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Abstract

Background: Disorders of nausea, vomiting, abdominal pain, and 
related problems often are manifestations of gastrointestinal, neu-
romuscular, and/or autonomic dysfunction. Many of these patients 
respond to neurostimulation, either gastric electrical stimulation or 
electroacupuncture. Both of these therapeutic techniques appear to 
influence the autonomic nervous system which can be evaluated di-
rectly by traditional testing and indirectly by heart rate variability.

Methods: We studied patients undergoing gastric neuromodulation 
by both systemic autonomic testing (39 patients, six males and 33 
females, mean age 38 years) and systemic autonomic testing and heart 
rate variability (35 patients, seven males and 28 females, mean age 
37 years) testing before and after gastric neuromodulation. We also 
performed a pilot study using both systemic autonomic testing and 
heart rate variability in a small number of patients (five patients, all 
females, mean age 48.6 years) with diabetic gastroparesis at baseline 
to compare the two techniques at baseline. Systemic autonomic test-
ing and heart rate variability were performed with standardized tech-
niques and gastric electrical stimulation was performed as previously 
described with electrodes implanted serosally in the myenteric plexus.

Results: Both systemic autonomic testing and heart rate variability 
measures were often abnormal at baseline and showed changes after 
gastric neuromodulation therapy in two groups of symptomatic pa-
tients. Pilot data on a small group of similar patients with systemic 
automatic nervous measures and heart rate variability showed good 
concordance between the two techniques.

Conclusions: Both traditional direct autonomic measures and indirect 
measures such as heart rate variability were evaluated, including a pi-
lot study of both methods in the same patient group. Both appear to be 

useful in evaluation of patients at baseline and after stimulation thera-
pies; however, a future full head-to-head comparison is warranted.

Keywords: Gastroparesis; Autonomic nervous system; Heart rate 
variability

Introduction

Background on autonomic evaluation of patients with gas-
troparesis undergoing neuromodulation therapies

In clinical studies, gastric electrical stimulation or gastric neu-
romodulation has demonstrated a potent ability to decrease 
nausea and vomiting in highly symptomatic idiopathic and 
diabetic gastoparesis patients; however, the mechanism of ac-
tion remains unknown [1-5]. Proposed mechanisms of neu-
romodulation of the gut include central, autonomic or enteric 
effects. The autonomic component can be evaluated directly 
using autonomic nervous system (ANS) testing or indirectly 
using cardiac heart rate variability.

The ANS provides integration between the central nervous 
and enteric nervous systems by mediating reflex activities for the 
maintenance of homeostasis. A perturbation of the neuroendo-
crine and neuro-electrical microenvironment of the enteric region 
will manifest within the ANS. Gastroparesis is a heterogeneous 
disorder; however, in severe subsets, full-thickness tissue biopsies 
have revealed enteric neuronal and interstitial cells of Cajal his-
topathology [6-8], and pathologies involving extrinsic neuronal 
structures, as well as abnormal autonomic manifestations. Both 
cholinergic and adrenergic abnormalities have been reported in 
patients with chronic nausea and vomiting, including gastropa-
resis [9-13]. Heart rate variability is an indirect measure of the 
ANS via the cardiac pathway that can be quite useful in assessing 
ANS status. The low-frequency power of the heart rate variability 
spectrum reflects baroreflex function [14]. Heart rate variability 
has also been proposed as a surrogate measure for evaluating the 
ANS in patients with the symptoms of gastroparesis.

Methodology of gastric neuromodulation

Electrode placement for implanted gastric electrical stimulation 
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utilizes two electrodes secured within the myenteric plexus: the 
pulse-generated electrical energy comprising gastric neuro-
modulation discharges into the surrounding tissue layers of the 
myenteric and submucosal plexus regions of extensive neuronal 
meshing between enteric and autonomic-afferent signaling.

A new and innovative approach to treating often debilitat-
ing symptoms is electroacupuncture as a non-implanted and 
truly noninvasive therapy. This was demonstrated in the trans-
cutaneous electroacupuncture study in which 18 diabetic gas-
troparesis patients participated in a blinded, cross-over study 
in which electrostimulation (ES) and sham-ES were admin-
istered through surface electrodes at acupoints PC6 and ST36 
for 2 h following lunch and dinner. Patients were able to ap-
ply ES/sham-ES at home using a digital microstimulator fol-
lowed by in-office recordings. Patients receiving ES showed 
improvement in five of nine symptom scores and body pain as 
well as an increase in percentage of normal slow waves and 
vagal activity. This same approach was utilized in a pilot study 
of five patients.

