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With a burning sensation






Agrip
Inngangur: Vélindabakfleedi ad néttu (VBn) tengist baedi dndunarfeera—
einkennum og einnig einkennum svefnhadra éndunartruflana (SHO), en ekki
er vitad hvort um orsakatengsl sé ad reeda. Markmid verkefnisins var ad

skoda tengsl VBn vid ondunarfeeraeinkenni og einkenni SHO, sem og
breytingar a blastursproéfi, svefnrannsokn og lifmerki fra éndunarfaerunum.

Aodferdir: patttakendur i tveimur storum alpjoda rannséknum sem byggja a
slembipydi voru rannsakadir: ,Burden of obstructive lung disease (BOLD)" og
,European community respiratory health study (ECRHS)" fyrsti (I) og annar
(1) hiluti. Ad auki var einstaklingum med VBn i prigja (lll) hluta ECRHS a
islandi bodid i umfangsmiklar vidbétar rannsoknir, auk svipad margra paradra
vidmida. | 6llum rannséknum voru pétttakendur taldir hafa VBn ef peir greindu
fra einkennum brjostsvida eda nabits ad néttu. Ondunarfaeraeinkenni og
einkenni SHO voru metin med spurningalistum, bl6dsynum safnad og
blasturspréf framkveemd. patttakendur i ECRHS IIl VBn undirpydi gengust ad
auki undir svefnrannsékn, og gafu tvenns lags syni af Gtdndunarlofti:
Vokvapéttisyni og smaagnasyni. Hluti pessa pydis gekkst einnig undir 24
tima samvionams- og pH vélindameelingu.

Nidurstédur: Einkenni astma og berkjubdlgu voru algengari medal
patttakenda med VBn en vidmidunarhdops, sem og versnanir
ondunarfeeraeinkenna. Einkenni SHO voru einnig algengari medal
patttakenda med VBn. A niu ara timabili proudu patttakendur med VBn um
pad bil tvofalt oftar med sér ondunarfeeraeinkenni og einkenni SHO en
viomidunarhopur an VBn. Engar skyrar breytingar fundust & blastursprofi.
Hlutleegt meeldar hrotur voru algengari medal péatttakenda med VBn. |
vokvapéttisynum voru pepsin, efni P (substance P) og 8-iséprostan (8-
isoprostane) i meira magni medal patttakenda med VBn. batttakendur med
baedi VBn og neeturhdsta voru med aukid efni P i vokvapéttisynum. Albdmin
og lungnablédruseytisprétein A voru i minna magni i smaagnasynum
patttakenda med VBn. bessar nidurstodur voru 6hadar likamspyngdarstudli.

Alyktun: Vélindabakfleedi ad noéttu tengist dndunarfeeraeinkennum og
einkennum dndunarerfidleika i svefni. Vidvarandi vélindabakflaedi ad néttu er
ahaettupattur fyrir ad 6ndunarfeeraeinkenni og einkenni dndunarerfidleika i
svefni komi fram. Vélindabakfleedi ad néttu tengist einnig marktaekt hrotum
samkveemt svefnmeelingu, sem bendir til aukins ©6ndunarerfidis i svefni.
Lifefnameelingar a vokvapéttisynum og smaagnasynum utdndunarlofts gefa
visbendingar um ad bélga i loftvegum sé ein skyring pessara tengsla.

Lykiloro:

Vélindabakfleedi ad néttu, Kaefisvefn, Astmi, Bolga i loftvegum, Faraldsfreedi






Abstract

Introduction: Nocturnal gastroesophageal reflux (hnGER) is associated with
respiratory symptoms and sleep-disordered breathing (SDB), but a causal
relationship has not been established. The aim of this project was to
investigate the association between nGER and respiratory and SDB
symptoms, as well as changes in lung function, sleep study and respiratory
biomarkers.

Methods: Participants in two European general population cohort studies
were studied: The Burden of Obstructive Lung Disease (BOLD), and the
European Community Respiratory Health Survey (ECRHS) parts one (I) and
two (Il). Additionally, participants with nGER in part three (Ill) of the ECRHS
in Iceland were invited for further studies, and similarly as many paired
controls. Subjects were identified as having nGER if they reported nocturnal
heartburn or regurgitation. Respiratory and SDB symptoms were assessed
by questionnaires, blood samples drawn and spirometries performed. Only
the ECRHS Il nGER subcohort underwent a home sleep study, and collected
exhaled breath condensate (EBC) and particles in exhaled air (PEx) samples.
A subgroup underwent a 24 hour esophageal impedance-pH measurement.

Results: Asthma and bronchitis symptoms were more common among
NGER subjects than controls, as were exacerbations of respiratory
symptoms. SDB symptoms were more common among nGER subjects.
Under a nine year follow-up, subjects with persistent hnGER developed
respiratory and SDB symptoms roughly twice as often as those without
NGER. No consistent differences were found in lung function tests.
Objectively measured snoring was more common among subjects with
NGER. Pepsin, substance P and 8-isoprostane in EBC were higher among
NGER subijects. Subjects with both nGER and nocturnal cough had increased
substance P in EBC. Albumin and surfactant protein A in PEx were lower
among nGER subjects. These findings were independent of BMI.

Conclusion: In the general population, nGER is associated with respiratory
and SDB symptoms. Having persistent nGER increases the risk of
developing respiratory and SDB symptoms. Also, nGER is associated with
more measured snoring, indicating increased respiratory effort during sleep.
Biomarker measurements in EBC, PEx and serum indicate that airway
inflammation is a plausible underlying cause.

Keywords:

Nocturnal gastroesophageal reflux, Obstructive sleep apnea, Asthma, Airway
inflammation, Epidemiology
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1 Introduction

1.1 What is gastroesophageal reflux?

Ever since the first century A.D. heartburn has been recognized in the
literature, when the Roman scientist Pliny the Elder recommended coral
powder as a treatment for heartburn (Richter & Castell, 2012). Both heartburn
and regurgitation have been described in the medical literature for centuries,
often with vivid descriptions. The following is the description of a patient with
gastroesophageal reflux disease from 1933 (Rayner, 1933):

Mrs. M., two-para, seven months pregnant, complained of very
severe heartburn, aggravated by leaning forward or by greasy
food. The heartburn was very much worse in bed at night, and
kept her awake. She vomited every night.

The earliest documentation the authors found of regurgitation and heartburn
was from 1843, where the two were considered as distinct phenomena.
Heartburn was considered a symptom of excessive acid in the stomach and
said to be very common. Excessive regurgitation, on the other hand, was
regarded primarily as a variety of hysteria, and the persons affected were
even to be classified as ruminating animals ([Author not listed], 1843). Shortly
after 1930, heartburn began to evoke special interest, predominantly as a
pregnancy-related condition (Rayner, 1933). However, it was not until 1941
that reflux of gastric contents into the esophagus was hypothesized as a
cause, which is today known to be the main factor causing heartburn (Vakil et
al., 2006; Williams, 1941). More specifically, we now know these episodes
are caused by intermittent, transient relaxations in the lower esophageal
sphincter, allowing gastric contents to reflux into the esophagus (Moayyedi &
Talley, 2006) (Figure 1). Today, gastroesophageal reflux (GER) disease
(GERD) is defined as the backward flow of gastric contents into the
esophagus, causing causing troublesome symptoms and/or complications.
The cardinal symptoms are heartburn and regurgitation of gastric contents
(Vakil et al., 2006).

After 1980 proton pump inhibitor (PPI) medications were marketed, which
today are the mainstay treatment of GERD (Gustavsson et al., 1983; van
Pinxteren et al., 2004).
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Gastroesophageal Reflux Disease (GERD)
Figure 1. Mechanism of gastroesophageal reflux.

1.1.1 Diagnosis

Even though the mechanisms and classical symptoms of reflux episodes are
relatively well known, definitive diagnostic criteria for GERD have been
difficult to establish. This is in part because heartburn and regurgitation are
very common in the general population, often mild and sporadic, and reflux
episodes can be measured to some degree in practically all healthy
individuals (Zerbib et al., 2005). Consequently, the Montreal definition of
GERD defines GERD as a condition that develops when reflux of stomach
contents causes troublesome symptoms and/or complications (Vakil et al.,
2006). The diagnosis is therefore in most cases entirely based on subjective
findings. However, it should be noted that if complications of GER arise, such
as esophagitis, the diagnosis can be made in the absence of symptoms. This
is important as a number of subjects with esophagitis do not have significant
GERD symptoms (Dent et al., 2012).

Many questionnaires have been created to aid the diagnosis, evaluate
treatment effect and for study purposes. These vary significantly in their focus
and extensiveness (Vakil et al., 2013). Some include only questions about
the cardinal symptoms of heartburn and regurgitation, whereas others include



Introduction

all possible GER symptoms, such as epigastric or chest pain, and even
extraesophageal symptoms such as cough and hoarseness (Rothman et al.,
2001; Shaw et al., 2001). It is beyond the scope of this dissertation to discuss
these questionnaires in detail, but a few aspects deserve to be mentioned.
First, a recent review of GERD questionnaires found that none of the
available questionnaires fulfill the current clinical or regulatory requirements
put forth by the US Food and Drug Administration or the European Medicines
Agency (Vakil et al., 2013). Further development of these questionnaires is
therefore necessary. Second, the questionnaires were created and validated
for different patient groups and outcomes, and so the choice of questionnaire
needs to be undertaken with regard to the clinical scenario.

1.1.2 Nocturnal GER

For various reasons, nocturnal (nN)GER has been proposed to define a
specific condition, as reflux episodes during the night have a different
character than those during daytime (Orr, 2010). In healthy individuals, reflux
episodes are common when upright, but very infrequent in the supine
position (Zerbib et al., 2005). If a reflux episode occurs during sleep, the
gastric contents can reach higher up into the esophagus and are therefore
more likely to reach the airways (Orr et al., 2000). Interestingly, this is more
dependent on the sleeping state rather than the supine position. Additionally,
reflux episodes last longer during sleep, resulting in a longer continuous acid
exposure with each episode (Campos et al., 1999; Orr et al., 1984). This
correlates well with studies on reflux esophagitis subjects, where those with
mild esophagitis had predominantly daytime reflux and virtually nonexistent
nocturnal reflux, but those with more severe esophagitis had predominantly
nocturnal reflux (Adachi et al., 2001; Kindt et al., 2011). In light of these
findings, NnGER has been hypothesized to be more harmful to the airways
than GER in general (Orr, 2010).

1.1.3 Laryngopharyngeal reflux

One of the extra-esophageal manifestations of GER is laryngopharyngeal
reflux (LPR), where the refluxate reaches the larynx and causes local
inflammation. The predominant symptoms are throat clearing, cough, globus
sensation, and hoarseness. In addition to the symptoms, inspection of the
larynx is central to the diagnosis (Figure 2) (Ford, 2005). However, the inter-
rater variability of laryngoscopy scorings varies significantly between studies,
from being poor to excellent, possibly explained by some studies giving the
laryngologists training and some not, as well as different study populations
(Belafsky et al., 2001; Branski et al., 2002). Additionally, most of these signs
are nonspecific and can be found to some degree in healthy adults
(Campagnolo et al., 2014; Hicks et al., 2002). A specific score to reliably
evaluate the fiberscopic findings in LPR, and to monitor changes in the
disease, was created in 2001. It grades eight findings in laryngeal
examination by fiberoptic laryngoscopy suggestive of LPR, giving a score
from O to 26, and is called the reflux finding score (RFS) (Belafsky et al.,
2001). This method seems to have good reliability, but is not specific (de
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Bortoli et al., 2012; Payne et al., 2006). The diagnosis of LPR is therefore a
difficult one, as there is no gold standard for diagnosis.
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Figure 2. Pictures from a laryngoscopy. 1 - Arytenoid cartilage; 2 - Trachea; 3 - Vocal
cords; 4 - Esophageal opening; 5 - Posterior commissure; 6 - Epiglottis. a) Normal
larynx with normal mucus membranes, no edema. b) Larynx with inflammation,
general erythema of the mucus membranes including over arytenoids, vocal cords
and the epiglottis. Posterior commissure hypertrophy can also be seen.

1.1.4 24 hour esophageal multichannel pH-impedance
monitoring

In 1974, 24 hour esophageal pH monitoring was first reported as a tool to
objectively measure acid reflux episodes (Demeester et al., 1974; Johnson &
Demeester, 1974). A drop in esophageal pH below 4 was defined as an acid
reflux episode. The key normal values were initially defined as less than 50
episodes per 24 hours, or total time with pH below 4 less than 4.2% of the
measurement time. Recent normal values are rather similar, with normal
values described as less than 50 reflux episodes per 24 hours, or total time
with pH below 4 less than 2.0% of the measurement time (Zerbib et al.,
2005).

However, as this method did not identify non-acid reflux episodes, a new and
more sensitive method was added, multichannel impedance monitoring
(Nguyen et al., 1999; Silny, 1991). This method can accurately measure non-
acid reflux episodes, even among patients on acid-suppressive therapy
(Sifrim et al., 2004). However, the clinical value of this addition is somewhat
debated (Patel et al., 2014).

Studies on outcomes in GERD patients are primarily based on acid
parameters as impedance monitoring is relatively new, and the pH-based
parameters are better predictors of response to PPI treatment (Pandolfino &
Vela, 2009; Patel et al., 2014; Sifrim & Zerbib, 2012). However, this could
also reflect the fact that PPI treatment only suppresses the acid component
of the refluxate, and therefore likely only affects symptoms related to acid
reflux episodes. In support of this, a study on GERD patients refractory to PPI
treatment showed that 16 of 17 patients with a positive 24 hour esophageal
multichannel pH-impedance (24h MIl-pH) monitoring became asymptomatic
after surgical treatment. Most of these patients had a more significant non-
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acid reflux (Mainie et al., 2006). Non-acid reflux seems to be associated with
extra-esophageal symptoms, which also are often refractory to PPI treatment
(Kawamura et al., 2004; Tutuian et al., 2006).

