
Andrew J Gawron, Ikuo Hirano, Division of Gastroenterolo-
gy, Department of Medicine, Northwestern University Feinberg 
School of Medicine, Chicago, IL 60611-2951, United States
Author contributions: Gawron AJ and Hirano I contributed to 
the writing of this review manuscript.
Supported by The Physician Scientist Training Program at 
Northwestern University, Department of Medicine (to Gawron 
AJ)
Correspondence to: Ikuo Hirano, MD, Division of Gastro-
enterology, Department of Medicine, Northwestern University 
Feinberg School of Medicine, 676 North St Clair Street, Suite 
1400, Chicago, IL 60611-2951, 
United States. i-hirano@northwestern.edu
Telephone: +1-312-6954036  Fax: +1-312-6953999
Received: April 24, 2010        Revised: June 7, 2010
Accepted: June 14, 2010
Published online: August 14, 2010

Abstract
Gastroesophageal reflux disease (GERD) contributes 
substantially to morbidity and to costs in the United 
States health care system. The burden of this disease 
has resulted in attempts at improving diagnosis and 
characterizing patients. Numerous research and techni-
cal advances have enhanced our understanding of both 
the utility and limitations of a variety of diagnostic mo-
dalities. The purpose of this review is to highlight recent 
advances in GERD diagnostic testing and to discuss their 
implications for use in clinical practice. Topics addressed 
include esophageal pH monitoring, impedance testing, 
symptom association analyses, narrow-band imaging, 
and histopathology.
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INTRODUCTION
Gastroesophageal reflux disease (GERD) is a common, 
chronic disease that affects up to 20% of  the adult popu-
lation in the United States[1]. It is the most frequent diges-
tive system diagnosis in ambulatory care and at inpatient 
discharge[2]. GERD contributes in excess of  $10 billion in 
annual direct health care costs, with the majority of  cost 
attributed to proton pump inhibitors (PPIs)[2,3]. The sub-
stantial disease burden of  GERD and recognition of  PPI 
unresponsive patients has fostered numerous efforts to 
improve diagnostic and therapeutic monitoring modalities.

Research investigations have enhanced our under-
standing of  both the utility and limitations of  a variety of  
diagnostic modalities. Newer techniques for esophageal 
functional testing such as wireless pH capsule monitoring, 
duodenogastroesophageal (also referred to as alkaline or 
bile reflux) reflux detection, and esophageal impedance 
testing have been introduced over the past decade and are 
utilized in clinical practice. The American College of  Gas-
troenterology, American Society for Gastrointestinal En-
doscopy and American Gastroenterological Association 
have recently published updated reviews and guidelines 
on reflux management and monitoring[4-6]. This review 
highlights recent advances in GERD diagnostic testing 
and their utility in clinical practice. A literature search was 
conducted for English-language articles dealing with func-
tional evaluation of  the esophagus from 2008 to 2009. 
Databases included Medline and PubMed, with search 
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terms that included esophageal pH monitoring, GERD, 
and esophageal impedance.

ESOPHAGEAL pH MONITORING
Wireless capsule pH monitoring: Is it better than 
catheter systems?
A significant advance in pH recording has been the incor-
poration of  an antimony electrode into a wireless capsule 
that transmits pH data to an external receiver via radiofre-
quency telemetry (433 MHz)[7,8]. Major advantages of  the 
wireless system include patient tolerability and capability 
of  performing extended recording periods of  2-4 d. Dis-
comfort associated with conventional catheter electrodes 
can lead patients to minimize or avoid reflux-provoking 
stimuli such as meals and physical activity, thus decreasing 
the detection of  abnormal acid exposure[9,10]. As a result 
of  improved patient tolerability, the wireless pH system 
might provide a more accurate picture of  an individual’s 
acid exposure profile under more realistic conditions. 

Several investigations have compared wireless to 
catheter-based pH monitoring. A recent study has evalu-
ated simultaneous placement of  the Bravo capsule and 
SlimLine catheter system in 55 patients referred with 
GERD symptoms and 53 healthy volunteers[11]. The 
Slimline system was removed after 24 h while the Bravo 
system recorded 48 h of  data. The SlimLine catheter sys-
tem recorded almost double the acid exposure time than 
the Bravo system in both patients and volunteers. A sim-
ilar finding has been noted in previous studies[12,13]. There 
was correlation between pH values and a concordance 
of  diagnostic yield of  82.1%. However, the authors 
argue that, due to a wide variation in repeated measure-
ments and random variation, as measured by limits of  
agreement, the two methods are not interchangeable[11].

It is not clear from the study methods whether the in-
creased acid detection by the SlimLine catheter system was 
due to a thermal calibration artifact intrinsic to the cath-
eter pH recording system first reported in 2005[13]. This 
error has since been corrected. The SlimLine system also 
records a greater number of  reflux events than does Bra-
vo, which is related to a higher sampling frequency. This 
numerical difference has previously been shown to have a 
minimal effect on the overall acid exposure time[13,14]. Oth-
er potential explanations for the different measurements 
include lost data due to interrupted signal transmission by 
the wireless system, and movement of  the pH sensor in 
the catheter system relative to the esophagogastric junc-
tion. The latter factor might be important given the axial 
shortening of  the esophagus during swallowing, which 
could move the catheter electrode closer to or even tran-
siently into the proximal stomach. The Bravo system was 
better tolerated and preferred by patients, although the 
investigators did report a failure rate of  approximate 15% 
due to failure or premature detachment.

