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Principles of intraluminal impedance monitoring

In 1991, Silny described a novel approach for intraluminal evaluation of gastroin-
testinal motility, based on multiple electrical impedance measurements1. Electrical 
impedance (Z) between two electrodes is the ratio between applied voltage (U) and 
resulting current (I). In electrical impedance monitoring the resistance to electrical � ow 
in an alternating current circuit is measured. In esophageal impedance monitoring, 
an alternating current circuit is generated between two electrodes separated by the 
nonconductive catheter (Figure 1). Intraluminal impedance is inversely proportional to 
the electrical conductivity of the medium surrounding the two electrodes. Compared 
with the muscular wall of the esophagus, air has a low electrical conductivity and high 
impedance. In contrast, liquids have a high conductivity and low impedance2.

Bolus passage along a neighbouring pair of electrodes yields a typical impedance 
tracing, including 5 phases (Figure 2): baseline impedance during resting stage of 
the esophagus (phase 1); high impedance rise due to arrival and passage of a small 
amount of air ahead of the bolus (phase 2); impedance drop and recovery due to 
arrival and passage of the bolus (phase 3); impedance rise due to rapid wall contrac-
tion associated with lumen occlusion (phase 4) and recovery of impedance signal to 
baseline level during transition to resting stage (phase 5)3.

Multichannel esophageal monitoring can be measured by using an intraluminal cath-
eter with multiple, closely spaced pairs of metal rings (Figure 3). Changes in temporal-
spatial patterns in impedance are identi� ed at various levels within the esophagus, 

 

 

Figure 1. 
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Figure 1. Principles of intraluminal impedance monitoring: an alternating current circuit is 
generated between two ring electrodes mounted on a nonconductive catheter. Electrical 
impedance (Z) of the electric � eld between two electrodes is the ratio between applied 
voltage (U) and resulting current (I).
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Figure 2. Bolus passage along a neighboring pair of electrodes yields a typical impedance 
tracing, including 5 phases: baseline impedance during resting stage of the esophagus (phase 
1); impedance rise due to arrival and passage of an air volume ahead of the bolus (phase 2); 
impedance drop and recovery due to arrival and passage of the bolus (phase 3); impedance 
rise due to wall contraction associated with lumen occlusion (phase 4) and recovery of 
impedance signal to baseline level during transition to resting stage (phase 5).

Figure 3. Multichannel esophageal monitoring is carried out 
by using an intraluminal catheter with multiple, closely spaced, 
pairs of cylindrical metal rings.
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allowing di� erentiation between antegrade (swallow) and retrograde (re� ux) bolus 
movement4 (Figure 4).

Esophageal impedance monitoring can be used to assess the clearance of a swallowed 
bolus (esophageal transit) and to detect gastro-esophageal re� ux independent of its 
acidity.

Validation studies

Several animal and human studies have been performed to validate the impedance 
technique for the study of intraesophageal bolus transit and gastro-esophageal 
re� ux2,3,5-12.

In a prospective study in 10 volunteers and 10 patients with re� ux esophagitis, 
concurrent perfused manometry and impedance monitoring was performed for the 
detection of esophageal motility patterns5. The authors described a marked delay 
in esophageal transport with increasing viscosity of the bolus. A signi� cant delay of 
bolus transport in the in� amed esophageal areas was also seen in re� ux patients.

Figure 4. Impedance changes during swallowing and re� ux of a bolus, detected by 
multichannel impedance monitoring. Proximal to distal progression of changes in impedance 
indicates antegrade bolus movement, as seen during swallowing, whereas distal to proximal 
progression indicates retrograde bolus movement, as seen during re� ux.
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Conventional esophageal manometry and impedance monitoring were simultane-
ously applied in eight healthy volunteers to study the e� ect of wet and semisolid bolus 
viscosities on esophageal motility and bolus transit6.The results indicated that electri-
cal impedance measurement is a reliable technique to detect esophageal motility as 
well as to di� erentiate between transit of wet and semisolid bolus consistencies.

Dynamics of esophageal bolus transport using bolus with di� erent viscosities at dif-
ferent body positions were studied in 10 healthy subjects3. Transit time and propaga-
tion velocity of a bolus were faster in upright position and decelerated with increased 
bolus viscosity.

Impedance changes associated with the passage of gas and liquid were studied in 
an experimental in vitro model, and in vivo in cats by Sifrim et al.8 Episodes of gas 
� ow and gas and liquid re� ux could be con� rmed by visual or radiological means. 
Movement of gas was associated with a propagated abrupt increase in impedance 
that contrasted with the drop in impedance associated with the � ow of liquids.

Fluoroscopy was used to validate impedance monitoring as a means to study volume 
clearance in healthy subjects10. There was a strong correlation between both methods 
for the measurement of the timing of esophageal � lling and emptying.

Simultaneous impedance monitoring, barium esophagogram and esophageal ma-
nometry were performed to identify bolus transit patterns in 15 normal subjects11. 
Three bolus transit patterns were found: normal bolus transit, stasis in the proximal 
esophagus, and retrograde escape of a residue of incomplete cleared bolus from 
just above the lower esophageal sphincter (LES). There was an excellent correlation 
between video-esophagogram and impedance monitoring in assessing normal and 
abnormal patterns of bolus transit.

A direct comparison of impedance monitoring, manometry (common cavity) and 
pH-metry was conducted to detect gastro-esophageal re� ux in patients with gastro-
esophageal re� ux disease (GERD) and healthy volunteers12. Only 19% of re� ux episodes 
were detected simultaneously by all three methods. Impedance monitoring detected 
more re� ux episodes (96%) than manometry (76%) or pH-metry (28%). Furthermore, 
15% of re� ux episodes were detected by impedance monitoring only.
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Impedance monitoring and esophageal transit

Methodology and normal values

Multichannel impedance monitoring can be used for the assessment of esophageal 
transit without the use of radiation. For this purpose, esophageal pressure and im-
pedance can be concurrently recorded with a catheter that incorporates pressure 
transducers and an array of impedance electrodes (Figure 5).

Using intraluminal impedance monitoring esophageal transit was evaluated in 10 
healthy subjects by assessing bolus transport time (BTT) of liquid, semisolid and solid 
boluses13. BTT was de� ned as time (s) from arrival of the bolus at the proximal segment 
to passage of the bolus from the most distal segment. BTT of liquid boluses was found 
to be constant, whereas BTT of semisolid and solid boluses were volume-dependent 
and took longer than liquids. Because viscous boluses may be more sensitive than 
liquid boluses in assessing mild transit abnormalities, both bolus types have been 
used with esophageal transit testing.

Combined intraesophageal impedance monitoring and manometry were used to 
study the e� ect of body position and bolus consistency on esophageal function in 

Figure 5. Esophageal pressure and 
impedance can be concurrently recorded 
with a catheter that incorporates pressure 
transducers (M1-M5) and an array of 
impedance electrodes (Z1-Z4).
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healthy volunteers14. Distal esophageal contraction amplitude and bolus transit times 
declined with increasing inclination with a negative correlation between inclination 
angle and bolus transit time for both liquid and viscous. Studies using combined 
impedance monitoring and manometry have been generally performed in the supine 
position.

Using impedance monitoring, esophageal bolus clearance can be assessed by mea-
surement of bolus presence time (BPT) and total bolus transit time (TBTT). BPT represents 
the time for the bolus to completely transverse an individual recording segment and 
is measured at each recording segment from the time the bolus enters the segment, 
as indicated by a drop in impedance to 50% of the baseline value, until the bolus has 
cleared the segment, as evidenced by recovery of the impedance level to 50% of the 
baseline value for ≥5 s (Figure 6). TBTT represents the time for the bolus to transverse 
the whole esophagus and is measured from the time the bolus enters the proximal 
esophageal recording segment (Z1) until it has cleared the most distal recording seg-
ment (Z4).

Swallows have been classi� ed by impedance monitoring as showing complete bolus 
transit, if bolus entry occurs at the most proximal site and bolus exit points are re-transit, if bolus entry occurs at the most proximal site and bolus exit points are re-transit
corded in all three distal recording segments, and incomplete bolus transit if bolus exit incomplete bolus transit if bolus exit incomplete bolus transit
is not identi� ed at any of the three distal recording segments16.

Normal values for combined impedance monitoring and manometry (solid-state 
catheter) have been reported by two groups16,17. Tutuian et al. proposed normal val-
ues for impedance parameters for liquid and viscous swallows based on a multicenter 
study including 43 healthy American subjects16. More than 93% of individuals with 
manometrically normal studies were found to have at least 80% swallows with com-
plete liquid or at least 70% swallows with complete viscous bolus transit. Similar bolus 
transit parameters were described in a study including 25 healthy German subjects17. 
Normal values of baseline impedance values and deglutitive impedance gradient 
during saline and semisolid (yogurt) bolus transit were also provided.

Clinical studies

The yield of combined impedance monitoring and manometry (“esophageal function 
testing”) was evaluated in 350 patients with several manometric diagnoses18. None 
of the patients with achalasia and scleroderma had normal bolus transit (as assessed 
with the impedance technique). In patients with ine� ective esophageal motility (IEM) 
and patients with distal esophageal spasm (DES) normal bolus transit was found in 
51% and 55%, respectively, while almost all (more than 95%) patients with normal 
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esophageal manometry, nutcracker esophagus, poorly relaxing LES, hypertensive 
LES, and hypotensive LES had normal bolus transit. Dysphagia occurred most often in 
patients with incomplete bolus transit on impedance monitoring.

In a separate paper the same group of investigators described the results of concur-
rent intraluminal impedance monitoring and manometry performed in 70 patients 
with manometric patterns of IEM19. In these patients, 68% of liquid and 59% of viscous 
swallows showed normal bolus transit, and almost one third of patients had normal 
bolus transit for both liquid and viscous swallows. The authors concluded that a higher 
level of esophageal diagnostic information is obtained by combined impedance-
manometry than that is available using a standard manometric technique.

Impedance characteristics of esophageal motor function in achalasia were investi-
gated in 10 patients with achalasia as compared with healthy subjects20. The following 
impedance patterns in achalasia patients were described: low esophageal baseline 
impedance; failed bolus transport; regurgitation of luminal contents during swallow-
ing and pathological air accumulation within the proximal esophagus (air trapping) 
during deglutition.

A study using impedance monitoring in 25 patients with mild esophagitis (LA class A 
and B) and 25 healthy volunteers showed no clear di� erences in complete bolus trans-

Figure 6. An example of a swallow of a viscous bolus as detected by combined impedance-
manometry recording. Bolus presence time (BPT) and total bolus transit time (TBTT) are 
indicated in the impedance tracing. LES: lower esophageal sphincter (Adapted from Sifrim 
et al.15).
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port between groups21. However, patients with mild esophagitis showed a slightly 
slower transit and an increased basal impedance gradient, suggesting persistence of 
mucosal bolus residues in the distal esophagus.

In 71 patients with DES esophageal bolus transit was evaluated using combined 
multichannel intraluminal impedance and manometry22. It was concluded that 51% 
of the DES patients had normal bolus transit for liquid and viscous swallows, 24% 
abnormal bolus transit for one substance, and 25% abnormal bolus transit for liquid 
and viscous swallows. Patients with DES and chest pain had higher distal esophageal 
contraction amplitudes and a higher percentage of swallows with complete bolus 
transit as compared to DES patients presenting with dysphagia and DES patients with 
re� ux symptoms.

Impedance monitoring and gastro-esophageal re� ux

Methodology and normal values

Intraesophageal impedance monitoring detects re� ux events independent of the 
pH of the re� uxate, which allows identi� cation of non-acid re� ux episodes. In addi-
tion, use of impedance monitoring enables assessment of the proximal extent of the 
re� uxate23.

Combined pH and impedance monitoring makes it possible to detect all re� ux events, 
regardless their acidity (acid, weakly acidic, weakly alkaline) or composition (liquid, 
gas, mixed)24,25. Recently, it was shown that combined pH-impedance monitoring is 
more accurate than pH alone for the detection of both acid and weakly acidic re� ux26. 
Furthermore, the addition of impedance monitoring to esophageal pH monitoring 
in patients o�  acid-suppressive medication leads to an increase in the proportion 
of patients in whom an association between re� ux episodes and symptoms can be 
identi� ed 27.

The minimum sample frequency for intraluminal electrical impedance measurement 
of the esophagus is 50 Hz for the detection of re� ux and 8 Hz for the evaluation of 
esophageal transit28. Two studies have demonstrated good reproducibility of com-
bined pH-impedance monitoring data in the assessment of postprandial29 and 24-h 
gastro-esophageal re� ux recording30.

A consensus report on detection and de� nitions of re� ux patterns by combined 
pH-impedance monitoring was published in 200424. Acid re� ux is de� ned as a re� ux Acid re� ux is de� ned as a re� ux Acid re� ux
episode that decreases esophageal pH across 4, or re� ux that occurs when esophageal 
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pH is already below 4 (Figure 7). The term superimposed acid re� ux should be used to superimposed acid re� ux should be used to superimposed acid re� ux
describe an acidic re� ux episode that occurs before esophageal pH has recovered 
to above 4. Weakly acidic re� ux is used to describe re� ux events that result in an Weakly acidic re� ux is used to describe re� ux events that result in an Weakly acidic re� ux
esophageal pH between 4 and 7 and weakly alkaline re� ux should be reserved for weakly alkaline re� ux should be reserved for weakly alkaline re� ux
re� ux episodes during which nadir esophageal pH does not drop below 724.

Sifrim et al.8,31 were the � rst to assess the composition of re� ux in healthy volunteers 
and patients with GERD. In the post-prandial period, GERD patients had more acid 
re� ux events and fewer alkaline or weakly acidic re� ux events compared to controls. 
Liquid re� ux was more often acid in GERD subjects and non-acid in controls. GERD 
subjects had less mixed gas and liquid and more pure liquid re� ux compared to 
controls.

Shay and coworkers studied 10 subjects with re� ux esophagitis using combined pH-
impedance monitoring in the fasting and postprandial period32. The authors found 
that gas re� ux occurred predominantly when subjects were lying in the left lateral 
decubitus position and liquid re� ux occurred in the right lateral decubitus position.

The prevalence of acid and non-acid gastro-esophageal re� ux and the air-liquid com-
position of the re� uxate were studied in ambulatory healthy subjects and patients 
with GERD33. GERD patients had a higher proportion (45% vs. 33%) and rate of acid 
re� ux than controls. Two-third of re� ux events of healthy subjects were weakly acidic 
or weakly alkaline. Mixed re� ux of gas and liquid was the most frequent pattern with 
gas preceding liquid in 50%-80% of cases.

Figure 7. De� nitions of re� ux are based on the pH of the re� uxate. Acid re� ux (A) is de� ned 
as re� ux that reduces esophageal pH to below 4 or re� ux that occurs when esophageal pH is 
already below 4. Weakly acidic re� ux (B) is de� ned as re� ux that results in an esophageal pH 
between 4 and 7. Weakly alkaline re� ux (C) is de� ned as a re� ux episode during which nadir 
esophageal pH is above 7. SW: swallow. (Adapted from Sifrim et al.24).
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Normal values for 24-h ambulatory pH-impedance monitoring have been reported 
by two independent multicenter studies and one single-center study30,34,35. In an 
American multicenter study including 60 healthy volunteers, a median frequency of 
30 re� ux events per 24 h was reported34. Acid re� ux was two-fold more common than 
weakly acidic re� ux, whereas non-acid re� ux was very rare in normals. The authors 
calculated bolus exposure (%) by summating the duration of all re� ux events (acid, 
super-imposed acid, weakly acidic and alkaline re� ux), and dividing this value by time 
monitored. Acid exposure (as measured by pH-metry) was 2.1-fold greater than bolus 
exposure in both the upright and recumbent postures.

Similar normal values were reported in a Belgian-French cohort of 68 healthy sub-
jects30. Male gender was associated with an increased incidence and higher proximal 
extent of total and acid gastro-esophageal re� ux.

In a single-center study, normal values of pH-impedancometry in 25 Italian healthy 
subjects eating a Mediterranean diet were provided35. Overall, acid and weakly acidic 
re� ux episodes were equally frequent. However, weakly acidic episodes were more 
frequent than acid episodes during 1-h postprandial periods.

Clinical studies

Simultaneous intraesophageal impedance and pH measurement was used in 12 
heartburn patients to evaluate the frequencies of postprandial acid and non-acid 
re� ux before and after omeprazole administration36. Acid-suppressive treatment did 
not signi� cantly change the total number of postprandial re� ux episodes but made 
the re� ux predominantly non-acid. The symptom heartburn and acid taste were more 
commonly linked to acid re� ux but were also produced by non-acid re� ux. Regurgita-
tion was reported equally in association with acid and non-acid re� ux.

In a multicenter study using combined ambulatory pH-impedance monitoring, acid 
and non-acid re� ux patterns in 168 patients with persistent symptoms despite acid-
suppressive therapy were evaluated37. It was found that 48% of symptomatic patients 
had a positive symptom index (SI) for at least one symptom episode: 11% with acid 
re� ux and 37% with non-acid re� ux. Patients with positive SI for non-acid re� ux would 
have been interpreted as “re� ux- negative” if they were studied using conventional pH 
only. Similar results were reported in another large multicenter study in GERD patients 
o�  therapy38.

Bredenoord and colleagues studied the spatiotemporal characteristics of weakly 
acidic and acidic re� ux episodes in GERD patients with physiological acid exposure, 
GERD patients with excessive acid exposure and controls39. All patients had a positive 
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symptom-re� ux association during 24-h monitoring. In patients with physiological 
acid exposure and in patients with excessive acid exposure, a higher proportion of 
re� ux episodes reached the proximal esophagus than in controls.

Two studies using combined pH-impedance monitoring were conducted to evalu-
ate the e� ect of baclofen and tegaserod on gastro-esophageal re� ux40,41. Baclofen 
reduced post-prandial acid and non-acid re� ux and their associated symptoms in 
healthy volunteers and heartburn patients, whereas tegaserod did not change gastro-
esophageal re� ux parameters in healthy volunteers.

Combined multichannel intraluminal impedance-pH monitoring was performed to 
select patients with persistent gastro-esophageal re� ux for laparoscopic Nissen fun-
doplication42. Before surgery, 18 of 19 patients had a positive SI. After a mean follow-
up of 14 months, 16 of 17 patients with positive SI had become asymptomatic or had 
markedly improved. Persistent symptoms were reported by the one patient with a 
negative SI. Although the number of patients was small and there was no control 
group, the authors suggested that their approach may be clinically appropriate and 
worthy of wider evaluation. In a recent study, characterization of re� ux events after 
fundoplication was performed in 36 GERD patients using combined impedance pH-
recording43. After surgery, almost all re� ux events were non-acid and in some patients 
non-acid re� ux events were signi� cantly associated with symptoms.

The role of weakly acidic and non-acid re� ux in patients with chronic cough has been 
studied using 24-hr ambulatory pH-impedance monitoring44,45. In 28 patients with 
chronic cough, 10 patients (45%) had a positive symptom association probability 
(SAP) for the association between re� ux and cough: 5 with acid, 2 with acid and weakly 
acidic and 3 with weakly acidic re� ux only44. In a similar study in 50 patients with 
chronic cough on acid-suppressive therapy, 13 patients (26%) had a positive SI for 
cough. Laparoscopic Nissen fundoplication was performed in 6 SI-positive patients 
who became asymptomatic and stopped receiving acid-suppressive therapy during 
follow-up evaluation45. The authors concluded that a positive SI for non-acid re� ux 
may be helpful in selecting patients who will bene� t from antire� ux surgery.

Relationships between air swallowing, intragastric air, belching and gastro-esophageal 
re� ux before and after a meal were studied in 20 healthy volunteers by concurrent 
impedance and pH measurement46. It was found that air swallowing promotes belch-
ing but does not facilitate acid re� ux.

The same authors evaluated patterns of air transport through the esophagus in 
14 patients with excessive belching and 14 healthy controls using combined pH-
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impedance monitoring47. Two types of retrograde gas � ow through the esophagus 
(belch) were observed: air � owing from the stomach through the esophagus in oral 
direction (gastric belch) and air entering the esophagus rapidly from proximal and 
expulsed almost immediately in oral direction (supragastric belch). The incidence of 
air-containing swallows and gastric belches was similar in patients and controls but 
supragastric belches occurred exclusively in patients.

Combined recording of multichannel intraluminal impedance, pH and gastric pres-
sure was used to document the increase in intra-abdominal pressure and associated 
esophageal re� ux preceding symptoms of regurgitation in a patient with rumina-
tion48. As the regurgitated content in these patients is often non-acidic, impedance 
monitoring may be superior to pH monitoring in the diagnostic work-up of patients 
with presumed rumination.

Presently, the following potential indications for impedance-pH monitoring of gastro-
esophageal re� ux can be proposed: re� ux symptoms resistant to inhibition of acid 
secretion, chronic unexplained cough, excessive belching and suspected rumination. 
For the latter indication pH-impedance monitoring must be combined with manom-
etry49.

Aim

The broad aim of this thesis is to assess the diagnostic yield of impedance monitoring 
in several esophageal disorders.

In the � rst part of the thesis, the value of intraesophageal impedance monitoring as a � rst part of the thesis, the value of intraesophageal impedance monitoring as a � rst part
tool to assess esophageal transit will be studied in normal subjects, patients with non-
obstructive dysphagia and achalasia patients. In the second part, gastro-esophageal second part, gastro-esophageal second part
re� ux patterns will be studied using impedance monitoring in patients with functional 
dyspepsia, patients with gastro-esophageal re� ux disease treated with endoscopic 
gastroplication as well as in patients with erosive esophagitis and non-erosive re� ux 
disease.

The following speci� c questions will be addressed in this thesis:

1. What are the normal values for intraesophageal impedance measurement of bolus 
clearance when combined with perfusion manometry?

2. Does intraluminal impedance monitoring have additional value in the evaluation 
of patients with non-obstructive dysphagia?



General Introduction 23

3. Is there an additional diagnostic yield of intraluminal impedance monitoring for 
the assessment of esophageal emptying in achalasia patients?

4. What are the air swallowing, belching, acid and non-acid re� ux patterns of patients 
with functional dyspepsia?

5. What is the role of intraesophageal impedance monitoring in the evaluation of 
endoscopic gastroplication for gastro-esophageal re� ux disease?

6. Are the acid and non-acid re� ux patterns of patients with erosive esophagitis and 
non-erosive re� ux disease di� erent?
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Abstract

Background: Multichannel intraluminal impedance (MII) is being increasingly used to 
assess esophageal bolus clearance. However, there is no good standardization of the 
impedance parameters that de� ne “e� ective bolus clearance”. The aim of this study 
was to de� ne these important impedance parameters and to determine their normal 
values.

Methods: Concurrent perfusion manometry and MII were performed in 42 healthy 
volunteers. Ten, 5-ml liquid (saline) boluses and then, 10 x 5-ml low impedance 
viscous boluses were tested in each subject in the right-lateral position. Normal 
values for bolus presence time (BPT) at each site and total bolus transit time (TBTT) 
were determined from either “normal” peristaltic responses (amplitude ≥ 30mmHg 
in distal esophagus) or “super-normal” peristaltic responses (amplitudes ≥ 50 mmHg 
at all sites). The relationship of BPT and TBTT within a response and per-individual 
performance was determined.

Results: A total of 840 swallows of liquid and viscous responses were analyzed. BPT 
and TBTT of viscous swallows were longer than those for liquids. Non-peristaltic re-
sponses were signi� cantly more likely not to clear a viscous than a liquid bolus. Within 
a response, the number of sites with prolonged BPT strongly predicted the incidence 
of prolonged TBTT. Using impedance criteria, normal esophageal bolus clearance is 
de� ned when an individual completely clears at least 70% of liquid responses and at 
least 60% of viscous responses.

