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Background/Aims
Extended wireless pH monitoring (WPM) is used to investigate gastroesophageal reflux disease (GERD) as subsequent or alternative 
investigation to 24-hour catheter-based studies. However, false negative catheter studies may occur in patients with intermittent reflux 
or due to catheter-induced discomfort or altered behavior. We aim to investigate the diagnostic yield of WPM after a negative 24-hour 
multichannel intraluminal impedance pH (MII-pH) monitoring study and to determine predictors of GERD on WPM given a negative 
MII-pH.

Methods
Consecutive adult patients (> 18 years) who underwent WPM for further investigation of suspected GERD following a negative 24-
hour MII-pH and upper endoscopy between January 2010 and December 2019 were retrospectively included. Clinical data, endoscopy, 
MII-pH, and WPM results were retrieved. Fisher’s exact test, Wilcoxon rank sum test, or Student’s t test were used to compare data. 
Logistic regression analysis was used to investigate predictors of positive WMP.

Results
One hundred and eighty-one consecutive patients underwent WPM following a negative MII-pH study. On average and worst day 
analysis, 33.7% (61/181) and 34.2% (62/181) of the patients negative for GERD on MII-pH were given a diagnosis of GERD following 
WPM, respectively. On a stepwise multiple logistic regression analysis, the basal respiratory minimum pressure of the lower esophageal 
sphincter was a significant predictor of GERD with OR = 0.95 (0.90-1.00, P = 0.041).

Conclusions
WPM increases GERD diagnostic yield in patients with a negative MII-pH selected for further testing based on clinical suspicion. 
Further studies are needed to assess the role of WPM as a first line investigation in patients with GERD symptoms.
(J Neurogastroenterol Motil 2023;29:335-342)
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Introduction  

Wireless pH monitoring (WPM) is a useful method for the 
prolonged analysis of esophageal pH,1 particularly for subsequent 
investigation or as an alternative to catheter based studies.2 A pe-
culiar advantage of WPM is the accommodation of day to day 
variation and patients’ normal activities of daily living.3 It has been 
shown that false negative catheter studies may occur if reflux is in-
termittent so that a 24-hour window of assessment is insufficient.4 
In this regard, it has been estimated that a significant proportion of 
patients would have a positive finding of GERD if assessed with 
extended pH studies rather than a 24-hour pH assessment.3,5

Ambulatory pH impedance monitoring has been demonstrated 
to increase the diagnostic yield for gastroesophageal reflux disease 
(GERD) when compared with standard pH catheter studies due to 
non-acid reflux detection.6-8 However, the yield of WPM over stan-
dard catheter-based pH impedance has not been yet determined. 
Calculating the yield has been difficult to undertake in the past due 
to the lack of validated threshold for a diagnosis of GERD based 
on the acid exposure time (AET) at WPM. Only recently, these 
thresholds were validated and are now available.9

When deciding on the need for further pH testing given a 
negative 24-hour study, a clinician may take into account a number 
of factors including the nature and frequency of the symptoms, or 
other tests such as the endoscopy or manometry which may provide 
circumstantial evidence of GERD.1 There is no guidance however, 
as to who should undergo prolonged acid monitoring in the pres-
ence of a negative pH impedance study. Furthermore, novel metrics 
of GERD, such as the post-reflux swallow induced peristaltic wave 
(PSPW) index6,10 and the mean nocturnal baseline impedance 
(MNBI)6,11-13 have not been assessed in this cohort.

The primary aim of the current study is to establish the diag-
nostic yield of WPM after a negative 24-hour multichannel intra-
luminal impedance pH (MII-pH) monitoring study, by average 
and worst day analysis. The secondary aim is to determine potential 
predictors of GERD on WPM given a negative MII-pH. 

