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Abstract

Chronic gastric symptoms are common, however differentiating specific contributing mechanisms
in individual patients remains challenging. Abnormal gastric motility is present in a significant
subgroup, but reliable methods for assessing gastric motor function in clinical practice are lacking.
Body surface gastric mapping (BSGM) is a new diagnostic aid, employing multi-electrode

arrays to measure and map gastric myoelectrical activity non-invasively in high-resolution.
Clinical adoption of BSGM is currently expanding following studies demonstrating the ability

to achieve specific patient subgrouping, and subsequent regulatory clearances. An international
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working group was formed in order to standardize clinical BSGM methods, encompassing a
technical group developing BSGM methods and a clinical advisory group. The working group
performed a technical literature review and synthesis focusing on the rationale, principles,
methods, and clinical applications of BSGM, with secondary review by the clinical group.

The principles and validation of BSGM were evaluated, including key advances achieved over
legacy electrogastrography (EGG). Methods for BSGM were reviewed, including device design
considerations, patient preparation, test conduct, and data processing steps. Recent advances in
BSGM test metrics and reference intervals are discussed, including four novel metrics, being

the “principal gastric frequency’, BMI-adjusted amplitude, Gastric Alimetry Rhythm Index™, and
fed:fasted amplitude ratio. An additional essential element of BSGM has been the introduction
of validated digital tools for standardized symptom profiling, performed simultaneously during
testing. Specific phenotypes identifiable by BSGM and the associated symptom profiles were
codified with reference to pathophysiology. Finally, knowledge gaps and priority areas for future
BSGM research were also identified by the working group.

Graphical Abstract

A

This is a technical literature review and synthesis focusing on the rationale, principles, methods
and clinical applications of body surface gastric mapping.
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Introduction

Methods

Chronic gastric symptoms affect up to 10% of the population and pose a vast health

and socioeconomic burden.1:2 However, defining and diagnosing these disorders has

been a longstanding challenge. Although clinically recognized under categories such

as gastroparesis, chronic nausea and vomiting syndrome, and functional dyspepsia, the
lines between these disorders are blurred, due to overlapping symptom profiles and
pathophysiologies, and a lack of diagnostic specificity.3# Gastric emptying is the only
widely used test of gastric function, but its reproducibility and utility are controversial.3
Other modalities such as barostat, manometry, magnetic resonance imaging, and pyloric
EndoFLIP® still occupy relatively niche applications or are predominantly used in research
contexts.> New tests of gastric motor function that can guide routine care, are needed.

Electrogastrography (EGG) is now in its centennial year and has accrued a vast base of
clinical studies, but has not achieved widespread use, primarily owing to persisting questions
regarding test reliability, sensitivity to noise, and clinical utility.5-8 However, a new
generation of EGG devices have recently emerged, underpinned by high-resolution (HR)
electrode arrays, modern bioelectronics, automated artifact rejection, and novel analytical
strategies.8~13 This approach has been called HR-EGG,1415 although the alternative term
‘Body Surface Gastric Mapping’ (BSGM) is now preferred as it encompasses a broader
array of outputs including spatial wave profiling that move this test beyond the classical
scope of EGG.?

Beyond hardware advances, BSGM technologies have also optimized and extended data
processing pipelines to maximally extract and separate the weak underlying gastric signals
from noise, thereby representing a critical advance over legacy EGG systems.?16 Recent
studies have yielded new insights into gastric physiology, disease phenotypes, mechanisms,
and symptoms,10:15.16 and a first BSGM device has now achieved regulatory clearance

in the United States and United Kingdom (Gastric Alimetry®, Alimetry, New Zealand).
This system employs a scalable flexible electronics array for rapid setup and an automated
reporting pipeline, enabling large-scale clinical evaluations.®:16

In order to advance and standardize the clinical use of BSGM, it is timely to undertake a
comprehensive technical review and consensus-based standardization of BSGM principles,
methodological considerations, and current and emerging test metrics and outputs. The
review also summarizes recent progress made in BSGM methods and applications and
identifies priority areas for future research on technical aspects of BSGM.

A Body Surface Gastric Mapping Working Group was established comprising international
research-active users of BSGM. The Working Group consisted of a Technical Group,
including bioengineers and clinical scientists developing methodologies, and a Clinical
Group who functioned as reviewers and advisors to clinical applications, with both adult
and pediatric motility specialists. Each site was asked to nominate a representative lead
and collaborators. A comprehensive literature search was performed using Ovid Medline

Neurogastroenterol Motil. Author manuscript; available in PMC 2024 October 01.
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and Embase databases from inception August 2022. The terms ‘body surface gastric
mapping’ OR ‘gastric mapping” OR ‘BSGM’ OR ‘high-resolution electrogastrography’ OR
‘HR-EGG’ were combined, and clinical and translational studies were retrieved. A manual
search of the reference lists was also performed. Based on the search results, a working
document was developed by the Technical Group, intended to aid in the standardization of
clinical methodologies for BSGM. This document was then circulated to the members of
the Clinical Group via the leads for review, comment, and refinement. Expert consensus was
used to formalize and standardize clinical BSGM practices. The leads were also asked to
list key research priorities in the field of BSGM arising from the review process. The focus
of the current work was limited to principles, methodologies, and applications, with care
pathway implementation and therapeutic implications intended for subsequent work.

Technical Principles

What does BSGM measure?

