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Abstract

the baseline values (P < 0.001).

Background: Cajal cells have a fundamental role in generating slow
waves that regulate gastric motility. Gastric electrical stimulation
(GES) is Food and Drug Administration (FDA)-approved for symptomatic treatment of drug refractory gastroparesis. We hypothesized
that using two leads will vary from a single lead by providing greater
insight of gastric electrical wave propagation, through differences in
measured frequency, amplitude, and frequency over amplitude ratio.
We also hypothesized that a significant reduction in symptomatic
vomiting score is highly predictive in a single lead temporary gastric
electrical stimulation.

Conclusions: Compared to the use of single point electrodes, the use
of two low-resolution electrodes allows recording gastric electrical
wave propagation with greater detail. Low resolution recording appears to be superior to single point recordings, while awaiting practical high-resolution recordings.

Methods: A total of 111 patients with drug-refractory gastroparesis
were enrolled. Forty-two patients had single lead, while 69 patients
had two leads. All recordings measured mean frequency and amplitude in each lead. Patients documented symptoms using standardized
symptom scores at baseline and day 5 post-procedure.
Results: Single lead patients with initial low mucosal frequency
showed an increase from 3.10 to 4.93 (P = 0.0155), while the high
frequency group decreased from 5.89 to 5.12 (P = 0.135). Vomiting score decreased significantly among both groups with GES (P =
0.0001). For two leads, the mucosal frequency decreased at the proximal electrode (P = 0.402), and increased at the distal electrode (P =
0.514), neither statistically significant (P = 0.143). Mucosal electrogram amplitude values changed for both proximal, mean decrease of
0.34 mV (P = 0.241), and distal, mean increase of 0.05 mV (P = 0.65)
with a mean difference 0.34 mV (P = 0.238). However, mucosal electrogram frequency and amplitudes on day 5 were highly dependent on
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Introduction
Gastroparesis is a complex gastrointestinal motility disorder
that most often affects young and middle-aged women [1]. Patients often present with nausea, abdominal pain, early satiety,
vomiting, and bloating [2]. Many patients with gastroparesis
undergo gastric electrical stimulation (GES) when drugs do
not prove beneficial. GES has been found effective in alleviating symptoms of gastroparesis, but its physiologic effects
are not well understood. We examined the electrophysiologic
responses of gastric mucosa as measured by mucosal electrogram (mEG) at baseline and after electrical stimulation with
one implantable lead temporary GES (tGES). Furthermore, we
measured changes in gastric emptying tests (GET) before and
after tGES.
The use of multiple electrodes for endoscopic tGES allows for the ability to record the effect of GES on electrical
rhythm in addition to low-resolution gastric mapping. The
physiologic slow wave frequency of gastric motility is three
cycles per minute (cpm) [3-6]. In a previous study measuring serosal electrograms in gastroparesis patients with permanent GES (pGES) implantation, the mean frequency improved
from 5.06 cpm pre-stimulation to 3.66 cpm post-stimulation
[7]. We hypothesized that changes in mucosal electrogram patterns would occur with tGES irrespective if measured with a
single lead or with two leads, and that using two leads will
provide greater insight of gastric electrical wave propagation,
through differences in measured frequency, amplitude, and frequency over amplitude ratio. We hypothesized that change in
gastrointestinal symptoms, especially the vomiting score (VS)
as well as in gastric emptying may be observed via one im-
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plantable lead tGES. We further hypothesized that there would
be a change observed in mean frequency, amplitude, and the
frequency-amplitude ratio (FAR) with tGES via one lead versus two implantable leads. It has been speculated that electrical gastric waves depending on location and recent studies
using multiscale models and high-resolution mapping confirm
that slow waves vary at different parts of the stomach [8, 9]. A
number of other studies using simultaneous serosal and cutaneous recordings [9-13], as well as mucosal recordings [6, 14,
15] have confirmed that the electrogram frequency correlates
with the gastric slow wave frequency; these changes may be
further captured by mucosal electrogram using multiple electrodes.
Gastric electrical stimulation (Enterra, Medtronics, Inc.)
was approved by Food and Drug Administration (FDA) in
2000 as a Humanitarian Use Device for patients with refractory diabetic or idiopathic gastroparesis [16] and as a surgically implanted pGES device. The implanted permanent pulse
generator delivers high frequency (12 cpm) of pulse trains, low
energy (5 mA) stimulation at pulse width of 330 µs, with pulse
trains of 14 Hz when the device is on (for 0.1 s) but not when
off (5 s). High frequency/low energy GES has been noted in
prior studies to reduce nausea and vomiting with slightly improved liquid gastric emptying in gastroparesis patients [1719]. Given that gastroparesis patients who respond to pGES
often do so relatively soon after implantation of the device
[20], this has led to the proposal that tGES via endoscopic
placement of leads in the stomach can be used to predict response to the permanent device. A study on tGES via orally or
PEG-placed electrodes has shown improved symptom scores
in a fashion similar to pGES [21]. TGES uses the same stimulator as pGES, with similar programming parameters: frequency of 14 Hz, amplitude of 5 to 10 mA, and pulse width of 330
µs [22, 23] used with 1 s on and 4 s off.
GES is an established treatment for drug-refractory gastroparesis. Recent advancements in micro implantable neurostimulators now allow for less-invasive tGES utilizing wireless devices rather than cardiac lead implantation [23]. We
hypothesized that there would be different changes observed
in mean frequency, amplitude, and the FAR with tGES via one
single point lead versus two implantable leads, which would
provide for low-resolution gastric electrical mapping.

