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Abstract
Background and Aims
High-frequency gastric electrical stimulation (GES) has emerged as a therapy for
gastroparesis, but the mechanism(s) of action remain unclear. There is a need to refine
stimulation protocols for clinical benefit, but a lack of accurate techniques for
assessing mechanisms in clinical trials, such as slow wave modulation, has hindered
progress. We thereby aimed to assess acute slow wave responses to GES in
gastroparesis patients using high-resolution (multi-electrode) mapping, across a range
of stimulation doses achievable by the Enterra stimulation device (Medtronic Inc,
MN).

Materials and Methods
Patients with medically-refractory gastroparesis (n=8) undergoing device implantation
underwent intraoperative HR mapping (256 electrodes). Baseline recordings were
followed by four protocols of increasing stimulation intensity, with washout periods.
Slow wave patterns, frequency, velocity, amplitude, and dysrhythmia rates were
quantified by investigators blinded to stimulation settings.

Results
There was no difference in slow wave pattern, frequency, velocity, or amplitude
between baseline, washout, and stimulation periods (all P>0.5). Dysrhythmias
included ectopic pacemakers, conduction blocks, retrograde propagation, and
colliding wavefronts, and dysrhythmia rate were unchanged with stimulation off
versus on (31% vs 36% duration dysrhythmic; P>0.5). Symptom scores and gastric
emptying were improved at 5.8 month follow-up (P<0.05).
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Conclusions
High-frequency GES protocols achievable from a current commercial device did not
acutely modulate slow wave activity or dysrhythmias. This study advances clinical
methods for identifying and assessing therapeutic GES parameters, and can be applied
in future studies on higher-energy protocols and devices.
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Abbreviations:
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ICC – interstitial cells of Cajal
cpm – cycles per minute
SD – standard deviation
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FDA – Food and drug administration (USA)
FPC – flexible printed circuit
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GEMS – Gastrointestinal electrical mapping suite
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Introduction
The management of gastroparesis remains challenging, with few effective therapies
providing long-term proven benefit [1]. Patients with severe medically-refractory
disease pose a particularly difficult clinical challenge, and often require intensive use
of hospital resources [2,3].

In recent years, gastric electrical stimulation (GES) using high-frequency protocols
has emerged as a therapeutic option in medically-refractory gastroparesis [4,5]. GES
provides a regular injection of current into the gastric muscular layers, without
entraining (pacing) gastric slow waves when used at current clinical doses [5,6]. A
device is commercially available (Enterra, Medtronic, MN), having Humanitarian
Device Exemption status from the FDA. Several reports in patients with medicallyrefractory gastroparesis have demonstrated marked symptom improvement using this
device, as well as decreased reliance on invasive nutritional support [7]. Supporting
evidence for the efficacy of high-frequency GES also comes from canine studies
showing reduced emesis following therapy [8,9]. However, the clinical indications
remain controversial, because most human studies have used open-label noncontrolled designs [7].

Mechanisms of action for high-frequency GES have been investigated, including
modification of central perceptions of nausea, modulation of vagal afferent pathways,
and possible effects on slow waves [10–13]. However, a lack of accurate tools for
assessing mechanisms such as slow wave modulation in clinical trials has prevented
progress toward refining and improving stimulation approaches. For example, there
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have been few clinical electrophysiology studies in gastroparesis patients [13], and
none that have reliably mapped the effects on gastric dysrhythmia.

High-resolution (HR) electrical mapping is an emerging motility research strategy
with potential to further inform stimulation mechanisms and responses [14]. HR
mapping employs dense arrays of electrodes to define slow wave activation sequences
in accurate spatiotemporal detail [15,16], and has recently been utilized to discover a
range of complex spatial dysrhythmias underlying functional gastrointestinal
disorders [17–19].

The present study applied HR mapping to investigate the electrophysiological effects
of high-frequency GES protocols. In-vivo experimental studies were performed
intraoperatively in patients with medically-refractory gastroparesis. Standard Enterra
therapy protocols were evaluated [4,20], as well as a range of experimental protocols
of higher stimulation intensity achievable within the dose-delivery capacity of the
device.

Materials and Methods
Patient Population
Ethical approval for this work was granted by the Institutional Review Board of the
University of Mississippi Medical Center. Consecutive patients undergoing
implantation with GES devices (Enterra, Medtronic, MN) were recruited and gave
informed consent. All patients had been diagnosed with medically-refractory
gastroparesis, confirmed by standardized scintigraphy testing (≥10% gastric retention
of standard meal at 4 hours) [21], and were free of malignancy, primary eating
6

disorders, or pregnancy. Demographic data, comorbidities, medical histories, and
body mass index were recorded for each patient.