Materials and Methods  

Patient Selection
Consecutive adult patients (> 18 years) who underwent 

WPM for further investigation of suspected GERD following a 
negative 24-hour MII-pH between January 2010 and December 

2019 were retrospectively included. A negative pH impedance test 
was defined as having less than 40 reflux episodes and an AET for 
≤ 4.2% of a 24-hour period.1 Patients with a normal AET but with 
> 40 reflux episodes were also excluded on the basis that they have 
non-acid reflux. A WPM study was defined as positive accord-
ing to the validated threshold of ≥ 4.3% on average day analysis 
or ≥ 7.1% on any 24-hour period for the worst day analysis.9 All 
included studies were performed off acid suppressing medication 
for the previous 2 weeks. Symptoms were categorized as follows: 
typical (heartburn, regurgitation, and chest pain), atypical (belching, 
cough, throat symptoms, abdominal pain, vomiting, and nausea), 
and mixed (presence of both typical and atypical symptoms).

Patients were excluded for the following reasons: previous 
esophageal surgery or intervention such as endoscopic mucosal re-
section or radiofrequency ablation; less than 24 hours of recording 
on MII-pH; less than 48 hours of recording on WPM study. This 
study protocol was conducted in full compliance with the Declara-
tion of Helsinki and was approved by the local Ethics Committee 
(IRAS 18/NW/0120).

High-resolution Manometry Protocol
High-resolution manometry (HRM) was performed fol-

lowing local analgesia of the nares. The catheter was introduced 
trans-nasally and patients were instructed to drink water through a 
straw whilst the HRM catheter was advanced to the stomach. The 
HRM catheter depth was adjusted to ensure manometric visual of 
the upper esophageal sphincter, the gastroesophageal junction, the 
lower esophageal sphincter (LES), and gastric pressures. Ten single 
swallows of 5 mL were performed with each being 20 seconds 
apart. HRM tracings were assessed in accordance to Chicago clas-
sification version 3.0 using Manoview software version 3.0 (Sierra 
Scientific Instruments, Los Angeles, CA, USA).14

pH Impedance Protocol
After HRM, patients underwent a 24-hour MII-pH reflux 

monitoring after a 6-hour fasting period using Sandhill Scientific 
multichannel impedance pH catheters (ZAN-BG-44) while off 
anti-reflux medications for 2 weeks prior to the procedure. The dual 
pH sensors of the catheter were positioned 5 cm below and above 
the manometric LES with impedance sensors positioned above the 
LES by 3, 5, 9, 15, and 19 cm. Each reflux event was categorized 
as an acid non-acid reflux event based on the distal esophageal 
pH capture (pH < 4 = acid reflux event; pH 4-8 = non-acid). 
PSPW was defined as an antegrade impedance drop by 50% within 
30 seconds of the reflux event. The PSPW index was manually cal-
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culated and defined as the number of reflux events followed within 
30 seconds by a swallow-induced peristaltic wave as a proportion 
of the total number of reflux events (normal value > 61%).10 The 
MNBI was assessed using a recent protocol of assessment of the 
overall average baseline impedance readings throughout the com-
plete nocturnal period (normal value > 2292 ohms).12 The data 
was captured by a ZepHrTM recording device (Sandhill Scietific, 
Whitney, UK) and data was analyzed using the BioVIEW Analysis 
software (5.7.1.0).

Wireless pH Monitoring Protocol
The 96-hour WPM procedure was performed after a 6-hour 

fasting period while off anti-reflux medications for 2 weeks prior 
to the procedure. Under conscious sedation, the calibrated WPM 
capsule was inserted endoscopically to the wall of the esophagus 6 
cm proximal to the Z line. The following parameters were obtained 
from the analysis and compared against normal reference values1: 
number of reflux episodes per day; total and postprandial percent 
of time spent in reflux; percent of time spent in reflux in the upright 
or supine position; the DeMeester score. All patients completed a 
concurrent diary of symptoms and meal/drink times and registered 
symptoms on the recording device as it occurred.