Materials and Methods
All patients first received a single electrode placement and later
received the second electrode. Patients who provided significant data with the second electrode were added to the 2-electrode group. Patients with an ineffective 2-lead placement or
intolerable to the second electrode placement remained in the
1-lead group. By comparing the two groups, it would allow us
to compare the possible differences between single lead and
double lead/low-resolution mapping mucosal electrogram recordings. Patients were informed of potential side effects such
as perforation, bleeding, and lead migration; and in results that
the only complication was in lead dislodgement in some patients. Patients all had two visits: the first visit at baseline and

Table 1. Single Lead Demographics
Age (years), mean ± SD

45 ± 15

Gender
  Male

8 (19%)

  Female

34 (81%)

African Americans

8 (19%)

Etiology of gastroparesis
   Idiopathic

24 (57.1%)

  Diabetes mellitus

18 (42.9%)

  Post-Surgical

0 (0%)

follow-up after placement of lead(s) and receiving tGES on
day 5/6.
For the single lead group, electrograms are used to determine frequency, amplitude, and FAR of the gastric mucosa at
baseline and after tGES stimulation. Baseline data were used
to separate patients into either a high frequency (> or = 3.3
cycles per minute) or low frequency (< 3.3 cycles per minute)
group. Baseline and post tGES values for frequency, amplitude and FAR were compared for patients in the 1-lead group.
Values from the 1-lead group were also compared to gastrointestinal symptom scores reported at baseline and post tGES
by patients through a Likert scale, patient-reported outcomes
tool [22, 24].
For the double lead group, all patients underwent placement of two leads, one in the proximal corpus (PROX) and one
in the distal body-antral junction (DIST) prior to tGES. After
recovery and before tGES was begun, each electrode was recorded for 10 min and analyzed by signal averaging techniques
for mean frequency and amplitude. At the end of 5 days of
stimulation in the DIST lead, we repeated these recordings in
39 patients where both leads remained viable. Results from
the 2-lead group were compared using generalized estimating
equations (GEE), to account for correlations arising from the
repeated measures design. We also examined the contribution
of the baseline signal to the signal at day 5 (or 6), reported in
a similar manner.

