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Abstract: Ambulatory pH monitoring is currently used to objec-
tively demonstrate abnormal degrees of esophageal acid exposure
in patients with suspected gastroesophageal reflux disease. The
development of wireless pH capsule recording has improved the
tolerability and increased the duration of pH recording. Use of
symptom-reflux correlation measures and pH testing, combining
periods off and on PPI therapy, serves to optimize the performance
of conventional pH testing. On the other hand, devices that measure
bile reflux as well as nonacid reflux (esophageal impedance testing)
have broadened the definition of gastroesophageal reflux and present
potential explanations for patients with continued symptoms despite
high-dose PPI therapy. These advances and their current and future

clinical applications are reviewed

atheter-based, ambulatory pH monitoring is presently

considered the best test for the diagnosis of gastroesopha-

geal reflux disease (GERD), with greater sensitivity than
endoscopy and greater specificity than an empiric trial of proton
pump inhibitor (PPI) therapy. Recent technical advances in diag-
nostic systems such as the Bravo pH capsule monitoring system and
esophageal impedance testing have improved our understanding
and definitions of GERD. We provide a review of currently available
ambulatory pH and reflux monitoring techniques and describe their
unique advantages and limitations as well as their current role in the
diagnosis of GERD.

Bravo pH Monitoring: Technological Upgrade to a
Tarnished Gold Standard

A significant advance in the diagnostic resources used to investi-
gate GERD has been the advent of the Bravo pH capsule system
(Medtronic, Minneapolis, Minn). This system uses a wireless, radio-
telemetry pH capsule, which is affixed to the esophageal mucosa
and transmits pH data to a small receiver worn by the patient. This
system circumvents the need for the nasal placement of a traditional
24-hour pH catheter, thereby allowing for significant improvement
in patient comfort. The Bravo pH capsule acquires data at 6-second
intervals, differing from traditional catheter-based probes such as the
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Table 1.  Comparison Between Traditional Catheter
Ambulatory pH Systems and the Bravo Wireless Capsule
pH System
Catheter Bravo Wireless
Normative pH
values (% time pH 0 0
<4/24 hr in 95% <3.4-5.8% <5.3%
controls)
Patient
tolerability
Duration of
Major advantages Time tested cost recording
Ability to
combine off and
on PPI periods in
single study
Pata samgling 4-5 seconds 6 seconds
intervals
Study duration 24 hours 48-96 hours
Transnasal based
Transnasal based | " endoscopic
. landmark
Placement on manometric
or based on
landmark .
manometric
landmark
Nasal and Odynophagia
Patient discomfort pharyngeal and chest pain
irritation (usually mild)
Calibration In vitro pre- and I.n vitro pre- and
post-test in vivo post-test
Potential Potential for pre-
Other disadvantage for catheter mature capsule

displacement

detachment

Slimline pH catheter system (0.25 Hz) (Medtronic, Min-
neapolis, MN) and the Sandhill pH catheter system (0.20
Hz) (Sandhill Scientific, Highlands Ranch, Col), which
sample data at 4- and 5-second intervals, respectively.
The wireless capsule allows data retrieval for a 48-hour
study period, as compared to 24 hours with the standard
catheter-based systems (see Table 1). In a study designed
to evaluate the performance of the Bravo pH system in
a group of healthy subjects, Pandolfino and colleagues’
demonstrated that the abnormal threshold for percentage
of time for distal esophageal acid exposure was 5.3%.
When comparing the Bravo capsule system to tra-
ditional catheter-based systems, several differences and
advantages have been noted. During a study simultane-
ously comparing the Bravo capsule to the Slimline cath-
eter pH system, a statistically significant difference was
noted in the mean duration of acid exposure in normal

subjects (1.75% vs 3.5%, respectively).>? This difference
was attributed to a previously unnoticed error in a thermal
calibration correction factor in the Slimline software that
has since been corrected. The discrepancy may account for
the elevated threshold pH values reported for the Bravo
pH capsule compared with the Slimline catheter system.

