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Abstract
We sought to quantify the characteristics of acid reflux episodes in patients with 
extraesophageal GERD symptoms (EES), hiatal hernia (HH), and erosive es-
ophagitis (EroE) using multichannel intraluminal impedance pH (MII- pH) and 
investigate the correlation between impedance parameters and high resolution 
esophageal manometry (HREM). This was a retrospective analysis of esophageal 
manometric and impedance data inpatients with typical GERD symptoms who 
underwent both HREM and 24 h MII- pH tests. Within the three patient sub-
groups, we evaluated impedance metrics such as average height of reflux, total 
duration of reflux, maximum duration of reflux, average pH, and average area 
of reflux. We also introduce a novel composite reflux index (CRI) metric, which 
is a measure of reflux height, duration, and acidity. Patients with EES exhibited 
a 29.3% increase in average height of reflux, compared to non- EES patients (p < 
0.01); the average height of reflux was found to be an independent predictor of 
EES (p < 0.01). Patients with HH showed a 190% longer total reflux duration (p 
< 0.01, vs. non- HH patients). Total reflux duration was twice as long in EroE pa-
tients compared to those without (p = 0.02). Average CRI was significantly differ-
ent within all three subgroup comparisons (p < 0.01). Impedance metrics shared 
weak negative correlations with lower esophageal sphincter (LES) rest pressure 
and distal contractile integral (DCI), and weak positive correlations with % absent 
peristalsis (p < 0.05 to p < 0.01 for various parameters). Quantitative impedance 
metrics provide useful insight into the pathophysiology of reflux in patients with 
EES, HH, and EroE.

K E Y W O R D S

GERD, impedance, manometry

www.wileyonlinelibrary.com/journal/phy2
https://orcid.org/0000-0002-6660-8452
mailto:
http://creativecommons.org/licenses/by/4.0/
mailto:foxandmouse1980@aliyun.com


2 of 10 |   KOO et al.

1  |  INTRODUCTION

Ambulatory reflux monitoring using multichannel intra-
luminal impedance pH (MII- pH) technology is considered 
the “gold standard” for GERD diagnosis (Gyawali et al., 
2018). In contrast to traditional pH monitoring, MII- pH 
detects flow and directionality of intraluminal contents 
regardless of composition. MII- pH allows for characteri-
zation of both acid and non- acid reflux events as well as 
the proximal extent to which reflux has traveled in the 
esophagus (Nguyen et al., 1999; Sifrim et al., 1999).

In addition to typical GERD symptoms (heart burn, 
regurgitation), patients with GERD may also present, or 
even solely present, with “atypical” or extraesophageal 
symptoms (EES) that include asthma, laryngopharyngeal 
reflux, hoarseness, and chronic cough. Diagnosing this 
subset of patients is difficult, although MII- pH workup has 
been proven to be useful (Cumpston et al., 2016; Sidhwa 
et al., 2017). One recent study demonstrated that 55– 79% 
of patients with chronic hoarseness showed evidence of 
distal esophageal acid exposure (Vaezi et al., 2003). Other 
studies suggested that EES onset might be associated with 
non- acid reflux, as detected by MII- pH specifically (Vaezi 
et al., 2018).

Hiatal hernia (HH) is closely associated to GERD diag-
nosis (Duranceau, 2016). Studies have shown that the in-
creased size of the HH is associated with more acid reflux 
(detected via ambulatory pH monitoring) and more severe 
forms of esophagitis (Jones et al., 2001; Kahrilas et al., 
1999). However, the role of MII- pH testing with regards 
to HH is still undefined and largely secondary to barium 
swallow/endoscopic evaluation.

Erosive esophagitis (EroE) describes a state of inflam-
mation and esophageal damage secondary to esophageal 
reflux. Utilizing MII- pH monitoring in a comparative 
study of patients with and without EroE, Savarino et al. 
was successful in showing that acid/non- acid reflux epi-
sodes, volume, and acid clearance are important factors in 
the pathogenesis of esophageal mucosal damage (Savarino 
et al., 2010). Nonetheless, there is still very limited data 
comparing the impedance patterns of acid refluxes in pa-
tients with and without EroE.

Disorders of esophageal motility occur in a substan-
tial amount of patients with GERD and contribute to in-
creased esophageal exposure to refluxed acid material and 
reduced bolus clearance (Kahrilas et al., 1986). These in-
clude impaired peristalsis, hypotensive LES, and transient 
relaxation in contraction vigor (Gyawali et al., 2017; Tolone 
et al., 2017). There is evidence defining a proportional re-
lationship between esophageal dysmotility and abnormal 
acid exposure (Kahrilas et al., 1986; Savarino et al., 2011). 
Nevertheless, little is known whether correlations exist 
between esophageal motility parameters assessed by high 

resolution esophageal manometry (HREM) and acid re-
flux events assessed by the MII- pH.

Several parameters have been derived and utilized 
from the MII- pH test, most commonly esophageal 
acid exposure time and symptom association analysis 
(Bredenoord et al., 2005; Wiener et al., 1988a, 1988b). 
More specific to MII- pH testing, mean nocturnal base-
line impedance and post reflux swallow- induced peristal-
tic wave are parameters that have become increasingly 
adopted, but evidence on their utility is still emerging 
(Frazzoni et al., 2016). Previous groups have utilized im-
pedance as a means to distinguish non- acid and weakly 
acidic events (Bredenoord et al., 2008; Cumpston et al., 
2016). To the best of our knowledge, the use of quanti-
tative and automatic impedance analyses, such as reflux 
height, duration of reflux, area of reflux and composite 
reflux index assessed from the MII- pH test have not pre-
viously been explored or implemented in patient studies. 
Although easily obtained from impedance tracings and 
data output, these parameters have been “overlooked” 
in favor of the current, widely adopted parameters. We 
believe that these “overlooked” measurements can pro-
vide useful physiological information that can further 
highlight the advantage of MII- pH technology over tra-
ditional pH monitoring.

