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Abstract

Purpose Electrical stimulation of the gut has recently

been under intensive investigation and various studies

have revealed therapeutic potentials of gastrointestinal

electrical stimulation for gastrointestinal motility disor-

ders and obesity. While there have been a number of

reviews on gastric electrical stimulation, there is a lack of

systematic reviews on intestinal electrical stimulation.

The aim of this review is to provide an overview on the

effects, mechanisms, and applications of intestinal elec-

trical stimulation.

Results We evaluated published data on intestinal elec-

trophysiology, pathophysiology, and different methodolo-

gies on intestinal electrical stimulation and its possible

mechanisms in both research and clinical settings using the

MEDLINE database for English articles from 1963 to

2008. Based on this systematic review, intestinal electrical

stimulation has been reported to alter intestinal slow waves,

contractions and transit; the effects were mediated via both

vagal and adrenergic pathways. Intestinal electrical stim-

ulation has been reported to have potentials for treating

various intestinal motility disorders and obesity.

Conclusions It is concluded that intestinal electrical

stimulation may have promising applications for treating

motility disorders associated with altered intestinal con-

tractile activity. The most recent studies have revealed

possible applications of intestinal electrical stimulation for

the treatment of obesity. Basic research results are prom-

ising; however, further clinical studies are needed to bring

IES from bench to bedside.

Keywords Electrical stimulation � Small intestine �
Gastrointestinal motility � Obesity � Mechanisms

Although the earliest study of electrical stimulation of the

gut was reported more than 40 years ago, the development

of the field has been slow compared to cardiac pacing or

electrical nerve stimulation. In the earliest study on intes-

tinal stimulation, which was published in 1963, Bilgutay

et al. [1] reported the use of intraluminal electrical stimu-

lation via the tip of a nasogastric tube to induce peristalsis

and shorten the recovery period from ileus after laparot-

omy; an increase in gastric contractions as well as gastric

emptying was reported in both dogs and humans. However,

subsequent randomized controlled studies failed to produce

consistent or promising results [2–4]. Before the 1960s

there was a lack of understanding of gastrointestinal elec-

trophysiology, which only became a topic of interest in the

later 1960s and early 1970s [5–9]. From the 1970s to the

early 1990s, Kelly and colleagues made significant con-

tributions to the understanding of the electrical stimulation

of the gut; a number of studies on intestinal electrical

stimulation (IES) and its applications were reported in dogs

and humans by the group [10–12]. Research on IES during

that period was focused on its potential applications for

treating dumping syndrome and short-bowel syndrome by

delayed gastric emptying and small intestinal transit and/or

enhancing intestinal absorption.
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During the past decade, more progress has been made

on the methodologies, effects, mechanisms, and clinical

applications of gastrointestinal electrical stimulation.

Numerous reports are available in the literature on electrical

stimulation of various organs of the gastrointestinal tract,

such as the stomach, small intestine, colon, and rectum for

the treatment or therapeutic potentials of various conditions

such as gastroparesis, intestinal pseudo-obstruction and

fecal incontinence as well as obesity [13–16]. A number of

excellent reviews have been published on gastric electrical

stimulation [15–21], whereas few reviews are available on

intestinal electrical stimulation in the literature with the

most recent one published about 15 years ago [22].

Since electrical nerve stimulation is relatively more

matured and clinically applied, gastrointestinal electrical

stimulation is often mistakenly compared with nerve

stimulation. In reality, however, there are fundamental

differences between electrical gut stimulation and electrical

nerve stimulation. One of the major differences between

electrical gut stimulation and electrical nerve stimulation

lies in the affecter and the effecter. With electrical nerve

stimulation, nerves or nervous systems are stimulated and

organs associated with the nerves or nervous systems are

affected. With electrical gut stimulation, an organ of the

gut is stimulated and the functions of the organ are altered.

These altered organ functions may be attributed to either

the local or peripheral effects of the stimulation or the

central neural effects of the stimulation or both. Moreover,

the stimulation methodologies of the gut or IES are dif-

ferent from those of electrical nerve stimulation, mainly

because of the following two reasons: (1) the gastrointes-

tinal organ is composed of smooth muscles. The response

of smooth muscles to electrical stimulation is slow and

therefore, long pulses are typically required in order to alter

the function of the organ being stimulated; Typically, a

pulse width of 50 ms or higher is required to activate

smooth muscles if single pulses are used; if the stimulus is

composed of a train of pulses, the required pulse width is

2 ms or higher for a pulse frequency of 40 Hz. (2) The

gastrointestinal organ has intrinsic myoelectrical activity or

slow waves and therefore, the electrical stimulation of the

gut may be designed to enhance or alter this intrinsic

myoelectrical activity.

