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Abstract

Background—One of the primary indications for reflux testing with multichannel intraluminal
impedance with pH (pH-MII) is to correlate reflux events with symptoms such as cough. Adult
and pediatric studies have shown, using cough as a model, that patient report of symptoms is
inaccurate. Unfortunately, intraesophageal pressure recording (IEPR) to record coughs is more
invasive which limits its utility in children. The primary aim of this study is to validate the use of
acoustic cough recording (ACR) during pH-MII testing.

Methods—We recruited children undergoing pH-MI| testing for the evaluation of cough. We
simultaneously placed IEPR and pH-MII catheters as well as an acoustic recording (ACR) device
in each patient. Each 24 hour ACR, pH-MII, and IEPR tracing was scored by blinded
investigators. Sensitivities for each method of symptom recording were calculated.

Key Results—2698 coughs were detected in total; 1140 were patient reported (PR), 2425 were
IEPR detected, and 2400 were ACR detected. The sensitivity of PR relative to ACR was 45.9%
and the sensitivity of IEPR relative to ACR was 93.6%. There was strong inter-rater reliability
(x=0.78) for the identification of cough by ACR.

Conclusions and Inferences—Acoustic recording is a non-invasive, sensitive method of
recording cough during pH-MII testing that is well suited for the pediatric population.
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Introduction

The association between gastroesophageal reflux with atypical, extraesophageal symptoms
such as cough, throat clearing and wheezing, has been debated in children. Recent
randomized controlled trials and meta-analyses have failed to show a clear benefit of acid
suppression for treatment of extraesophageal symptoms and the North American Society for
Pediatric Gastroenterology, Hepatology and Nutrition recommends reflux testing prior to
acid suppression therapy because of the associated costs and risks of acid suppression
including gastrointestinal and respiratory infections (1-4). Determining which reflux test to
perform is heavily debated as is the most important testing outcome (e.g. the amount of acid
reflux, amount of non-acid reflux, the degree of symptom association with reflux events).

Because non-acid reflux is so common in children, multichannel intraluminal impedance
testing (pH-MII) which measures both acid and non-acid reflux, has become one of the most
commonly performed modes of reflux testing (5). Because there are limited papers
describing the normal pH-MII values for reflux in children, gastroenterologists have relied
on the temporal correlation of reflux events with symptoms rather than the total reflux
burden during pH-MI| testing (6). One of the key extraesophageal symptoms for which pH-
MII testing is performed is chronic cough. To determine the reflux-cough correlation,
patients must undergo reflux testing with a pH-MII catheter in the nose for 24 hours during
which patients and/or their parents record symptoms for the entire 24-hour period. For
patients with hundreds of symptoms per 24-hour period or for patients whose symptoms
occur during sleep, symptom recording is especially challenging. Recently, we and others
have shown that when using more objective measurement of cough detection such as
intraesophageal pressure recording (IEPR), patients underreport 50%-90% of symptoms (7—
9), and that many of the cough events attributed to reflux are, indeed, not associated with it.
While IEPR offers a great advantage over pH-MII testing alone, the IEPR catheter requires a
second nasal intubation or requires that 2 catheters to be placed simultaneously which
increases discomfort and difficulty of placement in an unsedated child. Therefore, less
invasive methods to detect cough are needed. One such method is acoustic recording (ACR)
which involves the taping of microphones over the trachea and chest wall. The microphones
record upper and lower airway sounds which can be correlated with reflux episodes detected
by pH-MII. We hypothesized that ACR would be well tolerated in children and provide
more accurate cough detection that patient report alone. It is the goal of this study to
determine the sensitivity of ACR relative to other methods of cough detection, patient report
(PR) and intraesophageal pressure recording (IEPR) (7-9).

Materials and Methods

This was a prospective study of patients, ages 4-18, undergoing pH-MII and endoscopy
testing for the evaluation of chronic cough. Any patient presenting to Boston Children’s

Neurogastroenterol Motil. Author manuscript; available in PMC 2015 November 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rosen et al.