The aim of this retrospective study was to characterize 
reflux episodes in patients with EES, HH, and EroE using 
the aforementioned MII- pH parameters assessed auto-
matically by a special software, compare the difference in 
each of MII- pH parameters among the three groups of pa-
tients, and investigate the correlation between the MII- pH 
parameters and the HREM parameters.

2  |  METHODS

2.1 | Subjects

From January 2011 to January 2015, patients referred 
to the Clinical Gastrointestinal Physiology Lab at Johns 
Hopkins Hospital were examined using the following 
inclusion criteria: (1) aged 18  years or older; (2) typical 
GERD symptoms occurring at least three times a week. 
Exclusion criteria included the following: (1) on acid sup-
pression therapy before the esophageal manometric and 
impedance tests; (2) history of thoracic, esophageal, or 
gastrointestinal surgery; (3) malignant tumors of the es-
ophagus or stomach; (4) systemic diseases affecting es-
ophageal motility, such as diabetes mellitus or systemic 
sclerosis; (5) presence of severe organ dysfunction; (6) ac-
tive psychiatric disease or disturbance of consciousness. 
All patients underwent esophagogastroduodenoscopy, 
HREM, and MII- pH testing.
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Patients were classified by the following for the purposes 
of three separate cohort analyses: (1) presence of extrae-
sophageal symptoms (EES) that were judged to be clinically 
attributed to GERD, such as cough, wheezing, hoarseness, 
(2) hiatal hernia (HH) diagnosed previously via endoscopy 
or HREM, (3) erosive esophagitis (EroE) diagnosed previ-
ously via endoscopy. Because these phenotypes share an 
overlap (patients could have both EES and HH, for example) 
cohort assignment was not mutually exclusive.

2.2 | High resolution 
esophageal manometry

A high- resolution solid- state manometry catheter 
(Medtronic, Los Angeles, CA) assembled with 36 circum-
ferential sensors was intubated into the esophagus with the 
most distal sensor 3 cm within the stomach after 8 h or more 
of fasting (Ribolsi et al., 2020). After a brief period of acclima-
tion with the catheter, the patient was instructed to swallow 
5 ml of water, repeating for a total of 10 swallows. Derivation 
of metrics such as lower esophageal sphincter pressure 
(LES), distal contractile integral (DCI), and percentage of 
swallows with absent peristalsis was achieved by analysis 
of esophageal pressure topography (EPT). HREM/EPT data 
were analyzed using the ManoView software (Medtronic, 
Los Angeles, CA). Per the Chicago Classification (version 
3.0), patients with major motility disorders including acha-
lasia, distal esophageal spasm, and hypercontractile esopha-
gus were excluded.

2.3 | Multichannel intraluminal 
impedance pH

Upon the completion of the HREM test and removal of 
the HREM catheter, an MII- pH catheter was inserted into 
the esophagus and connected with an external recorder. 
The esophageal impedance and pH were monitored on an 
ambulatory basis for a total of 24 h (Shay et al., 2004). The 
MII- pH monitoring system (Medtronic, Duluth, GA) used 
in these patients was assembled with a catheter with one 
pH sensor positioned 5 cm above the LES (the LES loca-
tion was determined by the HREM test) and six imped-
ance sensors spaced at 3, 5, 7, 9, 15, and 17 cm proximal 
to the LES.

2.4 | Assessment of impedance 
reflux parameters

The following MII- pH parameters were derived and ana-
lyzed automatically via a custom- written software that 

was validated with manual analysis: (1) Average height 
of reflux (cm) assessed as follows: first, the height of 
each reflux episode was determined from the impedance 
and then the heights of all reflux episodes within the en-
tire 24- h recording period were averaged for each sub-
ject; (2) maximum duration of acid reflux with pH < 4 
(s): the episode with the longest duration among all 
reflux episodes; (3) total duration of all acid reflux epi-
sodes with pH < 4 (s) within the 24- h period; (4) average 
acidity (pH) calculated as the average pH of all reflux 
episodes during the 24- h period in each subject; (5) aver-
age area of all acid reflux episodes (cm s) calculated as 
follows: first, the area (reflux height × reflux duration) 
under the curve of each reflux period was calculated; 
then the areas of all reflux episodes were averaged for 
each subject; (6) average composite reflux index or CRI 
(cm s pH): CRI for each reflux episode was calculated as 
reflux height × reflux duration × acidity, and the aver-
age CRI is the average of CRIs of all reflux episodes in 
each patient. The numerical value for “pH” in this equa-
tion was the absolute value distance from a neutral pH of 
7 (i.e., a reflux pH of 4 would be input into the CRI equa-
tion as “3”). Reflux height and durations were derived 
from impedance recordings.

As indicated above, the term “total” duration was de-
fined as the sum duration of all recorded reflux episodes, 
averaged to account for each subject in a particular cohort. 
In contrast, the term “maximum” duration was defined 
as the single longest reflux episode recorded from each 
subject. To the best of our knowledge, the parameter of 
CRI had never been utilized or introduced in any previ-
ous studies. We believed this reproducible (via automated 
computation) metric would be a useful supplementary 
tool to provide objective, quantitative evidence of acid re-
flux severity.

2.5 | Statistical analysis

Continuous variables are presented as mean ± standard 
deviation. For each cohort analysis, statistical compari-
sons were made with the unpaired two subject t- test. 
Categorical variables are expressed as frequencies and 
percentages and compared via Chi- Square analysis. 
Pearson's correlation coefficient (two- tailed) was used 
to analyze the correlation between HREM and pH- 
impedance parameters. To assess whether any of the 
impedance parameters might be considered risk factors 
for EES, HH, or EroE, multivariable logistic regression 
analyses were performed.