Electrophysiology of Small Intestine

Small Intestinal Myoelectrical Activity

It is important to understand electrophysiology of the small

intestine for IES because (1) intestinal motility (frequency

and propagation) is regulated by intestinal myoelectrical

activity, and (2) to alter the function of the small intestine,

electrical stimuli may have to be designed to enhance or

inhibit this intrinsic intestinal myoelectrical activity.

Myoelectrical activity of the small intestine is similar to

that of the stomach. It consists of two components: pacesetter

potentials or slow waves and spike potentials. A typical

recording showing intestinal slow waves and spikes is shown

in Fig. 1. Small-intestinal slow waves originate from a region

in the proximal 1 cm of the duodenum and propagate as an

annular wave front in an aborad direction [7]. It determines

the frequency and the direction of propagation of intestinal

contractions. Spike potentials are superimposed on the slow

waves and are electrical counterparts of contractions [8].

In the dog, the proximal 10–30% of the small intestine

[30–115 cm of duodenum and jejunum] maintains the

same slow wave frequency: 18–20 cycles/min (cpm), in a

region called the ‘‘frequency plateau’’ [6]. Aborad to this

point, there is a diminishing slow-wave frequency gradient

along the small bowel to a rate of 14 cpm in the distal

ileum [5, 23]. In humans, slow waves in the duodenum and

proximal jejunum occur at about 12 cpm with an aborad

gradient to about 9 cpm in the terminal ileum [24, 25].

Whether a proximal plateau of identical frequencies is

present in the human duodenum and proximal jejunum has

not been clearly shown [24]. Transection and reanasto-

mosis of the small bowel decrease the slow-wave fre-

quency in the distal segment in both dogs [26] and humans

[10]. In addition, at least in dogs, the propagation of slow

waves in the distal segment becomes abnormal: with a high

percentage of these slow waves propagating in an orad

rather than an aborad direction [27].

It has recently been theorized that the intestinal slow

waves are generated by interstitial cells of Cajal (ICC) [28].

Like in the stomach, the pacemaker activity to the muscu-

lature in the small intestine is a subset of ICC [28] named

myenteric ICC (IC-MY), which are arranged in a dense

Fig. 1 One-min intestinal slow

waves and spikes measured

from a dog
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network between the circular and longitudinal muscle layers

[29, 30]. Numerous in vitro studies have demonstrated the

role of ICC as pacemakers with the evidence that can be

summarized as follows: (1) ICC generate slow waves; (2) in

the mutant animals where the ICC are absent, there are no

slow waves; (3) in a specially prepared gastric tissue where

ICC are obliterated by neutralizing antibody to Kit (ACK2),

slow waves are absent [31]. A few studies from the groups of

Huizinga and Ward using cultured interstitial cells of Cajal

provided direct and strong evidence that the generation of

pacemaker activity is an intrinsic property of the ICC

[32–34]. Recordings from intestinal muscles of the W/Wv

mice in which ICC-MY are almost completed absent

showed complete loss of slow wave activity [35, 36]. Similar

results were obtained from muscles of Sl/Sl mice [37].

However, a recent in vivo study and some in vitro findings

have suggested that ICC may not be the sole pacemaker cells

that generate slow waves [38–41], which indicated that ICC

may not be necessary for the generation of gastrointestinal

slow waves, more investigations are required for the later.

Intestinal Slow-Wave Dysrhythmia

Intestinal slow-wave dysrhythmia has been reported in

various conditions, including postsurgical conditions,

ischemia, and chronic intestinal pseudo-obstruction. Dur-

ing the first few hours after abdominal surgery, intestinal

slow waves were found to show a substantial decrease

frequency and spike activity [42] but become normal 1 day

after abdominal surgery [43]. Intestinal dysrhythmia has

been consistently reported in the condition of ischemia. In

a rabbit study, intestinal slow-wave frequency fell from

18.2 pm at baseline to 12.2 cpm after 30 min of ischemia

and was undetectable by 90 min of ischemia. Tachyar-

rhythmias were recorded in 55% of the animals as early as

25 min after ischemia was induced and lasted from 1 to

48 min. Frequencies ranged from 25 to 50 cpm. These

tachyarrhythmias were seen only during ischemia, sug-

gesting that they are pathognomonic for intestinal ischemia

[44]. In patients with intestinal idiopathic pseudo-obstruc-

tion, responses of intestinal myoelectrical activity to dis-

tention was found to be altered [45].

It should be noted that compared with gastric slow

waves, much less is known about the slow wave of the

small intestine. The major reason for this is that intestinal

slow waves cannot be recorded noninvasively using a

similar method like surface electrogastrography [46].

Methodologies of IES

Methodologies of intestinal electrical stimulation are sim-

ilar to those of gastric electrical stimulation [15], including

patterns of stimuli, placement of electrodes, and delivery

time of stimuli. Various methods published in the literature

are summarized and critically discussed in the following

paragraphs.