Page 3

Hospital with a chief complaint of cough and who was undergoing endoscopy for the
evaluation of reflux related extraesophageal symptoms with simultaneous pH-MII testing
was approached for participation. If patients consented, an IEPR catheter and the ACR
device were placed at the time of the endoscopy and pH-MII probe. This study was
approved by the Boston Children’s Hospital Institutional Review Board, and informed
consent was obtained from each family unit/patient.

pH-MIl with IEPR

pH-MI1 was performed using standard techniques previously reported (10). The IEPR
technique has been previously described (9). Briefly, a 4 channel esophageal pressure
catheter (Sandhill Scientific) was placed at the time of the endoscopy and the pH-MI|I
catheter placement. Both catheters were sutured together using absorbable sutures prior to
placement, and the sutures were placed in an area of the catheter away from pressure or
impedance transducers. None of the pressure sensors were in contact with the pH or Ml
sensors. Location of the catheter was confirmed using intraoperative fluoroscopy such that
the distal pH sensor was located at the third vertebral angle above the diaphragm (11).

Acoustic Recording (ACR) Device

While under anesthesia, 3 microphones and acoustic recording device (Sandhill Scientific)
were placed on the patient. Once microphone was taped over the trachea, one was taped over
the right chest wall in the area of the 2nd intercostal space, and one was clipped to the
patient’s clothing. The first microphone measured upper airway sounds, the second
measured lower airway sounds, and the third measured ambient noises such the coughs and
sounds from family members could be differentiated from patient coughs. Fluoroscopy
imaging of the pH-MII and the IEPR catheters as well as the tracheal and chest wall
microphones are shown in Figure 1.

pH-MII, IEPR, and ACR occurred for a minimum of 20 hours and patient/parents recorded
cough on a log, using the clock on the pH-MII recording device upon which symptoms
correlation was based. Prior to placement in the patient, the clocks on the pH-MII, IEPR and
ACR were synchronized within 1 second of each other. The ACR device and the pH-MlI
were also synchronized by sound and electrical signaling between devices.

After study completion, the pH-MII and IEPR studies were blindly analyzed by one of the
authors (RR) both for reflux and the presence of high pressure, simultaneous,
intraesophageal pressure spikes signifying cough (Figure 2). 24-hour ACR sounds were
reviewed by a single listener (NH) and for any sound that was not a clear cough, a second
listener (JA) blindly reviewed the sounds in question. Only those sounds which both
listeners agreed upon were included as coughs. To determine the degree of inter-rater
reliability for cough identification using ACR, we chose 20 sound clips, each 30 second,
with a variety of sounds made by each of the patients. Six blinded listeners scored the sound
clips for the presence or absence of cough.

After the manual analysis of the pH-MII tracings, the patient/parent reported coughs and the
ACR coughs were added to the pH-MII/IEPR tracings. ACR coughs were added by using
the elapsed time from the start of the study to determine the location of the ACR on the pH-
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MII tracings. Coughs detected by any method that were separated by less than 1 second
were considered part of the same cough burst for the purposes of symptom-reflux
associations. To determine the esophageal pressures seen during cough episodes, we
randomly chose 120 coughs and measured the peak pressure amplitude (mm Hg) generated
during each cough episode.

Reflux-cough associations

Statistics

Results

The symptom index using each technique was defined as the number of symptoms
associated with reflux/total number of symptoms and was considered positive if it is >50%
(12). The symptom sensitivity index was defined as the total number of reflux episodes
associated with symptoms/total number of reflux episodes and was considered positive if it
is >10% (13). The SAP was considered abnormal if it was greater than 95% (14). In this
study, we used a standard 2 minute window before and after a cough when considering if
reflux was associated with the cough (13, 15). However, we also recorded the exact time
from reflux to cough and from cough to reflux for each cough detected. Definitions for
reflux by pH-MII have been previously described (10).