BSGM (as for EGG) measures the cutaneous dispersion of gastric myoelectrical potentials,
arising from extracellular ion current flows during depolarization and repolarization

of gastric tissues.1’ This encompasses both gastric slow wave activity, generated and
propagated by interstitial cells of Cajal (ICC), and coupled smooth muscle contractions.18:19
The measured activity reflects only corpus and antrum activity, because slow waves to

do not propagate in the relatively depolarized human gastric fundus.1820 The underlying
sources are complex, because multiple waves (typically 3—4) simultaneously propagate
through the human stomach, traveling at a slow velocity of ~3 mm s~1 prior to the terminal
antral acceleration.?122 This means that gastric potentials recorded at the body surface
cannot be definitively related to a single specific wave sequence, as in electrocardiography,
but instead must be considered as a summation of such sources.1”:23

The classical EGG morphology nevertheless shows a distinct 3 cycle per minute (cpm)
waveform,24 because when gastric slow waves are entrained to a single frequency, that
dominant frequency is adequately captured in the body-surface potential (Figure 1A).14.17.25
However, the amplitude of the resultant body-surface potential falls exponentially as a
function of distance from source,1426 and is affected by the conductivity profile of the
abdominal tissue layers.2” This means that waves traveling through the gastric antrum

are considered to contribute most to the potentials detected at the adjacent epigastrium

as compared to waves traveling deeper in the corpus, with classical EGG methodologies
therefore targeting the antrum to optimize signal to noise ratio (SNR).1%:28 However,
biophysically-based modeling studies employing large datasets have indicated that sources
propagating throughout the stomach can theoretically be adequately captured with a
sufficiently large array.2?

Several studies have achieved recordings from both the stomach and body surface
simultaneously, with the aim of resolving and validating the sources of EGG (e.g. 19:30-32),
These studies have shown definitive frequency correlations, and also indicate that the
increase in signal amplitude that typically occurs after a meal or other stimulus is partially
attributable to the onset of gastric contractions.19:24 Shifts in gastric position relative to
electrodes or gastric expansion have also been shown to contribute to postprandial changes

Neurogastroenterol Motil. Author manuscript; available in PMC 2024 October 01.
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in signal amplitude,32 however, positional influences relative to electrodes are minimized in
BSGM by sampling from a large recording field. An important limitation of these previous
studies has been their low resolution, which meant that sparse data had to be extrapolated
over the whole stomach and torso. The first study of simultaneous HR serosal mapping

and BSGM was therefore recently conducted on anesthetized pigs, which showed excellent
correlations of both frequency and slow wave direction (antegrade vs retrograde wave
propagation), thereby extending validation of BSGM metrics into spatial wave profiling
(Figure 1B).33 In human patients with nausea and vomiting disorders, invasive (serosal) HR
mapping studies have shown that gastric dysrhythmias can be spatially complex, involving
competing or colliding wavefronts, ectopic sources, and conduction blocks occurring over
wide areas of the stomach.34:3% In BSGM, such events are expected to summate to generate
spectral and spatial instabilities (Figure 1C).

In summary, it can be seen that the essential biophysical principles of BSGM are broadly
understood and validated. However, some knowledge gaps and misconceptions remain
relevant, particularly concerning states of human gastric dysrhythmia, which are discussed
below (‘Clinical Methods’.)

EGG to BSGM: technical limitations and solutions

After Alvarez first introduced EGG in 1922, he stated a ‘little prophecy’ that gastrointestinal
clinicians would come to rely upon electrophysiology ‘just as the heart specialist [does]’.3¢
Many investigators have productively pursued this goal, particularly during the late 20th
century, culminating in hundreds of studies showing significant EGG differences between
patients and controls, most prominently in nausea and vomiting disorders / gastroparesis,
functional dyspepsia, reflux, and several pediatric disorders.3~40 Promising syntheses on
clinical applications were also developed,*1~43 however, the test ultimately did not translate
well beyond controlled research settings into routine clinical practice and is now typically
viewed as a research tool by clinical guideline authors.6.741 Several critiques have profiled
the specific limitations of EGG (e.g. 744), which are summarized in Table 1.

Key to the development of BSGM has been a series of steps to identify, isolate, and
overcome each of these limitations in turn. These steps are also overviewed in Table 1. It
can therefore be appreciated that there is no single ‘breakthrough’ to BSGM, but rather
that synergistic progress has been achieved through a cumulative sequence of innovations
focusing on enhancing signal quality, developing novel metrics, and advancing clinical
utility.8:915 Gastric signals are weak, being two orders of magnitude lower in amplitude
than electrocardiography potentials, such that dedicated attention to optimizing signal to
noise ratio (SNR) is essential when designing and implementing systems for clinical use. A
selection of features that have contributed most to SNR optimization in BSGM systems are
briefly overviewed below.

A HR electrode array is fundamental for several reasons. Gastric position is variable, 1529
and a large measurement field means that a core set of electrodes can be expected to overlie
the stomach’s location,® obviating the impractical requirement for image-guided placement
of electrodes using ultrasound or computed tomography.>43 For example, the Gastric
Alimetry System employs an 8x8 grid of electrodes at 2 cm inter-electrode separation (area

Neurogastroenterol Motil. Author manuscript; available in PMC 2024 October 01.
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~225 cm?) on a flexible substrate (Figure 2A,B). However, even this scale was deemed
insufficient for reliably capturing gastric anatomical variability during the design of this
device.? An additional step of personalized array positioning was therefore implemented in
an app that guides users through subject-specific anatomical measurements and placement,
thereby capturing the gastric position centrally in the vast majority of subjects (Figure 2C).2
An algorithm then automatically selects multiple electrodes that demonstrate the highest
SNR from within this grid, and combines them to extract maximal signal quality from the
weak underlying field.®

