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Abstract: Upper gastrointestinal concerns including gastroparesis-like symptoms affect a
large portion of the population, and determining the culprit condition can be difficult due
to largely shared symptoms, clinical course, pathophysiology, and treatment pathways. The
understanding of gastric neuromuscular disorders (GNDs) is emerging as a heterogeneous
group encompassing conditions from gastroparesis to functional dyspepsia with chronic
nausea, early satiety, bloating, or abdominal pain, irrespective of gastric emptying. This
article aims to review the current concepts in gastroparesis and GNDs including pathophys-
iology, diagnosis, and management. While some established standards in their diagnosis
and management exist, a number of novel diagnostics are becoming available. Durable
therapeutic options are notably limited for such common conditions with chronic and de-
bilitating symptoms, and neuromodulators may play a key role in symptom control, which
has been previously under-recognized and underutilized. Advances in both pharmacologic
treatment targets as well as noninvasive and invasive interventions and devices show
promise in improving the experience of patients with gastroparesis-like symptoms. At this
time, treatment of GNDs requires comprehensive multidisciplinary care from providers to
achieve successful treatment outcomes.

Keywords: gastroparesis; gastric neuromuscular disorders; functional dyspepsia; gastroparesis-
like symptoms

1. Background

Upper gastrointestinal (GI) concerns affect nearly half of the population in the United
States (US) [1]. Symptoms of upper GI disorders may be nonspecific or share significant
overlap. Gastroparesis is a chronic condition characterized by delayed gastric emptying
without mechanical obstruction that presents with nausea, early satiety, bloating, or abdom-
inal pain. However, the experience of patients with gastroparesis can vary substantially in
terms of symptoms, severity, and complications. Studies have shown that gastric emptying
does not reliably correlate with symptoms [2]. Furthermore, gastric emptying results have
been shown to vary even in the same individual over time without corresponding changes
in symptom scores, raising the question of the utility of gastric emptying to guide the diag-
nosis and management of upper GI symptoms [3]. Functional dyspepsia (FD) is a disorder
of bothersome abdominal symptoms that can be concurrent with gastroparesis, and the
predominant condition may be difficult to distinguish. The significant overlap in the symp-
toms and physiology of these conditions suggests that the line between gastroparesis and
FD may be blurred, and shared treatment pathways may be beneficial [4]. Unless severe
and persistent, delayed gastric emptying may represent a marker of underlying gastric
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neuromuscular dysfunction rather than the cause of symptoms. The contribution of FD
needs to be addressed for successful symptomatic treatment of patients with gastroparesis.
In fact, patients with a constellation of upper GI symptoms including chronic nausea, early
satiety, bloating, and abdominal pain may be better considered as one group of gastric
neuromuscular disorders (GNDs) irrespective of gastric emptying results. Despite grow-
ing awareness, GNDs remain a challenging entity to manage due to their heterogeneous
etiology and variable clinical presentation.

2. Epidemiology

The prevalence of gastroparesis is difficult to ascertain due to diagnostic challenges
including limited diagnostic data and misdiagnosis, but US study estimates suggest
a range from 6.3 to 17.2 cases per 100,000 person-years, with a higher prevalence in
women [5]. The overall age-adjusted incidence of gastroparesis in the US population
was 2.4 per 100,000 person-years for men, 9.8 per 100,000 person-years for women, and
6.3 per 100,000 person-years for the general cohort. Gastroparesis occurs in people of all
backgrounds in a large US population-based study, though testing to confirm the diagnosis
was only documented in the electronic medical record in approximately 21.5% of charts
carrying a gastroparesis label [6]. Women and Caucasians were noted to have the highest
prevalence of gastroparesis, and multiple studies support the female predominance of
gastroparesis with as high as 80% of cases affecting female individuals [5,7,8]. Diabetes
mellitus accounts for a significant proportion of cases, particularly type 1 diabetes, followed
by idiopathic and post-surgical causes. Studies report that up to 12% of patients with dia-
betes experience symptoms consistent with gastroparesis, but not all undergo confirmatory
testing [9]. The overall prevalence of gastroparesis in the US population is estimated at
0.16%, with notable increases in prevalence associated with type 1 diabetes mellitus (4.59%)
and type 2 diabetes mellitus (1.31%) [6]. However, given the large number of patients with
type 2 diabetes in the US, the number of patients in that group may range from 3- to 9-fold
greater than the type 1 diabetes group [6,10].

3. Symptoms

Gastroparesis typically represents a chronic condition with symptoms that are difficult
to control. A majority of patients (72%) did not report clinically meaningful symptomatic
improvement over 48 weeks to 4 years of follow-up [11]. Up to 15% of patients reported an
acute onset of symptoms following a prodrome of respiratory symptoms, gastroenteritis,
or food poisoning [12]. The symptoms of gastroparesis are diverse and overlap with other
gastrointestinal disorders such as functional dyspepsia. The most commonly reported
symptom is nausea (greater than 95%), followed by upper abdominal pain (90%), vomit-
ing (80% diabetic gastroparesis, 57% idiopathic gastroparesis), bloating (three-quarters),
and early satiation (two-thirds). Symptom severity does not correlate with the severity
of gastric emptying delay, corroborating the concept of FD as a primary contributor to
symptomatology. Quality of life is significantly affected in these patients, with more than
half having clinically significant anxiety scores, and almost half having moderate-to-severe
depression scores [13]. Despite this, only 40% of patients with significant depression scores
were prescribed an antidepressant medication, identifying a gap in care for many patients
which should be addressed. Uncontrolled symptoms and flares also lead to hospitalization
and increased healthcare usage and costs [14]. However, it is worth noting that while the
length of hospital stays for gastroparesis decreased by 20% between 1997 and 2013, the
mean hospital charges increased significantly by 159%, underlying the observed increase in
healthcare costs.
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4. Etiology

Gastroparesis can be classified into idiopathic (11.3-49.4%), diabetic (25.3-78.1%),
post-surgical (15.0%), and less commonly, medication-induced or viral subtypes [8,10].
The most common type of gastroparesis is idiopathic, with no cause identified in approxi-
mately one-third to two-thirds of cases in the community and referral centers, respectively,
though, in many cases, the cause is suspected or partially understood [15,16]. Commonly
known causes of gastroparesis include neuropathic conditions such as diabetes (29%),
post-vagotomy (13%), Parkinson’s disease (7.5%), and collagen vascular disorders (4.8%)
such as scleroderma. Other conditions that cause gastroparesis include neurologic disor-
ders, myopathic disorders, post-viral syndromes, connective tissue diseases, metabolic
or endocrine disorders such as hypothyroidism, critical illness, and eating disorders, and
medications, particularly opioids and anticholinergic agents [4]. Post-viral gastroparesis
tends to improve within a year, but a small subset of patients infected with Epstein—Barr
virus (EBV), cytomegalovirus (CMV), and varicella-zoster virus (VZV) can develop auto-
nomic dysfunction which can persist [17]. latrogenic or medication-induced gastroparesis
is seen most commonly with opioids, as well as some metabolic agents, neuromodulators,
antibiotics, anticonvulsants, and antiarrhythmics. It is generally reversible if the medication
can be held, and it is often tolerable in the case of glucagon-like peptide-1 (GLP-1) agonists.

5. Pathophysiology

While the exact cause of gastroparesis is unknown, evidence supports a few theories
behind the development and pathophysiology of the disease. Key functional abnormalities
in gastroparesis involve disruptions in gastric motility and coordination, which are critical
for the efficient processing and emptying of stomach contents. A broad set of observed
abnormalities include alterations in gastric emptying, gastric accommodation, gastric
coordination, gastric rhythm, autonomic function, nongastric motility and feedback, and
visceral hypersensitivity. These abnormalities are summarized in Figure 1.

Pathophysiology of Gastric Neuromuscular Disorders (GND)
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Figure 1. Pathophysiology of gastric neuromuscular disorders.

5.1. Gastric Emptying

Gastric emptying delays have historically been the hallmark of gastroparesis. Delayed
gastric emptying often results from impaired contractions of the antrum and inadequate
relaxation of the pyloric sphincter. Weak antral pump function, characterized by reduced
contractile strength of the stomach’s antral region, impairs the grinding and propulsion
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of food particles towards the duodenum. Increased pyloric tone and impaired relaxation
contribute significantly to gastric outlet obstruction [18]. Pyloric dysfunction is often
associated with hypertrophy or fibrosis, which limits its compliance and obstructs food
passage. These disruptions can lead to stasis of food in the stomach, causing symptoms
such as bloating, nausea, and vomiting. However, newer evidence suggests a questionable
or nonexistent correlation between gastric emptying delays and symptom severity. In fact,
individuals were noted to transition between normal and delayed gastric emptying in
longitudinal studies, without a corresponding change in symptom scores [3]. This begs
the question of whether gastric emptying is relevant in the symptomatology of patients
with gastroparesis. However, in diabetic patients, delayed gastric emptying does corelate
with extragastric neuropathies, and may be a marker of the overall disease state [19].
While severe and persistent gastric emptying delays may contribute to symptomatology,
mild and/or intermittent delays may serve clinically as an indicator of underlying gastric
neuromuscular dysfunction as opposed to the cause of symptoms. Therefore, gastric
emptying may be reassessed over time, most reasonably if there are significant changes
in symptoms, generally no sooner than at 6 months, and more judiciously following
multiple years.

5.2. Gastric Accommodation

Emerging evidence also points to abnormalities in gastric accommodation—the stom-
ach’s ability to expand and store food after meals—which may contribute to early satiety
and postprandial fullness. This process is mediated by both Vagal and intrinsic nitrergic
neuronal activity [20]. Functional abnormalities have been shown via diminished volume
tolerated on water load satiety testing (WLST) as well as low intragastric meal distribution
on gastric scintigraphy studies in patients with gastroparesis [21,22]. It is worth noting that
routine gastric scintigraphy may therefore provide clinicians with additional information
outside of standard gastric emptying information. As gastric accommodation is largely
implicated in the symptomatology of FD, particularly postprandial distress syndrome, this
is yet another piece of the puzzle in the shared pathophysiology of GNDs [23].

5.3. Gastric Coordination

Antroduodenal discoordination, where the stomach and small intestine fail to synchro-
nize their movements, is another critical abnormality. This lack of coordination exacerbates
gastric stasis and contributes to the backflow of contents, further delaying digestion and
causing discomfort. The migrating motor complex is a recurring cyclic motility pattern
with four distinct phases that occurs in the stomach and small intestine during fasting but
is interrupted by feeding [24]. MMC is mediated largely though not entirely through vagal
nerve pathways; vagotomy extinguishes gastric motor activity but leaves periodic small
intestinal activity intact. An antroduodenal manometry study demonstrated antral hypo-
motility in over three-quarters of patients with gastroparesis (90% of diabetic gastroparesis,
75.2% of idiopathic gastroparesis, 76.5% of post-surgical gastroparesis) [25]. The study also
revealed a prolonged time from food ingestion to the return of MMC, as well as fewer and
shorter durations of the strongest phase III contractions in both idiopathic and diabetic
gastroparesis compared to post-surgical gastroparesis. However, the number of phase III
contractions and MMCs did not correlate with clinical severity or gastric emptying. These
data suggest that disturbances or delays in antroduodenal contractions may play a larger
role in the symptoms of gastroparesis than previously appreciated.

5.4. Gastric Rhythm

Disruptions in gastric pacemaker activity and gastric arrhythmia are important aspects
in the pathophysiology of GNDs. The interstitial cells of cajal (ICCs) serve as the gastroin-
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testinal pacemaker generating and propagating slow waves distally from the greater curve
of the stomach body typically at three cycles per minute [26]. Abnormalities in slow-wave
initiation and conduction result in gastric dysrhythmias, which impair the stomach’s ability
to generate coordinated contractions. Gastric rhythm, as measured by electrogastrography
(EGG), showed differences in electrical activity in gastroparesis, including increases in
brady- or tachygastria activity or a failure to increase gastric myoelectrical activity after
ingestion of test meals [27]. These rhythm disturbances reflect abnormal electrical activity
within the gastric musculature and are associated with disrupted gastric contractions and
delayed emptying. Interestingly, 84% of patients with diabetic gastroparesis had gastric
dysrhythmias, and 16% had normal three-cycles-per-minute gastric myoelectrical activ-
ity, findings that were reproducible at baseline and 48 weeks despite continuous glucose
monitoring and continuous subcutaneous insulin infusion, suggesting varying phenotypes
which may be relevant.

5.5. Autonomic Function

The impairment of gastric emptying can be caused by abnormalities in the neural
control mechanisms that regulate gastric motility, primarily through the Vagus nerve. Ap-
propriate gastric contractile activity is regulated by the complex interplay between the
enteric nervous system, ICCs, smooth muscle, and vagal inputs [28]. Known vagova-
gal reflexes include esophagogastric receptive relaxation, gastrogastric accommodation,
and duodenogastric duodenal brake; these reflexes are mediated by the activation of
mechanoceptors and/or chemoreceptors within the walls of the GI tract, with subsequent
feedback regulating gastric compliance, motility, and emptying. Autonomic dysfunction
including sympathetic withdrawal and parasympathetic dysfunction is commonly seen in
patients with gastroparesis and chronic unexplained nausea and vomiting [29]. Patients
with diabetes were found to have greater global autonomic dysfunction. Patients with
severe symptoms were noted to have more parasympathetic dysfunction in relation to pa-
tients with mild—-moderate symptoms that demonstrated more sympathetic hypofunction.

5.6. Extragastric Motility and Feedback Mechanisms

Extragastric dysmotility was frequently seen in patients with gastroparesis symptoms
by wireless motility capsule (WMC) testing with around a third having delayed colonic
transit, approximately 15% having delayed small bowel transit, and 25% having a combina-
tion of small bowel and colon transit delays [30]. Gastroparesis may therefore represent
just one component of a more generalized enteric nervous system dysfunction. Patients
with delayed colonic transit had higher constipation scores, and patients with delayed
small bowel or colon transit had lower diarrhea scores. As these findings may impact
and contribute to patients’ symptoms, addressing extragastric dysmotility may alleviate
some of their GI concerns. Furthermore, altered feedback mechanisms between the small
intestine and stomach, such as excessive duodenal sensitivity to acids or fats, may worsen
dyspeptic symptoms and delay gastric emptying [31]. Additionally, undigested nutrients in
the ileum activate the “ileal brake”, a complex mechanism influencing the digestive process
and ingestive behavior [32]. In a process involving vagal and enteric neurons, as well as
central and spinal pathways, enteroendocrine cells in the intestine release glucagon-like
peptide 1 (GLP-1) in response to nutrients, inhibiting gastric emptying and feeding [33].

5.7. Visceral Hypersensitivity

Other functional impairments include heightened visceral hypersensitivity, where
patients experience exaggerated pain and discomfort in response to normal gastric dis-
tension. In retrospective gastric accommodation testing performed using CT-scan gastric
volumetry to assess the distension of different regions of the stomach, patients with gastro-



Diagnostics 2025, 15, 935

6 of 32

paresis reported a significantly higher self-assessment of pain related to gastric distension
compared to patients with gastroesophageal reflux disease [34]. This hypersensitivity may
be mediated by altered signaling pathways between the gut and central nervous system
including the Vagus nerve, and can compound the severity of symptoms.

6. Cellular and Molecular Pathology

The pathophysiology of gastroparesis and GNDs is multifactorial, involving complex
interactions between gastric motility, neuromuscular function, hormonal regulation, and
immune responses. Further studies into the cause of these abnormalities are needed, as
current studies have been performed primarily in patients with refractory symptoms.
The most commonly noted abnormalities were loss of expression of neuronal nitric oxide
synthase (NNOS) and loss of ICCs. Studies are currently underway to evaluate these
changes on a histologic and molecular level.

6.1. Neuropathy
6.1.1. Intrinsic Neural Deficits

Neurologic disorders such as Parkinson’s disease, amyloidosis, dysautonomia, and
diabetic neuropathy are theorized to affect both intrinsic and extrinsic neural pathways.
Nitric oxide, a major inhibitory nonadrenergic, noncholinergic neurotransmitter of the GI
tract that causes smooth muscle relaxation, is synthesized by the activation of neuronal
NO synthase (nNOS) in the myenteric plexus, and the reduced expression of nNOS with
impaired local NO production is implicated in GI motility disorders [35]. NO mediates gut
function via multiple pathways, including the regulation of sphincter muscle tone (lower
esophagus, pylorus, sphincter of Oddi, anus), gastric accommodation of the fundus, gastric
emptying, peristaltic reflex of the intestine, and colon transit. Light microscopy has revealed
neuronal damage including loss of nNOS neurons in 20% of diabetic gastroparesis patients
and 40% of idiopathic gastroparesis patients [36]. Electron microscopy revealed additional
changes in patients with idiopathic gastroparesis, including damaged cell bodies, mito-
chondria, and nerve endings [37], whereas in diabetic gastroparesis, neuronal injury was
less prominent and primarily affected the nerve endings, sparing the nerve bodies. Quanti-
tative immunohistochemistry analyses have not shown a difference in neuronal subtypes
(neuronal nitric oxide synthase/nNOS, substance P/SP, vasoactive intestinal peptide/VIP,
tyrosine hydroxylase/TH) between idiopathic gastroparesis, diabetic gastroparesis, and
control groups.

