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ABSTRACT

Background: Diagnosing pediatric patients with chronic gastroduodenal symptoms is clinically challenging, with the role of
gastric emptying testing being controversial. Body Surface Gastric Mapping (BSGM) is a new diagnostic test that can identify
specific patient phenotypes in adults with gastric dysfunction. This study evaluates whether BSGM can delineate specific pheno-
types in adolescents and provide clinically meaningful distinctions between gastroparesis and functional dyspepsia diagnoses.
Methods: A prospective cross-sectional study recruited adolescents aged 12 to 21 between 2022 and 2024. Controls were re-
cruited from New Zealand and patients from the Children's Hospital of Philadelphia, USA. BSGM followed a standardized
protocol, including simultaneous symptom reporting and completion of validated symptom, psychometric, and physical health
questionnaires.

Key Results: Fifty-six subjects were recruited (31 controls, 25 patients); median age 16; 96% of patients were female. Control
data showed that adult reference intervals provided an acceptable interpretation framework. Patients with FD (n=10) and gas-
troparesis (n =15) had common symptoms, mental health, quality of life, and functional disability (all p>0.05). Three distinct
BSGM phenotypes were identified: BSGM Normal (n=10), BSGM Delay (n=8), and Low Stability/Low Amplitude (n=7), having
spectral differences in BMI-Adjusted Amplitude 34.6 versus 39.1 versus 19.9 (p =0.01) and Gastric Alimetry Rhythm Index: 0.45
versus 0.45 versus 0.19 (p=0.003). BSGM phenotypes demonstrated differences in symptoms (nausea p=0.04), physical health
(p=0.04), and psychometrics (anxiety p=0.03).

Conclusion and Inferences: Adolescents with FD and gastroparesis have overlapping clinical profiles, making treatment chal-
lenging. Conversely, employing BSGM to categorize patients into distinct phenotypes reveals clinically relevant differences,
offering avenues for individualized therapeutic pathways.

Abbreviations: BSGM, body surface gastric mapping; FD, functional dyspepsia; ff-AR, fed-to-fasted amplitude rati; GA-RI, gastric alimetry rhythm index; GET, gastric emptying test.
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Summary

« Gastric emptying testing (GET) is used to differenti-
ate FD and gastroparesis patients, yet these disorders
show overlapping clinical characteristics. BSGM com-
bines a non-invasive gastric electrophysiological map-
ping test with validated symptom profiling to improve
patient subgroup phenotyping.

Adolescent FD and gastroparesis patients defined by
GET and Rome IV were indistinguishable by symp-
toms, quality of life, and health psychology. In con-
trast, BSGM differentiated FD and gastroparesis
patients into three distinct phenotypes with meaning-
ful clinical differences.

BSGM improves patient differentiation by identifying
discrete subgroups of patients with specific dysmotil-
ity profiles, with superior symptom and biopsychoso-
cial correlations. These subgroups have implications
for diagnoses and tailoring of treatment and manage-
ment decisions.

1 | Introduction

Persistent upper gastroduodenal symptoms such as nausea,
vomiting, bloating, and abdominal pain are prevalent in the pe-
diatric population [1], impacting quality of life and leading to
frequent healthcare presentations [2, 3]. The Rome IV pediat-
ric criteria provide a diagnostic framework to support a positive
diagnostic approach [4]; however, overlapping symptoms and
diagnostic criteria continue to pose challenges to personalized
treatment [5].

Per Rome IV, FD is subclassified into postprandial distress syn-
drome (PDS) and epigastric pain syndrome (EPS) [4], yet ap-
proximately 35% of FD patients experience both PDS and EPS
symptoms [6]. Confirmed delayed gastric emptying is used to
differentiate between patients with FD or gastroparesis, as they
often present with similar symptoms [7]. While a delayed gastric
emptying test is the gold standard for confirming gastroparesis,
studies have shown that up to 25% of patients with FD also ex-
hibit delayed gastric emptying [8], thus blurring the distinction
between these two groups and underscoring an overlapping
pathophysiology. These overlaps between FD and gastroparesis
underscore the limitations of gastric emptying studies, suggest-
ing they may not be as diagnostically definitive as once believed
[9-11]. New gastric tests providing actionable biomarkers are
needed to better discriminate disease pathophysiology to in-
form care.

Body Surface Gastric Mapping (BSGM) (Gastric Alimetry,
Alimetry, New Zealand) is a new diagnostic test involving
high-resolution electrophysiology coupled with simultane-
ous symptom profiling. Essential developments, such as a
large single array with a dense grid of embedded electrodes
to accommodate weak signals and individual anatomical dif-
ferences, plus a validated sophisticated artifact detection algo-
rithm capable of filtering noise from gastric signals [12], are
implemented in BSGM to make it a substantially superior test
compared to legacy electrogastrography [13-15]. The array

also has the adaptability to have one to two electrode rows
removed to better fit smaller torsos without compromising
signal acquisition or quality. The latter feature reduces over-
lapping frequency ranges of activity produced by the stomach
and colon. Although, despite overlapping gastric and colonic
operating frequencies, the colonic signal morphology over
longer periods differs significantly from that of the stomach
[16]. Specifically, the stomach produces sustained contrac-
tions at a stable frequency over timescales (often hours) much
longer than contractions produced by the colon, which are not
typically concentrated around a single frequency [17].

Several studies applying BSGM in adults have demonstrated the
capability to phenotype specific disease subgroups in gastro-
duodenal disorders [18, 19]. A recent study also demonstrated
that using BSGM phenotypes in clinical practice aided decision-
making and reduced healthcare costs [20]. In addition, in a large
head-to-head study, BSGM demonstrated a higher yield for gas-
tric motility abnormalities than gastric emptying testing (GET)
alone, with improved correlations to symptoms and psychomet-
rics [9].

