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Objective: To evaluate the effect of functional magnetic
stimulation (FMS) on gastric emptying in able-bodied and
spinal cord injury (SCI) subjects.
Design:A prospective, nonrandomized clinical experiment.
Setting: SCI and disorder center in a Veterans Affairs med-

ical facility.
Participants: Five healthy, able-bodied subjects and 4 sub-

jects with SCI.
Intervention: A commercially available magnetic stimula-

tor was used; a round magnetic coil was placed along the T9
spinous process. The intensity of the magnetic stimulation was
60%, with a frequency of 20Hz, and a burst length of 2 seconds
for the gastric emptying protocol.
Man Outcome Measures:Rate of gastric emptying and

time required to reach gastric emptying half-time (GEt1/2) with
and without FMS. Data fit into linear regression curve.
Results:Accelerated gastric emptying was achieved in both

able-bodied and SCI subjects. The mean� standard error of
mean of the GEt1/2 at baseline and with FMS was 36�2.9
minutes and 33�3.1 minutes, respectively, for able-bodied
subjects, and 84�11.1 minutes and 59�12.7 minutes, respec-
tively, for SCI subjects.
Conclusion: Gastric emptying was enhanced by FMS in

able-bodied subjects and was greatly enhanced in SCI subjects.
FMS can be a useful noninvasive therapeutic tool to facilitate
gastric emptying in humans.
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CHRONIC GASTROINTESTINAL (GI) problems are
common in patients with spinal cord injury (SCI). These

chronic symptoms may be significant enough to alter lifestyle
and require chronic treatment or even hospitalization.1 Delayed
gastric emptying has been described in a variety of neuromus-
cular dysfunctions including SCI.2-6 Gastric emptying delay
has been shown to impair drug absorption, causing therapeutic
failure or toxicity in both able-bodied and SCI subjects,3,7 In
SCI, the connection between the thoracolumbar sympathetic

outflow and the central control is disrupted, whereas the vagus
pathway is preserved. This can lead to an imbalance between
the parasympathetic and sympathetic outflow from the spinal
cord to the GI tract, causing a dysmotility of the upper GI
tract.6
Electric stimulation of the stomach has been tried by many

investigators over several decades with mixed results. Electric
stimulation helps create a consistent and coordinated train of
waves that results in propagation of gastric pacesetter poten-
tials of the stomach.8-11 After implanting electrodes on the
serosal surface and stimulating at a rate above the normal slow
wave rate, significant improvement in gastric emptying was
observed in patients with medication-resistant gastroparesis.8

Despite recent advances, no electric stimulation protocol has
been shown to reduce symptoms in a controlled fashion or to
improve the well-being of patients with gastric motor distur-
bances.12
Functional magnetic stimulation (FMS) has been used effec-

tively to stimulate the spinal nerves below the level of SCI,
resulting in restored vital functions such as the ability to
cough,13,14to empty the bladder,15 to improve colonic transit,16
and to produce lower-limb muscle contractions, which also
enhances fibrinolytic activity.17 In a recent animal study,18 we
further investigated the effectiveness of FMS to facilitate GI
transits using orogastric gavage with a technetium Tc 99m
sulfur colloida (Tc 99m). FMS was performed over the anterior
cervical and/or dorsal thoracolumbar regions using a figure of
8 coil. FMS accelerated gastric emptying and decreased GI
transit time. The acceleration was dependent on the stimulation
parameters used as well as on the duration of the protocol; high
levels of FMS produced a quicker effect, whereas lower levels
were effective at later times.18

Magnetic stimulation is noninvasive and not painful. Unlike
electric stimulation, which requires direct contact with the
tissue to be stimulated, magnetic stimulation can stimulate
deep nervous tissue while the coil is placed outside of the body.
Based on our earlier work in FMS of the GI tract,16 we
formulated this present protocol. The purpose of this investi-
gation was to evaluate the effects of FMS on gastric emptying
of solid meals in able-bodied and SCI subjects. A baseline
gastric emptying study was performed followed by an FMS–
gastric emptying study, which allowed for the detection of any
improvements of gastric emptying with stimulation.

METHODS

Participants were recruited from the Long Beach Veterans
Healthcare System, Long Beach, CA. Human subject consent
forms and protocols were approved by the local institutional
review board.
Five healthy, able-bodied subjects and 4 patients with SCI

participated in this study. Each subject participated in a 3-day
protocol. On the first day of the protocol, subjects received a
baseline gastric emptying study. On day 2, there was no change
in the eating pattern of the subject, and the subject did not
have any intervention. By allowing the subject to rest on day
2, clearance of all Tc 99m was ensured because the half-life
of Tc 99m is 6 hours. On day 3, subjects received FMS while
undergoing a second gastric emptying study.

