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intraluminal impedance measurement of the oesophagus
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Abstract In all systems for impedance monitoring
signals are stored in digital format after analog-
to-digital conversion at a predefined rate, the sample
frequency. We aimed to find the minimum sample
frequency required to evaluate oesophageal transit
and gastro-oesophageal reflux studies using imped-
ance monitoring. In 10 healthy subjects and five
patients with gastro-oesophageal reflux disease
impedance signals were acquired during a 90-min
postprandial period, using a sample frequency of
1000 Hz. Additionally, 10 liquid swallows were
recorded in the healthy subjects. A dedicated com-
puter program was used to derive, from the original
1000-Hz files, series of new data files with sample
frequencies of 500, 200, 100, 50, 20, 10, 8, 5 and 4 Hz.
In all of these files, liquid and gas reflux events were
identified. In the analysis of the swallows, bolus head
advance time (BHAT) and total bolus transit time
were measured. Reflux events were detectable down
to a sample frequency of 50 Hz. In transit analysis
errors for BHAT at frequencies below 8 Hz errors
exceeded 2.5%. Therefore, in impedance monitoring
the minimum sample frequency is 50 Hz for the
detection of reflux and 8 Hz for the evaluation of
oesophageal transit.
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INTRODUCTION

Recently, intraluminal electrical impedance monitor-
ing was introduced as a novel method to study bolus
transport in oral and aboral direction in luminal
organs.'> Impedance measurement provides informa-
tion about bolus transport during oesophageal peristalsis
and has already been incorporated in routine function
testing in some tertiary medical centres.>* Studies
combining impedance measurements with pH-metry
provide new insights into pathophysiology of gastro-
oesophageal reflux disease (GORD) and oesophageal acid
clearance.®”” Furthermore, intraluminal impedance can
be used to study aerophagia and belching.® Impedance
measurements are also promising in the evaluation of
reflux and regurgitation in paediatric practice.”!°

In all systems for intraluminal impedance monitor-
ing the signals are stored in digital format after analog-
to-digital (A/D) conversion. A/D conversion is done at
a predefined rate, the sample frequency.

In order to be able to recognize events like bolus
transit, liquid reflux, gas reflux and belches in intralu-
minal impedance signals a sufficiently high sample
frequency is necessary. The disadvantage of a high
sample frequency is that the size of the data files
becomes huge, especially when measuring for 24 h. In
previous studies using oesophageal impedance monit-
oring sample frequencies ranging from 30 to 1000 Hz
were used, as no systematic study has been done to
investigate the minimum sample frequency.®!%!? In
this study, we aimed to find the minimum sample
frequency required to evaluate oesophageal transit,
gastro-oesophageal reflux and belching using oesopha-
geal impedance monitoring.

METHODS

Subjects

We recorded oesophageal intraluminal impedance in 10
healthy volunteers (four males and six females; mean
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age: 24 years; range: 22-33 years), five patients with
GORD (four males and one female; mean age: 35 years;
range: 26-53 years) and five patients with frequent
belching (two males and three females; mean age: 48;
range: 28-58 years). The GORD patients had symptoms
of heartburn and regurgitation as well as a pathological
24-h pH-metric study (time with pH < 4 of more than
4.2% of total time). The patients with excessive
belching fulfilled Rome II criteria for aerophagia and
had a history of repetitive, troublesome belching with-
out any organic disorder of the oesophagus or stomach.'?
Healthy subjects were free of any gastrointestinal
symptoms and were not taking any medication. Written
informed consent was obtained from all subjects and the
protocol was approved by the Medical Ethics Commit-
tee of the University Medical Center, Utrecht.

