attributable risk) is of major concern (48).
Today, approximately 10% of all infants are born prematurely (13). We best see pollution
effects in the epidemiologically largest group of moderate to late preterm infants (32 — 37 weeks

of GA) and, in some areas of the world, air pollution levels might be even higher (29).

Strengths and limitations

A challenge in this study is the comparison of the exposure modeling. The second trimester (a
priori chosen exposure window) offered the best comparability and is known for its importance
in respect to lung development (27, 42). In our cohort, mothers of preterm infants were often
hospitalized on prenatal obstetrics wards several days before giving birth. Term infants left
hospital after days, whereas preterm infants were typically hospitalized for weeks after birth.
Thus, the calculated and weighted outdoor air pollution exposures for the perinatal (mainly third
trimester and postnatal) time periods probably overestimate the true level of air pollution these
children were exposed to inside the hospital. This may explain why we did not find any
associations between air pollution exposure and lung function during those time periods in the

preterm infants.

One clear strength of our study was the assessment of air pollution during pregnancy and after
birth, enabling us to study different exposure windows. To our knowledge, this is the first study
to assess low-to-moderate levels of pre- and postnatal air pollution and association with infant
lung function in preterm infants. Further, we have included children between 1999 and 2017 in

this study, which resulted in a fairly large sample size of 771 infants. Due to the prospective
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design of the BILD cohort, we additionally had detailed data on potential confounders and

effect modifiers, gathered from questionnaires and medical records.

However, the estimation model of air pollutant levels does not include satellite data, due to the
early recruitment of participants (1999) when modeling techniques for satellite data were not
yet available. Therefore, we used well-established and previously validated PMio exposure
values. Although PMa2 s effects may biologically be more detrimental, there is a high collinearity

between PM2.s and PMio exposure.

Due to a limited number of high-risk children (e.g. children from asthmatic or smoking
mothers), we could not perform additional subgroup analyses. Therefore, we cannot conclude
on the impact of air pollution in these potentially susceptible subgroups, as reported by others

(7, 41).

Children lost to follow-up, were significantly more often exposed to tobacco during pregnancy
compared to those followed up. A lower rate of maternal smoking during pregnancy in those
children investigated may have led to a selection of children with potentially better lung

function.

Conclusion

In this study, we demonstrated that prenatal exposure to low-to-moderate air pollution levels as
observed in Switzerland was associated with impaired postnatal lung function in term and
preterm infants. Significantly increased effects were shown in the moderate to late preterm
infants, suggestive of an amplified susceptibility to environmental stimuli such as air pollution.
A broad body of literature provides evidence that impaired early-life lung function is associated

with later respiratory morbidity in adulthood (e.g. COPD). This proof of principle study
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highlights that some parts of the population, in our situation 10% of infants born prematurely,
have differences in susceptibility to air pollution. This may impact future health and prevention

policies in respect to our newborns.
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Figure 1 Decreasing air pollution levels over the 18 years of observation. Depicted are the
individual mean levels of PMio (ng/m?) exposure for the whole observation period, consisting

of pregnancy and postnatal time (defined time between birth and lung function measurement).
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Figure 2 Adjusted effect of PM;o during the second trimester of pregnancy on lung

function parameters in term, preterm and moderate to late preterm infants. Effect

estimates of (A) minute ventilation (mL/min), (B) tidal volume (mL) and (C) FeNO (ppb) are

presented as coefficient (B) and 95% confidence intervals (Cls) for each 10 pg/m? increase in

PMio during second trimester of pregnancy for term, preterm and moderate to late preterm

infants. The model was adjusted for sex, weight at lung function measurement, season and

postconceptional age at lung function measurement, gestational age at birth, maternal smoking

during pregnancy, maternal asthma (defined as self-reported or doctor-diagnosed), days of

supplementary oxygen, days of mechanical ventilation (defined as cPAP or intubation).

Analyses for FeNO were additionally adjusted for minute ventilation (mL/min).
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Table 1 Anthropometric data and considered risk factors

Overall Term Preterm Moderate to late
preterm (32 — 36 weeks)

Study participants, n 771 517 254 99
Gestational age at birth, w 36.7 (4.8) 39.8 (3.3) 30.6 (3.2) 33.9(1.4)
Postconceptional age at lung function 44.8 (1.1) 44.8 (1.1) 44.7 (1.2) 44.5 (1.0)
measurement, w
Weight at lung function measurement, g 4327.8 (631.4) 4394.5 (548.1) 4192.0 (757.0) 4438.2 (711.0)
Length at lung function measurement, cm 54.2 (2.7) 54.7 (2.2) 53.2(3.2) 54.5 (2.8)
Male sex 413 (54) 268 (52) 144 (57) 56 (57)
Maternal smoking during pregnancy 59 (8) 33 (6) 26 (10) 4(4)
Maternal asthma * 85 (11.0) 65 (13) 20 (8) 909
Duration of oxygen supplementation, d 10.2 (30.7) 0 30.9 (47.1) 2.6 (5.8)
Duration of mechanical ventilation 1, d 5.9 (15.1) 0 18.0 (21.7) 1.5(2.7)

Values are mean (standard deviation) or number (percentage). * Asthma was defined as self-reported or doctor-diagnosed asthma. T mechanical

ventilation was defined as cPAP or intubation
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Table 2 Lung function data at 44 weeks of postconceptional age

Overall Term Preterm Moderate to late

preterm (32 — 36

weeks)
Tidal breathing
Minute ventilation, mL/min 1469.3 (323.0) 1451.4 (308.3) 1505.7 (348.7) 1580.3 (339.6)
Respiratory rate, /min 46.9 (11.6) 45.0 (10.6) 50.6 (12.7) 46.9 (9.5)
Tidal volume, mL 32.4(7.0) 33.1(5.9) 31.0 (8.6) 34.7 (8.2)
Terer/Te, % 34.0 (10.8) 36.6 (10.9) 28.8 (8.7) 31.9 (9.1)
FeNO, ppb * 14.1 (6.9) 13.7 (6.4) 15.0 (7.7) 17.6 (7.4)

Values are mean (standard deviation) or number (percentage). * information is missing for 71 children (26 term, 45 preterm infants)
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Table 3 Distribution of estimated residential outdoor air pollutants

Overall

Term

Preterm

Moderate to late
preterm (32 - 36

weeks)

PM;o pg/m?
PM0 2" trimester
Postnatal PMio *
NO;z ng/m?3

NO2 2" trimester

Postnatal NO» *

19.9 (6.1-44.7)

19.1 (6.8-54.7)

17.6 (5.3-52.8)

17.4 (4.8-42.3)

19.9 (7.5-37.7)

18.9 (6.8-54.7)

17.9 (5.5-40.7)

16.7 (5.3-41.8)

20.0 (6.1-44.7)

19.5 (10.0-43.9)

16.9 (5.3-52.8)

18.8 (4.8-42.3)

18.5 (6.3-38.3)

17.1(10.0-43.9)

16.1 (5.3-52.8)

15.2 (4.8-42.3)

Values are mean (range). * postnatal was defined as time between birth and lung function measurement.
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Table 4 Associations of pre- and postnatal air pollution exposure with lung function at 44 weeks of postconceptional age

Minute

Term Preterm Moderate to late preterm (32 — 36
ventilation,

n =517 n =254 weeks) n =99
mL/min

Coef 95% Cls p-value Coef 95% Cls p-value Coef 95% Cls p-value

PMio 2" trimester | 7527 (19.74,130.79) 0.008  88.62 (18.57,158.68) 0.013 18489  (79.12,290.66)  0.001
PMio postnatal * | 3327 (.7.24,73.77)  0.107  0.83  (-75.43,77.08)  0.983 20.73 (-106.33,147.80)  0.749
NO> 2™ trimester | 2 45  (43.79,38.88) 0.907  -12.74 (-71.52,46.04)  0.671 45.42 (-32.35,123.20)  0.252

NO: postnatal * 7.27  (-35.18,49.73)  0.737 -44.16 (-107.92,19.60) 0.175 -8.38 (-97.70,80.95) 0.854

Tidal volume, mL

PMi02" trimester | 122 (0.18,2.26) 0.022 133  (-0.18,2.85) 0.084 3.82 (1.57,6.08) 0.001
PMiopostnatal * | 992  (.1.68,-0.17)  0.016 008 (-1.61,1.78) 0.924 -0.22 (-2.92,2.48) 0.873
NO» 2™ trimester | 058 (-1.36,0.19)  0.139  -042 (-1.73,0.88) 0.527  -0.02 (-1.69,1.64) 0.980
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NO:2 postnatal * -1.04  (-1.83,-025)  0.010  -0.58 (-2.00,0.84) 0422 -1.25 (-3.13,0.64) 0.194
FeNO, ppb

PMio2" trimester | 032 (-1.54,0.89)  0.601  2.84  (0.84,4.84) 0.005 3.38 (-0.08,6.83) 0.056
PMuopostnatal * | 013 (-1.04,0.77) 0771  0.84  (-1.52,3.21) 0485 1.67 (-2.10,5.43) 0.385
NO> 2™ trimester | _0.55  (-1.44,0.34) 0226 146  (-0.15,3.07) 0.075 0.53 (-1.39,2.45) 0.591
NO:2 postnatal * 047  (-1.39,044) 0312 043  (-1.43,2.29) 0.651  0.00 (-2.23,2.23) 0.999

Estimates derived from mixed modelling for the association per 10 ug/m?’ increase of PM1o and NO2 with lung function measurements at
44 weeks of postconceptional age. Multivariable model adjusted for sex, weight at lung function measurement, season and
postconceptional age at lung function measurement, gestational age at birth, maternal smoking during pregnancy, maternal asthma
(defined as self-reported or doctor-diagnosed), days of supplementary oxygen, days of mechanical ventilation (defined as cPAP or
intubation). Analyses for FeNO were additionally adjusted for minute ventilation (mL/min). Results are presented as coefficient (Coef)

and 95% confidence intervals (95% Cls) * postnatal was defined as time between birth and lung function measurement.
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Online supplement

Methods

Study design

The prospective and ongoing Basel-Bern Infant Lung Development (BILD) birth cohort
(https://www.bild-cohort.ch/) comprises unselected neonates recruited antenatally since 1999
in the region of Bern and since 2012 in the region of Basel, Switzerland (E1). Potential risk
factors were assessed by interviews using standardized questionnaires (E1). Children
underwent lung function measurement at 44 weeks of PCA. Prematurity was defined following
International Statistical Classification of Diseases and Related Health Problems (ICD 10) as
GA at birth < 37 weeks (E2). The ethics committees of the regions of Bern and of Basel

approved the study and written consent was obtained.

Air pollution exposure

Air pollution data included daily mean levels of PM1o, NOz2 for the period from September 1999
to October 2017. Background air pollution was measured at the monitoring station of Payerne
(part of the Swiss National Air Pollution Monitoring Network). We estimated NO2 exposure
using a time-space hybrid model, in order to capture seasonal air pollution variations during the
entire study period and spatial variation in different study areas. This model was based on high-
quality information on land use, population density, traffic, road network, dispersion models,
meteorological data and air quality from the fixed measurement station (i.e. Payerne), trained
with 28,849 NO2 biweekly and monthly passive sampler measurements. Observations were
collected consecutively over more than ten years at 146 locations, for external validation of the

model (E3). We estimated PMio exposure using a simplified spatial-temporal model in which
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the temporal variation from Payerne was superimposed on the annual dispersion model from
Pollumap (E4) which provided the spatial contrast in exposures. Thus, in this model, the
averaged PMo per time period (e.g. 1* trimester), based on daily measurements at the central
monitoring site (i.e., Payerne), were corrected for each address using the ratio between the
annual dispersion model value at the home or hospital address (i.e., Pollumap from
METEOTEST, 200%200m resolution, 1998- 2015 for PMio (E4)) and the annual mean from

Payerne.

From these data we calculated the mean exposure by pollutant for each subject for different
exposure windows: 1% trimester, 2" trimester, 3™ trimester and postnatal. For families who
changed their residential address during the study period or for preterm infants hospitalized, we
calculated an average exposure estimate weighted by the time spent at each residence or
hospital. Addresses were geocoded using a reference file from the Swiss Federal Statistical

Office (Neuchatel).

Lung function outcomes

Pulmonary function was performed at 44 weeks of postconceptional age (PCA) using Exhalyzer
D (EcoMedics, Duernten, Switzerland) according to current ERS/ATS guidelines (ES). For
analysis we used the first 100 regular breaths during non-REM (non-rapid eye movement) sleep
from the total recorded breathing. We excluded sighs and ten breaths before and after a sigh.
Simultaneous to tidal breathing recording, the fraction of exhaled nitric oxide (FeNO) was
measured online with a chemiluminescence analyzer during the third quartile of expiration and
averaged over the 100 breaths used for analysis. Following ERS/ATS guidelines for infant lung

function testing, mean tidal flows, volume and flow-volume loop were calculated.
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The following parameters were investigated: respiratory rate (RR), mean tidal volume (Vr),
minute ventilation (V). Ratio of time to peak tidal expiratory flow (PTEF) and expiratory time
(teterse) were used to describe TBFVL shapes. Online FeNO measurements were performed
with a rapid-response chemiluminescence analyser (CLD 77 AM; EcoMedics AG, Duernten,
Switzerland) concurrently with the TBFVL recording. We used air free of nitric oxide (NO) for
respiration to prevent contamination of FeNO with ambient NO. The third quartile of each
expiration was used to calculate mean FeNO over the 100 breaths recorded and was adjusted

for VE, as previously described (E6).

Covariates

Potential confounders were assessed by interviews using standardized questionnaires (E1)
including sociodemographic factors, pre- and postnatal smoke exposure and, parental atopic
disease. To confirm prenatal smoke exposure, the cotinine level in the infant’s first urine was

used.

After a stepwise backward selection and considering previous research (E7, E8), we adjusted
the regression model for the following covariates: sex, weight at lung function measurement,
season and postconceptional age at lung function measurement, GA at birth, maternal smoking
during pregnancy, days of supplementary oxygen, days of mechanical ventilation (defined as
days of continuous positive airway pressure (cPAP) or intubation) and, maternal asthma
(defined as self-reported or doctor diagnosed). For FeNO analyses we additionally adjusted for

V&, as previously described (E7, E9).
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Statistical analysis

We performed a multilevel mixed-effects linear regression for term and preterm infants
separately, adjusted for the above-mentioned covariates and corrected for clustering on center

level (Basel vs. Bern). Inspection of the outcome variables suggested normal distribution.

Since we previously showed that lung functional abnormalities can also be the result of
prematurity and perinatal insults, particularly in extreme and very early premature born infants
(E8), we also performed analysis in subgroups of preterm infants. We therefore stratified the
preterm group according to their gestational age (GA) at birth into three clinically relevant
groups; extreme (< 28 weeks of GA), very early (29 — 31 weeks of GA) and moderate to late
(32 — 37 weeks of GA) preterm. We tested the presence of interaction within term and moderate
to late preterm infants adding the interaction term between exposure to air pollution and

prematurity.

We performed sensitivity analyses in respect to CLD classification, education status of the
mother, a known potential confounder for lung function of the offspring. We did not include
this risk factor in the main analysis as we had several missing values (around 70 children had
no information on education status of the mother). Further, we investigated the modifying effect
of sex on the association between air pollution and lung function (E10, E11) in the main model
and therefore stratified for it and used interaction terms. Within the FeNO analyses we added
exposure to caffeine as a confounder (E9, E12) to the main model. We also checked differences

of the main model with and without length at measurement date (E6).

Pearson’s correlation was used to assess correlation between different exposure windows of air

pollution.
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Effect estimates are presented as coefficient (f) and 95% confidence intervals (Cls) per 10
ug/m’ increase in each pollutant. Data were analyzed using Stata® (Stata Statistical Software:

release 16. STATA Cooperation; College Station, TX).

Power analysis

We calculated that a sample of 61 subjects would have a power of >80%, at a significance level

of 0.05 to detect changes of 24.9 mL/min in Ve per 1 ug/m® increase in PMio (E7).

Results

Sensitivity analyses

Using CLD classification as an additional confounder to the main model resulted in an increase
in VE [197.6 (92.06-303.19) mL/min] in moderate to late and [86.60 (16.86—156.35) mL/min]

in preterm infants per 10 pg/m® increase in PMio during the second trimester.

When stratifying the main model by sex and using interaction terms of sex and air pollution, no
clear differences between boys and girls were seen, nor did the effect sizes change substantially
to the earlier reported findings. Interaction terms were not significant, and were therefore not

included in the main model.

In the preterm group, FeNO increased by [8.95 (3.27-14.63) ppb] per 10 pug/m’ increase in
PMio and by [5.05 (-0.50—10.60) ppb] per 10 pg/m? increase in NO2 during the second trimester
when exposure to caffeine citrate was included in the main model. However, information on
exposure to caffeine citrate was only available for 47 preterm infants, all infants were off drugs

for > 6 weeks.
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As we had many missing data on education status of the mother (70 missing), we included it as
a confounder in the sensitivity analysis. Education status of the mother, categorized into low
(less than four years of apprenticeship), middle (four years of apprenticeship and above) and
high (tertiary education), as an additional confounder in the main model, did not have any
substantial changes in effect sizes nor significance level (Ve in term infants increased by [75.27

(19.74-130.79) ppb] per 10 ug/m?* increase in PMio during the second trimester).

Including length as a confounder in the main model, did not change the effect sizes, significance
levels or interaction terms (Ve in term infants increased by [77.05 (21.30-132.79) ppb] per 10
ng/m? increase in PMio during the second trimester). However, correlation between weight and

length at measurement date was high with 0.76 (Pearson correlation).

Correlation between different exposure windows for air pollutants was low-to-moderate for

different exposure windows of PMio (Table E4).
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A

Study participants
Basel n = 305

Dropout * n =60

n =890
n=775
n=771

Quality check T n=12

Figure E1 Flow chart of the study population. *Dropout due to missing lung function

measurement at 44 weeks of postconceptional age, missing air pollution exposure values,

missing information on important risk factors and dropout of the child from the study.

T Quality check included lung function quality or gestational age at lung function measurement

< 42 or > 48 weeks of postconceptional age. { Outliers included moderate to late preterm

infants, which had severe asphyxia and therefore needed mechanical ventilation > 20days

and/or supplementary oxygen > 80days.
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Figure E2 Duration of mechanical ventilation (defined as cPAP or intubation) (A) and of

supplementary oxygen (B) according to gestational age at birth shown for preterm infants.

Vertical lines represent the three groups of preterm infants (extremely, very early and moderate

to late).
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Table E1 Comparison between participants lost to follow-up / excluded vs. included

participants

Included Lost to follow-up / p-value

excluded

Study participants, n 771 329
Gestational age at birth, weeks 36.7 (4.8) 34.4 (5.6) <0.001
Weight at study date, g 4327.8 (631.4) 4179.6 (835.1) 0.003
Length at study date, cm 54.2 (2.7) 53.7 (4.0) 0.027
Male sex 413 (54) 190 (58) 0.126
Maternal smoking during pregnancy * 59 (8) 29 (11) 0.102
Maternal asthma T 85 (11) 12 (5) 0.028
Duration of oxygen supplementation,d¥ 10.2 (30.7) 52.3(80.4) <0.001

Values are mean (standard deviation) or number (percentage). * information is missing for 74
children lost to follow-up. T Asthma was defined as self-reported or doctor-diagnosed asthma,
missing information for 100 children lost to follow-up. ¥ information is missing for 144 children

lost to follow-up.
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Table E2 Distribution of estimated residential outdoor air pollutants over all time windows

Overall Term Preterm Moderate to late
preterm (32 - 36
weeks)
PM;o pg/m?
PMio 1% trimester 20.2 (6.3-44.6) 20.1 (9.044.6) 20.2 (6.3-41.8) 18.5 (6.3-36.1)

PMio 2™ trimester
PM0 3™ trimester
Postnatal PMjo *
NO; pg/m?

NO2 1% trimester
NO2 2" trimester
NO2 3 trimester

Postnatal NO2 *

19.9 (6.1-44.7)
19.5 (6.6-62.7)

19.1 (6.8-54.7)

17.6 (5.1-46.4)
17.6 (5.3-52.8)
16.9 (4.9-49.4)

17.4 (4.8-42.3)

19.9 (7.5-37.7)
19.8 (8.2-40.4)

18.9 (6.8-54.7)

17.7 (6.5-46.4)
17.9 (5.5-40.7)
17.3 (5.4-41.5)

16.7 (5.3-41.8)
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20.0 (6.1-44.7)
18.7 (6.6-62.7)

19.5 (10.0-43.9)

17.5 (5.1 - 45.4)
16.9 (5.3-52.8)
15.9 (4.9-49.4)

18.8 (4.8-42.3)

18.5 (6.3-38.3)
17.1 (6.6-36.6)

17.1(10.0-43.9)

16.6 (5.1-45.4)
16.1 (5.3-52.8)
14.6 (4.9-49.4)

15.2 (4.8-42.3)
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Values are mean (range). * postnatal was defined as time between birth and lung function measurement.

Table E3 Associations of pre- and postnatal air pollution exposure (for all time windows) with lung function at 44 weeks of

postconceptional age

Term Preterm Moderate to late preterm (32 — 36
n=517 n =254 weeks) n =99
Minute
ventilation, Coef 95% Cls p-value Coef 95% Cls p-value Coef 95% Cls p-value
mL/min

PMio 1* trimester | 22.43  (-21.39,66.24)  0.316 6.51 (-53.84,66.86) 0.833  160.66 (51.74,269.59) 0.004

PMio 2" trimester | 75.27  (19.74,130.79)  0.008 88.62 (18.57,158.68)  0.013  162.62 (59.37,265.87) 0.002
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PMio 3" trimester

PMio postnatal *

NO:z 1% trimester

NO: 2" trimester

NO: 3" trimester

NO2 postnatal *

Tidal volume, mL

PMio 1% trimester

PMio 2™ trimester

PMio 3" trimester

PMio postnatal *

NO:z 1% trimester

13.11

33.27

3.97

-2.45

-3.53

7.27

0.52

1.22

-0.96

-0.92

0.09

(-32.32,58.53)

(-7.24,73.77)

(-31.57,39.52)

(-43.79,38.88)

(-40.37,33.32)

(-35.18,49.73)

(-0.30,1.34)

(0.18,2.26)

(-1.80,-0.12)

(-1.68,-0.17)

(-0.57,0.76)

0.572

0.107

0.827

0.907

0.851

0.737

0.215

0.022

0.025

0.016

0.787

-35.94

0.83

11.74

-12.74

-36.93

-44.16

0.08

-0.17

(-86.18,14.31)

(-75.43,77.08)

(-40.52,63.99)

(-71.52,46.04)

(-91.16,17.30)

(-107.92,19.60)

(-1.44,1.24)

(-0.18,2.85)

(-1.22,1.02)

(-1.61,1.78)

(-1.33,0.99)
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0.161

0.983

0.66

0.671

0.182

0.175

0.888

0.084

0.856

0.924

0.772

-86.4

20.73

75.25

45.42

444

-15.47

1.37

3.82

-2.55

-0.22

0.45
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(-185.16,12.36)

(-106.33,147.80)

(0.29,150.22)

(-32.35,123.20)

(-78.71,69.82)

(-103.51,72.57)

(-0.87,3.61)

(1.57,6.08)

(-4.62,-0.48)

(-2.92,2.48)

(-1.18,2.07)

0.086

0.749

0.049

0.252

0.907

0.731

0.23

0.001

0.016

0.873

0.589




NO: 2" trimester

NO: 3" trimester

NO2 postnatal *

FeNO, ppb

PMio 1% trimester

PMio 2™ trimester

PMio 3" trimester

PMio postnatal *

NO:z 1% trimester

NO: 2" trimester

NO: 3" trimester

NO2 postnatal *

-0.58

-1.1

-1.04

0.06

-0.32

-0.71

-0.13

-0.22

-0.55

-0.43

-0.47

(-1.36,0.19)

(-1.78,-0.41)

(-1.83,-0.25)

(-0.89,1.00)

(-1.54,0.89)

(-1.72,0.29)

(-1.04,0.77)

(-0.98,0.55)

(-1.44,0.34)

(-1.23,0.37)

(-1.39,0.44)

0.139

0.002

0.01

0.909

0.601

0.162

0.771

0.576

0.226

0.288

0.312

-0.42

-0.59

-0.58

-0.45

2.84

1.19

0.84

0.63

1.46

0.87

0.43

(-1.73,0.88)

(-1.79,0.62)

(-2.00,0.84)

(-2.22,1.32)

(0.84,4.84)

(-0.26,2.64)

(-1.52,3.21)

(-0.87,2.12)

(-0.15,3.07)

(-0.64,2.38)

(-1.43,2.29)
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0.527

0.339

0.422

0.622

0.005

0.109

0.485

0.412

0.075

0.26

0.651

-0.02

-0.87

-1.25

0.46

3.38

2.39

1.67

0.48

0.53

0.21

0.00
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(-1.69,1.64)

(-2.44,0.70)

(-3.13,0.64)

(-2.42,3.33)

(-0.08,6.83)

(-0.16,4.94)

(-2.10,5.43)

(-1.51,2.47)

(-1.39,2.45)

(-1.59,2.00)

(-2.23,2.23)

0.98

0.277

0.194

0.756

0.056

0.066

0.385

0.637

0.591

0.822

0.999




Respiratory rate,

/min

PMio 1% trimester

PMio 2™ trimester

PMio 3" trimester

PMio postnatal *

NO:z 1% trimester

NO: 2" trimester

NO: 3" trimester

NOz2 postnatal *

teTeF/tE

PMio 1% trimester

-0.46

-0.27

1.75

2.12

-0.34

0.47

1.36

1.51

-0.91

(-2.03,1.11)

(-2.19,1.66)

(0.11,3.38)

(0.65,3.58)

(-1.63,0.95)

(-1.03,1.96)

(0.03,2.70)

(-0.03,3.04)

(-2.51,0.70)

0.567

0.787

0.036

0.005

0.609

0.539

0.045

0.054

0.267

0.43

0.29

-1.42

-0.37

0.77

0.17

-0.75

-0.85

0.7

(-2.12,2.97)

(-2.60,3.19)

(-3.53,0.69)

(-3.59,2.84)

(-1.43,2.97)

(-2.31,2.65)

(-3.04,1.53)

(-3.54,1.85)

(-1.00,2.39)
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0.741

0.843

0.186

0.820

0.494

0.893

0.517

0.539

0.422

2.00

0.66

1.17

1.93

1.79

1.77

1.5

2.07

1.88
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(-1.33,5.32)

(-2.87,4.18)

(-1.98,4.33)

(-2.06,5.92)

(-0.59,4.18)

(-0.67,4.22)

(-0.83,3.82)

(-0.72,4.86)

(-1.21,4.98)

0.239

0.715

0.467

0.343

0.141

0.156

0.206

0.145

0.233
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PMio 2™ trimester | 0.27  (-1.74,2.28)  0.794  -0.66 (-2.59,1.27) 0.506  -0.49 (-3.71,2.74) 0.767
PMio 3 trimester | 0.55  (-1.12,2.21) 0519  -0.73  (-2.17,0.71) 0323  -0.43 (-3.37,2.51) 0.774
PMiopostnatal * | 0.04  (-1.46,1.54) 0959  -1.88  (-4.02,0.25) 0.084 -2.68 (-6.45,1.09) 0.164
NO: I trimester | 0.50  (-0.82,1.83) 0454 124  (-0.23,2.70) 0.098 1.78 (-0.43,3.99) 0.114
NO:2 2" trimester | 1.07  (-0.46,2.61)  0.17 082  (-0.83,2.47) 0331 1.25 (-1.02,3.51) 0.281
NO: 3% trimester | 1.14  (-0.23,2.51)  0.102  0.19  (-1.37,1.75) 0.813  0.36 (-1.80,2.53) 0.743
NO: postnatal * .19  (-0392.76)  0.139  0.06 (-1.74,1.87) 0.944 0.39 (-2.29,3.08) 0.774

Estimates derived from mixed modelling for the association per 10 pg/m?® increase of PM1o and NO2 with lung function measurements at
44 weeks of postconceptional age. Multivariable model adjusted for sex, weight at lung function measurement, gestational age at birth,
season at lung function measurement, maternal smoking during pregnancy, maternal asthma (defined as self-reported or doctor-
diagnosed), days of supplementary oxygen, days of mechanical ventilation (defined as cPAP or intubation). Analyses for FeNO were

additionally adjusted for minute ventilation (mL/min). * postnatal was defined as time between birth and lung function measurement.
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PMio I trimester 2™ trimester 3™ trimester Postnatal

1% trimester |1.0000

2" trimester |0 .2051 1.0000

3" trimester |0.0025 0.2114 1.0000

Postnatal * |0.1518 -0.0019 0.2672 1.0000

NO;

1% trimester |1.0000

2" trimester |0.7154 1.0000

3" trimester |0.4502 0.7662 1.0000

Postnatal * |-0.1508 -0.3361 0.1935 1.0000

Table E4 Pearson’s correlation of air pollutants (PMjo and NO:) among different time

windows. * postnatal was defined as time between birth and lung function measurement.
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Highlights

. Low-level early life NO2 exposure associates with impaired school-age lung function

. These effects occurred at annual NO2 < 20 pug/m?, thus below recommended WHO
threshold

. These dose dependent effects were mainly found for NO2 exposure in infancy

. Thus, infancy seems to be a susceptible window for air pollution effects
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Abstract

Background: Adverse effects of higher air pollution levels before and after birth on subsequent
lung function are often reported in the literature. We assessed whether low-to-moderate levels

of air pollution during preschool-age impact upon lung function at school-age.

