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Reproducibility of 24 hour oesophageal pH studies
in infants

F J Hampton, U M MacFadyen, H Simpson

Abstract
Thirteen infants who had undergone 24 hour
oesophageal pH monitoring to diagnose
gastro-oesophageal reflux had a second study
carried out to see if the results were repro-
ducible. The studies were done without re-
stricting the babies' activities. Appreciable
differences were found, the percentage of the
total time during which the pH was less than 4
varying by up to 3-7-fold between the two
tests. The differences were largely the result
of biological rather than technical variability.
From these results estimates were made of
the reliability of a single diagnostic study and
the size of changes that would be necessary to
show the effect of treatment.
These findings have a considerable impact

on the diagnosis of abnormal gastro-
oesophageal reflux and its response to treat-
ment whether using 24 hour pH monitoring or
any other method of measurement.
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The number of different techniques for investi-
gating gastro-oesophageal reflux indicates that
none is perfect. Twenty four hour oesophageal
pH monitoring, particularly when carried out at
home, has the advantages of both a prolonged
observation period and near normal conditions.
It also has the potential disadvantages that it
cannot measure the volume of refluxed material
or detect any non-acidic reflux.

It has been accepted that individual subjects
may have some investigations that show that
gastro-oesophageal reflux is present and some
that do not," but this is usually ascribed to
variations in the accuracy of the tests rather
than the possibility of the same test showing
reflux one day and not another. As symptoms of
gastro-oesophageal reflux vary from day to day
such a difference would not be surprising.
Twenty four hour pH studies cause relatively

little discomfort or disruption to routine, and so
are amenable to repetition to investigate their
reproducibility. The results derived from pH
monitoring are often subjected to detailed
analysis and statistical comparisons, as opposed
to simple grading as used for other methods of
investigation. This makes it even more impor-
tant that the reproducibility of the results is
known, but there are little published data in
adults and none at all in infants.9'l
The aim of this study was to obtain this

information and use it to establish the reliability
of a single normal or abnormal result in the
diagnosis of gastro-oesophageal reflux and then
to determine how helpful pH studies are when
used to compare groups or to monitor the

response of gastro-oesophageal
ment.

reflux to treat-

Patients and methods
As part of several larger studies approved by the
local ethics committee pH studies were being
undertaken to assess the incidence of gastro-
oesophageal reflux in infants presenting with a
variety of problems. Infants studied included
those presenting with chronic respiratory symp-
toms and acute events such as choking or
apnoea as well as those with vomiting. Patients
were selected for the duplicate study when it
would cause no extra inconvenience to the baby
or to the family or an unnecessary hospital stay.
Eleven infants needed to stay in hospital for a
series of investigations and had their studies on
consecutive days so that leaving the pH elec-
trode in position caused no additional discom-
fort. The other two infants had their studies
repeated because of symptoms that persisted
after four and six weeks. Four infants were on
antireflux treatment, which was constant
throughout. No restriction was placed on the
positioning or handling of the babies or on their
diet. The timing and nature of their intake of
food and drink were recorded.

Acceptable duplicate studies lasting at least
15 hours and including both day and night were
obtained in 13 infants with ages ranging from 7
days to 11 months (median 2 months) (table 1).
No results had to be discarded because of too
large a drift in the electrode reading in buffer,
or because the infant removed the probe too
soon. One infant who would have been studied
twice pulled the probe out after the first study
and it was not replaced.

pH MEASUREMENTS
The Synectics ambulatory system with semi-
disposable monocrystant antimony pH elec-

Table I Details of infants

Age Presenting History of Receiving
problem vomiting treatment

11 Days Apnoea No No
5 Months Apnoea Yes Yes
6 Months Apnoea Yes No
3 Weeks Apnoea Yes Yes
3 Months Apnoea (preterm) Yes Yes
8 Months Apnoea Yes Yes
2 Weeks Apnoea Yes No
1 Month Respiratory (preterm) Yes No
2 Months Apnoea Yes No

