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Abstract

Background & Aims High-frequency gastric electrical

stimulation (GES) is a relatively new treatment for medi-

cally refractory gastroparesis. There have been a number of

clinical studies based on the use of a high-frequency

stimulator (Enterra, Medtronic, Minneapolis, MN). A

meta-analysis was performed to evaluate evidence for

improved clinical outcome with this device.

Methods A literature search of major medical databases

was performed for the period January 1992 to August 2008.

Clinical studies involving an implanted high-frequency

GES device were included and reported a range of clinical

outcomes. Studies of external, temporary, and/or low-fre-

quency GES were excluded.

Results Of 13 included studies, 12 lacked controls and

only one was blinded and randomized. Following GES,

patients reported improvements in total symptom severity

score (3/13 studies, mean difference 6.52 [confidence

interval—CI: 1.32, 11.73]; P = 0.01), vomiting severity

score (4/13, 1.45 [CI: 0.99, 1.91]; P \ 0.0001), nausea

severity score (4/13, 1.69 [CI: 1.26, 2.12]; P \ 0.0001),

SF-36 physical composite score (4/13, 8.05 [CI: 5.01,

11.10]; P \ 0.0001), SF-36 mental composite score (4/13,

8.16 [CI: 4.85, 11.47]; P \ 0.0001), requirement for ent-

eral or parenteral nutrition (8/13, OR 5.53 [CI: 2.75,

11.13]; P \ 0.001), and 4-h gastric emptying (5/13, 12.7%

[CI: 9.8, 15.6]; P \ 0.0001). Weight gain did not reach

significance (3/13, 3.68 kg [CI: –0.23, 7.58]; P = 0.07).

The device removal or reimplantation rate was 8.3%.

Conclusions Results show substantial benefits for high-

frequency GES in the treatment of gastroparesis. However,

caution is necessary in interpreting the results, primarily

because of the limitations of uncontrolled studies. Further

controlled studies are required to confirm the clinical

benefits of high-frequency GES.

Introduction

Gastroparesis is increasingly common, in part because of

the rising prevalence of diabetes, and it presents a signifi-

cant clinical challenge and economic burden [1]. The

diagnosis of gastroparesis is made in patients with typical

symptoms and evidence of delayed gastric emptying in the

absence of mechanical obstruction [2]. In severe refractory

cases, gastroparesis may be profoundly disabling, with

intense and continuous symptoms including nausea, vom-

iting, bloating, and abdominal pain. Patients may require

long-term enteral or parenteral nutritional support, as well

as frequent and prolonged hospital admissions, and they
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may suffer potentially life-threatening metabolic derange-

ments [1].

Initial treatment strategies are directed at symptom

relief, and they include modifying dietary intake and

administration of prokinetic and/or antiemetic medication

[3]. Patients whose disease is refractory to these measures

have few proven or effective alternatives [4], although

patients with severe gastroparesis are sometimes offered

more aggressive therapies including enteral nutrition, gas-

trostomy, pyloric injection of botulinum toxin, pyloro-

plasty, and/or partial, sleeve, or total gastric resection [3].

In the last decade, high-frequency gastric electrical

stimulation (GES) has emerged as a potential therapeutic

option for patients with medically refractory gastroparesis

[5, 6]. This therapy involves delivering low-energy elec-

trical stimuli into the muscularis propria of the stomach, at

a frequency significantly higher than the normal three

cycles per minute gastric slow wave activity [7, 8]. High-

frequency GES is therefore distinct from ‘‘gastric pacing,’’

in which high-energy stimuli are delivered at a frequency

slightly above that of the intrinsic slow wave activity [9].

After early investigations demonstrated potential for the

high-frequency approach [10], a stimulation device was

developed and commercially released (Enterra, Medtronic

Inc, Minneapolis, MN). The Enterra was granted

‘‘Humanitarian Device Exemption’’ by the Federal Drug

Administration Agency (FDA) for use in diabetic and idi-

opathic gastroparesis, but this exemption does not imply

clinical efficacy [11].

