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Abstract

This review focuses on current aspects of the novel
technology of combined impedance manometry for
esophageal motility testing. It presents methodological
features, summarizes current results and discusses
implications for further research. The combined
technique assesses simultaneously bolus transport
and associated peristalsis, thus allowing detailed
analysis of the relationships between bolus transit and
esophageal motility. Recent studies demonstrate that
combined impedance manometry provides important
additional information about esophageal motility as
compared to conventional manometry: (1) monitoring
of bolus transport patterns, (2) calculation of bolus
transit parameters, (3) evaluation of bolus clearance,
(4) monitoring of swallow associated events such as
air movement and reflux, and (5) investigation of the
relationships between bolus transit and LES relaxation.
Studies with healthy subjects have identified several
useful parameters for comprehensive assessment of
eosphageal function. These parameters were found
to be pathological in patients with classical achalasia,
mild GERD, and ineffective esophageal motility. The
technology of combined impedance manometry provides
an important new tool for esophageal function testing,
advancing both clinical and basic research. However,
several important issues remain to be standardized to
make the technique suitable for widely clinical use.
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INTRODUCTION

The basic function of the esophagus is the transport of
the bolus from the pharynx into the stomach. Esophageal
peristalsis is based on propulsive mechanisms along
the axis of the organ, generated by a latency gradient
that is modulated by the inhibitory neurotransmitter
nitric oxide! ™. Much is known about the physiological
and pathological phenomena of peristalsis based on
intraluminal manometryw, and up to now, this technique
is the standard method to study esophageal motility” ",
But until recently, the relationships between peristalsis,
intrabolus forces and bolus transport could be assessed
by radiological contrast studies only®"". For this purpose,
other technologies have emerged, such as ultrafast

12]

computed tomography[ll’ , intraluminal high frequency

esophageal ultrasonography'”’, and topographical

14
I However, these

esophageal manometric methods!
techniques are expensive, requite specific technical support
and personal expertise, and do not clarify some details of
bolus transport along the esophagus.

In 1991, Silny desctibed a new catheter-related proced-
ure for high-resolution measurements of gastrointestinal
motility and bolus transport based on intraluminal
measurements of electrical impedance!””. Subsequently,
this technique was validated by means of manometry

% and it was applied for
[19,20

and videofluoroscopy studies!"*"

studying of intestinal chyme transport
21-23]

| for monitoring

of reflux!
[24]

transport” .

However, the impedance technique alone also
has some limitations. The contraction amplitude, an
important parameter in predicting organ function, cannot
be determined™. Impedance measurements without

manometry can underestimate some aspects of the

, and for evaluation of esophageal bolus

relationships between esophageal wall movement and
bolus motion, especially in patients with dysphagia or chest
pain. In order to cope with these difficulties, a second
generation of impedance catheters was developed™. The
catheter integrates impedance monitoring and manometry
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in a single device. Thus, both tests can be performed
simultaneously and the relationships between the dynamics
of bolus transport and wall motion can be analysed well,
while the quality of recording is maintained.

Recently combined impedance manometry has been
increasingly applied for esophageal motility testing” >,
This report summarizes current results and discusses
future prospects of this novel technique.

SCIENTIFIC BASICS

The method is based on the esophageal intraluminal
measurement of electrical impedance and pressure
between a number of arranged impedance electrodes
and pressure sensors during a bolus passage using an
intraluminal probe (Figure 1).

The intraluminal electrical impedance is inversely
proportional to the electrical conductivity of the luminal
contents and the cross-sectional area (Figure 1). Compated
to the muscular wall, air has a lower electrical conductivity
and yields increased impedance. In contrast, saliva or
nutrients show a higher conductivity and therefore cause
an impedance drop at the corresponding measurement
segments. On the other hand, luminal dilatation results in
an impedance drop, whereas luminal narrowing causes an
increase in impedance!”!