From the Functional Magnetic Stimulation Laboratory, Spinal Cord Injury/Disor-
der Health Care Group (Lin, Hsiao) and Nuclear Medicine (Brown), VA Long Beach
Health Care System, Long Beach, CA; Department of Physical Medicine and Reha-
bilitation, University of California, Irvine, CA (Lin, Hsiao); and Clinical Research
Department, Scripps Clinic, San Diego, CA (Kim).
Accepted July 16, 2001.
Supported by the VA Rehabilitation Research and Development.
No commercial party having a direct financial interest in the results of the research

supporting this article has or will confer a benefit upon the author(s) or upon any
organization with which the author(s) is/are associated.
Reprint requests to Vernon W.-H. Lin, MD, PhD, Spinal Cord Injury/Disorder

Health Care Group (07/128), 5901 E Seventh St, Long Beach, CA 90822, e-mail:
vernon.lin@med.va.gov.
0003-9993/02/8306-6812$35.00/0
doi:10.1053/apmr.2002.32644

806

Arch Phys Med Rehabil Vol 83, June 2002



Gastric Emptying Study
All subjects fasted overnight for 12 hours. Two raw eggs

mixed with 1mCi of Tc 99m were fried on a Teflon® pan
without any added oils. Salt and pepper were added for taste.
The fried egg was then placed on 2 pieces of toast and served
with 112mL of water. This meal consisted of 314kcal, 21%
protein, 34% carbohydrates, and 45% fat.
All subjects consumed the mixed meal sitting upright and

finished the meal within 5 minutes. Then the subject was
placed in a supine position. A gamma camerab was positioned
over the abdomen, and radionucleotide imaging began. The test
was conducted for a duration of 120 minutes with serial frame
images taken every minute. The rate of gastric emptying was
expressed as the time required to reach 50% of the initial count
(GEt1/2).19 A region of interest was outlined at the end of 120
minutes to determine the GEt1/2 counts in the stomach, and a
correction was made for background scatter and radioactive
decay. An additional calculation was performed in which each
image taken at 15-minute intervals over a period of 120 min-
utes had a region of interest outlined. A correction was made
for background scatter and radioactive decay. The data was fit
into a linear regression curve.

FMS Protocol
In this 3-day study, days 1 and 2 did not require FMS. On

day 3, magnetic stimulation was applied in conjunction with
the gastric emptying study. A Dantec MagPro magnetic stim-
ulator with a 12.5-cm coilc was used. The parameters were set
at 60% intensity, 20Hz, with a 2-second burst length, and
28-second burst interval. Thirty minutes of stimulation (10min
on, 5min off, 10min on, 5min off, 10min on) was given over
the first 40 minutes of the 2-hour gastric emptying protocol by
placing the magnetic coil underneath the subjects at the T9
spinal process with the subjects lying supine (fig 1).

Statistical Analysis
A region of interest was drawn on the images to exclude the

esophagus and small intestine. This region of interest was used

to plot the curves used for statistical comparisons. Gastric
emptying times were measured in minutes. All data are pre-
sented as the mean� standard error of the mean (SEM), and
differences are considered significant at aP value less than .05.
A 2-way repeated-measures analysis of variance (ANOVA)
was performed on the percentage of gastric emptying values
over time when comparing baseline and FMS protocols. When
evaluating GEt1/2 data, the pairedt test was used to test between
baseline and FMS protocols.

RESULTS

Able-Bodied Subjects
All able-bodied subjects were men (table 1). The mean�

SEM of the GEt1/2 at baseline and with FMS was 36�2.9
minutes and 33�3.1 minutes, respectively (fig 2). Comparing
the data by using the pairedt test, the GEt1/2 of poststimulation
was significantly shorter than the baseline GEt1/2 (P�.05). The
percentages of gastric emptying of the baseline protocol at 30,
60, 90, and 120 minutes were 22%�2.5%, 60%�3.2%,
77%�2.0%, and 89%�2.1%, respectively (fig 3). The percent-
ages of gastric emptying at 30, 60, 90, and 120 minutes of the
FMS protocol were 33%�2.8%, 60%�3.5%, 78%�3.6%,
and 91%�2.6%, respectively. A repeated-measures ANOVA
showed the percentages of gastric emptying at baseline and
with FMS to be significantly different over the time course of
the measurements (P�.05). Figure 4 shows an example of
gastric emptying curves of an able-bodied subject at baseline
and with FMS. The GEt1/2 with FMS was accelerated by about
2 to 5 minutes when compared with the baseline values.

Fig 1. Human subject lying supine with a 12.5-cm, round magnetic
coil placed at T9 of the spinal processes.

Table 1: Demographic Data of Able-Bodied Subjects

Subject Age (y) Sex
Weight

(kg)
Height
(cm)

1 41 M 83 187.5
2 28 M 68 170
3 49 M 70 173
4 19 M 82 178
5 21 M 64 173

Abbreviation: M, male.