As clinical guidelines recommend empirical PPI treatment as the first step for
suspected GERD, a 24h MIl-pH monitoring is mostly done on therapy-
resistant GERD patients (Hemmink et al., 2008; Vaezi, 2011). Therefore, few
data exist on how much PPI treatment in general affects reflux episodes.
Additionally, some studies suggest it is rather the results of the pH monitoring
than the results of the impedance monitoring that predict symptom response
on PPI treatment (Patel et al., 2014). Studies on therapy-resistant GERD
patients suggest that the number of reflux episodes are not affected by PPI
therapy per se (Clayton et al., 2012; Hemmink et al., 2008). To our
knowledge, no prospective studies have been performed on the effects of
PPI therapy on 24h MIl-pH monitoring in a PPI-naive GERD patient group.

Of special interest in the context of this dissertation are the results of 24h MIl-
pH measurements among chronic cough patients. These patients do often
have a physiological magnitude of reflux episodes, but a clear association
between reflux episodes and cough episodes (Blondeau et al., 2007; Smith et
al., 2010). One study found that chronic cough patients with pathological
acid exposure time or pathological impedance baseline were more likely to
respond to PPI (Ribolsi et al., 2014). This study was not placebo-controlled.
Taken together, even though the 24h MIl-pH monitoring is still the gold
standard for the measurement of GER, it is unclear which factors of the reflux
are clinically most important.

1.1.5 Histopathology

GER can lead to significant changes in the esophageal mucosa. Among
individuals with GERD, somewhat less than 50% have macroscopically
visible reflux esophagitis. GER can in turn lead to Barrett’s esophagus and
esophageal cancer (Thomson et al., 2003; Vakil et al., 2006). Interestingly,
even patients without visible esophagitis can have changes in the
esophageal mucosa. A study on biopsies from a macroscopically normal
esophageal epithelium in GERD patients have revealed that the intercellular
spaces in the epithelium were dilated (Jovov et al., 2011). This was most
likely caused by cleavage of the junctional protein E-cadherin, a protein
important to the barrier function of the esophageal epithelium. This protein,
however, is not cleaved in eosinophilic esophagitis, a condition where the
intercellular spaces are also dilated, suggesting the cleavage of E-cadherin is
caused specifically by the refluxate (Jovov et al., 2011). A relatively small
study on children with GERD and GER-related cough found a similar pattern
of dilated intercellular spaces in their distal esophagus which was not related
to 24h MIl-pH monitoring parameters (Borrelli et al., 2014).

The presence of pepsin in laryngeal epithelium has been found to promote
proliferation of the epithelial cells.(Johnston et al., 2012) A study on laryngeal
biopsies from 15 patients with laryngopharyngeal reflux showed a high
degree of pepsin present intracellularly, which most likely came from
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endocytosed particles of the refluxate. In comparison, only a minority of 21
healthy controls had weakly pepsin-positive biopsies. Interestingly, no clear
difference between acid and non-acid reflux was found. (Jiang et al., 2011;
Johnston et al., 2007).

1.2 Respiratory symptoms in GER

An association exists between GER and diverse airway symptoms, as well as
asthma diagnosis and chronic cough (Allen & Newhouse, 1984; Gislason et
al., 2002; Janson et al., 1995; Ludviksdottir et al., 1996; Sontag, 2000).

The association between GER and chronic cough has been much studied.
Several studies have suggested that GER may be a contributing factor in
patients with chronic cough, although the causality has been difficult to prove
(Morice et al., 2014; Vakil et al., 2006). In recent years, the concept of a
cough hypersensitivity syndrome has become the dominant theory explaining
chronic cough. In short, the theory suggests that chronic cough arises from a
hypersensitivity of airway sensory nerves (Morice et al.,, 2014; Qiu et al.,
2011). The nerves may be hypersensitive to different stimuli in different
patients. GER fits well into this theory as a stimulus to cough, as explained
below under proposed pathogenetic mechanisms.

The association between NnGER and asthma is of special interest, as asthma
is a common disease with a significant subgroup of severe or difficult to treat
asthma. Even though most asthma patients can be effectively treated with
current treatment options, some patients do not respond well to these
treatments for unknown reasons (Chung et al., 2014; Hekking et al., 2015;
Lotvall et al., 2009; Mincheva et al., 2014). These difficult to treat asthma
patients often have significant comorbidities, especially when treatment with
oral corticosteroids is required (Sweeney et al., 2016). Asthma has been
linked to GER, but a causal association has not been clearly established. A
systematic review of studies on the association between asthma and GER,
with special focus on the direction of the association, indicated a significant
association between the two but insufficient data on the direction of causality
(Havemann et al., 2007). It is therefore important to assess whether GER
may be a provocative or causative factor in selected asthma patients, and by
which mechanisms. That may ultimately lead us to how to optimally treat
these patients and gain better asthma control.

Studies on chronic obstructive pulmonary disease (COPD) exacerbations and
GER have shown a significant association between the two, suggesting that
GER might play a role in COPD exacerbations (Terada et al., 2008). A recent
prospective study on risk factors for exacerbations among 2113 COPD
patients found GER to be a significant risk factor for exacerbations (Busch et
al., 2016). Of interest, acid suppressive therapy has been shown to be highly
used or even overused in hospitalized COPD patients, albeit often because
of concomitant corticosteroid therapy (Niklasson et al., 2003). Observational
data do not support the use of acid suppressive therapy for COPD
exacerbations (Baumeler et al., 2016). On the other hand, one small single-
blind interventional study found treatment with the PPI lansoprazole to reduce
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exacerbations among COPD patients without GERD (Sasaki et al., 2009).
These findings need to be studied further, as the association between GER
and exacerbations has a potentially high clinical relevance.

GER has also been shown to be associated with the development of
bronchiolitis obliterans syndrome in lung transplant patients, a sign transplant
rejection. This is likely mediated through aspiration of gastric contents, as
discussed further in the next section (Blondeau et al., 2008).

Variable results are found on lung function among GER subjects. A study on
32 otherwise healthy GER subjects, compared with controls, showed a
significantly lowered forced expiratory volume in one second (FEV1) and
diffusion capacity of carbon monoxide (DLCO) (Mise et al., 2010). However,
a population based study found no association between nGER and FEV1, but
rather increased peak flow variability (Gislason et al., 2002). This may be due
to the definition of GER in the various studies, as the former study included
GER subjects with a more significant disease level.

1.2.1 Proposed pathogenic mechanisms

Currently, there are two main theories on how GER might induce respiratory
symptoms. One proposes that repeated microaspiration of gastric contents to
the airways via proximal reflux causes airway inflammation (the reflux
theory). The other proposes that reflux of gastric contents to the distal
esophagus triggers a vagally mediated nerve reflex that causes
bronchoconstriction (the reflex theory) (Figure 3).

These two theories have both been supported by research findings
(Amarasiri et al., 2013; Bathoorn et al., 2011; Blondeau et al., 2008). Each
mechanism is likely associated with a somewhat different symptomatology.
The reflux theory is probably the main explanation of the association between
GER and rejection of lung transplants (Blondeau et al., 2008). A dose
response has been shown between the magnitude of bile acids and pepsin in
bronchoalveolar lavage (BAL) and a shortened time to rejection of a
transplanted lung (D'Ovidio et al., 2005). On the other hand, the reflex theory
is probably best associated with chronic cough. Studies have found
neuroinflammatory markers to be elevated among subjects with GER and
chronic cough, but not markers of aspiration (Grabowski et al.,, 2011;
Patterson et al.,, 2007; Qiu et al.,, 2011). Among asthma patients, GER is
associated both with signs of increased sensory nerve activation as well as
aspiration, indicating that both mechanisms might play a role in the
association between GER and asthma (Patterson et al., 2007; Perng et al.,
2007). One study performed an acid perfusion test on the distal esophagus of
40 stable asthma patients and found that the acid perfusion induced
bronchoconstriction (Amarasiri et al., 2013).

Finally, the significance of the pulmonary microbiota and its association with
respiratory diseases has recently become of special interest (Yadava et al.,
2015). The possible effects of aspiration of gastrointestinal microbiota remain
to be studied further (Madan et al., 2012; Willner et al., 2013).



PhD thesis Ossur Ingi Emilsson

Reflux theory:
Microaspiration of
gastric contents

Reflex theory:
Bronchoconstriction
via a vagal reflex
induced by gastric
contents in distal
oesophagus

Figure 3. Two theories on how gastroesophageal reflux may cause respiratory
symptoms.

1.3 Sleep-disordered breathing
1.3.1 Obstructive sleep apnea

Sleep-disordered breathing (SDB) is a broad term for many nocturnal
respiratory syndromes. It includes primary snoring, upper airway resistance
syndrome, obstructive sleep apnea-hypopnea (OSA), and obesity
hypoventilation syndrome. OSA is a condition caused by repeated cessation
of breathing (apneas) or declines in breathing (hypopneas) during sleep due
to obstruction of the upper airway. The cardinal symptoms other than apneas
during sleep are snoring and daytime sleepiness. OSA is currently diagnosed
by a sleep study where apneas and hypopneas are measured, and an
apnea-hypopnea index (AHI) is calculated as events/hour. The classification
defines an AHI of 5-15 as a mild disease, 15-30 moderate disease, and 30 or
more as a severe disease (Epstein et al., 2009).

A positive association between OSA and GER has been known for many
years (Samelson, 1989). Sleep disturbances are common among patients
with reflux esophagitis and have been shown to decrease with PPI treatment
(Kindt et al.,, 2011). In patients where reflux episodes trigger apneas,
esophagitis is common and their AHI decreases after PPI treatment (Ermis et
al., 2011). However, reflux-induced apneas are uncommon, which is likely the
reason why PPI treatment does not affect the AHI for most OSA patients
(Gerson & Fass, 2009; Orr et al., 2014; Orr et al., 2009; Yang et al., 2013).

In this aspect, reflux affecting the larynx (LPR) may possibly have a stronger
association with OSA than patients with GER. One small study found that
OSA patients with LPR had more spontaneous arousals than OSA patients
with GER (Suzuki et al., 2010). Laryngeal inflammation has also been found
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to be prevalent among OSA patients and correlate with apnea severity
(Payne et al., 2006). However, further studies are needed to examine this
relationship.

On the other hand, OSA has been hypothesized to lead to nGER. Recent
studies have shown that the lower esophageal sphincter contracts during
apneic episodes and thereby inhibits gastric acid reflux (Berg et al., 2004;
Kuribayashi et al., 2010; Shepherd et al., 2011). This repeated strain on the
lower esophageal sphincter caused by decreased intrathoracic pressure
during obstructive events may cause “fatigue” in the sphincter, leading to
more reflux events (Kuribayashi et al., 2010; Shepherd et al., 2011).
Treatment with positive airway pressure (PAP) leads to increased pressure in
the lower esophageal sphincter (Shepherd et al., 2007), which might explain
why NnGER symptoms often decrease among OSA patients when treated with
PAP (Green et al., 2003; Kerr et al., 1992).

The nature of this association is unclear, however, and it has been debated
whether there is a causal relationship or co-occurrence because of shared
risk factors, of which obesity is the most important one (Basoglu et al., 2015;
Kabhrilas, 2010). It is therefore central to account for the effects of obesity in
studies on NnGER and OSA.

1.3.2 Partial upper airway obstruction (snoring)

The primary measurement used to define and grade OSA is the AHI, as
mentioned above. However, a recent study on a general population clearly
showed a poor correlation between AHI and daytime sleepiness, the cardinal
symptom of the OSA syndrome. Only those with the highest AHI, 30 or more,
did have significantly increased daytime sleepiness (Arnardottir et al., 2015a).
This is supported by previous studies with similar findings, where snoring has
even been shown to be better associated with daytime sleepiness than AHI
(Svensson et al.,, 2008; Tam et al.,, 2014). This might be explained by
episodes of increased upper airway resistance which cause increased
respiratory effort followed by arousals, which in turn lead to daytime
sleepiness. These episodes can be alleviated by CPAP, just as apneic
episodes (Guilleminault et al., 1993). Also, snoring has been shown to cause
local neuronal lesions in the pharynx, and may cause carotid atherosclerosis
(Friberg et al., 1998; Lee et al., 2008). Therefore, using more markers than
just AHI seems to be important when studying sleep-disordered breathing.

Many of these studies have relied on subjectively reported snoring for
defining snorers. A few methods exist to measure snoring, but the quality
varies significantly. A study comparing these methods found audio-based
measurements to be most reliable to detect snoring (Arnardottir et al.,
2015b). Further studies are needed to determine which dB range and
frequencies are most harmful.

1.4 Respiratory biomarkers

In recent years, there has been increasing interest in studies on respiratory
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biomarkers collected non-invasively, mostly from sputum or exhaled air
samples. Such samples make it possible to study local reactions in a much
wider population than invasive samples, such as bronchoalveolar lavage.
Regarding GER and respiratory diseases, there is a need for a diagnostic
test that can discriminate between respiratory diseases caused by GER or by
other causes. Such a test should ideally be non-invasive, with a high positive
predictive value, and react to effective treatment. To date, no such specific
diagnostic test is available, but exhaled biomarkers hold certain promise and
need to be studied further in this context.

Respiratory biomarkers seem to differ between children and adults. For
example, pepsin seems to be more common in induced sputum among
healthy children than healthy adults (Decalmer et al.,, 2012; Ervine et al.,
2009).

