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Abstract

Background & Aims—Wireless pH monitoring measures esophageal acid exposure time (AET)
for up to 96 hrs. We evaluated competing methods of analysis of wireless pH data.

Methods—Adult patients with persisting reflux symptoms despite acid suppression (n=322,
48.5+0.9 y, 61.7% women) from 2 tertiary centers were evaluated using symptom questionnaires
and wireless pH monitoring off therapy, from November 2013 through September 2017; 30
healthy adults (controls; 26.9+1.5 y; 60.0% women) were similarly evaluated. Concordance of
daily AET (physiologic <4%, borderline 4%-6%, pathologic>6%) for 2 or more days constituted
the predominant AET pattern. Each predominant pattern (physiologic, borderline, or pathologic) in
relation to data from the first day, and total averaged AET, were compared with other
interpretation paradigms (first 2 days, best day, or worst day) and with symptoms.

Results—At least 2 days of AET data were available from 96.9% of patients, 3 days from 90.7%,
and 4 days from 72.7%. A higher proportion of patients had a predominant pathologic pattern
(31.4%) than controls (11.1%; P=.03). When 3 or more days of data were available, 90.4% of
patients had a predominant AET pattern; when 2 days of data were available, 64.1% had a
predominant AET pattern (A<.001). Day 1 AET was discordant with the predominant pattern in
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22.4% of patients and was less strongly associated with the predominant pattern compared to 48
hour AET (P=.059) or total averaged AET (P=.02). Baseline symptom burden was higher in
patients with a predominant pathologic pattern compared to a predominant physiologic pattern
(P=.02).

Conclusions—The predominant AET pattern on prolonged wireless pH monitoring can identify
patients at risk for reflux symptoms and provides gains over 24 hr and 48 hr recording, especially
when results from the first 2 days are discordant or borderline.

Keywords
GERD; gastroesophageal reflux disease; diagnostic; prognostic

INTRODUCTION

Gastroesophageal reflux disease (GERD) develops when reflux of gastric content causes
troublesome symptoms or complications.? Pragmatic clinical management begins with
empiric proton pump inhibitor (PPI) treatment?. Patients with persisting esophageal
symptoms despite PPI therapy and no conclusively diagnostic findings on endoscopy (e.g.
reflux esophagitis LA grade C-D, long segment Barrett’s esophagus) are evaluated further
with ambulatory reflux monitoring to quantify esophageal acid burden.2= Standard trans-
nasal catheter based pH- or pH-impedance testing is a well-established method to measure
acid exposure time (AET), but are not feasible past 24 hours because of instability of pH
sensors. Further, manometry is necessary for optimal placement of pH probes®, patient
discomfort limits the length of monitoring to 24 hours,* 6 and day-to-day variation in acid
exposure influences performance characteristics when the measured AET is close to
accepted normal thresholds’: 8,

Wireless pH technology was developed for extending pH monitoring for at least 48 hours;
this is well tolerated and technically feasible, 8 7 and increases the frequency of detecting
pathologic AET, symptom reporting, and symptom associated probability (SAP).”-11 This
may have particular value when 24-hour reflux monitoring demonstrates physiologic or
borderline acid exposure despite a high suspicion for GERD? 11, However, even with 48
hour monitoring, reflux burden may be variable despite a high clinical suspicion for GERD,
6,10, 12 gspecially with atypical presentations, infrequent symptoms, and low numbers of
reflux episodes.? 1. 13 To overcome this limitation, modern wireless pH technology allows
up to 96 hours of pH monitoring, which increases the sensitivity of pH testing with modestly
improved diagnostic yield8: 11, albeit with potentially lower specificityl4. Indeed, the most
appropriate method to analyze prolonged pH data remains unclear; while average total AET
and ‘worst day’ approaches have been evaluated, impact on management decisions or
outcome have not been assessed, 11 12, and comparisons of results from patients and healthy
controls are available only in abstract form.11, 15

The primary aim of this study was to evaluate interpretation paradigms (e.g. averaged total
AET, and predominant AET pattern) for prolonged pH monitoring beyond 48 hours of
recording in patients referred for investigation of typical reflux symptoms poorly responsive
to PPI therapy, with comparison to similar data acquired from healthy controls without
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symptoms. Secondary aims included assessment of the feasibility of prolonged pH
monitoring, calculation of the diagnostic yield based on acid exposure metrics beyond 48
hours of monitoring, and prediction of symptom burden.