Symptom severity was assessed at baseline and post-implant as a total symptom score
(TSS) for each patient. TSS was calculated by scoring five symptoms (pain, bloating /
distension, nausea, vomiting, and early satiety) on a five-point Likert scale (0-absent,
to 4-severe), which were then summed to yield the TSS, effectively an overall
symptom severity metric out of a possible 20 points (0-absent, to 20-severe across all
categories) [17].

Stimulation and Recording Methods
Stimulation leads (two leads; 1 cm apart) were implanted into the muscularis propria,
10 cm proximal to the pylorus midway between the greater and lesser curvature [4,20]
(Figure 1B). Four stimulation protocols were assessed in each patient, as detailed in
Table 1. The ‘low’ protocol represented the standard stimulation parameters for the
Enterra device [4,20,22]. The ‘medium’ and ‘high’ protocols represented higherenergy parameters that have previously shown symptom improvements in patients
with gastroparesis [23]. The ‘max’ protocol represented the maximum pulse-width,
frequency, and voltage outputs of the device, and three combinations of on-off
periods were trialled with this setting (Table 1), although each patient only received
one parameter combination, to definitively define the potential for the maximal
settings of this device to modulate slow waves. The choice of long stimulation
intervals at the maximum settings (17s; see Table 1) was based on past studies
showing successful entrainment using high-energy pulses at just above the native
slow wave frequency [24,25].
7

Baseline HR mapping recordings were performed with stimulation off, after
implantation of the stimulator leads but prior to the onset of stimulation. The four
stimulation protocols were then assessed in sequential order of lowest to highest
energy (i.e., Protocol ‘Low’ to ‘Max’ in Table 1). ‘Washout’ periods of no stimulation
were additionally recorded between stimulation settings in a subset of patients (see
results). After the conclusion of the experimental stimulation recordings, clinical
stimulation was delivered at the ‘low’ setting, according to standard clinical protocol
[4,20]. Stimulation parameters were subsequently increased, if required, based on
patient-specific symptomatology [23].

Methods of HR Mapping
HR mapping was performed using flexible printed circuit (FPC) electrodes,
comprised of 256 gold contact electrodes in a 16x16 array with an inter-electrode
spacing of 4mm, using a validated extracellular technique [26,27] (Figure 1A). The
FPCs were gently positioned adjacent to the site of stimulation lead implantation,
either proximally over the upper to mid-corpus (e.g, Figure 4Ai), or distally over the
anatomical gastric corpus-antrum border, at the level of the gastric incisura (e.g.,
Figure 1B), and maintained in these positions for all protocols. During normal
longitudinal propagation, slow wave activity in these regions of the corpus shows a
consistent stable baseline amplitude and velocity [16].

The FPCs were secured by gentle packing with warmed saline-soaked gauze and the
wound edges were approximated during recordings to prevent serosal drying and
8

gastric cooling. The FPCs were connected by sterilized ribbon cables to an
ActiveTwo system (BioSemi, Amsterdam, Netherlands) modified for passive
electrode recordings, which was connected to a notebook computer running
acquisition software written in LabView v8.2 (National Instruments, TX, USA). Raw
data was acquired at 512 Hz.

Data analysis was performed in the Gastrointestinal Electrical Mapping Suite
(GEMS) v.1.5 [28]. Recordings were down-sampled to 30 Hz, a moving median filter
(20 s window) was applied for baseline removal, and a Savitzky-Golay filter (1.7 s
window; polynomial order 9) was applied for high-frequency noise removal [29]. The
individual data sets were then randomized for analysis, with two separate
investigators assessing all recordings, blinded to the stimulation parameters. Slow
wave events within these periods were automatically detected and grouped into
propagating cycles using validated automated algorithms [30,31], with comprehensive
manual review and correction.

Slow wave frequencies were calculated using a validated algorithm to determine
temporal cycle-to-cycle intervals of successive slow wave activation times (ATs) at
each electrode, which were averaged across all electrodes and also across the recorded
duration for each patient [28]. Velocities were calculated using a smoothed finite
difference method [32], and amplitudes were calculated by applying a peak-to-trough
detection algorithm based on the ‘zero-crossings’ of the first and second-order signal
derivatives [33]. Velocities and amplitudes were then averaged separately across
regions of primarily circumferential and longitudinal propagation [34]. This is
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important because velocity and amplitude vary together with a known directional
conduction anisotropy, and therefore correct velocity comparisons can only be made
with directionality defined [17,18,34]. The summary data and statistical comparisons
are reported for typical longitudinal propagation.