Long-Pulse Stimulation

This method is most frequently reported in the literature

because it is able to ‘‘pace’’ or entrain natural slow waves

[11, 47]. It is also called electrical pacing or intestinal

pacing. In this method, the electrical stimulus is composed

of repetitive single pulses with a pulse width on the order

of milliseconds (10–300 ms for IES), and a stimulation

frequency in the vicinity of the physiological frequency of

the intestinal slow wave (see Fig. 2a). However, it should

be noted that currently there are no implantable devices

available on the market capable of generating pulses with a

width longer than 2 ms.

Short-Pulse Stimulation

In contrast to long-pulse stimulation, the pulse width in this

method is substantially shorter and is on the order of a few

100 ls (see Fig. 2b). Most commercially available cardiac

pacemakers or nerve stimulators are capable of generating

short pulses.

Fig. 2 Configurations of electrical stimuli. a Long pulses, b short

pulses, c trains of pulses
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Pulse Train

In this method, the stimulus is composed of repetitive

trains of pulses and is derived from the combination of two

signals: (a) continuous short pulses with a high frequency

(on the order of 5–100 Hz); (b) a control signal to turn the

pulses on and off, such as x seconds ‘‘on’’ and y seconds

‘‘off.’’ The addition of x and y then determines the fre-

quency of the pulse train (Fig. 2c). This kind of stimulation

has been frequently used in nerve stimulation. Commer-

cially available stimulators are capable of generating trains

of pulses with a pulse width of below 2 ms.

Dual Pulses

A novel method of IES, called dual-pulse IES, has recently

been proposed by combining short and long pulses [48].

In this method, the stimulus is composed of one or a few

short pulses (on the order of a few 100 ls) followed by a

long pulse (on the order of a few 100 ms; see Fig. 3), a

long pulse followed by one or a few short pulses. A canine

study has shown that dual pulse IES is capable of both

normalizing intestinal dsyrhythmia and improving symp-

toms suggestive of nausea and vomiting induced by infu-

sion of vasopressin [48]. Apparently, the proposed method

of dual pulse IES is more attractive than the conventional

method of electrical stimulation in which only short pulses

or long pulses (but not both) are utilized.

Synchronized Stimulation

Conventionally, electrical stimulation is performed at a

fixed frequency delivered at random without consideration

of the occurrence of the intrinsic intestinal slow waves. A

synchronized method that has been applied in GES and

cardiac pacing has recently been adopted: synchronized

intestinal electrical stimulation [49]. Synchronized IES

requires the implantation of two pairs of electrodes, one for

the detection of intestinal slow waves and the other for

stimulation. In this proposed method, each electrical

stimulus is delivered upon the detection of an intrinsic slow

wave peak, that is, IES is performed at the occurrence of

cyclic physiological electrical events of the small intestine.

By synchronizing each electrical stimulus with the intrinsic

physiological electrical activity it is hypothesized that it is

capable of enhancing intestinal contractions. A recent

canine study showed that synchronized IES in the fed state

significantly accelerated intestinal transit [49].

Placement of Stimulation Electrodes

(a) Serosal electrodes. Most commonly, stimulation

electrodes are placed on the seromuscularis of the

small intestine, approached from the serosal side. The

advantage of this method is the guaranteed contact

and direct effect on the targeted organ. The disad-

vantage is its invasiveness. Laparotomy or laparos-

copy under general anesthesia is required.

(b) Intraluminal or mucosal electrodes. Alternatively,

stimulation electrodes may be placed on the mucosal

surface of the small intestine via a nasojejunal tube.

Typically, ring electrodes are attached to the tip of a

catheter that is placed into the small intestine via the

nose [50]. The advantage of this method is that no

surgical procedures are required. The intubation of

the catheter can be accomplished with or without the

aid of endoscopy. The disadvantage is that this

method may not be adequate for chronic stimulation.

Effects and Mechanisms of IES on Intestinal Functions

Effects of IES on intestinal motility and possible mecha-

nisms related to IES have been investigated in a number of

studies. IES has been shown to be able to pace or entrain

intestinal slow waves and normalize intestinal slow wave

dysrhythmia. Intestinal contractions can be inhibited with

IES of high stimulation energy but may be enhanced with

synchronized IES. Similarly, intestinal transit may be

inhibited or enhanced with IES of appropriate parameters,

resulting in an alteration in absorption. Moreover, the

effects of IES on organs along the gut have also been

explored (see Table 1).