Prolonged monitoring: Is 4 d better than 1 d?
Extended pH monitoring using wireless technology might 
theoretically improve the detection of  reflux and increase 

the sensitivity of  testing. Several studies have demonstrat-
ed that increasing the recording period from 24 to 48 h in-
creases the sensitivity of  pH monitoring by 10%-26%[4,8]. 
Several studies have also consistently demonstrated higher 
acid exposure values on day 2 compared with day 1 with 
the wireless capsule. Although the differences are gener-
ally small, this might affect the interpretation in a subset 
of  studies[11]. Most capsules are placed immediately after 
endoscopy, therefore, the observation raises concerns 
regarding the potential impact of  conscious sedation 
on reflux detection in the time period immediately after 
endoscopy, when patients might be resting and avoiding 
typical activity.

Another advantage of  a prolonged monitoring pe-
riod is the ability to perform testing both on and off  PPI 
therapy in a single study[15,16]. Controversy exists regarding 
whether pH monitoring is best done off  or on PPI thera-
py, because there are advantages and disadvantages to each 
approach. Off-therapy testing evaluates the presence of  
abnormal acid exposure and maximizes symptom-reflux 
association owing to the greater number of  symptom and 
reflux episodes. Off-therapy testing is used to document 
the presence of  acid reflux in patients with non-erosive 
reflux disease, who are being considered for anti-reflux 
endoscopic or surgical therapy. Off-therapy testing is also 
employed for patients with a low index of  suspicion for 
having reflux disease, such as those showing no symp-
tomatic response to empiric trials of  PPI therapy or those 
with atypical symptoms. In contrast, pH testing on PPI 
therapy can provide documentation of  the effectiveness 
of  PPI therapy.

The feasibility of  pH monitoring for an extended 
duration was recently determined for 96 h (48 h off  PPI 
therapy followed by 48 h on therapy) in 60 patients[16]. A 
single pH capsule was placed and calibrated to two sepa-
rate receivers with the second receiver activated after 48 h  
upon initiation of  PPI therapy. Reflux symptoms were 
also recorded. Complete 96-h data were available for 40 
patients (67%) at completion of  the study, with 20 pa-
tients having incomplete data transmission or early capsule 
detachment. A total of  14 patients had abnormal acid ex-
posure in the first 48 h, and day 2 testing (off  therapy) in-
creased the detection of  abnormal acid exposure by 10%. 
On PPI therapy, 39 out of  40 patients (97.5%) had com-
plete normalization of  acid exposure at day 4. In addition, 
three symptom association indices [symptom index (SI), 
symptom sensitivity index (SSI), and symptom association 
probability (SAP)] all decreased by day 4 on PPI therapy. 
Overall, the prolonged testing increased the detection of  
acid exposure and reflux events for symptom association 
measurements and allowed for evaluation of  both acid 
exposure and symptom response to PPI therapy. Limita-
tions of  this approach included early capsule detachment 
in 15% and the need for two separate receivers. Updated 
models of  the wireless pH capsule are expected to allow 
for prolonged 4-d recording with a single receiver.

pH sensor location: Is 5 cm the best site?
By convention, correct positioning of  the catheter pH 
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electrodes is 5 cm above the proximal border of  the lower 
esophageal sphincter (LES) and 6 cm above the squamoco-
lumnar junction (SCJ) for the wireless pH capsule. These 
locations minimize potential noise from proximal stom-
ach acid exposure, at the expense of  decreased sensitivity. 
This is a particular concern for catheter- based systems in 
which esophageal shortening during deglutition results in 
relative movement of  the pH sensor closer to the LES. 
Grigolon et al[17] recently have evaluated differences in sub-
cardial pH measured at two different locations in GERD, 
as well as the role of  hiatal hernia. Their study population 
consisted of  14 healthy volunteers and 11 and 10 GERD 
patients with and without a hiatal hernia, respectively. 
Wireless pH monitoring was performed using the Bravo 
capsule 2 cm below the SCJ, and all patients received a 
standardized lunch after placement of  the capsule. The 
investigators confirmed that subcardial pH was highly 
acidic in the early stage after meals, but there was no dif-
ference between healthy subjects and GERD patients. 
The presence of  a hiatal hernia did not affect the results. 
The findings build upon important observations made by 
this group regarding the role of  the “acid pocket” in the 
pathogenesis of  GERD. In clinical practice, substantial 
intrapatient variability and interpatient heterogeneity have 
limited the utility of  intragastric pH monitoring.

Another study has evaluated 48-h pH recording, off  
PPI therapy, immediately above the SCJ compared to si-
multaneous results obtained at 6 cm above the SCJ in 62 
patients with reflux symptoms and 55 controls[18]. GERD 
patients included those with erosive disease as well as 
non-erosive patients with typical reflux symptoms that are 
responsive to PPI therapy. Using a pre-defined specificity 
of  90%, monitoring immediately above the SCJ increased 
the sensitivity from 63% to 86% in all patients. The total 
percentage of  time that pH was < 4 for the entire 48-h 
study was the parameter that best discriminated between 
GERD patients and controls. Patients with and without 
esophagitis had an increased sensitivity (78% to 97% and 
47% to 73%, respectively) that indicated an increased dis-
criminatory power for patients with more severe disease. 
These results were similar to another study in which pH 
measurements were obtained simultaneously 6 and 1 cm 
above the gastroesophageal junction (GEJ) in 40 GERD 
patients with and without erosive disease[19]. The investiga-
tors found improved diagnostic accuracy in patients with 
erosive disease but not non-erosive reflux disease (NERD). 
Although the results of  these studies are encouraging for 
increasing the sensitivity of  pH testing, especially in pa-
tients with more severe disease, more validation is needed 
before changing the conventional location of  pH mea-
surements.