6.1.2. Vagal Neuropathy

Autonomic or vagal neuropathy is most prominent in cases of post-surgical gastropare-
sis, and is generally irreversible in the setting of complete vagal nerve injury or vagotomy,
as seen in fundoplication or lung transplant. In diabetic gastroparesis, autonomic neu-
ropathy disrupts vagal nerve function, leading to impaired coordination between gastric
contractions and pyloric relaxation. Hyperglycemia, a hallmark of diabetic gastroparesis,
exacerbates motility dysfunction by impairing vagal activity and reducing antral contrac-
tions [38]. An open-label pilot study on patients with idiopathic gastroparesis demonstrated
that noninvasive vagal nerve stimulators can modulate gastroparesis symptoms and gas-
tric emptying, further corroborating the contribution of vagal neuropathy to disease [39].
Dysautonomia seen in POTS, Parkinson’s disease, and some post-viral syndromes is also
associated with gastroparesis. Post-viral gastroparesis conditions are thought to originate
from direct damage to systemic neurons, and have poorer prognosis when associated with
acute autonomic dysfunction such as cases of norovirus, EBV, and CMV [40].
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6.2. Interstitial Cells of Cajal (ICCs)

The ICCs are the pacemaker of the stomach and gastrointestinal tract, generating
slow-wave impulses toward the pylorus to induce gastric emptying and downstream
motility. Full-thickness gastric biopsies have shown depletion of ICCs and muscle fibrosis
in patients with both idiopathic and diabetic gastroparesis [41]. Significant (>50%) ICC
loss was also found in the gastric antrum in approximately 60% of patients in both groups
compared to controls [42]. Loss of these intrinsic neurons has been shown to occur via
inflammatory macrophage-mediated pathways as well as degenerative reactive oxygen
species pathways. An ion channel Anol mediates Ca?*-activated Cl~ pathways in ICCs,
and a novel variant Anol A1,2,3 (5') (whose expression generates a decreased density of
Ca?*-activated C1~ channels with slower kinetics compared to standard Anol) was found
at several-fold higher levels in the gastric muscle of patients with diabetic and idiopathic
gastroparesis compared with normal controls [43]. However, the trigger, cause, and full
sequelae of these changes remain unclear.

6.3. Smooth Muscle Dysfunction

Myopathic conditions including scleroderma and amyloid (which can also affect the
nerves) can directly impact and impair motility. Full-thickness gastric biopsies in patients
with gastroparesis have shown muscle fibrosis in addition to depletion of ICCs [41]. Both
diabetic and idiopathic gastroparesis groups had a marked increase in collagen fibrils in
the connective tissue stroma, which raises the question of the role of gastric and pyloric
myopathy as a primary abnormality of gastroparesis [32]. In a study of 40 patients with
diabetic and idiopathic gastroparesis, all patients had a majority of normal-appearing
smooth muscle cells, with only a few (2-3 cells/section) with morphologic alterations
such as lipofuscin and lamellar bodies or swollen mitochondria [36]. Patients with diabetic
gastroparesis were distinctly noted to have marked thickening of the basal lamina in smooth
muscle cells. Patients with idiopathic gastroparesis were found to have altered smooth
muscle contractile protein expression and loss of platelet-derived growth factor receptor
o cells without change in ICCs [44]. More studies are needed to understand the role of
myopathy in gastroparesis.

6.4. Inflammatory and Immune Mechanisms

Inflammatory and immune-mediated mechanisms are increasingly recognized as
contributing factors in gastroparesis. In idiopathic cases, inflammatory infiltration of
the gastric muscularis propria has been observed, with associated loss of ICCs and neu-
ronal elements [45]. Immunohistochemical stains have suggested an increased num-
ber of macrophages and other phagocytic cells in the gastric body of patients with
gastroparesis [36]. In the muscular and myenteric plexus layers of the gastric antrum
of patients with gastroparesis, anti-inflammatory CD206+ M2 macrophage cells were found
to be significantly reduced, which also correlated with ICC counts [42]. The gene HMOX1
encodes the heme oxygenase 1 (HO1) enzyme, expressed in CD206+ macrophages, whose
loss leads to loss of ICC in animal models [46]. The mechanisms underlying this loss
may therefore have causal implications in the pathogenesis of disease. Deep transcrip-
tome analysis of the gastric body and proteomic analysis of the gastric antrum revealed
molecular changes in pathways involving macrophages, fibroblasts, and endothelial cells;
some molecules related to inflammation, such as prostaglandins and complement pathway
proteins, appeared to be related to gastric emptying delay [47].

Neuroimmune processes targeting neural and interstitial cells are also implicated,
particularly in post-infectious gastroparesis. Post-viral gastroparesis is caused by viral
triggering of neuroimmune pathology and/or autoimmunity due to immune-mediated
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damage of the enteric nervous system [48]. Autoimmune GI dysmotility is an underappre-
ciated autoimmune dysautonomia with findings of abnormal GI motility and symptoms of
nausea, vomiting, abdominal pain, constipation, and diarrhea. Approximately 50-70% will
have serologic evidence of neural autoantibodies, such as acetylcholine receptor (AChR)
and glutamic acid decarboxylase 65 (GAD65) [49,50]. Some patients with autoimmune
GI dysmotility will have overlapping autoimmune conditions including type I diabetes,
Grave’s disease, Celiac disease, and lupus, or, in rare cases, a paraneoplastic etiology.

6.5. Hormonal and Metabolic Factors

Acute hyperglycemia is known to inhibit gastric emptying, and chronic hyperglycemia
is thought to have more insidious effects mediated by systemic (intrinsic and extrinsic)
nerve damage to both motor and sensory components, perhaps explaining the increased
risk of gastroparesis in both type 1 and type 2 diabetes mellitus. Hormonal dysregulation,
including altered signaling of motilin and ghrelin, may play a role in gastroparesis patho-
physiology. These hormones are critical for stimulating gastric motility and coordinating
meal-related gastric activity. Altered ghrelin levels, often observed in FD patients, may im-
pair gastric emptying and contribute to symptoms such as early satiety [51]. Furthermore,
trials of administration of ghrelin or its receptor agonist in human clinical trials and animal
studies show favorable results improving the symptoms of gastroparesis, supporting the
theory of its dysregulation in the pathophysiology of GNDs [52].

6.6. Mitochondrial Dysfunction

Emerging research highlights the role of mitochondrial damage in the pathogenesis
of gastroparesis. Smooth muscle mitochondria were noted to be swollen in full-thickness
gastric biopsies of patients with diabetic and idiopathic gastroparesis [36]. Hyperglycemia-
induced oxidative damage may impair cellular structures, including ICCs and enteric
neurons, leading to progressive motility dysfunction [53]. Impaired energy production in
gastric smooth muscle and neurons contributes to their dysfunction. This multifactorial
etiology highlights the complexity of gastroparesis and underscores the need for targeted
research to elucidate its underlying mechanisms.

6.7. Genetics

Current studies are evaluating if a genetic predisposition or cause for gastroparesis ex-
ists, and have found implicated genes and pathways related to immune and sensory—motor
dysregulation, though further studies are needed to fully understand their significance
or contribution [54]. Downregulation of HMOX1 gene expression plays a causal role in
diabetic gastroparesis in animal models, and additional studies have demonstrated that
polyGT alleles of HMOX1 were longer in patients with gastroparesis, which was most
pronounced in patients with type 2 diabetic gastroparesis [55]. This suggests that allele
length may correlate inversely with HMOX1 expression, and the presence of long polyGT
repeat alleles was associated with more severe nausea symptoms. An allele of PXDNL
(Peroxidasin-like protein) was associated with increased abdominal pain severity scores,
and gastric muscularis expression of PXDNL was also positively correlated with abdomi-
nal pain in patients with gastroparesis. One protein, Dickkopf WNT Signaling Pathway
Inhibitor 1, had decreased expression in patients with diabetic gastroparesis compared
to controls.

6.8. Microbiome and Dysbiosis

Infections including viral, bacterial, and protozoal etiologies have been implicated
in the development of gastroparesis. The microbiome, while not directly implicated in
gastroparesis, may be related to FD, as microbiota dysbiosis plays a role in the development
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and progression of the disease [53]. However, no obvious microbiome differences or targets
relevant to gastroparesis have been found.

6.9. Shared Pathways with Functional Dyspepsia (FD)

FD is thought to be caused by a combination of motor and sensory disturbances,
similar to gastroparesis. An increased number of duodenal eosinophils and mast cells seen
on biopsies may suggest an immunoinflammatory mediated pathway in FD as well [56].
The “leaky gut” theory proposes that the impaired intestinal mucosal barrier integrity
seen in FD may be related to microbiome alterations [57]. Increased intestinal permeability
is associated with mucosal immune activation and FD symptoms; however, the role of
the microbiome in this process is not yet fully understood [58]. The shared neuropathol-
ogy underlying gastroparesis and FD, including loss of ICC and CD206+ macrophages
in full-thickness stomach biopsies, emphasizes the lack of distinction between them [3].
Additionally, central and peripheral nervous system dysfunction contributes to both con-
ditions. Central sensitization may enhance visceral hypersensitivity, amplifying pain and
discomfort associated with gastric distension in both disorders. Abnormalities in brain—-gut
communication pathways, including altered neurotransmitter signaling, may further exac-
erbate symptoms. The symptoms and clinical course were also indistinguishable between
groups with and without delayed gastric emptying on long-term follow-up, and gastric
emptying was found to transition between normal and delayed in the same patient over
time without a corresponding change in symptoms. These commonalities underscore the
shared neuropathology and symptomatology of the two disorders, which corroborates the
notion of FD and gastroparesis or gastroparesis-like symptoms as part of a larger entity of
GNDs without attention to gastric emptying status.

7. Diagnosis

The most common symptoms of gastroparesis include postprandial nausea, vomiting,
bloating, early satiety, and upper abdominal discomfort. The presence of any of these symp-
toms may prompt evaluation of gastric emptying after structural and organic abnormalities
are ruled out with endoscopic evaluation. Gastric emptying must be objectively delayed
to give patients a diagnosis of gastroparesis. Surprisingly, in a large US population-based
study, 78.5% of patients labeled with gastroparesis did not have a documented gastric
emptying study [6]. The current and emerging diagnostics are summarized in Table 1.

Table 1. Current and emerging diagnostics for gastric neuromuscular disorders.

Diagnostic Information Clinical Utility Additional Information
Nuclear gastric GaSt.nC emptying . Most wu.:lely available Gold standard in assessment of
scintieraph May provide data on gastric 4-h testing and food astric emptvin
grapy accommodation intolerances limit use & ptying
May be affected by physical
Gastric emptying breath . . Moderately widely available activity, malabsorption, and
Test Cenaliile e iing 4-h testing advanced lung, liver, or cardiac

disease

Wireless motility capsule

Avoid with gastrointestinal

Noninvasive ambulatory testing . .
stenosis or stricture

Gastric emptying Atmo Capsule pending FDA

Whole gut motility data Caution with post-surgical
clearance
anatomy
Gastric emptying Noninvasive ambulatory testing Out of pocket cost
Electrogastrography Characteristic symptom Gastric Alimetry and Provide data regarding small

phenotype data GutTracker are FDA cleared bowel and colon activity
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Table 1. Cont.

Diagnostic Information Clinical Utility Additional Information

Antroduodenal
manometry

£ h . . .
Assessment of strength and Not diagnostic of gastroparesis

coordination of muscle Typically performed in research .
. . Pylorospasm can be seen in
contractions settings only ] X .
e . . ; . diabetic gastroparesis and
Characteristic patterns among Limited use given invasive ans
. . . ] recurrent nausea and vomiting

gastroparesis etiologies: nature and etiologies often . . .

e o\ . . . Can diagnose small intestinal

idiopathic, diabetic, and determined by empiric means

. pseudo-obstruction
post-surgical

Pyloric EndoFLIP

Limited use given inconclusive
findings
Low pyloric distensibility may
predict response to G-POP

Low pyloric compliance and
Cross-Sectional Area seen in
gastroparesis

Not diagnostic of gastroparesis

Liquid satiety testing

Typically performed in research
settings only
Limited use given impaired
accommodation and sensation
often determined by empiric
means

Functional assessment of
gastric accommodation and
sensation

Not diagnostic of gastroparesis

Gastric MRI

Functional gastric imaging
including neurogastric
signaling

Available in research settings

t di tic of t: i
ol Not diagnostic of gastroparesis

7.1. Nuclear Gastric Scintigraphy

Nuclear gastric scintigraphy is the gold standard and the most widely used diagnostic
modality to assess gastric emptying. Solid-phase testing is preferred and performed at
most centers with ingestion of a radioisotope 99mTc sulfur colloid-labeled egg sandwich
with standard imaging at 0, 1, 2, and 4 h post-prandially [59]. This method is well validated;
however, some patients may struggle to ingest the entire solid meal, which is crucial for
accurate results. Some variations of the standard meal exist; however, the significance of
the results is less clear. Furthermore, liquid-based testing is not recommended, as gastric
emptying rates of liquids are often preserved and can produce falsely normal results.
Additionally, some centers do not perform the test for the full 4 h and instead calculate
T1/2, which can provide variable results. Since hyperglycemia can affect gastric emptying,
a fasting blood glucose less than 180 mg/dL is recommended prior to initiating a gastric
emptying evaluation [60]. Medications that affect GI motility, such as metoclopramide,
erythromycin, opioids, GLP1 agonists, and anticholinergic, should be withheld at least 48 to
72 h before the exam [61]. While limitations exist, nuclear gastric scintigraphy remains the
gold standard in assessing gastric emptying, and the accuracy of newer testing modalities
is validated against it.

The severity of the gastric emptying delay can be characterized based on the gastric
retention on scintigraphy at four hours. A 10-15% gastric retention at 4 h is considered mild,
while 15-35% gastric retention is moderate, and >35% gastric retention signifies severe
disease. While patients with mild gastric emptying delays may be adequately managed
with dietary modifications, more severe gastric emptying delays may signify the need
for more advanced therapies, although treatment should generally be approached in a
stepwise fashion.

7.2. Stable Isotope Gastric Emptying Breath Testing (GEBT)

Stable isotope breath testing is validated as an alternative to nuclear scintigraphy. It
is easily performed with reliable results and no radiation exposure, meaning it is safe for
children and pregnant or breastfeeding people, but results may be affected by physical
activity, malabsorption, and advanced lung, liver, or cardiac disease [62]. Typically, a
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pre-meal baseline breath sample is collected, then a 13C labeled spirulina or octanoic acid
test meal is ingested, and additional breath samples are taken at 30 min intervals over
a 4 h period. In the absence of delayed gastric emptying, the labeled meal is quickly
digested, absorbed, and metabolized to produce exhaled 13CO,, which is detected in the
breath. In the setting of delayed gastric emptying, a delay in the accumulation of 13CO,
corresponding with the delay in gastric emptying is seen.

7.3. Wireless Capsule Devices

Wireless motility capsules (WMCs) have been shown to assess gastric transit time
and additional gastrointestinal information by detecting changes in pH, temperature, and
pressure; however, the Food and Drug Administration (FDA)-approved SmartPill was
discontinued by Medtronic in 2023 [63]. As with scintigraphy, gastric emptying by WMC
did not correlate with most upper GI symptoms except early satiety [64]. A novel, in-
gestible telemetric gas-sensing capsule (Atmo Biosciences) that measures the concentration
of hydrogen and carbon dioxide gas species and luminal anaerobicity is emerging as an
alternative for measuring gastric and intestinal transit times [65]. Recent evidence demon-
strated that findings from the gas-sensing capsule regarding gastric emptying and colonic
transit correlated with WMC findings in patients with FD and/or functional constipation,
suggesting its suitability as an alternative to WMC in assessing regional and whole-gut
transit times in patients with suspected motility disorders [66]. While the capsule is easily
ingestible, further assessment of small bowel or colon transit may be limited in the same
exam for patients with severe delays in gastric emptying. As with all pill devices, providers
must avoid their use in patients with significant strictures or stenoses given the risk of
a retained device. Although it has not yet been FDA-approved, comparative study data
show that the Atmo capsule correlates well with existing technology in assessing gastric
and colon motility and is clinically useful in evaluating gastrointestinal transit [67].

7.4. Electrogastrography

Electrogastrography (EGG) involves electrodes placed on the torso to noninvasively
detect gastric myoelectrical slow-wave activity and demonstrate gastric emptying. EGG
tracings have shown sinusoidal waveforms with a predominant frequency of three cycles
per minute, which increases with the ingestion of meals in healthy volunteers, and have
demonstrated rhythm disturbances or blunting of meal-evoked EGG signal amplitude
increases that correlate with delayed gastric emptying in patients with nausea, vomiting, or
dyspeptic symptoms [68]. The Gastric Alimetry device performs noninvasive body surface
gastric mapping using dense electrode arrays to provide a high-resolution evaluation of
gastric electrical activity, coupled with validated symptom profiling via an app, in order
to assess gastroduodenal function over a standard 4.5 h test [69,70]. These data have been
analyzed to identify characteristic phenotypes which may be clinically relevant, with two
main symptom profile categories [71]. Gastric activity-related (sensorimotor, postgastric,
and activity-relieved) profiles are thought to be mediated by gastroduodenal mechanisms
such as disorders of gastric accommodation, hypersensitivity, or small intestinal pathology.
Brain—gut dysregulation or vagal pathologies are frequently implicated in symptom pro-
files that are gastric activity-independent (continuous, meal-relieved, and meal-induced).
Gastric Alimetry outperformed standard gastric emptying scintigraphy, the gastric empty-
ing breath test, and electrogastrgraphy in terms of diagnostic profiling capability, lower
intra-individual variation, and reproducibility [72]. Additionally, Gastric Alimetry was
useful in streamlining clinical care and reducing healthcare utilization and costs in nausea
and vomiting syndromes [73]. The GutTracker by G-Tech is another device that detects and
analyzes gastrointestinal electrical activity; it shows promise in diagnosing delays in gastric
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emptying and other motility disturbances, but it is pending further validation and broad
availability [74]. These devices also provide data regarding small bowel and colon activity,
which can be beneficial as many patients with gastroparesis experience dysmotility in other
areas of the GI tract. The Gastric Alimetry and GutTracker devices are FDA-cleared to
evaluate gastric emptying and gastrointestinal disorders. These noninvasive patch devices
may provide a simple alternative to traditional gastric emptying studies once more broadly
covered by health insurance.

7.5. Antroduodenal Manometry

Antroduodenal manometry uses standard manometric methods to evaluate stomach
and duodenal motility but may not be available at all centers. The manometry catheter
is usually placed trans-nasally with fluoroscopic guidance to avoid endoscopic air insuf-
flation [75]. Antroduodenal manometry does not reliably show differences in identifying
patients with gastroparesis, but pylorospasm has been seen in patients with diabetic gastro-
paresis and recurrent nausea and vomiting [76]. However, in patients with known gastric
emptying delays, antroduodenal manometry studies have shown characteristic patterns
among gastroparesis etiologies including idiopathic, diabetic, and post-surgical [25]. The
fed period (number of minutes between meal ingestion and first phase III contraction) was
significantly longer in idiopathic (p < 0.01) and diabetic gastroparesis (p < 0.05) patients
compared with post-surgical gastroparesis patients. Additionally, a significantly lower
number and duration of phase III contractions and number of MMCs in idiopathic and
diabetic patients compared to post-surgical patients were found, including the absence of
MMCs during the 6 h recording period. Its clinical utility may be most notable for small
intestinal pseudo-obstruction, which is otherwise a challenging diagnosis to make [77].
However, studies have shown positive antroduodenal manometry outcomes including a
new diagnosis made in 14.9% of patients, a new therapy initiated in 12.6% of patients, and
referral to a specialist in 8% of patients [78].

