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GeneRal IntRoductIon

Reflux of gastric content into the esophagus occurs several times a day in all 
subjects, it is a physiological event. Generally, these reflux events remain 
asymptomatic, however, in some individuals reflux of gastric content leads to 
typical reflux symptoms such as heartburn and regurgitation. Once reflux causes 
these symptoms to a troublesome degree or causes mucosal damage in the 
esophagus, one speaks of gastroesophageal reflux disease (GERD).1 GERD is 
one of the most common disorders of the gastrointestinal tract with a current 
prevalence between 10-20% in Western countries and around 5% in Asia.2 GERD 
prevalence is rising, probably associated with the increasing prevalence of obesity 
and changing eating habits. The mechanisms leading to gastroesophageal reflux 
are relatively well established and subjects with reflux symptoms often have a high 
frequency of reflux. However, although severity and frequency of reflux definitely 
play an important role in the pathophysiology of GERD, there is often a discrepancy 
between the severity of esophageal exposure to gastric content and the severity of 
symptoms. Patients with relatively low esophageal acid exposure can have severe 
symptoms and patients with a high exposure to reflux can have relatively few 
reflux symptoms.3,4 The relationship between acid exposure and actual perception 
of reflux or reflux symptoms is thus far from simple. This has led to the belief 
that besides the mechanical factors leading to more severe reflux, other factors 
altering the sensitivity of the esophagus are equally important in the generation 
of typical reflux symptoms. This thesis aimed to address current developments in 
the understanding of reflux perception and its modulation, with a specific focus on 
the role of esophageal mucosal barrier function within this spectrum. 

dIaGnosIs

Several diagnostic tests are available for GERD diagnosis. In primary care, 
a careful assessment of symptoms in combination with a good response to a 
trial of acid suppressive medication (proton pump inhibitors) is often used 
for the diagnosis. While this is an easy approach, one should keep in mind its 
limited sensitivity and specificity.5 Once referred to a gastroenterologist, flexible 
esophagogastroduodenoscopy is often the first investigation performed. By 
endoscopy one can distinguish the patients with reflux esophagitis and/or a 
Barrett’s esophagus from the patients without macroscopic mucosal damage, 
the so-called non-erosive reflux disease (NERD) patients. Reflux esophagitis is 
classified according to the LA classification ranging from mild mucosal damage, 
grade A, to severe circumferential ulcerations, grade D.1  
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Using 24-hour pH-impedance monitoring the severity of reflux can be expressed 
as the total number of reflux episodes or the total esophageal acid exposure time. 
The severity of reflux assessed with a 24-hour pH-measurement is associated with the 
severity of mucosal damage, as patients with reflux esophagitis grade C or D have a 
higher number of acid and weakly acidic reflux events and a higher total esophageal 
acid exposure than NERD patients.6,7 An important remark is that the diagnosis 
of NERD can only be established when there is objective evidence that reflux is 
responsible for the patients’ symptoms, usually demonstrated by 24-hour pH or pH-
impedance monitoring. It is thought proven that reflux underlies symptoms when 
there is pathological esophageal acid exposure or when there is a positive association 
between reflux events and symptoms during the measurement (Figure 1). Patients 
with an esophageal acid exposure within normal limits but with a clear association 
between reflux events and symptoms during the measurement are referred to as 
‘hypersensitive esophagus’. These patients are also considered to have GERD and 
they have similar benefit from anti-reflux surgery as patients with pathological degrees 
of acid exposure.8 Only when there are no indications that reflux is the underlying 
cause of symptoms in patients with heartburn (no erosions at endoscopy, normal acid 
exposure and no association between symptoms and reflux and no response to acid 
suppression) these patients are classified as having functional heartburn according 
to the Rome III-criteria for functional gastrointestinal disorders.9 

Esophageal manometry is mainly used to diagnose disorders of esophageal 
motility. While manometry is not primarily indicated for the diagnosis of GERD, it 
is generally performed in the work-up of GERD patients. First of all, manometry 
is used to guide the correct esophageal placement of a pH-impedance catheter. 
Secondly, it is able to diagnose or exclude achalasia. Achalasia is a severe motility 
disorder which is usually characterised by the predominance of dysphagia but 
its presentation can mimick GERD.10 Due to technical advances, conventional 
manometry has recently evolved into high-resolution manometry (HRM), a similar 
technique performed with catheters incorporating up to 36 pressure channels. 
As the sensors are more closely spaced (usually at 1 cm intervals) than with 
conventional manometry, it provides a higher spatial resolution, enabling a more 
detailed assessment of esophageal motility. In Chapter 9 we describe a set of 
normal values of this new technique in a group of healthy persons, necessary 
for clinical use in patients. In chapter 10 and 11 we investigated some additional 
purposes of HRM in the context of GERD. In Chapter 10 we describe the diagnostic 
ability of HRM to detect the presence of a hiatal hernia, and in Chapter 11 we 
describe the HRM findings after both Toupet and Nissen fundoplication. These 
findings contribute to a careful clinical work-up and follow-up of patients before 
and after anti-reflux surgery. 
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PathoPhysIoloGy

Patient characteristics
While the different subtypes of GERD are characterized by an increasing gradient 
of mucosal damage and by increasing esophageal acid exposure, the intensity of 
reported symptoms within the different subtypes of GERD does not completely 
follow this pattern. A proposed explanation for this discrepancy is the presence 
of a significant variance in the sensitivity of the esophagus to different types of 
luminal stimuli in patients with reflux disease (Figure 2). Bernstein and Baker first 
described an enhanced perception to acid perfusion in patients with esophagitis 
compared to healthy volunteers.11 Since then several studies have shown that 
acid, upon perfusion into the esophagus, is more quickly and more intensely 
perceived by patients with GERD compared to healthy volunteers irrespective 
of the presence of mucosal erosions.12–14 This also holds true for the NERD 
population, and it is even suggested that patients with NERD are more sensitive 
to acid perfusion than patients with esophagitis14,15 and that they respond even  
to saline infusion.16 

Besides perception of luminal acid the esophagus is also capable of perceiving 
mechanical stimuli such as distension. An enhanced mechanosensitivity might be 
important in GERD as a large volume of refluxate could distend the esophagus 
and thereby activate mechanoreceptors to cause pain or heartburn irrespective 
of the composition of the refluxate. A study using esophageal balloon distension 
demonstrated that mechanosensitivity was indeed enhanced in GERD patients.17 

figure 1. 24-hour pH recording demonstrating the temporal association between acid reflux 
events and symptoms. The first symptom precedes the typical pH drop and is therefore not 
related to the reflux episode. The second symptom occurs directly after the pH drop and 
is related to the reflux episode.
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In contrast to hypersensitive NERD patients, patients with severe esophageal 
acid exposure and concurrent Barrett’s esophagus often report relatively few or 
mild reflux symptoms or are even asymptomatic.4 In a prospective trial evaluating 
surgical and medical acid suppression in patients with a Barrett’s esophagus 
only 63% of patients reported heartburn at the time of inclusion and 15% was 
completely asymptomatic.18 Also, in a study screening the presence of Barrett’s 
esophagus in volunteers undergoing a colonoscopy for a different indication, 54% 
of patients with a new diagnosis of Barrett’s esophagus reported that they had never 
experienced heartburn.19 Acid perfusion tests in patients with Barrett’s esophagus 
revealed that patients were less sensitive to the perfused acidic solution compared 
to GERD patients without Barrett’s esophagus.20 The underlying mechanism of 
reduced hypersensitivity to acid in these patients is not clear. It has been suggested 
that the damaging effect of chronic acid-exposure to peripheral nerve endings is 
the culprit.21 In Chapter 4 we address this question and investigated the role of 
esophageal barrier function in the perception of acid in Barrett patients.

Afferent innervation
Peripheral afferent nerve endings contain chemo, mechano, and thermoreceptors 
allowing perception of stimuli from the esophageal lumen.22 Upon activation, these 
receptors transmit action potentials to the central nervous system via spinal visceral 
afferent nerves and vagal afferent nerves. The spinal afferents’ cell bodies are 
present in dorsal root ganglia, and their nerve endings reach up to the lamina 

figure 2. Schematic representation of the combination of esophageal sensitivity and 
esophageal exposure to noxious gastric content leading to reflux symptoms in different 
subtypes of gastroesophageal reflux disease. NERD, non-erosive reflux disease. 
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propria and maybe even the epithelium. They transmit signals from the spinal 
cord to the thalamus and the primary sensory cortex.  The vagal afferents’ cell 
bodies are present in nodose ganglia and transmit signals to the nucleus solitary 
tract. Although both sensory pathways are present in the esophagus it has been 
suggested that spinal afferents are mainly responsible for nociception.23

Acid sensitive receptors and peripheral sensitization
Several peripheral receptors are capable of transducing a chemical, mechanical, 
or thermal stimulus into currents that depolarize these afferent nerve fibers. In 
response to excessive stimulation these peripheral receptors can be upregulated 
or sensitized by the release of intracellular inflammatory mediators that reduce the 
threshold of transduction.22 This primary sensitization leads to hypersensitivity at 
the site of injury.

A series of cation channels that has been extensively studied recently is the 
transient receptor potential (TRP) channel family. The best known is the transient 
receptor vanilloid 1 (TRPV1) receptor, which is present on free nerve endings 
branching from the lamina propria into the esophageal epithelium.24 In the 
epithelium it is mainly restricted to papillary structures but occasionally extends 
towards the surface.24 The TRPV1-receptor can be activated by hydrogen ions, 
capsaicin, and heat.25,26 Studies have shown that the expression of the TRPV1-
receptor is higher in inflamed esophageal mucosa27,28 and also in the mucosa 
of patients with NERD.29 The latter study also found a correlation between the 
levels of TRPV1 expression and esophageal acid exposure, whereas it did not 
find a correlation between TRPV1 expression and symptoms, suggesting that the 
differences in esophageal expression of TRPV1 between GERD subgroups might 
not be a causal phenomenon but rather an epithelial response to the different 
reflux patterns. This is supported by the finding that exposure of esophageal 
cell cultures to HCl increases the RNA and protein expression of TRPV1.30,31 In 
Chapter 6 we investigated the relation between TRPV1, acid exposure and mucosal 
barrier function in an animal model.

Other members of the TRP family that could be important in esophageal 
nociception are the TRPV4- and the TRPA1-receptor. The TRPV4-receptor is 
expressed in human and mouse esophageal cells32,33 and stimulation of the 
receptor causes release of adenosine triphosphate (ATP)34, which is responsible 
for local inflammation and also mediates TRPV1 activation.30 The TRPA1-receptor 
is expressed on peripheral nociceptors in the guinea pig and rat esophagus and 
is involved in hypersensitivity to mechanical stimuli.35,36

A second group of receptors involved in visceral perception are the acid-
sensitive ion channels (ASICs), subdivided In three subtypes.37 They are sensitive 
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to mechanical distension and sensitive to acidic solutions. Especially the ASIC3-
receptor might be important in esophageal hypersensitivity, as the deletion 
of this receptor in mice leads to decreased mechanosensitivity37 and absent 
hypersensitivity to acid in mice with gastritis.38 However, the localization of the 
ASIC3-receptor in the human esophagus has not been published.

Finally, purinergic (P2X) receptors are cation channels expressed on vagal and 
spinal afferents, are ATP dependent and can be sensitized to ATP by pH-changes.39 
The receptor subtype P2X3 is overexpressed in rats with esophagitis40 and activation 
of the P2X3 receptor leads to sensitization of esophageal mechanoreceptors.41 In 
humans, the P2X3-receptor is overexpressed in inflamed human colon indicating a 
possible role in inflammation related visceral pain42, but the role of P2X receptors 
in esophageal nociception in humans requires more research.

Central sensitization
Central sensitization has been shown to have an important role in esophageal 
hypersensitivity. Frequent stimulation of peripheral afferents leads to repetitive 
firing of action potentials in the spinal dorsal horn neurons. This leads to intracellular 
changes in the spinal dorsal horn neurons changing the thresholds for activation 
of these neurons, ultimately causing the amplified perception of noxious stimuli 
(hyperalgesia) and painful perception of otherwise innocuous stimuli (allodynia).43 
Several studies in patients with non-cardiac chest pain and GERD have shown that 
after acid perfusion of the distal esophagus subsequent electrical stimuli are more 
easily perceived, even in non-exposed areas of the esophagus.44–46 Also, repetitive 
firing of spinal dorsal horn neurons leads to the activation of adjacent neurons 
thereby leading to enhanced perception in areas remote from the peripheral 
stimulus. NERD patients demonstrated larger referred pain areas after repetitive 
esophageal stimulation.47 Studies in healthy volunteers have shown that secondary 
hyperalgesia is mediated by the prostaglandin E2-receptor-1 (EP-1) and N-methyl-
D-aspartate (NDMA) receptors, both present on spinal dorsal horn neurons. Both 
the treatment of healthy subjects with an EP-1 antagonist and with ketamine, an 
NDMA receptor-antagonist, impaired the reduction in pain threshold to electrical 
stimulation following the sensitization with acid perfusion.45,48 An effect of these 
compounds on pain perception in GERD patients has not been investigated but 
these data suggest a contribution of central sensitization to the presence of visceral 
hypersensitivity in GERD patients. 

Mucosal barrier function
In the healthy esophagus the peripheral nociceptors are separated from noxious 
substances in the esophageal lumen by a tight barrier of squamous epithelium. 
The perception of luminal content in patients with esophagitis is understandable 
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since there is a clear breach of the barrier at the site of the erosions, allowing acid 
and other components of the refluxate to reach nociceptors in the lamina propria. 
However, NERD patients by definition have a macroscopically intact mucosa. 
Nevertheless, several studies have shown microscopic mucosal abnormalities 
that suggest a breach of the barrier, which may enable perception of luminal 
content in NERD patients. Using transmission electron microscopy Tobey et al. 
were the first to demonstrate the presence of dilated intercellular spaces (DIS) 
in mucosa of NERD patients.49 DIS could also be induced in healthy volunteers 
using esophageal perfusion with acid, and it has even been shown that DIS 
also emerges in the mucosa that is not directly exposed to acid.50,51 Besides the 
presence of DIS, in vitro transepithelial permeability was also higher in GERD 
patients compared to controls,52 suggesting a functional impairment of barrier 
function. These findings are supported by in vivo experiments demonstrating a 
decrease of esophageal mucosal impedance in GERD patients compared to healthy 
volunteers, both measured by multichannel intraluminal impedance monitoring 
and by electrical tissue impedance spectroscopy.53,54 Recently, Woodland et 
al. demonstrated that biopsy specimens of NERD patients were characterized 
by a larger decrease of transepithelial electrical resistance after acid exposure 
compared to biopsies of healthy controls.55 Also, the mucosa of acid sensitive NERD 
patients was characterized by a slower recovery of acid induced barrier dysfunction 
compared to the quick recovery of non-sensitive functional heartburn patients.56 
In Chapter 2 we describe an in vivo method to assess esophageal barrier function 
of macroscopically normal mucosa. Chapter 3, 4, and 5 we address the relation 
between barrier function and esophageal sensitivity to acid in NERD patients, 
patients with a Barrett’s esophagus and patients with functional heartburn. 

Psychological factors
An interaction between psychological factors and reflux symptoms has been 
suggested and 60% of patients with heartburn recognize stress as a causative factor 
of symptoms.57 The effect of experimental stress was first studied by Fass et al who 
demonstrated that an auditory stressor shortened the time to perception of acid 
after onset of esophageal acid perfusion.58 In Chapter 6 we address the effect of 
stress in combination with acid on esophageal barrier function, by which acid may be 
facilitated to reach peripheral nociceptors and thereby enhance reflux perception.59 

Genetic factors
The role of genetic abnormalities in GERD has been poorly studied. GERD is 
considered to be a heterogeneous disorder, which makes phenotyping of patients 
for genetic studies complex. Nevertheless, epidemiologic studies suggest a 
genetic component in GERD as reflux symptoms are frequently present in family 
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members of GERD patients,60,61 and twin studies showed an increased concordance 
of GERD in monozygotic twins compared to dizygotic twins.62 A recent study by de 
Vries et al found an association between GERD and the heterozygous genotype 
of the C825T allele of the G-protein B3 subunit, coding for a receptor frequently 
present in the neural brain-gut axis which is associated with intracellular signal 
transduction.63 The polymorphism had previously been associated with visceral 
hypersensitivity in functional dyspepsia, suggesting a possible general genetic 
susceptibility for visceral hypersensitivity.64

Reflux characteristics
Besides characteristics of the esophageal innervation, sensitivity, and mucosal 
integrity, several characteristics of the refluxate itself can contribute to its 
perception. 

Acidity 
The severity of acid reflux, expressed as the number of acid reflux episodes or the 
acid exposure time (pH<4) is an important predisposing factor to develop reflux 
symptoms. Using 24-hour pH-monitoring it has been shown that the number of acid 
reflux events is significantly higher in patients with typical reflux symptoms than 
in healthy controls.7,65,66 Symptomatic reflux episodes are characterized by larger 
pH drops, lower nadir pH, longer acid and volume clearance times, and longer 
cumulative acid exposure time preceding the reflux episode.67 Acid perfusion 
studies tests demonstrated that there is a strong relation between the acidity of 
luminal contents and the time to perception in GERD patients, solutions with lower 
pH being more quickly perceived.68 Although luminal acid is a potent inducer of 
reflux symptoms, weakly acidic solutions with pH > 4 can also be perceived.69 

The use of combined pH and multichannel intraluminal impedance (MII) 
monitoring confirmed that a significant proportion of symptomatic reflux episodes 
is in fact weakly acidic.70 A systematic review determined that the proportion of 
weakly acidic reflux in GERD patients not using a PPI is 37% (95% CI: 33-41%), and 
during the use of a PPI this proportion increases to 80% (95% CI: 76-84%).71 Also, 
in line with the frequency of acid reflux, the frequency of weakly acidic reflux is also 
significantly higher in patients with GERD off-PPI compared to healthy controls, 
especially in those with more severe grades of esophagitis and Barrett’s esophagus.6

Duodenogastroesophageal reflux and pepsin
Gastroesophageal reflux can contain several other noxious substances besides 
acid such as the enzyme pepsin or, when duodenogastroesophageal reflux 
occurs, bile acids and the pancreatic enzyme trypsin. Bile acids and pepsin are 
able to induce mucosal damage and disrupt the esophageal mucosal barrier in 
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vitro.72,73 Studies with Bilitec, a technique that spectrophotometrically measures 
bilirubin in the esophagus, demonstrate that only a minority of symptomatic reflux 
episodes can be attributed to bile reflux.74 Combined pH and Bilitec measurements 
performed off-PPI in patients with PPI refractory symptoms demonstrated that only 
6-9% of reflux symptoms was associated with bile reflux and 12% was associated 
with mixed acid and bile reflux.75,76 On-PPI, bile reflux was observed often in a 
combination with acid reflux and in similar amounts in PPI responders and non-
responders. Also, persistent reflux symptoms were most often associated with 
acid reflux or mixed reflux and only a minority of symptoms was associated with 
duodenogastroesophageal reflux alone (4-18%).77–79  The presence of pepsin in 
gastroesophageal refluxate is likely to contribute to esophageal mucosal damage, 
as it is a proteolytic enzyme active with its optimal activity at pH 2-3.80 Ex vivo 
studies demonstrated that pepsin enhanced the capability of acidic solutions to 
cause esophagitis and barrier dysfunction.71,80 Thereby, pepsin could indirectly 
affect the perception of reflux by affecting barrier function, but it probably has no 
direct role in activation of nociceptors.

Gas reflux
A reflux episode is more likely to be perceived as a typical reflux symptom when, 
besides liquids, there is also gas present in the refluxate81,82 This is important 
for GERD patients with PPI refractory symptoms, as it has recently been shown 
that these patients show increased prandial air-swallowing and post-prandial 
mixed gas-liquid reflux.83 Furthermore, even pure gas reflux alone, without any 
liquid component, can be perceived as heartburn.68 These data suggest that gas 
alters the perception of reflux episodes and might contribute to PPI refractory 
reflux symptom generation. A possible explanation for this observation is that 
esophageal luminal distention caused by reflux of gas triggers mechanoceptors 
in the esophageal wall.

Proximal extent
The extent to which a reflux episode reaches up into the esophagus influences 
its perception. GERD patients have more reflux episodes that reach the proximal 
esophagus when compared with healthy volunteers.3,84 Within the GERD spectrum 
the proximal extent of reflux increases with the severity of mucosal damage. The 
average proximal extent is higher in patients with esophagitis grade D than in 
patients with esophagitis grade A,6 and in line with this, proximal extent is higher 
in patients with esophagitis than in NERD patients.7 A study in NERD patients 
showed that the proportion of symptomatic reflux events increases with the 
proximal extent of reflux, independent of the acidity of the reflux event.85 Similar 
studies demonstrated that the likelihood of symptom perception is higher for 
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proximal reflux than for distal reflux, confirming the importance of proximal extent 
as a determinant of reflux perception.67,86 Proximal extent can be seen as a marker 
of reflux volume as it is assumed that a reflux episode with a larger volume will 
reach higher levels of the esophagus than a minor reflux episode. The reason 
for proximal reflux to be more easily perceived might thus rely on the fact that 
more chemosensitive afferent nerves are triggered by more acid or because the 
degree of distension of the esophagus is larger due to the larger volume. Another 
explanation for the enhanced perception of proximal reflux might be an enhanced 
sensitivity to acid of the proximal esophagus, as demonstrated by a study assessing 
the spatial sensitivity to acid perfusion.87

Treatment
Currently available treatments for GERD target the different pathophysiological 
mechanisms underlying GERD by suppressing acid secretion, inhibiting reflux 
episodes, or by modulating visceral hypersensitivity.88 The cornerstone of GERD 
treatment is acid inhibition, which is most effectively achieved by proton pump 
inhibitors (PPIs). The efficacy of PPI therapy in healing esophageal erosions is 
very high with a number needed to treat for benefit of 1.7 (95% CI 1.5 to 2.1), 
one of the lowest seen in clinical medicine 89. Besides healing reflux esophagitis, 
treatment with a proton pump inhibitor is also very effective for the symptomatic 
relief of heartburn.90 Clinical trials evaluating the efficacy of PPI in relieving 
symptoms generally state a larger rate of non-response in patients with non-erosive 
reflux disease than in patients with erosions, but the definition of NERD is often 
suboptimal.91–93 In Chapter 7 we address this issue by systematically evaluating all 
placebo-controlled randomized clinical trials treating NERD patients with a PPI.

Inhibition of reflux episodes can be achieved medically and surgically. Medically, 
it has been attempted by antagonizing GABAB with baclofen or lesogaberan, 
thereby inhibiting the vagal reflex involved in transient lower esophageal sphincter 
relaxations.94 However, central neurological side effects such as somnolence and 
dizziness in combination with a very modest reduction of GERD symptoms limit their 
clinical use for GERD. Surgical inhibition of reflux episodes is effectively achieved 
with surgical fundoplication, during which the esophagogastric junctional barrier 
against reflux is enforced. Fundoplication is a very effective therapy for GERD, 
with similar 5-year remission rates compared to a strategy with maintenance PPI.95 
An additional advantage of fundoplication is its effective reduction of non-acid 
reflux.96 Traditionally, a circumferential posterior wrap or Nissen fundoplication 
is used, which is very effective in reducing reflux symptoms and objective reflux 
parameters.97 The more recently introduced Toupet fundoplication, consisting of 
a partial 270-degree wrap, seems as effective as the Nissen fundoplication in 
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controlling reflux, while it is associated with a lower occurrence of post-operative 
dysphagia.98,99 Persisting post-operative dysphagia is an indication to further 
investigate the anatomy of the esophagogastric junction (EGJ) and esophageal 
motility using HRM, but this was hampered by a lack of ‘physiological’ data after 
anti-reflux surgery. In Chapter 11 we used HRM to evaluate esophageal motility 
and EGJ function after successful Toupet and Nissen fundoplication to provide 
a set of ‘normal values’ after fundoplication that can be used in the evaluation of 
patients after anti-reflux surgery. 

Finally, besides acid and reflux inhibition it has been attempted to modulate 
esophageal sensitivity. Low-dose antidepressants are thought to attenuate visceral 
nociception in addition to treating co-existing anxiety or depression. It has been 
shown that they have a beneficial effect in functional gastrointestinal disorders 
such as irritable bowel syndrome (IBS) and in neuropathic pain syndromes such as 
diabetic neuropathy.100,101 Therefore, one might expect a similar beneficial effect of 
antidepressants in the treatment of symptoms related to esophageal hypersensitivity, 
both in functional esophageal disorders as well as in GERD. In Chapter 8 we 
systematically evaluate all available evidence for the use of antidepressant therapy 
for symptoms associated with esophageal visceral hypersensitivity, both in the 
context of functional esophageal disorders and in GERD. 



22

RefeRences

1. Vakil N, Zanten SV van, Kahrilas P, et al. 
The Montreal definition and classification 
of gastroesophageal reflux disease: a 
global evidence-based consensus. Am. 
J. Gastroenterol 2006;101:1900–1920.

2. Dent J, El-Serag HB, Wallander M-A, et 
al. Epidemiology of gastro-oesophageal 
reflux disease: a systematic review. Gut 
2005;54:710–717.

3. Bredenoord AJ, Weusten BLAM, 
Timmer R, et al. Characteristics of 
gastroesophageal reflux in symptomatic 
patients with and without excessive 
esophageal acid exposure. Am. J. 
Gastroenterol 2006;101:2470–2475.

4. Stein HJ, Hoeft S, DeMeester TR. 
Functional foregut abnormalities 
in Barrett’s esophagus. J. Thorac. 
Cardiovasc. Surg. 1993;105:107–111.

5. Dent J, Vakil N, Jones R, et al. Accuracy of 
the diagnosis of GORD by questionnaire, 
physicians and a trial of proton pump 
inhibitor treatment: the Diamond Study. 
Gut 2010;59:714–721.

6. Bredenoord AJ, Hemmink GJM, Smout 
AJPM. Relationship between gastro-
oesophageal reflux pattern and severity 
of mucosal damage. Neurogastroenterol. 
Motil 2009;21:807–812.

7. Savarino E, Tutuian R, Zentilin P, et al. 
Characteristics of Reflux Episodes and 
Symptom Association in Patients With 
Erosive Esophagitis and Nonerosive 
Reflux Disease: Study Using Combined 
Impedance-pH Off Therapy. Am. J. of 
Gastroenterol 2009;105:1053–1061.

8. Broeder s JA , Draaisma WA, 
Bredenoord AJ, et al. Oesophageal acid 
hypersensitivity is not a contraindication 
to Nissen fundoplication. Br J Surg 
2009;96:1023–1030.

9. Galmiche JP, Clouse RE, Bálint A, et 
al. Functional esophageal disorders. 
Gastroenterology 2006;130:1459–1465.

10. Kessing BF, Bredenoord AJ, Smout AJPM. 
Erroneous diagnosis of gastroesophageal 
reflux disease in achalasia. Clin. 
Gastroenterol. Hepatol. 2011;9:1020–
1024.

11. Bernstein LM, Baker LA. A clinical test 
for esophagitis. Gastroenterology 
1958;34:760–781.

12. Fass R, Naliboff B, Higa L, et al. Differential 
effect of long-term esophageal acid 
exposure on mechanosensitivity 
and chemosensitivity in humans. 
Gastroenterology 1998;115:1363–1373.

13. Hartono JL, Qua C-S, Goh K-L. 
Non-erosive reflux disease (NERD), 
symptomatic and asymptomatic erosive 
reflux disease (ERD): from hypersensitive 
to hyposensitive esophagus. Dig. Dis. Sci. 
2011;56:90–96.

14. Yang M, Li Z, Chen D, et al. Quantitative 
assessment and characterization 
of visceral hyperalgesia evoked by 
esophageal balloon distention and acid 
perfusion in patients with functional 
heartburn, nonerosive reflux disease, 
and erosive esophagitis. Clin J Pain 
2010;26:326–331.

15. Miwa H, Minoo T, Hojo M, et al. 
Oesophageal hypersensitivity in 
Japanese patients with non-erosive 
gastro-oesophageal reflux diseases. 
Aliment. Pharmacol. Ther. 2004;20 Suppl 
1:112–117.

16. Thoua NM, Khoo D, Kalantzis C, et al. 
Acid-related oesophageal sensitivity, not 
dysmotility, differentiates subgroups of 
patients with non-erosive reflux disease. 
Aliment. Pharmacol. Ther. 2008;27:396–
403.



General introduction - CHAPTER 1

23

17. Nagahara A, Miwa H, Minoo T, et al. 
Increased esophageal sensitivity to acid 
and saline in patients with nonerosive 
gastro-esophageal reflux disease. J. Clin. 
Gastroenterol. 2006;40:891–895.

18. Trimble KC, Pryde A, Heading RC. Lowered 
oesophageal sensory thresholds in 
patients with symptomatic but not excess 
gastro-oesophageal reflux: evidence for a 
spectrum of visceral sensitivity in GORD. 
Gut 1995;37:7–12.

19. Rossi M, Barreca M, Bortoli N de, et al. 
Efficacy of Nissen fundoplication versus 
medical therapy in the regression of low-
grade dysplasia in patients with Barrett 
esophagus: a prospective study. Ann. 
Surg. 2006;243:58–63.

20. Rex DK, Cummings OW, Shaw M, et 
al. Screening for Barrett’s esophagus 
in colonoscopy patients with and 
without heartburn. Gastroenterology 
2003;125:1670–1677.

21. Fletcher J, Gillen D, Wirz A, et al. Barrett’s 
esophagus evokes a quantitatively and 
qualitatively altered response to both 
acid and hypertonic solutions. Am. J. 
Gastroenterol. 2003;98:1480–1486.

22. Krarup AL, Olesen SS, Funch-Jensen 
P, et al. Proximal and distal esophageal 
sensitivity is decreased in patients 
with Barrett’s esophagus. World J. 
Gastroenterol. 2011;17:514–521.

23. Knowles CH, Aziz Q. Visceral 
hypersensitivity in non-erosive reflux 
disease. Gut 2008;57:674–683.

24. Qin C, Farber JP, Foreman RD. 
Intraesophageal chemicals enhance 
responsiveness of upper thoracic 
spinal neurons to mechanical 
stimulation of esophagus in rats. Am. 
J. Physiol. Gastrointest. Liver Physiol. 
2008;294:G708–716.

25. Bhat YM, Bielefeldt K. Capsaicin receptor 
(TRPV1) and non-erosive reflux disease. 

Eur J Gastroenterol Hepatol 2006;18:263–
270.

26. Herrera-López JA, Mejía-Rivas MA, 
Vargas-Vorackova F, et al. Capsaicin 
induction of esophageal symptoms in 
different phenotypes of gastroesophageal 
reflux disease. Rev Gastroenterol Mex 
2010;75:396–404.

27. Kindt S, Vos R, Blondeau K, et al. Influence 
of intra-oesophageal capsaicin instillation 
on heartburn induction and oesophageal 
sensitivity in man. Neurogastroenterol. 
Motil. 2009;21:1032–e82.

28. Matthews PJ, Aziz Q, Facer P, et al. 
Increased capsaicin receptor TRPV1 nerve 
fibres in the inflamed human oesophagus. 
Eur J Gastroenterol Hepatol 2004;16:897–
902.

29. Shieh KR, Yi CH, Liu TT, et al. Evidence 
for neurotrophic factors associating with 
TRPV1 gene expression in the inflamed 
human esophagus. Neurogastroenterol. 
Motil. 2010;22:971–977, e252.

30. Guarino MPL, Cheng L, Ma J, et al. 
Increased TRPV1 gene expression in 
esophageal mucosa of patients with 
non-erosive and erosive reflux disease. 
Neurogastroenterol. Motil 2010;22:746–
751, e219.

31. Ma J, Altomare A, Rieder F, et al. ATP: 
a Mediator for HCl-Induced TRPV1 
Activation in Esophageal Mucosa. 
American Journal of Physiology. 
Gastrointestinal and Liver Physiology 2011 
Dec;301(6):G1075-82

32. Ma J, Altomare A, Guarino M, et al. 
HCl-induced and ATP-dependent 
upregulation of TRPV1 receptor 
expression and cytokine production by 
human esophageal epithelial cells. Am. 
J. Physiol. Gastrointest. Liver Physiol. 
2012;303:G635–645.

33. Ueda T, Shikano M, Kamiya T, et al. The 
TRPV4 channel is a novel regulator of 



24

intracellular Ca2+ in human esophageal 
epithelial cells. Am. J. Physiol. Gastrointest. 
Liver Physiol. 2011;301:G138–147.

34. Mihara H, Boudaka A, Sugiyama T, et 
al. Transient receptor potential vanilloid 
4 (TRPV4)-dependent calcium influx 
and ATP release in mouse oesophageal 
keratinocytes. J. Physiol. (Lond.) 
2011;589:3471–3482.

35. Shikano M, Ueda T, Kamiya T, et al. Acid 
inhibits TRPV4-mediated Ca2+ influx 
in mouse esophageal epithelial cells. 
Neurogastroenterol. Motil. 2011;23:1020–
1028, e497.

36. Kondo T, Obata K, Miyoshi K, et al. 
Transient receptor potential A1 mediates 
gastric distention-induced visceral pain in 
rats. Gut 2009;58:1342–1352.

37. Yu S, Ouyang A. TRPA1 in bradykinin-
induced mechanical hypersensitivity of 
vagal C fibers in guinea pig esophagus. 
Am. J. Physiol. Gastrointest. Liver Physiol. 
2009;296:G255–265.

38. Page AJ, Brierley SM, Martin CM, et 
al. Different contributions of ASIC 
channels 1a, 2, and 3 in gastrointestinal 
mechanosensor y func t ion. Gut 
2005;54:1408–1415.

39. Wultsch T, Painsipp E, Shahbazian A, et al. 
Deletion of the acid-sensing ion channel 
ASIC3 prevents gastritis-induced acid 
hyperresponsiveness of the stomach-
brainstem axis. Pain 2008;134:245–253.

40. Burns tock G. Phys iology and 
pathophysiology of pur inergic 
neurotransmission. Physiol. Rev. 
2007;87:659–797.

41. Banerjee B, Medda BK, Schmidt J, et al. 
Altered expression of P2X3 in vagal and 
spinal afferents following esophagitis in 
rats. Histochem. Cell Biol. 2009;132:585–
597.

42. Page AJ, O’Donnell TA, Blackshaw LA. 
P2X purinoceptor-induced sensitization 

of ferret vagal mechanoreceptors in 
oesophageal inflammation. J. Physiol. 
(Lond.) 2000;523 Pt 2:403–411.

43. Yiangou Y, Facer P, Baecker PA, et al. ATP-
gated ion channel P2X(3) is increased 
in human inflammatory bowel disease. 
Neurogastroenterol. Motil. 2001;13:365–
369.

44. Anand P, Aziz Q, Willert R, et al. Peripheral 
and central mechanisms of visceral 
sensitization in man. Neurogastroenterol. 
Motil 2007;19:29–46.

45. Sarkar S, Aziz Q, Woolf CJ, et al. 
Contribution of central sensitisation to the 
development of non-cardiac chest pain. 
Lancet 2000;356:1154–1159.

46. Sarkar S, Hobson AR, Hughes A, et 
al. The prostaglandin E2 receptor-1 
(EP-1) mediates acid-induced visceral 
pain hypersensitivity in humans. 
Gastroenterology 2003;124:18–25.

47. Sarkar S, Hobson AR, Furlong PL, et al. 
Central neural mechanisms mediating 
human visceral hypersensitivity. Am. 
J. Physiol. Gastrointest. Liver Physiol. 
2001;281:G1196–1202.

48. Reddy H, Staahl C, Arendt-Nielsen L, et 
al. Sensory and biomechanical properties 
of the esophagus in non-erosive reflux 
disease. Scand. J. Gastroenterol. 
2007;42:432–440.

49. Willert RP, Woolf CJ, Hobson AR, et al. The 
development and maintenance of human 
visceral pain hypersensitivity is dependent 
on the N-methyl-D-aspartate receptor. 
Gastroenterology 2004;126:683–692.

50. Tobey NA, Carson JL, Alkiek RA, 
et al. Dilated intercellular spaces: a 
morphological feature of acid reflux--
damaged human esophageal epithelium. 
Gastroenterology 1996;111:1200–1205.

51. Farré R, Malenstein H van, Vos R De, et al. 
Short exposure of oesophageal mucosa 
to bile acids, both in acidic and weakly 



General introduction - CHAPTER 1

25

acidic conditions, can impair mucosal 
integrity and provoke dilated intercellular 
spaces. Gut 2008;57:1366–1374.

52. Farré R, Fornari F, Blondeau K, et al. Acid 
and weakly acidic solutions impair mucosal 
integrity of distal exposed and proximal 
non-exposed human oesophagus. Gut 
2010;59:164–169.

53. Jovov B, Que J, Tobey NA, et al. Role 
of E-cadherin in the pathogenesis of 
gastroesophageal reflux disease. Am. J. 
Gastroenterol. 2011;106:1039–1047.

54. Farré R, Blondeau K, Clement D, et al. 
Evaluation of oesophageal mucosa 
integrity by the intraluminal impedance 
technique. Gut 2011;60:885–892.

55. Weijenborg PW, Rohof WOA, Akkermans 
LMA, et al. Electrical tissue impedance 
spectroscopy: a novel device to measure 
esophageal mucosal integrity changes 
during endoscopy. Neurogastroenterol. 
Motil. 2013;25(7):574-8.

56. Woodland P, Lee C, Duraysami Y, 
et al. Assessment and protection of 
esophageal mucosal integrity in patients 
with heartburn without esophagitis. Am. 
J. Gastroenterol. 2013;108:535–543.

57. Woodland P, Al-Zinaty M, Yazaki E, et al. In 
vivo evaluation of acid-induced changes 
in oesophageal mucosa integrity and 
sensitivity in non-erosive reflux disease. 
Gut 2012;62(9):1256-65.

58. Johnston BT, Lewis SA, Love AH. 
Psychological factors in gastro-
oesophageal reflux disease. Gut 
1995;36:481–482.

59. Fass R, Naliboff BD, Fass SS, et al. The 
effect of auditory stress on perception 
of intraesophageal acid in patients 
with gastroesophageal reflux disease. 
Gastroenterology 2008;134:696–705.

60. Farré R, Vos R De, Geboes K, et al. Critical 
role of stress in increased oesophageal 
mucosa permeability and dilated 

intercellular spaces. Gut 2007;56:1191–
1197.

61. Romero Y, Cameron AJ, Locke GR 3rd, et al. 
Familial aggregation of gastroesophageal 
reflux in patients with Barrett’s esophagus 
and esophageal adenocarcinoma. 
Gastroenterology 1997;113:1449–1456.

