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SUMMARY

Background
The symptoms and signs of small intestinal bacterial overgrowth (SIBO)
are often identical to a variety of diseases and can lead to diagnostic confu-
sion.

Aims
To review the diagnostic options for SIBO and present new investigative
options for the condition.

Methods
A literature search was performed on MEDLINE, EMBASE and Web of
Science for English articles and abstracts. Search terms included free text
words and combinations of the following terms ‘small intestinal bacterial
overgrowth’, ‘small bowel bacterial overgrowth’, ‘diagnostic tests’, ‘treat-
ment’, ‘antibiotics’, ‘probiotics’, ‘metabonomics’, ‘proton nuclear magnetic
resonance spectroscopy’, ‘electronic nose’ and ‘field asymmetric ion mobility
spectrometry’.

Results
All of the available methods to test for SIBO have inherent limitations and
no ‘gold-standard’ diagnostic test for the condition exists. Accurate diagno-
sis of SIBO requires identification of bacterial species growing inappropri-
ately within the small intestine and symptom response to antibiotics.
Proton nuclear magnetic resonance spectroscopy, electronic nose technology
and/or field asymmetric ion mobility spectrometry may represent better
investigative options for the condition.

Conclusions
Novel diagnostic options are needed to supplement or replace available
tests.
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INTRODUCTION
In the healthy human host, there are intrinsic mecha-
nisms that control the number and composition of the
microbiota in different regions of the gastrointestinal
(GI) tract. Gastric acid destroys many bacteria before
they leave the stomach. Once in the small intestine, bili-
ary and pancreatic secretions limit bacterial growth; an-
tegrade peristalsis in the small intestine reduces luminal
growth potential; the intestinal mucus layer traps bacte-
ria and the ileo-caecal valve inhibits retrograde transloca-
tion of bacteria from the colon into the ileum. Clinical
conditions associated with small intestinal bacterial over-
growth (SIBO) are shown in Table 1.

There is no consensus as to a definition for SIBO. As
a result, its true prevalence and relationship with other

clinical disorders remain uncertain. The most commonly
cited definition is quantitative: 105 or more colony-form-
ing units per millilitre (CFU/mL) of bacteria grown from
a small intestinal aspirate.1 However, many patients with
a wide range of GI conditions and symptoms have
increased bacterial counts in the small intestine com-
pared with healthy controls and older age also correlates
with rising counts of small intestinal strict anaerobes,
although total bacterial counts generally remain below
105 CFU/mL.2

Some authors suggest that the presence of upper
respiratory bacteria in SIBO is clinically significant, but
the presence of these organisms is not clearly associated
with abnormal GI symptoms.3 To date, it is only intesti-
nal overgrowth with microbiota that commonly colonise
the colon (mainly Gram-negative, strict anaerobes and
Enterococci) that is clearly linked to a pathological state
characterised by abnormal GI symptoms. If these bacte-
ria are eradicated by antibiotics, then the symptoms
resolve.48, 49

There are three common approaches towards diagnos-
ing the condition: the first is the traditional approach of
classifying it in quantitative terms in a microbiological
context; the second is the breath testing technique using
carbohydrates (e.g. glucose and lactulose); the third uses
the symptomatic response to a trial of antibiotics. Two
or three of these techniques are often combined for a
more robust approach.

LITERATURE SEARCH
A literature search was performed using the MEDLINE,
EMBASE and Web of Science databases. The search was
not date-restricted but was limited to abstracts and arti-
cles published in English. Search terms included free text
words and combinations of the following terms ‘small
intestinal bacterial overgrowth’, ‘small bowel bacterial
overgrowth’, ‘diagnostic tests’, ‘treatment’, ‘antibiotics’,
‘probiotics’, ‘metabonomics’, ‘proton nuclear magnetic
resonance spectroscopy’, ‘electronic nose’ and ‘field
asymmetric ion mobility spectrometry’.

CLINICAL FEATURES OF SIBO
Patients with SIBO may be clinically asymptomatic or
have symptoms that fit the diagnostic criteria of irritable
bowel syndrome (IBS). There are few studies, which have
focused on identifying the predominant clinical symp-
toms in patients with SIBO. Those that have, suggest
that the most common symptom caused by SIBO is diar-
rhoea, followed by abdominal pain and then bloating
(Table 2).

Table 1 | Reported prevalence of small intestinal
bacterial overgrowth in normal populations and disease
states

Reported prevalence of
SIBO (references)

Normal populations
Healthy study controls 0–20% 4–12

Dysmotility/gut wall injury
Coeliac disease 9–67% 13–15
Connective tissue diseases,
e.g. scleroderma

43–55% 16, 17

Crohn’s disease 25–88% 18–20
Diabetes mellitus 8–44% 10, 21
Hypothyroidism 54% 22
Nonspecific dysmotility 76% 23
Radiation enteropathy 26% 24
Ulcerative colitis 81% 25

Miscellaneous
Chronic fatigue syndrome 81% 20
Chronic pancreatitis 34–92% 26, 27
Drug-induced inhibition
of acid secretion

26–75% 4, 23, 28

End-stage renal failure 36% 29
Fibromyalgia 93% 20
Irritable bowel syndrome 4–78% 6, 11, 30–33
Immunodeficiency syndromes 30–50% 34, 35
Liver cirrhosis 17–36% 36, 37
Obesity 17–41% 5, 38
Parenteral nutrition 70% 39
Rosacea 46% 40

Neuromuscular diseases
Muscular dystrophy 65% 41
Parkinson’s disease 54% 42

Surgery
Abdominal surgery 82% 43
Bilateral truncal vagotomy 93% 44
Gastrectomy 63–78% 45, 46
Ileocaecal valve resection 32% 19
Roux-en-Y reconstruction 86% 47
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Although many other symptoms have been described
in SIBO, the significance of these symptoms is difficult
to ascertain, given that the majority of studies have not
used validated symptom questionnaires. Moreover, some

studies describe patients with one symptom, where
others describe patients with up to 20 abnormal
symptoms. Other features of SIBO have also been iden-
tified, namely signs of nutrient malabsorption: weight

Table 2 | Studies that have identified symptoms associated with small intestinal bacterial overgrowth

Reference
Study type and
patient group Sample size

Test(s)
for SIBO

GI symptoms
assessed

Patients with a positive test for SIBO

Number
% Patients with
symptoms P value†

28 Case series, G-O
reflux on PPIs

n = 42 Glucose hydrogen
breath test

n = 7 n = 11 Bloating (59%) <0.001

Diarrhoea (50%) <0.001
Flatulence (55%) <0.001
Pain (50%) <0.001

4 Prospective, G-O
reflux on PPIs
and IBS patients

n = 450 Glucose hydrogen
breath test

n = 5 n = 152 Bloating (50%) N/A

Constipation (10%) N/A
Diarrhoea (30%) N/A
Pain (10%) N/A

58 Case reports,
elderly

n = 5 14C-glycocholic
acid breath test

Not described n = 5 Diarrhoea (60%) N/A

Weight loss (100%) N/A
59 Case reports,

children
n = 9 Aspirate and

culture lactulose
breath test

Not described n = 9 Diarrhoea (89%) N/A

Pain (11%) N/A
16 Case series,

systemic sclerosis
n = 51 Glucose hydrogen

methane breath
test

n = 11 n = 22 Bloating (86%) <0.001

Constipation (77%) 0.02
Diarrhoea (59%) <0.001
Fever (18%) 0.03
Pain (50%) 0.003
Tenderness (55%) 0.003

60 Case series,
gastroparesis

n = 740 Lactulose
breath test

n = 20 n = 79 Bloating (13%) N/A

Constipation (13%) N/A
Diarrhoea (13%) N/A
Nausea (27%) N/A
Pain (20%) N/A

19 Case series,
Crohn’s disease

n = 150 Glucose hydrogen
breath test

n = 1 n = 38 Stool frequency
>6/day (29%)

0.012

30 Prospective, IBS n = 202 Lactulose breath test n = 8 n = 157 Diarrhoea (37%) N/A
Pain (47%) N/A

61 Retrospective,
mixed patients

n = 675 Aspirate and culture n = 6 n = 54 Steatorrhoea (11%) N/A

15 Prospective,
coeliac disease*

n = 15 Lactulose breath test n = 4 n = 10 Gastric stasis (20%) N/A

Diarrhoea (30%) N/A
Pain (50%) N/A

GI, gastrointestinal; G-O, gastro-oesophageal; IBS, irritable bowel syndrome; PPI, proton pump inhibitor; N/A, not applicable; SIBO,
small intestinal bacterial overgrowth.