Methods: In a prospective birth cohort of 304 healthy term-born infants, 232 (79%) completed
lung function at follow-up at six years. Using spatial-temporal models, levels of individual air
pollution (nitrogen dioxide (NOz2) and ozone (O3), particulate matter with a diameter < 10 pm
(PMio)) were estimated for the time windows pregnancy, first up to the sixth year of life
separately, and birth until follow-up at the age six. Time window means were compared to
World Health Organization (WHO) guideline limits. Associations of exposure windows with
spirometry and body plethysmography indices were analyzed using regression models,
adjusting for potential confounders. For subgroup analysis, air pollution exposure was

categorized into quartiles (four groups of 52 children).

Results: Mean NO, level from birth until follow-up was [mean (range)] [11.8 (4.9 to 35.9
pg/m?)], which is almost 4-times lower than the WHO suggested limit of 40 pg/m?>. In the whole
population, increased air pollution levels from birth until follow-up were associated with
reduced lung function at six years. In the subgroup analysis, the 52 children exposed to NO2
levels from the highest quartile during pregnancy, the first and second year of life and from
birth until follow-up, had a significant decrease in forced expiratory volume in one second
(FEV1). Per interquartile range increase of NO2, FEV1 decreased by [z-score change (95%
confidence interval)] [-1.07 (-1.67 to -0.47)], [-1.02 (-1.66 to -0.39)], [-0.51 (-0.86 to -0.17)]
and [-0.80 (-1.33 to -0.27)], respectively. Air pollution exposure during pregnancy and
childhood resulted in a non-significant decrease in lung volume at six years, as assessed by

functional residual capacity measured by body plethysmography (FRCpietn).
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Conclusion: Our results suggest that exposure to higher NOz levels, which are still much lower
than WHO guideline limits, especially during the sensitive period of early lung development,
may be associated with reduced lung function at school-age. These findings support the concept
of age and dose-dependent pollution effects on lung function in healthy school-aged children

and underline the importance of pollution reduction measures.

Keywords: air pollution; infant; cohort; prospective; lung function; school-age
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Introduction

Adverse effects of air pollution on lung function in newborns (1), during childhood (2-7) and
adolescence (8) have been reported. Different exposure windows during lung development have
been investigated in order to identify a critical time frame. While some studies reported small-
scale associations between higher air pollution exposure during pregnancy and reduced lung
function at school-age (2-6), other studies reported that exposure during infancy, but not
pregnancy, was associated with reduced lung function at school-age (7, 8). These conflicting
findings suggest that different exposure windows during lung development may differently
affect lung function. Effects may be dose and age dependent and prospective studies with
continuous exposure assessment, measuring from pregnancy onward, might help to identify

sensitive exposure windows.

Few studies continuously assessed air pollution before and after birth and studied its association
with lung function at a mean age of 4.5 (5) and 6-11 years (6, 9). Importantly, pollution levels
in these studies were high. While there is a clear association between higher air pollution and
subsequent reduced lung function (5, 6), adverse effects of moderate air pollution in adults are
recognized (10); however, in primarily healthy children are less understood. Studying the latter
is particularly important given recent attempts to decrease air pollution in some countries (e.g.

Switzerland) (11), which may result in less severe adverse effects on lung development.

Our research group previously measured lung volume in 5-week-old unsedated infants using
multiple breath washout (1), a method feasible for measuring functional residual capacity
(FRC) in newborns (12). We found a negative association between nitrogen dioxide (NO2)
during pregnancy and FRC in newborns (1), suggesting deleterious effects of air pollution on
functional lung volumes in early infancy. However, little is known about critical exposure

windows during early childhood and their impact on lung volume during childhood, and
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particularly effects of low-level air pollution exposure below the World Health Organization

(WHO) guideline limits (NO2 < 40 pug/m?) (13).

The aim of this study was, to determine within a prospective birth cohort of unselected infants,
if low-to-moderate pollution levels were associated with changes in airway obstruction and lung
volume at six years of age. For a detailed exposure assessment, we assessed individual air
pollution levels from pregnancy until school-age, enabling us to assess the dose-dependent
effect of different exposure windows, but particularly in very early life during suspected

windows of susceptibility on subsequent lung function (5, 7).
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Methods

Study design and subjects

The prospective Basel-Bern Infant Lung Development (BILD) birth cohort study
(https://www.bild-cohort.ch/) comprises a group of unselected, healthy neonates recruited
antenatally since 2002 in the region of Bern, Switzerland (14). Exclusion criteria for the study
were preterm delivery (< 37 weeks) and significant perinatal disease, including respiratory
distress and later diagnosis of chronic respiratory disease. Potential risk factors were assessed
by interviews using standardized questionnaires. Children underwent a lung function
measurement at follow-up at six years. The Ethics Committee of the Region of Bern approved

the study and written consent was obtained at enrolment.

Air pollution exposure during pregnancy and childhood

Air pollution data included daily mean levels of nitrogen dioxide (NOz), ozone (O3), and
particulate matter with an aerodynamic diameter of <10 um (PMio) for the period February
2002 to July 2016. Background air pollution was measured at the monitoring station of Payerne
(part of the Swiss National Air Pollution Monitoring Network). We estimated NO2 exposure
using a time-space hybrid model, in order to capture seasonal air pollution variations during the
entire study period and spatial variation in different study areas. This model was based on high
quality information on land use, population density, traffic, road network, dispersion models,
meteorological data, and air quality from the fixed measurement station (i.e. Payerne), trained
with 28,849 NO:2 bi-weekly and monthly passive sampler measurements in the region of Bern.
Observations were collected consecutively over more than ten years at 146 locations, for
external validation of the model (15). We estimated PMio and O3 exposure using a simplified
spatial-temporal model in which the temporal variation from Payerne was superimposed on the

annual dispersion model from Pollumap (16) which provided the spatial contrast in exposures.
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Thus, in this model, the averaged PMio per time period (e.g. pregnancy, first year of life), based
on daily measurements at the central monitoring site (i.e. Payerne), was corrected for each
address using the ratio between the annual dispersion model value at the home address (i.e.
Pollumap from METEOTEST, 200x200m resolution, 1998-2015 for PMio and O3 (16)) and the

annual mean from Payerne.

From these data we calculated the mean exposure by pollutant for each subject for different
exposure windows: pregnancy, annual levels from birth until end of follow-up, as well as short-
term exposure, defined as 14 days average before lung function testing at school-age. For
families who changed their residential address during the study period, we calculated an average
exposure estimate weighted by the time spent at each residence. Addresses were geocoded using

a reference file from the Swiss Federal Statistical Office (Neuchatel).

To assess the degree of air pollution, we compared mean levels of PMio, NOz, and O3 for all
study participants to the annual mean WHO guidelines for each air pollutant (13, 17). To assess
dose-dependent effects, we parted air pollution exposure into quartiles of the range of each

pollutant.

Lung function at six years

Spirometry was performed using the MasterLab setup (Jaeger, Wurzburg, Germany) according
to current ERS/ATS guidelines [18]. The following lung function parameters were investigated:
FEVi, FVC, FEV1/FVC ratio and mid expiratory flow at 25-75% of FVC (MEF25-75%). A
reproducible test was defined as FVC and FEV1 agreeing within 100 ml or 10% between the
best two blows (18). Spirometry data were expressed as z-scores using the Global Lung
Function Initiative (GLI) 2012 prediction equations (19). Body plethysmography
measurements were done to assess the functional residual capacity (FRCpieth), which 1is the

volume of air present in the lungs at the end of passive expiration (18). The mean of three high
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quality measurements (coefficient of variation (CV) <25% between measurements) was

calculated.

Potential confounders

At baseline, exposure to potential pre-and postnatal risk factors for lung function deficits was
assessed by interviews using standardized questionnaires. We assessed environmental tobacco
smoke (ETS), an important risk factor for decreased lung function at school-age (20-22). ETS
was defined as passive smoke exposure at work or home during pregnancy, and parental
smoking at any time during childhood. Maternal atopic disease was defined as self-reported,
doctor-diagnosed asthma, hay fever, or eczema. Parental education was categorized into low
(less than four years of apprenticeship), middle (four years of apprenticeship and above) and
high (tertiary education). At follow-up, we assessed the asthma diagnosis of the child, defined
by wheezing over the past 12 months and doctor diagnosed asthma, or wheezing and use of
asthma medication (glucocorticoid or beta mimetic), and short-term air pollution exposure (14

days average before lung function testing).

Statistics

First, we performed univariable linear regression analysis to investigate the association of
pulmonary function measures (in z-scores) with mean exposure levels of each pollutant from
each exposure window. Second, we adjusted the models for maternal atopy, ETS, asthma of the
child and short-term air pollution exposure. Sensitivity analysis was performed using lung
function values in ml adjusted for the above-mentioned confounders and additionally adjusted
for sex, age and height at lung function. We also performed the analyses not considering the
child’s asthma status as a confounder. For subgroup analysis, we divided the population into
four equally sized groups of 52 participants (quartiles). Quartiles were defined by levels of each

air pollutant (for NO2, O3 and PM o) for each time window separately. Changes in lung function
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parameters are presented as coefficient (B) values and 95% confidence intervals (CIs) per
interquartile range (IQR) for each pollutant. Data were analyzed using Stata® (Stata Statistical

Software: release 15. STATA Cooperation; College Station, TX).
Power analysis

Using Quanto (23), we calculated that a sample of 200 subjects would have a power of more
than 80%, at a significance level of 0.05 to detect changes of more than 15 ml in FEV per 1

ug/m?’ increase of PMio.

Results

Between 2002 and 2010, 304 children were recruited, of which 241 (79%) eligible study
participants completed lung function testing at six years of age. From these, we had complete
data on modelled air pollution exposure and lung function measurements at school-age for 232
(96%), of which spirometry was available for 208 (90%) and body plethysmography for 212
(91%) (Figure S1). Table 1 shows the anthropometric data and potential risk factors. Of the
232 children, 44 (19%) were exposed to ETS during the study period, 17 (7%) had asthma at

six years, and 89 (38%) had atopic mothers.

There were differences between children followed-up and those lost to follow-up. Participants
followed-up were less often exposed to tobacco smoke during pregnancy (5% vs 11%,

p=0.042), and born from parents with higher education levels (p=0.001) (table S1).

Table 2 shows spirometry and body plethysmography data at school-age, completed between
the 4" of August 2008 and the 20" of May 2016. For each of the outcome parameters, the

summary statistics were: FEV1 (mean z-score; SD) (0.02; 0.87), FVC (-0.19; 0.93), and
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FEV1/FVC (0.45; 0.9). The FRCpleth was (mean ml; SD) (1105; 256). The (mean [range]) CV

of body plethysmography was (6.7% [0.7% to 21.6%]).
The distribution of air pollution during the study period is given in table 3.

The distribution of air pollution for each quartile (n=52) is given in table S2. The WHO
guideline limits for NO2 (annual mean 40 pg/m?) (13) were not exceeded in our study during
any exposure window. However, annual mean PMo levels of the study participants surpassed
the WHO annual guideline limit of 20 pg/m? during pregnancy and the first year of life by 9%
[mean (range)] [21.8 pg/m’ (12.5-28.6 ug/m?)], and 5% [21.0 pg/m® (10.8-26.8 pg/m?)],
respectively. Air pollution in Switzerland decreased during the study period. Mean PMio in
2002 was 21.2 pg/m?®, and 12.8 ug/m?® in 2016. Mean NO; in 2002 was 14.7 ug/m®, and 11.3
pg/m’ in 2016. Annual O3 levels were not comparable to the WHO guideline limits as these
were only defined as 8 hour means (8 hour mean 100 pg/m?), rather than annual means as

performed in this study. The temporal decrease of NO2 for each quartile is shown in figure 1.

The highest exposed group was exposed to NO2 levels of [mean (range)] [26.1 pg/m? (22.0
ng/m® to 37.2 pg/m?)] during pregnancy, and during sixth year of life to NO: levels of [18.3
ng/m’ (14.4 pg/m? to 26.6 ug/m®)]. The lowest exposed group was exposed to NO2 levels of
[12.3 pg/m? (10.4 to 14.1 pg/m?)] during pregnancy, and during sixth year of life to NOz levels

of [8.4 ug/m* (7.0 png/m3 to 9.6 pg/m?)], respectively (table S2).

Association of different air pollution exposure windows with lung function at six years
Spirometry

Air pollution exposure during pregnancy was associated with reduced FEV at six years (table

S3). In the adjusted regression model, per IQR increase in NO2 during pregnancy (8.0 pg/m?)
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and from birth until follow-up (5.2 pg/m®), FEV: decreased by [z-score change (95%
confidence interval)] [-0.16 (-0.35 to 0.04)] and significantly by [-0.24 (-0.45 to -0.02)],
respectively. Per IQR increase in O3 during pregnancy (14.6 pg/m?®) and from birth until follow-
up (5.9 pg/m?), FEV1 decreased by [-0.11 (-0.29 to 0.06), and significantly by [-0.24 (-0.45 to
-0.02)], respectively. Per IQR increase in PMio during pregnancy (4.4 ug/m?) and from birth
until follow-up (3.3 ng/m®), FEV| decreased by [-0.14 (-0.30 to 0.14)] and by [-0.09 (-0.26 to
0.08)], respectively. Results reported per ml change in FEV) are given in table 4. Similar
associations were found for the other time windows (second, third, fourth and fifth year of life)

and FEV at six years (data not shown).

Dose and age dependent effects

Adverse effects of air pollution exposure on lung function depended upon the exposure level.
Regression analysis of the quartiles showed significant negative associations of NOz2 levels with
FEV1 in the highest exposed group. In this subgroup, per IQR increase in NO2 during pregnancy
(8.0 pg/m?), during the first year of life (7.2 pg/m?), during the second year of life (5.7 pg/m?)
and from birth until follow-up (5.2 pg/m?), FEV1 decreased highly significant (p=0.001) by [-
1.07 (-1.67 to -0.47)], by [-1.02 (-1.66 to -0.39)], by [-0.51 (-0.86 to -0.17)] and by [-0.80 (-

1.33 to -0.27)] respectively.

There was no significant association of NO2 and FEV1 at six years in the subgroup with the
lowest exposure levels. In this subgroup (n=52), per IQR increase in NO2 during pregnancy
(8.0 pg/m?), during the first year of life (7.2 pg/m?), during the second year of life (5.7 pg/m?)
and from birth until follow-up (5.2 pg/m?®), FEV1 decreased non-significantly by [-0.21 (-2.05
to 1.63)], [-0.15 (-1.97 to 1.67)], [-0.88 (-2.37 to 0.60)] and [-0.36 (-1.97 to 1.24)], respectively
(table S4). Within the other quartiles, also non-significant effects of NO2 levels on FEV| were

observed (figure 2, table S4). Oz and PM1o exposure during investigated time windows was
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associated with a non-significant FEV1 decrease for all investigated exposure windows (table

S5, S6).

Sensitivity analysis

In a sensitivity analysis, we did not adjust for the child’s asthma status at six years, which
resulted in similar but weaker associations between air pollution and FEV at six years. For
example, in the entire study sample, in the adjusted regression models not adjusted for asthma,
per IQR increase in NO2 during pregnancy and from birth until follow-up, FEV1 decreased by
[z-score change (95% confidence interval)] [-0.14 (-0.34 to 0.07)] and by [-0.21 (-0.44 to -

0.01)], respectively (table S7).

Adverse effects of NO2 exposure in the highest exposure group and spirometry at six years was
also very similar when we did not consider the child’s asthma status as a confounder. In this
subgroup, per IQR increase in NO2 during pregnancy, during the first year of life, during the
second year of life and from birth until follow-up, FEV1 decreased by [-1.07 (-1.66 to -0.46)],
by [-1.01 (-1.64 to -0.38)], by [-0.51 (-0.85 to -0.17)] and by [-0.79 (-1.31 to -0.27)],

respectively (table S8).

Body plethysmography

The association of exposure to air pollution during pregnancy and childhood with lung volume
assessed at six years is given in table S9 in the online supplement. Air pollution exposure during
pregnancy and childhood resulted in a non-significant decrease in lung volume, as assessed by

FRCpleth.
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Discussion

Main findings

To our knowledge, this is the first study to examine moderate air pollution exposure before and
after birth and the association with airway obstruction and lung volume at school-age. We
defined several exposure windows (pregnancy, first year of life, sixth year of life, and birth
until follow-up at six years) to examine the dose-dependent impact of air pollution from

different exposure time points on lung function at school-age.

When analyzing the entire study population, NO2 exposure during pregnancy and the first year
of life was weakly associated with a decrease in FEV1 at school-age. In order to investigate
dose-dependent exposure groups, NO2 exposure was categorized into quartiles. Children in the
highest exposure group (mean annual NO: exposure above 20 pg/m?®) had a significant decrease
in FEV1 at school-age. This effect was observed for exposure during pregnancy and early
childhood, indicating that early lung development is especially sensitive to air pollution
exposure. Children exposed to lower NO2 levels (mean annual NO2 exposure below 20 pg/m?)
had no decrease in lung function at school-age. Together, these findings support the hypothesis
of dose-dependent effects of air pollutants on lung function, especially observed in young

infants exposed to high levels of NOx.
Comparison with literature

There are several studies demonstrating the effects of higher air pollution exposure and reduced
lung function during childhood and adolescence, underlying the clinical relevance of air
pollution on lung growth (4, 5, 24) and later respiratory morbidity in the elderly (25-28). In
regard to studies with lower air pollution exposure levels, a previous population-based cohort
in Sweden calculated air pollution exposure from birth until follow-up at eight years and

measured lung function at follow-up in almost 2000 children (7). In that study, different
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exposure windows were calculated and mean levels of PMio were lower than in our study. Per
7 ug/m? increase in PM o, which was equal to the difference between the 5 and 95 percentile,
the authors reported a decrease of -59.3 ml in FEV| in the whole study population, which was
more pronounced in boys and susceptible subgroups (e.g. children sensitized to common
allergens). In our population, PMio exposure during the first year of life was not significantly
associated with reduced FEV1. However, an increase of 7.7 pg/m* PMio, assessed from birth
until six years of age, which was equal to the difference between the 5™ and 95™ percentile,

resulted in a -24.0 ml decrease in FEV1.

These differences may be explained by several mechanisms. Our population of six-year-olds
has lower mean FEV values compared to the eight-year-olds in the study by Schultz et al. (7)
(1277 ml vs 1780 ml), and hence, adverse effects of air pollution may result in a lower absolute
reduction in FEV1 due to lower lung volumes. When expressing the reduction in FEV: in
percent change, per 7 pg/m®> PMio increase, Schultz et al. measured a FEV1 decrease of 3.3 %,
while we observed a FEV1 decrease of 1.9 %. Reasons underlying these differences may be
related to different statistical models and adjustments, a different assessment of air pollution
exposure, as well as exposure to different risk factors (e.g. environmental and genetic). Results
from a large cohort study in the area of Paris support our findings. Bougas et al. reported
associations of pre-and postnatal exposure to NOx (NO and NOz2) and lung function parameters
at 8-9 years of age (2), with more pronounced effects observed in vulnerable subgroups (e.g.
children with early lower respiratory tract infections or allergic sensitization). Of note, exposure
levels of NO2 measured from birth until lung function in that study were approximately four

times higher (median NO2 65.4 pug/m’) than exposure levels in our study (median NO2 14.2

ug/m?).

A large cohort study in the US investigated the association of air quality regulations in the

1990s, and lung function in 600 eight-year-old children. The authors found no significant
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associations between air pollution exposure and lung function, except for PMa2.s exposure one
year before lung functional testing, and reduced FEV: values (29). This weak association
supports our findings, where we adjusted rigorously for potential confounders (e.g. short-term
air pollution exposure, asthma status of the child), and found only weak associations within the
overall population. As the observed decrease in FEV1 in our study reached significance level
mainly for children in the highest NO2 exposure group, we conclude that current air pollution
exposure in Switzerland is associated with only small reductions in lung function at school-age.
However, the small reductions in lung function as reported in this and previous studies (4, 5, 7)
should encourage further reduction in ambient air pollution levels to protect susceptible children

during vulnerable time windows of lung development.

Previous studies measured pollutants at one to three time points, and found associations with
reduced lung function (4, 5, 7, 30). Such an approach may have its limitations, however, since
air pollution exposure reflects only a snap shot, and mean individual exposure levels during
longer time periods may differ. This may have led to an overestimation of air pollution effects,
especially when air pollution decreases over time and the pollutants were measured at an early
time point and these estimates were used for the whole study period (7, 31). Furthermore, in
order to not report spurious associations, studies should attempt to approximate exposure levels
as precisely as possible, taking into account spatial and temporal variation, as factors such as
proximity to major roads and short-term air pollutant exposure, are known to impact upon

individual exposure levels (15, 32).
We observed a relevant decline in air pollutant levels over the 14-year study period (figure 1).

NO: within our overall population decreased nearly 30% (from 20.6 pg/m’® to 14.4 ug/m?)
between 2002 and 2010. While in 2002 30% of all infants were exposed to NO2 levels >20
ug/m’, in 2010 only 16% remained exposed to these levels. This finding is encouraging, since

recent attempts to reduce air pollutant exposure, at least in Switzerland, were effective (11).
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Gauderman et al. investigated the effect of a decrease in air pollution levels on lung
development in eleven-year-old children up to 15-year-old adolescents (31), but not at earlier
ages. For an increase of 2 ug/m’® in PMas, they observed a decrease of -21.8 ml in FVC.
Nevertheless, the study by Gauderman et al. did not track longitudinal lung function on an
individual level, or at a young age (31). The study is, however, important as it was the first to
report improved lung function due to reduced air pollution in a large cohort, and underlines the
necessity to measure pollutant levels continuously in prospective studies. Assessing more
precise exposure estimates could help to better evaluate the effects of improved air quality on

children’s health, especially when air pollution decreases over time.

Clinical and physiological relevance

Air pollution has detrimental effects on lung development, especially in areas with higher
exposure levels (5, 24, 33, 34). Depending on the assessment of the pollutant, time period of
interest, and study areas, the reported adverse effects differ (7, 29, 31, 35). Although the
absolute effect of some pollutants may seem small, a decline in lung function may be most
significant for those starting with impaired lung function early in life (e.g. preterm infants) or

susceptible subjects (e.g. cystic fibrosis patients) (36-38).

Preschool NO:z exposure was associated with impaired lung function at six years of age, whether
or not the multivariable model was adjusted for the presence of asthma status of the child. We
speculate that this may imply that air pollution has a direct impact on lung functional growth,
and it is not only the effect of airway obstruction as a consequence of asthma related airway

inflammation.

We observed an association between higher air pollution levels and reduced FEV 1, but not with
FRCypieth at six years of age. This finding may be due to different breathing maneuvers done

during lung function testing. For spirometry (to assess FEV1) the child is breathing at the
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mechanical limits of the respiratory system (flow limitation). This typically results in lower
variability of forced flow lung function parameters. During body plethysmography, the child is
breathing close to FRC. At FRC, the respiratory system exhibits more adaptive variability of
the airway resistance and thus small deleterious effects of air pollutants might not be detectable.
These physiological differences may explain why the small impact of air pollution on lung
function may only be visible when assessed at the extreme, which is during forced breathing
maneuvers, but not during regular FRC breathing. Nevertheless, data are consistent with the

impact of low-level air pollution on airway obstruction (7) but not lung restriction.

Further, air pollution is just one parameter resulting in reduced lung function, and other factors,
such as toxins (e.g. ETS), as well as physiological decline over time, should be considered.
Hence, even though low-level air pollution may have only small adverse effects, children
exposed to moderate-to-high air pollution levels during susceptible time windows showed a
significant decrease in lung function (2, 5, 24, 39), which might lead to later respiratory
morbidity in the elderly (25-28). Therefore, further attempts should be made to reduce air

pollution levels in order to minimize detrimental effects.

Strengths and limitations

One strength of our study was the assessment of air pollution during pregnancy and after birth,
enabling us to study different exposure windows. To our knowledge, this is the first study to
assess low-to-moderate levels of pre- and postnatal air pollution and association with airway
obstruction and lung volume. We estimated NO:z continuously using models based on bi-weekly
measurements over the whole study period and validated it with independent data (15). Lung
function was performed at one center by trained staff reducing potential inter-center differences.
Especially in young children, precision of measurements largely depends on the child’s ability

to perform the breathing maneuvers, and only high-quality measurements were included.
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Children lost to follow-up, had significantly lower educated parents and were more often
exposed to ETS compared to those followed-up. A lower rate of ETS exposure in those children
investigated may have led to a selection of children with potentially better lung function at

school-age.

Due to a limited sample size, we could only perform subgroup analyses by dividing participants
into quartiles depending on their exposure level, but could not perform additional subgroup
analyses. Therefore, we cannot conclude on the impact of air pollution in susceptible subgroups
(e.g. children with asthma), as reported by others (7, 29). Our analyses were adjusted for known
confounders impacting upon the association between air pollution and reduced lung function,

but the possibility of residual confounding remains.