We identified potential confounding effects of mixed 
phenotypes (i.e., subjects having more than one pheno-
types of EES, HH, and EroE) by comparing observed effect 
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sizes in unadjusted and adjusted linear regression models. 
If the regression coefficient (ß) associated with a pheno-
type changes by >10% after adjusting for the additional 
two phenotypes, then we considered the phenotype to be 
a confounder.

p  <  0.05 was considered statistically significant. All 
calculations were performed using SPSS (version 27, IBM 
Corporation, New York, USA).

2.6 | Study approval

This retrospective study was prospectively reviewed and 
approved by the Institutional Review Board at Johns 
Hopkins Medicine.

3  |  RESULTS

3.1 | Baseline demographics

A total of 119 subjects meeting the criteria were included 
in the analysis (70 male, age: 25 to 73 years). The subjects 
were well balanced across all cohorts with respect to age 
and gender, as presented in Table 1. A total of 33 patients 
were identified to have EES, 40 patients had HH, and 31 
patients had EroE. 4.2% (5/119) of patients had all three 
phenotypes, whereas 35.3% (42/119) had none of the phe-
notypes. Figure 1 describes overlapping phenotype group 
populations.

3.2 | Comparison of impedance 
parameters in patients with and 
without EES

According to impedance measurements, patients with 
EES experienced higher (i.e., more proximal) migration 
and longer episodes of acid reflux. Thirty- three (27.7%) 
enrolled subjects reported EES, 11 of whom had under-
lying HH and 10 of whom had underlying EroE. The 
average height of reflux was 29.3% higher in the EES 
patients than the non- EES patients (p  <  0.01) (Figure 
2). Both the maximum reflux duration (29.5 ± 44.3 s vs. 
11.1  ±  16.8  s, p  =  0.03) and the total reflux duration 
(119.7  ±  118.1  s vs. 63.6  ±  86.0  s, p  <  0.01) were sig-
nificantly longer in the EES group than the other pa-
tients. The CRI in the EES group was 2.67 times of that 
in the other patients (p  =  0.03) (Figure 2). There was 
no difference in average pH (p  =  0.11) or area of acid 
reflux between the patients with EES and without EES 
(p = 0.271).

3.3 | Comparison of impedance 
parameters in patients with and without 
hiatal hernia

Patients with HH showed significantly longer duration 
and greater area of acid reflux, according to the imped-
ance measurements. Forty (33.6%) of enrolled subjects 
were diagnosed with HH, 11 of whom had EES and 11 
of whom had EroE. These HH patients showed substan-
tially longer maximum reflux duration (23.2  ±  22.5  s 
vs. 12.7  ±  30.4  s, p  =  0.03, vs. other patients) and 
total reflux duration (140.3 ± 113.0 s vs. 48.3 ± 74.0 s, 
p  <  0.01, vs. other patients) (Figure 3). The average 
area of reflux in the HH patients was three times of 
that in the other patients (3.0 × 105 ± 3.4 × 105 cm s vs. 
1.0 × 105 ± 5.0 × 105 cm s, p = 0.03). This substantial 
difference was also reflected in the CRI (p = 0.03, HH 
vs. non- HH) (Figure 3). There was no difference in the 
average pH (p = 0.104) or height of reflux between the 
two groups, although it is worth noting that the reflux 
height trended higher in the HH group (10.6 ± 2.5 cm 
vs. 9.6 ± 2.9 cm, p = 0.07, vs. other patients).

T A B L E  1  Patient demographics

Total number of subjects (n = 119)

Mean age, y 
(SD)

49.6 (11.2)

Female 
gender, n 
(%)

49 (41.2)

EES (n = 33) Non- EES (n = 86) p- value

Mean age, y 
(SD)

48.4 (10.6) 50.0 (11.5) 0.492

Female 
gender, n 
(%)

13 (39.4) 36 (41.9) 0.807

HH (n = 40) Non- HH (n = 79) p- value

Mean age, y 
(SD)

50.9 (10.5) 48.9 (11.6) 0.351

Female 
gender, n 
(%)

18 (45.0) 31 (39.2) 0.546

EroE (n = 31) Non- EroE 
(n = 88)

p- value

Mean age, y 
(SD)

48.5 (9.6) 50.0 (11.8) 0.521

Female 
gender, n 
(%)

14 (45.2) 35 (39.8) 0.600

Note: p- values obtained via chi- square analysis.
Abbreviations: EES, extraesophageal symptoms; EroE, erosive esophagitis; 
HH, hiatal hernia; SD, standard deviation.



   | 5 of 10KOO et al.

3.4 | Comparison of impedance 
parameters in patients with and without 
evidence of EroE

Thirty- one (26.0%) subjects exhibited endoscopic evi-
dence of erosive esophagitis, 10 of whom had EES and 11 
of whom had HH. It was noted that the total duration of 
reflux (113.7 ± 114.5 s vs. 67.1 ± 90.2 s, p = 0.02) (Figure 
4), rather than maximum duration (p = 0.152), was longer 
in the EroE cohort than that in the other cohort. The aver-
age area of reflux in the EroE patients was 3.64 times of 

that in the other patients (3.6 × 105 ± 8.2 × 105 cm s vs. 
9.9 × 104 ± 2.0 × 105 cm s, p < 0.01). The difference in 
the CRI was also substantial: the CRI in the EroE patients 
was 2.86 times of that in the non- EroE patients (p = 0.02) 
(Figure 4). There was no difference in average reflux 
height (p = 0.32) or average pH (p = ns).

3.5 | Impedance parameters as 
independent risk factors of EES, 
HH, and EroE

We performed a multivariable logistic regression analy-
sis to assess if MII- pH parameters could independently 
predict, and hence be considered “risk factors” factors 
for, EES (Table 2), HH, and EroE. Larger average height 
of reflux predicted an increased likelihood of having EES 
(OR = 1.59, p < 0.01). Longer total duration of reflux was 
associated with a slight increased likelihood of having HH 
(OR = 1.02, p < 0.01). None of the parameters were inde-
pendently predictive of EroE.