11 Months Failure to thrive Yes No
7 Days Apnoea No No
2 Months Respiratory Yes No
2 Weeks Apnoea Yes No
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trodes with an external diameter of 2-1 mm was
used. Each electrode was tested in Synectics
buffers of pH 7 and 1 before and after the
studies to ensure that the readings did not differ
by more than 0-2 pH units. The electrodes were
positioned in the middle third of the oesophagus
as calculated from the infants' length and con-
firmed on chest radiograph. A silver/silver
chloride reference electrode with Hellige elec-
trode gel was placed on the chest. The pH was
recorded every four seconds in a Digitrapper
Mark 11 (Synectics) before being transferred to
an Amstrad PC1512. Data analysis was done
with dedicated software, 'EsopHogram'
(Gastrosoft Inc).

DATA ANALYSIS
The time studied was divided in different ways
to give six time periods for analysis: the total
time, the time excluding mealtimes, time less
than or greater than two hours after a meal, and
night and day. Night was arbitrarily defined as
2200 to 0600 hours. For each time period data
were analysed using pH <4 to define four mea-

Firsty study

Original analysis
Total time:
No of episodes
No lasting >5 mins
Longest episode (mins)
Time that pH <4(%)

Without meals:
No of episodes
No lasting >5 mins
Longest episode (mins)
Time that pH <4(%)

,120 Min after meal:
No of episodes
No lasting >5 mins
Longest episode (mins)
Time that pH <4(%)

>120 Min after meal:
No of episodes
No lasting >5 mins
Longest episode (mins)
Time that pH <4(%)

During the day:
No of episodes
No lasting >5 mins
Longest episode (mins)
Time that pH <4(%)

During the night:
No of episodes
No lasting >5 mins
Longest episode (mins)
Time that pH <4(%)

Using pH 4 to end reflux
Total time:
No of episodes
No lasting >5 mins
Longest episode (mins)
Time that pH <4(%)

6120 Min after meal:
No of episodes
No lasting >5 mins
Longest episode (mins)
Time that pH <4(%)

>120 Min after meal:
No of episodes
No lasting >5 mins
Longest episode (mins)
Time that pH <4(%)

Total time other measures
Reflux index (pH 4)
Reflux index (pH 4 2/3-8)
Reflux index (pH 5)
Kaye score <pH 5)
Kaye score (<pH 4)
Area under pH 4
Total score

0-99 (0-17-7-21)
0-13 (0-0463)

40 (3-88)
5 1 (1-2-25-6)

0-97 (0-32-7-16)
0-14 (0-0-58)
16 (3-73)
4-7 (0 9-25-9)

0-88 (0-6-27)
0 09 (0-0 72)
8 (0-49)
2-5 (0-38-5)

0-95 (0-4-7-81)
0-10 (0-0-62)

11 (2-65)
5-7 (0-8-21-1)

0-90 (0-06-8-76)
0-06 (04-75)

11 (0-73)
2-9 (0-34-6)

0-75 (0-13-4-25)
0-13 (0-0 59)
10 (3-88)
7-8 (0-7-21-5)

1-75 (0-65-11-93)
0-09 (0-0-54)
10 (3-49)
5-1 (1-2-25-6)

1-37 (0-13-37)
0 (0-0-96)
5 (0-43)
2-5 (0-38-5)

2-23 (0-53-11-23)
0-07 (0-0-64)
7 (2-44)
5-7 (0-8-21-1)

5-1 (1-2-25-6)
4-6 (1-8-24-9)

24-9 (7-3-53-6)
30-9 (11-3-75-3)
6-6 (1-3-39)
1-7 (0-4-17-4)
21-7 (4-7-51-9)

Second study

0-91 (0-6-24)
0-10 (0-0-71)
15 (0-47)
4-5 (0-21-4)

0-97 (0-6-6-05)
0-14 (0-0-76)
15 (544)
4-7 (2-21-6)

1-21 (0-54-12-21)
0-08 (0-0-86)
7 (2-44)
4-3 (0-6-39-6)

1-15 (0-69-3-38)
0-20 (0-0-57)
13 (2-38)
5-2 (1-0-14-4)