Endoscopy Assessment
The degree of esophagitis recorded by the endoscopist at the 

time of WPM insertion was recorded for each patient. All endosco-
pists inserting WPM catheters used the Los Angeles (LA) esopha-
gitis grading system. LA grade A to D was included as classifying 
the patient as having esophagitis.15

Statistical Methods
WPM, HRM, and pH impedance results were ordered ac-

cording to the patient identifier and date of the study. To ensure that 
there was no duplicated data for patients who had undergone more 
than 2 of any test, only tests chronologically closest to the test to be 
merged were chosen. To ensure relevance, tests were merged only 
if there was less than 1 year’s difference between the two. Variables 
were selected on the basis of lack of multicollinearity and an ade-
quate number of data points to remove skew from missing data. All 
quantitative data were presented as mean ± SD. Fisher’s exact test 
or Wilcoxon rank sum test was used to compare non-parametric 
numerical data. Student’s t test was used to compare parametric 
numerical data. Categorical data was compared using a chi-squared 
test of independence. A one-way repeated measures ANOVA was 
used to compare day to day variation between patients grouped ac-
cording to the day of their highest AET. Analysis was performed on 
symptoms grouped as typical, atypical, and mixed. Results for the 
univariate analysis were performed using both average and worst 
day analysis. Statistical comparison was carried out on all recorded 
parameters and those with P < 0.05 were selected for evaluation 
in a multivariate model with a stepwise method (forward selection/
backward elimination). A P < 0.05 was taken as the threshold of 
significance for the multivariate model and the strength of associa-
tion was expressed as odds ratio (OR) with 95% confidence inter-
val.

Table 1. Patient-registered Symptoms and Endoscopy Findings at the Time of Performance of Wireless pH Monitoring

Clinical and endoscopy findings

Average day analysis Worst day analysis

Negative
(n = 120)

Positive
(n = 61)

P-value
Negative

(n = 119)
Positive

(n = 62)
P-value

Atypical symptoms 32 (27) 17 (28) 0.490 34 (29) 15 (24) 0.641
Mixed symptoms 63 (52) 32 (52) 61 (51) 34 (55)
Typical symptoms 12 (10) 9 (15) 12 (10) 9 (15)
Unlabelled symptoms 13 (11) 3 (5) 12 (10) 4 (6)
Presence of any endoscopic finding 2 (2) 10 (16) < 0.001 2 (2) 10 (16) < 0.001
   Esophagitis LA grade A 1/2 (50) 6/10 (60) 0.793 1/2 (50) 6/10 (60) 0.790
   Esophagitis LA grade B 1/2 (50) 2/10 (20) 1/2 (50) 2/10 (20)
   Esophagitis LA grade C 0/2 (0) 1/10 (10) 0/2 (0) 1/10 (10)
   Esophagitis LA grade D 0/2 (0) 1/10 (10) 0/2 (0) 1/10 (10)

LA, Los Angeles classification.
Data are presented as n (%) or n/N (%).
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Results  

Baseline Characteristics of Included Patients
During the study period, a total of 181 consecutive patients 

underwent WPM following a negative MII-pH study and were 
included in the analysis. Among included patients, 126 were fe-
males, 55 were males, and the mean age was 47.5 ± 15 years. 
Overall, 95 patients reported both typical and atypical symptoms, 
49 patients reported atypical symptoms only, 21 typical only, and 16 
patients recorded symptoms without providing a specific label. On 
endoscopy, 7 patients had LA grade A, 3 grade B, 1 grade C, and 
1 grade D esophagitis (Table 1). The diagnoses at pH impedance 
included functional heartburn (n = 50, 27.6%) and hypersensitive 
oesophagus (n = 32, 17.7%). At HRM the diagnoses included 
distal esophageal spasm (n = 11, 6.1%), esophagogastric outlet 
obstruction (n = 1, 0.6%), frequent failed peristalsis (n = 4, 2.2%), 
ineffective esophageal motility (n = 33, 18.2%), and normal motil-
ity (n = 101, 55.6%).

Wireless pH Monitoring Results
Using average day analysis 61 studies were positive and 120 

were negative for GERD. Overall, 33.7% (61/181) of the patients 
initially diagnosed as not having GERD were given a diagnosis of 
GERD following WPM.

Using a worst day analysis, of the patients who were negative 
for GERD at MII-pH, 62 studies were positive at WPM (34.2%). 
Overall, 92.0% of the patients diagnosed with GERD on worst day 
analysis were also positive on average day analysis. Twenty (33.3%) 
of patients classified as GERD on WPM were positive for only  
1 day. The number of studies that were negative for GERD in the 
first 24 hours and 48 hours of the WPM study was 19 (31.1 %) 
and 11 (18.0%), respectively. The worst day symptom association 
probability (SAP) was positive in 66.1%. The majority of the worst 
SAP positive days (38.3%) occurred in the first 24 hours for both 
positive and negative WPM studies. For all WPM studies which 
demonstrated a positive result for GERD, a one way ANOVA 
demonstrated no significant variation between each day of the mea-
sured acid exposure time (P = 0.068).

