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ABSTRACT
Background: pH monitoring is the standard diagnostic tool for
gastroesophageal reflux in infants. However, this method does
not document the reflux of all kinds of fluid from the stomach
into the esophagus, but only documents acid material. The pa-
rameters that define reflux episodes by pH monitoring have
been derived empirically from observations of many infants
considered healthy and ill. Acid reflux is a continuum, some
reflux is normal and doubt exists as to how much reflux is
abnormal. In this study, one of the standardized protocols for
analyzing pH recordings was evaluated and compared with
simultaneously obtained intraesophageal impedance measure-
ment (IMP), a pH-independent method of detecting bolus
movement within the esophagus.
Methods: The esophagi of 50 infants with reflux symptoms
were measured, using both standard pH probe and multiple-site
impedance measurement. A standard protocol for analyzing
esophageal pH records was used. The sampling rate for pH
values was 15/min. Acid reflux was defined as pH less than 4.0
(threshold pH) for at least 15 seconds (minimal duration) with
at least 30 seconds (latency time) between separate episodes.
The software used could adjust independently or in combina-
tions the sampling rate and these reflux criteria. Thereby it was
determined whether changes in the criteria for acid reflux im-
proved the sensitivity and predictive value of pH monitoring
when compared with reflux episodes defined by IMP.

Results: During 318 hours of recording in 50 infants, 1,887
episodes of reflux occurred according to IMP. Only 282
(14.9%) of the IMP-determined episodes were acid reflux epi-
sodes. No alkaline reflux episodes occurred. Among the 270
pH probe–determined episodes using the standard criteria of
acid reflux, only 153 (sensitivity, 54.3%; positive predictive
value, 56.7%) were accompanied by unmistakable retrograde
bolus movement using IMP measurements. Retrograde bolus
movement did not accompany the other 117 episodes. Using a
sampling rate of 15/min, a pH threshold of 4.0, a minimal
duration of reflux episodes of 8 seconds, and a latency time of
60 seconds, the positive predictive value of pH probe results
increased to 60.7%. Variations in the sampling rate or criteria
for defining acid reflux did not significantly improve the ac-
curacy of the pH probe results versus IMP-defined episodes.
Conclusions: Most reflux episodes that occur in infants are
undetectable by standard pH probe monitoring. pH monitoring
does not detect all reflux in the esophagus but is useful for
detecting acidity in the esophagus and determining the duration
of its presence. Combining pH monitoring with impedance
measurement is a valuable diagnostic tool for gastroesophageal
reflux in infants. JPGN 34:519–523, 2002. Key Words: pH
monitoring—Intraluminal electrical impedance—Gastro-
esophageal reflux—Infants. © 2002 Lippincott Williams &
Wilkins, Inc.

pH monitoring has become the widely accepted stan-
dard tool for diagnosing gastroesophageal reflux in in-
fants (1,2). The pH of the distal esophagus is sampled
frequently using an intraluminal electrode, and reflux
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episodes are defined by empirically derived standards
(2–7). The routinely used criteria for defining reflux with
pH probe monitoring include a sampling rate of 15/min,
a threshold pH for the onset of reflux of less than 4.0, a
minimal duration of reflux episodes of 15 seconds, and a
latency time between separate reflux episodes of at least
30 seconds (2). Various attempts have been made to
improve the validity of this test (8–10), and several limi-
tations of the method have been recognized. Monitoring
esophageal pH can detect only episodes of reflux with a
pH outside the normal esophageal pH range of 5 to 7
(2,11–13). The results of pH monitoring depend on
rather arbitrary criteria that may or may not be physi-
ologically important (2,10,14,15). The protocols used to
analyze pH tracings are insufficiently flexible for all
clinical situations (2,15). Most important, pH changes
that are consistent with acid reflux by software analysis
may not represent true retrograde bolus movement of
fluid, but may represent to-and-fro movement within the
esophagus (11,12).

Therefore, the aim of this study was to evaluate the
routinely used standard algorithm for analyzing pH-
metry data and compare it with the assessment of reflux
episodes obtained using intraesophageal electrical im-
pedance measurements (16), a technique that does not
depend on the pH of the refluxate but that registers the
movement of boluses within the esophagus (11–13,17–19).

METHODS

Fifty infants (mean age, 86 ± 57 days; 19 girls and 31 boys)
who were being evaluated for suspicion of gastroesophageal
reflux were examined for at least 6 hours, including two feed-
ing intervals, with combined pH and impedance monitoring.
None received medication to control gastric pH or gastrointes-
tinal motility. Infants were fed their usual formulas and were
kept supine after feedings.

Intraluminal impedance measurement (IMP) of multiple sites
can detect bolus movements in the esophagus and can distin-
guish the direction of the leading edge of the bolus (e.g., milk
formula, clear liquids, saliva, gastric contents) either retrograde
from the stomach or antegrade toward the stomach. In this
study, a single custom-made flexible catheter (outer diameter,
1.5 mm) with a pH-sensitive antimony electrode and seven
impedance electrodes representing six impedance channels
(Helmholtz-Institut, Aachen, Germany) was used. The distance
between each of the annular impedance electrodes was 1.5 cm.
The catheter was placed through the nostril under fluoroscopy.
Total impedance measuring segments reached from the cardia
(channel 6) to the pharynx (channel 1), with the pH sensor
situated at the level of channel 5, approximately 3 cm above the
gastroesophageal junction. Simultaneously recorded pH and
impedance data (sampling rate, 50 Hz or 3,000/min) were vi-
sually analyzed for the typical IMP pattern of bolus gastro-
esophageal reflux indicated by a retrograde esophageal volume
flow pattern (Fig. 1).