1-13 (0-9-68)
0-07 (0-0-94)
10 (0-44)
4-3 (0-33-1)

0-63 (0-1-25)
0-13 (0-0-38)
11 (0-47)
-4-0 (0-10-2)

1-73 (0-11-04)
0-09 (0-0-5)
11 (0-36)
4-5 (0-21-4)

2-42 (0-37-19-77)
0 (0-0-69)
4 (2-36)
4-3 (0-6-39-6)

1-84 (0-78-7-15)
0-16 (0-0-57)
9 (0-20)
5-2 (1-14-4)

4-5 (0-21-4)
4-9 (0-23-5)
16-9 (0-40-6)
22 (0-64-9)
6-7 (0-33-7)
2-4 (0-13-9)
15-3 (3-9-41-1)

sures of reflux: the number of episodes, the
number lasting longer than five minutes, the
duration of the longest episode, and the percen-
tage of time during which the pH was <4-also
called the 'reflux index'. The number of epi-
sodes was expressed as an average rate/hour to
compensate for time differences between the
studies.

Initially the defmnition of the end of a reflux
episode was when the pH went above 5 with its
duration being the time during which the pH
was less than 4. This definition is not univer-
sal," 12 some investigators defining the end of
an episode as the point at which the pH goes
above 4,13 14 so the tests were all reanalysed
using this criterion for counting episodes and
measuring their duration.

Several further variables were calculated for
the total time period alone, and then compared
between the two studies. The area of the curve
under pH 4 was calculated by counting the
number of minutes, to the nearest integer, spent
between each 0 1 of a pH unit. The number of
'minute units' was calculated for each hour of
study. The computer software provided a
coarser definition of area (under pH 5), which
was expressed as the Kaye score. This is derived
by multiplying the percentage of time with pH
between 4 and 5 by 1, that between pH 3 and 4
by 2, that between pH 2 and 3 by 3, and that
between pH 1 and 2 by 4, and then adding
them. This was also adapted to record the time
that the pH was under 4 by multiplying the per-
centage of time with pH between 3 and 4 by 1,
and so on. The percentage of the total time dur-
ing which the pH was <5 was also measured.
Finally, a score based on the principles of
Johnson and Demeester13 14 was calculated
from the normal values in infants published by
Vandenplas and Sacre-Smits.l5

STATISTICAL METHODS
Natural logarithms of each reflux variable were
taken and the difference between each of these
results for each infant on the two days was cal-
culated. A mean (SD) of the differences were
thus found for each variable. By taking the
antilog of 1-96 multiplied by the SD of the
differences, 95% confidence intervals were
calculated. Because the original results were
logged these confidence intervals are expressed
as the limits within which the ratio of the two
results for each reflux variable for one infant
should lie.

Results
Table 2 shows the medians and ranges for all the
reflux variables used in the following analysis
and shows no trend between the first and
second studies. The reflux indices for each
infant on the two occasions are illustrated in the
figure. Some infants had abnormal gastro-
oesophageal reflux when it was defined as a
value of greater than 2SD above the mean of
Vandenplas and Sacre-Smits' normal values'5
and some using a reflux index of greater than
5% (table 3). Neither method produced the
same results for all infants. The mean differ-

Table 2 Median (range) values of all results
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(%)

Changes in reflux index from day I to day 2.

ences between the paired results for all the vari-
ables were close to zero, confirming that there
was no tendency for the first or second test to
give larger results.

CALCULATED RESULTS
Table 4 gives the upper confidence limits
derived from the antilog of 196 multiplied by
the SD of the logged differences; the lower limit
is the inverse of this. For example, the confi-
dence intervals for the ratio of the two reflux
indices for the total time are 1/3-7 (027) to 3-7:
that is to say that a second study will have a

reflux index somewhere between 27% and 370%
of the first.

TIME PERIODS
Review of the confidence intervals for all the
variables showed that the total time was at least
as reproducible as any other time period. Night
time was the least reproducible.

