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Abstract: Small intestinal bacterial overgrowth (SIBO) has recently garnered significant attention 
from both medical professionals and the general public, likely due to its increasing prevalence and 
advancements in testing technology. However, the accuracy of breath tests in clinical practice for 
diagnosing SIBO still requires thorough validation. This review compiles the definition, etiology, 
influencing factors, novel testing methods, and the determination and interpretation of SIBO results. 
We particularly discuss the various controversies and limitations associated with these tests. By 
comparing and evaluating the advantages and disadvantages of different diagnostic methods for 
SIBO, we aim to enhance the understanding of its clinical diagnosis and promote future research 
focused on accurate detection methods. 

Keywords: small intestinal bacterial overgrowth; breath test; methane; lactulose breath test; glucose 
breath test  
 

1. Introduction 
The gut microbiota in the human body consists of approximately 1014 microbial monomers, 

which is more than tenfold the number of cells in the human body, and plays a crucial role in 
regulating host health. As one of the most diverse ecosystems, the gut microbiota may encompass up 
to 1,500 different species, each as individual and unique as a fingerprint [1,2]. Recent advancements 
in molecular techniques have revealed that the gene content of microorganisms inhabiting our 
gastrointestinal tract (GIT)—including bacteria, archaea, viruses, fungi, and eukaryotic parasites—is 
more extensive than that of their human host [3]. The microbiota plays a pivotal role in overall host 
health and disease susceptibility [4], as it is essential for vital functions such as digestion, immune 
system regulation, and the production of nutrients and metabolites in the human body [5,6]. 

The oral and salivary microbiomes of a healthy individual harbor millions of microbes that are 
ingested daily through food. However, duodenal aspirates reveal a microbial abundance that is a 
thousandfold lower than that of oral samples, a phenomenon attributed to the acidity of gastric juice, 
the activity of digestive enzymes, the production of bile acids (BAs) both within the duodenum, and 
the presence of antimicrobial proteins [7]. Furthermore, various dynamic conditions, such as rapid 
transit times ranging from 2 to 5 hours in the small intestine and exceeding 10 hours in the colon, a 
broad pH spectrum, bodily secretions, and relatively high oxygen levels that diminish from the 
duodenum to the ileum, contribute to an oxygen gradient between the mucosa and the lumen. This 
gradient, along with the modulation of facultative anaerobes on oxygen availability in conjunction 
with dietary nutrients, fosters unique and specialized niches for microbial communities. From the 
duodenum to the large intestine, microbial concentrations escalate from 103 CFU/mL to 1011 CFU/mL, 
with the highest density observed in the colon [8–10]. 
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In recent years, ethical restrictions have led to a disproportionately high proportion of samples 
being collected from patients with intestinal disorders rather than from healthy individuals. This has 
resulted in significant heterogeneity in the taxonomic composition of the current microbiome; 
however, general trends can still be observed [11–25].  

Microorganisms exhibit differences at the phylum level across various sections of the digestive 
tract. The Firmicutes phylum dominates the stomach and duodenum, constituting 50% to 56% of the 
total bacterial population. In contrast, the Proteobacteria phylum is the most prevalent in the ileum, 
accounting for 48% of the bacterial community. Furthermore, the Bacteroidetes phylum demonstrates 
greater abundance within the lower GIT, compared to the stomach and duodenum [26]. Nonetheless, 
the application of next-generation sequencing technology has significantly advanced our 
understanding of the small intestinal microbiota (SIM) to the level of genus classification. The core 
constituents of the microbiota, such as Streptococcus, Veillonella, Prevotella, Fusobacterium, and 
Haemophilus, can be identified by their inherent characteristics in the small intestine, regardless of 
the specific section sampled [17,18,27]. 

The microbiota is intricately linked to the overall health and susceptibility to disease of the host 
[28,29]. The gut microbiome enhances the immune function of the entire body by hindering the 
colonization and growth of pathogens through competitive exclusion mechanisms [30]. Furthermore, 
the microbiota improves intestinal barrier function by upregulating the activity of pattern recognition 
receptors (e.g., NOD2 and NLRP6), which increases the secretion of antimicrobial peptides and 
mucus. It also strengthens mucosal barriers and suppresses excessive inflammation by enhancing 
cytokine secretion (e.g., IL-22) through innate lymphoid cells (ILCs), thereby maintaining immune 
homeostasis [6,31]. Additionally, the gut microbiota promotes carbohydrate degradation and short-
chain fatty acid (SCFA) production by upregulating carbohydrate-active enzymes (CAZymes), thus 
enhancing energy acquisition [13,23]. In terms of amino acid metabolism, the microbiota increases 
the availability of essential amino acids through degradation and synthesis [32]. In lipid metabolism, 
it regulates bile acid metabolism to promote fat storage (e.g., via L-lactate produced by Lactobacillus) 
and enhance fat oxidation (e.g., via acetate produced by Escherichia coli), thereby modulating host 
energy balance [33,34]. 

SIBO is primarily characterized by the overgrowth of Gram-negative aerobic and anaerobic 
bacteria [35]. This condition is closely linked to dysfunction of the ileocecal valve, impaired motility 
of the small intestine, and reduced secretion of gastric acid [36]. Studies have shown that low ileocecal 
valve pressure (< 54.5 mmHg) is significantly correlated with SIBO, suggesting that dysfunction of 
the ileocecal valve leads to reflux of colonic contents into small intestinal, thereby promoting bacterial 
overgrowth [37].Additionally, prolonged small bowel transit time (> 6.75 hours) is independently 
associated with SIBO, indicating that delayed clearance of intestinal contents provides a favorable 
environment for bacterial proliferation [38]. Finally, an elevated gastric pH (> 2.05) is linked to SIBO, 
implying that insufficient gastric acid secretion diminishes the stomach's antimicrobial function, 
thereby increasing the risk of bacterial colonization in the small intestine [39]. Collectively, these 
mechanisms contribute to the development of SIBO. 

This paper summarizes the etiology, clinical manifestations, and effective diagnostic strategies 
of SIBO and its impact on the human body. Additionally, it provides a brief overview of the 
interrelationships between related diseases and the development of SIBO, aiming to identify new 
directions for microbiological research that may enhance our understanding of gastrointestinal 
diseases and facilitate the development of new treatment strategies. 

2. Pathophysiology and Influence on SIBO 

2.1. The Pathophysiology of SIBO 

The gut microbiota exists in a state of dynamic equilibrium, influenced by a multitude of 
internal and external factors [2]. Any perturbation to the structure or function of the intestines can 
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disrupt this normal balance, potentially leading to the emergence of SIBO [28]. (Figure A1).                      