62. Trudgill NJ, Kapur KC, Riley SA. Familial 
clustering of reflux symptoms. Am. J. 
Gastroenterol 1999;94:1172–1178.

63. Mohammed I, Cherkas LF, Riley SA, 
et al. Genetic influences in gastro-
oesophageal reflux disease: a twin study. 
Gut 2003;52:1085–1089.

64. Vries DR de, Linde JJM ter, Herwaarden 
MA van, et al. Gastroesophageal reflux 
disease is associated with the C825T 
polymorphism in the G-protein beta3 
subunit gene (GNB3). Am. J. Gastroenterol 
2009;104:281–285.

65. Holtmann G, Siffert W, Haag S, et 
al. G-protein beta 3 subunit 825 CC 
genotype is associated with unexplained 
(functional) dyspepsia. Gastroenterology 
2004;126:971–979.

66. Demeester TR, Johnson LF, Joseph 
GJ, et al. Patterns of gastroesophageal 
reflux in health and disease. Ann. Surg. 
1976;184:459–470.

67. Dickman R, Bautista JM, Wong W-M, et al. 
Comparison of esophageal acid exposure 
distribution along the esophagus 
among the different gastroesophageal 
reflux disease (GERD) groups. Am. J. 
Gastroenterol. 2006;101:2463–2469.

68. Bredenoord AJ, Weusten BLAM, Curvers 
WL, et al. Determinants of perception 
of heartburn and regurgitation. Gut 
2006;55:313–318.

69. Smith JL, Opekun AR, Larkai E, et al. 
Sensitivity of the esophageal mucosa to 
pH in gastroesophageal reflux disease. 
Gastroenterology 1989;96:683–689.



26

70. Sifrim D, Mittal R, Fass R, et al. Review 
article: acidity and volume of the refluxate 
in the genesis of gastro-oesophageal 
reflux disease symptoms. Aliment. 
Pharmacol. Ther. 2007;25:1003–1017.

71. Boeckxstaens GE, Smout A. Systematic 
review: role of acid, weakly acidic 
and weakly alkaline reflux in gastro-
oesophageal reflux disease. Aliment. 
Pharmacol. Ther. 2010;32:334–343.

72. Lillemoe KD, Johnson LF, Harmon JW. Role 
of the components of the gastroduodenal 
contents in experimental acid esophagitis. 
Surgery 1982;92:276–284.

73. Chen X, Oshima T, Shan J, et al. Bile 
salts disrupt human esophageal 
squamous epithelial barrier function by 
modulating tight junction proteins. Am. 
J. Physiol. Gastrointest. Liver Physiol. 
2012;303:G199–208.

74. Barrett MW, Myers JC, Watson DI, et al. 
Detection of bile reflux: in vivo validation 
of the Bilitec fibreoptic system. Dis. 
Esophagus 2000;13:44–50.

75. Marshall RE, Anggiansah A, Owen 
WA, et al. The relationship between 
acid and bile reflux and symptoms in 
gastro-oesophageal reflux disease. Gut 
1997;40:182–187.

76. Koek GH, Tack J, Sifrim D, et al. The role 
of acid and duodenal gastroesophageal 
reflux in symptomatic GERD. Am. J. 
Gastroenterol. 2001;96:2033–2040.

77. Tack J, Koek G, Demedts I, et al. 
Gastroesophageal reflux disease poorly 
responsive to single-dose proton pump 
inhibitors in patients without Barrett’s 
esophagus: acid reflux, bile reflux, or 
both? Am. J. Gastroenterol. 2004;99:981–
988.

78. Karamanolis G, Vanuytsel T, Sifrim D, 
et al. Yield of 24-hour esophageal pH 
and bilitec monitoring in patients with 

persisting symptoms on PPI therapy. Dig. 
Dis. Sci. 2008;53:2387–2393.

79. Gasiorowska A, Navarro-Rodriguez 
T, Wendel C, et al. Comparison of the 
degree of duodenogastroesophageal 
reflux and acid reflux between patients 
who failed to respond and those who were 
successfully treated with a proton pump 
inhibitor once daily. Am. J. Gastroenterol. 
2009;104:2005–2013.

80. Tobey NA, Hosseini SS, Caymaz-Bor 
C, et al. The role of pepsin in acid injury 
to esophageal epithelium. Am. J. 
Gastroenterol 2001;96:3062–3070.

81. Emerenziani S, Sifrim D, Habib FI, et al. 
Presence of gas in the refluxate enhances 
reflux perception in non-erosive patients 
with physiological acid exposure of the 
oesophagus. Gut 2008;57:443–447.

82. Tutuian R, Vela MF, Hill EG, et al. 
Characteristics of symptomatic reflux 
episodes on Acid suppressive therapy. 
Am. J. Gastroenterol. 2008;103:1090–
1096.

83. Bravi I, Woodland P, Gill RS, et al. Increased 
Prandial Air Swallowing and Postprandial 
Gas-Liquid Reflux Among Patients 
Refractory to Proton Pump Inhibitor 
Therapy. Clin. Gastroenterol. Hepatol. 
2013;11(7)784-9.

84. Weusten BL, Akkermans LM, vanBerge-
Henegouwen GP, et al. Symptom 
perception in gastroesophageal reflux 
disease is dependent on spatiotemporal 
reflux characteristics. Gastroenterology 
1995;108:1739–1744.

85. Emerenziani S, Ribolsi M, Sifrim D, et 
al. Regional oesophageal sensitivity 
to acid and weakly acidic reflux in 
patients with non-erosive reflux disease. 
Neurogastroenterol. Motil. 2009;21:253–
258.

86. Cicala M, Emerenziani S, Caviglia R, et 
al. Intra-oesophageal distribution and 



General introduction - CHAPTER 1

27

perception of acid reflux in patients 
with non-erosive gastro-oesophageal 
reflux disease. Aliment. Pharmacol. Ther. 
2003;18:605–613.

87. Niemantsverdriet EC, Timmer R, 
Breumelhof R, et al. 94. Oesophageal 
segmental acid sensitivity in patients 
with endoscopy-negative GORD. 
The Netherlands Journal of Medicine 
1997;50:A35.

88. Bredenoord AJ, Pandolfino JE, Smout 
AJPM. Gastro-oesophageal reflux 
disease. Lancet 2013;381:1933–1942.

89. Khan M, Santana J, Donnellan C, et al. 
Medical treatments in the short term 
management of reflux oesophagitis. 
Cochrane Database Sys t Rev 
2007:CD003244.

90. Pinxteren B van, Numans ME, Bonis PA, et 
al. Short-term treatment with proton pump 
inhibitors, H2-receptor antagonists and 
prokinetics for gastro-oesophageal reflux 
disease-like symptoms and endoscopy 
negative reflux disease. Cochrane 
Database Syst Rev 2006;3:CD002095.

91. Bate CM, Green JR, Axon AT, et al. 
Omeprazole is more effective than 
cimetidine for the relief of all grades 
of gastro-oesophageal reflux disease-
associated heartburn, irrespective of 
the presence or absence of endoscopic 
oesophagitis. Aliment. Pharmacol. Ther 
1997;11:755–763.

92. Galmiche JP, Barthelemy P, Hamelin 
B. Treating the symptoms of gastro-
oesophageal reflux disease: a double-
blind comparison of omeprazole and 
cisapride. Aliment. Pharmacol. Ther 
1997;11:765–773.

93. Dean BB, Gano AD Jr, Knight K, et al. 
Effectiveness of proton pump inhibitors 
in nonerosive reflux disease. Clin. 
Gastroenterol. Hepatol 2004;2:656–664.

94. Zhang Q, Lehmann A, Rigda R, et al. 
Control of transient lower oesophageal 
sphincter relaxations and reflux by the 
GABA(B) agonist baclofen in patients 
with gastro-oesophageal reflux disease. 
Gut 2002;50:19–24.

95. Galmiche J-P, Hatlebakk J, Attwood S, 
et al. Laparoscopic antireflux surgery 
vs esomeprazole treatment for chronic 
GERD: the LOTUS randomized clinical 
trial. JAMA 2011;305:1969–1977.

96. Mainie I, Tutuian R, Agrawal A, et al. 
Combined multichannel intraluminal 
impedance-pH monitoring to select 
patients with persistent gastro-
oesophageal reflux for laparoscopic 
Nissen fundoplication. Br J Surg 
2006;93:1483–1487.

97. Broeders JA, Rijnhart-de Jong HG, 
Draaisma WA, et al. Ten-year outcome 
of laparoscopic and conventional nissen 
fundoplication: randomized clinical trial. 
Ann. Surg. 2009;250:698–706.

98. Broeders J a. JL, Mauritz FA, Ahmed Ali 
U, et al. Systematic review and meta-
analysis of laparoscopic Nissen (posterior 
total) versus Toupet (posterior partial) 
fundoplication for gastro-oesophageal 
reflux disease. British Journal of Surgery 
2010;97:1318–1330.

99. Broeders JA, Broeders EA, Watson DI, 
et al. Objective outcomes 14 years after 
laparoscopic anterior 180-degree partial 
versus nissen fundoplication: results 
from a randomized trial. Ann. Surg. 
2013;258:233–239.

100.  Ford AC, Talley NJ, Schoenfeld PS, 
et al. Efficacy of antidepressants and 
psychological therapies in irritable bowel 
syndrome: systematic review and meta-
analysis. Gut 2009;58:367–378.

101. Saarto T, Wiffen PJ. Antidepressants for 
neuropathic pain. Cochrane Database 
Syst Rev 2007:CD005454.





Reflux dIsease and 
esoPhaGeal sensItIvIty I





C h a p t e r
eleCtRICal tIssue ImPedanCe 

sPeCtRosCoPy; a novel devICe 
to measuRe esoPHaGeal 

muCosal InteGRIty CHanGes 
duRInG endosCoPy 

Pim W. Weijenborg, Wout O.A. Rohof,  
Louis M.A. Akkermans, Joanne Verheij,  

André J.P.M. Smout, Albert J. Bredenoord.

Neurogastroenterol Motil. 2013; 25(7): 574–9.

2



PART I - Reflux disease and esophageal sensitivity

32

abstRact

Background and aim: 
Patients with gastroesophageal reflux disease (GERD) have impaired esophageal 
mucosal integrity. Measurement of the mucosal integrity is complex and time-
consuming. Electrical tissue impedance spectroscopy (ETIS) is a device that 
measures impedance of tissue in vivo during endoscopy. In this study we aimed 
to validate ETIS as a measure of esophageal mucosal integrity.

Methods:
ETIS measurements were performed during upper endoscopy in 12 GERD 
patients and 11 healthy controls after cessation of proton pump inhibition. During 
endoscopy biopsies of the distal esophagus were obtained for transmission 
electron microscopy to determine dilation of intercellular spaces (DIS) and for 
Ussing chamber experiments to determine transepithelial permeability and 
transepithelial electrical resistance. 

Results:
Extracellular impedance measured in vivo by ETIS was significantly lower in GERD 
patients compared to controls (mean (SD) 5621 (3299) Ω.m and 8834 (2542) Ω.m 
respectively, p<0.05). We found a strong inverse relation between extracellular 
impedance determined by ETIS and DIS (r= -0.76, p<0.05), and between 
extracellular resistance in vivo and transepithelial permeability of esophageal 
biopsies (r= -0.65, p<0.01). 

Conclusions:
ETIS is a new tool that can be used to evaluate esophageal mucosal integrity 
changes during endoscopy.
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IntRoductIon

Gastroesophageal reflux disease (GERD) is a condition in which reflux of gastric 
contents causes symptoms and/or complications.1 It is a common disorder with 
a high prevalence that is responsible for increasing health care costs due to 
frequent physician consultation and long term prescription of medication. The 
pathophysiology of symptom generation in GERD is largely unclear, though 
impaired mucosal integrity2 and visceral hypersensitivity have been described in 
GERD patients.3 

Lately, there has been considerable interest in esophageal mucosal integrity in 
relation to GERD, as changes in integrity are linked to reflux symptoms.4 Esophageal 
mucosal integrity changes are detected morphologically by the presence of dilated 
intercellular spaces (DIS), first described in patients with reflux esophagitis and 
subsequently in patients with non-erosive reflux disease (NERD).5,6 In human and 
animal studies, DIS develop after short exposure to acid or weakly acidic solutions 
and bile acids7,8 and are reversible through treatment with a proton pump inhibitor.9 
Dilated intercellular spaces are most reliably measured using transmission electron 
microscopy. A functional assessment of esophageal mucosal integrity is feasible 
using Ussing chamber experiments. After mounting a mucosal biopsy in the Ussing 
chamber, transepithelial electrical resistance (TEER) and transepithelial flux of a 
fluorescent marker can be measured.10  

Both transmission electron microscopy and Ussing chamber experiments 
are laborious and expensive. Moreover, these techniques are only available in 
specialized centers and expertise is required, hampering a clinical application. 
Therefore a device that can easily measure esophageal mucosal integrity might be 
a helpful tool to study the pathophysiology of GERD. It even may be useful in the 
diagnosis of GERD in patients in whom no erosions are present in the esophagus. 

Electrical tissue impedance spectroscopy (ETIS) is a novel technique that allows 
characterization of tissue structure by measuring the impedance of tissue at a 
spectrum of frequencies. For ETIS of esophageal mucosa a probe is advanced 
through the working channel of an endoscope. The frequency of the alternating 
current defines whether the current can pass the charged surface of a cell 
membrane. At high frequencies the current traverses the cell membrane and will 
travel through both the transcellular route as well as the extracellular route. In 
contrast, at low frequencies the current cannot pass the cell membrane and is 
entirely guided through the extracellular compartment. Based on the impedance 
spectrum, tissue can be characterized. As such, ETIS was previously used to detect 
cervical neoplasia11 and to distinguish columnar from squamous epithelium.12 

In this study we aimed to validate ETIS as a measure of both histological 
and functional esophageal mucosal integrity. We hypothesized that impaired 
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esophageal mucosal integrity in GERD patients correlates with an alteration of the 
impedance spectrum at the frequency range corresponding with the extracellular 
route of the current. 

Methods

Subjects
Patients were recruited at the outpatient clinic of the Academic Medical Center. 
Patients were eligible for inclusion when they had typical reflux symptoms, 
i.e. heartburn and/or acid regurgitation, and when previous endoscopy had revealed 
reflux esophagitis grade A or grade B according to the LA classification.13 Healthy 
subjects were recruited by advertisement in the hospital. Healthy subjects had no 
reflux symptoms or other abdominal complaints. If signs of reflux esophagitis or 
a Barrett’s esophagus were observed during the endoscopy, the healthy subject 
was excluded from further analysis. Neither patients nor healthy subjects had 
undergone surgery of the digestive tract. Each subject gave written informed 
consent and the study protocol was approved by the Medical Ethics Committee 
of the Academic Medical Center.

Study protocol
After inclusion the patients stopped all acid-suppressive and prokinetic therapy for 
a period of 3 weeks. All subjects completed a reflux disease questionnaire (RDQ) 
to assess frequency and severity of typical reflux symptoms. Subsequently, both 
patients and controls underwent upper endoscopy. After regular inspection of the 
duodenum, stomach and esophagus 4 ETIS measurements were performed in each 
quadrant of the distal esophagus at 5 cm proximal of the Z-line. In the patients 
the ETIS measurements were performed in macroscopically normal mucosa. 
At the same level in the esophagus 2 biopsies were taken with a large biopsy 
forceps (diameter 3.7 mm) for the assessment of DIS using transmission electron 
microscopy and another 4 biopsies were taken for the assessment of functional 
mucosal integrity in Ussing chamber experiments. 

Electrical tissue impedance spectroscopy (ETIS)
For the ETIS measurements we used a previously developed flexible impedance 
probe with a diameter of 3.2 mm, which is small enough to allow passage through 
the working channel of an endoscope.14 The probe was attached to a data 
acquisition unit, the Mk 3.5 Tissue Impedance Meter (Medical Engineering Section, 
Royal Hallamshire Hospital, Sheffield, UK).15 Four electrodes are mounted on the tip 
of the probe (Fig 1), with dimensions described previously.12 Between 2 electrodes 
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an alternating current (sine wave) with a peak magnitude of 20 µA was created. 
By creating 10 sinewaves offset in frequency by 1/3 of an octave it generated 
the alternating current in a spectrum of 30 frequencies ranging from 2 kHz to 
1.6 MHz. Simultaneously, the potential difference between the other 2 electrodes 
was measured. The distance between the probe electrodes determines to which 
depth the current penetrates into the tissue. Previous experiments revealed that 
with a distance of 1.27 mm between the centers of two electrodes the probe 
generated 90% of the information from the mucosal region above 0.77 cm. While 
the average thickness of normal squamous epithelium is 0.3 to 0.8 mm, the area 
in which the probe measures is suitable for our purposes.12

After inspection of the mucosa and positioning of the endoscope at 5 cms 
above the Z-line the ETIS probe was advanced through the working channel. The 
scope was angulated to allow a stable contact between the 4 electrodes and 
the mucosa. After a stable impedance spectrum was measured, indicating stable 
contact between the electrodes and the tissue, 40 frames were recorded and 
averaged over 0.5 seconds. In each patient 4 measurements were performed in 
a 4-quadrant fashion. These 4 measurements were averaged for each patient to 
obtain a single ETIS value for each patient. 

The impedance spectra were fitted to a Cole equation as previously described.16 
In this equation it is assumed that tissue impedance can be described as an 
electrical circuit composed of two resistors in parallel and a capacitator in series. 
The two resistors represent the resistance of the extracellular compartment and 

figure 1. Electrical tissue impedance spectroscopy probe



PART I - Reflux disease and esophageal sensitivity

36

the resistance of the intracellular compartment, and the capacitator reflects the 
membrane capacitance. Since we hypothesized that the main differences would be 
present in the extracellular compartment we focussed our analysis on this parameter.  

Transmission electron microscopy and light microscopy
Two biopsies were immediately immersed in a fixation solution containing 4% 
formaldehyde and 1% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). 
Biopsies were stored in the same fixative at 4° Celsius for several days. After 
fixation, the biopsies were washed in distilled water, osmicated for 60 minutes in 
1% OsO4 in water and washed again in distilled water. For contrast enhancement 
in the electron microscope, biopsies were block-stained overnight in 1.5% aqueous 
uranyl acetate and then dehydrated through a series of ethanols and embedded in 
LX-112 (Ladd). Ultrathin sections of 80 nm were cut with a diamond knife, collected 
on formvar-coated grids and stained with uranyl acetate and lead citrate. Sections 
were examined with a FEI Technai-12 G2 Spirit Biotwin electron microscope.

An investigator experienced in electron microscopy and blinded for the 
subject status took 10 random photos of each biopsy at the basal layer (x4600 
magnification) (Fig 2). The photos were analysed using Leica QWin, an image 
processing and analysis software suite. In previous literature the measurement of 
intercellular spaces has mainly been performed manually by measuring the distance 
between two adjacent cells at a series of randomly chosen locations. However, 
the delineation of the intercellular space is irregular, thereby allowing a bias in 
the choice of location. To avoid such bias we used the QWin analysis software 
to quantify the surface of intercellular spaces. By dividing the intercellular space 
surface by the total cell surface the intercellular space ratio was calculated for each 
photograph. For 30 electron microscopy photos randomly chosen from 6 patients 
we also manually calculated the distance of intercellular spaces by measuring the 
distance between 2 adjacent cells at 10 randomly chosen points. The automatically 
calculated intercellular space ratio showed a good correlation with the manual 
method (r=0.82, p<0.001). As the automated analysis is less prone to error due to 
the irregular delineation of the intercellular space, we used the software for the 
analysis of the rest of the biopsies. 

Additionally, one biopsy was fixed in formalin and embedded in paraffin. 
The specimen was sectioned and sections were mounted on precoated glass. 
Representative sections of all biopsy specimens were stained with hematoxylin 
and eosin (H&E). An experienced pathologist, blinded to the patient category, 
scored all sections according to a score proposed by Zentilin et al.17, which is based 
on the semi-quantative analysis of basal hyperplasia, papillary elongation, dilated 
intercellular spaces, and the presence of eosinophils, neutrophils and necrosis.
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Four biopsies were obtained using a large biopsy forceps for Ussing chamber 
studies. The biopsies were taken at 5 cm from the Z-line in a 4-quadrant fashion. 
In all patients the biopsies were taken at macroscopically normal mucosa. We 
immersed the biopsies in ice-cold oxygenated Meyler buffer and immediately 
transferred them to Ussing chambers to guarantee viability of the tissue. Biopsies 
were mounted in special biopsy holders with a diameter of 2 mm and a square 
area of 0.0314 cm2. Tissue was bathed in a modified Meyler buffer composed of 
105 mM NaCl, 4.7 mM KCL, 1.3 mM CaCL2·2-H2O, 1.0 mM MgCL2·6H2O, 20.0 mM 
NaHCO3, 0.4 mM NaH2-PO4·H2O, 0.3 mM Na2HPO4·2H2O, and 10.0 mM HEPES, 
at pH 7.4, while being continuously gassed with carbogen (95% O2 - 5% CO2). The 
tissue was kept at 37 °C using hot water jackets. 

Two sets of electrodes connected to a dual voltage clamp (World Precision 
Instruments, Berlin, Germany) were used to short-circuit the tissue, allowing the 
direct measurement of voltage deflection induced by a bipolar constant current 
of 20 µA. The transepithelial electrical resistance (TEER) was calculated according 
to Ohm’s law. A baseline TEER value was measured 15 minutes after placement of 
the biopsy in the Ussing chamber. The baseline TEER values of all biopsies were 
averaged for each patient. TEER was measured each 15 minutes throughout the 
experimental protocol.

figure 2. Transmission electron microscopy images of the basal prickle layer of a A) GERD 
patient and B) healthy control, x4600 magnification. Surface of the total intercellular space 
and the total mucosal surface present in the image were automatically measured using 
a customised software program. By dividing the intercellular space surface by the total 
mucosal surface an intercellular space ratio was obtained.
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As a second measure of mucosal integrity we measured transepithelial 
permeability for small molecules. After the 15-minute acclimatisation period we 
replaced the luminal buffer with a solution of modified Meyler buffer containing 
fluorescein (376 Da) at a concentration of 0.5 mg/ml. The serosal bath was sampled 
before the addition of fluorescein. After addition of the fluorescein-containing 
Meyler buffer we sampled the serosal bath every 15 minutes for a period of 1 hour. 
The fluorescein concentration in the samples was measured with a fluorescence 
plate reader (BioTek Synergy, BioTek, Winooski, VT, USA) using an excitation 
wavelength of 485 nm and an emission wavelength of 538 nm. The transepithelial 
permeability of tissue is expressed as nmol/cm2/h.

Statistical analyses
Data are expressed as mean with standard error of the mean or median with 
interquartile range when appropriate. Single comparisons were performed using 
the unpaired Student’s t-test or the Mann-Whitney U test where appropriate. The 
correlation between ETIS, DIS and Ussing data was tested using the Spearman’s 
correlation test. A p-value < 0.05 was considered significant.

Results

Subjects
We included 12 GERD patients, of which 7 (58%) were males, with age ranging from 
23 to 65 years. We also included 11 healthy subjects of which 7 (64%) were male, 
with age ranging from 25 to 59 years. All patients reported heartburn after cessation 
of their proton pump inhibitor. Median heartburn score of patients scored on the 
5-point reflux disease questionnaire (RDQ) was 2.6 (IQR 1.1-3.6). Controls did not 
have heartburn, median RDQ score was therefore 0 (IQR 0-0). During endoscopy 
reflux esophagitis grade A was present in 5 patients and reflux esophagitis grade B 
in 7 patients. No esophageal erosions were seen in the controls.

table 1. Patient characteristics

erosive GeRd non-erosive GeRd Healthy controls

n 12 12 11

Age, mean (range) 52.2 (23 - 65) 47.8 (22-77) 38.5 (25 - 59)

Female, n (%) 5 (42) 8 (67) 4 (36)

PPI use before 
inclusion, n (%)

12 (100) 12 (100) 0 (0)

GerD, gastroesophageal reflux disease; ppI, proton-pump inhibitor.
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ETIS
Obtaining ETIS data was successful in all subjects. Mean extracellular impedance 
measured in vivo in GERD patients and healthy controls is shown in figure 3A. 
Extracellular impedance was significantly lower in GERD patients (mean (SD) 
5621 (3299) Ω.m) compared to controls (8834 (2542) Ω.m, p<0.05). As expected, 
intracellular impedance was not different between GERD patients and healthy 
controls (1400 (629) Ω.m versus 1551 (682) Ω.m, p=0.59, fig 3B).

figure 3. A) Extracellular impedance in Ω.m and B) intracellular impedance in Ω.m in GERD 
patients and controls

Mucosal integrity
We were able to analyze the biopsies of 5 GERD patients and the biopsies of 
6  healthy subjects for intercellular space ratio using transmission electron 
microscopy. Biopsies of 5 subjects were lost during the embedding process 
and the biopsies of 7 subjects were too superficial and no submucosa could be 
identified and orientation was therefore insufficient to perform reliable analysis of 
the intercellular space between the basal cell layers. Intercellular space ratio was 
larger in GERD patients compared to healthy controls (median 0.14 (IQR 0.11-0.22) 
vs 0.22(0.11-0.27), however this did not reach significance. The light-microscopic 
analysis of esophageal biopsies was succesful in all subjects. The semiquantative 
reflux score encorporating DIS amongst other histologic parameters as proposed 
by Zentilin et al. was significantly higher in GERD patients compared to controls 
(median 1.5 (IQR 1.0-2.75) vs 1.0 (IQR 0.0-1.0), data not shown). All GERD patients 
had at least mild basal cell hyperplasia or dilated intercellular spaces in the basal 
epithelium of macroscopically normal mucosa. No healthy subject had a reflux 
score above 2. 
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Ussing experiments were successful in all subjects. Permeability to fluorescein 
was significantly larger in GERD patients compared to healthy controls (Median 
1815 nmol/cm2/h (IQR 492 – 2769) and 345 nmol/cm2/h (IQR 0 – 1567) respectively, 
p<0.05). Furthermore, median TEER measured in Ussing chambers was slightly 
lower in biopsies of GERD patients compared to healthy subjects’ biopsies (median 
79 Ω.cm2 (IQR 74-116) and 116 Ω.cm2 (IQR 90-126) respectively, with a trend towards 
significance, p=0.08). There was a strong inverse relation between transepithelial 
permeability and TEER (r=-0.73, p<0.01), indicating that permeable mucosa is 
characterized by a low electrical resistance.

ETIS as a measure of mucosal integrity
To determine if extracellular impedance measured with ETIS in vivo could be 
used as a measurement of mucosal integrity, we correlated ETIS data with DIS, 
transepithelial permeability and TEER. There was a significant inverse linear 
relationship between extracellular impedance measured in vivo and morphological 
mucosal integrity, i.e. the intercellular space ratio measured by transmission 
electron microscopy (r= -0.76, p<0.01, fig 4A). There was also a significant inverse 
relationship between extracellular impedance measured in vivo and functional 
mucosal integrity, i.e. the transepithelial permeability of the subjects’ biopsies 
in Ussing chambers (r= -0.65, p<0.01, fig 4B). The third parameter of mucosal 
integrity, transepithelial electrical resistance measured in Ussing chambers also 
showed a significant relation with extracellular impedance in vivo (r=0.49, p<0.05, 
figure 4C). This demonstrates that patients with a more permeable mucosa have 
lower ETIS values during endoscopy. 

As expected, intracellular impedance measured in vivo did not correlate with 
intercellular space ratio measured by electron microscopy (r=-0.23, p=ns, data 

figure 4.  Correlation of extracellular impedance measured by ETIS and A) intercellular 
space ratio, r= -0.76, p<0.01, B) permeability to fluorescein, r= -0.65, p<0.01, and C) 
transepithelial electrical resistance, r=0.49, p<0.05
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not shown), transepithelial permeability (r= 0.11, p=ns, data not shown) or with 
transepithelial electrical resistance (r=0.03, p=ns, data not shown). 

dIscussIon

In this study we hypothesized that electrical tissue impedance spectroscopy (ETIS), a 
novel technique, may be used to assess esophageal mucosal integrity in vivo during 
upper endoscopy. We performed in vivo ETIS measurements in GERD patients and 
healthy controls and compared the outcome to the currently most used in vitro 
techniques: transmission electron microscopy and Ussing chamber experiments. 
Our study results show that (1) impedance of the extracellular compartment 
measured with the ETIS device during endoscopy correlates with histological and 
functional parameters of esophageal mucosal integrity; (2) esophageal mucosal 
integrity as determined by ETIS measurements is impaired in GERD patients when 
compared to healthy controls.

The esophageal mucosa is characterized by the presence of a non-keratinised 
squamous epithelium, forming an effective barrier against noxious substances 
passing during meals or during the reflux of gastric contents. Impairment of this 
barrier has been suggested to underlie symptom generation in GERD patients.4 
This hypothesis is supported by the presence of DIS in esophageal biopsies of 
patients with erosive and non-erosive reflux disease5,6 and the development of 
DIS after perfusion of esophageal mucosa with acidic and weakly acidic solutions 
containing bile salts. Earlier studies hypothesized that DIS could be used as a 
diagnostic marker for GERD. However, an important impediment to the regular 
clinical use of DIS as a diagnostic marker of GERD is the costly and time-consuming 
procedure of transmission electron microscopy. Besides this, orientation of the 
biopsy samples under the microscope may be difficult and can make reliable 
interpretation impossible, as experienced in this study. Because of these technical 
difficulties in the process of analysing DIS we did not obtain DIS data from all 
subjects. However, we did find a larger intercellular space ratio in patients than in 
controls, in line with previous studies5, but due to the smaller amount of available 
data this difference was not statistically significant.   

Alternatively, next to intracellular space measurement, transepithelial 
permeability of esophageal biopsies can be measured in Ussing chambers, as 
previously often performed with animal esophageal tissue.8,18 Although more 
difficult with esophageal biopsies due to its size, previous studies showed that 
Ussing experiments are also feasible on human biopsy specimens.2,19 When a biopsy 
was clearly not intact and did not completely cover the aperture of the Ussing 
chamber, it was excluded from the analysis. However, it is possible that a biopsy 
does not contain full thickness epithelium in the entire surface area covering the 
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aperture of the Ussing chamber leading to an asymmetrical closure of the aperture. 
This might influence the permeability of this particular biopsy, but this is the case 
for both study groups and therefore probably does not influence the observed 
differences. The measurement of permeability provides additional information 
next to electron microscopic measurement of DIS, providing a functional measure 
of mucosal integrity. However, Ussing chamber experiments are associated with 
some of the same drawbacks as transmission electron microscopy: the technique 
is labor-intensive and only available in specialized centers. The drawbacks of both 
techniques underline the need for a quick and easy tool to measure esophageal 
mucosal integrity in vivo. 

Our study is the first to demonstrate a technique capable of measuring mucosal 
integrity during upper endoscopy. Previous investigators proved that with the 
same technique is was feasible to characterize cervical squamous epithelium 
and separate cervical intraepithelial neoplasia from normal cervical tissue.11 
Furthermore, previous animal studies performed on esophageal tissue showed 
that ETIS could detect a decrease in extracellular impedance after perfusion of the 
esophagus with an acidic solution.16 This finding corresponds to DIS and increased 
permeability of rabbit esophagus developing after perfusion with acidic solutions8, 
already suggesting a relation between ETIS results and mucosal integrity. We 
indeed demonstrate a very good correlation between extracellular impedance 
measured by ETIS, intercellular space diameter, and permeability to fluorescein, 
making ETIS an easy and useful tool to study these subtle changes. Our data also 
confirms that changes in electrical characteristics of the esophageal tissue in GERD 
patients are mainly determined by changes of the extracellular compartment as the 
electrical characteristics of the intracellular compartment were similar in our patient 
groups. Other in vivo techniques that have been described for measurement 
of mucosal integrity are transmucosal potential difference measurements and 
baseline impedance measurements.20,21 Due to a difference between the fast 
active sodium transport from lumen to serosa and a passive and slower chloride 
transport in the same direction, the transmucosal potential difference is normally 
negative in the digestive tract. In the columnar epithelium of Barrett’s esophagus 
the transmucosal potential difference is more negative than in normal squamous 
epithelium.22 Although in patients with erosive reflux disease PD was less negative 
than in healthy controls, in patients with mild or absent erosions the esophageal 
transmucosal potential difference was not significantly different from that in healthy 
controls, which made this technique not suitable for further development as a 
investigational tool for GERD.23,24 

Intraluminal baseline impedance during an ambulatory 24-hour pH-impedance 
measurement has also been suggested as a technique to study mucosal 
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integrity.21 Impedance baseline in the distal esophagus, at 3 cm from the Z-line, 
was significantly decreased in GERD patients compared to healthy controls. An 
important observation, although this technique still requires additional ambulatory 
monitoring. Furthermore, the technique is dependent on contact between mucosa 
and probe, a factor which can not be influenced and loose contact will cause noise 
in a measurement.

In conclusion, electrical tissue impedance spectroscopy is a new tool that can 
be used to evaluate changes in mucosal integrity of the esophagus in vivo during 
upper endoscopy. It is likely to be a useful tool to study the pathophysiology of 
GERD. Future studies will have to clarify whether ETIS can also have a role in the 
diagnostic evaluation of suspected GERD patients. 
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abstRact

Background and aim: 
Increased esophageal sensitivity and impaired mucosal integrity have both been 
described in gastroesophageal reflux disease (GERD) patients, but the relationship 
between hypersensitivity and mucosal integrity is unclear. Aim of this study was to 
investigate acid sensitivity in patients with erosive and non-erosive reflux disease 
and controls, to determine the relation with functional esophageal mucosal integrity 
changes, as well as to investigate cellular mechanisms of impaired mucosal integrity 
in these patients.

Methods: 
In this prospective experimental study 12 non-erosive reflux disease (NERD) 
patients, 12 patients with esophagitis grade A or B and 11 healthy controls 
underwent an acid perfusion test and upper endoscopy. Mucosal integrity was 
measured during endoscopy by electrical tissue impedance spectroscopy and 
biopsy specimens were analyzed in Ussing chambers for transepithelial electrical 
resistance and transepithelial permeability, and for gene expression of tight 
junction proteins and filaggrin.   

Results: 
NERD and esophagitis patients were more sensitive to acid perfusion compared 
to controls, having a shorter time to perception of heartburn and higher perceived 
intensity of heartburn. In reflux patients enhanced acid sensitivity was associated 
with impairment of in vivo and vitro esophageal mucosal integrity. Mucosal 
integrity was significantly impaired in patients with esophagitis, displaying higher 
transepithelial permeability and lower extracellular impedance. Although no 
significant differences in the expression of tight junction proteins were found in 
biopsies among patient groups, mucosal integrity parameters in reflux patients 
correlated negatively with the expression of filaggrin.

Conclusions: 
Sensitivity to acid is enhanced in patients with GERD, irrespective of the presence 
of erosions, and is associated with impaired esophageal mucosal integrity. Mucosal 
integrity of the esophagus is associated with the expression of filaggrin.
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IntRoductIon

Patients with gastroesophageal reflux disease (GERD) have symptoms and/or 
esophageal mucosal damage due to the reflux of gastric content.1 Why these 
patients suffer from heartburn and/or regurgitation, while others with often similar 
reflux characteristics do not, is not entirely clear. It has been suggested that GERD 
patients have an altered esophageal sensitivity.2 Also, although macroscopic 
erosions might be absent, subtle defects in esophageal mucosal integrity may lead 
to an enhanced perception of reflux.3 The exact relation between these parameters 
remains unclear, and better understanding of the complex mechanisms ultimately 
leading to reflux perception may lead to new therapeutic targets.   

The permeation of noxious components of the refluxate into the mucosa is 
normally prevented by a tight barrier formed by the non-keratinised stratified 
squamous epithelium.4,5 In patients with esophagitis the natural mucosal barrier 
is clearly breached at the site of erosions, and noxious stimuli can easily traverse 
the mucosa and subsequently activate the underlying nociceptors. However, the 
mucosa is macroscopically intact in patients with NERD, and it’s unclear how reflux 
can reach and activate nociceptors in these patients.6 Recent studies demonstrated 
microscopic abnormalities in the esophageal epithelium of NERD patients such as 
dilated intercellular spaces (DIS).7 DIS are suggested to be a morphological feature 
of impaired mucosal integrity, facilitating the permeation of acid into the submucosa. 
Functionally, mucosal integrity can be assessed by mounting an esophageal tissue 
section or biopsy in Ussing chambers and measure the transepithelial permeability of 
small molecules or the transepithelial electrical resistance (TEER).8,9 Short exposure 
of animal and human mucosa to components of refluxate can induce an increase in 
transepithelial permeability and a decrease in TEER.10 

A relationship between esophageal sensitivity to acid and mucosal integrity 
has only recently been proposed.3 Therefore, in the present study we aimed to 
determine esophageal sensitivity and esophageal mucosal integrity of different 
subtypes of GERD patients and determine the relation between sensitivity to acid 
and mucosal integrity. We hypothesize that an impairment of the mucosal barrier 
function leads to increased sensitivity to acid in patients with erosive and non-
erosive forms of gastro-esophageal reflux disease.

Methods

Subjects
We recruited 24 patients with gastroesophageal reflux disease at the outpatient clinic 
of the Academic Medical Center. All patients presented with heartburn and/or acid 
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regurgitation. Twelve patients were previously diagnosed with reflux esophagitis 
grade A or grade B according to the LA classification.1 In the other 12 patients 
the diagnosis of GERD was established with 24-hour pH-impedance monitoring, 
during which a positive relation between symptoms and reflux episodes (symptom 
association probability >95%) was observed. In these patients upper endoscopy 
showed no abnormalities and they were therefore classified as NERD patients.1 
The 24-hour pH-impedance measurements were performed using a combined 
pH/impedance catheter assembly (Unisensor AG, Attikon, Switzerland), which 
was placed at 5 cm from the upper border of the manometrically localised lower 
esophageal sphincter (LES). Impedance and pH signals were stored on a digital 
datalogger (Ohmega; MMS, Enschede, the Netherlands). Each pH-impedance 
study was fully read by a gastroenterologist with expertise in GI motility. We also 
recruited 11 healthy controls, subjects without a history of reflux symptoms or other 
abdominal complaints. Demographic data of all subjects is shown in table 1. Each 
subject gave written informed consent and the study protocol was approved by 
the Medical Ethics Committee of the Academic Medical Center. 

Study protocol
All patients ceased the use of acid suppressive or prokinetic drugs for a period 
of 3 weeks. After 2 weeks of pharmacological washout an acid perfusion test 
was performed. Ensuring a 1-week recovery period from the acid perfusion test, 
an upper endoscopy was performed. During the endoscopy the presence or 
absence of erosions was confirmed and mucosal integrity was assessed in vivo 
using an electrical tissue impedance spectroscopy (ETIS) probe.11 Also, 8 biopsies 
of the distal esophagus were obtained to assess the size of intercellular spaces by 
electron microscopy, to assess mucosal integrity in vitro in Ussing chambers and 
to perform real-time PCR for genes related to barrier function.  

