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ABSTRACT:

Background and aims: Increased prevalence of respiratory symptoms has been
commonly reported in patients with gastroesophageal reflux disease (GERD). Here,
we introduce a novel Lung-Sound-Monitoring device that allows simultaneous
measurement of both nocturnal respiratory symptoms and episodes of acidic and
biliary refluxes. Methods: Nocturnal respiratory symptoms (coughing and wheezing)
were continuously recorded in 20 healthy subjects and 30 reflux patients with
respiratory symptoms in parallel to combined pH-monitoring and Bilitec
measurement. Results: Analysis could be completed in 20 healthy subjects and in
25 patients with reflux. A clear temporal correlation to reflux phases was detected in
49% of coughing and 41% of wheezing events, respectively. Moreover, 89% of the
coughing and 100% of the wheezing events succeeded reflux episodes. Finally, the
technique was capable of assessing a statistically significant difference between
patients and controls regarding the occurrence of these symptoms. Conclusions:
Our pilot study establishes the Lung-Sound-Monitoring system as a unique tool to
objectively measure the temporal correlation between gastroesophageal reflux and
the appearance of respiratory symptoms. It represents a useful technique to identify
patients with respiratory symptoms due to reflux and therefore allows to determine
and quantify the impact of therapeutic interventions such as antireflux therapy on

respiratory symptoms.
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Introduction:

Gastro-oesophageal reflux disease (GERD) is caused by reflux of gastric acids and
duodenal components such as bile acids into the oesophagus and represents one of
the most common disorders in the industrialized world [1]. Interestingly, an increased
prevalence of respiratory symptoms such as chronic coughing or bronchial asthma
have been reported in association with GERD [2-7], in particular during the sleeping
period [8-10]. However, an etiologic relationship of these two disease entities has not
been corroborated [11]. Oesophageal-bronchial microaspiration and vagus nerve
stimulation by refluxate with subsequent bronchial obstruction and hyper-
responsiveness are pathophysiological mechanisms that have been hypothesized to
be the cause of respiratory symptoms in GERD patients [12-17]. These concepts are
further supported by clinical observations showing that respiratory symptoms
alleviate or even disappear after surgical or medical therapy of GERD [18-21]. In
contrast, there is also evidence that chronic coughing and wheezing caused by any
type of bronchopulmonal disease can precipitate reflux events by increasing intra-
abdominal pressure, thus consecutively triggering passage of gastric contents into
the oesophagus [22]. Controversially, respiratory symptoms of a large percentage of
patients with chronic coughing or asthma do not respond favourably to proton pump
inhibitor therapy [18;23-28].

Since the suspected mechanisms of disease as described above are diverse there is
no level A evidence to support any type of treatment regimen, thus management of
patients with suspected reflux-induced respiratory symptoms remains largely
empirical [11;29]. Consequently it is of major importance to develop an approach and
technology reliably allowing to measure and quantify the occurrence of respiratory
symptoms in association with the occurrence of acidic and biliary gastro-oesophageal

reflux in a standardized and objective way. This is necessary to identify subgroups of
3
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patients showing a temporal association between reflux episodes and respiratory
symptoms, which should help to determine the pathophysiological mechanism
responsible for this association. Furthermore it would allow to identify patients that
will benefit from medical or surgical treatment, and to monitor treatment efficacy. A
large number of studies have investigated this potential association [30;31], however,
methodological limitations mainly concerning the accurate and objective detection of
respiratory symptoms reduce their validity. For instance, the use of event buttons or
patient diaries for the recording of coughs is highly subjective and not possible during
the sleeping period, when the majority of reflux-associated respiratory symptoms are
supposed to occur [32]. Therefore, a new technical device is required that combines
objective detection of respiratory symptoms with simultaneous measurement of reflux
episodes.

Here, we introduce an outpatient Lung-Sound-Monitoring device capable to
continuously record respiratory symptoms throughout the night and to measure acid
(pH-monitoring) and biliary dominated (Bilitec Measurement) reflux events in parallel.
For the first time, the two distinct respiratory symptoms “coughing” and “wheezing”
can be objectively distinguished and precisely determined in temporal association
with different types of gastro-oesophageal reflux.