Several studies have found the Bravo system to be
better tolerated than catheter systems. Wong and associ-
ates’ found that Bravo patients experienced less nose pain,
throat pain, and headaches and were more likely to return
to work during testing than patients using a catheter sys-
tem (58% vs 11%). Patients who were evaluated with a
catheter in this study spent more time sleeping or resting.
In another comparison study, patients reported signifi-
cantly higher satisfaction with the Bravo capsule based on
symptoms and daily routine changes when compared to
the catheter probe (0% vs 36%)." Both studies, however,
reported a significantly higher proportion of patients with
retrosternal chest discomfort with the Bravo system than
with the catheter-based system. Capsule-associated chest
discomfort may interfere with accurate symptom corre-
lation with reflux episodes. Another study showed that
activity during testing can affect the results of esophageal
acid exposure. This study showed that exercise increases
distal esophageal acid exposure in both GERD patients
and normal controls.’

An important aspect of the standard catheter-based
24-hour ambulatory pH study is the accurate positioning
of the pH probe. By convention, the probe is placed 5 cm
above the proximal aspect of the lower esophageal sphinc-
ter (LES). It has been shown that pH probe migration can
be initiated by swallowing, changing body position, food
bolus size/type, and speech. Swallowing can alter the pH
probe position by as much as 2 cm.® With respect to the
LES, both more proximal and more distal placement can
alter the sensitivity and specificity in diagnosing abnormal
esophageal acid exposures.”® Currently, the Bravo pH cap-
sule is attached at 6 cm above the LES. This location has
been shown to closely correlate with the location of the
placement of the traditional catheter probe.? One study
compared the placement of the Bravo capsule at both
1 and 6 cm above the squamocolumnar junction (SCJ).’
As expected, the more distally placed capsule recorded a
significantly higher amount of acid exposure. Although
the more distal placement of the capsule increases the
sensitivity for the diagnosis of acid reflux and, intuitively,
the diagnosis of GERD, the clinical relevance of such an
increase is not currently known and would likely compro-
mise some degree of diagnostic test specificity.

Limitations of the Bravo pH System

The Bravo pH capsule system does have several distinct
limitations and disadvantages. The capsule size makes
transnasal passage problematic for many patients. There-
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fore, the capsule is typically placed transorally using a
landmark, the SCJ, which is ascertained by endoscopy.
The Bravo capsule can also be positioned transorally
using manometrically defined landmarks assuming that
the manometric catheter is also placed transorally. If an
endoscopy had been performed on an earlier date and the
location of the SCJ were not recorded, a repeat endoscopy
would be necessary, adding substantially to the procedure
cost. Cost concerns are also important if a second Bravo
capsule is needed because of primary attachment failure
or premature capsule detachment. Additional cost would
also be incurred if a second endoscopy is required in the
unusual instance that a patient is unable to tolerate the
capsule due to substernal pain or odynophagia. One early
study reported recording periods of less than 48 hours
in 30 out of 58 subjects. Of these 58 patients, 12% had
primary attachment failure."” Subsequent modifications
of the capsule have decreased early detachment rates and
a recently published study reported obtaining pH data for
at least 48 hours in greater than 90% of study patients.
An uncommon complication of the Bravo pH capsule
system is the potential for esophageal perforation during
placement of the catheter delivery system, which was
reported in one case study."

As previously mentioned, the Bravo system records
data at a slower rate than catheter-based systems (every
6 seconds vs every 4-5 seconds). Measuring esophageal
pH with more frequent sampling rates has been shown to
detect an increase in the total number of reflux events."?
However, such an increase in events was not shown to
change overall total acid exposure. In one study, sampling
frequency was found to contribute to less than 8% of the
cumulative acidity measured. In addition, it was postu-
lated that shorter-duration acid exposures are less clinically
relevant than longer ones with lower pH nadirs, which
would be detected with the Bravo pH system.? It should
be noted that the Demeester score, a value calculated
from the compilation of several pH-related parameters
that include number of reflux events, may be affected by
the Bravo system’s slower data sampling. In addition, the
Demeester score has not been validated with the Bravo
pH system. The clinical relevance and effect on GERD
symptom production from short-duration reflux events is
currently unknown.