3.6 | Identifying confounding effects of 
phenotypes on impedance measurements

HH and EroE did not have confounding effects on the 
association between EES and average reflux height (un-
adjusted ß  =  2.67, adjusted ß  =  2.65; p  <  0.01 for both 
models). Similarly, EES and EroE were not confounders 
on the association between HH and total reflux duration 
(unadjusted ß = 92.05, adjusted ß = 91.34; p < 0.01 for 

F I G U R E  1  Venn diagram illustrating distribution of study 
participants among overlapping phenotypes

F I G U R E  2  Differences between 
patients with (n = 33) and without 
(n = 86) extraesophageal symptoms when 
comparing impedance measurements of 
(a) average reflux height and (b) average 
composite reflux index (CRI). Data are 
presented as mean ± SD

F I G U R E  3  Differences between 
patients with (n = 40) and without 
hiatal hernia (n = 79) when comparing 
impedance measurements of (a) total 
duration of reflux (s) and (b) average 
composite reflux index (CRI). Data are 
presented as mean ± SD
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both models). Because the regression coefficient for the 
model describing the relationship between EroE and total 
reflux duration decreased by >10% (unadjusted ß = 46.63, 
adjusted ß = 41.02; p < 0.01 for both models), the pres-
ence of underlying EES and HH might be considered con-
founders in this relationship.

3.7 | Correlations between 
impedance parameters and esophageal 
motility parameters

The impedance measurements for maximum duration, 
total duration, and average area of reflux were found to be 
weakly correlated with the HREM parameters. Findings 
from the analysis for correlations between impedance 
and HREM parameters are summarized in Table 3. The 
total duration of reflux, specifically, shared the strongest 
(albeit weak) inverse correlation with LES rest pressure 
(r = −0.312, p < 0.01) and DCI (r = −0.307, p < 0.01). A 
scatterplot summary of these results is shown in Figure 5. 
Although no causal relationship can be inferred, this can be 
interpreted that longer durations of acid reflux events are 
related to weak/absent vigor of esophageal contractions.

4  |  DISCUSSION

We compared the reflux parameters derived from the 
MII- pH test between patients with and without EES, HH, 

or EroE. Our findings showed more proximal migration, 
longer duration of acid refluxate episodes, and larger CRI 
in patients with EES compared to non- EES. Compared to 
their opposites, patients with HH exhibited longer dura-
tion of reflux episodes, in addition to larger reflux “area” 
(a product of reflux height and duration) and larger CRI. 
As for patients with EroE in comparison with those with-
out EroE patients, they similarly showed longer total 
reflux duration, larger reflux area, and CRI. The novel 
parameter, CRI distinguishes between patients within the 
studied phenotypes (with or without EES, HH, or EroE). 
Finally, we found that the impedance measurements 
shared weak correlations with some esophageal manom-
etry parameters.

The observed difference in reflux height in patients 
with EES vs. patients with non- EES might be attributed to 
either a “stronger” reflux or a larger volume of reflux that 
forcibly travels higher up the esophagus. The pattern is of 
particular interest to us as it supports established mecha-
nisms in the pathogenesis of EES. For example, chronic 
cough due to reflux was thought to be caused by gastric 
reflux directly irritating the tracheobronchial tree after as-
piration into the airway. This triggers either the afferent 
limb of the cough reflex or an esophageal- bronchial neu-
ral cough reflex (Irwin, 2006). Laryngopharyngeal reflux 
similarly could result from gastric reflux traveling beyond 
the upper esophageal sphincter and onto the pharyngeal 
tissue (Ford, 2005). In some cases, asthma was reported 
to result from bronchoconstriction that was induced by 
reflux irritating the tracheobronchial tree or activating a 

F I G U R E  4  Differences between 
patients with (n = 31) and without 
(n = 88) erosive esophagitis when 
comparing impedance measurements 
of (a) total duration of reflux (s) and (b) 
average composite reflux index (CRI). 
Data are presented as mean ± SD

T A B L E  2  Logistic regression analysis of risk factors for EES

Reflux parameter Unadjusted OR (95% CI) p- value Adjusted OR (95% CI) p- value

Average height of reflux 1.530 (1.256– 1.863) <0.001 1.592 (1.270– 1.996) <0.001

Maximum duration of reflux 1.026 (1.006– 1.046) 0.012 1.041 (0.992– 1.093) 0.105

Total duration of reflux 1.005 (1.001– 1.010) 0.010 1.000 (0.992– 1.008) 0.937

Average pH 0.682 (0.427– 1.091) 0.110 0.825 (0.459– 1.482) 0.519

Average area of reflux 1.000 (1.000– 1.000) 0.192 1.000 (1.000– 1.000) 0.066

Average CRI 1.000 (1.000– 1.000) 0.120 1.000 (1.000– 1.000) 0.217

Note: p values obtained via binary logistic regression analysis.
Abbreviations: CI, confidence interval; OR, odds ratio.
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vagal neural reflex arc in the esophagus (National Asthma 
Education & Prevention Program, 2007). With regards to 
the difference in both total and maximum duration of acid 
reflux episodes shown in EES vs. non- EES patients, one 
possible explanation could be that there were primarily 
more frequent reflux episodes in these patients. However, 
the duration of reflux might also be secondary to the higher 
proximal reflux migration, as these episodes would natu-
rally take longer to clear. Another secondary explanation 
could be the prevalence of underlying HH amongst our 
EES subjects, as this factor has been proven to promote 
acid reflux. We also suspect that any additional mecha-
nism that reduces the clearing capacity of the esophagus, 
such as compromised esophageal peristalsis, may contrib-
ute towards longer reflux durations. In corroboration with 
our findings, Ribolsi et al. also reported the role of either 
longer reflux duration or more frequent reflux in the ini-
tiation of EES (Ribolsi et al., 2014). The cause of the in-
creased reflux height was not studied in the present study 
and deserves further investigation. It could result from the 
increased pressure gradient between the stomach and the 

esophagus, such as increased gastric pressure. The weak 
but significant negative correlation between the LES pres-
sure and the reflux heighted suggested a role of the re-
duced LES pressure.