Figure 1. The characteristics of Gastro-
esophageal reflux disease (GERD) posi-
tive wireless pH monitoring (WPM) 
recordings for patients with negative 
impedance studies. (A) The number 
of days with GERD for GERD posi-
tive WPM studies. (B) The percentage 
acid exposure time (AET) for WPM-
GERD positive and WPM-GERD 
negative studies. (C) Histogram of the 
worst day for WPM-GERD positive 
patients. (D) The symptoms registered 
by patients during WPM. (E) AET for 
patients grouped by the day on which 
the AET was worst. (F) Summarized 
regression lines across all worst day 
groups.
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Given that the worst day was on the first day in 23 patients 
(38.3%) we investigated whether the increased yield of GERD in 
this population was attributable to a false positive GERD measure-
ment on the first day by comparing the distribution of mean AET 
between each day in each of the worst day groups. A one-way re-
peated measure ANOVA demonstrated no significant difference 
between any of the groups indicating that GERD on the first day of 
a WPM study is unlikely to be a false positive (F [1,3] = 0.530, P 
= 0.520). Figures 1 and 2 report WPM characteristics of patients 
with negative MII-pH.

Predictors of Gastroesophageal Reflux Disease on 
Wireless pH Monitoring

To ascertain whether a variable at HRM could predict WPM-
GERD-positive in pH impedance negative patients, the HRM for 
WPM GERD-positive and WPM GERD-negative patients were 
compared. 

On average day analysis there was a significant difference 
in the basal respiratory minimum LES pressure between the 2 
groups (WPM GERD-positive = 8 mmHg vs WPM GERD-
negative = 10 mmHg; P = 0.010), but this was not seen in the 

worst day analysis (P = 0.051). No significant difference was 
noted for the other evaluated manometric findings on average day 
analysis (Table 2).

With regards to MII-pH predictors of GERD on WPM, 
on univariate analysis WPM GERD-positive patients had a lon-
ger total AET at MII-pH when compared with WPM GERD-
negative patients (P = 0.002). This was true for both average and 
worst day analysis. In addition, the upright AET and the number 
of refluxes were significantly increased in WPM GERD-positive 
patients when compared with the WPM GERD-negative group 
(P = 0.001 for both). There was no difference in the longest time 
spent in reflux, supine AET, MNBI, and PSPW index between 
WPM GERD-positive and negative patients (Table 3).

Univariate analysis highlighted basal respiratory minimum 
LES pressure, number of acid episodes, and total AET for further 
investigation with a multivariate analysis. On a stepwise multiple lo-
gistic regression analysis, only the basal respiratory minimum LES 
pressure was a significant predictor of GERD with OR = 0.95 
(0.90-1.00, P = 0.040) (Table 4).

With regards to symptoms and endoscopy, the SAP did not 
differ for any of the individual or grouped symptoms between 

Figure 2. Acid exposure time (AET) 
at pH impedance for wireless pH 
monitoring (WPM)-gastroesophageal 
reflux disease (GERD) positive versus 
WPM-GERD negative studies. (A) 
Basal respiratory minimum (resp. min.) 
(B) Number of acid episodes. (C) Acid 
exposure time. (D) Proportion of pa-
tients with esophagitis.
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the 2 groups, while esophagitis was more common in the WPM 
GERD-Positive group compared to the WPM GERD-negative 
group (16.4% vs 1.7%; P < 0.001) on both average and worst day 
analysis (Table 1).