The presented pilot study was conducted to proof the feasibility of this novel
approach combining Lung-Sound-Monitoring with simultaneous measurement of

acidic and biliary reflux in patients with respiratory symptoms.
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Materials and Methods

Evaluation of healthy subjects

Lung-Sound-Monitoring was performed in 20 healthy subjects prior to the recruitment
of GERD patients to prove the feasibility and to evaluate normal frequency of
nocturnal respiratory symptoms like coughing or wheezing. Individuals with the
history of clinical symptoms of GERD, chronic pulmonary diseases or regular
medication of any type were excluded. To evaluate a potential effect of the
oesophageal catheter on the frequency of respiratory symptoms Lung-Sound-
Monitoring was performed twice in 8 out of the 20 healthy subjects. Throughout the
first night the participants were evaluated without an oesophageal catheter, in the
following night Lung-Sound Monitoring was repeated with an oesophageal pH/Bilitec
catheter in place.

Patients and study protocol:

30 patients were enrolled in this pilot study. All patients were referred to the
outpatients department of the University of Marburg for suspected reflux disease. The
pattern of clinical symptoms was evaluated with a questionnaire, specifically
designed by our group [33]. The symptoms heartburn, regurgitation, chest pain,
dysphagia, nocturnal coughing, wheezing, hoarseness and vomiting were graded
according to severity into 1: not existing, 2: mild, 3: moderate and 4: severe. Only
patients with typical clinical symptoms of a reflux disease and suspected respiratory
symptoms like wheezing, nocturnal coughing or hoarseness within the last six month
were enrolled. Patients with chronic pulmonary diseases (e.g. asthma or chronic
obstructive bronchitis) or previous Gl-surgery, such as antireflux surgery or gastric
resection were excluded. Standardised clinical work-up of patients included

combined oesophageal 24h pH-measurement and Bilitec®2000 in combination with
5
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nocturnal Lung-Sound-Monitoring. Nocturnal Lung-Sound-Monitoring was performed
at the patients” home and supervised by trained medical staff. Oesophageal
manometry and gastroscopy were routinely performed in all patients to exclude
oesophageal motility disorders or malignancy. If the patient was on acid suppression
therapy this was withdrawn at least 7 days prior to the diagnostic procedures. The
study protocols were approved by the local ethics committee of the University of
Marburg.

Lung-Sound-Monitoring

Following CORSA criteria for standardisation of lung sound measurement [34] we
developed a mobile device for long-time recording of lung sounds [35]. For validation
purposes, we first recorded lung sounds of 40 selected patients with exacerbated
chronic lung diseases and compared the measurements with those received by
simultaneous auscultation through a trained physician. The appearance of the key
respiratory symptoms wheezing and coughing were noted by the physician and
compared with the detection of lung sounds by our device. Analysis of lung sounds
revealed a sensitivity and specificity of 100% for both symptoms, respectively.

The Lung-Sound-Monitoring device system is displayed in Figure 1. Four air-coupled
microphones are used to capture lung sounds. Two microphones are positioned on
the basis of each lung, a further one is fixed over the trachea and the remaining
microphone detects environmental sounds. Signals are filtered and subsequently
amplified. Analogue filtering applied to the captured sound signal varies from 60 Hz
(high-pass filter) to 2.500 Hz (low-pass filter). Analogue-to-digital converters are used
with 16 bits for digitalisation, followed by storage on a computer. The analysis device
allows the audio-visual interpretation of the recorded lung sounds. Two independent

and specifically trained investigators analysed the recorded lung sounds and marked
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coughing and wheezing events temporally exact (Figure 2). Wheezing was

empirically defined as clinically relevant when exceeding a period of 2 minutes.

PH Monitoring and measurement of Duodenal-Gastro-Oesophageal Reflux (DGER)

by Bilitec®2000:

Oesophageal pH monitoring was performed using an antimony pH electrode with a
separate skin reference electrode (Medtronic, Germany) in an outpatient setting. All
data were stored on a portable digital recorder (Digitrapper Mk Ill). Prior to each
measurement, the pH probe was calibrated in standard buffer solutions of pH 7 and
1. An episode of acid reflux was defined as a decrease of the oesophageal pH value
below 4 for at least 10s. pH values below 4 for longer than 4% of the total 24h period
were classified as pathological.