The presence of HH, particularly Type 1 sliding hernia, 
is strongly associated with symptomatic GERD. Previous 
studies suggested that 50– 94% of patients with GERD had 
a Type 1 HH, as opposed to 13– 59% of control subjects 
(Ott et al., 1985; Wright & Hurwitz, 1979). Detailed phys-
iological experiments have concluded that susceptibility 
to GERD is proportional to the size of hernia. Proposed 
mechanisms describe hernias compromising the ability 
of the gastroesophageal (GE) junction to prevent reflux, 
as well as inhibiting esophageal acid clearance (Buttar & 
Wang, 2004; Chait, 2010). Therefore, it makes sense to us 
that the impedance measurement detected the prolonga-
tion in acid clearance via longer total and maximum re-
flux durations in HH subjects. Given that the reflux area 
is a product of reflux duration and height of reflux, it is 
unsurprising that this parameter was significantly larger 
in the HH vs. non- HH patients. Because there was no 

T A B L E  3  Correlations of impedance measurements and esophageal motility parameters

LES resting pressure(mmHg) DCI (mmHg s cm) % absent peristalsis

Correlation 
coefficient p- value

Correlation 
coefficient p- value

Correlation 
coefficient p- value

Average height of reflux −0.188* 0.041 −0.161 0.080 0.107 0.246

Maximum duration of 
reflux

−0.193* 0.036 −0.201* 0.029 0.236* 0.010

Total duration of reflux −0.312** <0.001 −0.307** <0.001 0.206* 0.024

Average acidity 0.047 0.610 0.167 0.070 −0.018 0.846

Average area of reflux −0.192* 0.037 −0.203* 0.027 0.289** 0.001

Average composite 
reflux index

−0.190* 0.039 −0.211* 0.021 0.296** 0.001

Note: *p < 0.05 and **p < 0.01, using Pearson's correlation analysis.
Abbreviations: DCI, distal contractile integral; LES, lower esophageal sphincter.

F I G U R E  5  Shown above are scatter plots illustrating the relationship of total reflux duration compared with esophageal motility 
parameters (n = 119, complete data set). The fitted lines reflect a simple linear regression analysis with corresponding Pearson correlation 
coefficients
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significant difference in height of reflux between the two 
groups, the absolute difference in reflux duration between 
the two groups is further emphasized. This example also 
unveils a potential limitation of the reflux area parameter, 
as analyzing this alone would give investigators unclear 
conclusions as to which underlying factor(s) truly contrib-
ute to statistical comparisons.

As for the EroE compared to non- EroE subjects, it 
was interesting to note that the total duration, rather 
than the maximum duration, was significantly higher. 
These findings suggested that repeated and more fre-
quent insults, rather than a single more “intense” 
maximum insult, might be responsible for esophageal 
mucosal injury seen in EroE. It can be hypothesized that 
duration of reflux events are dependent on a lag in the 
initiation of “secondary peristalsis”, as well as a defect in 
reflux perception (Barham et al., 1992, 1995; Chen et al., 
2014). Savarino et al. has previously shown that MII- pH 
monitoring could be clinically relevant in differentiat-
ing erosive and nonerosive GERD; specifically, the study 
concluded that the number of reflux episodes played an 
important role in the pathogenesis of esophageal mu-
cosal damage (Savarino et al., 2010). This corroborates 
our data regarding longer total duration in patients with 
EroE. It should be noted, however, that this relationship 
may not be as strong due to confounding effects of sub-
jects with underlying HH and/or EroE. However, the 
previous study also detected a higher percentage of re-
flux episodes reaching the proximal esophagus in EroE 
subjects compared to non- EroE. Whereas, our study re-
vealed the lack of difference in reflux height between 
patients with and without EroE.

The novel parameter, CRI was significantly greater in 
all three GERD phenotypes when compared to their oppo-
sites. The absolute differences in CRI amongst the three 
comparisons were quite large, specifically on an entire 
order of magnitude. These findings suggest that when 
taken into context with other diagnostic parameters (for 
example baseline impedance, acid exposure time), the 
CRI metric may be a useful supplementary tool to provide 
evidence of acid reflux severity. Though highly specu-
lative, it is exciting to envision to possibility of utilizing 
a simple, reproducible metric to further quantify an ag-
gregate of acid severity, duration, and proximal height. 
Further clinical studies are warranted to explore clinical 
implications of this novel parameters in various groups of 
patients with GERD, specifically if the CRI can be defined 
in both GERD and non- GERD patients and validate an as-
sociation with a risk of additional phenotype (such as EES 
or EroE).

The weak but significant correlations between the se-
lected impedance and HREM parameters is further evi-
dence of the cause- effect interplay between esophageal 

motility disorders and esophageal reflux. Both LES resting 
pressure and DCI share inverse relationships with both 
reflux duration and height. Amongst previously well- 
described mechanisms, the relaxation of the LES allows 
gastric reflux to travel proximal towards the esophagus, es-
pecially when patients are in supine positions (Liu et al., 
2019). Both weak vigor and absence of peristalsis inhib-
its the ability to “suppress” bolus contents from traveling 
proximally, thus explaining the positive, significant cor-
relations between % absent peristalsis and the impedance 
measurements.