Results
The single lead group consisted of 42 symptomatic gastroparesis patients (34 women, eight men; mean age: 45 ±15 years)
and were subdivided based on etiologies: 24 idiopathic and 18
diabetic mellitus patients (Table 1). This group received tGES,
a single temporary lead implanted in the gastric mucosa at
DIST to deliver electrical stimulation for the treatment of drug
refractory gastroparesis.
The double lead group consisted of 69 symptomatic gastroparesis patients (53 females, 16 men; mean age: 50 ± 15
years.) and were subdivided based on etiologies: 42 idiopathic,
26 diabetes mellitus and one post-surgical patients (Table 2).
This group received tGES, with two temporary leads implanted, one in the proximal stomach and the second in the distal
gastric mucosa at the body-antral junction, with the distal lead
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tGES (Table 4).

Table 2. Double Leads Demographics
Age (years), mean ± SD

47 ± 14.9

2-lead patient pool

Gender
  Male

16 (23.2%)

  Female

53 (76.8%)

African Americans

22 (31%)

Etiology of gastroparesis
   Idiopathic

42 (60.8%)

  Diabetes mellitus

26 (37.6%)

  Post-surgical

1 (1.44%)

used to deliver electrical stimulation for the treatment of drug
refractory gastroparesis symptoms.
1-lead patient pool
The 42 patients with one lead were separated into two groups
based on initial gastric mucosal frequency (with a cut point
of 3.3 cpm); seven patients in the low frequency group and
35 in the high frequency. The baseline mucosal frequencies
of both the low frequency and high frequency groups for all
patients moved toward a central point of 5.027 cpm after tGES
(P = 0.0155 and 0.1347, respectively). The FAR for each patient group changed after tGES with low frequency subgroup,
which was significant and high frequency subgroup, which
was not significant (Table 3). Symptom scores were reduced
globally among the two patient subgroups with statistical significance (P = 0.0001), when comparing pre-tGES and post-

Using two leads the gastrointestinal signs and symptoms post
tGES improved as well in most measures, as noted in Table
5. After 5 days of stimulation, mucosal electrogram (mEG)
frequency values decreased for PROX (-0.62 cpm (95% CI:
-2.07, 0.83), P = 0.402), while they increased for DIST (0.44
cpm (95% CI: -0.88, 1.76), P = 0.514), although the differences were not statistically significant (mean difference 1.28
cpm (95% CI: -0.43, 3.00), P = 0.143). Mucosal EG amplitude decreased for PROX, (0.34 mV, (95% CI: -0.91, 0.23),
P = 0.241) and increased for DIST, (0.05 mV (95% CI: -0.17,
0.27), P = 0.65), although the differences were also not statistically significant with a mean difference of 0.34mV ((95% CI:
-0.23, 0.92), P = 0.238). However, mucosal EG frequency and
amplitudes on day 5 were highly dependent on the baseline
values (P < 0.001) (Fig. 1).

Discussion
Gastric mechanical contractions are orchestrated electrically through an extensive network of interstitial cells of Cajal
(ICC) that generate bioelectrical slow waves transmitted to the
electrically-coupled smooth muscle cells at intervals of 20 s
(i.e., 3 cpm), and at a constant speed, in normal humans, of approximately 3 mm/s [12]. Among other abnormalities; reduced
ICC mass was directly linked to gastroparesis and delayed
gastric emptying as the most prominent factor [13, 25]. It has
also been shown that the severity of ICC loss correlates with

Table 3. The Changes in Frequency After Gastric Electrical Stimulation via 1-lead tGES
Gastroparesis patients

Initial frequency

Post-GES frequency

P value

Initial ratio

Post-GES ratio

P value

All Patients

5.42012

5.09214

0.4776

18.7357

27.0731

0.1987

Low frequency (7)

3.0957

4.9314

0.0155*

11.3829

23.6829

0.2602

High frequency (35)

5.885

5.12429

0.1347

20.2063

27.7511

0.3153

Frequency reported as cpm and amplitude reported as mV. *The significant P values.