Acid perfusion test
An acid perfusion test was performed using a conventional water-perfused 
manometry catheter with a sleeve sensor positioned at the location of the LES 
and an incorporated infusion channel 6 cm above the LES. Patients were seated in a 
semi-recumbent position. After an accommodation period of 5 minutes, perfusion 
was carried out for 10 minutes with a neutral solution (NaCl 0.9% at buffered at 
pH 6.5) at a rate of 8 ml/min. Then, perfusion switched to an acidic solution (HCl 
0.1 N at pH 1.1) for 20 minutes. Subjects were blinded to the nature of the solution 
at all time and were not aware of when the acid perfusion was started. We noted 
the time to first perception of heartburn and time to discomfort. Furthermore, 
subjects were asked score the intensity of their symptoms every 2 minutes on a 
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horizontal 100-mm visual analogue scale with the extremes labelled ‘no pain’ and 
‘worst possible pain’. Combining both parameters of acid perception the perfusion 
sensitivity score was calculated ((total perfusion time - lag time to perception) * 
maximum VAS), similar to a method previously described.12 

Mucosal integrity in vivo: electrical tissue impedance spectroscopy (ETIS)
For the assessment of mucosal integrity in vivo we used electrical tissue impedance 
spectroscopy (ETIS). A probe with 4 electrodes at the tip was advanced through the 
working channel of the endoscope and pressed against the mucosa. The probe was 
attached to a data acquisition unit, the Mk 3.5 Tissue Impedance Meter (Medical 
Engineering Section, Royal Hallamshire Hospital, Sheffield, UK). An alternating 
current with a peak magnitude of 20 µA was created in a sweep of 30 frequencies 
ranging from 2 kHz to 1.6 MHz. Simultaneously, potential difference was measured 
between the other 2 electrodes and thereby an impedance spectrum was created. 
As previously described, the impedance of both the intracellular and the extracellular 
compartment of the mucosa was calculated by fitting these impedance spectra 
to Cole’s equation.13 We previously demonstrated that extracellular impedance 
correlates well with DIS measured by electron microscopy and with transepithelial 
electrical resistance and permeability.11  

Mucosal integrity in vitro: Ussing chamber experiments
During upper endoscopy 4 biopsies were obtained at 5 cm proximal to the Z-line. 
All biopsies were taken from macroscopically unaffected mucosa. Immediately 
after harvesting biopsy specimens were immersed in ice-cold oxygenated Meyler 
buffer. Within 15 minutes the specimens were mounted in Ussing chambers using 
biopsy holders with an aperture diameter of 2 mm and a square area of 0.0314 cm2. 
Biopsies were bathed in a modified Meyler buffer composed of 105 mM NaCl, 
4.7 mM KCl, 1.3 mM CaCL2·2H2O, 1.0 mM MgCl2·6H2O, 20.0 mM NaHCO3, 0.4 mM 
NaH2-PO4·H2O, 0.3 mM Na2HPO4·2H2O, and 10.0 mM HEPES, at pH 7.4, and was 
continuously gassed with carbogen (95% O2 - 5% CO2). The biopsies were kept at 
37 °C using hot water jackets. After a 15-minute acclimatisation period the luminal 
bathing solution was replaced with a modified Meyler buffer containing fluorescein 
(376 Da) at a concentration of 0.5 mg/ml. The serosal bath was sampled at 0, 15, 
30, 45 and 60 minutes, and the volume in the serosal chamber was kept constant 
with the initial modified Meyler buffer. The fluorescein concentration in the samples 
was measured with a fluorescence plate reader (BioTek Synergy, BioTek, Winooski, 
VT, USA) using an excitation wavelength of 485 nm and an emission wavelength of 
538 nm. Luminal to serosal flux was expressed as nmol/cm2/h. Furthermore, two 
sets of electrodes connected to a dual voltage clamp (World Precision Instruments, 
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Berlin, Germany) were used to measure the voltage deflection induced by a bipolar 
constant current of 20 µA. The transepithelial electrical resistance (TEER) was 
calculated according to Ohm’s law. A baseline TEER value was measured 15 minutes 
after placement of the biopsy in the Ussing chamber. The baseline TEER values of 
all biopsies were averaged for each patient. TEER was measured each 15 minutes 
throughout the experimental protocol. 

Transmission electron microscopy
Two biopsies were immediately immersed in a fixation solution containing 4% 
formaldehyde made from fresh paraformaldehyde and 1% glutaraldehyde in 0.1 M 
sodium cacodylate buffer (pH 7.4). Biopsies were stored in the same fixative at 4° 
Celsius for several days. After fixation the biopsies were washed in distilled water, 
osmicated for 60 minutes in 1% OsO4 in water and washed again in distilled water. 
For contrast enhancement in the electron microscope, biopsies were block-stained 
overnight in 1.5% aqueous uranyl acetate and then dehydrated through a series 
of ethanols and embedded in LX-112 (Ladd). Ultrathin sections of 80 nm were cut 
with a diamond knife, collected on formvar-coated grids and stained with uranyl 
acetate and lead citrate. Sections were examined with a FEI Technai-12 G2 Spirit 
Biotwin electron microscope.

An investigator blinded for the subject status took 10 random photos of each 
biopsy at the basal layer (x4600 magnification). Photos were analysed using Leica 
QWin. Intercellular space ratio was calculated as previously described.8 

Quantitative real-time PCR and immunohistochemistry
One mucosal biopsy from each patient was stored in RNA stabilization reagent 
(RNAlater, Qiagen). Biopsies were homogenized and total RNA was extracted 
using the RNeasy Micro Kit (Qiagen). The RNA concentration was assessed by the 
Nanodrop Spectrophotometer (Nanodrop Technologies, Wilmington, DE). cDNA 
was synthesized using a reverse transcriptase reaction performed according to 
the MBI Fermentas cDNA synthesis kit (Fermentas, Vilnius, Lithuania), using both 
Oligo(dT)18 and D(N)6 primers. Quantitative real time RTPCR was performed 
on the LightCycler 480 (Roche Diagnostic, Almere, The Netherlands) using 
SYBR Green PCR Master Mix (Roche Diagnostic) and primers from Invitrogen. 
For quantitative real-time PCR, samples were normalized for the mean of the 
three most stable house-keeping genes (cyclophilin, GAPDH, and β-actin) as 
determined by analysis with geNorm method software (http://medgen.ugent.
be/~jvdesomp/genorm/). Transcript levels of tight junction proteins claudin-1, 
claudin-2, occludin, and ZO-1, and of the filament-associated protein filaggrin 
were determined in duplo.
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One distal esophageal biopsy specimen was fixed in formaldehyde and 
embedded in paraffin. After deparaffinization, heat-induced antigen retrieval 
was performed using a citrate buffer.   Endogenous peroxidase was blocked with 
hydrogen peroxide and non-specific IgG binding sites were blocked with normal 
goat serum. Subsequently, sections were incubated with a rabbit polyclonal anti-
human filaggrin for 1 hour (1/100, Sigma-Aldrich, St-Louis, MO, USA). After washing 
with phosphate buffered solution sections were incubated with biotinylated goat 
anti-rabbit antibody (1/200, Dako, glostrup, Denmark) for 30 minutes, followed by 
a 30-minute incubation with labelled streptavidin-biotin2, horseradish peroxidase 
(LSAB2, HRP kit, Dako). Filaggrin was visualized with 3,3’-Diaminobenzidine (Dako) 
and sections were counterstained with Mayer’s heaematoxylin before being 
mounted in glycerine-gelatine (Dako).

Statistical analyses
Data are expressed as mean with standard error of the mean or median with 
interquartile range when appropriate. Lag time to initial heartburn perception 
was analysed using survival curves and the log rank (Mantel-Cox) test. Symptom 
intensity, perfusion sensitivity scores, and intercellular space ratio were compared 
using a 1-way ANOVA (Dunnett post hoc test). The multiple related measurements 
obtained for each individual subject with the ETIS probe and with the Ussing 
experiments were analysed using a linear mixed-effects model. The model uses 
compound symmetry as covariance matrix to address the correlation between 
separate measurements in each individual. A p-value < 0.05 was considered 
significant. All analyses were performed using Graph Pad Prism version 5.01 and 
SPSS Statistics version 19.01.

Results

Esophageal sensitivity
The acid perfusion test was successfully performed in all subjects. 7 of 11 healthy 
subjects (64%) did not experience heartburn during the entire infusion period, all 
healthy subjects tolerated and completed 20 minutes of acid perfusion. In contrast, 
in 9 of 12 esophagitis patients and in 8 of 12 NERD patients acid perfusion was 
prematurely stopped due to pain. Mean lag time to symptom perception was 
significantly lower in both patients with esophagitis (Mean (95%CI) 3.5 (2.5-4.5) 
minutes) and NERD (4.3 (2.0-6.6) minutes) compared to controls (16.5 (13.7-19.3) 
minutes), log rank p<0.01 (figure 1A). Maximum symptom intensity during the 
period of acid perfusion was significantly higher in patients with esophagitis 
(median VAS (IQR) 8.3 (5.1-8.5)) and in NERD (7.1 (3.6-9.1)) compared to controls 
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(1.6 (0.4-1.2), p<0.01) (figure 1B). Therefore, the perfusion sensitivity score was also 
significantly higher in patients with esophagitis (median (IQR) 202 (141-232)) and in 
NERD (191 (101-220) compared to controls (0 (0-92)), p<0.01 (figure 1C). 

Mucosal integrity 
Extracellular impedance was significantly lower in patients with esophagitis 
compared to healthy controls (mean (95% CI) 5998 (4411-7586) Ω.m and 9439 (7788 
– 11090) Ω.m respectively, p<0.01), whereas the difference between NERD patients 
and controls tended to significance (mean (95% CI) 7232 (5660-8805) Ω.m and 9439 
(7788 – 11090) Ω.m respectively, p=0.06) (figure 2A) Extracellular impedance was 
similar between patients with esophagitis and NERD patients. 

Transepithelial permeability was significantly higher in esophagitis patients 
compared to controls (mean (95% CI) 1924 (1313 - 2535) nmol/cm2/h and 867 
(221 – 1513) nmol/cm2/h respectively, p<0.05). In NERD patients transepithelial 
permeability did not differ significantly from controls (mean (95% CI) 1367 (750 - 
1985) nmol/cm2/h and 867 (221 – 1513) nmol/cm2/h respectively, p = 0.25) (figure 2B). 
Baseline transepithelial electrical resistance was not significantly different between 
esophagitis patients, NERD patients and controls, with only a trend towards a lower 
TEER in esophagitis patients (figure 2C, p = 0.06)

Dilation of intercellular spaces was successfully measured in 20 subjects. 
Intercellular space ratio was not significantly different between patients with 
esophagitis, NERD and controls (median (IQR) 0.22 (0.11 – 0.27), 0.21 (0.20 – 0.25), 
and 0.14 (0.11 – 0.22) respectively, p = 0.43, data not shown). Failure of intercellular 
space measurements occurred in some samples as the result of technical difficulties, 
mainly because the basal membrane was not always visible, hampering orientation. 

figure 1. Parameters of acid perception in patients with esophagitis, NERD and controls, A) 
Lag time to initial heartburn perception, B) maximum symptom intensity, and C) perfusion 
sensitivity score, * = p<0.05. NERD, non-erosive reflux disease; VAS, visual analogue scale.
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Esophageal tight junction expression
Transcript levels of tight junction proteins Claudin-1, Claudin-2, Occludin, and 
Zonula Occludens-1 (ZO-1) were not significantly different between patients with 
esophagitis, NERD and controls, although Claudin-2 showed a trend towards a 
higher expression in GERD patients (table 2). Filaggrin expression levels were also 
not significantly different between patient categories (table 2). 

Although no significant differences between patient categories were observed, 
expression levels of some investigated genes correlated with esophageal barrier 
function of GERD patients. Filaggrin expression level correlated with all functional 
parameters of barrier function: negatively with transepithelial fluorescein flux 
(r=-0.69, p<0.01), and positively with TEER (r= 0.74, p<0.01) and extracellular 
impedance in vivo (r=0.61, p<0.01) (table 3). The presence of filaggrin was confirmed 
immunohistochemically, as staining of esophageal biopsies demonstrated a 
cytoplasmatic granular pattern in the upper layers of the esophageal epithelium 
(figure 3).  

Also, ZO-1 expression levels correlated significantly with TEER (r=0.60, p<0.01) 
and extracellular impedance in vivo (r=0.55, p<0.01), but not with transepithelial 
fluorescein flux. (table 3)

The relation between sensitivity and mucosal integrity
There was a significant inverse correlation between perfusion sensitivity score 
and extracellular impedance as measured with ETIS (r= -0.40, p<0.05) (figure 4A). 
In concordance, there was a moderate positive correlation between perfusion 
sensitivity scores and transepithelial permeability (r= 0.51, p<0.01, figure 4B) and 
a negative correlation with transepithelial electrical resistance (r= -0.58, p<0.01, 

figure 2. Mucosal integrity represented by A) extracellular impedance in vivo measured 
by the ETIS probe, B) and transepithelial permeability and C) transepithelial electrical 
resistance in vitro measured in Ussing chambers, * = p<0.05. NERD, non-erosive reflux 
disease; TEER, transepithelial electrical resistance.
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figure 4C). These correlations indicate that when the integrity of mucosa decreases 
in GERD patients, sensitivity to acid increases.

We subsequently defined all GERD patients (both erosive and non-erosive) 
having sensitivity scores within the 95th percentile of the sensitivity scores of 
our healthy subjects (< 152) as normosensitive, and defined all GERD patients 
having higher sensitivity scores as hypersensitive. In hypersensitive GERD patients 

figure 3. Example of a representative immunohistochemical staining for Filaggrin. The 
arrowhead indicates the granular cytoplasmatic pattern in the upper layer of the esophageal 
epithelium.

figure 4. Correlation of perfusion sensitivity score and mucosal integrity in GERD 
patients, with A) extracellular impedance measured by the ETIS probe (r = -0.40, p<0.05), 
B) transepithelial permeability (r = 0.51, p<0.01), and C) transepithelial electrical resistance 
(r = -0.58, p<0.01). NERD, non-erosive reflux disease.
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table 2. Esophageal gene expression profile of barrier function related proteins 
(relative to 3 housekeeping genes).

Relative gene expression, median 
(IQR)

Change vs controls 
(x-fold) p-value

occludin 0.93

controls 4.7 * 10-3 (3.9 – 5.6 * 10-3)

NERD 4.1 * 10-3 (3.6 – 5.2 * 10-3) 0.87

esophagitis 4.3 * 10-3 (3.2 – 4.8 * 10-3) 0.91

Zo-1 0.13

controls 4.0 * 10-2 (2.6 – 4.2 * 10-3)

NERD 4.6 * 10-2 (3.0 – 5.1 * 10-2) 1.15

esophagitis 3.6 * 10-2 (2.5 – 4.3 * 10-3) 0.90

Claudin-1 0.37

controls 6.9 * 10-3 (6.0 – 8.3 * 10-3)

NERD 7.4 * 10-3 (6.1 – 9.9 * 10-3) 1.07

esophagitis 5.9 * 10-3 (5.1 – 9.0 * 10-3) 0.86

Claudin-2 0.08

controls 0.0 (0.0 – 0.0)

NERD 0.0 (0.0 – 2.0 * 10-5) n.a.

esophagitis 0.0 (0.0 – 1.4 * 10-5) n.a.

filaggrin 0.65

controls 1.4 * 10-2 (8.6 * 10-3 – 5.3 * 10-2)

NERD 1.4 * 10-2 (4.7 * 10-3 – 4.0 * 10-2) 0

esophagitis 1.0 * 10-2 (8.0 * 10-3 – 2.3 * 10-2) 0.71

Il-8 0.07

controls 0.0 (0.0 – 5.7 * 10-5)

NERD 8.4 * 10-5 (0.0 – 2.7 * 10-4) n.a.

esophagitis 1.6 * 10-4 (0.0 – 7.9 * 10-4) n.a.

expression is relative to the mean of the 3 housekeeping genes cyclophilin, GapDh, and β-actin. 
hKG, house keeping gene; NerD, non-erosive reflux disease; ZO-1, zonula occludens 1; IL-8, 
interleukin-8; n.a., not applicable.

transepithelial permeability was significantly higher than in normosensitive GERD 
patients (mean (95% CI) 1922 (1179 – 2664) and 390 (38 – 743) respectively, p < 
0.05) (figure 5A). Also, TEER was significantly lower in hypersensitive GERD patients 
compared to normosensitive GERD patients (99 (78 – 120) and 148 (114 – 183) 
respectively, p < 0.05) (figure 5B). 
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dIscussIon

This study was designed to investigate the relation between impairment of the 
esophageal mucosal barrier and the perception of acid reflux in patients with GERD. 
Our study results indicate that (1) sensitivity to acid is enhanced to a similar degree 
in NERD patients and patients with esophagitis; (2) mucosal integrity is impaired in 
both esophagitis and NERD patients; (3) the observed esophageal hypersensitivity 
in GERD patients can be partly explained by an impairment in mucosal barrier 
function; (4) esophageal barrier function in GERD patients correlates with the 

table 3. Correlation between esophageal gene expression profile and parameters 
of barrier function in GERD patients

fluorescein flux 
(nmol/cm2/h)

teeR  
(Ω.m)

extracellular 
impedance (Ω.m) ICs ratio

Occludin ns ns ns ns

ZO-1 ns r=0.60, p<0.01 r=0.55, p<0.01 ns

Claudin-1 ns ns ns ns

Claudin-2 ns ns ns ns

Filaggrin r=-0.69, p<0.001 r=0.74, p<0.001 r=0.61, p<0.01 ns

GerD, gastroesophageal reflux disease; teer, transepithelial electrical resistance; ICS, 
intercellular space ratio.

figure 5. Mucosal integrity in GERD patients according to acid perfusion test result. 
Normosensitivity is defined as a perfusion sensitivity score within the 95th percentile of 
healthy controls. Hypersensitivity is defined as a perfusion sensitivity score higher than 
the 95th percentile of healthy controls. A) transepithelial permeability, B) transepithelial 
electrical resistance.
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expression of filaggrin, and changes in expression of tight junction proteins seem 
of lesser importance.

In the normal situation the esophageal non-keratinised stratified squamous 
epithelium forms a tight barrier and prevents the diffusion of noxious substances 
into the deeper layers of the mucosa and the submucosa, where acid sensitive 
receptors are present.14–16 Exposure of esophageal mucosa to acidic and weakly 
acidic solutions containing bile salts can give rise to an impairment of barrier function, 
i.e. the development of DIS and an increase in transepithelial permeability.10,17 Also, 
subtle defects in mucosal integrity are present in patients with NERD.7,9 

Our study confirms the significant role of esophageal mucosal integrity in the 
perception of luminal acid, as when studied for each GERD patient individually 
we observe a significant correlation between all functional mucosal integrity 
parameters and acid sensitivity. Also, if patients were categorized as normosensitive 
or hypersensitive based on the sensitivity scores of our healthy subjects, in the 
hypersensitive GERD patients transepithelial permeability was significantly higher 
and TEER significantly lower compared to the normosensitive GERD patients, who 
all demonstrated a normal mucosal barrier function. This is in concordance with a 
previous study demonstrating that acid sensitive patients have lower intraluminal 
baseline impedance during 24-hour pH-impedance testing, a recently proposed 
measure of mucosal integrity.3 These findings all support the hypothesis that 
impaired mucosal integrity facilitates the diffusion of noxious substances into the 
mucosa, leading to more pronounced activation of esophageal nociceptors.  

In this study we do observe overlap in all mucosal integrity parameters between 
our patients and healthy subjects and a significant inter-patient variation, especially 
for the size of intercellular spaces on electron microscopy. We also observe DIS 
in some of our healthy subjects, a finding that was also previously described in 
a study showing that up to 30% of symptom-free healthy subjects has DIS in 
esophageal biopsies.18 

The method of NERD diagnosis can be disputed. NERD refers to the condition 
in which reflux causes symptoms in the absence of erosions or Barrett’s esophagus. 
Evidence for a relation between symptoms and reflux is usually assessed using 
24h pH-impedance monitoring, however, neither in the Montreal definition nor in 
the Rome III-criteria for functional disorders it is mentioned whether this relation 
between reflux and symptoms should be defined using esophageal acid exposure 
time or symptoms association analysis.1,19 In the current study we hypothesized that 
reflux perception is enhanced due to a facilitated permeation of reflux into the 
mucosa, and therefore we decided to include patients in whom it seems that the 
sequence from luminal exposure to a trigger of a nociceptor occurs rapidly. We thus 
included patients in whom a direct temporal relationship between reflux episodes 
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and symptoms was evident (SAP > 95%). Because we used symptom association as 
the main inclusion criterium for NERD, acid exposure time was variable in our NERD 
population. However, this had no effect on our outcome parameters. Transepithelial 
permeability and TEER did not significantly differ between the NERD patients with 
pathological acid exposure time (pH<4 during >6% of time) and NERD patients 
with physiological acid exposure time (pH<4 during <6% of time) (data not shown).

Esophageal sensitivity measured with the acid perfusion test was similar in our 
GERD patients, irrespective of the presence of esophagitis. It has been reported 
that NERD patients might be more sensitive to acid perfusion than esophagitis 
patients.20 However, all of our patients were symptomatic during inclusion, and 
therefore our study more closely resembles a study by Hartono et al., which also 
demonstrates similar esophageal sensitivity between symptomatic esophagitis 
patients and NERD patients.21 

As we conclude that esophageal hypersensitivity is only partly explained by 
impaired mucosal integrity, it remains to be answered what else contributes to 
esophageal hypersensitivity. An important known candidate is visceral sensitization, 
peripherally or centrally mediated.22 Peripheral sensitization is the reduction of 
the transduction threshold of peripheral acid sensing receptors in response to 
the release of inflammatory mediators by excessively stimulated tissue. Central 
sensitisation is the amplified response of spinal dorsal horn neurons to a stimulus 
after previous repetitive firing of peripheral nerves.23 In our study, minor defects 
in barrier function might already lead to an excessive stimulation of peripheral 
chemosensitive receptors, causing sensitization. This could explain that the 
difference in sensitivity between GERD patients and controls is more pronounced 
than can be expected on observed differences in barrier function alone. 

Besides demonstration of the presence of mucosal barrier dysfunction in 
GERD patients, we also studied the molecular mechanism underlying these 
changes. We investigated the gene expression profile of biopsies to evaluate 
potential mechanisms of disturbed esophageal barrier function and we focussed 
on intercellular complexes. The apical epithelial intercellular complex consists of 
tight junctions, adherens junctions and desmosomes. In particular, tight junctions 
seal the intercellular space and restrict paracellular diffusion.24 Therefore, we 
investigated the expression of several components of the tight junction complex 
that were known to be expressed in esophageal epithelium.25,26 In our study, we 
found no differences in the expression of tight junction proteins ZO-1, occludin, 
claudin-1 and claudin-2. This is in contrast to a previous study that reported an 
upregulation of both claudin-1 and claudin-2 in patients with esophagitis.26 This 
might be explained by differences in patient population as patients with severe 
esophagitis grade C and D were not included in our study. Although expression 
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was very low, we did find a trend towards a higher expression of claudin-2 in 
GERD patients, and an upregulation of Claudin-2 in GERD subjects would fit with 
the hypothesis that GERD is characterized by high transepithelial permeability, as 
claudin-2 is a pore-forming member of the claudin family and upregulation would 
result in increased permeability.27 However, no correlation between claudin-2 
expression and transepithelial permeability was found in this study. We also 
investigated the expression of filaggrin, a keratin-binding protein important for 
skin barrier function in allergic disease. In atopic dermatitis, a loss of function 
mutation of filaggrin results in impaired skin barrier function28 and it is known that 
polymorphisms in filaggrin expression are associated with psoriasis. In the context 
of esophagitis, the expression of filaggrin is decreased in patients with eosinophilic 
esophagitis, another esophageal disorder associated with disturbed epithelial 
barrier function.29 In our study, filaggrin is expressed in the upper epithelial layer in 
biopsy specimens in a cytoplasmatic granular pattern. We observed no significant 
differences in filaggrin expression between GERD patients and controls due to 
large inter-patient variability. However, filaggrin expression did correlate well with 
all functional barrier function parameters, suggesting that it might also be an 
important contributor to mucosal barrier function in GERD patients irrespective 
of classification. In the epidermis, filaggrin is produced by differentiating cells in 
the stratum granulosum and contributes to skin barrier function both by binding 
keratin and incorporating keratin filaments into the lipid envelope. The esophagus 
is a non-keratinizing epithelium, and so it is not clear how filaggrin affects barrier 
function there but its localisation is similar to the epidermis. Future work will have 
to determine the exact mechanism by which filaggrin contributes to barrier function 
in the esophagus. 

In conclusion, this study demonstrates that sensitivity to acid is enhanced in 
patients with GERD, irrespective of the presence of erosions, and is associated 
with impaired esophageal mucosal integrity. Filaggrin potentially has a role in the 
observed disturbed esophageal barrier function. 
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abstRact

Background: 
Patients with Barrett’s esophagus (BE) usually have severe gastroesophageal reflux. 
However, they often have surprisingly few reflux symptoms. We hypothesized that 
BE patients are less sensitive to acid than GERD patients without Barrett and 
that this is due to an unusual preservation of mucosal integrity of the squamous 
epithelium prohibiting transepithelial acid diffusion.

Methods: 
We prospectively analyzed esophageal sensitivity and esophageal mucosal integrity 
in GERD patients with and without BE and healthy subjects. An acid perfusion test 
was performed and mucosal integrity was assessed in vivo by electrical tissue 
impedance spectroscopy and ex vivo by Ussing chamber experiments with biopsy 
specimens. 

Results: 
GERD patients with BE were less sensitive to acid than GERD patients without 
BE, but more sensitive to acid than healthy controls (time to perception Barrett’s 
14.0 min, GERD 4.6 min, controls 17.5 min). However, extracellular impedance (6.2 
and 5.7 vs 8.4 * 103 Ω.m) and transepithelial resistance (94.0 and 89 vs 118 Ω/cm2) 
was similar in BE and GERD patients and significantly lower than in healthy subjects. 
Transepithelial fluorescein flux was equally increased in GERD patients with and 
without BE (1.6 and 1.7 * 103 vs 0.6 * 103 nmol/cm2/h). 

Conclusions: 
Esophageal hypersensitivity to acid is less pronounced in BE patients than in GERD 
patients without Barrett. However, mucosal integrity of the squamous epithelium 
is equally impaired in GERD patients with and without Barrett, indicating that 
factors other than esophageal mucosal barrier integrity explain the difference in 
acid sensitivity between those with BE and those without.
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IntRoductIon

Barrett’s esophagus (BE) is a premalignant condition characterized by the 
replacement of the normal squamous epithelium in the distal esophagus by an 
intestinal-like columnar epithelium. It is the only established precursor lesion 
of esophageal adenocarcinoma, a disease with an increasing incidence in the 
western world and a very poor prognosis.1,2 BE is an acquired condition, and it 
is generally accepted that its development starts with chronic exposure of the 
esophageal mucosa to gastroesophageal reflux, containing noxious agents such 
as gastric acid, pepsin and bile acids.3,4 However, it remains unclear why only 
a minor part of patients with gastroesophageal reflux disease (GERD) develop 
BE. For instance, in a study among 378 patients with GERD only 13% actually 
developed intestinal metaplasia.5 Despite the strong association between 
chronic GERD and BE, short-segment BE is frequently found during endoscopy 
in the absence of heartburn.6,7 Also, patients with a BE seem to report less 
heartburn and retrosternal pain compared to GERD patients without BE.8,9 The 
apparent discrepancy between severe esophageal exposure to reflux and the 
lack of severe reflux symptoms might be explained by a decrease in esophageal 
sensitivity to acid in patients with BE.10,11 Impaired esophageal sensitivity might 
result in a delayed peristaltic clearance of acid reflux and might also result in 
a delay of start with acid-suppressive treatment, thereby allowing acid reflux 
to damage the mucosa longer and more extensively. Central processing of 
esophageal intraluminal heat stimulation is similar in Barrett’s and GERD patients, 
both after stimulation of the squamous and metaplastic mucosa.11 However, 
increased esophageal sensitivity has been linked to impaired esophageal 
mucosal integrity in GERD patients.12,13 We hypothesized that patients with BE 
are less sensitive to acid than GERD patients without Barrett and that this is due 
to an unusual preservation of mucosal integrity of the squamous epithelium 
prohibiting transepithelial acid diffusion despite the high acid exposure. We 
therefore aimed to determine esophageal sensitivity and mucosal integrity in 
patients with BE.

Methods

Subjects
Patients were eligible for inclusion if they were between 18 and 80 years old 
and were previously diagnosed with a Barrett’s segment larger than 1 cm and 
shorter than 5 cm. Patients were randomly selected from the Barrett surveillance 
cohort of the Academic Medical Center and approached for participation 
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in the study. Exclusion criteria were the history of any invasive treatment for 
BE, i.e. radiofrequency ablation or endoscopic resection, surgery of the upper 
gastrointestinal tract, the presence of dysplasia, and the inability to cease 
PPI use for 12 days. For a control population, we included a group of GERD 
patients without BE and a group of healthy subjects. GERD was diagnosed by 
the endoscopic presence of esophagitis or by 24-hour pH-impedance monitoring, 
during which a pathological acid exposure and a positive association between 
symptoms and reflux episodes was observed (symptom association probability 
>95%). Healthy subjects were recruited by advertisement and had no history of 
abdominal complaints. Each subject gave written informed consent and the study 
protocol was approved by the Medical Ethics Committee of the Academic Medical 
Center (internal reference number MEC 2011_282).

Study protocol
All subjects underwent an esophageal acid perfusion test and an upper endoscopy. 
Patients ceased the use of acid suppressive or prokinetic drugs for a period of 
at least 7 days, after which the acid perfusion test was performed. After another 
5 days without using acid-suppressive drugs, the upper endoscopy was performed. 
During endoscopy, mucosal integrity was assessed in vivo by an electrical tissue 
impedance spectroscopy (ETIS) probe and 4 mucosal biopsies were obtained from 
the squamous epithelium above the Barrett segment at 5 cm above the z-line using 
a large biopsy forceps.14 

Acid perfusion test
A conventional water-perfused manometry catheter was transnasally positioned 
with the sleeve sensor at the level of the lower esophageal sphincter, and with the 
incorporated perfusion channel at 6 cm above the lower esophageal sphincter. 
Subjects were seated in a semi-recumbent position. After an accommodation 
period, esophageal perfusion was started with perfusion of a neutral solution 
(NaCl 0.9% at buffered at pH 6.5) at a rate of 8 ml/min. After 10 minutes of neutral 
solution perfusion switched to an acidic solution (HCl 0.1 N at pH 1.1) for 20 
minutes. Subjects were blinded to the nature of the solution at all time. Time to 
first perception of heartburn and time to discomfort was noted. Furthermore, 
subjects were asked to score the intensity of their symptoms every 2 minutes on a 
horizontal 100-mm visual analogue scale with the extremes labelled ‘no pain’ and 
‘worst possible pain’. 

Mucosal integrity
Mucosal integrity was assessed in vivo and ex vivo by electrical tissue impedance 
spectroscopy (ETIS) and Ussing chamber experiments, respectively. ETIS 
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measurements were performed as previously described, in four quadrants 
at 5 cm above the Z-line, using an Mk 3.5 Tissue Impedance Meter (Medical 
Engineering Section, Royal Hallamshire Hospital, Sheffield, UK).14 During upper 
endoscopy 4 biopsies were obtained at 5 cm proximal to the Z-line using a 
large forceps. All biopsies were taken from squamous epithelium. The specimens 
were immediately immersed in ice-cold oxygenated Meyler buffer and directly 
mounted in  the Ussing chamber  using biopsy holders with an aperture diameter 
of 2 mm and a square area of 0.0314 cm2. They were bathed in a modified Meyler 
buffer composed of 105 mM NaCl, 4.7 mM KCl, 1.3 mM CaCL2·2H2O, 1.0 mM 
MgCl2·6H2O, 20.0 mM NaHCO3, 0.4 mM NaH2-PO4·H2O, 0.3 mM Na2HPO4·2H2O, 
and 10.0 mM HEPES, at pH 7.4, were continuously gassed with carbogen (95% 
O2 - 5% CO2), and were kept at 37 °C using hot water jackets. After a 15-minute 
acclimatisation period the luminal bathing solution was replaced with a modified 
Meyler buffer containing fluorescein (376 Da) at a concentration of 0.5 mg/ml. 
The serosal bath was sampled at 0, 15, 30, 45 and 60 minutes, and the volume 
in the serosal chamber was kept constant with the initial modified Meyler buffer. 
The fluorescein concentration in the samples was measured with a fluorescence 
plate reader (BioTek Synergy, BioTek, Winooski, VT, USA) using an excitation 
wavelength of 485 nm and an emission wavelength of 538 nm. Luminal to serosal 
flux was expressed as nmol/cm2/h. The transepithelial electrical resistance (TEER) 
was calculated using Ohm’s law, after measuring the voltage deflection induced 
by a bipolar constant current of 20 µA(World Precision Instruments, Berlin, 
Germany). A baseline TEER value was measured 15 minutes after placement of 
the biopsy in the Ussing chamber. The baseline TEER values of all biopsies were 
averaged for each patient. TEER was measured each 15 minutes throughout the 
experimental protocol. 

Statistical analysis
Data are expressed as mean with standard error of the mean or median with 
interquartile range when appropriate. Lag time to initial heartburn perception 
was analyzed using survival curves and the log rank (Mantel-Cox) test. Symptom 
intensity and perfusion sensitivity scores were compared using a 1-way ANOVA 
(Dunnett post hoc test). The multiple related measurements obtained for 
each individual subject with the ETIS probe and with the Ussing experiments 
were analyzed using a linear mixed-effects model. The model uses compound 
symmetry as covariance matrix to address the correlation between separate 
measurements in each individual. A p-value < 0.05 was considered significant. All 
analyses were performed using Graph Pad Prism version 5.01 and SPSS Statistics 
version 19.01.



PART I - Reflux disease and esophageal sensitivity

70

Results

Patients
We included 41 subjects in the study, divided into 3 categories: 11 patients with a 
BE, 15 patients with GERD without Barrett’s and 15 healthy subjects. Demographic 
data of all subjects are shown in table 1. The percentage of males was larger in the 
Barrett group than in the GERD and healthy group, whereas mean age was similar 
between groups. In all subjects, the acid perfusion test and upper endoscopy were 
successfully performed.

table 1. Patient characteristics

Barrett’s esophagus GeRd Healthy controls

n 11 15 15

Age, mean (range) 55 (34 - 63) 52 (25 - 67) 44 (27 - 66)

Female, n (%) 2 (18) 7 (47) 6 (40)

PPI use before inclusion, n (%) 11 (100) 15 (100) 0 (0)

Esophageal sensitivity
The mean lag time until symptom perception was significantly longer in both the 
Barrett’s patients and healthy subjects compared to the GERD patients, mean 
(95%CI) 14.0 (9.9 - 18.1) minutes and 17.5 (15.3 - 19.7) minutes versus 4.6 (2.6 - 
6.5) minutes respectively, log rank p<0.01 (fig. 1A). 6 of 11 Barrett’s patients did 
not experience heartburn during the entire esophageal perfusion period, which 
was comparable to the group of healthy subjects in which 11 of 15 subjects did 
not experience heartburn. In contrast, all of the patients in the GERD group 
experienced discomfort before the end of the perfusion protocol (fig. 1A).The 
intensity of heartburn was not significantly higher in the Barrett’s patients compared 
to the healthy subjects, with a VAS (95%CI) of 4.2 (2.0 - 6.5) versus 2.2 (1.0 - 3.4) 
and symptom intensity was the highest in the GERD group (VAS 6.7 (5.4 - 8.0), 
p<0.05 vs healthy, fig 1B).  

Mucosal integrity
Mucosal integrity of the squamous epithelium was evaluated in vivo by measuring 
extracellular impedance with the ETIS probe. It was evaluated ex vivo in Ussing 
chambers measuring TEER and transepithelial passage of fluorescein. Mucosal 
integrity was equally impaired in patients with BE and patients with GERD, both 
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in vivo and ex vivo. Extracellular impedance was similar  in patients with Barrett’s 
(mean±SD 6.2 ± 3.1 * 103 Ω.m) and GERD (5.7 ± 2.8 * 103 Ω.m) and significantly 
lower than in healthy subjects (8.4 ± 2.9 * 103 Ω.m) (fig 2A). Also, TEER was equally 
low in patients with BE and in GERD patients and significantly lower than in the 
healthy subjects, 94.0 ± 14.9 Ω/cm2 and 89.4 ± 25.0 Ω/cm2 versus 118.1 ± 35.1 Ω/cm2 

respectively (fig 2B). Furthermore, compared to healthy subjects, transepithelial 

figure 1. Esophageal sensitivity in patients with BE, GERD and healthy controls during the 
acid perfusion protocol, as measured by A) percentage of heartburn-free subjects in time 
during acid perfusion and B) maximum intensity of heartburn during scored on a VAS. GERD, 
gastroesophageal reflux disease; BE, Barrett’s esophagus; VAS, visual analog scale. * = p<0.05

figure 2. Esophageal mucosal integrity of BE patients, GERD patients and healthy controls 
determined by A) in vivo extracellular impedance using the ETIS probe, and in vitro by B) 
transepithelial electrical resistance and C) transepithelial fluorescein flux and. Values are 
mean with standard error of the mean. GERD, gastroesophageal reflux disease; BE, Barrett’s 
esophagus. * = p<0.05 
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fluorescein flux was significantly higher in Barrett and in GERD patients, 1.6 ± 1.6 
and 1.7 ± 1.4 * 103 nmol/cm2/h versus 0.6 ± 0.6 * 103 nmol/cm2/h respectively (fig 2C). 

dIscussIon

This study confirms that patients with GERD are hypersensitive to acid and 
demonstrates that in patients with a BE this sensitivity to acid is much less 
pronounced. However, our study also demonstrates that mucosal integrity of the 
squamous epithelium is equally impaired in patients with a BE and GERD patients 
without Barrett, indicating that the observed lack of acid hypersensitivity in patients 
with BE is not explained by a preservation of the esophageal mucosal barrier to 
acid. In fact, the impaired functional integrity of the squamous mucosa of the distal 
esophagus is just what can be expected in these patients who are known to have 
a high acid exposure.