Discussion  

The current study represents the largest cohort of pH im-
pedance GERD-negative patients who subsequently underwent 
WPM testing. This cohort is unique for two reasons: firstly, this is 
the first study to use validated WPM thresholds for GERD.9 Sec-
ondly, the increased positive diagnosis yield made with wireless pH 

Table 2. High-resolution Manometry Findings for Patients With a Positive Versus Negative Finding of Gastroesophageal Reflux Disease at Wire-
less pH Monitoring

HRM parameters

Average day analysis Worst day analysis

Negative
(n = 120)

Positive
(n = 61)

P-value
Negative

(n = 119)
Positive

(n = 62)
P-value

LES midpoint from nares (cm) 43.60 ± 3.34 44.10 ± 3.42 0.472 43.40 ± 3.31 44.40 ± 3.52 0.181
Basal LES pressure minimum (mmHg) 10 (8) 8 (8) 0.010 10 (8) 8 (9) 0.054
Residual LES pressure mean (mmHg) 5.70 ± 5.14 6.00 ± 6.82 0.725 5.70 ± 4.82 6.10 ± 7.23 0.510
DCI (mean mmHg/cm/sec) 855 ± 741 947 ± 1421 0.401 842 ± 742 973 ± 1408 0.820
Contractile front velocity (m/sec) 4.23 ± 5.27 4.12 ± 4.51 0.797 4.27 ± 5.29 4.04 ± 4.47 0.710
Distal latency (sec) 7.06 ± 1.81 6.60 ± 1.33 0.144 7.04 ± 1.81 6.63 ± 1.32 0.222
% Failed peristalsis 34 ± 32 40 ± 34 0.290 35 ± 32 38 ± 34 0.634
% Panoesophageal pressurization 2.60 ± 9.52 1.70 ± 5.11 0.954 2.70 ± 9.51 1.50 ± 5.04 0.591
% Large breaks 7 ± 14 5 ± 10 0.838 7 ± 14 5 ± 10 0.552
% Small breaks 13 ± 15 15 ± 19 0.853 14 ± 16 14 ± 19 0.432

HRM, high-resolution manometry; LES, lower esophageal sphincter; DCI, distal contractile integral.
Data are presented as mean ± SD or n (%).
Statistical tests performed: Wilcoxon rank-sum test; chi-square test of independence; Fisher's exact test. P < 0.05 was statistically significant.

Table 3. pH Impedance Findings for Patients With a Positive Versus Negative Finding of Gastroesophageal Reflux Disease at Wireless pH Mon-
itoring

Clinical and endoscopy findings

Average day analysis Worst day analysis

Negative 
(n = 120)

Positive 
(n = 61)

P-value
Negative

(n = 119)
Positive

(n = 62)
P-value

Number of non acid episodes 18 ± 14 18 ± 14 0.921 18 ± 14 19 ± 15 0.594
Number of acid episodes 12 ± 11 20 ± 14 0.001 12 ± 11 19 ± 15 0.010
AET 1.07 ± 1.14 1.70 ± 1.35 0.002 1.04 ± 1.08 1.75 ± 1.39 < 0.001
Longest acid episode 8 ± 11 6 ± 8 0.810 8 ± 11 7 ± 9 0.711
MNBI 2735 ± 1125 2379 ± 1071 0.061 2744 ± 1115 2367 ± 1085 0.047
PSPW index 0.40 ± 0.26 0.41 ± 0.28 0.920 0.41 ± 0.26 0.39 ± 0.28 0.521

AET, acid exposure time; MNBI, mean nocturnal baseline impedance; PSPW, post reflux swallowed-induced peristaltic wave.
Data are presented as mean ± SD.
Statistical tests performed: Wilcoxon rank-sum test; chi-square test of independence; Fisher's exact test. P < 0.05 was statistically significant.

Table 4. Predictors Across pH Impedance, High-resolution Manom-
etry and Endoscopy for Patients With a Positive Diagnosis of Gastro-
esophageal Reflux Disease on Wireless pH Monitoring

Variable OR 95% CI P-value

Basal respiratory LES pressure  
minimum (mmHg)

0.95 0.90, 1.00 0.040

Number of Acid Episodes 1.03 0.99, 1.07 0.223
AET 1.27 0.88, 1.85 0.222
Esophagitis 3.56 0.75, 25.6 0.144

LES, lower esophageal sphincter; AET, acid exposure time.
P < 0.05 was statistically significant.
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studies was determined for the first time as compared with MII-
pH as opposed to standard pH studies.2