The fiber-optic spectrophotometer Bilitec®2000 was used to quantify DGER. The
system consists of a miniaturised probe, which carries light signals into the
oesophagus and back trough a plastic fiber-optic bundle. Two light emitting diodes
(470 and 565nm) represent the source for the measurement of bilirubin. The portable
photodiode system converts the light into electrical signal. After amplification, the
signals are processed by an integrated microcomputer, which calculates the
differences of the absorbence at 470 and 565nm. This value is directly proportional to
the bilirubin concentration in the sample under study. Bilirubin absorbance is an
established marker for DGER [36]. Prior to each measurement, the probe was
calibrated in water. A significant episode of DGER was defined as an increase in
oesophageal bilirubin absorbance> 0.14 for at least 10s.

Bilirubin absorbance above 0.14 for longer than 4,6% of the total 24h period was

classified as pathological. A specialised diet was prescribed to exclude an
7
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interference with DGER measurement. Both, the pH- and the Bilitec-catheter were
positioned 5¢cm above the lower oesophageal sphincter. The exact position of the
lower oesophageal sphincter was determined in all patients using oesophageal
manometry.

Analysis of data

Our analysis software displays the results of the reflux measurements (pH-Monitoring
and Bilitec 2000) and the detected respiratory symptoms in temporal association.
Reflux events (acidic, biliary or combined) were automatically detected within a
period 2 minutes before and after the occurrence of a respiratory symptom (Figure 3).
Coughing and wheezing events with temporal association to reflux episodes were
divided into those preceding or following reflux. To calculate statistical significance of
the temporal association a Symptom Association Probability (SAP) analysis was
done [37]. To assure the exact temporal synchronisation of lung sound and reflux
measurement a synchronisation was routinely done at the beginning and the end of
each measurement.

Statistics:

Data are presented as mean + S.D. unless stated otherwise. Two-sided Wilcoxon-
Mann-Whitney-Test was performed to compare the frequency of coughing and
wheezing events in healthy subjects and patients. Fisher’'s exact test was used to

calculate SAP. Statistical significance was accepted when p was <0.05 (SAP>95%).
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Results:

From January 2008 to January 2010 20 healthy controls and 30 patients with
suspected GERD and respiratory symptoms as wheezing, nocturnal coughing or
hoarseness were enrolled into this pilot study. In the patients group, 5 out of 30
patients had to be excluded due to incomplete Lung-Sound Monitoring (N=2),
incomplete reflux measurement (N=1) and occlusion of the Bilitec sensor by a bolus
(N=2). The resulting 25 patients were completely analysed according to the study

protocol.

Comparison between healthy controls and patients

Lung-Sound Monitoring was performed in 20 healthy volunteers (14 male, 6 female,
average of age 24.1 years +-2.1) to prove the feasibility of the technique and to
determine the normal frequency of nocturnal coughing and wheezing. Coughing was
detected in 6 out of the 20 healthy volunteers (11 events; average per night 0.55+0.9;
median 0; Q75 1.5; Qo5 0; max. 2; min. 0). Wheezing occurred in 2 out of the 20
healthy subjects (2 events; average per night 0.1+0.3; median 0; Q75 0; Q25 0; max.
1; min. 0). In the patient group (N=25; 13 male; 12 female; average of age 43 years
+19) coughing occurred in 19 (116 events; average per night 4.64+4.7; median 3; Qs
8; Qo5 1; max. 13; min. 0) and wheezing in 11 out of the 25 patients (39 events;
average per night 1.56+2.8; median 0; Q75 2; Q25 0; max. 9; min. 0). The statistical
analysis of healthy volunteers (n=20) compared to the patients (n=25) resulted in a
significant difference of both, coughing and wheezing (p<0.05). These results are
displayed in Figure 4.

To evaluate whether the presence of an oesophageal tube has irritating effects and

causes and increase in the frequency of respiratory symptoms Lung-Sound
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Monitoring was repeated in the following night with a pH/Bilitec catheter in place in 8
out of the 20 healthy volunteers. The statistical analysis revealed no significant
difference between the measurement with and without the oesophageal tube,
providing evidence that the oesophageal tube itself did not affect the frequency of

nocturnal coughing and wheezing.