There were several limitations in this study. Most 
importantly, no conclusions regarding the diagnostic or 
therapeutic implications of the MII- pH parameters could 
be derived from this study. The aim of our analysis was 
not to compare the clinical utility of the analyzed im-
pedance parameters against previously established ones, 
such as acid exposure time, symptom association analy-
sis, baseline impedance, peristaltic wave, or manomet-
ric parameters. We recognize that our findings currently 
cannot yet support a use of the CRI as a practical tool for 
clinicians to incorporate in GERD diagnostics (or even 
management trees), but it is our hope that the introduc-
tion of this metric will pave way for this in the future. 
Our retrospective study should be viewed as hypothesis 
generating in this regard. Further, we limited our charac-
terization of HH and EroE phenotypes, choosing not to 
specifically categorize by hernia type (sliding, paraesoph-
ageal) or by esophagitis grade (per LA Classification). 
This was done to simplify the analysis patterns for the 
purpose of general reproducibility and further clinical 
studies should be done to determine the effect of pheno-
type classification on impedance measurements (e.g., the 
effect of hiatal hernia size on CRI).

In conclusion, the quantitative parameters derived 
from the MII- pH test are capable of differentiating within 
a number of subgroups of patients with GERD. We find 
that when using impedance measurements, higher reflux 
height is suggestive of extraesophageal symptoms and a 
longer reflux duration is indicative of hiatal hernia and 
implicative of erosive esophagitis. The CRI is an auto-
mated, easily reproducible novel metric that can also dif-
ferentiate within GERD phenotypes while as a general 
marker of reflux severity.

CONFLICT OF INTEREST
None.

AUTHOR CONTRIBUTION
EK, NZ, and BY analyzed the data and drafted the man-
uscript; John_C and PP interpreted MII and HREM 
data; all authors contributed to the preparation of the 
manuscript.



   | 9 of 10KOO et al.

ETHICAL APPROVAL
Informed, written consent was obtained from all study 
participants. This retrospective study was prospectively 
reviewed and approved by the Institutional Review Board 
at Johns Hopkins medicine.

ORCID
Eden Koo   https://orcid.org/0000-0002-6660-8452 

REFERENCES
Barham, C. P., Gotley, D. C., Miller, R., Mills, A., & Alderson, D. 

(1992). Ambulatory measurement of oesophageal function: 
Clinical use of a new PH and motility recording system. The 
British Journal of Surgery, 79(10), 1056– 1060. https://doi.
org/10.1002/bjs.18007 91023

Barham, C. P., Gotley, D. C., Mills, A., & Alderson, D. (1995). 
Oesophageal acid clearance in patients with severe reflux 
oesophagitis. The British Journal of Surgery, 82(3), 333– 337. 
https://doi.org/10.1002/bjs.18008 20317

Bredenoord, A. J, Draaisma, W. A, Weusten, B. L. A. M, Gooszen, 
H. G., & Smout, A. J. P. M. (2008). Mechanisms of acid, weakly 
acidic and gas reflux after anti- reflux surgery. Gut, 57(2), 161– 
166. https://doi.org/10.1136/gut.2007.133298

Bredenoord, A. J., Weusten, B. L. A. M., & Smout, A. J. P. M. 
(2005). Symptom association analysis in ambulatory gastro- 
oesophageal reflux monitoring. Gut, 54(12), 1810– 1817. https://
doi.org/10.1136/gut.2005.072629

Buttar, N. S., & Wang, K. K. (2004). Mechanisms of disease: 
Carcinogenesis in Barett’s Esophagus. Nature Clinical Practice 
Gastroenterology and Hepatology, 1(2), 106– 112. https://doi.
org/10.1038/ncpga sthep 0057

Chait, M. M. (2010). Gastroesophageal reflux disease: Important 
considerations for the older patients. World Journal of 
Gastrointestinal Endoscopy, 2(12), 388. https://doi.org/10.4253/
wjge.v2.i12.388

Chen, C.- L., Yi, C.- H., & Liu, T.- T. (2014). Relevance of ineffective 
esophageal motility to secondary peristalsis in patients with 
gastroesophageal reflux disease. Journal of Gastroenterology and 
Hepatology, 29(2), 296– 300. https://doi.org/10.1111/jgh.12367

Cumpston, E. C., Blumin, J. H., & Bock, J. M. (2016). Dual PH 
with multichannel intraluminal impedance testing in the 
evaluation of subjective laryngopharyngeal reflux symptoms. 
Otolaryngology- Head and Neck Surgery, 155(6), 1014– 1020. 
https://doi.org/10.1177/01945 99816 665819

Duranceau, A. (2016). Massive hiatal hernia: A review. Diseases of the 
Esophagus, 29(4), 350– 366. https://doi.org/10.1111/dote.12328

Ford, C. N. (2005). Evaluation and management of laryngopha-
ryngeal reflux. JAMA, 294(12), 1534. https://doi.org/10.1001/
jama.294.12.1534

Frazzoni, M., Savarino, E., de Bortoli, N., Martinucci, I., Furnari, M., 
Frazzoni, L., Mirante, V. G., Bertani, H., Marchi, S., Conigliaro, 
R., & Savarino, V. (2016). Analyses of the post- reflux swallow- 
induced peristaltic wave index and nocturnal baseline im-
pedance parameters increase the diagnostic yield of imped-
ance- pH monitoring of patients with reflux disease. Clinical 
Gastroenterology and Hepatology, 14(1), 40– 46. https://doi.
org/10.1016/j.cgh.2015.06.026

Gyawali, C. P., Roman, S., Bredenoord, A. J., Fox, M., Keller, J., 
Pandolfino, J. E., Sifrim, D., Tatum, R., Yadlapati, R., & Savarino, 
E. (2017). Classification of esophageal motor findings in gastro- 
esophageal reflux disease: Conclusions from an international 
consensus group. Neurogastroenterology and Motility, 29(12), 
e13104. https://doi.org/10.1111/nmo.13104

