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Ambulatory 24-h esophageal pH monitoring is in-
creasing in popularity as the means to measure esoph-
- ageal exposure to gastric juice and document the pres-
ence of gastroesophageal reflux disease, particularly
before surgical therapy. Normal values for pH exposure
were obtained from 50 asymptomatic healthy subjects.
Receiver operating characteristic curves constructed
from another 25 asymptomatic healthy subjects and 25
selected patients with other markers of increased esoph-
ageal acid exposure showed that a composite score and
the percent total time pH < 4 provide the most efficient
interpretation of the test with a sensitivity of 96%, a
specificity of 100% and an accuracy of 98% for the
composite score, and a sensitivity, specificity, and ac-
curacy of 96% for the percent total time pH < 4. Repeat
monitoring of healthy volunteers and symptomatic sub-
jects in the inpatient and outpatient environment showed
no significant difference, with the exception that the
number of reflux episodes was significantly greater
during the outpatient recording in volunteers. This did
not affect the clinical accuracy of the test. Esophageal
pH probes were well tolerated, but caused belching and
coughing during the early part of the monitored period.
We conclude that computerized ambulatory 24-h esoph-
ageal pH monitoring in the outpatient setting provides
accurate and reproducible results.

INTRODUCTION

Twenty-four-hour esophageal pH monitoring is in-
creasing in popularity as the standard method for meas-
uring esophageal exposure to acid gastric juice. It has
been particularly useful in documenting the presence
of excessive esophageal acid exposure prior to a surgical
antireflux procedure. The units usually used to express
the measurement are: /) the cumulative time the esoph-
agus is exposed to gastric juice with a pH < 4, 2) the
frequency of episodes of exposure to gastric juice with
a pH < 4, and 3) the duration of the episodes in
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minutes. In addition, the relationship of esophageal
acid exposure to symptoms experienced by the patient
is determined. As the technique has become more
widely available, questions have been raised regarding
the best parameter to use to measure esophageal acid
exposure, the optimal thresholds to differentiate normal
from abnormal, the specificity, sensitivity, and repro-
ducibility of the measurement, the effect of posture and
ambulation on the measurement, and the validity of
the symptoms experienced by a patient during the
monitoring (1-6).

The following study was designed to establish normal
values for esophageal acid exposure and to determine
the parameters and threshold values that provide opti-
mal specificity and sensitivity of the measurement in
healthy volunteers and patients with gastroesophageal
reflux disease identified by other markers of increased
esophageal acid exposure. The effect of posture and
ambulation on the measurement and the reproducibil-
ity of the measurement were investigated by repeated
monitoring of healthy volunteers and symptomatic sub-
jects in the inpatient and outpatient environment. In
addition, careful assessment was made of the symptoms
experienced by both of these groups during the moni-
toring to determine whether the symptoms reported
were related to the disease or to the presence of the
indwelling catheter.

METHODS

Population studied

The “normal” population consisted of 75 asympto-
matic healthy volunteers who did not have a history of
foregut symptoms, upper gastrointestinal disease, or
previous esophageal, gastroduodenal, or biliary tract
surgery. All had a normal upper gastrointestinal roent-
genographic barium study and normal lower esophageal
sphincter and esophageal body function on esophageal
manometry. There were 43 women and 32 men, with
a median age of 32.5 yr (range 23-71) and a median
body weight of 68 kg (range 47.6-99.0 kg). From among
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these 75 normal volunteers, 50 individuals were ran-
domly selected and used to establish normal values.
The remaining 25 volunteers were used to assess the
optimal parameters and thresholds of the measurement
in the receiver operating characteristic (ROC) analysis.
There were no significant differences in age, sex distri-
bution, body weight, and reflux parameters on pH
monitoring between the 50 volunteers selected to estab-
lish normal values and the 25 volunteers used in the
ROC analysis.