 

Figure A1. The primary risk factors for SIBO include neurological disorders, immune-related diseases, 
hepatobiliary and pancreatic diseases, gastrointestinal disorders, endocrine and metabolic diseases, surgical 
interventions, aging, Helicobacter pylori infection, dietary factors, and medication use. 

2.1.1. Abnormalities in GI Structure and Motility 

Alterations or disruptions in the structure or motility of the small intestine can lead to increased 
bacterial colonization, thereby predisposing individuals to certain conditions. Bani et al. found that 
the mean small bowel transit time (SBTT) was 6.6 hours in the lactulose breath test (LBT) positive 
group, with 47.6% experiencing prolonged SBTT (≥ 6 hours). In contrast, the mean SBTT was 4.2 hours 
in the LBT negative group, where only 7.7% experienced prolonged SBTT (≥ 6 hours) [40]. This 
confirms that the occurrence of SIBO is associated with decreased small intestinal motility. Numerous 
studies have also demonstrated that diabetes and connective tissue diseases are significantly linked 
to gastrointestinal motility disorders, which can induce SIBO [41,42]. Research indicates that 
approximately 90% of patients with systemic sclerosis exhibit symptoms of gastrointestinal 
involvement. The elevated levels of serum anti-muscarinic type 3 receptor blocking antibodies 
contribute to reduced gastrointestinal motility, resulting in a SIBO prevalence rate of about 39% in 
this population [43–45].  

A recent investigation involving individuals diagnosed with type 1 diabetes mellitus, both with 
normal and abnormal cardiovascular autonomy, revealed that SIBO was present in 2 (8%) patients 
with normal cardiovascular autonomy and 11 (44%) patients with abnormal cardiovascular 
autonomy. This suggests that diabetic autonomic neuropathy may play a significant role in the 
increased prevalence of SIBO [42]. Furthermore, it has been confirmed that several systemic 
conditions, including hypothyroidism [46], chronic renal failure [47], and various myoneuropathies 
[48,49], as well as certain collagen diseases such as systemic lupus erythematosus and parkinsonism 
[50,51], may be associated with reduced intestinal motility. 

In addition to the association between delayed gastrointestinal motility and SIBO, abnormal 
gastrointestinal structure is also related to the occurrence of SIBO. Studies have shown that a history 
of abdominal surgery is significantly associated with SIBO. A retrospective study found that the 
positive rate of SIBO in patients after abdominal surgery was significantly higher than that of the 
control group (84% vs 20%, p < 0.01). Compared to healthy individuals, the prevalence of SIBO after 
gastrectomy was significantly increased (77.6% vs 6.7%, p < 0.01) [52]. According to current research, 
changes in gastrointestinal structure, intestinal dysmotility, and microbial imbalance are responsible 
for the development of SIBO. For instance, the loss of ileocecal valve function, as observed in Crohn's 
disease (CD) or ileal resection, facilitates the migration of colonic bacteria to the small intestine, and 
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the retention of undigested nutrients promotes the abnormal growth of bacterial groups such as 
Proteobacteria, which can also lead to the occurrence of SIBO. Additionally, the prevalence of SIBO 
in patients with CD was found to be 25.3%, with a significantly higher daily frequency of defecation 
compared to patients without SIBO (5.9 vs 3.7, p = 0.003) [53]. Interestingly, among patients who 
underwent Roux-en-Y gastric bypass surgery (RYGBS), 72% were found to have thiamine deficiency 
accompanied by elevated folate levels, while only 34% had elevated folate levels without thiamine 
deficiency. This indicates a significant association between thiamine deficiency and elevated folate 
levels in this patient population. Notably, after antibiotic treatment, the thiamine levels of all 21 
patients diagnosed with SIBO returned to normal, suggesting that thiamine deficiency caused by 
anatomical changes may be a key driver of SIBO [54].    

2.1.2. Dysfunction of Gut Defense and Immunity Regulation 

The occurrence of SIBO is closely linked to dysfunctions in intestinal defense mechanisms and 
immune regulation. On one hand, dysfunction of the intestinal mucosal barrier, characterized by 
increased intestinal permeability due to weakened protection by the mucus layer, destruction of tight 
junction proteins, and insufficient secretion of antimicrobial peptides by Paneth cells, facilitates 
bacterial adhesion and invasion of the intestinal mucosa [55]. On the other hand, immune 
dysregulation, which includes abnormal immunoglobulin A (IgA) secretion [56,57], alterations in 
neutrophil and macrophage activity, and an imbalance between Th17 cells and regulatory T cells 
(Tregs), results in a decreased capacity for bacterial clearance [58]. Notably, studies have shown that 
41% of immunodeficient patients exhibit SIBO, with significantly higher lactulose/L-rhamnose 
urinary excretion ratios compared to control subjects (0.216 vs 0.029, p < 0.001), indicating that 
abnormal intestinal permeability predisposes individuals to bacterial overgrowth [59]. 

2.1.3. Drug, Diseases and Other 

Research indicates that the use of proton pump inhibitors (PPIs) or colonization with 
Helicobacter pylori (HP) is significantly associated with an increased risk of SIBO. Specifically, the 
risk of SIBO in PPI users is 7.587 times higher than that in non-users (95% CI: 1.805-31.894) [60]. This 
association may be attributed to the disruption of the gastric acid barrier, alterations in 
gastrointestinal motility, and immune dysregulation. However, no significant association was found 
between immunomodulatory drugs (such as thiopurines and biologics) and SIBO, despite the 
potential for these drugs to influence SIBO development through immune suppression and microbial 
dysbiosis [61]. These findings suggest that long-term PPI use should be carefully evaluated 
concerning the risk of SIBO, while the impact of immunomodulatory drugs on SIBO may be 
overshadowed by other factors [62]. 

In addition to PPIs, recent studies suggest that probiotics may colonize the small intestine, 
increasing the susceptibility of patients to SIBO [63]. This finding highlights the complex interplay 
between exogenous interventions, gut microbiota, and the development of SIBO. The incidence of 
SIBO in patients with cirrhosis can be as high as 51.1%, with a significant increase in the abundance 
of Firmicutes and Fusobacteria phyla, while the Bacteroidetes phylum decreases in SIBO patients. 
This microbial shift is primarily driven by an increase in the genus Blautia of the Lachnospiraceae 
family, which may influence gut microbiota composition by converting primary BAs into secondary 
BAs, thereby inducing SIBO [64]. 