Feasibility studies using BSGM in pediatrics have been pre-
sented in the abstract form, suggesting that BSGM is acceptable,
feasible, and safe for children as young as five [21, 22].

This study is the first detailed report on using BSGM with a
pediatric population, focusing on adolescents. The aims were
to define whether BSGM can delineate specific patient sub-
groups within FD and gastroparesis and to compare symp-
toms, health psychology, and quality of life across these
subgroups.

2 | Methods

This was a pragmatic cross-sectional study, with a sample size
estimated at a minimum of 50 subjects being sufficient to eval-
uate group-level differences [23], which is supported by recent
feasibility studies in pediatric populations [21, 22]. The study is
reported in accordance with the STROBE guidelines [24].

2.1 | Population

Adolescent participants were recruited from Auckland, New
Zealand (controls), and the Children's Hospital of Philadelphia,
USA (patients). Ethics was approved by the relevant institutional
review boards, and all participants provided informed consent
and parent assent. Healthy controls were recruited through local
advertising and patient participants through clinical referrals.
Eligibility criteria were that participants were aged between
12 and 2lyears, had a body mass index (BMI) <35kg/m [2]
(as per the BSGM information for use recommendations), and
had no history of gastric surgery other than percutaneous en-
teric gastrostomy tube insertion (allowed for patients). Patient
eligibility also included a diagnosis of FD (confirmed by Rome
IV and a normal GET) or a clinical diagnosis of gastroparesis
(confirmed by a delayed GET). All GET were undertaken within
24months of the BSGM test. All participants completed the
4.5-h BSGM test.
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2.2 | Procedures

Participant demographics, anthropometric measures, and
clinical data, including GET outcomes, were obtained. A de-
layed GET outcome confirmed gastroparesis, and Rome IV
criteria and a normal GET confirmed FD [25, 26]. All partic-
ipants completed age-appropriate validated questionnaires
for gastroduodenal symptoms [27], functional disability [28],
mental well-being, [29, 30] and quality of life [31] on the day
of the BSGM test.

Figure 1A presents the standardized BSGM protocol using the
Gastric Alimetry system (details previously published [32]),
screenshots of the symptom-logging App (Figure 1B), and
an example of the BSGM array on an adolescent’s abdomen
(Figure 1C). The standard test protocol involved gentle skin

A / @ :

Skin

exfoliation with an electrolyte gel, a 30-min fasting baseline,
a standardized meal (68g Clif bar; 250kCal with 45g carbohy-
drate, 9g protein, 5g fat, 4g fiber), and 200mL of water, con-
sumed over 10min, followed by a 4-h postprandial recording.
Simultaneously, all participants reported their symptoms on the
Gastric Alimetry App using an 11-point Likert scale of 0= ‘none’
to 10 = ‘worst symptom imaginable’ and reported episodic symp-
toms (belching, reflux, and vomiting) at a minimum of 15-min
intervals. The total symptom burden score and individual symp-
tom scores were calculated and averaged [33].

BSGM spectral metrics are reported as Principal Gastric
Frequency (PGF), BMI-Adjusted Amplitude, Gastric Alimetry
Rhythm Index (GA-RI) and fed-fasted Amplitude Ratio (ff-
AR) (for more detailed and technical information, refer to
[12, 32, 34]).
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FIGURE1 | (A)The BSGM protocol encompassing a 30-min fasting baseline, a 10-min meal challenge, and a 4-h postprandial recording with

concurrent symptom logging at 15-min intervals and completion of validated questionnaires. (B) Screenshots of the symptom-logging app. (C) Image

of an array and reader on the abdomen of an adolescent.
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In the absence of validated pediatric normative reference in-
tervals, abnormalities were defined using adult reference in-
tervals [18, 32]. Visual assessment and interpretation of each
participant’s spectrogram and spectral plot, as well as a de-
tailed review of the signal traces for assessment of extrinsic
(movement) and intrinsic (e.g., colonic signal) artifact, was
also undertaken to support accurate report interpretation.
Additionally, the adolescent control data generated in this
study were compared to adult normative ranges to ensure
that these provided an acceptable provisional interpretative
framework. Patients were then phenotyped a priori according
to abnormalities identified in the BSGM metrics, their symp-
tom profile, and meal response pattern based on previous ap-
proaches used in adults [16, 19].

2.3 | Analysis

Statistical analyses were performed using SPSS version 29.0
(IBM Corporation, Armonk, NY). Variables were summa-
rized with descriptive statistics, normality was assessed, and
data were expressed as median and interquartile range (IQR).
Statistical comparisons were performed between study groups
using Student's t-test, Pearson’s chi-squared tests, Mann-
Whitney U, Kruskal-Wallis, or Fisher's exact tests as appropri-
ate. Pearson's correlation coefficient and Spearman’s correlation
were also applied, as appropriate, to the data type.

TABLE1 | Pediatric healthy control and patient demographics.

3 | Results

Fifty-six subjects comprising 31 healthy controls and 25 patients
were recruited; median age 16years (range 12-20); 80% were fe-
male and 74% Caucasian (Table 1). Median BMI was not differ-
ent between the adolescent groups (p=0.2). Summary patient
and control data for total symptom burden score, quality of life,
and mental well-being are presented in Table 2. They are similar
to those reported in other international studies [35].