Although it is generally accepted that the development of Barrett’s mucosa 
originates from longstanding exposure of esophageal mucosa to refluxate, there 
is no definite relationship between the development of Barrett mucosa and the 
severity of reflux symptoms. For instance, short-segment BE is present in up to 
5% of the healthy population without any heartburn symptoms.6,7 Patients with 
BE also report less severe heartburn than patients with GERD without Barrett’s.8 
Although absence of symptoms might seem favorable, it could lead to a delay 
in diagnosis and adequate treatment, theoretically increasing the chance of 
developing esophageal neoplasia. Indeed, patients with mild symptoms seem to 
have a higher chance of developing esophageal adenocarcinoma.15 Identification 
of the mechanism explaining this lack of reflux symptoms might help to identify 
asymptomatic patients with a BE who should receive acid-suppressive treatment 
to prevent progression of the metaplasia – dysplasia pathway. 

A plausible explanation for the paucity of reflux symptoms in patients with BE 
is a reduced perception of esophageal intraluminal stimuli. Several studies have 
shown that esophageal sensitivity is altered in GERD patients. GERD patients  
more readily  and more intensively perceive esophageal acid perfusion, mechanical 
distension and thermal stimuli than do healthy subjects.16,17 This increased 
sensitivity is irrespective of the presence of esophageal erosions.13,18 In contrast, 
acid perfusion tests in patients with BE have previously demonstrated that acid was 
perceived later and less  intensely by patients with Barrett’s than by patients with 
esophagitis.10,19 Our results are consistent with these findings. Several causes of a 
differential esophageal sensitivity were investigated. Krarup et al demonstrated 
that central processing of esophageal intraluminal heat stimulation was similar in 
Barrett’s and GERD patients, both after stimulation of the squamous and metaplastic 
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mucosa, which suggests a defect of the peripheral nerve endings.11 Esophageal 
motility changes were suggested as a possible contributor to enhanced sensitivity. 
In a study using 24-hour pH-metry and esophageal manometry, Barrett’s patients 
were most sensitive to acid when their esophageal motility was suboptimal.20 
From studies in GERD patients without Barrett we know that longstanding acid 
exposure leads to microscopic mucosal changes and to a functional barrier defect 
of the mucosa.12,21,22 These changes of barrier function were also associated with 
esophageal hypersensitivity.13 We therefore hypothesized that Barrett patients with 
‘normal’ esophageal sensitivity would have an unusually preserved esophageal 
mucosal barrier function without microscopic mucosal changes. However, the 
current results clearly demonstrate that the transepithelial electrical resistance 
of the squamous mucosa as well as the transepithelial fluorescein flux is equally 
impaired in patients with BE and GERD patients without Barrett’s, even though 
esophageal sensitivity differs between these groups. The finding of mucosal 
integrity changes of macroscopically normal looking squamous epithelium has 
been shown in patients with non-erosive reflux disease, but is a new finding in 
patients with BE.12 The fact that mucosal integrity is similar between esophagitis 
and Barrett’s patients suggests that these changes are a consequence of excessive 
acid exposure of the mucosa, leading to the breakdown of tight junction proteins. 

This study has several strengths. First of all, the methodology to assess mucosal 
integrity was extensive, including in vivo and ex vivo measurements. Furthermore, 
the study was performed in an expert Barrett’s center, ensuring the proper inclusion 
of patients with a BE without dysplasia. A limitation of the current study is the small 
study population, although we believe that the result of the study would be the 
same in a larger population. 

In conclusion, esophageal sensitivity to acid is less pronounced in patients 
with a BE than in GERD patients without Barrett. However, mucosal integrity of 
the squamous epithelium is equally impaired in patients with Barrett and GERD, 
indicating that a preserved esophageal mucosal barrier to acid is not an explanation 
for the lack of acid hypersensitivity in patients with BE. 
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abstRact

Background: 
Patients with functional heartburn (FH) experience troublesome heartburn 
that is not related to gastroesophageal reflux. The etiology of the heartburn 
sensation in FH patients is unknown.  In patients with reflux disease, esophageal 
hypersensitivity seems associated with impaired mucosal integrity. We aimed to 
determine esophageal sensitivity and mucosal integrity in FH and NERD patients, 
to investigate a possible shared pathway of esophageal hypersensitivity.

Methods: 
In this prospective experimental study we performed an acid perfusion test and 
upper endoscopy with biopsies in 12 patients with non-erosive reflux disease 
(NERD) and 9 patients with functional heartburn. Mucosal integrity was measured 
during endoscopy using electrical tissue impedance spectroscopy and biopsy 
specimens were analyzed in Ussing chambers for transepithelial electrical resistance 
and transepithelial permeability.

Results: 
Lag time to heartburn perception was significantly longer in FH patients (median 
12 minutes) than in NERD patients (median 3 minutes). Once perceived, intensity of 
heartburn was scored equal with median VAS 6.5 and 7.1 respectively. Esophageal 
mucosal integrity was also comparable between FH and NERD patients, both in 
vivo extracellular impedance and ex vivo transepithelial resistance and permeability 
were similar. 

Conclusions: 
Patients with functional heartburn did not show acid hypersensitivity as seen in 
patients with NERD. However, once perceived, intensity of heartburn is similar. 
Esophageal mucosal integrity is similar between NERD and FH patients, and 
is therefore unlikely to be the underlying cause of the observed difference in 
esophageal acid perception.
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IntRoductIon

Heartburn is occasionally experienced by a large proportion of the general 
population. Troublesome heartburn is most frequently caused by gastroesophageal 
reflux disease (GERD), in which case most patients respond well to acid suppressive 
therapy.1 Lack of response to acid suppressive therapy in patients with heartburn 
often indicates that the patient does not have GERD.2 Many of these patients 
have functional heartburn, a disorder in which symptoms are not related to 
gastroesophageal reflux or another histopathology based motility disorder, as 
described in the Rome-III criteria for functional motility disorders.3 For a diagnosis 
of functional heartburn patients will need to have heartburn but a negative 
endoscopy, a negative 24-hour pH monitoring test and no response to acid-
suppressive medication.

Several important questions regarding functional heartburn remain, of which 
the most important relate to the mechanism of symptom generation. There is 
limited data on whether hypersensitivity to acid is truly absent in these patients. 
Patients with functional heartburn show resemblances to patients with other 
functional gastrointestinal such as functional dyspepsia and irritable bowel 
syndrome.4 Also, patients with these functional syndromes share an enlarged 
symptomatic response to stimulation of the affected part of the gastrointestinal 
tract. These features suggest a contribution of general visceral hypersensitivity 
to the pathophysiology of these syndromes.5 In functional heartburn, a possible 
trigger for symptoms in hypersensitive patients might be the mechanical passage 
of fluids or solids, or chemical contents of the saliva or gastric content or perhaps 
thus also acid. 

A possible contributor to esophageal (hyper)perception is the permeability 
of the esophageal mucosa. Increased permeability has been demonstrated in 
patients with erosive and non-erosive reflux disease and has been associated 
with enhanced sensitivity to acid and other stimuli.6,7 Whether esophageal 
sensitivity to acid and mucotsal integrity are involved in symptom generation in 
FH patients, is unclear. As FH is defined as a disorder in which gastroesophageal 
reflux is not related to symptoms, we hypothesized that FH patients are not 
hypersensitive to acid and mucosal integrity in FH patients is intact, in contrast 
to NERD patients. Therefore, we aimed to evaluate esophageal sensitivity and 
esophageal mucosal integrity of patients with functional heartburn and patients 
with NERD. 
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Methods

Subjects
Patients were recruited at the outpatient clinic of the Academic Medical Center. 
Recruited subjects were all referred because of reflux symptoms not adequately 
controlled with acid suppression. Upper endoscopy had been performed in all 
patients demonstrating  absence of esophagitis. Patients were eligible for inclusion 
if they were between 18 and 80 years old. 24-hour pH-impedance measurements 
were performed in all subjects. Patients with a positive association between 
symptoms and reflux episodes were eligible for inclusion in the NERD group, 
whereas patients with physiological acid exposure and no association between 
symptoms and reflux episodes (symptom association probability <95%8) were 
eligible for inclusion in the functional heartburn group. Each subject gave written 
informed consent and the study protocol was approved by the Medical Ethics 
Committee of the Academic Medical Center.

Study protocol
All subjects underwent an esophageal acid perfusion test and an upper endoscopy. 
Patients ceased the use of acid suppressive or prokinetic drugs for a period of 
at least 7 days, after which the acid perfusion test was performed. After another 
5 days without using acid suppressive drugs, the upper endoscopy was performed. 
During endoscopy, mucosal integrity was assessed in vivo by an electrical tissue 
impedance spectroscopy (ETIS) probe and 4 mucosal biopsies were obtained from 
the squamous epithelium at 5 cm above the z-line using a large biopsy forceps.9 

Acid perfusion test
A conventional water-perfused manometry catheter was transnasally positioned 
with the sleeve sensor at the level of the lower esophageal sphincter, and with the 
incorporated perfusion channel at 6 cm above the lower esophageal sphincter. 
Subjects were seated in a semi-recumbent position. After an accommodation 
period, esophageal perfusion was started with perfusion of a neutral solution 
(NaCl 0.9% at buffered at pH 6.5) at a rate of 8 ml/min. Blinded to the subjects, 
after 10 minutes of neutral solution perfusion switched to an acidic solution (HCl 
0.1 N at pH 1.1) for 20 minutes. Subjects were blinded to the nature of the solution 
at all time. Time to first perception of heartburn and time to discomfort was noted. 
Furthermore, subjects were asked to score the intensity of their symptoms every 2 
minutes on a horizontal 100-mm visual analogue scale with the extremes labelled 
‘no pain’ and ‘worst possible pain’. Combining both parameters of acid perception 
the perfusion sensitivity score was calculated ((total perfusion time - lag time to 
perception) * maximum VAS).
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Mucosal integrity
Mucosal integrity was assessed in vivo and ex vivo by electrical tissue impedance 
spectroscopy (ETIS) and Ussing chamber experiments, respectively. ETIS 
measurements were performed as previously described, in four quadrants at 5 cm 
above the Z-line, using an Mk 3.5 Tissue Impedance Meter (Medical Engineering 
Section, Royal Hallamshire Hospital, Sheffield, UK).9 During upper endoscopy 4 
biopsies were obtained at 5 cm proximal to the Z-line using a large forceps. All 
biopsies were taken from squamous epithelium and were immediately immersed in 
ice-cold oxygenated Meyler buffer. Biopsy specimens were directly transferred to 
the Ussing chamber and mounted using biopsy holders with an aperture diameter 
of 2 mm and a square area of 0.0314 cm2. They were bathed in a modified Meyler 
buffer composed of 105 mM NaCl, 4.7 mM KCl, 1.3 mM CaCL2·2H2O, 1.0 mM 
MgCl2·6H2O, 20.0 mM NaHCO3, 0.4 mM NaH2-PO4·H2O, 0.3 mM Na2HPO4·2H2O, 
and 10.0 mM HEPES, at pH 7.4, were continuously gassed with carbogen (95% O2 
- 5% CO2), and were kept at 37 °C using hot water jackets. After a 15-minute 
acclimatisation period the luminal bathing solution was replaced with a modified 
Meyler buffer containing fluorescein (376 Da) at a concentration of 0.5 mg/ml. 
The serosal bath was sampled at 0, 15, 30, 45 and 60 minutes, and the volume 
in the serosal chamber was kept constant with the initial modified Meyler buffer. 
The fluorescein concentration in the samples was measured with a fluorescence 
plate reader (BioTek Synergy, BioTek, Winooski, VT, USA) using an excitation 
wavelength of 485 nm and an emission wavelength of 538 nm. Luminal to serosal 
flux was expressed as nmol/cm2/h. The transepithelial electrical resistance (TEER) 
was calculated using Ohm’s law, after measuring the voltage deflection induced 
by a bipolar constant current of 20 µA.(World Precision Instruments, Berlin, 
Germany). A baseline TEER value was measured 15 minutes after placement of 
the biopsy in the Ussing chamber. The baseline TEER values of all biopsies were 
averaged for each patient. TEER was measured each 15 minutes throughout the 
experimental protocol. 

Statistical analysis
Data are expressed as mean with standard error of the mean or median with 
interquartile range when appropriate. Lag time to initial heartburn perception 
was analysed using survival curves and the log rank (Mantel-Cox) test. Symptom 
intensity and perfusion sensitivity scores were compared using a student’s t-test. 
A p-value < 0.05 was considered significant. All analyses were performed using 
Graph Pad Prism version 6. 
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Results

Subjects
Twenty-one subjects that had successfully completed a 24-hour pH-impedance 
study were included in the study, of which 9 were assigned to the FH group and 
12 to the NERD group. Age was equally distributed in both groups, mean (±SD) 
52 ± 13 years for FH and 50 ± 15 years for NERD patients. In both groups 67% 
of subjects was female. As expected, being one of the criteria for distribution of 
patients across groups, total acid exposure time during the 24-hour pH-impedance 
measurement was significantly lower in FH patients than in NERD patients, mean 
(±SD) 2.4 ± 1.3 and 9.6 ± 8.6 respectively, p<0.05.  

Esophageal sensitivity
The acid perfusion test was successfully performed in all subjects. All of the 
FH patients as well as all of the NERD patients experienced heartburn during 
the experimental protocol. However, median lag time to heartburn perception 
was significantly longer in FH patients (median 12 minutes) compared to NERD 
patients (median 3 minutes), log rank p<0.01. (figure 1A) Once heartburn was 
perceived, maximum intensity was scored equally between FH and NERD patients, 
median (IQR) 6.5 (2.6 - 8.0) and 7.1 (3.6 - 9.1) respectively, p=0.61. (figure 1B). This 
led to a combined perfusion sensitivity score that was significantly lower in FH 
patients (median (IQR) 52 (22-100)) than in NERD (191 (101-220) patients, p<0.01.

figure 1. Esophageal acid perception during experimental esophageal acid perfusion in FH 
and NERD patients, A) lag time to initial heartburn perception and B) maximum symptom 
intensity. FH, functional heartbun; NERD, non-erosive reflux disease; VAS, visual analog scale.
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Mucosal integrity
In none of the patients esophageal erosions were seen during the study endoscopy. 
Extracellular impedance measured In vivo with the ETIS probe was slightly but not 
significantly lower in FH patients compared to NERD patients, medians (IQR) 5.9 
x103 (3.7 - 6.2 x103) Ω.m and 7.0 x103 (5.5 - 9.3 x103) Ω.m respectively, p=0.06. 
(figure 2A). Furthermore, ex vivo mucosal integrity was similar between functional 
heartburn and NERD patients. Median transepithelial permeability was 1.1 (IQR 0.5 
- 1.5) µmol/cm2/h in FH patients and 0.6 (0.0 - 2.4) µmol/cm2/h in NERD patients, 
p=0.70. (figure 2B) Baseline transepithelial electrical resistance was 80.0 (IQR 70.0 
- 154.0) Ω/cm2 in FH patients and 110.6 (80.0 -167.5) Ω/cm2 in NERD patients, 
p=0.22. (figure 2C). 

figure 2. Esophageal mucosal integrity of FH and NERD patients determined by A) in vivo 
extracellular impedance using the ETIS probe, and in vitro by B) transepithelial fluorescein 
flux and C) transepithelial electrical resistance. Values are mean with standard deviation. 
FH, functional heartburn; NERD, non-erosive reflux disease; 

dIscussIon

This study demonstrates that esophageal sensitivity to acid in patients with 
functional heartburn is not in the same range as found in patients with NERD. In FH 
patients, the time to perception of intra-esophageal acid is significantly longer than 
in NERD patients and reaches levels previously seen in healthy controls.7 However, 
once perceived, heartburn is experienced with a similar intensity. Combined, this 
leads to a significantly lower perfusion sensitivity score in FH patients than in NERD 
patients. Furthermore, mucosal integrity is not significantly different between FH 
and NERD patients, and is therefore unlikely to explain the difference in esophageal 
sensitivity. Also, assessment of mucosal integrity in vivo during endoscopy cannot 
be used to classify FH and NERD before 24-hour impedance monitoring. 
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Esophageal sensitivity to acid was not as pronounced in FH patients as in 
NERD patients, the median time to perception of acid was significantly longer in 
FH patients and is within the normal range.7 This suggests that patients with FH 
are less sensitive to acid than NERD patients, even though eventually all patients 
experienced heartburn during the experimental protocol and heartburn intensity 
was scored similarly once perceived. This is in line with a previous study by 
Shapiro et al. which demonstrated that FH patients lacked the increased response 
to esophageal acid perfusion that was observed in the NERD patients. Other 
characteristics such as demographics, hiatal hernia prevalence, and quality of life 
were similar between FH and NERD patients in that study.10 We investigated in 
vivo and in vitro integrity of esophageal mucosa in our study and demonstrated 
that mucosal integrity is equal in FH and NERD patients. This is a surprising finding 
as mucosal integrity was associated with perception of acid previously.7 Also, in 
studies using impedance baseline during 24-hour pH-impedance monitoring as a 
measure for mucosal integrity, NERD patients were found to have a lower impedance 
baseline than FH patients.11,12 Repeated reflux episodes and acid exposure are 
likely the driving force of impaired esophageal mucosal barrier function.6 A 
possible explanation for our differing findings might be that our NERD patients 
have relatively low levels of esophageal acid exposure, whereas esophageal acid 
exposure is negatively correlated with esophageal baseline impedance.13 Also, our 
NERD subjects demonstrated a relatively large variability in acid exposure and 
thereby also a significant variability in mucosal integrity parameters, hampering 
statistical comparison with the current sample size. 

This study supports the hypothesis that heartburn initiation in FH patients is more 
likely due to other mechanisms. Heartburn is not only induced by chemoreceptors, 
it can also be elicited by mechanical, electrical or thermal stimulation of the 
esophagus.14 Mechanical stimulation directly following esophageal acid perfusion 
was more quickly perceived by FH patients than NERD patients.15 Hobson et 
al. demonstrated that patients without erosions and little reflux (scored with 
the deMeester score) more quickly perceive electrical stimulation of the distal 
esophagus than NERD patients with high acid exposure times.16 Furthermore, 
these reflux negative patients demonstrated altered cortical evoked potentials, 
with a shorter latency of onset. Increased cortical evoked potential responses 
to mechanical distension in FH patients were also observed by Yang et al, 
suggesting that alterations of cortical processing might also contribute to visceral 
hypersensitivity in FH patients.17  

According to the Rome III criteria, patients can be diagnosed with functional 
heartburn when they suffer from heartburn in combination with a normal endoscopy, 
normal acid exposure and no response to acid-suppressive treatment. When 
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creating this definition it was assumed that these negative tests would preclude 
acid as a cause of the heartburn in these patients. Our data, which show that 
patients with functional heartburn indeed have no hypersensitivity to acid, support 
this assumption and make the difference in pathophysiology with patients with 
NERD more clear as in those patients there is an increased sensitivity to acid in 
the absence of mucosal lesions, while in functional heartburn there is no role for 
acid hypersensitivity in heartburn generation and the term “functional” can be 
given correctly.

In general, chronic functional gastrointestinal syndromes such as functional 
dyspepsia and  irritable bowel syndrome are associated with psychological factors 
such as chronic stress, anxiety and depression.18,19 These factors seem equally 
relevant for patients with esophageal symptoms. In GERD patients, esophageal 
perception of acid could be enhanced by experimental stress.20 A recent study 
demonstrated that especially anxiety is associated with the severity of reflux 
symptoms in GERD patients.21 Anxiety was not associated with an increased 
perception of reflux episodes. Furthermore, patients with FH demonstrated higher 
levels of anxiety than GERD patients. These findings correspond to the results of 
our study, in which FH patients lack the increased perception of acid but once 
perceived, symptom intensity is high. This suggests that therapy aimed at reducing 
the psychological component might be effective.  In fact, in a small open label trial, 
hypnotherapy directed at esophageal sensation seemed to reduce esophageal 
symptoms.22

In conclusion, patients with functional heartburn lack an increased esophageal 
perception of acid, as time to perception of intra-esophageal acid is significantly 
longer than in NERD patients. However, once perceived, intensity of heartburn is 
similar. Esophageal mucosal integrity is similar between NERD and FH patients, 
and is therefore unlikely to cause the observed difference in esophageal acid 
perception. Functional heartburn is correctly labelled functional, as we could find 
no role for increased acid sensitivity in these patients.  
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abstRact

Background: 
Esophageal hypersensitivity is an important aspect of GERD, especially in patients 
with therapy refractory symptoms. Stress also increases the perception of reflux, 
possibly by influencing esophageal barrier function. In the colon, stress-induced 
visceral hypersensitivity is TRPV1 dependent. The aim of this study was to determine 
the effects of experimentally induced stress and short-term acid exposure on 
oesophageal mucosal barrier function and investigate the role of TRPV1.

Methods: 
Rat pups were subjected to the neonatal maternal separation protocol, nonhandled 
rats were nursed normally. At adult age all rats were sacrificed 24 hours post water 
avoidance stress.  Permeability of esophageal tissue specimens was then evaluated 
in Ussing chamber experiments by assessing fluorescein flux. We compared stress 
and acid-induced barrier function in nonhandled and maternal separated rats and 
investigated the possible role of TRPV1 in this process by using the TRPV1-specific 
antagonist SB-705498.

Results: 
Transepithelial permeability of esophageal specimens was significantly higher 
after water avoidance stress in maternally separated animals (median (IQR) 1.12 
(0.45 - 2.17) µmol/cm2/h) than in the specimens of non-handled rats (0.25 (0 - 0.50) 
µmol/cm2/h). Short luminal exposure of the tissue specimens to an acidic solution 
enhanced the stress-induced permeability changes (2.08 (1.13 - 4.38) µmol/cm2/h 
versus 1.12 (0.45 - 2.17) µmol/cm2/h). TRPV1-antagonism reduced post-stress acid-
induced increase in transepithelial permeability in maternal separated rats. 

Conclusions:
In conclusion, stress induces dysfunction of the esophageal mucosal barrier, which 
can be enhanced by luminal exposure to acid. Furthermore, this study suggests 
that stress- and acid-induced permeability changes are mediated by the activation 
of the TRPV1. 
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IntRoductIon

Gastroesophageal reflux disease (GERD) is characterized by the presence of 
retrosternal burning or pain due to the reflux of gastric content, often in the 
absence of esophageal mucosal erosions.1 Increased perception of oesophageal 
stimuli (so called visceral hypersensitivity) as well as impaired mucosal integrity were 
suggested to contribute to pain symptoms. Triggers for visceral hypersensitivity are 
diverse, but in case of GERD, acid exposure plays an important role. The molecular 
mechanism may involve afferent expressed transient receptor ion channel 1 
(TRPV1).2,3 Acid is known to sensitize this ion channel and herewith enhance the 
probability of channel gating by heat. Thus, due to acid exposure TRPV1 may 
become active at normal body temperature and herewith induce the nociceptive 
response.  In a recent publication we showed a relationship between oesophageal 
sensitivity to acid and impaired mucosal integrity.4 This correlation may explain how 
acid, via the breached esophageal barrier, is capable of reaching TRPV1+ sensory 
afferents. In addition, these results raised the question whether acid can directly 
induce, via TRPV1, oesophageal barrier dysfunction. In a mouse model, Farre et 
al. indeed showed that, next to stress, acid is capable of inducing esophageal 
barrier dysfunction.5 Moreover, esophageal epithelium does express TRPV16 and 
TRPV1 activation induces redistribution of occludin and decrease in transepithelial 
electrical resistance of submandibular gland epithelial tissue.7 Whether acid-
induced esophageal barrier dysfunction is also mediated by epithelial TRPV1 is 
not known and we used the maternal separation (MS)-model in rat to investigate 
this possibility. In this model rats are separated from the dam 3 hours daily from 
postnatal day 2-14. We previously showed that MS rats, when subjected to an 
acute stress at adult age, display TRPV1 dependent hypersensitivity to colonic 
distension.8 Here, we investigated whether predisposition (i.e MS) in combination 
with acute stress at adult age will give rise to esophageal barrier dysfunction and 
whether acid induced barrier dysfunction in these rats is mediated by TRPV1.      

Methods

Ethics statement
All procedures were conducted in accordance with the institutional guidelines and 
approved by the Animal Ethical Committee of the AMC/University of Amsterdam 
(reference protocol number DMO102376).

Animals and maternal separation protocol
Long-Evans rats (Harlan, Horst, The Netherlands) were housed at the animal facility 
of the AMC (Amsterdam, The Netherlands) under conditions of controlled light 
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(06:00–18.00), temperature (20–22 °C) and humidity (45%) and kept in standard 
macralon cages with a layer of wood shavings. Water and food (SDS; Technilab BMI, 
Someren, The Netherlands) were available ad libitum. Maternal separation (MS) 
was performed as previously described.9,10 Female pups were eliminated on post 
natal day 2. During MS, dams were separated from the nest from post natal day 2 to 
14 for 3 h day−1. Separation was achieved by placing the dams into another cage in a 
separate room. During separation, cages were placed on a heating pad (30–34 °C) 
to help pups regulate normal body temperature. Weaning was performed on post 
natal day 22 and rats were then raised in pairs of two. Non-handled pups were 
nursed normally.

Water avoidance stress
For acute stress at adult age, we used 1 hour of water avoidance (WA), during 
which rats are positioned on a pedestal surrounded by water. In previous studies 
this procedure induced enhanced visceral sensitivity of the colon in maternally 
separated rats but not in nonhandled rats.10

Ussing experiments
The rats were sacrificed 24 hours after water avoidance stress, after which their 
esophagus was directly harvested. Each esophagus was longitudinally opened 
and the mucosa was subsequently stripped from the serosa. The mucosal layer was 
then dissected into pieces of tissue of 5 by 5 mm. Of each rat 6 specimens were 
mounted in Ussing chambers using biopsy holders with an aperture diameter of 
2 mm and a square area of 0.0314 cm2. The permeability assay was performed as 
described previously.4 The specimens were bathed in a modified Meyler buffer 
composed of 105 mM NaCl, 4.7 mM KCl, 1.3 mM CaCL2·2H2O, 1.0 mM MgCl2·6H2O, 
20.0 mM NaHCO3, 0.4 mM NaH2-PO4·H2O, 0.3 mM Na2HPO4·2H2O, and 10.0 mM 
HEPES, at pH 7.4, and was continuously gassed with carbogen (95% O2 - 5% CO2). 
The specimens were kept at 37 °C using hot water jackets. After a 15-minute 
acclimatisation period the luminal bathing solution was replaced with a modified 
Meyler buffer containing fluorescein (376 Da) at a concentration of 0.5 mg/ml. The 
serosal bath was sampled at 0, 15, 30, 45, 60 and 90 minutes, and the volume in 
the serosal chamber was kept constant with the initial modified Meyler buffer. The 
fluorescein concentration in the samples was measured with a fluorescence plate 
reader (BioTek Synergy, BioTek, Winooski, VT, USA) using an excitation wavelength 
of 485 nm and an emission wavelength of 538 nm. Luminal to serosal flux was 
expressed as µmol/cm2/h. Area under the curve was used to compare groups.
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Initial stress protocol
For the pilot protocol 4 groups of 9 rats were used. Two groups were maternally 
separated  and 2 groups were nursed normally. Of the 2 maternally separated 
groups the first group underwent water avoidance stress at adult age and the 
second group did not. This was similar for the non-handled rats.  Ussing experiments 
were performed with 6 tissue specimens per rat as described above. As previous 
studies showed an effect of luminal acid on esophageal permeability, we studied 
this effect by exposing 2 out of 6 tissue specimens of each rat luminally to an acidic 
solution with pH 1 during the acclimatization period. Subsequently, the luminal 
acid was replaced by neutral Meyler buffer containing the fluorescein tracer and 
the permeability assay was continued as with the other tissue specimens. 

Ex vivo pharmacological intervention 
In the follow-up study protocol the effect of the specific TRPV1-antagonist 
SB-705498 (GlaxoSmithKline, Hertfordshire, UK) on the development of acid-
induced esophageal permeability changes was assessed. Directly after mounting 
the esophageal mucosal specimens in the Ussing chambers, the luminal sides of 
the mucosa were exposed to an acidic solution with pH 1 for 30 minutes in the 
presence of SB-705498 (10 nM and 100 nM solution) or vehicle. After 30 minutes of 
incubation, the acidic solution was replaced by the fluorescein containing neutral 
buffer solution and the permeability assay was continued as described above. 

Statistical analysis
Data are expressed as mean with standard error of the mean or median with 
interquartile range when appropriate. Groups were compared using the student 
t-test or Kruskal-Wallis test with Dunn’s multiple comparison test when appropriate. 
A p-value < 0.05 was considered significant. All analyses were performed using 
Graph Pad Prism version 5.01.

Results

Effect of acid and stress on esophageal permeability 
We first investigated the effect of the separate components of our stress protocol, 
maternal separation and water avoidance, on permeability of the esophageal 
mucosal specimens. In pH neutral conditions, median transepithelial fluorescein 
flux was highest in specimens of maternally separated animals after water 
avoidance stress (figure 1). Permeability of specimens after water avoidance stress 
in maternallly separated animals (median (IQR) 1.12 (0.45 - 2.17) µmol/cm2/h) was 
significantly higher than in the specimens of non-handled rats (0.25 (0 - 0.50) µmol/
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cm2/h), and significantly higher than in the specimens of non-handled rats that 
were subjected to water-avoidance stress (0.07 (0 - 0.42) µmol/cm2/h) *p<0.05. 
Short luminal exposure of the tissue specimens to the acidic solution also induced 
permeability changes in the non-handled animals compared to the non handled 
animals in the absence of acid (median (IQR) 1.31 (0.69 - 2.63) µmol/cm2/h versus 
0.25 (0 - 0.50) µmol/cm2/h, p=0.05) and enhanced the WA-induced permeability 
changes observed in maternally separated animals (2.08 (1.13 - 4.38) µmol/cm2/h). 
However, the additional effect of acid on permeability was not observed in non-
handled animals after water avoidance and in maternally separated animals. 
(figure 1)

Effect of TRPV1-antagonist
In the follow-up experiments we investigated the effect of antagonizing the 
TRPV1-receptor on the development of acid-induced esophageal permeability 
using the compound SB-705498. In this second series, no significant effect of 
the TRPV1-antagonist was seen on post-acid esophageal permeability in the 
groups with non-handled animals and in the maternally separated animals that 
were not subjected to WA stress at adult age (figure 2A).  In contrast, esophageal 

figure 1. Transepithelial fluorescein flux of esophageal tissue specimens after water 
avoidance (WA) stress in non-handled (NH) and maternally separated (MS) animals. The 
two bars on the right represent tissue specimens of rats that were luminally exposed to an 
acidic solution for 30 minutes before the permeability assay. n = 9 per group. Values are 
mean with standard error of the mean. * p<0.05
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For our experiments we used an animal model that is currently being used 
for the study of visceral hypersensitivity in the context of IBS. In maternally 
separated rats, stress consistently leads to an enhanced visceromotor response 
to colonic distension, which is a frequently used measure for visceral sensitivity 
in rodents.10 The experimental model mimics the natural course of exposure to 
stress in many patients with IBS, combining a predisposition to stress during early 

figure 2. Transepithelial fluorescein flux of esophageal tissue specimens in A) the non-
handled (NH) animals with and without water avoidance (WA) stress. And B) in maternally 
separated (MS) animals with and without WA-stress. Per group tissues were luminally 
incubated with vehicle (V), a 10 nM or 100 nM solution of TRPV1-antagonist SB-705498, 
after 30 minutes luminal exposure to an acidic solution. n = 6 per group. Values are mean 
with standard error of the mean. * p<0.05

permeability was enhanced after water avoidance stress in acid exposed tissue 
obtained from maternally separated animals. Furthermore, ex vivo addition of 
SB-705498 significantly reduced the enhanced transepithelial fluorescein flux, 
median (IQR) 2.08 (1.13 - 4.38) µmol/cm2/h after addition of vehicle versus 0.48 (0.02 
- 3.30) µmol/cm2/h with 10 nM solution and  0.14 (0.03 - 0.69) µmol/cm2/h with 
100 nM solution, p<0.05 (figure 2B). 

dIscussIon

This study demonstrates that acute stress in predisposed animals leads to 
dysfunction of the esophageal mucosal barrier. Furthermore, short luminal 
exposure to acid enhances stress-induced esophageal permeability changes. 
Finally, this study suggests that these stress and acid induced permeability changes 
are mediated by activation of the TRPV1 ion channel as they can be modulated 
by antagonizing TRPV1. 
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life with an acute stressor in later life.11,12 Similar to patients with IBS, patients with 
gastroesophageal reflux disease often report an increase of their symptoms during 
stressfull periods.13 It has also been repeatedly demonstrated that patients with 
GERD more quickly and more intensely perceive intra-esophageal stimuli.4,14,15 
Although its exact mechanism has not been elucidated, visceral hypersensitivity 
is considered an important contributor to functional esophageal disorders as well 
as gastroesophageal reflux disease. Several clinical trials have been performed 
aiming to decrease esophageal symptoms using pain modulators.16

The relationship between stress and mucosal barrier function has previously 
been studied in other areas of the gastrointestinal tract, mainly in the colon 
and small intestine. Our results are in line with a previous study by Farre et al. 
that demonstrated an increase of esophageal transepithelial permeability and a 
dilation of intercellular spaces in mice that were exposed to a period of restraint 
stress.5 Unlike in the current experiments, esophageal exposure to an acidic 
solution alone did not increase esophageal permeability in their study, but they 
observed the most prominent barrier dysfunction after a combination of stress 
and acid exposure, which is similar to our results. Whereas in our non-handled 
animals acid alone seems to cause barrier function, we also see the largest 
effects after a combination of stress and acid. Furthermore, Zhong et al. recently 
demonstrated a similar effect of restraint stress on esophageal epithelium, which 
was not present in mast cell deficient mice.17 Although few studies have addressed 
the role of mast cells in stress related esophageal permeability changes, more 
evidence for a mast cell mediated effect comes from studies of jejunal and colonic 
permeability.18,19 Moreover, the group of Bueno not only showed the relevance 
of mast cells in stress-induced hypersensitivity to colonic distension but also 
provided evidence for a direct link between stress-induced permeability changes 
and visceral hypersensitivity. Our own investigations in the maternal separation 
model indicated that colonic mast cell dependent visceral hypersensitivity can 
be prevented as well as reversed by antagonizing TRPV1.8 In this model however, 
we never investigated whether colonic barrier dysfunction is directly linked to 
activation of enterocyte expressed TRPV1.  

Our current results demonstrate that by antagonizing TRPV1, stress and acid 
induced esophageal permeability changes are prevented. These data suggest 
that mucosal barrier function and visceral hypersensitivity in the esophagus are 
related and mediated by TRPV1. Targeting TRPV1 may directly affect visceral 
hypersensitivity as barrier dysfunction, possibly making it a suitable therapy for 
patients with NERD. The mechanism by which TRPV1 modulation influences barrier 
function is not provided by the current study, but TRPV1 activation might alter the 
structure of tight junction proteins from the claudin family or occludin.7
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Strengths of the current study include our well-established stress model 
mimicking early life stress in combination with an acute stressor. Also, the use of 
Ussing chamber experiments allowed us to obtain a functional measure of mucosal 
barrier function. The main limitation of our study is that we have not been able 
to explore the exact molecular mechanisms of our functional changes in barrier 
function, mainly because the Ussing experiments hampered subsequent reliable 
molecular evaluation of the tissue. Further research will have to investigate the 
molecular mechanism by which TRPV1 activation induces permeability changes.

In conclusion, this study supports the hypothesis that stress induces dysfunction 
of the esophageal mucosal barrier, which can be enhanced by luminal exposure 
to acid. Furthermore, our data suggests that these stress and acid induced 
permeability changes are mediated by the activation of the TRPV1 receptor. 
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abstRact

Background and aim: 
Symptomatic response to proton pump inhibitor (PPI) therapy in patients with 
non-erosive reflux disease (NERD) is often reported as lower than in patients with 
erosive reflux disease (ERD). However, the definition of NERD differs across clinical 
trials. This meta-analysis aims to estimate the rate of symptom relief in response 
to PPI in NERD patients.

Methods:
MEDLINE (1966-2010), Cochrane Comprehensive Trial Register (1997-2010) and 
EMBASE (1985-2010) databases were searched and manual searches from studies’ 
references were performed. Randomised clinical trials were selected that included 
patients with heartburn, and analysed the effect of short-term PPI treatment. The 
primary outcome of selected studies was defined as complete or partial heartburn 
relief. Two reviewers independently extracted data and assessed study quality 
of selected articles. Random-effects models and meta-regression were used to 
combine and analyze results.

Results: 
The pooled estimate of complete relief of heartburn after 4 weeks of PPI therapy 
in patients with ERD was 0.72 (95%CI 0.69-0.74)(32 studies), versus 0.50 (0.43-0.57)
(8 studies) in empirically treated patients, 0.49 (0.44-0.55)(12 studies) in patients 
defined as non-erosive by negative endoscopy, and 0.73 (0.69-0.77)(2 studies) 
in patients defined as non-erosive by both negative endoscopy and a positive 
pH-test.

Conclusions: 
In well-defined NERD patients, the estimated complete symptom response rate 
after PPI therapy is comparable to the response rate in patients with ERD. The 
previously reported low response rate in studies with patients classified as NERD 
is likely the result of inclusion of patients with upper gastrointestinal symptoms 
that do not have reflux disease.
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IntRoductIon

Gastroesophageal reflux disease (GERD) is described by the Montreal definition 
as a condition in which reflux of gastric content into the esophagus leads to 
troublesome symptoms and/or complications.1 The most frequently reported 
symptom of GERD is heartburn, followed by regurgitation.2 The prevalence of the 
symptom heartburn is high, with 12-20% of the general population experiencing 
heartburn at least weekly.3,4 The symptom regurgitation is less common, with a 
prevalence of 6%.3 Reflux symptoms are accompanied by a decrease in health-
related quality of life and an increase of healthcare costs due to frequent physician 
visits and prescription of chronic medication.5 

Patients presenting with symptoms suggestive of reflux disease are often 
empirically treated with lifestyle advice and acid suppressive drugs, including 
proton pump inhibitors (PPIs).6 When patients do not respond to standard 
therapy, testing is performed to challenge the initial diagnosis and to investigate 
the reasons of treatment refractoriness. An upper endoscopy can confirm the 
diagnosis of reflux disease and is appropriate to rule out malignancy and other 
mucosal abnormalities of the esophagus.7 While the presence of erosive reflux 
disease (ERD) confirms the diagnosis, a negative endoscopy can not be used to 
rule out reflux disease as a substantial part of the patients with reflux disease have 
no abnormalities seen on endoscopy, a condition known as non-erosive reflux 
disease (NERD).8,9 Once no abnormalities are found at endoscopy, an ambulatory 
24-hour pH monitoring, combined with intraluminal impedance measurements 
can help define entity, timing, chemical characteristics of reflux as well as 
relationship of the reflux episodes to the patient’s symptoms.10,11 The severity 
of esophageal acid exposure correlates with the degree of mucosal damage12, 
and finding a pathological amount of acid reflux and/or an association between 
heartburn symptoms and reflux events, confirm the diagnosis of GERD. Patients 
with positive findings at pH-impedance monitoring without distal esophageal 
mucosal breaks are classified as having NERD. However, if no relationship is found 
between acid reflux and perceived heartburn and no excessive esophageal acid 
exposure is present, gastroesophageal reflux is not the cause of the patient’s 
symptoms, and patients are classified as having ‘functional heartburn’ according 
to the Rome III criteria.13 or functional dyspepsia depending on the symptoms 
that are dominant. 