The patient population consisted of 25 individuals
with a high probability of increased esophageal acid
exposure. The marker used to identify them consisted
of four clinical criteria: 1) symptoms of heartburn, 2)
endoscopic grade 2 or 3 esophagitis, 3) a mechanically
defective lower esophageal sphincter (pressure less than
6 mm Hg, a total sphincter length of less than 2 cm, or

. an abdominal sphincter length of less than 1 cm) on
esophageal manometry (7), and 4) an acid gastric en-
vironment assessed by passing the pH probe into the
stomach prior to the monitoring. Their median age was
47 yr (range 18-63, male:female ratio 16:9). This pop-
ulation was also used to assess the optimal parameters
and thresholds of the measurement in the validation
study.

The effect of ambulation and reproducibility of 24-h
esophageal pH monitoring was assessed in 28 individ-
uals. Ten subjects were patients whose symptoms
suggestive of foregut disease were other than those used
in the validation study; median age was 46 yr (range
23-67, male:female ratio 5:5). Eighteen were asympto-
matic healthy volunteers with a median age of 34 yr
(range 21-64, male:female ratio 9:9). All individuals
underwent 24-h esophageal pH monitoring as inpa-
tients, followed by a second 24-h monitoring as outpa-
tients. The median time interval between the two tests
was 3 months (range 2 wk-1 yr) in the volunteers, and
20 days (range 1 day-3 months) in the patients. Com-
parison of in- and outpatient records allowed evaluation
of reproducibility at the extremes of activity, i.e., sed-
entary and unrestricted. Because the degree of activity
is an uncontrollable factor in performing the test in an
outpatient setting, comparison of two test results at the
extremes of activity would give a realistic assessment of
reproducibility.

24-H esophageal pH monitoring

Esophageal pH was monitored with a glass electrode
and a portable digital data recorder which sampled and
stored esophageal pH at 4-s intervals. The probes were
calibrated in a standard buffer solution at a pH of 7
and a pH of 1 before and after monitoring. The pH
probe was passed transnasally and was positioned 5 cm
above the upper border of the lower esophageal sphinc-
ter, as measured by manometry. The subjects were
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instructed to remain in the upright or sitting position
until retiring for the evening, to avoid strenuous exer-
tion, and to follow a diet restricted to three meals
composed of food with a pH between 5 and 7. Only
water was permitted between meals. A diary was kept
of food and fluid intake, symptoms experienced during
the monitored period, the time a supine position was
assumed in preparation for sleep, and the time the
upright position was resumed in the morning. On com-
pletion of the monitoring period, we transferred the
stored data to an IBM personal computer and analyzed
it, using a commercial software program (Gastrosoft;
1425 Greenway Drive, Suite 600, Dallas, TX 75038).

Expression of abnormal esophageal acid exposure

Acid exposure was measured as the time the pH in
the esophagus was less than 4. The measurement was
expressed using six components: /) cumulative expo-
sure time, expressed as the percent of monitored time
the pH was less than 4 for the total period, and the time
spent in the upright and the supine position; 2) fre-
quency of acid exposure, expressed as the number of
episodes the pH dropped below 4 during the monitored
period; and 3) duration of continuous exposure, ex-
pressed as the number of reflux episodes lasting 5 five
min or longer, and the duration in minutes of the
longest episode. The length of a reflux episode was
measured from the time the pH dropped below 4.0 to
the time the pH returned to 4.0. Each component was
considered abnormal when it exceeded the chosen per-
centile threshold in the normal subjects.

Previous experience with 24-h esophageal pH records
obtained from patients with typical symptoms of gas-
troesophageal reflux has shown that not all of the six
components measured above were uniformly abnormal
(8~11). This observation indicated a need to determine
when the 24-h pH record was abnormal; in other words,
even though the six components that were measured
provided a means for quantifying esophageal mucosal
acid exposure, some were normal and others were
abnormal at the same time, and it was not clear as to
when an individual should be considered to have in-
creased exposure to gastric juice. To solve this problem,
a scoring system based on the standard deviation of the
mean of each of the six components measured in the
normal subjects was developed (Fig. 1). The details of
this scoring system are described elsewhere (9, 10). The
simplified formula for scoring each of the six compo-
nents is; component score = (Pt value — mean + 1)/
SD.