* Coeliac disease patients with persistent symptoms despite adherence to a gluten-free diet for >6 months.

† P value refers to the significance of the symptom in patients with a positive test for SIBO vs. those with a negative test.
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loss, fat-soluble vitamin deficiencies and deficiencies of
vitamin B12, iron, serum bile acids and red blood cell
folate.

Weight loss
Weight loss resulting from SIBO has been described.19

Fat, protein and carbohydrate malabsorption may lead to
reduced availability of nutrients to the host and subse-
quent weight loss. Steatorrhoea (fat malabsorption) may
result from SIBO and is principally due to bacterial de-
conjugation of bile acids and subsequent deficiency of in-
traluminal conjugated bile acids.50 It has been postulated
that in SIBO, the microbiota are responsible for deami-
nating dietary protein in the lumen of the GI tract. As a
consequence, there is a diversion of dietary nitrogen into
urea formation, with the result that it becomes unavail-
able for protein anabolism by the human host.51

Carbohydrate malabsorption can result from SIBO due
to reduced disaccharidase function and increased intralu-
minal carbohydrate degradation by bacteria.52, 53 This
macronutrient malabsorption coupled with chronic GI
symptoms, which often include bloating, cramps and
diarrhoea, may result in reduced dietary intake secondary
to disease-related anorexia and subsequent weight loss.

Fat-soluble vitamin deficiencies
With vitamin D deficiency, osteomalacia or hypocalca-
emia can occur and osteoporosis is a recognised compli-
cation of SIBO. Bone mineral density in the femoral
neck and lumbar spine has been reported to be lower in
patients with SIBO than in a reference population.54

There have been reports of vitamin E deficiency syn-
dromes (neuropathy, T-cell abnormalities) in SIBO 55, 56

and a single case-report of night blindness caused by
vitamin A deficiency secondary to SIBO.57 Levels of vita-
min K, however, are usually normal or raised in the con-
text of SIBO as a result of bacterial synthesis of
menaquinone.

Vitamin B12 and iron deficiency
Megaloblastic, macrocytic anaemia can occur in SIBO
and is due to vitamin B12 (cobalamin) deficiency.62

Polyneuropathy due to vitamin B12 deficiency has also
been described and is attributed to greatly reduced
absorption of both free and intrinsic-factor-bound vita-
min B12.63 Facultative Gram-negative aerobes and anaer-
obes are shown to be capable of competitively utilising
vitamin B12.64

Iron deficiency anaemia can occur in SIBO. Although
the exact mechanism is not known, it is likely due to

injury to the mucosa caused by bacterial toxins, short--
chain fatty acids and/or unconjugated bile acids. Such
injury may inhibit iron absorption.

Altered immunological parameters
The immune system plays a role as evidenced by the
high prevalence of SIBO in patients who have immuno-
deficiency.35, 65 Duodenal and jejunal immunoglobulin A
immunocytes have been shown to be significantly
increased in the mucosa of patients with SIBO.66, 67

SMALL INTESTINAL BACTERIAL OVERGROWTH
AND IBS
In many conditions, it can be difficult to assess whether
SIBO is a cause for the GI symptoms and/or malabsorp-
tion or whether these occur as a result of a primary dis-
ease and SIBO is just an epiphenomenon.19, 68 In this
regard, SIBO as the aetiology or as a bystander in IBS
has received the most attention. There is a definite over-
lap between the symptoms that define IBS69 and those
which are typical of SIBO (e.g. abdominal pain, bloating,
flatulence, diarrhoea and/or constipation).

A systematic review and meta-analysis of studies
investigating the frequency of SIBO in IBS found that
the prevalence of SIBO in subjects meeting diagnostic
criteria for IBS was between 4% and 64%.70 Variation in
prevalence rates depended on the type of test used and
the criteria used to define a positive test result. From the
12 studies reviewed, there was found to be a three to
fivefold increase in the odds of a positive test result in
individuals with IBS. However, this failed to reach statis-
tical significance when the criteria that gave the lowest
prevalence of a positive test were used.6, 11 Also, there
was shown to be significant heterogeneity between stud-
ies, small study effects and publication bias leading to a
likely overestimation of the prevalence of a positive test
for SIBO. The authors concluded that there is insuffi-
cient evidence to justify the routine exclusion of SIBO in
people with IBS. This reiterates the findings of an earlier
Rome Consensus Report.71

In another recent systematic review and meta-analysis
of case–control studies in IBS patients with abnormal
breath tests, the authors came to a different conclusion –

‘This meta-analysis demonstrates that the breath test is a
valid and important catalyst in the development of the
bacterial hypothesis for IBS’.72 The weight of their argu-
ment (odds ratio of 9.64 for abnormal breath test in IBS
vs. controls) was based on three studies that utilised age-
and sex-matched controls. However, two of these studies
used paediatric subjects. Also, significant between-study
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heterogeneity was demonstrated and there was a large
imbalance between the size of case and control groups in
the studies reviewed.

The continued controversy surrounding the implica-
tion of SIBO in the pathogenesis of IBS is due to a
lack of confidence in the validation of breath testing.73

It will remain a problem until robust definitions of
what constitutes significant SIBO are reached. This will

not happen until objective diagnostic measures are
defined.

DIAGNOSTIC CHALLENGES IN SIBO
Traditionally, many authors have regarded the direct
aspiration and culture of duodenal fluid as the ‘gold
standard’ approach for diagnosing SIBO.74, 75 However,
having applied the criteria of Reid et al. for the develop-
ment and application of a diagnostic test to the currently
available approaches for diagnosing SIBO76 in their sys-
tematic review, Khoshini et al. concluded that no gold
standard diagnostic test for SIBO exists.1 All of the com-
monly used methods of diagnosing SIBO have inherent
limitations; clinicians should be cautious when interpret-
ing the results of such tests (Table 3).

In terms of microbiological quantification, there is a
lack of clarity on the cut-offs that define a positive cul-
ture and technical difficulties associated with transport-
ing and culturing the aspirate. Aspiration-based
approaches also suffer from being invasive, costly and
potentially risky to the patient. Furthermore, culturing
reveals only a fraction (estimated at 20%) of microbiota
compared with genomic methods.77

In recent years, owing to the invasive nature of the
direct aspiration and culture technique, indirect tests
have been developed and are now commonly used alter-
natives. Breath tests have advantages over the direct cul-
ture method, in that they are simple to use, cheap and
non-invasive. However, there is no breath test specifically
validated for the diagnosis of SIBO. Hydrogen-based
breath tests are currently the most popular and work on
the assumption that the only source of hydrogen (H2)
production in the body is from fermentation of carbohy-
drates by GI microbiota.73

The most commonly used substrates in breath tests
are glucose and lactulose, with the former having a
greater diagnostic accuracy than the latter. Compared
with the direct aspiration method, the glucose-H2 breath
test has a sensitivity of 62.5% and a specificity of
81.7%.71 For this test, it is considered positive if there is
a clearly recognisable H2 peak, exceeding 10–20 parts
per million.74 The lactulose-H2 breath test has a sensitiv-
ity of 52.4% and a specificity of 85.7% when compared
with the direct aspiration method.71

The original definition of a positive lactulose-H2 breath
test in detecting SIBO 78 was later revised, so as to mini-
mise false-positive results. The modified criteria for a posi-
tive test are as follows: an increase in breath H2 of >10
parts per million (resulting from small intestinal bacterial
fermentation) above basal that occurs >15 min before the