pH-IMPEDANCE TESTING
Theoretical advantages
Intraluminal impedance monitoring detects changes in the 
resistance to electrical current across adjacent electrodes 
positioned in a serial manner along a catheter. Multiple 
electrodes positioned along the axial length of  the imped-

ance catheter determine the proximal extent of  a reflux 
event. It is capable of  differentiating antegrade from ret-
rograde bolus transit, as well as liquid from gas reflux. A 
pH electrode incorporated into the recording assembly 
allows for simultaneous detection of  acid content. Patient 
tolerability is similar to conventional pH monitoring as 
this is a catheter- based system. Likewise, recording has 
been limited to 24 h.

There is considerable debate on the current role of  
pH-impedance testing in clinical practice[20-22]. As PPI use 
for GERD has increased, patients presenting with typi-
cal or atypical reflux symptoms in spite of  PPI therapy, 
and without erosive esophagitis, often pose a diagnostic 
and management challenge. The association of  non-acid 
reflux events with symptoms has been demonstrated in 
several studies[23-26]. Impedance-pH monitoring is the 
most sensitive technique for the detection of  reflux 
events. As a result of  the ability to detect, localize and 
classify reflux events as acidic, weakly-acidic or alkaline, 
simultaneously, pH-impedance testing has been posited 
as the future standard for reflux detection and monitor-
ing[27]. In addition, the more comprehensive reflux detec-
tion could guide more individualized therapy in patients 
based on their reflux profile as well as predict response 
to medical or surgical treatment[20,21].

Although theoretically superior to pH monitoring, the 
clinical utility of  combined pH-impedance monitoring is 
still being investigated. Conventional pH testing has dem-
onstrated high sensitivity and specificity in patients with 
GERD and erosive esophagitis. The chemical nature of  
non-acid reflux does not allow the presence of  mucosal 
erosions to be used in the determination of  sensitivity 
and specificity of  impedance data. Therefore, studies 
that have examined the utility of  impedance testing have 
relied upon symptom-reflux association methodology to 
support the clinical significance of  non-acid reflux. As 
discussed below, substantial limitations for symptom-
reflux association accuracy in the evaluation of  acid re-
flux also apply to non-acid reflux. Furthermore, the reli-
ance on symptom indices necessitates careful delineation 
of  the specific symptom being evaluated. For instance, 
symptom association for regurgitation on PPI therapy 
is better detected by impedance testing than pH testing 
alone. However, the importance of  non-acid reflux in 
generating symptoms of  heartburn or chest pain is un-
clear. It has been demonstrated that the majority of  per-
sistent heartburn or chest pain events on PPI therapy are 
not related to either acid or non-acid reflux[26,28]. Extra-
esophageal symptoms of  globus, asthma and hoarseness 
might occur independent of  individual reflux events and 
thus are inappropriate for reflux-symptom association 
analysis. GERD is often considered as a cause of  chronic 
cough. Although studies have shown symptom cor-
relation between cough and GERD, 50% of  the cough 
episodes precede the individual reflux events, which dem-
onstrates that cough-induced reflux occurs as often as 
reflux-induced cough[28].

Further difficulties in substantiating a role for pH-
impedance monitoring arise from the absence of  highly 
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effective, pharmacological therapies for non-acid reflux. 
Limited studies have used baclofen and baclofen analogs 
that inhibit transient LES relaxation. Surgical fundoplica-
tion is a more definitive means of  arresting both acid and 
non-acid reflux, and ongoing studies are examining the use 
of  pH-impedance results in predicting postoperative out-
comes in refractory reflux patients. Additional limitations 
of  impedance monitoring include low baseline impedance 
values generated by the mucosa of  Barrett’s esophagus and 
esophagitis, which make detection of  liquid reflux prob-
lematic in such circumstances. Inaccuracies in the current 
versions of  automated analysis software require careful 
and time consuming manual data correction[29].

Recent data
As a result of  the ability to characterize acidity and de-
termine number, duration, and location of  reflux events, 
the majority of  research using pH-impedance has fo-
cused on the challenges associated with diagnosing and 
treating NERD. A recent small study has evaluated 16 
NERD patients with both pH-impedance and combined 
multiple pH monitoring in an effort to assess changes 
in reflux acidity and sensitivity to reflux events[30]. Com-
pared to multiple site pH testing (at three locations), pH-
impedance monitoring showed a small increase in sen-
sitivity in detecting proximal reflux events. The authors 
reported that 30% of  all distal acid reflux events became 
weakly acidic in the proximal esophagus, and a third of  
these events resulted in symptoms. Although the sample 
size was small, the results lend support to the concept of  
hypersensitivity in the proximal esophagus in a subset of  
NERD patients[31,32].