This formula weighs each component of the 24-h pH
record according to the dependability and reliability of
the measurement. The composite score can be obtained
by adding the scores calculated for each of the six
components (8, 11). The composite score was consid-
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FiG. 1. Concept of using standard deviation (SD) as the unit to
score the component percent time pH < 4 for the total monitoring
period. Note the establishment of an abstract zero point 2 SD below
the mean value for the measured acid exposure in the 50 normal
subjects. This allows scoring of the measurement in patients as though
the normal values were parametric. By this method, a patient who
had a total acid exposure below pH 4 of 4.8% would have a score for
this component of 4.41.

ered abnormal when it exceeded the chosen threshold
percentile of the composite scores calculated from the
50 normal subjects (12).

Study design and calculations

To establish normal values for esophageal acid ex-
posure 50, individuals were randomly chosen from 75
volunteers in the normal population. Because pH data
were found to be not normally distributed, data were
expressed as median and percentiles. A frequency dis-
tribution analysis of the pH data obtained in these
individuals was performed to determine the best pH
threshold to measure abnormal esophageal acid expo-
sure. Normal values for esophageal acid exposure were
then compared between the male and female subjects
in this group. o

The remaining 25 normal individuals and the 25
patients identified as having gastroesophageal reflux
disease based on other markers of increased esophageal
acid exposure were used to evaluate the optimal param-
eters and thresholds to differentiate normal from ab-
normal esophageal acid exposure. ROC curves were
constructed for the percent total time pH < 4, percent
upright time pH < 4, percent supine time pH < 4, the
number of reflux episodes, the duration of the longest
reflux episode, the number of reflux episodes lasting
longer than 5 min, and the composite score. The ROC
curves were constructed by plotting the true-positive
against the false-positive results, using increasing per-
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centile values obtained from the 50 normal subjects as
thresholds. The ability of a test to discriminate normal
from abnormal is directly related to the area under the
ROC curve. A diagnostic test with all true-positive and
no false-positive results, i.e., a perfect test, would be
represented by a curve that most closely approximates
line A-B-C in Figure 2 and have an area under the
curve of 1.0. The area under the curve and the standard
error of the curve allow comparison of two or more
parameters as discriminators. The point of maximal
likelihood, that is the threshold for interpreting a pa-
rameter that yields the optimal combination of sensitiv-
ity and specificity, is the tangential point with a gradient
of N/P, where N is the number of normal subjects and
P is the number of patients. In the perfect test, this
would be point “B” in Figure 2. Usually, this point can
easily be identified by visually inspecting the plotted
curve. In the present study, the area under the curve,
the standard error, and the point of maximum likeli-
hood of each curve were calculated by a computer
program (Rocfast, R. Centor, Medical College of Vir-
ginia, Richmond, VA) (13-15).

Reproducibility of the measurement and the effect of
ambulation were assessed in individuals who had 24-h
pH monitoring performed in two environments: as an
inpatient confined to a hospital room and as an out-
patient with unrestricted activity. Measurements were
performed in 18 normal subjects and 10 symptomatic
patients assessed for gastroesophageal reflux disease.
They were also used to assess the validity of symptoms
experienced during the monitoring. A symptom was
considered to be associated with a reflux episode if it
occurred during the episode or within 2 min of its
beginning or end.
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F1G. 2. ROC curve of an ideal test. If there were no false-positive
and 100% true-positive test results, threshold “B” would be the ideal
cut-off point for interpreting the test. The area under the 4-B-C
reflects the ability of the test to discriminate normal from abnormal
and, in this ideal test, would be 1.0.
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The protocol of the entire study was approved by the
Human Research Review Committee of Creighton Uni-
versity, Omaha, Nebraska, and written informed con-
sent was obtained from each individual.