A number of groups have reported positive results using

high-frequency GES and have called for more widespread

use [12, 13]. However, no systematic reviews or meta-

analyses of high-frequency GES outcomes have been

reported. To summarize current evidence for the efficacy of

high-frequency GES in the treatment of gastroparesis, we

therefore conducted a comprehensive literature review and

meta-analysis of selected published studies.

Materials and methods

Literature search

A literature search for clinical trials was undertaken for the

period January 1992 to August 2008. Included sources

were Medline, EMBASE, Google Scholar, ISI Proceed-

ings, the Cochrane Library, and online registers of con-

trolled clinical trials. The search included the following

terms: gastric electrical stimulation, GES, gastric electr-

ostimulation, Enterra, gastric pacemaker, gastroparesis, and

vomiting. Reference lists of retrieved articles were also

searched, and in addition, unpublished data were sought

from a representative of the device manufacturer.

Inclusion and exclusion criteria

Studies evaluating the treatment efficacy of high-frequency

GES for medically refractory gastroparesis were screened

for inclusion. Because of the limited numbers of controlled

clinical trials, non-controlled observational studies were also

included. One prominent study has included a randomized

controlled trial (RCT) phase, followed by a non-controlled

observational phase [7], from which the RCT results were

preferred over the uncontrolled results when possible.

Studies reporting duplicate outcomes from a previously

published study were excluded, to prevent multiple publi-

cation bias. Small case series (1–2 cases) were also excluded.

Only studies evaluating an implanted high-frequency

GES device were included. Some studies have examined

the concept of temporary GES. This is an experimental

treatment in which stimulation wires are temporarily

positioned in order to define responders prior to selected

implantation of a permanent GES device. Studies

employing temporary GES were excluded from the current

meta-analysis, as this methodology introduces a selection

bias by only including patients who show a positive

response to a trial of stimulation. The method, rationale,

and results of temporary stimulation have been discussed

elsewhere [10, 14, 15].

Formal evaluation of study quality through the Jadad

et al. scale [16] (for RCTs) or Newcastle-Ottawa Scales

[17] (for nonrandomized studies) was intended but not

employed because of the paucity of published controlled

clinical trials. Studies were instead defined by methodol-

ogy, and the overall quality of evidence was assessed

quantitatively.

Methods of review

Studies were independently appraised by two reviewers.

Four primary outcomes were assessed: symptom improve-

ment, nutritional outcome, gastric emptying, and device

complications. Major symptom-related outcomes examined

were total symptom severity score (TSS), vomiting severity

score, and nausea severity score. Although unvalidated,

these are commonly used scales. Severity scores were des-

ignated as: 0 = absent; 1 = mild (not influencing usual

activities); 2 = moderate (causing diversions from usual

activities); 3 = severe (urging modification of usual activi-

ties); 4 = extremely severe (markedly restricting usual

activities). The TSS is a sum of severity scores for six

symptoms: vomiting, nausea, early satiety, bloating, post-

prandial fullness, and epigastric pain. Health Related Quality

of Life Scores were retrieved when reported as SF-36

physical (PCS) and mental (MCS) composite scores, which

are validated norm-based measures (mean ± standard

deviation [SD] in the United States population = 50 ± 10)
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[18]. Data on weekly vomiting frequency and requirement

for antiemetics and prokinetics were also evaluated. Nutri-

tional outcomes examined were weight change (kilograms)

and the requirement for enteral or parenteral nutritional

support. Rates of delayed gastric emptying at 2 and 4 h were

evaluated for studies reporting on standardized radionucle-

otide scans of a solid meal [19]. All studies were examined

for types and rates of complications.