The bolus passage along each measured segment
allows the delineation of the typical tracing of impedance,
which includes a maximum of five phases (Figure 2, upper
panel): (1) phase 1 is the resting stage of the organ; (2)
phase 2 represents the facultative arrival and passage of
an air volume ahead of the bolus; (3) phase 3 is associated
with the arrival and the passage of a bolus. The initial
rapid fall of impedance is associated with the arrival
of the bolus front as bolus entry (F-Point). During the
subsequent nearly plateau phase the bolus is mainly located
within the measuring segment; the minimum impedance
during this phase represents the bolus body (B-Point); (4)
during phase 4 the bolus leaves the measuring segment as
bolus exit due to wall contraction with facultative lumen
occlusion, which can be represented by the maximum
impedance (C-Point); (5) phase 5 is the transitory stage to
resting stage. This characteristic impedance wave form may
change in the case of absence of air in front of the bolus
or absence of a lumen-occluding contraction wave (Figure
2, upper panel). For visualization of the maximum and
minimum impedance values an individual scaling (Figure 2,
lower panel, left side) can be used instead of the standard
scaling (Figure 2, lower panel, right side).

The F-Point, B-Point and C-Point can be determined by
computer assistance according to the presumed definitions,
as shown in Figure 3, left panel. Alternatively, bolus entry
and exit have been defined as follows™": Bolus entry is
considered to occur at the 50% point between impedance
baseline and impedance nadir during bolus passage, and
bolus exit is determined as 50% point on the impedance
recovery curve, as shown in Figure 3, right panel.

EQUIPMENT AND TECHNOLOGY

There are two prototypes of combined impedance

Impedance Z = U/I

Max
I(vA)—

Figure 1 Upper panel: Principles of intraluminal impedancometry: the electrical
impedance (Z) of a electric field between 2 electrodes is the ratio between applied
voltage (U) and resulting current (I). Lower panel: Impedance is non-linearly
inversely dependent on bolus diameter and electrical conductivity of luminal
content.

manometry catheters available (Figure 4)

(1) 15-channel esophageal function testing catheter™";
the impedance-manometry catheter is a polyvinyl catheter
with an external diameter of 2.5 mm. The catheter
consists of 11 impedance segments (each 2 cm long)
and 4 semiconductor solid-state pressure transducers to
register the manometry tracings. The solid-state pressure
transducers are located at the junction between the
impedance channels 1-2, 4-5, 7-8, and 10-11, with an
intertransducer distance of 6 cm (Figure 4, left panel).
(2) 9-channel esophageal function testing catheter” ™ it
incorporates five pressure (two circumferential and three
unidirectional) sensors and four impedance-measuring
segments. The two circumferential solid-state pressure
sensors are located at 5 cm and 10 cm from the tip and
three unidirectional pressure sensors at 15, 20, and 25 cm.
Impedance measuring-segments consist of pairs of metal
rings placed 2 cm apart, centered at 10, 15, 20 and 25 cm
from the tip, thus spanning the four proximal pressures
transducers (Figure 4, right panel).

The first systeml%’m displays a cascade configuration
of the impedance measuring segments similar to the
systems used in previous impedance studies for the study
of bolus transport"”**! and for monitoring of reflux”"*,
The pressure transducers also serve as impedance
electrodes and are located exactly at the junction between
2 adjacent impedance segments (the end of one segment
and beginning of the adjacent segment). In contrast, in the
other system” ™ the impedance segments are arranged
at an intersegmental distance of approximate 2 cm.
Furthermore, the pressure transducers are located inside
the impedance segment.

STUDY PROTOCOLS

The procedure is very similarly to standard manometry.
The patients are asked to fast for at least 8 h before
recording, In the sitting position, the recording assembly
is passed nasally and positioned with all sensors in the
stomach. The intragastric pressure is set as baseline
pressure. With the subject lying in the supine position
and after a 10-min accommodation period, a station
pull-through is performed to accurately locate the LES

www.wjgnet.com
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Figure 2 Upper panel: Characteristics of the
impedance tracing during bolus passage in
the esophagus of healthy persons. The black
electrodes indicate a measuring segment. From
baseline, the initial sudden impedance increase
represents the arrival of ingested air ahead of the
bolus. During the rapid impedance fall due to the
arrival of the bolus, the bolus head (F-Point) can
be determined as the return of impedance closely
to baseline. The bolus passage is represented by
a further decrease of impedance followed by a
plateau phase. During the plateau phase (phase
3) the bolus is located within the measuring
segment. The minimum impedance value
during this phase is related to the maximum
bolus volume located within the segment,
which represents the bolus body (B-Point).
Subsequently impedance increases due to wall
contraction and the bolus is leaving the segment.
The maximum value during impedance increase
back to baseline is associated with the moment
of lumen occlusion (C-Point). Dependent on
bolus volumen and bolus viscosity the exact
position of the points of interest is variable as
indicated by the oval circle. The impedance
tracing may be variable as shown at the right
side without air ahead of the bolus or without a
rapid lumen occluding contraction. Lower panel;
For visuallisation of the minimum and maximum
impedance an individual scaling (left side) can be
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Determination of bolus entry and bolus exit