The onset of a retrograde bolus reflux event is defined as a
decrease of impedance in the distal IMP channels that proceeds
to the more proximal channels (11). Reflux documented in this
fashion is independent of the pH of the refluxate, the duration

of the reflux episode, and the latency time between episodes.
The end of a reflux episode defined by IMP is a return of the
impedance value to at least 50% of the initial value (16). The
lowest pH value reached during each IMP-defined reflux epi-
sode was obtained from the simultaneous pH recording.

Custom software (pHIA; Helmholtz-Institut, Aachen, Ger-
many) was developed to evaluate pH recordings, using the
criteria of the standard pH recording program (see standard
criteria in Introduction). However, our software also allowed us
to systematically vary all the diagnostic criteria, either singly or
in combination. We could vary the sampling rate, the threshold
pH level below which reflux was defined, the minimal duration
necessary to define a reflux episode, and the latency time be-
tween separate episodes (Fig. 2). Episodes of reflux detected by
pH monitoring were compared with the retrograde bolus epi-
sodes detected by IMP. Sensitivity (number of reflux episodes
correctly identified by pH-metry divided by the total number of
retrograde bolus movements identified by IMP) and positive
predictive value (number of reflux episodes correctly identified
by pH-metry divided by the total number of episodes as de-
tected by pH-metry) of the pH recordings were calculated and
compared with the retrograde reflux events detected by IMP.
Reasons for false-positive and false-negative identifications of
reflux episodes on the pH recordings were analyzed.

Ethical Consideration

The Ethics Committee of the Medical Faculty of the
Rheinisch-Westfälische Technische Hochschule Aachen,

FIG. 1. Acid gastroesophageal reflux recognized by standard
pH-metry (19 seconds at <pH 4) and impedance technique (ar-
row). Retrograde bolus passage with decreased impedance from
distal (impedance channel 6) to proximal (impedance channel 1);
pH sensor situated at the level of channel 5.
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Aachen, Germany, approved the study protocol. Before testing,
parents gave informed consent.

RESULTS

During 318 hours of combined pH and impedance
monitoring (mean duration, 6.4 hours), 1,887 episodes of
bolus retrograde reflux were detected using IMP. We
assumed this to be the true reflection of actual reflux
episodes. Only 282 of these episodes (14.9%) were as-
sociated with decreases in pH to less than 4.0. No epi-
sodes were associated with alkaline pH greater than 7.5.

In analyzing the pH recordings with standard criteria,
270 episodes were identified as reflux events. Of these,
153 were also associated with retrograde bolus move-
ment detected by IMP (54.3% sensitivity for acid bolus
reflux detection, 56.7% positive predictive value) and
117 episodes were not associated with retrograde bolus
movement on IMP.

More than 1,000 separate software runs were per-
formed on the pH recordings of all infants, systemati-
cally varying the sampling rate, the threshold pH for
identification of reflux, the minimal duration, and the

latency time, singly and in combinations (Table 1). By
decreasing the minimal time at less than pH 4.0 required
for diagnosing a reflux episode and by increasing the
latency time, the positive predictive value slightly im-
proved, with sensitivity remaining unchanged. Varying
the threshold pH for diagnosing acid reflux between 3.0
and 5.0 did not change the accuracy of reflux detection.
Likewise, increasing or decreasing the sampling rate be-
tween 4 to 3,000/min had no effect other than to reveal
an inverse relationship between sensitivity and positive
predictive value. Table 2 summarizes reasons for false-
negative (Fig. 3) and false-positive (Fig. 4) reflux detec-
tion by pH monitoring.

The standards of pH record evaluation that led to im-
proved accuracy for acid bolus reflux detection when
compared with IMP records included a sampling rate of
15/min, a threshold pH of 4.0, a minimal episode dura-
tion of 8 seconds, and a latency time of 60 seconds
(Table 2). With these criteria, pH monitoring identified
252 acid reflux episodes, 153 of which correlated with
simultaneous retrograde flow detected by IMP (54.3%
sensitivity for acid bolus reflux detection, 60.7% positive
predictive value), and 99 of which did not correlate with

FIG. 2. Parameters used for detecting
gastroesophageal reflux by pH-metry.
Sampling rate (SR), pH values re-
corded per minute; cutoff value (CV,
threshold), reflux registration, if pH less
than CV; minimal reflux duration (MD),
minimal time of pH less than CV to be
considered a reflux episode; latency
time (LT), time after end of acid reflux,
wherein pH drops below CV are con-
sidered as the same episode.