REFLUX VARIABLES
The number of episodes that lasted longer than
five minutes was the most reproducible mea-
sure, but several of the infants had at least some
time periods during one of the studies with no

such episodes. The ratio for these studies is not
calculable and is excluded, possibly causing an

underestimate of the variability (see table 4).
The length of the longest reflux episode was the
least reproducible measure in all time periods,
varying up to 22-fold. The number of episodes
and the reflux index have intermediate values.

Using pH 4 to define the end of the reflux
episode (table 5) there was no consistent change
in the confidence intervals: for some measures
they increased and some decreased. This
method of analysis produced more studies with
no episodes lasting longer than five minutes,
and so reduced the number of patients con-

tributing to this calculation.
There is thus no apparent advantage in sub-

dividing the total time nor in using variables
other than the reflux index, which is indepen-
dent of the definition of the end of a reflux
episode. We therefore used this index for
investigating the possible influence of electrode
inaccuracies and used only the total time for
further analyses.

ACCURACY OF ELECTRODES
During the testing of the pH catheters a max-

imum drift of pH readings in buffers of 0-2 pH
units was allowed. To see whether this could be

Table 3 Results expressed as 'normal' or 'abnormal' either by Vandenplas and Sacre-Smits' results or as reflux index
over 5%

No of infants No of infants No of infants
in whom both in whom both in whom one
studies normal studies abnormal study was normal

and one abnormal

Vandenplas and Sacre-Smits":
No of episodes 0 8 5
No lasting >5 mins 8 3 2
Longest episode 4 3 6
Time that pH <4(%) 4 4 5
All normal compared with any abnormal results 0 8 5

Reflux index >5% 3 2 8

Table 4 Upper limits of confidence intervals for 24 ratios. Figures in parentheses represent number of infants whose results
were calculable

No of episodesl No of episodesl Longest Reflux index
hour hour lasting episode (min) (percentage of time

>5 mi that pH <4)

Total time 3-8 2-4 (9) 11-9 3-7
Time excluding mealtimes 3-9 2-2 (8) 11-9 3-3
G120 Min after meals 4-5 3-5 (5) 5-8 3-3
>120 Min after meals 4-4 4-3 (5) 17-1 8-5
During day (0600-2200) 5-4 4-8 (6) 8-2 5 6
During night 8-0 2-9 (6) 21-9 15-1
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Table S Upper limits of confidence intervals after reanalysis using pH 4 to define end of reflux. Figures in parentheses
represent number of infants whose results were cakulable

No of episodes/ No of episodesl Longest Reflux index
hour hour lasting episode (min) (percentage of time

>5 mm that pH <4)

Total time 4 0 2-4 (6) 10-9 3-7
l120 Min after meals 4-0 3-6 (3) 6-0 3-3

>120 Min after meals 6-3 1-4 (4) 17-1 8 5

Table 6 Upper limits of confidence intervals for all
variables analysed for total time

Reflux index using pH 4 as cut off for both studies
Reflux index using pH 4-2 and 3-8 for cut off
Reflux index using pH 5 for both studies
Kaye score using pH 5 as baseline
Kaye score using pH 4 as baseline
Area under curve using pH 4 as cut off
Score for total time

3-7
2-9
1-9
2-0
4-4
4.9
3.9

responsible for some of the variability the
studies were reanalysed. The study with the
lower reflux index for each infant was re-

analysed using a cut off value ofpH 4-2 and that
with the higher reflux index using a cut off of
3-8 to reduce the differences between the two
studies. The confidence interval for the ratio for
the reflux index for the total time was only
reduced from 3-7 to 2*9-fold.

OTHER VARIABLES (table 6)
The computer software automatically calculated
the Kaye score, and this result had a lower
variability than the measures previously ana-

lysed. It was felt that this might be because the
pattern of reflux was more accurately reflected
by a measure of the 'area under the curve' so

this was calculated for pH under 4. This how-
ever showed an increased variability, as did the
Kaye score adapted for pH under 4. The per-
centage of total time during which the pH was
<5 was less variable.