The efficacy of PPI therapy in healing esophageal erosions is very high with a 
number needed to treat for benefit of 1.7 (95% CI 1.5 to 2.1), one of the lowest seen 
in clinical medicine.14 Besides healing reflux esophagitis, treatment with a proton 
pump inhibitor is very effective for the symptomatic relief of heartburn.6 Clinical 
trials evaluating the efficacy of PPI in relieving symptoms among different types 
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of GERD generally state a larger rate of non-response in patients with NERD than 
in patients with ERD (15–17). 

In most clinical trials, NERD patients are defined only by the presence of 
typical reflux symptoms and a negative endoscopy. However, without appropriate 
functional testing it is difficult, if not impossible, to distinguish between functional 
heartburn, functional dyspepsia and true NERD.  The heterogeneity of the trial 
participants across studies could cause underestimation of the response rates to 
PPI treatment in NERD. 

We performed a systematic review and meta-analysis of the literature aiming 
1)  to estimate the response to PPI therapy in “true” NERD patients (in whom 
diagnosis was confirmed with pH testing) compared to patients with ERD, and 2) to 
estimate whether the response to PPI therapy would vary according to different 
diagnostic criteria for NERD. 

Methods

Search Strategy
We conducted a comprehensive search of MEDLINE (1966-2010), Cochrane 
Comprehensive Trial Register (1997-2010) and EMBASE (1985-2010) databases. 
The search strategy consisted of a combination of the following MESH terms 
and text words:  gastroesophageal reflux, GERD, non-erosive reflux, NERD, 
heartburn, pyrosis, regurgitation, and terms describing treatment, proton pump 
inhibitor, PPI, omeprazole, esomeprazole, rabeprazole, pantoprazole, lansoprazole, 
dexlansoprazole. A Cochrane filter for identifying randomised trials was applied to 
the search results. Furthermore, we manually searched reference lists from trials 
obtained through electronic searching to identify additional studies of interest. 

Selection of studies
Articles were eligible for inclusion in the meta-analysis if they fulfilled the following 
criteria: Studies included adults of either gender with heartburn as the predominant 
symptom. Subjects underwent short-term treatment with a PPI (esomeprazole, 
lansoprazole, omeprazole, pantoprazole, rabeprazole, or dexlansoprazole) and 
study outcome measures were compared using a control group treated with 
another pharmacological intervention or placebo. The studies were divided into 
groups treating ERD or NERD patients (figure 1). Subclassification of studies 
treating NERD patients was based on the way NERD was defined in the inclusion 
criteria of trials. Subcategory a) contains patients with heartburn in whom no 
endoscopy was performed, category b) contains patients that were defined as 
NERD by the presence of heartburn and a normal endoscopic assessment, and 
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category c) contains patients defined as NERD by the presence of heartburn, a 
normal endoscopic assessment and a positive 24-hour pH-measurement (figure 1). 
The pH-measurement was considered positive when there was either abnormal 
esophageal acid exposure or a positive temporal relationship between symptoms 
and reflux events during the measurement. The primary outcome of selected 
studies was defined as complete heartburn relief or partial heartburn relief. 
Complete heartburn relief is defined as the complete absence of the symptom at 
the end of the treatment period. Partial heartburn relief is specified as ‘no more than 
1 episode in the previous 7 days of mild severity’ in all studies, except three studies 
where it is specified as an improvement in frequency from the baseline score. 

Data Extraction
Two reviewers independently extracted data and assessed study quality of selected 
articles using a data extraction form. The following clinical features mentioned in 
the trials were extracted: setting (primary, secondary or tertiary centres); number 
of participating centers; country of origin; inclusion and exclusion criteria used; 
baseline characteristics of study participants; study drug; frequency of dosing; 
study duration; reported complete relief of heartburn; definition of partial 
heartburn relief; reported partial relief of heartburn. Assessment of study quality 
was performed according to the Jadad scoring system.18 A score of 0-5 was given 
depending on the article’s description of randomisation, description of the method 
of blinding, and whether dropouts during the trial were adequately described. 

figure 1. Classification of erosive and non-erosive reflux disease in the inclusion of clinical 
trials.
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Statistical Analyses
All statistical analyses were performed using JMP v.7 and Comprehensive Meta-
Analysis 2.2. First, after obtaining the proportion of individuals achieving symptom 
relief, the relief rate and its respective 95% confidence interval (CI) on PPI treatment 
were calculated for each study. Statistical heterogeneity across the various studies 
was then tested with the use of Q-statistic.19 A pQ-value <0.10 indicated a significant 
statistical heterogeneity across studies, allowing for the use of a random effects 
model. Heterogeneity was quantified with the I2 metric, which is independent of the 
number of studies included in the meta-analysis (20). I2 measures values between 
0% and 100%, with higher values suggesting a greater degree of heterogeneity 
(I2 = 0-25%: no heterogeneity; I2 = 25%-50%: moderate heterogeneity; I2 = 50-75%: 
large heterogeneity; I2 = 75-100%: extreme heterogeneity). 

As significant heterogeneity was found across all studies included, a random 
effects (RE) model was used to calculate pooled rates for symptom relief.21 These 
rates indicate the estimate proportion of patients reporting heartburn relief across 
studies. As these rates are among patients on active treatment, and no direct 
comparisons with placebo or control treatment are done in the studies, neither the 
relative risk or odds ratios for improvement vs. placebo or control, nor the number 
needed to treat can be calculated.

The main analyses on symptom response calculated the pooled estimates of 
complete relief at week 4, partial relief at week 4, complete relief at week 8, and 
partial relief at week 8. 

Meta Regression
Potential association between the placebo response and study quality as measured 
by the Jadad score was determined by calculating contingency coefficients in the 
meta-regression.  The log event rate of symptom relief on PPI therapy was the 
dependent variable in the meta-regression model, and the independent variable 
was the quality of study estimated by the Jadad score. Coefficients that reflect the 
percent increase in placebo response for each unit increase of the independent 

variable and the 95% confidence interval (CI) for the respective coefficients were 
calculated. Additional analyses were performed using type, dose of PPI used, 
patients’ age and gender as independent variables.

Assessment of publication bias
Publication bias was determined by the funnel plot of Beggs & Mazumdar’s rank 
correlation test22 and Egger’s intercept test.23 Funnel plot of studies’ standard error 
versus logit symptom relief rates is also included in this report.
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Results

Eligible studies
The search strategy identified a total of 4995 references that met the search criteria. 
Figure 2 shows the flow of this meta-analysis, listing studies excluded and citing 
reasons for exclusion.  A total of 59 randomised controlled trials met the criteria 
for inclusion in the meta-analysis comprising a total of 26885 patients in active 
treatment arms (See supplementary table 1 online) (15,16,24–80). The studies were 
published between 1988 and 2009. Thirty-seven studies described multiple active 
treatment arms with different dosages or types of PPI. Fifty-seven studies were 
parallel group design and the remaining 2 studies used a cross-over design. Fifty-
seven studies were double blinded, while 2 studies used an open label design. 
Three studies added pH-metry to the inclusion criteria for NERD, no clinical trials 
had combined the pH-metry with impedance tracings.

Significant heterogeneity was found (p<0.0001, I² = 93.9%) across clinical 
trials using the I²-metric. Heterogeneity was quantified across an N of 84 studies, 
including studies and sub-studies that for separate treatment groups reported 
complete relief at week 4 as the main outcome.  Complete relief of heartburn at 
week 4 was chosen as the primary outcome for our analysis as it was the most 
commonly reported outcome.

figure 2. Flowchart of the meta-analysis.
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Symptom relief after 4 weeks of PPI therapy
Thirty-two studies described the rate of complete relief of heartburn after 4 weeks 
of PPI therapy in patients with ERD. The pooled estimate of complete relief after 
4 weeks in patients with ERD was 0.72 (95%CI 0.69-0.74) (figure 3). Twenty-two 
studies described the complete relief of heartburn after 4 weeks of PPI therapy 
in patients with NERD, of which 8 studies from subcategory a, defining NERD 
by the presence of heartburn without the performance of an upper endoscopy, 

figure 3. Studies reporting complete relief of heartburn after 4 weeks of PPI therapy in 
patients with erosive reflux disease.
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12 studies in subcategory b, defining NERD by the presence of heartburn and a 
normal endoscopy, and 2 studies in subcategory c, defining NERD by the presence 
of heartburn, a normal upper endoscopy and a positive pH measurement. One 
of these studies reported outcome after two weeks of PPI treatment. The pooled 
estimate of complete symptom relief after 4 weeks for patients with NERD was 0.50 
(95%CI 0.43-0.57), 0.49 (95%CI 0.44-0.55), and 0.73 (95%CI 0.69-0.77) for NERD 
subcategories a, b, and c respectively (figure 4-6).

Partial relief of heartburn after 4 weeks of PPI therapy was reported by 6 studies 
including patients with ERD and the pooled estimate was 0.75 (95%CI 0.71-0.78). 
(data not shown) Nineteen studies described the partial relief of heartburn after 
4 weeks of PPI therapy in patients with NERD, of which 8 studies from subcategory 
a, 10 studies from subcategory b and 1 study from subcategory c. The pooled 
estimate of partial symptom relief after 4 weeks for patients with NERD was 0.71 
(95% CI 0.59-0.81), 0.65 (95% CI 0.61-0.69), and 0.85 (95% CI 0.55-0.96) for NERD 
subcategories a, b, and c respectively (data not shown).

figure 4. Studies reporting complete relief of heartburn after 4 weeks of PPI therapy in 
patients with heartburn in whom no endoscopy was performed (group a). 
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Symptom relief after 8 weeks of PPI therapy
Complete relief of heartburn after 8 weeks of PPI therapy was reported by 6 studies 
including patients with ERD and the pooled estimate was 0.73 (95%CI 0.59-0.84) (data 
not shown). Three studies described the complete relief of heartburn after 8 weeks of PPI 
in patients with heartburn in whom no endoscopy was performed, the pooled estimate 
was 0.47 (95% CI 0.43-0.51) (data not shown). No studies reported complete symptom 
relief at 8 weeks in NERD groups defined by endoscopy or by pH measurement. 

Partial relief of heartburn after 8 weeks of PPI therapy was reported by 3 studies 
including patients with ERD and the pooled estimate was 0.76 (95%CI 0.72-0.80) 
(data not shown). Three studies described partial relief of heartburn after 8 weeks 
of PPI therapy in patients with NERD, of which 2 studies treated patients empirically 
and 1 study classified NERD by a normal endoscopy. No studies classifying NERD 
by a normal endoscopy and a positive pH measurement reported partial symptom 
relief at 8 weeks. The pooled estimate of partial symptom relief after 8 weeks was 
0.69 (95% CI 0.64-0.74) for empirically treated patients and 0.76 (95% CI 0.66-0.84) 
for NERD defined by endoscopy respectively (data not shown).

figure 5. Studies reporting complete relief of heartburn after 4 weeks of PPI therapy in 
patients with NERD defined by the presence of heartburn and a normal endoscopy (group b). 
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Symptom response to PPI did not significantly correlate with Jadad score, age 
or gender of the study subjects, study setting, type or dosage of PPI used in the 
study (p>0.05). Funnel plot analysis showed no immediately apparent asymmetry, 
arguing against the presence of a publication bias (Online only figure).

dIscussIon

This meta-analysis demonstrates that the estimated rates of complete and partial 
symptom relief after short-term PPI therapy are lower in poorly characterised NERD 
patients compared to the response rate in patients with ERD. However, in patients 
in whom the diagnosis of NERD is supported by a positive pH-measurement, the 
estimated complete and partial response rates after 4 weeks of PPI therapy are 
comparable to the response rate in ERD. 

This finding is in contrast to the widespread belief that NERD patients are 
less responsive to PPI6,17,81,82, indicating that when characterised correctly, NERD 
patients do not have a poorer response to PPI than patients with ERD. The 
apparent contrast with prior views on NERD derives from the issue that in the 
majority of trials patients have been labelled as NERD because they suffered from 
symptoms of heartburn in the absence of esophageal erosions. While to many 

figure 6. Studies reporting complete relief of heartburn after 4 weeks of PPI therapy in 
patients with NERD defined by the presence of heartburn, a normal endoscopy and a 
positive pH measurement (group c). 
*Response rate at 2-weeks
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clinicians heartburn and regurgitation are equivalent to acid reflux, in effect during 
24-hour pH measurement, up to 50% of subjects with typical reflux symptoms 
have a physiologic amount of acid exposure.83,84 Using the symptom association 
probability, a score measuring the correlation between acid reflux episodes and 
symptoms85, a similar distribution is found, and in half of the subjects reporting 
typical reflux symptoms these symptoms are not related to actual reflux.86 This 
supports the theory that patients with heartburn are a heterogenous group and not 
all patients with a normal endoscopy can be regarded as NERD. In those patients 
with heartburn in whom no abnormalities during upper endoscopy and a 24-hour 
pH measurement are found, gastro-esophageal acid reflux can be excluded as a 
cause of their symptoms, and they are classified as functional heartburn according 
to the Rome III criteria.13 Functional heartburn is a functional disorder in which 
symptoms are related to psychological factors and disturbed visceral perception, 
while reflux of acidic gastric content does not play a role. Acid suppressive 
therapy is thus not effective for the treatment of functional heartburn and tricyclic 
antidepressants and cognitive behaviour therapy can be used.87 

A careful characterization of NERD patients thus seems imperative to obtain 
representative results for future clinical trials, both in studies with new acid-
suppressive agents and in studies aimed at NERD patients refractory to PPI, 
otherwise pollution of the study population with functional heartburn and dyspepsia 
patients will significantly underestimate the true effect of the drug or operation on 
reflux. Characterization can be done with 24-hour pH measurements, as has been 
done in the studies by Richter et al. and Johnsson et al.79,80  However, the addition 
of 24-hour cathether based pH measurements to clinical trial inclusion criteria could 
have a negative effect on patient enrolment. A validated questionnaire such as the 
RDQ could be used as an alternative to characterize true GERD patients, since it 
has shown to increase sensitivity of GERD diagnosis.88 

The rate of anti reflux therapy failure is an important statistic in the clinical 
setting as well, since persisting reflux symptoms are one of the most frequent 
reasons for consultation of a gastroenterologist. PPI failure in the clinical setting 
can be defined as the persistence of erosions during endoscopy, pathological 
acid reflux during pH-metry performed under PPI, or the persistence of typical 
symptoms. In NERD patients the analysis of symptoms is the most appropriate, 
since erosions are by definition not present in NERD patient and a clear-cut relation 
between acid reflux episodes and symptoms (a positive SAP or SI11) can be present 
in the absence of pathological acid reflux. In this meta-analysis PPI failure rate was 
calculated for both complete and partial symptom relief. We believe the complete 
relief of symptoms is closest to an objective definition of PPI success, being the most 
stringent method and thereby reducing the concomitant interindividual variance 
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of subjective symptom improvement scores. When using the latter criterion and 
when adequately characterizing NERD patients by a negative endoscopy and a 
positive 24-hour pH measurement, the PPI failure rate is only between 15 and 27%. 
This figure is compatible with failure rates in patients with ERD, and far from the 
40-50% of PPI failure, which is often reported. 

An additional observation in this meta-analysis is that the estimated complete 
symptom relief rate in patients with ERD and in empirically treated patients after 
4 weeks of PPI therapy does not differ from the estimated rates in the same groups 
after 8 weeks of PPI therapy. This indicates that a short follow-up in the clinical 
setting is sufficient to estimate whether a patient will respond symptomatically to 
a PPI, and prolonging of the same treatment regimen in non-responders would be 
of limited value. This rapid response is in accordance with a previously calculated 
optimal cut-off value to assess symptomatic response to PPI of 1 week.89 A similar 
inference for research purposes could be that a follow-up of 4 weeks in clinical 
trials should be sufficient to observe a treatment effect, if present. It should be 
taken into consideration, however, that no 8-week data was available for patients 
with NERD defined by endoscopy with or without pH-measurement. A potential 
limitation in this respect is that our meta-analysis is conducted using heartburn as 
the main outcome, whereas other GERD-related symptoms might take longer to 
respond to PPI treatment. 

The main potential limitation of the present meta-analysis is the small number of 
clinical trials including NERD patients after appropriate functional testing, although 
it was performed on sizeable groups. The definition for a positive pH-measurement 
differed slightly between studies. To define pathological esophageal acid exposure 
Richter et al.79 used a cut-off value of 5% time with pH<4, while Johnsson et al.80 
used 3.2% of total time or 3.4% of supine time with pH<4 as the cut-off value and 
these authors also included patients with a SAP>95%. Both approaches lead to a 
selection of NERD patients in which acid reflux underlies the present symptoms, 
however, the approach by Johnsson et al. leads to a less stringent selection and 
will certainly not lead to an overestimation of PPI response. Additionally Johnson 
et al. reported the response to PPI after two weeks instead of the regularly used 
period of four weeks. The expected response rate is higher after four than after two 
weeks, so the inclusion of the study in the meta-analysis will certainly not lead to 
an overestimation of the response to PPI in this group. A potential limitation of the 
present study is that it was conducted with relief of heartburn as the predominant 
outcome measure, since this is the most frequently reported reflux symptom.2  
It must be noted that part of the GERD patients present with other dominant 
symptoms88, and no analysis was performed on the response to PPI of those less 
prevalent reflux related symptoms as regurgitation or chest pain. Therefore no 
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conclusions can be drawn regarding the response of those symptoms to PPI in 
NERD patients.

The management of the non-responding GERD patients with proven acid-
related symptoms remains challenging however. First of all, careful instructions on 
the use of PPIs should be given, since only 36% of patients treated in primary care 
appropriately administer their PPI.90 Frequently applied strategies include a switch 
of PPI type or doubling the PPI dosage. There is no evidence to support these 
strategies, a finding supported by the lack of association between symptomatic 
response and PPI type and dosage in this study. There might be a role for new drug 
formulations or for drugs with more extensive acid suppressive potential, these are 
extensively discussed elsewhere.91,92 New drugs that inhibit the occurrence of both 
acidic and weakly acidic reflux episodes will not be on the market for the next few 
years. Finally, if maximum medical treatment provides insufficient symptom relief in 
patients with proven acid-related symtoms, surgical intervention may be warranted. 

In conclusion, our analyses support the conclusion that when NERD is well 
defined with functional studies, PPI therapy is as effective in NERD patients as it 
is in patients with ERD and the PPI failure rate is only around 20%. We argue that 
the previously reported lower response rates in patients with NERD are the result 
of contamination of the NERD study populations with subjects with functional 
heartburn and functional dyspepsia.
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abstRact

Background and aim: 
Patients with functional esophageal disorders present with symptoms of chest 
pain, heartburn, dysphagia or globus in the absence of any structural abnormality. 
Visceral hypersensitivity is considered a hallmark of these functional disorders, 
and might be modulated by antidepressant therapy. The aim of this review was 
to evaluate the available evidence for the efficacy of antidepressant therapy for 
symptoms associated with esophageal visceral hypersensitivity, both in the context 
of functional esophageal disorders and GERD. 

Methods: 
A systematic search of the Cochrane Comprehensive Trial Register, MEDLINE, and 
EMBASE (up to February 2014) was conducted. Relevant randomised, placebo-
controlled trials reporting the effect of antidepressant therapy on experimentally 
induced esophageal sensation or intensity or frequency of heartburn, chest pain, 
dysphagia, or globus were included.

Results: 
The search strategy identified 378 titles of which 15 randomised controlled 
trials were eligible for inclusion. Additionally, 1 conference abstracts and 2 case 
reports were included as they represented the best available evidence regarding 
a specific symptom entity. Esophageal pain thresholds were increased with 7 – 
37% after antidepressant therapy. The percentage of symptom reduction after 
antidepressants ranged from 18 – 67% for the treatment of functional chest 
pain and from 23 – 61% for the treatment of heartburn in GERD patients. One 
study including globus patients and no studies including patients with functional 
heartburn or functional dysphagia were available. 

Conclusions: 
Antidepressants modulate esophageal sensation and reduce functional chest pain. 
Limited evidence suggests that antidepressants are beneficial for the treatment 
of heartburn in a subgroup of GERD patients. Most importantly, this review 
emphasizes the lack of controlled trials investigating the effect of antidepressants 
on functional esophageal disorders.  
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IntRoductIon

Functional esophageal disorders are disorders presenting with symptoms assumed 
to originate from the esophagus without a structural or anatomical explanation. The 
limited knowledge about the etiology of these symptoms and the limited number of 
therapeutic options make the treatment of these disorders challenging. The Rome 
III diagnostic criteria describe four functional esophageal disorders; functional 
heartburn, functional chest pain of presumed esophageal origin, functional 
dysphagia and globus.1 Well-designed epidemiologic studies using stringent 
definitions and objective measures to exclude structural abnormalities are scarce, 
but it seems that the prevalence of these four distinct disorders is substantial. While 
20-40% of the Western population reports heartburn, it is estimated that 10-21% 
of all patients presenting to gastroenterologists with heartburn meet the criteria 
for functional heartburn.2,3 This percentage is higher in studies that investigated 
patients with heartburn and normal upper endoscopy.4 In a survey among healthy 
subjects 33% reported chest pain.5 Globus is also frequently reported, by up to 46% 
of healthy individuals, and globus amounts up to 4% of new ENT consultations.6 
Functional dysphagia seems the least common symptom, but dysphagia was 
reported by 7-8% of healthy subjects.7 

In all functional gastrointestinal disorders visceral hypersensitivity is regarded as 
an important pathophysiological factor.8 Visceral hypersensitivity is the enhanced 
perception of gastrointestinal stimuli, and is mediated by the sensitisation of 
afferent nerves, the sensitisation of spinal dorsal neurons, and alterations in 
psychoneuroimmune interactions. In the esophagus, visceral hypersensitivity 
contributes to symptom generation not only in the context of functional esophageal 
disorders, but also in gastroesophageal reflux disease (GERD).9 Within the GERD 
spectrum, several subgroups have been defined based on endoscopic appearance, 
esophageal acid exposure and symptom association.10 The GERD patients in 
whom visceral hypersensitivity is thought most prominent are patients with a 
so-called hypersensitive esophagus. In these patients no erosions are present and 
esophageal acid exposure is low, but their symptoms are clearly associated with 
acid or non-acid reflux episodes and their esophageal perception of reflux seems 
enhanced.10 So although the exclusion of GERD is necessary for the diagnosis of 
any functional esophageal disorder, esophageal visceral hypersensitivity seems 
a shared pathophysiological phenomenon between GERD patients and patients 
with functional esophageal disorders. 

Low-dose antidepressants are thought to attenuate visceral nociception in 
addition to treating co-existing anxiety or depression. It has been shown that they 
have a beneficial effect in functional gastrointestinal disorders such as irritable bowel 
syndrome (IBS) and in neuropathic pain syndromes such as diabetic neuropathy.11,12 
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Therefore, one might expect a similar beneficial effect of antidepressants in the 
treatment of symptoms related to esophageal hypersensitivity, both in functional 
esophageal disorders as well as in GERD. This systematic review aims to give a 
comprehensive overview of all available evidence for the use of antidepressant 
therapy for symptoms associated with esophageal visceral hypersensitivity, both 
in the context of functional esophageal disorders and in GERD. 

Methods

Search strategy
We conducted a comprehensive search of MEDLINE (1966-2013), Cochrane 
Comprehensive Trial Register (1997-2013) and EMBASE (1980-2013) databases up to 
February 2014 to identify relevant articles. The search terms included the following 
terms as text words and medical subject headings where possible: functional 
heartburn, dysphagia, chest pain, non-cardiac chest pain, globus, gastroesophageal 
reflux disease, non-erosive reflux disease, heartburn, hypersensitive esophagus, 
acid-sensitive esophagus, and the most commonly prescribed antidepressant; 
tricyclic antidepressants (TCAs), selective serotonin reuptake inhibitors (SSRIs) and 
serotonin-norepinephrin reuptake inhibitors (SNRIs) (supplementary table 1). The 
reference lists of relevant articles were also searched for additional appropriate 
articles. Studies reported in a language other than English were excluded. 

Selection of studies
We included all randomised, placebo-controlled, clinical trials reporting the effect 
of antidepressant therapy on: (i) experimentally induced esophageal sensation, 
for instance after balloon distension or acid perfusion, (ii) intensity or frequency 
of heartburn, chest pain, dysphagia, or globus. If no randomised controlled trial 
(RCT) was identified for a specific disorder, the best available evidence is reported.

Data extraction
Data was extracted using a standardised data extraction form, collecting 
information on publication year, country, study design, diagnostic criteria used for 
disorder, total sample size, number of patients, number of controls, type and dose 
of antidepressants, reduction in symptoms. Quality of the studies was assessed 
using the Jadad scoring system.13 A score of 0-5 was given depending on the 
article’s description of randomisation, description of the method of blinding, and 
whether dropouts were adequately described. 
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in patient definition, antidepressants, methods of symptom evaluation, outcome 
definition), no meta-analysis of outcome data was performed.

Results

Eligible studies
The search identified 378 citations that met the search criteria. Figure 1 shows the 
flowchart of the selection of retrieved studies. Ultimately 15 RCTs were included for 
data extraction. One additional RCT was only published as a conference abstract. 
For the specific disorders where no RCT was available the best available evidence 
was described, resulting in the description of an additional 2 case reports. The 
quality of the selected studies was high, with a Jadad score of 3 or more for all full 
articles (tables 1-3). 

figure 1. Flowchart of the study.
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table 1. Characteristics of randomized controlled trials examining the effect of 
antidepressants on experimentally induced esophageal pain

authors year design subjects n % female mean age drug class drug dose
duration 
of therapy stimulus

Pain thresholds 

drug Placebo % Change

Peghini  
et al.

1998 Cross-
over

Healthy 15 0 36 TCA Imipramine 75 mg 12 days Balloon distension 23.5 ml 21.0 ml 12% *

Gorelick  
et al.

1998 Parallel Healthy 14 50 Unreported TCA Amitriptyline 50 mg 21 days Balloon distension 7% increase 
vs basal 

4% increase 
vs basal

Broekaert 
et al.

2006 Cross-
over

Asymptomatic but 
hypersensitive

10 30 25 SSRI Citalopram 20 mg Single iv 
dose

Balloon distension 9.9 ml 8.6 ml 15 % *

Acid perfusion 16.7 min 12.2 min 37% *

*, p<0.05 versus placebo

table 2. Characteristics of randomized controlled trials examining the effect 
of antidepressants on functional chest pain

authors year design
Jadad 
score

n 
total

n 
patients

n 
controls % female mean age

drug 
class drug dose duration

symptom 
evaluation

symptom reduction 

drug Placebo

Cannon 
et al

1994 Parallel 3 40 20 20 73 49.5 TCA Imipramine 25-50mg 3 weeks Diary 52%  * 1% 

Cox et al 1998 Cross-
over

3 18 18 18 100 53 TCA Imipramine 50 m 5 weeks Diary 11 episodes * 21 episodes

Varia et al 2000 Parallel 4 30 15 15 Unreported Unreported SSRI Sertraline 50-200 mg 8 weeks VAS 62.6% * 15.4% 

Spinhoven 
et al

2006 Parallel 3 46 23 23 48 57.4 SSRI Paroxetine 10-40 mg 16 weeks VAS 18.6% 18.6% 

Keefe et al. 2010 Parallel 5 58 30 28 67 unreported SSRI Sertraline 50-200 mg 10 weeks Diary 67.2% * 44.2%

Lee et al. 2010 Cross-
over

5 50 50 50 14 23.5 SNRI venlafaxine 75 mg 4 weeks Diary 52% had 
>50% 
reduction *

4% had >50%  
reduction

Clouse 
et al.

1987 Parallel 4 19 11 8 76 48 SARI Trazodone 100 mg 3 weeks Likert scale Exact data not 
extractable  

Exact data not 
extractable 

Doraiswamy 
et al.

2006 Parallel 3 50 27 23 42 53.3 SSRI Paroxetine 5-50 mg 8 weeks VAS Exact data not 
extractable 

Exact data not 
extractable 

*, p<0.05 versus placebo. tCa, tricyclic antidepressant; SSrI, selective serotonin reuptake 
inhibitor; SNrI, serotonin-norepinephrine reuptake inhibitor; SarI, serotonin antagonist and 
reuptake inhibitor.
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table 1. Characteristics of randomized controlled trials examining the effect of 
antidepressants on experimentally induced esophageal pain

authors year design subjects n % female mean age drug class drug dose
duration 
of therapy stimulus

Pain thresholds 

drug Placebo % Change

Peghini  
et al.

1998 Cross-
over

Healthy 15 0 36 TCA Imipramine 75 mg 12 days Balloon distension 23.5 ml 21.0 ml 12% *

Gorelick  
et al.

1998 Parallel Healthy 14 50 Unreported TCA Amitriptyline 50 mg 21 days Balloon distension 7% increase 
vs basal 

4% increase 
vs basal

Broekaert 
et al.

2006 Cross-
over

Asymptomatic but 
hypersensitive

10 30 25 SSRI Citalopram 20 mg Single iv 
dose

Balloon distension 9.9 ml 8.6 ml 15 % *

Acid perfusion 16.7 min 12.2 min 37% *

*, p<0.05 versus placebo

table 2. Characteristics of randomized controlled trials examining the effect 
of antidepressants on functional chest pain

authors year design
Jadad 
score

n 
total

n 
patients

n 
controls % female mean age

drug 
class drug dose duration

symptom 
evaluation

symptom reduction 

drug Placebo

Cannon 
et al

1994 Parallel 3 40 20 20 73 49.5 TCA Imipramine 25-50mg 3 weeks Diary 52%  * 1% 

Cox et al 1998 Cross-
over

3 18 18 18 100 53 TCA Imipramine 50 m 5 weeks Diary 11 episodes * 21 episodes

Varia et al 2000 Parallel 4 30 15 15 Unreported Unreported SSRI Sertraline 50-200 mg 8 weeks VAS 62.6% * 15.4% 

Spinhoven 
et al

2006 Parallel 3 46 23 23 48 57.4 SSRI Paroxetine 10-40 mg 16 weeks VAS 18.6% 18.6% 

Keefe et al. 2010 Parallel 5 58 30 28 67 unreported SSRI Sertraline 50-200 mg 10 weeks Diary 67.2% * 44.2%

Lee et al. 2010 Cross-
over

5 50 50 50 14 23.5 SNRI venlafaxine 75 mg 4 weeks Diary 52% had 
>50% 
reduction *

4% had >50%  
reduction

Clouse 
et al.

1987 Parallel 4 19 11 8 76 48 SARI Trazodone 100 mg 3 weeks Likert scale Exact data not 
extractable  

Exact data not 
extractable 

Doraiswamy 
et al.

2006 Parallel 3 50 27 23 42 53.3 SSRI Paroxetine 5-50 mg 8 weeks VAS Exact data not 
extractable 

Exact data not 
extractable 

*, p<0.05 versus placebo. tCa, tricyclic antidepressant; SSrI, selective serotonin reuptake 
inhibitor; SNrI, serotonin-norepinephrine reuptake inhibitor; SarI, serotonin antagonist and 
reuptake inhibitor.
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table 3. Characteristics of randomized controlled trials examining the effect of 
antidepressants on GERD symptoms

authors year 
Jadad 
score design subjects

n 
total

n 
patients

n 
controls

% 
female

mean 
age

drug 
class drug dose duration

symptom 
evaluation

symptom reduction 

drug Placebo

Viazis et al. 2012 5 Parallel hypersensitive 
esophagus 

75 39 36 n.a. n.a. SSRI Citalopram 20 mg 26 weeks Physician 
visit 

61.5% 
symptom-
free *

33.3% 
symptom-
free

Ostovaneh 
et al.

2014 5 Parallel PPI-refractory 
GERD 

96 48 48 58 37.1 SSRI Fluoxetine 20 mg 6 weeks Diary 37% 
heartburn-
free days*

7% 
heartburn-
free days

Forcelini 
et al.

2014 5 Cross-
over

NERD 20 20 20 75 36.1 TCA Nortriptyline 10-25 mg† 3 weeks Heartburn 
questionnaire

2.5 points 2.5 points

Hershcovici 
et al. 
(abstract 
only)

2011 3 Parallel PPI-refractory 
GERD

140 n.a. n.a. 29 55.6 TCA Nortriptyline 50 mg 6 weeks Diary 23.1% 
symptom-
free

27.1% 
symptom-
free

*, p<0.05 versus placebo. †, 10 mg during 1st week, followed by 25 mg during week 2 and 3. n.a. 
not available. tCa, tricyclic antidepressant; SSrI, selective serotonin reuptake inhibitor.

Experimentally induced esophageal sensation
The effect of antidepressants on experimentally induced esophageal pain was 
evaluated in 3 studies. All studies included healthy volunteers without a history of 
anxiety or depression, and the protocols used for balloon distension protocols were 
similar. Two studies investigated the effect of a TCA and 1 study investigated the 
effect of an SSRI, all studies were placebo-controlled (table 1).14–16 Gorelick et al. 
studied the effect of amitriptyline on both somatic and visceral sensitivity in 14 healthy 
subjects. Treatment with 50 mg of amitriptyline a.n. during 3 weeks did not change 
the thresholds of perception or pain after mechanical distension of the esophagus. 
In contrast, amitriptyline significantly increased the threshold of perception and 
pain during cutaneous electrical stimulation.14 In a similar study the use of 75 mg of 
imipramine during 12 days slightly but significantly increased the threshold for pain 
during esophageal distension with a balloon. Imipramine only altered the threshold 
for pain and did not affect the threshold for the initial perception of distension.15

Finally, Broekaert et al. studied the effect of a single intravenous dose of citalopram, 
an SSRI, on esophageal sensitivity in 10 healthy subjects with established esophageal 
hypersensitivity. Citalopram significantly increased balloon volumes leading to first 
perception and discomfort during mechanical distension. It also prolonged the 
time to perception and discomfort during esophageal acid perfusion compared to 
placebo.16 In none of these studies the decreased esophageal sensitivity to mechanical 
distension was associated with changes in compliance of the esophageal wall.
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table 3. Characteristics of randomized controlled trials examining the effect of 
antidepressants on GERD symptoms

authors year 
Jadad 
score design subjects

n 
total

n 
patients

n 
controls

% 
female

mean 
age

drug 
class drug dose duration

symptom 
evaluation

symptom reduction 

drug Placebo

Viazis et al. 2012 5 Parallel hypersensitive 
esophagus 

75 39 36 n.a. n.a. SSRI Citalopram 20 mg 26 weeks Physician 
visit 

61.5% 
symptom-
free *

33.3% 
symptom-
free

Ostovaneh 
et al.

2014 5 Parallel PPI-refractory 
GERD 

96 48 48 58 37.1 SSRI Fluoxetine 20 mg 6 weeks Diary 37% 
heartburn-
free days*

7% 
heartburn-
free days

Forcelini 
et al.

2014 5 Cross-
over

NERD 20 20 20 75 36.1 TCA Nortriptyline 10-25 mg† 3 weeks Heartburn 
questionnaire

2.5 points 2.5 points

Hershcovici 
et al. 
(abstract 
only)

2011 3 Parallel PPI-refractory 
GERD

140 n.a. n.a. 29 55.6 TCA Nortriptyline 50 mg 6 weeks Diary 23.1% 
symptom-
free

27.1% 
symptom-
free

*, p<0.05 versus placebo. †, 10 mg during 1st week, followed by 25 mg during week 2 and 3. n.a. 
not available. tCa, tricyclic antidepressant; SSrI, selective serotonin reuptake inhibitor.

Functional chest pain of presumed esophageal origin
Functional chest pain of presumed esophageal origin is defined in the Rome 
III criteria as midline chest pain or discomfort that is not of burning quality. 
Cardiac etiology and gastroesophageal reflux must be excluded, as well as 
other histopathology-based motility disorders such as achalasia. We identified 8 
randomised placebo-controlled trials evaluating antidepressant therapy for non-
cardiac chest pain, of which 6 trials were extensively discussed in a systematic 
review by Nguyen et al.17–25 Primary outcome measures in these 8 trials varied 
considerably, but in all trials the frequency, intensity or duration of chest pain 
was evaluated. Although currently a part of the Rome III diagnostic criteria, 
exclusion of GERD was only performed in 2 studies, by Lee et al. and Clouse et 
al. Favorable results were obtained in 5 studies, whereas in the 3 other studies 
no beneficial effect was observed compared to placebo (table 2). Treatment with 
imipramine 18, sertraline19, and venlafaxine 22 all had significant beneficial effects 
on chest pain severity or frequency compared to placebo, reducing symptoms 
with more than 50%. In 2 trials data regarding the intensity or frequency of chest 
pain was analyzed longitudinally during the entire treatment period using diaries. 
In a cross-over trial by Cox et al. patients on imipramine 50 mg had significantly 
fewer chest pain episodes during the entire active treatment period than during 
the placebo regimen, however, imipramine had no effect on overall quality of 
life.23 A study by Keefe et al randomised patients with non-cardiac chest pain to 
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treatment with sertraline, placebo, or a treatment strategy including coping skills 
therapy. Sertraline, coping skills training, and a combination of both, all significantly 
improved chest pain intensity throughout the 34-week treatment, while an initial 
reduction of chest pain after placebo was not maintained.24 In contrast, 2 studies 
evaluating the treatment with paroxetine demonstrated a similar reduction in chest 
pain duration or intensity in the paroxetine and placebo group.20,21 Similar results 
were obtained with trazodone, reducing chest pain but not leading to a significant 
advantage over placebo.17 

Functional heartburn
Functional heartburn is defined as the presence of burning retrosternal discomfort 
in the absence of evidence for GERD diagnosis. Our systematic search identified 
no RCTs evaluating the use of antidepressants for this disorder. Nor were any case 
reports or conference abstracts identified.