Further essential developments have addressed artifact contamination, which was a common
pitfall in clinical EGG interpretation.#> Robust signal quality begins with minimal
impedance at the skin-electrode interface, electrode material considerations to optimize
charge transfer, and the use of conductive hydrogels.#> The design of electronic components,
connectors, circuitry, and firmware must then also all be tailored to avoid signal loss,
minimize noise, and maximize gastric data capture. This is achieved in the Gastric Alimetry
System with conformable electronics, wearable hardware, and elimination of all cables and
wires, while also improving usability through a platform that is simple to set up and apply.
Another important advance has been the development of robust post-processing algorithms
to clean and filter the captured data to isolate gastric signal components, and to reliably
detect and reject artifacts automatically, with a BSGM clinical algorithm showing =295%
sensitivity and specificity against manual artifact marking by experts (Figure 2D).11.46

A collection of innovations encompassing all aspects of BSGM design have been
successful in elevating signal quality beyond the limitations of traditional EGG. However,
these technical improvements alone are insufficient; advances in test methods, metric
development, data visualization and disease phenotyping are equally important to achieving
clinical utility.

Standardized Test Methods

In order to define reference intervals, clarify disease phenotypes and progress clinical use,
it has been necessary to develop standardized clinical methods for performing BSGM tests.
A lack of standardized methodologies was one limitation of EGG,37~40 and complicated
comparisons between studies.*2 A basis for the standardization of BSGM has now been
realized through a series of recent studies (summarized in Figure 3),%:16:4748 although
several opportunities remain to further refine this protocol. Comparison methods for legacy
EGG have been reviewed elsewhere.24:49

Test protocol applied in the Gastric Alimetry System

Similar to gastric emptying testing,®° the standard Gastric Alimetry test protocol requires
participants to fast for >6 hrs, and avoid medications modifying gastric function as well

as caffeine and nicotine on the day of testing. Tests are usually conducted in the morning.
Array placement should be preceded by shaving if necessary, followed by skin preparation
with an exfoliant conductive gel such as NuPrep® (Weaver & Co, CO, USA) to minimize
impedance. The Gastric Alimetry App mandates an impedance threshold check prior to
allowing recording.® Fasted recordings are then performed for 30 minutes, followed by

Neurogastroenterol Motil. Author manuscript; available in PMC 2024 October 01.
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standardized meal consumed over 10 minutes, and a 4-hr postprandial recording. A 4-hr
postprandial recording period is currently advisable to capture a full gastric activity cycle,
and because meal responses may be delayed with peak BSGM responses sometimes
occurring 2—4 hrs after a meal.%:13.16 The extended postprandial recording also enables
validated postprandial symptom profiling.47-51:52 |t is possible that this test duration can be
abbreviated for specific clinical applications in future, but this requires further evaluation.

Reference intervals for Gastric Alimetry have been developed using a standardized test
meal consisting of an off-the-shelf nutrient drink (e.g., Ensure 232 kcal, 250 mL; Abbott
Nutrition, IL, USA) and oatmeal energy bar (e.g., a Clif Bar with 250 kcal, 5 g fat, 45

g carbohydrate, 10 g protein, 7 g fiber; Clif Bar & Company, CA, USA). Meals with
similar nutritional composition can be substituted per availability or for patients with
specific dietary needs, such as those with diabetes or gluten intolerance without substantially
affecting test data.3 It is necessary to monitor and manage blood sugars in diabetics during
testing as hyperglycemia can induce gastric myoelectrical abnormalities.>* The above meal
size is designed to stimulate gastric symptoms in patients with diverse gastric disorders,
including milder degrees of functional dyspepsia,®® and although some patients will find
this meal too large, eating 50% has been reported to adequately profile patients with
neuromuscular disorders and centrally-mediated symptoms in a recent study.48 Defining
differences in meal responses for alternative meal compositions and sizes is an important
area for future research.

Ensuring Recording Quality

Symptoms

The standardized BSGM test protocol includes several critical steps to optimize recording
quality. As with EGG, these include limiting movement, talking, sleeping (which

suppresses gastric activity)®°, and avoiding touching the electrode array to reduce artifact
contamination, other than overlying clothes or blankets.2441 It is mandatory that participants
are positioned in a comfortable zero-gravity chair, reclined at 45-60° with their legs
elevated, to avoid abdominal wall contractions.*® It is also necessary that the selected

chair can be locked in a set reclined position, otherwise restless abdominal tensing will
contaminate data with electromyographic noise. During the test, patients may mobilize for
comfort or bathroom breaks, with an accelerometer being used to track periods of excessive
motion.11

Robust symptom profiling concurrent to BSGM testing is essential to clinical utility, because
temporal associations between physiological events and symptoms inform mechanistic
interpretations.®® A patient symptom-logging app (Figure 3B) was therefore developed

to differentiate symptoms with severity lying on a continuum (nausea, bloating, upper

gut pain, heartburn, stomach burn, and excessive fullness) from those that are discrete

events (vomiting, reflux and belching).#’ Continuous symptoms are assessed during the test
at suitably granular 15 minute intervals®! via a pictographic interface that aids accurate
standardized reporting,>” and using 0-10 visual analog scales where 0 indicates ‘no
symptom’ and 10 indicates the ‘worst imaginable extent’ of a symptom.>8 Early satiation is
recorded after the meal. This App has been validated to demonstrate robust convergent,

Neurogastroenterol Motil. Author manuscript; available in PMC 2024 October 01.
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concurrent, face, and content validity.4” The symptoms selected for logging cover the
diverse symptomatology experienced in chronic gastroduodenal disorders.>%:60 This includes
the dominant symptoms for functional dyspepsia, gastro-esophageal reflux disease, and
chronic nausea and vomiting syndromes (including gastroparesis).60.60

Patient symptom inputs are used to generate a standardized report covering the course of
the test meal (Figure 3B), with these data correlating well with patients’ overall symptom
burden and quality of life.#” These validated symptom reports offer an important clinical
aid in combination with BSGM physiological data, as discussed further below (‘BSGM
Phenotypes’).