When outcomes were reported at multiple time points

after device implantation, 12-month outcomes were pre-

ferred. Because of the limited availability of relevant data,

detailed subgroup analyses (diabetic, idiopathic, postsur-

gical) were not attempted. The costs of treatments were not

commonly reported and were not evaluated.

Statistical methodology

Weighted mean differences with 95% confidence intervals

(CI) were used in the analysis of continuous variables.

Where studies had reported median and range, the mean and

variance was estimated by the statistical methods described

by Hozo et al. [20]. For dichotomous variables, odds ratios

(OR) with 95% CI were calculated. A random effects model

was chosen for all calculations. All statistical calculations,

including weighting, and forest plots were generated using

Review Manager 5.0.14 (RevMan; Cochrane Collaboration,

Copenhagen) [21]. A value of P \ 0.01 was chosen as the

threshold for significance in outcome measures. Heteroge-

neity was calculated in RevMan, and values for I2 and the

chi-squared test (P \ 0.10 significance level) are reported.

In addition, the fail safe N statistic (Nfs) was calculated for

all meta-analysis outcomes. The Nfs represents the number

of new, unpublished or unretrieved null-result trials that

would need to exist in order to reduce the significance of

each meta-analysis outcome to a nonsignificant level. A

larger Nfs indicates greater stability of the reported results to

the addition of new findings.

Results

Search and included studies

A total of 26 possible studies were identified by the search

criteria, of which 13 were found suitable for inclusion

(Table 1). The other 13 studies were excluded (Supple-

mentary Table 1) for one of three reasons: (1) they dupli-

cated outcomes reported elsewhere (9 studies), they

employed temporary stimulation prior to device insertion

(3 studies), or they reported two or fewer cases (1 study).

No previously unpublished data were retrieved.

Table 1 Included studies

Authors Study type Year published Na Population Study qualityb

Velanovich [22] Prospective case series 2008 42 Diabetic (24), idiopathic (17),

post-surgical (1)

Low

Maranki et al. [23] Prospective case series 2008 28 Diabetic (12), idiopathic (16) Low

Filichia and Cendan [24] Retrospective case series 2008 13 Post-transplant (13) Low

Gourcerol et al. [12] Prospective case series 2007 15 Diabetic (5), idiopathic (6),

post-surgical (4)

Low

Gray and Fullarton [25] Retrospective case series 2006 7 Diabetic (5), idiopathic (2) Low

de Csepel et al. [26] Prospective case series 2006 16 Diabetic (7), Idiopathic (7),

other (2)

Low

van der Voort et al. [27] Prospective case series 2005 17 Diabetic (17) Low

Mason et al. [28] Retrospective case series 2005 29 Diabetic (24), idiopathic (5) Low

McCallum et al. [29] Prospective case series 2005 16 Post-surgical (16) Low

Lin et al. [30] Prospective case series 2004 48 Diabetic (48) Low

Abell et al. [7] RCT (2 months), then

prospective (10 months)

2003 33 Diabetic (17), idiopathic (16) Moderate;

then low

Jones et al. [31] Prospective case series 2003 13 Diabetic (12), idiopathic (1) Low

Forster et al. [32] Prospective case series 2001 25 Diabetic (19), idiopathic (3),

post-surgical (3)

Low

a N reports patients recruited into each study; outcomes were often available on fewer patients (refer to Forest Plots)
b Study quality judgment was based on the GRADE approach and definitions [33]
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The designs of the 13 included studies are detailed in

Table 1. Only one study included a randomized, controlled

(sham stimulation) and blinded experimental phase [7].

The remainder were solely observational studies without

control populations.