Optimization of pH Studies: Extended
Duration, Off- and On-PPI Testing, and
Symptom Correlation Measures

In the evaluation of patients with suspected GERD, an
extended duration of esophageal pH monitoring can be
of significant value. Standard catheter study times range
from 16 to 24 hours." Wiener and colleagues” showed

AMBULATORY PH MONITORING

that the results of 24-hour ambulatory pH catheter studies
are reproducible with two studies performed in the same
patient having an 89% intertest reproducibility. The Bravo
ambulatory pH system can readily extend study times to
at least 48 hours, with an early capsule detachment rate
prior to 48 hours occurring only 10% of the time.»' In
contrast, the validity of using shorter test times has been
studied as well. Arora and Murray compared a 3-hour
postprandial test to a standard 24-hour ambulatory test
and found that the shorter test had an 88% sensitivity
and an 98% specificity.'” However, it has been shown that
using a 48-hour testing period significantly increases the
diagnostic sensitivity and improves symptom correlation
over a 24-hour recording, which can be of importance
when evaluating both typical and atypical GERD symp-
toms.'®

A common clinical question with regard to ambula-
tory esophageal pH monitoring is whether pH studies are
optimally performed on or off PPI therapy. Off-therapy
testing is most commonly used in two specific clinical
scenarios. First, when there is a low index of suspicion
that the patient’s symptoms are related to GERD, the
test is performed off therapy to rule out this diagnosis.
Secondly, off-therapy testing is used to document the
presence of abnormal acid exposure in patients without
erosive esophagitis who are being considered for surgi-
cal or endoscopic therapy. When performed under such
circumstances, however, an abnormal pH study needs to
be interpreted with caution. The background prevalence
of GERD is high, such that the demonstration of abnor-
mal distal esophageal acid exposure alone does not imply
causality for a patient’s specific complaint. Furthermore,
an abnormal test fails to evaluate the efficacy of medical
therapy.

On-therapy testing, on the other hand, has its own
set of advantages and disadvantages. PH monitoring while
on PPI therapy is most commonly used in the evaluation
of patients with persistent symptoms that are refractory
to medical management. Although the likelihood of an
abnormal pH test on PPI therapy is low, recent studies
have demonstrated significant variability in the results of
such testing. Charbel and coauthors' found that only 7%
of patients with typical GERD symptoms had abnormal
acid exposure times, and only 1% of patients with extra-
esophageal symptoms had an abnormal test. At the other
end of the spectrum, Milkes and colleagues® reported
abnormal pH testing in 50% of a Veterans Administra-
tion patient population that had presented with typical
reflux symptoms well-controlled with PPI therapy, the
majority of whom were on twice-daily PPIs at the time
of pH testing. In addition, it is unclear what should be
considered normal acid exposure on PPI therapy. Using
a 95% confidence interval, Kuo and Castell*' showed
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Figure 1.  96-hour Bravo pH recording combining periods
both off and on proton pump inhibitor (PPI) therapy from

a patient with significant gastroesophageal reflux. Initial
esophageal exposure was 8.8 % on day 1 and 6.4% on day

2, both off PPI therapy. Following the administration of
omeprazole/sodium bicarbonate 40 mg PO bid, acid exposure
decreased to 3.4% on day 3, 0.7% on day 4.

that normal acid exposure time of pH less than 4 was
less than 1.6% in healthy adults treated with 40 mg of
omeprazole daily. This value is more stringent than the
traditional 4-5% threshold values that are based on pH
monitoring studies in healthy individuals off PPI therapy.
Without further evidence to suggest added clinical utility
in using the more rigorous pH threshold for patients on
PPI therapy, the traditional normal references are gener-
ally employed.

A recent study evaluated the feasibility of a 4-day
Bravo capsule study that allows for combined pH test-
ing off and on PPI therapy in the same study. Patients
were placed on twice-daily rabeprazole on day 2 of the
study. Capsule detachment occurred prior to day 4 in 5%
of patients. By day 4 of the study, 95% of patients had
normalization of acid exposure times. The 4-day Bravo
protocol combines the benefits of both on and off PPI
therapy in one study. Furthermore, looking at symptoms
in the presence and absence of abnormal acid exposure
adds confidence in the assessment of symptom-reflux
correlation. The technique adds the dimension of a
“dose-response” assessment of acid exposure versus typical
or atypical reflux symptoms. Extending the off-therapy
phase of the recording protocol to 48 from 24 hours
would increase the sensitivity of abnormal reflux detection
with the potential downside of increasing the number of
studies with incomplete on-therapy testing due to early
capsule detachment. Figure 1 depicts a 4-day Bravo study
performed with the first 48 hours off PPI therapy and
the second 48 hours on omeprazole/sodium bicarbonate
40 mg twice daily, illustrating normalization of distal acid
exposure with therapy.

