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Abstract

Background—Gastroparesis is characterized by delayed gastric emptying without mechanical 

obstruction, but remains difficult to diagnose and distinguish from other GI disorders. 

Gastroparesis affects the gastric slow wave, but noninvasive assessment has been limited to the 

electrogastrogram (EGG), which reliably characterizes temporal dynamics but does not provide 

spatial information.

Methods—We measured gastric slow wave parameters from the EGG and magnetogastrogram 

(MGG) in patients with gastroparesis and in healthy controls. In addition to dominant frequency 

(DF) and percentage power distribution (PPD), we measured the propagation velocity from MGG 

spatiotemporal patterns and the percentage of slow wave coupling (%SWC) from EGG.

Key Results—No significant difference in DF was found between patients and controls. 

Gastroparesis patients had lower percentages of normogastric frequencies (60 ± 6% vs 78 ± 4%, 

p<0.05), and higher brady- (9 ± 2% vs 2 ± 1%, p<0.05) and tachygastric (31 ± 2 % vs 19 ± 1%, 

p<0.05) frequency content postprandial, indicative of uncoupling. Propagation patterns were 
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substantially different in patients and longitudinal propagation velocity was retrograde at 4.3 ± 2.9 

mm/s vs anterograde at 7.4 ± 1.0 mm/s for controls (p < 0.01). No difference was found in %SWC 

from EGG.

Conclusions & Inferences—Gastric slow wave parameters obtained from MGG recordings 

distinguish gastroparesis patients from controls. Assessment of slow wave propagation may prove 

critical to characterization of underlying disease processes. Future studies should determine 

pathologic indicators from MGG associated with other functional gastric disorders, and whether 

multichannel EGG with appropriate signal processing also reveals pathology.
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Introduction

Mixing and propulsion of food products in the stomach is mediated by the slow wave in the 

gastric musculature. The slow wave originates in the gastric electrical syncytium along the 

greater curvature of the mid- to upper corpus and propagates toward the pylorus 

(anterograde propagation) (1, 2). Slow waves with a frequency near three cycles per minute 

(cpm) are observed in normal subjects (3) and certain conditions like gastroparesis are 

known to alter the normal slow wave (4–7).

The electrogastrogram (EGG) records cutaneous potentials related to the gastric slow wave, 

and the frequency of the EGG has been demonstrated to reflect underlying serosal electrical 

activity (8). However, abdominal layers with alternating low- and high-conductivities distort 

and attenuate temporal and phase information in electric potentials such that only temporal 

dynamics can be reliably recorded (9, 10). Typical EGG studies have evaluated primarily the 

dominant frequency (DF) of the gastric slow wave, the percentage of slow waves in the 

normogastric frequency range and the percentage of power distributed (PPD) in 

bradygastric, normogastric and tachygastric frequency ranges (11, 12). Additionally, the 

percentage of slow wave coupling (%SWC) is a parameter that attempts to evaluate the 

integrity of coupling in the gastric syncytium by comparing frequencies of slow waves 

recorded in adjacent EGG electrodes (13–15). A recent study showed that %SWC was the 

only stable EGG parameter with reproducibility adequate for clinical studies (16).

Slow waves also produce extracellular magnetic fields which may be measured in the 

magnetogastrogram (MGG) with Superconducting QUantum Interference Device (SQUID) 

magnetometers (17). Magnetic fields are relatively insensitive to the effect of abdominal 

tissue layers (9). In addition to temporal dynamics of the slow wave, MGG preserves phase 

characteristics of slow wave signals from spatially separated gastric sources allowing the 

characterization of propagation (18).

This study was designed to evaluate slow wave electrophysiological parameters that 

distinguish patients with diabetic gastroparesis from normal controls.
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Methods

This study was approved by the Institutional Review Board at Vanderbilt University and 

conducted with assistance from the General Clinical Research Center at Vanderbilt 

University Medical Center. We studied seven patients diagnosed at Vanderbilt with diabetic 

gastroparesis on the basis of abnormal gastric emptying (45 ± 13 y, all 7 F; t1/2 = 245 m ± 37 

m) and seven normal controls (48 ± 8 y, 4 M/3 F). We measured the multichannel MGG and 

EGG before and after a standardized turkey sandwich meal.