Symptom improvement

The methods used to quantify symptom and quality of life

scores were found to vary between the included studies. The

reporting methods were often irreconcilable, and therefore a

number of results could not be incorporated into summary

statistics. Total symptom severity (TSS) score was available

from three studies. GES demonstrated a significant benefit

over sham GES or baseline (mean TSS difference 6.52 [CI:

1.32, 11.73]; P = 0.01, Nfs = 5), although with significant

heterogeneity (I2 = 89%; P \ 0.001). Vomiting and nausea

severity scores were available from four studies. Post-GES

measures demonstrated a consistent and significant benefit

over baseline measures for both vomiting severity score

(mean difference 1.45 [CI: 0.99, 1.91]; P \ 0.0001, Nfs =

87) and nausea severity score (mean difference 1.69 [CI:

1.26, 2.12]; P \ 0.0001, Nfs = 138). Forest plots for these

outcomes are presented in Fig. 1. Change in weekly

vomiting frequency following GES was available from three

studies (57 patients) [7, 25, 27], and it was also found to

improve significantly (mean difference 16.5 fewer vomiting

episodes per week [CI: 6.17, 26.88]; P = 0.002, Nfs = 10).

SF-36 PCS and MCS outcomes were each available

from four studies. Both PCS (mean difference 8.05 [CI:

5.01, 11.10]; P \ 0.0001, Nfs = 61) and MCS (mean dif-

ference 8.16 [CI: 4.85, 11.47]; P \ 0.0001, Nfs = 52)

(Fig. 2) demonstrated consistent and highly significant

improvements post-GES compared with baseline values.

Because of insufficient data, prokinetic and antiemetic use

before and after stimulation could not be evaluated.

Nutritional support

The requirement for enteral or parenteral nutritional sup-

port was reported in eight studies. Prior to GES, a total of

96 patients required enteral or parenteral nutritional sup-

port; however, after GES this was reduced to 21 patients

(78% reduction; OR 5.53 [CI: 2.75,11.13]; P \ 0.001,

Nfs = 214) (Fig. 3). Weight gain in kilograms following

GES therapy was reported in four studies, but it did not

reach significance (mean difference 3.68 kg [CI: –0.23,

7.58]; P = 0.07) (Fig. 4).

Fig. 1 Forest plots of total symptom severity (TSS) score, vomiting

severity score and nausea severity score. The included studies are

listed for each outcome and their individual results are presented as

corresponding squares on the adjacent plot. The size of each square

correlates with study weighting. The horizontal bars represent

confidence intervals, and the vertical line indicates no effect. The

diamond indicates the meta-analysis
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Gastric emptying

Four of the studies reported gastric emptying at 2 h after

standard testing by solid meal ingestion, and 5 other studies

reported gastric emptying at 4 h. Change measured at 2 h

was highly heterogeneous between studies (I2 = 98%;

P \ 0.0001), though it demonstrated overall improvement

after GES (mean difference in retention 23.2% [CI: 7.9,

38.4]; P = 0.003, Nfs = 17). Change measured at 4 h was

strongly consistent between studies (I2 = 0%), with a

highly significant improvement demonstrated after GES

(mean difference in retention 12.7% [CI: 9.8, 15.6];

P \ 0.0001, Nfs = 270). Forest plots of gastric emptying

outcomes are presented in Fig. 5.

Fig. 2 Forest plots of SF-36 physical composite score (PCS) and SF-36 mental composite score (MCS)

Fig. 3 Forest plot of requirement for enteral or parenteral nutritional support

Fig. 4 Forest plot of change in weight (kilograms)
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Complications

Complication rates were reported in 10 of the 13 studies.

Device removal and/or replacement because of a compli-

cation was documented in 22 of 265 patients who received

implants (8.3%). The reasons given for device removal

were infection (8 cases), erosion through the skin (6 cases),

pain at the implantation site (4), perforation of the stomach

by the stimulation lead (2 cases), device migration (1 case),

and small bowel infarction related to volvulus around the

device wires (1 case). Minor complications not requiring

device removal were not reported frequently enough to

summarize.