METHODS

Patients

Controls

Adult patients were prospectively recruited from two tertiary care academic centers
(Northwestern University, Washington University in St. Louis) between November 2013 and
September 2017 to undergo 96-hour wireless pH monitoring to investigate reflux symptoms
poorly responsive to PPI therapy in this exploratory observational study. Exclusion criteria
consisted of inability to place wireless pH capsule, lack of symptom data, unintelligible
studies and absence of pH data past 24 hours of recording. This study protocol for data
collection and analysis was approved by the Institutional Review Boards (IRB) at both
institutions. Wireless pH data from patients was compared to that obtained prospectively
from a healthy volunteer cohort from Nottingham Digestive Diseases Centre, Nottingham
University NHS Trust under a study protocol approved by the NHS National Research
Ethics Committee, UK. De-identified data sharing for analysis from both Northwestern
University and Nottingham, UK was approved by the primary IRB (Washington University
in St. Louis).

Patients included in this report were recruited from the outpatient offices, endoscopy suites
and motility laboratories at Northwestern University, Chicago and Washington University in
St. Louis and by two study investigators (JEP, CPG). Patients were included if presentation
consisted of esophageal symptoms with incomplete response to acid suppressive therapy,
hence requiring further evaluation off therapy. All patients had at least one typical symptom;
however, patients with dominant typical and atypical symptoms were eligible. Patient
demographics including age and gender, and clinical details including symptom, PPI dose,
and frequency were recorded. Presenting symptoms were characterized using self-report
symptom questionnaires including gastroesophageal reflux disease questionnaire (GERDQ),
obtained off PPI therapy in all patients.16

Data from study patients were compared to that obtained from healthy asymptomatic
volunteers recruited by advertisement at Nottingham University NHS Trust, UK. All healthy
volunteers provided informed consent, and had no clinically significant gastrointestinal
symptoms on validated questionnaires. Wireless pH studies were performed on the healthy
cohort from June 2012- December 2012, data from which has been previously published.1’

Wireless pH data

Wireless pH capsules (Medtronic, Duluth, GA) were placed endoscopically 6 cm above the
squamo-columnar junction using standard methodology reported elsewhere’: 2. All wireless
pH studies were performed after withholding acid suppressive medications including proton
pump inhibitors (PPIs) for at least 7 days; over the counter antacids were allowed for
breakthrough symptoms till the day of the procedure, but not during the recording period?®.
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Distal esophageal pH was monitored up to 4 days, and reported as percentage of time pH
was <4% (AET); meals were excluded while calculating AET.” Total AET was calculated
separately for each day of the recording (physiologic <4%, borderline 4-6%,
pathologic>6%) using the Lyon consensus thresholds.* 18 AET was tracked across the
duration of the study to determine concordance or discordance between study days. A
predominant pattern was defined as =2 days with the same AET characterization regardless
of study duration. All other patterns were considered discordant, including studies with two
equal groupings of two AET classifications.

Statistical Analysis

RESULTS

Feasibility

Data are reported as the mean = standard error of the mean, unless otherwise stated.
Categorical data were compared using the  -squared test; continuous data were compared
using ANOVA or the 2-tailed Student’s #test, as appropriate. Pearson correlation was used
to correlate AET by various analysis paradigms. In all cases, p<0.05 was required for
statistical significance. Statistical analyses were performed using IBM SPSS Statistics V.25
(Armonk, NY).

A total 322 patients (48.5+ 0.9 yrs, 61.7% F) and 30 asymptomatic healthy volunteer
controls (26.9 + 1.5 yrs, 60.0% F) were included in the study. Primary presenting symptoms
included heartburn (45.2%), regurgitation (5.1%), chest pain (12.8%), cough (8%),
dysphagia (3.4%), globus (4.3%), hoarseness (3.4%), and other (17.8%); however, all
patients had at least one typical symptom. Overall, 269 patients completed the GERDQ
questionnaire off PPI with a mean score of 7.83+0.3.

pH data were available for at least 2 days in 312/322 (96.9%) patients, 3 days in 292
(90.7%), and for all 4 days in 234 (72.7%). 6 patients had no data for any day of the study
and were excluded. Only 30 patients did not have at least 3 days of pH data. Concurrent
symptom data were incomplete in 53 patients. No adverse events were noted, and the
prolonged studies were well tolerated. In controls, pH data were available in at least 2 days
in 30 (100%), 3 days in 28 (93.3%), and for all 4 days in 25 (83.3%) (Table 1 & 2).