A few studies have evaluated pepsin levels in biosamples from the
respiratory tract in subjects with GER. Studies on chronic cough have not
found pepsin to be elevated among GER subjects (Decalmer et al., 2012;
Grabowski et al., 2011). Studies on GER in asthma and COPD showed
conflicting results regarding pepsin in respiratory samples (Rosen et al.,
2012; Timms et al., 2012). However, pepsin did correlate with reflux and
chronic rejection in lung transplant patients, albeit not as strongly as bile
acids (Blondeau et al., 2008; Reder et al., 2014). A limitation in some of these
studies was that pepsin was only measured as present or absent. This may
be a confounding factor, as pepsinogen has been found to be produced in
alveolar type 2 cells in the lungs (Elabiad & Zhang, 2011; Gerson et al.,
2008). Therefore, pepsin can not be at present considered as pathognomonic
for GER-related aspirations, but further studies are needed as well as more
standardized quantitative measurements.

The lipid laden macrophage index (LLMI) in BAL was previously considered a
marker of aspiration (Corwin & Irwin, 1985). However, studies on LLMI in
BAL samples have shown conflicting results. LLMI has been found to be
elevated in pulmonary diseases with no evidence of aspiration and does not
correlate with any parameters on a 24 hour esophageal pH-monitoring in
children (Kitz et al., 2012; Knauer-Fischer & Ratjen, 1999). Therefore, the
LLMI in BAL seems to be unhelpful in diagnosing GER-related respiratory
diseases.

As discussed above, GER probably is associated with different respiratory
diseases through different mechanisms. This is reflected in different
biochemical findings. In chronic cough, common markers of gastric fluid
aspiration such as pepsin and bile acids are usually not elevated (Decalmer
et al., 2012; Grabowski et al., 2011; Patterson et al., 2007; Qiu et al., 2011;
Starosta et al., 2007). However, tachykinins such as substance P and
neurokinin A associate with GER in chronic cough subjects, indicating a
vagally-mediated bronchoconstrictive reflex (Patterson et al., 2007; Qiu et al.,
2011). In contrast, lung transplant patients with GER have significantly
elevated levels of pepsin and bile acids, quantitatively, indicating gastric fluid
aspiration as a predominant causative factor (D'Ovidio et al., 2005; Mertens
et al.,, 2011). A study on sputum and EBC biomarkers among GER and
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asthma subjects showed that IL-6 and 8-isoprostane were elevated among
GER subijects irrespective of asthma status (Carpagnano et al., 2006). These
findings indicate that the different pathogenic mechanisms are reflected in the
respiratory biomarkers.

A few methodological aspects need to be mentioned regarding non-invasive
biosamples from exhaled air. EBC measurements have shown to have little
reproducibility and are poorly standardized, as instruments and collection
techniques vary, making their usefulness currently limited. For the application
of EBC to become more successful, collection methods and biomarker
analyses in EBC samples need to become more standardized (Davis et al.,
2010; Rosias, 2012). Sputum samples are often contaminated by saliva, and
only reflect the proximal airways. A new method to non-invasively collect
undiluted samples from the small airways® lining fluid, called particles in
exhaled air (PExATM), has recently been described, but to date not studied in
GER and respiratory diseases (Bredberg et al., 2012).

In summary, subjects with GER and respiratory diseases seem to have a
different biochemical profile than similar subjects without GER. Biomarkers
which have been shown to associate with GER in respiratory diseases are
summarized in Figure 4. Inflammatory markers differ in asthmatics based on
GER status, lung trantsplanted subjects with GER have elevated bile acids in
BAL samples, and tachykinins are elevated in GER-related chronic cough.
However, most of these studies are small and few address the same subject,
which makes it hard to draw definite conclusions.

Sputum
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« Substance P

« Neurckinin A

« Mast cell tryptase
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Exhaled air <
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Figure 4. Summary of biomarkers shown to have an association with
gastroesophageal reflux in respiratory illnesses.
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2 Aims

The overall aim of this doctoral dissertation was to investigate the
associations of nGER with respiratory illnesses and sleep-disordered
breathing (SDB), primarily OSA. The studies planned are based on
epidemiological data from population based studies and also further
investigations on subpopulations. The specific research questions and
hypotheses were:

1. Is nGER associated with respiratory symptoms, changes in lung
function and symptoms of SDB? (Papers | and II)

2. Does nGER precede respiratory symptoms and symptoms of
SDB in a general population? Is persistency of nGER
symptoms over long time periods important in this context?
(Papers Il and III)

Hypothesis 1. Symptomatic nGER can induce respiratory symptoms and
symptoms of SDB, especially if persistent over long periods of time.

3. Is nGER associated with elevated inflammatory biomarkers in
exhaled air? Are inflammatory biomarkers or pepsin in exhaled
air associated with respiratory symptoms and SDB in nGER
patients? (Paper IV)

4. Does SDB affect the association between nGER and
respiratory symptoms? (Paper V)

Hypothesis 2: OSA is worse in subjects with nGER because of inflammation
in the proximal airways, making the airways more susceptible to collapsing
during the night and thereby cause obstructive apneas. Gastric contents are
intermittently aspirated in nGER, causing airway inflammation and respiratory
symptoms. Pepsin in exhaled air can identify subjects where gastric contents
have reached the airways.
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3 Materials and methods

3.1 Study cohorts

The research papers in this dissertation were based on results from two
different study cohorts. Paper | was based on the burden of obstructive lung
diseases initiative (BOLD) cohort in Iceland and Sweden; paper Il on the
European community respiratory health survey (ECRHS) | and Il cohort in
Iceland, Sweden and Belgium; and papers Il and IV on the ECRHS Ill cohort
in Iceland (Figure 5, Table 1). The National Bioethics Committee and the
Data Protection Authority of Iceland gave consent for all three study cohorts.
The Swedish Research Council gave their consent for the BOLD study
cohort. The Regional Ethical Committee of Uppsala University, Sweden, and
the Advisory Committee for Medical Ethics of the University of Antwerp,
Belgium, gave their consent for the ECRHS study cohort. Written consent
was obtained from all research subjects.

ECRHS III nGER
subcohort
(42-67 years)

—

ECRHS I ECRHS II BOLD ECRHS III
(20-44 ycars) (28-55 years) (39-96 years) (42-66 ycears)

Reykjavik 890 invited, 69% 608 invited, 82% 939 invited, 81% 468 invited, 90% 145 invited, 83%
fully participated fully participated fully participated fully participated fully participated
Uppsala 921 invited, 79% 719 invited. 77% 998 invited, 62%
fully participated fully participated fully participated
Gothenburg 998 invited, 54% 535 invited, 71%
fully participated fully participated
Antwerp 1895 invited, 41% 778 mvited. 42%
fully participated fully participated

Figure 5. Timeline for the studies used in this dissertation. The age span of the
participants is noted in parentheses under the study name. The participation rate was
calculated from the number of subjects who participated in all aspects of the studies.

3.1.1 BOLD cohort

The BOLD initiative was a multicenter international study aiming to estimate
the burden of COPD worldwide (see www.boldstudy.org) (Buist et al., 2007).
The cohort was a random sample from the general population in Reykjavik,
Iceland, and Uppsala, Sweden, aged 40 years and over (Benediktsdottir et
al., 2010). The study was mostly conducted in 2005 in these centers. Briefly,
they participated in an examination that included a structured interview,
medical examination, blood sample and spirometry. In Iceland, 939 subjects
were randomly selected to participate, of which 762 subjects (81.2%)
responded. In Sweden, 967 subjects were randomly selected to participate,
of which 601 subjects (62.2%) responded. Of these 1,363 subjects, 1,325
had sufficient data for the study analysis.
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3.1.2 ECRHS cohort

The ECRHS | - Il was a 20 year prospective, multicenter, population-based
cohort study performed in 11 European countries (see www.ecrhs.org). The
study participants were first studied in 1991-1993, then aged 20-44 years
(Burney et al., 1994). They were then re-studied in 1999-2001 (Committee,
2002), and for the third time in 2011-2012, when the participants were aged
40-65 years. The investigation included a structured interview,
guestionnaires, spirometry, skin-prick tests, and blood samples.

Altogether 2,661 subjects participated in ECRHS | in Reykjavik, Iceland;
Uppsala and Goéteborg, Sweden; and Antwerp, Belgium. Of these, 2,202
were randomly selected from the general population and 459 were added
because of reported asthma (Janson et al., 1996). These subjects were
invited again for ECRHS II, of whom 1,761 (66%) participated.

Among the 522 subjects from ECRHS | contacted for ECHRS Il in Iceland, a
total of 455 (87%) participated (Arnardottir et al., 2015a). They participated in
a structured interview, answered questionnaires, underwent spirometry,
measurements of height and weight, gave blood samples, and underwent a
home sleep study.

3.1.2.1 ECRHS lll nGER subcohort

Of the 455 participants in ECRHS Il in Iceland, 82 had symptoms suggestive
of nGER. These 82 subjects were invited for a second visit in 2013, of which
71 (87%) participated. Also, 63 age and gender paired controls from the
ECRHS 1l cohort without any nGER symptoms were invited, of whom 49
(78%) participated. Those with a persistent symptom report comprised the
cohort, altogether 90 subjects (see section 3.2.2 for further description).

During the second visit all subjects participated in a structured medical
interview, answered a modified reflux disease questionnaire (RDQ), were
weighed again, and examined with a laryngoscopy. Exhaled breath
condensate (EBC), patrticles in exhaled air (PEx) and blood were sampled.
Nitric oxide in exhaled air (FeNO) was measured. A subgroup underwent a
24 hour esophageal pH-impedance measurement (24h Mll-pH).

Table 1. Cohorts studied in this dissertation. Abbreviations: BOLD, Burden of
obstructive lung disease initiative; ECRHS, European community respiratory health
survey.

BOLD cohort ECRHS I and Il cohort ECRHS IIl nGER
(n=1,325) (n=1,761) subcohort (n = 90)
Paper | X
Paper Il X
Paper Il
Paper IV
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3.2 Questionnaires and interviews

3.2.1 nGER guestionnaire

In studies | and I, we defined nGER using a single question on the frequency
of heartburn and regurgitation (see below under nGER definition). As this
single question approach was not well validated, we chose in our following
studies to use a better validated questionnaire for the definition of our study
groups.

Of the many questionnaires created for evaluating GER, only a few have
been validated for both evaluative and diagnostic purposes, and used in
clinical trials (Vakil et al., 2013). For studies Ill and IV, we wanted to use a
simple questionnaire with evaluation of the most cardinal symptoms of GER,
namely heartburn and regurgitation, as this has been recommended for
studies on extra-esophageal manifestations of GER (Vakil et al., 2006).
Additionally, we wanted to divide symptoms into daytime and nocturnal
symptoms. Unfortunately, none of the available questionnaires fulfilled our
criteria, but two were near, namely the RDQ and the nocturnal
gastoesophageal reflux disease symptom severity and impact questionnaire
(N-GSSIQ). The former was validated for evaluative and diagnostic purposes
in a general population and asked only about the cardinal symptoms of
heartburn and regurgitation, but did not ask about daytime or nocturnal
symptoms. The latter was only evaluative, solely focused on nocturnal
symptoms, and had extensive questions on symptoms other than heartburn
or regurgitation (Shaw et al., 2001; Spiegel et al., 2010). We therefore chose
to adapt the RDQ rather than the N-GSSIQ to our needs.

The RDQ questionnaire had not previously been translated into Icelandic. We
therefore first translated it from English to Icelandic, and then validated it via
back-translation. We used only the heartburn and regurgitation dimensions of
the questionnaire, as only these two dimensions have shown an association
to GER, and not the dyspepsia dimension (Shaw et al., 2001). The questions
from these two dimensions were posed twice, once specifically for daytime
symptoms and once specifically for nocturnal symptoms. The questionnaire
covers symptoms in the preceding four weeks.

A symptom score was calculated from the RDQ for daytime and nocturnal
symptoms by adding together the points for both frequency and severity of
the respective GER symptoms (altogether eight variables) and then dividing
by eight, giving points on a scale from 0 to 5.

3.2.2 NGER definition

In papers | and Il, the definition of nGER was based on a single question on
the frequency of heartburn or regurgitation after going to bed in the preceding
four weeks. For the cross-sectional analysis in paper I, NGER was defined as
experiencing symptoms once a week or more, and those without symptoms
were further divided into whether they were on GER medication or without
GER medication. For the longitudinal analysis in paper Il, nGER was defined
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as experiencing symptoms less than once a week or more, and then grouped
into non-symptomatic, symptomatic at baseline or follow-up, and persistently
symptomatic. Those persistently symptomatic were of special interest.

The definition of NnGER in the ECRHS nGER subcohort, used in papers Il
and IV, was based on the modified version of the RDQ, as described above.
Those reporting any nocturnal GER symptoms on the first (2012) and second
visit (2013) were defined as having nGER (n = 48). Those without nocturnal
GER symptoms on the first and second visits were defined as controls (n =
42). Those with nocturnal GER symptoms on only one of the visits were
excluded in paper IV, but included for sensitivity analysis in paper Ill (Figure
6).

Baseline With nGER Without nGER
(2012): symptoms = 82 symptoms = 63

One died
| 10 refused < 14 refused
C——
% %
Without nGER With nGER
symptoms = 23 symptoms = 7

Follow-up With nGER Without nGER
(2013): symptoms = 48 symptoms =42

Figure 6. A flow diagram of selection of cases and controls for the ECRHS Il nGER
subcohort. At the top are subjects at the time of first visit in the ECRHS Il study, and
at the bottom at follow-up around 5-8 months later. The groups in bold were used for
further analysis in papers Ill and IV: subjects who were symptomatic at baseline and
follow-up (persistent nGER), and subjects who were asymptomatic at baseline and
follow-up (controls). The groups marked with an asterix were only included for
sensitivity analysis in paper Ill.