Several indices have been developed to optimize the
interpretation of pH testing by statistically correlating
individual reflux events with symptoms. Some of these
indices have had significant limitations in overestimating
a causal relationship due to inherent errors such as chance
associations or an infrequent number of symptomatic
reflux events. The most intuitive method is the symptom
index (SI), which is simply the percentage of symptoms
associated with reflux divided by the total number of
symptoms. A related measure is the symptom sensitivity
index (SSI). The SSI is insensitive to the number of patient
symptoms, which may affect its accuracy. The most statis-
tically robust symptom-reflux correlation scheme is the
symptom-association probability (SAP) analysis.*? The
SAP uses a contingency table of positive and negative
reflux events coupled with symptoms to determine the
statistical validity between these factors, thereby limiting
chance associations. It should be noted that none of the
available symptom correlation measures have been well
validated in the clinical setting, especially with regard
to outcome studies of medical or surgical intervention.
One study found that such measures have limited abil-
ity to predict the response to high-dose PPI therapy.”
Therefore, at this time, an abnormal symptom association
measure by itself should be viewed as complementary
information in the evaluation of GERD and should not
be the basis for major therapeutic recommendations such
as fundoplication.

Intragastric pH Recording: Is There
Clinical Utility?

Some interest has been generated in the evaluation of
intragastric acidity and its effect on GERD with the use
of an intragastric pH probe. The probe is identical to a
standard esophageal probe but is placed 10 cm below the
LES, situating it in the gastric fundus or body. Some asso-
ciation between esophageal mucosal healing and gastric
pH levels has been demonstrated. As would be expected,
control of gastric pH on PPI therapy is substantially less
than that in the esophagus. Since PPIs are all highly effec-
tive in normalizing esophageal acid exposure, gastric pH
control has been used as an intermediate marker of PPI
potency. One study showed intragastric pH to be greater
than 4 only 70% of the time on twice-daily PPI therapy.®
Intragastric acid exposure is greatest at night—leading to
the development of the term nocturnal acid breakthrough
(NAB). NAB is defined as a pH less than 4 for more than
1 hour while on PPI therapy. Although these data seem
significant, several studies have shown a poor correla-
tion between NAB and distal esophageal acid exposure
or GERD symptoms.”*® The clinical use of intragastric
pH monitoring has been limited due to test limitations
such as inability to distinguish the volume of gastric acid
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exposure in the stomach, inability to account for food or
duodenal alkaline reflux, and significant intertest result
variability.”** Although not recommended for routine
clinical practice, gastric pH recordings have been increas-
ingly used as a more rigorous but intermediary endpoint
for evaluating the efficacy of novel acid-suppressing
agents.

Bilitec Testing: A Possible Role for
Bile Reflux?