Based on our prior study in which we compared IEPR to patient reported cough, we
assumed a minimum average difference of 10 coughs per patient between the patient-
reported coughs and the ACR coughs. We anticipated that we would need to recruit 10
patients to give us greater than 90% power to reject the null hypothesis that there is no
difference between the two techniques (patient report and ACR). The Type | error
probability associated with this test of this null hypothesis was 0.05. Results are expressed
as medians (ranges) and, when clinically relevant, the 95% of the data was also included.
We compared proportions using chi-square analyses. Paired t tests were used to compare the
differences in symptom indices within patients. To determine agreement of cough between 6
blinded listeners, Fleiss’ kappa statistic was calculated.

Cough detection

ACR was well tolerated; there were no adverse events to microphone use other than
discomfort with tape removal over the microphone in 2 of the patients. 2611 total coughs
were detected in 10 patients; 2425 were detected by IEPR, 2400 were detected by acoustic
cough recording, and 1140 were patient reported. The frequency of coughs per patient is
shown in Table 1. The overlap in detection between the three devices is shown in Figure 3.
The sensitivity of each of the devices is shown in Table 2; ACR is as sensitive as IEPR and
both devices were more sensitive than patient report. To compare IEPR coughs assuming the
gold standard is patient report, we created a logistic model with random effects per patient to
account for the multiple observations per patient, the AUC is calculated to be 0.880 (0.867,
0.893). To compare ACR coughs assuming the gold standard is patient report, after
adjusting the model to account for the multiple observations per patient, the AUC is
calculated to be 0.882 (0.869, 0.895). To compare ACR coughs assuming the gold standard
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is IEPR, after adjusting the model to account for the multiple observations per patient, the
AUC is calculated to be 0.777 (0.744, 0.811).

We randomly chose 120 coughs measured by IEPR that were identified by patients and
found that the median pressure using IEPR were 161 mm Hg, range 20-365 mm Hg. For the
20 representative coughs scored by 6 blinded listeners, there was a Fleiss kappa statistic of
0.78.

Gastroesophageal reflux and its relationship to cough

The total numbers of reflux events per patient are shown in Table 1. There was a median of
32 reflux episodes (range: 4—-306) per study detected, of which 7 were acid (range: 0-57), 19
were non-acid (range: 1-303) and 12 were pH-only episodes (range: 0-32). The median %
time pH was <4 was 2.7% (range: 0-15).

Of the 2611 coughs, 856 coughs were associated with a reflux episode. 436 (51%) of reflux
events came before the cough and 522 (61%) of reflux events came after the cough. The
median time from reflux to cough was 10 seconds (95%: 1 min 37 seconds) and the median
time from cough to reflux was 23 seconds (95%: 1 min 41 seconds, p=0.001). There was no
significant difference in the median bolus clearance time of reflux events that proceed cough
(9 seconds, 95%: 163 seconds) versus reflux episodes that follow cough (10 seconds, 95%:
44 seconds, p=0.2).

There was a significant difference in the median bolus clearance time in the proximal most
channel for reflux events that proceed cough (0.6 seconds, 95%: 52 seconds) versus reflux
episodes that followed cough (3 seconds, 95%: 40 seconds, p=0.001). There was a
significant relationship between reflux events reaching the proximal most sensor and patient
reported cough (p=0.008). There was no relationship between full column reflux and ACR
or IEPR cough suggesting that, when improved cough detection is used, the relationship
between full column events and cough is not significant (p=1.0 for ACR, p=0.3 for IEPR).

There was a significant difference between the Sl determined by ACR and patient report
(p=0.02) and the Sl determined by IEPR and patient report (p=0.02). One out of the ten
patients would have an abnormal Sl by patient report which was in the normal range (<50%)
by ACR and IEPR. None of the patients had an abnormal Sl by IEPR or ACR but not by
patient report.

There were significant differences between the SSI determined by ACR and patient report
(p=0.02) and the SSI determined by IEPR and patient report (p=0.02). There was no
significant difference between the SSI determined by ACR and IRPR (p=0.1). Two out of
the 10 patients would have a normal SSI by patient report but an abnormal SSI by ACR and
IEPR. None of the patients were considered to have an abnormal SSI by patient report but
not by IEPR or ACR.