Total AET and Phenotypes

Proportions with pathologic, borderline and physiologic AET stayed similar when individual
days of the study were separately analyzed, and when pH data from individual days were
sequentially added (Table 3). When AET was cumulatively averaged across all available
days of the study, 52.2% (165/316) of patients had a physiologic total AET (<4%), 17.1%
(54/316) had borderline AET (4-6%), and 30.7% (97/316) had a pathologic AET (>6%). In
comparison, 70% (21/30) of asymptomatic controls had physiologic AET, 20% (6/30) had
borderline AET, and 10% (3/30) had pathologic AET (p=0.02 for proportion pathologic in
patients vs controls). Proportions of patients with pathologic acid exposure were higher for
all combinations of days when compared to controls.

Clin Gastroenterol Hepatol. Author manuscript; available in PMC 2021 December 01.
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Predominant AET patterns

As the number of days of recording increased the number of patients and controls with a
predominant AET pattern increased (p<0.01 for overall trend, Figure 1). When at least two
days of data were available, AET from first 2 days (comparable to 48-hour wireless pH) was
concordant between the 2 days in 64.1% of patients (200/312) and 73% of controls (22/30).
In patients, a predominant pattern was identified in 89.7% (210/234) when 4 days of data
were available, and in 90.4% (264/292) when >3 days available; corresponding numbers for
controls were 96.0% (24/25) for 4 day data, and 96.4% (27/28) for =3 day data. If there were
at least 3 days available, when day 1 and 2 were discordant, the remainder of the study
allowed categorization into a predominant pattern in 85% (91/107; 48 physiologic, 31
pathologic, 12 borderline, p<0.05). In controls, when days 1 and 2 were discordant, the
remainder of the study allowed categorization in 87.5% (5 physiologic, 1 borderline, and 0
pathologic, p>0.05).

When 4 days were available in patients, 102/234 (43.6%) of studies had all 4 days with
concordant AET; this occurred more often when physiologic (n=72) than when pathologic
(n=29) or borderline (n=1), (p<0.01). Of 26 discordant cases with 3 days of data, fourth day
data was available for 19 patients. Of these, with the fourth day data, 7/19 became
predominant physiologic, 4/19 became predominant borderline, and 8/19 became
pathologic, with none remaining discordant. When 4 days were available in controls, 15/25
(60%) had all 4 days with concordant AET; this occurred more often when physiologic
(n=14) than when pathologic (n=1), and never when borderline (p<0.01).

Comparison of other analysis paradigms

24-hour AET—Day 1 AET pattern (comparable to 24-hour catheter based distal AET) was
discordant with the predominant pattern in 22.4 % (59/264) of patients, and 14.8% (4/27) of
controls (p=0.37 compared to patients). When day 1 was pathologic, 78.6% (70/89)
remained pathologic for the remainder of the study (16.9% were predominant physiologic,
4.5% were predominant borderline; p<0.01 for trend) (Figure 2). In patients with a
predominant pathologic pattern, 84% (70/83) had a first day AET>6%, while in patients
with a predominant physiologic pattern 9% (15/167) had a first day AET >6% (p<0.01)
(Table 2).

48-hour AET—The average AET from the first 48 hours (corresponding to standard
wireless pH monitoring) corresponded to the predominant pattern in 84.1% of patients
(222/264, p=0.059 compared to day 1 AET performance) and in 85.2% of controls (23/27,
p=0.82 compared to patients). When the first 48 hours had a predominant pathologic pattern,
86.2% (75/87) remained pathologic for the remainder of study, while 9.2% (8/87) were
physiologic, and 4.6% (4/87) were borderline (p<0.01 for trend). 90% (75/83) of patients
with a predominant pathologic pattern had a 48-hour AET >6%, while 5% (8/167) of
patients with a predominant physiologic pattern had a 48-hour AET >6% (p<0.05) (Table 2).