Autonomic monitoring, routinely performed with many 
of our gastroparesis patients, provided a rich data source for 
analysis. Such an analysis was made possible using data from 
autonomic function testing of patients enrolled in US Food and 
Drug Administration-registered clinical protocols for gastric 
neuromodulation trials at the University of Tennessee Health 
Science Center (UTHSC-Memphis, TN) as center one, or at 
the University of Arkansas for Medical Sciences (UAMS-Lit-
tle Rock, AR) as center two.

The use of transcutaneous electroacupuncture included a 
pilot evaluation of five patients with diabetic gastroparesis at 
baseline where all five patients underwent baseline systemic 
autonomic testing and heart rate variability testing at the Uni-
versity of Mississippi as center three.

Patients and Methods

Autonomic function testing

Two different approaches to autonomic testing were utilized: 
at center one, traditional autonomic testing was performed 
along with electrogastrogram evaluation in a laboratory en-
vironment; at center two, 24-h Holter monitoring for heart 
rate variability by power-spectrum analysis was used. Other 
investigators have applied heart rate variability monitoring as 
a surrogate measure to reflect the visceral autonomic milieu in 
studies of hepatic and gastrointestinal (GI) illnesses [15-17]. 
At center two, we utilized heart rate variability, as measured 
by the frequency domain ratio of low-frequency/high-frequen-
cy power, to discriminate adrenergic/cholinergic balance as a 
measure of autonomic dysfunction [18].

Systemic autonomic testing data were analyzed for those 
patients enrolled in protocols for gastric neuromodulation. 
These protocols, inclusion and exclusion criteria, as well as pa-
tient characteristics are previously described in detail [19-21].

We also performed a pilot direct comparison of systemic 
autonomic testing and heart rate variability on a small number 
of patients undergoing electroacupuncture with an innovative 

electroacupuncture device. This pilot compared baseline heart 
rate variability with traditional autonomic testing in a small 
number of patients undergoing treatment with a transcutane-
ous electroacupuncture system.

Study design

The group at study center consisted of 39 patients (six males 
and 33 females, mean age 38 years) representing a subset of 
the gastric electro-mechanical stimulation study group [19] 
and the worldwide anti-vomiting electrical stimulation study 
trials [20]; patient diagnoses were diabetes mellitus (n = 11) 
and idiopathic disease (n = 28). The second group of 35 pa-
tients (seven males and 28 females, mean age 37 years), with 
diagnoses of diabetes mellitus (n = 8) and idiopathic disease (n 
= 27) was selected from either the compassionate use electrical 
stimulation study [21] or from patients who were implanted 
under the humanitarian device exemption protocol established 
by the Food and Drug Administration in 2000.

The first group of 39 patients underwent traditional ANS 
evaluation, as well as enteric nervous system evaluation by 
cutaneous electrogastrography at baseline and at 1 year post-
gastric neuromodulation. Cutaneous electrogastrogram was 
recorded for at least 30 min in the resting position. The tech-
nique of electrogastrography has been previously described 
[13]. Cholinergic function was evaluated using two methods: 
changes in the R-to-R interval in response to three cycles of 
deep respiration; and the Valsalva ratio, represented by the 
change in heart rate in response to forced respiration for 15 
s with a constant pressure of 40 mm Hg. Both the R-to-R in-
terval and the Valsalva maneuver are summed and reported 
as cardio-vagal cholinergic function. Adrenergic arch func-
tion was assessed using an infrared photoplethysmography 
attached to the patient’s index or middle finger. Photoplethys-
mography provides an indirect measure of arterial capillary 
blood flow. After baseline recordings, two parameters of cap-
illary vasoconstriction reflexes in response to cold immersion 
and postural changes are elicited. The first adrenergic reflex, 
percentage of cutaneous vasoconstriction entails immersion 
of one hand for 1 min in ice-cold water, while the change 
in peripheral circulation in the opposite hand is measured. 
The second adrenergic parameter, postural adjustment ratio 
of capillary blood flow, is taken, with the patient seated, by 
measuring and recording changes in peripheral circulation in 
response to limb-posture changes relative to the level of the 
heart. Values from the adrenergic tests are added together and 
reported as sympathetic function. System autonomic testing 
protocols used at center one’s autonomic laboratory have been 
previously described in detail [10-13]. In addition, a pool of 
age-related normative data has been collected and used in 
evaluating results. All autonomic measures were conducted 
on patients at baseline within 1 month prior to implanting the 
device and subsequently 1 year post-implantation at center 
laboratory where the autonomic and enteric nervous system 
measures were performed.