Similarly, the incidence of SIBO in patients with chronic pancreatitis (CP) is significantly higher 
than that in the general population, estimated to be around 36% (95% CI: 17%-60%). The underlying 
mechanisms may be related to factors such as fat malabsorption, surgical history, the use of PPIs, 
motility disorders, and diabetic neuropathy in patients with CP [65]. Beyond these conditions, SIBO 
is significantly associated with various gastrointestinal, hepatic, endocrine, and systemic diseases. Its 
prevalence is notably high in patients with functional dyspepsia (FD) (34.7%) [66], irritable bowel 
syndrome (IBS) (36.7%) [67], celiac disease (18.3%) [68], CD (25.3%) [53], ulcerative colitis (UC) (14.3%) 
[69], and metabolic-associated fatty liver disease (MAFLD) (35.0%) [70]. 
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Moreover, the severity of SIBO often correlates with disease progression, as observed in 
conditions such as cirrhosis, Metabolic Associated Fatty Liver Disease (MAFLD), diabetes, and 
pancreatitis. Worsened symptoms are associated with increased bacterial overgrowth.  

These findings emphasize the multifactorial nature of SIBO, which is influenced by underlying 
diseases, medication use, alterations in gut microbiota, and immune modulation. A comprehensive 
approach is essential for assessing SIBO risk factors and optimizing management strategies for 
affected patients. 

2.2. The Influence of SIBO on Human Body  

The clinical manifestations of SIBO exhibit significant variability. Initially, SIBO was regarded 
as a potential contributor to maldigestion and malabsorption [28,30,71]. Furthermore, patients with 
SIBO often present with IBS-like symptoms, which encompass a range of nonspecific gastrointestinal 
(GI) complaints, including weight loss, bloating, flatulence, diarrhea, abdominal pain, and distension, 
particularly in cases of carbohydrate malabsorption [35,72]. 

Chronic bloating and diarrhea are the most frequently reported symptoms in SIBO, believed to 
result from the enhanced deconjugation of BAs by intestinal bacteria. This process leads to 
malabsorption of fats, bacterial metabolism that produces osmotically active substances such as 
SCFAs, and an increased level of bacterial fermentation, all of which contribute to postprandial 
bloating [73]. Additionally, SIBO can lead to the production of inactive analogues of vitamins that 
compete with normal vitamin B12 for binding and absorption, ultimately resulting in vitamin B12 
deficiency [74]. Following the nausea and discomfort associated with bloating, patients may begin to 
avoid eating to prevent these symptoms, which can ultimately lead to poor nutritional intake and 
weight loss [75]. 

Previously, experts believed that the dysfunction and symptoms induced by SIBO were confined 
to the GIT, encompassing conditions such as IBS [76], CD [77], UC, celiac disease [78], liver cirrhosis 
[79], pancreatitis [65], and non-alcoholic fatty liver disease (NAFLD) [70]. However, an increasing 
number of hypotheses have emphasized the association of SIBO with a wide range of other diseases, 
including autoimmune disorders [80–84], cardiovascular diseases [85], metabolic disorders [86], 
endocrine disorders [87], kidney disease [88,89], dermatological issues [90,91], neurological diseases 
[92], and mental disorders [93–96]. Furthermore, genetic diseases and gastrointestinal cancers [97] 
have also been linked to SIBO. Thus, SIBO emerges as a risk factor that complicates the progression 
of these diseases and potentially plays a pathogenic role in the manifestation of their symptoms 
(Figure A2; Tables A1 and A2). 
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Figure A2. The influence of SIBO on the human body encompasses a range of gastrointestinal disorders, 
including IBS, CD, UC, celiac disease, liver cirrhosis, pancreatitis, and NAFLD. Furthermore, SIBO is linked to 
various extra-GIT diseases, such as autoimmune disorders (e.g., rheumatoid arthritis, lupus), cardiovascular 
diseases (e.g., atherosclerosis, hypertension), metabolic disorders (e.g., obesity, type 2 diabetes), endocrine 
disorders (e.g., thyroid dysfunction), kidney disease, dermatological issues (e.g., acne, psoriasis), neurological 
diseases (e.g., migraine, Parkinson's disease), and mental health disorders (e.g., anxiety, depression). 
Additionally, SIBO has been associated with genetic predispositions and gastrointestinal cancers, including 
gastric cancer and colorectal cancer. 

Table A1. Prevalence of SIBO in Various Diseases. 

 
The table presents data on disease types, average patient age, sample size, diagnostic test methods, diagnostic 
criteria, and prevalence rates. The findings indicate that the prevalence rates of SIBO across different diseases 
range from 3% to 73.4%, highlighting substantial variability in the prevalence of SIBO among various conditions. 
This variability may be attributed to the types of diseases, regional differences, and discrepancies in diagnostic 
methods and criteria. 

Table A2. Meta-analysis of SIBO prevalence in various diseases. 

 
1) The table summarizes the results of a meta-analysis concerning the prevalence of SIBO across 

various diseases, as reported in previous literature. It includes information on the countries involved, 
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sample sizes, diagnostic testing methods, odds ratios, 95% confidence intervals, and the number of 
studies included in each analysis. 2) Furthermore, an odds ratio (OR) greater than 1 indicates a higher 
risk of SIBO in individuals with the specified diseases. The 95% confidence interval (CI) suggests that 
there is a 95% probability that the true prevalence of SIBO falls within this specified range. 

3. The Diagnosis of SIBO and Current Challenges  

3.1. Duodenal/Jejunal Fluid Aspirate Culture 

Currently, there is no definitive diagnostic method for SIBO. The duodenal/jejunal fluid 
aspiration culture is an invasive testing procedure that necessitates sample acquisition via intubation. 
The general protocol involves the insertion of an endoscope into the duodenum or jejunum, followed 
by the introduction of a sterile catheter through the endoscope's biopsy channel. Subsequently, 2-5 
mL of duodenal/jejunal fluid is aspirated and transferred to a sterile container or transport medium. 
The aspirate is then inoculated onto appropriate culture media (e.g., blood agar, MacConkey agar) 
and incubated under both aerobic and anaerobic conditions. Finally, the colony-forming units 
(CFU/mL) of bacteria in the aspirate are quantified. In contrast to breath tests (e.g., hydrogen and 
methane breath tests), which are less invasive but also less specific, the duodenal/jejunal aspirate 
culture provides direct evidence of bacterial overgrowth and can identify specific pathogens. 
Therefore, the duodenal/jejunal aspirate culture is regarded as the accepted gold standard for 
diagnosing SIBO, with cut-off levels reported as > 10³ or ≥ 10⁵ CFU/mL for the definition of SIBO 
[35,98–105]. A systematic review and meta-analysis indicated that the combined prevalence of SIBO 
in diabetic patients is 29% (95% CI 20–39%). Notably, the prevalence of SIBO in diabetic patients was 
higher in studies utilizing jejunal aspiration cultures (39%, 95% CI 12-66%) and lower in studies 
employing the LBT (31%, 95% CI 18-43%) or glucose breath test (GBT) (29%, 95% CI 14-43%) [106]. 