Electrogastrograms were measured using four silver-silver chloride cutaneous EKG 

electrodes (Rochester Electro-med, Rochester, MN) arranged in a line in the epigastric 

region from 5 cm below and 5 cm to the subject’s left of the xiphoid to 5 cm below and 10 

cm to the subject’s right of the xiphoid, as illustrated in Figure 1 (19). The electrode signals 

were pre-amplified in the magnetically shielded room and subsequently amplified (BioSEMI 

Active Two, Amsterdam) outside the MSR, digitized and stored in a personal computer 

(LabVIEW, National Instruments, Austin, TX; Dell, Austin TX). Magnetogastrograms were 

detected with a SQUID gradiometer (Model 637, Tristan Technologies, San Diego, CA), 

centered above the subject’s epigastrium. SQUID signals time-synced with the electrode 

data were amplified, digitized and stored. The SQUID signals were amplified by Quantum 

Design Model 5000 amplifiers, which incorporate a hardware filter of 1 kHz. The SQUID 

signals are sampled at 3 kHz and downsampled to 300 Hz. The Tristan 637 consists of 19 

normal-component (z-component) sensors oriented perpendicular to the body surface and 

five full vector sensors, as illustrated in the inset of Figure 1. At the time of the recordings, 

two of the 19 z-component sensors were not operational and were not included in the 

analyses (indicated in the inset of Figure 1 as filled circles). Power spectral densities (PSDs) 

were computed using a Fast Fourier Transform (FFT) algorithm in MATLAB (Mathworks, 

Natick, MA).

To eliminate noise contributions to SQUID signals, we found signal decomposition by 

Second Order Blind Identification (SOBI) superior to filtering alone (20, 21). SOBI 

decomposes the multichannel SQUID data into separate signal and noise components. 

Gastric signal components were identified by a blinded observer as primarily sinusoidal 

signals with dominant peaks in FFT frequency spectra in a range of frequencies between 1 

and 9 cpm (17). We reconstructed MGG from SOBI components (SOBI-MGG) by isolating 

gastric components and projecting them spatially to the sensor array. For frequency analyses, 

the central channel in the reconstructed SOBI-MGG array is selected and Fourier 

transformed, from which the dominant frequency and the percentage of power distributed in 

bradygastric (1–2.5 cpm), normogastric (2.5 – 4 cpm) and tachygastric (4–9 cpm) ranges 

(18) are computed. The central channel is chosen because of its presumed proximity to the 

gastric syncytium, but it should be noted that as a SOBI reconstruction, this channel contains 

gastric signal contributions from the entire recording array.

To identify propagation patterns and compute propagation velocity, we reconstructed gastric 

slow wave signal components identified by SOBI in the sensor array and prepared 

spatiotemporal maps of signal intensity. For propagation analysis, at least two SOBI 

components in the gastric frequency range are required from the 120 s data segment 

Bradshaw et al. Page 3

Neurogastroenterol Motil. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analyzed to ensure a phase difference across the sensor array. A blinded observer computed 

the gastric slow wave propagation velocity by tracking the maximum of the resulting SOBI-

MGG maps (22). For the propagation velocity estimate, we averaged the velocity obtained 

from three successive slow wave cycles (22). Differences between slow wave parameters for 

controls and patients were evaluated statistically using Student’s t-test with p < 0.05 

considered significant.

EGG signals were sampled at 256 Hz and downsampled to 30 Hz for analysis. Electrode 

signals were filtered digitally with a bandpass continuous wavelet filter between 1 and 120 

cpm (17, 21, 23), and the filtered signals were then Fourier transformed. We analyzed 

dominant frequency and PPD for all channels and compared using median values. We also 

analyzed the percentage of slow wave coupling (%SWC) by computing the percentage of 

adjacent channels with dominant frequencies that agreed to within 0.5 cpm (24). Analysis of 

spatiotemporal signal characteristics requires multiple channels of data. For 4-channel EGG 

data, phase shifts between channels were not observed consistently enough to determine 

propagation directly.