In a much larger study, Savarino et al[33] have evaluated 
the diagnostic utility of  pH-impedance monitoring in 150 
patients with NERD off  PPI therapy. Among patients 
with normal distal esophageal acid exposure time, they 
found similar positive symptom associations for patients 
with acid reflux (15%) and non-acid reflux (12%). Twenty-
six per cent of  this group had a negative symptom asso-
ciation and were considered functional heartburn patients. 
The classification of  patients with hypersensitive esopha-
gus accorded by pH-impedance results (normal acid 
exposure time, positive symptom association) reduced 
the number of  patients that would have been classified 
as having functional disease by 40%[33]. However, overall 
87% of  the 150 NERD patients had acid reflux identified 
as the etiology of  their symptoms. 

Impedance pH monitoring has also been used to 
compare reflux patterns between patients with erosive 
esophagitis and NERD[34,35]. In a small study of  26 pa-
tients, evenly split between NERD and erosive disease, 
pH-impedance monitoring did not reveal significant 
differences in mean reflux duration or the incidence of  
acid or non-acid reflux episodes. When stratified by type 
of  reflux episode, patients with erosive disease did have 
slightly more liquid (mean 9 ± 2 vs 5 ± 1, P = 0.07) and 
acid (mean 9 ± 2 vs 4 ± 1, P = 0.048) reflux episodes in 
the supine position. Overall, pH-impedance could not 
discriminate between NERD and erosive esophagitis but 

this likely reflects the limited power of  the sample size. 
In another study, Savarino et al[35] have compared a cohort 
of  GERD patients with erosive and non-erosive disease 
with a control population and demonstrated increased 
acid exposure times, and frequencies of  acid reflux events 
as well as proximal esophageal reflux extension, in both 
GERD subsets. Patients with erosive disease had a higher 
frequency and increased proximal migration of  acid reflux 
events. Notably, the frequency of  non-acid reflux events 
and their association with symptoms were similar in both 
erosive and non-erosive disease. Overall, the results of  
these studies lend further support to the argument for 
monitoring both acid and non-acid reflux episodes in 
further characterizing GERD and potentially directing 
management. However, the increased diagnostic yield of  
pH impedance over pH monitoring alone was limited and 
neither study has demonstrated that the increased detec-
tion results in improved patient therapeutic outcomes.

There has also been debate about whether pH-im-
pedance monitoring should be performed on or off  PPI 
therapy. This has recently been addressed in a small pro-
spective study of  patients with continued GERD symp-
toms on twice daily PPI therapy[36]. Using a randomized, 
crossover study design, combined 24-h pH-impedance 
monitoring was performed on (twice daily) and off  PPI 
therapy for 7 d. Neither the number nor extent of  reflux 
episodes was affected by PPI use. There were significantly 
more acidic reflux episodes off  PPI therapy and more 
weakly acidic episodes on PPI therapy. However, there 
was lack of  concordance between the SAP for both mea-
surements, which was likely due to the small sample size 
of  the study.

Ultimately, the benefit of  using pH-impedance moni-
toring in routine clinical practice depends upon its ability 
to guide effective medical and surgical management. A 
prospective series of  12 patients in Switzerland evaluated 
using pH-impedance monitoring before and after anti-
reflux surgery (mesh-augmented hiatoplasty)[37]. Although 
the sample size was small, the authors found that multi-
channel intraluminal pH-impedance monitoring signifi-
cantly increased the number of  reflux episodes detected 
before and after surgery compared to pH testing alone. 
There were also more patients identified as having a posi-
tive SI in the pH-impedance group. The study has found 
that pH-impedance monitoring provides increased data 
compared to pH testing alone, however, whether this in-
formation favorably affects management and long-term 
patient outcomes is yet to be determined. Future thera-
peutic trials using inhibitors of  transient LES relaxation 
should provide valuable insights into the clinical signifi-
cance of  non-acid reflux.

SYMPTOM ASSOCIATION
Available methods
Three methods have been devised to use statistical calcu-
lations to correlate symptoms with acid reflux. Symptom 
correlation can be separately calculated for each symptom 
attributable to reflux, including heartburn, regurgitation 
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or chest pain. The application of  symptom correlation to 
atypical reflux symptoms such as throat pain, hoarseness, 
cough and asthma is problematic given the lack of  tem-
poral association between such symptoms and individual 
reflux events. The first method developed was the SI[38], 
which involves dividing the number of  symptoms associ-
ated with acid reflux events by the total number of  symp-
toms, which yields a percentage. A second approach is the 
SSI[39], which divides the total number of  reflux episodes 
associated with symptoms by the total number of  reflux 
episodes. The third approach for symptom-reflux correla-
tion is the SAP[40]. This involves constructing a contin-
gency table with four fields: (1) positive symptom, positive 
reflux; (2) negative symptom, positive reflux; (3) positive 
symptom, negative reflux; and (4) negative symptom and 
negative reflux. Fisher’s exact test is then applied to calcu-
late the probability that the observed association between 
reflux and symptoms occurred by chance. An SAP value 
> 95% indicates that the probability that the observed as-
sociation between reflux and the symptom occurred by 
chance is < 5%.

Both the SI and SSI do not take into account the total 
number of  reflux and symptom events. Thus, in patients 
with very infrequent or frequent reflux episodes or symp-
toms, random, temporal associations between reflux and 
symptoms might produce an inaccurate result. Another 
important distinction between the methods is that the 
SAP determines the statistical validity of  symptom-reflux 
associations, whereas the SI and SSI provide information 
on the strength of  the association. 