Spectral Metrics and their Reference Intervals

BSGM analytics generate two categories of metrics: i) spectral metrics which encompass
frequency, amplitude, rhythm stability, and meal responses; and ii) spatial metrics which
describe spatiotemporal dynamics of slow waves projected to the body surface. An overview
of how these metrics are derived is provided in Figure 4. Spectral metrics are derived

from the spectrogram, akin to an HR-EGG, generated from those channels with the highest
SNR on the array. Spatial metrics reflect summated depolarizations across the array which
can resolve the predominant direction of wave propagation,®10:15.33 and the stability of
slow wave patterns.#8:53 Spectral metrics have achieved regulatory clearances and have
demonstrated clinical utility in establishing specific phenotypes of gastric dysfunction (e.g.
48.53) spatial metrics have demonstrated promising clinical utility but currently remain a
research tool because regulatory clearances are still pending.10-1548.53

Spectral metrics

Customized BSGM spectral metrics have recently been introduced with reference
intervals.13:16:53 The four metrics are summarized below in Figure 4C, with comparison
metrics used in legacy EGG reviewed elsewhere.1324

. Principal Gastric Frequency

. BMI-Adjusted Amplitude

. Gastric Alimetry Rhythm Index™ (GA-RI)
. Fed:Fasted Amplitude Ratio (ff-AR)

These metrics present a considerable revision from comparable classical EGG metrics to
resolve important pitfalls (Table 1), optimize performance, and ensure each metric measures
a distinct physiological aspect of gastric function.13 Key considerations in the development
of these metrics are summarized as follows:

. Frequency measurements are susceptible to contamination by high-amplitude
low-frequency transients arising from motion artifacts and by periodic adjacent
colonic activity,13 which critically impair accuracy in ~5% of cases (refer 13 for
further detail). The Principal Gastric Frequency metric was therefore introduced
to overcome this pitfall by measuring only the sustained frequency within the
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plausible gastric range,!® while excluding other transients and irregularities
irrespective of their influence on the power spectrum.13

. Amplitude measurements are confounded by BMI due to signal attenuation
through abdominal adipose.*® A BMI-adjusted amplitude metric was therefore
developed using a multiplicative regression model, enabling comparison of
amplitudes across populations up to a current test threshold of BMI 35.13

. Legacy EGG metrics for assessing the stability of gastric rhythm included
‘percentage bradygastria’ and ‘percentage tachygastria’, which conflated
frequency with rhythm stability, and the “instability coefficient’, which was
incorrectly motivated due to its dependence on frequency.13 A new metric of
stability was therefore developed in the Gastric Alimetry Systemm, GA-RI,
which is a measure of concentrated gastric activity within a narrow gastric
frequency band over time relative to the residual spectrum (further explained in
Schamberg et al)13. The GA-RI is scaled between 0 (no rhythm stability) and 1
(maximum rhythm stability), and is independent of frequency.13

. The gastric meal response, as measured by postprandial amplitude curves,
demonstrates considerable temporal variability. A study of 110 control subjects
showed that the median time of peak amplitude was 1.6 h (IQR 0.7 — 2.7 h)
after meal completion.®16 EGG power-ratio calculations were typically based on
shorter intervals, such as the initial 45-minute postprandial period, potentially
underestimating the gastric meal response. The revised ff-AR metric measures
the gastric response based on the maximum amplitude in any single 1-hour
period of a 4-hour postprandial window and is therefore adaptive to variable
meal response profiles.

Reference Intervals and their interpretation

Reference intervals for the four BSGM spectral metrics were developed from a cohort

of 110 healthy volunteers of diverse age, sex and ethnicity, with cross-validation analysis
demonstrating external validity.1® These intervals were generated for participants aged >18
years with BMI <35 kg/m?2, where >50% of the meal is consumed during the test and <50%
of the test duration is affected by artifacts.1® These reference intervals, summarized in Figure
4C, are used to guide clinical interpretations of BSGM data (see ‘BSGM Phenotypes’).16
Reference intervals for children and adolescents are the subject of ongoing work.

Several general considerations are crucial to the design and interpretation of clinical
reference intervals for BSGM metrics.®® These include inappropriately assuming metrics fit
Gaussian distributions, and as BMI-adjusted amplitude and ff-AR were found to be skewed,
these reference intervals were defined using non-parametric methods.16 Other pitfalls
include incorrectly assuming the central 95% reflects physiological normality, ignoring
overlapping distributions between controls and patients, ignoring intra-individual variability,
and conflating reference intervals with diagnostic tests. These pitfalls are avoided in the
BSGM framework by treating the reference intervals as guides for patient phenotyping, to be
viewed holistically alongside patient history and symptom profiles (e.g. Figure 5). The effect
of demographic parameters (age, sex, and ethnicity) on BSGM have also been evaluated, and
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while minor differences were found with regard to sex, these differences were sufficiently
trivial to allow a single common set of adult reference intervals.16

Two-sided reference intervals (Principal Gastric Frequency and BMI-adjusted amplitude) are
reported as 5™ and 95! percentiles, in line with previous motility diagnostics literature,62:63
whereas one-sided reference intervals (GA-RI and ff-AR) are reported using the 5t
percentile. Five percent of healthy volunteers can therefore be expected to fall outside of the
end of an interval. It is also important to reinforce that BSGM is a diagnostic aid according
to regulatory classifications, such that the use of reference intervals provides a valuable
indication of pathology, but should be integrated with symptom evaluations, clinical history,
examination, and other investigations to form a clinical diagnosis of specific diseases. The
intervals offer a guide, rather than a binary test for normality, especially when considering
the increasing probability of false positive results when utilizing multiple metric intervals.5!