However, significant drawbacks of this invasive examination include considerable pain for 
patients, high costs, time consumption, poor reproducibility, lack of standardization, and high 
technical requirements, all of which limit its clinical applicability [107–111]. More importantly, the 
unreliability of this method stems from the fact that only 30% of intestinal bacteria can be cultured, 
primarily due to unavoidable contamination from oral bacteria. This method is unsuitable for 
detecting SIBO in the distal small intestine, as the aspirate is typically collected from the proximal 
duodenum or jejunum, while many SIBO cases are caused by the displacement of colonic bacteria 
into the distal small intestine. Duodenal/jejunal aspirate culture remains the gold standard for 
diagnosing SIBO due to its high diagnostic accuracy and capability to identify specific pathogens 
[107,112–116]. In complex cases, such as those involving cystic fibrosis or diabetes, duodenal/jejunal 
aspirate culture is invaluable for guiding targeted treatment [106]. However, its invasiveness and cost 
limit its widespread use, making breath tests a more practical initial screening tool. 

3.2. Hydrogen Breath Tests 

Recently, breath test methods (GBT and/or LBT) for detecting SIBO have garnered increasing 
attention. These breath tests are proposed as sensitive and straightforward diagnostic tools for 
bacterial overgrowth, offering a non-invasive and cost-effective alternative to the gold standard, 
which involves the culture of intestinal aspirates [35,36,98,105,113,117]. 

The standardized testing process is crucial for ensuring the accuracy and reliability of test 
results. Determining the correct substrate dosage is essential for optimizing the sensitivity and 
specificity of the experiment. In 2005 and 2009, expert groups from Germany and Italy developed 
recommendations for breath tests and reached a consensus on hydrogen breath tests [117]. In 2017, 
the North American consensus on breath tests recommended that patients discontinue antibiotics for 
at least four weeks and avoid laxatives for at least one week prior to undergoing a breath test. Patients 
should follow a light diet and refrain from consuming fermented foods one day before the test. 
Additionally, patients must fast for 8 to 12 hours before the breath test. On the day of the test, 
smoking and vigorous activities should be minimized. The recommended dosage for the breath test 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 April 2025 doi:10.20944/preprints202504.0613.v2

https://doi.org/10.20944/preprints202504.0613.v2


 8 of 28 

 

is 10 grams of lactulose in the LBT and 75 grams of glucose in the hydrogen breath test (HBT), mixed 
with a glass of water or taken sequentially. During the breath test, the carbohydrates ingested by the 
patient are metabolized by the gastrointestinal microbiota, producing hydrogen and methane. Some 
of these gases are absorbed into the bloodstream through the digestive tract and are ultimately 
exhaled through the alveoli. Therefore, analyzing the changes in gas metabolites in exhaled samples 
after carbohydrate intake can indirectly detect SIBO. Hydrogen, methane, and carbon dioxide should 
be measured simultaneously during the breath test [113]. (Figure A3).  

 

Figure A3. Diagram of the breath test machine. a. The human body does not produce hydrogen and methane 
molecules through its own metabolism; instead, all hydrogen and methane molecules in the body originate from 
the fermentation of carbohydrates by bacteria in the digestive tract. These gases are reabsorbed and subsequently 
expelled through the respiratory tract, allowing for the evaluation of small intestinal bacterial levels using 
appropriate instruments. b. Schematic diagram of gas generation. c. Schematic representation of the early rise in 
hydrogen and methane levels during breath tests for both healthy individuals and patients with SIBO. d. Breath 
test results in a SIBO patient, displaying a double peak that represents the early rise observed in the small 
intestine, followed by a brief decline in hydrogen levels before the anticipated increase in hydrogen occurs in 
the large bowel. 

The standardization of breath test result interpretations can significantly enhance diagnostic 
accuracy. In the conducted experiment, an increase in hydrogen concentration of ≥ 20 ppm from 
baseline within 90 minutes is indicative of a positive detection of SIBO. When the bacterial level 
threshold for SIBO was set at 10⁵ CFU/mL, the sensitivity of the breath test was found to be 64% at 12 
ppm and 48% at 20 ppm, while the specificity was 78% and 86%, respectively. Notably, the breath 
test demonstrated lower sensitivity but higher specificity for SIBO detection at 20 ppm compared to 
12 ppm [35,98,113]. 

According to a systematic review, the sensitivity of the LBT for SIBO ranges from 31% to 68%, 
with specificity ranging from 44% to 100%. In contrast, the sensitivity of the GBT varies from 20% to 
93%, and its specificity ranges from 30% to 86%, when compared to cultures obtained from small 
bowel aspirates [6,14]. Lactulose, a non-absorbable synthetic sugar, traverses the entire small intestine 
and reaches distal regions where bacterial overgrowth may occur, thereby enhancing sensitivity to 
approximately 60% for detecting SIBO in both proximal and distal segments. However, lactulose can 
also ferment in the colon, which may lead to lower specificity. In contrast, glucose is rapidly absorbed 
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in the proximal small intestine, improving specificity to approximately 70%, but it may miss distal 
cases, resulting in lower sensitivity [35,98,113,117–119]. 

Numerous studies have demonstrated that breath tests, such as LBT and GBT, are less invasive 
and more accessible alternatives for diagnosing SIBO. However, these tests exhibit lower sensitivity 
and specificity when compared to duodenal or jejunal aspirate culture. For instance, one study 
reported that GBT achieved a sensitivity of 71.4% and a specificity of 92.3% relative to jejunal aspirate 
culture [120]. Furthermore, the hydrogen breath test serves as a non-invasive and cost-effective 
diagnostic tool for SIBO; however, it necessitates strict adherence to established protocols to enhance 
accuracy. Clinical correlation with patient symptoms and risk factors is crucial for accurate 
interpretation of results. Consequently, in cases of ambiguity, additional testing or empirical 
treatment may be necessary [121]. 

3.3. Methane Breath Tests 

Apart from HBT, methane breath testing (MBT) serves as a non-invasive and accessible 
alternative, currently recognized as the clinical standard for diagnosing SIBO [122,123]. Methane is 
produced by anaerobic methanogens in the large intestine, with its production influenced by factors 
such as race, diet, gut microbiota, and intestinal transit time. High-fiber diets are associated with 
increased methane output, whereas diets rich in animal protein or fat may reduce the availability of 
fermentable substrates, consequently lowering methane production. Extended colonic transit time 
provides more opportunity for microbial fermentation, which correlates with increased methane 
production; thus, constipation is often associated with elevated methane levels. Some studies indicate 
a higher prevalence of methane in specific populations, although these variations likely reflect 
differences in dietary patterns, cultural practices, or environmental exposures [124–133]. 