The previously developed adult reference intervals [32, 34] were
compared to 31 healthy control adolescents aged 12-18years to
verify the acceptability of their use in adolescents. The main
difference was that pediatric controls showed a modestly lower
median GA-RI than adults (0.35[0.22-0.43] vs. 0.50 [0.39-0.64],
p<0.001; Table 3). Analyzing GA-RI over time shows that the
pediatric healthy control cohort has a short and sharp meal re-
sponse with a quicker return to baseline or fasting state than
their adult counterparts (refer to Figure S1, which presents the
Pediatric and Adult average spectrograms and Figure S2, which
presents the pediatric and adult median GA-RI metrics over
time as a line graph).

The objective of this study was to identify group-level distinc-
tions, with the observed overall similarity between the spectral
metrics of pediatric and adult control groups providing confi-
dence that the application of adult reference intervals a priori

Variables Healthy controls (N = 31) Patients (n=25) p
Demographics
Sex (M [%]) 19 (61) 1(4) <0.001
Age years (median [IQR]) 14.7 (13-16) 16.1 (14-18) 0.02
Ethnicity (N (%)
White/European 22 (71) 20 (80) —
Maori? 1(3) — —
Pacific/Hawaiian 2(6.5) — —
Black/African American 2(6.5) 2(8) —
Hispanic/Latinx — 3(12) —
Chinese 2(6.5) — —
Other 2(6.5) — —
BMI Kg/m? (median [IQR]) 19.7 (17.4-21.2) 20.7 (19.0-22.7) 0.2
Diagnosis
Gastroparesis (n) — 15 —
Functional dyspepsia (n) — 10 —

Quality (median [IQR])

% of Meal completion
% Artifact

Impedance

100
26.3 (16.3-42.0)
108.9 (67.4-124.2)

66.7 (40-100) <0.001
21.9-12.85-29.1) 0.6
131.2 (91.3-178.7) 0.04

2Maori: Indigenous population of New Zealand.
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TABLE 2 | Total symptom burden and individual symptom scores, clinical symptoms, quality of life, functional disability, and mental well-being

questionnaire outcomes for healthy controls and patients.

Healthy controls Patients
Variables (median [IQR]) N=31 N=25 P
Total symptom burden score 1.2 (0.0-3.6) 16.4 (5.3-33.1) <0.001
Individual symptoms
Early satiety 1(0.0-2.0) 4(1.0-6.0) 0.04
Excessively full 0(0.0-0.55) 2.55(0.18-5.7) <0.001
Bloating 0 1.8 (0.0-3.95) <0.001
Heartburn 0 0.3 (0.0-2.45) <0.001
Nausea 0 2.3(0.15-6.5) <0.001
Upper gut pain 0 2.8 (0.03-5.2) <0.001
Stomach burn 0 1.2 (0.0-4.3) <0.001
Patient completed questionnaires
Gastrointestinal symptoms l 89.8 (83.4-95.6) 53.72 (38.51-70.61) 0.02
Nausea severity scale 1 0.0 (0.0-14.0) 20.4 (10.2-29.7) 0.003
Abdominal pain index 1 0 23.0 (14.2-31.0) <0.001
Functional disability index 1 0.0 (0.0-1.0) 20.0 (9.0-30.25) <0.001
Quality of life ! 97.0 (85.0-100) 57.0 (42.0-71.0) <0.001
Anxiety ) 38.0(33.5-52.5) 53.6 (43.2-59.5) <0.001
Depression 1 43.8 (33.5-52.5) 50.9 (43.5-59.5) 0.32

Note: 1] indicates the direction of severity outcome for each questionnaire.

TABLE 3 | Comparison between pediatric and adult controls for average BMI-adjusted amplitude, principal gastric frequency, gastric alimetry

rhythm index, fed-toto-fasted amplitude ratio, and meal response ratio.

BSGM spectral metrics Pediatric controls Adult controls

(median [IQR]) N=31 N=110 P
BMI-adjusted amplitude 33.90 (28.9-40.9) 36.90 (29.6-50.7) 0.11
PGF 3.00 (2.86-3.19) 3.05(2.90-3.21) 0.58
GA-RI 0.35 (0.22-0.43) 0.50 (0.39-0.64) <0.001
ff-AR 2.12(1.79-2.77) 1.84 (1.25-2.21) 0.02
Meal response ratio 1.44 (1.32-1.82) 1.10 (0.94-1.38) <0.001

Abbreviations: ff-AR, fed-to-fasted amplitude ratio; GA-RI, Gastric Alimetry hythm index; PGF, principal gastric frequency.

could effectively differentiate phenotypes and yield significant
group-level differences within the pediatric patient cohort.

3.1 | Gastroparesis Versus Functional Dyspepsia

All 25 patients underwent GET, with 15 having gastroparesis
and 10 having normal GET and positive for FD according to
Rome IV criteria. There were no significant differences in total
symptom burden, individual symptoms reported during the
test, or clinical symptoms, quality of life, functional disability,

or mental well-being questionnaire outcomes between patients
with gastroparesis or FD. Likewise, the BSGM metrics were
not significantly different between gastroparesis or FD pa-
tient groups (Table 4). Figure 2 presents the averaged spectral
and symptom burden plots derived from the Gastric Alimetry
BSGM test for healthy controls and patients with FD and
gastroparesis.

Gastroparesis and FD subjects were, therefore, clinically indis-
tinguishable across symptom severity, functional disability, psy-
chometric profiles, and BSGM spectral metrics.
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TABLE 4 | BSGM within-test total symptom burden and individual symptom scores; clinical symptoms, quality of life, functional disability, and
mental well-being questionnaire outcomes, and BSGM spectral metric outcomes for functional dyspepsia and gastroparesis patients.