When looking at the whole study population, we observed small effects of higher NO2 exposure
during the entire study period (pregnancy until six years) with reduced FEV1 values at school-
age. This effect became even more obvious in the highest exposed group, where NO2 exposure
>20 pug/m® during pregnancy the 1%, and the 2™ year of life were associated with severely
reduced lung function at school-age. This indicates that NO2 exposure >20 pg/m® may be a
critical exposure level. We are not able conclude on critical exposure levels of NO2 during later
childhood (5" and 6™ year of life), since exposure levels during these time points were lower

(<20 pug/m?) due the natural decline of air pollution during the study period.
Conclusion and implications

In this study, we found associations between moderate air pollution exposure assessed before
birth and during early childhood and lung function at school-age on a population level in healthy
children. Stronger associations between air pollution and reduced FEV values were observed
in a subgroup exposed to the highest pollution levels above 20 pg/m* NOx. It is remarkable that

in infants these dose-dependent effects are unexpectedly observed even at NO2 values below

142



Publications — Article 111

the WHO guideline limits of 40 ug/m? (13). Thus, functional growth impairment may already
be present, if infants are exposed to low-level air pollution during pregnancy and the first two
years of life, time windows of rapid lung growth and potentially vulnerable lung development.
In order to protect the vulnerable infant population and to develop health policies, further
studies are needed to particularly investigate the relative impact of exposure during young age
and low-level air pollution. Not only age, but also other preexisting risk factors (e.g. male sex,
allergic sensitization (7)), may affect vulnerability to air pollution in small infants, requiring
large multicenter birth cohort air pollution studies with a wide range of accurately measured air
pollution exposures. There is sufficient evidence in the literature (25-28), that impaired early
life lung functional growth is associated with later respiratory morbidity in the elderly. Thus,
impairment of lung functional growth at even low concentrations will affect a large proportion
of the normal healthy population and will potentially have a significant impact on public health

in the future.
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Table 1 Anthropometric data and potential risk factors of the study participants at six

years

Study participants, n

Age at follow-up, years

Length at follow-up, m

Weight at follow-up, kg

Male sex, n (%)

Asthma of the child at follow-up ?, n (%)
Maternal atopy °, n (%)

Maternal smoking during pregnancy, n (%)
ETS ¢, n (%)

Parental education ¢

low, n (%)
middle, n (%)

high, n (%)

232
6.1 (0.2)
1.17 (0.05)
222 (3.3)
114 (49)
17 (7)

89 (38)

11 (5)

44 (19)

43 (19)
97 (42)

92 (40)

Values are mean (SD) or number (percentage). * Asthma was defined by wheezing over the
past 12 months and doctor diagnosed asthma, or wheezing and use of asthma medication
(glucocorticoid or beta mimetic); ® defined as self-reported, doctor-diagnosed asthma, hay fever
or eczema; ° defined as passive smoke at work or at home during pregnancy, as well as parental

smoking any time during follow-up; ¢

categorized into low (less than four years of

apprenticeship), middle (four years of apprenticeship and above) and high (tertiary education).
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Table 2 Lung function data at school-age at six years

Summary of measures Mean (SD) Range
Spirometry *
FEV1 (ml) 1277 (191) 797 - 1785
FEV1 (z-scores) 0.02 (0.87) -2.25-241
FVC (ml) 1381 (235) 816 — 2251
FVC (z-scores) -0.19 (0.93) -2.70-2.49
FEV1/FVC 0.93 (0.05) 0.7-1.0
FEV1/FVC (z-scores) 0.45 (0.93) -2.46 -2.15
MEF25.75% (ml/sec) 1676 (388) 606 — 2664
MEF25.75% (z-scores) -0.04 (0.90) -2.96 —1.94
Body plethysmography °
FRCpleth (ml) 1105 (256) 579 —-3320

Values are means (SD) and range. Lung function measurements are given in ml and as z-
scores according to Quanjer et al. (19). FEV, forced expiratory volume in one second; FVC,
forced vital capacity; MEF2s.75%, forced expiratory flow from 25-75% of exhalation. FRCpieth,
function residual capacity measured by body plethysmography; ® Data available for n=208;
FVC and FEV agreeing within 100 ml between the best two blows. ° Data available for
n=212.
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Table 3 Distribution of estimated residential outdoor air pollutants

NO:2 pug'm? Mean (SD) Range IQR
Entire pregnancy 18.5 (5.5) 10.4-37.2 8.0
1% year of life 17.6 (5.1) 9.4-344 7.2
6" year of life 12.8 (4.0) 7.0 -26.6 4.9
From birth until follow-up 15.0 (4.3) 8.5-30.2 53
Exposure at follow-up ? 11.8 4.7) 49-359 59

O3 ug'm?
Entire pregnancy 87.3 (10.5) 68.6 —114.9 14.5
1*" year of life 87.0 (5.6) 76.1 —99.4 8.7
6" year of life 83.8 (4.7) 65.0 - 96.1 6.0
From birth until follow-up 85.0 4.1) 74.4—-953 6.0
Exposure at follow-up ? 88.3 (30.3) 10.1 - 163.4 50.6

PMiopg-m?
Entire pregnancy 21.8 (3.3) 12.5-28.6 4.4
1*" year of life 21.0 (2.8) 10.8 —26.8 3.1
6" year of life 17.9 (2.6) 9.8-25.8 3.1
From birth until follow-up 19.4 (2.4) 10.6 — 23.6 3.2
Exposure at follow-up ? 17.5 (7.9) 54-525 7.9

Values are means (SD), range and IQR. * 14 days average before lung function testing during
follow-up at six years; data available for n=232.
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Table 4 Association of air pollution during different exposure windows with
spirometry (in ml) at six years

Univariable association Multivariable association ?
FEV{ (ml)
Exposure Coef  95% CI p-value Coef 95% CI p-value
NO2 pregnancy 12.0 (-25.6,49.7) 0.530 -252 (-57.4,7.1) 0.125
1% year of life 9.1 (-28.8,47.1) 0.636 -25.6 (-59.6,8.4) 0.140
6 year of life -1.0 (-32.4,304) 0949 -40.5 (-76.4,-4.7) 0.027

birth until follow-up 1.4 (-30.8,33.6) 0933 -37.7 (-72.3,-3.1) 0.033
short-term exposure  18.7 (-11.8,49.2) 0.229 6.7 (-16.2,29.6) 0.565

Os  pregnancy 251 (-60.8,10.7) 0.168 -204 (-48.5,7.7) 0.154
1%t year of life 0.8 (-39.9,38.3) 0968 -16.5 (-45.0,11.9) 0.253
6" year of life 272 (-6.6,61.0) 0.114 4.6 (-20.7,29.9) 0.719

birth until follow-up 4.3 (-33.7,42.3) 0.823 -21.2 (-49.1,6.8) 0.138
short-term exposure -35.9 (-79.4,7.7) 0.106 -40.7 (-72.9,-8.5) 0.013

PMio pregnancy 4.1 (-39.0,30.8) 0.817 -23.5 (-49.6,2.6) 0.078
1% year of life 8.7 (20.7,382) 0559 0.16 (-22.4,22.7) 0.989
6" year of life 0.6 (-30.9,32.0) 0973 -13.6 (-384,11.1) 0.279

birth until follow-up 2.1 (-33.3,37.6) 0906 -13.5 (-41.0,14.0) 0.333
short-term exposure  27.1 (1.3, 52.8) 0.039 5.8 (-13.9,25.4) 0.565

Univariable and multivariable linear regression models for the association per IQR increase
of NO2, O3, and PMio with lung functional measurements in milliliters at six years.

® Multivariable model adjusted for sex, child’s age, height, child’s diagnosis of asthma,
maternal atopy, environmental tobacco exposure and short-term exposure to the examined air
pollutant. Coef, Coefficient; FEV1, forced expiratory volume in one second; NOz2, nitrogen
dioxide; O3, ozone; PMio, particulate matter with an aerodynamic diameter of <10 um; data
available for n=208.
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Figure 1 Temporal development of mean NO; levels (ug/m?) for each quartile. Temporal
development over all investigated time windows (pregnancy, 1% year, 2" year, 3™ year, 4" year,
5t year, 6™ year). The population was divided into quartiles by individual NO> levels (ng/m3);

data available for n=208, per quartile n=52.
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Figure 2 Effect of NO; levels (ug/m®) on FEV; (ml) at six years. The population was divided
into quartiles by individual NO> levels (per quartile n=52). This resulted in low exposed (1
quartile), mid exposed (2" and 3™ quartile), and highest exposed (4" quartile) subgroups. NO>
(ug/m?) during different time windows (pregnancy, 1° year, 2" year, 3™ year, 4" year, 5" year,
6™ year) and its effects on FEV1 (ml) at six years was calculated for 1% quartile, 2" and 3™

quartile combined, and 4" quartile. Data available for n=208.
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Table S1 Anthropometric data and potential risk factors of the study participants compared

to children lost to follow-up

Lost to follow-

Followed-up up p-value
Number of children 241 63
Male sex, n (%) 118 (56) 35 (49) 0.351
Length at birth, cm 49.5 (1.9) 49.5(2.4) 0.419
Weight at birth, g 3359 (419) 3418 (508) 0.170
Maternal atopy *, n (%) 92 (38) 22 (37) 0.829
i\%temal smoking during pregnancy, n 11(5) 7(11) 0.042
ETS®, n (%) 45 (19) 11 (17) 0.825
Parental education ©
low, n (%) 46 (19) 14 (23) 0.001
middle, n (%) 101 (42) 10 (17) :
high, n (%) 94 (39) 36 (60)

Values are mean (standard deviation) or number (percentage). * defined as self-reported, doctor-
diagnosed asthma, hay fever or eczema; ° defined as passive smoke at work or at home during
pregnancy, as well as parental smoking any time during follow-up; ° categorized into low (less
than four years of apprenticeship), middle (four years of apprenticeship and above) and high

(tertiary education).
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Table S2 Distribution of estimated residential NO: exposure levels for each quartile

NO:2 pug'm? Mean (SD) Range IQR
pregnancy
1. Quartile 12.3 1.1 10.4—-14.1
2. Quartile 15.6 1.0 142-174 8.0
3. Quartile 19.2 1.1 17.4-21.9
4. Quartile 26.1 3.1 22.0-37.2
1% year of life
1. Quartile 11.9 1.0 94-134
2. Quartile 14.8 0.9 13.4-16.3 7.2
3. Quartile 18.2 1.2 16.3 —20.7
4. Quartile 24.7 2.9 20.7-344
2" year of life
1. Quartile 11.4 1.0 9.0-12.8
2. Quartile 14.0 0.8 12.8-15.3 5.7
3. Quartile 16.6 1.0 153-184
4. Quartile 23.0 34 18.6 —33.6
34 year of life
1. Quartile 10.6 0.9 8.8—-11.8
2. Quartile 13.0 0.7 11.9-14.1 5.7
3. Quartile 15.7 0.9 14.1-17.5
4. Quartile 22.2 3.3 17.6 —30.4
4t year of life
1. Quartile 9.9 0.8 83-11.2
2. Quartile 12.2 0.7 11.2-13.3 4.9
3. Quartile 14.8 0.8 13.4-16.0
4. Quartile 20.8 3.5 16.2-29.4
5t year of life
1. Quartile 9.2 0.8 7.6-10.3
2. Quartile 11.4 0.7 10.4-12.6 4.8
3. Quartile 13.9 0.8 12.6 —15.2
4. Quartile 19.5 3.5 15.2-284
6™ year of life
1. Quartile 8.4 0.7 7.0-9.6 49
2. Quartile 10.7 0.7 9.6-11.9 '
3. Quartile 13.2 0.7 12.0-14.4
4. Quartile 18.3 3.2 144 -26.6
Birth until follow-up
1. Quartile 10.4 0.9 85-11.6 59
2. Quartile 12.8 0.8 11.6—-14.2 '
3. Quartile 154 0.8 142 -16.8
4. Quartile 21.0 3.1 16.9 —30.2

Values are means (SD), range and IQR; data available for n=208, per quartile n=52.
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Table S3 Association of air pollution during different exposure windows with spirometry
(in z-scores) at six years

Univariable association Multivariable association ?
FEV| (z-scores)
Exposure Coef  95% CI p-value Coef 95% CI p-value
NO2 pregnancy -0.09 (-0.26,0.09) 0.325 -0.16 (-0.35,0.04) 0.126
1% year of life -0.08 (-0.26,0.09) 0.338 -0.16 (-0.37,0.05) 0.127
6 year of life -0.07 (-0.22,0.07) 0307 -0.25 (-0.47,-0.02) 0.031

birth until follow-up -0.08 (-0.23,0.06) 0.274 -0.24 (-0.45,-0.02) 0.033
short-term exposure 0.02 (-0.12,0.16) 0.740  0.03 (-0.11,0.17) 0.662

03 pregnancy -0.04 (-0.20,0.12) 0.633 -0.11 (-0.29,0.06) 0.203
1% year of life -0.09 (-0.26,0.09) 0334 -0.11 (-0.28,0.07) 0.242
6" year of life -0.00 (-0.16,0.15) 0953 0.02 (-0.13,0.18) 0.782

birth until follow-up -0.13 (-0.31,0.04) 0.124  -0.24 (-0.45,-0.02) 0.033
short-term exposure -0.22 (-0.42,-0.03) 0.027 -0.25 (-0.45,-0.05) 0.014

PMio pregnancy -0.12 (-0.28,0.04) 0.135 -0.14 (-0.30,0.14) 0.695
1% year of life 0.01 (-0.13,0.14) 0924 -0.01 (-0.15,0.13) 0.899
6" year of life -0.06 (-0.20,0.08) 0.404 -0.09 (-0.24,0.06) 0.251

birth until follow-up -0.06 (-0.22,0.10) 0.433  -0.09 (-0.26,0.08) 0.292
short-term exposure 0.03 (-0.09,0.15) 0.594  0.02 (-0.10,0.14) 0.695

FEV/FVC (z-scores)

NO> pregnancy 0.03 (-0.15,0.22) 0.739 -0.02 (-0.23,0.19) 0.849
1% year of life 0.03 (-0.16,021) 0.773 -0.05 (-0.27,0.17) 0.631
6" year of life -0.01 (-0.16,0.15) 0.947 -0.14 (-0.37,0.10) 0.242

birth until follow-up 0.00 (-0.15,0.16) 0967 -0.12 (-0.35,0.11) 0.303
short-term exposure 0.08 (-0.07,0.22) 0.321  0.06 (-0.09,0.21) 0.414

Os;  pregnancy -0.14 (-0.31,0.04) 0.121 -0.16 (-0.34,0.03) 0.092
1% year of life 0.03 (-0.17,0.22) 0.793  0.03 (-0.16,0.22) 0.738
6" year of life 0.11 (-0.05,0.28) 0.177 0.13  (-0.03,029) 0.117

birth until follow-up -0.00 (-0.19,0.18) 0.974  0.02 (-0.17,0.20) 0.869
short-term exposure -0.06 (-0.27,0.16) 0.598 -0.04 (-0.25,0.17) 0.713

PMio pregnancy 0.07 (-024,0.10) 0441 -0.07 (-0.24,0.10) 0.413
1%t year of life -0.05 (-0.19,0.10) 0.536 -0.05 (-0.20,0.09) 0.481
6" year of life -0.04 (-0.19,0.11) 0.603 -0.03 (-0.19,0.13) 0.722

birth until follow-up -0.05 (-0.22,0.12) 0.570 -0.06 (-0.24,0.12) 0.523
short-term exposure  -0.01 (-0.14,0.11) 0.817 0.00 (-0.12,0.13) 0.950

Univariable and multivariable linear regression models for the association per IQR increase
of NO2, O3, and PM 1o with lung function measurements in z-scores according to Quanjer et al.
(19) at six years. * Multivariable model adjusted for child’s diagnosis of asthma, maternal
atopy, environmental tobacco exposure and short-term exposure to the examined air pollutant.
Coef, Coefficient; FVC, forced vital capacity; FEV1, forced expiratory volume in one second;
NOg2, nitrogen dioxide; O3, ozone; PMio, particulate matter with an aerodynamic diameter of
<10 um; data available for n=208.
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Table S4 Association of quartiles of NO: exposure during different exposure windows with
spirometry at six years

Univariable association Multivariable association *
FEV1 (z-scores)
Exposure window Coef  95% CI p-value Coef 95% CI p-value
Pregnancy
1. quartile -0.41 (-2.16,1.33)  0.635 -0.23 (-2.06,1.59)  0.797
2. quartile 0.19 (-1.97,2.35)  0.858 0.31 (-1.80,2.42)  0.768
3. quartile -0.14 (-1.83,1.55)  0.871 -0.05 (-1.83,1.73)  0.955
4. quartile -0.84  (-1.40,-0.28)  0.004 -1.06 (-1.66,0.46)  0.001
1%t year of life
1. quartile -0.13 (-1.79,1.54)  0.877 -0.38 (-2.13,1.37)  0.665
2. quartile 1.36 (-1.05,3.77)  0.263 1.44 (-0.99,3.86)  0.239
3. quartile -0.24 (-1.65,1.18)  0.737 -0.45 (-1.89,1.00)  0.538
4. quartile -0.72  (-1.28,-0.17)  0.012 -1.01 (-1.64,0.38)  0.002
2" year of life
1. quartile -0.70 (-2.09,0.69) 0.314 -0.91 (-2.35,0.54) 0.214
2. quartile -0.33 (-2.44,1.79)  0.758 -0.34 (-2.49,1.81) 0.752
3. quartile -0.52 (-1.92,0.88)  0.459 -0.56 (-2.07,0.96)  0.462
4. quartile -0.34  (-0.68,-0.01)  0.043 -0.51 (-0.85,0.17)  0.004
3rd year of life
1. quartile 0.17 (-11.26,1.59) 0.816 0.12 (-1.59,1.35) 0.867
2. quartile 1.29 (-1.15,3.72)  0.294 1.32 (-1.17,3.81)  0.293
3. quartile -0.28 (-1.36,1.92)  0.731 0.41 (-1.36,2.18)  0.640
4. quartile -0.03 (-0.39,0.33)  0.866 -0.12 (-0.54,0.29)  0.866
4t year of life
1. quartile -0.39 (-2.02,1.24)  0.632 -0.66 (-2.37,1.05)  0.442
2. quartile 1.28 (-0.66,3.21)  0.191 1.22 (-0.82,3.25)  0.191
3. quartile -0.81 (-2.39,0.78)  0.312 -0.80 (-2.46,0.85)  0.335
4. quartile -0.07 (-0.35,0.20)  0.598 -0.16 (-0.48,0.16)  0.315
5t year of life
1. quartile 0.37 (-1.07,1.80)  0.609 0.16 (-1.34,1.66)  0.831
2. quartile 0.91 (-0.92,2.75)  0.321 0.98 (-0.94,2.90)  0.309
3. quartile 0.11 (-1.59,1.80)  0.899 0.12 (-1.65,1.90)  0.891
4. quartile -0.06 (-0.35,0.24)  0.707 -0.14 (-0.48,0.19)  0.384
6™ year of life
1. quartile -0.30 (-1.99,1.39)  0.724 -0.39 (-2.16,1.38)  0.663
2. quartile 1.38 (-0.52,3.27)  0.152 1.23 (-0.77,3.23)  0.222
3. quartile -0.35 (-2.14,1.45)  0.698 -0.40 (-2.34,1.54)  0.681
4. quartile -0.10 (-0.41,0.22)  0.540 -0.11 (-0.45,0.23) 0512
Birth until follow-up
1. quartile -0.03 (-1.53,1.47)  0.970 -0.38 (-1.95,1.20)  0.631
2. quartile 1.18 (-0.91,3.28)  0.262 1.49 (-0.62,3.59)  0.162
3. quartile 0.17 (-1.53,1.86)  0.844 0.30 (-1.52,2.12) 0.740
4. quartile -0.70  (-1.17,-0.22)  0.005 -0.79 (-1.31,-0.27)  0.004

Univariable and multivariable linear regression models for the association per IQR increase of NO2
with lung functional measurements in z-scores according to Quanjer et al. (19) at six years. ?
Multivariable model adjusted for child’s diagnosis of asthma, maternal atopy, environmental tobacco
exposure and short-term exposure to the examined air pollutant. Coef, Coefficient; FEV1, forced
expiratory volume in one second; NOz, nitrogen dioxide; data available for n=208, per quartile n=52.
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Table S5 Association of quartiles of O3 exposure during different exposure windows with
spirometry at six years

Univariable association Multivariable association *
FEV1 (z-scores)
Exposure window Coef  95% CI p-value Coef 95% CI p-value
Pregnancy
1. quartile 0.07  (-1.22,1.37)  0.909 -0.02 (-1.32,1.28) 0.974
2. quartile 1.99  (-0.05,4.04) 0.056 1.99 (-0.16,4.15)  0.069
3. quartile 1.63 (-0.33,2.93) 0.015 1.68 (-0.32,3.04) 0.017
4. quartile -0.71  (-1.32,-0.11)  0.022 -0.72 (-1.39,0.05) 0.035
1%t year of life
1. quartile 040  (-0.87,1.67) 0.531 1.05 (-0.23,2.33)  0.107
2. quartile -1.78  (-4.13,0.57) 0.134 -1.82 (-4.16,0.53)  0.125
3. quartile 1.64 (0.36,2.93) 0.013 1.66 (0.33,2.99) 0.015
4. quartile 0.08  (-0.83,0.98) 0.865 0.07 (-0.95,1.08)  0.895
2" year of life
1. quartile -0.35  (-1.30,0.60) 0.459 -0.16 (-1.15,0.84)  0.756
2. quartile -0.19  (-2.74,2.37)  0.885 -0.37 (-2.98,2.24) 0.777
3. quartile 0.40  (-0.78,1.58) 0.504 0.65 (-0.58,1.88)  0.290
4. quartile -0.35  (-1.10,0.41) 0.358 -0.35 (-1.15,0.45) 0.384
3" year of life
1. quartile 048  (-0.36,1.31) 0.260 0.49 (-0.38,1.36)  0.266
2. quartile -0.85  (-2.60,0.89) 0.331 -0.90 (-2.89,1.09) 0.366
3. quartile -1.20  (-2.89,0.48) 0.157 -0.79 (-2.38,0.81)  0.326
4. quartile 0.17  (-0.50,0.85) 0.605 0.14 (-0.55,0.83)  0.680
4t year of life
1. quartile 0.16  (-0.62,0.95) 0.674 0.23 (-0.62,1.08)  0.589
2. quartile -1.14  (-2.89,0.60)  0.195 -0.82 (-2.49,0.85) 0.329
3. quartile 0.31 (-1.33,1.95) 0.705 0.33 (-1.45,2.11)  0.709
4. quartile -0.16  (-0.83,0.51) 0.631 -0.06 (-0.73,0.61)  0.862
5th year of life
1. quartile 022  (-0.32,0.77) 0.417 0.23 (-0.35,0.80)  0.430
2. quartile -0.34  (-2.06,1.38)  0.692 -0.38 (-2.15,1.39)  0.669
3. quartile -0.57  (-2.28,1.14)  0.505 -1.00 (-2.73,0.73)  0.250
4. quartile 0.02  (-0.57,0.61) 0.952 0.09 (-0.51,0.69) 0.762
6" year of life
1. quartile 0.11 (-0.34,0.56) 0.631 0.07 (-0.41,0.55) 0.781
2. quartile -0.45  (-2.35,145) 0.636 -0.55 (-2.52,1.42) 0.579
3. quartile -0.41  (-2.07,1.26) 0.626 -0.59 (-2.32,1.13)  0.492
4. quartile 0.05 (-0.60, 0.70)  0.869 0.05 (-0.63,0.72)  0.893
Birth until follow-up
1. quartile 0.13 (-0.75,1.01)  0.773 0.05 (-0.96, 1.06)  0.928
2. quartile 1.67  (-0.70,4.04) 0.163 1.78 (-0.56,4.12)  0.133
3. quartile 0.03 (-1.30,1.35) 0.970 -0.41 (-1.91,1.08)  0.578
4. quartile -0.11  (-0.74,0.53)  0.733 -0.09 (-0.80,0.60)  0.788

Univariable and multivariable linear regression models for the association per IQR increase of O3
with lung functional measurements in z-scores according to Quanjer et al. (19) at six years. ?
Multivariable model adjusted for child’s diagnosis of asthma, maternal atopy, environmental
tobacco exposure and short-term exposure to the examined air pollutant. Coef, Coefficient; FEV1,
forced expiratory volume in one second; O3, Ozone; data available for n=208, per quartile n=52.
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Table S6 Association of quartiles of PM;o exposure during different exposure windows
with spirometry at six years

Univariable association Multivariable association ?

FEV| (z-scores)

Exposure window Coef  95% CI p-value Coef 95% CI p-value
Pregnancy
1. quartile 0.09  (-0.46,0.63) 0.746 0.17 (-0.42, 0.76) 0.567
2. quartile 0.72  (-1.17,2.62) 0.446 0.43 (-1.55,2.41) 0.664
3. quartile -0.04  (-1.70,1.63) 0.964 0.29 (-1.55,2.13) 0.750
4. quartile -0.54  (-1.52,0.45) 0.279 -0.49 (-1.51,0.54) 0.343
1%t year of life
1. quartile 0.03  (-0.32,0.38) 0.867 0.02 (-0.35, 0.40) 0.898
2. quartile 0.87  (-0.80,2.55) 0.302 0.75 (-0.86, 2.36) 0.355
3. quartile 0.83  (-1.15,2.81) 0.403 0.95 (-1.10, 3.00) 0.355
4. quartile -0.03  (-0.69,0.64) 0.937 -0.02 (-0.76, 0.73) 0.966
2" year of life
1. quartile -0.03  (-0.44,0.38) 0.889 -0.02 (-0.47,0.42) 0.922
2. quartile 1.50  (-0.26,3.27) 0.094 1.18 (-0.76, 3.11) 0.226
3. quartile -0.05  (-1.54,1.44) 0.944 -0.37 (-1.98, 1.25) 0.647
4. quartile -0.72  (-1.33,-0.11)  0.022 -0.70 (-1.33,-0.07) 0.031
3rd year of life
1. quartile 0.15  (-0.23,0.53) 0.420 0.10 (-0.33, 0.53) 0.629
2. quartile -1.23  (-2.92,0.45) 0.147 -2.26 (-3.83,-0.69) 0.006
3. quartile -0.89  (-3.11,1.33) 0.424 -0.98 (-3.32, 1.37) 0.407
4. quartile -0.03  (-0.54,0.48) 0.900 -0.06 (-0.58,0.47) 0.823
4'h year of life
1. quartile 0.10  (-0.24,0.43) 0.569 0.10 (-0.27,0.47) 0.580
2. quartile -0.04  (-1.85,1.78) 0.967 -0.25 (-2.06, 1.56) 0.782
3. quartile 0.51  (-1.25,2.26) 0.565 0.53 (-1.24,2.30) 0.546
4. quartile -0.00  (-0.43,0.42) 0.982 -0.13 (-0.59, 0.32) 0.557
5th year of life
1. quartile 038  (-0.03,0.78) 0.065 0.38 (-0.10, 0.87) 0.116
2. quartile -0.45  (-2.45,1.14) 0.571 -0.64 (-2.28, 1.00) 0.437
3. quartile 0.54  (-1.56,2.65) 0.606 0.49 (-1.67,2.64) 0.653
4. quartile 0.11  (-0.90,1.11) 0.834 -0.07 (-1.11,0.97) 0.893
6 year of life
1. quartile 021  (-0.20,0.62) 0.305 0.33 (-0.11, 0.76) 0.136
2. quartile -0.75  (-2.18,0.69) 0.301 -0.81 (-2.25,0.62) 0.259
3. quartile 0.04 (-1.91,1.99) 0.968 0.28 (-1.81,2.38) 0.786
4. quartile -0.35  (-1.06,0.36)  0.325 -0.43 (-1.19, 0.34) 0.275
Birth until follow-up
1. quartile 0.21  (-0.15,0.58) 0.250 0.17 (-0.23, 0.58) 0.397
2. quartile -0.05  (-1.85,1.75) 0.956 -0.18 (-2.09, 1.72) 0.846
3. quartile 0.13  (-1.91,2.16) 0.902 0.05 (-2.14, 2.25) 0.961
4. quartile -0.99  (-2.16,0.18)  0.096 -0.97 (-2.19, 0.26) 0.119

Univariable and multivariable linear regression models for the association per IQR increase of
PMiowith lung functional measurements in z-scores according to Quanjer et al. (19) at six years.
# Multivariable model adjusted for child’s diagnosis of asthma, maternal atopy, environmental
tobacco exposure and short-term exposure to the examined air pollutant. Coef, Coefficient;
FEV1, forced expiratory volume in one second; PMio, particulate matter <10 pm; data available
for n=208, per quartile n=52.
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Table S7 Association of air pollution during different exposure windows with spirometry (in z-
scores) at six years with/without adjustment for asthma of the child

Multivariable WITHOUT asthma ? Multivariable WITH asthma ®

FEV| (z-scores)