Best day AET—The best (lowest) AET corresponded to the predominant pattern in 76.5%
of patients (202/264, p=0.76 compared to Day 1 AET, p=0.03 compared to first 48 hours)
and in 81.5% of controls (22/27), (p=0.56 compared to patients). However, 48% (40/83) of
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patients with a predominant pathologic pattern had a best AET <4% on at least one day
(Table 2). 76.9% (224/291) of patients with a best day AET <4% had a predominant
physiologic pattern for the entire study, compared with 18.6% (54/291) with a predominant
pathologic pattern and 4.5% (13/291) with a predominant borderline pattern (p <0.05 for
trend) (Figure 2).

Worst day AET—The worst (highest) AET corresponded to the predominant pattern in
68.9% of patients (182/264, p=0.02 compared to day 1 AET; p<0.001 compared to first 48
hours, p=0.051 compared to best AET), and in 68.9% of controls (18/27; p=0.81 compared
to patients). However, 24% (40/167) of patients with a predominant pathologic pattern had a
worst day AET >6% (Table 2). 61.9% (106/171) of patients with a worst day AET >6% had
a predominant pathologic pattern for the entire study, compared with 29.9% (51/171) with a
predominant physiologic pattern and 8.2% (14/171) with a predominant borderline pattern
(p <0.05 for trend) (Figure 2).

Total average AET—The total average AET corresponded well to the predominant pattern
in 85.6% of patients (226/264, p=0.02 compared to day 1 AET, p<0.63 compared to first 48
hours, p=0.007 compared to best AET, p<0.001 compared to worst AET), and in 96.3%
(26/27) of controls, (p=0.12 compared to patients).

Compared to a predominant physiologic pattern, patients with a predominant pathologic
pattern were more likely to have heartburn as a primary symptom (61.4% (51/83) vs 43.7%
(73/167); p<0.01), and typical reflux symptoms (72.3% (60/83) vs 51.5% (86/167);
p=0.001). Baseline total GERDQ score was higher in those with a pathologic AET
compared to physiologic AET with several analysis paradigms: day 1 AET (8.47+.43 vs
7.19+.42 respectively; p=0.042), worst day AET (8.55+.37 vs 6.46+.50; p=0.01), total
average AET (8.73+.45 vs 7.32+.40; p=0.03), and predominant AET pattern (9.01+.43 vs
7.47+.40; p=0.02). Although numerically higher with pathologic AET, the difference in
GERDQ scores was not statistically different using 48-hour AET (8.34+.43 vs 7.55+.39;
p=0.19), or best day AET (9.03+.68 vs 7.59+.32; p=0.11).

DISCUSSION

In this prospective study, we demonstrate that prolonged (96 hour) wireless pH monitoring is
feasible in the majority of individuals. We show significant gains over 24-hour and 48-hour
monitoring in demonstrating a predominant AET pattern and establishing (or refuting)
GERD diagnosis, particularly when AET was initially borderline, or discordant over the first
two days of monitoring. Using a predominant AET pattern, addition of an additional day of
recording increased the diagnostic yield from 64.1% from 48-hour to 90.4% with 72-hour
data in patients with further gains in resolving discordance if 96-hour data is available.
Similar results were observed in controls. Compared to healthy, asymptomatic controls,
patients referred for investigation of suspected reflux symptoms were more likely to have
pathologic average AET, and patients with predominant pathologic patterns over 3—4 days of
testing had higher symptom burden compared to patients with predominant physiologic
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AET. In contrast, when worst day or best day AET was used to diagnose GERD,
approximately 1 in 4 (22.4-30.5%) patients had subsequent day or average AET patterns
that were discordant with this classification. Patients with a predominant pathologic AET
pattern were more symptomatic, with more frequent typical reflux symptoms, compared to
physiologic AET. We therefore conclude that prolonged wireless pH monitoring has value in
clinical reflux monitoring, particularly in identifying a predominant reflux pattern, and that
the diagnostic approach suggested by the Lyon consensus'8 can be applied to prolonged
wireless pH interpretation.