7.6. Pyloric Endoluminal Functional Imaging Probe (EndoFLIP®)

The functional luminal imaging probe (FLIP) is an FDA-approved measurement tool
that utilizes high-resolution impedance planimetry to assess biomechanical properties of
GI sphincters [79]. EndoFLIP has been well validated in the assessment of disorders of
esophagogastric junction, but normative pyloric data have been limited [80]. Measurements
are typically taken during endoscopy with limited or no opioid sedation, as opioids may
theoretically affect pyloric parameters, though some studies have been performed with
unsedated transoral probe placement [81]. While pyloric compliance and cross sectional
area (CSA) are reduced in patients with gastroparesis, and decreased CSA and distensibility
index (DI) correlate with nausea and vomiting, studies have failed to show concurrence
between EndoFLIP indices and gastric emptying [82]. Pyloric EndoFLIP may currently be
more useful in patient selection for gastric per oral pyloromyotomy (G-POP, which will be
discussed later) in that patients with low pyloric distensibility experience a more significant
benefit from G-POP [83].

7.7. Liquid Satiety Testing

The functional assessment of gastric accommodation and sensation is challenging but
may provide additional insights into the symptomatology of patients with gastroparesis-
like symptoms. While gastric scintigraphy can provide some information on gastric ac-
commodation, there is usually no sensory reporting included. Liquid satiety testing is
inexpensive, well tolerated, easy to perform, and provides information on both gastric
accommodation and sensation [84]. The water load test and nutrient drink test are both
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forms of liquid satiety testing; either water or a nutrient drink such as Ensure™ (Abbott
Laboratories, Abbott Park, IL, USA) is administered serially, and data are collected regard-
ing fullness, maximum tolerated volume, and symptoms [85]. These tests are typically
performed in research settings but may be helpful in understanding and managing patients
with gastroparesis-like symptoms regardless of their gastric emptying status.

7.8. Gastric MRI

Gastric MRl is a noninvasive imaging technique that enables the dynamic assessment
of stomach function, including motility, emptying, and even gut-brain interactions. The
test utilizes a four-dimensional (4D), volumetric cine imaging, free-breathing MRI sequence
with gadolinium-free contrast enhancement to assess gastric response to a food stimulus.
Recent advancements in 4D cine MRI have allowed researchers to visualize dynamic
differences in patients with FD, such as slower peristaltic propagation velocity and altered
connectivity between the brain stem and cortical regions, suggesting disruptions in gut-
brain communication. However, the test is only available in research centers and has
not been validated for the evaluation of gastric emptying. This technology provides a
promising new approach to comprehensively studying GNDs and may aid in developing
targeted treatments by elucidating the neural and mechanical aspects of gut dysfunction.

7.9. Overlap with FD

Other conditions are often considered during the evaluation of gastroparesis and may
coexist with gastroparesis. FD is characterized by the Rome Foundation as a condition
of bothersome symptoms including postprandial fullness, early satiation, epigastric pain,
or epigastric burning in the absence of structural disease [86]. FD can be further defined
depending on the predominant symptoms as either postprandial distress syndrome (PDS)
with postprandial fullness and/or early satiation occurring at least 3 days a week, or
epigastric pain syndrome (EPS) with epigastric pain and/or epigastric burning occurring
at least 1 day a week. A majority of patients with gastroparesis (87%) meet the criteria
for FD; among them, 95% qualified for PDS, and 68% fulfilled the EPS criteria [3]. In
prospective studies, there was little difference between FD and gastroparesis patients,
particularly with respect to symptom severity and quality of life, clinical course with
limited improvement over a 48-week follow-up, and gastric neuropathology with loss of
ICCs and CD206+ macrophages. Functional dyspepsia can coexist with gastroparesis and
may go unrecognized and untreated; clinicians must have a high index of suspicion for FD
when patients present with upper GI concerns. Patients with a variety of gastroparesis-like
symptoms such as chronic nausea, early satiety, bloating, and abdominal pain can be
considered as a group of GNDs, without regard to gastric emptying status.

7.10. Differential Diagnoses and Comorbid Considerations

Obtaining a comprehensive history and physical is paramount in the diagnosis of
GNDs and helps guide the evaluation, which usually includes endoscopy and imag-
ing. Age- and gender-appropriate investigations must also be undertaken. For example,
providers may recommend pelvic ultrasound for a woman of any age with early satiety,
bloating, and abdominal pain to exclude an ovarian lesion in the appropriate clinical setting.
After the exclusion of structural and organic causes of symptoms, additional disorders of
gut-brain interaction can be considered. Chronic nausea vomiting syndrome (CNVS) is
defined by Rome IV Criteria as bothersome nausea and/or vomiting occurring at least once
per week for the last 3 months with initial symptoms occurring at least 6 months prior to
diagnosis, in the absence of organic causes [86]. The shared symptomatology with gastro-
paresis suggests that underlying mechanisms may be at play. Cyclic vomiting syndrome
(CVS) is characterized by acute episodes of intractable vomiting with intervening periods of
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normalcy and is associated with a personal or family history of migraine. It is notable that
36% of patients with gastroparesis have overlapping diagnoses of CVS. Cannabis hyper-
emesis syndrome (CHS) is similar in presentation but preceded by prolonged (often daily,
heavy) cannabis use and resolves with sustained cannabis cessation. CHS is well known
for alleviation of symptoms with a hot shower, but this can be seen in CVS as well and
does not reliably distinguish the two entities. Rumination syndrome involves persistent
regurgitation of recently ingested food to the mouth followed by spitting or remastication
and swallowing, in the absence of retching. The diagnosis is primarily made by history,
but the diagnosis can be confirmed through characteristic esophageal manometry findings.
Lastly, patients with gastroparesis-like symptoms frequently have symptoms of food intake
disorders such as avoidant restricted food intake disorder (ARFID) [87]. It is important to
evaluate for these conditions and refer patients for treatment if such symptoms are present.

8. Management

Symptom scores should be tracked as an objective marker of symptoms and outcomes.
Treatment should focus on controlling the predominant symptom of nausea, vomiting,
early satiation, or abdominal pain. The Gastroparesis Cardinal Symptom Index (GCSI)
and GCSI daily diary (DD) are useful tools to evaluate and track symptoms of nausea,
vomiting, early satiety, bloating, and distension over time. The Nepean Dyspepsia Index is
another validated tool that can be used to track symptoms, which measures the frequency,
severity, and bothersomeness of 15 upper GI symptoms on Likert scales [88]. While mild
symptoms and gastric emptying delays can often be treated with diet modification or
symptom-directed medication alone, more severe symptoms and gastric emptying delays
may require more advanced treatments and interventions. Nonetheless, treatment should
generally be pursued in a stepwise fashion. The current and emerging treatments for gastric
neuromuscular disorders are summarized in Table 2.

Table 2. Current and emerging treatments for gastric neuromuscular disorders.

Treatment Positioning and

Clinical Role Patient Selection Additional Considerations
Tight glycemic control,
Manages underlying Foundational continuous glucose monitoring,
Glycemic control hyperglycemia contributing to Indicated for all patients with and insulin pumps are safe and
nerve dysfunction elevated Alc effective to employ when
indicated
Foundational G-J tube or TPN only in the most

Small particle size, low-fat diet

refractory of cases with significant

Nutrition . Indicated for all patients :
improves oral tolerance . . o weight loss, electrolyte
including dietician referral .

disturbances
Improve gastroparesis-like —_ Appropriate side effect pI‘Ofll?S,
First line adequate length of therapeutic

Neuromodulator symptoms e . . . o

. Can trial in all patients targeting trials, dose uptitration as
agents Modulate nerve dysfunction,

disordered gut-brain interaction

predominant symptom

tolerated, and medication
stacking if needed

Monitor QTc and tardive
Promotility agents Improve gasfcrlc' emptying and .Fujst line . dyskinesia
gastroparesis-like symptoms Can trial in all patients New agents may become
available
First line Monitor QTc
Antinausea agents Improve nausea and vomiting Can trial in patients with New agents may become
predominant nausea vomiting available
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Table 2. Cont.

Clinical Role

Treatment Positioning and
Patient Selection

Additional Considerations

Gut-brain axis
modulation

Improves gastroparesis-like
symptoms
Alters neural pathway signaling
in disordered gut-brain
interaction

Complementary
Can trial in all patients

Trial based on patient
acceptability and accessibility
Cognitive behavioral therapy, gut
hypnosis, acupuncture, etc.

Herbal formulations

Improve dyspepsia symptoms
May modulate gastric emptying

Complementary
Can trial in all patients

Trial based on patient
acceptability and accessibility

Improve nausea, vomiting, and

Complementary

Trial based on local availability,
patient acceptability and

Cannabinoids o - Can trial in patients with accessibility
inability to finish a meal . .. . -
medical marijuana or legal age Sublingual or ingested agents
may be preferred
Can trial in patients with known Cons@er neurologic or e
o : testing such as autonomic,
Immunomodulator Improve nausea, vomiting, or suspected autoimmune .
agent bdominal pain. bloati tro inal disord sensory, serologic, pan gut
gents abdominal pain, bloating gastrointestinal disorders - : .
motility, or gastric full thickness
refractory to other treatments .
biopsy
Transcutaneous Improves antral contractions, Out of pocket cost
auricular Vagus nerve gastroduodenal motility, pain Can trial in all patients Noninvasive with short term
stimulagtion thresholds, and refractory to other treatments effect that requires repeated or

gastroparesis-like symptoms

daily use

Thoracic spinal
magnetic
neuromodulation
therapy

Improves symptoms
particularly nausea, vomiting,
and upper abdominal pain

Available in research settings
only for severe refractory
gastroparesis

Noninvasive with prolonged
effect but requires repetitive
stimulation over days

Pyloric botulinum
toxin (Botox) Injection

May improve gastroparesis-like
symptoms, pyloric dysfunction,
and gastric emptying

Not guideline recommended
Some centers still use in severe
refractory gastroparesis

Prolonged effect can last for
months but requires repeated
endoscopy
May cause fibrosis

Gastric per oral
pyloromyotomy
(G-POP)

Improves gastric emptying and
symptoms particularly nausea
and vomiting

Consider in severe predominant
nausea vomiting gastroparesis
refractory to other treatments
with impaired quality of life
(QOL)

Only consider with documented
delay in gastric emptying
Noninferior to surgical
pyloromyotomy and less invasive
therefore preferred, particularly
for lung transplant patients with
refractory gastroparesis

Gastric electrical

Improves nausea

Consider in severe gastroparesis
refractory to other treatments

Low conditional guideline
recommendation as humanitarian

imulati ory . 3 tficaci .
stimulation with impaired QOL use d.eV1ce. most e 1caciousin
diabetic gastroparesis
Consider with caution in pain
Celiac plexus block Improves pain and increases Not guideline recommended predominant patients refractory

gastrointestinal motility

to other treatments with impaired

QOL

Surgical intervention

Improves gastric emptying and
symptoms particularly nausea
and vomiting

Not guideline recommended

Consider surgical pyloromyotomy
in predominant nausea vomiting
gastroparesis refractory to other
treatments with impaired QOL if
G-POP is not available, G-POP
was failed, or there is an
additional indication or
preference for surgery
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8.1. Glycemic Control

Treatment of the underlying cause is warranted if known or suspected, such as in
diabetic gastroparesis, where tight glycemic control is recommended. While previously
controversial, the Gastroparesis Clinical Research Consortium elucidated the benefit of
tight glycemic control in diabetic gastroparesis, and standard management modalities such
as continuous glucose monitoring and insulin pumps were safe and effective to employ [89].
Therefore, age-appropriate glycemic control should be pursued.

8.2. Nutrition

Dietary management is the foundation of treatment in mild-to-moderate cases, and
nutritional support may be required in the most severe of cases. Malnutrition and electrolyte
disturbances can be seen in uncontrolled disease or with flares. A small-particle-size low-fat
diet is better tolerated by patients with gastroparesis and is recommended in major society
guidelines [90]. Despite broad recommendations for dietary management, only around
one third of patients received nutrition referrals after their gastroparesis diagnosis [91].
Partnership with a registered dietician to implement dietary changes can be instrumental
in the success of patients with gastroparesis. Refractory patients with significant nutritional
concerns may also require nutritional support via post-pyloric feeding such as endoscopic,
radiological, or surgical gastrostomy with jejunal extension (G-] tube), but gastrostomy
(G-tube) must be avoided as it can exacerbate the condition by delivering nutrition to a
disordered stomach with delayed emptying. Lastly, exclusive total parenteral nutrition can
be used in the most severe of cases, but use should be reserved as a last resort for patients
refractory to all other means of nutrition and symptom management given the increased
risks of infection and mortality [92].

8.3. Pharmacotherapy

Medications including promotility agents, neuromodulator agents, and antinausea
agents can be used to address symptoms. Unfortunately, no medications exist to address
the underlying pathophysiology and natural history of disease, though a great deal of
research is underway in this pursuit. Regular electrocardiogram monitoring of the QTc
interval is required with promotility, antinausea, and certain neuromodulator medications.

8.3.1. Promotility Agents

Promotility agents accelerate gastric emptying, although the link between improve-
ment in symptoms and gastric emptying remains unclear and may additionally be mediated
through central antiemetic effects [2]. Metoclopramide, a dopamine D2 receptor antagonist
and mixed serotonin 5-hydroxytryptamine (HT) 3 receptor antagonist and 5-HT4 receptor
agonist, is a prokinetic and the only FDA-approved medication for gastroparesis, high-
lighting the need for more therapeutic options. Studies have revealed variable efficacy of
metoclopramide ranging from no acceleration of gastric emptying to a 35% improvement
in gastric emptying [93]. Though it carries a black box warning and is only approved
for 12 weeks of use given the dreaded risk of tardive dyskinesia, experience has shown
it can be employed continuously with frequent monitoring but should be used at the
lowest effective dose [94]. Additionally, physicians and patients must be careful to avoid
the use of concurrent dopamine receptor-acting agents given the rare risk of neuroleptic
malignant syndrome. Erythromycin is a macrolide antibiotic and motilin receptor agonist
that can be used at low doses as an effective prokinetic, with studies showing a 42.8 to 50%
improvement in gastric emptying [93]. While erythromycin is 30-60% more effective in
promoting gastric emptying than other promotility agents, its administration can inhibit
P450 iso-enzymes, causing prolonged QT intervals associated with torsades de pointes and
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sudden cardiac death [93]. The medication is also prone to tachyphylaxis, which limits
long-term use and may require “drug holidays”. Examples of possible schedules include
5 days of therapy followed by 2 days of drug cessation, or 2-3 weeks of therapy followed
by 1 week of drug cessation.

8.3.2. Neuromodulator Agents

Neuromodulators, though not free of side effects, may be better tolerated in the long
term in comparison to prokinetics. Given the overlap or perhaps spectrum of disease with
FD, neuromodulator agents should be considered and instituted early when appropriate.
Important concepts in the use of neuromodulators are appropriate consideration of side
effect profiles, adequate length of therapeutic trials, dose uptitration as tolerated, and med-
ication stacking (using a combination of neuromodulator agents) to achieve therapeutic
effects. Medications such as gabapentin and pregabalin, alpha-2 delta ligands that serve as
antiepileptics and neuropathic pain modulators, are often utilized in pain-predominant
patients because of their historical use in neuropathy, wide therapeutic index, and patient
acceptability [95]. In a retrospective, open-label cohort study utilizing gabapentin for
the treatment FD, improvement was noted in more than half of the subjects in overall,
postprandial fullness, and upper abdominal pain subscores, and the subjects’ mean symp-
tom scores decreased by almost half, with significant changes in all subscales (including
upper abdominal pain, lower abdominal pain, postprandial fullness) except for bloating.
However, 11.3% of patients discontinued gabapentin during the study, with 71.4% of the
discontinuations due to side effects, most commonly dizziness and fatigue, showing that
its use is not free of limitations.

In the setting of delayed gastric emptying, tricyclic antidepressants (TCAs) are not su-
perior to other neuromodulators for the treatment of upper GI symptoms and may worsen
frequently comorbid constipation [96]. Other traditional treatments for FD, such as selec-
tive serotonin reuptake inhibitors (SSRIs) or serotonin norepinephrine reuptake inhibitors
(SNRIs), can be used in gastroparesis. Evidence suggests that paroxetine may selectively
accelerate small intestinal transit, but it has also been associated with constipation [97].
Mirtazapine is a tetracyclic antidepressant that increases noradrenergic and serotonergic
neurotransmission via blockade of central alpha-2 adrenergic receptors, resulting in an
increased release of serotonin that stimulates serotonin 5-HT1 receptors in the setting of
mirtazapine blocking 5-HT2 and 5-HT3 receptors, with possibly fewer neurotransmitter-
related side effects than TCAs [98]. A prospective study of 30 patients showed that 76% of
the patients reported improvements in nausea or vomiting symptoms; however, almost half
of the patients experienced side effects, most commonly drowsiness and lethargy/fatigue,
resulting in 20% of patients terminating treatment prior to completing the 4-week study
period [98].

Buspar, a 5-HT1 receptor agonist, was only found to be helpful for symptoms of
bloating in patients with gastroparesis, but it is thought to improve gastric accommodation
and can be used more broadly for symptoms of FD [99]. Olanzapine, quetiapine, and
aripiprazole are atypical antipsychotics with both D2 and 5-HT2A antagonist properties
that have been used in functional GI disorders (FGIDs), particularly for nausea and ab-
dominal pain symptoms, and are increasingly being used as augmentation in refractory
gastroparesis [100]. A study of 21 patients receiving quetiapine for FGIDs refractory to an
antidepressant alone found that nearly half of the patients discontinued the medication due
to side effects or lack of effect; however, over half of the patients who continued the medi-
cation reported adequate symptom relief [101]. In one case report, aripiprazole reversed
gastroparesis in a child with 1q21.1-q21.2 microdeletion [102]. However, due to additional
histamine H1 and alpha-adrenergic receptor antagonism, as well as the anticholinergic
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properties of atypical antipsychotics, side effects including increased appetite, weight gain,
cardiometabolic illness, and sedation can occur. Investigations into novel neurotransmitter
receptor-acting therapies for GNDs are underway.