Exposure Coef 95% CI p-value Coef 95% CI p-value
NO2 pregnancy -0.14 (-0.34,0.07) 0.188 -0.16 (-0.35,0.04) 0.126
¥ year of life -0.15 (-0.37,0.06) 0.167 -0.16 (-0.37,0.05) 0.127
6 year of life -0.22  (-0.45,0.01) 0.065 -0.25 (-0.47,-0.02) 0.031
birth until follow-up -0.21 (-0.44,0.01) 0.059 -0.24 (-0.45,-0.02) 0.033
short-term exposure  0.02 (-0.12,0.17) 0.756  0.03 (-0.11,0.17) 0.662
O3  pregnancy -0.11 (-0.29,0.08) 0.251 -0.11 (-0.29,0.06) 0.203
1% year of life -0.09 (-0.28,0.09) 0.317 -0.11 (-0.28,0.07) 0.242
6" year of life -0.05 (-0.12,0.21) 0.583  0.02 (-0.13,0.18) 0.782
birth until follow-up -0.13 (-0.31,0.05) 0.147 -0.24 (-0.45,-0.02) 0.033
short-term exposure  -0.20 (-0.40,-0.01) 0.062  -0.25 (-0.45,-0.05) 0.014
PMio pregnancy -0.13  (-0.30,0.04) 0.124 -0.14 (-0.30,0.14) 0.695
1% year of life -0.01 (-0.16,0.13) 0.866 -0.01 (-0.15,0.13) 0.899
6" year of life -0.08 (-0.24,0.08) 0.314 -0.09 (-0.24,0.06) 0.251
birth until follow-up -0.09 (-0.27,0.09) 0.312 -0.09 (-0.26, 0.08) 0.292
short-term exposure  0.01 (-0.11,0.14) 0.826  0.02 (-0.10, 0.14) 0.695
FEV1/FVC (z-scores)
NO: pregnancy -0.03 (-0.25,0.18) 0.768 -0.02 (-0.23,0.19) 0.849
1% year of life -0.05 (-0.28,0.18) 0.657 -0.05 (-0.27,0.17) 0.631
6" year of life -0.15 (-0.39,0.09) 0.209 -0.14 (-0.37,0.10) 0.242
birth until follow-up -0.12 (-0.36,0.11) 0.289  -0.12  (-0.35,0.11) 0.303
short-term exposure  0.09 (-0.06, 0.24) 0.216  0.06  (-0.09, 0.21) 0.414
O3  pregnancy -0.15 (-0.34,0.04) 0.123 -0.16 (-0.34,0.03) 0.092
1* year of life 0.05 (-0.14,0.24) 0.617 0.03 (-0.16,0.22) 0.738
6 year of life 0.13 (-0.04,0.30) 0.120 0.13  (-0.03,0.29) 0.117
birth until follow-up 0.04 (-0.16,0.22) 0.719  0.02 (-0.17, 0.20) 0.869
short-term exposure  -0.07 (-0.28,0.15) 0.545 -0.04 (-0.25,0.17) 0.713
PMio pregnancy -0.05 (-0.22,0.13) 0.591 -0.07 (-0.24,0.10) 0.413
1% year of life -0.04 (-0.19,0.11) 0.610 -0.05 (-0.20, 0.09) 0.481
6" year of life -0.01 (-0.18,0.15) 0.873 -0.03 (-0.19,0.13) 0.722
birth until follow-up -0.04 (-0.22,0.15) 0.699 -0.06 (-0.24,0.12) 0.523
short-term exposure  0.02  (-0.11,0.15) 0.809  0.00 (-0.12,0.13) 0.950

Multivariable linear regression models for the association per IQR increase of NO2, O3, and PM1o with
lung function measurements in z-scores according to Quanjer et al. (19) at six years. * Multivariable
model adjusted for maternal atopy, environmental tobacco exposure and short-term exposure to the
examined air pollutant. ® Multivariable model adjusted for child’s diagnosis of asthma, maternal atopy,
environmental tobacco exposure and short-term exposure to the examined air pollutant. Coef,
Coefficient; FVC, forced vital capacity; FEV1, forced expiratory volume in one second; NOz, nitrogen
dioxide; O3, ozone; PMo, particulate matter with an aerodynamic diameter of <10 pm; data available
for n=208.
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Table S8 Association of quartiles of NO; exposure during different exposure windows with
spirometry at six years with/without adjustment for asthma of the child

Multivariable WITHOUT asthma Multivariable WITH asthma ®

FEV1 (z-scores)

Exposure window Coef  95% CI p-value Coef 95% CI p-value
Pregnancy
1. quartile 023 (-2.06,1.59) 0.797 021  (-2.05,1.63)  0.820
2. quartile 0.31  (-1.80,2.42) 0.768 0.27 (-1.82,2.36)  0.794
3. quartile 0.05 (-1.83,1.73) 0955  0.18  (-1.69,2.05)  0.848
4. quartile -1.06  (-1.66,0.46) 0.001 -1.07 (-1.67,-0.47)  0.001
1%t year of life
1. quartile -0.38  (-2.13,1.37) 0.665 -0.15 (-1.97,1.67)  0.867
2. quartile 144 (-0.99,3.86) 0.239 137 (-1.033.77)  0.256
3. quartile -0.45  (-1.89,1.00) 0.538 -0.42 (-1.84,1.00)  0.557
4. quartile 101 (-1.64,038) 0.002  -1.02  (-1.66,-0.39)  0.002
2" year of life
1. quartile 091 (-235,0.54) 0214  -0.88  (-2.37,0.60) 0.237
2. quartile -0.34  (-2.49,1.81) 0.752 -0.12 (-2.23,1.99) 0911
3. quartile 0.56  (-2.07,0.96) 0462 058  (-2.09,0.93)  0.445
4. quartile -0.51  (-0.85,0.17) 0.004 -0.51 (-0.86,-0.17)  0.040
3rd year of life
1. quartile 0.12  (-1.59,1.35) 0.867 0.00 (-1.54,1.54)  0.998
2. quartile 132 (-1.17,3.81) 0.293 149  (-0.943.92) 0223
3. quartile 041  (-1.36,2.18) 0.640 -0.75 (-1.23,2.37)  0.524
4. quartile 0.12  (-0.54,029) 0.866  -0.17  (-0.56,027)  0.495
4t year of life
1. quartile 0.66  (-2.37,1.05) 0442 061  (-2.38,1.16)  0.490
2. quartile 122 (-0.82,3.25) 0.191 1.18 (-0.83,3.18)  0.244
3. quartile 0.80 (-2.46,0.85) 0335 075  (-2.42,091)  0.366
4. quartile -0.16  (-0.48,0.16) 0.315 -0.17 (-0.49,0.16)  0.311
5t year of life
1. quartile 0.16  (-1.34,1.66) 0.831 0.14 (-1.39,1.66)  0.858
2. quartile 098  (-0.94,2.90) 0.309 122 (-0.643.08) 0.193
3. quartile 0.12  (-1.65,1.90) 0.891 0.13 (-1.67,1.92)  0.887
4. quartile 0.14 (-048,0.19) 0384  -0.17  (-0.50,0.15) 0.293
6™ year of life
1. quartile 039 (-2.16,1.38) 0.663 039  (-2.18,1.40)  0.665
2. quartile .23 (-0.77,3.23) 0.222 1.36 (-0.52,3.24)  0.152
3. quartile 040  (-2.34,1.54) 0.681 042  (-2.39,1.55)  0.668
4. quartile -0.11  (-0.45,0.23) 0.512 -0.19 (-0.54,0.16)  0.276
Birth until follow-up
1. quartile -0.38  (-1.95,1.20) 0.631 -0.36 (-1.97,1.24)  0.650
2. quartile 149 (-0.62,3.59) 0.162 127  (-0.793.34)  0.220
3. quartile 0.30  (-1.52,2.12) 0.740 0.46 (-1.37,2.28)  0.618
4. quartile 079 (-1.31,027) 0.004 080  (-1.33,-027) 0.004

Multivariable linear regression models for the association per IQR increase of NO2 with lung
functional measurements in z-scores according to Quanjer et al. (19) at six years.

# Multivariable model adjusted for maternal atopy, environmental tobacco exposure and short-
term exposure to the examined air pollutant. ° Multivariable model adjusted for child’s
diagnosis of asthma, maternal atopy, environmental tobacco exposure and short-term exposure
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to the examined air pollutant. Coef, Coefficient; FEV1, forced expiratory volume in one second;
NOz, nitrogen dioxide; data available for n=208, per quartile n=52.
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Combination of exhaled metabolites analysis with parallel lung function and FeNO

measurements in infants

Fabienne Decrue!*, Kapil Dev Singh!?®, Amanda Gisler'?, Mo Awchi'?, Jiafa Zeng'*, Jakob

. *
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3 University of Basel, Department of Biomedical Engineering, Allschwil, Switzerland

* pablo.sinues@ukbb.ch

Why appropriate for Analytical Chemistry:

Secondary electrospray ionization high-resolution mass spectrometry (SESI-HRMS) analysis
of exhaled metabolites in adults is becoming an increasingly prominent technique to address
clinical questions. The technology has been deployed in the recent years in clinical settings,
boosting its relevance in translational research. However, as it stands today, the technique is
limited to subjects which can actively provide real-time exhalations into the device. In this
manuscript, we describe the development of a novel method to extend the technology to
neonates in a clinical setting and potentially other non-cooperative patients (e.g. elderly). This
allows for the first time combining established clinical tests such as lung function with non-
invasive breath metabolomics. This method will be incorporated into a battery of other -omic
platforms and clinical investigations in the context of an epidemiological study; Basel-Bern

Infant Lung Development (BILD) cohort (https://www.bild-cohort.ch/)
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Abstract

Breath analysis by secondary electrospray ionization-high resolution mass spectrometry (SESI-
HRMS) offers the possibility to measure comprehensive metabolic profiles. The technology is
currently being deployed in several clinical settings. However, patients are required to exhale
directly into the device located in a dedicated room. Consequently, clinical implementation in
patients incapable of performing necessary exhalation maneuvers (e.g. infants) or immobile
(e.g. too weak, elderly or in intensive care), remains a challenge. The aim of this study was to
develop a method to extend such breath analysis capabilities to this sub-population of patients
by collecting breath samples remotely (off-line) and promptly (within 10 min) transfer them to
SESI-HRMS for chemical analysis. We initially assessed the method in adults by comparing
breath mass spectra collected off-line with Nalophan® bags against spectra of breath samples
collected in real-time. In total, 13 adults provided 176 pairs of on-line and off-line
measurements. Lin's Concordance Correlation Coefficient (CCC) was used to estimate the
agreement between off-line and on-line analyses. 1,249 mass spectral features (55% of total
detected) exhibited Lin’s CCC > 0.6. Subsequently, the method was successfully deployed to
analyze breath samples from infants (n = 16), obtaining as a result SESI-HRMS breath profiles.
To demonstrate the clinical feasibility of the method, we measured in parallel other clinical
variables: 1) lung function, which characterizes the breathing patterns and ii) nitric oxide, which
a surrogate marker of airway inflammation. As a showcase, we focused our analysis on the
exhaled oxidative stress marker 4-hydroxynonenal and its association with nitric oxide and

minute ventilation.
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Introduction

Breath analysis by mass spectrometry (MS) as a non-invasive technique to capture metabolic
profiles of patients, has been subject to research over the last decades (1, 2). Its non-invasive
nature makes it very attractive for clinical diagnosis and therapeutic monitoring (3). Within the
plethora of available MS-based methods, broadly speaking, there exist two main strategies:
real-time and off-line techniques. The former covers several ionization variants, including
proton transfer reaction-MS (PTR-MS) (4), selected ion flow tube-MS (SIFT-MS) (5) and
secondary electrospray ionization-high resolution mass spectrometry (SESI-HRMS). Real-time
breath analysis entails several advantages. Mostly, it is fast (allowing for large screening) and,
because there is no sample manipulation, it is less prone to alterations (i.e. analytes undergoing
further chemical transformations during analysis (6)). All three MS-based real-time breath
analysis platforms have been deployed in clinical settings (7, 8). However, there are cases in
which, even if the MS is located in the hospital, real-time breath analysis of patients is not
feasible. This includes for example compromised patients that cannot approach the MS facility
or non-cooperative patients like infants or elderly. In such cases, hybrid approaches whereby
samples are collected in a recipient and analyzed shortly afterwards by real-time mass
spectrometry are the only available option (9, 10). Much work has been done in the field to
determine the impact of collection of volatile organic compounds in bags for subsequent mass
spectrometric analysis (11, 12). However, this has never been determined for SESI-HRMS,
whereby hundreds of mass spectral features are typically detected. The aim of this study was to
perform such assessment and showcasing the feasibility of the developed method to analyze

exhaled metabolites in infants in a real-life, but controlled clinical setting.
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Experimental Section

Comparison between real-time and off-line exhaled metabolic profiles in adults

Study participants

In total 13 healthy adult participants (mean age 33.8 years, range 24-43 years, 62% female)
included in the study were part of a study with the aim to standardize procedures for breath
analysis by SESI-HRMS. Adults provided one to two pairs of on-line and off-line
measurements per day with at least 4 hours of rest in between, at least one hour of fasting and
abstaining from chewing gum or brushing their teeth prior to the measurement. This resulted
in 190 pairs of on-line and off-line measurements, from which 14 pairs had to be excluded due
to technical issues or non-adherence to study protocol. Anthropometric data for adults is
presented in Table S1. The local ethics committees (Ethics Committee for Northwest and
Central Switzerland) approved the study (EKBB-Nr. 360/11 and ID 2018-01324), and written

informed consent was obtained.

Breath analysis

On-line measurements in adults were performed following the same procedure as previously
described 13 (Figure 1). Briefly, the breath interface (Exhalion, FIT, Spain) was used to control
flow rate and volume of exhalation maneuvers (via exhaled CO2), maximizing the
reproducibility across individuals (14). For each on-line measurement, six consecutive
exhalations were acquired. Participants were asked to inhale through their nose and then exhale
through a disposable bacterial/viral filter. Exhalion interface was coupled to a SESI ion source
(SuperSESI, FIT, Spain) and a HRMS (Q-Exactive Plus, Thermo Fisher Scientific, Germany),
as previously described (15, 16). The Q Exactive Plus MS was operated via Q Exactive Tune

software in positive polarity full scan mode, over the mass-to-charge range of 70-1000 with a
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resolution of 140,000, 4 microscans, automatic gain control target 106 and maximum injection

time of 500 ms.

Off-line breath measurements were subsequently provided within 15 min after real-time breath
measurements (Figure 1). The off-line device consisted of a one-way valve as a mouthpiece
(Hudson RCI®), a Nalophan® bag (Nalophan® NA, 20 um £ 5 pum thick, Kalle) of
approximately 2 L volume and 700 cm? surface and a tube (Rotilabo® PTFE, 6 mm, 8 mm,
length 90 mm, Carl Roth®) connected to a valve (VHK2-08F-08F, SMC Switzerland) at the
end of the bag. After off-line collection of breath, the samples were infused into the ion source
within 10 mins after collection. The ion source featured a low-pressure mass flow controller
that ensured same flow conditions through the ion source for the on-line and the off-line

measurements.

Quality control

In the morning before breath measurements, the performance of the SESI-HRMS was checked
by measuring a gas standard including 8 components (Dalian Special Gases, Dalian, China;
Table S2) diluted to 2 ppb (dilutor Model 2010, Sabio Environmental, Round Rock, US). For
all measurements, it was confirmed that the signal intensity of protonated a-Terpinene (m/z
137) was greater than 107 a.u. In addition, each new measurement was compared against
historic data obtained for the same gas standard and confirmed there were no significant

deviations from previous data points.

Data analysis

Data pre-processing and further statistical analyses were performed using MATLAB (version
2020b, MathWorks Inc., USA). MS raw data was accessed via inhouse C# console apps based
on Thermo Fisher Scientific’s RawFileReader (version 5.0.0.38). After binning, the time traces

for each mass spectra feature were extracted. The area under the curve during the exhalation
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windows for each of the features detected was computed and normalized to the time window.
The replicate exhalations within each on-line experiment were averaged. A similar procedure
was used to calculate the signal intensities for the off-line analysis. As a result, for the adults a
data matrix of 352 samples (176 real-time and 176 off-line) x 2,284 features was obtained. The
data were 5M-root transformed to approach normal distributions. Lin’s concordance correlation
coefficient 17 (Lin’s CCC) was used to estimate the agreement of the off-line measurements

against the real-time technique in adults.

Deployment of off-line method in infants, along with lung function and fractional exhaled

nitric oxide (FeNO) in infants
Study participants

From the prospective and ongoing Basel-Bern Infant Lung Development (BILD) cohort
(https://www.bild-cohort.ch/), unselected term and preterm infants were recruited to participate
in this study (18). Prematurity was defined as gestational age at birth < 37 weeks (19). 16 (11
term and 5 preterm) infants (mean age 47 days, range 29-95 days, 50% female), provided a total
of 25 measurements, of which 9 were replicate measurements. Anthropometric data for infants

are given in Table S3.
Breath collection

Off-line breath collection from infants was performed in unsedated sleep at 44 weeks of
postconceptional age. The sampling device consisted of the following elements: medical
compressed air (~21 % oxygen, ~78 % nitrogen), manometer, bypass flow, infant mask (face
mask size 1, GaeleMed Corporation), t-piece (Hudson RCI®), one-way valve and a Nalophan®
bag of approximately 500 mL with 450 cm? surface (Figure 1). Medical compressed air was
administered with a flow rate of 0.3 L/min, helping infants to overcome the resistance of the

device (20). Excess air leaked through the bypass flow to the room. Infant face mask had a dead
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volume of 25 mL and t-pieces 30 mL. Infants' oxygen saturation and pulse were continuously
monitored during breath collection with a pulse oximeter (Masimo Signal Extraction
Technology, Masimo). Off-line breath collection was performed until bags were completely
filled. If infants were still asleep after the first bag was filled, a second bag was used to gather

information on short-term repeatability.

Lung function and FeNO measurements

Tidal breathing flow volume loops were captured using Exhalyzer D (EcoMedics, Duernten,
Switzerland) and FeNO measurement recorded by a chemiluminescence analyzer (CLD 77
AM; EcoMedics AG, Duernten, Switzerland) following ERS/ATS guidelines (21). For
analysis, we used the first 20-30 regular breaths during non-REM (non-rapid eye movement)
sleep from the total recorded breathing as previously described (22) and more into detail in

supplementary information.

Data analysis

The data matrix collected for the infants consisted of 25 samples x 2,284 features, whereby nine
of the samples were short-term replicates. This initial matrix was visualized using t-distributed
stochastic neighbor embedding (t-SNE) (23). After computing the mean of the two short term
replicates, the data matrix therefore consisted of 16 samples (unique individuals) % 2,284
features. Pearson’s correlation coefficient between minute ventilation, FeNO and exhaled

metabolites was computed.
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Adults: Method development

Off-line breath analysis

Off-line Signal Intensity

l Infants: Clinical application

Infant lung function

Flow
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—————————+— . s
IU.ODD 0.010 0.020 0.030 0.040 0.050

Exhaled metabolite abundance

Minute ventilation [mL/min-kg] Yolume (L)

Figure 1. Experimental set-up for adults’ and infants’ breath analysis. Initially, adults provided
on-line and off-line breath samples for comparison of the newly developed off-line technique
against the preexisting on-line technique. Once validated, we deployed the method to measure
infants during unsedated sleep. Additionally, infant lung function and FeNO measurements

were performed in parallel and correlated to exhaled target metabolites.

Results and Discussion

Comparison between real-time and off-line exhaled metabolic profiles in adults

During the first phase of this study, we aimed to develop and assess the performance of the off-
line collection method as compared to the real-time approach. The assessment of the agreement
between on-line and off-line methods was performed by computing the Lin's CCC for each

mass spectral feature (17). Lin’s CCC ranges from -1 to +1 (i.e. agreement between two
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methods). The histogram of the distribution of Lin’s CCC for the 2,284 measured features is
shown in Figure 2a. Out of 2,284 features, 845 showed a Lin’s CCC > 0.8 additionally 404
features had Lin’s CCC between 0.6 and 0.8. Hence, 55% of the features exhibited a Lin’s CCC
> (0.6. Similar moderate agreement between real-time and off-line collection methods have been
observed for SIFT-MS (24). Figure 2b shows the distribution of the location shift for the
portion of features with a Lin’s CCC > 0.6. It shows a tendency towards negative values,
indicating that the signals tend to be reduced in the off-line measurements, suggesting a general
trend of adsorption and losses of the metabolites onto the surface of Nalophan® bag. Positive
values probably correspond to impurities released by Nalophan® bags, some of which have

been previously characterized (25).

We further investigated whether there was a trend for the heavier species —generally less
volatile— to exhibit a stronger tendency to be lost in the off-line collection process. Figures
S1-S3 show the location shift as a function of m/z. No apparent trend was observed. Further
insights on the Lin’s CCC analysis are shown in Figures S4-S6. We then investigated whether
some chemical families of exhaled metabolites exhibited a systematic greater or lower Lin’s
CCC. To do so, we concentrated in a series of aldehydes previously identified in exhaled breath
by SESI-HRMS (26). Figure 2c¢ displays Lin’s CCC vs chain length for three homologous
series of aldehydes: 2-alkenals, 4-hydroxy-2,6-alkadienals and 4-hydroxy-2-alkenals. It shows
that there is no clear dependency of the quality of the bag measurement (i.e. Lin’s CCC) on the
chain length, but it rather suggests that the functional groups in the molecular structure of the
metabolites dictate how well the signals are preserved in the bag. For example, the overall Lin’s
CCC for the 2-alkenals family is lower than for other two series of aldehydes containing a
hydroxyl group, suggesting that the former family has a greater affinity for Nalophan® (i.e.
”sticky” nature). Some outliers are particularly evident. For example, 4-hydroxy-2-dodecenal’s

Lin’s CCC falls well below the overall trend of the family. This may be rationalized by the
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presence of several isomeric species —hence with different affinities for Nalophan®— which
are simultaneously detected. This is one limitation of SESI-HRMS technique, as the lack of
chromatography implies that isomers cannot be resolved. Within the latter family of aldehydes,
we paid particular attention to 4-hydroxynonenal (4-HNE). 4-HNE is a major product of n-6
fatty acid oxidation. It has been shown to be involved in a great number of pathologies such as
metabolic diseases, neurodegenerative diseases and cancers (27). We have recently found
evidence that preterm infants are subject to increased oxidative stress (under review), hence we
hypothesize that 4-HNE may be altered in this preterm population, which accounts to around

10 % of births worldwide (28).

Figure 2d shows the on-line vs off-line signal intensity for all pairs of measurements for 4-
HNE. Lin’s CCC for this metabolite was 0.61, which is in the lower end of the cut-off we
considered in this study. Another common representation for method comparison is so-called
Bland-Altman plots (Figure 2e). It shows that the mean difference between the two pairs of
measurement (i.e., online minus offline) is below zero, indicating that 4-HNE tends to be
retained in the bags, although the effect is not dramatic. It is also noticeable that outliers tend
to appear at the weakest signal intensities (mean of two measurements < 13 a.u.), whereas for
stronger signal intensities the information is more faithfully preserved. Overall, although far
from perfect (i.e. Lin’s CCC = 1), the collection of breath samples in such Nalophan® bags
allows for the analysis of 4-HNE with a reasonable degree of confidence. Please note that this
is within the timeframe of ten minutes, which is approximately the time it requires to transport
the sample within the hospital facilities. Longer storing times at room temperature may

probably compromise the quality of the measurement.
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Figure 2 a) Distribution of Lin’s CCC for the 2,284 measured features. b) Distribution of the

location shift for the features with a Lin’s CCC > 0.6 ¢) Lin’s CCC vs. chain length for three

homologous series of aldehydes: 2-alkenals, 4-hydroxy-2,6-alkadienals and 4-hydroxy-2-

alkenals (red = 4-HNE; solid lines Lin’s CCC = 0.6; dashed lines mean Lin’s CCC for the

group) d) On-line vs off-line signal intensity for all pairs of measurements for 4-HNE e) Bland-
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Altman plot shows the mean difference of 4-HNE between on-line and off-line measurement

pairs.

Deployment of off-line method in infants

Repeatability

Once the off-line technique in adults was validated against the gold standard (i.e., real-time
analysis), we extended the method to the analysis of exhaled metabolites in infants, while in
parallel lung function tests and FeNO measurements were carried out. Based on the validation
results, we further considered only the mass spectral features with a Lin’s CCC > 0.6. In order
to summarize the information contained in the high-dimensional space of the breath mass
spectra, we performed t-SNE analysis (23). Figure 3a shows the resulting scatter plot (last two
numbers of patient ID shown). The plot shows that, for those infants where two replicate
samples could be collected, the measurements cluster together. This further reassures the quality
of the measurement. The plot suggests four main clusters of patients. We did verify whether
this could be influenced by a batch effect, but this was not the case. For example, patients
BILD4386 and BILD4387 were twins measured on the same day, yet they tend to occupy
different spaces in the t-SNE domain. Taking together, this provides an initial indication that

the method can provide a true metabolic read-out from the exhaled breath of infants.

Exhaled metabolites vs lung function

Subsequently, we further explored the data to evaluate whether the breath metabolites may be
associated with the lung function parameters. For the first time, we were capable of collecting
parallel breath specimens from infants who were subjected to routine clinical examinations of

the respiratory system (n = 11). Figure 1 shows an example of a flow-volume loop for one of
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the participants. Figure 3b shows distribution of the minute ventilation per kg body weight.
The data falls within previously measured values in a large cohort (histogram of data from
Fuchs et al. (22) shown for reference), suggesting that these patients are a representative sample
of a typical infant population. To better understand the associations between breathing
mechanics and the exhaled metabolites, we then computed Pearson’s correlation coefficients.
Figure 3b shows the histogram of the distribution of correlation coefficients between minute
ventilation and all mass spectral features with Lin’s CCC > 0.6. The distribution is centered
around zero, suggesting an independence of the vast majority of the exhaled metabolites from
the breathing pattern (for reference, random associations resulting from a Monte Carlo
simulation are overlaid). Figure 3b shows a specific example on the (in)dependence between
one such metabolite (i.e. 4-HNE) and minute ventilation. Despite our rather limited sample size,
we found no correlation between 4-HNE and minute ventilation. This is somehow to be
expected as the concentration of metabolites within the sampling bag will be “averaged”

independently of the breathing patterns.

Exhaled metabolites vs inflammation marker FeNO

The FeNO values observed in our small cohort were also within the expected range according
to previous studies, albeit leaning towards highest values of the spectrum (Figure 3c). In
contrast to minute ventilation, we found a rather clear trend towards negative correlations
between FeNO and exhaled metabolites, including 4-HNE (Figure 3c¢). The reasons why
negative associations may exist between exhaled 4-HNE and FeNO are at this point unclear and
drawing any conclusion from this limited dataset would be premature. However, FeNO has
been associated with a wide range of pathophysiological processes (mainly inflammation of the
airways), whereas 4-HNE is regarded as an oxidative stress marker. Hence it is reasonable to

think that they will provide complementary information.
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Our goal in the coming years is to identify significant associations between markers of oxidative
stress such as 4-HNE and clinical characteristics using the methodology presented in this
manuscript. For this reason, we then took advantage of this pilot study to estimate the number
of patients that we will require to enroll in a follow-up study. The results of the calculation are
shown in Figure 3d (see supporting information for details). Assuming a significance level of
5%, with 90% power, the goal of detecting an absolute correlation of at least r = 0.22 (like HNE

vs FeNO), will require a sample size of n = 210 participants.
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Figure 3 a) Results from t-SNE analysis for the breath mass spectra detected for infants (each
color represents an individual); patients’ number are represented in the scatter plot, note how
replicate measurements cluster together. b) Distribution of minute ventilation/kg body weight
of infants enrolled in this study, data falls within previously measured values in a large cohort
(histogram of data from Fuchs et al. (22) shown for reference). Histogram of experimental
correlation coefficients and of Monte Carlo simulation of the expected distribution of
correlations for minute ventilation/’kg with the MS data, with a relationship for 4-HNE vs
minute ventilation/kg (r = 0.01; p = 0.97) ¢) Distribution of measured FeNO of infants enrolled

in this study and histogram of normative data on FeNO in a birth cohort of infants. Histogram
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of experimental correlation coefficients and of Monte Carlo simulation of the expected
distribution of correlations for FeNO with the MS data, with a relationship for 4-HNE vs FeNO

(r=10.22; p=0.51) d) Estimation of number of patients needed in a follow-up study.