Functional dyspepsia Gastroparesis

Variables (median [IQR]) n=10 n=15 p

Within-test reported symptoms

Total symptom burden score 27.50 (15.7-33.2) 22.8(5.0-39.4) 0.95
Individual symptoms
Early satiety 5(1.0-7.0) 4.1 (3-6) 0.48
Excessively full 2.7 (2.4-6.5) 1.3(0.1-5.8) 0.8
Bloating 3.5(1.8-4) 1.8 (0.5-4.9) 0.55
Heartburn 0.5 (0.0-2.0) 0.5(0.0-4.1) 0.34
Nausea 3.6 (2.3-5.9) 4.5(0.3-7.1) 0.79
Upper Gut Pain 4.3(2.0-5.2) 2.2(0.0-6.7) 0.88
Stomach Burn 0.3 (0.0-5.0) 1.1 (0.0-4.6) 0.39
Patient-completed questionnaires
Gastrointestinal symptoms module | 54.2 (33.1-68.5) 47.3 (38.5-71.2) 0.57
Nausea severity scale 1 27.0 (19.7-29.2) 30.0 (20.0-32.0) 0.71
Abdominal pain index 1 25.0 (12.5-33.0) 25.1 (15.0-30.0) 0.34
Functional disability index 1 23.5(11.7-35.0) 27.0 (9.0-34.0) 0.88
Quality of life ! 60.0 (45.0-74.5) 53.0 (47.0-63.0) 0.16
Anxiety 1 58.3 (43.3-61.8) 54.8 (47.2-61.8) 0.58
Depression 1 50.7 (43.5-65.1) 49.8 (37.7-62.6) 0.48
BSGM spectral data
Principal Gastric Frequency (cpm) 2.90 (2.84-2.99) 3.05(2.95-3.13) 0.21
BMI-adj Amplitude (V) 26.6 (24.5-31.8) 40.4 (27.9-48.2) 0.06
Gastric Alimetry Rhythm Index 0.31 (0.19-0.36) 0.47 (0.32-63) 0.13
Fed-to-fasted amplitude ratio 1.73 (1.49-1.86) 1.81 (1.31-2.35) 0.98
Note: 1] Direction of severity for each questionnaire.
Abbreviations: kv, microvolts; cpm, cycles per minute.
A Controls B Functional Dyspepsa C Gastroparesis
vl ® N=31 e N=10 ® N=15
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FIGURE2 | Averaged BSGM spectral and symptom burden plots with median (IQR shaded) for BMI-adjusted amplitude and symptom burden for
Contols (A), Functional Dyspepsia (B) and Gastroparesis (C).
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3.2 | BSGM: Phenotype Subgroup Analysis

The 25 patients were defined and categorized a priori into three
distinct phenotypes according to their spectral metrics and
symptom profiles, regardless of FD or gastroparesis status, as
follows:

« BSGM Normal (n=10): indistinguishable spectral metrics
from healthy controls

« BSGM Delayed (n=38): delay in the onset of gastric activity
postprandially defined by meal response ratio <1 (ratio of
amplitude in the first 2h postprandially to the last 2h).

« BSGM Low Stability/Low Amplitude (n="7): have a GA-RI
<0.25 and/or BMI-Adjusted amplitude <22 uv

There were no differences in age, BMI, or test quality mea-
sures between phenotypes (all p-values >0.05). BSGM met-
rics, symptoms, and questionnaire scores are provided in
Table 5. The BSGM phenotype groups demonstrated signif-
icant differences in psychology and physical health metrics,
including anxiety scores, which were worse for the Low
Stability/Low Amplitude phenotype (59.5 [51.8-61.8]) than
for BSGM Delayed (57.4 [47.5-59.5]) and BSGM Normal (43.5
[36.8-47.2], p=10.03) phenotypes. A similar pattern emerged
with Functional Disability scores, with the Low Stability/Low
Amplitude phenotype reporting a higher impact on functional
ability (21.5 [8.4-26.5]) than BSGM Delayed (18.5 [2.3-36.8])
and BSGM Normal (12.5 [3.0-24.0], p=0.04) phenotypes.
This pattern was also observed in the abdominal pain sever-
ity index scores (20.0 [11.3-27.3] vs. 21.0 [6.25-29.5] vs. 28.2
[3.75-33.0], p=0.06), and quality of life (63.5 [45.3-85.7] vs.
59.5 [50.7-75.5] vs. 57.5 [46.3-76.3], p=0.06), although not
reaching statistical significance.

Within-test symptom comparisons between the phenotype
groups found that nausea was highest in the Low Stability/Low
Amplitude group (5.5 vs. BSGM Delayed 3.5 vs. BSGM Normal
1.4, p=0.04). The total symptom burden score was also higher
in the Low Stability/Low Amplitude group (33.2 [17.1-38.7] vs.
BSGM Delayed 25.1 [10.5-27.5] and BSGM Normal 18.3 [5-7-
27.9], although not reaching statistical significance [p=0.08]).
Pairwise analyses showed higher symptom severity in the Low
Stability/Low Amplitude group compared to BSGM Normal
for nausea (5.5 [4.8-9.1] vs. 1.4 [0.07-4.1], p=0.04), upper gut
pain (4.9 [1.6-5.7] vs. 1.35 [0.0-3.7], p=0.03), and bloating (4.0
[0.4-7.1] vs. 1.9 [0.37-2.8], p=0.04). The remaining symptoms
did not differ between groups; however, there are visible differ-
ences in the symptom curves for each symptom by phenotype
(Figure 3A-C).