There were no significant differences between the SAP determined by any of the three
methods (p>0.2). One patient had a positive SAP by patient report that would be negative by
IEPR and ACR and one patient had a positive SAP using IEPR and ACR that would have
been negative by patient report.

Neurogastroenterol Motil. Author manuscript; available in PMC 2015 November 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 6

All of the patients with a positive SI, SSI and SAP by IEPR had a positive index by ACR.
The distribution of indices per patient and method are shown in Table 1.

Discussion

This is the first study in pediatrics or adults to compare ACR to IEPR during 24-hour pH-
MII testing and we have clearly shown that IEPR and ACR are equally as sensitive to detect
cough but ACR is a much less invasive alternative which is of great benefit in pediatrics.

We have also shown that ACR is as sensitive as IEPR, but most importantly, it is
significantly more comfortable and well tolerated. While most pH-MII probes are placed in
the outpatient setting without sedation, the placement of 2 nasal catheters (pH-MII and IEPR
catheters) can cause increased discomfort such that, at our institution, the two catheters are
placed with sedation or general anesthesia. ACR, which only relies on 2 stickers with
microphones placed on the chest and neck and one clipped to the clothing, is therefore
feasible in any patient with chronic cough getting reflux testing in the outpatient setting.

While ACR definitely increased cough detection by more than 100% over patient report
alone, the average symptom index per patient did not change regardless of the technique
used (ACR, IEPR, patient report). The reason for this is that, with the more sensitive devices
ACR and IEPR, both the numerator (number of coughs associated with reflux) and
denominator (total number of coughs) increase proportionally relative to patient report.
Therefore, while ACR definitely increased total symptom detection, it also increased the
detection of reflux-associated coughs. There were, however, differences in the SSI as
determined by patient report relative to IEPR and ACR. The reason for these differences is
the numerator (the number of reflux events associated with symptoms) was higher with
ACR and IEPR but the denominator (the total number of reflux episodes) was constant.
Based on our data, 10-20% of patients would have a change in diagnosis based on symptom
indices when ACR is used instead of patient report.

The importance of having an accurate, non-invasive method to detect cough will hopefully
improve the accuracy of diagnosing reflux-related cough. Multiple studies have failed to
show a consistent relationship between reflux by 24-hour reflux testing and cough and
therapeutic trials of acid suppression therapy have failed to show consistent cough
improvement (1, 2, 16-18). This inconsistent relationship between reflux and cough may
because of several reasons: (1) early studies did not use pH-MII so relationships between
non-acid reflux and cough may have been missed, (2) acid suppression does not
significantly reduce the amount of total reflux episodes so a treatment effect would not be
seen, or (3) the therapeutic trials stratified patients based on a positive symptom correlation
based on patient report which, we know from this study, is inaccurate. ACR should
overcome this final limitation by improving symptom identification.

Acoustic cough recording with pH-MII has been performed in 2 adult studies. In the first
adult study of 21 patients undergoing ACR with pH-MI|, the authors found that ACR
detected four times the amount of coughs than standard patient reporting (although this
study did not compare ACR to IEPR) (19). In our study, we found that ACR detected two
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times the amount of coughs relative to patient report. One explanation for the higher rate
patient reported cough in our pediatric series is that there are often three or four people (the
patient, two parents, and a nurse) recording symptoms so the number of symptoms missed
by all of the providers is lower than if the patient alone were recording symptoms.

The second study using ACR to determine the temporal relationship between cough and
reflux detected by pH-MII in 71 adults found that reflux was as likely to occur after a cough
as before the cough which was similar to the findings in our study (20). Furthermore, Smith
et al propose cutting the symptom-reflux association window down to 10 seconds based on
the biological plausibility that reflux should not cause cough several minutes after reflux
resolution, Interestingly, the median time to cough occurrence after a reflux episode in our
study was 10 seconds. While we can conclude in our study that majority of reflux-cough
episodes occur within 1 min and 40 seconds, we cannot yet conclude that the symptom
window should be reduced without a therapeutic outcome trial to validate an ideal window.
However, ACR presents a critical first step in this process; we can now non-invasively
identify coughs with a high sensitivity and the next necessary step, an intervention trial
stratified based on symptom association using ACR, is needed.