The second group of 35 patients was measured for auto-
nomic balance by undergoing 24-h cardiac Holter monitor-
ing of heart rate variability at baseline and post-implantation. 
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Heart rate variability, as measured by the time domain ratio 
of low-frequency/high-frequency power, reflects adrenergic/
cholinergic balance. Patients were seen at center two cardiol-
ogy laboratories for fitting of the Holter monitor and follow-up 
Holter data collection/evaluation. The results were measured 
as the percentage of change of the maximum and minimum 
heart rate and were then compared with paired t-tests and re-
ported as mean ± standard error (SE).

Total symptom scores are expressed as the sum of scores 
as rated by the patient on a scale from 0 to 10 (0 being asymp-
tomatic and 10 representing maximum severity) on the fol-
lowing symptoms: nausea, vomiting, anorexia/early satiety, 
bloating and/or distention and abdominal pain [21]. Data from 
standardized gastric emptying tests were not available on all 
patients due to differences in protocol requirements and thus, 
were not reviewed for this report. Results were compared by 
paired t-test and reported as mean ± SE.

The pilot group of electroacupuncture patients had both 
traditional systemic autonomic testing and heart rate variabil-
ity. These five patients were studied at baseline before under-
going another stimulation therapy but did not have further test-
ing of these two methodologies. This pilot study enabled us to 
compare systemic autonomic testing and heart rate variability 
in patients at baseline before undergoing non-invasive neuro-
stimulation therapy.

Results

Gastric neuromodulation and autonomic function testing 
associations

For the first group of 39 patients at center one, systemic au-
tonomic testing demonstrated an increase in cholinergic func-
tion (mean cardio-vagal cholinergic function 21.9 ± 2.3 at 
baseline vs. 26.2 ± 3.4 at 1 year, P = 0.15) and decrease in 
adrenergic function (mean sympathetic adrenergic function 
104.7 ± 5.7 at baseline vs. 82.9 ± 8.4 at 1 year, P < 0.05), as 
well as some normalization in the electrogastrogram (mean 
3.8 ± 0.2 cpm at baseline vs. 3.6 ± 0.1 cpm at 1 year, P = 0.3 
(normal 3.0 - 3.3)). GI symptom scores decreased from 40.5 
± 1.8 at baseline to 25.4 ± 2.9 at 1 year (P < 0.001) (Table 1 
and Fig. 1).

For the second group, at center two, of 35 patients, gastric 
neuromodulation use was associated with a decrease in low-
frequency/high-frequency ratio (baseline 1.4 ± 0.1 vs. follow-
up 1.1 ± 0.07, P = 0.1) indicating an increased cholinergic and/
or decreased adrenergic balance. GI symptoms decreased from 
39.0 ± 1.9 at baseline to 19.9 ± 3.7 at follow-up (P < 0.001) 
(Table 2 and Fig. 2).

The third group, a pilot study of five patients at center 

Table 1.  Autonomic and Enteric Measures at Baseline and 1 Year Post-Gastric Electrical Stimula-
tion at Center One

Group 1: 39 patients Baseline Follow-up P-value
Gastroparesis (Gp) symptoms 40.5 ± 1.8 25.4 ± 2.9 < 0.001
Cardio-vagal function (VCF) 21.9 ± 2.3 26.2 ± 3.4 0.15
Sympathetic-adrenergic function (SAF) 104.7 ± 5.7 82.9 ± 8.4 < 0.05
Electrogastrography (EGG) 3.8 ± 0.2 cpm 3.6 ± 0.1 cpm 0.3

Figure 1. Symptoms, autonomic and enteric measures at baseline and 1 year after gastric stimulation at center one. EGG: elec-
trogastrography; Gp: gastroparesis; SAF: sympathetic adrenergic function; VCF: vagal cholinergic function. 
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three, revealed similar findings. Results of the comparison 
between systemic autonomic testing and heart rate variability 
in patients with the symptoms of gastroparesis are noted in 
Table 3 and Figure 3, including both quantitative and qualita-
tive values. There was an 80% concordance between overall 
qualitative measurements but the quantification for sympa-
thetic/parasympathetic measures was different. Also, cutane-
ous electrogastrogram recordings changed with other systemic 
autonomic testing, such as tilting.