Figure 3A-C displays the average spectral and symptom data
for each BSGM phenotype. BSGM Normal (A) showed a high
symptom burden that was present pre-prandially and contin-
ued postprandially, being moderately meal-responsive and with
no correlation between the gastric amplitude and symptom
curves (Spearman's correlation r=0.11 p=0.7 [95% CI —0.53
to 0.7]). BSGM Delayed (B) showed an increase in symptoms
postprandially, which decreased as gastric amplitude increased
(Spearman’s correlation r=-0.26, p=0.06, 95% CI —0.18 to
0.54). The Low Stability/Low Amplitude phenotype (C) showed a

relatively high symptom burden pre-prandially, which remained
continuous throughout the test (total symptom burden score
33.2) and with symptom curves uncorrelated with gastric am-
plitude (Spearman'’s correlation r=0.21, p=0.65 [95% CI —0.78
to 0.55]).

There was no relationship between the clinical diagnoses
of FD and gastroparesis and the physiological phenotypes
revealed by BSGM, as demonstrated by the Sankey Plot in
Figure 3D.

4 | Discussion

This study applied a new BSGM technique (Gastric Alimetry)
in an adolescent population to determine whether meaningful
new pediatric disease groupings could be delineated in FD and
gastroparesis. The results demonstrated that FD and gastropa-
resis patients could not be separated by their symptoms, quality
of life, functional disability scores, health psychology metrics,
or BSGM metrics. In contrast, three distinct BSGM phenotypes
emerged from the spectral analysis, showing meaningful clini-
cal differences across most of these domains. The clinical diag-
nosis of FD or gastroparesis showed no relationship to the three
BSGM phenotypes, indicating that they potentially constitute
novel disease categories.

Our findings, supported by other research, found substantial
overlap between FD and gastroparesis regarding symptom pat-
terns, quality of life, and mental well-being [10, 36]. The overlap
between FD and gastroparesis poses difficulties for personal-
ized care, particularly for predicting patient responses to man-
agement options. Consequently, there is an element of trial and
error in current clinical decisions and patient care pathways
[37, 38], which appears unavoidable without improved diagnos-
tic tools to provide improved clinical biomarkers. BSGM intro-
duces objective phenotyping and symptom profiling and thus
offers an alternate approach or a secondary diagnostic layer to
GET [9, 18, 39].

A known weakness of GET is that it does not dependably
capture neuromuscular pathologies, such as injury to the
interstitial cell of Cajal (ICC) networks, which can lead to
dysrhythmic gastric myoelectrical activity [40]. A primary
motivation for developing BSGM was to resolve this gap by
introducing a test more specific for neuromuscular disorders,
considered to be characterized here by the Low GA-RI/Low
Amplitude phenotype [18, 41]. In this first BSGM study in ad-
olescents, this phenotype was identified in both gastroparesis
and FD subjects and was notable for its more severe symp-
toms (particularly nausea), poorer health psychology, physical
health, and lower quality of life. These factors indicate that
this phenotype likely distinguishes a more severely affected
subset of pediatric patients requiring more intensive manage-
ment approaches.

Patients with high symptom burden, unrelated to gastric am-
plitude, plausibly indicate a gut-brain axis relationship (BSGM
Normal phenotype) [42]. In adults, research has found that pa-
tients in this category often experience higher psychological
comorbidities [37, 43-45]; however, in our adolescent study,
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FIGURE 3 | Average spectral and symptom data for each BSGM phenotype: BSGM Normal (A), Delayed (B), and Low Stability/Low Amplitude
(C). The Sankey Plot (D) shows there was no relationship between clinical diagnoses (FD and gastroparesis) and the BSGM phenotypes (3D).

anxiety and depression scores in this group were similar to the
population average, indicating that other factors should also
be considered [46, 47]. Patients with the BSGM Delayed group
constitute a new category, with a temporal disconnect between
the meal challenge and subsequent meal response (amplitude
increase), with symptoms occurring predominantly during the
lag phase (no gastric activity). The delayed response phenotype
of BSGM can be linked to altered gastric postprandial physiol-
ogy, either because of altered CNS response to a meal, altered
autonomic function, altered gastric accommodation, or delayed
hormonal response to a meal. Further research could provide
valuable insights to enhance pathophysiological understanding
and diagnosis and improve treatment planning. The finding
that seven patients diagnosed with gastroparesis had a normal
spectral outcome (BSGM Normal phenotype) is significant and
could indicate a focus on alternative pathophysiology, including
pyloric resistance [48].

This study also included the recruitment of the first cohort of ado-
lescent healthy control subjects. This data was applied to compare
adolescent and adult control data collected from a separate study
[32], demonstrating that adult reference intervals can provide an
acceptable provisional BSGM interpretation framework. While
this qualifying step enabled the delineation of the first pediat-
ric spectral groupings, we recommend that age-specific pediatric
reference intervals be prioritized in the future. This recommen-
dation is supported by the observation of a modestly reduced

average GA-RI metric and a noticeably shorter meal response du-
ration in adolescent controls from this initial study. These find-
ings may be influenced by a higher metabolic rate in adolescents,
leading to a quicker return to a fasting state [49, 50], which was
illustrated by the lower GA-RI occurring late in the test.

Several limitations are also acknowledged. While our sample size
was sufficient for delineating novel pediatric disorder subgroups,
further studies with larger patient groups are now desirable to
confirm and expand the outcomes reported here. This study fo-
cused on FD confirmed by Rome IV and a normal gastric emp-
tying scintigraphy result and gastroparesis patients only. Given
the prevalence of common pediatric DGBI conditions such as
functional abdominal pain, chronic nausea, and vomiting [1],
expanding BSGM research into more conditions is important. In
addition, studies linking the newly defined subgroups to thera-
peutic outcomes comprise a critical next step to further defining
their clinical importance and utility. The limited male represen-
tation in the patient group is unsurprising, as the prevalence of
these disorders is higher in females [51-53]. Nevertheless, in-
creasing male representation in these studies is important.