Effects of IES on Intestinal Slow Waves

The effect of IES or intestinal pacing on intestinal slow

waves was investigated systematically in a number of

canine models [26, 47, 51, 52]. Long pulses with a pulse

width of 50–150 ms are required to entrain or pace the

intrinsic intestinal slow waves. It has been reported that

intestinal slow waves can only be entrained when IES is

delivered at a frequency higher than the frequency of the

intrinsic slow waves [47, 51, 52]; a complete entrainment

of intestinal slow waves can be achieved only when the

stimulation frequency is equal to or below 110% of the
Fig. 3 Dual-pulse electrical stimuli: a short pulse is followed by a

long pulse
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Table 1 Effects of IES on gastrointestinal functions

Authors IES pattern IES parameters Subjects Findings

Effects of intestinal slow waves

Akwari et al. [26] Long pulse 50 ms, 14–20 cpm Dogs Entrainment of SW

Bjorck et al. [47] Long pulse 50 ms, 1.1–1.2IF, 4 mA Dogs Jejunal but not ileal pacing entrain SW

Lin et al. [51] Long pulse 140 ms, 1.1IF, 4 mA Dogs Complete SW entrainment feasible at 1.1IF

Lin et al. [53] LP, Mucosal 70 ms, 1.1IF, 4 mA Dogs Mucosal pacing entrain SW and as effective

as serosal pacing

Richter et al. [10] Long pulse 50 ms, 15 mA Pts., Roux gastretomy Jejunal pacing unable to entrain SW

Soper et al. [24] Long pulse 50 ms, 1–15 mA, 11–

13 cpm

Pts., cholecystectomy Duedenal pacing unable to entrain SW

Morrison et al. [60] Long pulse 50 ms, 5 mA, 18 cpm Dogs Dysrhythmia in Roux limb normalized with

pacing

Abo et al. [61] Long pulse 160 ms, 4 mA, 20 cpm Dogs, duodenal

distention

Normalized distention-induced intestinal

dysrhythmia

Qi et al. [48] Dual pulses 160 ms and 300 ls,

4 mA, IF

Dogs with vasopressin Normalized Vasopressin-induced intestinal

dysrhythmia

Effects on intestinal contractions

Reiser et al. [65] Long pulse 50 ms, 4 mA, 3 cpm

faster than IF

Dogs, short bowel Reduced postprandial intestinal motility

index

Liu et al. [66] Long pulse 200 ms, 10 mA, 20 cpm Dogs Inhibited postprandial intestinal

contractions mediated by the sympathetic

mechanism

Yin and Chen [49] SIES, pulse trains 2 msm, 20 Hzm 0.5s-on,

IF

Dogs with glucagon Enhanced glucagon-induced intestinal

hypomotility and increased fasting

motility

Effects on intestinal transit and absorption

Collin et al. [70] Long pulse

backward

4 mA, 50 ms, 16 cpm Dogs, isolated jejunum Backward pacing delayed intestinal transit

Sarr et al. [75] LP, forward,

backward

10 mA, 50 ms, 15 cpm Dogs, isolated jejunal

loop

Liquid transit was controlled by pacing;

solids always traveled distally regardless

of pacing

Sawchuk et al. [73] Long pulse

backward

50 ms, 15 cpm, 0.1 mA Rats Backward pacing slowed intestinal transit

in rats with anastomosis of the proximal

jejunum

O’Connell and Kelly

[71]

Long pulse

backward

50 ms, 5 mA, 1–2 cpm

faster than IF

Dogs with ileostomy Jejunal pacing delayed gastrointestinal

transit of both liquids and solids

Hoepfner et al. [72] Long pulse

backward

50 ms, 5 mA, 13 cpm Dogs with ileostomy Slowed intestinal transit, did not improve

overall intestinal absorption

Chen and Lin [68] Long pulse forward 50 ms, 24 cpm, 1–3 mA Dogs with ileal brake Accelerated intestinal transit slowed by

ileal brake

Sun and Chen [77] Long pulse, pulse

trains, forward

200 ms, 1.1IF, 4 mA;

40 Hz, 2s-on, 3s-off,

2 ms, 4 mA

Rats IES accelerated intestinal transit and

reduced fat absorption

Liu et al. [69] Long pulse forward 300 ms, 13 cpm, 5 mA Healthy human Accelerated intestinal transit and reduced

absorption in subject with lipid infusion

Effects on gastric functions

Kelly and Code [80] Long pulse 50 ms, 2 mA, 19–21 cpm Dogs Delayed gastric emptying and induced

duodeno-gastric reflux

Cranley et al. [81] Long pulse 50 ms, 8 mA, 14–15 cpm Dogs Delayed gastric emptying in dogs with

gastrectomy

Becker et al. [11] Long pulse 50 ms, 8 mA, 18–20 cpm Dogs Slowed gastric emptying and ameliorated

the postgastrectomy dumping syndrome
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intrinsic frequency. When the stimulation frequency is

higher than 110% of the intrinsic frequency, only partially

entrainment is possible, as shown in Fig. 4. Similarly,

entrainment of intestinal slow waves can also be accom-

plished with IES using intraluminal ring electrodes [53].