In case the use of a combined measure could
provide a better reproducibility a score was

calculated for each test using each of the four
reflux variables for the total time. A result equal
to the mean for the age group given by Vanden-
plas and Sacre-Smits scored 2 and the number
of SDs away from this were added or subtracted
as described by Johnson and Demeester.'3 14

The reproducibility of the total score was no
better than that of any other variable.

Discussion
To investigate the reproducibility of any test, as
when comparing two different methods of mea-
surement, it is not satisfactory simply to corre-
late the pairs of results, as is so often done. 16 It
would be surprising if there was not a correla-
tion, because this simply means that the larger
values on one occasion are likely to be larger on
another. It is necessary to measure the differ-
ences between the two results, and the average
of the two, and analyse these. If the differences
are unrelated to the average result then they can
be treated directly but if they are proportional
to the average then logarithmic transformation
is necessary. This transformation results in the

expression of a ratio rather than an absolute
difference between the results.
We used the logarithms because we found

that the difference was proportional to the
average for most of the reflux variables that we
generated. Although not all the variables
showed this pattern in our small study, the
larger study of Weiner et al showed that the
reflux index does follow this pattern and it
seemed likely that all the variables would do so
in a larger study.'0
The results of reanalysing the studies at pH

3-8 and 4-2 only reduced the upper confidence
limit by a fifth (3 7 to 2 9), suggesting that any
variability associated with equipment was less
important than biological variability. The
absence of a trend for the first or second study
to give higher results also militates against a
deterioration in the reaction time of the elec-
trodes. Excluding the two infants who did not
have their studies on consecutive days increased
the upper confidence interval for the ratio from
3-7 to 4-2.
Some investigators have used the area under

the curve to reflect the intensity as well as the
duration of acid exposure. Izquierdo et al found
that this provided good discrimination between
normal and abnormal reflux,17 and Vandenplas
et al found that it correlated better with
oesophagitis.18 In this study using the area
under the curve increased the variability both
when analysed accurately using 01 pH units
and coarsely using 1 pH unit. This suggests that
an increase in the time spent below pH 4 is
accompanied by a proportional increase in time
spent at even lower pH values. This supports
our contention that minor variations in the
recorded pH do not make an important contri-
bution to the variability. It may also explain
why the area under the curve provides a good
discrimination, because it tends to exaggerate
the differences between studies.
The use of pH 4 as a cut off value to define

reflux events was initially derived on the theo-
retical grounds that pepsin is active at pH <4
and so oesophagitis would be likely to occur. 19 20
It was also shown that pain occurred at pH <4,
although Tuttle et al reported that pain was
caused by oesophageal distension as well as by
acidity.2' Later the use of 24 hour pH studies in
subjects with and without symptoms showed
that values derived using pH 4 provided the
best discrimination between groups.22 23 Some
investigators disagreed, however, and found pH
5 provided a better discrimination.24 25

In this study the use ofpH 5 as a cut off level
either for the percentage of total time during
which the pH was <5 or for the Kaye score
representing the area of the curve under pH 5
reduced the variability. Because the area under
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pH 4 had a higher variability this suggested that
it was the use of pH 5 rather than the use of a
measure reflecting area that reduced the variabi-
lity. If the use of pH 5 could also be shown to
provide adequate discrimination between
normal and abnormal reflux in children then it
might be a more appropriate value to use.

In this study few restrictions were placed on
the infants in order to study them under
'normal' conditions. It may be that for studying
responses to treatment a stricter regimen would
give less variability. Adult studies have, how-
ever, shown that ambulatory monitoring tends
to give results that more closely reflect the clini-
cal picture and correlate better with the pre-
sence of oesophagitis than studies carried out in
hospital, so thought is needed before imposing
such restrictions.26