Table 3 | Limitations associated with common
diagnostic techniques

Small intestinal aspiration and culture technique
Invasive and cumbersome
Time-consuming and expensive
Technical difficulties with transport and culture of the
aspirate
No consensus on sample handling and microbiological
techniques
Appropriate use of anaerobic techniques is necessary
Representation of the sample is unknown
Oral bacteria may contaminate the aspirate
No consensus for defining SIBO in quantitative terms
SIBO occurring more distally in the small intestine may be
missed
False-negative results may occur where overgrowth is
caused by obligate anaerobes
Location of sampling and the amount of fluid recovered can
be variable

Breath testing technique
Low fibre diet required for 24 h before the test
Smoking, sleep and exercise can affect test accuracy
Antibiotics and laxatives need to be avoided before the test
No consensus on a definition for a positive test (regardless
of the substrate used)
Breath sampling frequency is highly variable
Both H2 and CH4 gases should be measured
Luminal pH differences affects carbohydrate metabolism
Carbohydrate malabsorption may lead to false-positive
result
Consideration of oropharyngeal bacteria
Rapid transit time can give a false-positive result
Delayed gastric emptying/slow transit can give a
false-negative result
Inconsistencies in the definition of an “early peak” in
lactulose breath testing

Therapeutic trial approach
Follow-up may be difficult
No standardised approach towards the type, dose or
duration of the antibiotic regimen
No consensus on the meaning of a clinical response to
antibiotics
Over-prescribing of antibiotics
Risk of serious side effects from antibiotic treatment
Difficulty in identifying patients without SIBO vs. those with
SIBO caused by an antibiotic-resistant organism

H2, hydrogen; CH4, methane; SIBO, small intestinal bacterial
overgrowth.
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prolonged peak (resulting from colonic fermentation) and
also within 20 min of ingestion of the lactulose.79

However, 8–27% of humans do not have detectable
H2 production from their GI microbiota, but instead
produce methane (CH4) gas.

80, 81 For example, Staphylo-
coccus aureus, Streptococcus viridans, Enterococci, Serra-
tia and Pseudomonas species do not produce H2.
Therefore, if H2 is analysed in isolation, the test may
miss overgrowth of non-H2-producing bacteria, leading
to false-negative tests.

Again, there is a lack of consensus how to define an
abnormal breath test. There is neither agreement on the
optimal duration of the breath tests nor on the cut-off
levels that define a positive result. Ultimately, there are
theoretical and practical problems underlying the use of
breath tests that limit their potential for substantial
improvement in diagnosing SIBO.

The third approach for diagnosing SIBO is to treat it
when symptoms and/or non-invasive surrogate markers
are clinically suggestive of SIBO (Table 4) and to use the
clinical response to antibiotics as an affirmation of SIBO
as the cause of the patient’s complaints – the so-called
‘therapeutic trial’.30 With the problems associated with
culture and breath testing methods, it is unsurprising that
Khoshini et al. found that almost one third of studies used
this therapeutic trial approach for diagnostic purposes.
There is, however, no standardised approach towards the
type, dose or duration of the antibiotics and reported clini-
cal response rates range from 35% to 100%.1

A therapeutic trial can also be used in association with
other diagnostic tests, i.e. all of the following could be
taken into consideration, so as to confirm the presence
of SIBO: abnormal GI symptoms/non-invasive surrogate
markers, abnormal test(s) (e.g. breath test and/or aspirate
and culture) and clinical response to antibiotics. Measur-
ing response necessitates assessing symptom change sys-
tematically, as well as the resolution of abnormal
parameters such as low serum vitamin B12 concentra-
tions or improved body weight.

As SIBO is often a manifestation of other GI disor-
ders, there is as yet no typical patient. Part of the diffi-
culty in establishing a confident diagnosis of SIBO in
patients with common GI symptoms is the lack of a
standardised investigative tool.

TREATMENT FOR SIBO
The primary goal of therapy in SIBO should be the
treatment of any underlying disease or structural defect,
although for many conditions, this cannot be achieved.
Management should include correction of any nutritional

deficiencies, where present. This may involve nutritional
support and/or supplemental fat-soluble vitamins, vita-
min B12 and minerals. The use of prokinetic agents may
be considered for patients with gastroparesis or intestinal
dysmotility. However, the efficacy of these agents has not
yet been proven.87–90

Treatment for SIBO aims to modify the GI microbi-
ota, usually with antibiotics, in a way that will result in
symptomatic improvement. Due to the limitations asso-
ciated with qualitative and quantitative bacteriological
studies and because the contaminating bacterial popula-
tions are quite numerous, choice of antibiotic remains
primarily empiric. Effective treatment generally includes
one or more drugs with activity against both aerobic and
anaerobic enterobacteria.

Many different antibiotic regimens have been advo-
cated for use in SIBO, including ciprofloxacin, metroni-
dazole, neomycin, norfloxacin and doxycycline. There
exists no consensus on the most efficacious dose or
duration of treatment.8, 41, 89, 91 In one study, 70% of
patients with SIBO showed a good response to ciproflox-
acin, while a regimen of amoxicillin–clavulanic acid and
cefoxitin eradicated more than 90% of strains isolated
from SIBO patients.41, 92

There has been a growing interest in the use of rifaxi-
min (a non-absorbed rifamycin analogue) in SIBO man-
agement, especially in patients with IBS.40, 93–97 A
systematic review demonstrated the efficacy and short--
term safety of rifaximin for IBS patients.98 Although, the
exact mechanisms by which rifaximin improves IBS
symptoms remain incompletely defined, rifaximin’s bene-
fits in IBS patients are likely, at least in part, due to
alteration of the quantity, location and/or quality of the
host’s GI microbiota.

A systematic review of the use of rifaximin in patients
testing positive for SIBO has not yet been published.
Although the published data on its use in this setting
does point towards the benefit of the drug in the global
improvement of symptoms associated with SIBO,99, 100

further evidence in favour of rifaximin needs to be eluci-
dated.

Given the high prevalence of primary and acquired
bacterial resistance, cost of treatment, likely placebo
effect and potential side effects of treatment, decisions
on antibiotic management should be tailored to the indi-
vidual as much as possible.

Probiotics are another potential treatment for SIBO;
however, there are only pilot studies addressing their
use. One open-labelled pilot study assessed the effect of
Lactobacillus casei Shirota on SIBO patients, where SIBO
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Table 4 | Non-invasive surrogate markers of small intestinal bacterial overgrowth

Reference Patient group Sample size Marker Data in favour of marker Data not in favour of marker

16 Systemic
sclerosis
patients

n = 51 Hb Patients with SIBO had
significantly lower median
levels of Hb (12.25 vs.
13.9 g/dL), P = 0.002

–

16 Systemic
sclerosis
patients

n = 51 Vitamin B12 – No significance difference
between patients with and
without SIBO, P = 0.133

82 NASH n = 45 Intestinal
permeability

– No significant difference
between the intestinal
permeability of NASH
patients with SIBO compared
with those without, measured
by the lactulose-rhamnose
intestinal permeability test

7 Patients with
SIBO and
controls

n = 33 Serum folate – No significant difference in
serum folate levels between
the two groups

47 Total
gastrectomy
patients

n = 43 Hb Blood Hb concentration
tended to be lower in the
patients with a maximum
hydrogen concentration in
the glucose breath test,
P = 0.056

–

47 Total
gastrectomy
patients

n = 43 Weight In the glucose breath test, a
negative correlation was
observed between the
maximum hydrogen
concentration and weight
loss/gain, P = 0.034

–

62 Elderly
hypochlorhydric
subjects

n = 17 Intestinal
permeability

– No significant difference
between subjects with SIBO
and controls for permeability
as measured by lactulose and
mannitol excretion

62 Elderly
hypochlorhydric
subjects

n = 17 Serum folate – Normal values for the
parameter in all subjects with
SIBO

62 Elderly
hypochlorhydric
subjects

n = 17 Vitamin B12 Two subjects had values
below the normal range
for vitamin B12, two
subjects were already
receiving vitamin B12
injections

–

83 Elderly subjects n = 16 Hb 10 of the 16 patients with
SIBO had a Hb level
<12 g/dL

–

83 Elderly subjects n = 16 Vitamin B12 4 of the 16 patients with
SIBO had subnormal
serum vitamin B12 levels

–

84 Patients with
SIBO and
healthy
controls

n = 22 Serum
unconjugated
bile acid
concentration

Of the nine subjects with
SIBO, 2-h postprandial
serum unconjugated bile
acid concentrations were
elevated in n = 7

–
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was demonstrated by an early rise in breath H2 after lac-
tulose.101 Following the 6-week intervention (65 billion
bacteria/day), 64% of patients no longer had a positive
breath test, but there was no significant improvement in
abdominal symptoms.