Statistical analysis

Standard statistical analysis for nonparametric data
sets was used to assess statistical differences among the
various groups and parameters. Significance was deter-
mined at the 0.05 level. ROC curves were constructed
and compared with a commercial software package
(Rocfast, R. Centor, Medical College of Virginia, Rich-
mond).

RESULTS

Figure 3 shows the distribution of intraesophageal
- pH values obtained from monitoring 50 normal sub-

jects, and illustrates that, in normal volunteers, the
esophageal pH remains above 4 for 98.5% of the cir-
cadian cycle. Normal values for the composite score
and the six components used to express esophageal acid
exposure in the 50 healthy volunteers are shown in
Table 1. The percent time pH < 4 for the total moni-
toring period, the duration of the longest reflux episode
with pH < 4, and the number of reflux episodes longer

Esophageal pH Profile

in 50 Normal Volunteers

o Median % Time 98.5%

404

30 1

20

0-1  1-2  2-3 3-4 4-5 6-6 6-7 7-8 B8-9
pH Interval

FI1G. 3. Frequency distribution of measured pH values over the
24-h monitoring period in 50 normal volunteers. Note that the pH is
4 or greater, 98.5% of the time.

TABLE 1
Esophageal Acid Exposure in 50 Healthy Volunteers

Mean SD Median Min Max 95%

% Total time pH <4 1.5 14 1.2 0 6.0 45
% Upright time pH <4 22 23 1.6 0 9.3 84
% Supine time pH <4 06 1.0 01 O 4.0 35
No. of episodes 19.0 128 160 20 56.0 46.9
No. of episodes = 5 min 08 1.2 0 0 50 35
Longest episode (min) 67 79 40 0 460 1938
Composite score 6.0 44 50 04 18.0 147
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than 5 min was significantly higher in male volunteers
than in female volunteers (Table 2). However, there
was no difference in esophageal acid exposure between
males and females when the results of 24-h pH moni-
toring were expressed as the composite score. Using the
composite score to determine when a patient has in-
creased esophageal exposure to gastric juice eliminates
the necessity of having separate normal values for men
and women.

ROC curves for the composite score and the individ-
ual components of the score are shown in Figure 4, A~
G. The area under the ROC curve was highest for the
composite score and the percent total time pH <4
(Table 3), which did not differ significantly from each
other. The poorest discriminator, as indicated by the
area under the curve, was the number of reflux episodes
of more than 5 min. The point of maximal likelihood,
i.e., the threshold that yields the optimal sensitivity and
specificity for each curve, is also shown in Table 3. The
threshold value providing best discrimination for the
composite score and the percent total time pH <4
were, respectively, the 96th and 95th percentile values
of the 50 normal volunteers. These values were 16.7 for
the composite score and 4.5% for the percent total time
pH < 4.

Sensitivity, specificity, predictive value, and accuracy
of the individual parameters at the point of maximum
likelihood are shown in Table 4. Sensitivity, specificity,
predictive value of a positive and negative test, and
accuracy were highest for the composite score.

The effect of ambulation on esophageal acid exposure
in 18 normal subjects and 10 symptomatic patients is
shown in Table 5. In the normal subjects, ambulation
resulted in an increase in the number of reflux episodes.
This was due to an increase in reflux episodes while the
patients were in the upright position and active (p <
0.05). As expected, this did not occur when subjects
were in the supine position and inactive. This difference
was not apparent in the symptomatic patients.

Figure 5 shows the effect of outpatient ambulatory
monitoring on the composite score and its components
in individual normal subjects and symptomatic pa-
tients. As expected, the patients showed increased acid
exposure, with wider scatter in all components, as well
as in the score. Table 6 summarizes the number of
normal subjects, and patients shown in Figure 5 whose
parameters or composite score changed from normal
to abnormal or vice versa, and reflects the reproduci-
bility of the test at extremes of activity. Except for the
percent supine time pH < 4 and the total number of
reflux episodes, the reproducibility of all parameters
and the composite score exceeded 85%.