It should also be remembered that chronic gastroduodenal disorders have multiple

other contributors beyond disordered motor activity, such as disorders of gut-brain
interaction, visceral hypersensitivity, neurological impairment, connective tissue pathology,
and potentially immunological, microbial and mucosal dysregulation.4-66 While BSGM
spectral metrics and intervals are valuable for detecting gastric motor dysfunction, a normal
test does not rule out alternative extra-gastric pathologies.8 Lastly, it should be noted

that the BSGM metrics represent averages over a test duration, and manual review of
spectral plots may still be required to detect transient deviations that may be associated with
symptoms but otherwise missed in averaged data tables (e.g. Figure 6A).

With these caveats understood, BSGM metrics and reference intervals offer a valuable
opportunity to clarify specific phenotypes of gastric dysfunction, thereby improving the
diagnostic uncertainty surrounding chronic gastric symptoms. Current and emerging BSGM
phenotypes are discussed in the next section.

Clinical Applications

Indications and Uses

BSGM is applied as an aid to the diagnosis of patients presenting with chronic gastric
symptoms, which includes any patient with a suspicion of gastric or pan-gut dysmotility.
This also encompasses postoperative gastric dysfunction, where anatomical manipulations
can induce pathological changes in the gastric conduction system.5” The test offers potential
utility in assessing for gastric dysrhythmia, neuromuscular disorders, myopathies, gastric
outlet resistance, autonomic dysregulation, and to generally specify the origins of gut
symptoms.

Gastric dysrhythmias were classically defined by frequency deviations in EGG,37~40 with
BSGM adding independent measures of rhythm (GA-RI) and spatial metrics,10:131548,53
Multiple potential causes of gastric dysrhythmia exist including pharmacological, hormonal,
and neural influences (recently reviewed in 18). However, the predominant use of

rhythm metrics concerns the identification of neuromuscular disorders.2448 Significant
recent knowledge has been gained in this regard from invasive HR electrical mapping

Neurogastroenterol Motil. Author manuscript; available in PMC 2024 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

O’Grady et al.

Page 11

studies,8-18.68.69 and pathological analyses of ICC network damage in diverse conditions
including idiopathic gastroparesis and diabetic gastropathy.3:70.71 Disrupted slow wave
patterns have been observed in association with ICC loss on invasive HR serosal
mapping,343° and increasing degrees of ICC network damage have also been correlated to
greater myoelectrical abnormalities on EGG.7248 Future areas of research include further
defining specific pathological relationships between ICC loss and BSGM metrics, and
quantifying the biophysical relationship between gastric slow wave dynamics and specific
body surface signatures through the use of sophisticated experimental and/or in-silico
techniques.33.73

Amplitude or power has long been evaluated as a metric in EGG studies, including in
association with ICC loss. However due to the lack of a BMI-adjusted amplitude metric

and reference intervals, attention was previously placed on intra-patient ‘fed-to-fasted power
ratios’ as a biomarker of neuromuscular dysfunction, rather than comparing standardized
amplitude measures between patients.2441.72 Notably, recent BSGM data has indicated

that ff-AR alone is not a specific metric for pathology because approximately 30% of
healthy volunteers also show a low ff-AR (<1.5), in part due to the presence of a high
fasting baseline amplitude at the time of testing,1® possibly reflecting cephalic-phase gastric
activity,”4 migrating motor complex activity,’® or circadian variations.*® Therefore, a low
ff-AR (reference interval <1.08) should be interpreted in combination with other more
specific metrics for neuromuscular dysfunction including BMI-adjusted amplitude and
rhythm stability (GA-RI). A recent BSGM study in patients with nausea and vomiting
syndromes demonstrated that the constellation of low amplitude, low ff-AR and rhythm
instability defined a specific subgroup of patients with neuromuscular dysfunction, including
symptom correlations (Figure 5).48 Impaired fed-fasted power ratio on EGG has also
previously been shown to discriminate gastric smooth muscle disorders such as in visceral
myopathy 7677 and myotonic dystrophy.’® Evaluating the diagnostic utility of new BSGM
metrics in these and other myopathic and connective tissue disorders will be a useful avenue
of future enquiry.

Brzana et al previously reported that patients with mechanical gastric outlet obstruction
showed high-amplitude myoelectrical activity that was ‘excessively regular’ on EGG.”® In
view of this finding, BSGM reference intervals for BMI-adjusted amplitude were formulated
to be two-sided, allowing for more objective interpretations of what constitutes a high
amplitude.18 ‘Excessively regular’ is a misnomer, because gastric slow waves should
normally be of a regular rhythm for the high majority of the time;18:21 however this salient
feature can instead be recognized on BSGM as a GA-RI lying in the high normal range,
being a one-sided metric (Figure 5).