We were concerned that the standard EGG electrode arrangement, which uses only four 

EGG electrodes, would not provide spatial resolution comparable to the 19 channels 

recorded by the SQUID. For this reason, in two patients and two normal subjects, we 

recorded EGG in a 16-channel electrode array arranged in a 4×4 square extending five cm 

above the xiphoid to 5 cm above the umbilicus and 10 cm to the subject’s left of the sternum 

to 5 cm to the right. We employed the same SOBI propagation analysis to the 16-channel 

EGG data to determine the feasibility of using SOBI-EGG to estimate slow wave 

propagation velocity.

Results

Frequency Analysis

SOBI analysis reduces confounding signals and enhances gastric magnetic field components 

that can be difficult to identify in the raw data. Raw MGG signals from normal subjects 

contain respiratory, cardiac, and gastric activity. The signals are mapped to the locations of 

SQUID sensors with more cephalad traces in the upper part of the array and caudad traces 

lower in the array.

Gastric slow waves were evident in every patient and control subject studied, although 

patient recordings tended to exhibit lower signal-to-noise ratio. Figure 2 compares SOBI-

MGG sensor maps in a typical healthy subject (Figure 2a) and in a patient with gastroparesis 

(Figure 2c) along with their power spectra. Although sinusoidal activity at gastric 

frequencies appeared more evident in normal subjects, traces from patients also exhibited 

oscillatory activity in the gastric frequency range. Data from the normal subjects contain 

slow wave frequency peaks near 3 cpm. Patient data also show similar slow wave frequency 

peaks, but confounding noise sources are also evident. The dominant gastric slow wave 

frequency was not substantially different between controls and patients, but peaks in the 

power spectra are at lower amplitudes and more disparate frequencies.
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Typical electrogastrogram signals and PSDs from a control and a patient are shown in Figure 

3 before (a and c, respectively) and after (b and d, respectively) processing with SOBI. In 

contrast to the MGG, EGGs from patients do not have as many signal components in the 

gastric frequency range.

EGG and MGG data were both analyzed for frequency content by (1) examining the 

dominant frequency recorded and (2) computing the percentage of power distributed in 

brady-, normo- and tachygastric frequency ranges. Preprandial EGG DFs were 2.7 ± 0.4 

cpm for controls and 3.6 ± 0.4 cpm for patients, and postprandial EGG DFs were 2.9 ± 0.4 

cpm for controls and 3.0 ± 0.3 cpm for patients. Preprandial MGG DFs were 3.2 ± 0.3 cpm 

for controls and 3.1 ± 0.6 cpm for patients, while postprandial MGG DFs were 2.8 ± 0.1 

cpm for controls and 3.0 ± 0.5 cpm for patients. Neither EGG nor MGG recordings showed 

significant differences in dominant slow wave frequency pre- or postprandial, nor was there 

any significant difference between patients and control subjects in terms of dominant slow 

wave frequency (Figure 4a).

EGG and MGG PPD profiles are shown in Figure 4b and Figure 4c, respectively. The 

postprandial MGG PPD reveals statistically significant differences in the power distributed 

in gastric frequencies. Specifically, there was significantly less power in the MGG 

normogastric frequency range in patients versus controls, and correspondingly more power 

in both brady and tachygastric ranges. Preprandial PPD from MGG showed only borderline 

significant differences in normogastric (p = 0.06) but not tachy- or bradygastric frequency 

ranges. On the other hand, EGG PPD analysis failed to demonstrate any significant 

differences between patients and controls. These results suggest that uncoupling associated 

with gastric dysrhythmias in gastroparesis may be detected by PPD analysis from MGG 

signals, but not from EGG. No significant differences were observed between pre- and 

postprandial PPDs.

Propagation Analysis

Analysis of propagation in multichannel data requires evidence of phase shifts between data 

from adjacent sensors. There were no continuous phase shifts observed between adjacent 

channels in raw or filtered 4-channel EGG data, in agreement with previous studies (24, 25), 

and this absence of phase shifts prevented computation of propagation velocity from raw or 

filtered EGG. However, coupling in EGG data can be inferred using %SWC analysis (16), 

which analyzes the PSD of adjacent EGG channels. In this study, %SWC analysis applied to 

EGG did not yield a significant difference between patients and controls in preprandial or 

postprandial data (Figure 5a).