Clinical relevance

Adding a metabolic dimension to lung function and clinical tests via exhaled breath analysis
holds promise towards a more personalized approach. Extending this possibility to non-
cooperative patients (e.g. children or cognitive disabled patients) and immobile patients due to
the nature of their disease or treatment (e.g. infectious disease or treatment in intensive care
unit) opens new possibilities for therapeutic drug monitoring and diagnosis of disease,

especially in pediatric medicine.

Conclusion

We have developed an off-line collection and subsequent high-resolution mass spectrometric
analysis method for breath in a clinical setting. The characterization of the agreement of the
off-line and real-time analysis revealed over 1,000 mass spectral features of moderate to high
quality. Among these metabolites there were relevant ones such as 4-HNE, which could be
measured for the first time in infants, along with lung function characteristics and FeNO as a

clinical outcome.
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Online supplement

Lung function measurements

Pulmonary function was performed at 44 weeks of postconceptional age using Exhalyzer D
(EcoMedics, Duernten, Switzerland) according to current ERS/ATS guidelines (1). For analysis
we used the first 20-30 regular breaths during non-rapid eye movement (non-REM) sleep from
the total recorded breathing. We excluded sighs and 10 breaths before and after a sigh.
Simultaneous to tidal breathing recording, the fraction of exhaled nitric oxide (FeNO) was
measured online with a chemiluminescence analyzer during the third quartile of expiration and
averaged over the 20-30 breaths used for analysis (2). Following ERS/ATS guidelines for infant
lung function testing, mean tidal flows, volume and flow-volume loop were calculated. We
investigated respiratory rate (RR), mean tidal volume (Vr) and minute ventilation (Vg). Ratio
of time to peak tidal expiratory flow (PTEF) and expiratory time (tprerie) were used to describe

TBFVL shapes.

Sample size calculation

The required sample size for a future study (Figure 3d) was determined based on Monte Carlo
simulations generating 10,000 samples of size 5 to 500 to test the correlation between the two
variables: 4-hydroxynonenal (4-HNE) and other clinical variables (e.g. minute ventilation). For
a given sample size, we generated Monte Carlo simulations to determine an approximate cutoff
value for a test of the correlation. We then generated samples under the alternative hypothesis,

and estimated the power of the test, being:

Null hypothesis: exhaled 4-HNE and lung function variables are uncorrelated.
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Alternative hypothesis: exhaled 4-HNE and lung function variables are correlated with an

absolute value of r at least as high as 0.22 (4-HNE vs FeNO).
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Table S1 Anthropometric data from adult participants

Number of
Gender
measurements
DOPAEx2_BS07 36 Female 56
DOPAEx2_BS09 24 Male 50
DOPAEx2_BS10 28 Female 54
DOPAEx2_BS11 36 Male 20
DOPAEx2_BS12 36 Male 22
DOPAEx2 BS13 28 Female 22
DOPAEXx2 BS14 32 Female 20
DOPAEXx2 BS15 34 Female 22
DOPAEXx2 BS16 30 Female 20
DOPAEx2_BS17 36 Male 22
DOPAEx2_BS18 43 Female 20
DOPAEx2_BS19 38 Female 22
DOPAEx2_BS20 38 Male 22
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Table S2 Anthropometric data from infant participants
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BILD_4373 1 Female Term 32
BILD_4374 1 Male Term 33
BILD_4375 2 Female Term 34 52 37 6.9 1933 358 12.4
BILD_4376 2 Male Term 29 37 33 6.9 1248 260 25.8
BILD_4377 1 Male Term 47 33 39 9 1299 302 17.9
BILD_4378 2 Male Term 35 40 42 9.1 1670 363 13.1
BILD_4379 2 Female Term 34
BILD_4381 2 Female Term 35 41 32 8 1306 329 23.7
BILD_4382 2 Female Term 35
BILD_4383 2 Male Preterm 78 52 33 6 1729 332 18.2
BILD_4384 2 Male Term 33
BILD_4385 2 Female Preterm 41 29 36 9 1046 274 21.2
BILD_4386 1 Male Preterm 75 39 38 8.5 1479 329 229
BILD_4387 1 Male Preterm 75 37 33 7.4 1217 272 34.1
BILD_4389 1 Female Term 33 35 38 8 1291 284 20.1
BILD_4390 1 Female Preterm 95 39 41 8.5 1593 332 16.9
Mean (STD) 47(21) 39(7) 37(3) 8(1) 1437(266) 312(36) 21(6)
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Table S3 Compounds contained in standard gas mixture used for quality control

MS polarity

Positive

Positive

Positive

Positive

Positive

Positive

Positive

Positive

m/z [M+H]*
59.0491414
69.0698769
73.0647915
87.0804415
93.0698769
105.0698769

121.101177

137.1324771
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Name
Acetone
Isoprene

2-Butanone

2-Pentanone
Toluene
Styrene

Mesitylene

a-Terpinene

Formula

C3:HsO

CsHs

C4HsO

CsHi00

C7Hs

CsHs

CoH12

CioHie
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Figure S1 Lin's concordance correlation coefficient as a function of m/z for all measurements
of adults. Highest quality data points are colored in green (Lin’s CCC > 0.8), moderate in red

(Lin’s CCC 0.6-0.8) and poor quality in blue (Lin’s CCC < 0.6)
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Figure S2 Location shift as a function of m/z for measurements of adults with Lin’s CCC >

0.8. Green line indicates the mean and band represents 95% confidence interval.
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Figure S3 Location shift as a function of m/z for measurements of adults with Lin’s CCC > 0.6

and < 0.8. Red line indicates the mean and band represents 95% confidence interval.
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Figure S4 Location shift as a function of Lin’s concordance correlation coefficient.
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Figure S5 Bias as a function Lin’s concordance correlation coefficient.
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5 General discussion

This PhD thesis extends and corroborates evidence regarding the impact of air pollution on lung
function in infancy and school-age and on inflammatory and metabolic profiles of preterm and

term infants. We would like to answer the initially defined aims:

1. To understand the complex network of interactions leading to impairment of lung
function development in utero, in early life, and in later childhood: We comprehensively
reviewed the literature (Article I)

2. To assess the effect of low-to-moderate pre- and postnatal exposure air pollution:

a. with lung function at 44 weeks of postconceptional age (PCA)

b. with lung function of healthy formerly term—born children at school-age

c. to investigate specific windows of enhanced vulnerability pre- and postnatally
d. to investigate the potential susceptibility of subgroups, such as preterm infants

(Article IT and I1T)

Following our aims to further investigate the impact of environmental stressors on lung function
throughout childhood, we first investigated the effects that air pollutants might have on lung
function in preterm and term infants and school-aged children. Preterm infants represent a
vulnerable subgroup that needs special attention, due to impaired capacity to deal with oxidative
stress perinatally (10-13). We were the first to assess the association of air pollution and infant
lung function in preterm compared to term infants, and were hence able to show detrimental
effects of low-to-moderate air pollution levels on lung function at 44 weeks PCA in both
populations. These effects were most pronounced when increases in air pollution levels
occurred during a time window of fast lung development and growth, such as the second
trimester of pregnancy. Further, as a proof of concept, moderate to late preterm infants (born

32 - 36 weeks GA) showed aggravated impairment of lung function in association with air
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pollution. These infants additionally had increased levels of FeNO as an inflammatory response

to air pollution, a known oxidative stressor to the airways.

Results from our study in school-aged, healthy term-born children underlined the findings of
adverse effects of air pollution, in concentrations below the currently recommended thresholds,
on lung function in childhood. Most pronounced effects were again seen, when higher air
pollution levels occurred during windows of fast lung growth, such as pregnancy and the first

and second year of life.

3. To develop and standardize a collection and analysis platform for metabolic
information retrieval of infants in exhaled breath by SESI-HRMS
a. to prove feasibility of the off-line measuring technique by i) measuring key
metabolites in comparison to the gold standard method, ii) investigating short-
term repeatability, iii) investigating the in-/dependency of the collection method
on breathing patterns; iv) exploring an exemplary relationship between
oxidative stress markers measured off-line by SESI-HRMS and an independently
measured, less specific marker of oxidative stress and inflammation (FeNO)

(Article IV)

Lung function and inflammatory markers, such as FeNO, are some of the methods used to
measure the potential effects that air pollution might have on respiratory health in childhood.
Oxidative stress markers specific to the respiratory system would can be another important
aspect. However, there are currently no standardized procedures available to measure such in
uncooperative patients. We therefore developed and standardized a technique to measure the
metabolic profile of preterm and term infants by SESI-HRMS. The performance of the newly
developed method in comparison to the gold standard technique and in terms of short-term
repeatability was reassuring. The independence of target metabolites from minute ventilation

further revealed that this technique was autonomous from breathing patterns. However, due to
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the small sample size of the study, when exploring the correlation of specific markers of

oxidative stress to inflammatory markers (FeNO) the results were inconclusive.

5.1 The complexity of host—environment interaction and respiratory disease in
infancy and childhood

To understand the complex network of interactions leading to impairment of lung function, we

comprehensively summarized literature on the risks and mechanisms of early-life factors

influencing lung function trajectories (112). Understanding this complex interplay of

environmental and genetic factors and their long-term effects on later respiratory morbidity and

mortality is crucial for possible prevention and early treatment, including the prevention of

prematurity and especially BPD or childhood asthma (6).

Pregnancy and the first years of life are time windows of increased vulnerability due to a phase
of rapid lung growth during which the development and adaptation of the anti-oxidative,
inflammatory, and immune systems are still ongoing (8), resulting in an increased plasticity of
the respiratory system. Perinatal and environmental stimuli, such as prematurity and BPD (18)
or exposure to air pollution (25, 28, 113) can consequently lead to impaired lung growth or
secondarily, through inflammation and consequent remodeling processes, to structural changes,

resulting in impaired lung function in early adulthood (114).

It is, however, still unclear if interventions can correct such abnormal lung function trajectories
in childhood and at what ages they should be implemented. Nonetheless, preventative
therapeutic measures to reduce exposure to air pollution likely reduce the impact on the
prevalence of long-term lung functional sequelae (48), and therefore studies investigating the
detrimental effects of air pollution levels (45, 113, 115) below current guidelines (116) should
be incorporated in future health policies.
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However, little is known about the dynamics of lung function impairment. Especially in
premorbid populations, such as preterm infants, it is unclear whether an environmental insult
over a limited time period during early life leads to temporary impairment of lung development
(69), or sustained growth velocity impairment (20). In any case, even small effect size
alterations in lung function trajectories by exposure to environmental toxicity in today’s infants
could lead to long-term respiratory morbidity in adults and the elderly (6, 8). In populations
starting with impaired lung function in early childhood, such as asthmatic or preterm-born
children, additional deterioration of lung function could have a substantial impact on faster lung

function decline in adulthood (6, 8).

Given that the entire population is exposed, further research in the identification of the dose-
and age-dependency of certain risk factors for subsequent preventative and early therapeutic

options to avoid adverse effects of these factors is needed.

5.2 Novel impact in science: Air pollution and its effects during vulnerable time
windows and on susceptible populations

To answer the questions of whether preterm infants are more susceptible to low-to-moderate
air pollution and whether time windows of enhanced vulnerability exist, we compared
associations of air pollution on lung function at 44 weeks PCA in preterm versus term infants.
As a novelty and proof of principle, we demonstrated that groups of infants with pre-existing
vulnerability, such as preterm infants, show increased impairment of lung function as a reaction
to the detrimental effects of air pollution (115).
We specifically observed the negative associations between air pollution and lung function in
the epidemiologically largest group of moderate to late preterm infants (32 — 37 weeks of GA)

(115). These negative associations are potentially due to the fact that very immature infants are
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born in the saccular phase of lung maturation process, depicting pulmonary insufficiency, and
histopathological characteristics of arrested alveolarization and interstitial fibrosis in severe
cases (59). These lung structural changes have been associated with severely altered infant lung
function (19, 70). We assume, that the lack of association of air pollution on lung function in
preterm infants born before 32 weeks of GA is therefore due to many other dominant
developmental and perinatal therapeutic factors, such as longer supplementary oxygen or
continuous positive airway pressure duration (19), which may outweigh the small effects that
air pollution might have on overall lung mechanics and ventilatory needs (19, 70).

Our findings further support the hypothesis of increased susceptibility of preterm infants to
oxidative stress, with an inflammatory response to air pollution reflected in altered FeNO levels
(115). These findings are in line with observations in children with persistent respiratory
symptoms showing increased FeNO levels after higher exposure to black carbon (29) and are
supported by findings in asthmatic and non-asthmatic school-aged children with short-term
exposure to PMas resulting in higher FeNO levels (35). At a cellular level, inflammation in
preterm infants after birth could be related to persistent neutrophil activity and oxidative stress,
which have both previously been identified as affecting FeNO levels (11, 38, 117). Both
promote the oxygenation of nitrogen oxide (NO) to soluble NO metabolites, which have been
found in increased concentrations in plasma and bronchoalveolar lavage fluids during the first
month of life (118, 119). However, after peaking during this time window, the neutrophil
activity seems to decrease thereafter (117). It is unclear how long this process persists after
term.

These findings of adverse associations of air pollution and lung function in infancy are of
special interest, given the low-to-moderate air pollution levels in Switzerland, which were
below the annual thresholds for NO2 and PMio suggested by the World Health Organization

(116). When detecting negative effects of exposure to air pollution at such low concentrations,
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preterm infants, potentially exposed to even higher levels worldwide (116), might be at
increased risk for lung function impairment.

The low-to-moderate air pollution levels in our studies might also be relevant when interpreting
our findings in the population of healthy former term-born children at school-age (113). In this
study we aimed to investigate the effects of low-to-moderate air pollution on lung function at
six years of age and to assess, whether time- and dose-dependent responses to air pollution
exist. Our results suggest that exposure to higher NO: levels, especially during the sensitive
period of early lung development, such as pregnancy, and the first and second year of life, may
be associated with reduced lung function at school-age. However, we observed only an
association between air pollution levels and reduced FEV1, but not with FRCpieth at school-age
(113). This finding could be explained by the breathing maneuvers used for lung function
testing. For spirometry (to assess FEV1) the child breathes at the mechanical limits of the
respiratory system (flow limitation). This typically results in lower variability of forced flow
lung function parameters. However, during body plethysmography, the child breathes closer to
FRC. More adaptive variability of the airway resistance is given at FRC and thus small effects
of air pollutants at low-to-moderate exposure levels might not be detectable. These
physiological differences may therefore explain why the small impact of air pollution on lung
function at school-age may only become measurable when assessed at the extreme, which is
during forced breathing maneuvers, but not during regular FRC breathing (113). Nevertheless,
our data from healthy former term-born children at six years of age (113) are consistent with
the impact of low-level air pollution on airway obstruction in children at 8 years of age from a
birth cohort in Sweden (45). Besides, air pollution is only one parameter resulting in reduced
lung function, and other factors, such as toxins (e.g. ETS), as well as physiological decline over
time, should be considered (6, 7).

Furthermore, to our knowledge, we were the first to investigate the association of both pre- and

postnatal air pollution on lung function in infancy in preterm and term infants and at the age of
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six years. We were consequently able to show, that the effect of air pollution may be time-
dependent, with most impact during a phase of rapid lung development (120, 121); during the

second trimester of pregnancy, and the first and second year of life.

5.3 Novel impact in methodology: A technique to study the metabolism of
infants

We developed a novel oft-line collection and subsequent high-resolution mass spectrometric

analysis method for breath in a research setting. In the past, studies in adults in intensive care

units have already demonstrated the possibility of measuring metabolic information in EBCs of

intubated and therefore uncooperative patients (95). However, EBC is a time-consuming

method, which is prone to dilution due to the exhaled vapor (80, 82) and despite broad

investigation EBC has not been implemented into clinics (46).

As a novelty, we were the first to show the feasibility of off-line breath measurements by MS
in infants and were thus able to measure relevant metabolites, suggestive of oxidative stress
(e.g. 4-HNE) in infants’ breath for the first time. The good performance of the newly developed
off-line technique in comparison to the on-line approach was reassuring, with over 1000
detected mass spectral features of moderate to high quality and with target metabolites such as
4-HNE falling within this range (122), which was similar to comparison of off-line and on-line

techniques by SIFT-MS (123).

Additionally, our study design with the correlation of specific metabolites with lung function
parameters and FeNO levels in infancy has provided a deeper insight into the physiological
background of metabolic measurements in breath. The independence of target metabolites (e.g.
4-HNE) from minute ventilation revealed that this technique was autonomous from breathing
patterns, which is in contrast to EBC collection (46). The reasons for the negative correlation

between FeNO and 4-HNE, however, are still unclear and given the technical standardization
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approach of this project with a small study size, conclusions might be preliminary. However,
one possible explanation could be the different cellular processes which underlie 4-HNE and
FeNO, with 4-HNE reflecting lipid peroxidation caused by oxidative stress (47) and FeNO

mainly being a surrogate marker of primarily eosinophilic inflammation of the airways (46).

The small sample size of infants measured (n = 16) was further not sufficient to enable
comparison between subgroups of infants as described by others (13, 124). Filippone et al. (13)
and Carraro et al. (124), however, reported differences between former preterm (with and
without BPD) and healthy former term-born adolescents in regards to metabolic profiles
measured by liquid chromatography MS (124) or different levels of target metabolites
suggestive of oxidative stress (8-isoprostane) measured by enzyme-linked immunoassays (13)
in EBCs. These results are suggestive of long-term metabolic abnormalities in the respiratory
system (13, 124) after premature birth and further support our hypothesis of preterm infants
showing a different metabolic response to oxidative stress, which may be associated with an
ongoing respiratory disease later in life (13). However, sample sizes of more than 200 infants
should be studied in order to obtain more conclusive results on the potential correlation between
inflammatory markers, such as FeNO and target metabolic features detected in breath by SESI-

HRMS in infancy (122).
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5.4 Limitations to this thesis

Methodological limitations to this thesis need to be considered in the interpretation of our
findings. As previously mentioned some limitations to our results exist, such as the sample
sizes, the temporal and spatial heterogeneity of exposure, the heterogeneity of the study

population, and concomitant factors affecting lung function.

There are several explanations why these study sizes occurred and what the consequences in
terms of concluding on the findings are: On the one hand, within the comparison of preterm
versus term infants, the stratification of our population by gestational age resulted in relatively
small sample sizes of preterm subgroups. This approach (stratification in three groups; preterm
born before or after 32 weeks of GA, and term infants), however, was necessary as preterm
infants represent a very heterogenous group in terms of respiratory morbidity and mortality (62,
67, 70). Very immature infants (born before 32 weeks of GA) show lung structural changes
associated with severely altered infant lung function (19, 70) due to dominant developmental
and perinatal therapeutic factors, such as longer supplementary oxygen or continuous positive
airway pressure duration (19) needing a multivariable statistical approach. The small effects of
air pollution on overall lung mechanics and ventilatory needs might therefore not be seen in
these populations (19, 70). The small sample size in the study on air pollution and lung function
at school-age, on the other hand, was an issue as we were not able to perform further subgroup
analyses, such as asthmatic versus non-asthmatic children, as reported by others (45). Thus, we
cannot conclude on the effects of air pollution on lung function at school-age in potentially

more susceptible populations.

In terms of exposure, the used estimation models of air pollutants did not include satellite data,
due to the early recruitment of participants (1999) when modeling techniques for satellite data
were not yet available. Therefore, our studies were based on well-established and previously

validated PM1o exposure values. Although PM2 s effects may biologically be more detrimental,
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there is a high collinearity between PM2.5 and PMio exposure. The available timeframe from the
air pollution models (data available from 1999 until 2016) additionally represent a limitation to
track individual lung function growth from infancy until school-age. In order to track lung
functional growth deficits, we would potentially need a large sample size to assess effects of
low-to-moderate air pollution levels on longitudinal lung function measurements. Tracking
lung function throughout childhood therefore remains a future project to be conducted within

the BILD cohort.

Due to the observational design of our studies we are further not able to prove causality. This
is of utmost importance in order to avoid misunderstandings when interpreting our results. We
additionally aimed to adjust for potential confounders based on statistical methods and previous
literature, however, residual confounding may persist. Confounding is one of the major
challenges in observational research and confounding might lead to false associations or false

conclusions.

Drawing conclusions on the correlation of inflammatory and oxidative stress markers from our
newly developed measuring technique, would be too preliminary due to the relatively small
sample size of the study. Further, with increasing storage time, dilution, interaction of
metabolites with each other and with the Nalophan bag can occur (88). We therefore aimed to
reduce time between sampling and measurement by SESI-HRMS to a maximum of 10 min
(distance from sampling site to the SESI-HRMS). Within these short time periods of 10 min we

did not see any effect (data not shown).
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5.5 Relevance
In conclusion, the results of this thesis have a highly relevant impact on population health. Our
findings provide new insights on lung function development and metabolic profiles early in life
and may contribute to better understanding of the effects of air pollution on lung function in
vulnerable populations, such as preterm infants. Since recent evidence has shown that early-life
lung function impairment may track through the lifespan, and poor lung function trajectories
from childhood to late senescence are important early-life risk factors for chronic respiratory
disease in adults (5, 8, 112, 125), prevention in utero and early life is of utmost importance (4-
6, 8, 54, 112, 125). Even though the effect size at an individual level might be small, the effect
on a population basis (attributable risk) is of major concern (126). In preterm infants, which are
a heterogeneous group with the risk of respiratory morbidity later in life, the determination of
such risk factors and vulnerable time windows and subsequent prevention of such in utero and
postnatally can especially play a crucial role in the prevention of chronic respiratory disease in

adults.

The successfully developed and standardized measuring technique to capture information on
metabolic profiles of non-cooperative patients is a milestone. Metabolomics and especially
analysis of such by MS open a future possibility of gaining insight into the mechanisms
underlying lung disease and provide a more personalized medicine. This technique may enable
the identification of potential therapeutic targets and capture information on metabolic response
to therapeutic interventions (e.g. drugs with a narrow therapeutic window) in children and
adults not capable of performing the necessary breath maneuvers for on-line measurements or

for centers without the necessary analytical tools.
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5.6 Conclusion and outlook
For the projects conducted during this thesis, different recommendations for future actions can
be described. Within a population of preterm and term-born children living in Switzerland, we
were able to show that even low-to-moderate air pollution levels, especially during periods of
fast lung development, are associated with impaired lung function in infancy and school-age.
From a public health perspective, our findings should therefore encourage more stringent health
policies on air pollution thresholds. This is especially of note, when considering our findings in
the preterm population, in which we showed even more pronounced associations of air pollution
levels during pregnancy on infant lung function than in term infants. These findings are
suggestive of susceptible populations, starting with impaired lung function, who might be at
increased risk for further lung function decline due to environmental stimuli. However, in order
to confirm our findings in this potentially more vulnerable subgroup and other susceptible
populations, large multicenter cohorts and high-risk populations (e.g. high prevalence of
maternal atopy, bigger sample size of preterm groups) with individual tracking of individual

lung function growth are needed.

Impaired lung function is the result of the perinatal and environmental insults, the mechanisms
leading to this result, however, are still unclear. Basically, air pollution can impair lung growth
or it can act through oxidative stress, inflammation, and remodeling, which then impairs lung
development. In order to better understand these mechanisms, one must have better methods to
measure inflammation, and oxidative stress response and associated cell death. One approach
would be to measure oxidative stress response in cord blood, however this reflects processes
within the whole body and is not lung-specific. Therefore, we have set a milestone for a more
personalized medicine approach in uncooperative patients with the development and
standardization of the off-line collection and analysis platform for metabolic information

retrieval. Initially, this technique could be used for research purposes (e.g. external validation
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in multicenter studies) with the aim of being subsequently implemented into clinics for the
benefit of clinical decision making. We opt for the off-line technique in various clinical settings,
in which cooperation is not given, and have already implemented the technique in research
settings to monitor diabetic patients administered in an intensive care unit due to ketoacidosis
or to monitor the dose-response of antiepileptic drugs. However, in regards to this thesis, this
technique should be used to provide further biological background information on metabolic

responses to environmental stimuli, such as exposure to air pollution, to support our findings.
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7 Appendix

Appendix

Symptom score

Daytime symptoms (cough, wheeze, or breathing difficulties)

Night-time symptoms (cough, wheeze, or breathing

difficulties)
0 None None
1 Slight; no treatment given Slight; sleep not disturbed
2 Required treatment but no outside help Sleep disturbed once; no help required
3 Severe; required help from GP Sleep disturbed more than once or child needed help
4 Very severe; admitted to hospital Sleep very disturbed or GP called

Table E1 Standardized symptom scores used in weekly phone calls (102)
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Abstract

Background: A positive effect of breastfeeding on lung function has been demon-
strated in cohorts of children with asthma or risk for asthma. We assessed the
impact of breastfeeding on lung function and symptoms at the age of 6 years in an
unselected, healthy birth cohort.

Methods: We prospectively studied healthy term infants from the Bern-Basel Infant
Lung Development (BILD) cohort from birth up to 6 years. Any breastfeeding was
assessed by weekly phone calls during the first year of life. Risk factors (eg, smoking
exposure, parental history of allergic conditions, and education) were obtained using
standardized questionnaires. The primary outcomes were lung function parameters
measured at 6 years of age by spirometry forced expiratory volume in 1 second, body
plethysmography (functional residual capacity [FRCpetn], the total lung capacity
[TLCpieth), and the effective respiratory airway resistance [Reg]) and fractional exhaled
nitric oxide (FeNO). Secondary outcomes included ever wheeze (between birth and
6 years), wheeze in the past 12 months, asthma, presence of allergic conditions, atopic
dermatitis, rhinitis, and positive skin prick test at the age of 6 years.

Results: In 377 children the mean breastfeeding duration was 36 weeks (SD 14.4).
We found no association of breastfeeding duration with obstructive or restrictive
lung function and FeNO. After adjustment for confounders, we found no associa-
tions of breastfeeding duration with respiratory symptoms or the presence of
allergic conditions.

Conclusion: This study found no evidence of an association between breastfeeding
and comprehensive lung function in unselected healthy children with long-term
breastfeeding. Our findings do not support the hypothesis that the duration of
breastfeeding has a direct impact on lung function in a healthy population with low
asthmatic risk.
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1 | INTRODUCTION

Breastfeeding has a variety of beneficial effects for children. Many
studies have provided clear evidence that breastfeeding reduced the
risk of respiratory morbidity in early life.>” The effect of breast-
feeding on lung function and atopic diseases including asthma in
childhood is less consistent. A meta-analysis by Dogaru et al showed
a protective association between breastfeeding and asthma with the
strongest effect in the first 2 years of life,>” whereas another meta-
analysis reported a decreased risk of asthma in children aged 5 to 18
years, but in children from studies with insufficient adjustment for
confounders. Furthermore, the effect of breastfeeding on other al-
lergic disease is still conflicting.”**

There is some evidence that breastfeeding could improve school-
aged lung function, but the positive association was seen pre-
dominantly in studies with a relatively high number of children with

atopic/asthmatic mothers®?*¢

or from subgroups of children of
asthmatic mothers,'” suggesting that the relationship between
breastfeeding and lung function might be mediated by atopic disease.
Indeed, the ALSPAC cohort of healthy unselected children found no
effect of breastfeeding on bronchial responsiveness.’® Few studies
are available linking breastfeeding with fractional exhaled nitric
oxide (FeNO)'? or more comprehensive lung function. Taken to-
gether, results seem to be heterogeneous and influenced by risk
factors, categorization, and duration of breastfeeding.

From a mechanistic point of view, it is unclear whether the
protective effect of breastfeeding is related to inflammatory me-
chanisms in asthma and subsequent remodeling and impaired lung
growth or whether breastfeeding directly affects lung functional
development. To address the latter hypothesis, we aimed to assess
the effect of breastfeeding duration on lung function at 6 years of
age in a prospective unselected birth cohort study of primarily
healthy children with an appropriate adjustment for confounders and
comprehensive lung function outcomes such as spirometry, plethys-
mography, and FeNO. Secondary aims were clinical markers of re-
spiratory and allergic diseases at the age of 6 years, such as ever
wheeze, wheeze in the past 12 months, presence of allergic condi-
tions, atopic dermatitis, rhinitis, and positive skin prick test.

