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Abstract

Background Gastric slow waves regulate peristalsis, and
gastric dysrhythmias have been implicated in functional
motility disorders. To accurately define slow wave pat-
terns, it is currently necessary to collect high-resolution
serosal recordings during open surgery. We therefore
developed a novel gastric slow wave mapping device for
use during laparoscopic procedures.

Methods The device consists of a retractable catheter
constructed of a flexible nitinol core coated with Pebax.
Once deployed through a 5-mm laparoscopic port, the
spiral head is revealed with 32 electrodes at 5 mm inter-
vals. Recordings were validated against a reference elec-
trode array in pigs and tested in a human patient.

Results Recordings from the device and a reference array
in pigs were identical in frequency (2.6 cycles per minute;
p = 0.91), and activation patterns and velocities were
consistent (8.9 £ 0.2 vs 8.7 & 0.1 mm sl p = 0.2).
Device and reference amplitudes were comparable
(1.3 £0.1 vs 1.4 &£ 0.1 mV; p = 0.4), though the device
signal-to-noise ratio was higher (17.5 £ 0.6 vs
12.8 + 0.6 dB; P < 0.0001). In the human patient, corpus
slow waves were recorded and mapped (frequency
2.7 £ 0.03 cycles per minute, amplitude 0.8 £ 0.4 mV,
velocity 2.3 4+ 0.9 mm s ).
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Conclusion In conclusion, the novel laparoscopic device
achieves high-quality serosal slow wave recordings. It can
be used for laparoscopic diagnostic studies to document
slow wave patterns in patients with gastric motility
disorders.
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Gastric contractions are coordinated by an underlying
electrical activity, termed slow waves, that are generated
and propagated by the interstitial cells of Cajal (ICC) [1].
In the human stomach, slow waves originate from the
pacemaker region situated in the mid/upper corpus on the
greater curvature, and propagate antegrade toward the
pylorus at a frequency of approximately 3 cycles per
minute (cpm) [2, 3].

Abnormalities of slow wave activity, termed gastric
dysrhythmias, are associated with common and highly
symptomatic disorders including gastroparesis, functional
dyspepsia and may also play a role in the acute or chronic
delayed gastric emptying observed after some gastroin-
testinal (GI) surgical procedures [4—6]. However, the
clinical significance of gastric dysrhythmias has been
unclear, principally because past data were accumulated
using sparse serosal or cutaneous recordings [7]. One such
method is electrogastrography (EGG) which involves
placing cutaneous electrodes on the abdomen in a manner
similar to electrocardiography. EGG, while able to show
variations in frequency or rhythm that may be associated
with a dysrhythmia, cannot provide the spatiotemporal
detail required to quantify and reliably classify normal and
abnormal propagation patterns [7—10]. To reliably assess
propagation patterns, bioelectrical potentials must be
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recorded directly from the tissue surface, preferably using a
2D array of closely spaced electrodes [8, 9].

To date, relatively little data have been collected during
clinical studies and the clinical significance of slow wave
dysrhythmias therefore remains poorly defined. To over-
come this problem, high-resolution (HR) multi-electrode
mapping has been adapted from cardiac electrophysiology
as a more accurate method of defining gastric dysrhythmias
in spatiotemporal detail [11, 12]. To date, HR mapping
studies in humans and animals have been performed using
custom-built silver-wire electrode arrays and flexible
printed circuit board electrode arrays [13, 14]. Although
these methods are able to accurately define gastric dys-
rhythmias, they require recordings to be taken directly from
the serosal surface of the GI tract using relatively large
electrode platforms and cabling, limiting their application
to invasive open-abdominal surgery [2].

The adoption of minimally invasive surgical procedures
for the treatment of GI diseases continues to expand.
Consequently, it is essential to develop new laparoscopic
devices for minimally invasive recording of slow wave
activity directly from the serosal surface of the GI tract,
facilitating future targeted treatment for dysrhythmias [15].
However, current laparoscopic approaches record from a
limited number of electrodes covering a small spatial area
(approximately 4 x 4 mm?) [15, 16]. It is necessary to
record from a larger field of electrodes to accurately define
dysrhythmias and to avoid large errors when estimating the
velocity of slow waves [7]. An improved approach would
allow reliable, high-quality multi-channel recordings over a
larger portion of the serosa, be deployable through a 5-mm
laparoscopic port, and preferably allow repeat sterilization
for human use [17].

This study presents the design and validation of a novel
laparoscopic device capable of accurately recording slow
wave activity, including complex dysrhythmias, in HR
spatiotemporal detail.