Conclusion: This study provides normal values for impedance measurement of 
bolus clearance when combined with perfusion manometry. These values will allow 
standardization of impedance application in esophageal function testing, in both 
research and clinical setting.
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Introduction

The main motor functions of the esophagus are to clear swallowed contents e� ectively 
into the stomach and prevent the re� ux of gastric contents back into the esophagus. 
Esophageal motor function is usually measured manometrically. Manometric assess-
ment of esophageal bolus transport and clearance, however, is only by inference. 
Direct assessment of this important functional consequence of esophageal motility 
is more di�  cult and, until recently, has relied on either radiology or scintigraphy1,2. 
The applicability of these techniques, however, is limited because of the exposure of 
patients to radiation.

Multichannel intraluminal impedance (MII) is a new, non-radiation technique which 
has been used to evaluate esophageal bolus transport and which can be combined 
with manometry to provide functional outcome of esophageal motor function3-5. 
Validation studies have found an excellent correlation between MII and video-� uo-
roscopy6-8. There is also a good correlation between MII and manometry in healthy 
subjects3,8-10 and patients with gastro-esophageal re� ux disease7,11. Using combined 
solid state manometry and impedance, Tutuian et al. have reported normal values 
for impedance changes associated with liquid and viscous swallows12. The aim of this 
study was to determine normal values for impedance changes using combined perfu-
sion manometry and impedance measurement.

Methods

Subjects

The study was performed in 42 healthy subjects (22 men; median age 35 years; range 
18-77 years). All subjects were free of gastrointestinal symptoms and had no evidence 
of acute or chronic illness. None of the subjects was taking medications known to 
in� uence esophageal motor function.

This study was conducted at the Department of Gastroenterology at the Royal Ad-
elaide Hospital, Adelaide, Australia, and the Gastrointestinal Motility Research Unit 
of University Medical Center, Utrecht, the Netherlands. The protocol was approved 
by the institutional ethics committees of both centres and all subjects gave written 
informed consent.
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Esophageal manometry and impedance recording

Esophageal motility and impedance were recorded concurrently with a combined 
perfused multi-lumen manometric and impedance assembly (DentSleeve Pty Ltd, 
Wayville, Australia) (Figure 1). A 6cm long, reverse-perfused sleeve sensor recorded 
lower esophageal sphincter (LOS) pressure. A side-hole at the distal margin of the 
sleeve recorded gastric pressure; esophageal body motility was recorded with side 
holes at 2, 7, 12, 17cm and 22cm proximal to the LOS and a side-hole in the pharynx 
monitored swallows. The sleeve and esophageal and gastric sidehole lumens were 
perfused with distilled water at 0.3 ml/minute by a pneumo-hydraulic capillary 
perfusion pump (Dentsleeve). The pharynx was perfused with air at a rate of 16 ml/
minute.

Esophageal intraluminal electrical impedance was recorded with a series of cylindri-
cal electrodes, 4mm in length that were incorporated into the manometric assembly 
(DentSleeve Pty Ltd). The electrodes were arranged in pairs, 2cm apart, thereby forming 
a recording segment, 2cm in length. The pairs were positioned around an esophageal 
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Figure 1. Schematic depiction of the combined perfusion manometry and impedance 
recording assembly and important impedance variables.
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perfused sidehole and thereby corresponded to the manometric recording channel. 
There were four impedance recording segments (Z1 to Z4) with the most distal seg-
ment situated 1cm above the sleeve sensor. Each electrode pair was activated by a 
high frequency (1 kHz) low amplitude (<6µA) alternating current.

Manometric and impedance signals were recorded by a computerised combined 
manometry-impedance recording system (Insight Acquisition, Sandhill Scienti� c, 
Highland Ranch, CO) and displayed and stored on a personal computer for subse-
quent display and analysis.

Protocol

The subjects were fasted for at least 4 hours before the study. The assembly was 
passed into the esophagus through a nostril anaesthetized with lignocaine spray and 
positioned such that the midpoint of the sleeve was situated at the midpoint of the 
gastro-oesophageal high-pressure zone. In this position, the most distal esophageal 
side hole and impedance segment were situated about 2cm above the LES. The sub-
jects were then positioned in the right lateral position and allowed to accommodate 
to the assembly for 5-10 minutes. The subjects were then asked to swallow ten 5-ml 
boluses of normal saline followed by ten 5-ml boluses of a low impedance viscous 
solution (Sandhill). The swallows were spaced at least 20 seconds apart.

Analysis

Manometry

The manometric recording was analysed manually in order to determine basal LOS 
pressure, nadir LOS pressure during swallow-induced relaxation, esophageal pressure 
wave amplitude and velocity, and peristaltic success. LOS pressure was measured at 
end-expiration and referenced to end-expiratory intragastric pressure. Esophageal 
pressure wave amplitude was measured from basal end-expiratory intra-esophageal 
pressure to the peak of the pressure wave. The onset of the major upstroke of the 
pressure wave was used as the reference point for the determination of wave velocity 
and propagation time. Propagation time was measured from the upstroke of the pres-
sure wave at the most proximal recording site to the upstroke of the pressure wave 
at the most distal recording site. Propagation velocity was calculated by dividing the 
propagation time by the distance between the recording sites. The minimum latency 
of wave onset between adjacent recording sites that de� ned peristaltic progression 
was set at 0.6s, corresponding to a wave velocity of 8cm.s-1. As the most proximal 
recording site (M1) was frequently sited in the upper esophageal sphincter, data from 
this recording site was not included in the analysis.
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Peristalsis was classi� ed as normal if a propagated wave of ≥ 12 mmHg at the proximal 
recording sites (M2, M3) and ≥ 30 mmHg at the distal recording sites (M4, M5) traversed 
all of the recording sites1,2, and hypotensive if pressure waves were propagated and 
wave amplitudes > 10mmHg but < 12mmHg proximally (M2 & M3); and ≥ 12 mmHg 
but < 30mmHg distally (M4 & M5). Peristalsis was judged to have failed when wave 
amplitudes were ≤ 10 mmHg at any site. Responses were classi� ed as simultaneous 
when wave amplitudes were > 10 mmHg and wave velocity was > 8cm.s-1.

Impedance

The recordings were analysed using the impedance analysis software (Bioview Analy-
sis, Sandhill Scienti� c). Esophageal bolus clearance was assessed by measurement of 
two variables: bolus presence time (BPT) and total bolus transit time (TBTT) (Figure 1). 
BPT represents the time for the bolus to completely traverse an individual recording 
segment and was measured at each recording segment from the time the bolus en-
tered the segment, as indicated by a drop in impedance to 50% of the baseline value, 
until the bolus had cleared the segment, as evidenced by recovery of the impedance 
level to 50% of the baseline value for ≥ 5 seconds. TBTT represents the time for the 
bolus to traverse the whole esophagus and was measured from the time the bolus 
entered the most proximal esophageal recording segment until it cleared the most 
distal recording segment. For each swallow response, therefore, there were 4 indi-
vidual measurements of BPT (BPT1-4) corresponding to the 4 impedance segments 
(Z1-4) and one each of TBTT. Complete bolus transit for a swallow was de� ned as one 
for which BPT at all sites and TBTT values were within normal limits.

Bolus propagation time was also measured, from the time of clearance of the bolus 
from the most proximal segment to clearance of the bolus from the most distal seg-
ment. This measurement corresponds to the propagation time of the corresponding 
peristaltic wave as measured from the upstroke of the pressure wave.

Impedance variables were analysed separately for two sets of data: (i) from all peristal-
tic responses, including hypotensive propagated waves, and (ii) from “super-normal” 
peristaltic responses with wave amplitudes ≥ 50 mmHg at all recording sites. Previous 
radiologic studies have reported that pressure waves of ≥ 50 mmHg are associated 
with complete clearance on 100% of occasions1. Data were also analysed on a per-
subject basis.

Statistical analysis

The data were not normally distributed and have been expressed as median (inter-
quartile range, IQR). Normal ranges were derived from all peristaltic responses and 
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de� ned by 5th - 95th percentile. Statistical analysis was performed using non-parametric 
tests. Linear regression analysis was performed by using Pearson’s analysis. P-value of 
<0.05 was accepted as indicating statistically signi� cance.

Results

Manometry

Liquid boluses

Of the 420 responses, 90% (380/420) were peristaltic and 10% (40/420) were non-
peristaltic (8% (32/420) failed, 2% (8/420) simultaneous). Of the peristaltic responses, 
30% (116/380) were associated with hypotensive pressure waves. The mean pressure 
wave amplitude at each site with the associated mean propagation time and velocity 
of all liquid responses were summarized in Table 1. The median number of peristaltic 
responses per subject was 9 out 10 (IQR: 8-10).

Viscous boluses

The proportions of peristaltic and failed responses with viscous boluses were similar 
to those of liquids (n=420; peristaltic: 84% (353/420), non-peristaltic: 16% (67/420)). 
The majority of the non-peristaltic responses were failed peristalsis (14% (59/420)) 
with a small proportion of simultaneous responses (2% (8/420)). Thirty-one percent 
(108/353) of the peristaltic responses were associated with hypotensive pressure 
wave. The mean pressure wave amplitudes at each site and the associated mean 
propagation time and velocity of all responses are summarized in Table 1. The median 
number of peristaltic responses per subject was 8 out of 10 (IQR: 7-10).

Pressure wave amplitudes with liquid and viscous boluses were similar (Table 1; 
P>0.05). However, the propagation time of viscous swallows was signi� cantly longer 
than that of liquid swallows and thus the propagation velocity of viscous swallows 
was signi� cantly slower (P<0.05).

Impedance

Per swallow analysis – all swallows pooled

Values for BPT at each site and the TBTT that were derived from all peristaltic responses 
as well as from “super-normal” peristaltic responses are summarized in Tables 1 and 2, 
respectively. The values for BPT at each site and TBTT were shorter and less variable 
when derived from “super-normal” pool of swallows, compared with all peristaltic 
responses data (p<0.05). BPT became signi� cantly longer in the distal esophagus and 
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this relationship was consistent for both liquid and viscous swallows (P<0.01). Transit 
of liquid boluses, as re� ected by the TBTT, was signi� cantly shorter than that of the 
viscous boluses (14.9 s vs. 17.0 s; P<0.05). For both liquid and viscous swallows, all 
“super-normal” manometric responses had normal BPT and TBTT.

Per-subject analysis

For each subject, the number of swallows with both normal BPT at all sites and normal 
TBTT was determined. The analysis was performed using results from all peristaltic 
responses as well as “super-normal” responses. Based on data derived from all peri-
staltic responses, the median numbers of swallows with normal TBTT and normal BPT 
at all sites per subject were 9 for liquids and 8 for viscous boluses (Table 1), with lower 
limits of normal of 8 and 7 respectively. Using “super-normal” responses, the median 
numbers of swallows with all normal BPT and TBTT per subject fell to 8 for liquids and 
7 for viscous boluses, with lower limits of normal of 7 and 6 respectively (Table 2).

Table 1. Manometric and impedance characteristics of all peristaltic responses.

Liquid bolus (n=380) Viscous bolus (n=353)

Median (IQR) 95th percentile Median (IQR) 95th percentile

Manometric features

Wave amplitude (mmHg)

M2 (17cm above LES) 36 (18-49) 80 40 (20-54) 104

M3 (12cm above LES) 52 (26-68) 110 55 (32-71) 118

M4 (7cm above LES) 71 (41-89) 157 68 (36-89) 146

M5 (2cm above LES) 71 (39-93) 151 71 (42-93) 138

Propagation time: M2-M5 (sec) 5.0 (4.3-5.6) 6.9 5.7 (4.9-6.5) * 7.8

Propagation velocity:M2-M5 (cm.s-1) 3.1 (2.7-3.5) 4.4 2.8 (2.3-3.1) ** 4.0

Impedance features

Bolus presence time (sec)

Z1(17cm above LES) 2.7 (1.7-3.3) 5.5 2.9 (1.6-3.4) 7.0

Z2(12cm above LES) 3.9 (2.5-4.7) 7.2 3.9 (2.6-4.3) 8.0

Z3(7cm above LES) 4.4 (2.5-4.7) 8.9 4.2 (2.8-4.4) 9.0

Z4(2cm above LES) 5.9 (4.7-6.9) δ 9.6 5.2 (3.4-6.1) δδ 9.9

Total Bolus Transit Time (sec) 7.3 (5.3-8.4) 14.9 8.2 (6.0-9.2) θ 17.0

Bolus Propagation Time (sec) 4.4 (3.3-5.3) 6.9 5.2 (3.8-6.3) θ 7.8

Propagation velocity (cm.s-1) 3.4 (2.8-4.5) 4.4 2.9 (2.4-3.9) θ 4.0

No. normal responses per subject 10 (8-10) 9 8 (7-9) 8

* P<0.01; Mann-Whitney U test, viscous vs. liquid
** P<0.05; Mann-Whitney U test, viscous vs. liquid
δ P<0.001; Friedman test, Z1 to Z4 (liquid)
δδ P<0.05; Friedman test, Z1 to Z4 (viscous)
θ P<0.05; Mann-Whitney U test, viscous vs. liquid
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Relationship between BPT and TBTT

For both liquid and viscous boluses, prolonged TBTT was directly related to the num-
ber of segments with a prolonged BPT (Table 3). Responses with normal BPT at all sites 
were always associated with a normal TBTT. Conversely, responses with prolonged 
BPT at all sites always led to prolonged TBTT. For both liquid and viscous boluses, 
once a response had more than 2 sites with prolonged BPT, the likelihood that TBTT 
would also be prolonged was more than 80%. A small proportion of responses with 
normal TBTT had prolonged BPT at least one site (liquids: 8% (30/373); viscous: 12% 
(42/356)). In these circumstances, the site of prolonged BPT was almost always (90%) 
in the mid-esophagus, at segments Z2 and/or Z3.

Relationship between manometry and impedance

A small proportion of normal peristaltic responses to liquid and viscous boluses were 
associated with prolonged BPT and/or TBTT (Table 4). The proportion of responses 
with impaired bolus clearance increased if hypotensive pressure waves were pres-
ent. Up to 76% of failed peristaltic responses had impaired bolus clearance for both 
liquids and viscous swallows. For simultaneous responses, oesophageal clearance 
was dependent on bolus consistency and they were less e� ective in clearing viscous 
boluses (63% vs. 25%). Overall, non-peristaltic (ie. simultaneous and failed) viscous 
swallows had a signi� cantly higher proportion of prolonged BPT and TBTT compared 
to non-peristaltic liquid swallows (51/67(75%) vs. 23/40(57%); P<0.05; Table 4). 
Moreover, non-peristaltic responses with impaired bolus clearance had a signi� cantly 

Table 2. Values for impedance variables based on “super-normal” peristalsis.

Liquid bolus (n=22) Viscous bolus (n=31)

Median (IQR) 95th percentile Median (IQR) 95th percentile

Bolus presence time (sec)

Z1(17cm above LES) 1.7 (1.3-2.8) 4.9 2.4 (2.1-2.5) 3.9

Z2(12cm above LES) 3.2 (1.5-4.2) 5.1 3.3 (2.2 - 4.1) 5.1

Z3(7cm above LES) 3.4 (2.9-4.1) 5.0 3.0 (2.6 - 3.3) 4.2

Z4(2cm above LES) 5.5 (5.0-6.1) * 7.6 5.4 (4.9-6.3) ** 10.6

Total Bolus Transit Time (sec) 6.2 (5.6-7.2) 8.0 8.7 (7.4-9.5) δ 10.9

Bolus Propagation Time (sec) 4.2 (3.2-5.2) 7.0 6.4 (5.2-7.0) δ 8.6

Propagation velocity (cm.s-1) 3.5 (2.7-4.7) 12.4 2.3 (2.1-2.9) δ 11.3

No. normal responses per subject 8(7-9) 7 7(6-9) 6

* P<0.0001; Friedman test, Z1 to Z4 (liquid)
** P<0.0001; Friedman test, Z1 to Z4 (viscous)
δ P<0.0001; Mann-Whitney U test, viscous vs. liquid
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higher proportion of responses with wave amplitude of ≤ 10 mmHg in 2 or more 
segments than did those with normal clearance (liquid: 59%(14/24) vs. 25%(4/16), 
P<0.05; viscous: 40%(19/50) vs. 6%(1/17), P<0.05). The majority of the non-peristaltic 
responses with normal clearance had focal manometric failure at only one site (liquid: 
12/16(75%) and viscous: 16/17(94%)), and the failed segment was usually located in 
the proximal esophagus at M2 or M3 (liquid: 11/12(91%) and viscous: 14/16(88%)). In 
contrast, in the distal esophagus, focal failure at even only one site was always associ-
ated with impaired clearance.

There was a weak relationship between the nadir LOS pressure and BPT at segment Z4 
for liquid (r=0.21; P<0.0001) but no relationship for viscous swallows (r=0.1; P=0.07). 
For liquids, the mean LOS nadir pressure of peristaltic responses with prolonged distal 
BPT (Z3 and Z4) was higher than for those with normal BPT at all sites (0.9 mmHg 
vs. 0.4 mmHg; P=0.5). However, for viscous peristaltic responses, the mean LOS nadir 
pressure was the same with and without prolonged distal BPT (0.5mmHg; P=0.8)

For both liquid and viscous boluses, propagation time and velocity determined by 
impedance correlated well with corresponding values for peristaltic progression 

Table 3. The impact of the number of sites with prolonged bolus presence time (BPT) on the 
total bolus transit time (TBTT).

Number of sites with prolonged BPT

Liquid bolus Viscous bolus

% prolonged TBTT(n) % prolonged TBTT (n)

None 0% (0/334) 0% (0/304)

1 32% (14/43) 38% (21/55)

2 64% (14/22) 77% (23/30)

3 71% (5/7) 86% (6/7)

All 100% (4/4) 100% (14/14)

Table 4. Proportion of prolonged bolus presence time (BPT) and total bolus transit time 
(TBTT) according to pattern of manometric response.

Manometric response

Liquid bolus Viscous bolus

Prolonged BPT 
≥ 1 site Prolonged TBTT

Prolonged BPT 
≥ 1 site Prolonged TBTT

Peristaltic 13% (35/264) 2% (6/264) 11% (26/245) 2% (6/245)

Hypotensive * 28% (33/116) 17% (20/116) 32% (35/108) 19% (21/108)

Simultaneous 25% (2/8) 12% (1/8) 63% (5/8) 25% (2/8)

Failed ** 65% (21/32) 62% (20/32) 76% (46/59) 68% (40/59)

* P<0.05; Chi-square test, vs. peristaltic responses (prolonged BPT≥1 site & prolonged TBTT)
** P<0.05; Chi-square test, vs. peristaltic responses (prolonged BPT≥1 site & prolonged TBTT)
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determined manometrically (Figure 2). There were no signi� cant di� erences in the 
mean values for the propagation time and velocity when derived from manometry or 
impedance measurements (Table 1). For either method, responses to viscous boluses 
had a signi� cantly longer propagation time and a slower propagation velocity than 
those for liquids (P<0.0001).

Discussion

MII is an emerging technique for the assessment of esophageal motor function, in 
particular, bolus clearance. As use of this technology is increasing rapidly, there is a 
need for appropriate and validated normal values. A set of normal values derived 
from recordings with combined solid state manometry and MII, has been published 
recently12. The present study is the � rst to provide normal values using combined 
perfusion manometry and MII.

The validity of normal values is dependent on the database from which they are 
derived. Previously, normal impedance values for esophageal clearance have been 
calculated from all responses in healthy subjects who were deemed to have normal 
motility, i.e. ≥ 80% normal peristalsis12. However, this approach included 8% of non-
peristaltic responses. It is questionable whether normal values for an individual swal-
low should be drawn from responses that are clearly manometrically abnormal, even 
if a small number of abnormal peristaltic responses occur in normal subjects. In the 
present study, normal values were calculated from all peristaltic responses. In addition, 
comparable values were also calculated from a subset of “super-normal” peristaltic 
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 Figure 2. Relationship between the propagation velocities determined by manometry and 
impedance techniques, for liquid and viscous boluses.
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responses with wave amplitudes clearly above the threshold for e� ective clearance 
as determined radiologically1. The latter group was selected as these responses rep-
resent the best clearance that the esophagus can accomplish. As might be expected, 
the values derived from the “super-normal” peristaltic responses were slightly lower 
and less variable than those derived from the larger database, presumably because of 
the omission of responses with wave amplitudes below the threshold for consistently 
e� ective clearance. Interestingly, even a small proportion (9%) of “super-normal” 
viscous responses, had impaired segmental clearance in the distal esophagus. This 
clearance failure is likely to be due to either a higher wave amplitude threshold for 
e� ective clearance of viscous boluses or the detection of a very small residue in the 
esophagus by more highly sensitive impedance that otherwise would not be seen 
radiologically. Whether this very small residue in the esophagus truly represents true 
failed bolus clearance, however, remains unclear and requires further investigation.

Currently, analysis of impedance recordings is based on measurement of BPT, a 
marker of segmental bolus clearance at a particular level of the esophagus, and TBTT, 
a marker of total esophageal bolus clearance8,10,12,13. Median values and upper limits 
of normal for segmental clearance (BPT) and total esophageal transit (TBTT) of liquid 
boluses were similar to those from the previously published study12, which used 
solid state manometry. Numerical di� erences were small and inconsistent among the 
impedance recording sites. However, median values and upper limits of normal for 
BPT and TBTT for viscous boluses were modestly but consistently higher in the pres-
ent study. The reasons for these di� erences are unclear but they may relate, at least 
in part, to the di� erent positioning of the impedance segments in the esophagus 
relative to those in the previous study. In the present study, the impedance segments 
were positioned 3cm more distally. As peristalsis slows distally, this could lead to a 
slightly delayed clearance of the viscous bolus relative to the more proximal posi-
tion. It is also possible that the viscous bolus behaves di� erently in the presence of 
a bulkier perfused silicone rubber assembly than with a thinner solid state assembly. 
Whatever the reason, the data emphasize the need to obtain normative data based 
on the recording system being used.

BPTs for viscous boluses have been reported to be shorter than for liquid boluses 
because viscous boluses remain more compact than liquid boluses12 although such 
di� erences have not been found by others13. We also did not � nd such a di� erence. 
Apart from the most distal esophageal impedance segment, median bolus presence 
times for liquid boluses were not signi� cantly longer than for viscous boluses and 
the upper limits of normal for viscous boluses were consistent longer than for liquid 
boluses. Intuitively, because of the rapid progress of the leading edge of a liquid bolus 
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because of the force generated by the pharyngeal pump14 it would seem logical for 
BTP of liquids to be longer than that of a completely cleared viscous bolus. The reason 
for the apparently discrepant � ndings requires further study.

BPT and TBTT are potentially independent measures of bolus clearance. TBTT is cal-
culated only from clearance at the most proximal and distal esophageal sites, and 
clearance from segments in the mid esophagus should in� uence TBTT if only it a� ects 
clearance from the proximal and distal sites. In our study, a small proportion of liquid 
(8%) and of viscous (12%) responses with normal TBTT had prolonged BPT in at least 
one segment which was predominantly in the mid-esophagus at segments Z2 or Z3. 
There was a strong direct relationship between the extent of prolonged BPT and the 
incidence of prolonged TBTT for both liquid and viscous swallows. A response with 
normal BPT at all sites was always associated with a normal TBTT whereas a response 
with an abnormal BPT at all sites was almost always associated with prolonged TBTT. 
Once a response has more than 2 segments with prolonged BPT, the incidence of 
complete failure of clearance for that response is more than 70%. The likelihood of 
complete failure of bolus clearance from the esophagus can be predicted from the 
number of esophageal segments with impaired bolus clearance. Thus, overall esopha-
geal clearance function can be assessed reliably from the BPT alone, and a response 
with normal clearance can be de� ned as the one having normal BPT at all sites. 
Moreover, the site of prolonged BPT might be of clinical signi� cance in the diagnosis 
of patients with dysphagia.