Table 4. Changes, in Mean Symptom Score, as Well as Total Gastric Emptying Measured at Baseline and Post-Stimulation via
Single Lead tGES
Variable

Visit 1

Visit 2

Change (CI) (P value)

Nausea

3.28

1.54

-1.7 (1.25, 2.24) (< 0.001)*

Vomiting

1.96

0.51

-1.44 (0.96, 1.93) (< 0.001)*

Anorexia

2.55

1.23

-1.32 (1.9, 0.01) (0.002)*

Bloating

2.53

1.32

-0.26 (1.72 , 1.86) (< 0.001)*

Abdominal pain

2.35

1.32

-1.03 (0.36, 1.71) (0.004)*

TSS

12.46

5.6

-6.86 (5.02, 8.71) (< 0.001)*

GET total

153.63

141.92

-11.71 (-9.32, 32.73) (0.27)

TSS: total symptom score; GET total: total gastric emptying time. All “Visit 2” values were recorded 5 days after baseline at visit 1. *The significant
P values.
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Figure 1. Observed change in Mucosal Frequency and Amplitude for Proximal and Distal Leads, with details as noted in each
panel.

the presence of arrhythmias on EGG [22]. The role of gastric
arrhythmias and developing of gastroparesis symptoms, especially nausea, remains controversial [26]. Prior studies showed
that there is a persistent connection between arrhythmias and
nausea development in motion sickness simulations, including
electrical rhythm disturbances with their severity correlating
with nausea intensity [26-28]. Gastric arrhythmias can be differentiated into disorders of initiation, whereas slow wave initiation result from abnormalities to fundamental ICC frequencies, or disorders of conduction that result from a disruption to

slow wave entrainment through ICC networks [20, 26].
The advent of gastric electrical stimulation has provided
a treatment option for drug-refractory gastroparesis symptom
patients. Recent novel advancements in micro implantable
neurostimulators now allow for even less-invasive tGES implantation than the modified cardiac leads used [23]. Measurements of gastric electric activity using the cutaneous EGG
have been reported as a positive predictive value of 65-100%
for normal gastric emptying vs. 50-80% for predicting abnormal gastric emptying. While the exact relationship to gastric

Table 5. Changes, in Mean Symptom Score, as Well as Total Gastric Emptying Measured at Baseline and Post-Stimulation via
2-Lead tGES
Variable

Visit 1

Visit 2

Change (CI) (P value)

Nausea

3.46

1.73

-1.73 (-2.5, -0.91) (< 0.001)*

Vomiting

2.69

1.46

-1.23 (-2.1, -0.4) (0.003)*

Anorexia

3.04

2.08

-0.96 (-1.9, -0.01) (0.047)*

Bloating

3.21

1.69

-1.52 (-2.6, -0.4) (0.006)*

Abdominal pain

2.75

1.38

-1.36 (-2.7, -0.1) (0.038)

TSS

15.38

8.27

-7.11 (-11.1, -3.1) (< 0.001)*

Frequency

6.45

5.96

-0.49 (-2.9, 1.9) (0.685)

Amplitude

0.69

0.99

0.30 (-0.3, 0.9) (0.362)

Ratio

26.43

11.49

-14.93 (-26.9, -3.0) (0.014)*

GET total

109.04

120.55

11.51 (-20.1, 43.2) (0.48)