Materials and methods
Design and fabrication

The novel laparoscopic device is shown in Fig. 1, together
with the reference electrodes used for validation [13]. The
device consists of a retractable catheter embedded with 32
electrodes, a rigid introducer sheath, and a flexible con-
necting cable. The device was designed to be deployable
and retractable through a 5-mm laparoscopic port, for
placement against the serosal surface of the GI tract
without the need for attachment by suturing or clipping. It
is sterilizable using low-temperature hydrogen peroxide
sterilization techniques such as STERRAD (Advanced
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Sterilization Products), V-PRO® maX (STERIS) or ethy-
lene oxide [17, 18]. Fabrication was performed by Access
Point Technologies (APT, Rogers, MN, USA).

The retractable catheter (diameter 2.2 mm,
330 mm) was constructed of nitinol wire with a Pebax
coating. Nitinol is a nickel-titanium alloy widely used in
expandable medical devices, including cardiac mapping
devices, due to its favorable elastic and shape-memory
properties [19, 20]. Pebax® is a thermoplastic elastomer
consisting of polyamide and polyether segments and was
favored as it is lightweight yet strong, waterproof, highly
flexible and readily deformable, while being suitable for
sterilization and compliant with US Pharmacopeial Conven-
tion Class VI Reference Standards [21]. Individual electrodes
were fabricated in platinum (90 %) and iridium (10 %),
because this has been successfully applied previously to study
electrical activity in the Gl tract [22]. The Pebax® coating was
exposed in 32 locations, spaced 5 mm apart to reveal the
32-ring electrodes of 1 mm width. This electrode spacing and
arrangement allowed dysrhythmic slow wave activity to be
captured based on experiences in previous studies [23].

A nylon outer sheath (sized to pass freely through a
5-mm laparoscopic port) was used to house and introduce
the mapping catheter. The catheter was designed to deploy
through this sheath, and once free of the sheath, to form
into a spiral arrangement (diameter 30 mm at full exten-
sion) (Fig. 1A). The catheter was designed to be readily
retracted into the outer sheath, aided by the flared end
(Fig. 1B). The shaft of the device was fabricated of stain-
less steel. At the end of the catheter, the connecting wires
were routed through a 1.5-m flexible cable to an acquisition
system outside the sterile field.

length
®

Porcine validation trials

The device was validated in vivo by comparison with
reference recordings from an established experimental
model in healthy white cross-breed weaner pigs (n = 5,
mean weight 34.2 + 1.9 kg) [24]. Ethical approval was
obtained from the University of Auckland Animal Ethics
Committee. The reference electrode arrays were validated
recording platforms with gold-tipped electrodes arranged
in a grid configuration at an inter-electrode spacing of
4-5 mm (Fig. 1C, D) [13]. The animals were fasted over-
night, then subjected to general anesthesia with Zoletil
(Tiletamine HCI 50 mg/ml and Zolazepam HCl1 50 mg/ml),
followed by isoflurane (2.5-5 % with an oxygen flow of
400 mL within a closed circuit anesthetic system). Vital
signs were continuously monitored and maintained, and
body temperature was kept in the normal physiological
range using a heating pad. The animals were euthanized
while still under anesthesia via a bolus injection of 50 ml
of magnesium sulfate.
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Fig. 1 Novel and reference
electrode devices. A, B The
novel laparoscopic device,
shown with the recording tip
fully deployed (A) and partially
retracted (B). The flexible
recording catheter of the
laparoscopic device (diameter
2.2 mm, length 330 mm) can be
readily passed through a 5-mm
laparoscopic port. The head
consists of 32 recording
channels in a spiral arrangement
(5 mm spacing) that is
positioned against the serosa for
data collection. C, D Reference
flexible printed circuit board
arrays used for device
validation. Two configurations
were used: C A 32-channel
array (4 x 8 electrodes; 4 mm
spacing), and D a 128-channel
array (16 x 8 electrodes,

5.2 mm spacing)

A midline laparotomy was performed, exposing the
anterior gastric serosal surface. The reference electrodes
and laparoscopic device were gently placed on the serosal
surface of the stomach with minimal handling of the vis-
cera. Ground electrodes were positioned on the lower
abdomen and hindquarter thigh. The reference electrodes
were maintained in position by using warm saline-soaked
gauze packs, and the laparoscopic device was held steady
in position, to reduce movement artifacts. The incision site
was also covered with warm soaked packing to prevent
cooling of the abdominal cavity and gastric serosa. A
period of stabilization was allowed before recording. In all
studies (including the human trials), the stomach was not
distended, as over-distention of the stomach may invoke
slow wave changes including dysrhythmias [25, 26].