This study only included infants, and the
results cannot be direcdy extrapolated to older
children. In addition the study was small and
only two infants had a reflux index over 20%.
Weiner et al studied adults with a wide range of
reflux indices, however, and found that the
variability was similar over the whole range with
the reflux index varying up to 3-2-fold com-
pared with 3-7 in this study.10 Johnsson and
Joelsson analysed the results differently, but if
the reflux indexes are extracted from their
graph and treated in the same way the result is
also 3-2.' This suggests that until shown other-
wise it may be assumed that the same conclu-
sions apply to older children.
To derive practical information from this

study the 'reliability' of a pH study and the
usefulness of pH studies for comparisons were
calculated using the reflux index for the total
time. To estimate the 'reliability' of a normal or
abnormal result the chance of getting the same
answer (normal or abnormal) on a second day
was calculated. Different investigators use
different definitions of 'normal' but one of the
values widely used to define the upper limit of
normal is a reflux index of 5%. Taking this as an
example it can be predicted that if a reflux index
is close to 5% then there is a high chance of
getting a normal result on one day and an ab-
normal one on another. If the patient's reflux
index is less than 2-5% then there is at least a
68% chance of finding a reflux index that
remains less than 5% on the second day. Simi-
larly if the patient's reflux index is over 10%
there is at least a 68% chance of a second reflux
index being over 5%. If the patient's reflux
index is less than 1-25% then there is virtually
no chance of a second study showing a reflux
index of over 5%. In the same way an original
reflux index of over 20% means that a repeat
study is unlikely to give a reflux index of less
than 5%. This principle applies whatever value
is chosen for the upper limit of the reference
range. This is not the same as calculating the
patient's 'true' reflux index, but because our
contention is that this varies from day to day
this is the best measure of 'reliability' that is
possible.
When considering comparisons between

groups or in individual subjects before and after
treatment the pH study seems to be less useful.
The extent of the variability is such that when

comparing two groups it would require 80
patients/group to show an average 25% reduc-
tion in reflux index with a power of 90%. If an
individual subject is treated and retested, then a
75% reduction in reflux index is necessary to be
sure of a response to treatment. A lesser reduc-
tion, though seeming to be a response, might
only represent the day to day variability.

CONCLUSIONS
These studies show that there was a consider-
able variation in the results obtained in two pH
studies carried out under similar conditions in
the same infants. Talking to parents indicates
that their child's symptoms-at least vomiting,
which is the easiest to define-vary consider-
ably and there may be some days when it does
not occur and others when it is severe. It is not
surprising that the results of the pH study also
varied, and it seems likely that other methods of
investigating gastro-oesophageal reflux if simi-
larly studied would also vary. We suggest that
biological variability is responsible for our
findings rather than any problems with the
technique.
Although 24 hour pH studies provide useful

information not available from other methods of
investigating gastro-oesophageal reflux, the
underlying variability of the amount of reflux
must be taken into account when interpreting
the results. If a result does not fit with the clini-
cal picture then a repeat pH study should be
considered instead of, or as well as, a different
investigation. The variability that we have
shown may obscure clinically important
improvements in gastro-oesophageal reflux in
small studies of treatment and means that new
calculations for the power of such studies are
needed. Forty eight hour studies would allow
results to be obtained from smaller groups of
patients, and even longer periods of study may
be needed to provide a better picture in an
individual subject.
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Indomethacin and the premature brain
Those ofus who do not have a first class honours degree in physics
will probably have difficulty in grasping the basic principles of
near infrared spectroscopy (NIRS) and the Beer-Lambert law
describing optical absorption in a highly scattering medium.
Workers at the University College and Middlesex School of Medi-
cine in London have, however, used NIRS to assess cerebral
haemodynamics in premature babies given intravenous
indomethacin (Edwards et al, Lancet 1990; 335:1491-5) They
found that cerebral blood flow, oxygen delivery, cerebral blood
volume, and reactivity to carbon dioxide all fell sharply after giv-
ing the drug and it made no difference whether it was given
rapidly or slowly. They do not, however, feel that the use of
indomethacin to close patent ductus arteriosus should be aband-
oned but suggest that attempts should be made to ensure that
oxygenation is maximal before giving the drug. That, of course, is
a far from satisfactory solution, though it may be the best available
at present. We badly need an alternative.
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