Discussion

Possible mechanisms from autonomic neuromodulation 
and autonomic function testing

The mechanism of action of gastric neuromodulation has been 
the subject of some controversy. Previously we proposed sev-
eral possible mechanisms of action for gastric neuromodu-
lation [22], as have others. Such mechanisms include direct 
effect on gastric electrical rhythm disturbances or change in 
gastric emptying for liquids or solids [21]. Other possible 
mechanisms include the effect on fundic tone [23], or through 
modulation in the central nervous system [24]. While some 
evidence exists for most of the hypotheses, none have been 
shown conclusively to be the mechanism of action.

In this preliminary report, autonomic dysfunction found 
in severe gastroparesis patients was restored to a more normal 

basal autonomic balance in tandem with clinical improvement 
in classical symptoms of gastroparesis, primarily nausea and 
vomiting, in association with the intervention of gastric neu-
romodulation. Although we have not reported on controls, the 
difference in our current work lies in the mechanism(s) offered 
for the clinical improvement observed in our patients. Other 
evidence for an autonomic mediated response to gastric neu-
romodulation has been reported in a study of pancreatic exo-
crine function [25]. The stimulation parameters used in gas-
tric neuromodulation, which are in the general energy range 
of neural stimulation, were originally based on limited animal 
data, and experience in one human [26, 27]. Subsequent ani-
mal data have confirmed that those original parameters remain 
valid [28].

One proposed mechanism is that gastric neuromodulation 
may work via the ANS and was explored here by traditional 
autonomic measures along with the electrogastrogram. Using 
these data for analysis, evidence exists at follow-up for the ef-
fects of gastric neuromodulation on the ANS for both cholin-
ergic augmentation and for adrenergic blockade. In addition, a 
slight normalization of the enteric nervous system measure of 
electrogastrogram appears to coincide with the above systemic 
autonomic testing changes.

Another exploration of the possible autonomic mecha-
nism was performed by analyzing 24-h heart rate variability 
by power-spectrum analysis to reflect sympathovagal bal-
ance. Reported here, the most consistent findings of heart 
rate variability are those of an elevated ratio at baseline and 
a lowered ratio at follow-up, indicating a decrease in sympa-
thetic adrenergic tone and/or an increase in vagal cholinergic 
tone.

Recent brain imaging reports [29] looking for a centrally 
mediated action of neuromodulation are not inconsistent with 
the changes in autonomic function proposed by our work, and 
indeed, would coincide with central changes also reported in 
the literature.

In general, our experience with systemic autonomic test-

Figure 2. Symptoms and heart rate variability measures in patients undergoing gastric electrical stimulation at center two. LF: 
adrenergic/low-frequency; HF: cholinergic/high-frequency. 

Table 2.  Symptoms and Heart Rate Variability in Patients Un-
dergoing Gastric Electrical Stimulation at Center Two

Group 2: 35 patients Baseline Follow-up P-value
Symptoms 39.0 ± 1.9 19.9 ± 3.7 < 0.001
Low to high frequency ratio 1.4 ± 0.1 1.1 ± 0.07 0.1
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ing in gastroparesis patients has reinforced the importance of 
using multiple measures of autonomic function. Single indices 
are not meaningful, especially considering the complex array 
of neuronal autonomic pathways needed for gastric motility 
functioning. In particular, adrenergic tests of vasoconstriction 
to cold stress and postural-adjustment ratio have been found to 

correlate to other clinical measures in studying gastric motor 
dysfunction and other chronic vomiting syndromes.

Comparison of heart rate variability with traditional auto-
nomic testing, as in our pilot study at baseline, showed simi-
larities between both methods of autonomic testing in response 
to electroacupuncture.