Study protocol

A routine oesophageal manometry was performed to
determine the distance from nostrils to lower oeso-
phageal sphincter (LOS). Thereafter the impedance
catheter was introduced transnasally and positioned
with its distal electrode at the upper border of the LOS.
After an adaptation period of at least 10 min recording
was started. Subjects remained seated during the
course of the study and were asked to minimize head
movements. In the healthy subjects, 10 swallows of
5 mL water each were given 30 s apart. A standardized
meal was offered to all subjects consisting of one
hamburger (McDonald’s Quarter Pounder), 20 g of
fresh onions, 44 g of potato chips and 475 mL of orange
juice (in total 967 kCal). This meal was used to elicit
reflux in a previous study by our group.!* Recordings
were continued until 90 min after the meal.

Intraluminal electrical impedance assembly

A 7-channel impedance system was used (Aachen
University of Technology, FEMU, Aachen, Ger-
many).>® The catheter (diameter 2.3 mm)| contained
11 ring electrodes. From these 11 electrodes, seven
impedance signals were recorded. The recording seg-
ments were located at 0-2, 2-4, 4-6, 8-10, 10-12, 14-16
and 17-19 above the upper border of the manometri-
cally located LOS (Fig. 1). Impedance signals were
sampled at 1000 Hz.

Data analysis

Previously established criteria were used to analyze
bolus transit events following the wet swallows in the
healthy subjects before the meal and to identify gas
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Figure 1 Position of the impedance catheter in the esophagus
with respect to the manometric upper border of the lower
oesophageal sphincter.

reflux and liquid reflux during the postprandial record-
ing period in the healthy volunteers and the GORD
patients.!>!516 Regular gastric belches were identified
as gas reflux from the stomach to the oesophagus and
up to the pharynx. We furthermore identified 10
‘supragastric belches’ in each of the patients with
excessive belching. In contrast to regular belches (gas
reflux), these supragastric belches are immediately
preceded by a rapid antegrade flow of air in the
oesophagus that does not reach the stomach.® Supra-
gastric belches were found to be the predominant
mechanism of excessive belching in patients with
aerophagia.®

A specially designed computer program was used to
derive, from each of the digital 1000-Hz impedance
data files, new data files with sample frequencies of
500, 200, 100, 50, 20, 10, 8, 5 and 4 Hz. This was
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accomplished by copying every first sample out of
every n samples of the 1000-Hz file to the new file
(n = 1000/new sample frequency).

In the analysis of the readings of the wet swallows,
bolus head advance time (BHAT) along the catheter
and total bolus transit time (TBTT) along the catheter
were measured for all frequencies. Definitions for these
parameters were adopted from Tutuian et al (4)
(Fig. 2). Time of bolus entry was defined as the point
at which impedance had fallen to a value below 50% of
the 3-s baseline level before initiation of the swallow.
Bolus exit was determined as return to this 50% point
on the impedance recovery curve.

The amplitudes of the swallow-associated imped-
ance events at channel 5 (5 cm above the LES) were
measured as the difference in impedance value
between baseline and nadir impedance. This was
performed for all of the different frequencies.

In the analysis of the liquid and gas reflux episodes,
the amplitude of the impedance events (difference
between baseline and lowest value for liquid, differ-
ence between baseline and highest value for gas) was
measured in impedance channel 5 (5 cm above the LES)
(Fig. 2). For each impedance event it was determined
whether the propagation direction observed in the
1000-Hz signals could also be observed in the reduced
frequency signals. Furthermore, for reflux events and
belches the propagating velocity of these events was
calculated for all frequencies. This was done by
dividing the distance along the catheter over which
the liquid (liquid reflux) or gas (gas reflux and belches)
bolus front travelled by the time.

Errors in the measurement of propagating velocity,
BHAT and TBTT were calculated by comparing values
at all the different sample frequencies with the value
for these parameters calculated at 1000 Hz. The cut-off
level for maximal acceptable error in BHAT and TBTT
was arbitrarily set to 2.5%.

Statistical analysis and presentation of data

Throughout the manuscript data are presented as
mean = SEM. The Student’s t-test was used to assess
differences between GORD patients and healthy vol-
unteers. Differences were considered to be statistically
significant when P < 0.05.