Heartburn in GERD patients
The effect of antidepressants on heartburn in GERD patients was investigated by 
4 studies, of which 1 was only published in abstract form (table 3).26–29 Viazis et al. 
identified 75 patients with a hypersensitive esophagus amongst a group of 252 
patients with PPI-refractory reflux symptoms.26 Although these patients demonstrated 
physiological acid exposure during a 24-hour pH-impedance measurement, their 
reported symptoms were associated with reflux (Symptom Index > 50%). Using the 
current Rome criteria these patients are no longer classified as having a functional 
esophageal disorder but they are considered to be part of the GERD spectrum, 
which is supported by the fact that these patients generally benefit from anti-reflux 
surgery.30 In a randomized double-blind study, 6 months of treatment with citalopram 
20 mg once a day was significantly more efficient in treating reflux symptoms than 
placebo, as 38.5% of patients using citalopram reported remaining symptoms versus 
66.7% of patients using placebo.26 The most frequently remaining symptom was 
heartburn, followed by regurgitation and chest pain. A limitation of this study was that 
the presence of symptoms was not assessed using validated questionnaires or diaries 
but based on physician reports. Recently, Ostovaneh et al. included 144 patients 
with PPI refractory symptoms and a normal upper endoscopy and treated them with 
fluoxetine, omeprazole or placebo.29 Six weeks of fluoxetine resulted in a significantly 
higher percentage of heartburn-free days compared to placebo and omeprazole, 
37% versus 7% and 7% respectively. Interestingly, subgroup analysis revealed that 
this difference was completely attributed to the patients with physiological acid 
exposure during 24h pH monitoring, a group comprised of patients with functional 
heartburn and patients with a hypersensitive esophagus. 
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Besides these two positive studies, we also retrieved two studies that report 
negative results. In a study by Forcelini et al., 20 patients with non-erosive reflux 
disease were evaluated after treatment with nortriptyline (10 mg/day or 1 week, 
followed by 25 mg/day for 2 weeks) and placebo in a cross-over randomized 
fashion. Both nortriptyline and placebo significantly improved symptoms 
assessed using a validated heartburn questionnaire. However, the decrease of 
heartburn was similar for nortriptyline and placebo.28 A conference abstract by 
Hershcovici et al. reported the effect of three treatment strategies in 140 patients 
with refractory GERD.  All patients had a normal endoscopy but information 
on the severity of acid exposure or symptom association in the included study 
population was lacking. Patients were randomized to treatment with single-
dose PPI in combination with 50 mg nortriptyline, or to double-dose PPI, or to 
single-dose PPI with placebo. Complete heartburn resolution was the primary 
outcome and was achieved in 23.1% of patients treated with PPI in combination 
with nortriptyline. This was not superior to single-dose PPI with placebo (27.1%, 
OR 0.81, 95%CI 0.3-2.2) or double-dose PPI (26.4%). The number of heartburn-
free days was also similar. 

Functional dysphagia
Functional dysphagia is defined as the sense of foods sticking, lodging or 
abnormally passing through the esophagus in the absence of GERD, an esophageal 
motility disorder, eosinophilic esophagitis, or obstructive lesions of the esophagus. 
Our systematic search identified no RCTs describing the use of antidepressants in 
the context of functional dysphagia. Neither was any other evidence for the use 
of antidepressants for dysphagia identified.  

Globus
Globus is defined as the non-painful sensation of a lump or a foreign body in 
throat occurring between meals and in the absence of dysphagia or odynophagia. 
GERD and other motility disorders have to be excluded. No placebo-controlled 
trials evaluating the treatment of globus with antidepressants were available. Our 
search identified one controlled trial in which 30 globus patients were randomised 
between amitriptyline 25 mg once daily and pantoprazole 40 mg once daily.31 
After 4 weeks, a significantly higher percentage of patients in the amitriptyline 
group responded to treatment compared to the pantoprazole group, 75% and 36% 
respectively. Additionally, we identified two case reports. Brown et al. described 
the resolution of globus symptoms with antidepressants in 3 patients with globus 
as main presenting symptom. It must be acknowledged that these patients were 
treated in the context of depression. 32 A second case report also describes the 
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complete resolution of globus symptoms after electroconvulsive therapy and 
maintenance treatment with clomipramine in a patient with severe depression.33 

dIscussIon

Our aim was to review all available data regarding the use of antidepressant therapy 
for symptoms associated with esophageal visceral hypersensitivity, both in the 
context of functional esophageal disorders and in GERD. The retrieved literature 
suggests that antidepressants reduce esophageal sensitivity to experimentally 
induced pain, and reduce chest pain in patients with functional chest pain of 
unknown origin. Although the evidence is limited, SSRIs might also be effective 
for the treatment of heartburn in a subset of GERD patients.  No conclusion 
can be drawn regarding the response of globus and functional dysphagia to 
antidepressant therapy. 

The ratio to use low-dose antidepressants for the modulation of esophageal 
sensation is supported by studies demonstrating that these drugs are effective 
in the treatment of several neuropathic pain disorders and IBS.11,12 In a large 
Cochrane review including all studies performed in patients with different types 
of neuropathies, treatment with tricyclic antidepressants was associated with a 
relative risk for moderate improvement of symptoms of 2.1 (95% CI 1.8 - 2.5) versus 
placebo, with a number needed to treat of 4.12 symptoms during TCA or SSRI 
treatment of 0.66 (95% CI 0.57 – 0.78) versus placebo, also with a number needed 
to treat of 4.11 The observed significant benefit of antidepressants over placebo 
in these disorders suggests their use in esophageal disorders associated with 
visceral hypersensitivity. In the literature identified by this systematic search, the 
percentage of symptom reduction ranged from 18 – 67% for the treatment of 
functional chest pain.17–24 For the treatment of heartburn this percentage ranged 
from 23 – 61%.26–29 Unfortunately, considerable differences between the selected 
studies regarding the patient definition, outcome definition, and the method of 
symptom analysis, hampered meta-analysis of the presented data.   

The effect of antidepressants on heartburn was investigated in 4 studies. All 
studies included patients with GERD, whereas no study was performed on patients 
with functional heartburn in whom GERD was excluded. Two studies reported 
a beneficial effect of antidepressant therapy,26,29 whereas one published study 
and one conference abstract reported no benefit of nortriptyline on heartburn 
scores.27,28 Differences in medication and patient selection between these studies 
may explain the observed differences. Both negative studies used nortriptyline, 
a TCA, while the positive studies used citalopram or fluoxetine, both SSRIs. Both 
type of drugs demonstrated similar efficacy in the treatment of depression 34 
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and IBS.11 However, TCAs have been shown to prolong orocecal transit times, 
in contrast to the accelerating effect of SSRIs on orocecal transit.35 A prolonged 
presence of content in the stomach theoretically facilitates a prolonged time 
window for reflux to occur, as stomach content and the acid pocket in particular 
are the main sources of refluxate.36 A second possible explanation is the significant 
difference in the included study populations. The positive studies strictly selected 
patients with physiological esophageal acid exposure, while both negative studies 
included patients without prior pH monitoring. The latter studies possibly included 
patients with severe esophageal acid exposure, in whom excessive exposition 
of the esophageal mucosa to reflux had already led to ultrastructural changes 
of the mucosa.37,38 These ultrastructural changes have been associated with an 
increased sensitivity to acid,39 which might not be overcome by the central effect 
of an antidepressant. A final explanation for the opposite outcomes might be a 
difference in the duration of treatment. In the negative study by Forcelini et al. 
patients were treated for 3 weeks,28 while in the positive studies patients were 
treated for 6 weeks or longer.26,29 Although it has been claimed that the analgesic 
effect of a TCA already becomes apparent after only a couple of days, it is advised 
to treat new patients with neuropathic pain for at least 6-8 weeks.40 The success 
of antidepressant treatment for patients with heartburn seems to depend on a 
careful selection of eligible patients, a long-term treatment regime and possibly 
the choice of medication. As no study is available that strictly included patients with 
functional heartburn, the above statement only applies to patients with heartburn 
in the context of GERD. However, as both conditions are associated with visceral 
hypersensitivity of the esophagus, a similar beneficial effect might be expected.41 
Interestingly, in the study by Ostovaneh et al. patients were included based on 
acid exposure time and no symptom association was used to differentiate between 
hypersensitive esophagus and functional heartburn. The heartburn-modulating 
effect of fluoxetine they observe in their pH-negative group might therefore be 
generalized to both hypersensitive esophagus and functional heartburn patients. 
Recently, modulation of esophageal sensation was also attempted by antagonizing 
the transient receptor potential vanilloid 1 (TRPV1), a receptor responsive to heat 
and acid and present in esophageal mucosa.42,43 Although the TRPV1 antagonist 
altered pain thresholds in healthy volunteers, no beneficial effect was observed in 
patients with non-erosive reflux disease.44,45

Very limited data was identified regarding the effect of antidepressants on 
globus. The only available evidence is from a recent trial comparing low-dose 
amitriptyline with a PPI in 30 globus patients.31 Amitriptyline reduced globus 
symptoms assessed with a validated questionnaire more efficiently than PPI, and also 
improved quality of life. Furthermore, two case reports described antidepressant 
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therapy for globus but these included patients with severe depression, making 
it questionable whether the observed response of globus symptoms was in fact 
due to the resolution of their depression.32,33 Finally, no literature was available 
on the effect of antidepressants in patients with functional dysphagia. Besides 
the paucity of data on treatment with antidepressants for this disorder, there is 
no data on other medical treatments either. Therefore, a sensible management 
could consist of reassurance, the advice to carefully masticate foods and to avoid 
symptom-eliciting food. Other treatment options for dysphagia such as botulinum 
toxin injection or pneumatic dilation should only be used in case of specific motility 
disorders such as esophageal spasm or achalasia. 

In summary, the results of the trials included in this systematic review provide 
modest evidence that both TCAs and SSRIs modulate esophageal sensation 
and reduce functional chest pain. Limited evidence suggests that SSRIs are 
beneficial for patients with heartburn, physiological acid exposure and positive 
symptom association. Most importantly, this review emphasizes the lack of 
controlled trials investigating the effect of antidepressants on other esophageal 
symptomatic disorders. Future trials are warranted to address the question 
whether antidepressants are indeed useful in the treatment of the sizeable group 
of patients with functional heartburn, dysphagia, and globus. These trials should 
preferably use validated questionnaires to assess symptoms and should adequately 
select patients by excluding motility disorders such as achalasia and GERD with 
functional testing.  
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abstRact

Background: 
Esophageal high-resolution manometry (HRM) allows accurate evaluation of 
esophageal motility. Normal values for HRM were established in the United 
States and several new parameters were introduced since. We aimed to provide 
a complete set of normal values for HRM obtained in a European population, 
including all current metrics used to describe the function of the upper esophageal 
sphincter, the esophageal body and the esophagogastric junction. 

Methods: 
Fifty healthy volunteers underwent esophageal HRM. Subjects swallowed 10 
liquid boluses in supine position, after which upper esophageal sphincter (UES), 
esophagogastric junction (EGJ) and contraction wave parameters were evaluated. 
Mean and median values with 5-95th percentile ranges were calculated.     

Results: 
The normative thresholds (5-95th percentile) for the various parameters were; 
UES resting pressure 34.6 – 137.7mmHg, UES residual pressure 0.0 – 8.5 mmHg, 
UES 0.2s-integrated relaxation pressure (IRP) 0.0 – 14.5 mmHg, EGJ length 3.1 
– 6.3 cm, EGJ resting pressure 3.0 – 31.2 mmHg, EGJ 4s-IRP 2.0 – 15.5 mmHg, 
intrabolus pressure (IBP) 6.6 – 19.5 mmHg, distal contractile integral (DCI) 178 – 
2828 mmHg*s*cm, contractile front velocity (CFV) 2.9 – 5.9 cm s-1, distal latency 
5.4 – 8.5 s, and transition zone length 0.0 – 8.2 cm.

Conclusions: 
Most HRM parameters assessed in this study resemble the previously described 
values on which the current criteria are based, supporting the widespread use of 
these criteria for clinical purposes. However, vigor of the esophageal contraction 
was lower and transition zone length larger than in previous reports. Peristaltic 
breaks occur frequently in healthy subjects.



NORMAL VALUES FOR HIGH-RESOLUTION MANOMETRY - CHAPTER 9

145

IntRoductIon

Since several decades esophageal manometry is an important tool in the 
clinical evaluation of patients with foregut symptoms, especially dysphagia.1 
Manometry is the measurement of the pressure pattern created by the circular 
and longitudinal musculature contractions of the esophagus. For conventional 
esophageal manometry, a water-perfused catheter with 4 to 8 pressure sensors is 
used, sometimes incorporating a sleeve-sensor at the level of the esophagogastric 
junction (EGJ).

More recently, high-resolution manometry was introduced, using a catheter with 
up to 36 pressure sensors.2 High-resolution manometry has several advantages 
over conventional manometry. As the sensors are more closely spaced (usually 
at 1 cm intervals) than with conventional manometry, it provides a higher spatial 
resolution, enabling a more detailed assessment of esophageal motility. This allows 
the detection of abnormalities restricted to a small area. Also, the conversion of 36 
pressure measurements to a spatiotemporal plot instead of traditional line plots 
simplifies the interpretation of the recording, leading to an easier positioning of 
the catheter and a quick learning curve for new users of the technique.3

The introduction of high-resolution manometry was accompanied by the 
introduction of several new parameters that are instrumental in describing the 
details of esophageal motor function. Normal values for these parameters were 
first described by the Chicago group who performed HRM studies in 75 healthy 
volunteers.4–6 Based on these normal values the Chicago classification was 
established.7 A second series of HRM normal values from the United States was 
generated using the same HRM solid-state catheter (Given Imaging, Yogneam, 
Israel), and normal values were provided by a recent paper investigating the effect 
of bolus substance and posture on HRM metrics.8,9 However, new parameters 
for HRM have recently been introduced that have not been described by these 
previous studies. We therefore aimed to provide a complete overview of normal 
values for all esophageal HRM metrics currently used to describe the function of 
the upper esophageal sphincter, the esophageal body and the esophagogastric 
junction, measured in a European population of asymptomatic subjects. 

Methods

Subjects
Fifty healthy volunteers were included in the study (35 males and 15 females, mean 
age 35, range 18 – 64 years, mean BMI: 23.4, range 20.0 – 27.7). Healthy volunteers 
did not have any gastrointestinal symptoms and never underwent surgery of the 
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upper gastrointestinal tract. Participants did not use regular medication. From 
each participant written informed consent was obtained and the study protocol 
was approved by the Medical Ethics Committee of the Academic Medical Center.

Esophageal high-resolution manometry
Stationary esophageal HRM studies were performed according to the standardized 
protocol used in our center, using a solid-state HRM system marketed by 
Given Imaging (Yogneam, Israel). The solid-state HRM catheter consisted of 36 
pressure channels spaced at 1-cm intervals. Prior to the study participants had 
fasted for 4 hours. The HRM catheter was placed transnasally and positioned to 
record from hypopharynx to stomach. Subsequently, participants were placed 
in supine position and were asked to perform a series of 10 swallows of 5 mL 
of water. After the 10 swallows participants were asked not to swallow during 
30 s, enabling a landmark recording to place the anatomical markers during 
analysis. HRM signals were recorded using a sampling frequency of 20 Hz. The 
HRM pressure tracings were calibrated at 0 and 300 mmHg before the onset of 
the measurement. 

Data analysis
Data were analyzed using the most recent dedicated software (ManoView 
Analysis, version 3.0, Given Imaging, Israel). Esophageal motility was characterized 
by measuring esophageal pressure topography parameters according to the 
previously established Chicago criteria.(10) After inspection of the measurement, 
the automated marker placement for gastric pressure, upper and lower border 
of the lower esophageal sphincter (LES), eSleeve, and upper esophageal 
sphincter (UES) was manually corrected in the landmark section. Subsequently 
the 10 swallows were manually inspected, and if necessary, the placement of the 
contractile deceleration point marker was corrected. UES resting pressure and UES 
residual pressure were calculated automatically and referenced to atmospheric 
pressure. UES 0.2s integrated relaxation pressure (UES 0.2s-IRP) was the only 
measure analyzed using dedicated software by Medical Measurement Systems 
(MMS) (Enschede, The Netherlands), as this function was not available on the Given 
analysis software. This measure represents the mean of the lowest pressures within 
the eSLeeve for 0.2 s, not necessarily consecutive. We chose to report the normal 
values of a 0.2 second IRP window because the median window of UES relaxation 
was 0.7 seconds (IQR 0.4 – 0.9s) in a previous study by Omari et al.(11) We chose 
a significantly shorter interval than the lower limit of this range as we wanted to 
exclude any interference of the resting pressure of the UES. Unfortunately, we 
could not perform an analysis to define the specific IRP window that optimally 
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discriminates abnormal from normal UES relaxation, as no well-defined clinical 
entity involving UES-dysrelaxation exists. EGJ resting pressure was assessed using 
the eSleeve and expressed as the mean pressure at the lowest pressure point of 
the end-expiratory phase (mean of respiratory minima). Deglutitive EGJ relaxation 
was assessed using the 4-s integrated relaxation pressure (IRP4), which is also a 
measure calculating the mean of the lowest pressures within the eSLeeve at the 
EGJ for 4 s, not necessarily consecutive. Both EGJ resting pressure and IRP4 were 
referenced to gastric pressure. Finally, intrabolus pressure (IBP) was measured, 
reflecting the resistance to EGJ passage of a bolus. IBP was calculated during the 
entire swallow window as the mean of the maximum pressure of 3 non-continuous 
seconds at 1 cm above the EGJ; the ‘IBP average max’, and also during LES 
relaxation as the mean pressure measured during the 4-second IRP window; the 
‘IBP at LESR’. 

Several characteristics of the contraction in the esophageal body were 
calculated to assess the vigor, wave propagation and integrity of the esophageal 
contractions.  Distal contractile integral, contraction amplitude at 11, 7, and 
3 cm from the LES, contraction front velocity, and distal latency were calculated 
as previously described.10 We determined the length of the transition zone by 
measuring the region bridging the 20 mmHg isobaric contour between the 
proximal and distal segments of the esophageal contraction. We also calculated 
the occurrence of failed contractions and the presence of small (2 – 5 cm) and large 
(>5 cm) peristaltic breaks.  

Statistical analyses
Variables are expressed as mean with standard deviation and median with the 
calculated 5th and 95th percentiles. Descriptive analyses were performed using 
Graph Pad Prism version 5.01 and SPSS Statistics version 19.01.

Results

HRM was successfully performed in all 50 participants. From each participant 10 
technically successful wet-swallows were recorded, as well as a period without 
swallowing suitable for a landmark analysis of the location and resting pressure of 
both sphincters. 

From the total of 500 recorded wet-swallows, during 36 swallows (7%) no 
peristaltic contraction was seen and these were classified as ‘failed peristalsis’. 
When analysed per subject, the median percentage of failed contractions was 
0% with 95th percentile of 39%. When applying the Chicago definition of small 
(2  –  5  cm) and large (>5 cm) breaks of the peristaltic contraction to all 500 
swallows, 37 (7%) were followed by a large break, and 118 (24%) were followed by 
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a small break.  When analysed per patient, the median percentage of contractions 
with large peristaltic breaks was 0% with a 95th percentile of 45%. Finally, the 
median percentage of small peristaltic breaks was 20% with a 95th percentile 
of 85%. 

UES and EGJ parameters
Table 1 summarizes the pressure characteristics of the esophageal sphincters. 
The mean UES resting pressure was 75.8 ± 32.2 mmHg with an upper limit (95th 
percentile) of 137.7 mmHg and lower limit (5th percentile) of 34.6 mmHg. The mean 
UES residual pressure was 1.9 ± 2.6 mmHg (5 - 95 percentile range 0.0 - 8.5 mmHg), 
and the mean UES 0.2s-IRP was 6.8 ± 4.1 mmHg (5 - 95 percentile range 0.0 
- 14.5 mmHg). The mean EGJ length was 4.9 cm (5 - 95 percentile range 3.1 – 
6.3 cm), with a mean intra-abdominal segment of 2.3 cm (5 - 95 percentile range 
0.7 – 3.9 cm). The mean end-expiratory EGJ resting pressure was 14.7 ± 8.3 mmHg 
(5 - 95 percentile range 3.0 - 31.2 mmHg). The mean IRP4 was 7.9 ± 5.1 mmHg with 
a 95th percentile of 15.5 mmHg, closely resembling the 95th percentile of 15 mmHg 
used for EGJ relaxation in the Chicago classification. The mean IBP was 2.9 ± 2.6 
(5 - 95 percentile range 0.0 – 7.9 mmHg).

table 1. Normal values of UES and EGJ parameters.

mean sd median

Percentiles

5th 95th
5-95th  
Chicago* 

5-95th 
unisensor 
cathether‡

UES

UES resting pressure (mmHg) 75.8 32.2 72.0 34.6 137.7 26.3 – 85.1 19.5 - 165.1

UES residual pressure (mmHg) 1.9 2.6 0.5 0.0 8.5 0.1 – 11.9 n.a.

UES 0.2 s IRP 6.8 4.1 6.5 0.0 14.5 n.a. n.a.

EGJ

EGJ length (cm) 4.9 1.0 4.2 3.1 6.3 n.a. 2.1 - 4.0

EGJ intra-abdominal length 
(cm)

2.3 0.9 2.3 0.7 3.9 n.a. n.a.

EGJ resting pressure (mmHg) 14.7 8.3 15.0 3.0 31.2 5 - 31.6 9.0 - 51.4

IRP4 (mmHg) 7.9 5.1 7.0 2.0 15.5 <14.7 <28.3

IBP average max (mmHg) 12.6 4.0 12.5 6.6 19.5 <15 <19

IBP at LESR (mmHg) 2.9 2.6 3.0 0.0 7.9 n.a. n.a.

*the 5th and 95th percentiles of hrM parameters of previously published data with the same 
equipment5,10,14,15. ‡the 5th and 95th percentiles of hrM parameters published by Bogte et al. 
using the Unisensor solid-state cathether (21). n.a., not available.
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Esophageal body contraction parameters
The parameters of contraction vigor and wave propagation are summarized in 
table 2. The mean distal contractile integral was 1092 mmHg*s*cm with an upper 
limit (95th percentile) of 2828 mmHg*s*cm. Mean contraction amplitude was 59.1 
(5th – 95th percentile 24.1 – 140.5) mmHg at 11 cm above the LES, 72.3 (5th – 95th 
percentile 24.6 – 152.7) mmHg at 7 cm above the LES, and 72.0 (5th – 95th percentile 
32.2 – 159.4) mmHg at 3 cm above the LES. The mean contractile front velocity 
was 3.9 ± 0.9 cm s-1 (5th – 95th percentile 2.9 – 5.9 cm s-1). The mean distal latency 
was 6.9 ± 0.9 s (5th – 95th percentile 5.4 – 8.5). The median length of the transition 
zone was 2.2 cm (5th – 95th percentile 0.0 – 8.2). 

To assess hypercontractility, we assessed the swallow with the greatest DCI of 
each patient. Maximum DCI was 1785 mmHg*s*cm (5th – 95th percentile 1353 – 2217) 
for the total population, and the single swallow with the greatest DCI had a DCI 
of 9005 mmHg*s*cm. 

dIscussIon

This study provides a set of normal values for esophageal high-resolution 
manometry obtained in a European population of 50 asymptomatic subjects. The 
measurements were all performed with a solid-state HRM assembly, the ManoScan 
system, which is identical to the system used by Pandolfino and co-workers.4,5 The 

table 2. Contraction strength and wave propagation parameters. 

mean sd median

 Percentiles

5th 95th 95th Chicago*

95th 
unisensor 
cathether

DCI (mmHg*s*cm) 1092 1019 834 178 2828 <5000 <3407

Contraction amplitude 11 cm 
(mmHg)

59.1 35.6 49.7 24.1 140.5 23.3 – 102.1 n.a

Contraction amplitude 7 cm 
(mmHg)

72.3 42.9 63.1 24.6 152.7 31.5 – 146.4 n.a

Contraction amplitude 3 cm 
(mmHg)

72.0 34.9 68.7 32.2 159.4 31.5 – 146.4 n.a

CFV (cm s-1) 3.9 0.9 4.2 2.9 5.9 <7.5 <6.5

DL (s) 6.9 0.9 6.8 5.4 8.5 >4.5 n.a.

Transition zone (cm) 2.6 2.5 2.2 0.0 8.2 <3 <5.6

*the 5th and 95th percentiles of hrM parameters of previously published data (4,9,10,16). ‡the 5th 
and 95th percentiles of hrM parameters published by Bogte et al. using the Unisensor solid-state 
cathether (21). n.a., not available.
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study includes all parameters currently used in the Chicago classification for the 
diagnosis of esophageal motility disorders. We observed some minor differences 
between our data and most of the previously published normal values that were 
used to establish the Chicago classification criteria. Substantial differences were 
only observed in the upper limits of normal of the UES resting pressure, DCI, and 
transition zone length. 

Assessment of EGJ relaxation is one of the clinically most relevant features of 
high-resolution manometry, and the IRP4 is considered to be the most accurate 
measurement of deglutitive EGJ relaxation. For the definition of adequate EGJ 
relaxation, the Chicago classification currently uses a cut-off value of 15 mmHg. 
Our data lends support to this threshold as the 95th percentile in our cohort is 
15.5 mmHg. The intrabolus pressure is an indirect measure of EGJ relaxation and 
a functional measure of resistance across the EGJ. We observed a slightly higher 
95th percentile of the IBP than the current cut-off of 15 mmHg for mild obstruction. 
However, the relevance of this difference is questionable, as the threshold for 
severe obstruction was previously defined at 30 mmHg, a value never observed in 
any of the measured healthy subjects.7 The observed length and the end-expiratory 
pressure of the EGJ were very similar in our cohort compared to the previously 
described data.5 Our data suggest a threshold for a hypotensive EGJ (or LES 
hypotension) of 3 mmHg. Similarly, a threshold for a hypertensive EGJ/LES can be 
defined at 31 mmHg. The clinical relevance of these definitions in the context of 
GERD or dysphagia remains to be established.

Characteristics of the UES are not included in the most recent version of the 
Chicago classification for motility disorders.10 However, it has been suggested that 
UES manometry may be important in evaluation of patients with oropharyngeal 
dysphagia and globus.(12–14) Therefore, we also included basal UES pressure, and 
assessed UES relaxation using the UES residual pressure and the UES 0.2s-IRP. 
The Chicago group previously demonstrated that an IRP measured at the EGJ had 
higher sensitivity and specificity for distinguishing abnormal EGJ relaxation than 
the nadir EGJ relaxation pressure.15 This finding supports the use of a similar type of 
IRP to describe UES relaxation. When using the UES 0.2s-IRP to define the normal 
range of UES relaxation, our data suggest an upper limit of normal of 15 mmHg. 
This is the first study reporting normal values for an IRP at the level of the UES. 

We assessed the contractility of the esophageal body using the corresponding 
metrics from the current Chicago classification; DCI, contraction amplitude, CFV, 
DL. While the contraction amplitudes above the LES were similar to previous 
data, we observed the most marked difference in the upper limit (95th percentile) 
of the mean DCI. Our data suggest a threshold for ‘hypertensive peristalsis’ 
of 2828 mmHg*s*cm, which is somewhat lower than the current threshold 
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(< 5000 mmHg*s*cm) used in the Chicago criteria.10,16 The reason for this difference 
is not known. It cannot be caused by technical differences as we used an HRM 
assembly from the same manufacturer as used by previous investigators. Possibly, 
a difference in BMI (23.4 in our study population versus 28.7 in the average 
population in the United States17) might have led to a difference in esophageal 
contractility, but there is little data in the literature available on this. The 
esophageal contraction facilitates bolus clearance across the EGJ. Bolus clearance 
across the EGJ depends on the gradient between intrabolus pressure and the 
obstructing EGJ pressure, or the gastroesophageal pressure gradient.18 Also, a 
high BMI is associated with high intragastric pressure and a high gastroesophageal 
pressure gradient.19 So theoretically, obese patients need a stronger esophageal 
contraction to overcome the chronically higher gastroesophageal pressure barrier, 
and one might expect a higher DCI in patients with high BMI. Nevertheless, it must 
also be noted that a clear relation between mildly hypertensive peristalsis with 
normal morphology and symptoms has never been established. In the case of a 
‘jackhammer esophagus’ this is more evident as it is accompanied by dysphagia in 
75% of subjects.16 The  greatest DCI for a single swallow that we observed in our 
population was 9005 mmHg*s*cm, slightly higher than the highest value observed 
in the Chicago population.16 As the criteria for jackhammer esophagus were based 
on the highest DCI value observed in asymptomatic healthy subjects, this finding 
may provide a reason to increase the cut-off value used in the current criteria. 
The mean and upper limit of normal of the CFV (5.9 s), as well as the mean and 
lower limit of normal of the DL (5.4 s) were close to previously measured values 
in healthy subjects. 

We also measured the mean length of the peristaltic break of the 20-mmHg 
isobaric contour, reflecting the transition zone. The upper limit of normal for the 
length of the transition zone was 8.2 cm in our study, which is substantially larger 
than in previous series. A possible explanation might be that we used all swallows 
for this analysis, including those with large peristaltic defects. We also analyzed the 
occurrence of peristaltic breaks in our healthy subjects, according to the current 
version of the Chicago Classification in which peristaltic breaks of 2 – 5 cm are 
classified as small breaks and breaks larger than 5 cm as large breaks. We observed 
that using these cut-off values, large breaks occur in up 45% of swallows. Small 
breaks occur even more frequently, with an upper limit of normal (95th percentile) 
of 85%. This seems a large number in a population of healthy asymptomatic 
controls, and is probably due to the larger transition zone found in our study cohort 
compared to previous studies. Our data provide a reason to reconsider the cut-off 
values for weak peristalsis. It could also be considered to include the DCI in the 
diagnosis of weak peristalsis instead of or in addition to using break length. Xiao 
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et al. recently described that an ineffective swallow could be optimally identified 
by a DCI value < 450 mmHg*s*cm.20     

A recent study by our group using a different type of solid-state HRM catheter 
(Unisensor catheter with unidirectional pressure sensors) demonstrated fairly 
comparable HRM parameters, especially for the esophageal contraction wave 
parameters.21 However, normal ranges for UES resting pressure, EGJ resting 
pressure and IRP4 were considerably higher with the Unisensor catheter (table 1 
and 2).21 The cause for these differences is not certain.  Although the measurements 
were not performed in the same population, their demographics were very 
comparable. The most likely explanation is a difference in catheter performance 
characteristics. The main technical difference between the catheters is that the 
Unisensor catheter uses unidirectional stretch gauge pressure sensors whereas the 
Given catheter uses circumferential tact array pressure sensors. We speculate that 
angulation of the catheter at the level of the angle of His might cause increases 
in axial pressure, which troubles the accurate recording of the unidirectional type 
of sensor. It has also been shown that differences in manometric protocol such as 
position of the patient and bolus substance can influence the result of a manometric 
study.9 However, our study protocol used for the performed manometric studies 
with both catheters was identical. 

In summary, this study describes an additional set of normal values for all 
currently used esophageal HRM parameters, obtained in a population of 50 
asymptomatic European subjects. Differences with previously published data were 
found for the DCI, UES resting pressure and for the length of the transition zone, 
but all other HRM parameters are in line with the values used in the current criteria, 
supporting the widespread future use of these criteria for clinical and research 
purposes. Current normal values for DCI and pressure breaks in the Chicago 
classification may need to be reconsidered.
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abstRact

Background: 
The diagnosis of a sliding hiatal hernia is classically made with endoscopy or 
barium esophagogram. Spatial separation of the lower esophageal sphincter 
(LES) and diaphragm, the hallmark of hiatal hernia, can also be observed on high-
resolution manometry (HRM), but the diagnostic accuracy of this finding has not 
yet been investigated. Our aim was to determine the diagnostic value of HRM in 
the detection of hiatal hernia.

Methods: 
HRM recordings, endoscopy reports and barium esophagograms of 90 patients 
were analyzed for the presence and size of a hiatal hernia. The diagnostic value of 
a hernia specific HRM pressure pattern was calculated, as well as the agreement of 
HRM with endoscopy and barium esophagogram for the assessment of hernia size.

Results: 
HRM was found to be highly sensitive and specific for hiatal hernia detection, with 
a sensitivity of 92% and specificity of 95%, exceeding the sensitivity of endoscopy 
or radiography alone (both 73%). Patients with a hiatal hernia on HRM were 
manometrically characterized by an EGJ with partial or complete separation of 
the LES and CD, the latter being associated with significantly lower EGJ pressure.  
A cut-off value of spatial LES-CD separation on HRM of 1.85 cm yielded the optimal 
performance in identifying hiatal hernia. Agreement between HRM, endoscopy, 
and radiography for size of hiatal hernias was good (ICC (95%CI) 0.74 (0.65 – 0.82)). 

Conclusions: 
With HRM, the presence or absence as well as size of a hiatal hernia can be assessed 
with greater sensitivity than with endoscopy or radiography alone. 
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IntRoductIon

Hiatus hernia is a condition in which contents of the abdominal cavity, most 
commonly the stomach, herniate through the esophageal hiatus into the thoracic 
cavity. The most common type of hiatus hernia is a type I or sliding hiatus hernia, 
which is characterized by a spatial separation of the two main components of the 
esophagogastric junction (EGJ), the lower esophageal sphincter (LES) and the crural 
diaphragm (CD).1 Sliding hiatal hernias are associated with excessive esophageal 
acid exposure and an increased frequency of reflux events.2,3 In case of a sliding hiatal 
hernia, widening of the hiatal orifice and laxity of the phrenoesophageal membrane 
allows the cardia to move upward through the hiatal canal. This movement of the 
distal esophagus and cardia in relation to the hiatus is influenced by several events 
such as esophageal peristalsis, body position, esophageal and gastric distension 
and transient lower esophageal sphincter relaxations.4,5 Therefore, sliding hernias 
are dynamic phenomena and can be present in a reduced or un-reduced state.6

The diagnosis of a sliding hiatus hernia is classically made with a barium 
esophagogram, during which the presence of a herniated B-ring at the level of 
the squamocolumnar junction or rugal folds traversing the diaphragm can be 
observed.7 Hiatal hernia diagnosis is also frequently established at endoscopy, 
during which the distance between the squamocolumnar junction (z-line) and the 
diaphragmatic pinch can be measured.8 Years ago, studies using conventional 
manometry in patients with hiatal hernia have demonstrated two separate pressure 
segments at the level of the EGJ, representing the spatial separation of the 
crural diaphragm and the LES.1 Similar separation of the pressure zones exerted 
by the crural diaphragm and the LES has also been shown with high-resolution 
manometry and this condition was significantly associated with gastroesophageal 
reflux disease.9,10 However, the diagnostic accuracy of this finding has not been 
investigated yet and the agreement between HRM and conventional techniques, 
i.e. barium radiography and endoscopy, in the diagnosis of hiatal hernia has not 
been studied. Therefore, we aimed to determine the diagnostic value of HRM in 
the detection of hiatal hernia.

Methods

Patients
Patients who were referred to the outpatient clinic with reflux symptoms, chest 
pain or dysphagia, in whom an esophageal high-resolution manometric study, an 
endoscopy and an esophagogram were performed between January 2011 and 
October 2013 were included in the study. We excluded patients with achalasia 
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and patients who previously underwent surgery that alters the anatomy of the 
EGJ, such as anti-reflux surgery and resections. The study protocol was approved 
by the Medical Ethical Committee of the Academic Medical Center (Amsterdam, 
The Netherlands).

Hiatus hernia detection: Endoscopy and Barium esophagogram
Our reference standard for the hiatal hernia diagnosis was defined as the presence 
of a clear separation between the LES and the crural diaphragm during upper 
endoscopy ór during a barium esophagogram. A minimum length of separation 
was not defined. During endoscopy, the distance in cm from the incisors to 
the diaphragmatic pinch and to the top of the gastric folds was recorded. The 
difference between these distances was considered as the endoscopic size of 
the hiatal hernia. Barium esophagograms were performed immediately after the 
ingestion of 100 – 200 mL of low-density barium sulphate with the patient upright 
in a slight left posterior position. Two investigators, blinded to the information 
from the other investigations, determined the position where the distal esophagus 
was tapered by the lower esophageal sphincter and determined the level of the 
diaphragmatic impression and the result of the individual analyses were compared 
to determine interobserver agreement.11 The distance in cm between these 
landmarks, assessed using dedicated software, was considered the radiographic 
size of the hiatal hernia. 

Esophageal high-resolution manometry
Esophageal high-resolution manometric studies were performed with the 
patient in supine position. We used a solid-state HRM catheter consisting of 36 
pressure channels spaced at 1-cm intervals (Given Imaging, Yogneam, Israel). 
The catheter was positioned to record from hypopharynx to stomach, after which 
patients performed a series of 10 swallows of 5 mL of water. HRM signals were 
recorded using a sampling frequency of 20 Hz, and the HRM pressure tracings 
were calibrated at 0 and 300 mmHg before the onset of the measurement. 
Manometric data were analyzed by two investigators using the most recent 
dedicated software (ManoView Analysis, version 3.0, Given Imaging, Israel). The 
thermal compensation function of the software was used to correct for thermal 
sensitivity of the pressure sensors. Subsequently, the borders of the EGJ were 
identified during a period of 30 seconds following the 10 wet swallows, when 
the patient was asked not to swallow. The proximal and distal borders of the 
EGJ were identified as abrupt pressure increases relative to intraesophageal 
and intragastric pressure respectively. In the same time-window we analyzed 
basal EGJ pressure and determined the pressure inversion point (PIP), which was 
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defined as the most distal site at which the inspiratory pressure was lower than 
the expiratory pressure. 

The pressure morphology of the EGJ of each patient was assessed and 
classified according to the criteria proposed by Pandolfino et al. (fig 1).9 An EGJ 
pressure morphology with a single pressure peak during inspiration and expiration, 
suggesting that the axial position of the LES coincides with the CD, was classified 
as type I (fig 1A). In case of a double- peaked pressure profile the distance between 
the two pressure peaks was measured. It was assumed that the proximal and distal 
pressure peaks represent the LES and CD respectively. When apparent LES – CD 
separation was observed but nadir pressure between the two pressure peaks 
exceeded esophageal and gastric pressure, the EGJ was characterized as type II 
(fig 1B). In case of marked LES – CD separation with a nadir pressure between the 
2 pressure peaks similar to or lower than gastric pressure, EGJ morphology was 
classified as type III. Type III was further subdivided according to the position of 
the PIP. With type IIIa the PIP was located proximal to the CD, and in type IIIb the 
PIP was located proximal to the LES (fig 1C-D). 

Statistical analysis
Characteristics of the EGJ on HRM were summarized using median and 
interquartile range. A Kruskal-Wallis test with Dunn’s multiple comparison test 
was used to compare basal EGJ pressure and LES – CD separation between EGJ 
types. To determine the diagnostic value of HRM in identifying hiatus hernia we 
used the presence of a hiatus hernia during an endoscopy or esophagogram 
as gold standard. Receiver operating characteristic (ROC) analysis was used to 
determine the optimal length of LES – CD separation on HRM to predict the 
presence of hiatus hernia on endoscopy and esophagogram. Agreement between 
the techniques in the determination of hiatus hernia size was assessed using the 
intraclass correlation. Interobserver agreement for determining the presence of 
hiatal hernia for the barium esophagograms and HRM studies was assessed using 
Cohen’s kappa.