In patients after roux gastretomy or cholecystectomy,

however, intestinal pacing at a pulse width of 50 ms and

amplitude of 15 mA was not able to entrain intestinal slow

waves [10, 24]. It was not reported whether it was attrib-

uted to the fact that the stimulation parameters were not

optimized or that intestinal pacing was ineffective during

the postoperative state in humans.

Effects on Intestinal Slow-Wave Dysrhythmia

Compared to gastric electrophysiology, little is known on

intestinal electrophysiology due to lack of non-invasive

measurement methods. Unlike gastric slow waves that can

be accurately measured using a non-invasive method of

electrogastrography [54], intestinal slow waves cannot be

accurately measured using abdominal surface electrodes

due to the following reasons: (1) the intestinal slow wave

signal is much weaker than the gastric slow wave; (2) the

frequencies of slow waves in different segments of the

small intestine are different and the abdominal surface

recording is unable to reflect slow waves at a specific

segment of the small intestine [46]. Consequently, little is

known about pathophysiology of intestinal slow waves.

However, a number of studies did report intestinal slow-

wave dysrhythmia in a number of clinical settings such as

nausea and vomiting, intestinal pseudo-obstruction and

intestinal ischemia [45, 55–59]. Abnormalities in intestinal

slow waves include dysrhythmia, reduced frequency, and

uncoordinated slow waves along the intestine, and are

associated with impaired intestinal contractions [42, 44].

Normalization of intestinal slow-wave dysrhythmia was

reported in canine studies [60, 61]. In dogs with Roux gas-

trojejunostomy, electrical dysrhythmias in the Roux limb

occurred and were corrected with electrical pacing [60]. In

another study [61], impaired slow waves were induced with

intestinal balloon distension. IES with long pulses and

parameters similar to those used in pacing intestinal slow

waves was able to normalize intestinal dysrhythmia as

shown in Fig. 5. In a recent study in dogs, dual-pulse IES

Table 1 continued

Authors IES pattern IES parameters Subjects Findings

Liu et al. [50] Long pulse 100–500 ms, 13 pm, 4–

10 mA

Healthy humans IES delayed gastric emptying and reduced

gastric accommodation

Yin et al. [84] Long pulse 300 ms, 20 cpm, 6 mA Dog IES reduced gastric tone and food intake in

normal dogs

LP long pulse; IF intrinsic frequency; SIES synchronized IES

Fig. 4 Effects of intestinal

electrical stimulation on

intestinal slow waves.

a Entrainment of intestinal slow

waves with intestinal pacing.

The entrainment is

demonstrated by phase-locking

between the stimulation artifacts

and natural slow waves.

b Percentage of slow wave

entrainment with intestinal

pacing at various pacing

frequencies (IF: intrinsic

frequency of natural slow

waves)
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was reported to normalize vasopressin-induced intestinal

dysrhythmia [48] (Table 1). The improvement or normali-

zation of intestinal dysrhythmia is of clinical significance

since intestinal dysrhythmia leads to impaired intestinal

motility. Little is known about the effect of IES on intestinal

slow-wave dysrhythmia in clinical settings, which is prob-

ably attributed to the fact that intestinal slow-wave dys-

rhythmia is rarely seen in clinical settings where IES is

feasible.

Effects and Mechanisms of IES on Intestinal Motility

While intestinal slow-wave dysrhythmia can be reliably and

consistently improved with IES or intestinal pacing, con-

ventional IES with long pulses has not been reported to be

able to improve intestinal contractions. Only recently was it

reported that synchronized IES had an ameliorating effect

on intestinal contractions. In this method of synchronized

IES, the electrical stimuli were delivered at the occurrence

of each slow-wave peak. Each stimulus was composed of a

train of pulses lasting 0.5 s, and the pulses in the train had a

frequency of 20 Hz, pulse width of 2 ms, and amplitude of

4 mA. It was found that synchronized (but not non-syn-

chronized) IES induced small intestinal contractions in the

fasting state in normal dogs. In the fed state, synchronized

IES improved glucagon-induced small intestinal postpran-

dial hypomotility. While it was not clear whether the

enhancement of intestinal contractions with synchronized

IES sustained at length, the small-intestinal transit of length

of 1.5 m delayed by glucagon was improved. The excitatory

effect of synchronized IES was blocked by atropine [49].

Similarly, gastric contractions were improved with syn-

chronized gastric electrical stimulation [62] and sequential

multi-channel gastric electrical stimulation [63, 64].

The excitatory effect of synchronized IES on intestinal

contraction is of clinical importance and may be used to

treat patients with intestinal hypomotility that is com-

monly seen in patients with chronic intestinal pseudo-

obstruction or postoperative ileus. With the feasibility of

intraluminal stimulation, IES may be performed without

any surgical procedures by attaching a pair of ring elec-

trodes to an intestinal feeding catheter or a manometric

catheter [50].