Figure 3 Upper panel: computer assisted determination of the points of interest
according to presumed definitions as suggested by Nguyen et af*#*. Lower
panel: bolus entry and bolus exit can be considered to be 50% of the basal
impedance as compared to nadir impedance as suggested by Tutuian et af***,

position. The most distal pressure sensor is placed at the
level of the LES at the point at which the highest sphincter
pressure is obtained during the pull-through procedure, the
so-called lower esophageal high-pressure zone (LEHPZ).

To evaluate esophageal peristalsis and its associated
bolus transport, liquid boluses (5 mL or 10 mL physio-
logical saline) and semisolid boluses (5 mL standard
viscous material provided by Sandhill Scientific Inc. or
10 mL of a commercially available plain yogurt, Morbo,
Borken, Germany) are administered. The boluses are
dispensed into the mouth with a syringe and the swallows
are performed on command. All swallows are separated by
at least 30 s during which no esophageal peristaltic occurs.
An event marker is used to denote each swallow event.
When a second swallow is incidentally initiated within 20 s
of the primary event, both swallows are excluded from
analysis. For each investigation, the baseline impedance
is determined as the first predeglutitive impedance.
After each yogurt bolus, at least 2 swallows of water are
administered to clear small amounts of bolus material
attached to the probe, until the impedance returns closely
to baseline (< 5% deviation).

www.wjgnet.com

used instead of a normal scaling (right side).
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Figure 4 The 2 recently available systems of combined impedance manometry.
During esophageal motility testing the most distaly located pressure transducer
was positioned at the lower esophageal high pressure zone. Left panel: 15 channel
catheter for combined impedance-manometry procedure. The 4 semiconductor
solid-state pressure transducers (P1-P4) serve also as impedance electrodes
and are placed at 6 cm distance each. There are 11 impedance segments, each
2 cm long (Ch1-Ch11) with a cascade configuration. The solid-state pressure
transducers (P1-P4) are located exactly between the impedance channels 1-2, 4-5,
7-8 and 10-11, respectively. Right panel: 9-channel esophageal function testing
catheter with five pressure sensors and four impedance-measuring segment. The
impedance measuring-segments consist of pairs of metal rings placed 2 cm apart,
centered at 10, 15, 20 and 25 cm from the tip (Z1-Z4). Four of five the pressure
sensors are located within the impedance segments (P1-P4). The 5" pressure
sensors (P5) is located 5 cm from the tip.

PHYSIOLOGICAL OBSERVATIONS

With combined impedance manometry 3 different features
of bolus transport can be obtained during swallowing
(Figure 5): (1) monitoring of bolus transport patterns,
(2) calculation of bolus transport parameters, and (3)
monitoring of swallow associated events. These features
can not be obtained by conventional techniques such as
manometry or fluoroscopy.
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Characteristics of esophageal bolus transport
obtained with combined impedance manometry

‘ Monitoring of bolus transport patterns ‘ ‘

Calculation of bolus transport parameters

‘ ‘ Monitoring of swallow associated events ‘

‘ Normal bolus transport ‘

Bolus clearance function

‘ —‘ Swallowed air ‘

‘ Pathological bolus transport ‘ 7‘

Basal impedance

Aerophagia ‘

7‘ Patients with achalasia ‘

*‘ Deglutitive impedance gradien#

7‘ Air trapping in achalasia ‘

Bolus transit function

‘ 7‘ Air reflux

7‘ Failed bolus transport ‘

7‘ Bolus regurgitation ‘ 7‘

Bolus transit time

—‘ During belching ‘

| Patients with GERD | a

Bolus transport time

During LES relaxation‘

Bolus head advance time

7‘ Relationsship between bolus transit and LES relaxation ‘

7‘ Delayed bolus transport

Segment bolus transit time

*‘ Swallow associated reflux ‘

7‘ Complex bolus transport

H Patients with IEM |

7‘ Moderate transport dysfunction ‘

7‘ Severe transport dysfunction ‘

Figure 5 Characteristics of bolus transport as obtained by combined impedance manometry.
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Figure 6 Bolus transport patterns as obtained by combined impedance manometry normal pattern (left panel), delayed bolus transport (middle panel) in some patients with

GERD, failed transport (right panel) in patients with achalasia.