TABLE 1. Selected results of gastroesophageal reflux detection

IMP-reflux
(total)

IMP-reflux
(pH < CV)

SR
[1/min]

CV
[pH]

MD
[s]

LT
[s] pH-reflux True

False
positive

Sensitivity
(pH < CV) [%]

Positive predictive
value [%]

Sensitivity
(overall) [%]

1,887 282 60 4 15 30 233 141 92 50.0 60.5 7.5
1,887 282 4 4 15 30 349 144 205 51.1 41.3 7.6
1,887 282 15 4 15 4 411 167 244 59.2 40.6 8.9
1,887 282 15 4 15 30 270 153 117 54.3 56.7 8.1
1,887 282 15 4 8 60 252 153 99 54.3 60.7 8.1
1,887 282 15 4 15 80 200 128 72 45.4 64.0 6.8
1,887 282 15 4 4 30 423 190 233 67.4 44.9 10.1
1,887 282 15 4 40 30 177 110 67 39.0 62.2 5.8

Standard and improved analysis algorithms printed bold.
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simultaneous retrograde flow detected by IMP. The
changes in sensitivity and predictive value did not differ
statistically from those obtained using pH recordings
programmed to standard criteria (Fisher exact test, P �
1.0 and P � 0.37, respectively).

Overall, pH monitoring detected only 153 of the 1,887
episodes of retrograde bolus reflux detected by IMP
(8.1% sensitivity for overall bolus reflux detection).

DISCUSSION

pH monitoring is the standard tool for diagnosing gas-
troesophageal reflux in infants (1,2). However, physi-
cians who use this technique should be aware of the
limitations of the method. Reflux of nonacid material

into the esophagus could cause typical and atypical
symptoms and probably should also be monitored (20).
pH electrode monitoring does not detect these nonacid
episodes (4,5,12,13).

In this study, a standard protocol for interpreting pH
records was used to measure acid reflux (2). The results
of pH monitoring depend on the criteria established to
define reflux, which may vary by commercial program
(2,10,14,15). Detection of reflux episodes by IMP, be-
cause it detects the moving front of a bolus of refluxate,
is independent of pH and therefore gives a more accurate
determination of the frequency and duration of reflux of
any sort into the esophagus (11–13,16–18).

The most frequent reason (58.9%) for failure of the pH
probe to detect reflux as seen by IMP (false negative)
was too short a duration of acid reflux episodes (<15
seconds). The most frequent reason (49.6%) for false-
positive detection of acid reflux on pH probe recordings
was a misinterpretation of pH drops during deglutition,
that is, during the clearance of a previous episode of acid
reflux. The second most common reason (39.3%) for
false-positive acid reflux detection by pH monitoring
was oscillation around pH 4 (10), a continuous episode
of pH less than 4 caused by the sampling rate. This
false-positive rate improved slightly after decreasing the
minimal duration of reflux programmed into the software

FIG. 3. Short acid gastroesophageal reflux (9 seconds at <pH 4)
not detected by pH-metry (false negative), but with corresponding
retrograde esophageal bolus movement documented by imped-
ance technique (arrow). Decrease of impedance from distal (im-
pedance channel 6) to proximal (impedance channel 1); pH sen-
sor situated at the level of channel 5.

TABLE 2. Reasons for false negative and false
positive detection

False negative (n � 129)
Reflux duration <15s 76 (58.9%)
Latency time <30s 22 (17.1%)
Oscillations around pH 4 22 (17.1%)
Artifact 9 (6.9%)

False positive (n � 117)
Clearance/swallow 58 (49.6%)
Oscillations around pH 4 46 (39.3%)
Artifact 13 (11.1%)

FIG. 4. Acid episode (17 seconds at <pH 4) detected as gastro-
esophageal reflux by pH-metry (false positive), but without cor-
responding retrograde esophageal bolus movement documented
by impedance technique. pH below 4 during the clearance pro-
cess of a preceding reflux (arrow). Impedance channel 1, proxi-
mal; impedance channel 6, distal; pH sensor situated at the level
of channel 5.
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that analyzed pH recordings from 15 seconds to 8 sec-
onds, and by increasing the latency time required be-
tween episodes of acid reflux from 30 seconds to 60
seconds. However, results showed that the standard cri-
teria set for analyzing pH monitoring (2) probably should
remain as they are, because variations did not signifi-
cantly improve the accuracy compared with IMP.

In conclusion, pH measurements, even with changes
in the criteria for definition of acid reflux episodes, seem
to be inadequate to fully describe reflux in the esopha-
gus. pH monitoring can determine the distribution and
the percentage of time that the esophageal pH is less than
4.0. For complete, long-term detection of gastroesopha-
geal reflux episodes in infants, a pH-independent method
such as the intraluminal impedance technique seems to
have a distinct advantage. Because time-consuming vi-
sual analysis of the recordings still limits the clinical
applicability of IMP, developing an automated procedure
for analyzing impedance traces is an important future
task (21). This method, perhaps in concert with standard
pH monitoring, will allow further insight into the physi-
ology and pathophysiology of esophageal reflux and its
complications.

Acknowledgments: The authors thank Gottfried Laven for
outstanding technical support and Thorsten Reineke for help
with the statistical analysis.
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