2 | METHODS
2.1 | Study design and subjects

Data were obtained from the ongoing prospective Basel-Bern Infant
Lung Development (BILD) birth cohort, collected since 1999 in
Switzerland. Pregnant women were recruited antenatally in four
maternity hospitals and practices of gynecologists in the region of
Bern. Unselected healthy children were followed up at 6 years after
enrollment.?® Exclusion criteria for the study were preterm delivery
(<37 weeks) and significant perinatal disease, including respiratory
distress and known major birth defects. Assessments were under-

taken at ages 1 and 6 years. The assessment in the first year of life
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comprised clinical examination at the age 1 month in the study clinic,
weekly phone interviews and information from perinatal records. At
the age of 6 years, parents were mailed a questionnaire with ques-
tions on allergy and respiratory symptoms as well as environmental
exposure and were offered a visit to the study clinic. During the
follow-up visit the history of wheeze episodes between birth and age
6, including their frequency, severity and trigger factors were re-
corded by trained study physicians using standardized ques-
tionnaires. Children also underwent a lung function measurement
and a skin prick test. This study focuses on the follow-up assessments
conducted between August 2005 and April 2018. The Ethics Com-
mittee of the Region of Bern approved the study and written consent
was obtained at enrollment and again at follow-up.

2.2 | Exposure: Breastfeeding

During the first year of life, mothers were asked weekly by telephone
interview with a study nurse about their breastfeeding status until
they completely stopped breastfeeding. Any breastfeeding was treated

as a continuous variable in weeks.

2.3 | Primary outcome: Lung function at 6 years

Spirometry and body plethysmography was performed at the age of
6 years using MasterLab setup (Jaeger, Wurzburg, Germany) according
to current ERS/ATS guidelines.>’ The primary spirometry outcome
was forced expiratory volume in 1 second according to European
Respiratory Society (ERS)/American Thoracic Society (ATS) criteria.>?

Body plethysmography measurements were done to assess the
functional residual capacity (FRCpetn), the total lung capacity
(TLCpietn), and the effective respiratory airway resistance (Ref).
FRCpieth and TLCpetn Were assessed according to European stan-
dards?® and Reg was determined as the mean of at least five separate
specific resistance loops.”* FeNO was used as a measure of eosino-
philic airway inflammation and measured online (CLD88sp FeNO
analyser, ECO MEDICS, Duernten, Switzerland). Compliant to the
ATS/ERS recommendations, the mean of two or three reproducible
FeNO values has been reported.?”

2.4 | Secondary outcome: Clinical data

Standardized questions on key clinical outcomes (eg, wheeze, atopic
dermatitis, and rhinitis) were adapted from the International Study
on Asthma and Allergy in Childhood (ISAAC) questionnaire.?

Ever wheeze was obtained from a physician-administered ques-
tionnaire and defined as present if the question “Has your child ever
had wheezing or whistling at any time in the past?” was answered
positively. Current wheeze was defined as present if the question “Has
your child had wheezing or whistling in the past 12 months?” was

answered positively.
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According to the GINA guidelines 2018,%” asthma was defined as
present if there was cough/wheezing/difficult or heavy breathing in
the absence of an apparent respiratory infection in the last
12 months in combination with an asthma-medication (inhaled
corticosteroids or B-agonists) used in the last 12 months and/or
positive past history of allergic conditions (atopic dermatitis and/or
rhinitis/rhinoconjunctivitis) and/or a positive family history of allergic
conditions.

Rhinitis/rhinoconjunctivitis was defined as parent-reported pro-
longed sneezing, runny, or blocked nose accompanied by ocular
itching and tearing without a common cold in the last 12 months,
according to international standards.?®??

Based on modified Hanifin and Rajka criteria,*° atopic derma-
titis at 6 years was defined as present if three of four major criteria
were met: (a) pruritus in the last 12 months, (b) typical morphology
and distribution, (c) chronic dermatitis, and (d) personal or family
history of atopy allergic conditions (asthma, rhinitis and/or atopic
dermatitis). Infants were defined as having atopic dermatitis in
the first year of life if they had at least one of the following
occurrences in the first year of life: (a) pruritus or/and rashes
(eg, redness, dryness, and papules) with the distribution in at least
two typical regions; (b) recurrent dermatitis/rashes within the first
year of life; (c) doctor diagnosed atopic dermatitis or treatment
with topical steroids. We excluded skin lesions caused by cradle
cap and seborrheic dermatitis.

The presence of allergic conditions was defined as the presence
of asthma and/or rhinitis/rhinoconjunctivitis and/or atopic
dermatitis.

A skin prick (at 6 years) was defined as positive for at least one
of the following measured allergens: dog dander, cat dander,
dermatophagoides pteronyssinus, mixed tree pollens, mixed grass
pollens, alternaria tenuis. The test was defined as positive if a weal
diameter was bigger than the histamin in any of the tested aller-
gens compared to a valid negative and a valid positive (histamine

>3 mm) control.®’

2.5 | Risk factors

Other risk factors included parental history of allergic conditions
(defined as asthma, rhinitis, or atopic dermatitis), mode of
delivery (vaginal or cesarean), maternal educational level as a
marker of socioeconomic status, older siblings, maternal smoking
during pregnancy, and parental smoking during the first year
of life.

2.6 | Statistical analysis
All variables were examined in relation to their ranges, distributions,

means, standard deviations, outliers, and logical errors. For later

analysis FeNO was log-transformed. The relationship between

breastfeeding and outcomes were tested for possible nonlinearity.
We found no evidence for the curvilinear relation of breastfeeding to
lung function and clinical outcomes. To investigate the association of
breastfeeding with pulmonary function measures, we first performed
linear regression analysis with standard adjustments for age, sex, and
height (baseline model). Second, we used linear regression analysis
with additional adjustments for gestational length, parental history of
allergic conditions, and maternal smoking during pregnancy (adjusted
model). Estimates are presented as change or a percent change (for
back-transformed outcomes) in the lung function parameters per
week of any breastfeeding with their 95% confidence intervals (Cls).
To exclude the possible effect mediation by a respiratory infection in
early life, we performed a sensitivity analysis with adjustment for a
number of weeks with respiratory symptoms accessed during the
1 year of life. We did not investigate the possible effect of mod-
ification by maternal asthma because of the low number of children
with asthmatic mothers.

The association of breastfeeding with secondary outcomes
was assessed using, first, univariable logistic regression, and
then after adjustment for sex, maternal smoking during
pregnancy, parental history of allergic conditions, and maternal
education. Ever wheeze was additionally adjusted for the presence
of older siblings. Results are presented as odds ratios (ORs) with
95% Cls.

All data processing and analyses were performed in STATA 15.0
(Stata Cooperation, College Station, TX) and R (Version 3.31).°?
Significance was defined by a P value less than .05 for two-sided

tests.

3 | RESULTS
3.1 | Participants

Between 1999 and 2012, 458 children were enrolled in the BILD
study. Among these, 377 (82%) had a documented follow-up visit
between 2005 and 2018. A total of 8 (2%) children did not meet the
inclusion criteria as described above, 73 (16%) we lost to follow-up.
The characteristics of included vs non-included children are shown in
Table S1. There was a significant difference between included and
non-included children for maternal smoking during pregnancy and
parental smoking during the first year of life, and the mean duration
of breastfeeding was significantly shorter in the non-included than in
the included children.

A total of 32 (8%) participants did not show for the follow-up
lung function test at 6 years, but sent the questionnaire back. A total
of 279 (74%) of 377 had available data on FeNO measurements. The
quality control of lung function resulted in 204 children (54%) with
spirometry and 263 children (70%) with body plethysmography data
(Figure S1). Table 1 shows the anthropometric data, potential risk
factors, spirometry, FeNO, and body plethysmography data for the

whole study population.
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TABLE 1 Characteristic of children included in the study

Characteristic

Anthropometric data
Gestational age, mean (SD), weeks
Gestational length, mean (SD), cm
Gestational weight, mean (SD), kg
Male sex, n (%)
Age at follow-up, mean (SD), years
Length at follow-up, mean (SD), cm

Weight at follow-up, mean (SD), kg

Risk factors
Cesarean section, n (%)
Maternal smoking during pregnancy, n (%)
Parental smoking during first year of life, n (%)
Maternal history of allergic conditions”, n (%)
Maternal asthma®, n (%)
Paternal history of allergic conditions?, n (%)
Paternal asthma®, n (%)
Maternal education®, n (%)
Low
Middle
High
Presence of older siblings, n (%)
Exposure
Breastfeeding
>1 wk, n (%)
No. of week with breastfeeding, mean (SD)

Primary outcomes
Spirometry
FEV4, mean (SD), L
FEV1, % predicted, mean (SD)
FVC, mean (SD), L
FVC, % predicted, mean (SD)
FeNO, mean (SD), ppb
Body plethysmography
FRCpjeth, mean (SD), L
TLCpleth, mean (SD), L
Ref, mean (SD), kPa*s/L
Secondary outcomes
Asthma, n (%)
Ever wheezing, n (%)
Current wheezing, n (%)
Presence of allergic conditions, n (%)
Rhinoconjunctivitis, n (%)
Atopic dermatitis at 6 y, n (%)
Positive skin prick test, n (%)
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Complete data Values
377 0 (1.17)
377 5(217)
377 2 (3.26)
377 204 (54)
345 6.03 (0.28)
345 117.29 (5.45)
345 22.17 (3.26)
377 61 (16)
377 30 (8)
377 75 (20)
377 123 (33)
377 37 (10)
377 132 (35)
377 67 (18)
376
93 (25)

132 (35)

151 (40)
377 200 (47)
377 372 (98.7%)
375 36.5 (13.9)
204 1.28 (0.20)
204 100.3 (11.3)
82 4 (0.26)
82 100.8 (12.3)
279 7.81 (6.98)
260 1.07 (0.19)
198 2.05 (0.33)
263 0.68 (0.20)
345 18 (5)
345 72 (21)
345 18 (5)
346 100 (29)
372 71 (19)
366 38 (11)
302 40 (13)

2Defined as self-reported doctor-diagnosed asthma, atopic dermatitis, or allergic rhinoconjunctivitis.

bDefined as self-reported doctor-diagnosed asthma.

“Categorized into low (less than 4 years of apprenticeship), middle (4 years of apprenticeship and above), and high (tertiary education).

3.2 | Breastfeeding prevalence

Overall, five children (1%) were not breastfed at all, 78 (21%) were

breastfed less than 6 months. The mean (SD) duration of breastfeeding

for those who received breastfeeding was 36.5 (13.9) weeks. The dura-
tion of breastfeeding according to exposure characteristics at birth is
shown in Table S2. Maternal smoking during pregnancy was only

significantly associated with shorter duration of breastfeeding.
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3.3 | Association of breastfeeding with lung
function and clinical symptoms

The duration of breastfeeding was not associated with lung function
(Table 2). There were no substantial differences in baseline and
adjusted models. Additional adjustments for maternal education or
respiratory symptoms in the first year of life did not change the
effect estimates (data not shown).

In a univariable model, we found significant evidence for a 2%
reduction in the presence of allergic conditions for each week of
breastfeeding (Table 2). However, after control for confounders, we
found no evidence for association of breastfeeding with any of
secondary clinical outcomes (Table 2).

4 | DISCUSSION

In this prospective cohort study of primarily healthy unselected
children followed from birth until school age, we found no significant
effect of breastfeeding duration on lung functional outcomes, if
adjusted for known confounders. The physiological relevance of the
findings was strengthened by the consistency across several
functional outcomes at school age. We found no evidence of airway
obstruction, altered residual or end-expiratory volume nor restricted

total lung capacity. With respect to secondary outcomes, we

observed that a longer duration of breastfeeding was associated with
a reduced risk of atopic dermatitis in girls. For every week mothers
continued breastfeeding, the risk of having atopic dermatitis was
reduced by 4%. There was no significant effect of breastfeeding
duration on other clinical data such as asthma, ever wheeze, current
wheeze, rhinitis or positive skin prick test. Sensitivity analysis of lung
function outcomes excluding children who developed asthma during
preschool age showed consistent results (Table S3).
Primary outcomes: In contrast to asthma cohort studies, > %>/
we found no effect of breastfeeding on lung function outcomes in
unselected, primarily healthy children. Similarly, we could not de-
monstrate an effect of breastfeeding on FeNO, a marker of eosino-
philic inflammation in asthma, as suggested by others.'” Studies
investigating the effect of breastfeeding on lung function are het-
erogeneous with regard to age (mixed preschool and school-age
populations), risk factors, duration, and categorization of breast-
feeding. Overall, there is evidence that breastfeeding has the most
consistent beneficial effect on FVC.%® However, of the three cohort
studies reporting on the effect of breastfeeding on FVC, two were
based on the Isle of White cohort and one on The Tucson Children's
Respiratory Study with enrollment periods from 1980 to 1984 and
from 1989 to 1990, respectively.'®>* FVC is highly cooperation-
dependent in preschoolers, strict quality control criteria in our cohort
did not allow us to collect a high enough sample size (Table 1) to

confirm data from the literature. Furthermore, in comparison to our

TABLE 2 Association of breastfeeding with lung function and clinical data

Baseline model®

Adjusted model”

Breastfeeding, week N Coeff (95%Cl) P value N Coeff (95%Cl) P value
Spirometry
FEV4, mL 204 -0.46 (-1.88; 0.94) 513 204 -0.23 (-1.65; 1.19) 747
Body plethysmography
FRCpleth, ML 260 -0.3 (-1.91; 1.31) 714 260 -0.14 (-1.75; 1.47) .866
TLCpjeth,mL 198 0.59 (-2.09; 3.27) 667 198 0.77 (-1.87; 3.41) 564
Refr, mL 263 1.36 (-0.41; 3.12) 131 263 1.36 (-0.42; 3.15) 134
FeNO, ppb 276 1.00 (0.99; 1.01) .725 276 1.00 (0.99;1.01) .604
Univariable model Adjusted model®
Breastfeeding, week N OR (95%Cl) P value N OR (95%Cl) P value
Clinical data
Asthma 345 0.99 (0.96; 1.02) .397 345 0.99 (0.97; 1.03) .816
Ever wheezing 345 0.99 (0.97; 1.01) .298 345 1.00 (0.98; 1.01) 634
Current wheezing 345 0.99 (0.96; 1.02) .542 345 1.00 (0.97; 1.03) 976
Presence of allergic conditions 346 0.98 (0.96; 1.00) .018 346 0.99 (0.97; 1.00) .068
Rhinoconjunctivitis 372 0.98 (0.97; 1.00) 071 371 0.99 (0.97; 1.01) 194
Atopic dermatitis 366 0.98 (0.96; 1.00) .080 365 0.99 (0.96; 1.01) .187
Positive skin prick test 302 0.99 (0.97; 1.01) .379 302 0.99 (0.97; 1.02) .579

Note: Effect is reported per week of breastfeeding.

Abbreviations: 95% Cl, 95% confidence interval; Coeff, regression coefficient; N, complete data; OR, odds ratio.

2Adjusted only for anthropometric data (age, height, and sex).

bAdjusted for sex, maternal smoking during pregnancy, and parental atopy.

“Adjusted for sex, maternal smoking during pregnancy, parental atopy, and maternal education. Ever wheezing was adjusted additionally for older siblings.
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FIGURE 1 The potential causal pathway (in concordance to
Waidyatillake et al*®). We hypothesized that the effect of breastfeeding
on lung function is weak and might be mediated by reducing the airway
inflammation and allergic sensitization in early childhood, and also a
complex interaction between breastfeeding and genetic variants on the
respiratory infection.**>” Moreover, breastfeeding may positively
influence body growth that can lead to better lung function. In addition, it
is possible that reported associations between breastfeeding and lung
function are due to confounding factors [Color figure can be viewed at
wileyonlinelibrary.com]

primarily healthy cohort, these cohorts (ALSPAC, the Isle of White,
and Tucson Children's Respiratory Study) are characterized by the
lower duration of breastfeeding and higher prevalence of asthmatic/
atopic mothers and maternal smoking. In addition, depending on the
enrollment period, changes in environmental factors, the prevalence
of respiratory infection and medical care may contribute to both
changes in breastfeeding duration and lung functional growth. Our
findings are, however, in line with the subgroup of healthy offspring
of non-asthmatic mothers, and the ALSPAC and PROBIT studies,
which did not find an effect of breastfeeding on lung function.®°
Our findings are consistent with the hypothesis, that breastfeeding
has no direct strong impact on lung functional development. Com-
bining knowledge from other studies and our findings, we may
speculate that the impact of breastfeeding on lung functional de-
velopment may be a secondary effect mediated by susceptibility to
early viral infections or chronic inflammatory processes at preschool
age, such as described in asthma (Figure 1).

Secondary outcomes: In contrast to studies reporting an associa-
tion between breastfeeding and allergic disease, in our unselected,
primarily healthy cohort we found no effect of breastfeeding on
asthma and respiratory symptoms, nor on the presence of allergic
conditions. This may be related to the limited sample size, which

would not allow us to assess small and probably clinically less

WILEY—Iﬂ

relevant effects. Another reason for contrasting results is the low
prevalence of children with asthma and wheeze in our cohort com-
pared to many other cohorts.*®%? We have, however, found a weak
protective effect on the development of atopic dermatitis. In several
studies, it has been shown that breastfeeding protected children
from atopic dermatitis.’>** Other authors could not find a protective

4243 instead,

44-46

effect at any age, from infancy through adolescence,
breastfeeding was associated with increased atopic dermatitis,
especially in the subgroup of children with no heredity for atopy.
Consistent with that, in a systematic review and meta-analysis of
18 prospective studies, the protective effect of breastfeeding was
higher in the subgroup with a positive family history of atopy.*®
Contrary to that, Kull et al showed, based on the BAMSE birth co-
hort, that exclusive breastfeeding for 4 months or more reduced the
risk for atopic dermatitis at 4 years by about 20%, irrespective of
sensitization to common food or inhalant allergens or parental al-
lergic diseases.*"

4.1 | Strength and limitation

Our cohort is a very homogeneous, primarily healthy, cohort. The
findings remain robust even if children with asthma were removed
from the analysis. However, our healthy population also sets our
study apart and is one of our strengths. There are limitations in terms
of the generalizability of our findings. Considering Tables 1 and S1,
the sample analyzed might not fully represent the entire population
of Bern. The participants tended to come from a higher socio-
economic class and the results from the included/non-included
comparison analysis with loss of less-breastfed children suggest a
population bias regarding the average duration of breastfeeding. The
high prevalence of breastfeeding in our study makes it impossible to
provide risk estimates for breastfeeding per se (breastfed children vs
non-breastfed children) and makes comparisons between studies
difficult. A further difficulty was quantifying the addition of formula
supplementation (partial breastfeeding). This made it difficult to as-
sess exposure dose and might have hidden a greater benefit of ex-
clusive breastfeeding compared to partial breastfeeding.

Furthermore, to avoid recall bias we prospectively asked mo-
thers on a weekly basis, whether or not they were breastfeeding and
identified the exact time point when mothers completely weaned
their children.

5 | CONCLUSION

Although we found significant breastfeeding effects on respiratory
symptoms in the first 6 months of life within the same cohort, this
study suggests that in unselected primarily healthy children with low
risk for asthma, breastfeeding duration has no relevant effect
on comprehensive lung function and FeNO in healthy school-aged

children.
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Table S1: Anthropometric data of the study participants compared to non-included children

Included Non-included p-value
Number of children 377 81
Anthropometric data
Male sex, n (%) 204 (54) 44 (54) 0.973
Gestational age, mean (sd), weeks 40 (1.2) 39 (1.9) 0.974
Length at birth, mean (sd), cm 49.6 (2.0) 48.9 (2.2) 0.998
Weight at birth, mean (sd), g 3392 (441) 3283 (511) 0.974
Risk factors
Caesarean section, n (%) 61 (84) 13(17) 0.887
Maternal smoking during pregnancy, n (%) 30 (8) 16 (20) 0.001
Parental smoking during first year of life, n 75 (20) 26 (34) 0.008
(%)
Maternal history of allergic conditions?, n (%) 123 (33) 27 (34) 0.790
Maternal asthma, n (%) 37 (10) 10 (13) 0.450
Paternal history of allergic conditions®, n (%) 132 (35) 31 (39) 0.486
Paternal asthma, n (%) 35(9) 12 (15) 0.120
Maternal education ®
low, n (%) 151 (40) 28 (40) 0.020
middle, n (%) 132 (35) 16 (23)
high, n (%) 93 (25) 26 (37)
Presence of older siblings, n (%) 200 (53) 45 (57) 0.526
Exposure
Breastfeeding, mean (sd), weeks 36 (14) 26 (18) <0.001

Values are mean (standard deviation) or number (percentage). * defined as self-reported, doctor-diagnosed asthma,
rhinitis or atopic dermatitis; ® categorized into low (less than four years of apprenticeship), middle (four years of
apprenticeship and above) and high (tertiary education).
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Table S2: Duration of breastfeeding stratified by exposure, N=377

Appendix

N (%) Median in weeks IQR in weeks
Study population 377
Sex
Male 204 (54) 39 27-47
Female 173 (46) 36 29-52
Gestational age
<40 weeks 218 (58) 36 26-47
>40 weeks 159 (42) 40 29-52
Parental history of
atopy
No 164 (44) 38.5 30-47.5
Yes 213 (56) 36 27-51
Maternal age at
enrollment
> 25y 367 (97) 39 27-49
<25y 10 (3) 37 13-50
Maternal
socioeconomic status'
Low 93 (25) 36 26-48
Middle 132 (35) 35 24.5-47.5
High 151 (40) 40 30-51
Maternal smoking
during pregnancy 347 (92) 38 28-50
No 30 (8) 32 30-41
yes
Parental smoking
during first year of life
No 302 (80) 37 27-48
Yes 75 (20) 36 23-52
Older siblings
No 177 (47) 37 27-51
yes 200 (53) 37 28-48

I Data were available for n=376. 2 Data were available for n=236

in bold shown the significant difference (p-value<0.05)
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Appendix

Table S3: Association of breastfeeding with lung function in non-asthmatic children

Adjusted model®

Breastfeeding (wks) N Coeff (95%CI) p-value
Spirometry

FEV,, ml 195 -0.28 (-1.76; 1.20) 0.713

Bodyplethysmography

FRCpiemn, ml 245 -0.04 (-1.68; 1.60) 0.958

TLCpletn,ml 185 1.20 (-1.47; 3.88) 0.377

Resr, ml 248 1.17 (-0.70; 3.04) 0.219

FeNO, ppb 266 1.00 (0.99;1.01) 0.556
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458 Children assessed for eligibility

8 excluded due to prematurity

A 4

A 4

73 Lostto follow-up

377 Children at follow-up visit

/

\

Appendix

Children with lung function
measuraments after quality control

204 Spirometry (FEV1)
263 Body plethysmography (FRC)
279FeNO

Children with clinical data

345 Respiartory morbidity (e.g. asthma, wheeze)
346 Atopy

372 Allergic Rhinoconjunctivitis

302 Sensitization
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Abstract

Despite the attractiveness of breath analysis as a non-invasive means to retrieve relevant metabolic information, its introduction
into routine clinical practice remains a challenge. Among all the different analytical techniques available to interrogate exhaled
breath, secondary electrospray ionization high-resolution mass spectrometry (SESI-HRMS) offers a number of advantages (e.g.,
real-time, yet wide, metabolome coverage) that makes it ideal for untargeted and targeted studies. However, so far, SESI-HRMS
has relied mostly on lab-built prototypes, making it difficult to standardize breath sampling and subsequent analysis, hence
preventing further developments such as multi-center clinical studies. To address this issue, we present here a number of new
developments. In particular, we have characterized a new SESI interface featuring real-time readout of critical exhalation
parameters such as CO,, exhalation flow rate, and exhaled volume. Four healthy subjects provided breath specimens over a
period of 1 month to characterize the stability of the SESI-HRMS system. A first assessment of the repeatability of the system
using a gas standard revealed a coefficient of variation (CV) of 2.9%. Three classes of aldehydes, namely 4-hydroxy-2-alkenals,
2-alkenals and 4-hydroxy-2,6-alkedienals—hypothesized to be markers of oxidative stress—were chosen as representative
metabolites of interest to evaluate the repeatability and reproducibility of this breath analysis analytical platform. Median and
interquartile ranges (IQRs) of CVs for CO,, exhalation flow rate, and exhaled volume were 3.2% (1.5%), 3.1% (1.9%), and 5.0%
(4.6%), respectively. Despite the high repeatability observed for these parameters, we observed a systematic decay in the signal
during repeated measurements for the shorter fatty aldehydes, which eventually reached a steady state after three/four repeated
exhalations. In contrast, longer fatty aldehydes showed a steady behavior, independent of the number of repeated exhalation
maneuvers. We hypothesize that this highly molecule-specific and individual-independent behavior may be explained by the fact
that shorter aldehydes (with higher estimated blood-to-air partition coefficients; approaching 100) mainly get exchanged in the
airways of the respiratory system, whereas the longer aldehydes (with smaller estimated blood-to-air partition coefficients;
approaching 10) are thought to exchange mostly in the alveoli. Exclusion of the first three exhalations from the analysis led to
amedian CV (IQR) of 6.7 % (5.5 %) for the said classes of aldehydes. We found that such intra-subject variability is in general
much lower than inter-subject variability (median relative differences between subjects 48.2%), suggesting that the system is
suitable to capture such differences. No batch effect due to sampling date was observed, overall suggesting that the intra-subject
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variability measured for these series of aldehydes was biological rather than technical. High correlations found among the series
of aldehydes support this notion. Finally, recommendations for breath sampling and analysis for SESI-HRMS users are provided
with the aim of harmonizing procedures and improving future inter-laboratory comparisons.

Keywords Breath metabolomics - Fatty aldehydes - Secondary electrospray ionization high-resolution mass spectrometry -

Oxidative stress - Standardization procedures - Variability

Introduction

Mass spectrometry is a pivotal technique in clinical chemistry
laboratories and will continue its expansion to support clinical
decision-making [1]. One of such potential future applications
is the analysis of exhaled breath metabolites for clinical diag-
nosis and therapeutic monitoring [2]. However, such an en-
deavor requires standardized protocols, performed in multi-
center studies leading to conclusive evidence, before regula-
tory authorities can approve a clinical test. In this regard,
transitioning from promising research results to concrete clin-
ical applications proves to be a challenge, leading to few rou-
tinely used clinical breath tests [3].

A number of analytical techniques have emerged over the
last five decades, aiming to address this challenge, being the
earliest one gas chromatography-mass spectrometry (GC-MS)
[4, 5]. GC-MS and its improved modern variants such as
GCxGC-Time of flight remain to be the workhorse platform
capable of mapping the yet largely unknown breath metabo-
lome [6]. However, one important limitation of GC-MS is the
requirement of sample preparation, which leads to lengthy
analyses and poses at the same time additional difficulties to
standardize procedures and to preserve chemically
uncompromised breath specimens [7]. Since breath consti-
tutes a virtually unlimited source of information, real-time
techniques such as proton-transfer-reaction mass spectrometry
(PTR-MS) [8] and selected-ion flow-tube mass spectrometry
(SIFT-MS) [9] emerged to conveniently capture this informa-
tion. Such convenient online monitoring of exhaled metabo-
lites is obviously of great advantage. However, it comes at the
price of limited sensitivity—as no sample pre-concentration is
possible—and limited selectivity—as no chromatographic
separation prior to mass analysis is possible. A third real-
time mass spectrometric alternative is secondary electrospray
ionization-mass spectrometry (SESI-MS) [10]. In contrast to
PTR-MS and SIFT-MS, ionization of exhaled metabolites
takes place at atmospheric pressure in SESI-MS. The benefit
of doing so is twofold: (i) the ionization probability increases
with pressure [11] and (ii) it allows to conveniently interface
the ionization stage with virtually any pre-existing atmospher-
ic pressure ionization mass analyzer, including ultra-high-
resolution (> 100,000) MS such as Orbitrap. This results in
sensitive and selective, yet real-time, analysis of trace vapor
species. As a result, despite being the most recently proposed
mass spectrometric alternative for real-time gas analysis, it is

@ Springer

steadily gaining interest across different research groups [10,
12-26]. However, most of the published SESI-MS studies rely
on lab-built instrumentation, making it difficult to standardize
procedures for this technique. Following ongoing efforts to
standardize exhaled breath collection and subsequent analysis
for other analytical platforms [27-34], we present here a series
of instrumental developments aiming to standardize breath
analysis procedures and to provide recommendations for
SESI-HRMS users interested in breath analysis. To do so,
we characterized a series of new instrumentation with a focus
on a panel of three classes of exhaled aldehydes.