3.2.3 Symptom analysis

Symptoms were analyzed in all cohorts by questionnaires and structured
medical interviews. The symptom assessments differed between the studies
and are therefore best described separately for each study.

3.2.3.1 BOLD

All participants visited the study clinic where they answered a questionnaire
posed by trained and certified staff. The questionnaire regarded respiratory,
OSA and nGER symptoms, smoking, health status, medication use and other
health related issues (Benediktsdottir et al., 2010; Buist et al., 2007; Partinen
& Gislason, 1995). The questions on respiratory symptoms asked whether
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they had experienced symptoms such as cough, phlegm and wheeze (Buist
et al., 2007). The participants were divided into smokers, ex-smokers and
never-smokers by answers to smoking history questions. The OSA-related
questions included the Epworth sleepiness scale (ESS) and questions from
the Basic Nordic Sleep Questionnaire, such as self-reported snoring, apneas
and daytime sleepiness (Benediktsdottir et al., 2010; Partinen & Gislason,
1995).

Those reporting either coughing most days for up to three months each year,
having phlegm most days for up to three months each year, any wheeze for
the last 12 months or shortness of breath when hurrying were classified as
having “any respiratory symptom”. Those with observed snoring or daytime
sleepiness more than twice a week, or with observed apneas once a week or
more, were classified as having “any OSA symptom”.

3.2.3.2 ECRHS land Il

The participants answered detailed questionnaires, including questions on
respiratory, OSA and nGER symptoms, smoking, health status, medication
use and other health related issues (for ECRHS questionnaires, see
http://www.ecrhs.org/) (Burney et al., 1994).

Subjects were considered to have asthma if they reported having been
diagnosed with asthma by a physician plus having asthma-related symptoms
in the last 12 months (Janson et al., 2005). Yes/no-questions were posed
about respiratory symptoms at any time in the last 12 months: wheezing,
nocturnal chest tightness, shortness of breath at rest and after exercise,
nocturnal shortness of breath and nocturnal cough. Subjects who had had
any of these respiratory symptoms in the last 12 months were additionally
classified as having “any respiratory symptom”. Participants defined with
asthma, or reporting a particular symptom at follow-up but not at baseline,
were defined as having an onset of asthma or respiratory symptoms during
the study period (Gunnbjornsdottir et al., 2004).

Symptoms of OSA were estimated by a questionnaire and defined as self-
reported snoring, apneas, or daytime sleepiness. The same questions were
used at baseline and follow-up. _ENREF_15Those reporting observed
snoring or daytime sleepiness more than twice a week, or observed apneas
once a week or more, were considered to have the corresponding symptom.
Those with any of the above-mentioned symptoms were additionally
classified as having “any OSA symptom”. For a more OSA-specific analysis
of these symptoms, those with new snoring and/or apnea plus new daytime
sleepiness were also analyzed together.

Participants also answered the ESS on participation in ECRHS I
(Benediktsdottir et al., 2010). A score of 10 or higher was considered as
significant daytime sleepiness. ESS was not used when analyzing onset of
OSA symptoms as it was not available from ECRHS I.

Smoking history was investigated by asking subjects at baseline and follow-
up whether they were current smokers, ex-smokers or never-smokers. Based
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on this information the subjects were classified into Never-smoker, Ex-
smoker, Quitter, and Smoker.

3.2.3.3 ECRHS Il nGER subcohort

A structured medical interview was performed to collect information on health
status changes since the last visit (ECRHS Il baseline visit in 2012). The
interview asked specifically about changes in general health status, changes
in medication, hospital stays, and a doctor’s diagnosis of high blood pressure,
diabetes, asthma, COPD, heart attack, heart failure and stroke. The interview
also contained a questionnaire on recent respiratory and OSA symptoms
using selected questions from the previous visit's questionnaire. The ESS
guestionnaire was only answered on the baseline visit.

In total, seven cases and seven controls reported changes in health status at
follow-up since their baseline visit. In the case group, health changes
included diagnosis of hemochromatosis, removal of a liver cyst, lumbago, etc.
In the control group, health changes included coronary artery disease, discus
prolapse, hypothyroidism, candida esophagitis, etc. Altogether 14 cases had
changes in their medical treatment, of whom one discontinued PPI treatment,
one started PPI treatment and four had changes in PPI treatment. Among
controls, six had changes in their medical treatment, none of which regarded
PPI.

The questions on respiratory symptoms were the same as in ECRHS | and Il.
For analysis purposes in paper 1V, the symptoms were grouped into asthma
symptoms (wheeze, chest tightness, breathlessness at rest, breathlessness
after exercise, nocturnal cough, nocturnal attacks of breathlessness) and
bronchitis symptoms (cough or phlegm without ongoing respiratory infection).

In paper IV, an exacerbation of respiratory symptoms was defined as a
temporary marked increase in respiratory symptoms: cough, phlegm and
shortness of breath. ENREF_13 Frequent exacerbations were defined as at
least two exacerbations in the previous 12 months. Current asthma was
defined as having doctor diagnosed asthma as well as either experienced
asthma symptoms in the previous 12 months and/or currently using any
medicines for asthma (Carsin et al., 2013).

Symptoms of OSA were analyzed by a questionnaire developed by the Sleep
apnea global initiative consortium (SAGIC), where participants were asked
about symptoms in the previous month (Arnardottir et al.,, 2015a).
Specifically, the questions regarded frequency of self-reported snoring and
apneas on a five point scale (Never, less than once a week, 1-2 times a
week, 3-4 times a week, 5-7 times a week), and how sleepy they felt during
the day on a five point scale (Not at all, a little bit, moderately, quite a bit,
extremely). Snoring was considered positive if reported at least three times
per week, and apneas if reported at least once per week. Daytime sleepiness
was considered present if subjects reported their daytime sleepiness as
considerable or more.
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3.3 Measurements

Spirometry was performed on all cohorts and on all visits. Home sleep study
was only performed on participants in ECRHS Il in Iceland. Blood samples
were collected from all ECRHS cohorts. Biomarker analysis in exhaled air
biosamples, laryngoscopy and 24h MiIl-pH were only performed on the
ECRHS nGER subcohort.

3.3.1 Lung function and methacholine challenge

Trained and certified technicians performed spirometry in all studies.
Maximum forced expiratory volume in one second (FEV1) and maximum
forced vital capacity (FVC) were determined (Chinn et al., 2005b; Vollmer et
al.,, 2009). FEV1/FVC was calculated from these maximum values. For the
BOLD cohort and the ECRHS Il nGER subcohort, the predicted values were
calculated with equations from the third United States National Health and
Nutrition Examination Survey (NHANES) Ill (Hankinson et al., 1999a). For the
ECRHS | and Il cohorts, the predicted values were calculated with equations
from the European Coal and Steel Union (Quanijer et al., 1993).

Pre- and post-bronchodilator tests were performed on the BOLD cohort and
the ECRHS Ill nGER subcohort, with separate measurements performed
before and after 215 min after two puffs of salbutamol (200 ug). The pre-
bronchodilator test was performed in the ECRHS | and II, and change in lung
function was calculated as the change per year in percent of predicted values
between the two studies.

In ECRHS | and Il, a methacholine challenge was carried out using a
dosimeter (Mefar, Brescia, Italy). The starting dose was 0.002 mg followed by
several dose steps up to an accumulated dose of 1 mg, A change in
bronchial responsiveness was expressed as a change in slope per year of
follow-up (Chinn et al., 2005a). Bronchial hyperresponsiveness (BHR) was
defined as a fall in FEV1 of = 20% following an accumulated dose of 1 mg
methacholine (Shaaban et al., 2007).

COPD was defined by lung function data as a post-bronchodilatory
FEV1/FVC < 0.70 (Buist et al., 2007), or as being below the age-adjusted
lower limit of normality (LLN) in post-bronchodilatory FEV1/FVC (Hankinson
et al., 1999b). Subjects with COPD were grouped into stages | to IV based on
FEV1/FVC and FEV1 (Pauwels et al., 2001).

The reversibility test was considered positive if FEV1 increased at least 200
ml after bronchodilation as well as increased at least 12% compared to
before bronchodilation.

3.3.2 Laryngoscopy

Laryngoscopy was performed transorally with a rigid 70° borescope without
using anesthesia. The larynx was recorded for a few seconds by video and
then stored under an encrypted code. The videos were later scored by the
reflux finding score (RFS) (Belafsky et al., 2001) by three otolaryngologists,
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blinded from each other and other study results. The average scorings were
used for analysis. Those with a RFS of more than seven were classified as
having laryngopharyngeal reflux.

3.3.3 Esophageal 24-hour multichannel intraluminal
impedance and pH monitoring

In a subgroup of participants, an esophageal 24h MIl-pH monitoring was
performed according to a previously described method (Conchillo et al.,
2007). Briefly, a MIl-pH catheter (ComforTec Z/pH probe ZAN-BS-01,
Sandhill scientific, Milwaukee, WI) was passed transnasally into the
esophagus and positioned with the pH electrode 5 cm above the upper
border of the lower esophageal sphincter. The catheter was then attached to
a recording device (ZepHr z07-2000B-B, Sandhill scientific, Milwaukee, WI)
and a recording performed over 24 hours. The participants registered their
symptoms, both conventional (heartburn and regurgitation) and atypical
(mainly cough and throat clearing) reflux symptoms.

Three participants from the control group, one with nGER symptoms only on
follow-up, and 16 from the persistent nGER group underwent 24h MIl-pH
monitoring. Of the 16 participants from the persistent nGER group, 7 were on
chronic PPI therapy, but none from the control group. From the persistent
NGER group, those with more symptoms of nGER were chosen for 24h MIl-
pH monitoring. For scoring the measurements, reference values from Zerbib
et al. were used (2005). A symptom index of 50% or more was considered
positive (Tutuian et al., 2006). Mean monitoring time was 22.1 + 1.4 hours.
Because of the low number of 24h MIl-pH measurements, only descriptive
analysis was performed.

3.3.4 Home sleep studies

All subjects who participated in the ECRSH Il in Iceland were invited for a
home sleep study with a T3 device (Nox Medical, Reykjavik, Iceland), a type
3 sleep study as previously described (Arnardottir et al., 2015a). Briefly, nasal
airflow was recorded through a cannula. Chest and abdominal movements
were measured with respiratory inductive plethysmography belts. Pulse and
oxygen desaturation were measured by a finger probe oximeter (Nonin
Medical Inc., Plymouth, Minnesota). Body position, activity and audio were
measured by sensors situated on the chest. The sleep studies were scored
by two trained sleep technologists. Sleep studies were scored in accordance
with the American Academy of Sleep Medicine 2007 manual using the
accepted hypopnea classification requiring a 230% drop in respiratory flow
for 210 seconds with 24% oxygen desaturation (Iber et al., 2007).

Snoring was measured using audio recordings from sensors on the chest.
Snore events were automatically scored using the Noxturnal 4.3 scoring
algorithm, with an absolute threshold for snore events set as audio volume
>65 dB. In comparison to manually scored snore events, this definition has
been shown to have sensitivity and a positive predictive value of 0.79 and
0.94, respectively (Arnardottir et al., 2015b). A snore index was calculated as
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the number of snores per hour of sleep.

3.3.5 Blood samples

In ECRHS | and II, serum samples were collected for the measurement of
total and specific serum IgE. In the ECRHS Il nGER subcohort, plasma
samples were collected from a peripheral vein in EDTA-treated tubes.
Albumin was measured directly, but for other measurements the samples
were frozen at minus 80°C until measurements were performed.

3.3.6 Biosamples from exhaled air

EBC samples were collected with ECoScreen Il (FILT - Lung- and Thorax
Diagnostic GmbH, Berlin, Germany) at -10°C for 15 minutes. Participants
wore a nose-clip and used tidal breathing. The samples collected were
immediately divided into polypropylene test tubes (Screw cap micro tube
72.694.007, Sarstedt AG & Co, NUmbrecht, Germany), 0.5 ml into each tube.
Depending on the volume collected, the number of tubes varied from three to
six. If any excess volume was left, it was measured and then disposed of.
Into the first two test tubes, 25 pl of a mixture of protease inhibitors was
added (cOmplete, Mini version 10; Roche Diagnostics GmbH, Mannheim,
Germany). Nothing was added to the third test tube. Into the fourth test tube,
5 ul of a 5 mg/ml solution of butylated hydroxytoluene in ethanol was added
(Sigma-Aldrich, St. Louis, MO). Other test tubes had no additives. The
samples were immediately frozen at -20°C, and within four hours moved to -
80°C for storage until measurements were performed.

FeNO was measured with NIOX MINO (Aerocrine AB, Solna, Sweden)
according to manufacturer description (see www.niox.com). Participants were
allowed a maximum of five repetitions to perform the measurement.
However, more than one repetition was rarely needed and never more than
three repetitions.