Along with the previous report, these studies are the � rst to provide and consolidate 
the criteria of normal manometric and clearance values for viscous swallows. Validated 
normal manometric values for a semi-solid or solid bolus swallows have not hitherto 
been de� ned. Increased viscosity of the bolus has been reported to be associated 
with increased wave amplitude and duration, and decreased propagation velocity15-18. 
Although our study did not show any e� ect of viscosity on wave amplitude, the 
propagation time of viscous boluses was signi� cantly longer than that of liquids, 
which correlated with the more prolonged TBTT of viscous boluses. In the presence 
of a defective peristaltic response, viscous boluses were more likely to exhibit failed 
clearance with failed peristalsis and simultaneous responses than were liquids boluses, 
but had similar rates of impaired clearance with normal or hypotensive responses. 
These � ndings support the notion that the use of viscous bolus as a test medium may 
be more sensitive and more discriminatory to detect abnormal esophageal motor 
function6,8-10 although this requires further speci� c evaluation.
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Up to 40% of failed peristaltic responses on manometry showed completely normal 
bolus transit. Similar � nding have been reported by Tutuian and colleagues, whereby 
half of their patients with ine� ective esophageal motility had normal bolus clear-
ance19. This � nding suggests a need for reassessing the relationship between wave 
amplitude and bolus clearance. Recently, we have shown that the wave amplitude 
threshold for e� ective bolus clearance from a segment can be as low as 11mmHg20. 
Moreover, the current � ndings suggest that the extent of peristaltic failure is also an 
important determinant of bolus clearance. Most of the non-peristaltic responses with 
normal clearance had proximal focal failure. According to current de� nitions, in the 
proximal esophagus the threshold for normal wave amplitude (≥ 12 mmHg) is close 
to that for peristaltic failure (≤ 10 mmHg)1 and thus waves that are classi� ed as failed 
manometrically might nevertheless be e� ective mechanically. In contrast, in the 
distal esophagus, the threshold for peristaltic failure is substantially less than that for 
normality (≥ 30 mmHg) and even focal failure at only one site was always associated 
with impaired clearance.

We also measured the bolus propagation velocity. This is determined from the re-
covery phase of the clearance process which re� ects the upstroke of the oncoming 
peristaltic wave1 and would be expected to correlate closely with propagation of the 
pressure wave. Average values for both propagation and wave velocity, measured by 
manometry and impedance respectively, were similar. However, although the cor-
relation between the two methods was statistically signi� cant, it was relatively poor. 
Whilst there may be some uncertainty in determining the onset of some esophageal 
pressure waves, it is also possible that some of the discrepancy between the two mea-
surements re� ects variability in esophageal clearance as determined by impedance.

In summary, this study provides normal values for impedance variables measured 
in combination with perfusion manometry which will allow standardization for fu-
ture research as well as expand the diagnostic role of impedance in routine clinical 
esophageal function testing. The value of MII in the clinical assessment of esophageal 
motor function, however, awaits further study.
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Abstract

Background: Non-obstructive dysphagia (NOD) often poses diagnostic problems. 
The aim of this study was to evaluate the value of the addition of multichannel in-
traluminal impedance (MII) recording to esophageal manometry in the work-up of 
patients with NOD.

Methods: 40 consecutive patients with NOD underwent combined esophageal MII 
recording and perfusion manometry. Ten liquid and 10 viscous boluses were tested 
in each patient. Values for bolus presence time (BPT) at each of the 4 recording sites 
and total bolus transit time (TBTT) were calculated. Bolus transit was considered to 
be normal when BPT at all sites and TBTT were within the normal limits de� ned in 42 
healthy subjects. Patients were judged to have normal transit if ≥80% of liquid and 
≥70% of viscous swallows showed normal transit.

Results: The following manometric diagnoses were made: normal motility (20), ine� ec-
tive esophageal motility (IEM) (13), di� use esophageal spasm (DES) (4) and achalasia 
(3). Abnormal transit for liquid and/or viscous boluses was found in 35.3% of patients 
with normal motility, in 66.7% of DES patients and in 100% of achalasia patients. In 
patients with achalasia quanti� cation of bolus transit was often made impossible by 
low initial impedance baseline. Two IEM patients (15.4%) showed normal liquid and 
viscous transit. Swallows showing normal transit had signi� cantly longer duration of 
LES relaxation in patients with normal manometry and IEM (p<0.05).

Conclusions: MII recording identi� es esophageal function abnormalities in NOD 
patients with normal manometry, IEM and DES. The MII technique seems to be less 
suitable for the most severe end of the dysphagia spectrum like achalasia.
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Introduction

Non-obstructive dysphagia (NOD) is de� ned as di�  culty swallowing liquids and/or 
solids in the absence of a structural obstructive lesion in the esophagus on endoscopy 
and/or radiology. The symptom usually indicates impaired transport of a swallowed 
bolus along the esophagus.

The etiology of NOD is thought primarily to be related to an esophageal motor 
disorder1-5. However, an esophageal cause can be found in less than 50% of NOD 
patients using stationary esophageal manometry, among other reasons because the 
manometric assessment of bolus transport and clearance is only by inference6,7. For 
the direct assessment of bolus transit and clearance, video-� uoroscopy is a useful 
technique8. However, application of this technique in clinical practice is limited be-
cause of radiation exposure. Radionuclide scintigraphy has been used to complement 
esophageal manometry by visualizing bolus transit, but this technique is logistically 
complex and not readily available in many institutions9.

Multichannel intraluminal impedance (MII) monitoring is a new, non-radiation 
technique for the assessment of esophageal bolus transport which can be readily 
combined with manometry10-12. Validation studies have shown a good correlation be-
tween esophageal impedance measurement and video-� uoroscopy13-15. There is also 
a good correlation between esophageal impedance measurement and manometry 
in healthy subjects11,14,16,17 and in patients with gastro-esophageal re� ux disease14-18. 
In 2003, normal values for impedance changes associated with liquid and viscous 
swallows were reported by Tutuian19. Recently, we have published normal imped-
ance values using a combined perfused multi-lumen manometric and impedance 
assembly20.

Studies in patients using combined intraluminal impedance and manometry have 
shown functional details of bolus transit in patients with esophageal motility abnor-
malities21-23. In a group of 350 patients, Tutuian found normal bolus transit for liquids 
in patients with normal manometry, nutcracker esophagus and poorly relaxing lower 
esophageal sphincter (LES). In contrast, patients with achalasia, scleroderma, ine� ec-
tive esophageal motility (IEM) and di� use esophageal spasm (DES) showed abnormal 
bolus transit22. The authors proposed a semi-quantitative strati� cation of patients 
into those with either no, moderate or severe functional abnormalities, according to 
abnormal transit for liquids and/or viscous boluses21,23. Tutuian and Castell suggested 
that esophageal body pressures are the main determinants of bolus transit and that 
abnormalities of LES function only play a minor role in impairing bolus transit22. 
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However, their equipment was not optimally suited for prolonged LES pressure re-
cording.

The primary aim of the present study was to evaluate the value of adding MII record-
ing to esophageal manometry in the diagnosis of patients with NOD. A secondary 
aim was to determinate the motility factors that lead to impaired transit, using a 
manometric catheter with incorporated perfused sleeve sensor.

Methods

Patients

Forty consecutive patients with NOD (14 men, 26 women, mean age 56 years; range 
25-83) underwent combined esophageal multichannel intraluminal impedance 
recording and perfusion manometry. This study was conducted between October 
1, 2002 and October 1, 2003 at the Gastrointestinal Research Unit of the University 
Medical Center Utrecht, the Netherlands and the Department of Gastroenterology of 
the Royal Adelaide Hospital, Adelaide, Australia. The protocol was approved by the 
institutional ethics committees of both centers.

Combined esophageal manometry and impedance recording

Esophageal pressure and impedance signals were recorded concurrently with a com-
bined perfused multi-lumen manometric and impedance assembly (DentSleeve Pty 
Ltd, Wayville, Australia) (Fig. 1). A 6-cm long, reverse-perfused sleeve sensor recorded 
LES pressure. A side-hole at the distal margin of the sleeve recorded gastric pressure; 
esophageal body motility was recorded with side holes at 2, 7, 12, 17 and 22 cm proxi-
mal to the LES and a side-hole in the pharynx monitored swallows. The sleeve and 
esophageal and gastric side-hole lumens were perfused with distilled water at 0.3 ml/
minute by a pneumo-hydraulic capillary perfusion pump (Dentsleeve). The pharynx 
was perfused with air at a rate of 16 ml/minute.

Esophageal intraluminal electrical impedance signals were recorded with a series of 
cylindrical electrodes, 4 mm in length that were incorporated into the manometric 
assembly (DentSleeve Pty Ltd). The electrodes were arranged in pairs, 2 cm apart, 
thereby forming a recording segment, 2 cm in length. The pairs were positioned 
around a perfused side-hole and thereby corresponded to the manometric recording 
channel. There were 4 impedance recording segments (Z1 to Z4) with the most distal 
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segment situated 1 cm above the sleeve sensor. Each electrode pair was activated by 
a high-frequency (1 kHz) low-amplitude (<6μA) alternating current.

Manometric and impedance signals were recorded by a computerized combined 
manometry-impedance recording system (Insight Acquisition, Sandhill Scienti� c, 
Highland Ranch, CO) and displayed and stored on a personal computer for subse-
quent display and analysis.

Protocol

The patients were fasted for at least 4 hours before the study. The assembly was 
passed into the esophagus through a nostril anaesthetized with lidocaine spray and 
positioned such that the midpoint of the sleeve was situated at the midpoint of the 
gastro-esophageal high-pressure zone. In this position, the most distal esophageal 
side-hole and impedance segment were situated about 2 cm above the LES. The pa-
tients were then positioned in the right lateral position and allowed to accommodate 
to the assembly for 5-10 minutes. The patients were then asked to swallow ten 5-ml 
boluses of normal saline followed by ten 5-ml boluses of a low impedance viscous 

Figure 1. Schematic view of the combined 
pressure and impedance recording 
assembly. A 6-cm long, reverse-perfused 
sleeve sensor recorded LES pressure. A side-
hole in the pharynx monitored swallows 
and a side-hole at the distal margin of the 
sleeve recorded gastric pressure. Esophageal 
body motility was recorded at 2, 7, 12, 17 
and 22 cm (M5-M1) proximal to the LES. 
Impedance-measuring segments centered 
at 2, 7, 12 and 17 (Z4-Z1) above LES.
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solution (Sandhill Scienti� c, Highlands Ranch, CO). The swallows were spaced at least 
20 seconds apart.

Analysis

Manometry

The manometric recordings were analyzed manually in order to determine basal 
LES pressure, nadir LES pressure during swallow-induced relaxation, duration of LES 
relaxation, esophageal pressure wave amplitude and velocity, and peristaltic success. 
LES pressure was measured at end-expiration and referenced to end-expiratory in-
tragastric pressure. Esophageal pressure wave amplitude was measured from basal 
end-expiratory intra-esophageal pressure to the peak of the pressure wave. The 
onset of the major upstroke of the pressure wave was used as the reference point 
for the determination of wave velocity and propagation time. Propagation time was 
measured from the upstroke of the pressure wave at the most proximal recording site 
to the upstroke of the pressure wave at the most distal recording site. Propagation 
velocity was calculated by dividing the propagation time by the distance between the 
recording sites. The minimum latency of wave onset was set at 0.6 s, corresponding to 
a wave velocity of 8 cm.s-1.

Peristalsis was classi� ed as normal if a propagated wave of ≥ 12 mmHg at the 
proximal recoding sites (M2, M3) and ≥ 30 mmHg at the distal recording sites (M4, 
M5) traversed all of the recording sites8,24, and hypotensive if pressure waves were 
propagated and wave amplitudes >10 mmHg but < 12 mmHg proximally (M2, M3); 
and ≥ 12 mmHg but < 30 mmHg distally (M4, M5). Contractions were judged to be 
non-transmitted when wave amplitudes were ≤ 10 mm Hg at any site. Responses 
were classi� ed as simultaneous when wave amplitudes were > 10 mmHg and wave 
velocity was > 8 cm.s-1.

Manometric diagnoses were established from the 10 saline swallows according to 
well-established published criteria25. Normal esophageal manometry was de� ned as 
not more than 20% hypotensive or non-transmitted and not more than 10% simul-
taneous swallows with distal wave amplitude < 180 mmHg and normal LES resting 
and residual pressures. DES was de� ned as 20% or more simultaneous contractions 
and mean contraction amplitude > 30 mmHg. Achalasia was de� ned by incomplete 
relaxation of the LES and aperistalsis of the esophagus body, characterized either by 
simultaneous esophageal contractions with amplitudes < 40 mmHg or by no apparent 
contractions. IEM was de� ned as 30% or more swallows with contraction amplitude < 
30 mmHg in either of the 2 distal recording sites.
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Impedance

The recordings were analyzed using the impedance analysis software (Bioview Analy-
sis, Sandhill Scienti� c). Esophageal bolus clearance was assessed by measurement of 
2 variables: bolus presence time (BPT) and total bolus transit time (TBTT). BPT repre-
sents the time for the bolus to completely transverse an individual recording segment 
and was measured at each recording segment from the time the bolus entered the 
segment, as indicated by a drop in impedance to 50% of the baseline value, until the 
bolus had cleared the segment, as evidenced by recovery of the impedance level to 
50% of the baseline value for ≥ 5 seconds.

TBTT represents the time for the bolus to traverse the whole esophagus and was mea-
sured from the time the bolus entered the proximal esophageal recording segment 
until it cleared the most distal recording segment. For each swallow response there 
were 4 individual measurements of BPT (BPT 1-4) corresponding to the 4 impedance 
segments (Z1-4) and one of TBTT. Normal bolus transit (BT) for a swallow was de� ned 
as one for which BPT at all sites and TBTT values were within the normal limits previ-
ously de� ned in 42 healthy volunteers20. Patients were judged to have normal transit 
if ≥80% liquid and ≥ 70 % of viscous swallows showed normal transit. These values are 
based on data from 2 studies with healthy volunteers19,20.

Bolus propagation time was also measured, from the time of clearance of the bolus 
from the most proximal segment to clearance of the bolus from the most distal seg-
ment. This measurement corresponds to the propagation time of the corresponding 
peristaltic wave as measured from the upstroke of the pressure wave.

Statistical analysis

In the statistical analysis of di� erences between the manometric characteristics of 
swallows associated with normal and abnormal transit the values were � rst averaged 
per patient. Normality of data was tested using One-Sample Kolmogorov-Smirnov 
test. Throughout the manuscript data are expressed as median (interquartile range, 
IQR). Statistical analysis for normally distributed parameters was performed using un-
paired T-tests. P-value of < 0.05 was accepted as indicating statistically signi� cance. All 
statistical analyses were performed using commercially available computer software 
(SPSS 11.5 for Microsoft Windows, Chicago, IL).
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Results

The 40 patients completed 393 liquid and 380 viscous swallows. For the assessment 
of bolus transit 353 liquids and 340 viscous swallows were usable: in 4 patients a de-
fective impedance recording segment precluded recordings to be scored as having 
normal or abnormal transit.

Per patient analysis of swallows: type of contraction and transit

Median percentages of normal BT for the di� erent contraction types per patient 
are shown in Table 1. Eighty percent of liquid swallows with peristaltic contractions 
showed normal BT whereas only 20.8 and 12.5% of liquid swallows with simultaneous 
and non-transmitted contractions were associated with normal BT.

The median percentage of viscous swallows with peristaltic contractions and nor-
mal BT was 71.4%. In contrast, a median of 0% of viscous swallows with simultaneous 
and non-transmitted contractions showed normal BT.

Bolus transit according to manometric diagnosis

Manometric evaluation of the 40 NOD patients with liquid swallows identi� ed 20 
(50%) patients with normal esophageal motility, 13 (32.5%) patients with ine� ective 
esophageal motility (IEM), 4 (10%) patients with di� use esophageal spasm (DES) and 
3 (7.5%) patients with achalasia.

Normal esophageal motility

In the patient group with normal manometric � ndings 85.9% of liquid and 77.4% 
of viscous swallows were associated with normal BT (Figure 2). However, 23.5% and 
29.4% of the patients with normal manometry did not meet the criteria for normal 
liquid (≥80% of normal BT) and viscous transit (≥70% of normal BT), respectively 

Table 1. Characteristics of esophageal contractions and bolus transit for liquid and viscous 
swallows, irrespective of manometric diagnosis. Medians (IQR) of individual patient data are 
shown (N=40).

Liquid swallows Viscous swallows

Type of contraction

Normal transit Abnormal transit Normal transit Abnormal transit

Median 
(%)

(IQR) Median 
(%)

(IQR) Median 
(%)

(IQR) Median 
(%)

(IQR)

Peristaltic 80.0 (56.5-100) 20.0 (0-43.5) 71.4 (43.5-100) 28.6 (0-56.5)

Simultaneous 20.8 (0-61.7) 79.2 (38.3-100) 0 (0-32.5) 100 (67.5-100)

Non-transmitted 12.5 (0-83.2) 87.5 (16.8-100) 0 (0) 100 (100)
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(Figure 3). 35.3% (6/17) of patients with normal manometry had abnormal transit for 
both liquid and viscous swallows.

The manometric characteristics of liquids and viscous swallows with normal and ab-
normal BT in patients with normal esophageal manometry are summarized in Table 2. 
Pressure wave amplitudes of liquid and viscous swallows with normal BT tended to 
be higher at the distal recording sites (M3, M4) of the esophageal body compared to 
peristaltic swallows with abnormal BT. However, the di� erences were not statistically 
signi� cant. Liquid and viscous swallows with normal BT were associated with a longer 
median duration of LES relaxation than swallows with abnormal BT, the di� erence 
reaching statistically signi� cant levels for liquids swallows (p<0.05). Median basal LES 
pressure and nadir LES pressure did not di� er between swallows with normal and 
abnormal BT.

Ine� ective esophageal motility

Six of the 13 patients with IEM had a hypotensive LES and one patient had a mod-
erately elevated LES pressure (33 mmHg). In patients with IEM, 42.2% of liquid and 
37.7% of viscous swallows were associated with normal BT (Figure 2). Normal liquid 
transit occurred in only 2 (15.4%) patients and normal viscous transit in 3 (23.1%) 
patients (Figure 3).
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Figure 2. Incidence of normal bolus transit (BT) as average of the mean per patient according 
to manometric diagnosis.
*Bolus transit could not be assessed in 3 out of 20 patients with normal manometry and 1 out 
of 4 patients with DES because of a defective recording segment.
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Two IEM patients (15.4%) had normal transit for both liquid and viscous swallows; 1 
patient (7.7%) had abnormal liquid but normal viscous transit and 10 patients (76.9%) 
had abnormal liquid and viscous transit.

Comparison of manometric patterns of swallows with normal and abnormal BT in IEM 
patients showed similar pressure wave amplitudes at the 4 recording segments of 

Table 2. Manometric characteristics of liquid and viscous swallows with normal and abnormal 
transit in patients with manometrically normal esophageal motility as median (IQR) of the mean manometrically normal esophageal motility as median (IQR) of the mean manometrically normal esophageal motility
per patient (N=20). P-values from independent-samples t test.

Liquid swallows Viscous swallows

Normal 
transit

Abnormal 
transit

P 
value

Normal 
transit

Abnormal 
transit

P 
value

Median (IQR) Median (IQR) Median (IQR) Median (IQR)

Wave amplitude (mmHg)

 M2 (17 cm above LES) 48 (21-60) 27 (17-53) NS 41 (22-60) 25 (11-42) NS

 M3 (12 cm above LES) 43 (34-73) 48 (40-58) NS 56 (38-81) 43 (30-51) NS

 M4 ( 7 cm above LES) 71 (40-114) 49 (22-74) NS 55 (42-87) 42 (25-60) NS

 M5 ( 2 cm above LES) 66 (35-95) 59 (22-72) NS 62 (42-85) 39 (29-61) NS

LES pressure (mmHg) 8.3 (3.2-14) 6.8 (4.5-9.3) NS 8.7 (4.4-13) 5.0 (2.1-9.5) NS

LES nadir pressure (mmHg) 0.2 (0-2.0) 0 (0-2.4) NS 0.5 (0.1-3) 0.3 (0-0.9) NS

Duration LES relaxation (s) 6.8 (6.3-8.0) 6.2 (5.2-6.7) 0.048 6.8 (5.7-7.8) 6.0 (5.1-6.8) NS

Propagation velocity (cm.s-1) 2.6 (2.5-2.8) 2.9 (2.3-3.2) NS 2.7 (2.4-2.9) 2.8 (2.6-3.1) NS
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Figure 3. Percentage of patients with normal liquid transit (≥80% normal bolus transit), 
normal viscous transit (≥70% normal bolus transit) and normal liquid / viscous transit, 
according to manometric diagnosis.
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the esophageal body for both liquid and viscous boluses (Table 3). Mean duration of 
LES relaxation for both liquids and viscous swallows with normal BT was longer than 
those swallows with abnormal BT, but only the di� erence for viscous swallows was 
statistically signi� cant (p<0.05). Median basal LES pressure and LES nadir pressure of 
boluses with normal and abnormal transit were similar for liquids and viscous. Mano-
metric contractions to liquid and viscous boluses with normal transit were propagated 
slower than those with abnormal transit, as described in Table 3.

Table 3. Manometric characteristics of liquid and viscous swallows with normal and abnormal 
transit in patients with ine� ective esophageal motility as median (IQR) of the mean per patient ine� ective esophageal motility as median (IQR) of the mean per patient ine� ective esophageal motility
(N=13). P-values from independent-samples t test.

Liquid swallows Viscous swallows

Normal 
transit

Abnormal 
transit

P 
value

Normal 
transit

Abnormal 
transit

P 
value

Median (IQR) Median (IQR) Median (IQR) Median (IQR)

Wave amplitude (mmHg)

 M2 (17 cm above LES) 17 (11-47) 16 (12-55) NS 19 (13-45) 15 (12-46) NS

 M3 (12 cm above LES) 28 (20-33) 21 (13-34) NS 24 (20-34) 23 (15-37) NS

 M4 ( 7 cm above LES) 32 (23-35) 27 (17-36) NS 30 (19-41) 25 (18-52) NS

 M5 ( 2 cm above LES) 29 (17-64) 24 (13-43) NS 26 (23-36) 30 (20-37) NS

LES pressure (mmHg) 6.3 (0.6-10) 3.8 (0.5-10) NS 9.0 (2.2-11) 6.8 (4.5-14) NS

LES nadir pressure (mmHg)  0.8 (0-2.8)  0.3 (0-1.8) NS  2.2 (0-3.3) 1.4 (0.1-2.9) NS

Duration LES relaxation (s) 5.9 (4.2-6.9) 5.6 (4.5-6.4) NS 6.3 (5.8-6.7) 5.3 (4.6-5.9) 0.012

Propagation velocity (cm.s-1) 2.6 (2.5-2.8) 3.0 (2.3-3.9) NS 2.3 (2.0-3.5) 3.0 (2.2-4.7) NS

Di� use esophageal spasm

Patients with DES showed 48.3% and 40% normal BT for liquid and viscous swallows, 
respectively (Figure 2). None of the 3 patients had normal liquid transit and only 1 
patient had normal viscous transit (Figure 3).

Achalasia

Only 3.3% of both liquid and viscous swallows showed complete BT in achalasia 
patients. None of the patients had normal transit for liquids, viscous or liquids and 
viscous, as shown in Figure 3.