Monitoring of esophageal bolus transport patterns (Figure 6)
Recent results indicate that monitoring of bolus transport
patterns may be helpful for the characterization of
pathological esophageal bolus transport. (1) Healthy
subjects show characteristic impedance patterns of
continuous bolus transit through the esophagus into the
stomach; (2) In patients with achalasia the manometry
patterns are unique, while the impedance patterns are
very variable®. Different pathological patterns of
bolus transport have been observed in patients with
achalasia. They are (a) failed swallow-induced bolus
transport through the esophagus in all cases, and (b)
impedance evidence of luminal content regurgitation
together with excessive air trapping. The results may
explain some symptoms in achalasia, including chest pain
and regurgitation; (3) In patients with GERD several
pathological bolus transport patterns types have been
described™, including failed bolus transport, delayed bolus
transport, and complex bolus transport. The contribution
of these phenomena and the clinical significance regarding
to dysphagia symptoms remains to be determined.

Calculation of bolus transport parameters (Figure 7)

(1) Baseline impedance: It has been shown that there is
a significant difference between gastric and esophageal
baseline impedance in healthy subjectsm and a significant
difference of esophageal baseline impedance between
healthy subjects and achalasia patients™. The results
indicate that this parameter may be used to describe
the esophageal resting state, including lumen width and
filling state, particularly in minimal disease states. (2)
Deglutitive impedance gradient: It has been shown that the
postdeglutitive impedance is significantly lower in GERD
patients as compared to healthy subjects, indicating that the
deglutitive impedance gradient can be used to assess the
propulsive esophageal clearance function™. For correct
calculation of this parameter, repetitive clearing swallows
between test swallows are necessary’”. This parameter
should be evaluated and standardized in further studies
to determine its clinical significance for the definition of
complete bolus transit. (3) Parameters of bolus transport:
Several parameters can be calculated during impedance
studies, i.e. propulsion velocity or transit time of bolus,

www.wjgnet.com
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Figure 7 Bolus transport parameters, which can be obtained by combined impedance manometry according to presume definitions of the points of interest.
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between bolus transit and LES-Relaxation (right panel).

bolus head and bolus tail****” or total bolus passage time,

bolus head advance time, bolus presence time, and bolus
transit time”””", The dynamics of the bolus transport
along the esophagus has been described in detail™. These
parameters clearly discriminate liquid from semisolid
boluses and show that bolus transport depends on both
test substance and body position”*"". (4) Quantitative
data in healthy subjects indicate that impedance and
manometry provide independent parameters of esophageal
motor function”””. There is no clear correlation between
contraction amplitude and bolus propagation velocity™.
As normal esophageal volume clearance may occur within
a wide range of peristaltic amph'tudes[gl, it is possible that
after a critical pressure, excess amplitude does not appear
to be needed to move the bolus. (5) Quantitative data
in patients with mild GERD demonstrate delayed bolus
transit in patients with non-erosive GERD and GERD
grade I, indicating that combined impedance-manometry
may inctrease the sensitivity for detection of minor motility
abnormalities™. (6) Quantitative data in patients with
ineffective esophageal rnotilitym] indicate that presumed
“ineffective” low-amplitude esophageal peristaltic
contractions of < 30 rangm may be associated with a
substantial number of complete transit: 23 patients (3.9%)
had normal bolus transit for both liquid and viscous
swallows, 12 patients (17.1%) had normal bolus transit

www.wjgnet.com

for liquid swallows and abnormal bolus transit for viscous
swallows, and 10 patients (14.3%) had normal bolus transit
for viscous swallows and abnormal bolus transit for liquid,
whereas 25 patients (35.7%) had abnormal bolus transit for
both liquid and viscous. The results indicate that combined
impedance manometry better describes and classifies
patients with ineffective esophageal motility according to
sevetity: no functional abnormalities with normal transit,
moderate functional abnormalities with abnormal transit
either for liquid or viscous boluses, and severe functional
abnormalities with abnormal bolus transit for both liquid
and viscous boluses.