We found that a significant number of WPM studies were 
positive after a negative impedance study (33.7% and 34.2% on av-
erage and worst day analysis, respectively). In these patients, nega-
tive findings on MII-pH were possibly related to discomfort and 
altered behavior which have been shown to reduce reflux events.16 
These findings are consistent with those of a previous work by 
Sweis and colleagues2 in which WMP increased sensitivity and 
diagnostic yield for GERD in patients with continuing esophageal 
symptoms despite negative 24-hour pH reflux monitoring without 
impedance. The reasons for the increased yield of WPM compared 
to MII-pH may be multifactorial including increased patient toler-
ability,17 better detection of intermittent reflux episodes, and accom-
modation of day to day variability.18 Accordingly, in this study, of the 
WPM GERD positive, the number of patients who were GERD 
negative in the first 24 hours was 31.1%. A further 18.0% were 
still negative after 48 hours, indicating that even a 48-hour pH 
study may be insufficient. In addition, 33.3% of patients positive 
for GERD on WPM were only positive on 1 day only. Because the 
first day of WPM was the worst day recorded for most patients, we 
compared the distribution of mean AET between each day in each 
of the worst day groups and found that a diagnosis of GERD on 
the first day of WPM is unlikely to be a false positive. Importantly, 
we also found a high degree of concordance between average and 
worst day analysis for positive diagnoses on WPM. 

In this study, we also sought to identify possible predictors of 
an increased diagnostic yield on WPM in patients with a negative 
MII-pH. Although we examined clinical, endoscopic, HRM, and 
MII-pH variables, only the basal respiratory minimum LES pres-
sure on HRM was a significant predictor of GERD (OR = 0.95). 
This finding is consistent with previous reports in which a reduced 
basal respiratory minimum pressure of the LES was associated 
to GERD.19,20 However, although impaired esophageal motility 
abnormalities have been shown to increase in parallel with GERD 
severity,20 our results did not show motility differences between pa-
tients positive and negative for GERD on WPM, possibly due to 
the low number of patients with severe esophagitis.20

It is noteworthy that neither the PSPW index nor the MNBI 
was able to segregate patients with and without GERD on WPM. 
However, although baseline impedance values inversely correlate 
with AET on impedance studies21 and PSPW index directly cor-
relates with baseline impedance11 in our cohort, all included patients 
had a normal AET on MII-pH, which is consistent with normal 
MNBI and PSPW index values.6

Although typical GERD symptoms such as regurgitation and 
heartburn are well documented to be better predictors of esophagitis 
than atypical symptoms,22 in this study, the type of symptoms failed 
to segregate patients with and without GERD on WPM. This 
finding may be related to symptoms being user-defined as they 
were recorded by the patient and to a proportion of symptoms being 
unlabeled by patients.

The study has limitations that should be considered. First, this 
was an analysis of retrospective data. Second, patients selected for 
WPM were those who were judged to be suspicious for a false 
negative diagnosis on MII-pH. Although it may be argued that 
patients more likely to have GERD might have been selected, this 
cohort of patients is representative of those commonly encountered 
in real clinical practice scenarios, where the decision to undertake 
further GERD investigations following a negative MII-pH is 
complex and takes into account several factors, including physi-
cians’ suspicion of a positive diagnostic yield of WPM. Third, data 
regarding response to treatment were not available for this study, 
and the impact of the increased diagnostic yield on clinical outcomes 
could not be assessed.

In conclusion, we showed that WPM increases GERD diag-
nostic yield in patients with a negative MII-pH selected for further 
testing based on clinical suspicion, and that basal respiratory mini-
mum LES pressure predicts a positive WPM in this setting. It is 
difficult to determine which patients may benefit from prolonged 
esophageal pH monitoring in the context of a negative 24-hour pH 
impedance test; however, the increased diagnostic yield suggests 
that further investigation of WPM as a first line investigation is 
needed. This would ideally be done by comparing the diagnostic 
yield of both investigations in the same patient which the current 
study was not designed to do. Further studies are also needed to 
identify predictors of a positive WPM study.
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