Esophageal transit according to regional BPTs or TBTT

In all patient groups, except achalasia, about twice as many instances of abnormal 
transit were identi� ed by using the criterion of prolonged BPT at any site than by 
using prolonged TBTT. Figure 4 shows percentages of abnormal bolus transit for 
liquid and viscous swallows in each patient group according to abnormal BPT and/
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Figure 4. Percentages 
of abnormal transit 
for liquid and viscous 
boluses according to 
abnormal BPT and/or 
TBTT, abnormal BPT and 
abnormal TBTT.

Table 4. Types of abnormal regional impedance signals for liquid and viscous swallows in NOD 
patients as average of the mean per patient: A) delayed regional bolus clearance, B) delayed 
regional bolus arrival, or C) low impedance baseline before swallow.

Manometric diagnosis

Liquid swallows Viscous swallows

Mean abnormal 
BPT %

A
%

B
%

C
%

Mean abnormal 
BPT %

A
%

B
%

C
%

Normal (n=20) 5.7 3.9 0.4 1.4 9.5 5.9 0.6 3.0

IEM (n=13) 24.1 7.8 8.1 8.2 26.9 8.8 7.1 11.0

DES (n=4) 14.6 1.1 6.1 7.4 16.2 5.0 5.0 6.2

Achalasia (n=3) 56.5 4.8 14.5 37.2 65.8 5.8 20.8 39.2
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or TBTT, abnormal BPT alone and abnormal TBTT alone. For both liquid and viscous 
swallows, we did not � nd a single case of abnormal bolus transit with abnormal TBTT 
and normal BPT at all sites.

Abnormal regional impedance signals

Abnormal regional impedance signals were classi� ed into three di� erent types: A) 
prolonged local presence of impedance drop, corresponding to delayed regional bo-
lus clearance, B) absence of an impedance drop within 10 seconds after the swallow, 
indicative of non-arrival of the bolus, or C) low impedance baseline before a swallow, 
rendering detection of the bolus impossible. Examples of the 3 di� erent types of 
abnormal regional impedance signals are shown in Figure 5.

As shown in table 4, most of the events with abnormal BPT in patients with normal 
manometry were associated with delayed regional bolus clearance (type A); in achala-

Figure 5. Examples of 3 di� erent types of regionally abnormal impedance signals. Type 
A: delayed regional bolus clearance; type B: delayed regional bolus arrival; type C: low 
impedance baseline before swallow.
PH: pharynx pressure; Z1-Z4: impedance recording segments; M1-M5: pressure recording 
segments in esophageal body; LES: lower esophageal sphincter (pressure); F: gastric fundus 
(pressure).
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sia patients the abnormal BPTs were most often caused by a low initial baseline before 
swallow (type C) and sometimes by delayed regional bolus arrival (type B); in patients 
with IEM and DES the 3 types of abnormalities were equally prevalent.

Site of abnormal BPT

In patients with normal manometry, IEM and achalasia, the percentages of abnormal 
BPTs for liquid swallows in the proximal impedance recording segments (Z1-Z2) were 
similar to abnormal BPT percentages in the distal recording segments (Z3-Z4). In DES 
patients, most of the abnormal BPTs for liquids were found in the distal recording 
segments (79.2%) (Table 5).

Percentages of abnormal BPTs for viscous swallows in the distal recording segments 
of patients with normal manometry (57.1%) and IEM (62.2%) were higher than abnor-
mal BPTs percentages in the proximal segments.

Number of sites with abnormal BPT per swallow

In patients with normal manometry, IEM and DES, the mean number of sites with 
abnormal BPT for liquid and viscous boluses was similar (normal manometry: 1.7 and 
1.5; IEM: 1.7 and 1.7; DES: 1.5 and 1.5, for liquids and viscous, respectively).

The mean number of sites with abnormal BPT per swallow in achalasia patients was 
signi� cantly higher for liquid (2.3) and viscous boluses (2.7), compared to the mean 
number in the other 3 groups (p<0.05 and <0.001 for liquids and viscous, respec-
tively).

Table 5. Percentages of abnormal BPTs according to impedance recording segment (Z1-Z4) 
for liquid (L) and viscous swallows (V) in the di� erent patient groups.

Impedance 
segment

Abnormal BPTs (%)

Normal manometry IEM DES Achalasia

L V L V L V L V

Z1 22.0 20.6 15.6 14.8 8.3 37.0 33.3 21.5

Z2 26.8 22.3 32.0 23.0 12.5 18.6 23.2 24.1

Z3 17.1 20.6 30.3 27.0 50.0 22.2 18.8 29.1

Z4 34.1 36.5 22.1 35.2 29.2 22.2 24.6 25.3
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Discussion

In this study we evaluated the value of adding esophageal multichannel intraluminal 
impedance recording to esophageal manometry in 40 consecutive patients with non-
obstructive dysphagia (NOD). For this purpose, esophageal pressures and impedance 
were recorded concurrently with a catheter that incorporated multiple perfused 
manometric side holes and a sleeve sensor, as well as an array of impedance elec-
trodes. Normal values for esophageal impedance data obtained with this technique 
in 42 healthy subjects were published recently20.

One of the most striking observations made in this study is that assessment of 
bolus transit in NOD patients yields results that cannot be predicted on the basis of 
esophageal motility. For instance, 35.3% of our NOD patients with normal manometry 
had abnormal liquid and/or viscous transit. Furthermore, 15.4% of patients with IEM 
had normal transit of liquid and viscous material and 7.7% had abnormal transit for 
liquids only. These � ndings are in accordance with those made in a recent study by 
Tutuian et al.21 These authors suggested that NOD patients could be divided into dif-
ferent degrees of impairment (severe, moderate or mild) according to abnormalities 
in esophageal transit for liquid and/or viscous boluses. When applied to our study, 
17.6% (3/17) of the patients with normal manometry and abnormal transit for both 
liquid and viscous swallows would have a severe esophageal functional abnormal-
ity. Another 3 (17.6%) patients from this group having abnormal transit for liquid or 
viscous swallows would su� er from a moderate esophageal functional disorder. In the 
IEM group, 76.9% and 7.7% of the patients had a severe and moderate esophageal 
functional disorder, respectively. Thus, it appears that the addition of impedance 
monitoring to manometry in patients with NOD allows discrimination between 
patients su� ering from impaired bolus clearance and patients with disordered 
esophageal perception. In achalasia patients, however, many swallows could not be 
quanti� ed as a consequence of a low pre-swallow impedance baseline and almost all 
swallows had abnormal transit. In these patients impedance monitoring seems to add 
little to esophageal manometry.

In our opinion, a general limitation of the impedance recording in the present form is 
the inability to adequately inspect the impedance signals during the recording. Con-
sequently, it is not possible to either assess real-time the impedance patterns after a 
swallow or recognize artefacts and defective tracings with the current MII technique. 
Conceivably, improvements in on-line computerised processing of the impedance 
signal might overcome this limitation.
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No association was found between abnormal bolus transit and low-amplitude pres-
sure waves, neither in IEM patients nor in patients with normal esophageal motility. 
In contrast to Tutuian et al.22, we found some signi� cant di� erences in LES patterns 
between normal and abnormal bolus transit events. The discrepancy between the 
results obtained in our study and those of Tutuian’s study could be explained by the 
simultaneous use of a sleeve sensor manometric assembly in the present study. In pa-
tients with normal manometry and IEM, normal transit of liquid and viscous boluses 
respectively was associated with a longer duration of LES relaxation. This � nding may 
be related to the fact that the duration of LES relaxation is modi� ed by the timing of 
the post-relaxation LES contraction. The sequences with normal peristalsis and nor-
mal transit may have longer LES relaxation because they have a complete peristaltic 
sequence until the post-relaxation LES contraction. We found no relationship between 
nadir LES pressure and bolus transit. These � ndings di� er from the commonly held 
view that nadir pressure is more important in bolus clearance than duration of LES 
relaxation.

Bolus presence time (BPT) and total bolus transit time (TBTT) are potentially inde-
pendent measures of bolus clearance. According to our previous impedance study in 
healthy subjects, bolus transit was considered to be normal when BPT at all sites and 
TBTT were within the normal limits previously de� ned20. In all patient groups, except 
achalasia, about twice as many instances of abnormal transit were identi� ed by using 
the criterion of prolonged BPT at any site than by using prolonged TBTT alone.

Like in the study with healthy volunteers, a proportion of liquid and viscous re-
sponses with normal TBTT had prolonged BPT in the mid-esophagus (Z2 and/or Z3 
impedance segment). One explanation for this phenomenon could be the presence 
of a small residue of material in the esophagus which can cause a prolonged segmen-
tal impedance drop. The yield of MII assessment of esophageal transit seems to be 
highest when regional BPTs are taken into account.

In the analysis of regional impedance patterns, we de� ned 3 di� erent abnormal 
signals: prolonged local presence of impedance drop (type A), absence of an imped-
ance drop within 10 seconds after the swallow, indicative of non-arrival of the bolus 
(type B) and low impedance baseline before a swallow, rendering detection of the 
bolus impossible (type C). Using this classi� cation of regionally abnormal impedance 
signals, di� erent impedance patterns were identi� ed in the manometric groups. 
These patterns can contribute to understand the pathophysiology of impaired bolus 
clearance in the di� erent patient categories.
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In summary, multichannel intraluminal impedance recording identi� es esophageal 
function abnormalities in NOD patients with normal manometry, IEM and DES. The 
MII technique seems to be less suitable for the most severe end of the dysphagia 
spectrum like achalasia. Factors associated with LES function, such as the duration of 
LES relaxation, appear to play a role in disordered bolus transit and clearance in NOD 
patients with normal esophageal manometry and with IEM.
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Abstract

Background: Esophageal emptying can be assessed by radiographic and scintigraphic 
tests with radiation exposure, or by multichannel intraluminal impedance monitoring 
(MII). Aim of this study was to evaluate the applicability of MII for the assessment of 
esophageal emptying in achalasia patients.

Methods: In 10 achalasia patients, impedance tracings were scored independently 
by 3 observers after ingestion of a 100-mL barium bolus. Bolus clearance time (BCT) 
and height of barium column were scored using � uoroscopic images acquired at 20-s 
intervals.

Results: All patients showed a low baseline impedance level in the distal esophagus. 
Air trapping in the proximal esophagus was detected in 9 patients. BCT on MII was 
similar to that on � uoroscopy in 40% to 70% of the patients. Correlations between 
height of barium on � uoroscopy and � uid level on MII were poor to moderate at dif-
ferent time intervals. Concordance (Kendall’s coe�  cient) between the 3 observers for 
assessment of � uid level on MII was 0.31 (p=0.04) at 1 and 5 min, 0.26 (p=0.08) at 10 
and 0.44 (p=0.01) at 15 min.

Conclusion: In achalasia patients, low baseline impedance levels and air entrapment 
in the proximal esophagus limit the value of intraluminal impedance monitoring as a 
test of esophageal emptying.
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Introduction

Idiopathic achalasia is an in� ammatory disease of unknown etiology characterized by 
esophageal aperistalsis and failure of lower esophageal sphincter (LES) relaxation due 
to loss of inhibitory nitrinergic neurons in the esophageal myenteric plexus1. Dysphagia, 
chest pain and regurgitation are the main symptoms in patients with achalasia.

Manometric patterns and LES pressure in particular are the most common follow up 
parameters in achalasia patients2. However, as in other esophageal motor disorders 
it is often di�  cult to correlate symptoms with objective manometric or endoscopic 
patterns. At present, conclusions about the e�  cacy of esophageal motor activity 
are indirect inferences based upon experience gathered from previous studies of 
combined manometry and radiology3 or radionuclide scintigraphy4. Such studies 
are logistically complex and cumbersome and not readily applied to routine clinical 
practice. Also the e� ect of therapy in achalasia patients is often di�  cult to objectify 
and there is a need for an objective and simple test during the follow up period after 
treatment. The radionuclide esophageal transit using a solid meal has been found to 
be a useful study to quantitate results of therapy in achalasia5,6. Two studies showed 
that the upright timed-barium esophagram is an objective test in assessing esopha-
geal emptying7 and evaluating the success of pneumatic dilation for achalasia8.

Recently, intraluminal impedance measurement has been introduced as a technique 
to investigate bolus transport in the esophagus and duodenum9-15. Imam et al.16 vali-
dated the impedance technique in healthy subjects by tracking the movement of a 
swallowed barium bolus with simultaneous � uoroscopy and impedance monitoring. 
A strong correlation was found between the two methods and the authors concluded 
that impedance was able to determine accurately the timing of esophageal lumen 
� lling and emptying. This method can be easily implemented in clinical practice and 
it has no radiation hazards, in contrast to radiologic and scintigraphic examinations. 
However, application of the impedance measurement technique in patients with 
achalasia was found to be associated with technical problems. Due to low base im-
pedance values and air accumulation (leading to high impedance) it can be di�  cult to 
track the transit of the traditional 5-10 ml saline boluses in achalasia patients17-19.

Aim of this study was therefore to evaluate the applicability of intraluminal impedance 
measurement for the assessment of esophageal emptying in achalasia patients, by con-
current video-� uoroscopy and impedance recording during the esophageal clearance 
of a barium bolus. In particular, we wished to explore the possibility that the height of 
the � uid column in the esophagus could be measured with the impedance technique.
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Methods

Subjects

Ten achalasia patients from our outpatient clinic (six man and four women, mean 
age 44 years, range 20-64) were included in the study. The diagnosis of achalasia was 
made according to established manometric criteria. Written informed consent was 
obtained from all the patients and the protocol was approved by the Medical Ethics 
Committee of the University Medical Center Utrecht.

Esophageal impedance recording

Intraluminal electrical impedance was recorded with a 2.3-mm diameter polyvinyl 
assembly containing a series of cylindrical electrodes, each 4 mm in axial length and 
spaced at 2-cm intervals, except for the most proximal one (segment 1) which was 
spaced at 1-cm interval from segment 2, corresponding to one recording segment 
(Aachen University of Technology, FEMU, Aachen, Germany). The assembly contained 
a total of 7 measuring segments and each segment was connected to an impedance 
measurement device that delivered a measuring current of < 6 µA at a frequency 
of 2 kHz. The most distal recording segment (segment 7) was located at level of the 
manometrically localized LES and the other impedance segments (segments 6-1) 
were located at 0-2, 2-4, 4-6, 8-10, 12-14 and 15-17 cm above the upper border of the 
LES (Fig. 1). Impedance signals were recorded in a digital system (Aachen University of 
Technology) using a sample frequency of 50 Hz15.

Video-� uoroscopy

In this study the patient was sitting in upright position in front of a video-� uoroscopy 
device (Easy Diagnost, Philips Medical Systems, Best, the Netherlands). The X-ray im-
ages were on-line digitized during the investigations using an image acquisition card 
(MMS Image Digitizing System, MMS, Enschede, the Netherlands) and saved on disk 
for further analysis.

Study protocol

The study was performed by recording simultaneously video-� uoroscopy and imped-
ance during the esophageal clearance of a 100-cc barium swallow. Three days before 
the study, patients discontinued drugs that in� uence gastrointestinal motility. On the 
day before the study patients used a liquid diet and on the day of the study they were 



Impedance monitoring for esophageal emptying in achalasia 69

fasted for at least 8 hours. The impedance catheter was introduced into the esophagus 
via an anesthesized nostril and the most distal segment (segment 7) was positioned 
at the level of the LES, as determined during a recent esophageal manometry. At the 
start of the impedance recording a baseline � uoroscopic image was recorded and at 
that moment a marker was put on the impedance datalogger. The location of segment 
7 at the level of the LES was checked � uoroscopically and corrected when required. 
After 1 minute the patient was instructed to drink 100 cc of barium suspension (Liquid 
Polibar 1g/ml, E-Z-EM Canada Inc., Montreal, Canada). From this moment onward 
impedance monitoring was recorded continuously during 15 min and a � uoroscopic 
image was recorded every 20 s. Every time a � uoroscopic image was made, the event 
marker on the impedance datalogger was pushed. Recording was stopped when 
esophageal emptying was reached or when bolus clearance (judged � uoroscopically) 
had not taken place after 15 minutes.

Data analysis

The � uoroscopic images of every patient were scored for bolus clearance time (BCT) 
which was de� ned as the time when barium column passed the impedance segment 
just above the LES (segment 6). Also the barium column level was analysed at 1, 5, 10 

Figure 1. Position of the impedance catheter in 
the esophagus with respect to the manometric 
upper border of the lower esophageal sphincter 
(LES).
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and 15 min by recognizing the impedance channel rings where the barium column 
was located.

The impedance tracings were analyzed independently by 3 observers (JMC, MS and 
AJB). Each observer was blinded for the results of the � uoroscopic evaluation. BCT 
was scored as the time until recovery of the impedance to 50% of the baseline value, 
at segment 6 (2 cm above LES). The height of the � uid column, as inferred from the 
impedance signals was scored at 1, 5, 10 and 15 min, and expressed as impedance 
segment number.

Statistical analysis

The data are expressed as mean (± SEM). Spearman’s correlation coe�  cient was 
calculated to express the correlation between video-� uoroscopy and impedance 
monitoring. Interobserver correlation for � uid level on impedance monitoring was 
tested using Kendall’s coe�  cient of concordance (W). P-value of <0.05 was accepted 
as indicating statistical signi� cance. All statistical analyses were performed using com-
mercially available computer software (SPSS 11.5 for Microsoft Windows, Chicago, IL, 
USA).

Results

Patient characteristics

The mean (± SEM) duration of disease was 7.6 (± 2.1) years. None of the patients 
underwent myotomy or botulinum treatment in the past. During the 12 months 
before the study, pneumatic dilation was performed in seven of 10 the patients. The 
mean basal and nadir LES pressure during swallows were 14 (± 2) and 10 (± 2) mmHg, 
respectively. The mean distal esophageal contraction amplitude was 19 (± 4) mmHg. 
Manometric parameters of treated and untreated patients were similar.

Impedance characteristics

All patients showed a low baseline impedance level (< 1200 Ω) in the distal esopha-
gus, suggesting stasis of � uids. In contrast, no signs of stasis were found in any of the 
blank esophagrams at the start of the test. Three of the 10 patients showed at least 
one period of regurgitation and in 9 patients pathological air presence within the 
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proximal esophagus (air trapping) was detected. In Fig. 2, an example of air trapping 
on impedance and � uoroscopy is shown.

Figure 2. Example of pathological air presence within the proximal esophagus (air trapping) 
on impedance monitoring (high impedance levels) and � uoroscopy.

Bolus clearance time on video-� uoroscopy and impedance monitoring

An example of bolus clearance on impedance and video-� uoroscopy is shown in 
Fig. 3. As shown in Table 1, there were considerable di� erences in BCT on impedance 
monitoring as scored by the 3 observers. Two observers scored BCT on impedance 
similarly (± 1 min) to the time on video-� uoroscopy in 70 % of the patients while the 
third observer found a similar clearance time in 40 % of the patients.

On video-� uoroscopy, 80% of the patients showed a BCT longer than 15 min. On 
impedance monitoring, the percentage of patients having a BCT longer than 15 min 
as scored by the 3 observers was 50, 40 and 20 %, respectively (mean 37 %).

In only three of the 10 patients all 3 observers found on impedance monitoring a 
BCT similar to the time on video-� uoroscopy. Concordance between two observers 
was achieved in � ve patients.
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Figure 3. Bolus transit in patient 10 on impedance and � uoroscopy. A and B indicate bolus 
clearance at level 3 and 5 (2.00 and 2.40 min, respectively). C indicates bolus clearance 2 cm 
above LES (level 6, 3.40 min). Note air accumulation within the three proximal channels in the 
second part of the tracing.
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Barium column level on video-� uoroscopy and � uid level on impedance 
monitoring

As shown in Figure 4, the correlation between the height of barium column on � uo-
roscopy and the � uid level on impedance was poor to moderate. A signi� cant, albeit 
weak, correlation was found at 10 min (r = 0.65, r = 0.65, r P < 0.05) and 15 min (P < 0.05) and 15 min (P r = 0.63, r = 0.63, r P = P = P
0.05).

Kendall’s coe�  cient of concordance (W) between the 3 observers for the � uid level 
on impedance monitoring was 0.31 (P = 0.04) at 1 and 5 min, 0.26 (P = 0.08) at 10 min 
and 0.44 (P = 0.01) at 15 min.P = 0.01) at 15 min.P

Discussion

In the present study, assessment of esophageal emptying in achalasia patients by in-
traluminal impedance monitoring was compared to � uoroscopy, which is considered 
to be an objective test for this purpose. Compared to � uoroscopy, the impedance 
technique has been validated for esophageal emptying in healthy volunteers and 
in a recent study, impedance and videoesophagram were found to have excellent 
correlation in identifying bolus transit patterns in healthy subjects16. Theoretically, 
the impedance technique could substitute the timed barium esophagram and the 
radionuclide esophageal transit measurement in the follow-up and in assessing the 
success of treatment in achalasia patients; however, this had not been studied yet.

Table 1. Bolus clearance time (min) on video-� uoroscopy and on impedance monitoring as 
scored by the three observers.

Patient Video-� uoroscopy

Impedance

Observer 1 Observer 2 Observer 3

1 > 15 > 15 14.50 > 15

2 > 15 2.45 > 15 1.10

3 > 15 10.15 > 15 2.00

4 2.40 1.45 13.05 3.00

5 > 15 8.30 8.35 0.50

6 > 15 > 15 > 15 > 15

7 > 15 > 15 14.45 1.00

8 > 15 > 15 > 15 2.40

9 > 15 > 15 8.50 0.50

10 3.40 3.50 3.45 2.30
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Three previous studies have explored the applications of esophageal impedance 
monitoring in patients with achalasia. Nguyen et al.17 described low baseline imped-
ance levels, regurgitation of luminal contents and air presence within the proximal 
esophagus (air trapping) during swallowing. A previous study from our lab, in which 
40 patients with non-obstructive dysphagia were evaluated with the impedance 
technique, showed that most of the swallows in the 3 achalasia patients could not 
be quanti� ed due to low pre-swallow impedance baseline and almost all swallows 
had abnormal transit patterns18. Using simultaneous manometry and impedance 
monitoring in a group of patients with di� erent manometric diagnoses, Tutuian et 
al. described abnormal bolus transit among all achalasia patients, as compared to 
established impedance values in healthy volunteers19. However, in the three studies 
mentioned no attempt was made to correlate the transit and emptying patterns 
observed with impedance monitoring with those obtained with another test, such 
as � uoroscopy. Furthermore, the impedance monitoring technique had not yet 
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Figure 4. Correlation between video-� uoroscopy and impedance monitoring (median value 
of the three observers) regarding barium column levels at 1, 5, 10 and 15 min. Minute 1: r = r = r
0.53, P = 0.11; minute 5: P = 0.11; minute 5: P r = 0.42, r = 0.42, r P = 0.22; minute 10: P = 0.22; minute 10: P r = 0.65, r = 0.65, r P = 0.04; minute 15: P = 0.04; minute 15: P r = 0.63, r = 0.63, r P = P = P
0.05 (Spearman test).
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been used to estimate the height of the � uid column in the esophagus of achalasia 
patients.

Air accumulation within the proximal esophagus was more frequently present in the 
tracings of our patients than in Nguyen’s study17 and this pattern hampered precise 
assessment of bolus clearance. The higher incidence of air trapping in our study could 
be explained by longer stasis of � uids in the esophagus due to the use of a higher 
bolus volume (100 mL) and di� erent viscosity (barium suspension) than in Nguyen’s 
study (eight liquid and semisolid boluses of 10 mL).