In another pilot study, patients were randomised to
receive either a probiotic or metronidazole as treatment
for SIBO.102 The probiotic contained Lactobacillus casei,
Lactobacillus plantarum, Streptococcus faecalis and Bifido-
bacterium brevis. A statistically significant difference in
symptomatic response favoured the use of the probiotic
over the antibiotic (P = 0.036). Probiotics may have a
beneficial effect in this setting, but double-blind, rando-
mised, placebo-controlled trials are essential to demon-
strate their dose effects and clinical relevance.

POTENTIAL FOR NEW DIAGNOSTIC TESTS FOR
SIBO
The changes or dysbiosis of GI microbiota in SIBO are
difficult to characterise in clinical practice. Although
advances in genomic technology allow for phylogenetic
analysis and typing in the research setting, such methods
are laborious, expensive and not suitable for routine
clinical application. More accessible means of gaining
insight into the dysbiosis associated with SIBO include
metabolic profiling of biofluids using metabonomics
technology, the use of an electronic nose and/or field
asymmetric ion mobility spectrometry (FAIMS) to detect
volatile organic compounds (VOCs) from gases of lumi-
nal origin.

Metabonomics using proton nuclear magnetic
resonance spectroscopy
Characterisation of the microbial content of the intestine
is a concept that may prove useful in the identification
of a new diagnostic method for SIBO. The GI microbiota

have co-evolved with humans and metabonomics tech-
nology, when based on proton nuclear magnetic reso-
nance (1H-NMR) spectroscopy, can exploit this
co-evolution. It has the potential to identify biomarkers
and prognostic factors and therefore might enhance the
clinical diagnosis of SIBO. Each subject has their own
‘metabolic fingerprint’, which changes in response to
disease, environmental or genetic perturbations. This
concept can be applied to SIBO, by evaluating and com-
paring the metabolic fingerprints of healthy and diseased
subjects.

Proton nuclear magnetic resonance spectroscopy is
based on the application of a radiofrequency pulse to the
nuclear ensemble placed in a magnetic field and observ-
ing the response after the duration of the pulse.103, 104

Parallel application of other analytical platforms, for
example, gas chromatography mass spectrometry allows
the comprehensive study of the metabolome (the quanti-
tative complement of all the low molecular weight mole-
cules present in a biological sample) (Figure 1).105

It provides a robust, efficient, reproducible and rela-
tively cheap approach for high-throughput metabolic
screening of biofluids such as blood, urine, small intesti-
nal fluid and faecal water. By combining 1H-NMR spec-
troscopy with multivariate analysis methodologies, there
is growing evidence to suggest that the metabolic profile
of biofluids shows clustering of specific components in
diseased individuals.107, 108

In a metabonomics study investigating the content of
aspirates from the upper small bowel in patients with mal-
absorption syndrome, those with the syndrome had signif-
icantly higher median quantities of bile acids/cholesterol,
acetate, lactate and formate than controls.107 In those with
malabsorption syndrome and SIBO, significantly greater
quantities of acetate, lactate, formate and unconjugated
bile acids were found compared with controls (P < 0.01

Table 4 | (Continued)

Reference Patient group Sample size Marker Data in favour of marker Data not in favour of marker

85 Patient with a
‘stagnant loop’

n = 1 Serum
unconjugated
bile acid
concentration

Subject had grossly elevated
serum unconjugated bile
acid concentrations
throughout the day

–

86 Patients with
GI diseases

n = 35 Vitamin B12 – No significance difference in
vitamin B12 levels between
patients with and without
SIBO

Hb, haemoglobin; g/dL, grams per decilitre; GI, gastrointestinal; NASH, non-alcoholic steatohepatitis; SIBO, small intestinal bacte-
rial overgrowth.
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for all), implying that SIBO itself might elicit a specific,
potentially diagnostic metabonomic signature.

In another study using faecal samples from patients
with inflammatory bowel disease (IBD) (n = 10 Crohn’s
disease, CD and n = 10 ulcerative colitis, UC) and
healthy controls (n = 13), a metabonomics approach was
employed to aid with diagnosis.109 The researchers
reported that the faecal samples obtained from the
patients with CD and UC manifested similar global dif-
ferences in metabolic profiles compared with the healthy
subjects. A depletion of short-chain fatty acids, including
acetate and butyrate, was a prominent feature of CD
patients when compared with healthy subjects. In addi-
tion, a high concentration of glycerol was found in the
faeces of CD patients in comparison to UC patients.
Higher concentrations of amino acids were also found in
the faeces of patients with both CD and UC as compared
with the healthy controls. This could be a consequence
of a malabsorption caused by the inflammation.

Chronic inflammatory cells in the lamina propria have
been reported in rats with SIBO secondary to an experi-
mental blind loop.110 Also, data in humans indicate that
local lamina propria immunoglobulin A plasma cell and
intraepithelial lymphocyte counts are increased in
SIBO.67, 111, 112 As the condition has been shown to
result in microscopic mucosal inflammation, it is plausi-
ble to consider that overall differences in the metabolic
profiles of SIBO patients and controls are likely to be
found.113 Also, as it is thought that a dysbiosis of the GI
microbiota is involved in IBD, either in initiating it or in
maintaining it, and as SIBO is also related to dysbiosis,
it may be that following the successful application of
metabonomics in IBD, it will also prove relevant in
SIBO.109, 114

Occasionally, a single marker molecule will provide an
adequate measure of a disease. However, in reality, most
human diseases are polygenic in origin and are condi-
tionally linked to environmental influences.105 Thus, it is

more likely that multiple marker molecules will be
needed. Studies have shown that inherent factors such as
gender, age, circadian rhythms and external factors such
as diet, physical activity, stress and drugs can modulate
metabonomic profiles.115, 116 Sample collection, storage
and preparation also need to be considered as sources of
variation in the profiles.

Electronic nose and field asymmetric ion mobility
spectrometry
The concept of using volatile molecule detection as a
means to diagnose SIBO is not a new one. Gas chroma-
tography of jejunal fluid has previously been used to
detect and identify volatile fatty acids (short-chain fatty
acids) resulting from the fermentation of organic mate-
rial by nonsporing anaerobic microorganisms. In one
study, an increase in the concentrations of the fatty
acids, acetate and propionate, was shown in the jejunal
contents of patients with stagnant loop syndrome.117

In another series of patients thought to have SIBO, a
complete microbiological analysis of jejunal aspirates
was performed.75 The results from this were then com-
pared with other testing methods including gas chro-
matographic detection of the volatile fatty acids in the
aspirates. The gas chromatography method was found
to have a sensitivity of 56% and a specificity of 100%.
Factors to explain the low sensitivity of this method
include the preponderance of facultative Gram-negative
over anaerobic bacteria in the study group and the
required 12-h fast pre-intubation, which would have
resulted in a lack of fermentable substrate available to
the bacteria.

Gas chromatography, along with mass spectrometry is
still considered the gold standard of sample analysis.
These traditional approaches provide information on the
individual chemical components within a sample, unlike
the electronic nose, which analyses the sample as a
whole to produce a ‘chemical fingerprint’.