Most early IES studies were focused on intestinal slow

waves, intestinal transit, and absorption, with little atten-

tion paid to intestinal contractions. Reiser et al. [65] were

probably the first to report that IES might have an inhibi-

tory effect on intestinal contractions. It is clear from a

number recent studies that IES with higher stimulation

energy inhibits intestinal contractions. In one canine study,

IES with a stimulation frequency of 20 cpm, pulse width of

200 ms, and amplitude of 10 mA significantly reduced

postprandial intestinal contractions in healthy dogs [66].

Intestinal motility of the entire measured segment

(40–220 cm distal to the stimulation electrodes) was

inhibited by 60–74% with the single channel IES of long

Fig. 5 Effects of IES on

duodenal distention-induced

intestinal slow-wave

dysrhythmia. a Normal

intestinal slow waves at

baseline. b Impaired slow waves

during duodenal distention.

c Normalized intestinal slow

waves during duodenal

distention with IES
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pulses. The percentage of inhibition in intestinal contrac-

tions with IES was proportional to the pulse width and

amplitude. Hexamethonium, guanethidine, phentolamine,

propranolol partially, but not L-NNA, ondansetron and

naloxone prevented the inhibitory effect of IES on intes-

tinal motility (Fig. 6). These findings demonstrate that the

inhibitory effect induced by IES with long pulses is med-

iated via sympathetic but not nitrergic, serotoninergic

5-HT3 and opiate pathways. The inhibitory effect of IES on

intestinal motility may be applicable to patients with sus-

tained uncoordinated contractions that are seen in a sub-

group of patients with CIP patients [67].

Effects and Mechanisms of IES on Intestinal Transit

and Absorption

Regarding intestinal transit and absorption, IES is classified

into forward and backward stimulation. If stimulation

electrodes are placed in the proximal intestine or the

proximal portion of an interested segment, IES is consid-

ered as forward IES; if the stimulation electrodes are placed

in the distal intestine or the distal portion of an interested

segment, IES is regarded as backward stimulation.

Forward IES is able to accelerate intestinal transit [23,

68, 69]. It was reported that forward jejunal electric stim-

ulation accelerated intestinal transit slowed by fat-induced

ileal brake in a canine model (See Fig. 7). Backward IES

was found to delay intestinal transit [70–73]. IES is appli-

cable to treat dumping syndrome due to its inhibitory effect

on intestinal transit [10, 15, 16, 74] and may also be applied

to treat obesity due to its excitatory effect on intestinal

transit (possibly reducing nutrient absorption) [69].

Intestinal electrical stimulation may also influence

small-bowel absorption independent of alterations in the

intestinal slow waves. It was reported that backward jejunal

electric stimulation slowed or reversed the flow of liquid

chyme through the paced segment and led to enhanced

absorption of water, nutrients, and electrolytes in canines

[47, 75] and in rats [73]. Postprandial backward electric

stimulation induced an increase in body weight and a

decrease in fecal fat and nitrogen losses during the test

period in a canine model of short-bowel syndrome [76].

The enhanced enteric absorption with backward IES was

mediated in part by an alpha-adrenergic mechanism [47].

Forward IES slightly decreased the output of water,

glucose, and sodium from the jejunal segment [52]. The

effects of forward IES on fat absorption and related

mechanisms were investigated in a recent rodent study.

IES with long pulses or pulse trains accelerated intestinal

transit measured by the recovery of phenol red and

increased the percentage of triglycerides recovered from

the distal segment. IES with trains of short pulses were

more effective than IES with long pulses in accelerating

jejunal transit and reducing fat absorption. The effects of

IES with trains of short pulses on the transit and fat

absorption were partially abolished with the treatment of

lidocaine, suggesting possible involvement of the enteric

nerves [77].

20 mmHg 

5 min 

IES Saline 

IES Hexamethonium 

5 min 

20 mmHg 

20 mmHg 

Guanethidine IES 

5 min 

A

B

C

Fig. 6 Manometric tracings

showing the effects of IES with

long pulses on small intestinal

motility in saline session (a),

hexamethonium session (b), and

guanethidine (c). The inhibitory

effect of IES on intestinal

contractions was blocked by

guanethidine, suggesting an

adrenergic pathway involved

with IES
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Effects of IES on Other Organs

Reflex among different organs of the gut is well known.

For example: ingestion of food into the stomach induces

changes not only in the stomach but also in the small

intestine and colon. Similarly, distention of the rectum

results in alterations in motility functions not only in the

rectum but also in the stomach and intestine [78, 79]. The

earliest discovery of the inhibitory effect of IES on other

organ of the gut was the IES-induced delay in gastric

emptying (see Table 1) and this inhibitory effect of pro-

posed for the treatment of dumping syndrome [11, 80, 81].

A number of recent studies have demonstrated similar

reflexive effects of electrical stimulation along the gut

[50, 82–86]. IES with long pulses inhibits both upper

gastrointestinal motility and lower gastrointestinal motility.