Does it work?
Past attempts to validate the utility of  the symptom in-
dices have shown conflicting results with some groups 
reporting correlation with PPI response[41,42], whereas 
others have shown high discordance rates of  the indices 
and mediocre specificity and sensitivity[43]. As with any 
test used in clinical practice, reproducibility is paramount 
and this issue has been addressed recently in 21 patients 
with GERD symptoms[44]. The SI, SSI and SAP were 
determined in concert with 24-h pH-impedance monitor-
ing. The SAP and SSI showed the highest reproducibility 
compared with the SI. The study was performed under 
“real world” conditions of  ambulatory monitoring, which 
suggested that the symptom association indices, although 
far from ideal, can play a role in relating symptoms to 
reflux episodes. The limitations of  symptom association 
and remaining cognizant of  what the three methods do 
not measure should be considered before applying these 
in clinical practice. The symptom correlation tests should 
be viewed as complementary information that links symp-
toms with reflux events, which does not ensure response 
to either medical or surgical therapy.

OTHER MODALITIES AND ISSUES
Narrow-band imaging
Use of  narrow-band imaging (NBI) to enhance the con-
trast between esophageal and gastric mucosa and improve 

visualization of  the SCJ has been studied in GERD pa-
tients. NBI has been shown to increase reproducibility in 
grading esophagitis[45] and the ability to detect changes in 
the microvasculature at the SCJ[46]. More recently, a pro-
spective study has evaluated the use of  NBI to differenti-
ate erosive esophagitis (EE) from NERD and controls[47]. 
A total of  107 patients underwent endoscopy with NBI. 
Compared to conventional endoscopy, NBI allowed for 
an increased detection of  micro-erosions, vascularity, and 
mucosal islands (“pit patterns”). In terms of  differentiat-
ing patients using these criteria, EE and NERD patients 
had a higher prevalence of  micro-erosions and vascularity 
compared to controls. EE and NERD patients were only 
differentiated by an increased vascular surface in the ab-
sence of  pit patterns (sensitivity 86.1%, specificity 83.3%). 
Although NBI with endoscopy is unlikely to serve as a 
standard for the diagnosis of  GERD, it could serve as an 
adjunct in the classification of  erosive and non-erosive 
disease.

Histopathology
The use of  histological characteristics to help diagnose 
GERD, and specifically NERD, has garnered increased at-
tention and has recently been reviewed[48]. Although there 
are limitations to many of  the studies that have evaluated 
histology, dilation of  the intracellular space (DIS) has 
emerged as a promising diagnostic marker of  NERD[48,49]. 
There is also evidence that DIS can be affected by PPI 
treatment, potentially serving as a clinical endpoint in 
therapy. However, definitive histological parameters of  
DIS have yet to be defined for reflux disease. Histological 
parameters such as basal cell hyperplasia and papillae elon-
gation have proven less sensitive or specific for GERD, 
but might ultimately play a role when used in combination 
with DIS[48,50]. Ultimately, histopathological characteristics 
will likely be used in concert with other modalities to diag-
nose and characterize GERD better.

Eosinophilic esophagitis as a confounder
Eosinophilic esophagitis (EoE) has been increasingly di-
agnosed in pediatric and adult populations over the past  
15 years[51]. Patients can present with a variety of  symp-
toms including dysphagia, food impaction, heartburn, and 
chest pain[52,53]. However, these symptoms are not specific 
for the diagnosis and it can be difficult to differentiate EoE 
from GERD. Presently, the diagnosis of  EoE is defined 
by the combination of  clinical symptoms and histological 
characteristics of  mucosal eosinophilia (> 15 eosinophils/ 
high-power field)[52]. Supportive features include the pres-
ence of  mucosal rings, longitudinal furrows and exudates 
in the esophagus. Disorders such as hypereosinophilic 
syndrome, connective tissue disorders, GERD, drug hy-
persensitivity reactions or infectious esophagitis should 
either be excluded or deemed non-causal in the eosino-
philia.

A recent retrospective case control study has evaluated 
clinical, endoscopic and histological characteristics that 
could differentiate GERD from EoE[54]. The combina-
tion of  nine characteristics (age, dysphagia, food allergy, 
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esophageal rings, linear furrows, white plaques, no hiatal 
hernia, maximum eosinophil count, and eosinophil de-
granulation) differentiated GERD from EoE in their pop-
ulation[54]. However, as GERD is prevalent in approximate 
20% of  the United States population, it is inevitable that 
many patients will have coexisting disease[52,55]. Moreover, 
acid reflux itself  might produce tissue eosinophilia or al-
low for allergen sensitization[56]. A significant proportion 
of  suspected EoE patients respond both symptomatically 
and histologically to PPIs, which blurs the distinction be-
tween EoE and GERD even further[57,58].

CONCLUSION
As a result of  complexities in phenotypic heterogeneity 
and pathophysiology, there is no single gold standard diag-
nostic modality for GERD. pH monitoring has the great-
est accuracy in patients with typical heartburn and erosive 
esophagitis, but unfortunately, it suffers from significant 
limitations when applied to atypical manifestations in 
NERD patients. Advances in pH monitoring, most no-
tably wireless pH capsule technology, have improved 
patient tolerability and allowed for prolonged recordings 
that allow for both detection of  acid reflux and response 
to therapy. The sensitivity of  pH monitoring might be 
enhanced by pH capsule positioning closer to the SCJ, but 
further validation is needed because of  concerns for di-
minished diagnostic specificity. pH-impedance has clearly 
increased the understanding of  acid and non-acid reflux 
pathophysiology. When combined with symptom indices, 
pH-impedance detection of  weakly and non-acidic reflux 
has the potential to provide information that might guide 
management. Therapeutic trials that have demonstrated 
the predictive value of  impedance data support this prac-
tice. Recent results using NBI and histopathology are of  
significance. Taken together, these methods lend them-
selves to a reductionist view of  GERD, whereas patients 
are classified into better-defined sub-groups. This strategy 
could ultimately result in more effective, individualized 
management of  GERD and improved outcomes.