In breath tests, an increase in methane concentration of 5 ppm within 90 minutes following the 
oral ingestion of either 75 g of glucose or 10 g of lactulose is considered to have the same biological 
significance as an increase in hydrogen concentration of 20 ppm, which is the widely accepted 
diagnostic criterion for an abnormal breath test [113]. In clinical practice, however, cutoff values of ≥ 
5 ppm and ≥ 10 ppm are used to predict excessive methanogenesis for the diagnosis of SIBO, with 
specificities of 99.7% and 100%, and sensitivities of 96.1% and 86.4%, respectively. Despite this, there 
is currently insufficient research to clearly establish whether methane levels ≥ 3 ppm should be 
classified as abnormal. Therefore, clinicians must judiciously assess the significance of methane levels 
≥ 3 ppm based on the individual circumstances of their patients [35,113,134,135]. 

Simultaneous detection of hydrogen and methane levels in exhaled breath can enhance the 
accuracy of SIBO diagnosis in breath tests [136–139]. In a study cohort comprising 1,461 patients, 484 
(33.1%) were diagnosed as SIBO positive. Among these SIBO positive patients, 241 (49.8%) produced 
only hydrogen (H2), 188 (38.8%) produced only methane (CH4), and 55 (11.4%) produced both 
hydrogen and methane simultaneously [20]. Additionally, total gas production was positively 
correlated with age in CH4-SIBO positive patients; however, a higher proportion of patients with 
diabetes exhibited elevated levels of hydrogen [130,140]. 

The characteristic of intestinal methane-producing bacteria overgrowth (IMO) is the excessive 
presence of methane-producing bacteria in the intestine. Methanogenic bacteria belong to the 
archaeal domain and can also proliferate in the colon, not just in the small intestine. A concentration 
of 10 ppm of methane at any time during the testing period indicates the colonization of 
methanogenic bacteria. Currently, the diagnosis of small intestinal IMO is typically conducted using 
a 2-hour breath test. According to the 2020 ACG guidelines, a positive diagnosis for IMO is defined 
as an increase in hydrogen gas exceeding the baseline value by ≥ 20 ppm for 90 minutes, alongside 
an increase in methane by ≥ 10 ppm [35]. The North American Consensus states that supplementing 
the measurement of respiratory methane concentration can enhance the sensitivity of the test; a 
methane level of ≥ 10 ppm during a fasting breath test is considered diagnostic for IMO. This method 
demonstrates a sensitivity of 86.4% and a specificity of 100% when compared to the standard GBT or 
LBT, which are more complex and time-consuming [113]. A single fasting methane breath 
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measurement (SMM) streamlines the diagnostic process, eliminating the need for lengthy tests like 
LBT and GBT, thereby making it more suitable for clinical applications. IMO is characterized by the 
overgrowth of methane-producing archaea, which slows intestinal transit and is often associated 
with constipation-predominant symptoms. This approach is particularly beneficial for differentiating 
IMO from other conditions such as SIBO, which necessitates distinct diagnostic and treatment 
strategies [28,99,123,129,132,135,141–143]. 

However, due to the varying sugar substrates (glucose and lactulose) and evaluation indicators 
(hydrogen and methane) employed in breath tests, the sensitivity and specificity of these tests differ 
significantly. This variability poses substantial challenges for clinical application, necessitating a 
unified and standardized approach. 

3.4. More New Testing Methods of SIBO 

The Smart Capsule Bacteria Detection System (SCBDS) is equipped with targeted sampling 
technology and an on-board detection method specifically designed for identifying metabolically 
active bacteria in the duodenum. A study involving 66 patients collected and analyzed duodenal 
aspirates to determine total bacterial count (TBC) and assess SCBDS detection efficacy. The overall 
agreement between the two detection methods was found to be between 82% and 92%. Additionally, 
the sensitivity of SCBDS detection ranged from 67% to 100%, while specificity was reported to be 
between 90% and 97%, utilizing cutoff values of ≥ 10³ or 10⁵ CFU/ml. Thus, SCBDS has demonstrated 
its potential as a simple and non-invasive tool for aiding in the diagnosis of SIBO, warranting further 
clinical validation [144]. 

It has been reported that gas-sensing capsules are telemetric swallowable devices that 
successfully evaluate the gastric, small, and large intestinal transit times of solid food. These capsules 
can sense oxygen, hydrogen, and carbon dioxide, measuring concentrations of hydrogen that are over 
3000 times higher than those obtained from breath tests [145–149]. Research indicates that the gas-
sensing capsule exhibits a sensitivity of 83% and 79%, specificity of 96% and 84%, and accuracy of 94% 
and 82% when using the standard cutoff values for delayed gastric emptying (> 5 hours) and colonic 
transit (> 9 hours) [150]. The gas-sensing capsules can pinpoint early H2 spikes in the small intestine, 
effectively distinguishing SIBO from normal colonic fermentation. The simultaneous detection of O2, 
CO2, and H2 aids in differentiating gastrointestinal  regions; for instance, an early rise in H2 levels 
may indicate SIBO. CO2 levels can reflect metabolic activity or neutralization processes, which further 
assists in identifying motility delays. Unlike breath tests that conflate signals from the entire GI tract, 
gas-sensing capsules provide location-specific data (e.g., small or large intestine) [111,129,151,152]. 
Moreover, the smart capsule bacterial detection system can sample fluid in the small or large bowel 
and conduct microbiome analysis to detect SIBO or fungal overgrowth as well [154]. Overall, gas-
sensing capsules represent a significant advancement in gastrointestinal diagnostics, offering precise, 
non-invasive evaluations of transit times across different gut regions, with the potential to 
revolutionize diagnostics for disorders such as IBS, gastroparesis, and SIBO. 