Monitoring of swallow-associated events (Figure 8)

(1) Movement of air during swallowing: In early studies
it was shown that one advantage of the impedance
technique is the monitoring of air movement during
swallow and LES-relaxation”. Recent studies have
expanded the finding of esophageal air movement in
patients with achalasia, so-called air trappingm], as well
as during aerophagia[%]. The clinical significance of this
phenomenon as a cause of dysphagia remains to be
determined. (2) Swallow-associated reflux: Different types
of reflux have been observed in patients with GERD
during swallowing™: (a) liquid reflux initiated by a swallow
and preceding the regular bolus transport, (b) liquid reflux
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following a swallow-induced regular bolus transport,
and (c) spontaneous liquid reflux initiating a clearing
swallow. Since conventional 24-h pH-monitoring does not
differentiate between fasting and deglutition associated
reflux, the prevalence of these impedance phenomena
and their relevance for mucosal damage have yet to be
defined. (3) Relationships between bolus transit and LES
relaxation: Our recent study”™ revealed close relationships
between bolus transit and LES relaxation. In 76% of the
cases LES relaxation occurs during bolus transit, when the
position of the bolus is very close to the LES. The results
indicated that LES-relaxation may be partially initiated
by bolus transit. The clinical significance of this finding
for characterization of patients with LES-dysfunction
other than achalasia - such as hypertensive LES or poorly
relaxing LES - should be evaluated. Using high-resolution
impedance monitoring, the opening patterns of the
esophageal gastric junction during deglutition and transient
lower sphincter relaxation have been studied recently””.

CLINICAL RELEVANCE

Clinical studies showed that combined impedance
manometry is particularly suitable for comprehensive
eosphageal motility testing and monitoring of bolus
transport patterns. With impedance different aspects
of bolus transport can be obtained: (1) normal and
pathological bolus transport patterns including bolus
escape and retrograde bolus transport can be monitored,
(2) several parameters of bolus transit can be calculated
allowing differentiation between normal and abnormal
bolus transport, (3) parameters related to bolus propulsive
clearance and bolus transit completion can be determined,
(4) swallow-associated events such as normal and
pathological air movement as well as pathological reflux
can be monitored, and (5) the relationship between bolus
transit and LES relaxation can be investigated. Thus,
using combined impedance manometry complete data
about esophageal motor function and associated bolus
transport can be obtained during a single investigation.
In patients with achalasia the technique provides
additional information about the functional status and
may explain some symptoms in these patients. However,
the gold standard for diagnosis of achalasia remains
manometry due the clear definitions and the unique
manometry patterns. In patients with GERD combined
impedance manometry provides additional information
about mechanisms related to disturbed bolus transit and
bolus clearance. In patients with ineffective esophageal
motility it helps clarifying the associated functional
abnormalities. Thus, combined impedance manometry is
on the way to be an important tool for obtaining detailed
information about the physiology and pathophysiology
of esophageal motility. The potential clinical implications
of this technique include (1) the functional classification
of esophageal motor disturbances in patients with non-
obstructive dysphagia; (2) the perioperative management
of laparoscopic fundoplication and other (endoscopic)
antireflux procedures and (3) the evaluation of
pharmacological approaches to esophageal motility and
bolus transport.

FUTURE PROSPECTS

However, the studies also indicate that standardization of
experimental set-up including equipment, study protocols,
and particularly analysis algorithms with definition of
the events of interest are important to make the data
reproducible and the interpretation of the results more
concise. There are important issues to be solved in order
to make the technique more reliable and suitable for
routine clinical use.