Assessment of BCT on the basis of impedance monitoring by the 3 observers was 
poor, when compared to BCT on � uoroscopy. There was a tendency by the observers 
to score a faster BCT than with � uoroscopy, possibly due to temporary impedance 
rises caused by air trapping. Despite the observers’ experience with analysis of imped-
ance tracing, the correlation between impedance monitoring and � uoroscopy for 
the assessment of the height of barium column was found to be moderate to poor 
because of the pathological bolus transport patterns discussed before. Concordance 
between observers regarding BCT and height of � uid level on impedance monitoring 
was moderate.

In our study we used 100 mL of barium for the assessment of esophageal empty-
ing, as this is a frequently used volume for this purpose8. Although this volume was 
satisfactory for the � uoroscopic assessment, it led to more air trapping and delayed 
bolus emptying on impedance monitoring. A test protocol with multiple low volume 
barium boluses given after su�  ciently long time intervals could improve the perfor-
mance of the test.

In summary, interpretation of esophageal emptying in achalasia patients by imped-
ance monitoring is di�  cult due to a combination of abnormal patterns such as low 
baseline impedance levels, regurgitation of luminal content and air entrapment in the 
proximal esophagus. It is therefore felt to be unlikely that assessment of esophageal 
emptying by impedance monitoring will prove to be a clinically useful tool in the 
management of achalasia patients.



76 Chapter 4

References

 1. Park W, Vaezi F. Etiology and pathogenesis of achalasia: the current understanding. Am J 
Gastroenterol 2005;100:1404-14.

 2. Eckardt VF, Aignheer C, Bernhard G. Predictors of outcome in patients with achalasia 
treated by pneumatic dilation. Gastroenterology 1992;103:1732-8.

 3. Kahrilas PJ, Dodds WJ, Hogan WJ. E� ect of peristaltic dysfunction on esophageal volume 
clearance. Gastroenterology 1988;94:73-80.

 4. Richter JE, Blackwell JN, Wu WC, Johns DN, Cowan RJ, Castell DO. Relationship of radio-
nuclide liquid bolus transport and esophageal manometry. J Lab Clin Med 1987;109:217-
24.

 5. Holloway RH, Krosin G, Lange RC, Baue AE, McCallum RW. Radionuclide esophageal 
emptying of a solid meal to quantitate results of therapy in achalasia. Gastroenterol 
1983;84:771-6.

 6. Shen YY, Shiau YC, Sun SS, Kao CH. Using radionuclide esophageal emptying test to evalu-
ate pneumatic dilation e� ects for achalasia. Hepatogastroenterology 2001;48:1061-3.

 7. De Oliveira JM, Birgisson S, Doino�  C, et al. Timed barium swallow: a simple technique 
for evaluating esophageal emptying in patients with achalasia. AJR 1997;169:473-9.

 8. Vaezi MF, Baker ME, Richter JE. Assessment of esophageal emptying post pneumatic 
dilation: use of timed barium esophagram. Am J Gastroenterol 1999;94:1802-7.

 9. Silny J. Intraluminal multiple impedance procedure for measurement of gastrointestinal 
motility. J Gastrointest Mot 1991;3:151-62.

 10. Nguyen HN, Silny J, Wuller S, Marschall HU, Rau G, Matern S. Chyme transport patterns in 
human duodenum, determined by multiple intraluminal impedancometry. Am J Physiol 
1995;268:G700-8.

 11. Frieling T, Hermann S, Kuhlbusch R, et al. Comparison between intraluminal electric im-
pedance measurement and manometry in the human esophagus. Neurogastroenterol 
Motil 1996;8:45-50.

 12. Nguyen HN, Silny J, Matern S. Multiple intraluminal electrical impedancometry for re-
cording of upper gastrointestinal motility: current results and further implications. Am J 
Gastroenterol 1999;94:306-17.

 13. Tutuian R, Vela MF, Balaji NS, et al. Esophageal function testing with combined multichan-
nel intraluminal impedance and manometry: multicenter study in healthy volunteers. 
Clin Gastroenterol Hepatol 2003;1:174-82.

 14. Simren M, Silny J, Holloway R, Tack J, Janssens J, Sifrim D. Relevance of ine� ective 
esophageal motility during esophageal acid clearance. Gut 2003;52:784-90.

 15. Bredenoord AJ, Weusten BL, Timmer R, Smout AJ. Minimum sample frequency for mul-
tichannel intraluminal impedance measurement of the esophagus. Neurogastroenterol 
Motil 2004;16:713-9.

 16. Imam H, Shay S, Ali A, Baker M. Bolus transit patterns in healthy subjects: a study using 
simultaneous impedance monitoring, videoesophagram, and esophageal manometry. 
Am J Physiol Gastrointest Liver Physiol 2005;288:G1000-6.

 17. Nguyen HN, Domingues GR, Winograd R, Lammert F, Silny J, Matern S. Impedance char-
acteristics of esophageal motor function in achalasia. Dis Esophagus 2004;17:44-50.



Impedance monitoring for esophageal emptying in achalasia 77

 18. Conchillo JM, Nguyen NQ, Samsom M, Holloway RH, Smout AJ. Multichannel intraluminal 
impedance monitoring in the evaluation of patients with non-obstructive dysphagia. 
Am J Gastroenterol 2005;100:2624-32.

 19. Tutuian R, Castell DO. Combined multichannel intraluminal impedance and manometry 
clari� es esophageal function abnormalities: study in 350 patients. Am J Gastroenterol 
2004;5:1011-9.





PART II

Intraesophageal impedance monitoring Intraesophageal impedance monitoring 
and gastro-esophageal re� uxand gastro-esophageal re� ux





CHAPTER 5

Air swallowing, belching, acid Air swallowing, belching, acid 
and non-acid re� ux in patients and non-acid re� ux in patients 
with functional dyspepsiawith functional dyspepsia

J.M. Conchillo, M. Selimah, A.J. Bredenoord, 
M. Samsom, A.J.P.M. Smout

Department of Gastroenterology and Hepatology, 
University Medical Center, Utrecht, the Netherlands

Aliment Pharmacol Ther 2007;25:965-71



82 Chapter 5

Abstract

Background: Frequent belching is a common symptom in patients with functional 
dyspepsia (FD) with a reported incidence up to 80%. We hypothesized that patients 
with FD possibly have a higher frequency of belching than healthy subjects second-
ary to frequent air swallowing.

Aim: To assess air swallowing, belching, acid and non-acid re� ux patterns of patients 
with FD.

Methods: Combined 24-hr esophageal impedance and pH monitoring was performed 
in 10 FD patients and 10 controls. Analysis of the impedance-pH signals included 
incidence of air swallows, belching, acid and non-acid re� ux.

Results: The incidence of air swallows in FD patients was signi� cantly higher com-
pared to controls (153 ± 15 vs 79 ± 10, p<0.001), while the incidence of liquid-only 
swallows was not signi� cantly increased. The proportions of gas-containing re� ux 
episodes (belches) and non-acid re� ux episodes in FD patients were signi� cantly 
higher when compared to controls (66.4% vs 44.4%, p=0.04 and 70.1% vs 45.9%, 
p=0.009, respectively).

Conclusion: Patients with FD swallow air more frequently than controls and this is as-
sociated with an increased incidence of non-acid gaseous gastro-esophageal re� ux.
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Introduction

Functional dyspepsia (FD) is a clinical syndrome de� ned by persistent or recurrent 
pain or discomfort centered in the upper abdomen without evidence of organic 
disease likely to explain the symptoms1. Discomfort refers to unpleasant sensations 
that the subject does not interpret as pain and which may be characterised by upper 
abdominal fullness, early satiety, bloating, belching or nausea2.

Belching is the physiological mechanism of expelling ingested gas from the stomach 
and a common symptom in patients with functional dyspepsia with a reported in-
cidence up to 80%3. Troublesome repetitive belching that is objectively observed is 
de� ned as aerophagia1.

Recently, intraluminal impedance measurement has been introduced as a technique 
to investigate bolus transport in the esophagus and duodenum4. This technique 
makes it possible to distinguish movements of even small volumes of gas through the 
esophagus in oral and aboral direction5-7. Combined pH and intraluminal impedance 
monitoring allows detection of all re� ux events regarding acidity (acid and non-acid) 
and composition (liquid, gas, mixed)8. Using this technique Bredenoord et al. have 
shown that in both healthy subjects and GERD patients, air swallowing promotes 
belching but does not facilitate acid re� ux9,10. In patients with FD air swallowing, 
belching and non-acid re� ux patterns have not yet been studied.

We hypothesize that patients with FD possibly have a higher frequency of belching 
than healthy subjects secondary to frequent air swallowing. The aim of the present 
study was to test that hypothesis using combined intraluminal impedance and pH 
monitoring.

Methods

Subjects

Ten patients with FD according to the Rome II criteria1 (8 women, mean age 32.6 years; 
range 20-51) recruited from the outpatient clinic of the department of Gastroenterol-
ogy at the University Medical Center Utrecht, the Netherlands and 10 healthy subjects 
(8 women, mean age 33.0 years; range 21-50) were included in the study.
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Exclusion criteria were: age <18 years; repetitive belching1; heartburn as predominant 
symptom; severe esophageal motility disorder at manometry; esophagitis or erosive 
gastroduodenal lesions; a history of gastro-esophageal surgery or underlying psychi-
atric illness.

The protocol was approved by the institutional ethics committee of the University 
Medical Center Utrecht.

Study protocol

Evaluation of patients included an upper gastrointestinal endoscopy, a gastric empty-
ing study (13C-octanoic acid breath test), stationary esophageal manometry and 24-
hour esophageal pH-impedance recording after a 7 day period o�  acid-suppressive 
medication. The healthy subjects underwent esophageal manometry and 24-hour 
pH-impedance monitoring.

Stationary esophageal manometry

Conventional manometric recording of the esophagus and LES was performed using 
a water-perfused manometric assembly with an incorporated 6 cm long reversed-
perfused sleeve sensor (DentSleeve International Ltd, Mississauga, ON, Canada). 
Pharyngeal and esophageal sideholes were localised at 20 and 25 cm and at 5, 10 and 
15 cm proximal to the sleeve, respectively. Intragastric pressure was measured using 
a sidehole 1 cm below the sleeve. The sleeve sensor, gastric and esophageal sideholes 
were perfused at a rate of 0.2 mL min-1 with degassed water, using hydraulic � ow 
restrictors (DentSleeve International Ltd). After correct positioning of the manometric 
assembly, patients were asked to swallow ten 5-mL boluses of saline in the right 
lateral position. Manometric signals were recorded by a computerized manometry 
recording system (MMS, Enschede, the Netherlands) and displayed and stored on a 
personal computer for subsequent display and analysis.

Intraluminal impedance and pH recording

Intraluminal electrical impedance was recorded using a transnasally introduced 
7-channel impedance catheter with an outer diameter of 2.3 mm (Aachen University of 
Technology, FEMU, Aachen, Germany). The assembly contained a total of 7 measuring 
segments and each segment was connected to an impedance measurement device 
that delivered an alternating current of < 6 µA at a frequency of 2 kHz. The recording 
segments were located at 0-2, 2-4, 4-6, 8-10, 10-12, 14-16 and 17-19 cm above the 
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upper border of the LES as de� ned manometrically. Impedance signals were recorded 
in a digital system (Aachen University of Technology, FEMU) using a sample frequency 
of 50 Hz.

Intraluminal pH monitoring was performed with a glass pH electrode (Ingold A.G., 
Urdorf, Switzerland) and pH data were stored in a digital datalogger (Orion, MMS) 
using a sample frequency of 2 Hz. The pH glass catheter was positioned 5 cm above 
the upper border of the LES. Using a cable that connected the pH datalogger with the 
impedance datalogger the pH signals were also stored on the impedance datalogger, 
ensuring synchronization.

FD patients and healthy subjects were instructed to press the event marker button 
on the pH datalogger whenever they experienced a symptom. The nature and time 
of onset of the symptoms was written down in a diary. They were also instructed to 
consume 3 meals and 2 beverages at � xed times during the 24-hour measurement 
period. The period spent in supine position was noted in the diary.

Gastric emptying studies

In 8 of the dyspepsia patients gastric emptying of solids was measured using the 
13C-octanoic acid breath test. The test meal consisted of two fried eggs, one slice of 
bread, 10 g margarine and 150 ml water (total caloric value of 294 kcal and a nutrient 
composition of 16 g protein, 16 g carbohydrate, 18 g fat). The egg yolk of one egg 
was labeled with 100 mg 13C-sodium-octanoic acid (598 μmol; Campro Scienti� c, 
Veenendaal, the Netherlands), dissolved in 1 ml distilled water. Breath samples were 
taken at baseline, before the meal and from the start of ingestion of the meal every 2 
min the � rst 30 min, every 5 min for the next 30 min and every 15 min thereafter up 
to 4 h11.

Data analysis

The impedance and pH tracings were analyzed with the investigator blinded for the 
condition of patients and controls. Analysis of the impedance signals included total 
number of swallows, liquid-only and air swallows as well as total number of re� ux 
episodes, number of liquid, gas and mixed re� ux episodes, as described below. Meal 
periods were marked and excluded from the analysis.

In the impedance tracings, liquid-only swallows were de� ned as a liquid transit 
sequence (aborally propagated fall in impedance) without gas component (imped-
ance peak < 1 kOhm). Air swallows were de� ned as swallows that were associated 
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with an impedance peak of more than 1 kOhm above baseline, measured in the most 
distal impedance segment. Detection of air swallows with impedance monitoring 
was validated previously and has been shown to be reproducible9,12. Liquid re� ux was 
de� ned as a sequential decrease in impedance to a minimum of 50% of the baseline 
value beginning at the most distal recording site and reaching at least the next two 
proximal measurement segments4,6. Gas re� ux was de� ned as a rapid (3 kOhm/s) in-
crease in impedance, occurring simultaneously in at least two esophageal measuring 
segments, in the absence of swallowing6. Mixed liquid-gas re� ux was de� ned as gas 
re� ux occurring during or immediately preceding liquid re� ux. Belches were de� ned 
as gas-containing re� ux episodes (pure gas or mixed re� ux episodes) in which the gas 
component reached the most proximal impedance segment and the liquid compo-
nent (in mixed re� ux episodes) did not10.

Using the pH tracings, gas, liquid and mixed liquid-gas re� ux were classi� ed as acidic 
and non-acidic, using a threshold of pH=4. The non-acidic re� ux episodes included 
weakly acidic (pH ≥4 and <7) and weakly alkaline (pH ≥7) episodes. We preferred us-
ing acid vs. non-acid as this separation allows a better contrast in the correlation with 
other outcomes.

Statistical analysis

Throughout the manuscript data are expressed as mean (± SEM). Comparisons be-
tween groups were performed using Student’s t test. P-value of <0.05 was accepted as 
indicating statistical signi� cance. All statistical analyses were performed using com-
mercially available computer software (SPSS 11.5 for Microsoft Windows, Chicago, IL, 
USA).

Results

Esophageal motility and gastric emptying

Demographic data and manometric patterns of FD patients and controls as well as 
results of gastric emptying studies in FD patients are shown in table 1.

No di� erences between FD patients and controls were found regarding LES pressure 
and esophageal motility patterns. Three out of 8 FD patients showed delayed gastric 
emptying. The mean gastric ½ emptying time of the FD patients was 99 (± 12) min.
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Swallows

During the 24-hr impedance-pH measurement, FD patients showed a higher inci-
dence of swallows than controls (737 ± 75 vs 517 ± 40, p=0.02). The incidence of air 
swallows in FD patients was also signi� cantly higher compared to controls (153 ± 15 
vs 79 ± 10, p<0.001), while the incidence of liquid-only swallows was not signi� cantly 
increased (584 ± 76 vs 438 ± 38, p=0.10) (Figure 1). There was no di� erence between 
the two groups regarding the total number of swallows during the night-time period 
(supine) (63 ± 7.1 vs 61 ± 3.2, p=0.8).

Gas-containing (belches), acid and non-acid re� ux

In FD patients, a tendency towards a higher incidence of re� ux episodes was found 
(35.1 ± 6.1 vs 23.9 ± 2.2, p=0.11). The proportion of gas-containing re� ux episodes 
(belches) in FD patients was signi� cantly higher when compared to controls (66.4% 
vs 44.4%, p=0.04) and the percentage of liquid-only re� ux episodes was proportion-
ally decreased (44.4% vs 66.4%, p=0.04) (Table 2). The mean number of gas-only and 
mixed re� ux episodes in FD patients was not signi� cantly higher than in controls (11.7 
± 6.7 vs 3.5 ± 1.2, p=0.26 and 12.1 ± 2.7 vs 7.1 ± 1.8, p=0.14, respectively).

While the number of acid re� ux episodes was similar in both groups (10.5 ± 2.4 vs 
12.5 ± 1.4, p=0.48), the number of non-acid (weakly acidic + weakly alkaline) re� ux 
episodes in FD patients was signi� cantly higher than in controls (24.6 ± 5.1 vs 11.4 ± 

Table 1. Demographic, manometric and gastric emptying data of functional dyspepsia 
patients and healthy controls. Values expressed as means (± SEM).

Patients (N=10) Controls (N=10) p-value

Demographic data

Mean age (range) 32.6 (20-51) 33.0 (21-50)

Male/female 2/8 2/8

Manometric patterns

LES pressure (mmHg) 9 (1) 12 (2) 0.24

LES nadir pressure (mmHg) 2 (1) 1 (0) 0.22

Peristaltic waves (%) 91 (5) 90 (6) 0.86

Distal amplitude (mmHg) 85 (12) 87 (8) 0.91

Gastric emptying

½ emptying time (min) 99 (12)

Stasis after 120 min (%) 31 (7)

% patients with delayed emptying 37.5 %
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3.6, p=0.03). Not only the absolute number but also the proportion of non-acid re� ux 
episodes was signi� cantly higher in FD patients when compared to controls (70.1% vs 
45.9%, p=0.009) (Table 2).

 

 

Figure 1.  
 

 

 
 

0

100

200

300

400

500

600

700

800

900

All swallows Liquid swallows Air swallows

N
um

be
r o

f s
w

al
lo

w
s

Patients

Controls

 
 
 

p=0.02 

p=0.10 

p<0.001 

p=0.02 

p=0.10 

Figure 1. Total number of swallows, liquid and air swallows of functional dyspepsia patients 
and healthy controls during 24-hr esophageal impedance-pH measurement. Values expressed 
as means (± SEM).

Table 2. Characteristics of re� ux in patients with functional dyspepsia and healthy controls 
during 24-hr impedance-pH measurement. Values expressed as means or mean % (± SEM) 
within a subject.

Patients Controls p-value

Impedance

Re� ux episodes (n) 35.1 (6.1) 23.9 (2.2) 0.11

Gas-containing re� ux episodes (%) 66.4 (6.5) 44.4 (7.5) 0.04

Liquid-only re� ux episodes (%) 33.6 (6.5) 55.6 (7.5) 0.04

Acid re� ux episodes (%) 29.9 (4.8) 54.1 (6.6) 0.009

Non-acid re� ux episodes (%) 70.1 (4.8) 45.9 (6.6) 0.009

Re� ux time (min) 6.3 (1.7) 5.1 (0.6) 0.64

Re� ux time (%) 0.5 (0.1) 0.5 (0.1) 0.81

pH

Re� ux episodes (n) 11.1 (2.3) 17.6 (3.2) 0.12

Re� ux time (pH<4) (min) 16.4 (3.8) 27.5 (4.4) 0.07

Re� ux time (pH<4) (%) 1.3 (0.3) 2.3 (0.4) 0.04
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When only gas-containing re� ux episodes (belches) were taken into consideration, 
FD patients also showed a higher incidence of episodes of the non-acidic type (18.0 
± 5.2 vs 5.1 ± 1.6, p=0.04), whereas the incidence of episodes of the acidic type was 
similar in the two groups (p=0.84) (Figure 2).

None of the FD patients or healthy controls showed pathologic acid re� ux (pH<4 dur-
ing >5% of time). Re� ux time as measured by impedance was comparable between 
FD patients and controls. However, FD patients had lower acid exposure values (% of 
time with pH<4) when compared to controls (1.3 ± 0.3 vs 2.3 ± 0.4, p=0.04) (Table 2).

No di� erences between groups were found regarding mean esophageal clearance 
time (s), neither when measured by impedance (15 ± 2 vs 16 ± 1) nor when measured 
by pH (82 ± 20 vs 95 ± 16). The proximal extent of the re� uxate (percentage of re� ux 
events reaching the most proximal impedance measuring site) was also similar in the 
two groups (19.9 ± 7.6 vs 22 ± 5.1).

Discussion

In the present study, air swallowing, belching, acid and non-acid re� ux patterns in 
patients with FD were studied, using combined intraluminal impedance and pH 
monitoring. This is the � rst study in which the presence of frequent belching in FD 
patients has been objecti� ed and con� rmed.
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Figure 2. Number of gas-containing re� ux episodes (pure gas and mixed re� ux episodes) of 
acid and non-acid nature in functional dyspepsia patients and healthy controls during 24-hr 
esophageal impedance-pH measurement. Values expressed as means (± SEM).
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Patients with FD showed a higher incidence of air swallows than controls as well as a 
higher incidence of the total number of swallows. Furthermore, a higher proportion of 
gas-containing re� ux episodes (belches) was found in functional dyspepsia patients, 
when compared to controls. Strictly speaking, gas-containing re� ux episodes are not 
synonymous with belches, since belches are characterized by air expulsion through 
the mouth (eructation). As we were not able to measure the number of eructations, 
we de� ned belches as gas-containing re� ux episodes (pure gas and mixed re� ux 
episodes) in which the gas component reached the most proximal impedance seg-
ment and the liquid component (in mixed re� ux episodes) did not. Since it has been 
shown that air swallowing promotes belching in healthy volunteers9, the higher belch 
incidence in our dyspeptic patients probably is the result of a high incidence of air 
swallows.

In the current study, patients with excessive belching were excluded as, according 
to the Rome II criteria, they are classi� ed as a separate functional disorder category1. 
Although the FD patients included in our study did not report symptomatic belch-
ing during recordings, they showed higher incidences of (air) swallowing and gas-
containing re� ux episodes when compared to healthy volunteers.

We can speculate why FD patients swallow air more frequently and belch more 
frequently than controls. A possible explanation could be that dyspeptic patients 
subconsciously swallow (air) more frequently in response to unpleasant gastroin-
testinal sensations and discomfort. As there is evidence of an association between 
psychopathology as well as psychosocial factors and FD13,14, excessive air swallowing 
and belching could be evoked by several factors such as stress, anxiety and neurosis. 
This excessive swallowing of air can lead to accumulation of intragastric air, more dis-
comfort and belching. It has to be noted however, that this behaviour is di� erent from 
that found in subjects with aerophagia and excessive belching, who suck or inject 
air in the esophagus immediately followed by (supragastric) belching7. In the current 
study supragastric belches were not observed in the patients with FD.

No di� erences between dyspeptic patients and controls were found regarding LES 
and esophageal contraction patterns. The possible contribution of impaired gastric 
emptying could not be assessed as no gastric emptying tests were performed in 
healthy volunteers.

We also found that there was no di� erence in the number of swallows between 
patients and controls at night. As the higher incidence of swallows and belches only 
occurs during the day, this � nding supports the notion that the high swallow and 
belch rate in FD patients is caused by an acquired abnormal behavioural pattern.
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Various pathophysiologic mechanisms, such as delayed gastric emptying, impaired 
gastric accommodation and hypersensitivity to gastric distention, have been pro-
posed to play a role in the dyspepsia symptom complex and several studies have been 
performed to assess the association between symptoms and the di� erent mecha-
nisms15. However, only very few studies have addressed the association with belching 
symptoms. In a study in patients with FD, no association was found between impaired 
gastric accommodation and belching16. Theoretically, frequent air swallowing in FD 
patients with proximal stomach dysrelaxation could lead to a greater increase in gas-
tric pressure and thus to more belching than in healthy subjects. Since, according to 
a large study, hypersensitivity to gastric distention is associated with belching17, one 
may postulate that the high incidence of air swallowing in FD patients found in the 
current study led successively to gastric distention and (excessive) belching.