16S rRNA gene sequencing is a technique of amplicon sequencing that targets specific regions 
of the genome. The core principle involves utilizing the genetic information from the 16S rRNA gene 
to identify and classify bacterial and archaeal species. This process encompasses five key steps: 
collecting microbial samples, extracting microbial DNA, performing PCR and library construction, 
sequencing via high-throughput platforms, and conducting data analysis [155–159]. Some 
researchers have defined SIBO using high-throughput sequencing. Analysis of duodenal aspirates 
through 16S rRNA gene sequencing demonstrates high sensitivity and specificity [160,161]. 
Suspected SIBO cases were evaluated through quantitative culture of duodenal aspirates, and a 
glucose hydrogen breath test was conducted on the same day. The positive rates for the hydrogen 
breath test and quantitative culture of duodenal aspirates were 50% and 62%, respectively. Patients 
diagnosed with SIBO exhibited significantly reduced α-diversity compared to non-SIBO patients, 
while β-diversity analysis revealed distinct distribution patterns between the two groups. Notably, 
there was an increased relative abundance of Streptococcus and a decreased relative abundance of 
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Bacteroides [ 104, 162-166]. The bacterial compositions of the mucosal samples from the duodenum, 
ileum, and sigmoid colon in SIBO-positive subjects were significantly different from those in SIBO-
negative subjects (p = 0.039, 0.002, and 0.007, respectively) [167]. Additionally, microbial network 
connectivity across different SIBO thresholds and predicted microbial metabolic functions were 
assessed [64,104]. The advantages of 16S rRNA gene sequencing include its universality, conservation, 
and the fact that it does not require culturing. This method enables effective identification of 
microbial species and quantification of bacteria and archaea in specific environments, as well as 
monitoring the presence of probiotics, conditional pathogens, and certain food-borne pathogens 
within the intestinal tract [64,159]. 

Recent studies have demonstrated that the scintigraphy-lactulose hydrogen breath test (ScLBT) 
is an accurate and reproducible diagnostic tool for SIBO[168–170]. However, it has been established 
that the less expensive and radiation-free nutrient challenge test (NCT) cannot replace ScLBT in 
diagnosing SIBO. In a cohort of 81 patients, SIBO was diagnosed in 32 patients (39.5%) through NCT, 
while 51 patients (63.0%) were diagnosed through ScLBT, using the diagnostic criterion of a hydrogen 
increase of more than 10 ppm compared to baseline within 20-90 minutes after the intake of the testing 
substance [168]. No studies have confirmed the equivalence of NCT and ScLBT in diagnosing SIBO, 
which may be attributed to the differing testing substances that entail varying orocecal transit times 
(OCTT). Therefore, further prospective and multicenter studies are warranted to validate the results 
of the ScLBT [168–172]. 

4. Diverse Influences Associated with SIBO 

4.1. Dietary Standards Vary Before the Methane-Hydrogen Breath Test 

The dietary standards prior to conducting a methane or hydrogen breath test are crucial for 
ensuring accurate results, as certain foods, medications, and activities can interfere with gas 
production measurements. Smoking can lead to a 3 to 137-fold increase in hydrogen concentrations 
above baseline levels due to exhaled cigarette smoke; however, most subjects typically return to 
baseline values within 10 to 15 minutes after smoking [173–176]. Additionally, excessive ventilation 
resulting from exercise or overexertion has been recognized as having a significant impact on breath 
test results [177]. Both physical activity and smoking can alter gut motility and breath gas levels, 
potentially affecting the outcomes of the tests. 

Aside from lifestyle factors such as smoking, exercise, and daily routines, diet is generally 
considered to be closely linked to the development of digestive system diseases, including IBS. The 
North American consensus recommends that patients undergo a fasting period of at least 12 hours, 
with no restrictions on water intake, prior to a breath test. This is to ensure that baseline hydrogen 
levels accurately reflect fasting conditions and minimize fermentation from undigested food [113]. 
Evidence from several studies indicates that fasting hydrogen levels in patients with conditions like 
IBS are significantly elevated compared to healthy individuals (10.1 ± 6.5 ppm vs 5.5 ± 6.2 ppm, p < 
0.0001), underscoring the necessity for strict adherence to fasting protocols [178–180]. 

Additional requirements for the HBT include avoiding complex carbohydrates and dairy 
products the day before the test, as well as fasting for 8 to 12 hours [113]. Similar guidelines are 
outlined in the 2022 European recommendations, which advise avoiding difficult-to-absorb foods, 
fermentable carbohydrates, and dietary fiber at least one day prior to the test, along with a fasting 
period of at least 8 hours [142]. It has been confirmed that fiber and fermentable foods can elevate 
baseline hydrogen and methane levels (p < 0.01), with a positive correlation observed between 
hydrogen production in healthy adults and dietary fiber intake from rye [174]. Therefore, a strictly 
restrictive diet is recommended to enhance the diagnostic quality of the GBT [174]. In addition to 
dietary restrictions, antibiotics should be discontinued at least 4 weeks before the test, as they can 
alter gut microbiota. Probiotics, laxatives, stool softeners, PPIs, non-steroidal anti-inflammatory 
drugs (NSAIDs), and motility agents should all be restricted for 1 week prior to the test [113,181–185]. 
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If baseline hydrogen levels exceed 16 to 20 ppm, the test may be deemed invalid due to improper 
dietary adherence, necessitating retesting after stricter preparation [113,138]. 

Therefore, it is recommended to strictly adhere to a low fermentable oligosaccharides, 
disaccharides, monosaccharides, and polyols (FODMAP) diet. Additionally, the use of antibiotics, 
probiotics, laxatives, stool softeners, PPIs, NSAIDs, and motility agents should be prohibited. It is 
also advised to refrain from smoking, drinking alcohol, and excessive ventilation prior to the 
examination, as well as to maintain a sedentary state during the test to enhance the diagnostic quality 
of the breath test [186]. 

4.2. No Standard Diagnostic Methods 

The breath test is a simple, non-invasive, and patient-friendly method for diagnosing SIBO. The 
practicality and low cost of the test make it the preferred diagnostic tool in clinical practice [105]. 
However, the definition of a positive test about GBT is still not reach a consensus. A rise of ≥ 20 ppm 
above baseline within 90—180 minutes post-substrate ingestion is widely accepted. But some authors 
believe that being positive is an increase of > 10 ppm above the baseline value [187,188], or a value 
of > 20 ppm is independently of the baseline value. 