Human trials

On completion of validation in the porcine model, a human
trial was conducted with a separate sterilized laparoscopic
device for validation in an intra-operative environment.
Ethical approval was obtained from the Northern Y Health
and Disability Ethics Committee. With informed consent,
the study was performed on a 53-year-old male undergoing
a routine laparoscopic anti-reflux surgery at Auckland City
Hospital.

No restrictions were placed on the anesthetic protocol
for this patient. General anesthesia does not have a sig-
nificant impact on slow waves [10, 14], and existing
descriptions of human gastric slow wave activity are also
derived from studies performed under an anesthesia [2, 3].
Administered agents included a rapidly acting opiate, a
muscle relaxant, propofol and sevoflurane.

Following anesthetic induction, intubation, insertion of
laparoscopic ports and abdominal insufflation, but prior to
tissue dissection or mobilization, the device was deployed
into the abdominal cavity via a 5-mm trochar adjacent to
the xiphisternum, and placed on the anterior serosal surface
of the distal corpus. The device was manually held in
position, and steadied against the laparoscopic port. The
recording apparatus was set up as previously described,
with reference electrodes placed on the shoulders [2, 15].
Signal acquisition and quality were assessed by quantifying
amplitude, velocity and frequency of slow wave events and
the signal-to-noise ratio (SNR), in comparison with previ-
ous benchmarks [15, 27].

Signal acquisition and analysis
Signals were acquired using an ActiveTwo system (Biosemi,

Amsterdam, Netherlands) modified for passive electrode
recordings. Data were acquired at 512 Hz. Signal processing
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was conducted offline in the Gastrointestinal Electrical
Mapping Suite (GEMS) v1.5 [28]. Data were filtered using a
Gaussian moving median filter (20 s moving window) and a
Savitzky—Golay filter (window 1.7 s, polynomial order 9)
[29]. Slow wave activation times were calculated, and acti-
vation maps generated, using established algorithms fol-
lowed by manual review and correction [30, 31]. SNR was
calculated by dividing slow wave recordings into signal and
noise-dominated segments based on activation times. A 3-s
window was placed around the slow wave activation time
and defined as the signal vector, while the remaining seg-
ments were classified as the noise vector,

RMS(Signal vector)
RMS (Noise vector)

where RMS is the root mean square [32]. Slow wave
amplitudes were calculated by applying a peak-to-trough
detection algorithm based on the ‘zero-crossing’ of the
first- and second-order signal derivatives of each slow
wave event [33]. The velocity vectors for the reference
electrode array were calculated using a finite difference
method with a Gaussian smoothing filter [34]. As a result
of the irregular arrangement of the electrodes in the
laparoscopic device, the velocity was estimated using a
second-order polynomial fit of the activation time wave-
front [35, 36],

T(x,y)=axy+bx+cy+d,

where T(x,y) is the activation time wavefront in the x and
y positions, while a, b, ¢ and d are the coefficients of the
equation. Compared to the previous laparoscopic recording
electrode design [15], the spatially distributed 32 electrodes
of the spiral electrode provide a more robust estimation of
activation direction and activation time gradients for
determining conduction velocity. Furthermore, the 32
electrodes enable channels with poor signal quality to be
discarded from the analysis without compromising confi-
dence in the predictions. In contrast, poor recordings in one
channel of a previous laparoscopic mapping device [15]
may severely compromise estimates of slow wave orien-
tation and velocity. All recordings were screened for signs
of dysrhythmic activity, defined as any deviation from
organized, regular slow wave propagation in an aboral
direction, including propagation pattern, frequency or
direction compared with known normal data [10, 24].

Statistical methods
All statistical analyses were performed in IBM SPSS
Statistics v20.0. Slow wave frequencies, velocities and

amplitudes are presented as mean + standard error of the
mean (SEM) unless otherwise specified. A Student’s 7 test
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or one-way ANOVA with Tukey’s post test was used to
analyze statistical differences, with P < 0.05 regarded as
significant.

Results
Porcine validation trial

Gastric slow wave activity was successfully recorded
simultaneously via both the novel laparoscopic device and
the reference array in all five porcine trials. The recording
period totaled 105 min (mean 15.1 & 5.1 min) over the
five experiments.