The equipment, particularly the spatial arrangement of
impedance segments and pressure transducers should be
clarified, because this is the most important determinant
for the analysis of the relationship between manometric
and impedance events during simultaneous monitoring,
Since bipolar impedance measurements are performed
between two electrodes, the impedance values obtained
are the results of an integrative change of intraluminal
electrical conductivity and cross-sectional area in the
whole 2 cm segment. This should be kept in mind as an
important aspect that differs from point manometry. At
each corresponding impedance segment there is a 2 cm
distance between the bolus entry point (first electrode)
and the bolus exit point (second electrode). In case
that the pressure transducer is located at the end of an
impedance segment127’29’3“], the impedance and manometric
timing of bolus exit are approximately identical. If the
pressure transducer is located inside the impedance
segmentsm‘m, the manometry bolus tail is not identical
with the impedance bolus tail, as the bolus has not yet
left the segment. The appropriate number of impedance
segments is another issue. With both available systems
several parameters of bolus transport can be obtained. The
15-channel system allows a detailed monitoring of bolus
transport patterns and associated events™ . Tt remains
to be determined, if these features are clinically significant.
In contrast, the 9-channel system allows a significant
reduction of data acquisition and reduces production
costs, thus it is now available for routine clinical use® .

The analysis algorithm including the definition of
bolus entry and bolus exit points should be refined.
Since impedance is non-linearly dependent on different
parameters around the electrodes such as lumen
width and electrical conductivity of luminal contents,
the interpretation of impedance tracings is based on
impedance changes from variable levels and not from
fixed calibrated points: (1) relative impedance changes as
compared to baseline or extreme values (maximum and
minimum) should be used in favour of absolute values
as normally seen in manometry; (2) a small amount of a
highly conductive substance may yield the same impedance
change as a great amount of a low conductive substance,
particularly if the conductivity of luminal contents is
highly variable, i.e. gastric contents during reflux or
duodenal contents during gastric emptying[?’&”]
different test substances are employed” ",

In the early studies”*”*" the points of interests were
determined visually with computer assistance according to
a presumed definition of these points based on theoretical
considerations and small validation studies"™'". The
analysis is time consuming and therefore not appropriate

, of when
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for large routine studies. In later studies”", bolus entry is
considered to occur at the 50% point between impedance
baseline and impedance nadir during bolus passage, and
bolus exit is determined as 50% point on the impedance
recovery curve. This analysis algorithm is simplified and
computerized calculation is possible. However, these
conventions may have to be refined. Since the same level
of impedance was used both for the bolus head (bolus
entry) and the bolus tail (bolus exit), and both for liquid
and viscous boluses, this definition implied that bolus
geometry remains constant independent from bolus
characteristics and that the forms of bolus head and tail
are identical, or that the bolus is symmetric, respectively.
However, fluoroscopic studies™ have demonstrated that
both conditions are not relevant to real life. Considering
the impedance tracing during a bolus passage, bolus entry
is associated with a very rapid drop of impedance. In this
setting, 5%-10% variation in impedance will not yield
significant differences regarding the determination of
the bolus head. Thetefore, this convention appears to be
suitable for determination of the bolus entry. In contrast
during bolus exit, impedance increases slowly, and 5%-10%
variation will result in significant differences regarding
the determination of the bolus tail. Therefore, constant
impedance levels may not be appropriate to desctibe bolus
transport under various conditions, particularly for the
definition of bolus exit as a parameter for completion
of bolus transit™*", Further studies are needed to reach
consent on this critical issue.

The study protocols should be standardized and
include characteristics of the test substances (viscosity
and volume) and information on body position, all of
which have been identified as determinants of impedance
in several studies”*””"*. Considering the bolus viscosity,
a commercially available test substance with constant
viscosity and electrical conductivity should be used as
standard™, Considering the test volume, both 5 mL or
10 mL are used”*"*>*, Traditionally, the 5-mL test volume
is used to induce an approptiate manometric esophageal
response to a swallow. It has been shown that during
deglutition different amounts of air are swallowed together
with the bolus"”, which may interfere with impedance
recording. According to our personal experience, 10 mL
seems to be an appropriate volume'™'?, because the larger
volume reduces air swallows that might interfere with
impedance recording. Since body position affects the
impedance of bolus transport™?-which seems to depend
on the degree of inclination as a tesult of the addition of
gravity to bolus propulsion-studies may be performed with
subjects at supine or recumbent position to eliminate this
gravity affect.

More clinical studies are required to prove if
combined impedance manometry effectively helps to
improve our management of patients with esophageal
symptoms, as did manometry in patients with achalasia
several decades ago.
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