One of the biggest critiques of ACR is that it is difficult to differentiate sounds such as
throat clearing from cough. One hope was that IEPR should be able to differentiate throat
clearing from cough, as throat clearing might have lower intraesophageal pressures. In a
study of 10 adults who simulated cough and throat clearing during simultaneous high
resolution manometry and ACR, cough and throat clearing during acoustic recording were
confused between 6-8% of the time though these could be differentiated by differences in
median intraesophageal pressures, as throat clearing had lower intraesophageal pressures
(median 27 mmHg) versus cough (median 54 mmHg, p=0.001) (21). Our study has shown
that there is a wide range of intraesophageal pressures in pediatric patients who cough and
interestingly, our esophageal pressures during cough are higher than reported in this adult
study suggesting that actual coughs, rather than simulated coughs, may have different
esophageal pressures. The implications of this wide pressure range during IEPR is that
measuring esophageal pressure spikes alone may not be adequate to differentiate cough from
other sounds and that ACR may be necessary to clarify sound differences.

One possible limitation of this study is we have a small sample size. Because this study was
powered based on the number of anticipated coughs necessary for a sensitivity analysis, the
actual number of patients is small so generalizations about reflux-cough mechanisms are
limited. However we have almost 3000 cough episodes, a sample size that allows for ample
validation of the different techniques used. In this study, however, we echo previous
findings that reflux-cough and cough-reflux sequences occur with equal frequency and that
the SI does not vary based on the technology used but the SSI does vary (9). To determine
true associations between reflux and cough by ACR, a larger pediatric patient population is
needed.

A second limitation is that there may be a bias towards more reflux associated coughs in our
patients as these patients were referred to a gastroenterologist for the evaluation of reflux-
related cough. Nevertheless, the number of patients with a positive symptom association,
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regardless of the index used, was low so we feel this bias was minimal. Because of our small
sample size, we recognize that we cannot draw any conclusions about the frequency of
reflux related coughs on a population level however we do want to highlight that the success
of finding a cough-reflux correlation does depend on the method of cough detection (patient
report, IEPR and ACR).

In summary, ACR has a sensitivity that is equivalent to IEPR and significantly improves the
detection of cough in children undergoing pH-MII testing, and allows a better
characterization of its relationship with reflux. Studies are now needed to determine if this
increased detection improves therapeutic outcomes but clearly relying on symptom reporting
by patients is flawed and clinical decision making based on patient report alone should be
done with caution.
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Key Messages

Adult and pediatric studies have shown, using cough as a model, that patient report of
symptoms is inaccurate. Intraesophageal pressure recording (IEPR), while more sensitive
to detect cough, requires placement of a second catheter and therefore placement is
uncomfortable and requires anesthesia, therefore limiting its utility in children. In this
study, we found that acoustic cough recording (ACR), a non-invasive way to measure
cough, is a sensitive tool for cough detection; we found that the sensitivity of patient
detected coughs relative to ACR was 46% and the sensitivity of ACR to IEPR was 93%.
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Figure 1.
Fluoroscopy image of pH-MII and IEPR catheters and ACR microphones
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Figure 2.
Tracing of an acid reflux event (Arrow, retrograde drops in impedance) preceded by and

concurrent with IEPR and ACR cough events. Note the IEPR spikes during cough
(Rectangle). Also note that the patient reports a single cough (Oval).
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ACR

Figure 3.

Patient Report

Page 13

IEPR

Overlap of cough detection based on acoustic recording (ACR), intraesophageal pressure
recording (IEPR) and patient report.
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Differences in the sensitivity of cough detection depending on the gold standard used.

Patient Report relative to ACR | 45.9%
ACR relative to IEPR 92.6%
IEPR relative to ACR 93.6%
Patient Report relative to IEPR | 45.4%
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