Material and methods

We investigated the exhaled breath composition of healthy sub-
jects by SESI-HRMS. The breath analysis platform consisted of
three main components. The first one was a newly developed
interface (Exhalion, FIT, Spain), which measures CO, (%),
pressure drop (mbar), exhalation flow rate (L/min), and exhaled
volume (L) in real time to guide the exhalation maneuver.
Downstream, the exhaled breath is ionized in an ion source
(Super SESI, FIT, Spain). Ionized breath metabolites were then
analyzed in real time by a high-resolution mass spectrometer (Q
Exactive Plus, Thermo Fisher Scientific, Germany). Figure 1 a
shows a picture of the breath analysis platform.

Exhalation maneuver monitoring and guiding
(Exhalion)

The breath interface Exhalion was constructed with the aim of
assisting in the control and reproducibility of exhalation maneu-
ver. Exhalion consists of the following elements: a disposable
standard antibacterial/antiviral medical grade filter. In this study,
commercially available spirometry filters (MicroGard™, Vyaire
Medical, USA; 3 cm ID; filters 99.98% of bacteria and 99.92%
of viruses) were used as a mouthpiece. Downstream, the filter is
connected to an autoclavable interface, housing a calibrated flow
restriction. By measuring the pressure drop through the calibrated
restriction (range 0 to 20 mbar, accuracy 2.5%, precision 0.1
mbar), Exhalion determines the flow rate (range 0 to 15 L/min,
accuracy 2.5%), and total exhaled volume (the latter is automat-
ically estimated by detecting the onset of the exhalation and
integrating flow rate over time). Capnography data is measured
side-stream (range 0 to 20%, accuracy 5% of the reading), with
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Q ExACTIVE PLUS
mass spectrometer

Super SESI

Fig. 1 Real-time breath analysis using SESI-HRMS. a SESI-HRMS an-
alytical platform located in a clinical setting (University Children’s
Hospital Basel) dedicated for real-time breath analysis. The system fea-
tures three main elements: (i) exhalation interface, which provides feed-
back to the participants on the exhalation maneuver; (ii) ion source, which
efficiently ionizes exhaled metabolites, and (iii) high-resolution mass

an approximate flow rate of 0.5 L/min. Absolute pressure mea-
surement is also integrated and is used to compensate for the
effect of barometric variations on CO, and flow readings. Time
and other parameters are measured at a rate of 1.5 Hz, and stored
in a text file. Finally, a main module, incorporating a touch
screen, a micro-computer, all sensors, and a dedicated firmware
to run autonomously, is used to process all the data from flow
restriction and capnograph in real time. All routines to seamlessly
calibrate the sensors are integrated into the firmware. The main
module and the flow restriction interface are connected with two
tubes (1/8” OD, for CO, and pressure measurement). Nafion
tubing was used to prevent condensation. The dead volume of
the side-stream tubing and the sensors was below 5 cm’ , which
provides an upper limit for the CO, reading delay of 0.5 s. The
total dead volume was dominated by the mouthpiece filter, as
Exhalion was designed to minimize this contribution. The
Exhalion device was connected downstream with the ionization
device (Super SESI).

Secondary electrospray ionization (Super SESI)

The Super SESI source was optimized for breath analysis and
integrates all components required to control the ionization of the
sample flow. A fraction of the total exhaled flow is passed to the
ionizer, which features a sampling line connected to an ionization
chamber whereby a nano-electrospray (0.1% ammonium for-
mate in water) ionizes the metabolites present in breath. We used

b CO,[%)]

LA AL

exhalation flow rate [L/min]

L

" exhaled volume [L]

4-hydrbxy-2-nonena| ]

) | | Y Y O

2-dodecenal

LAAA A AfAn

4-hydroxy-2,6-pentadecadienal
6 8 10 12 14 16 18

Time [min]

spectrometer. b Real-time analysis by simultaneous monitoring of CO,,
physical exhalation parameters (exhalation flow rate and exhaled vol-
ume), and relative intensities of three representative aldehydes from one
experiment. 13 consecutive exhalations within 20 min for one subject are
shown (see ESM Fig. S4 for zoomed-in view of the first exhalation).

a 20-pm ID TaperTip (New Objective, USA) silica capillary
emitter. The Super SESI pressure was set to 1.3 bar to drive the
liquid through the capillary. The steady-state reading of the nano-
amperemeter indicated that a stable spray was formed (typically
130 nA). The sampling line temperature was set to 130 °C and
the ion chamber temperature was set to 90 °C. In addition, the
sampling line and the ionization chamber core were silica-coated
to minimize analyte adsorption onto the system walls. Super
SESI uses a flow of clean nitrogen (filtered through a built-in
activated charcoal filter) to sweep the ionizer when there is no
sample input. It was set to provide an excess of 0.4 L/min over
the flow ingested by the mass spectrometer (precise reading and
control of this is integrated into the Super SESI). The exhaust
mass flow controller was then set to 0.7 L/min so that the fraction
of breath entering the ionizer was fixed at 0.3 L/min regardless of
potential exhalation pressure fluctuations. The dead volume of
the sample line and the ionizer was approximately 10 cm’. At
this flow, the time required for breath to reach and sweep the
ionizer is 2 s.

High-resolution mass spectrometry (Q Exactive Plus)

The Super SESI source was directly coupled to the Q Exactive
Plus MS and was recognized as an ESI source (sheath gas flow
rate 60, auxiliary gas flow rate 2, spray voltage 3.5 kV, capillary
temperature 275 °C, and S-lens RF level 55.0). The MS was
operated directly via Q Exactive Tune software (version 2.9) in
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full MS mode (polarity positive, scan range 100 to 400 m/z,
microscans 4, ACG target 10%, and maximum injection time
500 ms) with a resolution of 140,000 (at m/z 200). The MS
was externally calibrated on a weekly basis using a commercially
available calibration solution (Pierce™ Triple Quadrupole, ex-
tended mass range) and internally calibrated by enabling lock
masses (m/z 149.02332, 279.15909, 355.06993, 371.10123,
and 391.28429), which correspond to common background mass
spectrometric contaminants [35, 36].

Subjects

Three male and one female healthy subjects (33 = 8 years, mean
+ SD) were enrolled in the study, each subject provided at least
49 exhalations. All measurements were performed during
weekdays at any given time between 8 a.m. and 6 p.m. Fig.
S1 (see Electronic Supplementary Material, ESM) shows the
measurement scheduling distribution for all participants, indi-
cating no significant bias towards a specific time window for
any given subject. The sample size and number of replicates
resulted from estimating the within-subject standard deviation,
following the approach described by Bland and Altman [37].
Shortly, the precision with which one can estimate within-
subject standard deviation depends on both the number of sub-
jects and the number of observations per subject. Details are
described in the ESM (Table S1). The subjects provided
prolonged exhalations, whereby the subjects inspired to total
lung capacity and expired at a constant flow rate. This expira-
tion maneuver was repeated at least six consecutive times with
breaks of at least 10 s in-between replicate exhalations.
Typically, the total exhaled volume per exhalation was 3 L.
To guide the maneuver, the subjects could monitor in real time
their CO, level, exhalation flow rate, and exhaled volume on
the Exhalion touch screen. Fig. S2 (see ESM) shows a picture
of how a subject would perform the breath test.

Data analysis

Raw data from the MS and Exhalion device were exported
and processed using MATLAB (version 2018a, MathWorks
Inc., USA). Briefly, raw MS data were converted into
mzXML file format using ProteoWizard’s msConvertGUI
[38]. Afterwards, each spectrum from all files was aligned
and calibrated using the RAFFT algorithm implemented in
MATLAB [39]. Then mspeaks and ksdensity functions of
MATLAB were used to appropriately pick and extract the
final feature list of 2,255 features. Molecular formulae were
generated based on the accurate mass by considering C, H, N,
and O [40]. A number of studies suggest using CO,- and
volume-controlled sampling maneuvers as a standardization
procedure [34, 41-44]. Following the recommendations to use
this physiological parameter to normalize breath analysis data,
we normalized signal intensities by considering exhalation
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windows where the CO, concentrations rose above 3%. In
particular, we computed the signal intensity for each of these
2,255 features during each exhalation by using the time cor-
responding to 3% or more of the CO, signal (from Exhalion)
to define a single exhalation event. Finally, the integrated area
under the curve (AUC) for all features was normalized by the
exhaled volume in the exhalation (calculated by integrating
the flow over time in a particular exhalation from Exhalion
data). We will henceforth refer to this normalized AUC as
breath-signal.

For Fig. 2 and Figs. S6-S8 (see ESM), we first normalized
the breath-signal of metabolites from each experiment (con-
taining 6 exhalations) to the maximum. Then, normalized
breath-signals of metabolites were averaged across different
experiments to obtain the final “mean normalized breath-
signal” of metabolites for each subject along with their 95%
confidence interval (CI).

Intra-subject variability for each feature was estimated by
calculating the coefficient of variation (CV, expressed as per-
centage) of the replicate exhalations (this analysis led to
Table 1). Inter-subject variability was evaluated by performing
one-way analysis of variance (ANOVA; grouped by subjects),
followed by a multiple comparison (post hoc) test, using the
Bonferroni method, to determine whether pairs of group
means were significantly different (this analysis led to
Table 2).

Gas standard generation (ReGaS2)

To monitor the stability of the ionization, a reactive gas stan-
dard generator (ReGaS2) developed by the Swiss Federal
Institute of Metrology (METAS) [45], was used. This device
releases a flow with stable concentrations of trace gases and
can be used to standardize gas sensors. In our case, [3-pinene
at a concentration of 92.7 ppb in air was used as target vapor
(carrier flow of 1 L/min and dilution flow of 0.5 L/min at an
oven temperature of 41 °C).

Results and discussion
Technical variability measured using B-pinene vapors

Before discussing the biological variability measured in hu-
man breath, we gauged the typical technical variability to be
expected for our SESI-HRMS system. In order to do so, we
infused a continuous stream of air seeded with 92.7 ppb of 3-
pinene, simulating an exhalation maneuver. Upon injection of
the standard, the mass spectrum was dominated by the expect-
ed protonated (3-pinene at m/z 137.1326 (C,0H,7), along with
some oxidized species (C;oH;s0 and C,oH;,0,; ESM Fig.
S3). SESI-MS is known to detect trace species down to the
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Exhalation #

Fig. 2 Aldehydes show a subject-independent and molecule-dependent
exhalation pattern. Data shown is the mean normalized breath-signal with
errors bars representing 95% Cls for three selected aldehydes from four

sub-ppt range [22]. For this reason, and not surprisingly,
92.7 ppb of B-pinene nearly saturated the detector of the

Table 1

subjects (denoted as S1-S4) in 104 experiments as a function of exhala-
tion number. Lighter species show a systematic decaying trend across
consecutive exhalations, which is subject independent.

Orbitrap mass analyzer. Because the dynamic range of our
mass analyzer is five orders of magnitude (signal intensity

Intra-subject variability in the breath-signal for the series of aldehydes studied in this work. The median and IQR values of the CVs (expressed

as percentage) measured for the four subjects for the 27 aldehydes studied are listed; DBE double bond equivalent

m/z (M +HJ") Metabolite

Coefficient of variation (%)

S1 (N=25) S2 (N=29) S3 (N=37) S4 (N=13)

Formula Name DBE Masserror Median IQR Median IQR Median IQR Median IQR
M) (ppm)
143.1066 C8H1402  4-Hydroxy-2-octenal 2 -0.32 6.2 6.7 7.5 42 6.3 6.0 43 2.7
157.1223 C9H1602  4-Hydroxy-2-nonenal 2 0.16 6.8 6.0 8.7 46 718 74 49 24
171.1379 C10H1802 4-Hydroxy-2-decenal 2 -0.15 7.3 53 7.5 4.8 7.3 58 43 22
185.1537 C11H2002 4-Hydroxy-2-undecenal 2 0.30 6.8 4.8 7.5 42 69 6.5 44 3.8
199.1694 CI12H2202 4-Hydroxy-2-dodecenal 2 0.58 7.6 8.5 8.0 4.7 7.7 6.6 4.6 3.6
213.1851 C13H2402 4-Hydroxy-2-tridecenal 2 0.68 7.6 6.7 7.9 4.7 6.5 55 47 2.5
227.2005 C14H2602 4-Hydroxy-2-tetradecenal 2 —0.11 5.6 45 7.2 39 6.6 56 55 4.0
241.2162 CI5H2802 4-Hydroxy-2-pentadecenal 2 —0.11 4.8 5.1 6.1 5.0 6.1 38 57 32
255.2319 C16H3002 4-Hydroxy-2-hexadecenal 2 -0.02 6.2 5.0 5.1 50 6.0 58 7.1 34
127.1118 C8H140 2-Octenal 2 0.07 6.5 3.8 6.3 42 7.3 85 74 6.5
141.1275 CI9H160 2-Nonenal 2 0.42 7.4 52 7.5 34 71 63 58 39
155.1429 CI0H180  2-Decenal 2 —0.66 6.0 7.0 6.6 54 6.0 59 40 4.7
169.1587 C11H200  2-Undecenal 2 —-0.01 6.6 7.0 8.1 42 74 56 57 53
183.1744 CI2H220  2-Dodecenal 2 0.49 6.7 49 7.7 52 69 63 54 22
197.1901 C13H240  2-Tridecenal 2 0.56 6.5 7.3 7.0 35 7.5 70 55 4.6
211.2055 C14H260  2-tetradecenal 2 -0.53 7.5 5.7 7.8 49 638 59 7.1 49
2252213 CI15H280  2-Pentadecenal 2 -0.09 7.6 7.7 7.8 4.1 7.4 52 638 5.0
239.2369 Cl16H300  2-Hexadecenal 2 —-0.05 8.3 70 128 122 84 72 8.0 8.4
141.0910 C8H1202  4-Hydroxy-2,6-octadienal 3 0.25 5.4 5.8 7.3 36 57 48 45 3.0
155.1066 C9H1402  4-Hydroxy-2,6-nonadienal 3 -0.62 5.4 7.6 7.7 3.8 6.7 65 53 2.8
169.1223 C10H1602 4-Hydroxy-2,6-dodecadienal 3 0.09 7.4 6.9 7.9 45 5.8 51 54 3.8
183.1380 CI11H1802 4-Hydroxy-2,6-undecadienal 3 0.46 7.1 6.3 7.8 35 7.7 57 45 3.0
197.1537 CI12H2002 4-Hydroxy-2,6-dodecadienal 3 0.58 7.6 5.5 7.7 45 53 43 48 3.0
211.1692 C13H2202 4-Hydroxy-2,6-tridecadienal 3 —0.41 7.0 73 7.7 5.0 6.0 56 5.1 43
225.1849 C14H2402 4-Hydroxy-2,6-tetradecadienal 3 -0.07 6.6 6.5 6.6 53 6.0 62 5.1 34
239.2005 CI15H2602 4-Hydroxy-2,6-pentadecadienal 3 —0.11 7.4 6.6 117 135 5.8 47 53 6.2
253.2162 C16H2802 4-Hydroxy-2,6-hexadecadienal 3 -0.02 8.1 9.2 4.6 44 63 55 56 3.8

@ Springer



Singh K.D. et al.

4888

01 x9I'¢ 8L 667 — 01c— [ 90¢ I'tl— L8 01 x19¢ 0'l— [I'Ly— 0vYc— 00— € [BUSIPEIOPEXOH-9 T-AXOIPAH- CO%H 'O 91T°€sT
9 01 x 209 89— I'+8— §'eS— I 1'8C TSI- ¥'9 ¢ 0l xTTT ¥8— 1¥S— gre— 11o- € [eUSIPEOdPEIUDG-9 T-AXOIPAH- CO7CHS'D S00T6¢£C
o Ol x TF'1 €9v— Leel—  006-— I ¥9¢ L6C— 1S 01 xT89 1'66— 880I— 0vL— LOO- € [eueIpEIdpENR] -9°T-AX0IPAH- COYCHY!D 6¥81°6CC
01 €68 L9— 089— VLE— I LLT L'8C— §¢— L, 00 x€6'L TLT— T'9L— 9IS— I¥0- € [eudIpeodpu]-9°T-AX0IpAH-y COCHE!D CO91°TIT
» 0l x¥0°6 L€C— 9STI—  9vL— [0 x106 8Ll ¥'6S— 80C— 0l xI¥'L 96— O0O16- €0S— 850 € [eudIpesspo-9°c-AXoIpAH- CQO%H'D LESTLOI
01 X 66T 07T9— §ILT— 6991 — I L08 I'8L— €1 01 x99 T L'IT— T6LI— ¥'$6— 9¥°0 € [eudIpesepun-9°g-AxoIpAH-y COS'H''D 08€1°€81
0L x 85€ 001 98S— €Y — I 091 09¢— 00I— 40l x90°1T 0Sy— 866— ¥L— 600 € [eudIpeoopo-9‘z-AxoIpAH-y “O°'HC'D €691
01 x¥S'8 8L— €6L— 9er— I 0ve 1'0C— 0L o0 X ¥I'L €9C— €8~ 8YS— 90— € [eUSIPLUON-9*Z-AX0IPAH-¥  SOY'H®D 9901°SS1
10T x 88T 18 £6S— 9¢C— I 6¢e I'vl- 66 01 X 96°C 9Vl — TSH— 66— STO € [USIPLIdO-9°T-AX0IPAH-+  COCTH®D 0160111
I I've €9v- 19— I 89T I've— 9¢— 0l x6IC ¥e— 9L9- gge— S00—- [4 [eU000pEXOH-z - O%H'D 69€T°6¢C
¢ 0l x90°T L8I— 0C0I— €09— I v81 Lyyr— I'el— ¢ 0l xoI'l S¥I— 018— L'Ly— 600— [4 [euddspeludd-g - OFH D €1eesee
01 x90C 6¢cv— I't€ll— 08L— I vIC 8lc— TS— 0l x88C €TC— £€8L— €05— €50 4 [euadopen’l-g  O%H"'D ¢soT'1IT
101 x 6T ¢'8 ¥e9— V'LT— I Teg €SI— 611 ¢ Ol x9I'C L'0I— 089— €6c— 950 4 [BUSOOPLL-Z  O"*HE'D 1061°L61
Ol xTL6 61— 89YI— 166 I 8y 19C— 86 0L x €8% 00C— 86— 6°'LS— 6¥°0 [4 [BU09pod-z  OFHE'D YyL1" €81
o 01 X 8TE 69— 6'60C— L6E]— [ €8S 08— I's » 01 x9OI't 6'1¢— 0¥¥l— 0'88— 100— 4 [euddopun-gz  O%H''D L8ST'691
o0 x 0%y L'8IT 978€ L'8L =01 x 681 9611 065 €68 [0l x9¢°¢ TS &II— 'oc 990- 4 [eueod@-z  O%'HO'D 6Cr1'sSl
60l X €L°C L'09— 0'I¥I— 800l - I €Sy 9¢I— 8Vl Ol x¥€C L0S— 8VII— LT8— T¥0 4 [PUOUON-T  O°'H®D SLTI' VI
01 x6I'T 8L Locr—  §95— I S¢S 8ev— 6t ¢ Ol x8I'l ¥¢C— 0°6CI— LEL— LOO [4 [euoO-z  O''HED 8ITT°LCI
I T8C L8E- £ I 19 SvI- 80l 0l x€C S6— 679— c9¢— 00— [4 [eud0apexeH-Z-AX0IPAH-¥ “Q°*H'D 61€T°SST
0l xvv'y L'8— 8L9— T8¢~ I €6C §6l- 6C ¢ 01 x ST v'0CT— 9L9— Ovy— I10— [4 [eud0apeIuad-Z-AX0IPAH-4  COSH*'D 91T 1ve
01 x68¢ ¥v8— 96II- 0¥8— I 98C v'ST— 91 L Ol x¥L'L 91€— $'88— 009—- IT'0— [4 [EUR00pRIOL-Z-AX0IPAH-f CO%TH"'D S00T'LTT
0l x¢CTs €01 TLy— 81— I 90T 0¢c— Cl— 00l x0r'8 801— L9S— 8'¢c— 890 [4 [eU000PU -Z-AXOIPAH-p  COY°HE'D 1S81°€1C
| A o o Sl - I 90T 06C— Tr— (Ol xLET €v— 996— ¥0€— 850 4 [eU200pO(-Z-AX0IPAH-  CO*HE'D 76917661
¢ Ol x¥S'1 TO0Cc— To6ll— L69— I S0y Sve— 0¢ ¢ 0l x 8T 691— 096— 796 — 0€0 [4 [eU200puN-Z-AX0IPAH-y  CO%H''D LEST GBI
I 909 ¢tv'eC— 981 01 x8CT¢ 88 LYS— 0¢€c— (0l xI¥'y 011 09S— §TCc— S1'0— 4 [eu009(J-Z-AX0IPAH-  CO'HO'D 6LET'ILT
I LLT 19— vl — I 9Ll L0E— 99— L0l xLI'l OLI— 6L9— yer— 910 [4 [euduoON-Z-Ax01pAH-t  <O°'HD €CCILST
I L'l Lee— 0¢— I 67Tl 9¢c— VOl— ¢ 0l x86°L 96— 9¥S— 1'oe— ¢€0— [4 [eU2O-7-AX0IPAH-f  COV'HED 9901°¢vl
(wdd)

JOLId ()

onfead N g1 oSueyd 9, onfead  gn g1 oSueyd 9, anfead  gn g1 oSueyd 9, sselN d9dd QWieN  B[OULIO
¥S sA IS €S SA IS ¢S SA IS apjoqere N ([H+IAD) 2/

sanjea-d pue [ 966 oy} Jo (4N pue g71) spunoq 1oddn pue 1omo[ o) yim 193050}
s3uwured 309(qns [[e usamiaq S[RUSIS-[IBAIq OPAYIP[E UI SIOUIAIP QANR[AI O} SMOYS JqR ] oM SIY} Ul PAIPMIs SIPAYIPIe JO SILIAS dY) 10 [euSis-ypealq ay ul AIjiqeriea jo2(qns-1qur asimired g d|qel

pringer

Qs



4889

Standardization procedures for real-time breath analysis by secondary electrospray ionization...

<Ol x &¥'C 8CT— §T9— 9CE— [ TST ¢0C- v'e » 0L x SE¢ €y C6 ¥9T TO0— € [eUdIpEdOPEXOH-9‘C-AXOIPAH-p COSTH'D T91T'€ST
¢ 01 x9L8 ¢€LE— 06— T99— 01 xTET 67 L6t - F81— 0l xI€T 9% 67T L'8T 11'0— ¢ [eulIpedspeiuad-9 c-AXoIpAH-y QH'D 00T 6£T
;0 x0Tl OvS— T'6€l—  996— I €1 Legg- T6— 01 x9¢1 979 T9C vy LO0— € [eueIpesspena -9 c-AXoIpAH-y  COYCH'D  6v81°STT
20l xTTT 6CT— L'LS—  €0¢- I 1'ec ¢€0I- 7’6 o O x8I'T I'S¥ 861 yo¢ I¥0o—- € [BUSIPEOIPLL-9°C-AXOIPAH-p  COHE'D  TE9T'TIT
20l x96'l 8v— Y¥8—  9vr— I 691 ¢6V— 91— 0l x90CT T¥r 0S— 961 850 €  [EUSIPEOAPO(-9T-AXOIPAH-y  COOHE'D  LEST'LOT
¢ 0l x€I'8 TOL— L0LC—  SOLI— 0l x08¢ 8CSI 683— 99¢— 0l x8ES ¥88 901 g6y 90 ¢ [EUSIPEOOPUN-9 T-AXOIPAH-f  COS'H''D  08€1°€81

I ¥91 year—  0¢l— 0l x0Tl €Ly 678 6'LT 0L x809 905 L'IT c9¢ 600 € [euaIpeospo-9 z-Ax0IpAH-  “O°'H'D  €TTI'691
0l x0r'9 18— ¢606—  €¥S— [ 86C ¢SI— €L ¢ Ol x¥8CT 99¢ T¢C 66 90— € [eUSIPEUON-9*C-AXOIPAH-p  COY'HCD  9901°SST
0l xS6'l 0v— YoL— TLe— 0l x996 8¢€ S0I— L1 O x 1Ty 1T6 T6l 9¢¢ ¢T0 ¢ [eUSIPE(-9 C-AX0IPAH-F  “OC'H®D 0160 TH1

[ Tye 06e— vT- 101 x08C L0S €L— L'1T 01 xS¥'CT 0Sy 0°¢ §e€C S00—- ¢ [eUd22PEXOH-7  OPCH®'D  69€76€C
¢ 0l x €66 0L— SoL—  Llv-— I 06l 19¢- §8— 0l x6S81T 6¢r 0¢ ¥'e€C 600—- ¢ [euooopeiuad-g - OSH'D  €17T'STT
L O x LT LLE— 900l— T69— 01 xTO'l tvv Cly - V8l— 01 x9L¢€ 69v 1€l 00€ €S0- ¢ [euooopendl-z - O%CH"'D  SS0T 11T
20l x 8¢l T9- re8—  Lvy- I L€e 991- S8 o 01 X ITY §°6S 18I 89¢ 960 T [BUOOOPUT-Z  O"HE'D 1061°L61
¢ Ol x 681 ¥IL— LOLI- I'Ier— 00 x0T T'¢ 966 — €9C— L0l x6C¥ LYY T'IC 6y 6V0 T [BU009PO-g  OYH'D  #rL1°€81
L Ol x¥vI'€ 6'C8— STCC—  LTSI— [0l x69CT 68 09 — SLT— 0l x€0T 99L V¢ ser 100— ¢ [euooopun-z - O%H'"D L8ST'691

I L'e€ST TYSy—  T001— .01 xLy9 TTCl ¥¥c e€EL ¢ Ol x6LT 0¢Cl €08 L98 990- ¢ [euooad-g - O¥'H'D  6THI'SST
-0l x 85y ¥l6— €081—  8CCl— I g1l vie— 66— 0l x998 €69 V'LE ves o ¢ [PUGUON-C  O°'H®D SLTI'THI
<Ol x¥S¥ 80— T8CI—-  S¥9— I 09% T9C— 6’6 <0l x¥S'6 1CL 8l sy L00 T [euaO-z  OY'H®D SIITI'LTI

I ¢LI Ves—  08I— 06 x6€L L9 ¢€1- LTt o 01 x 209 €T L9l Sye wWo—- ¢ [US0OPEXOH-C-AXOIPAH-y SO H?'D  61€T°SST
0l x0I'8 9¢l— OIL— €Tr— I 0vC 091- 0y L0 x L' YLy L'L1 9ce 11'0— ¢ [eU200pRIUD]-C-AXOIPAH-p  COPCHS'D  T91TTHT
s 0l x6v'c 6¢CS— TI'lcl—  0L8— [0l x20v 89 L9¢— 6vl— (Ol x0LCT LY¥S ¥TC ¢8¢ I1'0— ¢ [euadopend -g-Axo1pAH- O HY'D  S00T'LTT
101 x9¢°6 L6 6¢r— I'LT— 0l xTL'8 ¥TE S6-— a8 » 01 x I¥'E€ 66 88 yve 890 ¢ [eU000pU -Z-AXOIPAH-p  COYCHE'D  T1S8T°€1T

[ LTC 99¢—  0L- 01 x¥89 06c 00I- Syl 0l x6TT €8¢ 61 ['0c 850 ¢ [eU009POP-T-AX0IPAH-f  COFH'D  $691°661
v 0l x65°¢ 897— T1'€Cl— 6VvL— I ¥ tv6e— 88— L0l x€€T 609 061 08¢ 0€0 ¢ [eu200puN-g-AX0IPAH-y  CO%H''D  LEST S8
20l x €¥'€ 099 91 8'¢e 201 x68% 0L9 10 gee I §yT TSC—- y0— SI'0- T [eu202(-Z-AX0IpAH-  CO3'H'D  6LET'ILI

I 01¢ yee—  TL- 0l x96'6 L1y 1T— 861 01 x88¢ ¥y 68 ¢sc 910 T [EUSUON-Z-AX0IPAH-y  “O°'H®D  €TTI'LSI

1 67c¢ 96l— L9 01 x 201 8¢y €T— 8'0C 0L xSI'T €26 0C— I'st ¢e0- ¢ [eu200-2-AX0IpAH-Y  SOY'HED  9901°¢v1

onfea d an g1 98ueyd 9, onead  gn g1 938ueyo 9, anead  gn g1 93ueyo 9,
ySSA IS €S SA IS ¢S SA IS

(panunuoo) z s|qe)

pringer

Qs



4890

Singh K.D. et al.