Results

Patient characteristics
Ninety patients were included who all underwent an HRM study, an endoscopy 
and a barium esophagogram within a 3-month time window. In 48 out of these 
90 patients a hiatal hernia was observed during upper endoscopy and/or during 
barium esophagogram. Patients with hiatal hernia were significantly older than 
patients without hiatal hernia, whereas gender was equally distributed (table 1). 
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EGJ pressure morphology
HRM was performed technically successful in all subjects. In 43 patients (47%) 
a single peak profile of the EGJ, i.e. a type I EGJ morphology was observed 
according to the Pandolfino classification. In 25 patients (28%) a type II EGJ was 
observed, in which case discernible separation between CD and LES was present, 

figure 1. Examples of different types of EGJ morphology identified by esophageal pressure 
topography across the EGJ. The subtypes are defined according to the level of separation 
of the LES and CD and according to the position of the PIP. In EGJ type I the LES and CD 
overlap both during inspiration and expiration, and the PIP is located directly above the 
EGJ, as shown in (A). (B) demonstrates EGJ type II, with marginal LES – CD separation, but 
with a nadir pressure between the peaks higher than gastric pressure.  The PIP is located 
directly above the diaphragm. (C) shows EGJ type IIIa, with marked LES – CD separation, 
and with the PIP located at the proximal margin of the diaphragm. This in contrast to EGJ 
type IIIb (D), in which LES and CD are separated, but the PIP is located directly above the 
LES. EGJ: esophagogastric junction, LES: lower esophageal sphincter, CD: crural diaphragm, 
PIP: pressure inversion point.

table 1. Patient characteristics 

Hiatal hernia on endoscopy or esophagogram

p-valueyes no 

n (%) 48 (53) 42 (47)

Age, mean (SD) 58 (13) 49 (15) <0.01

Female (%) 23 (49) 28 (65) ns

SD: standard deviation, ns: non-significant
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but the pressure between the two peaks still exceeded gastric pressure. The 
shortest separation between LES and CD observed in the EGJ type II patients in 
this study was 1.6 cm.  Finally, in 15 patients (17%) a type IIIa EGJ, and in 7 patients 
(8%) a type IIIb EGJ was identified, with a clear separation of the CD and LES in 
both groups and with the pressure inversion point directly above the CD or LES 
respectively. The distribution of EGJ types between patients with and without a 
hiatal hernia on conventional techniques is shown in table 2. 

The length of separation between LES and CD was significantly larger for EGJ 
type IIIa (median (IQR) 4.1 (3.6 – 4.6) cm) and EGJ type IIIb (6.6 (3.9 – 7.9) cm) 
compared to EGJ type II (2.3 (2.0 – 2.9) cm) (figure 2A). Also, resting pressure of 
the EGJ was significantly lower in patients with a type IIIa EGJ (median (IQR) 5.2 
(0.8 – 6.3) mmHg) compared to patients with EGJ type I (13.6 (5.5 – 21.5) mmHg) or 
EGJ type II (10.1 (5.4 – 22.1) mmHg) (figure 2B). Although patients with a type IIIb 
hernia demonstrated comparably low EGJ pressures as patients with type IIIa, due 
to its small group size no significant differences for resting pressure were observed 
with the other EGJ types (figure 2B). 

Diagnostic value of HRM findings 
Table 2 illustrates the concordance between the gold standard of hiatal hernia 
detection and the HRM findings. Of the 48 patients with a hernia, 44 were identified 

figure 2. EGJ types and the corresponding A) length of separation between LES and CD, 
B) resting pressure. Bars represent median with interquartile range. LES: lower esophageal 
sphincter, CD: crural diaphragm, EGJ: esophagogastric junction. * = p<0.05, ** = p<0.01, 
*** = p<0.001.
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with a type II or type III EGJ using HRM, while 4 patients with a hernia demonstrated 
a type I EGJ morphology on HRM. HRM identified 3 additional patients with a 
type  II EGJ, while no hiatal hernia was observed during the endoscopy or the 
barium esophagogram. This resulted in a sensitivity of HRM for hiatal hernia 
identification of 92% and a specificity of 93%. The positive predictive value and 
negative predictive value were 94% and 91% respectively. 

To compare these values with a common diagnostic strategy using only 
endoscopy or only radiography, we performed an additional analysis. Of the 
48 patients with a hernia, 22 hernias were identified with endoscopy as well as 
barium esophagogram. However, in 13 patients the hiatal hernia was observed 
during endoscopy, but not present during the barium esophagogram. In 13 other 
patients, a hiatal hernia was observed during the barium esophagogram but missed 
with the endoscopy. Therefore, the sensitivity of a strategy using only endoscopy or 
radiography is substantially lower, 73% for both techniques. Possibly because hiatal 
hernias detected by both endoscopy and barium esophagogram were significantly 
larger than hernias detected by only one of these two techniques (4.7 ± 2.5 cm 
versus 2.2 ± 0.9 cm respectively as measured with endoscopy, p<0.01, and 5.2 ± 
3.1 cm versus 3.3 ± 1.0 cm respectively as measured with barium esophagogram, 
p<0.05). A diagnostic strategy using endoscopy in combination with HRM identified 
47 of 48 hiatal hernias, associated with a sensitivity of 98%. 

The agreement between the 3 techniques for the size of hiatal hernias was 
calculated using the intraclass correlation, where length of LES-CD separation was 
used as the manometric size of the hernia. The agreement between the 3 techniques 
was good with an intraclass correlation (95% CI) of 0.74 (0.65 – 0.82). Bland Altman 
plots demonstrated no consistent differences between HRM and conventional 
techniques in the measurement of hernia size (figure 3). ROC analysis determined 
that a cut-off value of LES-CD spatial separation on HRM of 1.85 cm yielded the 

table 2. Distribution of EGJ morphologies 

eGJ type

totalI II IIIa IIIb

Hiatal hernia detected with 
conventional techniques

Both endoscopy and barium 
esophagogram

1 7 8 6 22

Endoscopy alone 2 7 4 0 13

Barium esophagogram alone 1 8 3 1 13

No 39 3 0 0 42

Total 43 25 15 7 90

eGJ: esophagogastric junction, hrM: high-resolution manometry
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figure 3. Bland – Altman plots for hiatal hernia length (in cm). The middle line in the graphs 
corresponds to the mean length, the upper and lower lines in the graphs correspond to the 
length +95% CI and – 95% CI, respectively. HRM: high-resolution manometry.

figure 4. Receiver operating characteristics (ROC) for the length of LES – CD separation on 
pressure topography plots, using endoscopy and esophagogram as diagnostic references 
for hiatus hernia. The optimal cut-off value to diagnose a hiatus hernia in this cohort was 
1.85 cm, displaying a sensitivity of 88% and specificity of 95%. AUC: area under the curve.

optimal performance in identifying hiatal hernia (figure 4). This cut-off resulted in 
a sensitivity and specificity of 88% and 95% respectively. The agreement between 
observers was calculated with Cohen’s kappa. Two investigators independently 
scored the presence of hiatal hernia during all barium esophagograms and 
HRM studies in a blinded manner. The interobserver agreement for the barium 
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esophagograms was ‘moderate’ with a kappa of 0.48. The interobserver agreement 
for HRM was ‘substantial’ with a kappa of 0.75.

dIscussIon

In this study, we demonstrate that the presence and size of hiatal hernias can 
be determined accurately with esophageal HRM. The major finding of this study 
was that sensitivity and specificity for the detection of hiatal hernia using HRM 
were 92% and 93% respectively, exceeding the diagnostic power of endoscopy or 
radiography alone. Also, agreement between HRM, endoscopy and radiography 
for the determination of hiatal hernia size was good. 

The classical diagnosis of hiatal hernias relies on its presence during endoscopy 
or a barium swallow study.(7,12–14) The diagnosis of hiatal hernia with these 
techniques has several drawbacks. First of all, these are snapshot techniques, 
and the presence of a hiatal hernia is consequently considered an all or nothing 
phenomenon. HRM is a more dynamic investigation allowing more prolonged 
and detailed analysis of the pressure components of the EGJ and provides much 
detail of this anatomic region. A study using HRM and an endoscopically placed 
clip at the level of the Z-line demonstrated that a spatial separation between the 
LES and diaphragm can be present intermittently and gradually, indicating that a 
hiatal hernia really is a dynamic phenomenon with changes in length with time.6 
Conventional techniques have more drawbacks. Reliable radiographic assessment 
of hiatal hernia size can be hampered by the fact that esophageal peristalsis during 
barium swallow studies induces shortening of the esophagus and consequent 
physiologic herniation, which is hard to distinguish from a small hiatal hernia.4 Also, 
the absence of anatomical landmarks such as the B-ring in many patients introduces 
significant subjectivity to the assessment. Similar difficulties are encountered 
during endoscopy. The squamocolumnar junction can be hard to identify in case 
of extensive Barrett’s metaplasia. Also, the presence of a wide hiatus and the 
amount of air insufflation might interfere with the accurate localisation of the crural 
diaphragm.15 A recent study investigating the endoscopic agreement for hiatal 
hernia length also demonstrated this was observer dependent.16 One study has 
previously investigated the accuracy of HRM for hiatal hernia and concluded that 
HRM was often false negative.17 However, the discrepancy with our results might 
be explained by their choice of reference standard, namely laparoscopy. Due to 
intra-abdominal air insufflation during laparoscopy, the number of laparoscopic 
hiatal hernias might be exaggerated, which would reduce the sensitivity of HRM. 

Analysis of EGJ morphology using HRM demonstrated that EGJ types I and II 
were most frequently observed in our study population. EGJ type III, considered the 
most typical pressure morphology of hiatal hernia, was associated with the largest 
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separation between LES and CD and with the lowest expiratory EGJ pressure, 
consistent with the previous study by Pandolfino et al.9 In contrast to that study, 
we observe that the typical morphology of EGJ type II (partial overlap between 
LES and CD) is associated with an expiratory EGJ pressure similar to EGJ type I, 
while separation between pressure profiles of LES and CD was discernible (median 
2.3 cm). This suggests that although there is only partial overlap between the LES 
and CD, their separate contributions to the EGJ barrier still complement each other. 
In EGJ type III, both components of the EGJ barrier obviously exert their pressure 
in separate locations, resulting in a lower expiratory EGJ pressure.1 The discrepancy 
of EGJ pressures with the study by Pandolfino et al. might be caused by the fact 
that in that study a substantial group of asymptomatic volunteers was included 
in the type I group, which possibly resulted in a higher median EGJ pressure 
compared to our symptomatic EGJ type I population.18 An important observation 
of our study is that 22 of 48 patients with a hiatal hernia are characterized by the 
‘intermediate’ EGJ type II on HRM. Therefore, one could argue that an EGJ type 
II pressure morphology should not be considered an intermediate type of EGJ 
morphology but should be considered as abnormal, especially given that the EGJ is 
a dynamic structure and that further separation of the LES and CD may be induced 
by peristalsis thereby favoring reflux.6,19  

Another important observation with significant clinical implications is that hiatal 
hernia can be very accurately diagnosed using a combination of endoscopy and 
HRM, with a sensitivity of 98%. In a clinical setting when anti-reflux surgery is 
considered, HRM is usually performed to assess esophageal peristalsis. The current 
study suggests that an additional barium esophagogram to assess the presence of 
a hernia could be omitted pre-operatively when an HRM is performed.

In the current study, the agreement between HRM and conventional techniques 
to determine the size of hiatal hernias was good, with an overall ICC of 0.74. The 
intraclass correlation is defined as the ratio of the variance between the raters 
(i.e. the 3 techniques) and the total variance of the study population. The diagnostic 
value of a test is also determined by the agreement between different observers. 
We demonstrate that interobserver agreement for determining the presence of 
hiatal hernia was only ‘moderate’ for barium esophagograms and ‘substantial’ 
for HRM, kappa’s being 0.48 and 0.75 respectively. For endoscopy studies it was 
not possible to perform an inter-observer analysis as endoscopic hernia size was 
determined retrospectively. However, a previous study in patients with a Barrett’s 
esophagus analysed hiatal hernia size during two consecutive endoscopies by 
different endoscopists and demonstrated reasonable endoscopic agreement.16 

Our study is not without limitations. The data from the endoscopies and barium 
esophagograms were retrospectively collected. The barium esophagograms 
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were re-analyzed for the size of hiatal hernias by two investigators blinded to the 
information from other investigations. For the endoscopic data such a re-analysis 
was not possible, and we had to rely on the endoscopists’ reports, in which the 
level of the Z-line and diaphragmatic pinch were routinely noted. A strength of 
this study is that all HRMs were performed according to a standardized protocol 
by the same investigators and under the same circumstances. 

In conclusion, HRM can accurately identify the presence of hiatal hernias 
by measuring separation of pressure patterns exerted by the LES and the CD. 
Sensitivity and specificity for the detection of hiatal hernia using HRM were 92% and 
93% respectively, exceeding the diagnostic power of endoscopy or radiography 
alone. Agreement between the 3 techniques for the measurement of hiatal hernia 
size is good.
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abstRact

Background: 
Fundoplication is an effective therapy for gastroesophageal reflux disease (GERD), 
but can be complicated by post-operative dysphagia. High-resolution manometry 
(HRM) can assess esophageal function, but normal values after fundoplication are 
lacking. Our aim was to obtain normal values for HRM after successful Toupet and 
Nissen fundoplication. 

Methods: 
Esophageal HRM was performed 3 months after Toupet or Nissen fundoplication 
in 40 GERD patients without post-operative dysphagia and with a normal barium 
esophagogram. Normal values for all measures of the Chicago classification were 
calculated as 5th and 95th percentile ranges.

Key Results: 
The normal values (5th-95th percentiles) for integrated relaxation pressure (IRP) 
were higher after Nissen (5.1 - 24.4 mmHg) than after Toupet fundoplication (3.1 
- 15.0 mmHg), and upper limit of normal was significantly higher after Nissen 
fundoplication than observed in the asymptomatic subjects that were described in 
the Chicago Classification. Distal contractile integral was significantly higher after 
Nissen (357 - 4947 mmHg*s*cm) than after Toupet (68 - 2177 mmHg*s*cm), and 
transition zone length was significantly shorter after Nissen (0 - 4.8 cm) than after 
Toupet fundoplication (0 - 12.8 cm). 

Conclusions & Inferences: 
HRM metrics for subjects after a Toupet fundoplication are similar to the normal 
values derived from healthy subjects used for the Chicago classification. However, 
after Nissen fundoplication a higher EGJ resting pressure and higher IRP are 
observed in asymptomatic subjects and this can be considered normal in the 
postoperative state. Also, more vigorous contractions and less and smaller 
peristaltic breaks are normal after Nissen fundoplication.
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IntRoductIon

Laparoscopic fundoplication is the most frequently used surgical treatment for 
gastroesophageal reflux disease (GERD), performed when symptoms persist under 
optimal medical acid suppression or when long-term medical treatment is not 
desirable. Traditionally, a circumferential posterior wrap or Nissen fundoplication 
is used, which is very effective in reducing reflux symptoms and objective reflux 
parameters.1 The more recently introduced Toupet fundoplication, consisting of 
a partial 270-degree wrap, seems as effective as the Nissen fundoplication in 
controlling reflux, while it is associated with a lower occurrence of post-operative 
dysphagia.2,3 Dysphagia is a frequent finding directly after fundoplication due 
to swelling of the manipulated area and usually disappears within a few weeks. 
However, persisting dysphagia is an indication to further investigate the anatomy 
of the esophagogastric junction (EGJ) and esophageal motility, specifically 
deglutitive relaxation of the EGJ. This is ideally performed using high-resolution 
manometry (HRM), a technique providing a detailed image of the pressure 
morphology of the esophagus and the current gold standard for the detection 
of esophageal motility disorders.4 HRM also allows a detailed analysis of EGJ 
anatomy and function.5 Previous reports have suggested that post-operative HRM 
might be useful to investigate the anatomical status of the fundoplication in case 
of recurring symptoms.6,7 Also, dysphagia after Nissen fundoplication has been 
ascribed to impaired esophagogastric junction (EGJ) relaxation, possibly due to 
excessive external compression of the fundoplication.8 However, there is a paucity 
of data regarding the effect of Nissen and Toupet fundoplication on esophageal 
motility and EGJ function, especially after successful and uncomplicated surgery. 
HRM is often performed in patients that develop symptoms such as dysphagia 
after a fundoplication, but because there are no normal values for operated 
patients it is difficult to draw firm conclusions from these measurements. Normal 
values for HRM after uncomplicated fundoplication would aid in the clinical 
assessment of these patients.

Therefore, in this study we used HRM to evaluate esophageal motility and EGJ 
function after successful Toupet and Nissen fundoplication in patients without 
post-operative symptoms and no stasis on barium esophagogram. We aimed to 
provide a set of ‘normal values’ after fundoplication that could be used in the 
evaluation of patients after anti-reflux surgery. 
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Methods

Patients
We aimed to include 40 patients in total, of whom 20 patients after Nissen and 
20 patients after Toupet fundoplication. Inclusion ran in 3 different European 
hospitals from May 2012 up to May 2014. Inclusion criteria were: age between 
18 and 75 years old, a laparoscopic Toupet or Nissen fundoplication performed 
for proven GERD in the last 3 months, and no symptoms of reflux or dysphagia 
3 months post-operatively. The pre-operative diagnosis of GERD was made on 
the basis of the presence of esophagitis during endoscopy and pathological 
acid exposure and a positive symptom association probability on 24-hour pH-
impedance measurement according to the most recent European guidelines.9 
Pre-operatively, all patients underwent esophageal manometry to exclude 
severe motility abnormalities such as achalasia. The type of fundoplication was 
not dependent on preoperative patient characteristics but depended on the 
preference of the operating surgeon in each center. The same type of surgery 
was performed for all consecutive patients during certain periods of the study in 
each center. Three months after the fundoplication, patients were evaluated with 
the validated Hospital Odynophagia Dysphagia Questionnaire (HODQ) to assess 
post-operative dysphagia and by a barium esophagram to detect esophageal 
stasis and anatomical abnormalities of the EGJ.11 Exclusion criteria were the 
presence of dysphagia 3 months post-operatively, or if a barium esophagogram 
demonstrated esophageal stasis of contrast or herniation/dislocation of the wrap. 
Patients were not remunerated for their participation.

Esophageal high-resolution manometry
Stationary esophageal HRM studies were performed 3-6 months after surgery 
according to a standardized protocol using a solid-state HRM system (Given 
Imaging, Yogneam, Israel). The HRM catheter consisted of 36 pressure channels 
spaced at 1-cm intervals. Prior to the study participants had fasted for 4 hours. The 
HRM catheter was placed transnasally and positioned to record from hypopharynx 
to stomach. Subsequently, participants were placed in supine position and were 
asked to perform a series of 10 swallows of 5 mL of water. After the 10 swallows 
participants were asked not to swallow during 30 s, enabling a landmark recording 
to place the anatomical markers during analysis. HRM signals were recorded using 
a sampling frequency of 37 Hz and the HRM pressure tracings were calibrated at 
0 and 300 mmHg before the onset of the measurement.
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Data analysis
Data were analyzed using the most recent dedicated software (ManoView Analysis, 
version 3.0, Given Imaging, Israel). Esophageal motility was characterized by 
measuring esophageal pressure topography parameters according to the 
previously established Chicago criteria.4,10,11 After correct placement of markers 
for gastric pressure, the borders of the lower esophageal sphincter (LES) and upper 
esophageal sphincter (UES) in the landmark section, EGJ end expiratory pressure 
and UES resting pressure were automatically calculated in the landmark section. 
Borders of the UES and EGJ were identified by sudden increases of pressure as 
previously described.5 EGJ pressure morphology was assessed in the landmark 
period and scored according to the classification by Pandolfino et al.5 Subsequently, 
deglutitive relaxation of both sphincters and the characteristics of the esophageal 
contraction were automatically analyzed during the 10 wet swallows. Deglutitive 
EGJ relaxation was assessed using the 4-s integrated relaxation pressure (IRP), a 
measure calculating the mean of the lowest pressures within the eSLeeve at the 
EGJ for 4 s, not necessarily consecutive.11 Finally, intrabolus pressure (IBP) was 
measured, reflecting the resistance to EGJ passage of a bolus. IBP was calculated 
during the entire swallow window as the mean of the maximum pressure of 3 non-
continuous seconds at 1 cm above the EGJ; the ‘IBP average max’, and also during 
LES relaxation as the mean pressure measured during the 4-second IRP window; 
the ‘IBP at LESR’. In the Chicago classification, intrabolus pressurization larger than 
30 mmHg is considered abnormal. 

Several characteristics of the contraction in the esophageal body were calculated 
to assess the vigor, wave propagation and integrity of the esophageal contractions.  
Distal contractile integral, contraction amplitude at 11, 7, and 3  cm from the 
LES, contraction front velocity, and distal latency were calculated as previously 
described.4 We determined the length of the transition zone by measuring the 
region bridging the 20 mmHg isobaric contour between the proximal and distal 
segments of the esophageal contraction. We also calculated the occurrence of 
failed contractions and the presence of small (2 – 5 cm) and large (>5 cm) peristaltic 
breaks.

Statistical analyses
Variables are expressed as mean with standard deviation and median with the 
calculated 5th and 95th percentiles. Variables were compared using student t-tests. 
A p-value < 0.05 was considered significant. All analyses were performed using 
Graph Pad Prism version 5.01 and SPSS Statistics version 19.01.
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Results

Patients
Forty patients were included, of whom 20 underwent a Toupet fundoplication 
(7  women, mean age 48 with range 20 – 69) and of whom 20 patients underwent a 
Nisssen fundoplication (6 women, mean age 45 with range 37 – 55). Pre-operative 
esophageal manometry, performed with a conventional sleeve catheter in the 
majority of patients, demonstrated ‘ineffective esophageal motility’ in 7 patients, 
which was defined as ≥30% of swallows with low amplitude contractions or absent 
peristalsis.12 Two of those 7 patients underwent Nissen fundoplication and 5 
underwent Toupet fundoplication. The other manometries were characterized as 
normal. Pre-operative esophageal contraction parameters were not significantly 
different between Nissen and Toupet patients.

Three months following surgery, median dysphagia score was 0 for both groups, 
assessed using the Hospital Odynophagia Dysphagia Questionnaire.13 Esophageal 
stasis was examined using barium esophagograms. In all patients, passage of the 
barium sulphate suspension to the stomach was normal and none of the patients 
demonstrated esophageal stasis or anatomic abnormalities at the level of the 
fundoplication wrap such as herniation and dislocation.  

EGJ and UES characteristics
In all patients, a single pressure pattern or type I morphology of the EGJ was 
observed, indicating the absence of hiatal hernia or dislocation of the wrap in 

figure 1. Examples of the high-resolution manometric studies of two different asymptomatic 
patients after A) Nissen fundoplication and B) Toupet fundoplication. Note the higher 
integrated relaxation pressure at the esophagogastric junction, the slight compartmentalized 
pressurization in the distal oesophagus during peristalsis and the more vigorous peristaltic 
contraction in patient A. 



HRM AFTER ANTI-REFLUX SURGERY - CHAPTER 11

179

all patients.5 (figure 1). Table 1 summarizes the normal values of EGJ and UES 
parameters after fundoplication. Manometric length of the EGJ was similar after 
Toupet and Nissen fundoplication, with a mean EGJ length of 3.9 ± 0.8 cm and 
3.9 ± 0.7 cm respectively and mean intra-abdominal EGJ length of 2.7 ± 1.1 and 
2.7 ± 0.8 cm respectively. Mean IRP was significantly higher after Nissen (13.0 ± 
5.1 mmHg) compared to after Toupet fundoplication (7.4 ± 2.9 mmHg) (figure 2). 
Also, the upper limit of normal (95th percentile) was 24.4 mmHg after Nissen versus 
15.0 mmHg after Toupet. Similarly, mean EGJ resting pressure was higher after 
Nissen (19.0 ± 8.3 mmHg) than after Toupet (12.7 ± 5.7 mmHg). Intrabolus pressure 
measured during the entire swallow window was similar between Nissen and 
Toupet patients with slightly higher upper limits of normal for Toupet (21.5 mmHg) 
and Nissen (22.6 mmHg) compared to the Chicago criteria (15 mmHg). Intrabolus 
pressure measured during LES relaxation was significantly higher after Nissen (5.6 
± 5.2 mmHg) than after Toupet (1.9 ± 3.5 mmHg). 

Esophageal body contraction parameters
The normal values for vigor and propagation velocity of the esophageal contraction 
after fundoplication are summarized in table 2. In general, vigor of the esophageal 
contraction was higher in patients after Nissen than after Toupet fundoplication. 
While the mean DCI was significantly higher after Nissen (2037 ± 1154 mmHg*s*cm)  
than after Toupet (845 ± 538 mmHg*s*cm), the upper limits of normal (95th 
percentiles) of 4947 and 2177 mmHg*s*cm respectively were within the range of 
the Chicago classification. Similarly, the upper limits of normal for Max DCI were 

figure 2. Distribution of postoperative A) integrated relaxation pressure (IRP) and B) distal 
contractile integral (DCI) after both Nissen and Toupet fundoplication. The dashed line in 
both graphs represents the upper limit of normal reported in the Chicago Classification.
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7182 mmHg*s*cm after Nissen versus 3120 mmHg*s*cm after Toupet. Normal 
values for contraction amplitude at 11, 7, and especially 3 cms above the LES were 
also significantly higher after Nissen than after Toupet and were also higher than in 
the Chicago classification. The propagation velocity of the esophageal contraction 
was similar after Nissen and after Toupet with mean CFV of 3.9 ± 1.3 cm s1 and 4.3 
± 1. 7 cm s1 respectively and mean DL of 6.4 ± 0.8 s and 6.7 ± 0.9 s respectively. 
Also, the lower and upper limits of CFV and DL closely resembled the values in the 
Chicago classification. The length of the transition zone was significantly shorter 
after Nissen than after Toupet fundoplication, with a large upper limit of normal 
(12.8 cm) after Toupet.

dIscussIon

This study aimed to provide a set of ‘normal values’ for esophageal high-resolution 
manometry after uncomplicated anti-reflux surgery. It is the first study describing 
a complete set of HRM metrics in a group of asymptomatic patients after the two 
most commonly performed fundoplication types, the Toupet fundoplication and 
Nissen fundoplication. The study includes all parameters currently used in the 
Chicago classification for the diagnosis of esophageal motility disorders and uses 
a solid-state HRM catheter which was identical to the catheter used in the studies 
on which this classification was based.10,11 In addition to providing a set of normal 
values, the findings of this study make clear that the mechanical effect of Nissen 
fundoplication on esophageal body and esophagogastric junction are different 
from those of Toupet fundoplication.  Patients have higher EGJ resting pressure 
and IRP after a Nissen fundoplication than after Toupet fundoplication and patients 
after Nissen fundoplication have more vigorous contractions and smaller peristaltic 
breaks.

Anti-reflux surgery is designed to enhance the esophagogastric anti-reflux 
barrier and modifies the anatomy of the esophagogastric junction.  When a hiatal 
hernia is present, the esophagus is retracted in the abdomen peroperatively and 
the hiatal defect corrected. Previous manometric studies have demonstrated 
resolution of hiatal hernias by fundoplication8,14 and  have shown that in patients 
with recurrent reflux symptoms a double high-pressure zone is present more often.7 
Our findings are in line with these studies, as we found that double pressure 
zones are not normal after surgery. Toupet and Nissen fundoplication have a 
differential effect on the function of the EGJ. Both EGJ resting pressure and IRP are 
significantly higher after Nissen than after Toupet fundoplication, likely resulting 
from the tighter 360-degree wrap used for Nissen fundoplication compared to 
the 270-degree wrap used for the Toupet fundoplication. In fact, relaxation of 
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the EGJ does not seem to be affected by Toupet fundoplication, as the upper 
limit of normal for the IRP in this study is 15 mmHg, identical to the cut-off value 
used in the Chicago classification to define EGJ dysrelaxation.4 In contrast, the 
upper limit of normal for IRP was 24 mmHg after Nissen, substantially higher 
than the cut-off value for EGJ dysrelaxation. A moderately higher IRP value in 
a patient that underwent Nissen fundoplication is thus not pathological but a 
normal consequence of the operation.2 The difference in EGJ relaxation pressures 
between the Nissen and Toupet patients is also reflected by differences in IBP. IBP 
reflects the compartmentalized pressure between the distal contractile front and 
the EGJ and it is considered an indirect measure of bolus clearance.8,15 For both 
groups, the upper limit of normal for maximum IBP was above 20 mmHg, which is 
higher than observed in untreated healthy subjects. However, maximum IBP never 
exceeded 30 mmHg, values regularly observed in patients with functional EGJ 
outflow obstruction or in patients with post-fundoplication dysphagia.16 Mean IBP 
measured during LES relaxation was somewhat higher after Nissen than after Toupet 
fundoplication. These data indicate that bolus passage is indeed mildly affected 
by both types of fundoplication, slightly more by Nissen than by Toupet. However, 
these changes are not necessarily accompanied by dysphagia, an observation 
similar to previous studies. And IBP exceeding 30 mmHg should be considered 
abnormal after fundoplication.8 This is in line with another observation in this study, 
i.e. the presence of more vigorous contractions in the esophageal body after Nissen 
compared to after Toupet fundoplication. It should be emphasized that for both 
types of surgery, the upper limits of normal for DCI and max DCI were within the 
normal range used for untreated subjects according to the Chicago classification.10 
The more vigorous esophageal contractions after possibly represent an adaptation 
of the circular muscle to overcome higher pressures of the EGJ during relaxation. 
Such an adaptation of the circular muscle has previously been demonstrated by 
studies describing the incidental development of aperistalsis or pseudoachalasia 
in patients with obstruction at the EGJ due to a too tight fundoplication.8,17 

Our study is not without limitations. The data was generated using a solid state 
HRM assembly by Given imaging and was therefore referred to normal values 
obtained with the same equipment. However, recent studies using different HRM 
systems have demonstrated different normal values, amongst which a higher IRP. 
The presented values are therefore only applicable to settings where solid state 
HRM is used. Another limitation is the fact that the majority of the pre-operative 
manometries were performed with conventional manometry systems. Pre-operative 
HRM studies would have allowed a more detailed comparison between pre- and 
post-operative esophageal function for each type of fundoplication. 
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In conclusion, this study describes a set of normal values for esophageal 
manometry after successful anti-reflux surgery, which can be used in the clinical 
assessment of patients with post-operative dysphagia. A high IRP can be regarded 
as normal after Nissen fundoplication.
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suMMaRy

Gastroesophageal reflux disease (GERD) is one of the most common disorders 
of the gastrointestinal tract. Heartburn, regurgitation and chest pain are the key 
symptoms. Patients with reflux symptoms often have more than average reflux 
of acidic contents in the esophagus. However, frequently there is a discrepancy 
between the severity of esophageal exposure to gastric content and the severity 
of symptoms. Esophageal sensitivity seems to be an important factor in symptom 
generation. This thesis aimed to address the perception of reflux and its modulation, 
with a specific focus on the role of esophageal mucosal barrier function within 
this spectrum. 

In chapter 2 we describe a pilot study with electrical tissue impedance 
spectroscopy (ETIS), using a probe designed to measure the impedance spectrum 
of tissue. The probe can be advanced through the working channel of an endoscope 
to perform in vivo measurements in the esophagus. We aimed to validate ETIS as a 
measure of esophageal mucosal integrity. ‘Conventional’ measurement of mucosal 
integrity by Ussing chamber experiments or transmission electron microscopy 
on biopsy specimens is complex and time-consuming. ETIS measurements 
were performed during upper endoscopy in patients with gastroesophageal 
reflux disease (GERD) and healthy controls. During endoscopy biopsies of the 
distal esophagus were obtained for transmission electron microscopy to assess 
dilation of intercellular spaces and for Ussing chamber experiments to measure 
transepithelial permeability and transepithelial electrical resistance. Impedance of 
the extracellular compartment measured with the ETIS device during endoscopy 
inversely correlated with histological and functional parameters of esophageal 
mucosal integrity. We also observed that impaired mucosal integrity seemed solely 
determined by changes of the extracellular compartment. Mucosal integrity as 
determined by ETIS measurements was significantly impaired in GERD patients 
compared to healthy controls. We concluded from this pilot study that ETIS is 
a new tool that can be used to evaluate esophageal mucosal integrity changes 
during endoscopy. 

In chapter 3, 4 and 5 we investigated the relationship between esophageal 
sensitivity and esophageal mucosal integrity in several patient groups, i.e. clinical 
entities, in all of which a discrepancy between reflux symptoms and macroscopic 
mucosal abnormalities is present. In chapter 3 we investigated the relation 
between esophageal sensitivity to acid and functional esophageal mucosal 
integrity changes, and investigated cellular mechanisms of impaired mucosal 
integrity in patients with esophagitis and non-erosive reflux disease (NERD). In this 
prospective experimental study, 12 NERD patients, 12 patients with esophagitis 
grade A/B and 11 healthy controls underwent an acid perfusion test and upper 
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endoscopy. Mucosal integrity was measured in vivo by the ETIS probe and 
biopsy specimens were analyzed in Ussing chambers for transepithelial electrical 
resistance and transepithelial permeability. Both NERD and esophagitis patients 
were more sensitive to acid perfusion compared to controls, having a shorter time 
to perception of heartburn and higher perceived intensity of heartburn. In GERD 
patients, enhanced acid sensitivity was associated with impairment of in vivo and 
vitro esophageal mucosal integrity. A PCR on epithelial biopsy specimens did not 
show significant differences in the expression of tight junction proteins among 
patient groups, however, mucosal integrity parameters correlated negatively with 
the expression of filaggrin. We concluded from this study that sensitivity to acid 
is enhanced in patients with GERD, irrespective of the presence of erosions. It is 
associated with impaired esophageal mucosal integrity, which is possibly mediated 
by a decreased expression of filaggrin.

We performed a similar study in patients with a Barrett’s esophagus (BE), which 
is described in chapter 4. Patients with BE usually have severe gastroesophageal 
reflux. However, they often have surprisingly few reflux symptoms. We hypothesized 
that BE patients are less sensitive to acid than GERD patients without BE and 
that this is due to an unusual preservation of mucosal integrity of the squamous 
epithelium prohibiting transepithelial acid diffusion. We prospectively analyzed 
esophageal sensitivity and esophageal mucosal integrity in GERD patients with and 
without BE and healthy subjects. GERD patients with BE were less sensitive to acid 
than GERD patients without BE, but more sensitive to esophageal acid perfusion 
than healthy controls. However, extracellular impedance and transepithelial 
resistance was similar in BE and GERD patients and significantly lower than in 
healthy subjects. Transepithelial fluorescein flux was equally increased in GERD 
patients with and without BE. This study confirms that hypersensitivity to acid is 
much less pronounced in patients with a BE than in GERD patients without BE. 
However, our study also demonstrates that mucosal integrity of the squamous 
epithelium is equally impaired in patients with a BE and GERD patients without 
BE, indicating that the observed lack of acid hypersensitivity in patients with BE is 
not explained by a preservation of the esophageal mucosal barrier. 

Functional heartburn (FH) is a disorder at the other end of the spectrum. 
According to the definition described in the Rome-III criteria, patients with 
this disorder have significant heartburn without a demonstrable relation with 
gastroesophageal reflux or any other histopathology-based motility disorder. 
There is limited data on whether hypersensitivity to acid is truly absent in these 
patients. In chapter 5 we describe esophageal sensitivity to acid and esophageal 
mucosal integrity in patients with FH and compare these to a group of patients with 
NERD. Lag time to heartburn perception was significantly longer in FH patients 
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than in NERD patients. Once perceived, intensity of heartburn was scored equal. 
Esophageal mucosal integrity was comparable between FH and NERD patients, 
both extracellular impedance measured in vivo, and transepithelial resistance and 
permeability measured ex vivo were similar. We conclude that FH is correctly 
labelled functional, as we could find no role for increased acid sensitivity in these 
patients. Also, mucosal integrity was similar between FH and NERD patients. 
Therefore, in vivo measurement of mucosal integrity during endoscopy cannot be 
used to distinguish between functional heartburn and NERD and cannot replace 
24-hour pH-impedance monitoring.

In chapter 6 we investigated the role of stress on esophageal barrier function. 
Stress increases the perception of reflux. In the colon, stress-induced visceral 
hypersensitivity is TRPV1-dependent. The aim of this study was to determine 
the effects of experimentally induced stress and short-term acid exposure on 
oesophageal mucosal barrier function and investigate the role of TRPV1. Rat pups 
were subjected to neonatal maternal separation protocol to predispose them 
to stress. At adult age all rats were sacrificed 24 hours after an acute stressor. 
Permeability of esophageal tissue specimens was then evaluated in Ussing chamber 
experiments by assessing transepithelial fluorescein flux. We compared stress and 
acid-induced barrier function in nonhandled and maternally separated rats and 
investigated the possible role of TRPV1 in this process by using the TRPV1-specific 
antagonist SB-705498. Transepithelial permeability of esophageal specimens was 
significantly higher after water avoidance stress in maternally separated animals 
than in the specimens of non-handled rats. Short luminal exposure of the tissue 
specimens to an acidic solution enhanced the stress-induced permeability 
changes. TRPV1 antagonism reduced the post-stress acid-induced increase in 
transepithelial permeability. We concluded from this pilot study that acute stress 
in predisposed animals leads to dysfunction of the esophageal mucosal barrier. 
Furthermore, short luminal exposure to acid enhances stress-induced esophageal 
permeability changes. Finally, this study suggests that these stress- and acid-
induced permeability changes are mediated by activation of the TRPV1 ion channel 
as they can be modulated by antagonizing TRPV1. 

Chapter 7 comprises a meta-analysis in which we aimed to estimate the efficacy 
of proton pump inhibitor (PPI) therapy in patients with NERD. Symptomatic response 
to PPI therapy in patients with NERD is often reported to be lower than that in 
patients with esophagitis. However, the definition of NERD differs across clinical 
trials. We searched MEDLINE, Cochrane Comprehensive Trial Register and EMBASE 
databases for randomized clinical trials that included patients with heartburn 
and analyzed the effect of short-term PPI treatment. The primary outcome of 
selected studies was defined as complete or partial heartburn relief. The pooled 
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estimate of complete relief of heartburn after 4 weeks of PPI therapy in patients 
with esophagitis was 72% (95%CI 69-74), versus 50% (43-57) in empirically treated 
patients, 49% (44-55) in patients defined as non-erosive by negative endoscopy, 
and 73% (69-77) in patients defined as NERD by both negative endoscopy and a 
positive pH-test. We concluded that in well-defined NERD patients, the estimated 
symptom response rate after PPI therapy is comparable to the response rate in 
patients with esophagitis. The previously reported low response rate in studies with 
patients classified as NERD is likely the result of inclusion of patients with upper 
gastrointestinal symptoms that do not have reflux disease.