REFERENCES
1 Kahrilas PJ. Clinical practice. Gastroesophageal reflux dis-

ease. N Engl J Med 2008; 359: 1700-1707
2 Shaheen NJ, Hansen RA, Morgan DR, Gangarosa LM, Rin-

gel Y, Thiny MT, Russo MW, Sandler RS. The burden of gas-
trointestinal and liver diseases, 2006. Am J Gastroenterol 2006; 
101: 2128-2138

3 Sandler RS, Everhart JE, Donowitz M, Adams E, Cronin 
K, Goodman C, Gemmen E, Shah S, Avdic A, Rubin R. The 
burden of selected digestive diseases in the United States. 
Gastroenterology 2002; 122: 1500-1511

4 Hirano I, Richter JE. ACG practice guidelines: esophageal 
reflux testing. Am J Gastroenterol 2007; 102: 668-685

5 Pandolfino JE, Vela MF. Esophageal-reflux monitoring. Gas-
trointest Endosc 2009; 69: 917-930, 930.e1

6 Kahrilas PJ, Shaheen NJ, Vaezi MF, Hiltz SW, Black E, Mod-
lin IM, Johnson SP, Allen J, Brill JV. American Gastroentero-
logical Association Medical Position Statement on the man-
agement of gastroesophageal reflux disease. Gastroenterology 
2008; 135: 1383-1391, 1391.e1-e5

7 Pandolfino JE. Bravo capsule pH monitoring. Am J Gastroen-
terol 2005; 100: 8-10

8 Pandolfino JE, Richter JE, Ours T, Guardino JM, Chapman J, 
Kahrilas PJ. Ambulatory esophageal pH monitoring using a 
wireless system. Am J Gastroenterol 2003; 98: 740-749

9 Fass R, Hell R, Sampliner RE, Pulliam G, Graver E, Hartz V, 
Johnson C, Jaffe P. Effect of ambulatory 24-hour esophageal 
pH monitoring on reflux-provoking activities. Dig Dis Sci 
1999; 44: 2263-2269

10 Pandolfino JE, Bianchi LK, Lee TJ, Hirano I, Kahrilas PJ. 
Esophagogastric junction morphology predicts susceptibil-
ity to exercise-induced reflux. Am J Gastroenterol 2004; 99: 
1430-1436

11 Håkanson BS, Berggren P, Granqvist S, Ljungqvist O, 
Thorell A. Comparison of wireless 48-h (Bravo) versus tra-
ditional ambulatory 24-h esophageal pH monitoring. Scand J 
Gastroenterol 2009; 44: 276-283

12 des Varannes SB, Mion F, Ducrotté P, Zerbib F, Denis P, Pon-
chon T, Thibault R, Galmiche JP. Simultaneous recordings of 
oesophageal acid exposure with conventional pH monitoring 
and a wireless system (Bravo). Gut 2005; 54: 1682-1686

13 Pandolfino JE, Schreiner MA, Lee TJ, Zhang Q, Boniquit C, 
Kahrilas PJ. Comparison of the Bravo wireless and Digitrap-
per catheter-based pH monitoring systems for measuring 
esophageal acid exposure. Am J Gastroenterol 2005; 100: 
1466-1476

14 Pandolfino JE, Zhang Q, Schreiner MA, Ghosh S, Roth MP, 
Kahrilas PJ. Acid reflux event detection using the Bravo 
wireless versus the Slimline catheter pH systems: why are 
the numbers so different? Gut 2005; 54: 1687-1692

15 Hirano I, Zhang Q, Pandolfino JE, Kahrilas PJ. Four-day 
Bravo pH capsule monitoring with and without proton 
pump inhibitor therapy. Clin Gastroenterol Hepatol 2005; 3: 
1083-1088

16 Garrean CP, Zhang Q, Gonsalves N, Hirano I. Acid reflux 
detection and symptom-reflux association using 4-day wire-
less pH recording combining 48-hour periods off and on PPI 
therapy. Am J Gastroenterol 2008; 103: 1631-1637

17 Grigolon A, Cantú P, Bravi I, Caparello C, Penagini R. Sub-
cardial 24-h wireless pH monitoring in gastroesophageal 
reflux disease patients with and without hiatal hernia com-
pared with healthy subjects. Am J Gastroenterol 2009; 104: 
2714-2720

18 Wenner J, Hall M, Höglund P, Johansson J, Johnsson F, 
Oberg S. Wireless pH recording immediately above the 
squamocolumnar junction improves the diagnostic perfor-
mance of esophageal pH studies. Am J Gastroenterol 2008; 
103: 2977-2985