Fig 2. Comparison of GEt1/2 between baseline and with FMS in
able-bodied subjects (n�5). Data are mean � SEM; the FMS group
showed a significantly shorter measure of GEt1/2. * P<.05.

807MAGNETIC STIMULATION FACILITATES GASTRIC EMPTYING, Lin

Arch Phys Med Rehabil Vol 83, June 2002



SCI Subjects
The mean age of SCI subjects was 42�5.8 years (table 2).

The mean� SEM of the GEt1/2 at baseline and with FMS was
84�11.1 minutes and 59�12.7 minutes, respectively (P�.03)
(fig 5). The percentages of gastric emptying of the baseline
protocol at 30, 60, 90, and 120 minutes of study were
6%�2.9%, 16%�7.6%, 38%�5.2%, and 55%�6.7%, respec-
tively (fig 6). The percentages of gastric emptying at 30, 60, 90,
and 120 minutes of the FMS protocol were 26%�8.0%,
49%�10.2%, 61%�9.0%, and 69%�8.6%, respectively (fig
6). The repeated-measures ANOVA comparing the percentage
of gastric emptying at baseline and FMS showed a significant
difference (P�.01). Figure 7 shows an example of gastric
emptying curves of an SCI subject at baseline and with FMS.
The GEt1/2 of gastric emptying with FMS was accelerated by
approximately 25 minutes when compared with the baseline
values.

DISCUSSION
After food passes from the esophagus to the lower esopha-

geal sphincter, it enters the stomach, in which it is mixed and
transported to the duodenum. The stomach is composed of the
fundus, body, antrum, and pylorus. The slow contraction of
the fundus and the peristaltic waves in the body propel food to
the antrum, which will then proceed to empty the partially
digested food into the duodenum. The rate of gastric emptying
is influenced by several factors including electrical activity, the
composition of the meal, and the release of GI hormones.20 The
electrical activity is mediated by both parasympathetic and
sympathetic nervous systems. In general, the vagus nerve
(parasympathetic) functions to increase stomach motility,
whereas the thoracolumbar splanchnic nerves (sympathetic)
decrease stomach motility.
Impaired gastric emptying has been reported in SCI in most

recent investigations,5,6,21 although others showed unaltered
gastric emptying.22,23 This delay in gastric emptying in SCI,
especially in tetraplegic patients, was thought to be partly
caused by the excessive splanchnic sympathetic activity result-
ing from the disconnection above the level of the sympathetic
outflow.21 This finding was supported by Fealey et al6 when
they found an association between decreased antral motility
and increased reflex splanchnic sympathetic activity (autonom-
ic hyperreflexia) in the high-cord patient group. However, they
did not observe any significant difference in the duration of the
phases and cycle length of the migrating motor complex in the
antrum between the high-cord group and normal controls.
Thus, they attributed the delay in gastric emptying to the
disturbance of the normal interdigestive antral-duodenal motor
coordination resulting from SCI.6 On the contrary, Lu et al24

Fig 3. Comparison of percentage of gastric emptying between
baseline and with FMS in a period of 2 hours in able-bodied sub-
jects.

Fig 4. An example of the gastric emptying curves over time with
and without FMS in 1 able-bodied subject.

Fig 5. Comparison of GEt1/2 between baseline and with FMS in SCI
subjects (n�4). Data are mean � SEM; the FMS group showed a
significantly shorter measure of GEt1/2. * P<.05.

Table 2: Demographic Data of SCI Subjects

Subject Age (y) Sex
Weight

(kg)
Height
(cm)

Level of
Injury ASIA

1 49 M 75 170 C5–7 B
2 52 M 79 170 C3–4 D
3 40 F 87 155 C4–5 B
4 26 M 72 173 C5–6 B

Abbreviations: M, male; F, female; ASIA, American Spinal Injury
Association.
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compared the gastric myoelectric activity of patients with cer-
vical SCI with able-bodied controls, and found no significant
difference between the 2 groups, either in the fasting or in the
fed state. This unaltered gastric myoelectric activity after SCI
was also supported by other animal data.25,26