Patients that suffer from heartburn, but in whom no relation with reflux can be 
objectified, are characterized as having functional heartburn. These patients do not 
benefit from acid-suppressive therapy. Modulating visceral pain might be effective 
in reducing their symptoms but little data is available. Low-dose antidepressants 
are thought to attenuate visceral nociception in addition to treating co-existing 
anxiety or depression. It has been shown that they have a beneficial effect in 
other functional gastrointestinal disorders such as irritable bowel syndrome 
(IBS). In chapter 8 we performed a systematic review of the literature to evaluate 
the available evidence for the efficacy of antidepressant therapy for symptoms 
associated with esophageal visceral hypersensitivity, both in the context of functional 
esophageal disorders and GERD. We found that esophageal pain thresholds after 
esophageal stimulation were increased by 7 – 37% after antidepressant therapy. 
The percentage of symptom reduction after antidepressants ranged from 18 – 67% 
for the treatment of functional chest pain and from 23 – 61% for the treatment of 
heartburn in GERD patients. We concluded that antidepressants indeed modulate 
esophageal sensation and reduce functional chest pain. Limited evidence suggests 
that antidepressants are beneficial for the treatment of heartburn in a subgroup of 
GERD patients. Most importantly, this study emphasizes the lack of controlled trials 
investigating the effect of antidepressants on functional esophageal disorders. 

Chapters 9, 10 and 11 concern the use of high-resolution manometry (HRM), 
especially in the context of GERD. Esophageal HRM allows accurate evaluation 
of esophageal motility. In chapter 9 we aimed to provide a complete set of 
normal values for HRM obtained in a European population, including all current 
metrics used to describe the function of the upper esophageal sphincter, the 
esophageal body and the esophagogastric junction. Fifty healthy volunteers 
underwent esophageal HRM. Subjects swallowed 10 liquid boluses in supine 
position, after which upper esophageal sphincter, esophagogastric junction (EGJ) 
and contraction wave parameters were evaluated. Most HRM parameters assessed 
in this study resembled previously described values, supporting the widespread 
use of the current criteria for clinical purposes. However, vigor of the esophageal 
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contraction was lower and transition zone length larger than in previous reports. 
Peristaltic breaks occur frequently in healthy subjects and are thus not considered 
pathological. 

In chapter 10 we investigated the use of HRM for the diagnosis of a sliding 
hiatal hernia, an anatomical disruption of the gastroesophageal barrier frequently 
present in GERD patients. The diagnosis is classically made with endoscopy or 
barium esophagogram. Spatial separation of the lower esophageal sphincter (LES) 
and diaphragm, the hallmark of hiatal hernia, can also be observed on HRM, but the 
diagnostic accuracy of this finding has not yet been investigated. HRM recordings, 
endoscopy reports and barium esophagograms of 90 patients were analyzed for 
the presence and size of a hiatal hernia. HRM was found to be highly sensitive and 
specific for hiatal hernia detection, with a sensitivity of 92% and specificity of 95%, 
exceeding the sensitivity of endoscopy or radiography alone (both 73%). Patients 
with a hiatal hernia on HRM were manometrically characterized by an EGJ with 
partial or complete separation of the LES and the crural diaphragm, the latter being 
associated with significantly lower EGJ pressure. We concluded that the presence 
or absence as well as size of a hiatal hernia can be assessed with greater sensitivity 
with HRM than with endoscopy or radiography alone. The study suggests that a 
pre-operative barium esophagogram in the work-up for a surgical fundoplication 
can be omitted when an HRM is performed. HRM is frequently performed not only 
before, but also after anti-reflux surgery. Surgical fundoplication is an effective 
therapy for GERD, but can be complicated by post-operative dysphagia. Post-
operative HRM often reveals an abnormally high pressure at the esophagogastric 
junction, however, lack of normal values for HRM after fundoplication hampers 
interpretation. Our aim in chapter 11 was to obtain normal values for HRM 
after successful Toupet and Nissen fundoplication, using data from successfully 
performed procedures. Esophageal HRM was performed 3 months after Toupet or 
Nissen fundoplication in 40 GERD patients without post-operative dysphagia and 
with a normal barium esophagogram. The normal values for integrated relaxation 
pressure (IRP4) of the esophagogastric junction were higher after Nissen (5.1 - 
24.4 mmHg) than after Toupet fundoplication (3.1 - 15.0 mmHg), and the upper 
limit of normal was significantly higher after Nissen fundoplication than observed 
in the asymptomatic subjects that were described in the Chicago Classification.  
We concluded that HRM metrics after a Toupet fundoplication are similar to the 
normal values derived from healthy subjects used for the Chicago Classification. 
However, after Nissen fundoplication a higher EGJ resting pressure and higher 
IRP4 are observed in asymptomatic subjects and this can be considered normal 
in the postoperative state. Also, an increased incidence of vigorous contractions 
and fewer and smaller peristaltic breaks are normal after Nissen fundoplication.
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dIscussIon and futuRe PeRsPectIves

The main focus of this thesis was to investigate how gastroesophageal reflux is 
perceived. We believe that the studies described here have not only provided 
relevant new information regarding the role of esophageal mucosal barrier function 
in reflux perception, but that the efficacy data of PPI and antidepressant therapy 
for reflux symptom reduction as well as the normal values of HRM also contribute 
to the clinical management of GERD patients. However, to further improve the 
management of patients with severe reflux symptoms, especially those not 
responding satisfactorily to acid-suppressive therapy, many questions remain to 
be addressed. 

Pathophysiology
One of our first conclusions was that patients with non-erosive reflux disease, 
who by definition have a macroscopically intact mucosa, are hypersensitive to 
intra-esophageal acid. Normally, the permeation of intra-esophageal acid into 
the mucosa is prevented by a tight barrier formed by the non-keratinized stratified 
squamous epithelium.1,2 In patients with NERD it is unclear how reflux can reach 
and activate nociceptors. In chapter 3 we demonstrated that NERD patients 
are hypersensitive to acid and we found an association between the severity of 
hyperperception and an impaired functional integrity of esophageal mucosa. 
We briefly addressed a potential molecular mechanism of barrier disruption 
by investigating expression of tight junction proteins. Tight junctions seal the 
intercellular space and restrict paracellular diffusion, however, we did not find a 
different expression pattern of the most important tight junction proteins between 
NERD patients and controls. We did however observe a correlation between the 
expression of filaggrin and mucosal integrity parameters. In atopic dermatitis, a 
loss of function mutation of filaggrin results in impaired skin barrier function.3 In 
the context of esophagitis, the expression of filaggrin is decreased in patients with 
eosinophilic esophagitis, another esophageal disorder associated with disturbed 
epithelial barrier function.4 More research regarding the distribution and function 
of filaggrin in esophageal mucosa might lead to a future target to treat esophageal 
barrier dysfunction. Further research might also be aimed at the distribution of 
peripheral nervous receptors. 

Subsequently, we investigated esophageal sensitivity at two ends of the GERD 
spectrum in which there is a significant discrepancy between symptom severity and 
mucosal damage. In chapter 4 we observed a lack of acid hypersensitivity in patients 
with a Barrett’s esophagus. Patients with a Barrett’s esophagus and mild symptoms 
seem to have a higher chance of developing esophageal adenocarcinoma, therefore 
identification of the mechanism explaining this lack of reflux symptoms might help 
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to identify asymptomatic patients who should receive acid-suppressive treatment 
to prevent progression of the metaplasia-dysplasia pathway. We did not find a 
preservation of mucosal integrity as an explanation for the observed lack of acid 
hypersensitivity. Therefore, other underlying histopathological changes deserve 
further investigation, such as a change at the level of peripheral nerve endings 
due to chronic acid exposure.5 Similarly, in chapter 5 we observed that patients 
with functional heartburn lack an increased esophageal perception of acid, as is 
observed in NERD patients. Again, mucosal integrity does not seem to underlie the 
observed differences in esophageal sensitivity in these patients. Our data shows 
that functional heartburn is correctly named functional, as there is no evidence 
for enhanced sensitivity to esophageal acid. Functional heartburn remains a 
clinical challenge. To find new targets for symptom reduction and improve clinical 
management of these patients, research should be aimed at other pathophysiologic 
mechanisms of visceral hypersensitivity, such as distribution of peripheral nervous 
receptors or the cortical processing of esophageal nervous signals.6 

Additionally, we investigated whether stress might induce esophageal barrier 
dysfunction as a possible explanation for the fact that patients experience heartburn 
more intensely during stressful periods.7,8 In chapter 6 we used an experimental 
stress model to demonstrate that stress increases transepithelial permeability of 
rat esophageal tissue specimens. Short luminal exposure of the tissue specimens 
to an acidic solution enhanced the stress-induced permeability changes, an effect 
that could be prevented in vitro by antagonizing the transient receptor potential 
vanilloid 1 (TRPV1), an ion channel expressed by nervous afferents which can be 
exerted by heat and acid.9,10 Our results advocate more research on how TRPV1 
affects barrier function, one possible route being via the redistribution of occludin, 
a protein with an important role in the tight junction function.11 However, a clinical 
trial with a TRPV1 antagonist has already been carried out in NERD patients and 
unfortunately, it did not show any beneficial effect on acid sensitivity.12 Future 
research might be aimed at identifying the role of other receptors expressed by 
peripheral spinal afferents such as TRPV4 or acid sensing ion channels.13,14

Overall, these studies support the hypothesis that mucosal integrity of the 
human esophagus is strongly associated with the severity of esophageal acid 
exposure. In NERD patients, the slightly disrupted barrier of the esophageal wall 
might already facilitate contact between noxious components of the refluxate 
and peripheral nerve endings in the absence of erosions and thereby enhance 
the perception of reflux. However, at both ends of the GERD spectrum other 
mechanisms seem responsible for the discrepancy between symptoms and mucosal 
(ab)normalities. Research should focus on other mechanisms of hypersensitivity 
such as the enhanced expression of peripheral nervous afferents or alterations in 
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cortical processing of physiological stimuli.15 The lack of a clear molecular target 
to improve mucosal barrier function hampers the development of a therapeutic 
intervention. Recently, in vitro studies with the topical application of an alginate 
suspension demonstrated a protective effect on esophageal mucosal integrity of 
NERD biopsy specimens.16 

Diagnosis 
In this thesis we have investigated two diagnostic tools with possible clinical 
utility in GERD patients. First of all, in chapter 2 we describe the use of electrical 
impedance spectroscopy (ETIS). We observed that impedance of the extracellular 
compartment of squamous epithelium corresponds to mucosal integrity parameters 
measured in Ussing chambers. We concluded that this endoscopic probe is able to 
measure in vivo mucosal integrity for research purposes. Unfortunately, due to the 
overlap between healthy subjects and NERD patients and the broad variation in 
ETIS measurements in the later study protocol with functional heartburn patients, it 
does not seem a suitable clinical test to distinguish between NERD and functional 
heartburn patients and could therefore not replace a 24-hour pH-impedance 
measurement. However, it remains a useful research tool.   

Another recently introduced diagnostic tool in the clinical work-up of 
esophageal motility disorders is high-resolution manometry (HRM). HRM provides a 
detailed representation of esophageal peristalsis and of the anatomy and function 
of the esophagogastric junction. Its introduction was accompanied by several 
new parameters for esophageal function.17 Manometry is clinically essential for 
the distinction between GERD and achalasia, as both disorders can present with 
heartburn.18 Chapters 9, 10 and 11 of this thesis provide essential information for 
the clinical application of HRM in the context of GERD. A comprehensive overview 
of normal values for healthy subjects as well as normal values after successful 
anti-reflux surgery were not available, and these data allow the correct clinical 
evaluation of patients before anti-reflux surgery, as well as the post-operative 
evaluation of dysphagia after fundoplication. Evolution of HRM is ongoing, 
including 3D-representation of the esophagogastric junction.19 Future research 
will have to elucidate whether these advances might have further impact on clinical 
practice, for instance by selecting patients for certain types of fundoplication or 
additional crural repair.   

Treatment
The cornerstone of GERD treatment is acid suppression, and proton pump 
inhibition has proven to be the most effective medical therapy.20 In chapter 7 we 
describe the efficacy of short-term PPI treatment for reducing GERD symptoms 
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in patients with NERD using a meta-analysis. We demonstrate that, unlike often 
reported, symptom response rates are high in NERD patients, but strongly depend 
on the correct definition of NERD in the clinical trials. Once a positive pH-metry is 
added to the definition of NERD, symptom response rates equal those of trials with 
esophagitis patients. This implicates that future clinical trials testing any therapy 
for NERD should include patients in whom a pH-metry is performed, preferably 
combined with impedance. This study also confirms that once patients do not 
respond to PPI, one should reconsider whether they truly have reflux disease. 
Often, additional 24-hour pH-impedance tests will show that patients’ symptoms 
are not related to actual reflux.14 The management of these patients with so-called 
functional heartburn remains challenging. To gain advances in treatment, more 
research should be aimed at the pathophysiology of esophageal hypersensitivity. 
Also, future randomised trials should investigate the efficacy of pain modulators 
in these patients. Add on therapies with low dose antidepressants might be 
beneficial, although evidence is limited. In chapter 8 we aimed to gather and 
summarize all available data regarding the efficacy of antidepressants for several 
functional esophageal syndromes. This systematic review hints to a moderate 
effect on esophageal symptoms, but mostly emphasizes the lack of solid evidence. 
Therefore, our research group started a randomized placebo controlled trial with 
amitriptyline for patients with functional heartburn. The results are still awaited. As 
previously mentioned, other pain modulators have been tested for GERD treatment. 
Recently, modulation of esophageal sensation was attempted by antagonizing the 
transient receptor potential vanilloid 1 (TRPV1), a receptor responsive to heat and 
acid and present in esophageal mucosa.9,22 Although the TRPV1 antagonist altered 
pain thresholds in healthy volunteers, no beneficial effect was observed in patients 
with NERD.12,23

In conclusion, the studies in this thesis provide some new insights in the 
pathophysiology of symptom generation in GERD, specifically with respect to 
the relation between esophageal mucosal integrity and hypersensitivity to acid. 
They also provide tools for the clinical use of HRM in GERD patients. Hopefully, 
future research will provide new targets for the modulation of esophageal visceral 
hypersensitivity and thereby further improve the clinical management of GERD 
patients and patients with functional esophageal disorders.
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Gastro-oesofageale refluxziekte (GORZ) is één van de meest voorkomende 
aandoeningen van het maag-darmkanaal. Zuurbranden, regurgitatie en pijn op 
de borst zijn de meest voorkomende symptomen. Patiënten met refluxsymptomen 
hebben gemiddeld frequenter reflux van zure maaginhoud naar de slokdarm. Echter, 
er is vaak ook sprake van een discrepantie tussen de mate van reflux en de ernst van 
de symptomen. Het doel van dit proefschrift was om meer inzicht te verschaffen 
in hoe reflux tot symptomen leidt en hoe dit kan worden beïnvloed, met een 
specifiek focus op de relatie tussen de barrièrefunctie van het slokdarmslijmvlies 
en de perceptie van reflux. 

In hoofdstuk 2 beschrijven we een pilot studie naar gebruik van ‘electrical 
tissue impedance spectroscopy (ETIS)’, met behulp van een probe waarmee het 
impedantiespectrum van weefsel kan worden gemeten. De probe kan door het 
werkkanaal van een endoscoop worden opgevoerd en vervolgens kunnen in vivo 
metingen in de slokdarm worden verricht. Het doel van de studie was om ETIS 
te valideren als meetinstrument voor barrièrefunctie van de slokdarmmucosa. 
‘Conventionele’ methoden waarmee deze barrièrefunctie gemeten kan worden 
zijn elektronenmicroscopie en experimenten met behulp van Ussing kamers. 
Beide methoden zijn tijdrovend en kostbaar. Met de ETIS probe werden metingen 
verricht tijdens een gastroscopie bij patiënten met GORZ en bij gezonde controles. 
Ook werden tijdens de scopie biopten verkregen van de distale slokdarm. Deze 
werden met behulp van elektronenmicroscopie onderzocht op verwijding van 
de ruimten tussen de epitheelcellen en met behulp van Ussing kamers werden  
doorlaatbaarheid en elektrische weerstand van het epitheel gemeten. Impedantie 
van het extracellulaire compartiment, gemeten met ETIS, was negatief gecorreleerd 
met histologische en functionele parameters van slokdarmbarrièrefunctie. We 
zagen ook dat barrièrefunctie alleen werd bepaald door impedantieveranderingen 
van het extracellulaire compartiment van de mucosa. De slokdarmbarrièrefunctie 
was significant verminderd bij GORZ patiënten dan bij gezonde controles. 
We concludeerden uit deze pilot studie dat ETIS een nieuw hulpmiddel is om 
veranderingen van de slokdarmbarrièrefunctie tijdens een endoscopie te meten.

In hoofdstukken 3, 4 en 5 onderzochten we de relatie tussen de sensitiviteit 
van de slokdarm en slokdarmbarrièrefunctie in verscheidene patiëntengroepen. 
Bij elk van deze groepen bestaat er een discrepantie tussen de ernst van de 
refluxsymptomen en de macroscopische afwijkingen van slokdarmmucosa. 
In hoofdstuk 3 beschrijven we de relatie tussen de sensitiviteit voor zuur en 
barrièrefunctie van de slokdarm, en onderzochten we cellulaire mechanismen 
van een veranderde barrièrefunctie bij patiënten met oesofagitis en met non-
erosieve refluxziekte (NERD). Voor deze studie ondergingen 12 patiënten met 
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NERD, 12 patiënten met oesofagitis graad A/B en 11 gezonde controles een 
zuurperfusietest en een gastroscopie met biopten. Slokdarmbarrièrefunctie werd in 
vivo gemeten met de ETIS probe, en met biopten werd in Ussing kamers ex vivo de 
transepitheliale elektrische weerstand en transepitheliale permeabiliteit gemeten. 
Zowel NERD- als oesofagitis-patiënten waren gevoeliger voor zuurperfusie dan 
de gezonde controles, met een kortere tijd tot zuurperceptie en een hogere 
intensiteit van het zuurbranden. Bij de patiënten met refluxziekte was een 
verhoogde zuurgevoeligheid van de slokdarm geassocieerd met een verminderde 
barrièrefunctie, zowel in vivo als ex vivo. Een PCR op de epitheliale biopten liet 
geen significante verschillen zien tussen patiëntgroepen met betrekking tot de 
expressie van tight junction eiwitten. Echter, de expressie van filaggrin was negatief 
gecorreleerd met verschillende parameters van de slokdarmbarrièrefunctie. We 
concludeerden uit deze studie dat de gevoeligheid van de slokdarm voor zuur 
versterkt is bij patiënten met refluxziekte, ongeacht de aanwezigheid van erosies. 
Zuurgevoeligheid is tevens geassocieerd met een verminderde barrièrefunctie van 
de slokdarm, mogelijk gemedieerd door een veranderde expressie van filaggrin. 

Een vergelijkbare studie voerden we uit bij patiënten met een Barrett slokdarm, 
beschreven in hoofdstuk 4. Patiënten met een Barrett slokdarm hebben over het 
algemeen ernstige gastro-oesofageale reflux. Echter, een significant deel van 
deze patiënten heeft opvallend weinig last van zuurbranden. We formuleerden 
de hypothese dat de slokdarm van patiënten met een Barrett slokdarm minder 
gevoelig is voor zuur dan de slokdarm van patiënten met GORZ zonder Barrett 
slokdarm. Daarnaast veronderstelden we dat dit veroorzaakt wordt door een 
behouden barrièrefunctie van de slokdarmmucosa boven het Barrett segment. 
Op een prospectieve manier analyseerden we gevoeligheid van de slokdarm voor 
zuur en de barrièrefunctie van het plaveiselepitheel van de slokdarm bij een groep 
GORZ-patiënten mét en een groep GORZ-patiënten zónder Barrett segment en bij 
gezonde controles. Patiënten met een Barrett slokdarm waren inderdaad minder 
gevoelig voor zuur dan de refluxpatiënten zonder Barrett, maar wel gevoeliger 
dan de gezonde controles. Extracellulaire impedantie gemeten met ETIS en 
transepitheliale weerstand in Ussing kamers was vergelijkbaar bij alle patiënten met 
GORZ, zowel met als zonder Barrett segment, en significant lager dan bij gezonde 
controles. Transepitheliale permeabiliteit was juist in beide groepen toegenomen 
ten opzichte van de gezonde controles. Deze studie bevestigt dat hypersensitiviteit 
van de slokdarm voor zuur veel minder uitgesproken is bij patiënten met een Barrett 
slokdarm dan bij refluxpatiënten zonder Barrett slokdarm. De studie laat ook zien 
dat de barrièrefunctie van de slokdarmmucosa op een vergelijkbare manier is 
aangedaan bij alle refluxpatiënten, met en zonder Barrett slokdarm. De minder 
uitgesproken hypersensitiviteit van de slokdarm voor zuur wordt niet veroorzaakt 
door een behoud van mucosale barrière. 
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Functioneel zuurbranden is een aandoening aan de andere kant van het 
refluxspectrum. Volgens de definitie beschreven in de Rome-III criteria, hebben 
patiënten met deze aandoening last van zuurbranden zonder een aantoonbare relatie 
met gastro-oesofageale reflux of een andere histopathologische motiliteitsstoornis. 
Het is onbekend of hypersensitiviteit voor zuur werkelijk geen rol speelt bij het 
ontstaan van klachten van deze patiënten. In hoofdstuk 5 beschrijven we sensitiviteit 
van de slokdarm voor zuur en barrièrefunctie van de slokdarmmucosa bij patiënten 
met functioneel zuurbranden en vergelijken deze met een groep patiënten met 
NERD. De tijd tot de eerste perceptie van zuurbranden was significant langer bij 
de patiënten met functioneel zuurbranden dan bij de NERD patiënten. Wanneer 
het zuur werd waargenomen, werd de intensiteit van zuurbranden wel als even 
ernstig aangemerkt. Barrièrefunctie van de slokdarmmucosa, zowel in vivo als ex 
vivo gemeten, was niet significant verschillend tussen patiënten met functioneel 
zuurbranden en NERD. Dat maakt dat in vivo ETIS  metingen niet gebruikt kunnen 
worden om reeds tijdens een endoscopie te differentiëren tussen functioneel 
zuurbranden en NERD,  daarvoor blijft een 24-uurs pH-impedantiemeting nodig. 

In hoofdstuk 6 onderzochten we het effect van stress op de barrièrefunctie van de 
slokdarm. Stress verhoogt de viscerale sensitiviteit voor gastro-oesofageale reflux. 
In het colon is hypersensitiviteit afhankelijk van TRPV1, een ion-kanaal aanwezig op 
afferente zenuwen. Het doel van deze studie was om het effect van experimenteel 
geïnduceerde stress en kortdurende zuurexpositie op barrièrefunctie te meten en 
om te onderzoeken of TRPV1 in de slokdarm een rol speelt in dit proces. Ratten 
werden blootgesteld aan een reeds gevalideerd stressmodel, bestaande uit het 
scheiden van de jongen van de moeder gedurende korte perioden in combinatie 
met een acute stressor op latere leeftijd. 24 uur na het acute stressmoment werd 
transepitheliale permeabiliteit van de slokdarmmucosa gemeten in Ussing kamers.  
De rol van TRPV1 bij het ontstaan van veranderingen in barrièrefunctie werd getest 
met behulp van de specifieke TRPV1-antagonist SB-705498. Transepitheliale 
permeabiliteit van slokdarmweefsel na acute stress was significant hoger bij ratten 
die het scheidingsprotocol hadden ondergaan dan bij ratten die normaal werden 
grootgebracht. Kortdurende expositie van slokdarmmucosa aan zuur vergrootte 
de door stress geïnduceerde permeabiliteitsveranderingen. Het antagoneren van 
TRPV1 voorkwam de post-stress permeabiliteitstoename. We concludeerden uit 
deze pilot studie dat acute stress bij gepredisponeerde ratten leidt tot verminderde 
barrièrefunctie van de slokdarmmucosa. Kortdurende zuurexpositie van de mucosa 
vergroot deze barrièredysfunctie. Tot slot suggereren deze resultaten dat dit 
proces wordt gemedieerd door TRPV1, aangezien antagoneren van TRPV1 de 
permeabiliteitsveranderingen voorkomt.

Hoofdstuk 7 bestaat uit een meta-analyse waarin we beoogden de effectiviteit 
te bepalen van protonpompremmers (PPIs) voor de behandeling van refluxklachten 
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bij patiënten met NERD. Het effect van PPI op symptomen bij NERD patiënten 
wordt vaak als laag gerapporteerd. Echter, de definitie van NERD verschilt 
tussen de verrichte klinische studies. We zochten in de MEDLINE, Cochrane 
Comprehensive Trial Register en EMBASE databases naar klinische studies die het 
kortetermijneffect van een PPI op zuurbranden evalueerden en NERD patiënten 
includeerden. De primaire uitkomstmaat van de studies moest zijn gedefinieerd 
als complete of partiële afname van zuurbranden. De ratio van complete respons 
van zuurbranden na 4 weken PPI-behandeling bij patiënten met oesofagitis was 
72% (95%CI 69-74), versus 50% (95%CI 43-57) bij patiënten die empirisch werden 
behandeld, 49% (95%CI 44-55) bij patiënten die als NERD werden gedefinieerd 
door middel van alleen een negatieve endoscopie, en 73% (95%CI 69-77) bij 
patiënten die werden gedefinieerd als NERD door middel van een negatieve 
endoscopie in combinatie met een positieve pH-meting. We concludeerden dat 
de geschatte responsratio gelijk is tussen goed gedefinieerde NERD patiënten 
en patiënten met een oesofagitis. De eerder gerapporteerde lagere respons 
van NERD patiënten is waarschijnlijk het resultaat van de onterechte inclusie van 
patiënten met bovenbuiksklachten die niet lijden aan de refluxziekte.

De groep patiënten die last hebben van zuurbranden, maar bij wie geen 
objectieve relatie tussen klachten en daadwerkelijke reflux van maaginhoud kan 
worden aangetoond, wordt door de Rome-III criteria gedefinieerd als functioneel 
zuurbranden. Deze patiënten hebben geen baat bij zuurremming. Behandeling 
met pijnmodulerende medicatie zou mogelijk uitkomst kunnen bieden. Helaas 
is er nauwelijks literatuur voorhanden. Antidepressiva worden geacht naast 
hun reguliere effect op depressie en angst in lage dosering viscerale pijn te 
dempen. Het is aangetoond dat ze een gunstig effect hebben op functionele 
gastro-intestinale syndromen zoals het prikkelbaredarmsyndroom. In hoofdstuk 8 
beschrijven we een systematische review met als doel alle aanwezige literatuur te 
verzamelen met betrekking tot het gebruik van antidepressiva voor symptomen 
geassocieerd met oesofageale hypersensitiviteit, zowel in de context van 
functionele slokdarmsyndromen als  in de context van GORZ. We vonden dat 
onder het gebruik van antidepressiva de drempel voor een oesofageale pijnprikkel 
met 7 - 13% toenam. Het percentage symptoomreductie met antidepressiva betrof 
18 - 67% voor functionele thoracale pijn, en betrof 23 - 61% voor zuurbranden 
bij patiënten met refluxziekte. We concludeerden dat antidepressiva inderdaad 
slokdarmsensitiviteit kunnen beïnvloeden en functionele thoracale pijn kunnen 
doen afnemen. Voorts is er enig bewijs voor een positief effect van antidepressiva 
op zuurbranden bij een subgroep van refluxpatiënten. Vooral benadrukt deze 
systematische review het gebrek aan gecontroleerde studies met antidepressiva 
bij functionele slokdarmsyndromen. 
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Hoofdstukken 9, 10, en 11 hebben betrekking op het gebruik van 
hogeresolutiemanometrie (HRM), in het bijzonder bij patiënten met GORZ. Met 
een HRM van de slokdarm is het mogelijk een gedetailleerd beeld te verkrijgen 
van de motiliteit van het slokdarm lichaam en de beide slokdarmsfincters. Het 
onderzoek beschreven in hoofdstuk 9 had als doel om een compleet overzicht te 
genereren van normaalwaarden voor HRM, verkregen in een Europese populatie. 
De vermelde waarden betreffen alle relevante parameters die de functie van 
de bovenste slokdarmsfincter, het slokdarmlichaam en de gastro-oesofageale 
overgang beschrijven. Vijftig gezonde vrijwilligers ondergingen een slokdarm 
HRM in liggende houding, waarbij ze 10 slokken water moesten nemen. De 
meeste HRM parameters die werden onderzocht in deze studie kwamen overeen 
met eerder beschreven waarden, wat het wijdverbreide gebruik van de huidige 
criteria ondersteunt. Echter, de kracht van de contracties was gemiddeld lager 
en de lengte van de transitiezone langer dan in eerdere studies is beschreven. 
Onderbrekingen van peristaltische golven komen regelmatig voor bij gezonde 
vrijwilligers en hoeven dus niet als pathologisch te worden beschouwd.

In hoofdstuk 10 onderzochten we de toepasbaarheid van HRM voor de diagnose 
van een glijbreuk van het middenrif (sliding hiatus hernia), een verstoring van de 
anatomische gastro-oesofageale barrière die vaak aanwezig is bij patiënten met 
refluxziekte. Deze bevinding wordt normaalgesproken vastgesteld door middel 
van een endoscopie of een röntgenfoto van de slokdarm met bariumcontrast. 
Het kenmerk van een hiatus hernia is een ruimtelijke scheiding van de onderste 
slokdarmsfincter en het diafragma. Dit kan worden waargenomen op een HRM, 
maar de diagnostische waarde van een dergelijke bevinding is nooit vastgesteld. 
We verzamelden HRM’s, endoscopieën, en slokdarmfoto’s van 90 patiënten en 
analyseerden deze op de aanwezigheid en de eventuele grootte van een hiatus 
hernia. HRM was erg sensitief (92%) en specifiek (95%) voor de detectie van een 
hiatus hernia. De sensitiviteit oversteeg die van alleen een endoscopie of een 
slokdarmfoto (beide 73%). Patiënten met een hiatus hernia werden manometrisch 
gekenmerkt door een partiële of volledige scheiding van onderste slokdarmsfincter 
en diafragma, het laatste was geassocieerd met een significant lagere druk van 
de gastro-oesofageale overgang. We concludeerden dat de aanwezigheid 
en de grootte van een hiatus hernia met een grotere sensitiviteit kan worden 
bepaald door middel van HRM dan met alleen een endocopie of slokdarmfoto. 
De studie suggereert dat er geen röntgenonderzoek van de slokdarm hoeft te 
worden verricht in de work-up voorafgaand aan een chirurgische fundoplicatie 
wanneer reeds een HRM is verricht. Een HRM wordt vaak verricht rondom een 
fundoplicatie, niet alleen om pre-operatief een indruk te krijgen van de peristaltiek, 
maar ook bij patiënten met klachten na fundoplicatie. Chirurgische fundoplicatie 
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is een effectieve therapie voor GORZ, maar kan worden gecompliceerd door 
dysfagie. Post-operatieve HRM toont vaak een verhoogde druk ter plaatse van de 
gastro-oesofageale overgang, echter, het ontbreken van normaalwaarden voor 
HRM na fundoplicatie bemoeilijkt de interpretatie van een dergelijke bevinding. 
Ons doel in hoofdstuk 11 was het verkrijgen van normaalwaarden voor HRM na 
succesvolle Toupet en Nissen fundoplicatie. Slokdarm HRM werd 3 maanden na 
een Toupet of Nissen fundoplicatie verricht bij 40 patiënten met GORZ zónder 
post-operatieve dysfagie en met een normale slokdarmfoto. De normaalwaarden 
voor relaxatiedruk (IRP4)  van de gastro-oesofageale overgang waren hoger na 
Nissen (5.1 - 24.4 mmHg) dan na Toupet fundoplicatie (3.1 - 15.0 mmHg), en de 
bovenste grens van normaal was significant hoger na Nissen fundoplicatie dan 
bij de asymptomatische personen gebruikt voor de Chicago Classificatie. We 
concludeerden dat HRM parameters na een Toupet fundoplicatie gelijk zijn aan de 
normaalwaarden gemeten bij de gezonde personen voor de Chicago Classificatie. 
Echter, na Nissen fundoplicatie wordt een hogere rustdruk en hogere IRP4 van 
de gastro-oesofageale overgang gezien, dit kan bij de post-operatieve patiënt 
als normaal worden beschouwd. Ook zijn een hogere incidentie van krachtige 
contracties en minder frequent voorkomende en kleine onderbrekingen van de 
peristaltische golf normaal na een Nissen fundoplicatie. 
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Ja, daar ben je. Aangekomen bij het enige hoofdstuk dat door meer dan de 6 
commissieleden volledig wordt gelezen. En terecht, want een niet te onderschatten 
hoofdstuk. Velen hebben bijgedragen aan de totstandkoming van dit proefschrift, 
binnen en buiten de muren van het ziekenhuis. Bovenal de patiënten en vrijwilligers 
die uit naam van de wetenschap manometriën, gastroscopiën en Jumbo-biopten 
ondergingen. Daarnaast nog een aantal mensen die ik in het bijzonder wil noemen. 

Geachte leden van de promotiecommissie, prof. dr. Numans, prof. dr. Kolkman, 
prof. dr. Krishnadath, prof. dr. Offerhaus, prof. dr. Ravesloot, prof. dr. Schijven, 
bedankt voor jullie kritische beoordeling van dit proefschrift en de bereidheid 
zitting te nemen in mijn promotiecommissie. 

Arjan, op het moment dat ik bij je kwam solliciteren was je nog midden in 
de opleiding tot MDL-arts, maar duidelijk ambitieus. Inmiddels was je als jonge 
onderzoeker ook al in de mogelijkheid om meerdere promovendi aan te nemen. 
De hoge verwachtingen werden waargemaakt, je was de grote drijvende kracht 
achter dit proefschift. Ik bewonder je ambitie en je talent om groots te denken, 
het feit dat je mogelijkheden ziet in plaats van hordes, en je neus voor een goede 
publicatie. Bedankt voor de mogelijkheid die je me geboden hebt en de leerzame 
jaren. Ik zie er naar uit om tijdens de rest van mijn opleiding nog langer met je 
samen te werken. 

André, als pater familias van de motiliteitsgroep overzag je al het gedoe op 
het motiliteitscentrum met diverse slokdarmkatheters vanaf gepaste afstand. Je 
bewaakte de grote lijnen maar liet de dagelijks supervisie over aan adjudant Arjan. 
Wel was je altijd messcherp op de inhoud en vooral op het taalgebruik. Jouw 
unieke voordrachten, hoogstaande wetenschap en gortdroge humor combinerend, 
waren voor mij een inspiratie. Bedankt voor de leuke tijd. 

Boudewijn, Wout, Bram en Fraukje, motiliteitsmedestanders, met jullie 
discussiëren over impedantiemetingen, METC-protocollen, statistiek, presentaties, 
en andere wetenschappelijke beslommeringen was me een waar genoegen. 
Gelukkig zullen we dit als AIOS of buurman gewoon voortzetten.  

Jac., je technische ondersteuning was onmisbaar voor het opzetten van alle 
Bernsteins en je absurde humor onmisbaar om dreigende sleur te doorbreken. 
Aaltje, stil moest je aanhoren hoe de patiënten achter het gordijntje gekweld 
werden. Maar zodra ze de deur weer uit waren was het zelden stil. Sem en Ramona, 
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dank voor jullie logistieke werk en de voedzame cakes. Bedankt allemaal voor de 
hulp en enorme gezelligheid. 
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er écht altijd wat te doen. Bedankt voor de begeleiding. Olaf en Caroline, bedankt 
voor jullie geduldige ondersteuning van weer een arts in het lab die nimmer werd 
gehinderd door enige technische biomedische achtergrond. 
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Alle andere arts-onderzoekers van de Tytgat Suite, B1, Kinderdames (en Daniel), 
en het Tytgat-lab, met zo’n grote diverse groep collega’s wordt lunch om stipt 
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Sander, toen we de stof van blok 1.1 van de studie Geneeskunde gezamenlijk in 
ons hoofd aan het stampen waren op de Beerput had ik deze afloop niet kunnen 
vermoeden. Wat mooi dat jij nu ook als paranimf naast me staat op 19  januari. 
Boudewijn, met je enthousiasme voor het onderzoek heb je me vanaf dag 
1 aangestoken. Ook waren mijn presentaties op congressen zonder jou lang niet 
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Lieve familie, Pap, Mam, Milou, Anne, Johan, Menno, en ook iedereen van de 
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moois dat voor ons ligt. Want stokoud, dat gaan we samen worden.   
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stellInGen

1. Bij patiënten met non-erosieve refluxziekte is een verminderde barrièrefunctie 
van de slokdarm gerelateerd aan een verhoogde perceptie van zure reflux. (dit 
proefschrift)

2. Impedantie spectroscopie kan worden gebruikt om tijdens een endoscopie 
barrièrefunctie van slokdarmweefsel te meten, maar heeft beperkte klinische 
waarde. (dit proefschrift)

3. Patiënten met een Barrett slokdarm zijn verminderd gevoelig voor zure reflux, 
maar dit wordt niet veroorzaakt door een behouden barrièrefunctie van het 
plaveiselepitheel. (dit proefschrift)

4. Stress kan in combinatie met expositie aan zure reflux de barrièrefunctie van  
slokdarmweefsel verminderen. (dit proefschrift)

5. Protonpomp remmers zijn zeer effectief voor de behandeling van reflux 
symptomen, ongeacht de aanwezigheid van mucosale erosies. (dit proefschrift)

6. Therapiën gericht op het moduleren van viscerale pijn, zoals antidepressiva, 
zijn mogelijk ook werkzaam bij patiënten met functionele slokdarm syndromen, 
echter het bewijs is nog beperkt. (dit proefschrift)

7. Hogeresolutiemanometrie kan de aanwezigheid van een glijbreuk van het 
middenrif accuraat bepalen en kan de slokdarmfoto met bariumcontrast 
voorafgaand aan een fundoplicatie vervangen. (dit proefschrift)

8. Schakel, als je werkelijk helemaal kapot zit, naar een hogere versnelling. Tim 
Krabbé

9. Als het niet gaat zoals het moet, dan moet het zoals het gaat. Anonieme Friezin

10. Het is belangrijk om je werk serieus te nemen, en jezelf niet te veel.