In previous work, surface current density (SCD) analysis applied to respiration-free MGG 

segments identified phase shifts and was used to compute propagation velocity. However, 

that technique was confounded in the present study by the choice to include data segments 

with respiratory artifact. Propagation analysis with SOBI applied to MGG data did allow 

identification of propagating wavefronts consistent with the known characteristics of gastric 

slow wave propagation. The differences between propagation analysis with SOBI and with 

SCD are enumerated elsewhere (22).
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Figure 6 shows SOBI-MGG propagation patterns as maps of MGG amplitude with higher 

amplitude regions coded to dark shading. Maps at successive time points are plotted 

sequentially down the page with each column representing a separate subject. The patterns 

are calibrated so that the first frame has high intensity in the lower right portion of the array, 

corresponding to the presumed location of the pacemaker region in the stomach. Successive 

maps shown in this figure are sampled every two seconds, for a complete 20-second slow 

wave period from the top to the bottom of the figure. Figure 6a shows a representative 

propagation pattern from each of the seven normal controls and Figure 6b represents data 

from each of the seven gastroparesis patients.

MGG propagation patterns in healthy control subjects (Figure 6a) were anterograde, with 

activity in successive SOBI-MGG maps evidently moving from right to left (subject’s left to 

right). These wavefront trajectories are consistent with left-to-right slow wave propagation 

across the abdomen. The average SOBI-MGG propagation velocity was 7.8 ± 0.4 mm/s 

preprandial and 7.4 ± 1.0 mm/s postprandial in healthy controls (Figure 5b). Propagation 

patterns and velocities from gastroparesis patients varied widely but on average were 

retrograde with an average velocity of 1.6 ± 2.6 mm/s preprandial and 4.3 ± 2.9 mm/s, 

which was significantly different from controls (p < 0.05 preprandial and p < 0.01 

postprandial). There was no significant difference between pre- and postprandial 

propagation velocities in controls (p = 0.7) or patients (p = 0.5). While the predominant 

pattern observed in patients was retrograde, static patterns were also observed in some 

patients. Only one patient consistently exhibited normal anterograde propagation (Patient 6 

in Figure 6b).

We observed no significant differences in this study between male and female control 

subjects in either EGG or MGG data parameters analyzed, including frequency (p=0.10 

EGG, p=0.18 MGG), propagation velocity (p=0.56), %SWC (p=0.34) or PPD (pEGG = 

[0.45, 0.67, 0.82] and pMGG = [0.74, 0.72, 0.62] for brady, normo- and tachygastric ranges, 

respectively).

We attempted propagation analysis on SOBI-EGG data using 4-channel EGG. Phase shifts 

computed from the reconstructed patterns were highly erratic or nonexistent. No significant 

propagation pattern was observed and the average propagation velocity computed for SOBI-

EGG was nonsensical. While SOBI-EGG patterns were somewhat similar to SOBI-MGG, 

phase shifts tended to be sudden in spatiotemporal data leading to a lower precision when 

computing propagation velocity. We also obtained 16-channel EGG measurements from two 

patients and two healthy controls, and postprandial propagation patterns computed from 

these data are shown in Figure 7. The results for both control subjects (Figure 7a) and one 

patient (Patient 6 in Figure 7b) showed SOBI-EGG patterns with a sudden phase reversal 

that could indicate global slow wave propagation but would not allow an accurate 

computation of propagation velocity. The other patient, however, (Patient 7 in Figure 7b) 

demonstrated a gradual phase shift consistent with normal slow wave propagation, similar to 

that observed in MGG propagation maps from healthy control subjects. Propagation 

velocities determined from these patterns were different from those determined from MGG 

in the same subjects. For one control subject, the propagation velocity computed from EGG-

SOBI was slightly lower (5.8 mm/s vs 8.7 mm/s), but the other control subject showed a 
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higher propagation velocity from SOBI-EGG than from SOBI-MGG (11.5 mm/s vs 5.4 

mm/s). The two gastroparesis patients measured exhibited normal anterograde propagation 

when analyzed with SOBI-EGG at higher-than-average velocities (SOBI-EGG: 10.8 mm/s 

for Patient 6 and 13.4 mm/s for Patient 7; SOBI-MGG: −7.7 mm/s for Patient 6 and −2.9 

mm/s for Patient 7). The extent to which the propagation velocity of these SOBI-EGG 

patterns relates to underlying slow wave propagation velocity remains to be studied.