19 Bansal A, Wani S, Rastogi A, Rastogi K, Goyal A, Hall S, 
Singh V, Higbee A, Sharma P. Impact of measurement of 
esophageal acid exposure close to the gastroesophageal junc-
tion on diagnostic accuracy and event-symptom correlation: 
a prospective study using wireless dual pH monitoring. Am 
J Gastroenterol 2009; 104: 2918-2925

20 Blondeau K, Tack J. Pro: Impedance testing is useful in 
the management of GERD. Am J Gastroenterol 2009; 104: 
2664-2666

21 Shay S. A balancing view: Impedance-pH testing in gerd-
limited role for now, perhaps more helpful in the future. Am 
J Gastroenterol 2009; 104: 2669-2670

22 Richter JE. Con: Impedance-pH testing does not commonly 
alter management of GERD. Am J Gastroenterol 2009; 104: 
2667-2669

23 Vela MF, Camacho-Lobato L, Srinivasan R, Tutuian R, Katz 
PO, Castell DO. Simultaneous intraesophageal impedance 
and pH measurement of acid and nonacid gastroesopha-
geal reflux: effect of omeprazole. Gastroenterology 2001; 120: 
1599-1606

24 Sifrim D. Acid, weakly acidic and non-acid gastro-oesoph-
ageal reflux: differences, prevalence and clinical relevance. 
Eur J Gastroenterol Hepatol 2004; 16: 823-830

3755 August 14, 2010|Volume 16|Issue 30|WJG|www.wjgnet.com

Gawron AJ et al . Advances in GERD diagnostic testing



3756 August 14, 2010|Volume 16|Issue 30|WJG|www.wjgnet.com

25 Sifrim D, Castell D, Dent J, Kahrilas PJ. Gastro-oesophageal 
reflux monitoring: review and consensus report on detection 
and definitions of acid, non-acid, and gas reflux. Gut 2004; 
53: 1024-1031

26 Mainie I, Tutuian R, Shay S, Vela M, Zhang X, Sifrim D, Cas-
tell DO. Acid and non-acid reflux in patients with persistent 
symptoms despite acid suppressive therapy: a multicentre 
study using combined ambulatory impedance-pH monitor-
ing. Gut 2006; 55: 1398-1402

27 Bredenoord AJ. Impedance-pH monitoring: new standard 
for measuring gastro-oesophageal reflux. Neurogastroenterol 
Motil 2008; 20: 434-439

28 Zerbib F, Roman S, Ropert A, des Varannes SB, Pouderoux P, 
Chaput U, Mion F, Vérin E, Galmiche JP, Sifrim D. Esopha-
geal pH-impedance monitoring and symptom analysis in 
GERD: a study in patients off and on therapy. Am J Gastroen-
terol 2006; 101: 1956-1963

29 Shay S. Esophageal impedance monitoring: the ups and 
downs of a new test. Am J Gastroenterol 2004; 99: 1020-1022

30 Emerenziani S, Ribolsi M, Sifrim D, Blondeau K, Cicala M. 
Regional oesophageal sensitivity to acid and weakly acidic 
reflux in patients with non-erosive reflux disease. Neurogas-
troenterol Motil 2009; 21: 253-258

31 Fass R, Naliboff B, Higa L, Johnson C, Kodner A, Munakata J, 
Ngo J, Mayer EA. Differential effect of long-term esophageal 
acid exposure on mechanosensitivity and chemosensitivity 
in humans. Gastroenterology 1998; 115: 1363-1373

32 Thoua NM, Khoo D, Kalantzis C, Emmanuel AV. Acid-
related oesophageal sensitivity, not dysmotility, differenti-
ates subgroups of patients with non-erosive reflux disease. 
Aliment Pharmacol Ther 2008; 27: 396-403

33 Savarino E, Zentilin P, Tutuian R, Pohl D, Casa DD, Frazzoni 
M, Cestari R, Savarino V. The role of nonacid reflux in NERD: 
lessons learned from impedance-pH monitoring in 150 pa-
tients off therapy. Am J Gastroenterol 2008; 103: 2685-2693

34 Conchillo JM, Schwartz MP, Selimah M, Samsom M, Sifrim 
D, Smout AJ. Acid and non-acid reflux patterns in patients 
with erosive esophagitis and non-erosive reflux disease 
(NERD): a study using intraluminal impedance monitoring. 
Dig Dis Sci 2008; 53: 1506-1512

35 Savarino E, Tutuian R, Zentilin P, Dulbecco P, Pohl D, 
Marabotto E, Parodi A, Sammito G, Gemignani L, Bodini G, 
Savarino V. Characteristics of reflux episodes and symptom 
association in patients with erosive esophagitis and nonero-
sive reflux disease: study using combined impedance-pH off 
therapy. Am J Gastroenterol 2010; 105: 1053-1061

36 Hemmink GJ, Bredenoord AJ, Weusten BL, Monkelbaan JF, 
Timmer R, Smout AJ. Esophageal pH-impedance monitor-
ing in patients with therapy-resistant reflux symptoms: 'on' 
or 'off' proton pump inhibitor? Am J Gastroenterol 2008; 103: 
2446-2453

37 Gruebel C, Linke G, Tutuian R, Hebbard G, Zerz A, Meyen-
berger C, Borovicka J. Prospective study examining the im-
pact of multichannel intraluminal impedance on antireflux 
surgery. Surg Endosc 2008; 22: 1241-1247

38 Wiener GJ, Richter JE, Copper JB, Wu WC, Castell DO. The 
symptom index: a clinically important parameter of ambula-
tory 24-hour esophageal pH monitoring. Am J Gastroenterol 
1988; 83: 358-361