8.3.3. Antinausea Agents

Antinausea medications that act on serotonin, dopamine, histamine, or neurokinin
receptors might temporarily relieve symptoms, but do not address the underlying patho-
physiology of the symptoms. Thus, they are most helpful in mild disease or in conjunction
with other therapies. Ondansetron, a selective 5-HT3 receptor antagonist, was shown to
reduce nausea from stomach distension without altering gastric compliance, volume, or
accommodation in healthy volunteers, and has implications in pathways related to satia-
tion [103]. However, ondansetron commonly causes constipation which can limit its use.
Phenothiazide derivatives such as chlorpromazine, prochlorperazine, and promethazine
can be used as antiemetics and exhibit action through dopamine D2 receptor antagonism,
histamine H1 receptor antagonism, muscarinic M1 receptor antagonism, alpha-adrenergic
receptor antagonism, and more [61]. However, they are prone to side effects of sedation,
dry mouth, and constipation. Chlorpromazine and prochlorperazine are first-generation
antipsychotics that are also efficacious in the treatment of nausea, primarily via central
D2 receptor antagonism with no prokinetic activity, but carry a black box label cautioning
increased mortality in elderly patients with dementia-related psychosis. Promethazine acts
as an antiemetic through action as a histamine H1 receptor antagonist but is potentially
habit-forming.

Aprepitant is a neurokinin-1 (NK-1) receptor antagonist that has been shown to act
centrally to block receptor activation by substance P in the brain stem vomiting center, and
is FDA-approved for chemotherapy-induced nausea and vomiting [104]. A randomized,
double-blind, placebo-controlled study evaluating the effects of aprepitant on gastric motor
function and satiation in healthy subjects found that it increases fasting, postprandial, and
accommodation gastric volumes, as well as volume to fullness and maximum tolerated
volume, suggesting that NK-1 receptors are implicated in the control of gastric volume and
determining postprandial satiation and symptoms [105]. However, more long-term studies
in patients with gastroparesis-like symptoms are needed. Scopolamine, a muscarinic M1
receptor antagonist that treats motion sickness and post-operative nausea and vomiting,
has been used off-label for its antiemetic effect and has the benefit of transdermal adminis-
tration, but has notable anticholinergic side effects such as dry mouth, vision changes, and
drowsiness, and is not well studied in patients with GNDs [106]. While benzodiazepines
like lorazepam have been shown to reduce nausea and vomiting, their use is limited by
oversedation and dependence, limiting their use to monitored or inpatient settings [94].

8.4. Noninvasive Therapies
8.4.1. Transcutaneous Auricular Vagus Nerve Stimulation (taVINS)

Transcutaneous auricular stimulation is a noninvasive electrical therapy that modu-
lates Vagus nerve activity and has been shown to relieve gastroparesis symptoms with no
side effects [107]. Currently, most patients must pay out of their pockets to obtain these
particular devices, which limits their use. In rat models, invasive left cervical vagal nerve
stimulation significantly accelerated gastric emptying by increasing pyloric relaxation and
antral contraction amplitude [108]. A randomized subject-blinded, sham-controlled, cross-
over study of 18 healthy subjects showed that active treatment with the gammaCore tran-
scutaneous vagal nerve stimulator increased thresholds to bone pain, frequency of antral
contractions, and gastroduodenal motility [109]. An open-label proof-of-concept study
showed a 43% symptom response rate following 3-6 weeks of stimulation therapy (gamma-
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Core, electroCore) in patients with severe drug-refractory gastroparesis [110]. These studies
suggest taVNS as an emerging treatment option for GNDs and other gastrointestinal disor-
ders with chronic pain or dysmotility. More studies are needed to determine if taVNS can
predict response to gastric electrical stimulation, given their shared therapeutic pathways.

8.4.2. Thoracic Spinal Magnetic Neuromodulation Therapy (ThorS-MagNT)

Repetitive magnetic stimulation of paraspinal regions has been shown to correct
underlying bidirectional gut-brain neuropathy and sphincter dysfunction. A study of
33 patients with fecal incontinence demonstrated that translumbosacral neuromodulation
was a safe and efficacious treatment with significant improvements in anorectal neuropathy,
physiology, mechanics, and symptoms [111]. A proof-of-concept study aimed to improve
the symptoms of gastroparesis through the reversal of sympathetic efferent spinogastric
neuropathy and visceral afferent gastro-cortical pathways by targeting bilateral nerve
roots at the mid-thoracic level with repetitive magnetic stimulation twice daily for five
consecutive days [112]. All of the four patients treated at optimal intensities achieved a
clinically significant reduction in total GCSI-DD score, with an average initial reduction
of 74.9% that increased to an average reduction of 97.7% at 2 weeks post-treatment, most
notably in symptoms of nausea, vomiting, and upper abdominal pain. While this treatment
showed promising results in reducing symptom scores in a small number of patients
with moderate—severe diabetic gastroparesis with no adverse events, it is not yet available
outside of research centers.

8.5. Invasive Therapies
8.5.1. Pyloric Botulinum Toxin (Botox) Injection

Pyloric Botox injection is not recommended in current society guidelines, as there is a
lack of strong data to support its efficacy, with two small randomized control trials (RCTs)
showing no difference between Botox administration and placebo [90,113]. Furthermore,
it is not a durable treatment option, as the theoretical response lasts only a few months,
and repeated injections can cause fibrosis, which presents challenges if pyloric myotomy is
later pursued. However, given the limited treatment options in refractory gastroparesis,
some providers and institutions still administer pyloric Botox due to prior promising
studies, including a retrospective review of 52 patients who underwent pyloric botulinum
toxin injection, that showed a 43% symptomatic response rate that endured a mean of
5 months [114]. Despite some data which suggested that a clinical response to Botox may
predict a response to gastric per oral pyloromyotomy (G-POP), it is not recommended
to select candidates for G-POP based on an intervention that lacks thorough supportive
evidence, and studies are underway to illuminate more viable predictors of treatment
response [115].

8.5.2. Gastric per Oral Pyloromyotomy (G-POP)

More invasive treatments are reserved for patients with more refractory disease and
significant impairments in quality of life. G-POP, also known as gastric per oral endo-
scopic myotomy (G-POEM), has been well validated in improving gastric emptying and
providing symptom relief in refractory gastroparesis, particularly in the diabetic sub-
group [116]. Nausea and vomiting predominant patients benefited most from G-POP, while
pain-predominant patients experienced limited symptomatic success, and pain often per-
sisted. Pain symptoms may therefore be more related to FD and respond more satisfactorily
to FD-focused treatments. While studies demonstrate that elevated baseline GCSI scores
and gastric retention >20% at 4 h were associated with improved clinical response to G-POP,
more studies are needed to define which populations will respond and benefit most from
G-POP [117]. Although there is little difference in the symptoms, physiology, and treatment
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of gastroparesis and FD as GNDs, G-POP would only be considered in a patient with a
documented delay in gastric emptying with refractory symptoms. A systematic review
and meta-analysis showed that G-POP was a similarly efficacious but more cost-effective
approach than surgical pyloromyotomy in managing refractory gastroparesis [118]. Emerg-
ing evidence supports the use of G-POP over surgical myotomy in lung transplant patients
with refractory gastroparesis [119]. When patients fail to respond to G-POP, repeat G-POP
or surgical pyloromyotomy are often considered.

8.5.3. Gastric Electrical Stimulation (GES)

Gastric electrical stimulation involves a device implanted into the abdomen with leads
stimulating the stomach and pylorus and is subsequently more invasive and eventually
requires battery replacement. The full mechanism of action is unclear and may involve
electrical neuromodulation of a variety of pathways including visceral hypersensitivity
(efferent nociceptive signaling) and gastric (electrical) dysrhythmia. While sixteen open-
label studies have shown an improvement in total symptom score with GES, five studies
with random allocation to periods with or without GES failed to show a change in symptom
scores between these periods [120]. Though the Entera GES system was shown to be
generally safe and improve gastric emptying, their placement and use are not free from
complications such as skin erosion, wound dehiscence, or device migration/flipping [121].
A temporary endoscopic gastric electrical stimulator can be trialed prior to permanent
stimulator placement. The Gastroparesis Clinical Research Consortium demonstrated no
meaningful symptomatic improvement over time, except with regard to nausea (improved
by >1 point, RR-1.31; p = 0.04) [122]. Gastric electrical stimulation currently only holds a low
conditional recommendation as a compassionate humanitarian-use device, with greatest
efficacy observed in diabetic gastroparesis [90]. The combination of gastric electrical
stimulator placement with pyloromyotomy may be beneficial in some groups, particularly
in the diabetic gastroparesis group [123].

8.5.4. Surgical Intervention

Surgical pyloroplasty and even partial gastrectomy have historically been performed
for severe refractory cases of gastroparesis, but they have largely been replaced by ag-
gressive medical therapy and G-POP, which is noninferior to surgical pyloromyotomy.
Roux-en-Y gastric bypass (RYGB) has been performed in select patients with both re-
fractory gastroparesis and obesity, with 71% reporting improved symptoms at the last
follow-up [121]. A systematic review found favorable results of both sleeve gastrectomy
and RYGB for improving symptoms (particularly nausea and vomiting) and gastric empty-
ing in refractory gastroparesis [124]. The results of these studies must be interpreted in the
context of only a small number of the most severe and refractory of patients undergoing
these invasive interventions. However, this reinforces the notion that gastroparesis is a
debilitating condition that significantly impacts quality of life and drives patients to pursue
invasive or even experimental therapies in hopes of alleviating their symptoms. Further-
more, surgical intervention is not without risks including duodenal stump leak and more,
although no 30-day mortality was reported in one review. While surgical intervention may
still play a role in the management of the most refractory cases of gastroparesis including
surgical pyloromyotomy after G-POP failure, it is rarely performed and only in carefully
chosen patients.

8.6. Complementary Therepies
8.6.1. Gut-Brain Axis Modulation

Additionally, the role of the gut-brain axis cannot be overstated when discussing
the overlap of gastroparesis and functional dyspepsia as GNDs. Therapies that modulate
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neural pathway signaling can be integral in preserving quality of life, including cognitive
behavioral therapy, hypnosis, acupuncture, meditation, tai chi, yoga, and more. Cognitive
behavioral therapy has shown symptomatic benefits when used alone or in combination
with standard FD treatment, although more studies are needed to delineate the role of CBT
in patients with gastroparesis [125]. CBT is also relevant for ARFID, which can be associated
or overlap with GNDs [126]. Acupuncture and electroacupuncture have been shown to
affect the GI system through complex neuroimmune—endocrine mechanisms, including GI
motility, inflammation, visceral hypersensitivity, GI barrier function, and microbiota [127].
In a study of 35 patients with diabetic gastroparesis, acupuncture was shown to provide
symptom relief in 94% of the patients, which was significantly higher than the control
groups receiving domperidone or nothing [128]. A large review of gut-directed hypnosis,
typically administered in 6 to 12 weekly sessions, found it was a highly effective and
adaptable treatment option in refractory FGIDs, but is limited by time requirements, cost,
general availability, and lower effectiveness when delivered outside specialized research
centers [129,130]. Emerging options are becoming available to increase access to gut-brain
axis modulation, such as internet-delivered CBT or app-delivered gut hypnosis. Gut-
brain axis modulation has been underutilized in the treatment of GNDs, and whichever
modalities are most acceptable and accessible to patients can be pursued in addition to
standard medical treatment.

8.6.2. Herbal Formulations

Herbal remedies such as Iberogast have been shown to improve FD symptoms com-
pared to placebo, and can be trialed in patients with gastroparesis [131]. Studies in obesity-
induced diabetic mice support the role of curcumin (the active ingredient in turmeric)
in modulating nitrergic-mediated gastric motility and gastric emptying via normalizing
inflammation and oxidative stress through activation of nuclear factor erythroid 2-related
factor 2, which increases neuronal NOS gene expression and function [132]. OLNP-06 is
a concentrated ginger extract formulation that was shown to improve dyspepsia symp-
toms (such as postprandial fullness, upper abdominal bloating, and early satiation) in 79%
of patients, with 64% of the patients reporting complete elimination of symptoms in a
4-week randomized, double-blind, placebo-controlled study [133]. Given the promising
results with little to no adverse events, further studies are needed to explore the role of
nutraceuticals in GNDs.

8.6.3. Cannabinoids

The role of Cannabis or cannabinoid products in the management of gastroparesis is un-
clear. While studies show it can delay gastric emptying, many patients have reported signif-
icant relief of their GI symptoms [134]. Dronabinol, synthetic delta-9-tetrahydrocannabinol
(THC), is FDA-approved for chemotherapy-induced nausea and vomiting; though its cen-
tral actions are only partially understood, it stands to reason that it may be efficacious for
other causes of nausea and vomiting as well. THC occurs naturally in Cannabis sativa or
marijuana plants and activates endogenous CB1 and CB2 receptors, with the majority of
the psychoactive effects (affective, sensory, somatic, cognitive alterations) and therapeutic
benefits (analgesia, appetite enhancement, muscle relaxation, hormonal actions) mediated
by the CB1 receptor, and the majority of the immunomodulatory properties mediated by
the CB2 receptor [135]. Cannabidiol (CBD) is also found naturally in Cannabis and acts as
a partial CB2 receptor agonist and low-affinity CB1 antagonist, with central effects that can
reduce gut sensitivity and inflammation, and does not face the same legal restrictions as
products containing THC. An RCT showed the efficacy of CBD in reducing GCSI (p = 0.008),
the number of daily vomiting episodes (p = 0.006), inability to finish a normal-sized meal
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(p = 0.029), and overall symptom severity (p = 0.034) [136]. The role of cannabinoid receptor
modulation in the treatment of GNDs requires more structured studies before conclusions
can be drawn. Regardless, in light of broad medical legalization and rising recreational
legalization in the United States, the number of patients using cannabis products may con-
tinue to rise, and local considerations can impact its safety and reliability as a therapeutic
option in GNDs [137].

8.7. Treatments to Avoid

Treatments that should be avoided in gastroparesis include opioids or other med-
ications that can slow GI transit, as the short-term benefit in pain management is far
outweighed by the ultimate effects of worsening gastric emptying and exposing the patient
to the unnecessary risks of opioids, including dependence, cardiopulmonary depression,
and death. Notably, opioid use was associated with increased gastric retention, worse
quality of life, increased hospitalization, and increased antiemetic and pain modulator
medication use compared to nonusers [138]. In general, escalation to more invasive ther-
apies without prolonged trials of neuromodulators including stacking and uptitration
should be avoided given the risk of overproceduralization without a substantial benefit in
symptoms or quality of life. As previously stated, G-tube placement is contraindicated as it
does not bypass the disordered stomach and may exacerbate symptoms. Additionally, the
finding of celiac artery compression or median arcuate ligament syndrome is typically an
incidental diagnosis and not a cause of symptoms, and pursuing aggressive investigations
and treatment may not address symptoms.

8.8. Novel and Investigational Therapies

Newer agents are under investigation that target diverse gastric (fundic, antral, and
pyloric) motor functions, including novel serotonergic 5-HT4 agonists, dopaminergic
D2 /3 antagonists, neurokinin NK-1 antagonists, and motilin and ghrelin agonists. Since
HO1 expression is protective against ICC loss, it has been theorized that macrophage
HO1 induction could be a therapeutic target in reversing ICC loss and delayed gastric
emptying [46,139]. In patients with suspected immune dysfunction or dysregulation,
corroborative testing and a trial of immunotherapy may improve symptoms. Additionally,
there may be a role for experimental interventions in the most refractory cases, such as celiac
plexus block for chronic abdominal pain severely affecting quality of life and nutrition.

8.8.1. Emerging Promotility Agents

Domperidone, another D2 receptor antagonist, is effective in improving nausea, vom-
iting, early satiety, and gastric emptying, with fewer central side effects than metoclo-
pramide [140]. However, it is not FDA-approved due to risks of QT prolongation and
sudden death; it can only be officially obtained by patients in the US under the Expanded
Access to Investigational Drugs program through the FDA. Anecdotally, domperidone
has been obtained by patients through international pharmacies, but caution must be
exercised given the risk of unknown contents. Deuterated domperidone may decrease
toxicities and side effects and is currently being investigated in clinical trials. Prucalopride,
a selective 5-HT4 receptor agonist, is used off-label for gastroparesis, as it is only approved
for chronic idiopathic constipation (CIC), despite its endorsement by society guidelines;
however, many patients with gastroparesis also experience CIC and may be candidates for
prucalopride [141].

Azithromycin, another macrolide antibiotic with motilin receptor activity, is emerging
as an efficacious alternative to erythromycin with equivalent profiles for accelerating gastric
emptying in patients with gastroparesis, with the added benefit of a longer duration, a
better side effect profile, and a lack of P450 interaction and the associated risks [142].
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Given these potential benefits and its wide availability, some providers already employ
azithromyecin off-label for gastroparesis.

HMO01, an orally active ghrelin receptor agonist that crosses the blood-brain barrier,
has been shown to activate central vagal and myenteric pathways in rat models with
abdominal surgery-induced gastric inflammation and ileus [143]. A systematic review and
meta-analysis evaluating the efficacy and safety of ghrelin agonists in diabetic gastroparesis
found that ghrelin administration significantly improved overall gastroparesis symptomes,
nausea, vomiting, early satiety, and abdominal pain compared to placebo, with no difference
in adverse events [144]. However, more studies are needed before ghrelin agents become
available for use.