A method of collecting particles in exhaled air has recently been established
using an instrument developed specifically for this purpose (PExATM,
Sahlgrenska University Hospital, Gothenburg, Sweden) (Bredberg et al.,
2012). ENREF_18 The exhaled particles have been shown to reflect the
respiratory tract lining fluid and to originate mainly from the small airways
(Almstrand et al., 2010). Before sample collection start, participants breathed
filtered air for two minutes tidally to avoid contamination by ambient particles.
A specific breathing maneuver, allowing for airway closure and re-opening to
augment the number of exhaled particles, was applied. In this maneuver, the
participants exhaled to residual volume, held their breath for three seconds,
then inhaled sharply up to full inspiration, and finally exhaled with a velocity
between 25 and 1000 ml/s to almost full expiration. Particles were only
collected from the last exhalation of this maneuver. In between these
breathing maneuvers the participants breathed filtered air tidally for 30-60
seconds. The breathing maneuver was repeated until 300 ng of PEx had
been collected, or until the collection had taken 30 minutes in total, whichever
came first.
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The total mass of the collected particles was calculated based on the number
and size of the particles, assuming them to be spherical and have a density
of 1000 kg/m®.(Larsson et al., 2012) The exhaled particles were collected by
impaction on a teflon filter (LCR Membrane Filter, Merck Millipore KGaA,
Darmstadt, Germany), which was divided into two halves immediately after
sampling, and each half was stored in a polypropylene test tube (Screw cap
micro tube, Sarstedt AG & Co, Numbrecht, Germany). The filters were
immediately frozen at -20°C, and within four hours moved to -80°C until
measurements were performed.

3.3.7 Biomarker measurements

In ECRHS | and IlI, Specific IgE was measured in serum at baseline against
Dermatophagoides pteronyssinus, cat, birch, timothy grass and
Cladosporium herbarum, using the Pharmacia CAP System (Pharmacia
Diagnostics, Uppsala, Sweden). The detection of specific IgE of > 0.35 kU/I
was used as a definition of sensitization to a specific allergen. Atopy was
defined as sensitization to at least one of the investigated allergens.

In the ECRHS Ill nGER subcohort, plasma albumin levels were measured
using a Vitros 5.1 analyzer and Vitros MicroSlide method (Ortho-Clinical
Diagnostics Inc, Rochester, NY). Albumin levels in EBC were determined by
immunoturbidometry using a Virtos 5.1 analyser and reagents from Ortho-
Clinical Diagnostics. Plasma high sensitivity C-reactive protein (CRP) was
measured on a Cobas 411 analyzer using reagents from Roche Diagnostics
GmbH, Mannheim, Germany. Interleukin 8 (IL-8) levels in plasma and EBC
samples were determined using ELISA reagents (IBL International GmbH,
Hamburg, Germany). Additionally, we performed ELISA measurements in
EBC of pepsin (Wuhan EIAAB Science Co, Wuhan, China), 8-isoprostane
(Cayman Chemical Company, Ann Arbor, MI), neurokinin A (RayBiotech Inc,
Norcross, GA) and substance P (Cayman Chemical Company, Ann Arbor,
MI). From the PEx samples, we registered data on the number and mass of
exhaled particles and measured albumin and surfactant protein A (SP-A) as
markers of pulmonary inflammation, as previously described (Larsson et al.,
2012). Prior to protein assay of the PEx samples, the particles were extracted
from Teflon filters using phosphate-buffered saline (PBS) containing 1%
bovine serum albumin (BSA), w/v, and 0.05% Tween-20, v/v. A total of 140
ul of the extraction buffer were added to each sample, followed up by 60 min
shaking at 400 rpm and 37°C at a thermomixer (Thermomixer comfort,
Eppendorf; Eppendorf AG, Hamburg, Germany). SP-A in PEx and plasma
was quantified using human SP-A ELISA kit (BioVendor, Brno, Czech
Republic) and albumin using human albumin ELISA kit (Immunology
Consultants Laboratory Inc, Portland, OR), according to the manufacturer's
instructions, with small modifications. The human albumin ELISA assay has
no cross-reactivity to bovine albumin.

3.4 Statistical analysis
We used STATA version intercooled (Stata Corporation, College Station, TX)
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for the calculations in all studies presented. Version 11.0 was used for papers
I and Il, and version 13.0 for papers Il and IV. In all papers, a p-value of <
0.05 was considered statically significant.

Paper 1. Associations between nGER status and symptoms were
analyzed by a chi square test and logistic regression, while associations
between nGER and continuous variables were analyzed with linear
regression. Multiple logistic and linear regressions were used to estimate
differences between the groups, adjust for center, age, gender, BMI and
smoking history, and do interaction analyses.

Paper |I: Associations were analyzed by a chi square test and linear
and logistic regressions. Adjusted calculations were done by adjusting for
gender, age, location, smoking history at follow-up, body mass index (BMI) at
base-line and change in BMI.

Paper 1lI: Normal distribution of continuous data was assessed both
visually using histogram and with Shapiro-Wilk test (Ghasemi & Zahediasl,
2012). Intraclass correlation (ICC) for the RFS was calculated using a two-
way random effects model. An average ICC was calculated, which indicates
the reliability of an average score between multiple raters (Hallgren, 2012).
Associations were analyzed as appropriate with student’s t-test, chi square
test, Fisher’s exact test, Wilcoxon rank-sum test, and linear regressions.

Paper 1IV: Normal distribution of continuous data was assessed both
visually using a histogram and with a Shapiro-Wilk test. ENREF_23
Associations were analyzed by a chi square test, Fisher's exact test,
Wilcoxon rank-sum test, Spearman’s rank-order correlation and linear and
logistic regressions.

Sensitivity analysis was done by adjusting for BMI as pairing was only
partially accomplished. For parametric tests, a multiple linear regression was
used. For categorical and non-parametric tests, calculations were redone
with the above tests while either adjusting for BMI or excluding those with a
BMI of 35 or over (mean BMI + SD: control group 26.9 + 3.7; nGER group
27.6 £ 2.9) when adjustment calculations were not applicable.
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4 Results

4.1 Cohort characteristics

The first two papers were based on international cohorts. The first paper
included subjects from Iceland and Sweden, the second paper subjects from
Iceland, Sweden and Belgium. Papers Il and IV were based on an Icelandic
cohort.

The BOLD cohort and the ECRHS 1ll nGER subcohort were similar as to age,
gender distribution, and prevalence of hypertension and diabetes. BMI was
slightly higher in the ECRHS Ill nGER subcohort. The ECRHS | and Il cohort
was approximately 20 years younger at baseline as expected, had slightly
fewer males, more current smokers, and a lower BMI (Table 2).

Table 2. Demographic factors of the study cohorts. Data for the ECRHS | and Il
cohort is baseline data. Abbreviations: BOLD, Burden of Obstructive Lung Disease
Initiative; ECRHS, European Community Respiratory Health Survey.

BOLD cohort ECRHS | and Il ECRHS Ill nGER
(n=1,325) cohort (n =1,761) | subcohort (n = 90)

Age, years 57+12 347 567
Male gender 53% 46% 53%
Hypertension 31% 33%
Diabetes 4.8% 3.3%
BMI (kg/m?) 27547 23.6 +3.5 28.3+4.6
Smoking:
- Never 41% 46% 39%
- Former 42% 24% 46%
- Current 16% 31% 16%

4.1.1 Characteristics of nGER groups

The BOLD cohort was divided into the following three groups: “No nGER” (n
= 1,040), “Treated GER” (n = 183), and “hGER” (n = 102). No difference was
found between these groups regarding age, gender and diabetes. The
treated GER group had a higher BMI, and more prevalent hypertension and
cigarette smoking compared to those without nGER. The nGER group was
comparable to those without nGER in these respects (see Paper I). Hereafter
we will focus mostly on the groups “No nGER” and “nGER”.

The ECRHS | and Il cohort was divided into the following four groups: “Never
NnGER” (n = 1,298), “nGER at baseline” (n = 139), “nGER at follow-up” (n =
201) and “Persistent nGER” (n = 123). No difference was found between
these groups regarding gender, BMI change on follow-up, smoking or atopy.
Those with new or persistent nGER had a higher baseline BMI and were
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more often on anti-acid medication, and those with persistent nGER were
older (see Paper Il). Hereafter we will focus mostly on the groups “Never
nGER” and “Persistent nGER”.

The ECRHS Ill nGER subcohort was divided into two groups: “No nGER” (n
= 42) and “With nGER” (n = 48). No difference was found between these
groups regarding age, gender, smoking status or incidence of hypertension
or diabetes. Those with nGER had higher BMI, although statistically non-
significant (see Papers Ill and IV).

A sensitivity analysis on the nGER definition in the ECRHS Il nGER
subcohort was performed. The case and control definition was then widened
to all participants with nGER or without nGER at follow-up regardless of
baseline symptoms, and resulted in a case group of 53 and a control group of
67 participants. Using this categorization the association described below
between NnGER and the laryngoscopic findings remained significant (p =
0.02), whereas the association between pepsin in EBC became statistically
not significant (p = 0.23).

4.2 Symptom analysis

4.2.1 Respiratory symptoms

In the cross-sectional analysis on the BOLD and ECRHS Il nGER subcohort,
an association was found between nGER and various respiratory symptoms.
Specifically, chronic cough and phlegm were more common among nGER
subjects in both cohorts (Table 3).

Current asthma and exacerbations of respiratory symptoms were only
evaluated in the ECRHS Il nGER subcohort. Current asthma was found to
be significantly more common in the nGER group [27% vs 7%, p = 0.01], as
well as exacerbations of respiratory symptoms [19% vs 5%, p=0.04]. This
difference was even clearer when looking at frequent exacerbations (Figure
7). Among those with nGER, higher BMI associated with more exacerbations
of respiratory symptoms (Figure 8).

In the BOLD cohort, those with treated GER had less respiratory symptoms
than those with symptomatic nGER.

Additionally, the longitudinal analysis of the ECRHS | and Il cohort showed
an increased new onset of these and other respiratory symptoms among
those with persistent nGER as well as new-onset asthma (Table 4), even
after adjusting for gender, age, location, follow-up time, smoking history, and
BMI (Figure 9). Interaction analysis was done while simultaneously adjusting
for location, age, gender, follow-up time, smoking history, baseline BMI and
change in BMI. The association between persistent nGER and new
respiratory symptoms was stronger among women than men [OR (95% CI):
21.6 (2.8 — 163.2) vs 1.7 (0.8 — 3.6), Pinteraction = 0.02].
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Table 3. Prevalence of respiratory symptoms in two cross-sectional studies on nGER, with similar populations but different nGER definitions
and cohort sizes. Abbreviations: BOLD, Burden of Obstructive Lung Disease Initiative; ECRHS, European Community Respiratory Health
Survey; nGER, nocturnal gastroesophageal reflux; mo/yr, months per year.

BOLD cohort ECRHS Il nGER subcohort

No nGER NnGER No nGER Persistent nGER

(n = 1,040) (n = 102) PR (n = 42) (n = 48) FrElnE
Wheeze 21.9 42.2 <0.001 16.7% 27.1% 0.24
Wheeze and 6.1 22,6 <0.001 4.8% 14.6% 0.12
breathlessness
Wheeze when not having o o
a cold 14.3% 22.9% 0.30
Nocturnal chest tightness 0.0% 14.6% 0.01
Breathlessness at rest 0.0% 14.6% 0.01
Breathlessness after 18.8 27.9 0.15 9.5% 31.3% 0.01
exercise
Nocturnal attacks of 0.0% 8.3% 0.06
breathlessness
Nocturnal cough 14.3% 29.2% 0.09
Chronic morning cough 9.5% 29.2% 0.02
Chronic cough 14.3% 33.3% 0.04
Coughs most days at 9.3 15.7 0.04 11.9% 27.7% 0.07
least 3 molyr.
Chronic morning phlegm 19.1% 39.6% 0.03
Chronic phlegm 9.5% 20.8% 0.14
Phlegm most days at 9.6 19.6 0.002 18.0% 37.8% 0.05
least 3 molyr.




Table 4. New onset of respiratory symptoms among subjects with persistent nGER in
a 9 year prospective study. Abbreviations: ECRHS, European Community Respiratory
Health Survey; nGER, nocturnal gastroesophageal reflux.

ECRHS | and Il cohort

Never nGER Persistent nGER

(n = 1,298) (n = 123) BEIE
Wheeze 11.3 22.2 0.01
Wheeze and
breathlessness 6.0 16.0 <0.001
Wh(_eeze when not 78 15.7 0.01
having a cold
l\_locturnal chest 75 171 0.003
tightness
Breathlessness at 3.9 8.6 0.03
rest
Breathless_ness 91 18.2 0.01
after exercise
Nocturnal attacks 31 74 0.03
of breathlessness
Nocturnal cough 195 36.1 0.001
New-onset asthma 5.4 13.0 0.002

25%

20%

15%

@ Two or more exacerbations

£ One exacerbation
10%

Percent of participants

5%

0% : - |
Without nGER With nGER

Figure 7. Exacerbations of respiratory symptoms in the previous twelve months
among subjects with or without nGER.

* p = 0.02 for frequent exacerbations, by chi square test.
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Persistent nGER |

Figure 8. The association between BMI and exacerbations of respiratory symptoms
by nGER status. Graph type: Kernel-weighted local polynomial smoothing (kernel
bandwidth = 5). P-values by linear regression (with BMI inverted, 1/BMI, to achieve
normal distribution): Green line: 0.095, Red line: 0.046.