A representative example of gastric slow wave events
recorded over a 90-s period by both the laparoscopic
electrode in five channels and the reference electrodes in
six channels are shown in Fig. 2. Both the laparoscopic and
reference electrodes achieved high-quality slow wave sig-
nals. Signal morphology was comparable between the
arrays, and the events were concordant with known extra-
cellular slow wave characteristics, including biphasic
potential pattern, downstroke rate and width [37]. The
mean frequency of slow wave activity across the pigs was
2.6 + 0.4 cycles per minute (cpm) and within the known
physiological range for the porcine stomach [24]. Fre-
quency and amplitude was comparable between recording
methods (2504 vs 2.6=£04cpm; p=09I;
1.3+£0.1 vs 1.4 £0.1 mV; p=04). However, the
laparoscopic device was found to have a higher SNR than
the reference electrodes (7.5 &= 0.6 dB vs 12.8 4 0.6;
P < 0.0001), due to reduced noise of the baseline signal
from which the slow waves were identified.

Slow wave activation times were calculated from the
slow wave events, as demonstrated in Fig. 2, and used to
generate activation maps, as shown in Fig. 3. These maps
demonstrate the propagation of activity in an aboral
direction in both the laparoscopic device and the reference
electrodes.

Figure 3 also demonstrates example velocity and
amplitude maps for both the laparoscopic device and the
reference electrodes, with propagation again in an aboral
direction. Table 1 reports the difference in mean frequen-
cies, amplitudes, SNR and velocities between the laparo-
scopic device and reference electrode for all five porcine
trials. Recorded slow wave velocities were comparable
between the laparoscopic device and the reference elec-
trodes (8.9 £ 0.2 vs 8.7 & 0.1 mm sl p = 0.2).

Dysrhythmic activity was observed in one of the pigs in
the form of a deviation in direction from aboral, to cir-
cumferential, to orad (Fig. 4). This dysrhythmic pattern
suggested a shifting ectopic pacemaker of the type known
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Fig. 2 Example electrode traces from the laparoscopic and reference
electrodes. A Positioning of a reference electrode (128 electrodes in
total; 360 mm?) and the laparoscopic device (32 electrodes in total;
707 mm?) on the stomach during data collection. B The electrograms
for five recording channels from the laparoscopic device, and six from
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Fig. 3 Activation time, amplitude and velocity maps constructed
using data from the same slow wave event for the laparoscopic device
and reference electrode array. The electrode positioning relates to
those indicated in Fig. 2. Velocity is represented by arrows and color
field indicating magnitude of speed (cyan slowest speed and purple
highest speed). The maps in this example indicate that both the
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the reference array are displayed along with their locations on the
electrode arrays. The electrograms demonstrate consistent aboral slow
wave activity, with six events occurring within the displayed period of
90 s for both the laparoscopic device and reference electrode
(frequency: 2.6 + 0.3 vs 2.5 £ 0.5 cpm)

amplitude (mV) C velocity (mm s™)

1.4 12.0
10 10.0
0.6
0.2 6.0
0.6 75
0.4

5.3
0.2
0.05 25

laparoscopic device and reference electrodes have recorded consistent
propagation in an aboral direction. The 8-s delay visible in the
registration of slow wave activity between the laparoscopic device
and the reference array can be attributed to the distance between the
recording devices during data collection (see Fig.2) (Color
figure online)

Table 1 Comparison of slow
wave characteristics between

the laparoscopic device and
reference electrode array

Laparoscopic device Reference electrode array p value
Frequency (cpm) 25+04 26+ 04 0.91
Amplitude (mV) 1.3 +£0.1 1.4 £ 0.1 0.4
Signal-to-noise ratio (dB) 17.5 £ 0.65 12.8 £+ 0.60 <0.001
Velocity (mm s™") 8.9 +0.2 8.7 £ 0.1 0.2
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to occur in the acute weaner pig model used in this study
[10].

Human intraoperative trial

Following successful trials in the porcine model, another
sterilized laparoscopic device was used for human intra-
operative validation. The retractable catheter was readily
deployed and withdrawn through the 5-mm laparoscopic
port and manually held in position on the serosal surface of
the stomach (see Fig. 5). Prior to tissue dissection and with
minimal organ handling, slow wave activity was recorded
over a period of 5 min from the mid-corpus, close to the
angularis incisura. An example of three slow wave events
from three channels of the laparoscopic device is shown in
Fig. 5.