8.8.2. Inmunomodulator Agents

One study proposed neural autoimmunity as an under-recognized etiology of gas-
troparesis and trialed immunotherapy to aid in symptom relief and diagnosis in patients
refractory to medications and stimulators, with suspected autoimmune gastrointestinal
dysmotility (based on serological evidence or personal/family history of autoimmune
disease) [49]. The study demonstrated that 74% of the patients achieved symptomatic
and/or scintigraphic improvement post-immunotherapy (6-12 weeks of intravenous im-
mune globulin (IVIg), or methylprednisolone, or both). A subsequent study in a more
targeted population of patients refractory to medications and stimulators, with suggested
neuroinflammation on full-thickness gastric biopsy and glutamic acid decarboxylase (GAD)
65 positive autoantibodies, showed a maximal response to IVIg (67%), with more than
half (55%) of the patients noting improvement in vomiting and almost half (45%) noting
improvement in nausea, abdominal pain, and bloating [44]. Pyridostigmine, an acetyl-
cholinesterase inhibitor, was also found to reduce symptoms in a patient with gastroparesis
due to underlying autoimmune etiology [7]. These combined findings support the use of
immunotherapy in patients refractory to available treatments with suspected autoimmune
contributions to their disease.

8.8.3. Celiac Plexus Block (CPB)

Celiac plexus block can be performed with endoscopic ultrasound or noninvasive
fluoroscopic or ultrasound guidance, and has been shown to improve pain and increase
GI motility by modulating visceral afferent fibers that innervate from the distal esophagus
to the transverse colon [145,146]. CPB has been shown to improve symptoms of chronic
abdominal pain in case reports of patients with pain-predominant severe refractory gastro-
paresis, with additional benefits of increased feeding tolerance and avoiding or eliminating
opioid use. While one case report showed a significant reduction in pain score following
the administration of a thoracic splanchnic nerve block followed by radiofrequency ther-
mocoagulation at the T11 and T12 vertebral levels to target parasympathetic neuropathy in
a patient with FD, there are no published data for its use in gastroparesis [147].

9. Conclusions

Gastroparesis is a complex disorder with diverse etiologies, significant symptom
burden, and limited treatment options. Gastroparesis can be a debilitating condition for
patients to live with, and recognizing the concurrent role of FD can greatly impact the treat-
ment options provided to patients and thus their quality of life. Advances in understanding
the shared pathophysiology and management of GNDs are promising but underscore the
need for individualized, multidisciplinary care approaches. Multiple options exist to diag-
nose delayed gastric emptying, most commonly gastric scintigraphy followed by breath
testing; whichever is most feasible (based on local availability and insurance coverage)
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can be pursued. Promising new modalities exist to diagnose gastroparesis and whole-gut
motility disturbances, such as electrogastrography and wireless motility capsules, which
may become more widely used provided they are covered by insurance and FDA-cleared,
respectively.

Dietary modifications, such as small-particle-size and low-fat diets, can be imple-
mented by all patients with the support of a dietician if accessible. Prokinetics and antiemet-
ics provide benefit to some patients, but neuromodulators are historically underused in
gastroparesis. Given the overlap or perhaps spectrum of disease between gastroparesis and
FD as GNDs, neuromodulation should be more broadly considered in their management.
Noninvasive treatments, such as auricular nerve stimulation and experimental thoracic
magnetic neurostimulation, show promising results as adjunctive therapies in restoring
normal motility and alleviating symptoms. Advanced therapies such as G-POP and gastric
electrical stimulation can be effective but should be reserved for patients with refractory dis-
ease severely impairing quality of life. Post-jejunal nutrition, exclusive parenteral nutrition,
and surgical intervention remain options for the most refractory of patients with signif-
icant nutritional concerns. Figure 2 summarizes the proposed diagnostic and treatment
algorithm for patients with GNDs.

Gastric Neuromuscular Disorders [ e o ]
Diagnostic and Treatment Approach v

Rule out mechanical obstruction and
organic causes with endoscopy

Treatment of obstruction or organic
causes (celiac, H. pylori, etc.) if present
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W ( Treatment of functional dyspepsia,
Assess gastric emptyi chronic nausea vomiting syndrome,
Normal L cyclic vomiting syndrome if present

¢ Delayed

[ Assess and monitor nutrition, electrolytes J Gut-brain axis directed therapies: }

Modify diet: small particle size, low-fat i e R s, e
L acupuncture, meditation, tai chi, yoga, etc.

Gastroparesis cardinal
symptom index (GCSI) Assess and monitor symptoms
& GCSI-Daily Diary

) ) Neuromodulators
Pharmacological treatment targeting Histamine receptor
rimary symptom A
Neurologic and/or primary syme! 5 :B/:‘egiﬁg?'
i testing:
IT’R:?:.-.:;? d L Dopamine receptor
Predominant Motilin receptor
-Sensory = R
~Serologic . [ el i ‘:'e‘. and J Investigational drugs
-Pan gut motiity testing autoimmune pharmacol ogic treatments

~Gastric full thickness biopsy mponen

Noninvasive: Transcutaneous auricular vagus
nerve stimulator, Thoracic magnetic
neurostimulation.

Invasive: Gastric-per oral pyloromyotomy,
Surgical pyloroplasty, Temporary endoscopic or
permanent gastric electrical stimulation.

Alternative nutrition: G-J tube, J tube, TPN.

Persistent
symptoms

Consider
Immunotherapy:
-Pyridostigmine
-IVig
-Steroids

-Others Figure 2: self-created, adapted from Prateek Mathur

Figure 2. Gastric neuromuscular disorders diagnostic and treatment approach [148].

There is an urgent need for more targeted, efficacious, and durable treatment options in
gastroparesis. More research is also needed to elucidate the causative pathways of disease,
find reliable biomarkers, understand sex differences, and improve long-term outcomes.
Novel biomarkers could enable earlier diagnosis and identification of distinct disease
subtypes, guiding targeted therapies based on specific pathophysiological mechanisms. Ge-
netic profiling may help stratify patients into subgroups with distinct therapeutic responses,
allowing for precision medicine strategies tailored to individual genetic susceptibilities.
As these innovations progress, an integrated, patient-specific approach could optimize
outcomes and improve quality of life. Ultimately, gastroparesis and FD are complex GNDs
with significant overlap in pathophysiology, and thus, treatment requires nuanced care
from providers to achieve successful treatment outcomes.

Author Contributions: Conceptualization, B.K. and J.D.; writing—original draft preparation, J.D.;
writing—review and editing, B.K. and ].D.; visualization, ].D.; supervision, B.K. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.



Diagnostics 2025, 15, 935 25 of 32

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: ].D. declares no conflicts of interest. B.K. has received funding from NIH
RO1 DK133520, R0O1DK136243, U01DK140933, and U01DK112193, as well as funding for consulting
and clinical research from Cindome, Ironwood, Takeda, Evoke, Phathom, Genzynme, Medtronic,
Neurogastrx, Novo, ClinRx Pharma, GI Foundation, and Atmo.

Abbreviations

The following abbreviations are used in this manuscript:

GND Gastric neuromuscular disorder
FD Functional dyspepsia
GCsI Gastroparesis Cardinal Symptom Index
GCSIDD  Gastroparesis Cardinal Symptom Index Daily Diary
C Carbon
CO, Carbon dioxide
WMC Wireless motility capsule
FDA Food and Drug Administration
GES Gastric electrical stimulation
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References
1.  Camilleri, M.; Dubois, D.; Coulie, B.; Jones, M.; Kahrilas, PJ.; Rentz, A.M.; Sonnenberg, A.; Stanghellini, V.; Stewart, W.F; Tack, J.;

10.

11.

et al. Prevalence and Socioeconomic Impact of Upper Gastrointestinal Disorders in the United States: Results of the US Upper
Gastrointestinal Study. Clin. Gastroenterol. Hepatol. 2005, 3, 543-552. [CrossRef]

Janssen, P.; Harris, S.M.; Jones, M.; Masaoka, T.; Farré, R.; Tornblom, H.; Van Oudenhove, L.; Simrén, M.; Tack, J. The Relation
Between Symptom Improvement and Gastric Emptying in the Treatment of Diabetic and Idiopathic Gastroparesis. Off. J. Am.
Coll. Gastroenterol. ACG 2013, 108, 1382. [CrossRef]

Pasricha, PJ.; Grover, M.; Yates, K.P.; Abell, T.L.; Bernard, C.E.; Koch, K.L.; McCallum, R.W.; Sarosiek, I.; Kuo, B.; Bulat, R.; et al.
Functional Dyspepsia and Gastroparesis in Tertiary Care Are Interchangeable Syndromes with Common Clinical and Pathologic
Features. Gastroenterology 2021, 160, 2006-2017. [CrossRef] [PubMed]

Kim, BJ.; Kuo, B. Gastroparesis and Functional Dyspepsia: A Blurring Distinction of Pathophysiology and Treatment.
J. Neurogastroenterol. Motil. 2019, 25, 27-35. [CrossRef] [PubMed]

Jung, H.-K.; Choung, R.S.; Locke, G.R.; Schleck, C.D.; Zinsmeister, A.R.; Szarka, L.A.; Mullan, B.; Talley, N.J. The Incidence,
Prevalence, and Outcomes of Patients with Gastroparesis in Olmsted County, Minnesota, from 1996 to 2006. Gastroenterology 2009,
136, 1225-1233. [CrossRef]

Syed, A.R.; Wolfe, M.M.; Calles-Escandon, J. Epidemiology and Diagnosis of Gastroparesis in the United States: A Population-
Based Study. J. Clin. Gastroenterol. 2020, 54, 50. [CrossRef]

Waseem, S.; Moshiree, B.; Draganov, P.V. Gastroparesis: Current Diagnostic Challenges and Management Considerations. World J.
Gastroenterol. 2009, 15, 25-37. [CrossRef]

Dilmaghani, S.; Zheng, T.; Camilleri, M. Epidemiology and Healthcare Utilization in Patients with Gastroparesis: A Systematic
Review. Clin. Gastroenterol. Hepatol. Off. Clin. Pract. . Am. Gastroenterol. Assoc. 2023, 21, 2239-2251.e2. [CrossRef]

Camilleri, M.; Bharucha, A.E.; Farrugia, G. Epidemiology, Mechanisms and Management of Diabetic Gastroparesis. Clin.
Gastroenterol. Hepatol. Off. Clin. Pract. ]. Am. Gastroenterol. Assoc. 2011, 9, 5-12. [CrossRef]

Ye, Y,; Yin, Y.; Huh, S.Y,; Almansa, C.; Bennett, D.; Camilleri, M. Epidemiology, Etiology, and Treatment of Gastroparesis:
Real-World Evidence from a Large US National Claims Database. Gastroenterology 2022, 162, 109-121.e5. [CrossRef]

Pasricha, PJ.; Yates, K.P; Nguyen, L.; Clarke, J.; Abell, T.L.; Farrugia, G.; Hasler, W.L.; Koch, K.L.; Snape, W.J.; McCallum, R.W,;
et al. Outcomes and Factors Associated with Reduced Symptoms in Patients with Gastroparesis. Gastroenterology 2015, 149,
1762-1774.e4. [CrossRef] [PubMed]


https://doi.org/10.1016/S1542-3565(05)00153-9
https://doi.org/10.1038/ajg.2013.118
https://doi.org/10.1053/j.gastro.2021.01.230
https://www.ncbi.nlm.nih.gov/pubmed/33548234
https://doi.org/10.5056/jnm18162
https://www.ncbi.nlm.nih.gov/pubmed/30509017
https://doi.org/10.1053/j.gastro.2008.12.047
https://doi.org/10.1097/MCG.0000000000001231
https://doi.org/10.3748/wjg.15.25
https://doi.org/10.1016/j.cgh.2022.07.011
https://doi.org/10.1016/j.cgh.2010.09.022
https://doi.org/10.1053/j.gastro.2021.09.064
https://doi.org/10.1053/j.gastro.2015.08.008
https://www.ncbi.nlm.nih.gov/pubmed/26299414

Diagnostics 2025, 15, 935 26 of 32

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Pasricha, PJ.; Colvin, R.; Yates, K.; Hasler, W.L.; Abell, T.L.; Unalp—Arida, A.; Nguyen, L.; Farrugia, G.; Koch, K.L.; Parkman,
H.P; et al. Characteristics of Patients with Chronic Unexplained Nausea and Vomiting and Normal Gastric Emptying. Clin.
Gastroenterol. Hepatol. 2011, 9, 567-576.e4. [CrossRef]

Hasler, W.L.; Parkman, H.P,; Wilson, L.A.; Pasricha, PJ.; Koch, K.L.; Abell, T.L.; Snape, W.J.; Farrugia, G.; Lee, L.; Tonascia, J.; et al.
Psychological Dysfunction Is Associated with Symptom Severity but Not Disease Etiology or Degree of Gastric Retention in
Patients with Gastroparesis. Off. |. Am. Coll. Gastroenterol. ACG 2010, 105, 2357. [CrossRef]

Wadhwa, V.; Mehta, D.; Jobanputra, Y.; Lopez, R.; Thota, PN.; Sanaka, M.R. Healthcare Utilization and Costs Associated with
Gastroparesis. World ]. Gastroenterol. 2017, 23, 4428-4436. [CrossRef] [PubMed]

Soykan, I; Sivri, B.; Sarosiek, I.; Kiernan, B.; Mccallum, R.-W. Demography, Clinical Characteristics, Psychological and Abuse
Profiles, Treatment, and Long-Term Follow-up of Patients with Gastroparesis. Dig. Dis. Sci. 1998, 43, 2398-2404. [CrossRef]
[PubMed]

Progress in Gastroparesis—A Narrative Review of the Work of the Gastroparesis Clinical Research Consortium—Clinical
Gastroenterology and Hepatology. Available online: https://www.cghjournal.org/article/S1542-3565(22)00533- X/ fulltext
(accessed on 1 January 2025).

Naftali, T.; Yishai, R.; Zangen, T.; Levine, A. Post-Infectious Gastroparesis: Clinical and Electerogastrographic Aspects.
J. Gastroenterol. Hepatol. 2007, 22, 1423-1428. [CrossRef] [PubMed]

Ishiguchi, T.; Nakajima, M.; Sone, H.; Tada, H.; Kumagai, A K.; Takahashi, T. Gastric Distension-induced Pyloric Relaxation:
Central Nervous System Regulation and Effects of Acute Hyperglycaemia in the Rat. . Physiol. 2001, 533, 801-813.

Parkman, H.P.; Wilson, L.A; Farrugia, G.; Koch, K.L.; Hasler, W.L.; Nguyen, L.A.; Abell, T.L.; Snape, W.; Clarke, J.; Kuo, B.; et al.
Delayed Gastric Emptying Associates with Diabetic Complications in Diabetic Patients with Symptoms of Gastroparesis. Off. J.
Am. Coll. Gastroenterol. ACG 2019, 114, 1778. [CrossRef]

Tack, J.; Demedts, I.; Meulemans, A.; Schuurkes, J.; Janssens, J. Role of Nitric Oxide in the Gastric Accommodation Reflex and in
Meal Induced Satiety in Humans. Gut 2002, 51, 219-224. [CrossRef]

Orthey, P; Yu, D.; Van Natta, M.L.; Ramsey, EV.; Diaz, ] R.; Bennett, P.A.; lagaru, A.H.; Fragomeni, R.S.; McCallum, R.W.; Sarosiek,
I; et al. Intragastric Meal Distribution During Gastric Emptying Scintigraphy for Assessment of Fundic Accommodation:
Correlation with Symptoms of Gastroparesis. J. Nucl. Med. 2018, 59, 691-697. Available online: https:/ /jnm.snmjournals.org/
content/59/4/691 (accessed on 1 January 2025).

Parkman, H.P.; Wilson, L.A.; Silver, P.; Maurer, A.H.; Sarosiek, I.; Bulat, R.S.; Kuo, B.; Grover, M.; Farrugia, G.; Chumpitazi, B.P;
et al. Relationships among Intragastric Meal Distribution during Gastric Emptying Scintigraphy, Water Consumption during
Water Load Satiety Testing, and Symptoms of Gastroparesis. Am. J. Physiol.-Gastrointest. Liver Physiol. 2023, 325, G407-G417.
[CrossRef] [PubMed]

Oshima, T. Functional Dyspepsia: Current Understanding and Future Perspective. Digestion 2024, 105, 26-33. Available online:
https:/ /karger.com/dig/article/105/1/26 /860807 /Functional-Dyspepsia-Current-Understanding-and (accessed on 1 January
2025). [CrossRef]

Deloose, E.; Janssen, P.; Depoortere, I.; Tack, ]J. The Migrating Motor Complex: Control Mechanisms and Its Role in Health and
Disease. Nat. Rev. Gastroenterol. Hepatol. 2012, 9, 271-285. Available online: https:/ /www.nature.com/articles /nrgastro.2012.57
(accessed on 1 January 2025). [CrossRef]

Hereijgers, M.].M.; Keszthelyi, D.; Kruimel, ]. W.; Masclee, A.A.M.; Conchillo, ].M. Antroduodenal Motility Recording Identifies
Characteristic Patterns in Gastroparesis Related to Underlying Etiology. Neurogastroenterol. Motil. 2022, 34, €14394. [CrossRef]
[PubMed]

O’Grady, G.; Wang, T.H.; Du, P,; Angeli, T.; Lammers, W.J.; Cheng, L.K. Recent Progress in Gastric Arrhythmia: Pathophysiology,
Clinical Significance and Future Horizons. Clin. Exp. Pharmacol. Physiol. 2014, 41, 854-862. Available online: https://onlinelibrary.
wiley.com/doi/10.1111/1440-1681.12288 (accessed on 1 January 2025). [CrossRef] [PubMed]

Koch, K.L.; Hasler, W.L.; Van Natta, M.; Calles-Escandon, J.; Grover, M.; Pasricha, PJ.; Snape, W.J.; Parkman, H.P,; Abell, T.L.;
McCallum, R.W.; et al. Satiety Testing in Diabetic Gastroparesis: Effects of Insulin Pump Therapy with Continuous Glucose
Monitoring on Upper Gastrointestinal Symptoms and Gastric Myoelectrical Activity. Neurogastroenterol. Motil. 2019, 32, €13720.
Available online: https://onlinelibrary.wiley.com/doi/10.1111/nmo.13720 (accessed on 1 January 2025). [CrossRef]

Travagli, R.A.; Anselmi, L. Vagal Neurocircuitry and Its Influence on Gastric Motility. Nat. Rev. Gastroenterol. Hepatol. 2016, 13,
389-401. [CrossRef]