Since its introduction almost two decades ago, wireless pH monitoring has become a
commonly utilized option for prolonged pH monitoring, with less interference of day-to-day
activities and lower adverse events compared to catheter based pH monitoring 6 19, When
96-hour pH monitoring was first studied, patients were required to bring their pH recorder
back to the motility laboratory to exchange batteries, as battery life limited studies to 48
hours at a time. Extending battery life of the wireless pH receiver to 96 hours facilitates
prolonged wireless pH monitoring; however, analysis paradigms have been incompletely
studied. Averaged AET across the duration of the study, and days with abnormal AET have
both been utilized?%: 21, A recent study of 212 PP1 non-responder patients undergoing
prolonged pH monitoring described a novel trajectory model to categorize acid exposure?2.
In this study, three trajectories of acid exposure were identified (low, mid, and high), and
grouping according to trajectory of acid exposure performed better than considering the
number of days with abnormal AET22. While a useful and potentially a more precise model,
trajectory modeling requires post-hoc statistical analysis and is not available as a real-world
clinical tool?2.

We present a new analysis model that considers a predominant pattern, using the diagnostic
approach and AET thresholds described in the Lyon consensus!8. A predominant pattern
consists of =2 days with the same pattern of AET, be it pathologic (>6%), borderline (4-6%)
or physiologic (<4%). We demonstrate that identification of a predominant pattern is
facilitated by pH recordings that last =3 days, with only 10% or less of studies remaining
discordant, and requiring adjunctive GERD evidence from alternate esophageal testing.
While 3 day data appears to be adequate to characterize AET in most patients, the fourth day
allows reduction of discordant cases at the end of 3 days into one or other of the
predominant categories. Although, AET measurements from 48-hour recordings have
clinical value, especially when pretest likelihood of GERD diagnosis is high. The added
value of prolonged pH monitoring is that it allows conclusive diagnosis in a significantly
larger proportion of patients, especially in those with discordant AET from the first two days
of the study.

Importantly, the predominant pattern also predicted GERDQ score in subjects with
pathologic acid exposure. We acknowledge that the GERDQ score reflects typical symptoms
even in patients with atypical presentations; the need for ambulatory pH monitoring was
based on symptoms that persisted despite PPI therapy, and it is likely that typical symptoms
were exacerbated by withholding of PPI for the study. The higher symptom burden in
physiologic acid exposure compared to the borderline group could represent functional
heartburn, which can manifest with similar symptoms as proven GERD23, We demonstrate
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that the predominant AET pattern correlates with symptom information, and higher GERDQ
scores were noted when the predominant pattern was pathologic, compared to physiologic
patterns. Further, proportions with predominant pathologic acid exposure were higher in
patients than in controls, and the converse was true for predominant physiologic acid
exposure, as would be expected. Our study could not assess if discordant patients at the end
of four days should be considered to have pathologic vs. physiologic acid burden; however,
in this situation, the Lyon consensus recommends that adjunctive evidence from other
investigations (e.g. endoscopy, manometry, impedance) can be utilized to make this
determination18,

The strengths of this study lie in the large number of patients with prolonged wireless pH
testing data available for at least 72 hours. Although a sample size was not calculated a
prioriin this exploratory study, analysis of published datal? indicates that 50 patients
provide sufficient power to demonstrate a difference in diagnostic yield between 24 and 48
hour results in comparison to the 96 hour ‘reference’ standard. This exploratory study
therefore recruited significantly higher than this number of patients, which allowed for
multiple comparisons (pathological, borderline, physiological; individual days vs. total AET;
best day vs. worst day data, etc.) and for technical failures. We did not evaluate PPI
responders in this study as we could not justify performing endoscopy and pH monitoring in
asymptomatic patients on PPI therapy. Symptom association during pH monitoring was not
addressed in this study, as this is now deemed a secondary reflux metric to be used to further
categorize reflux when AET is borderline?4. Strength and dosing of PPIs were not assessed,
and patients with atypical symptoms only were not included. Finally, outcome from therapy
directed by the prolonged pH study was not part of the study protocol. This will be
addressed in future studies. Despite these limitations, we demonstrate that analysis using a
predominant AET pattern has value, and associates with symptoms off PPI therapy.