Activation, velocity, and amplitude maps and dynamic animations were computed in
GEMS to visualize spatial characteristics of slow wave propagation [28].
Dysrhythmias were identified by the propagation dynamics observed in the activation
maps and animations, based on known patterns of normal gastric conduction [16], and
a previously-developed spatiotemporal dysrhythmia classification scheme [18,19].

Statistical Methods
Patient and clinical data are presented as a median and range. HR mapping data are
presented as mean ± standard deviation (SD). Differences between baseline and
stimulus levels were assessed using one-way ANOVA with significance threshold
defined as P<0.05. Comparison of TSS and gastric retention data between pre- and
post-implant was performed by paired Student’s t-test with significance threshold
defined as P<0.05. For analyses of dysrhythmia rate, statistical measures of
dysrhythmic duration were normalized against total recording duration to account for
inherent variations in recording durations.

Results
Eight consecutive diabetic gastroparesis patients were recruited and consented, with a
median age of 40.5 years (range 30 – 62), median total symptom score of 14.5 out of
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20 (range 6 - 20), and median 4-hour gastric retention of 27% (range 21 – 47).
Individual patient characteristics were as presented in Table 2.

HR Mapping
HR mapping recordings averaged 26 ± 5 SD minutes per patient. A total of 29
stimulation recordings and 19 control recordings (8 baseline; 11 washout periods)
were collected, with an average duration of 260 ± 90 SD s per recording. Baseline
recordings averaged 260 ± 120 SD s, stimulation recordings averaged 290 ± 80 SD s,
and ‘washout’ periods between stimulation settings averaged 190 ± 70 SD s.

Figure 2 provides representative examples of slow wave activation, velocity, and
amplitude field maps and electrograms during baseline and stimulation periods for
one of the patients. In accordance with Figure 2, the overall cohort data also showed
no difference in slow wave amplitude, velocity, or frequency between baseline and
any stimulation level, or between any levels of stimulation (Figure 3; P > 0.5 for all).
There was also no significant difference between stimulation and washout periods, or
between all periods with stimulation on versus all periods with stimulation off (P ≥
0.5 for all). In addition, slow wave entrainment was not achieved at the longer
duration on-off periods at the maximum stimulation setting (Table 1).

Dysrhythmic slow wave activity was observed in 4/8 patients, and included ectopic
pacemakers, conduction blocks, retrograde propagation, and colliding wavefronts,
consistent with previous observations in similar patients [17,18]. There was no
difference in the occurrence of dysrhythmias with stimulation off (31% of total
recorded duration was dysrhythmic) versus with stimulation on (36% of total recorded
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duration was dysrhythmic), (P > 0.5). Figure 4 demonstrates an example dysrhythmia,
a stable ectopic pacemaker arising in the mid-corpus, that occurred continuously
through the baseline and stimulation periods. The velocity and amplitude field maps
for the ectopic pacemaker in Figure 4 also demonstrate the rapid high-amplitude
circumferential conduction known to emerge at sites of dysrhythmia [17,18,34]. This
observation demonstrates the importance of defining conduction direction prior to
calculating velocity and amplitude values.

Clinical Outcomes
Follow-up data were available on 6/8 patients (median time to follow-up, 5.8 months;
range 4.3-6.4 months), as two patients were lost to follow-up (one passed away from
diabetes-related complications unrelated to the stimulator, while a second patient did
not attend local follow-up). In all patients with data, both TSS and gastric emptying
improved following stimulator implantation (Table 2). Total symptom score showed a
median decrease of -5.5 points (range: -8 to -4.5 points, out of 20), (P = 0.01), while
gastric emptying showed a median 4-hour retention improvement of -8% (range: -13
to -4% retention), (P = 0.03).
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Discussion
This study applied HR mapping to evaluate the acute spatiotemporal effects of highfrequency GES on slow wave activity in patients with diabetic gastroparesis. The
results showed that a range of high-frequency GES protocols, within the dosedelivery capacity of a current commercial device, did not acutely change slow wave
velocity, amplitude, or frequency, nor did they change the occurrence of slow wave
dysrhythmias, which persisted at a similar rate during GES.