Nguyen, L.; Wilson, L.A.; Miriel, L.; Pasricha, PJ.; Kuo, B.; Hasler, W.L.; McCallum, R.W.; Sarosiek, I.; Koch, K.L.; Snape, W.J.;
et al. Autonomic Function in Gastroparesis and Chronic Unexplained Nausea and Vomiting: Relationship with Etiology, Gastric
Emptying, and Symptom Severity. Neurogastroenterol. Motil. 2020, 32, e13810. Available online: https://onlinelibrary.wiley.com/
doi/10.1111/nmo.13810 (accessed on 1 January 2025). [CrossRef]


https://doi.org/10.1016/j.cgh.2011.03.003
https://doi.org/10.1038/ajg.2010.253
https://doi.org/10.3748/wjg.v23.i24.4428
https://www.ncbi.nlm.nih.gov/pubmed/28706426
https://doi.org/10.1023/A:1026665728213
https://www.ncbi.nlm.nih.gov/pubmed/9824125
https://www.cghjournal.org/article/S1542-3565(22)00533-X/fulltext
https://doi.org/10.1111/j.1440-1746.2006.04738.x
https://www.ncbi.nlm.nih.gov/pubmed/17716347
https://doi.org/10.14309/ajg.0000000000000410
https://doi.org/10.1136/gut.51.2.219
https://jnm.snmjournals.org/content/59/4/691
https://jnm.snmjournals.org/content/59/4/691
https://doi.org/10.1152/ajpgi.00065.2023
https://www.ncbi.nlm.nih.gov/pubmed/37552206
https://karger.com/dig/article/105/1/26/860807/Functional-Dyspepsia-Current-Understanding-and
https://doi.org/10.1159/000532082
https://www.nature.com/articles/nrgastro.2012.57
https://doi.org/10.1038/nrgastro.2012.57
https://doi.org/10.1111/nmo.14394
https://www.ncbi.nlm.nih.gov/pubmed/35531931
https://onlinelibrary.wiley.com/doi/10.1111/1440-1681.12288
https://onlinelibrary.wiley.com/doi/10.1111/1440-1681.12288
https://doi.org/10.1111/1440-1681.12288
https://www.ncbi.nlm.nih.gov/pubmed/25115692
https://onlinelibrary.wiley.com/doi/10.1111/nmo.13720
https://doi.org/10.1111/nmo.13720
https://doi.org/10.1038/nrgastro.2016.76
https://onlinelibrary.wiley.com/doi/10.1111/nmo.13810
https://onlinelibrary.wiley.com/doi/10.1111/nmo.13810
https://doi.org/10.1111/nmo.13810

Diagnostics 2025, 15, 935 27 of 32

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Hasler, W.L.; May, K.P,; Wilson, L.A.; Van Natta, M.; Parkman, H.P.; Pasricha, PJ.; Koch, K.L.; Abell, T.L.; McCallum, RW.,;
Nguyen, L.A,; et al. Relating Gastric Scintigraphy and Symptoms to Motility Capsule Transit and Pressure Findings in Suspected
Gastroparesis. Neurogastroenterol. Motil. 2018, 30, €13196. [CrossRef]

Jung, H.; Talley, N.J. Role of the Duodenum in the Pathogenesis of Functional Dyspepsia: A Paradigm Shift. ]. Neurogastroenterol.
Motil. 2018, 24, 345-354. [CrossRef]

Maljaars, PW.].; Peters, H.P.E; Mela, D.].; Masclee, A.A.M. Ileal Brake: A Sensible Food Target for Appetite Control. A Review.
Physiol. Behav. 2008, 95, 271-281. [CrossRef] [PubMed]

Jarvie, B.C.; Knight, Z.A. Breaking down a Gut-to-Brain Circuit That Prevents Malabsorption. Cell 2022, 185, 2393-2395. [CrossRef]
[PubMed]

Debourdeau, A.; Gonzalez, ].M.; Mathias, E; Prost, C.; Barthet, M.; Vitton, V. Gastric Volumetry for the Assessment of Fundic
Compliance and Visceral Hypersensitivity in Patients with Gastroparesis: A Retrospective Comparative Study. Scand. ].
Gastroenterol. 2024, 59, 254-259. Available online: https://www.tandfonline.com/doi/10.1080/00365521.2023.2279928?url_ver=
7.39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed (accessed on 1 January 2025). [CrossRef]

Takahashi, T. Pathophysiological Significance of Neuronal Nitric Oxide Synthase in the Gastrointestinal Tract. J. Gastroenterol.
2003, 38, 421-430. [CrossRef]

Grover, M,; Farrugia, G.; Lurken, M.S.; Bernard, C.E.; Faussone—Pellegrini, M.S.; Smyrk, T.C.; Parkman, H.P.; Abell, T.L.; Snape,
W.J.; Hasler, W.L; et al. Cellular Changes in Diabetic and Idiopathic Gastroparesis. Gastroenterology 2011, 140, 1575-1585.e8.
[CrossRef] [PubMed]

Faussone-Pellegrini, M.S.; Grover, M.; Pasricha, PJ.; Bernard, C.E.; Lurken, M.S.; Smyrk, T.C.; Parkman, H.P,; Abell, T.L.; Snape,
W.J.; Hasler, W.L.; et al. Ultrastructural Differences between Diabetic and Idiopathic Gastroparesis. J. Cell. Mol. Med. 2011, 16,
1573-1581. Available online: https://onlinelibrary.wiley.com/doi/10.1111/j.1582-4934.2011.01451.x (accessed on 1 January 2025).
[CrossRef]

Zhou, S.-Y,; Lu, Y.-X.; Owyang, C. Gastric Relaxation Induced by Hyperglycemia Is Mediated by Vagal Afferent Pathways in the
Rat. Am. J. Physiol.-Gastrointest. Liver Physiol. 2008, 294, G1158-G1164. [CrossRef]

Gottfried-Blackmore, A.; Adler, E.P.; Fernandez-Becker, N.; Clarke, J.; Habtezion, A.; Nguyen, L. Open-Label Pilot Study:
Non-Invasive Vagal Nerve Stimulation Improves Symptoms and Gastric Emptying in Patients with Idiopathic Gastroparesis.
Neurogastroenterol. Motil. 2020, 32, €13769. [CrossRef]

Sawin-Johnson, K.N.; Packer, C.D.; Sawin-Johnson, K.N.; Packer, C.D. Norovirus-Induced Gastroparesis. Cureus 2019, 11, e6283.
[CrossRef]

Moraveji, S.; Bashashati, M.; Elhanafi, S.; Sunny, J.; Sarosiek, I.; Davis, B.; Torabi, A.; McCallum, R.W. Depleted Interstitial Cells of
Cajal and Fibrosis in the Pylorus: Novel Features of Gastroparesis. Neurogastroenterol. Motil. 2016, 28, 1048-1054. [CrossRef]
Grover, M.; Bernard, C.E.; Pasricha, PJ.; Parkman, H.P,; Gibbons, S.].; Tonascia, J.; Koch, K.L.; McCallum, R.W.; Sarosiek, 1.; Hasler,
W.L,; et al. Diabetic and Idiopathic Gastroparesis Is Associated with Loss of CD206-Positive Macrophages in the Gastric Antrum.
Neurogastroenterol. Motil. 2017, 29, e13018. [CrossRef] [PubMed]

Mazzone, A.; Bernard, C.E.; Strege, PR.; Beyder, A.; Galietta, L.J.V.; Pasricha, PJ.; Rae, J.L.; Parkman, H.P; Linden, D.R;;
Szurszewski, ] H.; et al. Altered Expression of Anol Variants in Human Diabetic Gastroparesis. J. Biol. Chem. 2011, 286,
13393-13403. [CrossRef] [PubMed]

Herring, B.P; Hoggatt, A.M.; Gupta, A.; Griffith, S.; Nakeeb, A.; Choi, ].N.; Idrees, M.T.; Nowak, T.; Morris, D.L.; Wo, ].M.
Idiopathic Gastroparesis Is Associated with Specific Transcriptional Changes in the Gastric Muscularis Externa. Neurogastroenterol.
Motil. 2018, 30, €13230. [CrossRef]

Grover, M,; Farrugia, G.; Stanghellini, V. Gastroparesis: A Turning Point in Understanding and Treatment. Gut 2019, 68, 2238-2250.
[CrossRef]

Choi, K.M,; Kashyap, P.C.; Dutta, N.; Stoltz, G.J.; Ordog, T.; Donohue, T.S.; Bauer, A.].; Linden, D.R.; Szurszewski, ].H.; Gibbons,
S.J.; et al. CD206-Positive M2 Macrophages That Express Heme Oxygenase-1 Protect Against Diabetic Gastroparesis in Mice.
Gastroenterology 2010, 138, 2399-2409.e1. [CrossRef]

Grover, M.; Gibbons, S.J.; Nair, A.A.; Bernard, C.E.; Zubair, A.S.; Eisenman, S.T.; Wilson, L.A.; Miriel, L.; Pasricha, P.J.; Parkman,
H.P; et al. Transcriptomic Signatures Reveal Immune Dysregulation in Human Diabetic and Idiopathic Gastroparesis. BMC Med.
Genomics 2018, 11, 62. [CrossRef]

Sanchez, ].M.S.; McNally, J.S.; Cortez, M.M.; Hemp, J.; Pace, L.A.; Clardy, S.L. Neuroimmunogastroenterology: At the Interface of
Neuroimmunology and Gastroenterology. Front. Neurol. 2020, 11, 787. [CrossRef] [PubMed]

Flanagan, E.P.; Saito, Y.A.; Lennon, V.A.; McKeon, A.; Fealey, R.D.; Szarka, L.A.; Murray, J.A.; Foxx-Orenstein, A.E.; Fox,
J.C,; Pittock, S.J. Immunotherapy Trial as Diagnostic Test in Evaluating Patients with Presumed Autoimmune Gastrointestinal
Dysmotility. Neurogastroenterol. Motil. 2014, 26, 1285-1297. [CrossRef]

Dhamija, R.; Tan, K.M,; Pittock, S.J.; Foxx—Orenstein, A.; Benarroch, E.; Lennon, V.A. Serologic Profiles Aiding the Diagnosis of
Autoimmune Gastrointestinal Dysmotility. Clin. Gastroenterol. Hepatol. 2008, 6, 988-992. [CrossRef]


https://doi.org/10.1111/nmo.13196
https://doi.org/10.5056/jnm18060
https://doi.org/10.1016/j.physbeh.2008.07.018
https://www.ncbi.nlm.nih.gov/pubmed/18692080
https://doi.org/10.1016/j.cell.2022.06.012
https://www.ncbi.nlm.nih.gov/pubmed/35803241
https://www.tandfonline.com/doi/10.1080/00365521.2023.2279928?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
https://www.tandfonline.com/doi/10.1080/00365521.2023.2279928?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
https://doi.org/10.1080/00365521.2023.2279928
https://doi.org/10.1007/s00535-003-1094-y
https://doi.org/10.1053/j.gastro.2011.01.046
https://www.ncbi.nlm.nih.gov/pubmed/21300066
https://onlinelibrary.wiley.com/doi/10.1111/j.1582-4934.2011.01451.x
https://doi.org/10.1111/j.1582-4934.2011.01451.x
https://doi.org/10.1152/ajpgi.00067.2008
https://doi.org/10.1111/nmo.13769
https://doi.org/10.7759/cureus.6283
https://doi.org/10.1111/nmo.12806
https://doi.org/10.1111/nmo.13018
https://www.ncbi.nlm.nih.gov/pubmed/28066953
https://doi.org/10.1074/jbc.M110.196089
https://www.ncbi.nlm.nih.gov/pubmed/21349842
https://doi.org/10.1111/nmo.13230
https://doi.org/10.1136/gutjnl-2019-318712
https://doi.org/10.1053/j.gastro.2010.02.014
https://doi.org/10.1186/s12920-018-0379-1
https://doi.org/10.3389/fneur.2020.00787
https://www.ncbi.nlm.nih.gov/pubmed/32849234
https://doi.org/10.1111/nmo.12391
https://doi.org/10.1016/j.cgh.2008.04.009

Diagnostics 2025, 15, 935 28 of 32

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Akamizu, T.; Iwakura, H.; Ariyasu, H.; Kangawa, K. Ghrelin and Functional Dyspepsia. Int. ]. Pept. 2010, 2010, 548457. [CrossRef]
Cheung, C.K.; Wu, J.C.-Y. Role of Ghrelin in the Pathophysiology of Gastrointestinal Disease. Gut Liver 2013, 7, 505-512. [CrossRef]
[PubMed]

Stavely, R.; Ott, L.C.; Rashidi, N.; Sakkal, S.; Nurgali, K. The Oxidative Stress and Nervous Distress Connection in Gastrointestinal
Disorders. Biomolecules 2023, 13, 1586. [CrossRef]

Tavares, L.C.; Zheng, T.; Kwicklis, M.; Mitchell, E.; Pandit, A.; Pullapantula, S.; Bernard, C.; Teder-Laving, M.; Marques, F.Z,;
Esko, T.; et al. A Pilot Genome-Wide Association Study Meta-Analysis of Gastroparesis. United Eur. Gastroenterol. J. 2023, 11,
784-796. [CrossRef]

Gibbons, S.J.; Grover, M.; Choi, KM.; Wadhwa, A.; Zubair, A.; Wilson, L.A.; Wu, Y.; Abell, T.L.; Hasler, W.L.; Koch, K.L.; et al.
Repeat Polymorphisms in the Homo Sapiens Heme Oxygenase-1 Gene in Diabetic and Idiopathic Gastroparesis. PLoS ONE 2017,
12, e0187772. [CrossRef]

Duodenal Eosinophils and Mast Cells in Functional Dyspepsia: A Systematic Review and Meta-Analysis of Case-Control
Studies—Clinical Gastroenterology and Hepatology. Available online: https://www.cghjournal.org/article /S1542-3565(22)00068
-4 /fulltext (accessed on 2 January 2025).

Brown, G.; Hoedt, E.C.; Keely, S.; Shah, A.; Walker, M.M.; Holtmann, G.; Talley, N.J. Role of the Duodenal Microbiota in Functional
Dyspepsia. Neurogastroenterol. Motil. 2022, 34, €14372. [CrossRef]

Tack, J.; Schol, J.; Van den Houte, K.; Huang, I.-H.; Carbone, F. Paradigm Shift: Functional Dyspepsia—A “Leaky Gut” Disorder?
Off. . Am. Coll. Gastroenterol. ACG 2021, 116, 274. [CrossRef]

Parkman, H.P; Hasler, W.L.; Fisher, R.S. American Gastroenterological Association Technical Review on the Diagnosis and
Treatment of Gastroparesis. Gastroenterology 2004, 127, 1592-1622. [CrossRef]

Schvarcz, E.; Palmer, M.; Aman, J.; Horowitz, M.; Stridsberg, M.; Berne, C. Physiological Hyperglycemia Slows Gastric Emptying
in Normal Subjects and Patients with Insulin-Dependent Diabetes Mellitus. Gastroenterology 1997, 113, 60-66. [CrossRef]
Zheng, T.; Camilleri, M. Management of Gastroparesis. Gastroenterol. Hepatol. 2021, 17, 515-525.

Ghoos, Y.E; Maes, B.D.; Geypens, B.J.; Mys, G.; Hiele, M.L; Rutgeerts, PJ.; Vantrappen, G. Measurement of Gastric Emptying Rate
of Solids by Means of a Carbon-Labeled Octanoic Acid Breath Test. Gastroenterology 1993, 104, 1640-1647. [CrossRef]

Kuo, B.; McCallum, R.W,; Koch, K.L,; Sitrin, M.D.; Wo, ].M.; Chey, W.D.; Hasler, W.L.; Lackner, ].M.; Katz, L.A.; Semler, ].R; et al.
Comparison of Gastric Emptying of a Nondigestible Capsule to a Radio-Labelled Meal in Healthy and Gastroparetic Subjects.
Aliment. Pharmacol. Ther. 2008, 27, 186-196. [PubMed]

Kornum, D.S.; Brock, C.; Okdahl, T.; Bertoli, D.; Kufaishi, H.; Wegeberg, A.-M.; Hoyer, K.L.; Mark, E.B.; Brock, B.; Hansen, C.S,;
et al. Diabetic Gastroenteropathy: Associations between Gastrointestinal Symptoms, Motility, and Extraintestinal Autonomic
Measures. Neurogastroenterol. Motil. 2024, e14956. [CrossRef]

Thwaites, P.A.; Yao, C.K.; Maggo, |.; John, J.; Chrimes, A.F,; Burgell, R.E.; Muir, ].G.; Parker, EC.; So, D.; Kalantar-Zadeh, K; et al.
Comparison of Gastrointestinal Landmarks Using the Gas-Sensing Capsule and Wireless Motility Capsule. Aliment. Pharmacol.
Ther. 2022, 56, 1337-1348. [CrossRef] [PubMed]

Zhou, J.; Thwaites, P.A.; Gibson, PR.; Burgell, R.; Ho, V. Comparison of Gas-Sensing Capsule with Wireless Motility Capsule in
Motility Disorder Patients. . Neurogastroenterol. Motil. 2024, 30, 303-312. [CrossRef]

Kuo, B.; Lee, A.A.; Abell, T.; Attaluri, A.; Cline, M.; Hasler, W.; Ho, V.; Lembo, A.].; Masoud, A.; McCallum, R.; et al. The
Assessment of Gastrointestinal Transit by the Atmo Capsule: A Comparison with the SmartPill Capsule. Clin. Gastroenterol.
Hepatol. Off. Clin. Pract. ]. Am. Gastroenterol. Assoc. 2025. [CrossRef]

Parkman, H.P,; Hasler, W.L.; Barnett, ].L.; Eaker, E.Y. Electrogastrography: A Document Prepared by the Gastric Section of the
American Motility Society Clinical GI Motility Testing Task Force. Neurogastroenterol. Motil. 2003, 15, 89-102. [CrossRef]
Gharibans, A.A.; Hayes, T.C.L.; Carson, D.A ; Calder, S.; Varghese, C.; Du, P; Yarmut, Y.; Waite, S.; Keane, C.; Woodhead, J.5.T.;
et al. A Novel Scalable Electrode Array and System for Non-Invasively Assessing Gastric Function Using Flexible Electronics.
Neurogastroenterol. Motil. 2023, 35, e14418. [CrossRef] [PubMed]