Lin et al. described that belching is as common and as severe in patients with dyspep-
sia as it is in patients with GERD3. In Lin’s study only questionnaires and pH-metry were 
used to count belches. Using impedance monitoring, we were able to study more 
accurately the relation between air swallows, belching, acid and non-acid re� ux in 
patients with FD.

Although a higher proportion of belches was found in FD patients when compared 
to controls, no di� erences were found regarding re� ux time and acid re� ux episodes, 
suggesting that belching is an entity independent to acid re� ux. These results are in 
concordance with a recent study in FD patients by Tack et al.18 in which no association 
between acid re� ux and belching was found. In agreement with the results of the 
current study, they showed that the majority of patients with FD seen at a tertiary 
centre have normal 24-hour esophageal pH monitoring. We have recently shown that 
GERD patients have a higher incidence of air swallows and belches when compared 
to healthy subjects, but also that air swallowing was not the likely cause of their in-
creased re� ux10. Lin et al. described a similar prevalence and severity of belching in FD 
patients and in GERD patients, but belching events correlated more frequently with 
acid re� ux episodes in GERD patients than in FD patients and belching scores in FD 
patients remained unchanged after proton pump inhibitor therapy3.

In the current study, most of the re� ux episodes in dyspepsia patients were non-acid 
(70.1 %) and these patients showed a higher incidence of non-acid re� ux episodes 
when compared to controls. Also the majority of the belches in dyspeptic patients 
were non-acid (75.6 %), whereas the belches in controls showed a similar proportion 
of acid and non-acid content (51.9 and 48.1 %, respectively). These outcomes lead 
further support for the concept that belching and acid re� ux are di� erent entities. 
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A possible explanation for the high proportion of non-acid re� ux episodes in FD pa-
tients could be the neutralizing e� ect of saliva on the gastric content as these patients 
showed a high incidence of swallows. It might also be that delayed gastric emptying 
prolongs the neutralization of the gastric content by food.

The higher incidence of non-acid re� ux episodes in the dyspepsia patients in our 
study may help to understand the high frequency at which heartburn symptoms are 
reported by patients with FD. This � nding can also explain the outcomes in the study 
of Lin et al.3, in which episodes of heartburn in FD patients were not associated with 
acid re� ux events, although heartburn was reported as frequently by FD patients as 
by patients with GERD.

In conclusion, patients with FD swallow air more frequently than controls, and this is 
associated with an increased incidence of non-acid gaseous gastro-esophageal re� ux. 
Further studies are needed to assess the pathophysiological mechanisms underlying 
these abnormalities.



Air swallowing, belching and re� ux in functional dyspepsia 93

References

 1. Talley NJ, Stanghellini V, Heading KC, et al. Functional gastroduodenal disorders. Gut 
1999;45:37-42.

 2. Tack J, Lee KJ. Pathophysiology and treatment of functional dyspepsia. J Clin Gastroen-
terol 2005;39:S211-6.

 3. Lin M, Triada� lopoulos G. Belching: dyspepsia or gastroesophageal re� ux disease? Am J 
Gastroenterol 2003;98:2139-45.

 4. Silny J. Intraluminal multiple impedance procedure for measurement of gastrointestinal 
motility. J Gastrointest Mot 1991;3:151-62.

 5. Fass J, Silny J, Braun J, et al. Measuring esophageal motility with a new intraluminal im-
pedance device. First clinical results in re� ux patients. Scand J Gastroenterol 1994;29:693-
702.

 6. Sifrim D, Silny J, Holloway RH, et al. Patterns of gas and liquid re� ux during transient 
lower esophageal sphincter relaxation: a study using intraluminal electrical impedance. 
Gut 1999;44:47-54.

 7. Bredenoord AJ, Weusten BL, Sifrim D, Timmer R, Smout AJ. Aerophagia, gastric, and 
supragastric belching: a study using intraluminal electrical impedance monitoring. Gut 
2004;53:1561-5.

 8. Sifrim D, Castell D, Dent J, et al. Gastro-esophageal re� ux monitoring: review and 
consensus report on detention and de� nitions of acid, non-acid and gas re� ux. Gut 
2004;53:1024-31.

 9. Bredenoord AJ, Weusten BL, Timmer R, Akkermans LM, Smout AJ. Relationship between 
air swallowing, intragastric air, belching and gastro-esophageal re� ux. Neurogastroen-
terol Motil 2005;17:341-7.

 10. Bredenoord AJ, Weusten BL, Timmer R, Smout AJ. Air swallowing, belching and re� ux in 
patients with gastroesophageal re� ux disease. Am J Gastroenterol 2006;101:1721-6.

 11. Samsom M, Vermeijden JR, Smout AJ, et al. Prevalence of delayed gastric emptying in 
diabetic patients and relationship to dyspeptic symptoms: a prospective study in unse-
lected diabetic patients. Diabetes Care 2003;26:3116-20.

 12. Bredenoord AJ, Weusten BL, Timmer R, Smout AJ. Reproducibility of multichannel intralu-
minal electrical impedance monitoring of gastroesophageal re� ux. Am J Gastroenterol 
2005;100:265-9.

 13. Tack J, Bisschops R, Sarnelli G. Pathophysiology and treatment of functional dyspepsia. 
Gastroenterology 2004;127:1239-55.

 14. Barry S, Dinan TG. Functional dyspepsia: are psychosocial factors of relevance? World J 
Gastroenterol 2006;12:2701-7.

 15. Talley NJ, Vakil N. Guidelines for the management of dyspepsia. Am J Gastroenterol 
2005;100:2324-37.

 16. Tack J, Piessevaux H, Coulie B, Caenepeel P, Janssens J. Role of impaired gastric accom-
modation to a meal in functional dyspepsia. Gastroenterology 1998;115:1346-52.

 17. Tack J, Caenepeel P, Fischler B, Piessevaux H, Janssens J. Symptoms associated with 
hypersensitivity to gastric distention in functional dyspepsia. Gastroenterology 
2001;121:526-35.

 18. Tack J, Caenepeel P, Arts J, Lee KJ, Sifrim D, Janssens J. Prevalence of acid re� ux in func-
tional dyspepsia and its association with symptom pro� le. Gut 2005;54:1370-6.





CHAPTER 6

Role of intraluminal impedance Role of intraluminal impedance 
monitoring in the evaluation of monitoring in the evaluation of 
endoscopic gastroplication for endoscopic gastroplication for 
gastro-esophageal re� ux diseasegastro-esophageal re� ux disease

J.M. Conchillo1, M.P. Schwartz1, M. Selimah1, 
M. Samsom1, J. Arts2, J. Tack2, D. Sifrim2, 
A.J.P.M. Smout1

1 Department of Gastroenterology and 
Hepatology, University Medical Center, Utrecht, the 
Netherlands

2 Department of Gastroenterology, University 
Hospital KU Leuven, Belgium

Aliment Pharmacol Ther 2007;26:61-8



96 Chapter 6

Abstract

Background: In the evaluation of several endoscopic antire� ux procedures a dis-
crepancy in the degree of improvement between symptoms and objective re� ux 
parameters as measured by pH-metry has been reported.

Aim: To assess the additional value of impedance monitoring in the evaluation of 
endoscopic gastroplication for gastroesophageal re� ux disease (GERD).

Methods: Eighteen patients with GERD were treated with 3 endoscopic gastroplica-
tions and underwent 24hr pH-impedance monitoring before and 3 months after 
treatment.

Results: Total re� ux exposure time as assessed by pH-metry and impedance monitor-
ing was signi� cantly decreased after treatment (p=0.047 and <0.001, respectively). 
When assessed with impedance monitoring, the mean number of re� ux episodes 
was signi� cantly decreased after the procedure (82 vs. 56, pre vs. post, p<0.001). 
Furthermore, the mean numbers of liquid and acid re� ux episodes in patients with 
symptomatic improvement were signi� cantly reduced after treatment (p=0.04 
and 0.02, respectively). After treatment, mean volume clearance time (s) and mean 
number of proximal re� ux episodes were signi� cantly decreased (p<0.001 and 0.002, 
respectively).

Conclusion: Impedance monitoring can identify the speci� c e� ect of endoscopic 
gastroplication on the di� erent types of re� ux episodes with regard to gas-liquid 
composition and pH, as well as on volume clearance and the proximal extent of the 
re� uxate.
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Introduction

Endoluminal suturing, using the Endocinch device, is one of the several endoscopic 
procedures that have been developed and evaluated for the treatment of gastroe-
sophageal re� ux disease (GERD) during the last years. The aim of endoscopic suturing 
is to place gastroplications at or just below the esophagogastric junction in order to 
reduce the frequency and volume of re� ux of gastric contents into the esophagus1.

Several studies on endoscopic gastroplication have reported a discrepancy between 
a signi� cant symptom improvement and proton pump inhibitor (PPI) use reduction 
on one hand and a modest improvement in objective re� ux parameters as measured 
by pH-metry on the other. In most studies on endoscopic gastroplication, a reduction 
but no normalization of acid re� ux time was reported2-7.

Recently, intraluminal impedance monitoring has been introduced as a new and re-
producible technique to monitor gastroesophageal re� ux8-10. This technique detects 
re� ux episodes independent of the pH of the re� uxate, which also allows identi� ca-
tion of non-acid re� ux. Combined pH and intraluminal impedance monitoring makes 
it possible to detect all re� ux events and to characterize them on the basis of their 
acidity (acid, weakly acidic, weakly alkaline) and composition (liquid, gas, mixed)11. 
Impedance monitoring has recently been used to characterize re� ux events after 
fundoplication, showing that after surgery most of the few residual re� ux events were 
non-acidic12.

Aim of the present study was to assess the additional value of intraesophageal imped-
ance monitoring in the evaluation of endoscopic gastroplication for the treatment 
of GERD.

Methods

Subjects

Eighteen GERD patients (12 males, 6 females; mean age 47 years, range 34–59) were 
recruited from the outpatient clinics of the departments of Gastroenterology at the 
University Medical Center Utrecht, the Netherlands (n=10) and the Catholic University 
of Leuven, Belgium (n=8), and included in the study. The study protocol was approved 
by the institutional medical ethics committees of both centers.
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Included were patients su� ering from symptoms of chronic heartburn and/or regur-
gitation, who were on maintenance treatment with PPIs and had 24-hour esophageal 
pH results compatible with the diagnosis GERD (esophageal pH <4 during >5% of 
time and/or a symptom association probability >95%13). Excluded were patients with: 
age <18 years, severe esophageal motility disorder on manometry, hiatus hernia >3 
cm in length, a history of thoracic or gastric surgery, re� ux esophagitis C or D (LA 
classi� cation), histological evidence of Barrett’s mucosa, other severe co-morbidity 
(including cardiopulmonary disease, portal hypertension, collagen diseases, morbid 
obesity, coagulation disorders), use of anticoagulant or immunosuppressive drugs or 
a history of alcohol or drug abuse.

Patients were considered suitable candidates for endoscopic gastroplication when 
they experienced an incomplete response to antisecretory medication, or medication 
side-e� ects and/or were unwilling to use PPIs lifelong.

Study protocol

At baseline, evaluation of patients included upper gastrointestinal endoscopy, station-
ary esophageal manometry and ambulatory 24-hour pH-impedance recording after a 
7-day period o�  acid-inhibitory medication. Three months after the endoscopic proce-
dure, esophageal manometry and 24-hour pH-impedance recording were repeated.

In all patients PPI use was quanti� ed during a run-in period of one month before 
the procedure and during one month at three months after the procedure. Question-
naires on GERD symptoms were also completed o�  medication at baseline and three 
months after the procedure. Symptom data collection was incomplete in 5 patients.

Endoscopic gastroplication procedure

Endoscopic suturing was performed to create a preset number of three gastropli-
cations in all patients, using two video gastroscopes (Olympus GIF-160) and the 
endoscopic suturing device (EndoCinch™, Bard Endoscopic Technologies, C.R. Bard 
Inc., Billerica, MA, USA). In each center the procedures were performed by the same 
endoscopist (MPS, JA). After endoscopic placement of an esophageal overtube, two 
stitches were placed adjacent to one other, using one and the same thread. The � rst 
gastroplication was positioned about 1.5-2 cm below the squamocolumnar line along 
the lesser curvature. The second endoscope was used to create the gastroplication by 
tightly pulling the sutures together and placing a suture anchor. A second plication 
was placed 1 cm above the � rst, a third plication was placed at the level of the second 
along the greater curvature.
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All procedures were performed under deep sedation using a combination of mida-
zolam and pethidine administered intravenously. Oxygen saturation was monitored 
continuously during the procedure by pulse oxymetry. After the procedure, patients 
were observed for a period of four hours in the outpatient clinic, during which heart 
rate and blood pressure were measured hourly.

Intraluminal impedance and pH recording

Intraluminal electrical impedance was recorded using a transnasally introduced 
7-channel impedance catheter (Aachen University of Technology, FEMU, Aachen, 
Germany). The assembly (outer diameter of 2.3 mm) contained a total of 7 measuring 
segments, located at 0-2, 2-4, 4-6, 8-10, 10-12, 14-16 and 17-19 cm above the up-
per border of the manometrically localized lower esophageal sphincter (LES). Each 
segment was connected to a portable impedance measurement device (Aachen 
University of Technology, FEMU) that delivered an alternating current of <6 µA at a 
frequency of 2 kHz. The impedance signals were recorded in the portable device in 
digital format using a sample frequency of 50 Hz.

Intraluminal pH monitoring was performed with a glass pH electrode (Ingold A.G., 
Urdorf, Switzerland) and pH data were stored in a digital datalogger (Orion, MMS) 
using a sample frequency of 2 Hz. The pH glass catheter was positioned 5 cm above 
the upper border of the LES. Using a cable that connected the pH datalogger with the 
impedance datalogger the pH signals were also stored in the impedance datalogger, 
ensuring synchronization.

The patients were instructed to press the event marker button on the pH datalog-
ger whenever they experienced a symptom. The nature and time of onset of the 
symptoms was written down in a diary. They were also instructed to consume 3 meals 
and 2 beverages at � xed times during the 24-hour measurement period. Meal periods 
were marked and excluded from the analysis. The period spent in supine position was 
noted in the diary.

Assessment of medication use and symptoms

Patients were instructed to discontinue PPI medications from day 5 after gastroplica-
tion. If symptoms returned, restart of PPI therapy (maintenance or on demand) was 
allowed without consulting a doctor. Medication use was recorded daily and data 
were collected after 3 months. Response to treatment was de� ned as a ≥50% reduc-
tion in the use of PPI’s7.
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GERD symptoms (heartburn and regurgitation) were scored on a 6-point scale measur-
ing frequency (>5 times daily, 2–5 times daily, once daily, once weekly, once monthly 
or less than once monthly) and on a 4-point scale measuring severity (very severe, 
moderately, mildly, not)14. Total GERD symptom scores were calculated by multiply-
ing frequency and severity scores (maximal score: 24). Symptom improvement was 
de� ned as a symptom score reduction of at least 4 points.

Data analysis

Impedance and pH tracings were analyzed by one and the same investigator who was 
blinded to the pre/post treatment status. Analysis of the impedance signals included 
detection of liquid, gas and mixed re� ux episodes, measurement of volume clearance 
time and assessment of proximal extent of the re� uxate, as described below.

Liquid re� ux was de� ned as a sequential decrease in impedance to a minimum of 
50% of the baseline value beginning at the most distal recording site and reaching 
at least the next two proximal measurement segments8,15. Gas re� ux was de� ned as 
a rapid (3 kOhm/s) increase in impedance, occurring simultaneously in at least two 
esophageal measuring segments, in the absence of swallowing15. Mixed liquid-gas 
re� ux was de� ned as gas re� ux that occurred during or immediately preceding liquid 
re� ux.

For each re� ux episodes detected by impedance, volume exposure at 5 cm above 
LES was calculated as the time (s) between the 50% drop in impedance until the 50% 
recovery of the impedance baseline. Impedance total re� ux time was obtained by 
addition of the volume exposures of all individual re� ux events. Average volume 
clearance time was de� ned as total re� ux time divided by the number of re� ux epi-
sodes during the 24-hour recording. Proximal extent of the re� uxate was de� ned as 
the mean number of re� ux events reaching the most proximal impedance measuring 
site.

Using the pH tracings, gas, liquid and mixed liquid-gas re� ux events were classi� ed 
as acidic (pH <4), weakly acidic (pH ≥4 and <7) or weakly alkaline (pH ≥7) episodes.

Statistical analysis

Throughout the manuscript data are expressed as mean (± SEM). Pre-post procedure 
di� erences were analyzed using the paired Student’s t test. Odds ratios were calculated 
with ordinal logistic regression with inclusion of a random patient e� ect to assess the 
correlation between liquid-gas composition and pH of re� ux episodes. A p-value of 
<0.05 was accepted as indicating statistical signi� cance. All statistical analyses were 
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performed using commercially available computer software (SPSS 11.5 for Microsoft 
Windows, Chicago, IL, USA).

Results

Patient characteristics, medication use and symptoms

Patient characteristics at baseline and at 3 months are shown in table 1. At 3 months 
after treatment, daily PPI use was reduced signi� cantly (mean daily PPI use: 36.6 ± 4.9 
mg vs. 12.5 ± 4.1 mg, pre-treatment vs. post-treatment, p=0.001). Sixty-six percent of 
patients reported a reduction in the use of PPI ≥50 %. Thirty-nine percent of patients 
could completely stop the PPI at 3 months.

Heartburn and regurgitation scores decreased signi� cantly at 3 months after treat-
ment (heartburn score: 16 ± 2 vs. 7 ± 2, pre vs. post, p=0.004; regurgitation score: 14 ± 
1 vs. 9 ± 2, pre vs. post, p=0.01).

Table 1. Patient characteristics at baseline and 3 months after endoscopic gastroplication. 
Values expressed as means (± SEM). * Frequency x severity (range 0-24), o�  acid-inhibitory 
drugs.

Baseline 3 months p-value

Demographic data

Mean age (range) 47 (34-59)

Male/female 12/6

Endoscopic patterns

Hiatal hernia length (cm) 1.8 (0.4)

Esophagitis grade A/B, n (%) 8 (44)

GERD symptom score*

Heartburn 16 (2) 7 (2) 0.004

Regurgitation 14 (1) 9 (2) 0.01

Medication

Daily PPI use (mg) 36.6 (4.9) 12.5 (4.1) 0.001

Manometric patterns

LES pressure (mmHg) 8 (2) 7 (2) 0.30

Peristaltic waves (%) 93 (4) 90 (3) 0.23

Distal amplitude (mmHg) 74 (11) 87 (15) 0.57
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Re� ux time on pH-metry and impedance monitoring

Total re� ux time as assessed by pH-metry (pH <4) was signi� cantly reduced after treat-
ment (12.4 ± 2.0 % vs. 8.1 ± 1.0 %, pre vs. post, p=0.047) (Figure 1), but normalization 
of mean acid exposure time (pH<4 during <5% of time) was not achieved.
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Figure 1. Re� ux time (%) at baseline (pre) and 3 months (post) after endoscopic 
gastroplication as assessed by pH-metry and impedance monitoring. Values expressed as 
means (± SEM).

When assessed by impedance monitoring, total re� ux time was signi� cantly de-
creased after treatment (1.9 ± 0.2 % vs. 1.2 ± 0.2 %, pre vs. post, p<0.001) (Figure 1). 
Upright and supine re� ux times were also signi� cantly reduced (p<0.001 and 0.009, 
respectively).

Re� ux episodes

The total number of re� ux episodes as measured by 24-hr impedance monitoring was 
signi� cantly decreased after the procedure (82 ± 7 vs. 56 ± 6, pre vs. post, p<0.001). 
Also the numbers of re� ux episodes in upright and supine position were signi� cantly 
reduced after treatment (p=0.001 and 0.01, respectively) (Table 2). During the post-
prandial period the total number of re� ux episodes was not signi� cantly decreased 
(35 ± 4 vs. 28 ± 4, pre vs. post, p=0.09).
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After treatment, the numbers of liquid-only and mixed (liquid and gas) re� ux episodes 
reduced signi� cantly (p<0.001 and 0.04, respectively), whereas the number of gas-
only re� ux episodes was not signi� cantly decreased (Figure 2).

The number of liquid containing (sum of liquid-only and mixed) re� ux episodes 
was signi� cantly reduced after the procedure (pre: 73 ± 6 vs. 49 ± 6, pre vs. post, 
p<0.001).

Table 2. Numbers of re� ux episodes according to composition (liquid, gas, mixed) and pH 
(acid, weakly acidic and alkaline) at baseline (pre) and 3 months (post) after endoscopic 
gastroplication as assessed by combined pH-impedance monitoring. Values expressed as 
means.

Total Upright Supine

Pre Post p Pre Post p Pre Post p

Re� ux episodes (n) 82 56 <0.001 69 48 0.001 13 8 0.01

Liquid 42 26 <0.001 33 21 0.005 9 5 0.04

Gas 9 7 0.47 8 6 0.51 1 1 0.30

Mixed 31 23 0.04 28 21 0.05 3 2 0.19

Acid 52 32 0.002 44 29 0.02 8 3 0.007

Weakly acidic 25 21 0.35 21 17 0.38 4 4 0.68

Weakly alkaline 5 3 0.54 4 2 0.60 1 1 0.17
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Figure 2. Numbers of liquid, gas and mixed re� ux episodes at baseline (pre) and 3 months 
(post) after endoscopic gastroplication as assessed by impedance monitoring. Values 
expressed as means (± SEM).
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The number of acid re� ux episodes was signi� cantly decreased after treatment (52 ± 
6 vs. 32 ± 5, pre vs. post, p=0.002) whereas the numbers of weakly acidic and weakly 
alkaline episodes were not signi� cantly reduced (Figure 3).

Liquid acidic re� ux was the most frequent re� ux type both before and after treat-
ment (pre: 35.4 %, post: 28.5 %). Likewise, the distribution of the other re� ux episodes 
subtypes was not altered by the treatment.

A signi� cant association between liquid composition and acid content of re� ux epi-
sodes was found as the odds ratio (OR) for the liquid and acid combination was 3.1 
times higher than for the gas and acid combination (OR liquid acidic vs. gas acidic: 3.1, 
95% con� dence interval: 1.33–7.37, p=0.008).

After treatment, the patient subgroup with symptomatic improvement for both 
heartburn and regurgitation (55% of patients) showed a signi� cant decrease in the 
number of total, liquid and acid re� ux episodes (p=0.001, 0.04 and 0.02, respectively) 
as well as in re� ux time as assessed with impedance monitoring (p=0.03). In contrast, 
the patient subgroup with no symptomatic improvement for heartburn and/or 
regurgitation showed no signi� cant decrease in any of the parameters mentioned 
before.
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Figure 3. Numbers of acid, weakly acidic and weakly alkaline re� ux episodes at baseline (pre) 
and 3 months (post) after endoscopic gastroplication as assessed by combined pH-impedance 
monitoring. Values expressed as means (± SEM).
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Furthermore, the patient subgroup responding to treatment (66% of patients) showed 
a signi� cant decrease in the number of total and liquid re� ux episodes (p=0.006 and 
0.048, respectively) as well as in re� ux time as assessed with impedance monitoring 
(p=0.01). This group also showed a tendency to a lower number of acid re� ux episodes 
after treatment (p=0.07). In contrast, the patient subgroup not responding to treat-
ment showed no signi� cant decrease in any of the parameters mentioned before.

Volume clearance and proximal extent of the re� uxate

After treatment, volume clearance time (s) as assessed by impedance monitoring 
signi� cantly shortened (20.4 ± 1.4 vs. 18.0 ± 0.2 seconds, pre vs. post, p<0.001).