Figure 1 | Mass spectrometry-
based metabonomics. GC/MS,
gas chromatography mass
spectrometry; LC/MS, liquid
chromatography mass
spectrometry. Reproduced
from106 with permission from
The Royal Society of
Chemistry.
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The electronic nose was first developed in the 1980s
as a way of mimicking the biological olfactory system
and used to detect VOCs from human samples, e.g.
breath, sweat, blood, urine or faecal samples.118 VOCs
are an important component of the metabolome and
include alcohols, aldehydes, furans, ketones, pyrroles,
terpenes and others.119 The electronic nose is not
attempting to measure one specific compound, but is
able to measure a collection of multiple marker mole-
cules. Colonic fermentation creates several chemicals
including VOCs, which may prove important for GI
homeostasis. The electronic nose comprises an array of
metal gas sensors, whose resistance is modulated in the
presence of a target gas/vapour such as VOCs. Each sen-
sor is different in some way (generally broadly tuned to
a chemical group) and so the interaction between the
sample and each sensor is unique.

The ‘chemical fingerprint’ produced by this method
has been shown to be disparate in different disease
groups due to a relative change in the proportions of the
VOCs emitted in diseased individuals. The investigation
of faecal VOCs may be a promising way of diagnosing
SIBO because human faecal samples represent dietary
end-products resulting from digestive and excretory pro-
cesses and intestinal bacterial metabolism. In SIBO, the
presence of anaerobic bacteria in the small bowel effec-
tively leads to fermentation occurring in the small bowel
in addition to the colon, i.e. an altered intestinal bacterial
metabolism. This altered metabolism has the potential to
be identified using the electronic nose method.

The electronic nose has not yet been piloted in
patients with suspected SIBO. It has, however, proven
successful in a range of GI, metabolic and infectious
diseases.120 A pilot study identified a distinct pattern of

VOCs in the faeces of patients with UC, Clostridium
difficile and Campylobacter jejuni, which strongly suggests
that specific changes occur in the pattern of VOCs in GI
disease.121 In another study by this group, the analysis
of VOCs from the faeces of Bangladeshi patients affected
by cholera showed that fewer VOCs were detected in
cholera samples in contrast to healthy controls.122

The electronic nose has recently been combined with
a newer technology, FAIMS. This is a technique that is
able to detect VOCs that emanate from biological mate-
rial in real-time. It functions by introducing ionised sam-
ples (composed of ions of varying shapes, charges and
sizes) between two metal plates. An asynchronous
high-voltage waveform is applied between the plates and
produces conditions whereby some ions drift and hit the
plates, while others remain between the plates. Using dif-
ferent voltages, a complex mixture of gases can be sepa-
rated by differences in mobility across the plates
(Figure 2).

A pilot study used both an electronic nose and FAIMS
technology together to investigate if they could identify
differences in faecal gas emissions between patients who
developed high toxicity and low toxicity during pelvic
radiotherapy.123 The faecal samples from 23 patients
were analysed (11 in the low-toxicity group and 12 in
the high-toxicity group). Principle component analysis
was applied to the electronic nose data and Fisher discri-
minant analysis to the FAIMS data. This showed that,
perhaps unsurprisingly, it was possible to separate
patients after treatment by their toxicity levels. However,
distinct differences in the two groups were also identified
in their pre-treatment samples, suggesting that severity
of side effects can be predicted.

A combination of the electronic nose and FAIMS
technologies were used to test their potential usefulness
in differentiating between IBD subjects and controls
using urine samples.124 Secondly, the ability of the tech-
niques to distinguish between active IBD compared with
those in clinical remission was assessed. Of the 62 adults
included, there were three groups: 24 patients with UC,
24 patients with CD and 14 controls. The first two
groups were divided further into those with a relapse or
in remission.

When the electronic nose samples were analysed using
discriminant function analysis, there was a clear separa-
tion of groups. Classifications purely according to disease
groups or control led to an accuracy of 88%. This dis-
tinction was confirmed by repeating the analysis with
the FAIMS technology, which gave accuracy in excess of
75% (P < 0.001) as compared to random classification.

Figure 2 | Illustration of the FAIMS effect (parallel
plate example), showing ion drift. V, volts; t, time.
Source: Thermo Fisher Scientific, 2013.

Aliment Pharmacol Ther 2013; 38: 674-688 683

ª 2013 John Wiley & Sons Ltd

Review: SIBO needs new approaches to diagnosis



The results also demonstrated that there is a funda-
mental difference in the VOCs emitted from the urine
samples between groups in remission and those with
relapse.

As with the pelvic radiotherapy and IBD patients, it is
plausible to think that distinct differences in VOC pat-
terns would also be observed between SIBO patients and
healthy controls. The possibility of using an electronic
nose for the detection of SIBO is particularly attractive
due to its non-invasive nature, its portability and the
potential to use this technology in the out-patient setting.
It can be operated at room temperature and pressure. It
is cheap, less time-consuming and complex than gas
chromatography mass spectrometry. Many of the advan-
tages of the electronic nose also apply to FAIMS and
combining the two instruments may prove a powerful
technique for the future development of a diagnostic tool
for SIBO.

CONCLUSION
Small intestinal bacterial overgrowth is a significant clini-
cal problem, which is difficult to diagnose accurately and
for which the optimal therapeutic options are not
defined. The concept of discovering novel biomarkers in
biofluids or VOCs from biological samples to aid with
SIBO diagnosis is attractive. The advantages of these
techniques are manifold: rapid, non-invasive and requir-
ing minimal preanalysis sample preparation. Of course,
there is one major obstacle in both cases – the lack of a
‘gold standard’ diagnostic test for SIBO. This will make
the interpretation of data challenging.

To validate the possible usefulness of any of these
techniques in SIBO, diagnosis would necessitate the use

of carefully defined groups of patients. There would then
be potential to define a highly sensitive and specific test,
which could revolutionise the diagnosis, and therefore
management, of SIBO. In addition, the techniques
described could identify novel biomarkers, potentially
allowing patient stratification to facilitate a more per-
sonalised approach to tailoring antibiotic treatment to
the individual. Thus, there would be a reduced alteration
of the symbiotic GI microbiota caused by unnecessary
antibiotic administration.

As the techniques are designed to detect all of the
biochemical metabolites present simultaneously in a sin-
gle measurement, it is likely that one or more will be
shown to be superior to the currently available diagnos-
tic methods for SIBO. Proving this hypothesis could
open a new avenue in gastroenterology practice and
research.

AUTHORSHIP
Guarantor of the article: H. J. N Andreyev.
Author contributions: All authors were involved in the
writing of the paper and approved the final version of
the paper.

ACKNOWLEDGEMENT
Declaration of personal interests: None.
Declaration of funding interests: This study was under-
taken at The Royal Marsden NHS Foundation Trust
who received a proportion of its funding from the NHS
Executive; the views expressed in this publication are
those of the authors and not necessarily those of the
NHS Executive. We acknowledge NHS funding to the
NIHR Biomedical Research Centre.

REFERENCES
1. Khoshini R, Dai SC, Lezcano S,

Pimentel M. A systematic review of
diagnostic tests for small intestinal
bacterial overgrowth. Dig Dis Sci
2008; 53: 1443–54.

2. Riordan SM, McIver CJ, Wakefield D,
Bolin TD, Duncombe VM, Thomas
MC. Small intestinal bacterial
overgrowth in the symptomatic
elderly. Am J Gastroenterol 1997; 92:
47–51.

3. Lipski PS, Kelly PJ, James OF.
Bacterial contamination of the small
bowel in elderly people: is it
necessarily pathological? Age Ageing
1992; 21: 5–12.

4. Lombardo L, Foti M, Ruggia O,
Chiecchio A. Increased incidence of
small intestinal bacterial overgrowth
during proton pump inhibitor
therapy. Clin Gastroenterol Hepatol
2010; 8: 504–8.

5. Sabat�e JM, Jou€et P, Harnois F,
Mechler C, Msika S, Grossin M, et al.
High prevalence of small intestinal
bacterial overgrowth in patients with
morbid obesity: a contributor to
severe hepatic steatosis. Obes Surg
2008; 18: 371–7.

6. Posserud I, Stotzer PO, Bjornsson ES,
Abrahamsson H, Simren M. Small
intestinal bacterial overgrowth in

patients with irritable bowel
syndrome. Gut 2007; 56:
802–8.