In summary, we demonstrate that prolonged wireless pH monitoring has clinical value, and
acid burden from prolonged studies associates with the presence and severity of reflux
symptoms off therapy. Using a predominant AET pattern provides clarity regarding acid
burden and increases the proportion of patients with a conclusive diagnosis based on pH
monitoring, particularly when AET is discordant or borderline in the initial 1-2 days of the
recording.
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Need to Know
Background

Wireless pH monitoring provides prolonged evaluation of esophageal reflux burden,
including daily variations, in patients with persistent symptoms despite medical therapy.

Findings

Two days or more days of either of pathologic or physiologic AET (predominant AET
pattern) can be determined in more than 90% of patients and healthy individuals on
prolonged wireless pH monitoring performed off therapy, which correlates with the
severity of esophageal symptoms on validated questionnaires.

Implications for patient care

When wireless pH monitoring lasts 3 or more days, a predominant AET pattern from
prolonged pH monitoring provides gains over 24 hr and 48 hr pH data in phenotyping
patients with symptoms of gastroesophageal reflux disease—especially when results
from shorter monitoring durations are borderline or discordant.
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Figure 1.

Frequency of concordant/predominant, and discordant patterns as the number of hours of pH
monitoring increased from 48 to 96 hours in patients and controls. Concordant pattern: all
days with same AET classification. Predominant pattern: =48 hours of the same AET
classification. Discordant pattern: all other patterns. p<0.01 for trend of decreasing
frequency of discordant patterns compared to concordant predominant pattern across groups,

both for patients and controls
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Figure 2.

Proportion of each predominant pattern with first day AET>6%, first day AET <4%, worst
day (AET>6%), and best day (AET<4%).*p<0.05 for predominant pathologic compared to
predominant physiologic
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Feasibility of Prolonged pH Monitoring

Table 1:

Patients (n=322) | Controls (n=30) | P value
At least 1 day data available 316 (98%) 30 (100%) 1
At least 2 day data pH available 312 (96.9%) 30 (100%) 1
At least 3 day data available 292 (90.7%) 28 (93.3%) 1
4 day data available 234 (72.7%) 25 (83.3%) 0.21
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Clinical Characteristics of Predominant AET patterns when =3 days and a predominant pattern are available

Predominant physiologic
(n=167)

Predominant pathologic
(n=83)

Predominant borderline
(n=14)

Controls (n=27)

Age 47.8+£1.2 yrs 49.2+1.6yrs 48.1+3.8yrs 26.8+1.5yrs
Gender- %Female 110 (66%) 45(55%) 8(57%) 17(61%)
Heartburn 73(43%) 51(61%) * 8(57%) n/a
Typical Symptoms 86(52%) 60(72%) * 9(64%) n/a
GERDQ 7.5+0.4™" 9.0+0.4% 5312 n/a

Worst day AET >6.0% ™™ | 40 (24%) 83 (100%) 11 (79%) 8(30%)
Best day AET <4.0% ™ | 167 (100%) 40 (48%) ™ 10 (71%) 24(89%)
Worst Day AET 4%-6% | 31 (18.6%) 0 3 (21%) 4(15%)
Best Day AET 4%-6% 0 12 (14%) 4 (29%) 1(4%)
Day 1 AET > 6.0% 15 (9%) 70 (84%) 4 (29%) 5(19%)
Day 1 AET < 132 (79%) 76%)" 4 (29%) 19(70.3%)
4.0%

48 hour AET > 6.0% 8 (5%) 75 (90%) * 4 (29%) 4(15%)
48 hour AET < 4.0% 141 (84%) 101%)* 4 (29%) 17(63%)

AET: acid exposure time.

*
p<0.05 compared to predominant physiologic

*ok

p<0.01 across all three groups
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Distribution of AET patterns across the duration of recording in patients

lday | 2days | 3days | 4days
Individual Days
Physiologic <4% | 53.7% | 60.6% | 57.4% | 61.3%
Pathologic >6% 34.0% | 28.1% | 30.6% | 29.4%
Borderline 4-6% | 12.3% | 11.3% | 12.0% 9.3%
Cumulative Days
Physiologic <4% | 53.7% | 54.7% | 53.2% | 52.2%
Pathologic >6% 34.0% | 32.9% | 34.5% | 31.0%
Borderline 4-6% | 12.3% | 12.4% | 12.3% | 16.8%
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