The mean number of re� ux episodes reaching the proximal impedance measuring 
site was signi� cantly decreased after the procedure (46 ± 6 vs. 26 ± 5, pre vs. post, 
p=0.002), but the percentage of re� ux episodes reaching the most proximal imped-
ance site did not decrease signi� cantly (65.1 ± 6.9 % vs. 56.9 ± 5.4 %, pre vs. post, 
p=0.22).

Discussion

In the present study, esophageal impedance monitoring was used concomitantly with 
pH-metry for the evaluation of the e� ect of endoscopic gastroplication on several 
gastroesophageal re� ux patterns in patients with GERD.

In the last decade a number of studies have been performed to evaluate the e�  cacy 
of endoscopic gastroplication in GERD patients2-7. A striking, common � nding in the 
majority of these studies is the discrepancy between a clear-cut symptom improve-
ment and PPI use reduction on one hand and a moderate or absent improvement in 
objective re� ux parameters as measured by pH-metry on the other. In some studies 
on endoscopic gastroplication a reduction, but no normalization, of acid re� ux time 
was reported2-6. In the only sham-controlled study that was published, the reduction 
in acid exposure was not greater after active treatment than after sham treatment7. 
These data were con� rmed by the results of the present study, where also a signi� cant 
improvement in re� ux symptoms and PPI use, but only a slight improvement and no 
normalization of 24-hour acid exposure time (from 12.4 to 8.1 %) was found.

For this reason we decided to add 24-hour impedance monitoring to ambulatory pH-
metry, in order to evaluate gastroesophageal re� ux characteristics more thoroughly, 
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attempting to improve our understanding of the treatment e� ects of endoluminal 
gastroplication. The concomitant use of esophageal impedance monitoring and 
pH-metry enabled us to show a clear improvement in re� ux time (p<0.001) after 
endoscopic gastroplication, nearly normalizing to 1.2 %10. Furthermore, we assessed 
the speci� c e� ect of treatment on the di� erent types of re� ux episodes as classi� ed 
according to their composition (liquid, gas, mixed) and pH (acid, weakly acidic, weakly 
alkaline), as well as the treatment e� ect on esophageal volume clearance and the 
proximal extent of the re� uxate. This showed � rstly, that both the total number of 
re� ux episodes and the numbers of liquid and acid re� ux episodes were reduced after 
endoscopic therapy. These reductions were found in the subgroup of patients with 
symptomatic improvement, suggesting a correlation between decrease in re� ux epi-
sodes and symptom improvement. Secondly, it was found that gas re� ux episodes as 
well as weakly acidic and weakly alkaline re� ux episodes did not change signi� cantly. 
Thirdly, that esophageal volume clearance slightly improved after treatment and 
fourthly, that the total number, but not the percentage, of proximal re� ux episodes 
was reduced.

Reduction of the pressure gradient across the esophagogastric junction by endoscopic 
treatment could well explain the decrease of re� ux episodes numbers in the present 
study, as this e� ect has recently been shown in patients after fundoplication16. It is 
possible that after endoscopic gastroplication smaller volumes of re� uxate will be 
able to pass the LES and the signi� cant reduction of mean volume clearance time as 
well as the reduced number of proximal re� ux episodes after treatment observed in 
our study supports this theory. Furthermore, it is conceivable that the reduction of 
the pressure gradient across the esophagogastric junction would reduce liquid re� ux 
more e� ectively than gas re� ux and this would explain the higher reduction of liquid 
re� ux episodes reported in the present study. In addition, a signi� cant association be-
tween liquid composition and acid content of re� ux episodes was found, explaining 
the higher decrease of acid re� ux episodes as compared to non-acid re� ux episodes. 
Roman et al. recently used impedance monitoring to characterize re� ux events after 
fundoplication, showing that after surgery most of the few residual re� ux events were 
non-acidic12. The authors suggested that after fundoplication re� ux volumes may be 
smaller and for this reason, more easily neutralized by saliva or esophageal secretions, 
explaining why most re� ux events were non-acidic.

In the � rst systematic evaluation of the impact of endoscopic suturing on the function 
of the antire� ux barrier, using combined esophageal manometry and pH monitoring, 
Tam et al. showed a signi� cant reduction in the triggering of transient LES relaxations 
(TLESRs)17. As postprandial TLESRs are most often liquid and acidic18, the preferential 
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decrease in liquid and acidic re� ux episodes observed in our study after endoscopic 
gastroplication may be the result of inhibition of TLESRs.

The reduction in the number of re� ux episodes reaching the proximal esophagus after 
endoscopic gastroplication observed in the present study can clarify the discrepancy 
in the degree of improvement between symptoms and acid re� ux parameters. Cicala 
et al. showed that proximal esophageal extent of gastric acid is a main determinant 
of re� ux perception, irrespective of acid exposure time of the distal esophageal mu-
cosa19. Furthermore, in a recent study assessing the e� ect of endoscopic implant of 
hydrogel prostheses (Gatekeeper re� ux repair system) above the LES using prolonged 
multichannel pH monitoring, a statistically signi� cant decrease in the proximal spread 
of acid re� ux into the esophageal body was found20. The authors concluded that, de-
spite the lack of a signi� cant improvement in pH variables, the decrease in proximal 
extent of acid re� ux would explain the improvement in GERD symptoms reported by 
the patients.

Recent studies on long term e�  cacy of endoscopic suturing have shown a poor 
longevity of clinical e� ect and of pleat and suture retention, contributing to a de-
cline in interest in using these devices for the treatment of GERD4,6. In contrast, new 
endoscopic plicators have been designed to create a robust, full-thickness apposition 
of the proximal gastric serosal surfaces which should lead to a more e� ective and 
potentially more durable alteration of the proximal stomach. Early clinical results with 
these devices have been promising21,22 and the outcomes of the present study can be 
useful to understand the new coming endoscopic procedures.

In summary, the results of this study indicate that esophageal impedance monitoring 
can provide valuable information on the e� ect of endoscopic gastroplication, as we 
were able to assess the speci� c e� ect of the treatment on the di� erent types of re� ux 
episodes with regard to their composition and pH. Furthermore, changes in re� ux 
time, volume clearance and proximal extent of the re� uxate were demonstrated. 
Therefore, the use of this technique in the evaluation of endoscopic antire� ux proce-
dures seems to be recommendable.
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Abstract

Background: Non-erosive re� ux disease (NERD) and erosive esophagitis (EE) are the 
most common phenotypic presentations of gastroesophageal re� ux disease (GERD).

Aim: To assess acid and non-acid re� ux patterns in patients with EE and NERD using 
combined esophageal pH-impedance monitoring.

Methods: Twenty-six GERD patients o�  acid-suppressive medication and 10 healthy 
volunteers (HV) underwent upper endoscopy and 24hr pH-impedance monitoring. 
Analysis of the pH-impedance signals included total re� ux time, number of re� ux 
episodes according to gas-liquid composition and pH (acid, non-acid).

Results: EE was identi� ed in 13 patients and NERD in 13 patients. Pathologic acid re� ux 
was found in 92.3% and 69.2% of patients with EE and NERD, respectively (p=0.15). 
When compared to HV, EE patients and NERD patients showed a higher incidence 
of acid (p=0.002 and p<0.001, EE vs. HV and NERD vs. HV, respectively) and non-acid 
re� ux episodes (p=0.03 and p=0.001, EE vs. HV and NERD vs. HV, respectively). Mean 
re� ux times as assessed by both pH-metry and impedance monitoring as well as in-
cidence of acid and non-acid re� ux episodes were similar in EE and NERD patients. In 
the supine position, however, EE patients showed a higher incidence of acid (p=0.048) 
and liquid re� ux episodes (p=0.07).

Conclusion: Whereas EE patients have more acid re� ux episodes in the supine position 
than NERD patients, patients with EE and NERD have similar non-acid re� ux patterns. 
This observation lends support to the notion that non-acid re� ux is less damaging to 
the esophageal mucosa than acid re� ux.
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Introduction

Non-erosive re� ux disease (NERD) and erosive esophagitis (EE) are the most common 
phenotypic presentations of gastroesophageal re� ux disease (GERD)1. NERD has been 
de� ned as the presence of typical symptoms of GERD caused by intraesophageal 
re� ux, in the absence of visible esophageal mucosal injury at endoscopy2,3.

In several studies di� erences in physiologic characteristics between NERD and EE 
patients have been reported: patients with NERD tend to have normal lower esopha-
geal sphincter (LES) pressure, minimal esophageal body motility abnormalities, low 
esophageal acid exposure pro� le and minimal nighttime esophageal exposure4-6. 
Compared with patients with EE, NERD patients have a lower incidence of acid re� ux 
events and a more homogeneous distribution of acid re� ux along the esophagus7,8. 
However, no data is available regarding non-acid re� ux patterns in patients with EE 
and NERD.

Recently, multiple intraluminal impedance monitoring has been introduced as a new 
and reproducible technique to monitor gastro-esophageal re� ux9,10. This technique 
detects re� ux episodes independent of the pH of the re� uxate, which allows also 
non-acid re� ux identi� cation. Combined pH and intraluminal impedance monitoring 
allows detection of all re� ux events regarding acidity (acid, weakly acidic, weakly alka-
line) and composition (liquid, gas, mixed)11. It has been recently shown that combined 
pH-impedance monitoring is more accurate than pH alone for the detection of both 
acid and weakly acidic re� ux12.

Aim of the present study was to assess acid and non-acid re� ux patterns in patients 
with EE and NERD using combined esophageal pH-impedance monitoring.

Methods

Subjects

Twenty-six GERD patients (16 men, mean age 49 years; range 34–75) from the out-
patient clinic of the Gastroenterology departments at the University Medical Center 
Utrecht, the Netherlands (n=18) and the Catholic University of Leuven, Belgium (n=8) 
were included in this study. Ten healthy volunteers (2 men, mean age 33.0 years; 
range 21–50) undergoing gastroscopy and 24 hr pH- impedance monitoring at the 
University Medical Center Utrecht were also included in the study.
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Di� erentiation between EE and NERD was based on the outcomes of upper endos-
copy performed after at least a 7 day period o�  acid-suppressive medication and 
on 24-hour esophageal pH outcomes. Patients were considered to have EE when 
esophageal mucosal injury was found during gastroscopy. Patients were considered 
to have NERD when no esophageal mucosal injury was found during gastroscopy in 
combination with a symptom association probability >95% on 24-hour esophageal 
pH13.

Exclusion criteria were: age <18 years; severe esophageal motility disorder on ma-
nometry; histological evidence of Barrett’s mucosa; previous esophageal or gastric 
surgery; signi� cant untreated medical conditions; history of alcohol or drug abuse.

Stationary esophageal manometry

Conventional manometric recording of the esophagus and LES was performed using 
a water-perfused manometric assembly with an incorporated 6 cm long reversed-
perfused sleeve sensor (DentSleeve International Ltd, Mississauga, ON, Canada). 
Pharyngeal and esophageal sideholes were localised at 20 and 25 cm and at 5, 10 and 
15 cm proximal to the sleeve, respectively. Intragastric pressure was measured using 
a sidehole 1 cm below the sleeve. The sleeve sensor, gastric and esophageal sideholes 
were perfused at a rate of 0.2 mL min-1 with degassed water, using hydraulic � ow 
restrictors (DentSleeve International Ltd). After correct positioning of the manometric 
assembly, patients were asked to swallow ten 5-mL boluses of saline in the right 
lateral position. Manometric signals were recorded by a computerized manometry 
recording system (MMS, Enschede, the Netherlands) and displayed and stored on a 
personal computer for subsequent display and analysis.

Intraluminal impedance and pH recording

In both centers, intraluminal electrical impedance was recorded using a transnasally 
introduced 7-channel impedance catheter (Aachen University of Technology, FEMU, 
Aachen, Germany). The assembly (outer diameter of 2.3 mm) contained a total of 7 
measuring segments and each segment was connected to an impedance measure-
ment device that delivered an alternating current of < 6 µA at a frequency of 2 kHz. 
The recording segments were located at 0-2, 2-4, 4-6, 8-10, 10-12, 14-16 and 17-19 cm 
above the upper border of the manometrically localized LES. Impedance signals were 
recorded in a digital system (Aachen University of Technology, FEMU) using a sample 
frequency of 50 Hz.
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Intraluminal pH monitoring was performed at the University Medical Center Utrecht 
with a glass pH electrode (Ingold A.G., Urdorf, Switzerland) and pH data were stored 
in a digital datalogger (Orion, MMS) using a sample frequency of 2 Hz. At the Catholic 
University of Leuven, pH monitoring was performed with an antimony pH catheter 
(Sinectics Medical Ltd, En� eld, England) and pH data were stored in a digital datalog-
ger (Medtronic, Tolochenaz, Switzerland) using the same sample frequency.

The pH catheter was positioned 5 cm above the upper border of the LES. Using a cable 
that connected the pH datalogger with the impedance datalogger the pH signals 
were also stored on the impedance datalogger, ensuring synchronization.

The patients were instructed to press the event marker button on the pH datalogger 
whenever they experienced a symptom. The nature and time of onset of the symp-
toms was written down in a diary. They were also instructed to consume 3 meals and 
2 beverages at � xed times during the 24-hour measurement period. Meal periods 
were marked and excluded from the analysis. The period spent in supine position was 
noted in the diary.

Data analysis

Impedance and pH tracings were analyzed by the same investigator who was blinded 
for the condition of the patients. Analysis of the impedance signals included total 
number of re� ux episodes, number of re� ux episodes as regard composition (liquid, 
gas and mixed re� ux episodes) and pH (acid, weakly acidic, weakly alkaline), volume 
clearance time and proximal extent of the re� uxate, as described below.

Liquid re� ux was de� ned as a sequential decrease in impedance to a minimum of 50% 
of the baseline value beginning at the most distal recording site and reaching at least 
the next two proximal measurement segments9,14. Gas re� ux was de� ned as a rapid (3 
kOhm/s) increase in impedance, occurring simultaneously in at least two esophageal 
measuring segments, in the absence of swallowing14. Mixed liquid-gas re� ux was 
de� ned as gas re� ux that occurred during or immediately preceding liquid re� ux.

For each re� ux episodes detected by impedance, volume exposure at 5 cm above 
LES was calculated as the time (s) between the 50% drop in impedance until the 
50% recovery of the impedance baseline. Impedance total re� ux time was obtained 
by addition of the volume exposures of all individual re� ux events. Average volume 
clearance time was de� ned as total re� ux time divided by the number of re� ux 
episodes during the 24-hour recording. Proximal extent of the re� uxate was de-
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� ned as the mean number of re� ux events reaching the most proximal impedance 
measuring site.

Using the pH tracings, gas, liquid and mixed liquid-gas re� ux events were classi� ed 
as acidic (pH <4), weakly acidic (pH ≥4 and <7) or weakly alkaline (pH ≥7) episodes. 
We preferred using acid vs. non-acid as this separation allows a better contrast in the 
correlation with other outcomes.

Statistical analysis

Throughout the manuscript parametric data are expressed as mean (± SEM) and 
nonparametric data as median (interquartile range). Comparisons between groups 
were performed using Student’s t test. P-value of <0.05 was accepted as indicating 
statistical signi� cance. All statistical analyses were performed using commercially 
available computer software (SPSS 11.5 for Microsoft Windows, Chicago, IL, USA).

Results

Demographic data and esophageal motility patterns

Thirteen patients were classi� ed as having EE (7 men, mean age 51 years; range 34-75) 
and 13 patients were classi� ed as having NERD (9 men, mean age 47 years; range 36-
59). In the EE group, 5 patients had grade A esophagitis, 7 patients grade B esophagitis 
and 1 patient grade C esophagitis.

Similar mean numbers of symptom episodes (11.4 ± 2.9 vs. 14.5 ± 8.4, p=0.73), SI 
(72.0% ± 7.6 vs. 73.9% ± 8.0, p=0.87) and SAP (98.3% ± 0.9 vs. 96.8% ± 2.5, p=0.60) 
were found in EE and NERD patients.

Demographic data and manometric patterns of EE patients and NERD patients are 
shown in table 1. No di� erences between EE patients and NERD patients were found 
regarding mean age, LES pressure and esophageal motility patterns.

Re� ux episodes

When compared to healthy volunteers (HV), EE patients and NERD patients showed a 
higher incidence of re� ux episodes (69 ± 9 vs. 24 ± 2, EE vs. HV, p<0.001 and 74 ± 7 vs. 
24 ± 2, NERD vs. HV, p<0.001).
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Also the numbers of liquid, gas-containing, acid and non-acid re� ux episodes in EE 
and NERD patients were higher than in HV (Figure 1).

The total number of re� ux episodes as measured by 24-hr impedance monitoring was 
similar in EE patients and NERD patients (69 ± 9 vs. 74 ± 7, p=0.72). No di� erences 
between groups were found in the incidence of re� ux episodes subtypes regarding 
composition (liquid, gas-containing) and acidity (acid, non-acid) (Table 2).

In the supine position, however, EE patients showed a higher incidence of acid re� ux 
episodes (9 ± 2 vs. 4 ± 1, EE vs. NERD, p=0.048) as well as a tendency to a higher inci-
dence of liquid re� ux episodes (liquid: 9 ± 2 vs. 5 ± 1, EE vs. NERD, p=0.07) (Figure 2).

When NERD patients were subdivided into patients with normal (n=4) and abnor-
mal (n=9) esophageal acid exposure, no signi� cant di� erences in the numbers of 

Figure 1. Numbers of liquid, gas-containing, acid and non-acid re� ux episodes in EE patients, 
NERD patients and healthy volunteers (HV) as assessed by combined pH-impedance 
monitoring. Numbers expressed as means (± SEM). *P<0.05, **P<0.01, ***P<0.001.

Table 1. Demographic and manometric data of patients with erosive esophagitis (EE) and 
patients with non erosive re� ux disease (NERD). Values expressed as means (± SEM).

EE (N=13) NERD (N=13) p-value

Demographic data

Mean age (range) 51 (34-75) 47 (36-59) 0.35

Male/female 7/6 9/4

Manometric patterns

LES pressure (mmHg) 7 (3) 12 (4) 0.27

LES nadir pressure (mmHg) 2 (1) 2 (1) 0.89

Peristaltic waves (%) 82 (11) 94 (3) 0.32

Distal amplitude (mmHg) 83 (15) 84 (13) 0.97
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re� ux events were found neither between NERD subgroups nor between each NERD 
subgroup and the EE group.

Re� ux time on pH-metry and impedance monitoring

Twelve (92.3%) EE patients and 9 (69.2%) NERD patients showed pathologic acid re� ux 
(pH<4 during >5% of time) (p=0.15). Total re� ux time as assessed by pH-metry (acid 
re� ux) and impedance monitoring (bolus re� ux) was similar in EE patients and NERD 
patients (Table 3).

When upright and supine re� ux times were assessed with both techniques, EE pa-
tients showed a not signi� cant, higher supine re� ux time and NERD patients showed 
a not signi� cant, higher upright re� ux time.

Median acid clearance times of EE and NERD patients were not signi� cantly di� er-
ent (74 [59-110] s vs. 97 [61-146] s, EE vs. NERD, p=0.54).
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Figure 2. Numbers of liquid and acid re� ux episodes of EE patients and NERD patients in 
upright and supine position as assessed by combined pH-impedance monitoring. Numbers 
expressed as means (± SEM).

Table 2. Numbers of re� ux episodes according to composition (liquid, gas-containing) and 
pH (acid, non-acid) of patients with erosive esophagitis (EE) and patients with non erosive 
re� ux disease (NERD) during 24-hr impedance-pH measurement. Values expressed as means 
(± SEM).

Re� ux episodes

Total Upright Supine

EE NERD p EE NERD p EE NERD p

Total number 69 (9) 74 (7) 0.72 56 (7) 66 (7) 0.37 13 (3) 8 (2) 0.13

Liquid only 37 (6) 39 (4) 0.85 28 (5) 34 (4) 0.36 9 (2) 5 (1) 0.07

Gas-containing 32 (7) 35 (5) 0.73 28 (6) 32 (4) 0.65 4 (1) 3 (1) 0.64

Acid 42 (7) 48 (7) 0.59 33 (6) 44 (7) 0.23 9 (2) 4 (1) 0.048

Non-acid 27 (6) 26 (3) 0.96 23 (5) 22 (3) 0.90 4 (1) 4 (1) 0.73
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Volume clearance and proximal extent of re� uxate

EE patients and NERD patients showed comparable mean volume clearance time (s) 
when assessed by impedance monitoring (20 ± 1 vs. 20 ± 2, p=0.98). No di� erences 
between groups were found regarding the mean percentage of re� ux episodes reach-
ing the most proximal impedance site (59.2 % ± 8.8 vs. 59.0 % ± 8.8, p=0.98).

Discussion

In the present study, acid and non-acid re� ux patterns of patients with NERD and EE 
were compared using combined pH-impedance monitoring.

We found similar mean re� ux times in NERD and EE patients when assessed with both 
pH-metry (acid re� ux) and impedance monitoring (bolus re� ux). EE patients showed 
a tendency to higher supine re� ux time while NERD patients showed a tendency to 
higher upright re� ux time. Frazzoni et al.15 also reported a greater supine nocturnal 
acid re� ux time in EE patients when compared with NERD patients. As patients with 
complicated re� ux disease also showed greater esophageal acid exposure due to su-
pine nocturnal acid re� ux, the authors concluded that nocturnal acid re� ux occurring 
in the recumbent position has the highest probability of damaging the esophageal 
mucosa as the loss of gravity is coupled with the absence of primary peristalsis and 
salivation during sleep.

The percentage of EE patients with pathologic acid re� ux (pH<4 during >5% of time) 
tended to be higher than in NERD patients, but this di� erence was not statistically 
signi� cant. Martinez et al.7 also reported a higher percentage of abnormal pH test in 
EE patients when compared with NERD patients. However, when only NERD-positive 
patients (abnormal pH test) were taken into consideration, the degree of acid exposure 
in the di� erent positions and the number of acid re� ux events were similar to those 

Table 3. Re� ux time (%) of patients with erosive esophagitis (EE) and patients with non erosive 
re� ux disease (NERD) as assessed by 24-hr pH-metry (acid re� ux) and impedance monitoring 
(bolus re� ux).Values expressed as means (± SEM).

Re� ux time

Total Upright Supine

EE NERD p EE NERD p EE NERD p

pH
(acid re� ux %)

11.5 
(2.3)

10.6 
(2.2)

0.77 6.7 (1.4)
10.9 
(1.8)

0.15 9.9 (1.5) 5.7 (2.1) 0.21

Impedance
(bolus re� ux %)

1.7 (0.3) 1.8 (0.3) 0.76 2.7 (0.5) 3.1 (0.5) 0.57 0.8 (0.2) 0.5 (0.1) 0.16
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of patients with EE. Moreover, the calculated symptom index matched that of the EE 
group. The authors concluded that the NERD group represents a mixture of two main 
types of patient: those with abnormal acid re� ux and symptom patterns similar to 
those of patients with EE, who � t the more classic form of GERD, and those with acid 
re� ux patterns that fall within the physiological range. NERD-negative patients (nor-
mal pH test) have been labeled by other authors as having “functional heartburn”16.

In the current study, the incidence of acid, non-acid, liquid and gas-containing re� ux 
episodes were comparable between NERD and EE patients. According to our data, 
non-acid re� ux is not helpful in the discrimination between NERD and EE patients. In 
the � rst study using ambulatory 24-hr recording of concurrent intraesophageal pH 
and impedance monitoring in EE patients and healthy subjects, Sifrim et al. described 
similar percentages of non-acid re� ux in both groups17. However, non-acid re� ux 
episodes seem to be relevant in GERD patients on acid-suppressive therapy: in a post-
prandial study of patients with GERD who were on omeprazole, Vela et al. showed that 
the total number of postprandial re� ux episodes did not change signi� cantly after 
acid-suppression treatment but became predominantly non-acid18. In a recent study 
in patients with persistent symptoms despite acid-suppressive therapy, typical GERD 
symptoms on PPI therapy were more likely to be associated with a positive symptom 
index, primarily non-acid19.