Gyawali, C. P., Kahrilas, P. J., Savarino, E., Zerbib, F., Mion, F., 
Smout, A. J. P. M., Vaezi, M., Sifrim, D., Fox, M. R., Vela, M. 
F., Tutuian, R., Tack, J., Bredenoord, A. J., Pandolfino, J., 
& Roman, S. (2018). Modern diagnosis of GERD: the Lyon 
Consensus. Gut, 67(7), 1351– 1362. https://doi.org/10.1136/
gutjn l- 2017- 314722

Irwin, R. S. (2006). Chronic cough due to gastroesophageal re-
flux disease: ACCP evidence- based clinical practice guide-
lines. Chest, 129(1 Suppl), 80S– 94S. https://doi.org/10.1378/
chest.129.1_suppl.80S

Jones, M. P., Sloan, S. S., Rabine, J. C., Ebert, C. C., Huang, C. 
F., & Kahrilas, P. J. (2001). Hiatal hernia size is the domi-
nant determinant of esophagitis presence and sever-
ity in gastroesophageal reflux disease. The American 
Journal of Gastroenterology, 96(6), 1711– 1717. https://doi.
org/10.1111/j.1572- 0241.2001.03926.x

Kahrilas, P. J., Dodds, W. J., Hogan, W. J., Kern, M., Arndorfer, R. C., 
& Reece, A. (1986). Esophageal peristaltic dysfunction in pep-
tic esophagitis. Gastroenterology, 91(4), 897– 904. https://doi.
org/10.1016/0016- 5085(86)90692 - x

Kahrilas, P. J., Lin, S., Chen, J., & Manka, M. (1999). The effect of 
hiatus hernia on gastro- oesophageal junction pressure. Gut, 
44(4), 476– 482. https://doi.org/10.1136/gut.44.4.476

Liu, L., Li, S., Zhu, K., Yu, W., Wang, H., Guo, J., & Gao, H. (2019). 
Relationship between esophageal motility and severity of gas-
troesophageal reflux disease according to the Los Angeles clas-
sification. Medicine, 98(19), e15543. https://doi.org/10.1097/
MD.00000 00000 015543

National Asthma Education and Prevention Program. (2007). 
Expert panel report 3 (EPR- 3): Guidelines for the diagnosis 
and management of asthma- summary report 2007. The Journal 
of Allergy and Clinical Immunology, 120(5 Suppl), S94– 138. 
https://doi.org/10.1016/j.jaci.2007.09.043

Nguyen, H. N., Silny, J., & Matern, S. (1999). Multiple intraluminal 
electrical impedancometry for recording of upper gastrointes-
tinal motility: Current results and further implications. The 
American Journal of Gastroenterology, 94(2), 306– 317. https://
doi.org/10.1111/j.1572- 0241.1999.00847.x

Ott, D. J., Gelfand, D. W., Chen, Y. M., Wu, W. C., & Munitz, H. A. 
(1985). Predictive relationship of hiatal hernia to reflux esoph-
agitis. Gastrointestinal Radiology, 10(1), 317– 320. https://doi.
org/10.1007/BF018 93120

Ribolsi, M., Savarino, E., De Bortoli, N., Balestrieri, P., Furnari, M., 
Martinucci, I., Casale, M., Greco, F., Salvinelli, F., Savarino, 
V., Marchi, S., & Cicala, M. (2014). Reflux pattern and role 
of impedance- PH variables in predicting PPI response in pa-
tients with suspected GERD- related chronic cough. Alimentary 
Pharmacology & Therapeutics, 40(8), 966– 973. https://doi.
org/10.1111/apt.12919

Ribolsi, M., Savarino, E., Rogers, B., Rengarajan, A., Coletta, M. 
D., Ghisa, M., Cicala, M., & Gyawali, C. P. (2020). High- 
resolution manometry determinants of refractoriness of re-
flux symptoms to proton pump inhibitor therapy. Journal of 

https://orcid.org/0000-0002-6660-8452
https://orcid.org/0000-0002-6660-8452
https://doi.org/10.1002/bjs.1800791023
https://doi.org/10.1002/bjs.1800791023
https://doi.org/10.1002/bjs.1800820317
https://doi.org/10.1136/gut.2007.133298
https://doi.org/10.1136/gut.2005.072629
https://doi.org/10.1136/gut.2005.072629
https://doi.org/10.1038/ncpgasthep0057
https://doi.org/10.1038/ncpgasthep0057
https://doi.org/10.4253/wjge.v2.i12.388
https://doi.org/10.4253/wjge.v2.i12.388
https://doi.org/10.1111/jgh.12367
https://doi.org/10.1177/0194599816665819
https://doi.org/10.1111/dote.12328
https://doi.org/10.1001/jama.294.12.1534
https://doi.org/10.1001/jama.294.12.1534
https://doi.org/10.1016/j.cgh.2015.06.026
https://doi.org/10.1016/j.cgh.2015.06.026
https://doi.org/10.1111/nmo.13104
https://doi.org/10.1136/gutjnl-2017-314722
https://doi.org/10.1136/gutjnl-2017-314722
https://doi.org/10.1378/chest.129.1_suppl.80S
https://doi.org/10.1378/chest.129.1_suppl.80S
https://doi.org/10.1111/j.1572-0241.2001.03926.x
https://doi.org/10.1111/j.1572-0241.2001.03926.x
https://doi.org/10.1016/0016-5085(86)90692-x
https://doi.org/10.1016/0016-5085(86)90692-x
https://doi.org/10.1136/gut.44.4.476
https://doi.org/10.1097/MD.0000000000015543
https://doi.org/10.1097/MD.0000000000015543
https://doi.org/10.1016/j.jaci.2007.09.043
https://doi.org/10.1111/j.1572-0241.1999.00847.x
https://doi.org/10.1111/j.1572-0241.1999.00847.x
https://doi.org/10.1007/BF01893120
https://doi.org/10.1007/BF01893120
https://doi.org/10.1111/apt.12919
https://doi.org/10.1111/apt.12919


10 of 10 |   KOO et al.