Gastric myoelectrical activity is co-regulated by autonomic (vagal) innervation, with
integration from ICC and smooth muscle cells.18:80 \iagal stimulation can exert chronotropic
and dysrhythmic influences on slow waves, whereas vagal injury can variably result in
frequency disturbances, suppressed smooth muscle action potentials, reduced contractility,
and delayed gastric emptying.18 These abnormalities therefore provide targets to identify
gastric dysfunction by BSGM in the context of autonomic dysregulation, as previously
demonstrated with EGG (Figure 5).81.82
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Phenotypes

Based on the pathophysiological insights above, together with validated symptom profiling,
BSGM informs several specific phenotypes of gastric dysfunction. Achieving phenotyping
has been an important milestone in clinical utility because it reduces the application of
BSGM from cohort-level comparisons to the practical level of individual patients, thereby
informing patient care. This represents a key advance over legacy EGG, where phenotypes
were not standardized or robustly defined with reference intervals. Current BSGM
phenotypes are restricted to spectral metrics but will expand in future as spatial profiling and
other data becomes available.910:15 Current clinical phenotypes are summarized in Figures 5
and 6 and are detailed below.

. Low rhythm stability / low amplitude. A low GA-RI (<0.25) is suggestive
of gastric dysrhythmia and/or neuromuscular dysfunction. Neuromuscular
dysfunction is further supported by the presence of reduced BMI-adjusted
amplitude (<20 uV) and low ff-AR (<1.08).16:48 This phenotype was found
to be present in approximately one third of patients with nausea and vomiting
syndromes with otherwise undifferentiated symptom profiles,*® matching rates
of neuromuscular abnormalities demonstrated histologically in similar cohorts,
including in functional dyspepsia seen at tertiary referral centers.370.71 An
isolated low amplitude with normal GA-RI is also suggestive of neuromuscular
dysfunction and/or myopathy.

. High stable amplitude. A normal GA-RI (=0.25) and high BMI-Adjusted
Amplitude (>70 pV) implies the possibility of increased gastric outlet
resistance.’®

. Isolated frequency deviations. Reference intervals for frequency are tighter in
BSGM (2.65 — 3.35 cpm) than those previously used in EGG, which reflects
more accurate slow wave profiling,1316 with the abnormal range generally
not being lower than 2 or greater than 5 cpm.18 Low stable frequencies may
arise when normal gastric pacemaking is disrupted, such as following surgical
resection of the greater curvature.8” High stable frequencies have been observed
in BSGM studies in association with vagal pathologies (e.g. 53), although
multiple potential causal influences are possible based on EGG data (reviewed
in 18). Frequency changes occur in tandem with significant shifts in conduction
velocity,83 which may have important implications for gastric function. However,
the clinical significance of isolated stable frequency deviations on gastric
function and symptoms requires further research, and minor or transient changes
in frequency can occur asymptomatically.

. Normal BSGM. When all BSGM spectral metrics lie within the normal reference
intervals, gastric motor dysfunction is less likely and a broad range of alternative
pathologies should be considered. A recent study of subjects with nausea and
vomiting showed disorders of gut-brain interaction are more common in this
group.4884 In EGG, features of test normality in the context of delayed gastric
emptying were shown to help stratify patients who may be more likely to
benefit from pyloric therapies.8% Consideration should also be given to other
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mechanisms not measured by BSGM including disordered accommodation,
visceral hypersensitivity, neuropathic pain syndromes, and non-gastric causes.
These patients could also have spatial propagation abnormalities, which requires
ongoing research.1®

Another critical advance in BSGM has been to present optimized symptom and
physiological data in directly adjacent graphs, allowing visual correlations of the temporal
association between specific symptom profiles, the test meal, and gastric activity. The
following framework has been developed to codify the symptom-profiles seen to date in
BSGM recordings, as summarized in Figure 6.

Meal-responsive: Symptom burden increases immediately after the meal (i.e.,
when meal-responsive symptoms correlate in time with abnormal BSGM
features (e.g. Figures 6A,B)), this supports a pathophysiological relationship.>6
Alternatively, when meal-responsive symptoms occur in the context of normal
BSGM tests, this indicates that alternative gastric pathologies such as visceral
hypersensitivity and disordered accommodation should be considered, depending
on the specific symptom expression. When meal-responsive symptoms show a
declining curve (e.g. Figure 6A), this indicates that symptom relief is likely to

be associated with contents transiting to the small intestine, also pointing to a
gastric cause.86

Gastric activity responsive. Symptom burden increases in parallel with gastric
activity (i.e., symptoms present when gastric motility is maximal and absent
when quiescent) (e.g. Figure 6C). This symptom profile is relatively infrequently
observed and less well understood, but it likely indicates a sensory component to
symptoms.8’

Post-gastric: Symptom burden maximal in the latter half of the postprandial
recording, discordant with the amplitude curve (e.g. Figure 6D).86 This
phenotype indicates that small-intestinal pathologies should be considered.

Continuous.: Symptoms are present in the preprandial period, only modestly
exacerbated by meal ingestion, and remain elevated postprandially without
declining when the BSGM meal response curve wanes (e.g. Figure 6E).

These symptoms cannot be clearly related to gastric function, and alternative
mechanisms such as neuropathy,3 “centrally-mediated” (gut-brain axis),*8:84
abdominal pain syndromes,88 and organic causes should therefore be considered.

Colicky: Symptoms that show an on-off paroxysmal pattern (e.g. Figure 6F),
indicating the possibility of chronic partial intestinal obstruction and implying
the need for radiological investigation.