5 | Conclusion

This first study of BSGM in a pediatric population has identified
novel subgroups in adolescents with chronic gastroduodenal
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symptoms. These groups showed meaningful clinical differ-
ences, which were absent when comparing the current FD and
gastroparesis diagnoses. These findings indicate that BSGM
can provide valuable data to classify disease phenotypes within
these complex conditions, which could support differential
treatment approaches, follow-ups, and monitoring.

Author Contributions

G.H. designed the research study, collected and analyzed the data, and
wrote the manuscript. G.O., H.M., A.G. and C.K. contributed to the
study design, advice and manuscript revisions. X.B. collected data and
contributed to manuscript revisions. G.S. provided advice on the study
and analysis and contributed to manuscript revisions. C.N.A., A.B., and
S.C. provided study advice and contributed to manuscript revisions. All
authors peer-reviewed and approved the final version of the manuscript.

Acknowledgments

The authors would like to thank all the study participants, as without
their generous participation, this study would not have been possible.
This research has been supported by the New Zealand Health Research
Council and the Children’s Hospital of Philadelphia. Open access pub-
lishing facilitated by The University of Auckland, as part of the Wiley
- The University of Auckland agreement via the Council of Australian
University Librarians.

Conflicts of Interest

G.0.G. and A.G. hold grants and intellectual property in gastroin-
testinal electrophysiology. G.S., S.C., G.0.G., A.G., and C.N.A. are
Alimetry's shareholders and employees. G.O.G. is a Director at The
Insides Company. The remaining authors have no conflicts of interest
to declare.

Data Availability Statement

Data sharing and data use are governed by the AotearoalNew Zealand
Health and Disability Ethics Committee. The majority of the data is
available in the manuscript; however, all requests for additional data
can be made to the corresponding author. Requests will be granted
if the proposed use aligns with the ethical approval for the study and
relevant ethical approvals have been obtained, including approval
from a New Zealand Ethical Committee and Children's Hospital of
Philadelphia IRB.

References

1. A. C. Boronat, A. P. Ferreira-Maia, A. Matijasevich, and Y. P. Wang,
“Epidemiology of Functional Gastrointestinal Disorders in Children
and Adolescents: A Systematic Review,” World Journal of Gastroenterol-
ogy 23 (2017): 3915-3927.

2. V. Dipasquale, D. Corica, S. M. C. Gramaglia, S. Valenti, and C. Ro-
mano, “Gastrointestinal Symptoms in Children: Primary Care and Spe-
cialist Interface,” International Journal of Clinical Practice 72 (2018):
€13093.

3. G. A. Holtman, “Diagnostic Strategies in Children With Chronic Gas-
trointestinal Symptoms in Primary Care,” Volume PhD: Rijksuniversi-
teit Groningen (2016).

4.D. Drossman, L. Chang, W. Chey, J. Kellow, J. Tack, and W. E. White-
head, Rome IV Pediatric Functional Gastrointestinal Disorders—Disor-
ders of Gut-Brain Interaction, 1st ed. (Rome Foundation, 2016).

5. C. A. Friesen, J. M. Rosen, and J. V. Schurman, “Prevalence of Over-
lap Syndromes and Symptoms in Pediatric Functional Dyspepsia,” BMC
Gastroenterology 16 (2016): 75.

6.N. J. Talley and A. C. Ford, “Functional Dyspepsia,” New England
Journal of Medicine 373 (2015): 1853-1863.

7. G. K. Wong, R. J. Shulman, and B. P. Chumpitazi, “Gastric Emptying
Scintigraphy Results in Children Are Affected by Age, Anthropomet-
ric Factors, and Study Duration,” Neurogastroenterology and Motility:
The Official Journal of the European Gastrointestinal Motility Society 27
(2015): 356-362.

8.B. J. Kim and B. Kuo, “Gastroparesis and Functional Dyspepsia: A
Blurring Distinction of Pathophysiology and Treatment,” Journal of
Neurogastroenterology and Motility 25 (2019): 27-35.

9. W. J. Wang, D. Foong, S. Calder, et al., “Gastric Alimetry Improves
Patient Phenotyping in Gastroduodenal Disorders Compared to Gastric
Emptying Scintigraphy Alone,” medRxiv (2023): 2023.05.18.23290134.

10. G. Karamanolis, P. Caenepeel, J. Arts, and J. Tack, “Determinants
of Symptom Pattern in Idiopathic Severely Delayed Gastric Emptying:
Gastric Emptying Rate or Proximal Stomach Dysfunction?,” Gut 56
(2007): 29-36.

11.J. Tack and F. Carbone, “Functional Dyspepsia and Gastroparesis,”
Current Opinion in Gastroenterology 33 (2017): 446-454.

12. S. Calder, G. Schamberg, C. Varghese, et al., “An Automated Arti-
fact Detection and Rejection System for Body Surface Gastric Mapping,”
Neurogastroenterology and Motility 34 (2022): e14421.

13.D. A. Carson, G. O'Grady, P. Du, A. A. Gharibans, and C. N. An-
drews, “Body Surface Mapping of the Stomach: New Directions for
Clinically Evaluating Gastric Electrical Activity,” Neurogastroenterol-
ogy & Motility 33 (2020): e14048.

14. G. O'Grady, C. Varghese, G. Schamberg, et al., “Principles and Clini-
cal Methods of Body Surface Gastric Mapping: Technical Review,” Neu-
rogastroenterology and Motility 35 (2023): €14556.

15. M. A. M. T. Verhagen, L. J. Van Schelven, M. Samsom, and A. J.
Smout, “Pitfalls in the Analysis of Electrogastrographic Recordings,”
Gastroenterology 117 (1999): 453-460.

16. D. Foong, S. Calder, C. Varghese, et al., “Gastric Alimetry(®) Test
Interpretation in Gastroduodenal Disorders: Review and Recommenda-
tions,” Journal of Clinical Medicine 12 (2023): 6436.