Frequency reported as cpm and amplitude reported as mV. TSS: total symptom score; GET Total: total gastric emptying time. All “Visit 2” values were
recorded 5 days after baseline at visit 1. *The significant P values.
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activity is unknown, the idea of using implanted leads to measure the gastric response to tGES through both single point and
multiple sites, have been derived from similar electrical measurements at the time of surgery [12, 17, 29] and low-resolution
mapping can be achieved serosally at the time of GES insertion [12, 26, 30].
We sought more knowledge on changes observed using
tGES, which may further support the use of tGES as a predictive model for future response to pGES. We hypothesized
that change in gastrointestinal symptoms, especially the VS as
well as in gastric emptying may be observed via one implantable lead tGES. We further hypothesized that there would be a
change observed in mean frequency, amplitude, and FAR with
tGES via one lead versus two implantable leads [26, 31]. The
significant reduction of nausea and vomiting symptoms diminished patient dependence on antiemetics as well exposure to
side effects. One major limitation of antiemetic compliance,
especially of anti-emetics targeting D2 receptors like metoclopramide, is neuropsychic imbalances causing drug-induced
Parkinson, tardive dyskinesia, as well as metabolic imbalances
[32]. While some gastroparesis patient symptoms may be managed by anti-emetics, a significant number will develop some
degree of resistance requiring a GES to manage symptoms.
In this study, both gastric electrical frequency and amplitude changed in response to electrical stimulation, although the
changes were not always significant; and other studies have
noted stimulation to increase fundic accommodation [11, 19,
27, 31, 33]. These gastric fundic changes may be the result of
decreased frequency and amplitude observed in the proximal
gastric mucosa after tGES, as low mucosal frequencies at EGG
increased, and higher ones decreased, toward a mean value of
5.027 cpm. Other studies have noted stimulation may increase
fundic accommodation [27, 34]. The direction of change was
similar to that observed in a separate study on pGES, which
noted a decrease in frequency from 5.06 cpm pre-GES to 3.66
post-GES [7]. In the current study, both PROX frequency
and amplitude decreased with tGES stimulation, although the
changes were not significant. Thus, the possible proximal gastric effects may correlate to the decreased frequency and amplitude observed in proximal gastric mucosal recordings.
In this current study, mEG frequency values were compared to patient-reported vomiting scores and patients who
vomited less prior to tGES also had lower baseline mucosal
EG frequencies. A previous study in healthy subjects found
good to moderate reproducibility of cutaneous EGG frequency on consecutive days, as well as at least 2 weeks later [29].
Two studies using tGES have supported decreases in vomiting
score with stimulation [22]. Another study has shown a reduction in vomiting score within 72 h of tGES [33]. In a doubleblind, randomized, controlled, crossover study involving 33
gastroparesis patients, implantable GES resulted in 14% lower
self-reported vomiting frequencies when the device was “on”
compared with times when the device was deactivated [35].
In a published study including 214 patients with over 10year follow-up, there were improvements in vomiting (62%
improved), nausea (59% improved) and total gastrointestinal
symptoms (84% improved), after permanent GES implantation
[36]. In another long-term follow-up study of GES in intractable nausea and vomiting, 15 of 27 patients (56%) reported
64
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improved quality-of-life score at 5 years post-device implantation [22, 37]. The reduced nausea and vomiting symptoms significantly reduce patient’s dependence on anti-emetic medications as well as possible medication side effects. Patients with
higher baseline frequencies at EGG responded better to tGES.
Alternative modes of stimulation, such as electroacupuncture,
have also noted restoration of gastric accommodation in a
study on five vagotomized dogs [34] as well as a separate study
on diabetic rats [25]. This modality of stimulation is believed
to improve gastric slow waves by its excitatory effect on vagal
tone [38]. The higher average amplitude at baseline measured
through the proximal lead may suggest a higher degree of dysrhythmia in the body of the stomach (the site of proximal lead
implantation) as compared to the distal lead implantation.
A noted change of increased frequency at the distal lead,
though not significant in our analysis, has been supported from
prior studies. Analysis using multichannel electrical measures
[3, 10, 39], as well as a multiscale model simulating slow wave
propagation, noted the higher power of dominant frequency
(3.0 cpm) in the distal EGG electrode than in the proximal
channels [10, 39-41]. Biopsy specimens and high-resolution
mapping may provide a patho-electrophysiological explanation for higher amplitudes [26, 28]. Our findings were perhaps
limited by restricted recording time of mucosal electrophysiology and variation in electrode placement. Future improvements of similar studies would include more precise recording
devices, larger study size and greater standardization of electrode placement.
Conclusions
Low-resolution mapping via placement of low-resolution two
mucosal leads by temporary endoscopic GES appears to be a
beneficial method of understanding the pathophysiology of
gastroparesis. New methods of analyzing gastric wave propagation patterns in spatiotemporal using high-resolution detail
may provide further meaning for electrophysiologic changes
noted by stimulation. Future studies should assess the relationship between symptom relief and specific electrophysiologic
changes in the gastric mucosa in response to GES, as well as
possible benefits of titration of stimulator parameters to tailor
to individual patients.
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