Discussion

This meta-analysis finds significant and clinically impor-

tant benefits for patients receiving high-frequency GES for

refractory gastroparesis. Vomiting, nausea, and total

symptom severity scores all decreased from severe to mild-

moderate ranges, and validated quality of life scores also

demonstrated significant improvement. The majority (78%)

of patients on enteral and parenteral nutrition no longer

required these invasive therapies. Importantly, heteroge-

neity was generally low between studies for the majority

of outcomes. Study quality was generally low, as most

included studies (12/13) were non-controlled case series.

This study has highlighted the range of complications

associated with the use of an implantable high-frequency

GES device. Infection is the most frequent complication,

occurring in around 3% of cases, and is expected, as many

patients are diabetic. Significant problems arise at the site

of device implantation in around 4.9% of cases, specifically

pain, lead perforation of the stomach, device migration,

and erosion through the skin. Data from this meta-analysis

suggest that a removal rate of 8–9% can be expected.

Severe life-threatening complications are rare (\1%) and

have included bowel volvulus and strangulation around

stimulation leads [30].

The role of high-frequency GES in clinical practice

remains controversial, and it is not universally accepted as

the standard of care. This is so because of concerns

regarding the quality of the evidence [4, 5, 34] and the cost

of treatment, which has been reported to range from U.S.

$40,000 to $60,000 [6]. There are other investigators who

consider that the evidence does justify more widespread

use of high-frequency GES in cases of medically refractory

gastroparesis [6]. One small comparison study (18 patients)

has suggested that high-frequency GES might outperform

intensive medical therapies for gastroparesis at 3 years, in

relation to both symptom reduction and resource use [35].

The results of this meta-analysis are limited by the

design of the included studies. All of them, with one

exception [7], were uncontrolled case series, reflecting

worthwhile audits of GES outcomes conducted by

researchers from a variety of different centers. Although

this has provided a useful volume of evidence for evalua-

tion, this study design potentially overestimates the effi-

cacy of the treatment [36]. For example, a 50% reduction

in vomiting has previously been reported following

sham-GES alone [5], and in an uncontrolled series this

improvement would likely be attributed to the intervention.

Furthermore, the natural history of gastroparesis remains

poorly understood [37], and even patients with longstand-

ing disease may spontaneously improve with traditional

medical care alone.

One study included an initial randomized controlled trial

(RCT) phase (the Worldwide Anti-Vomiting and Electrical

Stimulation Study [WAVESS] [7]) involving sham

Fig. 5 Forest plot of change in 2-h and 4-h gastric emptying (% of gastric residual)
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stimulation. This study has been included in this meta-

analysis even though concerns have previously been raised

regarding the findings of the study, principally because it

has been considered that statistical significance was only

reached for the major outcome (decrease in weekly vom-

iting frequency) after a post-hoc re-evaluation of the study

design [5]. Moreover, the study was powered for 80

patients, but only 33 patients could be recruited [7] because

of the withdrawal of sponsor funding [32]. After 2 months

the study was changed to an open-label observational

design. As a result, few results were published from the

RCT phase, from which only weekly vomiting frequency

and the TSS were included in this meta-analysis. The TSS

scores were not significantly improved during the brief

RCT phase, but they did improve significantly during the

open-label phase.

Another issue in relation to study design is the potential

confounding effect of concurrent pharmacological therapy,

and in particular opiate use, which is an issue in some of

the studies included in this meta-analysis. Opiates may

induce complex gastric dysrhythmias [38], slow gastric

emptying, and exacerbate gastroparesis-related symptoms

[4]. One included study reported that 45% of the patients

were narcotic dependent prior to device implantation and

were actively weaned, with variable success, after the

institution of high-frequency GES [28]. Thus symptom

improvement may have resulted from the reduction in

narcotic dosage rather than the implementation of high-

frequency GES. Prokinetic and antiemetic drug use was not

routinely controlled in the included studies.

There are two further limitations to the quality of this

meta-analysis. First, a number of patients in some studies

were lost to follow-up, possible leading to an attrition bias.