Discussion

Both EGG and MGG reflected gastric slow wave activity in all healthy control subjects, and 

we saw abnormalities in the slow wave when recording from gastroparesis patients. We 

found SOBI analysis effective for reducing noise contributions to the magnetic signals from 

motion artifact and from cardiac and respiratory interference without reducing signal 

contributions from underlying gastric activity. The dominant frequency from MGG and EGG 

was consistent with normal 3 cpm gastric slow waves in both control subjects and 

gastroparesis patients. Previous EGG studies had also found that slow waves in gastroparetic 

subjects tend to show dominant frequencies around 3 cpm (19, 26, 27), though dysrhythmia 

and increased tachygastria has been seen (28–30). In this study, we found significant 

differences in MGG PPDs between controls and patients while EGG PPDs did not show 

significant differences. We were not able to obtain serum glucose concentrations in patients 

or control subjects before the EGG/MGG studies, so future studies should address the 

potential contribution of hyperglycemia to gastric dysrhythmia.

The results of the PPD and propagation analyses suggest that the gastric syncytium is 

uncoupled in gastroparesis patients, although the EGG did not demonstrate a clear decrease 

in the percentage of slow wave coupling (%SWC). The use of the standard four electrodes 

provided a lower spatial sampling for EGG in five of our patients and it is possible that 

increasing the EGG array density could provide a more sensitive measure of uncoupling 

using %SWC, one potential explanation for the discrepancy between our results and those of 

previous studies (16). We defined the range of gastric frequencies more broadly than other 

studies (1–9 cpm) to ensure capture of any tachygastric signal, but defining a narrower range 

could improve results.

Uncoupling in the MGG is reflected in the PPD differences, but also in the analysis of 

propagation differences. The average value we calculated for the propagation velocity from 

normal controls was consistent with slow wave propagation velocities reported previously 

using serosal electrodes (2). In that study, O’Grady and colleagues determined a distinct 

gradient in propagation velocity; slow waves propagated at 8.0 mm/s in the pacemaker 

region, decelerating to 3.0 mm/s in the corpus and terminating in the antrum after again 

accelerating to 5.9 mm/s. Interestingly, a study using MRI found a contractile velocity closer 

to the lower value measured in the corpus by O’Grady and colleagues (31), which supports 

the relation of MGG to underlying electrical rather than mechanical events. The data from 

our magnetometer array allowed only a single global estimate of propagation velocity, but an 

MGG sensor array with a larger density of channels could provide for an estimate of the 

velocity gradient. Gastroparesis patients exhibited a wide variation in propagation velocities.
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MGG spatiotemporal patterns in gastroparesis patients also exhibited deviations from the 

normal left-to-right anterograde patterns we saw in control subjects. We observed patterns in 

some patients that appeared to propagate from right-to-left, consistent with retrograde slow 

wave propagation. Similar results have been reported from invasive serosal electrode 

measurements (7). We also observed static field patterns that would oscillate with a normal 

slow wave frequency but with no change in location and so no evident propagation. These 

several different types of patterns occurred in patients while control subjects generally 

showed consistent left-right propagation. Nevertheless, the statistical power of this study is 

not sufficient to establish whether specific patterns match particular pathologies. More 

studies are needed to establish whether these different patterns are characteristic of particular 

severity levels or types of gastroparesis. Several studies suggest that disease etiology of 

gastroparesis varies between idiopathic and diabetic gastroparesis (32, 33). Furthermore, 

patients with functional dyspepsia and chronic unexplained nausea and vomiting have 

similar symptom presentation (34), but distinct underlying pathophysiology may well result 

in specific MGG slow wave pattern changes that could be assessed noninvasively with 

multichannel EGG or MGG (35–39).