Neurogastroenterology and Motility, 26(4), 447– 454. https://doi.
org/10.5056/jnm19153

Savarino, E., Gemignani, L., Pohl, D., Zentilin, P., Dulbecco, P., 
Assandri, L., Marabotto, E., Bonfanti, D., Inferrera, S., Fazio, V., 
Malesci, A., Tutuian, R., & Savarino, V. (2011). Oesophageal mo-
tility and bolus transit abnormalities increase in parallel with 
the severity of gastro- oesophageal reflux disease. Alimentary 
Pharmacology & Therapeutics, 34(4), 476– 486. https://doi.
org/10.1111/j.1365- 2036.2011.04742.x

Savarino, E., Tutuian, R., Zentilin, P., Dulbecco, P., Pohl, D., 
Marabotto, E., Parodi, A., Sammito, G., Gemignani, L., Bodini, 
G., & Savarino, V. (2010). Characteristics of reflux episodes 
and symptom association in patients with erosive esophagitis 
and nonerosive reflux disease: Study using combined imped-
ance- PH off therapy. The American Journal of Gastroenterology, 
105(5), 1053– 1061. https://doi.org/10.1038/ajg.2009.670

Shay, S., Tutuian, R., Sifrim, D., Vela, M., Wise, J., Balaji, N., 
Zhang, X., Adhami, T., Murray, J., Peters, J., & Castell, D. 
(2004). Twenty- four hour ambulatory simultaneous im-
pedance and pH monitoring: A multicenter report of nor-
mal values from 60 healthy volunteers. The American 
Journal of Gastroenterology, 99(6), 1037– 1043. https://doi.
org/10.1111/j.1572- 0241.2004.04172.x

Sidhwa, F., Moore, A., Alligood, E., & Fisichella, P. M. (2017). 
Diagnosis and treatment of the extraesophageal manifestations 
of gastroesophageal reflux disease. Annals of Surgery, 265(1), 
63– 67. https://doi.org/10.1097/SLA.00000 00000 001907

Sifrim, D., Silny, J., Holloway, R. H., & Janssens, J. J. (1999). Patterns 
of gas and liquid reflux during transient lower oesophageal 
sphincter relaxation: A study using intraluminal electrical im-
pedance. Gut, 44(1), 47– 54. https://doi.org/10.1136/gut.44.1.47

Tolone, S., Savarino, E., & Docimo, L. (2017). Is there a role for 
high resolution manometry in GERD diagnosis? Minerva 

Gastroenterologica E Dietologica, 63(3), 235– 248. https://doi.
org/10.23736/ S1121 - 421X.17.02395 - 9

Vaezi, M. F., Hicks, D. M., Abelson, T. I., & Richter, J. E. (2003). 
Laryngeal signs and symptoms and gastroesophageal reflux dis-
ease (GERD): A critical assessment of cause and effect associ-
ation. Clinical Gastroenterology and Hepatology, 1(5), 333– 344. 
https://doi.org/10.1053/s1542 - 3565(03)00177 - 0

Vaezi, M. F., Katzka, D., & Zerbib, F. (2018). Extraesophageal symp-
toms and diseases attributed to GERD: Where is the pendulum 
swinging now? Clinical Gastroenterology and Hepatology, 16(7), 
1018– 1029. https://doi.org/10.1016/j.cgh.2018.02.001

Wiener, G. J., Morgan, T. M., Copper, J. B., Wu, W. C., Castell, D. 
O., Sinclair, J. W., & Richter, J. E. (1988). Ambulatory 24- hour 
esophageal PH monitoring. Reproducibility and variability of 
PH parameters. Digestive Diseases and Sciences, 33(9), 1127– 
1133. https://doi.org/10.1007/BF015 35789.

Wiener, G. J., Richter, J. E., Copper, J. B., Wu, W. C., & Castell, D. 
O. (1988). The symptom index: A clinically important param-
eter of ambulatory 24- hour esophageal PH monitoring. The 
American Journal of Gastroenterology, 83(4), 358– 361.

Wright, R. A., & Hurwitz, A. L. (1979). Relationship of hiatal hernia to 
endoscopically proved reflux esophagitis. Digestive Diseases and 
Sciences, 24(4), 311– 313. https://doi.org/10.1007/BF012 96546

How to cite this article: Koo, E., Clarke, J. O., 
Yang, B., Pasricha, P. J., & Zhang, N. (2022). 
Quantitative assessment of multichannel 
intraluminal impedance pH and its clinical 
implications. Physiological Reports, 10, e15199. 
https://doi.org/10.14814/ phy2.15199

https://doi.org/10.5056/jnm19153
https://doi.org/10.5056/jnm19153
https://doi.org/10.1111/j.1365-2036.2011.04742.x
https://doi.org/10.1111/j.1365-2036.2011.04742.x
https://doi.org/10.1038/ajg.2009.670
https://doi.org/10.1111/j.1572-0241.2004.04172.x
https://doi.org/10.1111/j.1572-0241.2004.04172.x
https://doi.org/10.1097/SLA.0000000000001907
https://doi.org/10.1136/gut.44.1.47
https://doi.org/10.23736/S1121-421X.17.02395-9
https://doi.org/10.23736/S1121-421X.17.02395-9
https://doi.org/10.1053/s1542-3565(03)00177-0
https://doi.org/10.1016/j.cgh.2018.02.001
https://doi.org/10.1007/BF01535789
https://doi.org/10.1007/BF01296546
https://doi.org/10.14814/phy2.15199