Sebaratnam, G.; Karulkar, N.; Calder, S.; Woodhead, J.S.; Keane, C.; Carson, D.A.; Varghese, C.; Du, P.; Waite, S.J.; Tack, J.; et al.
Standardized System and App for Continuous Patient Symptom Logging in Gastroduodenal Disorders: Design, Implementation,
and Validation. Neurogastroenterol. Motil. 2022, 34, €14331. Available online: https://onlinelibrary.wiley.com/doi/10.1111/nmo.
14331 (accessed on 2 January 2025). [CrossRef]

Foong, D.; Calder, S.; Varghese, C.; Schamberg, G.; Xu, W.; Daker, C.; Ho, V.; Andrews, C.N.; Gharibans, A.A.; O’Grady, G.
Gastric Alimetry® Test Interpretation in Gastroduodenal Disorders: Review and Recommendations. J. Clin. Med. 2023, 12, 6436.
[CrossRef]

Law, M.; Schamberg, G.; Gharibans, A.; Sebaratnam, G.; Foong, D.; Varghese, C.; Fitt, I.; Daker, C.; Ho, V.,; Du, P, et al. Short- and
Long-Term Reproducibility of Body Surface Gastric Mapping Using the Gastric Alimetry® System. Neurogastroenterol. Motil. 2024,
36, €14812. [CrossRef]


https://doi.org/10.1155/2010/548457
https://doi.org/10.5009/gnl.2013.7.5.505
https://www.ncbi.nlm.nih.gov/pubmed/24073306
https://doi.org/10.3390/biom13111586
https://doi.org/10.1002/ueg2.12453
https://doi.org/10.1371/journal.pone.0187772
https://www.cghjournal.org/article/S1542-3565(22)00068-4/fulltext
https://www.cghjournal.org/article/S1542-3565(22)00068-4/fulltext
https://doi.org/10.1111/nmo.14372
https://doi.org/10.14309/ajg.0000000000001077
https://doi.org/10.1053/j.gastro.2004.09.055
https://doi.org/10.1016/S0016-5085(97)70080-5
https://doi.org/10.1016/0016-5085(93)90640-X
https://www.ncbi.nlm.nih.gov/pubmed/17973643
https://doi.org/10.1111/nmo.14956
https://doi.org/10.1111/apt.17216
https://www.ncbi.nlm.nih.gov/pubmed/36082475
https://doi.org/10.5056/jnm23157
https://doi.org/10.1016/j.cgh.2024.12.013
https://doi.org/10.1046/j.1365-2982.2003.00396.x
https://doi.org/10.1111/nmo.14418
https://www.ncbi.nlm.nih.gov/pubmed/35699340
https://onlinelibrary.wiley.com/doi/10.1111/nmo.14331
https://onlinelibrary.wiley.com/doi/10.1111/nmo.14331
https://doi.org/10.1111/nmo.14331
https://doi.org/10.3390/jcm12206436
https://doi.org/10.1111/nmo.14812

Diagnostics 2025, 15, 935 29 of 32

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Xu, W.; Williams, L.; Sebaratnam, G.; Varghese, C.; Cedarwall, C.; Daker, C.; Keane, C. Gastric Alimetry® Testing and Healthcare
Economic Analysis in Nausea and Vomiting Syndromes. Dig. Dis. Sci. 2024, 69, 2304-2314. [CrossRef] [PubMed]

Lacy, B.E.; Cangemi, D.]J.; Accurso, ].M.; Axelrod, S.; Axelrod, L.; Navalgund, A. A Novel Pilot Study to Evaluate the Efficacy
and Safety of a Wireless Patch System in Patients with Chronic Nausea and Vomiting. Neurogastroenterol. Motil. 2024, 36, €14862.
[CrossRef]

Patcharatrakul, T.; Gonlachanvit, S. Technique of Functional and Motility Test: How to Perform Antroduodenal Manometry.
J. Neurogastroenterol. Motil. 2013, 19, 395-404. [CrossRef]

Mearin, F.,; Camilleri, M.; Malagelada, J.-R. Pyloric Dysfunction in Diabetics with Recurrent Nausea and Vomiting. Gastroenterology
1986, 90, 1919-1925. [CrossRef]

Snape, W.J. Antroduodenal Manometry for the Evaluation of Patients with Suspected Gastroparesis. In Gastroparesis: Pathophys-
iology, Presentation and Treatment; Parkman, H.P.,, McCallum, R.W., Eds.; Humana Press: Totowa, NJ, USA, 2012; pp. 163-175,
ISBN 978-1-60761-552-1.

Verhagen, M.A.M.T.; Samsom, M.; Jebbink, R.J.A.; Smout, A.J.P.M. Clinical Relevance of Antroduodenal Manometry. Eur. J.
Gastroenterol. Hepatol. 1999, 11, 523. [PubMed]

Hirano, I.; Pandolfino, J.E.; Boeckxstaens, G.E. Functional Lumen Imaging Probe for the Management of Esophageal Disorders:
Expert Review From the Clinical Practice Updates Committee of the AGA Institute. Clin. Gastroenterol. Hepatol. 2017, 15, 325-334.
[CrossRef]

Jagtap, N.; Kalapala, R.; Reddy, D.N. Assessment of Pyloric Sphincter Physiology Using Functional Luminal Imaging Probe in
Healthy Volunteers. J. Neurogastroenterol. Motil. 2020, 26, 391-396. [CrossRef] [PubMed]

Gonz?lez, E.S.; Bellver, V.O.; Jaime, EC.D.; Cortés, ].A.O.; Gil, V.G. Opioid-Induced Lower Esophageal Sphincter Dysfunction.
J. Neurogastroenterol. Motil. 2015, 21, 618-620. [CrossRef]

Saadi, M.; Yu, D.; Malik, Z.; Parkman, H.P; Schey, R. Caracteristicas Del Esfinter Pilérico Utilizando EndoFLIP® En Gastroparesia.
Rev. Gastroenterol. México 2018, 83, 375-384. [CrossRef]

Jacques, J.; Pagnon, L.; Hure, E; Legros, R.; Crepin, S.; Fauchais, A.-L.; Palat, S.; Ducrotté, P.; Marin, B.; Fontaine, S.; et al. Peroral
Endoscopic Pyloromyotomy Is Efficacious and Safe for Refractory Gastroparesis: Prospective Trial with Assessment of Pyloric
Function. Endoscopy 2018, 51, 40-49. [CrossRef]

Park, M.I. How to Interpret Nutrition Drink Test. ]. Neurogastroenterol. Motil. 2011, 17, 88. [CrossRef] [PubMed]

van Dyck, Z.; Vogele, C.; Blechert, J.; Lutz, A.P.C.; Schulz, A.; Herbert, B.M. The Water Load Test As a Measure of Gastric
Interoception: Development of a Two-Stage Protocol and Application to a Healthy Female Population. PLoS ONE 2016, 11,
e0163574. [CrossRef]

Rome IV Criteria. Available online: https://theromefoundation.org/rome-iv/rome-iv-criteria/ (accessed on 2 January 2025).
Murray, H.B.; Jehangir, A.; Silvernale, C.J.; Kuo, B.; Parkman, H.P. Avoidant/Restrictive Food Intake Disorder Symptoms Are
Frequent in Patients Presenting for Symptoms of Gastroparesis. Neurogastroenterol. Motil. 2020, 32, e13931. Available online:
https:/ /onlinelibrary.wiley.com/doi/10.1111/nmo.13931 (accessed on 2 January 2025). [CrossRef]

Talley, N.J.; Verlinden, M.; Jones, M. Can Symptoms Discriminate Among Those with Delayed or Normal Gastric Emptying in
Dysmotility-Like Dyspepsia? Off. . Am. Coll. Gastroenterol. ACG 2001, 96, 1422. [CrossRef]

Calles-Escandon, ].; Koch, K.L.; Hasler, W.L.; Natta, M.L.V,; Pasricha, PJ.; Tonascia, J.; Parkman, H.P.,; Hamilton, F.; Herman, W.H.;
Basina, M.; et al. Glucose Sensor-Augmented Continuous Subcutaneous Insulin Infusion in Patients with Diabetic Gastroparesis:
An Open-Label Pilot Prospective Study. PLoS ONE 2018, 13, €0194759. [CrossRef] [PubMed]

Camilleri, M.; Kuo, B.; Nguyen, L.; Vaughn, VM.; Petrey, J.; Greer, K.; Yadlapati, R.; Abell, T.L. ACG Clinical Guideline:
Gastroparesis. Off. . Am. Coll. Gastroenterol. ACG 2022, 117, 1197. [CrossRef]

Parkman, H.P; Yates, K.P.; Hasler, W.L.; Nguyan, L.; Pasricha, PJ.; Snape, W.]J.; Farrugia, G.; Calles, J.; Koch, K.L.; Abell, T.L.;
et al. Dietary Intake and Nutritional Deficiencies in Patients with Diabetic or Idiopathic Gastroparesis. Gastroenterology 2011, 141,
486-498.e7. [CrossRef]

Lehmann, S.; Ferrie, S.; Carey, S. Nutrition Management in Patients with Chronic Gastrointestinal Motility Disorders: A Systematic
Literature Review. Nutr. Clin. Pract. 2020, 35, 219-230. [CrossRef] [PubMed]

Sturm, A.; Holtmann, G.; Goebell, H.; Gerken, G. Prokinetics in Patients with Gastroparesis: A Systematic Analysis. Digestion
1999, 60, 422-427. [CrossRef]

Myint, A.S.; Rieders, B.; Tashkandi, M.; Borum, M.L.; Koh, ].M.; Stephen, S.; Doman, D.B. Current and Emerging Therapeutic
Options for Gastroparesis. Gastroenterol. Hepatol. 2018, 14, 639—-645.

Staller, K.; Thurler, A.H.; Reynolds, ].S.; Dimisko, L.R.; McGovern, R.; Skarbinski, K.F.; Kuo, B. Gabapentin Improves Symptoms of
Functional Dyspepsia in a Retrospective, Open-Label Cohort Study. . Clin. Gastroenterol. 2019, 53, 379-384. [CrossRef] [PubMed]
Parkman, H.P; Van Natta, M.L.; Abell, T.L.; McCallum, R.W.; Sarosiek, I.; Nguyen, L.; Snape, W.J.; Koch, K.L.; Hasler, W.L.;
Farrugia, G.; et al. Effect of Nortriptyline on Symptoms of Idiopathic Gastroparesis: The NORIG Randomized Clinical Trial.
JAMA 2013, 310, 2640-2649. [CrossRef] [PubMed]


https://doi.org/10.1007/s10620-024-08455-0
https://www.ncbi.nlm.nih.gov/pubmed/38689198
https://doi.org/10.1111/nmo.14862
https://doi.org/10.5056/jnm.2013.19.3.395
https://doi.org/10.1016/0016-5085(86)90262-3
https://www.ncbi.nlm.nih.gov/pubmed/10755256
https://doi.org/10.1016/j.cgh.2016.10.022
https://doi.org/10.5056/jnm19200
https://www.ncbi.nlm.nih.gov/pubmed/32606259
https://doi.org/10.5056/jnm15108
https://doi.org/10.1016/j.rgmx.2018.02.013
https://doi.org/10.1055/a-0628-6639
https://doi.org/10.5056/jnm.2011.17.1.88
https://www.ncbi.nlm.nih.gov/pubmed/21369497
https://doi.org/10.1371/journal.pone.0163574
https://theromefoundation.org/rome-iv/rome-iv-criteria/
https://onlinelibrary.wiley.com/doi/10.1111/nmo.13931
https://doi.org/10.1111/nmo.13931
https://doi.org/10.1111/j.1572-0241.2001.03683.x
https://doi.org/10.1371/journal.pone.0194759
https://www.ncbi.nlm.nih.gov/pubmed/29652893
https://doi.org/10.14309/ajg.0000000000001874
https://doi.org/10.1053/j.gastro.2011.04.045
https://doi.org/10.1002/ncp.10273
https://www.ncbi.nlm.nih.gov/pubmed/30989698
https://doi.org/10.1159/000007687
https://doi.org/10.1097/MCG.0000000000001034
https://www.ncbi.nlm.nih.gov/pubmed/29668559
https://doi.org/10.1001/jama.2013.282833
https://www.ncbi.nlm.nih.gov/pubmed/24368464

Diagnostics 2025, 15, 935 30 of 32

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Abell, T.L.; Bernstein, V.K,; Cutts, T.; Farrugia, G.; Forster, J.; Hasler, W.L.; Mccallum, R.W.; Olden, K.W.; Parkman, H.P; Parrish,
C.R;; et al. Treatment of Gastroparesis: A Multidisciplinary Clinical Review. Neurogastroenterol. Motil. 2006, 18, 263-283.
[CrossRef] [PubMed]

Davis, R.; Wilde, M.I. Mirtazapine. CNS Drugs 1996, 5, 389-402. [CrossRef]

Parkman, H.P; Yates, K.P; Sarosiek, I.; Bulat, R.S.; Abell, T.L.; Koch, K.L.; Kuo, B.; Grover, M.; Farrugia, G.; Silver, P; et al.
Buspirone for early satiety and symptoms of gastroparesis: A multi-centre, randomised, placebo-controlled, double-masked trial
(BESST). Aliment. Pharmacol. Ther. 2023, 57, 1272-1289. Available online: https://onlinelibrary.wiley.com/doi/10.1111/apt.17479
(accessed on 2 January 2025).

Drossman, D.A; Tack, J.; Ford, A.C.; Szigethy, E.; Térnblom, H.; Oudenhove, L.V. Neuromodulators for Functional Gastroin-
testinal Disorders (Disorders of Gut—Brain Interaction): A Rome Foundation Working Team Report. Gastroenterology 2018, 154,
1140-1171.el. [CrossRef]

Grover, M,; Dorn, S.D.; Weinland, S.R.; Dalton, C.B.; Gaynes, B.N.; Drossman, D.A. Atypical Antipsychotic Quetiapine in the
Management of Severe Refractory Functional Gastrointestinal Disorders. Dig. Dis. Sci. 2009, 54, 1284-1291. [CrossRef]
Rabinowitz, S.S.; Ahuja, N.; Gottfried, J. Aripiprazole Reversed Gastroparesis in a Child with 1q21.1-Q21.2 Microdeletion. Case
Rep. 2018, 2018, bcr-2017. [CrossRef]

Janssen, P; Vos, R.; Van Oudenhove, L.; Tack, ]. Influence of the 5-HT3 Receptor Antagonist Ondansetron on Gastric Sensorimotor
Function and Nutrient Tolerance in Healthy Volunteers. Neurogastroenterol. Motil. 2011, 23, 444-e175. [CrossRef]

Hargreaves, R.; Ferreira, ].C.A.; Hughes, D.; Brands, J.; Hale, J.; Mattson, B.; Mills, S. Development of Aprepitant, the First
Neurokinin-1 Receptor Antagonist for the Prevention of Chemotherapy-Induced Nausea and Vomiting. Ann. N. Y. Acad. Sci.
2011, 1222, 40-48. [CrossRef]

Jacob, D.; Busciglio, I.; Burton, D.; Halawi, H.; Oduyebo, L.; Rhoten, D.; Ryks, M.; Harmsen, W.S.; Camilleri, M. Effects of NK1
Receptors on Gastric Motor Functions and Satiation in Healthy Humans: Results from a Controlled Trial with the NK1 Antagonist
Aprepitant. Am. ]. Physiol.-Gastrointest. Liver Physiol. 2017, 313, G505-G510. [CrossRef]

Treatment of Gastroparesis: A Multidisciplinary Clinical Review—Abell—2006—Neurogastroenterology & Motility—Wiley Online
Library. Available online: https://onlinelibrary.wiley.com/doi/10.1111/j.1365-2982.2006.00760.x (accessed on 2 January 2025).
Wang, Y.; Li, S.-Y,; Wang, D.; Wu, M.-Z; He, ].-K.; Zhang, J.-L.; Zhao, B.; Hou, L.-W.; Wang, ].-Y.; Wang, L.; et al. Transcutaneous
Auricular Vagus Nerve Stimulation: From Concept to Application. Neurosci. Bull. 2021, 37, 853-862. [CrossRef] [PubMed]

Lu, K.-H.; Cao, J.; Oleson, S.; Ward, M.P.; Phillips, R.J.; Powley, T.L.; Liu, Z. Vagus Nerve Stimulation Promotes Gastric Emptying
by Increasing Pyloric Opening Measured with Magnetic Resonance Imaging. Neurogastroenterol. Motil. 2018, 30, e13380. [CrossRef]
[PubMed]

Frokjaer, ].B.; Bergmann, S.; Brock, C.; Madzak, A.; Farmer, A.D.; Ellrich, J.; Drewes, A.M. Modulation of Vagal Tone Enhances
Gastroduodenal Motility and Reduces Somatic Pain Sensitivity. Neurogastroenterol. Motil. 2016, 28, 592-598. [CrossRef]

Paulon, E.; Nastou, D.; Jaboli, E; Marin, J.; Liebler, E.; Epstein, O. Proof of Concept: Short-Term Non-Invasive Cervical Vagus
Nerve Stimulation in Patients with Drug-Refractory Gastroparesis. Frontline Gastroenterol. 2017, 8, 325-330. [CrossRef] [PubMed]
Rao, 5.5.C,; Xiang, X.; Sharma, A.; Patcharatrakul, T.; Yan, Y.; Parr, R.; Ayyala, D.; Hamdy, S. Translumbosacral Neuromodulation
Therapy for Fecal Incontinence: A Randomized Frequency Response Trial. Off. J. Am. Coll. Gastroenterol. ACG 2021, 116, 162.
[CrossRef]

Karunaratne, T.; Yan, Y.; Eubanks, A.; Inman, B.; Rao, S.; Sharma, A. Thoracic Spinal Nerve Neuromodulation Therapy for
Diabetic Gastroparesis: A Proof-of-Concept Study. Clin. Gastroenterol. Hepatol. 2023, 21, 2958-2959.e3. [CrossRef]

Pasricha, T.S.; Pasricha, PJ. Botulinum Toxin Injection for Treatment of Gastroparesis. Gastrointest. Endosc. Clin. N. Am. 2019, 29,
97-106. [CrossRef]