Figure 6 shows that the percent of normal subjects
experiencing symptoms during the test was similar in
the inpatient and outpatient environment. Belching and
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TABLE 2
Esophageal Acid Exposure in Healthy Volunteers: Female versus Male

Male (N = 20) Female (N = 30)
p
Mean SD Median Mean SD Median
% Total time pH <4 2.05 1.674 1.9 1.153 0.984 0.9 0.0486
% Upright time pH <4 3.075 2.779 1.9 1.68 1.835 1.3 0.0609
% Supine time pH <4 0.645 0.97 0.617 1.031 0.1 0.7073
No. of reflux episodes 22.45 14.25 19.0 16.7 11.329 14 0.1565
Longest episode 8.095 5.971 7.7 5.843 8.875 3.0 0.0463
No. of episodes >5 min 1.35 1.46 1.0 0.5 0.82 0 0.0171
Composite score 5.990 4.559 6.4 6.000 4.342 5.145 0.9763
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FIG. 4. ROC curves for: 4, % total time pH < 4, B, % upright time pH < 4, C, % supine time pH <4, D, the number of reflux episodes, E,
the number of reflux episodes lasting longer than 5 min, F, the duration of the largest reflux episode, and G, the composite score. The point of
maximum likelihood, i.e., the threshold that yields the optimal combination of sensitivity and specificity for each curve, is indicated by an arrow,

and the percentile and absolute values are given.

TABLE 3
ROC:s for the Integrated Score and Its Component

Component

% Total time pH <4

% Upright time pH <4
% Supine time pH <4
No. of episodes

No. of episodes >5 min
Longest episode
Composite score

Optimal .
Area Percentile NL{,n;ilcal
Threshold

0.9952 95 4.5%
0.9796 93 7.1%
0.9432* 86 1.5%
0.9332* 98 56
0.9080* 94 3
0.9498* 84 12.0
0.9936 96 16.7

* p < 0.05 vs. composite score and % total time pH < 4.

coughing were the most common symptoms reported
early during the test. These symptoms became less
evident during the evening hours, but increased again
toward the end of the test period. Twenty-five percent
of the belching and 27% of the coughing episodes were
associated with acid reflux. Three normal subjects com-
plained of heartburn during the monitoring, two during
inpatient and one during outpatient monitoring. Six of
the normal subjects complained of regurgitation, four
during inpatient and two during outpatient monitoring.
Only two of these complaints of either heartburn or
regurgitation were associated with a reflux episode.
Both occurred during inpatient monitoring.

Figure 7 shows the percent of patients experiencing
symptoms during the test. The pattern of belching and
coughing during inpatient and ambulatory outpatient
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TABLE 4
Sensitivity, Specificity, and Predictive Value of Esophageal pH Monitoring in the Diagnosis of Gastroesophageal Reflux Disease Determined at
the Point of Maximum Likelihood

Positive

Sensitivity Specificity Predictive nga?rg'e Accuracy
(%) (%) - Value % (%)
(%) (%)
% Total time pH <4 96 96 96 96 96
% Upright time pH <4 92 88 92 88 90
% Spine time pH <4 88 92 88 92 90
No. of episodes 88 88 88 88 88
No. of episodes =5 min 84 100 100 86 92
Longest episode (min) 84 100 100 86 92
Composite score 96 100 100 96 98
TABLE §

Comparison between Inpatient and Outpatient 24-H Esophageal pH Monitoring

Inpatient Monitoring-Volunteers
(n=18)

Outpatient Monitoring-Volunteers
(n=18)

Parameter

Median Range Median Range
% Total time pH <4 0.8 0.1-3.4 0.9 0-5.6
No. of episodes 15 4-56 24 0-126*
No. of episodes =5 min 0 0-3 0 0-5
Longest episode (min) 3.8 0.3-10.2 2 0-13
% Time upright pH <4 1.1 0.2-6.2 0.7 0-8.8
% Time supine pH <4 0.1 0-2.5 0.1 0-2.8
Composite score 4.3 0.9-11.5 4.6 0.3-19.4