Paralleling the interest in gastric acidity and its effect
on GERD symptoms has been investigation into the
importance of duodenogastroesophageal reflux (DGER).
DGER consists of the reflux of duodenal contents such
as biliary and pancreatic secretions and bicarbonate into
the esophageal lumen. In 1993, Bechi and colleagues®
developed a new technique for the ambulatory detection
of enterogastric and nonacidic reflux using a fiber optic
sensor that utilizes the optical properties of bile, serving
as the basis for the commercially available Bilitec system
(Medtronic, Minneapolis, Minn). However, over a decade
later, the clinical relevance of DGER and its association
with symptoms and esophageal mucosal damage remain
controversial. Vaezi and colleagues® showed that a major-
ity of DGER events occur in the setting of significant
esophageal acid exposure (pH <4). They also demon-
strated that acid and DGER show a graded increase in
severity across the GERD spectrum and both occur
simultaneously in reflux episodes. Data from one study
suggested that symptoms of GERD are more related to
acid reflux than bile reflux and the latter did not seem to
play a major role in symptom production. In addition, the
use of PPI therapy was shown to simultaneously decrease
both acid reflux and DGER.*** These data call into
question the clinical utility of DGER testing. Recently,
however, Tack and associates®® showed that there may
be clinical significance in detecting reflux using DGER
testing in a subpopulation of symptomatic patients who
were refractory to PPI therapy. There is also evidence that
using a GABA-B agonist such as baclofen may be useful in
decreasing DGER by modifying transient LES relaxations
and therefore decreasing symptoms.” The Bilitec system
has been utilized in clinical studies by only a few centers
and has very limited commercial availability. Additional
studies are needed before its use in clinical practice can
be recommended.

Esophageal Impedance Testing: What Is the
Clinical Significance of Nonacid Reflux?

A major technological advance in reflux testing is the
incorporation of impedance testing. Impedance detects
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Figure 2. Definitions of reflux based on changes in
impedance are further characterized based on the pH of the
refluxate. Acid reflux (A) is defined as reflux that reduces
esophageal pH below 4. Weakly acidic reflux (B) is defined

as a pH fall of at least 1 unit where the pH falls below 7 but

is above 4. Weakly alkaline reflux (C) is defined as a reflux
episode detected on impedance during which nadir esophageal

pH does not drop below 7.4

Sifrim D, et al. Guz. 2004;53:1024-1031.

changes in resistance to current flow when a bolus of
air, liquid, or food traverses a series of paired electrodes.
These electrodes can detect substance distribution, com-
position, and clearance times. With the incorporation
of impedance into the traditional catheter pH probes,
additional descriptive reflux categories have been termed:
acid, weakly acid, and weakly alkaline reflux (Figure 2).%
The differentiation of these categories has allowed for the
more accurate evaluation of both acid and nonacid reflux.
Impedance testing has been validated against traditional
pH testing with one study showing approximately 95%
of acid reflux events being detected with impedance test-
ing.* Direct comparisons between GERD patients and
normal controls using impedance have been performed.
These show a similar frequency of overall reflux epi-
sodes between the two groups but a significantly higher
number of acid reflux events in GERD patients.” Dur-
ing treatment with omeprazole, one group showed that
reflux becomes predominately nonacid in composition.*
Although symptoms in this group were most commonly
associated with acid reflux, some symptomatic episodes
were reported with nonacidic reflux as well. This dem-
onstrates a potential role for impedance testing in the
clinical evaluation of patients who fail to respond to
PPI therapy. Shay*’ suggested that this test may be best
used to study patients on PPI therapy in order to answer
three specific questions with one study: (1) Is acid sup-
pression adequate? (2) Does nonacid reflux play a role in
the patient’s symptoms? (3) What is the reflux frequency?
A recently published study showed that the addition of
impedance to esophageal pH monitoring in patients not
on PPI therapy led to an increase in correlation of reflux
episodes and symptoms.** Current limitations of imped-
ance testing include lengthy study interpretation time and
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an evaluator learning curve. Distinguishing entities that
can mimic reflux events such as swallows and baseline
tracing variations can be difficult. Furthermore, the clini-
cal interpretation of impedance studies relies upon use of
a symptom correlation analysis such as the SI, SSI, or SAP.
The therapeutic implications of an abnormal symptom
association in a patient on PPI therapy with normal distal
esophageal acid exposure is, as yet, unproven by current
studies. Additional studies examining the clinical utility
of impedance testing in patients with GERD are needed.