Signal morphology was of high-quality, and slow wave
events were concordant with known extracellular slow
wave characteristics, including the biphasic potential pat-
tern, downstroke rate and width [37]. Mean amplitude was
0.8 &+ 0.4 mV [2]. Slow wave activity was recorded at a
frequency of 2.7 + 0.03 cpm, which is within the known
physiological range for human gastric slow waves [3, 38].
Recorded velocities were also within the known physio-
logical range for human gastric slow waves in the mid-
corpus region (2.3 = 0.9 mm s~ [2]. Activation times
calculated from slow wave events are illustrated in Fig. 5.
This image demonstrates the aboral propagation of slow
wave activity.

Discussion

This study introduces a novel retractable laparoscopic
device for mapping GI slow wave propagation patterns.
The device can withstand multiple sterilization processes
and the flexible spiral head has been designed to deploy
through a 5-mm laparoscopic port. The most accurate

A B

technique for determining the spatiotemporal properties of
slow waves is HR mapping, typically involving the
placement of an array of recording electrodes (often >100)
on the serosal surface of the organ of interest [8, 13].
Although ideal, this approach requires direct serosal access
and had therefore been restricted to operations involving
large incisions. The device detailed in this study overcomes
this issue by enabling laparoscopic HR slow wave data
capture over a larger area.

The device now offers the opportunity to characterize
both normal and altered bioelectrical potentials in patients
undergoing routine laparoscopic procedures. The first
major application will be in studies continuing to elucidate
fundamental human GI electrophysiology, including
investigating slow wave activation and recovery profiles
throughout the GI tract, pacemaker behavior, anisotropic
conduction dynamics and responses to electrical stimula-
tion therapies (e.g., [2, 39]). In addition, the device can be
used in the investigation of patients suffering motility
disorders such as gastroparesis and chronic unexplained
nausea and vomiting, where dysrhythmias are strongly
implicated [7, 9, 25]. Lastly, the device will be particularly
valuable in defining the role of disordered electrical
activity in delayed recovery after surgical procedures, such
as gastrectomies, gastric excisions, fundoplication or bar-
iatric surgery, where slow wave conduction pathways are
altered or disrupted [40]. Until now, accurate research on
these subjects has been limited due to lack of mapping
technologies.

Validation was performed in a porcine model by com-
paring data collected using the laparoscopic device with
that from a standard reference electrode in common current
use [13]. It achieved high-quality slow wave recordings
that surpassed the reference electrode in SNR, and was
shown to be capable of accurately measuring the direction,
amplitude, velocity and activation times of slow wave
activity, including dysrhythmic episodes. The device also
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Fig. 4 Example of dysrhythmic activity captured using the laparo-
scopic device. A Positioning of the device on the stomach during data
collection. B The electrograms recorded from five electrodes
(numbers displayed), with four slow wave events occurring within
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Fig. 5 Example electrode traces and AT map constructed from
human intraoperative data. A Positioning of the laparoscopic device
on the stomach during data collection. B The electrograms from three
recording channels (numbers displayed), with three slow wave events
occurring within the displayed period of 60 s (frequency

enabled intra-operative laparoscopic human mapping,
successfully achieving recordings in the operating room.

This device has been designed specifically for mapping
slow wave activity during laparoscopic procedures. It has a
number of design features that distinguish it from more
traditional arrays [13] and improves on previously descri-
bed laparoscopic devices [15, 16]. The major developments
in this novel design are concentrated on the recording head.
Its flexibility permits easy deployment and retraction
through a 5-mm laparoscopic port, and the recording area
covered is increased on a previously described device (707
vs 13 mm?) [15]. The superior size allows for incorpora-
tion of a greater number of recording channels (32 vs 4),
resulting in substantially greater data acquisition from the
target organ. This in turn increases accuracy of slow wave
velocity and activation sequence calculations, and the
probability of detecting dysrhythmias. It also increases the
likelihood of achieving a quality recording in one or more
channels if other channels are affected by signal artifact or
poor contact. Alternative designs, such as linear arrange-
ments of electrodes or smaller arrays, would be easier to
construct and apply; however, it is now clear that achieving
high-resolution wide-area coverage enables optimal data
retrieval for detecting and classifying dysrhythmic events,
as well as to define the velocity and amplitude changes that
accompany dysrhythmias [40].