Reflux measurement

In all of the remaining 25 patients a combined 24 hour pH- and Bilitec-Measurement
was performed in parallel to Lung-Sound Monitoring. Over the 24 hour period 21 out
of the 25 patients exhibited increased reflux (8 combined, 6 isolated acidic and 7
isolated biliary reflux). The average fraction of time with a pH smaller than 4 within
the 24 hours of measurement was 5.3% (+3.5). The average time with a bilirubin
absorbance greater than 0.14 was 14% (+12.6). Overall 653 nocturnal reflux events
were detected (Average 26.1 events per night, +26.9) consisting of 108 combined,

230 acidic and 315 biliary reflux events.

Coughing

Our mobile device detected nocturnal coughs in 19 out of the 25 patients. A total
number of 116 nocturnal coughs were identified. A temporal association between
coughing and reflux was assumed if a reflux event occurred in a 2 minutes interval
before or after each coughing event. 59 of the total number of coughing events (51%)
were considered independent of reflux, whereas 57 of 116 coughing events (49%)
showed a temporal association with reflux events. These 57 coughing events were
associated with different types of reflux events: I. biliary reflux (N=37; 64%), Il. acidic

reflux (N=10; 18%) and Ill. combined reflux (N=10; 18%).
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For a more precise description of the exact temporal association of coughing and
reflux we separated the resulting 57 coughing events with temporal association to
reflux events into I. a reflux-coughing succession (RC-S) and Il. a coughing-reflux
succession (CR-S). The majority of coughing events showed a RC-S (51/57; 89%). In
32 (63%) of these coughing events the reflux event persisted until coughing started.
In the remaining 19 events (37%) reflux occurred in the 2 minutes interval before the
cough but was already normalised when the patient started to cough. Only a small
percentage of the 57 coughing events with a temporal correlation to reflux showed a
coughing-reflux succession (6/57; 11%).

To determine if the temporal correlation between coughing and reflux events is
significant a symptom association probability (SAP) analysis was performed. In 9 out
of the 19 patients with nocturnal coughing (47%) a positive SAP analysis indicated a
statistically significant temporal correlation between the respiratory symptom
coughing and reflux events.

Notably, all patients showing a positive association in the SAP-analysis had a RC-S.
Furthermore we analysed if the type of reflux had an influence on the results of the
SAP-analysis. SAP-positive patients displayed biliary (N=6), acidic (N=1) and
combined (N=2) reflux events (Figure 5), thus indicating a predominance of biliary

reflux.

Wheezing

In 11 out of 25 patients nocturnal wheezing was detected. A temporal association
between wheezing and reflux was assumed if a reflux event occurred in a 2 minutes
interval before or after a wheezing event. A total number of 39 nocturnal wheezing
episodes were identified of which 23 (59%) were considered to occur independent of

reflux, whereas 16 (41%) showed a temporal association with reflux events. These
11
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16 wheezing episodes were associated with different types of reflux events including
biliary reflux (N=5; 31%), acidic reflux (N=9; 56%) and combined reflux (N=2; 13%).
In analogy to the evaluation of coughing the detected wheezing episodes with
temporal association to reflux events (N=16) were separated into a reflux-wheezing
succession (RW-S) and a wheezing-reflux succession (WR-S). All wheezing
episodes with temporal association to reflux showed a RW-S (16/16; 100%). In 10
cases (63%) the reflux event persisted until the occurrence of wheezing. In the
remaining 6 cases (37%) reflux occurred in the 2 minutes interval before the
wheezing event but had already stopped before wheezing started. Interestingly,
reflux in the 2 minutes period after wheezing was not observed.

To determine if the correlation between wheezing and reflux events is significant or
only by chance a symptom association probability (SAP) analysis was performed. In
5 out of the 11 patients (45%) with nocturnal wheezing, SAP analysis was positive
(greater than 95%) for wheezing episodes. All these patients had a RW-S and
showed biliary (N=1), acidic (N=3) and combined (N=1) reflux events (Figure 6), thus

indicating a predominance of acidic reflux.