7. Teo MM, Chung SS, Chitti LL, Tran
CC, Kritas SS, Butler RR, et al. Small
bowel bacterial overgrowth is a
common cause of chronic diarrhea.
J Gastroenterol Hepatol 2004; 19:
904–9.

8. Lewis SJ, Potts LF, Malhotra R,
Mountford R. Small bowel bacterial
overgrowth in subjects living in
residential care homes. Age Ageing
1999; 28: 181–5.

9. Pimentel M, Chow EJ, Lin HC.
Normalization of lactulose breath

684 Aliment Pharmacol Ther 2013; 38: 674-688

ª 2013 John Wiley & Sons Ltd

E. Grace et al.



testing correlates with symptom
improvement in irritable bowel
syndrome: a double-blind,
randomized, placebo-controlled study.
Am J Gastroenterol 2003; 98: 412–9.

10. Rana S, Bhansali A, Bhadada S,
Sharma S, Kaur J, Singh K. Orocecal
transit time and small intestinal
bacterial overgrowth in type 2
diabetes patients from North India.
Diabetes Technol Ther 2011; 13:
1115–20.

11. Bratten JR, Spanier J, Jones MP.
Lactulose breath testing does not
discriminate patients with irritable
bowel syndrome from healthy
controls. Am J Gastroenterol 2008;
103: 958–63.

12. Scarpellini E, Giorgio V, Gabrielli M,
Lauritano EC, Pantanella A, Fundar�o
C, et al. Prevalence of small intestinal
bacterial overgrowth in children with
irritable bowel syndrome: a case-
control study. J Pediatr 2009; 155:
416–20.

13. Rana SVS, Sinha SKS, Lal SS,
Sikander AA, Singh KK. Small
intestinal bacterial overgrowth in
North Indian patients with celiac
disease. Trop Gastroenterol 2007; 28:
159–61.

14. Rubio-Tapia A, Barton SH,
Rosenblatt JE, Murray JA. Prevalence
of small intestine bacterial overgrowth
diagnosed by quantitative culture
of intestinal aspirate in celiac disease.
J Clin Gastroenterol 2009; 43: 157–
61.

15. Tursi A, Brandimarte G, Giorgetti G.
High prevalence of small intestinal
bacterial overgrowth in celiac patients
with persistence of gastrointestinal
symptoms after gluten withdrawal.
Am J Gastroenterol 2003; 98: 839–43.

16. Marie I, Ducrotte P, Denis P, Menard
J-F, Levesque H. Small intestinal
bacterial overgrowth in systemic
sclerosis. Rheumatology 2009; 48:
1314–9.

17. Parodi A, Sessarego M, Greco A,
Bazzica M, Filaci G, Setti M, et al.
Small intestinal bacterial overgrowth
in patients suffering from
scleroderma: clinical effectiveness of
its eradication. Am J Gastroenterol
2008; 103: 1257–62.

18. Funayama YY, Sasaki II, Naito HH,
Fukushima KK, Shibata CC, Masuko
TT, et al. Monitoring and
antibacterial treatment for
postoperative bacterial overgrowth in
Crohn’s disease. Dis Colon Rectum
1999; 42: 1072–7.

19. Klaus J, Spaniol U, Adler G, Mason
RA, Reinshagen M, von Tirpitz CC.
Small intestinal bacterial overgrowth
mimicking acute flare as a pitfall in

patients with Crohn’s disease. BMC
Gastroenterol 2009; 9: 61.

20. Lin HC, Pimentel M, eds. Methods of
diagnosing and treating small
intestinal bacterial overgrowth (SIBO)
and SIBO-related conditions. US
Patent Application Publication 2012;
215: 22.

21. Ojetti V, Pitocco D, Scarpellini E,
Zaccardi F, Scaldaferri F, Gigante G,
et al. Small bowel bacterial
overgrowth and type 1 diabetes. Eur
Rev Med Pharmacol Sci 2009; 13:
419–23.

22. Lauritano EC, Bilotta AL, Gabrielli
M, Scarpellini E, Lupascu A,
Laginestra A, et al. Association
between hypothyroidism and small
intestinal bacterial overgrowth. J Clin
Endocr Metab 2007; 92: 4180–4.

23. Jacobs C, Coss Adame E, Attaluri A,
Valestin J, Rao SSC. Dysmotility and
proton pump inhibitor use are
independent risk factors for small
intestinal bacterial and/or fungal
overgrowth. Aliment Pharmacol Ther
2013; 37: 1103–11.

24. Wedlake L, Thomas K, McGough C,
Andreyev HJN. Small bowel bacterial
overgrowth and lactose intolerance
during radical pelvic radiotherapy: an
observational study. Eur J Cancer
2008; 44: 2212–7.

25. Ibanez P, Pimentel M, Melmed GY,
Ippoliti A. Fatigue and abdominal
bloating predict small intestinal
bacterial overgrowth in patients with
ulcerative colitis [abstract].
Gastroenterology 2008; 134: A-350.

26. Mancilla AC, Madrid AM, Hurtado
HC, Orellana BC, Pe~na ZM, Tobar
AE, et al. Sobrecrecimiento
bacteriano intestinal en pacientes con
pancreatitis cr�onica. Rev Med Chile
2008; 136: 976–80.

27. Trespi E, Ferrieri A. Intestinal
bacterial overgrowth during chronic
pancreatitis. Curr Med Res Opin 1999;
15: 47–52.

28. Compare D, Pica L, Rocco A, De
Giorgi F, Cuomo R, Sarnelli G, et al.
Effects of long-term PPI treatment on
producing bowel symptoms and
SIBO. Eur J Clin Invest 2010; 41:
380–6.

29. Strid H, Simr�en M, Stotzer P-O,
Ringstrom G, Abrahamsson H,
Bjornsson ES. Patients with chronic
renal failure have abnormal small
intestinal motility and a high
prevalence of small intestinal bacterial
overgrowth. Digestion 2003; 67: 129–
37.

30. Pimentel M, Chow EJ, Lin HC.
Eradication of small intestinal
bacterial overgrowth reduces
symptoms of irritable bowel

syndrome. Am J Gastroenterol 2000;
95: 3503–6.

31. Nucera G, Gabrielli M, Lupascu A,
Lauritano EC, Santoliquido A,
Cremonini F, et al. Abnormal breath
tests to lactose, fructose and sorbitol
in irritable bowel syndrome may be
explained by small intestinal bacterial
overgrowth. Aliment Pharmacol Ther
2005; 21: 1391–5.

32. Lupascu A, Gabrielli M, Lauritano
EC, Scarpellini E, Santoliquido A,
Cammarota G, et al. Hydrogen
glucose breath test to detect small
intestinal bacterial overgrowth: a
prevalence case-control study in
irritable bowel syndrome. Aliment
Pharmacol Ther 2005; 22: 1157–60.

33. Grover M, Kanazawa M, Palsson OS,
Chitkara DK, Gangarosa LM,
Drossman DA, et al. Small intestinal
bacterial overgrowth in irritable bowel
syndrome: association with colon
motility, bowel symptoms, and
psychological distress.
Neurogastroenterol Motil 2008; 20:
998–1008.

34. Chave JPJ, Thorens JJ, Fr€ohlich FF,
Gonvers JJJ, Glauser MPM, Bille JJ,
et al. Gastric and duodenal bacterial
colonization in HIV-infected patients
without gastrointestinal symptoms.
Am J Gastroenterol 1994; 89: 2168–
71.

35. Smith GM, Chesner IM, Asquith P,
Leyland MJ. Small intestinal bacterial
overgrowth in patients with chronic
lymphocytic leukaemia. J Clin Pathol
1990; 43: 57–9.

36. Yang CY, Chang CS, Chen GH. Small
intestinal bacterial overgrowth in
patients with liver cirrhosis,
diagnosed with glucose H2 or CH4

breath tests. Scand J Gastroenterol
1998; 33: 867–71.

37. Gunnarsdottir S. Small intestinal
motility disturbances and bacterial
overgrowth in patients with liver
cirrhosis and portal hypertension.
Am J Gastroenterol 2003; 98: 1362–
70.