Inpatient Monitoring—Patients (n
= 10)

Outpatient Monitoring-Patients (n
= 10)

Parameter

Median Range Median Range
% Total time pH <4 4.9 0-14.5 5.5 0.7-14.7
No. of episodes 38 0-168 64 7-138
No. of episodes =5 min 2 0-8 3 0-11
Longest episode (min) 12 0-40 10.5 4-29
% Time upright pH <4 6 0-21.6 4.9 1.6-22
% Time supine pH <4 2.6 0-14.3 0.9 0-12.3
Composite score 15.5 0.3-51.3 22.6 1.6-43.0

* p < 0.05 vs. inpatient monitoring.
DISCUSSION

monitoring was similar to that observed in the normal
subjects. Thirty-three percent of the belching and 21%
of the coughing episodes were associated with acid
reflux. Patients experienced heartburn more often than
did normal subjects (p < 0.01) and more commonly
during outpatient monitoring ( p < 0.05). The symptom
of regurgitation occurred at the same frequency as in
normal subjects during outpatient monitoring, but
tended to be more common in patients while awake
during inpatient monitoring. Sixty percent of these
complaints of either heartburn or regurgitation were
associated with a reflux episode. There was a significant
correlation between inpatient and outpatient monitor-
ing for coughing (r = 0.8583, p < 0.001) and belching
(r = 0.9696, p < 0.001), but not for episodes of heart-
burn and regurgitation, indicating that the former
symptoms were due to the pH probe rather than the
environment of the test.

Twenty-four-hour esophageal pH monitoring pro-
vides an accurate method for detecting changes in the
pH environment of the esophagus by recording the pH
every 4 s over a complete circadian cycle (8-12). Nor-
mal individuals maintain the esophageal pH above 4
for a median of 98.5% of the time (Fig. 2). This makes
pH 4 a reasonable choice as a threshold to measure
esophageal acid exposure.

To simplify data presentation, three units are used:
cumulative time the pH was less than 4 expressed as
the percentage of the total, upright, and supine time;
the frequency of a pH drop below 4 expressed as the
number of episodes per 24 hours; and the duration the
pH stayed below 4 expressed as the number of episodes
lasting longer than 5 min and the duration in minutes
of the longest episode. This gives six components to
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FiG. 5. Comparison of inpatient and ambulatory outpatient mon-
itoring in individual normal subjects (4) and symptomatic patients
(B). The dotted line represents the optimal cut-off point obtained
from the ROC curve for the composite score and its components.
TT, total time; ST, supine time; UT, upright time; EPI, episode.

express the 24-h pH record. To further condense the
data, these components can be integrated into a score
to quantitatively express the overall degree and pattern
of esophageal acid exposure (8, 11). Because 24-h pH
data assume a nonparametric distribution, normal val-
ues for each of these components and the composite
score were obtained from 50 normal subjects and ex-
pressed as median and percentiles (1).

To determine the parameters and thresholds that
yield the most efficient interpretation of the measure-
ment, two additional population groups were required,
one with and one without reflux. The latter group
consisted of normal healthy volunteers who had never
experienced heartburn, regurgitation, or dysphagia,
were unfamiliar with the symptoms and the nature of
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the disease, and who had a normal barium study of the
upper gastrointestinal tract and normal esophageal
function on manometry.