12
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Discussion:

An increased prevalence of respiratory symptoms has been commonly observed in
reflux patients lending support to the plausible assumption that GERD might
contribute to the occurrence of pulmonary disorders in certain patients. Unfortunately,
however, methodological limitations of current available approaches to detect
respiratory symptoms in GERD patients have hampered the design of clinical studies
to address this issue and to demonstrate a clear temporal correlation between reflux-
events and the presence of respiratory symptoms such as coughing and wheezing.
Here, we present a novel and unique diagnostic tool that combines the simultaneous
measurement of acidic and biliary reflux episodes with lung sounds recording in
GERD patients. This novel device operates via air-coupled microphones that
accurately detect lung sounds in a similar way as a doctor’s stethoscope. By use of
analogue filters and analogue-to-digital converters the device provides an audio-
visual graphical display of the recorded lung sounds [35]. Subsequent computer
analysis then allows to determine a putative temporal association of both events,
reflux and respiratory symptoms.

In this pilot study, we exclusively focused on the detection of nocturnal lung
sounds since (i) there is a growing body of epidemiological data suggesting that
nocturnal reflux plays the major role in inducing respiratory symptoms [9], (ii)
physiological alterations including slower gastric emptying, decreased saliva
production and swallowing frequency as well as a diminished pressure in the upper
oesophageal sphincter during night-time may facilitate aspiration of gastric contents
into the upper airways [8] and (iii) multiple other stimuli such as exercise, temperature
or air pollution may trigger respiratory symptoms during day time.

First, we aimed to evaluate the feasibility of the diagnostic approach to monitor

lung sounds in parallel to acidic and biliary reflux in healthy subjects. As expected,
13
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the equipment used in an outpatient setting was well tolerated by all participants.
Overall the healthy control group showed a significantly lower number of coughing
and wheezing events as compared to GERD patients. To exclude that the presence
of pH-monitoring and Bilitec catheters in the oesophagus alone is sufficient to induce
respiratory symptoms, we recorded the nocturnal lung sounds in a subgroup of
healthy controls in the presence and in the absence of the pH-monitoring/Bilitec
catheters. This analysis revealed no significant differences between the frequency of
respiratory symptoms in presence or absence of the oesophageal catheters.
Nocturnal coughing was detected in 19 out 25 GERD patients and almost half of the
coughing events (49%) coincided with reflux events. Interestingly, 89% of these
coughing events were preceded by reflux whereas reflux was rarely detected after a
cough. In contrast, nocturnal wheezing was only observed in 11 out of 25 patients
and 41% of these wheezing events coincided with reflux events. Notably, 100% of
these wheezing events were preceded by reflux episodes. At a first glance, it may
appear surprising that the most frequently observed temporal association was that
reflux events were followed by respiratory symptoms. This may be due to the
selection of patients enrolled in our study. In contrast to previous studies primarily
investigating patients with chronic coughing or asthma [30;31;37-39], we exclusively
enrolled patients with typical symptoms of GERD and respiratory symptoms during
the last 6 months. Therefore, the probability to detect patients in which coughing or
wheezing provokes reflux was naturally rather low.

Symptom-associated probability (SAP) analysis was first introduced by Weusten et
al. in 1994 [40] as a tool to estimate, if there is a real association between two
observed events and thus to exclude that the association is caused only by chance.
Using this SAP analysis on our data set, we identified 9 patients with values

indicating a positive association for the reflux-coughing succession whereas for none
14
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of the patients with coughing-reflux succession a positive association could be
shown. Furthermore the SAP analysis yielded a statistically significant correlation
between reflux and wheezing for 5 out of 11 patients with wheezing events, which, as
mentioned above, were all preceded by the reflux event. Although our pilot study
does not have the power to draw general conclusions on the type of reflux inducing
the corresponding respiratory symptoms, it is interesting to note that the majority of
patients showing a positive association between coughing and reflux had
predominantly biliary reflux events, whereas wheezing was more often preceded by
acidic reflux. These observations are in line with previous data further supporting the
hypothesis that non acidic components of the refluxate (such as biliary acids) may, at
least in part, be responsible for reflux induced coughing, whereas obstructive
respiratory symptoms such as wheezing may be primarily caused by acidic reflux
[38;41;42].