Table 3.  Comparison of Heart Rate Variability and Autonomic Nervous System With Electrogastrogram Values in a Pilot Study of 
Five Patients at Center Three

Subject HRV %Δ LF/
HF with meal

HRV  
interpretation

SAF 
%VC

SAF 
PAR

Total SAF = 
VC + PAR

Total VCF = RR 
+ VR + 30/15

AFT  
interpretation

EGG %Δ in  
frequency with meal

1 33.33 Sympathetic 
dominant

92 3.3 95.30 20.23 Normal 
parasympathetic/
abnormal 
sympathetic (PAR)

-24.10

2 21.57 Sympathetic 
dominant

79 2.2 81.20 14.28 Abnormal 
sympathetic (PAR)

79.86

3 -22.47 Parasympathetic 
dominant

NA 11 NA 26.41 Abnormal 
sympathetic (PAR)

-26.37

4 -42.62 Parasympathetic 
dominant

84.5 3.5 88.00 9.13 Abnormal 
parasympathetic 
> abnormal 
sympathetic (PAR)

-18.37

5 92.00 Sympathetic 
dominant

98 14 112.00 20.61 Normal 
parasympathetic/
abnormal 
sympathetic (PAR)

-27.88

AFT: autonomic nervous system testing; EGG: electrogastrography; Gp: gastroparesis; HF: cholinergic/high frequency; HRV: heart rate variability; 
LF: adrenergic/low-frequency; SAF: sympathetic adrenergic function; VCF: vagal cholinergic function.

Figure 3. Comparison of autonomic function testing and heart rate variability in five patients with diabetic gastroparesis at 
baseline at center three. VCF: vagal cholinergic function; RR: R-to-R interval; VR: Valsalva ratio; SAF: sympathetic adrenergic 
function; VC: vasoconstriction; PAR: postural adjustment ratio; EGG: electrogastrography; LF: adrenergic/low-frequency; HF: 
cholinergic/high-frequency; HRV: heart rate variability. 
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Both methods have been used previously to evaluate gas-
troparesis but have never been compared directly. In our pilot 
study, we performed both methods of autonomic testing. Five 
patients with diabetic gastroparesis underwent both systemic 
autonomic testing and heart rate variability (with electrogas-
trogram) testing. We demonstrated a good correlation of sys-
temic autonomic testing and heart rate variability testing with 
80% concordance between overall qualitative measurements.

Future for GI neurostimulation and autonomic function 
studies

Future work on the mechanism of gastric neuromodulation 
needs to include prospective studies of simultaneous measure-
ments of the enteric, autonomic and central nervous systems, 
including measurements of gastric fundic pressure, liquid and 
solid gastric emptying, and pyloric pressure. A search for cor-
relations of these measurements to symptom scores and quali-
ty-of-life questionnaires could also help extend this work into 
possible predictors of outcome.

The advent of temporary endoscopic placement of gastric 
neuromodulation devices may allow for these simultaneous 
measures in controls as well as providing a variety of patients, 
thus offering further insights into possible mechanism(s) of ac-
tion [30].

In addition, the availability of non-invasive therapies for 
neurostimulation, such as the pilot of electroacupuncture used 
here, may offer a number of new therapeutic options. Both tra-
ditional systemic autonomic testing and heart rate variability 
testing may offer opportunities for understanding the mecha-
nisms of action of these therapies.

As with testing for other disorders, heart rate variability 
may be useful as a screen, with more detailed testing being 
used as a confirmatory test.

Non-technical summary

Disorders of the upper GI track often present with nausea 
vomiting and abdominal pain. These symptoms are proposed 
to originate from neuromuscular etiologies, with autonomic 
manifestation, and often respond to electrical stimulation, both 
implanted and also non-implanted devices, such as electroacu-
puncture. We have summarized results of ANS tests - both tra-
ditional autonomic testing and cardiac heart rate variability - at 
baseline and after gastric neuromodulation as well as results 
from baseline with electroacupuncture.

Conclusion

Our pilot study showed that both systemic autonomic testing 
and heart rate variability testing can be performed for patients 
with the symptoms of gastroparesis undergoing two types of 
neurostimulation therapies. The clinical usefulness of ANS 
measures and their response to neurostimulation therapies will 
need to be determined in future clinical studies.
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