The non-responders to GES may have had their devices

removed, or they may have declined to participate in post-

treatment evaluations, leading to a greater representation of

responders in the summary statistics. Second, the included

studies used a variety of different scoring systems to

evaluate for changes in symptoms and quality of life fol-

lowing device implantation. This meant that a number of

important studies could not be incorporated into the sum-

mary statistics, which were based on only the most com-

monly used scoring systems available. Greater

standardization in the use of health scoring systems would

be beneficial to allow a more comprehensive comparison of

the results of future studies.

Based on the stated methodological concerns, the

overall quality of evidence for high-frequency GES eval-

uated in this meta-analysis must be considered weak. Using

the Oxford Centre for Evidence-based Medicine Levels of

Evidence Criteria [39], for example, high-frequency GES

only currently achieves a weak ‘‘C’’ Grade of Recom-

mendation, from four possible grades (A, defining strong

evidence, to D, defining poor and inconclusive evidence).

To improve the quality of evidence it would be necessary

for future studies to include a control or sham stimulation

arm. Our results therefore reaffirm the American Gastro-

enterology Association position statement on gastroparesis

treatment from 2004, which concluded that further blinded

and controlled studies are required to confirm the effec-

tiveness of high-frequency GES therapy, and also to define

which patients are most likely to respond [2].

A technical review of gastric stimulation research has

previously cast doubt on the possibility that high-frequency

GES can directly improve gastric emptying [8]. Further-

more, the relationship between delayed gastric emptying

and symptoms in gastroparesis remains controversial, as

poor emptying is not a consistent finding in affected

patients [19]. Although the present meta-analysis finds

consistent and significant benefits for high-frequency GES,

it does not prove a causal relationship.

At present there is no consensus regarding the mecha-

nism of action of high-frequency GES. Unlike gastric

pacing (also called low-frequency, high-energy stimula-

tion) [40], high-frequency GES is unlikely to entrain gas-

tric slow waves or revert gastric dysrhythmias [8, 41].

Current research focuses on the possible beneficial effects

of high-frequency GES on gastric tone, fundal relaxation

and accommodation, enteric nervous system function, and

central neuronal pathways [8]. Until the mechanism of

action is better understood, it will be difficult to improve

the efficacy of high-frequency GES.

Meanwhile, research continues into other methods of

gastric stimulation, and these also hold some promise for

the treatment of gastroparesis. For example, multichannel

gastric pacing has been shown to accelerate gastric emp-

tying in a canine model [42], an outcome that single-

channel gastric pacing could not reliably achieve [9].

Another group of researchers has successfully invoked

gastric contractions using an ultra-high frequency stimu-

lation protocol that can induce the intramural cholinergic

fibers to release acetylcholine (called neural gastric elec-

trical stimulation or NGES) [43]. There is a need to

improve the power efficiency and protocol designs of such

treatments before they become a clinical reality [8, 9].

There is also considerable scope for innovation based on

an improved understanding of gastric electropathophysi-

ology [44]. For example, Lammers et al. have recently used

high-resolution electrical mapping to define the origin and

propagation of gastric arrhythmias for the first time [38].

Complex slow wave focal activities and re-entrant circuits

have been revealed, like those known to occur during

cardiac arrhythmias. It is yet to be adequately determined

what role these abnormalities might play in gastroparesis,

and what effect gastric stimulation may have in treating

these abnormal rhythms.

World J Surg (2009) 33:1693–1701 1699

123



In conclusion, this meta-analysis of the current best

available evidence demonstrates significant benefits for

high-frequency GES in the treatment of refractory gastro-

paresis. The most frequent benefits appear to be a sub-

stantial reduction in nausea and vomiting, a reduction in

the requirement for enteral and parenteral nutritional sup-

port, and an improvement in gastric emptying. The rela-

tively poor quality of study design means that this evidence

must be interpreted with some caution. Nevertheless, the

results provide strong grounds for the further development

and evaluation of high frequency GES.
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