RESULTS

In the healthy volunteers 33 liquid reflux and 30 gas
reflux episodes were identified. Mean propagation
velocities of liquid and gas reflux, when measured at
1000 Hz, were 0.71 £0.07 and 1.15+0.14 m s},
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Figure 2 A: Determination of total bolus transit time (TBTT)
and bolus head advance time (BHAT). TBTT is defined as the
elapsed time from bolus entry in the most proximal segment
to bolus clearance in the most distal segment. BHAT is
defined as the elapsed time from bolus entry in the most
proximal segment to bolus entry in the most distal segment.
(A) Baseline impedance. (B) Gas, pushed in front of the bolus
and recognized by an increase in impedance. (C) Decrease in
impedance representing liquid bolus. (D) Increase in imped-
ance after the bolus, representing a contraction wave.

B: Determination of gas reflux propagation velocity. Gas
reflux is characterized by an increase in impedance that
moves in oral direction. The dotted lines represent the onset
of the increase in impedance in the most distal and most
proximal measuring segment, indicating gas entry. Propaga-
tion velocity is calculated as v = dx/dt with dx as the distance
between impedance segment 7 and the most proximal meas-
uring segment reached by the reflux.

respectively. In the GORD patients 17 liquid reflux
and 12 gas reflux episodes were observed. Mean
propagation velocities of liquid and gas reflux, when
measured at 1000 Hz, were 0.58 + 0.16 and 1.02 =
0.31 m s™!, respectively. As these were not signifi-
cantly different from values in the healthy volunteers,
we pooled data from these two groups for the
determination of minimum sample frequency. The
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percentage of gas and liquid reflux that extended to the
most proximal impedance segment was 76.0 and
23.8%, respectively. As shown in Table 1, the detec-
tion of propagation of gaseous and liquid reflux events
remained possible down to a sample frequency of
50 Hz. At lower frequencies reflux could not always be
recognized as moving in oral direction because the
impedance change in the most distal and the most
proximal impedance channel reached by the reflux
started at the same data sample (Fig. 3). The increasing
loss in detail in gas and liquid reflux events that occurs
at lower sample frequencies is illustrated in Fig. 4.
Table 1 also shows the difference between the ampli-
tude of reflux events at 1000 Hz and at the other
frequencies. Whereas the errors in amplitude measure-
ment remained small for liquid reflux events, the
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errors for gas reflux events exceeded 10% when
frequencies were reduced below 50 Hz. Error in ampli-
tudes did not impair detection of reflux events.

The impact of reduction of sample frequency was
most pronounced for the supragastric belches (Table 1).
None of these belches could be recognized at 4 Hz. The
mean propagation velocity of the supragastric belches
was 2.33 + 0.13 m s, i.e. even faster than that of gas
reflux.

At a sample frequency of 1000 Hz the transit
parameters BHAT and TBTT were 2.47 = 0.13 and
7.09 + 0.32 s, respectively. As shown in Table 2, the
errors made in the measurements of these parameters
remained less than 2.5% when sample frequencies
were reduced as far as to 8 Hz. Likewise, the error
made in measurement of the amplitude of liquid

Table 1 Failure to determine propagation direction (%) and error (%) in measurement of propagation velocity and amplitude of
liquid and gas reflux events and supragastric belches at different sample frequencies, as compared to 1000 Hz