39 Breumelhof R, Smout AJ. The symptom sensitivity index: 
a valuable additional parameter in 24-hour esophageal pH 
recording. Am J Gastroenterol 1991; 86: 160-164

40 Weusten BL, Roelofs JM, Akkermans LM, Van Berge-Hene-
gouwen GP, Smout AJ. The symptom-association probabil-
ity: an improved method for symptom analysis of 24-hour 
esophageal pH data. Gastroenterology 1994; 107: 1741-1745

41 Shi G, Bruley des Varannes S, Scarpignato C, Le Rhun M, 
Galmiche JP. Reflux related symptoms in patients with nor-
mal oesophageal exposure to acid. Gut 1995; 37: 457-464

42 Watson RG, Tham TC, Johnston BT, McDougall NI. Double 
blind cross-over placebo controlled study of omeprazole in 
the treatment of patients with reflux symptoms and physi-
ological levels of acid reflux--the "sensitive oesophagus". Gut 
1997; 40: 587-590

43 Taghavi SA, Ghasedi M, Saberi-Firoozi M, Alizadeh-Naeeni 
M, Bagheri-Lankarani K, Kaviani MJ, Hamidpour L. Symp-
tom association probability and symptom sensitivity index: 
preferable but still suboptimal predictors of response to high 
dose omeprazole. Gut 2005; 54: 1067-1071

44 Aanen MC, Bredenoord AJ, Numans ME, Samson M, Sm-
out AJ. Reproducibility of symptom association analysis in 
ambulatory reflux monitoring. Am J Gastroenterol 2008; 103: 
2200-2208

45 Lee YC, Lin JT, Chiu HM, Liao WC, Chen CC, Tu CH, Tai 
CM, Chiang TH, Chiu YH, Wu MS, Wang HP. Intraobserver 
and interobserver consistency for grading esophagitis with 
narrow-band imaging. Gastrointest Endosc 2007; 66: 230-236

46 Sharma P, Wani S, Bansal A, Hall S, Puli S, Mathur S, Ras-
togi A. A feasibility trial of narrow band imaging endoscopy 
in patients with gastroesophageal reflux disease. Gastroenter-
ology 2007; 133: 454-464; quiz 674

47 Fock KM, Teo EK, Ang TL, Tan JY, Law NM. The utility of 
narrow band imaging in improving the endoscopic diag-
nosis of gastroesophageal reflux disease. Clin Gastroenterol 
Hepatol 2009; 7: 54-59

48 Dent J. Microscopic esophageal mucosal injury in nonero-
sive reflux disease. Clin Gastroenterol Hepatol 2007; 5: 4-16

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

50 Zentilin P, Savarino V, Mastracci L, Spaggiari P, Dulbecco P, 
Ceppa P, Savarino E, Parodi A, Mansi C, Fiocca R. Reassess-
ment of the diagnostic value of histology in patients with 
GERD, using multiple biopsy sites and an appropriate con-
trol group. Am J Gastroenterol 2005; 100: 2299-2306

51 Prasad GA, Alexander JA, Schleck CD, Zinsmeister AR, 
Smyrk TC, Elias RM, Locke GR 3rd, Talley NJ. Epidemiol-
ogy of eosinophilic esophagitis over three decades in Olm-
sted County, Minnesota. Clin Gastroenterol Hepatol 2009; 7: 
1055-1061

52 Garrean C, Hirano I. Eosinophilic esophagitis: pathophysiol-
ogy and optimal management. Curr Gastroenterol Rep 2009; 
11: 175-181

53 Gonsalves N, Policarpio-Nicolas M, Zhang Q, Rao MS, Hi-
rano I. Histopathologic variability and endoscopic correlates 
in adults with eosinophilic esophagitis. Gastrointest Endosc 
2006; 64: 313-319

54 Dellon ES, Gibbs WB, Fritchie KJ, Rubinas TC, Wilson LA, 
Woosley JT, Shaheen NJ. Clinical, endoscopic, and histologic 
findings distinguish eosinophilic esophagitis from gastro-
esophageal reflux disease. Clin Gastroenterol Hepatol 2009; 7: 
1305-1313; quiz 1261

55 Shah A, Kagalwalla AF, Gonsalves N, Melin-Aldana H, Li 
BU, Hirano I. Histopathologic variability in children with eo-
sinophilic esophagitis. Am J Gastroenterol 2009; 104: 716-721

56 Spechler SJ, Genta RM, Souza RF. Thoughts on the com-
plex relationship between gastroesophageal reflux disease 
and eosinophilic esophagitis. Am J Gastroenterol 2007; 102: 
1301-1306

57 Ngo P, Furuta GT, Antonioli DA, Fox VL. Eosinophils in the 
esophagus--peptic or allergic eosinophilic esophagitis? Case 
series of three patients with esophageal eosinophilia. Am J 
Gastroenterol 2006; 101: 1666-1670

58 Dranove JE, Horn DS, Davis MA, Kernek KM, Gupta SK. 
Predictors of response to proton pump inhibitor therapy 
among children with significant esophageal eosinophilia. J 
Pediatr 2009; 154: 96-100

S- Editor  Wang YR    L- Editor  Kerr C    E- Editor  Lin YP

Gawron AJ et al . Advances in GERD diagnostic testing