In dogs, IES with long pulses was found to reduce gastric

tone: inhibit antral contractions, and delay gastric emptying

[84, 86]. Similarly, rectal tone was also reduced with IES

[83]. In humans, long-pulse IES delivered via intraluminal

ring electrodes attached to a feeding tube placed in the

duodenum reduced gastric accommodation and delayed

gastric emptying [50]. The inhibitory effects of IES on

upper and lower GI motility were found to be mediated

through vagal and sympathetic pathways [66, 84].

It is important to be aware of the cross-organ effects of

gastrointestinal electrical stimulation. The cross-organ

phenomenon may lead to unwanted side effects. For

example, if a particular method of IES, such as synchro-

nized IES, is applied to treat patients with slow intestinal

transit, one should make sure that it does not delay gastric

emptying. On the other hand, the cross-organ effect

may bring convenience in the development of electrical

stimulation strategy. For example, if the goal of electrical

stimulation is to delay gastric emptying (such as in treating

obesity or controlling postprandial glucose level), electrical

stimulation may be applied either directly to the stomach or

indirectly to the small intestine based on the feasibility of

implementation [50, 87].

Potential Applications

Although some promising results have been reported in the

literature, demonstrating potential applications of IES for

treating gastrointestinal motility disorder and obesity, no

FDA-approved device is available at the moment. Almost

all of the basic and clinical research studies published in

the literature utilized long pulses as stimuli, whereas no

commercial implantable devices are available capable of

generating long pulses. The lack of an adequate implant-

able device and the invasive nature of the placement of

stimulation electrodes have limited clinical research in

exploring applications of IES. On the other hand, the

feasibility of utilizing an intraluminal catheter placed naso-

intestinally may make it easier for certain clinical research.

IES for the Treatment of Intestinal Motility Disorders

Based on the effects of IES on intestinal motility, forward

IES may be used to treat intestinal motility disorders

related to slow intestinal transit, such as chronic intestinal

pseudo-obstruction. On the other hand, backward IES can

be used to delay intestinal transit and therefore may be used

to treat patients with dumping syndrome or short-bowel

syndrome [10, 15, 16, 74]. A number of early studies also

demonstrated the application of IES in enhancing intestinal

absorption [47, 52, 71]. In these applications, IES was

performed backward and the improvement in short-bowel

syndrome or absorption was attributed to a delay in intes-

tinal transit.

With appropriate parameter settings, IES has also been

shown to be able to accelerate intestinal transit in animals,

especially using the method of synchronized IES. How-

ever, little has been studied on the efficacy of appropriate

IES on intestinal transit except a preliminary IES study in

healthy volunteers in which a significant improvement in

intestinal transit was noted [69].

IES for the Treatment of Obesity

Potential applications of IES for the treatment of obesity

have been reported in a number of recent studies [76, 84,

85]. Obesity is one of the most prevalent public health

problems in the United States, claiming over 400,000 lives

and costing over $100 billion in the country every year

Fig. 7 Intestinal pacing or IES substantially increase intestinal transit

slowed by ileal brake in dogs

1216 Dig Dis Sci (2010) 55:1208–1220

123



[88]. It results from an imbalance between energy expen-

diture and caloric intake. The current therapeutic strategies

for the treatment of obesity are not satisfactory. Behavior

modification and pharmacotherapy are effective only for a

short term [88, 89]. The surgical treatment induces satis-

factory long-term weight loss. Its application is, however,

very limited because of the substantial risks and compli-

cations involved [90]. Recently, there has been a growing

interest in electrical stimulation for the treatment of obes-

ity. Gastric electrical stimulation (GES), as a potential

therapy for obesity, has been extensively studied in both

animals and humans. Previous open-label studies have

shown promising results in food intake and weight loss

with GES [91–94]. However, a recent multi-center con-

trolled study failed to reach significant weight loss in obese

patients treated with GES.

Although there is a lack of clinical studies on the ther-

apeutic potential of IES for obesity, basic and clinical

research has yielded interesting results. In rats, IES was

reported to reduce food intake and body weight in both lean

and diet-induced obese rats (Fig. 8) via the inhibition of

gastric emptying, acceleration of intestinal transit, and/or

reduction of fat absorption [77, 85]. Mechanisms involving

gastrointestinal hormones have also been elucidated. In a

recent rodent study, IES was found to decrease a prominent

hunger hormone, ghrelin, in gastric tissues and to increase

one of the major satiety hormones, cholecystokinin, in the

duodenal tissues [95]. Vagal neuronal mechanisms have

also been reported with IES [96].

In dogs, IES was noted to induce gastric distention and

the IES-induced gastric distention was correlated with

reduced food consumption [86]. Similarly, IES also

delayed gastric emptying and the delay in gastric emptying

is believed to reduce food intake and increase satiety dur-

ing inter-meal periods.