Liquid reflux

Gaseous reflux

Supragastric belch

Propagation Error Error Propagation Error Error Propagation Error Error
Sample undetectable velocity amplitude undetectable velocity amplitude undetectable velocity amplitude
frequency (%) (%) (%) (%) (%) (%) (%) (%) (%)
500 0.0 0.5 0.0 0.0 1.2 0.1 0.0 3.4 0.0
200 0.0 5.2 0.0 0.0 4.3 0.3 0.0 11.3 0.1
100 0.0 8.3 0.0 0.0 11.9 0.4 0.0 14.2 0.0
50 0.0 10.5 0.0 0.0 19.6 2.2 0.0 17.4 0.4
20 0.0 30.5 0.1 9.5 32.3 12.6 18.0 40.9 1.9
10 0.0 24.9 0.1 35.7 34.5 24.9 48.0 42.4 14.2
8 0.0 47.2 0.5 38.1 39.3 24.1 54.0 45.7 14.3
5 2.0 32.1 14.9 59.5 53.1 25.3 80.0 59.8 19.8
4 5.0 47.3 13.8 61.9 79.0 27.0 100.0 - 17.2
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Figure 3 Example of a gas reflux episode,
recognizable by an increase in impedance
that propagates in oral direction, displayed
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increase in impedance is simultaneous in
all channels (dotted line). This makes it
impossible to determine the direction of
the movement of the gas bolus.

© 2004 Blackwell Publishing Ltd



Volume 16, Number 6, December 2004 Sample frequency for oesophageal impedance monitoring
(A)
imp 1 -
imp 2 f\A
imp 3 _jf\/v

/MA
imp 4 j
imp 5 Af

imp 6

%%é?? Bﬁ

I
%
I
/-
vy
Ay
%

/
i
Ieleii

/r
!
JLJL

e T

imp7

EEETTNS
eSS

1000 500 200 100

Sample frequency (Hz)

8 5

(8)

imp 1
imp 2

Figure 4 (A) Example of a gas reflux epi- imp 3
sode at different sample frequencies. With

the reduction of the sample frequency, an

increasing loss is seen in detail. At 8 Hz imp 4
the direction is still recognizable, at 5 Hz

the impedance rise of the reflux event

at the proximal and distal channel appears imp 5
simultaneous, making the direction of the

propagation indeterminable. (B) Example

of a liquid reflux episode at different imp 6
sample frequencies. While an increasing

loss in detail is obtained with reduction of

i
Coree

%i
NVAYAY
JNIEANAN
o
NN

ot e

S
!
AN
N

i)
e
O,

sample frequency, the oral propagation imp 7
direction is recognizable at all sample 500 200 100 50 20 10 8 5
frequencies. Sample frequency (Hz) 1s
transit-associated impedance drops was small (4.9% at sample frequencies is larger for events with a high
4 Hz). As a result, all swallows could be clearly propagation velocity, such as gas reflux and supragas-
recognized, even when the sample frequency was tric belches. While at 20 Hz propagation direction is
reduced to 4 Hz (Fig. 5). undeterminable in as many as 9.5% of gas reflux
events, all of the slower propagating liquid reflux
DISCUSSION events are still recognizable. Th§ rpagnitude of the
error at the lower sample frequencies is much larger for
This is the first paper addressing the minimally reflux events and for supragastric belches than for the
required sample frequency for intraluminal electrical bolus transit parameters TBTT and BHAT. This
impedance measurement of the oesophagus. Using implies that it is justifiable to use a lower sample
specially designed software we were able to show that a frequency for oesophageal transit tests than for reflux
reduction in sample frequency results in an increasing testing. If an appropriate sample frequency is defined as
loss in detail of impedance tracings. The error at lower one at which the direction of propagation of the

© 2004 Blackwell Publishing Ltd 717
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Table 2 Error in measurement of total bolus transit time
(TBTT), bolus head advance time (BHAT) and amplitude of the
liquid bolus at different sample frequencies as compared to
values at 1000 Hz

TBTT error (%) BHAT error (%) Amplitude error (%)

500 0.1 0.1 0.0
200 0.4 0.8 0.0
100 0.4 1.9 0.0
50 0.7 1.1 0.2
20 0.8 2.0 0.1
10 1.1 1.6 2.2
8§ 23 1.9 2.0
5 21 3.3 2.4
4 27 10.7 4.9