Clinical Applications of Reflux Testing

Management of Patients With Typical Reflux With or
Without Complications

In the clinical application of ambulatory reflux studies,
reflux testing on patients who have significant symptom
relief on pharmacologic therapy is generally not indicated.
One exception to this is a patient with nonerosive reflux
disease being considered for endoscopic or surgical treat-
ment of GERD, where testing is often performed off PPI
therapy. PH testing is also not recommended in patients
with obvious reflux-related manifestations such as erosive
esophagitis, Barrett esophagus, or peptic stricture. Mul-
tiple studies have shown that greater degrees of distal
esophageal acid exposure are correlated with increased
lengths of Barrett esophagus.’® Barrett patients have
been shown to have a higher likelihood of abnormal distal
esophageal acid exposure despite use of PPI therapy and
resolution of symptoms on medical therapy.® One study
demonstrated that up to 24% of Barrett patients on high-
dose twice-daily omeprazole therapy had abnormal acid
exposure in the distal esophagus.?” Therefore patients who
have Barrett esophagus may benefit from pH testing to
document adequate acid suppression although the clini-
cal utility of this is unproven. Future studies are needed
to delineate whether improved acid suppression equates
with a clinically significant reduction in risk of progres-
sion of complicated GERD.

A common clinical scenario is the patient with
continued heartburn symptoms despite what is deemed
adequate medical or surgical reflux management. Sev-
eral studies have found 90% or greater normalization
of esophageal acid exposure on medical treatment.? %4
These data suggest that studying these patients with
esophageal pH testing is unlikely to be useful. However,
when using a previously delineated, more stringent cut-
off for normal distal esophageal acid exposure (pH <4,
>1.6% of time), Katzka and colleagues found that 56%
of patients with refractory heartburn had abnormal acid
exposure.”” Alternately, a normal pH study in patients
with heartburn that is refractory to PPI therapy argues
against increased acid suppressant therapy or surgical

fundoplication. The addition of a symptom-reflux ana-
lytic scheme such as the SAP may be of added benefit in
excluding possible acid hypersensitivity. Although a nega-
tive pH study and symptom association may rule out acid
reflux, nonacidic reflux is not excluded as the source of
ongoing symptoms. The clinical significance of nonacid
reflux, however, remains uncertain. Impedance or Bilitec
testing may have a significant role in the evaluation of
such patients in the near future.

Management of Patients With Extraesophageal
Manifestations of GERD

It has been shown that as many as 60% of patients with
noncardiac chest pain have abnormal pH studies.”! An
initial therapeutic trial of PPI therapy is recommended
in such patients although one must accept a significant
false-positive response rate owing to placebo effect.”>* If
a PPI trial fails, pH testing can be helpful in supporting or
refuting GERD as an etiology. A normal pH study off PPI
therapy combined with a negative symptom correlation
measure provides strong evidence against GERD as the
etiology of the chest pain.

GERD has also been associated with several extra-
esophageal manifestations, including hoarseness, chronic
cough, chronic laryngeal symptoms, and asthma. A causal
link between pharyngeal acid exposure and such symp-
toms and clinical findings has not been established.”>¢
Studies have shown poor correlation between either
proximal or distal esophageal exposure and chronic
laryngeal symptoms and signs. Moreover, several recent
randomized controlled trials have not demonstrated
signiﬁcant improvement in laryngeal symptoms or signs
with twice-daily PPI therapy compared with placebo. One
study did report that proximal esophageal acid exposure of
greater than 1.1% was predictive of asthma that improved
with PPI therapy. However, the utility of reflux testing
in asthmatic patients remains controversial and empiric
therapeutic trials of PPI therapy are recommended prior
to consideration of pH monitoring.”’

Future Technologies

As noted, ongoing studies are investigating the importance
of nonacid, weakly acid, and bile acid esophageal reflux to
define roles for the emerging technologies of impedance
and bile acid monitoring. In some patients, chest pain and
heartburn may have causes other than reflux disease such
as esophageal dysmotility. Studies are examining the value
of prolonged ambulatory monitoring of esophageal motil-
ity using not only manometry but also high-frequency
ultrasound devices. At the same time, miniaturization and
wireless technological advances continue. Wireless moni-
toring of gastric and small intestinal pH and motility is
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already being examined. In addition, current technologies
are being combined to form multimodal devices to better
differentiate the pathophysiology of GERD and esopha-

geal disorders that evoke similar symptom presentations.”

As such technology advances, it needs to be recognized
that the majority of patients referred to gastroenterolo-
gists have symptoms that remain poorly defined by any
objective testing parameter and continue to fall in the
realm of functional gastrointestinal disorders.
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