The manual positioning of the device has eliminated the
requirement for suturing or clipping, and the smooth,

E6 WMM/WMM/VW\WWV\IMW

130 140 150 160 170 180

Time (s)

130 s/ (128 s

132's
134 s

136 s

2.7 £ 0.03 cpm). C The resultant activation map has been overlayed
on an interoperative image of the laparoscopic device. The electrode
positioning relates to that indicated in A. The white arrow indicates
the direction of the propagating slow waves in an aboral direction

flexible design of the recording head minimizes the risk of
tissue damage or organ perforation. It is composed of
materials that allow for sterilization to the level of other
surgical equipment, and reuse over several studies. Pebax®
is capable of withstanding Sterrad® and V-PRO® steril-
ization, unlike other polymer materials that may suffer
damage [41].

The deformable structure of the recording head is not
only essential for deployment and retraction through a
laparoscopic port, but also adapts to the curvature of the
stomach, thus improving contact between the recording
channels and the surface of the organ. However, the trade-
off in design is that this flexibility also contributes to
variation in the proximity and spatial positioning of the
recording channels during data collection and therefore
could contribute to errors in the estimation of slow wave
velocities. This error may also be accentuated by incon-
sistencies in the size and shape of recording channels
resulting from the handmade nature of the device. Never-
theless, our validation studies showed acceptable accuracy
in velocity compared to established standard recording
techniques [13], so the device does provide accurate spa-
tiotemporal knowledge regarding the direction and velocity
of slow wave propagation at the point of measurement.
Results also suggest that movement artifacts associated
with the design of the device were not significant, if
attention is paid to device handling and deployment, and
signal quality remains high.
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Based on previous investigations, slow wave recordings
are considered to be stable under anesthetized conditions
[2, 3, 10, 37]; therefore, the laparoscopic device is expected
to achieve reliable slow wave data. Dysrhythmic activity
has been described previously under the influence of opi-
ates; however, small doses of rapidly acting opiates, as
used in this study, appear to have minimal impact on slow
wave patterns at the time of mapping [2].

Currently, the impact of surgery on slow wave propa-
gation is uncertain because past methods have applied
sparse electrode coverage, whereas high-resolution map-
ping is required to accurately define and classify slow wave
propagation patterns [2, 9]. Investigation of the relationship
between slow wave characteristics (amplitude, velocity and
frequency) and postsurgical symptoms could provide a
substantially improved understanding of the role of bio-
electrical disturbances in postoperative gastric dysmotility.
With future advances, the device could also be useful for
the targeted investigation and therapy of gastric dysrhyth-
mias, which underlie significant gastric motility disorders,
such as gastroparesis and chronic unexplained nausea and
vomiting [9, 25].

This design is a compromise between invasiveness and
spatiotemporal recording quality. The most widely
employed noninvasive technique for gastric electrical dis-
orders is electrogastrography (EGG) [42], but this approach
is currently unable to provide the spatiotemporal detail
required to quantify and reliably classify slow wave
propagation patterns [7]. Magnetogastrography (MGG) is
another noninvasive technique, which records the magnetic
field associated with slow wave propagation via a Super-
conducting Quantum Interference Device (SQUID) [43].
This method, however, is expensive, highly specialized,
and only available to a limited number of researchers. It is
also considered to be in its experimental stages [44].

A promising recent development is the design of a
wireless implantable recording device that transmits slow
wave recordings directly to analytical equipment, without
the need for cables [45]. This system has the advantage that
it may potentially be implanted allowing longer term lon-
gitudinal studies without the increased potential for infec-
tion that wires traversing the abdomen may cause. It may
also be applied in conjunction with an endoscopically
implantable telemetry device that will allow continuous
monitoring of slow wave activity in patients over a pro-
longed period of time, and in both fed and fasted states.
Prototype implantable devices have been developed and
tested in animal models, but further research is required
before these are considered safe for human application
[46].

This novel laparoscopic device provides another method
for measuring slow wave activity. The device has been
validated in both the porcine model and human subjects. It
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can withstand multiple sterilization processes, and the
flexible head has been designed to deploy through a 5-mm
laparoscopic port. The device is capable of accurately
measuring the direction, amplitude, velocity and activation
time of slow waves and can also be used to map dys-
rhythmic activity. In conclusion, the design of this novel
laparoscopic device will allow monitoring of slow wave
activity in greater spatiotemporal detail during minimally
invasive surgery than existing laparoscopic devices. The
device will be a valuable asset for facilitating new
laparoscopic clinical investigations of normal and dys-
rhythmic slow wave activity. In particular, it could be used
for diagnosing dysmotility disorders and defining the

effects of GI surgical procedures on bioelectrical
potentials.
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