Wheeze 4 [— PO
Wheeze and breathlessness B — S
Wheeze when not having a cold b e
Nocturnal chest tightness 4 —
Breathless at rest 4 - e
Breathless after exercise B — P
Attacks of nocturnal breathlessness | —_—.—
Nocturnal cough 4 —_——
Current asthma 4 —

0.3 1 3 10

Odds ratio

Figure 9. Odds ratios and 95% confidence intervals by logistic regression for the
association between new-onset of respiratory symptoms and persistent nocturnal
gastroesophageal reflux (hnGER) compared to never nGER, adjusted for gender, age,
location, smoking history at follow-up, body mass index (BMI) at baseline and change

in BMI.
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4.2.2

In the cross-sectional analysis on the BOLD and ECRHS Il nGER subcohort,
an association was found between nGER and symptoms of OSA. In the
BOLD cohort, observed apneas were significantly more prevalent among
those with nGER, but observed snoring was not significantly more prevalent.
The contrary was true for the ECRHS IIl nGER subcohort (Table 6). In both
cohorts, daytime sleepiness was more prevalent among nGER subjects as
measured by a single question, but the ESS score was not significantly
increased (Table 6). Interaction analysis was performed on the BOLD data
while adjusting for center, age, gender, smoking history and BMI. The
analysis showed that the association between nGER and any OSA symptom
was stronger in subjects from Reykjavik than from Uppsala [OR (95% CI):
3.60 (1.86 — 7.00) vs 1.42 (0.81 — 2.49), Pinteraction = 0.04]. Also, this same
association was stronger among women than men [OR (95% CI): 3.55 (1.86
—6.78) vs 1.42 (0.80 — 2.51), Pinteraction = 0.04].

In the BOLD cohort, those with treated GER had less OSA symptoms than
those with symptomatic nGER.

Symptoms of obstructive sleep apnea

The longitudinal analysis of the ECRHS | and Il cohort showed an increased
new onset of observed apneas and more daytime sleepiness measured by
the ESS among those with persistent nGER (Table 5), even after adjusting
for gender, age, location, follow-up time, smoking history, and BMI.

Table 5. Onset of OSA symptoms among subjects with persistent nGER in a 9 year
prospective study. Abbreviations: ECRHS, European Community Respiratory Health
Survey; nGER, nocturnal gastroesophageal reflux.

ECRHS | and Il cohort

Never nGER Persistent nGER value

(n = 1,298) (n = 123) P
Loud snoring = 3 nights a week 19.9 25.6 0.22
Observed apneas = 1 night a week 2.7 10.6 <0.001
Daytime sleepiness = 3 days a 26.3 353 0.16
week
Epworth Sleepiness Scale 6.1+3.7 8.1+44 <0.001
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Table 6. Prevalence of OSA symptoms in two cross-sectional studies on nGER, with similar populations but different nGER definitions and
cohort sizes. Abbreviations: BOLD, Burden of Obstructive Lung Disease Initiative; ECRHS, European Community Respiratory Health Survey;
nGER, nocturnal gastroesophageal reflux.

Loud snoring = 3 nights a

week 22.8 30.7 0.07 23.8% 44.7% 0.04
ST

Vc:g:ﬁ“’ed apneas 2 1 night a 5.1 10.8 0.02 2.4% 12.5% 0.08

Daytime sleepiness = 3 days 205 422 <0.001

a week

Daytime sleepiness,

considerable or more 9.8% 46.8% <0.001

Epworth Sleepiness Scale 59+39 6.9+4.6 0.18 6.6 +4.0 8.2+54 0.12
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4.3 Measurements

4.3.1 Lung function

Lung function data differed between the study populations. Those with nGER
in the ECRHS 1l nGER subcohort had similar post-bronchodilator FEV1,
FVC, FEV1/FVC and reversibility compared to controls (Table 7). However,
subjects with nGER in the BOLD cohort had a significantly lower FEV1/FVC
than subjects without nGER. COPD, as diagnosed by post-bronchodilator
spirometry (FEV1/FVC < 0.70 or below LLN), was significantly more common
in the group with nGER (Table 7). Additionally, COPD was less common in
the treated GER group than in the symptomatic hGER group. These
associations remained significant after adjusting for centre, age, gender,
smoking history and BMI.

Table 7. Post-bronchodilator lung function data from two cross-sectional studies on
NGER, with similar populations but different nGER definitions and cohort sizes.
Abbreviations: BOLD, Burden of Obstructive Lung Disease Initiative; ECRHS,
European Community Respiratory Health Survey; nGER, nocturnal gastroesophageal
reflux.

BOLD cohort

No nGER nGER |

(n = 1,040) (n = 102) p-value
FEV1 (% predicted) 94.8 + 15.8 92.2+ 175 0.13
FVC (% predicted) 95.5 + 13.4 95.5 + 14.6 0.97
FEV1/FVC 0.76 £ 0.08 0.74 +£0.10 0.02
FEV1/FVC < 0.70 15.6% 25.0% 0.02

ECRHS Il nGER subcohort
No nGER Persistent nGER
(n = 42) (n = 48) p-value

FEV1 (% predicted) 97.9+ 145 94.1 +15.6 0.24
FVC (% predicted) 96.6 + 13.8 93.7 £13.2 0.33
FEV1/FVC 0.78 + 0.05 0.78 + 0.09 0.92
FEV1/FVC < 0.70 2.5% 10.9% 0.13

Interaction analysis was performed on the BOLD data while adjusting for
center, age, gender, smoking history and BMI. The analysis showed a
significant difference between subjects with a normal BMI (20-25) and obese
subjects (>30) in the association between nGER and FEV1. Among normal
weight subjects, those with nGER had significantly lower FEV1 than those
without nGER, while no significant association of this sort was found among
obese subjects [coef. (95% CI): -8.10 (-14.51, -1.70) vs 3.62 (-2.44, 9.67),
Pinteraction = 0.01]. Finally, the association between nGER and lower
FEV1/FVC was stronger among men than women [coef. (95% CI): -4.22% (-
6.36%, -2.09%) vs -0.14% (-2.45%, 2.17%), Pinteraction = 0.009].
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In the ECRHS | and Il cohort, pre-bronchodilator spirometry was performed in
1417 persons and methacholine challenge in 976 persons. No significant
associations were found between nGER status and change in FEV1, FVC or
FEV1/FVC. New onset of BHR during the study period was significantly
higher among subjects with persistent nGER, however [7.0% vs 14.8%, p =
0.04]. This association was not statistically significant after adjusting for age,
gender, location, follow-up time, smoking history, BMI at baseline and change
in BMI [adjusted OR (95% CIl): 2.01 (0.81 - 4.96)].

4.3.2 Laryngoscopy

Altogether 105 subjects from the ECRHS Ill nGER subcohort underwent
laryngoscopy. The average ICC for the RFS between the three raters was
0.48. Those with persistent nGER had a higher RFS compared to controls
[Mean = SD: 5.1 £ 2.3 vs 3.9 £ 2.2, p = 0.02]. A positive laryngoscopy for
laryngopharyngeal reflux was more common among those with persistent
NGER [7% vs 29%, p = 0.02]. The association between nGER and a higher
RFS remained significant after adjusting for smoking and chronic sinusitis (p
= 0.03).

4.3.3 Esophageal 24h Mll-pH monitoring

An esophageal 24h MIl-pH monitoring was done on 16 cases and three
control subjects from the ECRHS Il nGER subcohort. All three control
subjects had a normal 24h MII-pH monitoring. Six out of 16 nGER subjects
had confirmed acidic GER (38% vs 0%). On the impedance monitoring, 10
NGER subjects had significant GER (63%). The symptom index was higher
among the nGER subjects (0.45 + 0.38 vs 0 + 0). Taken together, having a
positive 24h MIl-pH monitoring (acidic GER, positive impedance monitoring
or positive symptom index) was more common among those with persistent
NGER than controls (69% vs 0%).

4.3.4 Home sleep studies

In the ECRHS Il nGER subcohort, AHI was significantly higher among nGER
subjects than controls, as well as audio measured snoring (Table 8). Having
both nGER and AHI = 15 was associated with more bronchitis symptoms,
whereas having either nGER or AHI = 15 was not. Snoring was positively
associated with exacerbations of respiratory symptoms among those with
NGER, but not among those without nGER (Figure 10). Among those with
NGER, snoring was positively associated with exacerbations only among
subjects with measurable pepsin in EBC (Table 9).

After adjusting for BMI, AHI no longer associated with nGER, but measured
snoring was similarly associated with nGER after adjusting for BMI. No other
significant differences were found after adjusting for BMI.
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Table 8. Home sleep study results from the ECRHS Il nGER subcohort.
Abbreviations: ECRHS, European Community Respiratory Health Survey; nGER,
nocturnal gastroesophageal reflux; OSA, obstructive sleep apnea; AHI, apnea-
hypopnea index; IQR, interquartile range.

ECRHS Ill nGER subcohort

No nGER Persistent nGER value
(n = 42) (n = 48) P
Moderate/severe OSA (AHI > 15) 10.5% 26.2% 0.07
AHI (median (IQR)) 1.9(0.5-8.0 4.8 (1.4-16.2) 0.03
Snore index (snores/hour of
sleep) (median (IQR)) 67 (32 —182) 177 (79 - 281) 0.004

Table 9. Results from a logistic regression on the association between snoring and
prevalence of exacerbations among subjects with persistent nGER, either with
positive or negative pepsin in EBC.

ECRHS Ill nGER subcohort

Odds ratio for exacerbations

/ 100 snore index p-value

Persistent nGER, negative pepsin (n = 13) 1.8(0.5-6.3) 0.37

Persistent nGER, positive pepsin (n = 29) 3.8(1.2-11.4) 0.02

50%
*

f—%

40%

30%

1 Snore index < 100
@ Snore index 101 - 250
20% & Snore index > 230

Percent with any exacerbation

10%

0%

Without nGER With nGER

Figure 10. A positive association was found between snoring and exacerbations of
respiratory symptoms among subjects with nGER, but not among subjects without
nGER.

* p = 0.03 by linear regression.

4.3.5 Biomarker analysis

In the ECRHS Il nGER subcohort, subjects with persistent nGER had more
often measurable pepsin in EBC than controls [67% vs 45%, respectively, p =
0.04], and actual pepsin levels in EBC were significantly higher (Figure 11).
Substance P and 8-isoprostane were also higher in EBC among subjects with
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NGER than those without nGER. In PEX, both albumin and SP-A were lower
in subjects with nGER than in those without, while the ratio between albumin
and SP-A in PEx was similar in both groups. In plasma samples, no
difference was found in SP-A, CRP or IL-8 concentrations between nGER
subjects and controls (Table 10).

In the nGER group, IL-8 in plasma was significantly higher among those with
exacerbations of respiratory symptoms than in those without exacerbations
[median (IQR): 0.2 pg/ml (0.2 — 2.3) vs 1.6 pg/ml (1.2 — 3.1), p = 0.03] (Figure
12a). In the nGER group, substance P was higher among those with
nocturnal cough than those without nocturnal cough [708 pg/ml (597 — 793)
vs 808 pg/ml (732 — 900), p = 0.03] (Figure 12b). No other significant
differences were found in biomarkers in the nGER group in relation to
exacerbations or respiratory symptoms.

These findings did not change after adjusting for BMI.

Table 10. Biomarker measurements in exhaled air and plasma from the ECRHS IlI
NGER subcohort. Values presented as “median (interquartile range)” unless otherwise
stated. Abbreviations: ECRHS, European Community Respiratory Health Survey;
nGER, nocturnal gastroesophageal reflux; SP-A, surfactant protein A; IL-8, interleukin
8; FeNO, fraction of exhaled nitric oxide; hs-CRP, high sensitivity C-reactive protein;
ppb, parts per billion.

ECRHS lll nGER subcohort

No nGER Persistent nGER

(n = 42) (n = 48) e
Exhaled air:
FeNO (ppb) 15 (13 - 20) 17 (11 - 25) 0.48
EBC:
Substance P (pg/ml) 623 (562 - 676) 741 (626 - 821) <0.001
Neurokinin A (% detected) 17% 30% 0.13
Pepsin (ng/ml) 0.8 (0.8 - 3.6) 25(0.8-5.8) 0.03
IL-8 EBC (% detected) 12% 19% 0.37
8-isoprostane (pg/ml) 26(2.2-2.9 3.0(2.7-3.9) 0.002
PEX:
Albumin (mg/g*) 73 (57 -91) 48 (31 - 69) <0.001
SP-A (mg/g*) 38(31-43) 25 (20 - 35) <0.001
Albumin/SP-A (ratio) 1.92 (1.50 - 2.64) 1.74 (1.26 - 2.95) 0.79
Plasma:
hs-CRP (mg/l) 1.05 (0.68 - 2.26) 1.08 (0.62 - 1.94) 0.96
IL-8 plasma (% detected) 57% 52% 0.63
SP-A (ng/ml) 34.7 (29.8 - 48.6) 35.6 (27.6 - 47.0) 0.81

* Measured as mg of protein per gram of exhaled patrticles.
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Figure 11. Pepsin levels in exhaled breath condensate samples were significantly
higher among subjects with persistent nGER than controls. The transverse line stands
for the median value. Samples with undetectable pepsin levels were registered as 0.8
ng/ml (half of the lower detection limit).

p = 0.03, by Wilcoxon rank-sum test.
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Figure 12. a) Interleukin 8 levels in plasma among NGER subjects with or without
exacerbations of respiratory symptoms. The transverse line represents median value.
b) Substance P levels in exhaled breath condensate among subjects with nGER with
or without nocturnal cough. The transverse line represents median value.

P-values calculated with Wilcoxon rank-sum test.
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5 Discussion

In the current studies, nocturnal gastroesophageal reflux was significantly
associated with respiratory symptoms, such as asthma and bronchitis
symptoms, as well as exacerbations of these symptoms. Having persistent
NGER was associated with more frequent onset of respiratory symptoms,
indicating that nGER precedes the respiratory symptoms. Symptoms of
SDB/OSA were also more common among those with nGER, and persistent
NGER associated with more onset of these symptoms. Subjects with
persistent nGER had a higher number of measured events on a sleep study,
where the strongest association was found with snoring, indicating increased
upper airway resistance during sleep. Subjects with persistent nGER had
higher pepsin and higher inflammatory biomarkers in exhaled air. The
biomarker findings support both theories on micro-aspiration of gastric fluids
(increased pepsin and 8-isoprostane in EBC) and neurogenic inflammation
through a vagal reflex (increased substance P in EBC) as etiological
mechanisms of nGER related respiratory symptoms, but the symptom profile
seems to differ between these two mechanisms.