To conclude, we have developed a novel technical approach for simultaneously
measuring lung sounds and acidic and biliary reflux episodes. The novelty of the
presented device is the long time detection of all nocturnal respiratory symptoms with
the quality of an auscultation with a stethoscope. Thus, this approach is superior,
more reliable and objective than previously used techniques to detect respiratory
symptoms. Using the mobile Lund-Sound-Monitoring device tool we could identify
subgroups of patients with a clear temporal correlation between reflux and respiratory
symptoms such as coughing and wheezing. These results support the hypothesis of
a causative role of reflux episodes in triggering respiratory symptoms in GERD
patients. Our study was primarily aimed at showing the feasibility of this new
approach which can now be used for prospective studies to further investigate the
mechanisms of reflux associated pulmonary diseases and to control for success

under therapy. Follow up investigations of patients off and on proton pump inhibitors
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will show if initiation of a sufficient antireflux therapy has an impact on the objective

frequency of respiratory symptoms.

Taken together this novel technology might be a useful tool for further scientific

approaches but also capable to routinely identify a subgroup of patients with a causal

relationship of GERD and pulmonary symptoms in the future.
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Figure 1: Configuration of the novel Lung-Sound Monitoring device. 4 air-coupled
microphones are used to capture lungs sounds. Analog-to-digital converters are used
with 16 bits for digitalisation, followed by storage on a computer (A). 2 microphones
are placed on the basis of each lung, 1 microphone is fixed over the trachea and the

remaining microphone detects environmental sounds (B).

Figure 2: Audio-visual analysis of lung sounds. The typical pattern of normal lung
sound, coughing and wheezing is displayed. A: environmental sounds, T: trachea,

L1: Left lung basis, L2: Right lung basis.

Figure 3: Computerized analysis of the simultaneous measurements of pH, biliary
reflux in correlation to coughing events. As an example a coughing event (blue
arbour) is displayed in temporal association with a combined reflux event (pH<4 and
bilirubin absoption > 0.14).

Figure 4: Number of coughing and wheezing events per night. HV (healthy
volunteers; N=20) and PG (patients group; N=25). The values are displayed in
median (x), 75 and 25 quartile (o), minimum (L) and maximum (7). The statistical
analysis revealed a significant difference between the frequency of coughing and

wheezing in HV and PG (p<0.05%).

Figure 5: Flow diagram for detection of nocturnal coughing in the study population.

SAP analysis was performed for each individual.

Figure 6: Flow diagram for the detection of nocturnal wheezing in the study

population. SAP analysis was performed in each individual

20



Page 21 of 26 Alimentary Pharmacology & Therapeutic

©CoO~NOUTA,WNPE

47 Figure 1: Configuration of the novel Lung-Sound Monitoring device. 4 air-coupled microphones are
used to capture lungs sounds. Analog-to-digital converters are used with 16 bits for digitalisation,
followed by storage on a computer (A). 2 microphones are placed on the basis of each lung, 1
gg microphone is fixed over the trachea and the remaining microphone detects environmental sounds

(B).
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Normal Coughing

Figure 2: Audio-visual analysis of lung sounds. The typical pattern of hormal lung sound, coughing
and wheezing is displayed. A: environmental sounds, T: trachea, L1: Left lung basis, L2: Right lung
basis.
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Analysis of Lung-Sound Monitoring
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30 Figure 3: Computerized analysis of the simultaneous measurements of pH, biliary reflux in
31 correlation to coughing events. As an example a coughing event (blue arbour) is displayed in
32 temporal association with a combined reflux event (pH<4 and bilirubin absoption > 0.14).
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Figure 4: Number of coughing and wheezing events per night. HV (healthy volunteers; N=20) and
PG (patients group; N=25). The values are displayed in median (x), 75 and 25 quartile (o),
minimum (1) and maximum (). The statistical analysis revealed a significant difference between
the frequency of coughing and wheezing in HV and PG (p<0.05%).
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Figure 5: Flow diagram for detection of nocturnal coughing in the study population. SAP analysis

was performed for each individual.
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Figure 6: Flow diagram for the detection of nocturnal wheezing in the study population. SAP analysis

was performed in each individual.
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