Our study clearly shows that FMS enhances gastric empty-
ing in patients with SCI. In all subjects using FMS, the GEt1/2
decreased; in the SCI subjects, the GEt1/2 decreased by more
than one third. When considering the percentages of gastric
emptying at different time intervals, it seems that FMS is most
effective in improving gastric emptying during the first 30
minutes. In the able-bodied subjects, the percentages improved
from 22%�2.5% to 33%�2.8% at 30 minutes (a 50% im-
provement); in the SCI subjects, the percentages increased
from 6%�2.9% to 26%�8.0% (a 333% increase). This sharp
enhancement in gastric emptying in the first 30 minutes may be
because most FMS was applied within the first 40 minutes of
the 2-hour protocol. When comparing the percentages of gas-
tric emptying at 30 minutes between the able-bodied and SCI
subjects, we found that FMS restored the gastric emptying time
to normal in SCI subjects. We thus postulate that if the stim-
ulation period were increased from 40 minutes to the entire
protocol (2h), the percentages of gastric emptying in SCI might
surpass that of the able-bodied subjects at the end of the 2-hour
baseline protocol. If this can be shown, FMS would be shown
to restore the impaired gastric emptying in SCI subjects to that
of able-bodied subjects. This longer stimulation protocol is
currently being performed in our laboratory.
The exact mechanism of the effect of FMS on gastric emp-

tying has not been clearly elucidated. Based on our recent
observations as well as what has been shown in the electric and
magnetic stimulation literature, we have 2 theories. One theory
is that FMS functions similarly to electric stimulation to accel-
erate gastric emptying through direct activation of the under-
lying gastric neuromuscular apparatus and/or even of the
smooth muscle of the stomach. FMS may be acting in a similar
manner as gastric pacing,8,10,11which uses electrodes implanted
on the surface of the stomach muscle to cause rhythmic gastric
contractions. In this study, we used stimulation parameters
(stimulation frequency and duration) that are comparable to
some of the published electric stimulation reports.27,28

The second theory that we postulate relates to the fact that
rhythmic abdominal muscle contractions bring about improve-
ment in gastric emptying. The thoracic spinal nerves that
innervate abdominal muscles are activated as they exit the

neuroforamen.29 From our experience with FMS of the expi-
ratory muscles, we found that lower thoracic magnetic coil
placement produced significant expiratory function because the
abdominal muscles (major expiratory agonists) were inner-
vated by the lower thoracic spinal nerves.30-32 In a recent
animal investigation,18 by applying a smaller figure of 8 coil
near the thoracolumbar region, we found that FMS produced
significant improvement in gastric emptying at 1 hour after
orogastric gavage (90.4% in the experimental group vs 69.6%
in the control group). In another FMS human protocol, per-
formed by using the same magnetic stimulator and coil place-
ment as in our study, we were able to observe a significant
reduction in colonic transit time (from 105.2h at baseline to
89.4h).16 All of the previously mentioned studies included
protocols that stimulated lower thoracic spinal nerves, which
undoubtedly stimulated the abdominal muscles. This informa-
tion and the absence of gastric myoelectric activity in chronic
SCI24 lead us to postulate that the weakness of the abdominal
musculature may be an important factor associated with de-
layed gastric emptying in patients with chronic SCI. The in-
duction of abdominal muscle contractions may bring about
improved gastric emptying and GI transits in a manner similar
to other physical examples of external compressions that pro-
duce compressions of the internal organs (the compression of
the heart from chest compressions during cardiac pulmonary
resuscitation, and the compressions of the bladder from abdom-
inal compressions to produce more effective bladder empty-
ing).
When a time-varying magnetic field is applied in the vicinity

of a conductive structure, it induces an electric field, the am-
plitude of which is related to the rate of change of the magnetic
field and to the geometry of the conductive structure. This
electric field creates a current that, if of appropriate amplitude
and duration, can stimulate neuromuscular tissue as if it had
been produced by electrodes. In our study, we showed that
FMS accelerates gastric emptying in subjects with SCI and
those without SCI. Like electric stimulation, FMS accelerated
gastric emptying. Unlike electric stimulation, FMS does not
require surgery, thus avoiding complications associated with
surgery or chronic implants, such as infection and hemorrhage.

Fig 6. Comparison of percentage of gastric emptying between
baseline and with FMS in a period of 2 hours in SCI subjects.

Fig 7. An example of the gastric emptying curves over time with
and without FMS in 1 SCI subject.
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The magnetic fields generated from the magnetic coil are able
to pass through high-resistance structures such as bone, fat, and
skin without harm to the body. FMS is easy to use; the coil can
be placed outside of clothing. The magnetic stimulator is still
quite bulky and expensive, which may limit its wide accep-
tance by patients who may benefit from this emerging technol-
ogy. According to our experience, FMS is only beneficial to
patients with preserved lower motoneuron function, as is the
case in many patients with SCI or other central nervous system
disorders.

CONCLUSION

We have shown that FMS facilitates gastric emptying in both
able-bodied and SCI subjects. The mechanism of action by
FMS may be quite similar to electric stimulation of the stom-
ach, which results in rhythmic contractions of the stomach. The
effective coil placement at T9 also showed the association
between rhythmic abdominal muscle contractions and im-
proved gastric emptying. FMS may be a very useful clinical
tool for patients with upper motoneuron lesion and impaired
gastric emptying.
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