It is important to consider that propagation determined from MGG slow wave patterns can 

only be assessed reliably if the SQUID data contain at least two SOBI components that are 

within the gastric frequency range and are sinusoidally rhythmic. Deviations from sinusoidal 

rhythmicity caused by motion or biological or ambient magnetic artifact could introduce 

spurious signals that might disrupt the characterization of normal left-right propagation. It 

should be noted that previous research has demonstrated multiple slow waves present 

simultaneously in serosal electrode recordings. Generally, SOBI-MGG maps in this study 

appeared to track one slow wave across the sensor array, although several map sequences 

appear to show a new slow wave originating in the pacing region before the previous wave 

terminates in the pylorus (Subjects 4, 6 and 7 in Figure 6a and Patients 5, 6 and 7 in Figure 

6b). The apparent inconsistency in results could be explained by the summative integration 

of slow waves from distinct gastric regions and/or from an inadvertent introduction of 

ectopic pacemakers following surgical intervention or tissue manipulation. Because the 

magnetic field detected in a single sensor is the spatial summation of magnetic fields from 

currents across the musculature, it is difficult to ascertain whether retrograde and static 

abnormalities in propagation patterns reflect individual slow waves or the summed activity 

of uncoupled gastric regions. An inverse analysis that uses combined EGG/MGG data with 

anatomical imaging could address such questions.

The analysis procedure to compute frequency and PPD is entirely automated and requires no 

intervention by the researcher. The procedure for computing propagation velocities is not 

entirely automated at present; the investigator is required to manually enter SOBI 

components identified as primarily sinusoidal with peaks in the gastric frequency range and 

to manually select the position of pattern maxima. Although these procedures could be 

automated with more sophisticated software development and the intervention by the 

investigator at these analysis points is minimal, we used blinded researchers to perform these 

analyses and minimize any potential introduction of bias.

Bradshaw et al. Page 8

Neurogastroenterol Motil. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



It is difficult to conclude from this study alone the degree to which EGG and MGG reflect 

underlying electrical and/or mechanical activity as it was not feasible for us to record with 

invasive internal serosal or mucosal electrodes or force transducers. However, previous 

studies have established that the MGG correlates highly with serosal slow wave activity in 

animal subjects (40), while a much more complicated relationship exists between 

EGG/MGG and intraluminal pressure in humans (41). These results suggest that potentials 

recorded in the EGG and magnetic fields recorded by the MGG arise from slow wave 

electrical activity. Though there is still some apparent confusion regarding the nature and 

origin of electrically-recorded slow waves (42, 43), it seems likely that magnetic recording 

methods will contribute substantially to the resolution of these questions. The differences we 

observed in propagation determined by EGG versus MGG might suggest that the modalities 

contain different levels of electrical and mechanical activity, but more study is needed to 

quantify the relative degree of those contributions.

Our patient population was entirely female, consistent with the known overrepresentation of 

gastroparesis in women (44, 45). Although the sex of our control subjects was mixed, we did 

not observe any differences between normal male and female subjects.

The spatial sampling of EGG used in this study, though consistent with clinical practice 

(16), was not on equal footing with MGG, with only four EGG electrodes compared to 17 

MGG sensors. When we increased the spatial sampling resolution of the EGG to 16 

electrodes, the results were inconclusive, but interesting. In the normal subjects, no clear 

propagation pattern could be discerned and propagation velocity was not related to MGG. In 

one of the two patients, however, analysis of EGG propagation using SOBI did yield 

patterns consistent with slow wave propagation, although the SOBI-EGG propagation 

velocity estimates were higher than those determined by SOBI-MGG. While the small 

sample size does not allow us to draw any conclusions about the efficacy of SOBI for 

determining propagation from EGG data, the fact that patients and not normal subjects 

demonstrate consistent propagation patterns suggests that further study is necessary to 

conclude the extent to which pattern differences in SOBI-EGG and SOBI-MGG reflect 

relative bioelectrical and biomechanical contributions to electrode signals.