38. Madrid AM, Poniachik J, Quera R,
Defilippi C. Small intestinal clustered
contractions and bacterial
overgrowth: a frequent finding in
obese patients. Dig Dis Sci 2011; 56:
155–60.

39. Gutierrez IM, Kang KH, Calvert CE,
Johnson VM, Zurakowski D, Kamin
D, et al. Risk factors for small bowel
bacterial overgrowth and diagnostic
yield of duodenal aspirates in
children with intestinal failure: a
retrospective review. J Pediatr Surg
2012; 47: 1150–4.

40. Parodi A, Paolino S, Greco A, Drago
F, Mansi C, Rebora A, et al. Small

Aliment Pharmacol Ther 2013; 38: 674-688 685

ª 2013 John Wiley & Sons Ltd

Review: SIBO needs new approaches to diagnosis



intestinal bacterial overgrowth in
rosacea: clinical effectiveness of its
eradication. Clin Gastroenterol
Hepatol 2008; 6: 759–64.

41. Tarnopolsky MA, Pearce E,
Matteliano A, James C, Armstrong D.
Bacterial overgrowth syndrome in
myotonic muscular dystrophy is
potentially treatable. Muscle Nerve
2010; 42: 853–5.

42. Gabrielli M, Bonazzi P, Scarpellini E,
Bendia E, Lauritano EC, Fasano A,
et al. Prevalence of small intestinal
bacterial overgrowth in Parkinson’s
disease. Movement Disord 2011; 26:
889–92.

43. Petrone P, Sarkisyan G, Fernandez M,
Coloma E, Akopian G, Ortega A,
et al. Small intestinal bacterial
overgrowth in patients with lower
gastrointestinal symptoms and a
history of previous abdominal
surgery. Arch Surg 2011; 146: 444–7.

44. Browning GG, Buchan KA, Mackay
C. The effect of vagotomy and
drainage on the small bowel flora.
Gut 1974; 15: 139–42.

45. Br€agelmann R, Armbrecht U,
Rosemeyer D, Schneider B, Zilly W,
Stockbr€ugger RW. Small bowel
bacterial overgrowth in patients after
total gastrectomy. Eur J Clin Invest
1997; 27: 409–16.

46. Paik CN, Choi MG, Lim CH, Park
JM, Chung WC, Lee KM, et al. The
role of small intestinal bacterial
overgrowth in postgastrectomy
patients. Neurogastroenterol Motil
2011; 23: 191–6.

47. Iivonen MK, Ahola TO, Matikainen
MJ. Bacterial overgrowth, intestinal
transit, and nutrition after total
gastrectomy: comparison of a
jejunal pouch with Roux-en-Y
reconstruction in a prospective
random study. Scand J Gastroenterol
1998; 33: 63–70.

48. King CE, Toskes PP. Small intestine
bacterial overgrowth. Gastroenterology
1979; 76: 1035–55.

49. Donaldson RMJ. Role of enteric
microorganisms in malabsorption.
Fed Proc 1967; 26: 1426–31.

50. Kim YS, Spritz N, Blum M, Terz J,
Sherlock P. The role of altered bile
acid metabolism in the steatorrhea of
experimental blind loop. J Clin Invest
1966; 45: 956–62.

51. Jones EA, Craigie A, Tavill AS,
Franglen G, Rosenoer VM. Protein
metabolism in the intestinal stagnant
loop syndrome. Gut 1968; 9: 466–9.

52. Sherman P, Wesley A, Forstner G.
Sequential disaccharidase loss in rat
intestinal blind loops: impact of
malnutrition. Am J Physiol 1985; 248:
G626–32.

53. Hoverstad T, Bjorneklett A, Fausa O,
Midtvedt T. Short-chain fatty acids in
the small-bowel bacterial overgrowth
syndrome. Scand J Gastroenterol
1985; 20: 492–9.

54. Stotzer PO, Johansson C, Mellstrom
D, Lindstedt G, Kilander AF. Bone
mineral density in patients with small
intestinal bacterial overgrowth.
Hepatogastroenterology 2003; 50:
1415–8.

55. Brin MF, Fetell MR, Green PH,
Kayden HJ, Hays AP, Behrens MM,
et al. Blind loop syndrome, vitamin E
malabsorption, and spinocerebellar
degeneration. Neurology 1985; 35:
338–42.

56. Kowdley KV, Mason JB, Meydani SN,
Cornwall S, Grand RJ. Vitamin E
deficiency and impaired cellular
immunity related to intestinal fat
malabsorption. Gastroenterology 1992;
102: 2139–42.

57. Hasan M, Finucane P. Intestinal
malabsorption presenting with night
blindness. Br J Clin Pract 1993; 47:
275–6.

58. Roberts SH, James O, Jarvis EH.
Bacterial overgrowth syndrome
without “blind loop”: a cause for
malnutrition. Lancet 1977; 310: 1193–
5.

59. Davidson GP, Robb TA, Kirubakaran
CP. Bacterial contamination of the
small intestine as an important cause
of chronic diarrhea and abdominal
pain: diagnosis by breath hydrogen
test. Pediatrics 1984; 74: 229–35.

60. George NS, Sankineni A, Parkman
HP. Small intestinal bacterial
overgrowth in gastroparesis. Dig Dis
Sci 2012; doi: 10.1007/
s10620-012-2426-7 [Epub ahead of
print].

61. Choung RS, Ruff KC, Malhotra A,
Herrick L, Locke GR 3rd, Harmsen
WS, et al. Clinical predictors of small
intestinal bacterial overgrowth by
duodenal aspirate culture. Aliment
Pharmacol Ther 2011; 33: 1059–67.

62. Saltzman JR, Kowdley KV, Pedrosa
MC, Sepe T, Golner B, Perrone G,
et al. Bacterial overgrowth without
clinical malabsorption in elderly
hypochlorhydric subjects.
Gastroenterology 1994; 106: 615–23.

63. Matzen P, Davidsen D, Mathiasen
MS. Megaduodenum. A case with
bacterial overgrowth, deconjugation
of bile salts, malabsorption, and
polyneuropathy. Scand J Gastroenterol
1974; 9: 645–50.

64. Welkos SL, Toskes PP, Baer H.
Importance of anaerobic bacteria in
the cobalamin malabsorption of the
experimental rat blind loop

syndrome. Gastroenterology 1981; 80:
313–20.

65. Pignata CC, Budillon GG, Monaco
GG, Nani EE, Cuomo RR, Parrilli
GG, et al. Jejunal bacterial
overgrowth and intestinal
permeability in children with
immunodeficiency syndromes. Gut
1990; 31: 879–82.

66. Kett K, Baklien K, Bakken A, Kral JG,
Fausa O, Brandtzaeg P. Intestinal B-
cell isotype response in relation to
local bacterial load: evidence for
immunoglobulin A subclass
adaptation. Gastroenterology 1995;
109: 819–25.

67. Riordan SM, McIver CJ, Wakefield D,
Thomas MC, Duncombe VM, Bolin
TD. Serum immunoglobulin and
soluble IL-2 receptor levels in small
intestinal overgrowth with indigenous
gut flora. Dig Dis Sci 1999; 44: 939–
44.

68. Husebye EE, Hauer-Jensen MM,
Kjørstad KK, Skar VV. Severe late
radiation enteropathy is characterized
by impaired motility of proximal
small intestine. Dig Dis Sci 1994; 39:
2341–9.

69. Longstreth GF, Thompson WG, Chey
WD, Houghton LA, Mearin F, Spiller
RC. Functional bowel disorders.
Gastroenterology 2006; 130: 1480–
91.

70. Ford AC, Spiegel BM, Talley NJ,
Moayyedi P. Small intestinal bacterial
overgrowth in irritable bowel
syndrome: systematic review and
meta-analysis. Clin Gastroenterol
Hepatol 2009; 7: 1279–86.

71. Gasbarrini AA, Corazza GRG,
Gasbarrini GG, Montalto MM, Di
Stefano MM, Basilisco GG, et al.
Methodology and indications of H2-
breath testing in gastrointestinal
diseases: The Rome Consensus
Conference. Aliment Pharmacol Ther
2009; 29(Suppl. 1): 1–49.