A feasibility study of IES was performed in healthy

volunteers [50]. IES was performed using long pulses via

intraluminal ring electrodes attached to a feeding tube that

was placed through the nose into the duodenum. The study

was performed in 12 healthy volunteers intubated with a

feeding tube in the duodenum under endoscopy. There

were three ring electrodes at the end tip of the tube and the

two distal electrodes were used for recording and electrical

stimulation. On two separate days, each subject underwent

a session of IES with various stimulation parameters, a

water load test with IES or with sham-IES and a gastric

emptying test with IES or with sham-IES. It was found that

IES did not induce any noticeable dyspeptic symptoms.

The amount of water drunk by the subjects was reduced by

25% with IES. The mean half-time gastric emptying was

increased by 56% with IES and the gastric retention at 2 h

was increased by 43%. These findings suggested a thera-

peutic potential of IES for treating obesity.

In another study, IES was shown to accelerate intestinal

transit and reduce fat absorption [69]. Twelve healthy

volunteers were involved in a four-session (two sessions

without IES and two with IES) study. At the beginning of

the first session, a nasal-duodenal feeding tube with two

ring electrodes (used for IES) was incubated into the

duodenum. The duodenum was infused via the feeding tube

with intralipid and D-xylose within 30 min. Absorption

during the following 24 h was assessed from the stool and

urine. The second session was designed to study the

intestinal transit and was performed the following day. An

isotope labeled non-absorbable solution was infused via the

feeding tube within 3 min. These two sessions were repe-

ated 1 week later. Long-pulse IES was performed via the

ring electrodes during sessions 1 and 2 or sessions 3 and 4

in a randomized manner. It was found that IES significantly

reduced lipid and D-xylose absorption. The fecal lipid was

6.6 ± 4.6 g without IES and almost doubled with IES

(11.1 ± 6.5 g, P = 0.047). Similarly, the D-xylose in urine

was 3.5 ± 2.2 g with IES, which was significantly lower

than that without IES (6.6 ± 5.1 g, P = 0.049). A signif-

icant acceleration in intestinal transit was also noted.
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Fig. 8 Effect of intestinal electrical stimulation on food intake and

weight change in diet-induced obese rats. Top IES significantly

reduced food intake (P = 0.03), the reduction was even more with the

higher pulse width of 300 ms (P = 0.01). Bottom IES significantly

inhibited weight gain (P = 0.049), similar to the food intake, the

inhibition was even more with the higher pulse width of 300 ms

(P = 0.036)
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Discussion and Conclusions

In typical nerve stimulation, short pulses or trains of short

pulses are commonly used. Whereas in IES, repetitive

long pulses with a frequency lower than 1 Hz are typi-

cally used. This sort of parameter is chosen to alter

intestinal muscle functions. Long pulses are needed for

IES because the intestinal tissue is composed of smooth

muscles that have a large time constant (slow in response

to electrical stimulation). Stimulation electrodes can be

placed surgically by laparoscopy or laparotomy. However,

for temporary IES, intraluminal electrodes may be an

excellent alternative, which does not involve any surgical

procedure.

Intestinal electrical stimulation with long pulses has

been shown to entrain intrinsic intestinal slow waves and

improve or normalize intestinal slow-wave dysrhythmia in

animals, although little data is available from patients.

Intestinal contractions can be consistently inhibited with

the conventional method of IES with relatively high

energy. However, it seems that only synchronized IES

(stimuli are synchronized with intrinsic slow waves) is

capable of inducing or enhancing intestinal contractions.

Intestinal transit has been reported to be accelerated with

forward IES but decreased with backward IES.

Intestinal electrical stimulation may have promising

applications for treating motility disorders associated with

altered intestinal contractile activity as shown in Table 2.

The most recent studies have revealed possible applications

of IES for the treatment of obesity. Basic research results

are promising, however further clinical studies are needed

to bring IES from the bench to the bedside. Human obesity

is a complex disorder involving numerous known and

unknown pathways, and the evolution of mankind may

have resulted in well-developed mechanisms protecting the

human from starvation rather than obesity.

The major hindrance in the advancement of IES is

similar to that of GES, including the invasive nature of the

methodology and the lack of implantable device suitable

for IES. Accordingly, a less invasive method of placing

stimulation electrodes would be of great significance, such

as endoscopical placement of electrodes [97, 98]. The other

issue is the lack of suitable implantable stimulator. How-

ever, temporary IES can be performed using intraluminal

ring electrodes and an external stimulator. Since the

intestinal lumen is small and there is no problem with the

contact between ring electrodes and the intestinal mucosa,

clinical research without any surgical procedures is possi-

ble using intraluminal ring electrodes. This may greatly

facilitate research and development in the area of intestinal

electrical stimulation.
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