This study shows that SQUID magnetometers can identify pathophysiology in gastric slow 

waves characteristic of gastroparesis. Although both EGG and MGG assess temporal 

frequency components, the measurement of propagation velocity and propagation patterns is 

unique to magnetic measurement techniques; no study has yet reported EGG propagation 

velocities consistent with serosal slow wave activity. Propagation patterns from MGG may 

provide critical distinction and characterization of specific pathologies.
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Key Messages

• The multichannel electrogastrogram and magnetogastrogram were measured in 

seven healthy control subjects and in seven patients with diabetic gastroparesis.

• Gastric slow wave characteristics of dominant frequency (DF), percent power 

distribution (PPD) and propagation were determined from EGG and MGG.

• Propagation patterns in gastroparesis patients were static or retrograde and 

propagation velocity was significantly different. PPD analysis suggested 

syncytial uncoupling of the gastric musculature.

• Gastric slow wave propagation and uncoupling determined from the MGG 

distinguished gastroparesis patients from healthy controls.
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Figure 1. 
Experimental setup to measure MGG using a SQUID magnetometer and EGG with 

cutaneous electrodes in gastroparesis patients and normal controls. The SQUID sensor array 

shown in the inset consists of 19 normal-component (z) sensors and five vector channels 

(marked with x) that also sample x and y magnetic field components.
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Figure 2. 
Raw MGG spatial maps recorded from (a) a healthy control subject and (c) a gastroparesis 

patient with corresponding power spectra (b –control; d – gastroparesis patient).
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Figure 3. 
Four-channel EGG and power spectra from (a) a healthy control subject and (c) a 

gastroparesis patient are shown with SOBI-reconstructed EGGs (b – control; d – 

gastroparesis patient).
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Figure 4. 
Frequency analyses from EGG/MGG. (a) Slow wave dominant frequencies determined from 

MGG and EGG. Gastroparesis patients tend toward higher slow wave frequencies than 

normal controls, but the difference was not significant. Percent Power Distribution from 

EGG (b) show no significant differences, but MGG PPDs (c) showed significantly lower 

normal slow waves and significantly higher brady- and tachygastria in gastroparesis patients 

compared to normal controls. * indicates significant difference vs. control values (p < 0.05). 

† indicates borderline significant difference vs. control (p = 0.06).
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Figure 5. 
(a) Percent of Slow Wave Coupling (PSWC) from EGG measurements on normal controls 

and patients. EGG is able to detect a difference in slow wave coupling for patients, but 

propagation velocity cannot be determined. (b) Propagation velocity determined from SOBI-

MGG for control subjects and gastroparesis patients pre- and postprandial. * indicates 

significant difference vs. control (p < 0.05).
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Figure 6. 
Spatiotemporal SOBI-MGG maps from (a) normal control subjects and (b) gastroparesis 

patients in postprandial periods. Each column shows 10 maps of magnetic field activity at 

two-second intervals in a single subject. Isocontour lines correspond to magnetic field values 

reconstructed using SOBI. In healthy controls (a), the magnetic field generally progresses 

from the subject’s left-to-right across the sensor array, consistent with the known gastric 

slow wave propagation. By contrast, SOBI-MGG propagation maps from patients (b) were 
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characterized by static or retrograde patterns. Maxima of SOBI-MGG maps were tracked to 

determine propagation velocities.
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Figure 7. 
SOBI-EGG propagation maps at 2-second intervals from 16-channel EGG measurements for 

(a) two normal controls and (b) two gastroparesis patients. The normal subjects and one 

patient (Patient 6) show pattern variation indicative of phase reversal across the array that 

could correspond to a propagating slow wave, but would lead to inaccurate propagation 

velocity estimates. The sudden phase reversal is likely the result of decreased spatial 

resolution in EGG data. However, Patient 7 shows a regular propagation pattern similar to 

those observed in the MGG that would allow a more precise estimate of propagation 
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velocity. It remains to be determined whether SOBI-EGG enhances the signal-to-noise ratio 

sufficiently to provide an accurate characterization of propagation, but these preliminary 

data are encouraging.
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