Bromer, M.Q.; Friedenberg, F; Miller, L.S.; Fisher, R.S.; Swartz, K.; Parkman, H.P. Endoscopic Pyloric Injection of Botulinum Toxin
A for the Treatment of Refractory Gastroparesis. Gastrointest. Endosc. 2005, 61, 833-839. [CrossRef]

Varghese, C.; Lim, A.; Daker, C.; Sebaratnam, G.; Gharibans, A.A.; Andrews, C.N.; Hasler, W.L.; O’Grady, G. Predictors of
Outcomes After Gastric Peroral Endoscopic Myotomy for Refractory Gastroparesis: A Systematic Review. Off. J. Am. Coll.
Gastroenterol. ACG 2022. [CrossRef]

Martinek, J.; Hustak, R.; Mares, ].; Vackova, Z.; Spicak, J.; Kieslichova, E.; Buncova, M.; Pohl, D.; Amin, S.; Tack, J. Endoscopic
Pyloromyotomy for the Treatment of Severe and Refractory Gastroparesis: A Pilot, Randomised, Sham-Controlled Trial. Gut 2022,
71,2170-2178. [CrossRef] [PubMed]

Vosoughi, K.; Ichkhanian, Y.; Benias, P.; Miller, L.; Aadam, A.A_; Triggs, ] R.; Law, R.; Hasler, W.; Bowers, N.; Chaves, D.; et al.
Gastric Per-Oral Endoscopic Myotomy (G-POEM) for Refractory Gastroparesis: Results from an International Prospective Trial.
Gut 2022, 71, 25-33. [CrossRef]

Aziz, M.; Gangwani, M.K.; Haghbin, H.; Dahiya, D.S.; Sohail, A.H.; Kamal, F.; Lee-Smith, W.; Adler, D.G. Gastric Peroral
Endoscopic Myotomy versus Surgical Pyloromyotomy/Pyloroplasty for Refractory Gastroparesis: Systematic Review and
Meta-Analysis. Endosc. Int. Open 2023, 11, E322-E329. [CrossRef]


https://doi.org/10.1111/j.1365-2982.2006.00760.x
https://www.ncbi.nlm.nih.gov/pubmed/16553582
https://doi.org/10.2165/00023210-199605050-00007
https://onlinelibrary.wiley.com/doi/10.1111/apt.17479
https://doi.org/10.1053/j.gastro.2017.11.279
https://doi.org/10.1007/s10620-009-0723-6
https://doi.org/10.1136/bcr-2017-223231
https://doi.org/10.1111/j.1365-2982.2010.01655.x
https://doi.org/10.1111/j.1749-6632.2011.05961.x
https://doi.org/10.1152/ajpgi.00197.2017
https://onlinelibrary.wiley.com/doi/10.1111/j.1365-2982.2006.00760.x
https://doi.org/10.1007/s12264-020-00619-y
https://www.ncbi.nlm.nih.gov/pubmed/33355897
https://doi.org/10.1111/nmo.13380
https://www.ncbi.nlm.nih.gov/pubmed/29797377
https://doi.org/10.1111/nmo.12760
https://doi.org/10.1136/flgastro-2017-100809
https://www.ncbi.nlm.nih.gov/pubmed/29067158
https://doi.org/10.14309/ajg.0000000000000766
https://doi.org/10.1016/j.cgh.2022.09.012
https://doi.org/10.1016/j.giec.2018.08.007
https://doi.org/10.1016/S0016-5107(05)00328-7
https://doi.org/10.14309/ajg.0000000000003213
https://doi.org/10.1136/gutjnl-2022-326904
https://www.ncbi.nlm.nih.gov/pubmed/35470243
https://doi.org/10.1136/gutjnl-2020-322756
https://doi.org/10.1055/a-1980-9942

Diagnostics 2025, 15, 935 31 of 32

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Peppas, S.; Ahmad, A.IL; Altork, N.; Cho, WK. Efficacy and Safety of Gastric Per-Oral Endoscopic Myotomy (GPOEM) in Lung
Transplant Patients with Refractory Gastroparesis: A Systematic Review and Meta-Analysis. Surg. Endosc. 2023, 37, 6695-6703.
[CrossRef]

Levinthal, D.J.; Bielefeldt, K. Systematic Review and Meta-Analysis: Gastric Electrical Stimulation for Gastroparesis. Auton.
Neurosci. Basic Clin. 2017, 202, 45-55. [CrossRef] [PubMed]

Zoll, B.; Jehangir, A.; Malik, Z.; Edwards, M.A_; Petrov, R.V,; Parkman, H.P. Gastric Electric Stimulation for Refractory Gastropare-
sis. J. Clin. Outcomes Manag. J[COM 2019, 26, 27-38. [PubMed]

Effectiveness of Gastric Electrical Stimulation in Gastroparesis: Results from a Large Prospectively Collected Database of
National Gastroparesis Registries—Abell—2019—Neurogastroenterology & Motility—Wiley Online Library. Available online:
https:/ /onlinelibrary.wiley.com/doi/10.1111/nmo.13714 (accessed on 3 January 2025).

Aeschbacher, P; Garcia, A.; Dourado, J.; Rogers, P.; Zoe, G.; Pena, A.; Szomstein, S.; Menzo, E.L.; Rosenthal, R. Outcome of
Gastric Electrical Stimulator with and without Pyloromyotomy for Refractory Gastroparesis. Surg. Endosc. 2024, 38, 6026—6032.
[CrossRef] [PubMed]

Masclee, G.M.C.; Keszthelyi, D.; Conchillo, ].M.; Kruimel, ].W.; Bouvy, N.D.; Masclee, A.A.M. Systematic Review on Sleeve
Gastrectomy or Roux-En-Y Gastric Bypass Surgery for Refractory Gastroparesis. Surg. Obes. Relat. Dis. 2023, 19, 253-264.
[CrossRef]

Bonnert, M.; Olén, O.; Lalouni, M.; Hedman-Lagerlof, E.; Sarnholm, J.; Serlachius, E.; Lj6tsson, B. Internet-Delivered Exposure-
Based Cognitive-Behavioral Therapy for Adolescents with Functional Abdominal Pain or Functional Dyspepsia: A Feasibility
Study. Behav. Ther. 2019, 50, 177-188. [CrossRef]

Burton-Murray, H.; Becker, K.R.; Breithaupt, L.; Gardner, E.; Dreier, M.].; Stern, C.M.; Misra, M.; Lawson, E.A.; Lj6tsson, B.; Eddy,
K.T,; et al. Cognitive-Behavioral Therapy for Avoidant/Restrictive Food Intake Disorder: A Proof-of-Concept for Mechanisms of
Change and Target Engagement. Int. |. Eat. Disord. 2024, 57, 1260-1267. [CrossRef]

Song, G.; Sclocco, R.; Sharma, A.; Guerrero-Lépez, I.; Kuo, B. Electroceuticals and Magnetoceuticals in Gastroenterology.
Biomolecules 2024, 14, 760. [CrossRef] [PubMed]

Wang, L. Clinical Observation on Acupuncture Treatment in 35 Cases of Diabetic Gastroparesis. . Tradit. Chin. Med. Chung Tsa
Chih Ying Wen Pan 2004, 24, 163-165.

Vasant, D.H.; Whorwell, PJ. Gut-Focused Hypnotherapy for Functional Gastrointestinal Disorders: Evidence-Base, Practical
Aspects, and the Manchester Protocol. Neurogastroenterol. Motil. 2019, 31, €13573. [CrossRef]

Lindfors, P; Unge, P.; Arvidsson, P.; Nyhlin, H.; Bjornsson, E.; Abrahamsson, H.; Simrén, M. Effects of Gut-Directed Hypnotherapy
on IBS in Different Clinical Settings—Results From Two Randomized, Controlled Trials. Off. J. Am. Coll. Gastroenterol. ACG 2012,
107, 276. [CrossRef]

The Effect of STW5 (Iberogast) on Reflux Symptoms in Patients with Concurrent Dyspeptic Symptoms: A Double-Blind
Randomized Placebo-Controlled Crossover Trial. Available online: https:/ /www.jnmjournal.org/journal /view.html?doi=10.505
6/jnm23014 (accessed on 3 January 2025).

Sampath, C.; Wilus, D.; Tabatabai, M.; Freeman, M.L.; Gangula, P.R. Mechanistic Role of Antioxidants in Rescuing Delayed
Gastric Emptying in High Fat Diet Induced Diabetic Female Mice. Biomed. Pharmacother. 2021, 137, 111370. [CrossRef]

Panda MPharm, S.K.; Nirvanashetty PhD, S.; Parachur BTech, V.A.; Krishnamoorthy MPharm, C.; Dey MSc, S. A Randomized,
Double-Blind, Placebo Controlled, Parallel-Group, Comparative Clinical Study to Evaluate the Efficacy and Safety of OLNP-06
versus Placebo in Subjects with Functional Dyspepsia. J. Diet. Suppl. 2022, 19, 226-237. [CrossRef] [PubMed]

Dahiya, D.S.; Kichloo, A.; Shaka, H.; Singh, J.; Edigin, E.; Solanki, D.; Eseaton, P.O.; Wani, F. Gastroparesis with Cannabis Use: A
Retrospective Study from the Nationwide Inpatient Sample. Postgrad. Med. 2021, 133, 791-797. [CrossRef]

Grotenhermen, F. Pharmacokinetics and Pharmacodynamics of Cannabinoids. Clin. Pharmacokinet. 2003, 42, 327-360. [CrossRef]
[PubMed]

A Randomized, Controlled Trial of Efficacy and Safety of Cannabidiol in Idiopathic and Diabetic Gastroparesis—Clinical
Gastroenterology and Hepatology. Available online: https://www.cghjournal.org/article/S51542-3565(23)00543-8/ fulltext
(accessed on 3 January 2025).

Patrick, M.E.; Miech, R.A.; Johnston, L.D.; O’'Malley, PM. Monitoring the Future Panel Study Annual Report: National Data on
Substance Use among Adults Ages 19 to 65, 1976-2023; University of Michigan Institute for Social Research: Ann Arbor, MI,
USA, 2024.

Hasler, W.L.; Wilson, L.A.; Nguyen, L.A.; Snape, W.J.; Abell, T.L.; Koch, K.L.; McCallum, R.W,; Pasricha, PJ.; Sarosiek, I.; Farrugia,
G.; et al. Opioid Use and Potency Are Associated with Clinical Features, Quality of Life, and Use of Resources in Patients with
Gastroparesis. Clin. Gastroenterol. Hepatol. 2019, 17, 1285-1294.el. [CrossRef]

Choi, K.M,; Gibbons, S.J.; Nguyen, T.V,; Stoltz, G.J.; Lurken, M.S.; Ordog, T.; Szurszewski, ].H.; Farrugia, G. Heme Oxygenase-
1 Protects Interstitial Cells of Cajal From Oxidative Stress and Reverses Diabetic Gastroparesis. Gastroenterology 2008, 135,
2055-2064.e2. [CrossRef]


https://doi.org/10.1007/s00464-023-10287-4
https://doi.org/10.1016/j.autneu.2016.03.004
https://www.ncbi.nlm.nih.gov/pubmed/27085627
https://www.ncbi.nlm.nih.gov/pubmed/31501641
https://onlinelibrary.wiley.com/doi/10.1111/nmo.13714
https://doi.org/10.1007/s00464-024-11099-w
https://www.ncbi.nlm.nih.gov/pubmed/39110219
https://doi.org/10.1016/j.soard.2022.09.009
https://doi.org/10.1016/j.beth.2018.05.002
https://doi.org/10.1002/eat.24126
https://doi.org/10.3390/biom14070760
https://www.ncbi.nlm.nih.gov/pubmed/39062474
https://doi.org/10.1111/nmo.13573
https://doi.org/10.1038/ajg.2011.340
https://www.jnmjournal.org/journal/view.html?doi=10.5056/jnm23014
https://www.jnmjournal.org/journal/view.html?doi=10.5056/jnm23014
https://doi.org/10.1016/j.biopha.2021.111370
https://doi.org/10.1080/19390211.2020.1856996
https://www.ncbi.nlm.nih.gov/pubmed/33305631
https://doi.org/10.1080/00325481.2021.1940219
https://doi.org/10.2165/00003088-200342040-00003
https://www.ncbi.nlm.nih.gov/pubmed/12648025
https://www.cghjournal.org/article/S1542-3565(23)00543-8/fulltext
https://doi.org/10.1016/j.cgh.2018.10.013
https://doi.org/10.1053/j.gastro.2008.09.003

Diagnostics 2025, 15, 935 32 of 32

140.

141.

142.

143.

144.

145.

146.

147.

148.

Ingrosso, M.R.; Camilleri, M.; Tack, ].; Ianiro, G.; Black, C.].; Ford, A.C. Efficacy and Safety of Drugs for Gastroparesis: Systematic
Review and Network Meta-Analysis. Gastroenterology 2023, 164, 642-654. [CrossRef] [PubMed]

Diabetic Gastroenteropathy: Associations between Gastrointestinal Symptoms, Motility, and Extraintestinal Autonomic
Measures—Kornum—Neurogastroenterology & Motility—Wiley Online Library. Available online: https://onlinelibrary.wiley.
com/doi/10.1111/nmo.14956 (accessed on 2 January 2025).

Larson, ].M.; Tavakkoli, A.; Drane, W.E.; Toskes, P.P.; Moshiree, B. Advantages of Azithromycin Over Erythromycin in Improving
the Gastric Emptying Half-Time in Adult Patients with Gastroparesis. J. Neurogastroenterol. Motil. 2010, 16, 407-413. [CrossRef]
[PubMed]

Yuan, P-Q.; Wu, S.V,; Wang, L.; Taché, Y. The Ghrelin Agonist, HM01 Activates Central Vagal and Enteric Cholinergic Neurons
and Reverses Gastric Inflammatory and Ileus Responses in Rats. Neurogastroenterol. Motil. 2023, 35, €14561. [CrossRef]

Hong, SW.; Chun, J.; Kim, J.; Lee, ].; Lee, H.].; Chung, H.; Cho, S.-].; Im, ].P; Kim, S.G.; Kim, ].S. Efficacy and Safety of Ghrelin
Agonists in Patients with Diabetic Gastroparesis: A Systematic Review and Meta-Analysis. Gut Liver 2020, 14, 589-600. [CrossRef]
[PubMed]

Lee, Y.-B.; Kim, W.-S. Celiac Plexus Block in a Patient with Upper Abdominal Pain Caused by Diabetic Gastroparesis. Korean J.
Anesthesiol. 2014, 67, S62-S63. [CrossRef]

Wu, D]J.Y,; Dib, C.; Hoelzer, B.; McMahon, M.; Mueller, P. Coeliac Plexus Block in the Management of Chronic Abdominal Pain
Due to Severe Diabetic Gastroparesis. Case Rep. 2009, 2009, bcr0620091986. [CrossRef]

Choi, J.-W,; Joo, E.-Y.; Lee, S.-H.; Lee, C.-].; Kim, T.-H.; Sim, W.-S. Radiofrequency Thermocoagulation of the Thoracic Splanchnic
Nerve in Functional Abdominal Pain Syndrome—A Case Report. Korean J. Anesthesiol. 2011, 61, 79-82. [CrossRef]

Mathur, P.,; Abell, T.; News, H. Management of Gastroparesis in 2022. GI Hepatology News, 25 April 2022.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1053/j.gastro.2022.12.014
https://www.ncbi.nlm.nih.gov/pubmed/36581089
https://onlinelibrary.wiley.com/doi/10.1111/nmo.14956
https://onlinelibrary.wiley.com/doi/10.1111/nmo.14956
https://doi.org/10.5056/jnm.2010.16.4.407
https://www.ncbi.nlm.nih.gov/pubmed/21103422
https://doi.org/10.1111/nmo.14561
https://doi.org/10.5009/gnl19103
https://www.ncbi.nlm.nih.gov/pubmed/31816671
https://doi.org/10.4097/kjae.2014.67.S.S62
https://doi.org/10.1136/bcr.06.2009.1986
https://doi.org/10.4097/kjae.2011.61.1.79

	Background 
	Epidemiology 
	Symptoms 
	Etiology 
	Pathophysiology 
	Gastric Emptying 
	Gastric Accommodation 
	Gastric Coordination 
	Gastric Rhythm 
	Autonomic Function 
	Extragastric Motility and Feedback Mechanisms 
	Visceral Hypersensitivity 

	Cellular and Molecular Pathology 
	Neuropathy 
	Intrinsic Neural Deficits 
	Vagal Neuropathy 

	Interstitial Cells of Cajal (ICCs) 
	Smooth Muscle Dysfunction 
	Inflammatory and Immune Mechanisms 
	Hormonal and Metabolic Factors 
	Mitochondrial Dysfunction 
	Genetics 
	Microbiome and Dysbiosis 
	Shared Pathways with Functional Dyspepsia (FD) 

	Diagnosis 
	Nuclear Gastric Scintigraphy 
	Stable Isotope Gastric Emptying Breath Testing (GEBT) 
	Wireless Capsule Devices 
	Electrogastrography 
	Antroduodenal Manometry 
	Pyloric Endoluminal Functional Imaging Probe (EndoFLIP®) 
	Liquid Satiety Testing 
	Gastric MRI 
	Overlap with FD 
	Differential Diagnoses and Comorbid Considerations 

	Management 
	Glycemic Control 
	Nutrition 
	Pharmacotherapy 
	Promotility Agents 
	Neuromodulator Agents 
	Antinausea Agents 

	Noninvasive Therapies 
	Transcutaneous Auricular Vagus Nerve Stimulation (taVNS) 
	Thoracic Spinal Magnetic Neuromodulation Therapy (ThorS-MagNT) 

	Invasive Therapies 
	Pyloric Botulinum Toxin (Botox) Injection 
	Gastric per Oral Pyloromyotomy (G-POP) 
	Gastric Electrical Stimulation (GES) 
	Surgical Intervention 

	Complementary Therepies 
	Gut–Brain Axis Modulation 
	Herbal Formulations 
	Cannabinoids 

	Treatments to Avoid 
	Novel and Investigational Therapies 
	Emerging Promotility Agents 
	Immunomodulator Agents 
	Celiac Plexus Block (CPB) 


	Conclusions 
	References