Certain diseases, such as lactose intolerance, IBS, carbohydrate malabsorption, and the use of 
antibiotics, can significantly influence baseline hydrogen breath test values. Notably, lactose 
intolerance typically does not elevate baseline hydrogen levels unless the patient has recently 
ingested lactose or other fermentable carbohydrates. However, if bacterial fermentation occurs due 
to undigested lactose in the colon, baseline levels may be slightly elevated [189–197]. Another 
consideration is secondary lactose intolerance resulting from celiac disease, which can cause 
intestinal damage and potentially raise baseline hydrogen levels [198–200]. Comorbid conditions, 
such as carbohydrate malabsorption, which are prevalent among patients with IBS-D, may also lead 
to elevated baseline levels [201]. Furthermore, chronic malabsorption can result in higher baseline 
levels due to bacterial adaptation. In contrast to IBS-D, rapid transit may facilitate the early delivery 
of carbohydrates to the colon, where a higher concentration of bacteria can lead to elevated baseline 
hydrogen levels [202–204]. Additionally, colonic bacterial overgrowth and constipation can increase 
baseline hydrogen levels due to the ongoing fermentation of residual carbohydrates and the 
prolonged retention of fermentable substrates [205–209]. Antibiotics exert dual regulatory effects on 
gut microbiota abundance, potentially decreasing baseline hydrogen levels through bactericidal and 
bacteriostatic actions, while also promoting the overgrowth of hydrogen-producing bacteria, thereby 
elevating baseline levels through disruption of the microbiome [210]. In summary, diseases that affect 
gastrointestinal motility, carbohydrate malabsorption, and gut microbiota abundance can alter 
baseline hydrogen levels in breath tests, ultimately impacting measurement accuracy. 

To ensure accurate baseline measurements, patients must fast and avoid fermentable 
carbohydrates for at least 12 hours prior to the test [211]. Additionally, patients should refrain from 
smoking and brushing their teeth, as well as avoid certain medications (e.g., antibiotics, probiotics) 
before the test to prevent interference with oral bacterial activity and alterations in gut bacteria. 

An increase in hydrogen concentrations in breath samples facilitates the diagnosis of SIBO. The 
North American consensus recommends that the presence of methane levels ≥ 10 ppm is diagnostic 
of methanogenic overgrowth [211]. Different cutoff times influence the positive rate of breath tests 
for diagnosing SIBO. According to the North American consensus, 34.5% of patients tested positive 
at 180 minutes, whereas the positive rate was 28% at 120 minutes [211]. However, another study 
suggests that the best sensitivity and specificity are achieved at 120 minutes using the lactulose-
[13C]urea breath test for diagnosing SIBO [212]. This indicates that further research is needed to 
determine the optimal cutoff time for SIBO diagnosis. Additionally, the site of bacterial overgrowth 
in the GIT and the speed of substrate transit also impose limitations on breath tests. Since glucose is 
readily absorbed in the upper GIT, bacterial overgrowth in the lower GIT may lead to false-negative 
results [213]. 
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In the detection of SIBO through small intestinal fluid aspiration culture, it is crucial to 
implement standardized aseptic procedures during sampling to minimize cross-contamination. A 
sterile catheter, guided by a wire under endoscopic visualization, should be employed for aspiration, 
which must be confirmed via fluorescence microscopy. The specimen should be promptly sent to the 
microbiology laboratory for both aerobic and anaerobic bacterial cultures [214]. Multiple systematic 
reviews of published research indicate substantial heterogeneity in duodenal and jejunal fluid 
aspirate culture methods, including aspects such as the placement of liquid aspiration, specific 
locations and quantities of aspirates, sample processing and culture techniques, as well as the 
interpretation of culture results. For example, duodenal samples from SIBO patients have shown 
counts that were 4 × 103-fold higher than those from non-SIBO patients when cultured on MacConkey 
agar (p < 0.0001), and 3.8-fold higher when cultured on blood agar (p < 0.0001) [215,216]. Further 
limitations of small intestinal aspiration culture for SIBO diagnosis include its cost, invasiveness, time 
requirements, potential for sample contamination, insufficient validation, culture accuracy, and the 
possible absence of distal SIBO [211,217]. Consequently, the culture of unwashed endoscopic jejunal 
mucosal biopsy presents an effective and straightforward alternative to jejunal fluid culture for 
evaluating jejunal microflora, with sensitivity, specificity, positive predictive value, and negative 
predictive value in diagnosing SIBO reported as 83.5%, 97.2%, 94.7%, and 91.6%, respectively [218]. 

The incidence rate of SIBO appears to be influenced by both race and the types of diseases 
present. In the Japanese population, the incidence of SIBO among patients with FD is reported to be 
7.1%, which is significantly lower than the 72.5% observed in the United States (p < 0.05) [219,220]. 
However, when standardized diagnostic tests and cutoff values are applied, the incidence of SIBO in 
Functional Gastrointestinal Disorders (FGIDs) within the German population is 34.9%, also lower 
than that in the United States (p < 0.05) [219,221]. Furthermore, among patients with Inflammatory 
Bowel Disease (IBD), the incidence of SIBO in the German population is 14.1%, markedly lower than 
the 46.6% reported in China (p < 0.05) [222,223]. Consistently applying diagnostic criteria reveals that 
the incidence of SIBO in the Australian population with IBD is 15.2%, which is lower than the 32.6% 
seen in Brazil (p < 0.05) [224,225]. Additionally, the incidence of SIBO in the Indian population stands 
at 6.7%, significantly lower than the 33.3% found in China among patients suffering from constipation 
(p < 0.05) [226,227]. (Table A3.) 

Table A3. Comparative analysis of SIBO in FD, inflammatory bowel disease, and constipation. 

 

Table A3 illustrates that the detection rates of SIBO prevalence in IBS, cirrhosis, and chronic 
pancreatitis vary depending on the diagnostic test employed. The prevalence rates of SIBO, as 
determined by small bowel aspirate culture, GBT, and LBT, are 33.5%, 20.7%, and 62.3% for IBS; 48.0%, 
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35.9%, and 52.7% for cirrhosis; and 50%, 26.7%, and 65.3% for chronic pancreatitis, respectively. 
Notably, the detection rates from jejunal aspirate culture and LBT were significantly higher than 
those from GBT.  

Consequently, it appears challenging to establish a uniform diagnostic method for SIBO across 
different diseases, necessitating the use of various diagnostic approaches due to factors such as 
differing races, dietary habits, gut microbiota composition, transit times, examination equipment, 
and conditions. 

4.3. Sensitivity and Specificity of Diagnosis 

Typically, LBT yield a higher positive rate compared to GBT, primarily due to the occurrence of 
false positives resulting from lactulose fermentation in the cecum rather than the small intestine 
[228,229]. The sensitivity of GBT and LBT varies significantly, ranging from 20% to 93% and 31% to 
68%, respectively, while their specificity ranges from 30% to 86% and 44% to 100%, respectively [226]. 
In a comparative study involving 80 cases of IBS based on the ROME III criteria, duodenal aspirate 
cultures were positive in 15 IBS patients. Subsequently, breath tests were performed on these 15 
positive cases, revealing a positive GBT with a sensitivity of 27% and specificity of 100%, double 
peaks on LBT with a sensitivity of 0% and specificity of 98%, an early peak on LBT with a sensitivity 
of 33% and specificity of 65%, and high methane levels on LBT with a sensitivity of 13.3% and 
specificity of 58.7% [226]. The low sensitivity of GBT may be attributed to the rapid absorption of 
glucose in the proximal small intestine, which limits its availability as a substrate, or potentially due 
to a lower bacterial concentration [230]. Despite the low sensitivity and specificity of breath tests, 
multiple guidelines recommend glucose over lactulose as the substrate for testing, highlighting that 
LBT cannot be used as a standard for early peaks since the oral delivery time of lactulose typically 
occurs in less than 90 minutes. Although studies have indicated that the sensitivity of hydrogen 
sulfide breath tests is superior to that of hydrogen breath tests (93.6% vs. 46.0%) [231], the current 
limitations of available gas chromatography equipment, which cannot detect hydrogen sulfide, pose 
a significant challenge to this diagnostic method. 

The diagnosis of SIBO typically necessitates the measurement of hydrogen production in the 
small intestine. This process requires patients to ingest a substantial amount of lactulose or glucose 
within a short timeframe, followed by monitoring hydrogen levels over the subsequent hours [232]. 
Furthermore, the LBT primarily reflects intestinal transit time, rather than providing an accurate 
assessment of bacterial counts in the small intestine, exhibiting low specificity and sensitivity [233]. 
Additionally, despite the widespread use of these tests, current evidence indicates that their 
diagnostic value in conditions such as IBS is limited, potentially leading to unnecessary antibiotic 
usage, which may result in adverse effects and economic burdens [234]. 

Sensitivity and specificity are critical indicators for evaluating the accuracy of diagnostic tests. 
In the context of SIBO diagnosis, these metrics are influenced by various factors. An early breath test 
conducted for diagnosing SIBO in patients with IBS reported a specificity of 100% for the GBT, albeit 
with a sensitivity of merely 27%. Conversely, the LBT exhibited low sensitivity and specificity, 
particularly with the double peak and early peak standards [235]. Khoshini's review identified 11 
studies that assessed the accuracy of LBT for SIBO, revealing sensitivities ranging from 31% to 68% 
and specificities from 44% to 100%. The sensitivity of GBT varied from 20% to 93%, while specificity 
ranged between 30% and 86% [236]. Additionally, research indicates that a fasting level of ≥ 10 ppm 
can predict excessive methane production, achieving a specificity of 100% and a sensitivity of 86.4%. 
However, current studies have yet to establish that a positive MBT is attributable to anaerobic 
methanogenic bacteria in the colon as opposed to the small intestine. This evidence suggests that GBT 
is superior to LBT for detecting SIBO. Nonetheless, some researchers argue that despite the low 
sensitivity of glucose hydrogen breath testing, it does not lead to false over-diagnosis of SIBO until a 
more reliable diagnostic method becomes available [237]. This perspective aligns with the positions 
of the European Society of Neurogastroenterology and Motility (ESNM) and the American 
Neurogastroenterology and Motility Society (ANMS) [232]. 
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In summary, HBT and MBT are widely utilized for the non-invasive diagnosis of SIBO due to 
their simplicity, repeatability, and cost-effectiveness, particularly in patients who are intolerant to 
invasive procedures. However, their clinical utility is limited by several factors, including the 
potential for false-positive results in patients with intestinal motility disorders or recent antibiotic 
use, as well as false-negative outcomes in those with ileal strictures or following proton pump 
inhibitor therapy. Furthermore, inconsistent standardized protocols for test preparation (e.g., fasting 
duration, dietary restrictions) and result interpretation (e.g., threshold values for hydrogen and 
methane levels) across institutions affect inter-study comparability. Notably, breath tests may fail to 
detect regional bacterial dysbiosis in patients with structural abnormalities, necessitating 
complementary imaging or invasive procedures for a definitive diagnosis. 

The future of breath testing lies in the integration of innovative technologies to enhance accuracy 
and applicability. The development of portable real-time monitoring devices and machine learning 
algorithms for analyzing breath curve dynamics could improve test sensitivity and reduce patient 
burden. Additionally, exploring novel substrates (e.g., mannitol) combined with HBT may provide 
insights into both bacterial overgrowth and small intestinal absorption dysfunction. Meanwhile, 
standardized international guidelines for breath test protocols and cutoff values are critical for 
optimizing clinical implementation. For patients with indeterminate results, a multidisciplinary 
approach that combines endoscopy, jejunal aspirate culture, and metagenomic sequencing may be 
warranted. Ultimately, integrating breath testing with host genetics, metabolic profiling, and 
microbiome analysis could enable personalized management of SIBO, advancing early detection and 
targeted therapies. 

Author Contributions: Yuanyuan Zhang and Pengchun Yang performed most of the review, data analysis and 
wrote the manuscript; Caihua Yan, Jing Wang and Xue Ran provided partial literature inquiry assistance; 
Xiaoyan Gao, Gang Lei, Chunmei Ran provided partial literature inquiry and data analysis. Tao Bai,Xiaohua 
Hou and Chibing Dai performed writing designed and guidance. All authors have read and agreed to the 
published version of the manuscript. 

Funding: This research was funded by Health Commission of  Hubei Provincial , grant number WJ2021F060. 

Institutional Review Board Statement: Ethical review and approval were waived for this study because it 
utilized publicly available/anonymized data with no identifiable human/animal involvement. 

Informed Consent Statement: Not applicable. 

Acknowledgments: We sincerely thank Professor Gengqing Song for critical review and revision of the 
manuscript. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Abbreviations 

The following abbreviations are used in this manuscript: 

SIBO small intestinal bacterial overgrowth 

GIT gastrointestinal tract 

BAs bile acids 

ILCs lymphoid cells 

SCFA short-chain fatty acid 
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CAZymes carbohydrate-active enzymes 

SBTT small bowel transit time 

LBT lactulose breath test 

GBT glucose breathtest 

CD Crohn's disease 

RYGBS Roux-en-Y gastric bypass surgery 

PPIs proton pump inhibitors 

HP Helicobacter pylori 

CP chronic pancreatitis 

FD functional dyspepsia  

IBS irritable bowel syndrome 

UC ulcerative colitis 

MAFLD metabolic-associated fatty liver 

NAFLD non-alcoholic fatty liver disease 

DM diabetes mellitus 

MBT methane breath testing 

HBT hydrogen breath test 

IMO intestinal methane producing bacteria overgrowth 

SMM single fasting breath methane measurement 

SCBDS Smart Capsule Bacteria Detection System 

TBC total bacterial count  

ScLBT scintigraphy-lactulose hydrogen breath test 

OCTT orocecal transit times 

NCT radiation-free nutrient challenge test 

FODMAP 
fermentable oligosaccharides, disaccharides, 
monosaccharides, and polyols 
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