17.S. H. B. Seo, C. I. Wells, T. Dickson, et al., “Validation of Body Surface
Colonic Mapping (BSCM) Against High Resolution Colonic Manometry
for Evaluation of Colonic Motility,” Scientific Reports 14 (2024): 4842.

18. A. A. Gharibans, S. Calder, C. Varghese, et al., “Gastric Dysfunction
in Patients With Chronic Nausea and Vomiting Syndromes Defined by
a Noninvasive Gastric Mapping Device,” Science Translational Medi-
cine 14, no. 663 (2022): eabq3544, https://doi.org/10.1126/scitranslmed.
abq3544.

19. W. Wang, D. Foong, S. Calder, et al., “Gastric Alimetry Expands Pa-
tient Phenotyping in Gastroduodenal Disorders Compared With Gas-
tric Emptying Scintigraphy,” Official Journal of the American College of
Gastroenterology (2023): 1-11, https://doi.org/10.14309/ajg.0000000000
002528.

20. W. Xu, L. Williams, G. Serebatnam, et al., “Gastric Alimetry Test-
ing and Healthcare Economic Analysis in Nausea and Vomiting Syn-
dromes,” Digestive Diseases and Sciences 69, no. 7 (2024): 2304-2314.

21. G. Humphrey, G. Schamberg, C. Keane, et al., “Towards Age Spe-
cific Normative Values for Body Surface Gastric Mapping in Pediatrics,”
Gastroenterology 164 (2023): S-948.

22. G. Humphrey, G. Schamberg, C. Keane, et al., “Translation of Body
Surface Gastric Mapping to Pediatric Populations: Feasibility and Ini-
tial Results,” Gastroenterology (New York, N.Y. 1943) 164 (2023): S-30.

23.D. Lakens, “Sample Size Justification,” Collabra: Psychology 8
(2021): 33267.

24. S. Cuschieri, “The STROBE Guidelines,” Saudi Journal of Anaesthe-
sia 13 (2019): S31-S34.

11 of 12


https://doi.org/10.1126/scitranslmed.abq3544
https://doi.org/10.1126/scitranslmed.abq3544
https://doi.org/10.14309/ajg.0000000000002528
https://doi.org/10.14309/ajg.0000000000002528

25. A. Reddivari and P. Mehta, Gastroparesis (National Library of Med-
icine, 2022).

26.T. L. Abell, M. Camilleri, K. Donohoe, et al., “Consensus Recom-
mendations for Gastric Emptying Scintigraphy: A Joint Report of the
American Neurogastroenterology and Motility Society and the Society
of Nuclear Medicine,” Journal of Nuclear Medicine Technology 36 (2008):
44-54.

27.J. W. Varni, C. B. Bendo, J. Denham, et al., “PedsQL Gastrointestinal
Symptoms Module: Feasibility, Reliability, and Validity,” Journal of Pe-
diatric Gastroenterology and Nutrition 59, no. 3 (2014): 347-355, https://
doi.org/10.1097/MPG.0000000000000414.

28. S. Kashikar-Zuck, S. R. Flowers, R. L. Claar, et al., “Clinical Util-
ity and Validity of the Functional Disability Inventory Among a Multi-
center Sample of Youth With Chronic Pain,” Pain 152 (2011): 1600-1607.

29.D. E. Irwin, H. E. Gross, B. D. Stucky, et al., “Development of Six
PROMIS Pediatrics Proxy-Report Item Banks,” Health and Quality of
Life Outcomes 10 (2012): 22.

30. PROMIS, “Paediatric Measures,” (2021), https://www.healthmeas
ures.net/explore-measurement-systems/promis/intro-to-promis/list-of-
pediatric-measures.

31.J. W. Varni, R. J. Shulman, M. M. Self, et al., “Gastrointestinal Symp-
toms Predictors of Health-Related Quality of Life in Pediatric Patients
With Functional Gastrointestinal Disorders,” Quality of Life Research
26 (2017): 1015-1025.

32. C. Varghese, G. Schamberg, S. Calder, et al., “Normative Values for
Body Surface Gastric Mapping Evaluations of Gastric Motility Using
Gastric Alimetry: Spectral Analysis,” American Journal of Gastroenter-
ology 118 (2023): 1047-1057.

33. G. Sebaratnam, N. Karulkar, S. Calder, et al., “Standardized System
and App for Continuous Patient Symptom Logging in Gastroduodenal
Disorders: Design, Implementation, and Validation,” Neurogastroenter-
ology & Motility 34, no. 8 (2022): e14331, https://doi.org/10.1111/nmo.
14331.

34. G. Schamberg, C. Varghese, S. Calder, et al., “Revised Spectral Met-
rics for Body Surface Measurements of Gastric Electrophysiology,” Neu-
rogastroenterology & Motility 35, no. 3 (2023): 14491, https://doi.org/10.
1111/nmo.14491.

35. H. E. Erskine, A. Baxter, G. C. Patton, et al., “The Global Coverage
of Prevalence Data for Mental Disorders in Children and Adolescents,”
Epidemiology and Psychiatric Sciences 26 (2016): 395-402.

36. F. V. Mandarino, S. G. G. Testoni, A. Barchi, et al., “Imaging in Gas-
troparesis: Exploring Innovative Diagnostic Approaches, Symptoms,
and Treatment,” Life (Basel, Switzerland) 13 (2023): 1743.

37.V. Stanghellini, F. K. L. Chan, W. L. Hasler, et al., “Gastroduodenal
Disorders,” Gastroenterology 150 (2016): 1380-1392.