5.1 Prevalence of nGER

The prevalence of nGER in our studies varied based on the definition used.
In our general population sample in the BOLD study, aged 40 years and
older, the prevalence of NnGER symptoms once a week or more was almost
8%. A previous study on young adults in ECRHS | (age range 20-48 years)
using the same definition for nGER found the prevalence to be 5% (Gislason
et al., 2002). A possible reason for this difference was the 3.5 point higher
average BMI in the BOLD cohort compared to the ECRHS | cohort. Another
reason might be an increase in nGER prevalence with increasing age.
However, the mean age was not different between subjects with or without
NGER in either study, and no difference in nGER prevalence was found
between age groups in the BOLD cohort (data not shown), thus indicating
that age was not a significant factor. Also, a recent systematic review found
an increasing GERD prevalence worldwide, possibly independent of age or
BMI changes (El-Serag et al.,, 2014). Irrespective of the cause, nGER
seemed to be a growing problem over time in our studies.

The prevalence of persistently symptomatic nGER over a 9 year period in
ECRHS I and I, including all frequencies of nGER symptoms, was 7%. With
more strict criteria for nGER symptoms once a week or more, the prevalence
fell to 2%. These results showed that nGER symptoms vary over time, where
only a subgroup of subjects consistently report nGER symptoms.
Interestingly, very similar ratios between consistent vs inconsistent nGER
symptom groups were observed in the ECRHS Il as in the ECRHS | and Il
study, even though the time to follow-up varied from 6 months to 9 years.
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These findings suggest that the variability in symptom prevalence needs to
be accounted for in studies on nGER, either by selecting only significantly
symptomatic subjects or subjects with persistent symptoms. However, given
the available and effective GER treatment, observing symptomatic patients
obviously has ethical considerations.

5.2 Validity of nGER definition

Only data from the ECRHS Il study allowed us to explore the
appropriateness of our nGER definition. In that study, we found a persistent
report of nGER symptoms on two occasions to be associated with significant
GER on a 24h MIl-pH measurement, signs of airway inflammation on
laryngoscopy, and reflux of gastric contents to the airways measured by
pepsin in exhaled air.

The results from the 24h MIl-pH measurement showed that 69% of the 16
measurements on persistent nGER subjects were positive for GER,
illustrating that the questionnaire method identifies a group with significant
GER. This showed that even though the persistent nGER subjects had
relatively mild nocturnal symptoms, many of them nonetheless had a positive
24h  MIl-pH measurement. Currently, an esophageal 24h MIl-pH
measurement is considered the gold standard for diagnosing GER disease.
However, this measurement carries significant drawbacks, being relatively
invasive, expensive and troublesome for the subjects (Wong et al., 2005). It
is also somewhat unclear which parameters are most important in extra-
esophageal manifested GER (Blondeau et al., 2007; Sifrim et al., 2005). It is
even possible that a longer measurement time, 48h instead of 24h, would be
preferable in this group (Swidnicka-Siergiejko & Dabrowski, 2013). These
measurements are therefore difficult to use in studies on general populations,
and among the 8 controls invited in our study for an esophageal 24h Mll-pH
measurement, only three accepted, much lower than the participation rate for
other study parts.

Our definition of persistent nGER in the ECRHS IIl was also associated with
signs of laryngopharyngeal reflux. This supports the conclusion that our
symptom-based nGER definition identifies subjects with significant proximal
reflux, as laryngopharyngeal reflux indicates that gastric contents have
caused local inflammation in the larynx. A study on laryngeal mucosal
biopsies from laryngopharyngeal reflux patients showed a high degree of
intracellular pepsin, supporting the conclusion that the condition results from
gastric contents affecting the upper airways (Jiang et al., 2011).

Thirdly, pepsin in EBC was more commonly detected among those with
persistent nGER than among controls. The finding of pepsin in exhaled air is
suggestive of gastric contents having reached the airways (Bardhan et al.,
2012). Pepsin has been shown to be harmful to airway epithelial cells,
especially but not exclusively in an acidic milieu (Bathoorn et al., 2011;
Johnston et al., 2012). However, as reflux episodes happen intermittently,
often at long intervals, and not all reach the airways, false negative
measurements are probably common (Zerbib et al., 2005). Indeed, previous
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studies have found a discrepancy between 24h MIl-pH measurements and
pepsin in bronchoalveolar lavage samples (Rosen et al., 2012). In our data,
pepsin was not increased among those reporting nGER symptoms only on
one of two visits. This indicated that those with mild, occasional nGER
symptoms probably had too little proximal reflux to be subjects for studies on
the respiratory effects of GER. Further supporting this decision was our
finding from the ECRHS | and Il cohort, where persistent nGER was shown to
be more strongly associated with new onset of respiratory symptoms than
“new-onset” nGER.

Of note, surprisingly many control subjects in our study had measurable
pepsin in their exhaled air. This may have been caused by normal,
intermittent, physiological reflux episodes in some cases (Zerbib et al., 2005).
However, it was unclear if this could explain that as many as 45% of the
control subjects had positive measurements. Other possible explanations
were that pepsinogen, which is produced to a small degree in alveolar cells,
might have contaminated some samples (Elabiad & Zhang, 2011). Also, a
cross-reaction may have occurred, although no cross-reactions with other
proteins were described with the kit used for pepsin measurements.

5.3 Epidemiology

5.3.1 Respiratory symptoms

In all studies for this dissertation, symptoms of chronic bronchitis and asthma
were more common among NGER subjects than among those without nGER.
This is in accordance with results from other studies, which show an
association of GER with chronic cough, asthma and various upper respiratory
tract symptoms (El-Serag & Sonnenberg, 1997; Fontana & Pistolesi, 2003;
Gislason et al.,, 2002; Vakil et al., 2006). Furthermore, we found that
persistent nGER was associated with exacerbations of these respiratory
symptoms.

In the 9 year follow-up study on 1,761 subjects, subjects with persistent
NGER were roughly twice as likely to report new respiratory symptoms at
follow-up as those without nGER. This held true even after adjusting for
confounding factors. Previous studies have reported associations between
GER and chronic cough, asthma and various upper respiratory tract
symptoms (Fontana & Pistolesi, 2003; Gislason et al., 2002). Our results add
prospective data to these known associations, thereby supporting theories on
causality in these associations.

_ENREF_40ur study indicated that nGER was a risk factor for developing
asthma, as the new onset of asthma was greater than twofold among those
with persistent nGER compared to those without nGER. This did not change
after adjusting for confounding factors. On the other hand, a study on the UK
General Practice Research Database found evidence for asthma preceding
GER (Ruigomez et al., 2005), suggesting the causality might be bidirectional.

Our finding of an association between nGER and exacerbations of respiratory
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symptoms, especially among obese subjects, may be of considerable clinical
importance. Previous studies have also shown GER to be associated with
COPD and asthma exacerbations (Simpson et al., 2014; Terada et al., 2008).
These exacerbations cause significant impairment of health, and affect lung
function negatively over time (Celli et al., 2008; Jones et al., 2014; Kupczyk
et al.,, 2014). In COPD, the exacerbation frequency is a positive predictive
factor for morbidity and mortality (Suissa et al., 2012). It is therefore important
to learn more about the possible reasons for exacerbations, both in asthma
and COPD, to be able to treat and prevent them more effectively. Our results,
together with the biomarker measured in exhaled air, indicate that nGER
should be studied further as a potential causative factor. The results of the
exhaled biomarkers in relation to nGER and exacerbations is further
discussed in section 5.5.

5.3.1.1 Antireflux treatment

With reservation for the cross-sectional nature of the BOLD study, those with
treated GER had fewer respiratory symptoms than those with symptomatic
NGER. This indicated that GER medication may have been beneficial against
these symptoms, although a randomized controlled study would have better
served to answer that question. In the longitudinal ECRHS | and Il study, we
did not find a significant effect of nGER treatment on asthma outcomes. The
reason for this discrepant association with nGER treatment may be due to
the fact that our data collection on nGER treatment did not differ between the
type of medication used, the dosage or total treatment time. Previous studies
on GER treatment in asthma patients have shown inconsistent results
(Coughlan et al., 2001; Fontana & Pistolesi, 2003; Kiljander et al., 2000). A
high quality study by Kiljander et al. observed that Esomeprazole 40 mg twice
daily during 26 weeks induced minor improvements in FEV1 and asthma-
related quality of life symptoms in asthmatic patients with GER, compared to
placebo treatment (Kiljander et al., 2010). The improvement was considered
to be of small clinical significance. Other studies with different doses and time
spans have given variable results. In a systematic review on medical GER
treatment in adult asthmatics, only studies with a long treatment time showed
a modest treatment benefit in terms of asthma outcomes (Coughlan et al.,
2001; Gibson et al., 2003; Holbrook et al., 2012). A small double-blind study
on the effect of pantoprazole therapy for laryngopharyngeal reflux did not find
an effect of pantoprazole on laryngeal symptoms (Wo et al., 2006). However,
symptoms worsened post treatment in the pantoprazole group, indicating a
possible acid-rebound effect.

Interestingly, surgical interventions for GER, which ameliorate the reflux itself,
have on the other hand shown a clear improvement on asthma and chronic
cough, even after a few years of follow-up (Hu et al., 2015; Liang et al., 2015;
Lugaresi et al., 2015). We therefore hypothesize that the modest effects of
GER treatment on asthma might rather be explained by an inappropriate
treatment target when treating with medicine. Indeed, PPIs do not inhibit the
reflux itself but only make the gastric contents less acidic (Clayton et al.,
2012; Hemmink et al., 2008) and can therefore only limit but not eliminate the
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potential damage of gastric contents reaching the airways through reflux.
When all of the above is taken into consideration, it must be considered
plausible that nGER may be implicated in the pathogenesis of respiratory
symptoms in a subgroup of patients, but better treatment is needed.

5.3.2 OSA symptoms

Overall, the current studies revealed a positive association between nGER
and OSA symptoms, such as observed apneas, snoring and daytime
sleepiness. The results varied slightly between studies, where observed
apneas were arguably most associated with nGER, followed by daytime
sleepiness.

Studying the association between OSA and GER poses certain problems. As
the two conditions are rather common, and both have obesity as a main risk
factor, the methodology needs to take these two aspects into account
(Basoglu et al., 2015; Dent et al., 2005). It is also unclear which comes first,
whether OSA leads to GER or vice versa. The results from our longitudinal
study on the ECRHS | and Il cohort showed that those with persistent nGER
more commonly developed symptoms of OSA than those without nGER. This
association was independent of BMI. Another study found an association
between the laryngeal inflammation in laryngopharyngeal reflux and OSA
severity (Payne et al., 2006). As snoring and apneas are caused by upper
airway narrowing and recurrent, intermittent upper airway collapse (Owens et
al., 2008), the laryngeal edema may predispose subjects for obstructive
episodes. Treating subjects with mild OSA and GER with PPIs has in one
study shown measurable improvement in both laryngeal inflammation and
sleep quality, even though the AHI was not affected (Orr et al., 2009). A
recent meta-analysis on six small studies on the effects of PPI treatment on
OSA found indications of improved sleep quality without any effect on the AHI
(Rassameehiran et al., 2016).

On the other hand, OSA may also induce nGER. As mentioned earlier, nGER
may be caused by “fatigue” in the lower esophageal sphincter among
untreated OSA subjects (Kuribayashi et al., 2010). Additionally, treating OSA
with continuous positive airway pressure has been shown to effectively
diminish nGER symptoms, as well as increase pressure in the lower
esophageal sphincter (Green et al., 2003; Shepherd et al.,, 2007). The
available data therefore support the conclusion that the relationship between
NGER and OSA might be bidirectional.

Daytime sleepiness may be a specific disease entity among GER patients.
Numerous studies have found GER subjects to have increased daytime
sleepiness and poorer sleep quality (Gerson & Fass, 2009; Gislason et al.,
2002; Guda et al., 2004; Kerr et al., 1992). One study found that the grade of
esophagitis among GER subjects correlated positively with the degree of
daytime sleepiness (Demeter et al., 2004). PPI treatment may even improve
daytime sleepiness among these subjects (Orr et al., 2009). Therefore, GER
needs to be evaluated further as a differential diagnosis for patients with
daytime sleepiness with or without OSA, preferably with a validated
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guestionnaire.

One notable finding from our BOLD cohort which we have not seen reported
before was the proportionally stronger association between OSA symptoms
and nGER among women than men, even after the usual adjustments. We
did not find an explanation for this gender difference.

Interestingly, objectively measured snoring had a stronger association with
NGER than subjectively reported snoring. The sleep studies performed on the
ECRHS Il nGER subcohort showed the strongest association was between
NGER and audio measured snoring. In contrast to the association with AHI,
the association with audio measured snoring was significant even after
adjusting for BMI. This association with snoring has been reported previously,
but is much less studied than the association with AHI (Charaklias et al.,
2013). A study on subjects undergoing polysomnography demonstrated that
all self-reported snorers had a significantly higher prevalence of GER than
the general population, independent of AHI (Basoglu et al., 2015). It is even
possible that the increased respiratory effort associated with  snoring
weakens the lower esophageal sphincter even more than the traditionally
measured apneas. Further studies are needed on nGER and objectively
measured snoring, which ideally should be done by audio measurements
(Arnardottir et al., 2015b).