10*-10° a.u.), the limit of detection is expected to be at around
1 ppt, which is consistent with previous SESI-MS quantifica-
tion studies [46]. When we started the delivery of (3-pinene,
the signal of the protonated analyte raised sharply to reach a
plateau. We measured the stability of the signal intensity de-
tection during 1 h. When the delivery of 3-pinene was
stopped, the signal intensity dropped abruptly to baseline lev-
el, indicating no carryover effects, at least for this particular
compound (inset Fig. S3, see ESM). The CV of -pinene
signal intensity during an hour of continuous delivery of the
vapor was found to be 2.3%. We therefore conclude that tech-
nical CVs within 3% are to be expected for our SESI-HRMS
platform.

Replicate exhalations: intra- and inter-subject
variability

In total, the four participants provided 648 exhalations (n =
171 for subject 1, n =174 for subject 2, n =225 for subject 3
and n="78 for subject 4). These measurements were
subdivided into 104 single experiments (N =25 for subject
1, N=29 for subject 2, N=37 for subject 3, and N=13 for
subject 4) each containing 6 to 13 exhalations (replicates)
performed within 10 to 20 min. The aim was to examine the
variability across these replicates, considering that the techni-
cal variability, as mentioned above, was found to be in the
range of 3%. Figure 1 b shows one such representative exper-
iment whereby a subject provided 13 consecutive exhalations
during 19 min (ESM Fig. S4 shows a zoomed-in view of the
first exhalation, where the time traces can be inspected in
greater detail).

The vast majority of the features typically detected by
SESI-HRMS in human breath remain to be positively identi-
fied. However, over the last years, we have made a substantial
effort to systematically identify the molecular structure for
some of these metabolites by combining real-time breath
MS/MS analysis and UPLC-MS/MS analysis of exhaled
breath condensate [47-53]. Given the clinical importance of
aldehydes, as potential surrogates of oxidative stress [54—59],
we will concentrate in discussing our findings for a series of
three classes of fatty aldehydes [48]: 4-hydroxy-2-alkenals
(CiHy, _ 70,), 2-alkenals (CH,, —,0), and 4-hydroxy-2,6-
alkadienals (C,H,, - 40;) with chain lengths ranging from
Cg to Cy. These 27 representative aldehydes were used as
benchmarking metabolites. For reference, Fig. 1 b shows the
time traces of three such representative exhaled aldehydes and
Fig. S5 (see ESM) shows the time traces for the 27 aldehydes
of interest from the same experiment. The gray areas in Fig. 1
b and Fig. S4 (see ESM) represent the time windows whereby
CO, levels were above 3%.

Visual inspection of CO, and exhalation parameters from
Fig. 1b suggests a high repeatability across replicate measure-
ments. Indeed, computed mean + SD for this particular
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experiment yielded a CO, level of 4.7+ 0.1%, an exhalation
flow rate of 11.7 0.3 L/min and an exhaled volume of 2.6 +
0.1 L (i.e., excluding 0.5-0.6 L of breath not containing at
least 3% of CO,) for the considered windows. Median CVs
(IQRs) for CO,, exhalation flow rate, and exhaled volume
based on all 104 experiments were 3.2% (1.5%), 3.1%
(1.9%), and 5.0% (4.6%), respectively. The overall picture
for the aldehydes was somehow more complex. While 4-hy-
droxy-2,6-pentadecadienal in Fig. 1 b shows a relatively con-
stant behavior across all exhalations (akin to CO,), 2-
dodecenal drops over time during consecutive exhalations
and the decay is even more pronounced for 4-hydroxy-2-
nonenal, whose signal intensity decays by ~35% during the
first three exhalations, to then reach a steady state.
Interestingly, we observed this behavior systematically for
these particular molecules among all participants. Figure 2
shows the mean normalized breath-signal (see “Material and
methods” for details) and the corresponding 95% CI from all
experiments for the four participants as a function of exhala-
tion number for the three selected representative compounds
shown in Fig. 1 b. It clearly shows that the dynamics for each
compound are subject independent and, interestingly, seem to
depend on the aldehyde chain length. For example, signal
intensity drops between the first and the sixth exhalation for
4-hydroxy-2-nonenal is around 50%, for 2-dodecenal the drop
is around 30%, whereas for 4-hydroxy-2,6-pentadecadienal
signal intensity remains stable (or even increases after the first
exhalation). This trend was systematically observed for all the
aldehydes from the three classes (ESM Figs. S6-S8).

Location within the respiratory system where the gas
exchange occurs may explain
the molecule-dependent exhalation traces

The signal intensity decaying behavior as a function of chain
length can be rationalized by the dependency with Ostwald
blood-air partition coefficient (\..,), which is the most impor-
tant factor in determining the location within the respiratory
system where the gas exchange occurs [60]. Soluble gases
with \., > 100 exchange almost exclusively within the air-
ways (with the bronchial blood), whereas those with 10 < A,
< 100 exchange partially in the airways and in the alveoli, and
those with a \,., < 10 nearly exclusively exchange in the
alveoli (with the pulmonary blood) [61]. Therefore, CO,
(Ap.o = 3) exchanges in the alveoli [62]. Figure 1 b shows that
the CO, level does not decrease as the participant provides
consecutive exhalations and this was the trend observed
across all measurements. The same trend is observed for the
longest aldehydes, which in turn have the lowest )., from the
series. The predicted \,., by Kramer et al. [63] suggests that,
indeed, shorter aldehydes have a greater )\, .. For example, the
predicted \,., for 2-hexenal was 111, therefore exchanges
almost exclusively in the airways. In contrast, 2-undecenal
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has a predicted \,., =39; hence, it exchanges partially in the
airways and in the alveoli. It is expected that even longer
aldehydes (> Cy4), such as those studied in this work, will
have a \,., approaching the critical value of 10 (i.e., almost
exclusively exchanged in the alveoli). This trend can be ob-
served in Fig. S9 (see ESM), which shows predicted \,., as a
function of the number of carbon atoms from the aldehydes,
based on data by Kramer et al. [63]. Thus, we hypothesize that
the longest aldehydes studied here (C;4—C;4) exchange exclu-
sively in the alveoli, and for this reason show a similar behav-
ior as CO,. In contrast, the smaller aldehydes exchange main-
ly in the airways, leading to a decrease during prolonged con-
secutive exhalations. For example, it has been estimated that
ethanol, which has a high blood solubility ()., =1,803), can
show a 20% lower concentration than alveolar air after a com-
plete prolonged exhalation [62]. Reinforcing this idea, we
found that the signal intensity as a function of exhaled volume
during a single exhalation, varies significantly depending on
the aldehyde chain length and therefore on their )\, .. Figure 3
a displays signal intensity profiles of the aldehydes as a func-
tion of exhaled volume for a representative first and last ex-
halation in an experiment (same experiment as Fig. 1 b). It
clearly shows how the Cy metabolites reach a maximum in-
tensity at ~0.7 L to then decrease. In contrast, the exhalation
profile for the longest aldehydes (C;, and C;s) tends to in-
crease systematically with exhaled volume (similarly to CO,
profiles). We hypothesize that, as the exhalation maneuver is

First exhalation Last exhalation

0
3
S,
> —-—tt —
= - —_— g
% s \_
2 \
2-alkenals
0
1
L L
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0 4-hydroxy-2,6-alkedienals

0 1 2 3
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1

2

3

Exhaled volume [L]

Fig. 3 Dependency of exhalation profile of breath metabolites with
blood-to-air partition coefficient. a Exhalation profiles of short and long
aldehydes as a function of exhaled volume is consistent with the hypoth-
esis that the shorter aldehydes exchange mostly in the airways, while
longer aldehydes exchange in the alveoli. 4-hydroxy-2-dodecenal shows
a deviating pattern that may be caused by an interfering peak. b Relative

Relative difference between breath-signals from

repeated, the net influx towards bronchial circulation exceeds
that outwards. Thus, the partial pressure cannot re-equilibrate
in the short lapse in-between exhalations, leading to a constant
non-linear decay across the repeated measurements. For 4-
hydroxy-2-dodecanal, we observed a deviation from the
decaying pattern (Fig. 3 a and ESM Fig. S5). The underlying
reason might be that this particular m/z channel is dominated
by an isomer of 4-hydroxy-2-dodecanal. It is important to note
at this point that this is a limitation of SESI-HRMS, as dis-
crimination of isomers is sacrificed by the possibility of
performing real-time analysis.

In order to further connect the theoretical explanation as to
why )\, ., ultimately modulates the decay in signal intensity
due to gas exchange in the airways, Fig. 3 b (and ESM Fig.
S10) shows the experimental average breath-signal difference
between the last and first exhalation, as a function of predicted
Mb-a- These Ny, values were estimated by fitting the A, for all
aldehydes reported by Kramer et al. [63] (ESM Fig. S9). It
reveals a clear trend, whereby for the longest chain (C,¢) the
difference tends to increase during the repeated measure-
ments. This is especially evident for 4-hydroxy-2-
hexadecenal (ESM Fig. S6). In contrast, as the chain length
decreases (and thus )., increases), the breath-signal differ-
ence decreases to finally reach a plateau of A —20% to
—40% at C;;. The fact that this clear trend occurs in the tran-
sition boundaries between 10 < \,., < 100 suggests that in-
deed this may be due to the different regions of the respiratory
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difference between breath-signals from last and first exhalation as a func-
tion of predicted blood-to-air partition coefficient. A number of carbon
atoms for molecules are shown at the top and gray dashed curves shows
the 95% CI from ., estimation. A large partition coefficient is associ-
ated with a strongly decaying pattern (also see ESM Fig. S10, with x-axis
on log) scale, showing the complete range for 95% Cls)
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system where these series of compounds exchange: from al-
veoli for C4 to airways for Cg, with a mixed exchange situa-
tion for intermediate species. Further work is required to con-
firm this hypothesis and whether this could be further
exploited to infer physiological information of the respiratory
system, for example, complementing other tests such as the
multiple-breath washout test to measure abnormal ventilation
distribution between well- and poorly ventilated lung regions.

Despite that the first exhalation may reflect more accurately
systemic concentrations for metabolites with high blood-air
partition coefficients, we recommend to sample at least ten
replicate exhalations and compute breath-signals considering
only the last three exhalations, thus capturing the steady state.
When doing so in the example shown in Fig. 1 b, the median
CV (IQR) for the 27 aldehydes was 4.1% (1.5%), which ap-
proaches the technical variability of ~ 3% measured with stan-
dard (3-pinene vapors. However, for pediatric patients and
patients suffering from respiratory diseases, this may prove
difficult. For this reason, in order to determine an upper bound
of expected variability, we have evaluated here the variability
of breath metabolites across all subjects considering only six
exhalations and excluded the first three maneuvers to the
breath-signal for metabolites. When doing so, we found that
the median CV (IQR) for the aldehydes studied here was 6.7%
(5.5%). Table 1 lists the intra-subject CVs for the 27 aldehydes
studied here.

Flow dependency

Some studies indicate that the exhalation maneuver itself can
in some cases alter the metabolic profile, hence providing
misleading results [32]. For this reason, we further investigat-
ed whether the exhalation flow rate of our protocol had an
impact on the breath-signal of the exhaled metabolites. Flow
resistance of the device was as low as 3 mbar x min/L, mean +
SD exhalation flow rates of all the experiments performed in
this study (V= 104) was 10.6 + 0.9 L/min (ESM Fig. S11) and
typical exhaled volumes were in the order of 3 L (i.e., 15-20's
of exhalation). It is important to note that this maneuver is far
less invasive and easy to perform than a classical spirometry,
whereby the forced expiratory volume in one second (FEV)
can typically be 4 L in adults. This implies exhalation flow
rates around 25 times higher than the maneuver used in our
experiments. It has been shown that such forced expiration
maneuvers can lead to substantial changes in exhaled CO,
and other metabolites [32]. The fact that no significant chang-
es in the CO, levels were observed suggests that the maneuver
does not induce hyperventilation [42]. In order to determine
whether there was any dependency with the exhalation flow
rate, we explored the impact of exhaling at two flow rates, one
at the lower end and another one at the upper end of the
distribution of exhalation flow rates measured for all partici-
pants (ESM Fig. S11). Figure 4 a shows the comparison of
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two measurements from the same subject at a lower flow rate
(9.8 £0.1 L/min) and consecutively at a higher flow rate (12.0
+0.3 L/min). Bland-Altman plot for log-transformed vari-
ables shows that the breath-signal of metabolites is indepen-
dent of the exhalation flow rate. The mean of log;o(ratio) was
found to be —0.09. As expected, only ~4% of low-intensity
ions lie outside the mean + 1.96 x SD bands. We therefore
conclude that the range of flow rates between 9 and 12 L/min
are suitable for breath metabolomics using our particular
configuration.

Antibacterial/antiviral spirometry filter

Patient and operator safety and hygiene are crucial factors to
take into account in the clinics. For this reason, the interface
between the patient and the breath analysis platform is through
a disposable barrier filter, as the ones routinely used for pul-
monary function testing. This is a new element incorporated in
this device to allow for measuring patients with suspected
respiratory infectious diseases. Until now, our system featured
a mouthpiece filter used for alcohol breath tests, which would
not be suitable to investigate contagious respiratory diseases.
In a separate set of experiments, we examined whether these
aerosol filters may have an impact on the detected metabolites.
To do so, we compared the breath-signal of the same subject
exhaling through the filter and subsequently exhaling without
the filter. Figure 4 b shows the resulting comparison, repre-
sented as a Bland-Altman plot for log-transformed variables.
There appears to be a small bias towards lower intensities by
the use of the filter, as the mean of log;o(ratio) was found to be
—0.17. Moreover, only 4.6% of the signals fell outside the
mean £+ 1.96 x SD boundaries. Globally, these results are
consistent with previous studies suggesting that SESI-MS
breath spectra using and removing aerosol filters look alike
[64]. We therefore conclude that, while the antibacterial/
antiviral filters incorporated in our system may partially sup-
press some signal intensities, they represent a good compro-
mise to protect the system and the operator from pathogens
and to preserve the quality of the mass spectral readout of
exhaled metabolites.

Instrumental time drift

Instrumental time drifts and batch effects are a common prob-
lem in untargeted metabolomics [65, 66]. This can be espe-
cially critical in clinical studies as patient recruitment typically
runs over several months/years. In order to assess whether our
system showed any significant batch effect due to the date of
measurement, we visualized our data using principal compo-
nents analysis (PCA). Figure 5 shows the resulting plot for the
first two components, whereby the labels on the left-hand side
correspond to a total of 17 measuring days spanning across
1 month. No clustering according to measuring day is evident,
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Effect of exhalation flow rate on breath-signal of metabolites

Effect of filter on breath-signal of metabolites
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Fig. 4. Evaluation of breath mass spectra at varying exhalation flow rates
and using spirometry filters. a Breath-signals of exhaled metabolites are
independent of exhalation flow rate. As seen by the comparison of signals
from two experiments with slower (9.8 +0.1 L/min) and faster (12.0+
0.3 L/min) exhalation flow rates. b Use of filters does not significantly

suggesting that the variance explained by these two compo-
nents (48.6% in total) cannot be attributed to a batch effect.
Note that no special cleaning procedures, apart from flushing
the ion source with hot nitrogen overnight, were performed
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affect the breath-signals of exhaled metabolites. As seen by the compar-
ison of signals from two experiments with and without the presence of an
antibacterial/antiviral filter. In both panels, solid gray horizontal line rep-
resents the mean and dotted gray horizontal lines represent mean + 1.96 x
SD.

during this month of operation. In contrast, on the right-hand
side of Fig. 5, the same score plot is shown whereby the labels
now indicate the subject number. Grouping based on the sub-
ject number is much more evident. For example, subjects 1

Labels according to subject
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Fig. 5 Variability of SESI-HRMS breath mass spectra are dominated by
inter-individual differences, rather than by batch effect. PCA score plot of

Principal component 1 (29.9%)

all measurements with labels according to measuring day (left) and

Principal component 1 (29.9%)

subject number (right). Grouping according to subject number is more
evident than by measurement date.

@ Springer



4894

Singh K.D. et al.

and 3 cluster together suggesting a significantly different ex-
haled metabolic phenotype than subjects 2 and 4. This is also
consistent with previous studies suggesting the existence of
stable individual-specific metabolic traits [67—69]. The same
picture emerged when we considered the 27 representative
aldehydes (ESM Fig. S12). In order to provide a more objec-
tive assessment of whether significant differences exist across
subjects for these metabolites, we conducted an ANOVA test
followed by post hoc multiple comparison using a Bonferroni
method (Table 2).

This univariate approach revealed significant differ-
ences in the breath-signal of exhaled aldehydes. Overall,
the median (IQR) relative difference between individuals
(considering only those p<0.05) was 48.2% (39.3%).
This is consistent with inter-subject variability in blood
concentrations for these particular compounds. For exam-
ple, Mak et al. [70] reported CVs for 4-hydroxy-nonenal
from eight healthy individuals of 95.8%. In our case,
mean differences between subject 1 and 2 were of
42.4% for this particular compound. It is therefore evident
that the inter-subject biological variability is greater than
intra-subject variability, and is consistent with the vari-
ability expected in blood levels.

Fig. 6. Positive correlation among aldehydes suggests a common origin
of mechanism of generation. Correlation network (considering
Spearman’s > 0.85) with an average node degree of 4 +2. Note that 4-
hydroxy-2-decenal, 2-octenal and 2-decenal do not pass the correlation
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Fatty aldehydes as surrogate markers of oxidative
stress

Fatty aldehydes were chosen as metabolite models for this
study as they are related to lipid peroxidation and oxidative
stress. Oxidative stress is the trigger for the production of fatty
aldehydes, such as 4-hydroxy-2-nonenal, in human metabo-
lism [71]. Abnormally elevated values (factor two to three as
compared to controls) of some of the aldehydes studied here
have been associated with pathologies such as congestive
heart failure [70]. Strong associations between series of me-
tabolites, i.c., in terms of correlations, might be an indication
for a common metabolic pathway, as already shown previous-
ly for series of omega-oxidation end-products of aliphatic fat-
ty acids [52, 72] and aminoacids [73]. In an attempt to visu-
alize whether an interplay between the different series of fatty
aldehydes may be captured by breath analysis, we computed
correlation coefficients across all measurements. A first indi-
cation suggesting that these metabolites are indeed metaboli-
cally connected is given by the fact that all of them showed
positive correlations (ESM Figs. S13-15). Thus, all measured
subjects had consistent (high or low) breath-signals for all 27
metabolites. One could argue that this might be an artifact as a

O 4-hydroxy-2-alkenals (CHay . 205)
O 2-alkenals (C,Ha, . 20)
. 4-hydroxy-2,6-alkadienals (C,Hyy . 402)

edge width
edge colour

o~ ~
QK o
oo S

1.00

cutoff and hence are shown at the bottom-left side. Node shape and color
are based on the classes of aldehydes, whereas edge width and color
depends on the correlation coefficient, as shown in the legend at the
bottom-right side.
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result of different performance of the system during the dif-
ferent days (i.e., consistently high- or low-intensity mass spec-
tra). However, this can be ruled out as we found that these
aldehydes consistently correlated with each other, but not with
the rest of the over 2,000 features considered in the breath
mass spectra (ESM Fig. S16). Only around 2% of the pair-
wise correlations for all features correlated with »>0.85 with
the aldehydes. We therefore conclude that the observed asso-
ciations for these families of compounds should encode a
biological meaning. Figure 6 shows the resulting correlation
network for the aldehydes. Most of the aldehydes are indeed
linked with a mean + SD degree of 4 +2 (> 0.85). This is to
be expected from the metabolic point of view, as aliphatic
aldehydes in humans are largely produced by a cascade of
catabolic metabolism of several lipids [71]. In particular,
peroxidative cleavage of polyunsaturated fatty acids by reac-
tive oxygen species is the mechanism behind a complete series
of aldehydes as those studied, including short- and medium-
chain aldehydes, or hydroxy-alkenals.

Conclusions

Summing up, we presented here a series of instrumental devel-
opments aiming to standardize sampling and analysis of ex-
pired metabolites by real-time SESI-HRMS. This analytical
platform was tested using a constant infusion of (3-pinene va-
pors in the ppb range resulting in a technical variability within
3%. We then tested the system during a series of repeated breath
measurements from four healthy individuals. Real-time display
of CO,, exhalation flow rate, and exhaled volume to the sub-
jects during the exhalation maneuver enabled a variability for
these variables within 5%. We found no evidence that the ex-
halation maneuvers would induce hyperventilation, nor that the
exhalation flow rates and mouthpiece filter used would have
any significant impact on the quality of the metabolic breath
print. We also did not find any evidence of obvious batch effect.
However, despite these indications of exhalation maneuver
control and reproducibility, we observed a systematic decay in
the signal intensity of the shorter aldehydes across all measure-
ments for all subjects. This compound-specific and individual-
independent pattern has been rationalized as a result of the
different locations of the respiratory system where the alde-
hydes may exchange. We hypothesize that shorter aldehydes
exchange within the airways (with the bronchial blood), and
longer ones primarily in the alveoli (with the pulmonary blood).
Although the first exhalation may correlate better with systemic
aldehyde concentrations, we recommend the collection of at
least six replicate exhalations per subject and exclude the first
three from the analysis. Caution should be taken when
interpreting results from such measurements, especially for
shorter species. Taking into account these measures, we found
intra-subject variabilities is in general much lower than inter-

subject variability for the aldehydes studied (6.7% vs 48.2%).
Such inter-subject differences are consistent with reported var-
iability of such aldehydes in blood. Moreover, we found that all
27 aldehydes strongly positively correlated with each other,
which is to be expected due to their common metabolic origin
in humans. Overall, we conclude that this breath analysis plat-
form and procedures described herein meet the required stan-
dards to conduct breath metabolomics studies in multi-center
clinical studies. Further work to interrogate exhaled breath
using this analytical platform in two different clinical settings
is ongoing.
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Sample Size Calculation

The width of the 95% confidence interval (CI) for the population within-subject standard deviation (SD)
is defined as:

1.96 * SD

J2m(n—1) @

Width of 95% CI =

Where, m is the number of subjects and n is the number of repeated measurements per subject. Thus,
one can estimate it to within some fraction of the population value.

1.96 * SD

J2mn—1)

Width of 95% CI = =p=*SD 2

This is an equation with two unknown quantities: m and n. There are multiple combinations of m and n
which will give the required precision (p). Table S1 shows the solution of equation 2 for six different
scenarios considering three, four, and five subjects and target precision of 5% and 10%. In this study
we aimed to enroll 3 to 5 subjects to achieve a precision of at least 10% (i.e. 65 to 39 measurements per
subject).

Table S1 Sample size calculation table based on solution for equation 2. At the end we enrolled 4
subjects with at least 49 exhalations to achieve at least 10% precision

Number of ~ Number of replicates (n) per subject

Subjects (m) 5% precision 10% precision
3 257 65
4 193 49
5 155 39
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Fig. S1 Inter-individual difference observed are unlikely to be explained by circadian rhythms, as the
sampling time was similar for all participants. The histograms depict the sum of all measurements as a
function of measurement time for each subject
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Fig. S2 A pictorial representation of a subject exhaling into the real-time breath analysis platform used
in this study
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Fig. S3 Technical CV as measured by using B-pinene standards is within 3%. The mass spectrum shows
the expected protonated B-pinene at m/z 137.1326 (CioH17), along with some oxidized species (C1oH1s0,
CioH170, and CioHi70;). Note that high resolution and accuracy of Q Executive Plus enables
unambiguous molecular formulae assignment. Inset shows the summed ion current for B-pinene and the
oxidized species
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Fig. S4 Zoomed-in view of first exhalation from Fig. 1B. The grey areas here and also in Fig. 1B, show
the time windows whereby CO- levels were above 3%. Note that the exhaled volume (computed by
real-time integration of the exhalation flow rate) holds its value for few seconds after the end of the
exhalation. This does not have any effect on analysis because we calculated the exhaled volume based
on the bounds within 3% CO,
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Fig. S5 Selected aldehydes show a chain length-dependent and class-independent decay of signal
intensity over time within an experiment. Note the deviation of 4-hydroxy-2-dodecenal from the regular
pattern, which might be due to an interfering peak. 2-hexadecenal (Cis) was not detected in this
particular experiment
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Fig. S6 Mean normalized breath-signal with error bars representing 95% Cls for 4-hydroxy-2-alkenals
from four subjects in 104 experiments. Note the deviation of 4-hydroxy-2-dodecenal from the regular
pattern, which might be due to an interfering peak
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Fig. S7 Mean normalized breath-signal with error bars representing 95% Cls for 2-alkenals from four
subjects in 104 experiments
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extracted from Kramer et al. [1]
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Fig. S11 Distribution of the exhalation flow rates (L/min) from all the experiments of this study. Solid
red vertical line represents the mean and dotted red vertical lines represent SD
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Fig. S12 Variance observed for the 27 aldehydes studied in this work is better explained by the subject
number rather than measurement day (see also Fig. 5 for more details)

267



Electronic supplementary material

1 || © o -
N N3 S K |®d| 8 o ot
o|oljlo]|°lol|lo| ° o
w CD. LO_ I\ w Q g i34
oNiNe) o o oNiNe) RS
o || O 0| - ||~ S
© Q|80 NN %
o =) @) ] o
l’
N O - - N
Q|| Q[N N0 :
o|o|l@||© | o 4
HE R Ay
[ O
i oo -
o | o
™~ N
o | o
N | o
Q |~
ol o
39)
G 3
o

Fig. S13 Correlation matrix for the breath-signals (logio scaled) of 4-hydroxy-2-alkenals class
aldehydes from 104 experiments. The solely positive correlation among all molecules indicates a
common mechanism by which they are generated. Diagonal shows distribution of breath-signals from
104 experiments for Cg-Cis aldehydes members of class 4-hydroxy-2-alkenals. Scatter plots between
members are shown below the diagonal and Pearson correlation coefficients between members are
shown above the diagonal
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Fig. S14 Correlation matrix for the breath-signals (logio scaled) of 2-alkenals class aldehydes from 104
experiments. The solely positive correlation among all molecules indicates a common mechanism by
which they are generated. Diagonal shows distribution of breath-signals from 104 experiments for Cg-
Cis aldehydes members of class 2-alkenals. Scatter plots between members are shown below the
diagonal and Pearson correlation coefficients between members are shown above the diagonal
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Fig. S15 Correlation matrix for the breath-signals (logio scaled) of 4-hydroxy-2,6-alkadienals class
aldehydes from 104 experiments. The solely positive correlation among all molecules indicates a
common mechanism by which they are generated. Diagonal shows distribution of breath-signals from
104 experiments for Cg-Ci6 aldehydes members of class 4-hydroxy-2,6-alkadienals. Scatter plots
between members are shown below the diagonal and Pearson correlation coefficients between members
are shown above the diagonal
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Fig. S16 Selected aldehydes from three classes correlates strongly with each other but not with the rest
of the detected features. Data shown are the Spearman correlation coefficient of aldehydes from each
class with all quantified features (leading to total 20,250 pairwise correlation values). Bars highlighted
in blue shows the fraction of correlation higher than 0.85
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