EE patients showed in the present study a higher incidence of acid and liquid re� ux 
episodes in the supine position. Martinez et al.7 reported a higher incidence of acid 
re� ux episodes in EE patients when compared with NERD patients. Frazzoli et al.20

reported higher numbers of acid re� uxes lasting for more than 5 min in the EE group 
than in the NERD group for the supine nocturnal period. The authors found a lower 
mean distal esophageal amplitude in EE patients when compared to NERD patients 
and speculated that acid re� uxes lasting for more than 5 min in the supine nocturnal 
period may be considered to re� ect defective esophageal peristalsis. In the present 
study, however, EE patients showed a similar percentage of peristaltic waves and 
mean distal wave amplitude to NERD patients.

A possible explanation for the lack of di� erences in re� ux patterns between EE and 
NERD patients in the present study could be that the majority of EE patients had 
low-grade esophagitis, as it has been demonstrated that patients with low-grade 
esophagitis and NERD patients have similar underlying re� ux mechanisms7. It can be 
argued that the similarities between EE en NERD patients found in the present study 
can be also due to a type II statistical error because of the relatively small number of 
patients included in the study. However, Martinez et al. found similar re� ux patterns 



Re� ux patterns in EE and NERD 121

in EE and NERD patients with abnormal acid exposure7. Since in our study also most 
of the NERD patients (69%) had abnormal acid exposure, the � ndings of Martinez et 
al. and our study appear to be in accordance.

In the present study, no di� erences between EE patients and NERD patients were 
found regarding the mean percentage of re� ux episodes reaching the most proximal 
impedance site. In contrast to our � ndings, Cicala et al.21 described that NERD patients 
are characterized by a signi� cantly higher proportion of proximal acid re� uxes when 
compared to patients with esophagitis. The discrepancy between both studies can 
be due to a di� erent selection of NERD patients as Cicala and coworkers did not 
select patients on the basis of results of pH monitoring or symptom-re� ux association 
analysis. Furthermore, Cicala et al. only analyzed acid re� ux episodes while we were 
able to identify the proximal extent of non-acid re� ux episodes using impedance 
monitoring.

Cicala and coworkers21 also showed that NERD patients are more sensitive than those 
with EE to short re� ux episodes reaching the proximal esophagus. They postulated 
that the proximal extent of acid could be the key event in symptom production, 
playing a far more important role than its contact time with the mucosa. This is con-
sistent with studies showing hypersensitivity to acid in both the proximal and distal 
esophagus of these patients22, and could be explained by the di� erent distribution 
and/or enhanced activation of chemoreceptors in the esophageal body23,24. In a 
recent study, Bredenoord et al.25 showed that in symptomatic GERD patients without 
excessive esophageal acid exposure a higher proportion of re� ux episodes reach the 
proximal esophagus than in controls, and this can in part explain their symptoms. 
Unfortunately, di� erentiation of GERD patients into EE and NERD was not assessed.

In conclusion, using combined pH-impedance monitoring we have shown that EE pa-
tients tend to have a higher incidence of acid and liquid re� ux episodes in the supine 
position than NERD patients. However, patients with EE and NERD have similar bolus 
exposure times as well as non-acid re� ux patterns. This observation is in accordance 
with the concept that non-acid re� ux is not a major factor in the pathogenesis of 
erosive changes to the esophageal mucosa.
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In Chapter 1, a general introduction on the principles and applications of intraluminal 
impedance monitoring in esophageal disorders is provided. Intra-esophageal imped-
ance monitoring can be used to assess the clearance of a swallowed bolus and to 
detect gastro-esophageal re� ux independent of its acidity. Impedance monitoring 
has been validated for esophageal transit testing and normal values for combined 
impedance-manometry (solid-state catheter) have been reported. Concurrent imped-
ance monitoring and manometry clari� es esophageal function abnormalities associ-
ated with di� erent esophageal disorders by identifying incomplete bolus transit of 
swallows. Intraesophageal impedance monitoring detects re� ux events independent 
of the pH of the re� uxate, which makes it possible to identify non-acid re� ux episodes. 
Combined pH and impedance monitoring allows detection of all re� ux events irre-
spective of their acidity (acid, weakly acidic, weakly alkaline) and composition (liquid, 
gas, mixed). Normal values for 24-h ambulatory pH-impedance monitoring have 
been reported by three independent studies. The following potential indications for 
impedance-pH monitoring have been proposed: re� ux symptoms resistant to inhibi-
tion of acid secretion, chronic unexplained cough, excessive belching and suspected 
rumination.

Chapter 2 describes normal values for impedance measurement of bolus clearance 
when combined with perfusion manometry. For this purpose, concurrent perfusion 
manometry and impedance monitoring were performed in 42 healthy volunteers. 
Ten 5-mL liquid boluses and ten 5-mL low-impedance viscous boluses were tested 
in each subject in the right-lateral position. Normal values for bolus presence time 
(BPT) at each site and total bolus transit time (TBTT) were determined from either 
“normal” peristaltic responses (amplitude ≥30 mm Hg in distal esophagus) or “super-
normal” peristaltic responses (amplitudes ≥50 mm Hg at all sites). BPT and TBTT of 
viscous swallows were longer than those for liquids. Within a response, the number 
of sites with prolonged BPT strongly predicted the incidence of prolonged TBTT. Us-
ing impedance criteria, normal esophageal bolus clearance was de� ned as complete 
clearance of at least 70% of liquid boluses and at least 60% of viscous boluses.

The additional value of intraluminal impedance monitoring in the evaluation of 
patients with non-obstructive dysphagia (NOD) was studied in Chapter 3. A total 
of 40 consecutive patients with NOD underwent combined esophageal impedance 
recording and perfusion manometry. Ten liquid and 10 viscous boluses were tested 
in each patient. Bolus transit (BT) was considered to be normal when bolus presence 
time (BPT) at all sites and total bolus transit time (TBTT) were within the normal limits 
de� ned in Chapter 2. Patients were judged to have normal transit if ≥80% of liquid 
and ≥70% of viscous swallows showed normal transit. The following manometric 
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diagnoses were made: normal motility (20), ine� ective esophageal motility (IEM) (13), 
di� use esophageal spasm (DES) (4) and achalasia (3). Abnormal transit for liquid and/
or viscous boluses was found in 35.3% of patients with normal motility, in 66.7% of 
DES patients and in 100% of achalasia patients. In patients with achalasia quanti� ca-
tion of bolus transit was often made impossible by low initial impedance baseline. 
Two IEM patients (15.4%) showed normal liquid and viscous transit. The conclusion 
of this study is therefore that impedance recording identi� es esophageal function 
abnormalities in NOD patients with normal manometry, IEM and DES. The imped-
ance technique seems to be less suitable for the most severe end of the dysphagia 
spectrum like achalasia.

In Chapter 4, the applicability of multichannel impedance monitoring for the assess-
ment of esophageal emptying was evaluated in 10 achalasia patients. The study was 
performed by simultaneous recording of video� uoroscopic images and impedance 
signals during the esophageal clearance of a 100-ml barium bolus. Impedance trac-
ings were scored independently by three observers. Bolus clearance time (BCT) and 
height of barium column were scored using � uoroscopic images acquired at 20-s 
intervals. All patients showed a low baseline impedance level in the distal esophagus. 
Air trapping in the proximal esophagus was detected in 9 patients. BCT on impedance 
was similar to that on � uoroscopy in 40% to 70% of the patients. Correlations between 
height of the barium column on � uoroscopy and � uid level on impedance were poor 
to moderate at di� erent time intervals. Concordance between observers for assess-
ment of � uid level on impedance at 1, 5, 10 and 15 min was moderate. We conclude 
that in achalasia patients, low-baseline impedance levels and air entrapment in the 
proximal esophagus limit the value of intraluminal impedance monitoring as a test of 
esophageal emptying.

Air swallowing, belching, acid and non-acid re� ux patterns of patients with func-
tional dyspepsia (FD) are described in Chapter 5. Combined 24-h esophageal and pH 
monitoring was performed in 10 FD patients and 10 healthy controls. Analysis of the 
impedance-pH signals included incidence of air swallows, belching, acid and non-
acid re� ux. The incidence of air swallows in FD patients was signi� cantly higher com-
pared with controls, while the incidence of liquid-only swallows was not signi� cantly 
increased. The proportions of gas-containing re� ux episodes (belches) and non-acid 
re� ux episodes in the FD patients were signi� cantly higher than in the controls. We 
thus conclude that FD patients swallow air more frequently than controls and that this 
abnormality is associated with an increased incidence of non-acid gaseous gastro-
esophageal re� ux.
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In Chapter 6 we assessed the role of intra-esophageal impedance monitoring in 
the evaluation of endoscopic gastroplication for gastro-esophageal re� ux disease 
(GERD). Eighteen patients with GERD were treated with 3 endoscopic gastroplications 
(EndoCinch™) and underwent 24-hr pH-impedance monitoring before and 3 months 
after treatment. Total re� ux exposure time as assessed by pH-metry and impedance 
monitoring was signi� cantly decreased after treatment. When assessed with imped-
ance monitoring, the mean number of re� ux episodes was signi� cantly decreased after 
the procedure. Furthermore, the mean numbers of liquid and acid re� ux episodes in 
patients with symptomatic improvement were signi� cantly reduced after treatment. 
After treatment, mean volume clearance time (s) and mean number of proximal re� ux 
episodes were signi� cantly decreased. The conclusion of this study is therefore that 
impedance monitoring can identify the speci� c e� ect of endoscopic gastroplication 
on the di� erent types of re� ux episodes with regard to gas-liquid composition and 
pH, as well as on volume clearance and the proximal extent of the re� uxate.

Acid and non-acid re� ux patterns in patients with erosive esophagitis (EE) and non-
erosive re� ux disease (NERD) were studied in Chapter 7 using combined esophageal 
pH-impedance monitoring. Twenty-six GERD patients o�  acid-suppressive medication 
and 10 healthy volunteers (HV) underwent upper endoscopy and 24-hr pH-impedance 
monitoring. Analysis of the pH-impedance signals included total re� ux time (time with 
pH <4, time with low impedance), number of re� ux episodes according to gas-liquid 
composition and pH (acid, non-acid). EE was identi� ed in 13 patients and NERD in 
13 patients. When compared to HV, EE patients and NERD patients showed a higher 
incidence of acid and non-acid re� ux episodes. Pathologic acid re� ux was found in 
92.3% and 69.2% of patients with EE and NERD, respectively. Mean re� ux times as 
assessed by both pH-metry and impedance monitoring as well as incidence of acid 
and non-acid re� ux episodes were similar in EE and NERD patients. In the supine 
position, however, EE patients showed a higher incidence of acid and liquid re� ux 
episodes. We conclude that whereas EE patients have more acid re� ux episodes in the 
supine position than NERD patients, patients with EE and NERD have similar non-acid 
re� ux patterns. This observation lends support to the notion that non-acid re� ux is 
less damaging to the esophageal mucosa than acid re� ux.

The questions that were formulated at the end of Chapter 1 can be answered as fol-
lows:

1. Using combined impedance and perfusion manometry, normal esophageal bolus 
clearance was de� ned as complete clearance of at least 70% of liquid boluses and 
at least 60% of viscous boluses.
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2. Impedance recording identi� es esophageal function abnormalities in non-
obstructive dysphagia patients with normal manometry, ine� ective esophageal 
motility and di� use esophageal spasm. The impedance technique seems to be 
less suitable for the most severe end of the dysphagia spectrum like achalasia.

3. In achalasia patients, low-baseline impedance levels and air entrapment in the 
proximal esophagus limit the value of intraluminal impedance monitoring as a 
test of esophageal emptying.

4. Patients with functional dyspepsia swallow air more frequently than controls and 
this abnormality is associated with an increased incidence of non-acid gaseous 
gastro-esophageal re� ux.

5. Impedance monitoring can identify the speci� c e� ect of endoscopic gastroplica-
tion on the di� erent types of re� ux episodes with regard to gas-liquid composition 
and pH, as well as on volume clearance and the proximal extent of the re� uxate.

6. Whereas patients with erosive esophagitis have more acid re� ux episodes in the 
supine position than patients with non-erosive re� ux disease, both groups have 
similar non-acid re� ux patterns.
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Hoofdstuk 1 bevat een algemene inleiding over de principes en toepassingen van de 
impedantie techniek bij slokdarm aandoeningen. Intraluminale impedantie-meting 
van de slokdarm kan worden toegepast om de klaring van een ingeslikte bolus te 
bestuderen en voor de detectie van gastro-oesofageale re� ux, onafhankelijk van de 
zuurgraad van het re� uxaat.

De toepassing van de impedantie-techniek voor het bestuderen van de passage van 
een bolus door de slokdarm is in verschillende studies gevalideerd. Normaalwaarden 
voor slokdarmpassage gemeten met gecombineerde impedantie- en manometrie- 
(solid-state catheter) registraties werden gepubliceerd. Gecombineerde impedantie- 
en manometrie-meting kan de abnormale slokdarm functie die voorkomt bij verschil-
lende aandoeningen objectiveren door detectie van incomplete bolus passage.

Impedantiemeting in de slokdarm kan re� ux-episoden detecteren, onafhankelijk 
van de zuurgraad van het re� uxaat, met andere woorden, ook niet-zure re� ux kan 
worden geïdenti� ceerd. Gecombineerde pH-impedantiemeting kan re� ux-episoden 
classi� ceren naar zuurgraad (zuur, zwak-zuur, zwak-alkalisch) en aard (vloeibaar, gas, 
gemengd). Normaalwaarden voor 24-uurs pH- en impedantie-meting zijn door drie 
onafhankelijke groepen gerapporteerd. De volgende indicaties voor gecombineerde 
pH-impedantiemeting zijn voorgesteld: re� ux-symptomen resistent voor zuurrem-
mende therapie, onbegrepen chronische hoest, excessief boeren en symptomen 
passend bij rumineren.

In Hoofdstuk 2 worden normaalwaarden beschreven voor impedantie-meting 
van bolus-klaring in combinatie met perfusie-manometrie. Gecombineerde impe-
dantie- en manometrie-metingen werden verricht bij 42 gezonde vrijwilligers. De 
passage van 10 vloeibare bolussen van 5 ml en 10 viskeuze bolussen van 5 ml werd 
in rechterzij-ligging gemeten. Normaalwaarden voor “bolus presence time” (BPT) 
voor elke segment en “total bolus transit time” (TBTT) werden bepaald voor zowel 
“normale” peristaltische contracties (amplitude ≥30 mm Hg in distale slokdarm) als 
“super-normale” peristaltische contracties (amplitude ≥50 mm Hg in alle segmenten). 
BPT en TBTT van viskeuze bolussen waren langer dan die van vloeibare bolussen. 
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Bij elke individuele slik was het aantal niveaus met verlengd BPT voorspellend voor 
het vóórkomen van verlengd TBTT. Op basis van impedantie-criteria wordt normale 
bolus-klaring gede� nieerd als klaring van tenminste 70% van vloeibare bolussen en 
60% van viskeuze bolussen.

De toegevoegde waarde van impedantiemetingen in de evaluatie van patiënten met 
non-obstructieve dysfagie wordt bestudeerd in Hoofdstuk 3. Veertig opeenvolgende 
patiënten met niet-obstructieve dysfagie ondergingen gecombineerde impedantie-
meting en perfusie-manometrie. De passage van 10 vloeibare en 10 viskeuze bolussen 
werd in rechterzij-ligging gemeten. Bolus transit (BT) werd als normaal beschouwd 
wanneer zowel “bolus presence time” (BPT) in elke segment als “total bolus transit 
time” (TBTT) binnen de in Hoofdstuk 2 beschreven normale grenzen vielen. Slokdarm-
passage van de individuele patiënt werd als normaal geclassi� ceerd wanneer ≥80% 
van de vloeibare slikken en ≥70% van de viskeuze slikken normale passage vertoon-
den. De volgende manometrische diagnoses werden gesteld: normale motoriek 
(20), ine� ectieve slokdarmmotoriek (13), di� use slokdarmspasmen (4) en achalasie 
(3). 35.3% van de patiënten met normale motoriek, 66.7% van de patiënten met dif-
fuse slokdarmspasmen en 100% van de achalasie-patiënten had abnormale passage 
voor vloeibare en/of viskeuze bolussen. De analyse van bolus-passage bij patiënten 
met achalasie was meestal niet mogelijk wegens lage basale impedantie-niveaus. 
Twee patiënten met ine� ectieve slokdarmmotoriek (15.4%) hadden normale pas-
sage voor vloeibare en viskeuze bolussen. We concluderen dat impedantie-meting 
slokdarmfunctiestoornissen detecteert bij dysfagie-patiënten met normale motoriek, 
ine� ectieve slokdarmmotoriek en di� use slokdarmspasmen. De impedantie-techniek 
lijkt minder goed toepasbaar bij patiënten met achalasie.

Hoofdstuk 4 evalueert de toepasbaarheid van de impedantie-techniek voor de studie 
van slokdarmlediging in patiënten met achalasie. De klaring van 100 ml barium werd 
bij 10 achalasie-patiënten bestudeerd door simultane meting met video-� uoroscopie 
en impedantie. De impedantie signalen werden door drie onderzoekers onafhankelijk 
van elkaar gescoord. “Bolus clearance time” (BCT) en de hoogte van de bariumkolom 
werden gescoord op � uoroscopie-beelden die elke 20 seconden werden opgeno-
men. Alle patiënten hadden een lage basis-impedantie in de distale slokdarm. In de 
proximale slokdarm van 9 patiënten werd “air trapping” gevonden. Bij 40% tot 70% 
van de patiënten was BCT zoals gemeten met impedantie-meting en � uoroscopie 
vergelijkbaar. De correlatie tussen de hoogte van de bariumkolom bij � uoroscopie en 
het vloeistofniveau bij de impedantie-meting was matig tot slecht. De overeenstem-
ming tussen onderzoekers voor de bepaling van het vloeistofniveau op basis van de 
impedantie-meting op 1, 5, 10 en 15 minuten was matig. Op basis van deze gegevens 
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kunnen we concluderen dat de toepassing van de impedantie-meting voor de studie 
van slokdarmlediging in patiënten met achalasie wordt beperkt door een laag basis-
impedantie-niveau en “air trapping” in de proximale slokdarm.

In Hoofdstuk 5 bestuderen we luchtslikken, boeren, zure en niet-zure re� ux-
karakteristieken bij patiënten met functionele dyspepsie (FD). Gecombineerde 24-hr 
pH- en impedantiemetingen werden uitgevoerd bij 10 FD patiënten en 10 gezonde 
vrijwilligers. De incidentie van luchtslikken was signi� cant hoger bij FD patiënten 
dan bij controles, terwijl de incidentie van vloeibare slikken niet signi� cant hoger 
was bij de FD patiënten. Het percentage van gasvormige re� ux-episoden (boeren) 
en niet-zure re� ux episoden was signi� cant hoger bij FD patiënten dan bij controles. 
We concluderen dat patiënten met FD vaker lucht slikken dan controles en dat dit 
fenomeen geassocieerd is met een hogere incidentie van niet-zure, gasvormige 
gastro-oesofageale re� ux.

De rol van impedantie-meting in de evaluatie van endoscopische gastroplicatie voor 
gastro-oesofageale re� uxziekte (GORZ) wordt bestudeerd in Hoofdstuk 6. Achtien 
patiënten met GORZ werden behandeld met 3 endoscopische gastroplicaties (Endo-
Cinch™) en ondergingen 24-hr pH-impedantiemetingen voorafgaand en 3 maanden 
na de behandeling. De totale re� ux expositietijd was zowel bij pH-metrie als bij im-
pedantie signi� cant verlaagd na de behandeling. De incidentie van re� ux-episoden 
gemeten met impedantie was signi� cant lager na de procedure. Bij patiënten met 
symptomatische verbetering was de incidentie van vloeibare re� ux-episoden en zure 
re� ux-episoden signi� cant lager na de behandeling. De “volume clearance time” (s) en 
de proximale uitbreiding van de re� ux-episoden waren signi� cant lager na de proce-
dure. Concluderend, de impedantie-techniek kan het speci� eke e� ect van endosco-
pische gastroplicatie op de verschillende soorten re� ux-episoden detecteren evenals 
het e� ect op de volume-klaring en de proximale uitbreiding van het re� uxaat.

In Hoofdstuk 7 worden zure en niet-zure re� ux karakteristieken van patiënten met 
erosieve oesofagitis en non-erosieve re� uxziekte (NERZ) beschreven. Zesentwintig 
GORZ patiënten zonder zuurremmende medicatie en 10 gezonde vrijwilligers onder-
gingen gastroscopie en 24-hr pH-impedantiemeting. De volgende parameters werden 
bestudeerd: totale re� ux-expositietijd, aantal re� ux-episoden volgens gas-vloeistof 
samenstelling en zuurgraad (zuur, niet-zuur). Oesofagitis werd gediagnosticeerd bij 
13 patiënten en NERZ bij 13 patiënten. Pathologische zure re� ux werd gevonden bij 
respectievelijk 92.3% en 69.2% van oesofagitis- en NERZ-patiënten. De incidenties van 
zure en niet-zure re� ux-episoden bij oesofagitis- en NERZ-patiënten waren signi� cant 
hoger dan bij gezonde vrijwilligers. Gemiddelde re� uxtijden gemeten met pH-metrie 
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en met impedantie evenals incidentie van zure en niet-zure re� ux episoden waren 
vergelijkbaar bij oesofagitis- en NERZ-patiënten. De oesofagitis-patiënten hadden 
echter meer vloeibare re� ux-episoden en meer zure re� ux-episoden in liggende 
houding. We concluderen dat, hoewel oesofagitis-patiënten in liggende houding 
meer zure re� ux-episoden hebben dan NERZ-patiënten, beide groepen vergelijkbare 
niet-zure re� ux karakteristieken vertonen.

De aan het einde van Hoofdstuk 1 geformuleerde vragen kunnen als volgt worden 
beantwoord:

1. Normale bolus-klaring tijdens gecombineerde impedantie-meting en perfusie-
manometrie wordt gede� nieerd als klaring van minstens 70% van vloeibare 
bolussen en 60% van viskeuze bolussen.

2. Impedantie-meting detecteert slokdarmfunctiestoornissen bij niet-obstructieve 
dysfagie-patiënten met normale motoriek, ine� ectieve slokdarmmotoriek en dif-
fuse slokdarmspasmen. De impedantie-techniek lijkt minder goed toepasbaar bij 
patiënten met achalasie.

3. De toepassing van de impedantie-meting voor de studie van slokdarmlediging bij 
patiënten met achalasie wordt beperkt door een laag basis-impedantie-niveau en 
“air trapping” in de proximale slokdarm.

4. Patiënten met functionele dyspepsie slikken vaker lucht dan gezonde controles en 
dit is geassocieerd met een hogere incidentie van niet-zure, gasvormige gastro-
oesofageale re� ux.

5. De impedantie-techniek kan het speci� eke e� ect van endoscopische gastroplica-
tie op de verschillende soorten re� ux episoden detecteren evenals het e� ect op 
de volume-klaring en de proximale uitbreiding van het re� uxaat.

6. Hoewel oesofagitis-patiënten in liggende houding meer zure re� ux-episoden 
hebben dan patiënten met non-erosieve re� uxziekte, vertonen beide groepen 
vergelijkbare niet-zure re� ux karakteristieken.
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