The group of patients with disease were defined uti-
lizing alternative markers of gastroesophageal reflux
disease, whereas other studies have defined the disease
according to the presence of symptoms indicative of
gastroesophageal reflux, such as heartburn and acid
regurgitation (3, 4). This poses a problem because symp-
toms are a notoriously unreliable indicator of increased
esophageal acid exposure. An alternative definition of
gastroesophageal reflux disease is the presence of esoph-
agitis on endoscopy. On the basis of this definition,
only those symptomatic patients who have endoscopic
esophagitis are considered to have gastroesophageal
reflux disease. There are problems with this definition,
as well, because it characterizes the disease on the basis
of its complication. Esophagitis is a tissue injury that
can occur as a consequence of the disease, but is not
synonymous with the presence of the disease (16, 17).
Manometry of the lower esophageal sphincter may be
used to identify indirectly patients with a high proba-
bility of increased esophageal acid exposure, since the
sphincter is known to be the major barrier against
regurgitation of gastric contents. Previous studies have
shown that a severe mechanical defect of the lower
esophageal sphincter exists when the sphincter pressure
is less than 6 mm Hg, the length of the sphincter below
the respiratory inversion point is less than 1 cm, or the
overall length of the sphincter is below 2 cm (7). To
ensure that our patient population had a high likelihood
of having gastroesophageal reflux disease, we selected a
group of patients on the basis of all of the following
parameters: /) classical symptoms of the disease, 2)
manometric evidence of sphincter incompetence, 3)
evidence of tissue injury (endoscopic esophagitis), and
4) an acidic gastric environment.

ROC analysis is the ideal statistical tool to evaluate

TABLE 6
Changes Observed between Inpatient and Outpatient Monitoring*
Normal Subjects (N = 18) Symptomatic Patients (N = 10) All (N = 28)
No. who
Notr;nal Abntoormal Reproducibility Notrénal Abntc;rmal Reproducibility changed Reproducibility

abnormal  normal (%) abnormal  normal (%) egl;;r (total)
% Total time pH <4 1 0 95 1 1 80 3 89%
% Upright time pH <4 2 0 89 1 i 80 4 86%
% Supine time pH <4 2 3 72 0 3 70 8 2%
No. of episodes 2 0 89 5 1 40 8 72%
No. of episodes =5 min 1 0 95 2 0 80 3 89%
Longest episode (min) 0 1 95 1 2 70 4 86%
Composite score 2 0 89 2 0 80 4 86%

* Changes from normal to abnormal or from abnormal to normal were evaluated using the point of maximum likelihood for each tested

parameter as threshold.
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FIG. 6. Percent of normal volunteers experiencing belching (dotted bars), coughing (hatched bars), heartburn (black bars), or regurgitation
(white bars), during the 24-h inpatient and ambulatory outpatient monitoring.
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FiG. 7. Percent of patients experiencing belching (dotted bars), coughing (hatched bars), heartburn (black bars), or regurgitation (white bars),

during the 24-h inpatient and ambulatory outpatient monitoring.

the performance of a diagnostic test by showing the
continuous relationship between sensitivity and speci-
ficity over a range of cut-off values. ROC curves are
independent of the distribution of the data and allow
statistical analysis and comparison of various parame-
ters over the full range of observed values. In addition,
they not only enable the observer to calculate a thresh-
old that yields optimal sensitivity and specificity, i.e.,
the point of maximum likelihood, but also the defini-
tion of a threshold to be used if predefined levels of
sensitivity or specificity are to be obtained (13-15).
Using ROC analysis, our study shows that the compos-
ite score and the percent total time pH < 4 provide the
most efficient interpretation of the 24-h esophageal pH
record. The point of maximum likelihood was the 96th
percentile of normal values for the composite score,
i.e., a score value of 16.7, and the 95th percentile of
normal values for the percent total time pH 4, ie,
4.5%. With these thresholds, the sensitivity, specificity,
and accuracy was 96%, 100%, and 98% for the com-
posite score and 96% each for the percent total time
pH < 4. In addition, these two discriminators have the
greatest clinical reliability, as reflected by the predictive
values for a positive and negative test (Table 4).

On the basis of this study, we recommended that the
composite score or the percent total time pH <4 are
to be used to express the result of the 24-h esophageal
pH record. A patient is considered to have increased
esophageal acid exposure if his composite score or
percent total time pH <4 exceeds the 96th or 95th
percentile of normal volunteers, respectively. The nu-
merical value for this percentile derived from 50 normal
subjects is 16.7 for the composite score and 4.5% for
the percent total time pH < 4. Because male volunteers
had a higher percent total time pH <4 than female
volunteers, the sex of the subject should be taken into
account in borderline situations when percent total time
pH <4 is used to express esophageal acid exposure.
The score value is applicable to both males and females.