The in-vivo mapping approach applied in this study with high spatiotemporal
accuracy was found to be an effective and efficient framework for investigating
gastric stimulation outcomes, and can now be applied in further clinical trials to
assess the efficacy of alternative stimulation protocols and devices. A significant
therapeutic target would be the correction of gastric dysrhythmias, which occur in
common association with nausea in multiple gastric disorders [19,35,36]. HR
mapping has recently enabled accurate spatial descriptions and classifications of
dysrhythmia in association with gastroparesis and chronic unexplained nausea and
vomiting [17,18], and can now be used to guide a ‘gastric pacing’ approach [37], with
parameters designed to entrain slow waves to override dysrhythmic activation, in an
attempt to restore normal antegrade patterns [24]. Due to recent advances in efficient
handling of massive data volumes [28], it is now possible to achieve HR mapping online, allowing real-time experimental trials of novel protocols targeted to dysrhythmic
onset [38].

Protocol design for GES and gastric pacing is a complex task that requires
optimization of a vast range of possible parameter combinations (encompassing pulse
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width, amplitude, frequency, on-off timing, and electrode positions) [5,10]. In
addition to HR mapping, in-silico modeling could also be applied in the future to help
elucidate the underlying mechanisms of GES and to identify potential therapeutic
protocols suitable for experimental assessment of alternative gastric pacing
approaches. Recent computational simulations of GES have been beneficially coupled
to experimental research [39,40], and a similar approach of coupled HR mapping and
in-silico modelling may be of substantial value in developing gastric stimulation /
pacing as a potential therapeutic option.

Although GES did not significantly affect slow wave activity in our study, the
patients within this uncontrolled cohort displayed statistically significant
improvements in symptoms and gastric emptying time, consistent with similar
improvements shown in multiple other GES studies [7,23]. However, it should be
noted that this study was not specifically powered to address these secondary
outcomes. Exclusion of a placebo effect is still awaited from an adequately powered
randomized clinical trial. However, clinical and animal studies have shown that highfrequency GES modulates vagal and spinal afferent pathways, affecting central
nausea and vomiting centres, as well as pain thresholds, vagal efferent function and
gastric sensitivity, providing alternative plausible mechanisms of action [11,12,41].
GES has also been shown to induce gastric relaxation in dogs, which has been
proposed as a further potential mechanism of symptoms improvement [42].

Other data, based on sparse serosal electrode recordings, has previously suggested
that GES may enhance slow wave amplitude and propagation velocity [13], but these
outcomes are found to be inconsistent with our more advanced HR mapping data.
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Crucially, our study highlights the importance of spatially defining the conduction
direction prior to calculating extracellular slow wave amplitudes and velocities, to
control for the rapid high-amplitude activity that is now known to accord with
circumferential conduction, which cannot be reliably achieved through sparseelectrode methods [34]. Nevertheless, other sparse electrode studies of GES outcomes
are concordant with our results by also showing minimal impact on slow waves
[5,10], although such studies could not as reliably assess propagation direction,
velocity and amplitude fields, or dysrhythmias.

The main limitation of this study was the acute timeframe of the mapping, performed
intra-operatively after device implantation. Abell et al. previously suggested that the
effects of GES maximize at 3 to 4 days after device implantation [43], and Williams
et al. reported improvements in arrhythmias beyond 3 years after implantation [44].
However, Lin et al. previously reported entrainment of slow wave frequency in
gastric pacing studies to partially occur as soon as 1 minute after stimulation, with full
entrainment achieved at 5 minutes, suggesting that the average duration of mapping in
this study was appropriate for identifying potential slow wave effects. Furthermore,
the high-resolution mapping approach allows subtle or localized changes in slow
wave parameters to be detected much earlier than with sparse electrode recordings
[37] Nonetheless, slow wave mapping would ideally be conducted for longer
durations, including in awake and fed patients. Mapping in conscious patients
currently faces a multitude of technical barriers, but may be realised through future
technical advances. Wireless transmission of gastrointestinal mapping data is one
such promising recent technological advancement [45], and may be able to be coupled
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with temporary endoscopic GES protocols where symptomatic improvements have
been noted within 3 days [43].

Additionally, this study was limited to high-frequency GES of relatively short pulsewidth (maximum 450 µs), within the parameter ranges deliverable from the
commercial Enterra device. However, the robust methods of high-resolution analysis
of GES in human patients that were presented in this study now provide an improved
analytical platform, enabling future studies of alternative stimulation protocols, for
example with wider pulse-widths and higher energies, to modulate slow wave activity
[10].