5.3.3 Association between sleep-disordered breathing, nGER
and respiratory symptoms

Both nGER and snoring had a synergistic effect on the prevalence of
exacerbations of respiratory symptoms. Previous studies have shown such
exacerbations to be associated with nGER, as well as SDB (Alkhalil et al.,
2009; Terada et al., 2008), but to our knowledge this synergistic effect has
not been described before. As this effect was more pronounced among those
with measurable pepsin in EBC, we hypothesize that SDB-associated nGER
causes exacerbations of respiratory symptoms by micro-aspirations of gastric
contents.

5.4 Lung function

The lung function data differed between study cohorts. Only in the BOLD
cohort did we find significant associations between key lung function
parameters and nGER status. In the BOLD study, nGER associated with
COPD as defined by lung function data. Among normal weight subjects,
FEV1 was significantly lower among nGER subjects than controls. It is
unlikely that age affected the difference between cohorts, as subjects in the
BOLD cohort and the ECRHS 1ll nGER subcohort were of similar age. Our
results are therefore inconclusive. Other studies have shown variable though
often positive results. A study on COPD subjects found GER to be associated
with significantly more symptoms and poorer quality of life, but only a
marginally lower FEV1 presented as percent predicted (Martinez et al.,
2014). A study on US military veterans with reflux esophagitis found COPD,
as well as many other respiratory diseases, to be more common than in a
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control group (El-Serag & Sonnenberg, 1997). Among 32 GER subjects with
esophagitis, a significant decrease was found in FEV1 and PEF, as well as a
lower pH and higher lactate dehydrogenase in bronchoalveolar aspirates,
indicative of local tissue injury (Mise et al., 2010). One study comparing
subjects with erosive GER disease to subjects with non-erosive GER disease
found the former to have worse pulmonary function than the latter (Maher &
Darwish, 2010). The difference in lung function results may therefore reflect
different GER subgroups, where those with erosive GER disease may be
more susceptible to respiratory injury with consequent effects on lung
function. Further studies are needed to evaluate this hypothesis.

5.5 Biomarkers in exhaled air

The current study on the ECRHS Ill nGER subcohort revealed an association
between persistent nGER, pepsin, 8-isoprostane and substance P in EBC, as
well as surfactant protein A and albumin in PEX.

IL-8 in plasma was elevated among participants with both persistent nGER
and exacerbations of respiratory symptoms. In support of this, previous
studies have found IL-8 to be increased in bronchoalveolar lavage (BAL) from
asthmatic children, but only among those with GER (Sacco et al., 2006).
Additionally, a correlation between IL-8 and bile acids in BAL has been found
in lung transplanted patients who developed bronchiolitis obliterans
syndrome (D'Ovidio et al., 2005). We hypothesize that this increase in IL-8
reflects airway inflammation related to GER, suggesting a specific role of IL-
8 in neutrophil recruitment in GER related respiratory conditions.

8-isoprostane, a biomarker for oxidative stress, was increased in EBC among
those with nGER. This association has previously been described among
subjects with asthma, where a positive association was found between GER
and 8-isoprostane (Carpagnano et al., 2006). In addition, treating asthma
patients with PPl has been shown to reduce 8-isoprostane in EBC only
among those with concomitant GER (Shimizu et al.,, 2007). We therefore
propose that elevated 8-isoprostane in EBC among subjects with persistent
NGER may reflect GER-related oxidative stress and inflammation of the
airways. As gastric contents have shown to provoke similar inflammation by
direct contact with airway epithelium in vitro, with elevated IL-6 (Bathoorn et
al., 2011), we hypothesize that aspiration of gastric contents is a plausible
causative factor of elevated 8-isoprostane in EBC.

Significantly higher levels of the neuroinflammatory marker substance P in
EBC were observed among those with nGER, especially among those with
nocturnal cough, suggestive of a neural mediated association between nGER
and nocturnal cough. A previous study on neuroinflammatory markers in
GER and chronic cough showed a similar association (Patterson et al.,
2007). Distal esophageal acid perfusion has also been shown to stimulate the
vagal nerve, with resulting bronchoconstriction and heart rate variation
(Amarasiri et al., 2013). We hypothesize that GER-induced vagal stimulation
might lead to neurogenic inflammation in the lungs, where cough is the main
resulting symptom. This is in accordance with the previously discussed reflex
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theory.

Albumin and SP-A levels were lower in PEx among persistent nGER subjects
in our study, indicating an effect on the small airways. In a study on lung
transplant patients, GER was associated with decreased levels of SP-A in
BAL, as well as increased risk of bronchiolitis obliterans syndrome (D'Ovidio
et al., 2006). In asthmatics, SP-A in BAL has been found to decrease after
allergen exposure, and to be decreased in idiopathic pulmonary fibrosis and
among smokers, although contradictory results have been presented
(Erpenbeck et al., 2006; Ledford et al., 2014; Phelps et al., 2004). COPD
patients have also been shown to have decreased albumin in BAL (Bernard
et al., 1992). However, studies also show SP-A in BAL to be increased in
sarcoidosis and mild asthma patients, and albumin is often elevated in BAL in
inflammatory diseases (Haslam & Baughman, 1999; Ledford et al., 2014).
These discrepancies may partly reflect the difficulties in adjusting for the
dilution factor in BAL. In contrast, the PExA™ method collects undiluted
samples from the lining fluid in the small airways. The reduced proportion of
surfactant protein A in the small airways lining fluid may have had an impact
on surfactant function and host defense (Goto et al., 2014). In turn, this might
in part explain the association between nGER and exacerbations of
respiratory symptoms. Together with the findings from the EBC samples,
these findings suggested that persistent nGER affects both the proximal and
distal airways.

Interestingly, plasma CRP was not associated with nGER. This suggested
that the elevated inflammatory markers seen in EBC and PEXx represented a
local effect of NGER without a systemic effect.

5.6 Strengths and limitations

The key strengths of the studies were the well-defined study populations,
relatively large cohorts except for the ECRHS Ill nGER subcohort, very
acceptable response rates, and spirometries performed in a standardized
manner by specially trained professionals. A special strength of the ECRHS |
and Il study was its prospective nature. Additionally, the ECRHS Il nGER
subcohort was studied with a holistic approach to the many aspects of nGER
with respiratory effects, both objectively and subjectively. This included the
use of high quality home sleep studies and thorough testing of exhaled
biomarkers by several non-invasive methods. As our study populations were
based on a general population, the number of severely symptomatic cases
was consequently low. This likely resulted in a lower statistical power, but
also made our results applicable to the general population. ENREF 46
These studies also had some limitations.

One of the main limitations in this dissertation was the definition of nGER. In
the BOLD and ECHRS | and Il cohorts, the definition was based on a single
guestion on nocturnal heartburn. This definition can not be seen as
diagnostic for GERD (Johnsson et al., 1998; Lacy et al., 2010). To minimize
false positives, we confined ourselves in the BOLD cohort to those reporting
nocturnal heartburn at least once a week, which is considered a reasonably
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specific indicator of GERD (Dent et al., 2005; Klauser et al., 1990). In the
ECRHS | and Il cohorts, we widened the definition to include all subjects
reporting nGER symptoms the previous 4 weeks, but focused mostly on
those with persistent symptoms. This resulted in an nGER group of similar
size as in the BOLD cohort, roughly indicating that the two definitions
identified similarly affected groups. We also ran all the calculations again with
NGER defined as heartburn at least once a week or more. This gave very
similar results to those with the wider symptom definition, although
sometimes not reaching the same statistical significance, as the nGER group
included only 34 subjects (data not shown). We therefore believe that the
wide definition of NnGER used in this study probably did not confound the
results.

In the ECRHS 1l nGER subcohort, the definition was somewhat stronger,
based on a validated questionnaire modified to identify subjects with
nocturnal symptoms. We did not perform psychometric analyses of our
modified RDQ. However, this had previously been done for the well validated
and widely used RDQ (Shaw et al., 2001; Vakil et al., 2013). The only change
in our version was posing the same questions specifically for daytime and
nocturnal symptoms, so new psychometric analyses were considered
unnecessary. Another limitation to our case definition was the limited number
of 24h MIl-pH measurements performed to confirm case selection, which
should ideally have been performed on all subjects. However, the invasive
nature of these measurements made it difficult to recruit asymptomatic
controls and we were only able to recruit three control subjects. From the few
measurements done, we found a significant proportion of our nGER group
had a positive 24h Mll-pH monitoring.

All studies had a certain risk of translation bias. However, we consider this
risk to have been small, as the questions were all checked via back-
translation and tested for translation bias. When studying the associations of
a single entity to many variables, as in this dissertation, the risk of a type |
error must be considered. However, as there was a consistent pattern in the
many positive results, the risk of a type | error was considered small.

Evaluation of the laryngoscopies in the ECRHS Il nGER subcohort showed a
significant inter-rater variability. Intraclass correlation for the reflux finding
score showed only a moderate reliability for the average score, which was
lower than expected even though sufficient for its use in the current study.
Previous studies have shown a variable agreement between raters of
laryngoscopies, from poor to excellent (Belafsky et al., 2001; Branski et al.,
2002; Payne et al.,, 2006). This might be caused by methodological
differences, as in our study the scorers were not previously trained in using
the RFS and had not coordinated their scoring methods. In addition, the
subjects in our general population cohort had less variation in their scores,
which probably magnified the inter-rater variability. Also, a few of the videos
were of suboptimal quality.

Our definition of GER treatment in the BOLD cohort did not differentiate
between regular or on demand usage, or between different types of
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medications. Therefore, even subjects on minimal treatment were
categorized as having GER treatment, causing individuals with minimal
disease to be classified as treated GER. However, this also served to purify
the group without nGER, making it a better reference group.

The analysis of OSA symptoms in the BOLD and ECHRS | and Il cohorts
was based on subjective measurements only, which are only fairly sensitive
to an OSA diagnosis (Maislin et al., 1995; Yuceege et al., 2015). This
became evident in the ECRHS IIl nGER subcohort, where some discrepancy
was found between sleep study results and reported apneas and snoring.
However, there was still a fair agreement between the objective and
subjective scorings, indicating that the subjective symptom reports were
usable for assessing snoring and apneas.

In the ECRHS I1ll nGER subcohort, biosamples were collected at different
time points during the day, and therefore the biomarker measurements could
be affected by circadian variability. However, as participants’ visits were
similarly spread over time of day, circadian variability was unlikely to affect
our results.

There is some uncertainty regarding where the biomarkers measured in EBC
are derived from, and the water-vapour dilution of these samples has been
shown to differ significantly (Esther et al., 2009). Additionally, many of the
biomarkers we measured in EBC were near the lower limit of detection,
making the measurements somewhat unreliable. However, the biomarkers
which were well above the detection limit in EBC, such as pepsin, substance
P and 8-isoprostane, differed clearly between the nGER and control group.
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6 Conclusions

We found that nGER was associated with respiratory symptoms and OSA,
and that persistent nGER was associated with an increased onset of these
symptoms at follow-up. Having consistent nGER symptoms over time was
associated with increased airway inflammatory biomarkers, indicating that
persistency of nGER symptoms was a risk factor for health impairment.
However, we did not find convincing evidence for an association between
NGER and declining lung function in the general population.

In our well-defined ECRHS Il nGER subcohort, we found in addition to the
symptom associations above that nGER was associated with exacerbations
of respiratory symptoms. These findings were further supported by significant
changes in airway inflammatory biomarkers, both in large and small airways.
Those with nGER and nocturnal cough had increased signs of neurogenic
inflammation. The subgroup of OSA patients with nGER was of special
interest, as we found them to have increased bronchitis symptoms. Snoring
was also associated with nGER, and when combined with nGER it
strengthened the association of nGER with exacerbations of respiratory
symptoms.

6.1 Future perspectives

There is still much research to be done on the effects of GER or nGER on the
respiratory system. The task is complex, and first of all we need to
understand better the pathogenic mechanisms. Until then we cannot reach a
gold standard definition on how to diagnose and phenotype these patients.
The possible mechanisms of neurogenic inflammation, micro-aspiration and
sleep-disordered breathing seem to play specific roles and need to be
studied further. Finding reliable methods that allow us to identify those at risk
and treat them appropriately based on their phenotype has a public health
aspect of great clinical significance.

Much data suggests that reflux-associated chronic cough is related to a
central neuronal sensitization process. These patients do often have only a
physiological reflux on a 24h MIl-pH monitoring but a clear temporal
relationship between reflux and cough episodes, and histologically they have
dilated intercellular spaces in their esophagus (Borrelli et al., 2014; Smith et
al., 2010). Our finding of elevated neuroinflammatory biomarkers in the
exhaled air of subjects with nGER and nocturnal cough further strengthens
this theory. Future studies need to verify that the gastric contents induce a
neural reflex when reaching the distal esophagus, and consequently what
specifically in the gastric contents induces this reflex. Only then can we better
understand how to identify and treat these patients.
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Additionally, much data suggests that GERD-related rejection of lung
transplants is caused by aspirations of gastric contents (D'Ovidio et al., 2005;
Mertens et al., 2011). Future studies should evaluate whether GERD can be
diminished before transplantation, and whether that would then lead to a
significant reduction in the number of rejections. Furthermore, we need to
study how to identify subjects with chronic aspirations with minimal
invasiveness in order to be applicable to a larger population. This may
possibly be achieved with measurement of exhaled biomarkers.

Future research on the subgroup of sleep-disordered breathing patients with
NGER and respiratory symptoms should focus on clarifying the temporal
relationship and identifying the responsible pathogenic mechanism. Of
special interest is to study how CPAP treatment affects this relationship.

In summary, identifying patients where respiratory symptoms are caused by
NGER is of utmost importance. It would be optimal to have a validated
guestionnaire-based method to identify the patients at risk, with the support
of simple non-invasive tests. That would facilitate a more personalized
approach and treatment of this group.
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