72. Shah ED, Basseri RJ, Chong K,
Pimentel M. Abnormal breath testing
in IBS: a meta-analysis. Dig Dis Sci
2010; 55: 2441–9.

73. Simren M, Stotzer PO. Use and abuse
of hydrogen breath tests. Gut 2006;
55: 297–303.

74. Kerlin P, Wong L. Breath hydrogen
testing in bacterial overgrowth of the
small intestine. Gastroenterology 1988;
95: 982–8.

75. Corazza GR, Menozzi MG, Strocchi
A, Rasciti L, Vaira D, Lecchini R,
et al. The diagnosis of small bowel
bacterial overgrowth. Reliability of
jejunal culture and inadequacy of
breath hydrogen testing.
Gastroenterology 1990; 98: 302–9.

686 Aliment Pharmacol Ther 2013; 38: 674-688

ª 2013 John Wiley & Sons Ltd

E. Grace et al.



76. Reid MC, Lachs MS, Feinstein AR.
Use of methodological standards in
diagnostic test research. Getting better
but still not good. JAMA 1995; 274:
645–51.

77. Eckburg PB, Bik EM, Bernstein CN,
Purdom E, Dethlefsen L, Sargent M,
et al. Diversity of the human
intestinal microbial flora. Science
2005; 308: 1635–8.

78. Rhodes JM, Middleton P, Jewell DP.
The lactulose hydrogen breath test as
a diagnostic test for small-bowel
bacterial overgrowth. Scand J
Gastroenterol 1979; 14: 333–6.

79. Rhodes JMJ, Jewell DPD. Lactulose
hydrogen breath test in the diagnosis
of bacterial overgrowth.
Gastroenterology 1990; 99: 1547–7.

80. Flatz G, Czeizel A, Metneki J, Flatz
SD, Kuhnau W, Jahn D. Pulmonary
hydrogen and methane excretion
following ingestion of an
unabsorbable carbohydrate: a study of
twins. J Pediatr Gastroenterol Nutr
1985; 4: 936–41.

81. Bjorneklett A, Jenssen E.
Relationships between hydrogen (H2)
and methane (CH4) production in
man. Scand J Gastroenterol 1982; 17:
985–92.

82. Wigg AJ, Roberts-Thomson IC,
Dymock RB, McCarthy PJ, Grose RH,
Cummins AG. The role of small
intestinal bacterial overgrowth,
intestinal permeability,
endotoxaemia, and tumour necrosis
factor alpha in the pathogenesis of
non-alcoholic steatohepatitis. Gut
2001; 48: 206–11.

83. Haboubi NY, Montgomery RD.
Small-bowel bacterial overgrowth in
elderly people: clinical significance
and response to treatment. Age
Ageing 1992; 21: 13–9.

84. Bolt MJ, Stellaard F, Sitrin MD,
Paumgartner G. Serum unconjugated
bile acids in patients with small bowel
bacterial overgrowth. Clin Chim Acta
1989; 181: 87–101.

85. Setchell KD, Harrison DL, Gilbert
JM, Mupthy GM. Serum
unconjugated bile acids: qualitative
and quantitative profiles in ileal
resection and bacterial overgrowth.
Clin Chim Acta 1985; 152: 297–306.

86. Hamilton JD, Dyer NH, Dawson AM,
O’Grady FW, Vince A, Fenton JCB,
et al. Assessment and significance
of bacterial overgrowth in the
small bowel. Q J Med 1970; 39: 265–
86.

87. von der Ohe MRM, Camilleri MM,
Thomforde GMG, Klee GGG.
Differential regional effects of
octreotide on human gastrointestinal
motor function. Gut 1995; 36: 743–8.

88. Soudah HC, Hasler WL, Owyang C.
Effect of octreotide on intestinal
motility and bacterial overgrowth in
scleroderma. N Engl J Med 1991; 325:
1461–7.

89. Madrid AMA, Hurtado CC, Venegas
MM, Cumsille FF, Defilippi CC.
Long-term treatment with cisapride
and antibiotics in liver cirrhosis: effect
on small intestinal motility, bacterial
overgrowth, and liver function. Am J
Gastroenterol 2001; 96: 1251–5.

90. Edmunds MC, Chen JD, Soykan I,
Lin Z, McCallum RW. Effect of
octreotide on gastric and small bowel
motility in patients with gastroparesis.
Aliment Pharmacol Ther 1998; 12:
167–74.

91. Castiglione F, Rispo A, Di Girolamo
E, Cozzolino A, Manguso F, Grassia
R, et al. Antibiotic treatment of small
bowel bacterial overgrowth in patients
with Crohn’s disease. Aliment
Pharmacol Ther 2003; 18: 1107–12.

92. Bouhnik YY, Alain SS, Attar AA,
Flouri�e BB, Raskine LL, Pors MJMS-
L, et al. Bacterial populations
contaminating the upper gut in
patients with small intestinal bacterial
overgrowth syndrome. Am J
Gastroenterol 1999; 94: 1327–31.

93. Di Stefano M, Miceli E, Missanelli A,
Mazzocchi S, Corazza GR. Absorbable
vs. non-absorbable antibiotics in the
treatment of small intestine bacterial
overgrowth in patients with blind-
loop syndrome. Aliment Pharmacol
Ther 2005; 21: 985–92.

94. Lauritano EC, Gabrielli M, Lupascu
A, Santoliquido A, Nucera G,
Scarpellini E, et al. Rifaximin dose-
finding study for the treatment of
small intestinal bacterial overgrowth.
Aliment Pharmacol Ther 2005; 22:
31–5.

95. Pimentel M, Park S, Mirocha J, Kane
SV, Kong Y. The effect of a
nonabsorbed oral antibiotic
(rifaximin) on the symptoms of the
irritable bowel syndrome: a
randomized trial. Ann Intern Med
2006; 145: 557–63.

96. Chang MSM, Green PHRP. A review
of rifaximin and bacterial overgrowth
in poorly responsive celiac disease.
Therap Adv Gastroenterol 2012; 5:
31–6.

97. Sharara AIA, Aoun EE, Abdul-Baki
HH, Mounzer RR, Sidani SS, Elhajj
II. A randomized double-blind
placebo-controlled trial of rifaximin
in patients with abdominal bloating
and flatulence. Am J Gastroenterol
2006; 101: 326–33.

98. Menees SB, Maneerattannaporn M,
Kim HM, Chey WD. The efficacy and
safety of rifaximin for the irritable

bowel syndrome: a systematic review
and meta-analysis. Am J Gastroenterol
2012; 107: 28–35.

99. Pimentel M. Review of rifaximin as
treatment for SIBO and IBS. Expert
Opin Investig Drugs 2009; 18: 349–58.

100. Saadi M, McCallum RW. Rifaximin
in irritable bowel syndrome: rationale,
evidence and clinical use. Ther Adv
Chronic Dis 2013; 4: 71–5.

101. Barrett JS, Kim EKC, Canale KEK,
Gearry RB, Irving PM, Gibson PR.
Probiotic effects on intestinal
fermentation patterns in patients with
irritable bowel syndrome. World J
Gastroenterol 2008; 14: 5020–4.

102. Soifer LO, Peralta D, Dima G,
Besasso H. Comparative clinical
efficacy of a probiotic vs. an
antibiotic in the treatment of patients
with intestinal bacterial overgrowth
and chronic abdominal functional
distension: a pilot study. Acta
Gastroenterol Latinoam 2010; 40:
323–7.

103. Nicholson JK, Connelly J, Lindon JC,
Holmes E. Metabonomics: a platform
for studying drug toxicity and gene
function. Nat Rev Drug Discov 2002;
1: 153–61.

104. Nicholson JK, Lindon JC, Holmes E.
“Metabonomics”: understanding the
metabolic responses of living systems
to pathophysiological stimuli via
multivariate statistical analysis of
biological NMR spectroscopic data.
Xenobiotica 1999; 29: 1181–9.

105. