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Summary

Small intestinal bacterial overgrowth was originally de-
scribed as a cause of maldigestion and malabsorption, and 
its diagnosis was based on the culture of aspirates from the 
upper small intestine. The application of hydrogen breath 
tests to assess suspected small intestinal bacterial overgrowth  
increased the frequency of this diagnosis dramatically, and 
expanded its clinical context from maldigestion to include a 
number of non-specific gastrointestinal complaints and even 
some systemic ills. However, a critical review of recent liter-

ature suggests that reliance on breath tests, particularly those 
using lactulose as the substrate, has led to overdiagnosis of 
small intestinal bacterial overgrowth. Many aspects of the 
current concept of its diagnosis are contentious and unre-
solved. These include diagnostic thresholds, response to anti-
biotic therapy, as well as the roles of methane, hydrogen sul-
fide, and other gases emanating from bacterial fermentation 
in the gastrointestinal tract. We discuss these issues, paying 
particular attention to the concept of intestinal methanogen 
overgrowth and exploring the role of methanogens and meth-
ane in gastrointestinal homeostasis. We advocate a critical 
and cautious approach to the diagnosis of small intestinal 
bacterial overgrowth and intestinal methanogen overgrowth, 
and that antibiotics are prescribed are with great care. We 
also look forward to the application of modern molecular 
microbiology to the study of the small intestinal microbiome 
and metabolome, including a more complete understanding 
of methane biology.
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LBHT= Lactulose breath hydrogen test.

IBS= Irritable bowel syndrome.

GI= Gastrointestinal.

US= United States of America.

GBT= Glucose breath test.

ppm= Parts per million.

RNA= Ribonucleic acid.

DNA= Deoxyribinucleic acid.

mcrA= Alpha subunit of Methyl-coenzyme M Reductase.

CTT= Colon transit time.

SBTT= Small bowel transit time.

3S-EC-SIM= 3-stage environmental control system for in-
testinal microbiota.

EPR= Electron paramagnetic resonance.

mmHg= Millimeters of mercury.

FODMAP= Fermentable oligosaccharides, disaccharides, 
monosaccharides and polyols.

HMG CoA reductase= Hydroxymethylglutaryl coenzyme A 
reductase.

SHIME= Simulator of the Human Intestinal Microbial 
Ecosystem.

TNO TIM= TNO (Toegepast Natuurwetenschappelijk 
Onderzoek, Netherlands Organization for Applied Scientif-
ic Research) Intestinal Model (TIM).

HMA= Human microbiota associated.

Introduction

The idea that an abnormal, excessive, or dysfunction-
al bacterial population in the gastrointestinal tract can 
cause disease is far from new. Consider the popularity 
of the concept of “autointoxication” in the nineteenth 
century and how often colectomy was performed to rid 
the body of the “vile humors” emanating from “pu-
trefaction” in the colon.1 As the importance of normal 
resident flora was recognized, the focus shifted to de-
tecting abnormalities in the composition and function 
of microbiota, as they are now referred to, rather than 
flora. In the many decades that preceded the introduc-
tion of effective acid suppressants, surgery represent-
ed the optimal treatment for persistent or complicated 
peptic ulcer disease, and it was soon recognized that 
some of these procedures led to the formation of blind 
loops where bacteria could proliferate and impair di-

Sobrecrecimiento bacteriano del intes- 
tino delgado y sobrecrecimiento me-
tanógeno intestinal: ¿están sobrediag-
nosticados?

Resumen

El sobrecrecimiento bacteriano del intestino delgado se 
describió originalmente como una causa de mala digestión 
y malabsorción; su diagnóstico se basaba en el cultivo de 
aspirados del intestino delgado superior. La aplicación de 
pruebas de hidrógeno en el aliento para evaluar la sospe-
cha de sobrecrecimiento bacteriano del intestino delgado 
aumentó drásticamente la frecuencia de este diagnóstico y 
amplió su contexto clínico desde la mala digestión hasta 
incluir una serie de molestias gastrointestinales inespecífi-
cas e incluso algunas enfermedades sistémicas. Sin embargo, 
una revisión crítica de la literatura reciente sugiere que la 
dependencia de las pruebas de aliento, en particular las que 
utilizan lactulosa como sustrato, ha llevado a un sobrediag-
nóstico del sobrecrecimiento bacteriano del intestino delga-
do. Muchos aspectos del concepto actual de su diagnóstico 
son controvertidos y no están resueltos. Entre ellos se inclu-
yen los umbrales para el diagnóstico, la respuesta al trata-
miento con antibióticos y el papel del metano, el sulfuro de 
hidrógeno y otros gases que emanan de la fermentación bac-
teriana en el tracto gastrointestinal. Analizamos esos temas 
prestando especial atención al concepto de sobrecrecimiento 
de metanógenos intestinales y explorando el papel de los 
metanógenos y el metano en la homeostasis gastrointestinal. 
Abogamos por un enfoque crítico y cauteloso del diagnósti-
co del sobrecrecimiento bacteriano del intestino delgado y 
el sobrecrecimiento de metanógenos intestinales, y por una 
gran precaución en la prescripción de antibióticos. Tam-
bién tenemos interés en la aplicación de la microbiología 
molecular moderna al estudio del microbioma y el meta-
boloma del intestino delgado, incluyendo una comprensión 
más completa de la biología del metano.

Palabras claves. Sobrecrecimiento bacteriano del intestino 
delgado, intestino delgado, malabsorción, microbioma, sín-
drome del intestino irritable.

Abbreviations

SIBO= Small intestinal bacterial overgrowth.

CFU= Colony forming units.

IMO= Intestinal methanogen overgrowth.
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gestion and absorption in the small intestine.2 Indeed, 
some of the very first descriptions of what we would 
now describe as small intestinal bacterial overgrowth 
(SIBO) involved the detection of vitamin B

12
 deficien-

cy in a condition referred to as “blind loop syndrome”.3 
The subsequent recognition that this same syndrome 
could arise in other contexts, such as colo-enteric fis-
tulae, intestinal resection, or extensive jejunal divertic-
ulosis necessitated a revision of terminology. The term 
“contaminated bowel syndrome” was adopted but it 
was ultimately replaced by our current term, SIBO.4 
Even before metabolomics emerged, studies on hepatic 
encephalopathy identified the key role of bacterial me-
tabolism of protein in the lumen of the gut in the de-
velopment of the clinical manifestations of this chronic 
liver disease complication.5

SIBO as a cause of maldigestion and malabsorption

The latter half of the last century witnessed a se-
ries of seminal clinical research studies that described 
in considerable detail how the overgrowth of certain 
bacterial species, normally confined to the colon, 
could lead to maldigestion, malabsorption and even 
malnutrition.6, 7 Through their uptake of the vitamin, 
bacteria were shown to cause B

12
 deficiency and meg-

aloblastic anemia, while their production of folic acid 
produced an unusual combination of low B

12
 and el-

evated folic acid. Deconjugation of bile acids in the 
proximal small intestine disrupted fat digestion lead-
ing to steatorrhea and malabsorption of fat-soluble vi-
tamins. Direct competition between bacteria and the 
host for other nutrients, together with mucosal injury 
in more severe cases, led to hypoproteinemia, edema 
and even protein-losing enteropathy. Other metabolic 
products of bacteria and/or bacteria-host interactions 
could also generate symptoms, such as bacterial pro-
duction of vitamin K interfering with anticoagulant 
efficacy and hepatic encephalopathy generated by bac-
terial synthesis of ammonia and other neurotoxins, as 
well as the generation of d-lactic acid, acetaldehyde 
and alcohol as a result of SIBO in certain clinical cir-
cumstances.6, 7

In this scenario, where SIBO was viewed as an im-
portant cause of the malabsorption syndrome, the likely 
cause of SIBO could be predicted by an understanding of 
those factors that maintain microbiological homeostasis 
in the small intestine under healthy conditions:

1.	Gastric acid.

2.	Intestinal and pancreatic enzymes.

3.	Bile.

4.	Normal intestinal motility, including the migrating 
motor complex.

5.	An intact intestinal anatomy, including the ileoce-
cal valve/sphincter.

6.	An intact resident microbiome.

Accordingly, achlorhydria, pancreatic insufficien-
cy, disorders such as scleroderma and chronic intestinal 
pseudo-obstruction, which feature impaired motility, 
surgical procedures that led to the formation of blind 
loops, resection of the ileocecal region or disease states 
such as jejunal diverticulosis, Crohn’s disease or radia-
tion enteritis that led to stasis were all associated with the 
development of SIBO.6

In this scenario, diagnosis rested on detecting clin-
ical and laboratory evidence of maldigestion and mal-
absorption, as well as defining an excess of bacteria in 
jejunal aspirates. Based on studies correlating bacterial 
counts (particularly coliforms) with laboratory mea-
sures of maldigestion/malabsorption, a threshold of 
105 was proposed as the upper limit of normal for the 
number of colony-forming units (CFU) per ml of je-
junal aspirate. For many years, this threshold reigned 
supreme as the standard for the diagnosis of SIBO.8 
With the advent of endoscopy, sampling from the du-
odenum rather than the jejunum became the norm, 
and the threshold shifted downward to 103. How-
ever, this shift was never validated in the context of 
maldigestion/malabsorption. Regardless of the tech-
nique employed, aspirates were invasive, subject to 
contamination as the catheter traversed the upper GI 
and aerodigestive tracts, and likely underestimated the 
numbers of anaerobes.

Therefore, much effort was exerted toward devel-
oping non-invasive tests. Bile acid breath tests were 
first in line.9 In these tests, bile acids radiolabelled 
with 14C or 13C were ingested in a liquid test meal. 
When deconjugated by bacteria, CO

2
 was released, ab-

sorbed and excreted in breath samples. These tests did 
involve radiation exposure (when 14C was employed) 
and when evaluated proved inferior to aspirates. CO

2
 

excretion following ingestion of radiolabelled D-xylose 
was also evaluated as a test for SIBO,9 but the arrival 
of hydrogen breath tests led them, by virtue of their 
ease of administration and measurement, to become 
the preferred modality for the detection of SIBO in 
clinical practice. Using lactulose as the substrate, hy-
drogen breath tests had already been widely used to 
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hydrogen test - its origins, after all, lay in the assess-
ment of oro-cecal transit. Concerns regarding the im-
pact of accelerated small intestinal transit, such as may 
occur in diarrheal states and potentially exacerbated by 
lactulose itself, on the interpretation of this test were 
raised and borne out in studies that simultaneously 
tracked small bowel transit and the breath hydrogen 
peak.15 It soon became evident that rapid transit led 
to a false positive test. Comparisons with simultane-
ously performed small bowel aspirates and glucose 
breath tests further undermined the reliability of the 
lactulose breath hydrogen test and made it abundantly 
clear that the very high rates of SIBO reported with 
this test included a very significant burden of test ar-
tifact.16, 17 In one study, the false positive rate was so 
high that it failed to differentiate IBS from controls.17 
It should come as no surprise, therefore, that a multi-
national panel of experts recently recommended the 
abandonment of the lactulose breath hydrogen test in 
the diagnosis of SIBO.18

The glucose breath hydrogen test and small intesti-
nal aspirates have their own set of problems. Prevalence 
rates for SIBO are certainly lower when glucose is used 
as the substrate for a hydrogen breath test, and positive 
tests are more frequent among IBS subjects than among 
controls,17 but false positive tests do occur, albeit at a 
much lower rate than when lactulose is the substrate. 
For example, Lin and Massey reported a 45% false pos-
itive rate for glucose breath tests due to rapid transit.19 
For aspirates, whether obtained from the jejunum or 
duodenum, contamination with microbes in the upper 
aerodigestive tract and protection of strict anaerobes 
from exposure to oxygen can be a problem. Innovations 
in catheter design have minimized the impact of con-
tamination but preservation of anaerobes remains an 
issue.20, 21

At least two meta-analyses have examined the out-
comes of diagnostic tests for SIBO among subjects 
with IBS. Both found that SIBO prevalence in IBS is 
highly dependent on test modality, with the highest 
rates being noted with a lactulose breath test and the 
lowest with aspirates that define SIBO at a threshold 
of 103.16, 17 In the meta-analysis performed by Shah 
and colleagues, heterogeneity was extremely high for 
all tests, with the exception of the glucose breath test. 
This undoubtedly contributed to their finding that 
SIBO prevalence was no different from that in the 
control group when using the LBHT or aspirates and 
cultures interpreted based on a cut-off of threshold of 
105.17 (Table 1).

measure oro-cecal transit10 and the lactulose breath hy-
drogen test (LBHT) was rapidly adopted as a test for 
SIBO in clinical practice. Yes, it was easy to perform 
and seemed even easier to interpret, but there was a 
problem that plagues the field to this day. Pandora’s 
box had been opened!

SIBO - beyond maldigestion and maldigestion - the 
era of hydrogen breath tests

About 40 years ago, the senior author of this review 
(EMMQ), while still a trainee, was asked to give two 
lectures on the pathophysiology of maldigestion and 
malabsorption to medical students. This was his first 
introduction to SIBO and, upon reading the textbooks, 
he marvelled at how the symptoms resulting from SIBO 
could be explained by bacterial disruption of various 
digestive processes. One moved seamlessly from risk 
factors to pathophysiology to symptoms and their treat-
ment. A very neat package, indeed.

Since then, to quote the great Irish poet, William 
Butler Yeats, “all changed utterly”. The application of 
LBHT testing to individuals with irritable bowel syn-
drome (IBS), chronic bloating, and other GI and non-
GI symptoms led to an apparent epidemic of SIBO. In 
the initial, seminal studies, SIBO was diagnosed in up 
to 84% of IBS subjects based on LBHT results. Inev-
itably, antibiotics, initially neomycin and later rifax-
imin, came to be prescribed and encouraging results 
were reported.11, 12 Indeed, rifaximin ultimately came 
to be approved in the US for non-constipated IBS,13 
but it is important to note that in the pivotal, phase III 
study on which this approval was based, breath testing 
was performed in only a small minority of subjects at 
baseline,14 so this was a study on non-constipated IBS, 
not on SIBO in IBS. It should also be noted that the 
therapeutic gain for rifaximin in IBS was small, around 
7 - 10%.13 So, to again paraphrase Yeats, had “a terrible 
beauty been born”? Was SIBO the main cause of IBS or 
was something else going on?

Several factors led to the almost universal adoption 
of hydrogen breath tests for the diagnosis of SIBO in 
the United States. Of these, ease of performance and 
acceptability to the patient were foremost. The test 
could be readily performed and interpreted in the gas-
troenterologist’s office. Over the subsequent decades 
studies employing lactulose as the substrate demon-
strated apparently high prevalence rates for SIBO, not 
only in IBS, but across a wide range of gastrointestinal 
and systemic disorders. Notes of caution were evident 
at an early stage in the history of the lactulose breath 
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The diagnostic thresholds for all of these tests re-
main contentious, and variations in their definition 
are a major contributor to the uncertainty surround-
ing the interpretation of these tests. Should the cut-
off for an aspirate be 103 or 105? The latter, though 
time honoured, was developed on the basis of aspirates 
taken from the proximal jejunum. Given the luminal 
conditions extant in the duodenum, a lower threshold 
seems logical and has been widely employed, but has 
it been validated? Studies comparing aspirates and mi-
crobiome populations (evaluated by high-throughput 
sequencing) in the lumen or at the mucosal surface have 
provided conflicting results, with some demonstrating 
a high degree of correlation between aspirates and an 
altered microbiome and others failing to demonstrate 
any significant relationship.22-28 Turning to hydro-
gen breath tests, two issues need to be addressed: At 
what time after substrate ingestion is a peak regarded 
as “early”, and what rise in parts per million (ppm) 
should be regarded as significant? Various intervals 
have been proposed with the North American Con-
sensus on Hydrogen and Methane-Based Breath Test-
ing in Gastrointestinal Disorders recommending that 
peaks noted before 90 minutes have elapsed should 
be regarded as reflecting bacterial fermentation with-
in the small intestine.29 Given that oro-cecal transit 
rates as rapid as 48 ± 6 minutes have been reported 
with a 10 g dose of lactulose30 when administered as a 
drink (without a meal),  and that others have noted a 
mean oro-cecal transit time of 75 minutes with 80 g of 
glucose,19 the problems with a 90-minute cut-off be-
come glaringly obvious, as revealed in a recent study.31 

Mode of Diagnosis	 Number of Studies	 Prevalence in IBS	 Prevalence in Controls	 OR IBS v Controls	 Heterogeneity

All Breath Tests	 20	 35.5	 29.7	 4.4	 80.2

LHBT	 8	 62.3	 33.5	 3.5 (NS)	 89.1

GBT	 9	 20.7	 4.4	 6	 0

Culture > 105	 5	 13.9	 5.0	 1.9 (NS)	 83.7

Culture > 103	 5	 33.5	 8.2	 3.7	 85.7

Table 1. Comparison of the results of various tests for small intestinal bacterial overgrowth (SIBO) among subjects with 
irritable bowel syndrome (IBS). Based on Shah et al 17

LHBT = lactulose breath hydrogen test. GBT = glucose breath test. OR = odds ratio.

With regard to what degree of rise in breath hydrogen 
from baseline is considered significant, the North Amer-
ican Consensus defined a rise of ≥ 20 ppm as indicative 
of a positive test;29 a threshold that seems to accord 
with clinical features but has not been rigorously test-
ed in terms of predictability for therapeutic response. 
Criteria for a significant rise in methane will be dis-
cussed later in this review.

The clinician will ask the critical question - do 
any of these test parameters predict therapeutic re-
sponse? Here we have surprisingly limited data and 
what is available is not of the highest quality. Var-
ious antibiotic regimens have been advocated over 
the years, but few have been subjected to the rigor of 
adequately powered, randomized placebo-controlled 
clinical trials. The limitations of the available litera-
ture on antibiotic therapy in SIBO were laid bare in 
a recent meta-analysis that concluded that while an-
tibiotics appeared to be efficacious in treating SIBO, 
small sample sizes and poor data quality limited this 
interpretation.32 They also noted that symptomatic 
response rates to antibiotics in IBS appeared to be 
higher in IBS patients with SIBO.32 As mentioned 
above, a small number of subjects enrolled in the 
pivotal trial that led to the approval of rifaximin in 
non-constipated IBS in the US underwent breath 
testing before and after treatment with rifaximin.14 
While a positive baseline LBHT was predictive of a 
better response to rifaximin, and three-quarters of 
those who responded to rifaximin had switched from 
a positive to a negative breath test after treatment, 
56% of those who remained positive after treatment 
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Figure 1. Methane Biosynthesis in the human gastrointestinal tract
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were also designated as responders.14 Large multi-
center studies of antibiotic efficacy in SIBO related 
to IBS are clearly needed. Another major issue for 
the clinician is recurrence. One study reported a re-
currence rate of just under 44% (as indicated by glu-
cose breath test positivity) following SIBO antibiotic 
therapy.33 While rifaximin, perhaps the most widely 
prescribed antibiotic for SIBO, has been shown to 
retain efficacy on repeat therapy34 clinicians must be 
aware of the specter of antibiotic resistance, which 
is a global public health concern. Although rifax-
imin has traditionally been considered low-risk for 
the induction of antibiotic resistance,35 recent reports 
on the emergence of resistance to important human 
pathogens among individuals on long-term rifaximin 
therapy for hepatic encephalopathy36, 37 are, therefore, 
concerning.

First, the clinician must be absolutely sure that SIBO 
is present and responsible for the patient’s symptoms. 
Second, the clinician must be sure that persistent or 
recurrent symptoms are still attributable to this diag-
nosis. Otherwise, repeated courses of broad-spectrum 
antibiotics will be prescribed to address non-specific 
symptoms and/or assuage patients convinced that they 
have SIBO and need another round of antibiotics, with 
deleterious outcomes for the patient and the commu-
nity. As clinicians, it is our responsibility to accurately 

diagnose SIBO and embark on treatment only when 
convinced that SIBO is really evident and relevant to 
the patient’s symptoms and clinical context. This is 
clearly much easier in the setting of maldigestion and 
malabsorption but challenging in a scenario where nei-
ther is evident and symptoms are non-specific.

Intestinal Methanogen Overgrowth – Methane is 
added to the equation

Most commercially available breath testing equip-
ment now provides a readout of methane levels, in ad-
dition to hydrogen levels in breath samples. This led 
to a dramatic increase in the reporting of what is re-
ferred to as intestinal methanogen overgrowth (IMO). 
Before we discuss the diagnosis and management of 
IMO let us review what we know of the biology of 
methane.

The appearance of methane in human breath de-
rives from the actions of a group of Archaeal micro-
organisms referred to as methanogens in the human 
gastrointestinal tract. By combining carbon (from 
carbon dioxide) with hydrogen, methanogens such as 
Methanobrevibacter smithii produce methane. Since 
four molecules of hydrogen are utilized to produce one 
molecule of methane, this reaction not only reduces 
the concentration of hydrogen but also the total intra-
luminal gas volume38, 39 (Figures 1 and 2).
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Although proportions vary, largely due to sampling 
technique, it is estimated that approximately one-third 
of the Western population produces methane,39 and 
this proportion has remained relatively stable over the 
last several decades.40

Methane production is influenced by both genetic 
and environmental factors.39 Early twin studies with 
breath samples of 274 twin pairs found that methane 
excretion was attributed more to shared and unique 
environmental effects than to genetic effects.41 En-
vironmental factors include low-fat intake and low 
vitamin B

12
 intake, which increase methanogen pop-

ulations.42 
However, a more recent study of methanogen 

carriage, measured using the mcrA gene as a marker, 
showed a concordance rate of 74% in monozygot-
ic twins versus 15% in dizygotic twins, indicating a 
strong host genetic influence on the presence of gut 
methanogens.43

Archaea and Methanogens

Archaea are microorganisms that form a domain 
distinct from bacteria. Although similar in size and 
general morphology to bacteria, distinguishing fea-
tures include the ability to perform methanogenesis 
and the absence of peptidoglycan in the cell wall. 
They also have a more complex RNA polymerase 
which is similar to that of eukaryotes.44 Methanogens 
are one group of the domain Archaea and are strict 
anaerobes.44

The presence of methanogens is influenced by 
several factors, some of which are undoubtedly in-
terrelated: stool consistency, bile acid concentrations, 
oxygen tension, and proximity to bacterial popula-
tions.44 Methanogens are most common in areas of 
the GI tract where stool is more solid, notably the 
left colon.39, 40

Normally, only a small amount of primary bile 
acids gains access to the colon, where they undergo 
biotransformation to secondary bile acids through 
interaction with gut microbiota.45 These primary 
and secondary bile acids, particularly in their lipo-
philic, unconjugated forms, act as detergents and 
disrupt cell membranes.45 This leads to bacteriostat-
ic and bactericidal effects on susceptible bacteria.46 
However, certain bacterial species, including Salmo-
nella, E. coli, and Campylobacter, exhibit tolerance to 
bile acids.45 

Methanogens, on the other hand, are poorly tol-

erant. Exposure to higher concentrations of bile ac-
ids, particularly unconjugated ones, results in a par-
allel decline in methane production and an increase 
in hydrogen concentration.47

Methanogens can only survive in an environment 
where they can maintain intimate contact with cer-
tain bacteria, as they need these bacteria to process 
polymers into usable substrates (Figure 2).

Polysaccharides, lipids, and proteins all need to 
undergo hydrolysis, fermentation, and acetogenesis 
before they can be used by methanogens. Benefits are 
mutual.

The aforementioned end products of bacterial me-
tabolism, such as hydrogen, formate, and acetate, can 
become toxic to the bacteria through acidification of 
the milieu (Figures 1 and 2); however, methanogens 
can minimize their accumulation.48 Factors promot-
ing these syntropic relationships between bacteria and 
methanogens include short interspecies distances for 
metabolite transfer (thus the relationship to a more 
solid stool), as well as the presence of bacteria that, 
like methanogens, are slow-growing and can provide 
a predictable supply of the metabolites required by 
methanogens.48

Examples of such bacteria include the genera 
Christensenella and Bacteroides.48 This interaction be-
tween methanogens and bacteria can disrupt the mi-
crobiome in one of two ways48 (Figure 2):

1. An increased methanogen population requires 
bacteria to generate more products for methano-
gen metabolism, thereby altering bacterial popu-
lations, or,

2. A decreased methanogen population will be un-
able to create an environment capable of support-
ing appropriate bacteria due to the accumulation of 
toxic metabolites.

However, current evidence does not support clas-
sifying methanogens as pathogens or pathobionts, 
and there is no definitive proof that their absence or 
presence directly causes disease.48 It seems more likely 
that methanogens may influence health via their inter-
actions with bacteria and their role in stabilizing the 
microbiome.48

Due to this relationship between bacteria and meth-
anogens, a potential role for methanogens as probiotics 
has been suggested.48
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Figure 2. Syntropic relationships between bacteria and methanogens

Factors promoting the
activity of methanogens:

+ proximity to
syntrophic bacteria

+ substrate availability

Factors inhibiting
the activity of
methanogens

- O2

- bile acids

Methanogenic
archaea

CO2  +  4H2  �� CH4 +

2H2O

Methanogens rely on bacteria to produce metabolites which methanogens utilize; by utilizing these metabolites methanogens prevent the accumulation of these same meta-
bolites which can become toxic in high concentrations.

Lipids

Proteins

Polysaccharides

Gut Bacteria

Hydrolysis
 Fermentation
Acetogenesis

Suppress
Bacteria

Methanogens

Consume H2
(Formate, Acetate)

H2

Formate

Acetate

Methan

Toxic
accumulation

Methane and Constipation 
In clinical medicine, much of the interest around 

methane and methanogens relates to a proposed role 
for methane in the pathogenesis of constipation. One 
of the first studies to describe an association between 

methane and bowel function was a report of an associ-
ation between elevated levels of methane in the breath 
and encopresis (but not constipation) in children, with 
methane being present in the breath samples of 15% of 
the control children and 65% of encopretic children.49
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Subsequently, a study of 551 subjects, 296 of whom 
had IBS, found that the severity of constipation symp-
toms (evaluated via a questionnaire) correlate with meth-
ane excretion on a lactulose breath test.50 Additionally, 
a study of 87 IBS patients found that greater methane 
production on a lactulose breath test correlated with in-
creased constipation severity, fewer bowel movements 
per day, and harder stool.51

Recently, a systematic review and meta-analysis of 
19 studies, encompassing 1,293 individuals with IMO 
and 3,208 controls, found that constipation occurred 
in 47% of IMO patients in comparison to 38% of 
controls. While this association held true regardless of 
whether glucose or lactulose was used as the substrate 
for the breath test or the study was prospective or ret-
rospective, there were limitations - not every study 
used verified symptom questionnaires, the diagnosis 
for IMO was not standardized, and not all breath tests 
were performed according to guidelines. Important-
ly, there was also significant heterogeneity between 
studies.52

These findings beg the question: Is methane the 
cause of constipation or a mere consequence?

Impacts of methane on intestinal function

There are limited data on the impact of methane 
on intestinal motility or secretion, which are pivotal 
factors to the pathogenesis of constipation. One study 
evaluated the impact of methane infused into the small 
intestine of dogs on intestinal transit time; compared 
to an infusion of room air, methane slowed small in-
testinal transit by 59%.53 In other components of this 
work, exposure of guinea pig ileum to methane gas 
increased contractile activity, and a retrospective re-
view noted that methane-producing IBS subjects had 
a higher small bowel motility index (as measured by 
small bowel manometry) than those who produced 
hydrogen. To explain the seemingly contradictory re-
sults from the dog experiments and the guinea pig and 
human studies, the authors suggested that methane 
promoted non-propulsive contractions and thereby 
impaired transit.53

Previously, Jahng and colleagues noted that meth-
ane delayed ileal peristaltic conduction velocity by 
augmenting contractility in guinea pigs.54 Hydrogen 
shortened colonic transit, and that effect was more 
prominent in the proximal colon than the distal colon. 
While these studies demonstrate an effect of methane 
on small intestinal motility, it is unlikely that such an 
effect contributes to constipation given the modest 

contribution of small intestinal transit time to the time 
it takes to transit from the mouth to the anus.

A small number of studies have examined relation-
ships between constipation and gastrointestinal transit 
in humans. In one study, 96 patients with chronic con-
stipation and 106 control subjects underwent measure-
ments of colonic transit time using the radio-opaque 
marker technique and glucose breath tests to define 
IMO. Patients with chronic constipation were more 
likely to be methane producers, and within this group, 
those with slower transit times were more likely to ex-
hale methane. A methane concentration of ≥ 3 ppm 
was present in breath testing of 75% of constipated 
patients with slow transit time, 44% of constipated pa-
tients with normal transit time, and 28% of non-con-
stipated controls.55

Talamantes and colleagues compared breath test 
results (using either lactulose or glucose as substrate), 
transit times and intraluminal pH values (measured by 
a wireless motility capsule) along the gastrointestinal 
tract among 196 subjects. They found that colonic 
transit time (CTT) was significantly longer in patients 
with breath tests that were positive on hydrogen and/
or methane criteria (40 h : 29 min) compared to those 
with negative breath tests (28 h:51min). In those with 
IMO, small bowel transit time (SBTT) was somewhat 
delayed (5h : 15 min vs 4 hr : 32 min) and CTT pro-
longed (44 hr : 23 min vs 28 hr : 51 min) compared to 
patients with negative results.56 This also suggests that 
the main effect of methane in relation to constipation 
relates to impacts on the colon, not the small intestine. 
These studies do not, of course, determine whether 
methane is a consequence or a cause of constipation.

Constipation as a cause of methane production

How does gut transit influence the composition of 
the microbiome? Many factors influence the wide in-
ter-subject variability in transit, including host sex, 
age, intestinal length, and dietary considerations such 
as carbohydrate, fat, and fiber intake. However, it is 
also evident that there is a bidirectional relationship 
between transit time and the fecal microbiome.57 For 
example, longer colonic transit times alter the luminal 
milieu by increasing pH in the distal colon, decreasing 
carbohydrate availability, increasing proteolytic bacte-
rial metabolism, and enhancing microbial conversion 
and reabsorption of bile acids.57 Longer transit times, 
including slower stool movement, more solid stool, and 
altered bile acid concentrations, create an environment 
favorable for methanogen proliferation.57
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The effects of transit on the microbiome were 
demonstrated in studies using the 3-stage Environmen-
tal Control System for Intestinal Microbiota (3S-EC-
SIM) in vitro system. Prolonging transit times from 
48 hours to 96 hours promoted a bloom of Clostridi-
um cluster XIV and potentially favorable conditions for 
the growth of methanogens, although archaea were not 
enumerated in this study.58

Similar effects have been demonstrated in humans; 
when transit was pharmacologically delayed by loper-
amide, methanogen counts in fecal samples increased, 
and concentrations of methane in the breath were high-
er. In contrast, the prokinetic agent cisapride was shown 
to decrease methanogen counts.59

Intestinal Methanogen Overgrowth (IMO) – diag-
nostic issues

Relationships between breath methane levels and 
methanogen populations are complex. For example, it 
has been shown that the absence of methane on breath 
test should not be interpreted as reflecting an absence 
of methanogens in the GI tract; indeed, Methanobre-
vibacter smithii has been detected in the stool of those 
with positive and negative lactulose breath tests.60 

Moreover, a population density of at least 4.2 × 105 
copies per gram of stool, or 1.2% of total gut bacteria, 
is needed to produce a breath test positive for meth-
ane.60 Aditionally, Di Stefano and colleagues found 
that the correlation between rectal and breath levels of 
methane was poor.61

Various criteria for breath test positivity in relation 
to methane have been proposed, contributing to un-
certainty regarding the percentage of the population 
that are methane producers39 and, in the clinical are-
na, on the diagnosis of what is referred to as IMO. 
The North American Consensus recommended that a 
breath methane level of ≥ 10 ppm above baseline at 
any time after substrate (either lactulose or glucose) in-
gestion was indicative of small intestinal methanogen 
overgrowth.29 The clinical relevance of this threshold 
will ultimately be validated by its ability to guide suc-
cessful therapy.

Do interventions that suppress methanogens have a 
clinical impact?

To date, unfortunately, there have been few high- 
quality trials of any intervention targeting methano-
gens or methane production. Some data exist regarding 
the use of dietary interventions to modulate methano-
gen populations. One retrospective review assessed the 

impact of an elemental diet on 93 patients with IBS. 
After 21 days on this diet, 85% had normalized their 
lactulose breath tests and symptoms such as diarrhea 
and constipation had improved in parallel.62 Similar 
effects were reported in a case study.63 Additionally, 
a response to a low-FODMAP diet has been linked 
to higher levels of fecal methanogens at baseline.64 
Whether this diet reduces methanogen populations or 
breath hydrogen levels has not been established.

In relation to treatment, some antibiotics have been 
shown to be effective against methanogens in both in 
vitro sensitivity testing and in vivo studies.65 In vitro, 
M. smithii strains displayed strong resistance to am-
picillin, streptomycin, gentamicin, rifampicin, oflox-
acin, tetracycline, amphotericin B, and vancomycin, 
moderate resistance to chloramphenicol, and suscep-
tibility to bacitracin, metronidazole, ornidazole, and 
squalamine.65 Due to differences in bacterial, fungal 
and archaeal structure, methanogens were resistant 
to agents that target bacterial cell walls (ampicillin, 
vancomycin) or ergosterol in fungal cell membranes 
(amphotericin B). Additionally, because archaeal RNA 
polymerases are more related to eukaryotic RNA poly-
merases than bacterial, methanogens are resistant to 
rifampicin which inhibits bacterial RNA polymerase. 
The resistance to ofloxacin can be explained via a 
weaker drug interaction with the archaeal equivalent 
of DNA gyrase, as well as efflux pumps encoded by 
methanogens. Finally, methanogens possess genes that 
make them resistant to chloramphenicol, streptomy-
cin, and gentamicin. As for the antimicrobials effec-
tive against methanogens, metronidazole can damage 
methanogen DNA, bacitracin can interrupt pseudo-
murein in the cell walls of M. smithii, and squalamine 
may depolarize organisms.65

Turning to clinical studies, a subanalysis of a dou-
ble-blind randomized controlled trial focusing on pa-
tients with IBS-C and a positive methane breath test 
result showed that 44% of those who received neo-
mycin experienced an improvement in constipation 
compared to only 5% of those administered a place-
bo.66 The beneficial effects of antibiotics in addressing 
methanogens and improving constipation have also 
been demonstrated in case reports.67 Similar benefits 
have been demonstrated for the probiotic Lactobacillus 
reuteri.68, 69

Recently, statins have been explored as a therapeu-
tic strategy. Statins (especially lactone statins) are taken 
up by Methanobrevibacter smithii, where they inhibit 
the biosynthesis of archaeal cell membranes by target-
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ing HMG-CoA reductase. An advantage of statins over 
antibiotics is that statins only target archaea, leaving 
bacterial communities untouched.70 One in vitro study 
verified this effect, and showed that increasing doses 
of lovastatin resulted in lower methanogen growth and 
methane production.71

Methanogens in the Small Intestine

When comparing the environments of the small in-
testine and the large intestine, factors such as flow rate, 
bile acid concentration, and oxygen tension are import-
ant considerations for the survival and proliferation of 
methanogens.

The colon can support obligate anaerobic bacteria 
and methanogens due to its high microbial density, 
the availability of carbohydrates that humans cannot 
digest, low oxygen tension, and low concentrations of 
primary bile acids.72 In contrast, the small intestine has 
an overall low microbial density due to high flow rate 
and secretion of bile acids.73 Additionally, host absorp-
tion of easily digestible carbohydrates in the proximal 
small intestine will limit access for microbes to these 
resources.74 Oxygen tension along the gut is one of the 
most important factors determining the survival and 
growth of obligate anaerobes such as methanogens. In 
the GI tract, both longitudinal (along the length of the 
intestine from mouth to anus) and transversal (from 
lumen to mucosa) oxygen gradients are evident. How-
ever, reported values for these gradients vary widely 
depending on the measurement method, sampling 
location (luminal vs. juxtamucosal), and species stud-
ied.75 A longitudinal gradient from 58 mmHg in the 
stomach to 32 mmHg in the duodenum and 3 mmHg 
in the sigmoid colon was demonstrated in mice us-
ing spectral-spatial electron paramagnetic resonance 
(EPR) imaging to measure luminal pO

2
.76 In terms of 

a radial gradient, EPR oximetry in rats showed that 
oxygen tension in the small intestine is highest in 
the intestinal wall (~54.5 mm Hg) and lowest in the 
lumen (~9.6 mm Hg).77 Again, reported values vary 
widely, but regardless of the exact numbers, a radial 
gradient is well supported.78-80 This potentially creates 
areas in the small intestine where methanogens could 
survive.81 Nonetheless, given the much less hospitable 
environment of the small intestine, can methanogens 
even exist there?

The limited available data on methanogens in the 
small intestine does not provide a clear answer. An 
analysis of gas composition in various sections of the 
GI tract in slaughtered pigs failed to detect methane in 

the stomach or small intestine, and detected minimal 
levels in the proximal colon and cecum and higher lev-
els in the distal colon.82 In contrast, very recent studies 
by Villanueva-Millan and colleagues support the pos-
sibility that methanogens are present in the proximal 
small intestine. Using shotgun metagenomics, they 
detected methanogens and hydrogen sulfide-produc-
ing bacteria in the human duodenum. They also cor-
related their presence with the detection of methane 
and hydrogen sulfide, respectively, in the breath.81 
These findings are suggestive, but not conclusive, as 
methanogen viability was not defined.  In the absence 
of such evidence, it is possible that non-viable meth-
anogens passaging through from the oropharynx were 
being detected.

Difficulties in Studying the Small Intestine – How 
New Technologies May Move Us Forward

Challenges with access, in particular, and with re-
trieving representative microbiome samples have limit-
ed our ability to study the small intestine and our un-
derstanding of the human small intestinal microbiome 
in health or disease.83

Due to these difficulties, various systems have been 
developed in an attempt to model the human small in-
testine. In vitro options have included the Simulator of 
the Human Intestinal Microbial Ecosystem (SHIME) 
model84 and TNO (Toegepast Natuurwetenschappeli-
jk Onderzoek, Netherlands Organization for Applied 
Scientific Research) Intestinal Model (TIM).85 While 
these systems can simulate luminal conditions in the 
small intestine, there are limitations, including the ab-
sence of an epithelial or mucosal layer, a microbiome 
that may not be representative of the complete small 
intestinal microbiome, and the near impossibility of 
recreating the complexities of intestinal motor activity. 
Additionally, validation is challenging, as the human 
small intestine cannot be readily examined for com-
parison.83

In vivo, pigs are the best animal model to represent 
human small intestinal physiology. Like humans, pigs 
are omnivores and share comparable dietary needs. 
Their gastrointestinal systems exhibit similar gene 
regulation, transit times, structural features, nutrient 
absorption processes, and a gut microbiota predomi-
nantly composed of Firmicutes and Bacteroidetes. Ad-
ditionally, the mucosal barrier in pigs closely resembles 
that in humans, contributing to shared vulnerability to 
certain pathogens. The relevance of human-microbio-
ta-associated (HMA) gnotobiotic pigs, which are col-
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onized with human gut microbes, for studying human 
gastrointestinal health, is further enhanced.86 In fact, 
these HMA pigs have been commonly used to study 
probiotics, prebiotics, and immune responses.87

Until recently, samples from human subjects have 
been derived exclusively from the most proximal and 
distal reaches of the small intestine. The challenges of 
duodenal and proximal jejunal sampling have already 
been discussed. At the other end of the small intestine, 
samples have been obtained from the distal regions us-
ing various methods, including naso-intestinal tubes,88 
colonoscopic intubation of the distal ileum to obtain 
biopsies or aspirates,89 and collection of effluent from 
patients with ileostomies.90 All of these approaches 
have limitations.

Innovations in capsule technology may soon per-
mit sampling along the length of the small intestine. 
On the one hand, capsules have been developed that 
can provide “live” readouts of luminal gas concen-
trations as the capsule transits the gastrointestinal 
tract,91-94 thus providing insights into one aspect of 
microbial metabolism. On the other hand, systems are 
already available that can sample intraluminal con-
tents at pre-defined locations along the small intestine 
and colon.95 These capsules incorporate a collection 
bladder and a one-way valve that allows for sample 
collection (400 µl of luminal contents) after opening 
in an environment with a certain pH.95 These capsules 
were used in a study of 15 healthy individuals who 
each ingested 4 capsules designed to dissolve at a spe-
cific location along the intestinal tract. Simultaneous 
sampling of stool and saliva revealed the inadequacies 
of stool and saliva samples in reflecting the small in-
testinal microbiome. A longitudinal gradient of mi-
crobiota and metabolites was evident, and distinct 
microbial communities and metabolic profiles were 
noted in different gut regions. As expected, bile acid 
profiles varied along the gut and correlated with the 
presence of specific microbial populations.95 Further 
refinements in capsule technology may soon provide 
a comprehensive description of the human small in-
testinal microbiome and metabolome and provide the 
basis for studies in disease states with an accompany-
ing revision of the definitions of SIBO and IMO.

Conclusions

SIBO has witnessed a dramatic shift in its scope 
in recent years, evolving from a relatively uncommon 
cause of malabsorption and maldigestion among indi-
viduals with a surgically modified or diseased intestine, 

to being implicated in the pathogenesis of common 
chronic digestive and systemic complaints. Along the 
way, technical advances have permitted the sampling 
of not just hydrogen but also methane and hydrogen 
sulfide in the breath, leading to the introduction of new 
concepts such as IMO. The use of lactulose as the sub-
strate for hydrogen breath tests generated a high rate 
of false positive tests, leading some to suggest that it 
should be abandoned as a test for SIBO or IMO. Glu-
cose breath tests are more reliable but also susceptible to 
some artifact. Meanwhile, the development of catheters 
that reduce the likelihood of contamination from oro-
pharyngeal or gastric microbes and protect anaerobes 
have regenerated enthusiasm for aspiration of small in-
testinal contents. This approach will prosper in research 
but it is unlikely to enter routine medical practice. Nov-
el capsule technologies promise to provide non-invasive 
yet detailed analyses of the small intestinal microbiome 
and metabolome. A review of the biology of methane 
production and the physiological effects of methane in 
the gastrointestinal tract reveals considerable complexi-
ty and some uncertainty. Whether methane is generated 
to a physiologically relevant extent in the small intestine 
is unclear and the relationship between methane and 
constipation (whether it is a cause or a consequence) 
continues to be debated.
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