These six profiles are not an exhaustive list and may be refined or expanded in future as
BSGM data evolves. In addition, different symptom patterns in any given patient may be
mixed, indicating overlapping pathologies, gut-brain axis overlays,89 or the involvement of
multiple Gl tract segments. Finally, it should be noted that motility responses to a meal
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are also triggered in the distal Gl tract,% meaning that meal-responsive symptoms such as
nausea and bloating could also reflect a colonic origin.

Conclusions and Future Directions

In a 1998 review, Bortolotti critiqued the status of EGG as * A seductive promise only
partially kept , stating that “the future of EGG rests in the hands of the electronic
engineers, who are alone capable of resolving [its] fundamental technical problems” 10.13
This technical review shows that in the subsequent two decades engineers have risen

to the challenge, now presenting BSGM as a mature successor technology to EGG.
Progress has been driven by a raft of innovations encompassing stretchable arrays, modern
bioelectronics, wearable hardware, robust artifact rejection techniques, and novel analytical
and visualization strategies, in concert with simultaneous digital symptom profiling, cloud
computing and big-data analytics.9:11:13.16.47.48,53.91 The result is a next-generation clinical
tool for evaluating gastric myoelectrical activity and symptoms, building on the considerable
legacy of EGG, but yielding specific phenotyping of gastric dysfunction at the individual
patient level.

The ultimate value for BSGM will be determined by its ability to guide treatment choices
or predict outcomes of specific therapeutic approaches. Therefore, the baton of progress
can now be handed back to gastrointestinal clinicians to define the full clinical potential

of BSGM. Gastric symptoms are common, and reliable tests of gastric motor function

are lacking,1>90 such that a non-invasive and radiation-free tool could achieve a priority
position in diagnostic algorithms and care pathways. An evidence-based status report of
these pathways is intended as the next stage for our BSGM Working Group, with the
additional goal of generating a first classification scheme to further inform the clinical utility
of the phenotypes introduced here. Additional research opportunities are considerable, and
include comparing BSGM to existing tests of gastric function such as gastric emptying,
antroduodenal manometry, pyloric EndoFLIP, and accommodation measures, as well as
resolving the capability of BSGM phenotypes to predict the success of current and future
therapies. It should also be noted that while current BSGM phenotypes are promising, they
are based on a relatively small number of studies, and further data is desirable to confirm
and extend current findings.

Several knowledge gaps are evident from this review that now require further attention.
These include:

. Defining the relationships between BSGM profiles and symptoms. Symptoms
expressed during a BSGM study could arise as a consequence of motility
abnormalities or as associations. Resolving symptom causality is important to
guiding therapeutic targets, and one useful framework to approach this problem
is the ‘Plausibility Criteria’ proposed by Tack et al.>®

. Defining correlations between gastric electrophysiology and motor activity.
BSGM phenotypes are summated gastric electrophysiology patterns, and
their associated motor profiles now need to be defined. These may include
links to accommodation / receptive relaxation, antral contractions, and pyloric
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dyscoordination. This problem can be approached by studies simultaneously
employing BSGM and symptom profiling together with other matility techniques
such as magnetic resonance imaging, barostat, and manometry.92.93

. Defining the pathophysiological basis of BSGM profiles. The pathophysiological
basis of BSGM profiles are currently inferred, often from legacy techniques such
as EGG or invasive gastric mapping. These links should be further advanced
through studies correlating BSGM profiles with pathophysiology at tissue,
cellular and subcellular levels, including addressing ICC, smooth muscle and
neural function.

The technical evolution of BSGM will also continue with several priorities. Spatial metrics
are expected to offer additional phenotypes, 1915 and advancing these through pivotal clinical
studies and regulatory approvals comprises perhaps the next important evolutionary step for
BSGM. In particular, there is deep interest in the role and meaning of retrograde activation,
which correlates with symptoms and appears to be a prominent feature in subgroups of
adults and children with gastric disorders.12:94 Other novel classes of metrics are also being
explored, including meal response curves and velocity of propagating waves.#8:53.95 |t would
also be valuable to correlate current and future BSGM phenotypes with contraction profiles
through magnetic resonance imaging.%2

BSGM generates vast volumes of high-dimensional data that are presently passed through
refined signal processing pipelines for spectral and spatial analytics. It is expected that
artificial intelligence (Al) methods will reveal novel insights in the underlying signals
that are predictive of specific symptom profiles.96 Feasibility has been presented in small
cohorts,% but as repositories of BSGM recordings and associated symptom data now
grow into the thousands of cases, Al approaches can begin to be meaningfully applied.
Furthermore, the role of Al could theoretically be extended to automated and/or enhanced
phenotyping.

BSGM is particularly attractive in pediatric care due to its non-invasiveness. Postprandial
pain, nausea and vomiting, rumination syndrome, aerophagia, diabetic gastropathy,
pseudo-obstruction and abdominal migraine present exemplary pediatric disorders for the
application of BSGM.38.97 Next steps will be to extend regulatory approvals to children and
adolescents (the latter having already been achieved in the UK and New Zealand), and to
evaluate the suitability of current electrode arrays and symptom logging tools for children
younger than 12 years old.