refluxate is distinguishable in 100% of the cases, a
sample frequency of at least 50 Hz is required for
monitoring of gastro-oesophageal reflux. This finding
justifies a considerable reduction in data file size
compared to the currently used sample frequencies.
Recording for 24 h of seven impedance signals with a
sample frequency of 1000 Hz, requires a storage capa-
city in the order of 900 megabyte. A 20-fold reduction
of sample frequency, from 1000 to 50 Hz, will be
associated with a similar reduction in data file size
(to 45 Mb) and processing time. As the errors in ampli-
tude of the impedancometric events are smaller at the
given frequencies than the errors in propagation velo-
city, we do not consider this parameter to be a limiting
factor. It might be useful to use a higher sample
frequency for specific research purposes. When one uses

imp 1 A/Q\\k

imp 2

imp 4

imp 5

imp6 ————

imp 7
P 1s

SN
I

Neurogastroenterology and Motility

a sample frequency of 50 Hz for gas reflux studies, all
events are recognized, but an error in the measured
propagation velocity of almost 20% is found. Increasing
the sample frequency will result in a more precise
estimation of this parameter. We also tested minimum
sample frequency for detection of supragastric belches as
these events propagate even more rapid than gas reflux
and would therefore possibly require a higher sample
frequency.® It was found that aerophagia and supragas-
tric belches can be studied at 50 Hz as all events are
recognized but, given the large error in propagation
velocity, a higher sample frequency might be useful in
scientific studies.

Mixed reflux is defined as the simultaneous occur-
rence of both liquid and gas reflux. To recognize this
correctly, both components have to be identified.
Therefore, we did not feel the need to distinguish
mixed reflux as a separate category. As gas reflux
propagates much faster, recognition of mixed reflux
events at lower sample frequencies depends on identi-
fication of the gas reflux component.

A sample frequency of 50 Hz for impedance monit-
oring contrasts to the sample frequency of 1 or 2 Hz
that is mostly used for pH-metric studies. The low
response rate of both glass and antimony pH electrodes
makes that higher sample frequencies are not contri-
butory. Furthermore, in most studies with pH monit-
oring, one sensor is used and reflux is recognized when
pH falls below 4. For recognition of reflux with
intraluminal electrical impedance both information
about the change in impedance in several adjacent
channels and information about the sequence of the

M
\/\»-\/
"\

Figure 5 Example of peristalsis after a
liquid swallow, displayed at 1000 and

5 Hz. In a relatively slow event as a
swallow, differences between recordings
at 1000 Hz and 5 Hz are small.
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channels in which this change occurs are required. For
this, a higher time resolution is needed compared to pH
monitoring.

The mean values of the parameters BHAT and
TBTT, used for testing of swallowing and oesophageal
peristalsis, are 2.47 + 0.13 and 7.09 = 0.32 s, respect-
ively, well within the normal range of liquid bolus
transport given by a multicenter report.* These events
are relatively slow, compared to liquid and gas reflux
events and supragastric belches, and errors from values
at 1000 Hz at lower frequencies are much smaller.
Even at 8 Hz, a relatively accurate estimation of
BHAT, TBTT and the amplitude of impedance change
can be made. Our recommendation of the use of a
sample frequency of 8 Hz is less strict than the use of
50 Hz for reflux monitoring, as swallow parameters are
still recognizable and interpretable at lower frequen-
cies than 8 Hz.

Determination of the optimal sample frequency in
this study was based on a seven-segment catheter with
17 cm between the most proximal and most distal
measuring segment. A substantial part of reflux does
not reach the most proximal impedance segment. Such
events are harder to recognize with a low sample
frequency as propagation distance is shorter and,
therefore, the likelihood that they occur in the same
sample is higher. The aim of this study was to find the
sample frequency at which all reflux events could be
detected and therefore we used all reflux episodes for
analysis. This makes that our conclusions are valid for
both limited gastro-oesophageal reflux as for reflux that
extends to the proximal oesophagus.

In conclusion, using stepwise reduction of the
sample frequency from 1000 to 4 Hz we determined
the minimum sample frequencies required for oeso-
phageal impedance measurements. The results indi-
cate that the minimum frequency is 50 Hz for reflux
monitoring and 8 Hz for oesophageal transit testing.
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