A separate study from our laboratory recently reported reductions in extracellularlyrecorded slow wave amplitudes in patients with gastroparesis [17]. These reduced
amplitudes could result from reduced current density secondary to ICC depletion in
gastroparesis [17,46], which could contribute to pathophysiology including weakened
contractions. A ‘field stimulation’ approach to promoting more vigorous contractions
could therefore offer another potential therapeutic target, and while this mechanism is
excluded for the current device by our results, it could become another focus of future
investigations. The spatial current distribution achieved by a stimulation device would
need to be critically examined to assess whether this strategy may be feasible.

It was noted in the results that the dysrhythmia rate in our current study (50% of
patients, 31-36% of recorded duration) was somewhat lower than that reported in our
other recent HR mapping studies in similar populations [17,18]. This reflects the fact
that only one gastric region was mapped in each patient in the current cohort, albeit
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for a longer duration, whereas multiple gastric regions were targeted in the previous
studies. This finding implies that in order to define dysrhythmia rates with the highest
reliability in these patients, it would be beneficial to map patterns over a broader
gastric area.

Conclusion
This study has demonstrated that high-frequency GES protocols achievable from a
current commercial device did not acutely modulate slow wave activity or correct
dysrhythmias. The methods applied here provided substantial advantages for
identifying and assessing therapeutic GES parameters, and will now be applied in
future studies on new parameters and devices for treating gastric disorders.
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Tables
Table 1: Stimulation Settings
Protocol

Amplitude

Pulse-Width

Frequency

On Period

Off Period

(mA)

(μs)

(Hz)

(s)

(s)

Low†

5

330

14

0.1

5

Medium

10

330

28

1

4

High‡

19.2 ± 0.9

450

55

4

1

Max‡,§

19.2 ± 0.9

450

130

4

1

1

17

0.5

17

†

‡

The ‘Low’ protocol is the standard Enterra protocol [4,20]; for the ‘High’ and ‘Max’ settings, voltage was

delivered at the maximum output of the device such that the delivered amplitude varied based on the impedance at
§

the stimulator leads, and is reported here as a cohort average ± SD; multiple on-off periods were also investigated
for the ‘Max’ setting, as noted, although each patient only receive one parameter combination.
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Table 2: Patient baseline characteristics and post-operative stimulation outcomes
Patient
ID

Age
Sex
(years)

BMI PreImplant
TSS (out
of 20)†

PostImpant
TSS (out
of 20)†

Pre-Op 4hr Gastric
Retention
(%)

1

30

M

27.8

13

No Data

26.9

Post-Op
4-hr
Gastric
Retention
(%)
No Data

2

39

M

27.3

No Data

7.5

41

No Data

3

32

M

21.2

14.5

No Data

21.5

No Data

4

57

M

46.2

6

0

21

17

5

30

M

20.5

17.5

13

34

23

6

50

F

31.6

18

13

27

No Data

7

42

M

25.3

14

8.5

47

42

8

62

M

32.5

20

12

25

12

Median:

40.5

-

27.6

14.5

10.3

27

20

†

TSS (‘total symptom score’) is a combined metric for the severity of nausea, vomiting, early-satiety,

pain, and bloating [17].
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Figure Legends
Figure 1

Figure 1: Illustration of methods. A) FPC electrode array. B) Typical positioning of
the stimulator leads and distal positioning of the FPC electrode array on the stomach.
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Figure 2

Figure 2: Example slow wave maps showing (from left to right) activation, velocity,
and amplitude, during periods of A) baseline, B) low stimulation, C) medium
stimulation, D) high stimulation, and E) max stimulation. Activation maps show the
propagation pattern of a single wavefront, with each color band representing the area
of propagation per 2 s, from red (early) to blue (late). Each dot represents an
electrode, and red outlined dots signify that data was interpolated at that electrode.
Velocity maps show the direction (arrow) and speed (color gradient) of propagation
of the wavefront at each electrode. Amplitude maps show the slow wave amplitude at
each electrode as a color gradient across the array. Example electrograms are shown
in the right-most column, corresponding to the electrode positions labelled in the
activation map (left-most column). The FPC electrode array was positioned in the
distal antrum for these recordings, as shown in Figure 1B.
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Figure 3

Figure 3: Average slow wave characteristics compared at baseline and each level of
stimulation, including: A) longitudinal velocity, B) amplitude, and C) frequency.
Washout periods with stimulation off were also performed between stimulation levels
(refer to text).
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Figure 4

Figure 4: Example dysrhythmic slow wave propagation in a A) baseline recording
(stimulation off) versus B) recording during stimulation (medium protocol). i)
position of the electrode array; ii) example electrograms from electrodes labelled in
panel iii; iii-v) activation, velocity, and amplitude maps, respectively, as described in
Figure 2.
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