The validation populations used in our study were
preselected on the basis of a high index of suspicion
that the disease was, in fact, present or absent in an
equal portion of individuals. The test therefore had an
equal chance of being normal or abnormal. If 24-h
esophageal pH monitoring was performed in an unse-
lected population with a lower prevalence of the disease,
the disparity between the predictive values would in-
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crease and the accuracy of the test would diminish
accordingly. This may explain the discrepancy between
our study and the findings of Schindlbeck et al. (3),
who used less strict criteria to define their populations
and reported a lower sensitivity and specificity of 24-h
esophageal pH monitoring in the diagnosis of gastro-
esophageal reflux disease. Twenty-four-hour esophageal
pH monitoring performs with greater fidelity in popu-
lations in which the disease has greater prevalence. The
test will fail to function with the degree of accuracy
prescribed in the present study if applied to a population
in which the disease incidence is sporadic. The test will
be less accurate if applied as a screening test, but will
function as a precise diagnostic test in populations that
are preselected, i.e., a population with a greater likeli-
hood of having the disease. Consequently, the latter
represents the clinical setting in which the test should
be used, particularly when surgical therapy is consid-
ered. In this situation, a test with a high specificity is
required to avoid performing surgery on subjects who
do not have the disease. Ambulatory 24-h esophageal
pH monitoring, when performed and analyzed as out-
lined above, achieves a specificity of 100%.

A comparison of inpatient and ambulatory outpa-
tient monitoring in normal subjects and patients
showed no significant difference in the parameters used
to measure esophageal acid exposure, with the excep-
tion that the number of reflux episodes experienced
during the total and upright ambulatory period were
significantly greater in normal subjects. This is not
surprising, because an increase in the number of reflux
episodes would be expected when a person is ambulant.
In patients with an abnormal test, the environment had
little influence on the number of reflux episodes, indi-
cating that when the cardia is incompetent, restrictive
activity is of minimal therapeutic value. The similarity
in test results at the extremes of activity indicate that
24-h pH monitoring is highly reproducible, and that
the environment of the test does not significantly affect
the test results. If this were not so, it would be necessary
to standardize the test environment to eliminate errors
resulting from varied activity. Such an inconvenience
would make the test less applicable to clinical practice.

An important observation was that belching and
coughing occurred with similar frequency and followed
a similar circadian pattern during inpatient and out-
patient monitoring. Consequently, we believe that these
symptoms are due to the pH electrode, and consider
them of little diagnostic value. In contrast, heartburn
and regurgitation rarely occurred in normal subjects,
indicating that these symptoms are not induced by
performance of the test. Patients complained of heart-
burn more often during ambulatory monitoring, espe-
cially toward the later stages of the monitored period,
reflecting the greater activity level when the subjects
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became accustomed to the indwelling probe. Regurgi-
tation was more common during inpatient monitoring
and was probably due to more time being spent in the
reclining position than during outpatient monitoring.
Not all complaints of heartburn or regurgitation were
associated with a documented reflux episode. This un-
derscores the fallibility of using symptoms as an indi-
cator of increased esophageal acid exposure.

In summary, ROC analysis showed that the compos-
ite score and the percent total time pH < 4 provide the
most efficient interpretation of the 24-h esophageal pH
record. We recommend the use of the composite score
rather than total time pH <4 because of its higher
accuracy and its applicability to both males and fe-
males. The result of the test are highly reproducible in
normal subjects and patients, when monitored in either
an inpatient or ambulatory outpatient environment.
The esophageal pH probe is well tolerated, but may
induce belching and coughing during the early part of
the monitored period. On the basis of these results, we
recommend the use of ambulatory 24-h esophageal pH
recording to document the presence of gastroesophageal
reflux disease.
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