38. G. Sebaratnam, M. Law, E. Broadbent, et al., “It's a Helluva Jour-
ney’: A Qualitative Study of Patient and Clinician Experiences of Nau-
sea and Vomiting Syndromes and Functional Dyspepsia,” Frontiers in
Psychology 14 (2023): 1232871.

39. W. Xu, A. A. Gharibans, S. Calder, et al., “Defining and Phenotyp-
ing Gastric Abnormalities in Long-Term Type 1 Diabetes Using a Novel
Body Surface Gastric Mapping Device,” Gastro Hep Advances 2 (2023):
1120-1132.

40. P. J. Pasricha, M. Grover, K. P. Yates, et al., “Functional Dyspepsia
and Gastroparesis in Tertiary Care Are Interchangeable Syndromes
With Common Clinical and Pathologic Features,” Gastroenterology 160
(2021): 2006-2017.

41.Z. Lin, L. Sarosiek, J. Forster, I. Damjanov, Q. Hou, and R. W. Mccal-
lum, “Association of the Status of Interstitial Cells of Cajal and Electro-
gastrogram Parameters, Gastric Emptying and Symptoms in Patients
With Gastroparesis,” Neurogastroenterology and Motility 22 (2010):
56-€10.

42.N. A. Koloski, M. Jones, J. Kalantar, M. Weltman, J. Zaguirre, and N.
J. Talley, “The Brain-Gut Pathway in Functional Gastrointestinal Dis-
orders Is Bidirectional: A 12-Year Prospective Population-Based Study,”
Gut 61 (2012): 1284-1290.

43.S. E. Tarbell, H. A. Shaltout, A. L. Wagoner, D. I. Diz, and J. E.
Fortunato, “Relationship Among Nausea, Anxiety, and Orthostatic
Symptoms in Pediatric Patients With Chronic Unexplained Nausea,”
Experimental Brain Research 232 (2014): 2645-2650.

44. A. M. Waters, A. M. Waters, E. Schilpzand, C. Bell, L. S. Walker,
and K. Baber, “Functional Gastrointestinal Symptoms in Children With
Anxiety Disorders,” Journal of Abnormal Child Psychology 41, no. 1
(2013): 151-163, https://doi.org/10.1007/s10802-012-9657-0.

45. W. Schutyser, L. Cruyt, J.-B. Vulsteke, J. L. Lenaerts, and E. de
Langhe, “The Role of High-Resolution Manometry in the Assessment of
Upper Gastrointestinal Involvement in Systemic Sclerosis: A Systematic
Review,” Clinical Rheumatology 39 (2020): 149-157.

46. “Health Measures. Available PROMIS Measures for Pediatric Self
Report,” Volume 2023 (2023).

47.]. C. Wu, “Community-Based Study on Psychological Comorbidity in
Functional Gastrointestinal Disorder,” Journal of Gastroenterology and
Hepatology 26 (2011): 23-26.

48.J. Wellington, B. Scott, S. Kundu, P. Stuart, and K. L. Koch, “Effect
of Endoscopic Pyloric Therapies for Patients With Nausea and Vomiting
and Functional Obstructive Gastroparesis,” Autonomic Neuroscience
202 (2017): 56-61.

49. R. K. Goyal, Y. Guo, and H. Mashimo, “Advances in the Physiology
of Gastric Emptying,” Neurogastroenterology and Motility 31 (2019):
el3546.

50. J. Tack, W. Verbeure, H. Mori, et al., “The Gastrointestinal Tract
in Hunger and Satiety Signalling,” United European Gastroenterology
Journal 9 (2021): 727-734.

51.L. A. A. Spee, Y. Lisman-Van Leeuwen, M. A. Benninga, S. M.
Bierma-Zeinstra, and M. Y. Berger, “Prevalence, Characteristics, and
Management of Childhood Functional Abdominal Pain in General
Practice,” Scandinavian Journal of Primary Health Care 31 (2013):
197-202.

52. A. D. Sperber, S. I. Bangdiwala, D. A. Drossman, et al., “Worldwide
Prevalence and Burden of Functional Gastrointestinal Disorders, Re-
sults of Rome Foundation Global Study,” Gastroenterology 160, no. 1
(2020): 99-114.

53. C. de Bruijn, A. Geijtenbeek, P. D. Browne, M. A. Benninga, and A.
M. Vlieger, “Children With Functional Gastrointestinal Disorders With
and Without Co-Existing Nausea: A Comparison of Clinical and Psy-
chological Characteristics,” Neurogastroenterology & Motility 35 (2023):
e14591.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

12 of 12

Neurogastroenterology & Motility, 2025


https://doi.org/10.1097/MPG.0000000000000414
https://doi.org/10.1097/MPG.0000000000000414
https://www.healthmeasures.net/explore-measurement-systems/promis/intro-to-promis/list-of-pediatric-measures
https://www.healthmeasures.net/explore-measurement-systems/promis/intro-to-promis/list-of-pediatric-measures
https://www.healthmeasures.net/explore-measurement-systems/promis/intro-to-promis/list-of-pediatric-measures
https://doi.org/10.1111/nmo.14331
https://doi.org/10.1111/nmo.14331
https://doi.org/10.1111/nmo.14491
https://doi.org/10.1111/nmo.14491
https://doi.org/10.1007/s10802-012-9657-0

	Body Surface Gastric Mapping Delineates Specific Patient Phenotypes in Adolescents With Functional Dyspepsia and Gastroparesis
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Population
	2.2   |   Procedures
	2.3   |   Analysis

	3   |   Results
	3.1   |   Gastroparesis Versus Functional Dyspepsia
	3.2   |   BSGM: Phenotype Subgroup Analysis

	4   |   Discussion
	5   |   Conclusion
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