In conclusion, at the centennial of the discovery of EGG, Alvarez’s ‘little prophecy’
predicting the widespread use of “electrical measures’ in GI diagnostics may finally be
within reach.36 BSGM reflects a sustained period of technical progress, and is now clinically
available as a diagnostic aid for evaluating gastric motor function and symptoms in patients.
BSGM offers unique phenotyping capability that is not found in other gastric tests, and with
clinical data now emerging rapidly, the opportunity exists to definitively elucidate the role of
electrophysiology in gastrointestinal care.
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Figure 1.
Specific human gastric slow wave patterns can be correlated with body surface signatures

on BSGM. Top row. Normal gastric conduction yields highly stable and regular activation
profiles, propagating from the proximal to distal stomach, centered on a frequency of 3 cpm
(reference interval: 2.65 — 3.35),18 which yields a regular sinusoidal body surface signal of
the same frequency. A typical BSGM profile is shown (top right) with an amplitude that
increases after the meal, before returning towards baseline as the meal response wanes.
Middle row. Retrograde propagation may arise from distal gastric pacemakers at a regular
rate and normal frequency, with a reversed activation profile detectable by phase mapping
of body surface signals recorded over the epigastrium.1® Bottom row. disorganized gastric
activity may arise due to dysrhythmias and/or neuromuscular disorders, leading to chaotic
gastric activity in electrograms, detectable as disordered spatial propagation and spectral
instability at the body surface.34:35:48.72
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Figure 2.
Example technical developments of the commercially-available Gastric Alimetry BSGM

system. A) A peel and stick HR array with an 8x8 grid of electrodes at 2 cm inter-electrode
separation (area ~225 cm?). The Array has conductive hydrogel pre-applied to the electrodes
to optimize conduction and minimize impedance. B) Customized conformable electronics
eliminate cables and wires using printed circuits. C) Spatial heat map of healthy volunteer
participants demonstrating the estimated signal power in the gastric range over the recording
duration (n = 24) lying centrally within the mapped field when using the methods in

C).9 D) Automated algorithms detect and reject artifacts to yield the highest SNR (grey
lines show raw signal data; blue lines show signals with artifacts corrected).18 When noise-
contaminated signal is unrecoverable, these areas are not shown in the spectral plots.
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For use by Adam E. Kennedy
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Figure 3.

A) A photograph is shown of the wearable Reader and Array setup in the Gastric Alimetry
system. B) Screenshots of the iOS Symptom-Logging App dashboard display and an
example symptom report of a participant with functional dyspepsia.
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Figure 4.
A) Analysis pipelines from raw signal traces to spectrograms and spatial outputs. Raw

signals are processed by automated algorithms that detect and reject artifacts, followed

by a filtering and smoothing step. B) Thereafter, a selection of top channels are used

to generate spectral outputs, whereas the entire array is used to generate spatial outputs.
Spectral outputs include frequency-time spectrograms and amplitude-time curves, while
spatial outputs include phase maps from which propagation direction and summative polar
histograms can be computed. C) Summary diagram of reference intervals for BSGM as
generated from a large database of healthy adults of diverse demographics (n=110).48
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Data from Patients with Nausea and Vomiting Syndromes (Gharibans et al. 2022)

Consensus Panel Classification: Abnormal | | Normal
Consensus classifications were made qualitatively prior to the availability of reference intervals and considered the presence of a
meal-response, clear and consistent dominant frequency band, and normal rhythms.
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Data from Patients with Long-Term Type 1 Diabetes (Xu et al. 2022)

Classification: Abnormal | Abnormal Frequency | Normal
Classifications were based on validated spectral reference intervals (Varghese et al., 2022).
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Figure 5.
Summary of spectral phenotypes arising from BSGM. Low rhythm stability. a phenotype

characterized by low GA-RI (<0.25). Example averaged spectrogram shown from a

series of patients with nausea and vomiting syndromes (NVS) considered to have
neuromuscular dysfunction (n=13).48 Low amplitude: a phenotype characterized by low
BMI-Adjusted Amplitude (<20 pV), a finding supportive of a neuromuscular disorder
and/or myopathy. Example averaged spectrogram shown from patients, with low BMI-
adjusted amplitudes considered to have neuromuscular dysfunction (n=4).28 Normal rhythm
stability. characterized by spectral reference intervals in the normal ranges (averaged
spectrograms of n=26 patients with chronic gastric symptoms).”® High stable amplitude:
characterized by normal GA-RI (=0.25) and high BMI-adjusted amplitude (>70 uV)
suggesting possible gastric outlet resistance (data shown from n=2 patients with nausea and
vomiting syndromes).>3 Abnormal frequency. Principal Gastric Frequency outside of 2.65 —
3.35 cpm. Average spectrograms shown from long-term type 1 diabetic subjects (n=10).11
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As these phenotypes are derived from reference intervals defined by a population of healthy
controls, they are intended to serve as guidelines, not definitive diagnoses. They should be
interpreted alongside relevant clinical data.
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A. Meal-responsive B. Meal-responsive (neuromuscular disorder)
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Figure 6.
Representative symptom profile phenotypes. (A,B) Meal-responsive: symptoms onset occurs

after meal-consumption. Examples shown for a transient frequency deviation (A) and a
patient with a phenotype suggestive of a neuromuscular disorder (B). (C) Gastric activity
responsive. symptom burden increases in parallel with gastric activity (i.e., symptoms
present when gastric motility is maximal and absent when quiescent). (D) Post-gastric:
symptom burden maximal in the latter half of the postprandial recording, discordant with
the amplitude curve, indicating that small-intestine pathologies should be considered. (E)
Continuous. Symptoms are present in the preprandial period, only modestly exacerbated by
meal ingestion, and remain elevated postprandially without declining when the BSGM meal
response curve wanes. Continuous symptoms are not clearly related to gastric motor activity.
(F) Colicky. Symptoms that show an on-off paroxysmal pattern suggesting the need for
radiological investigations.
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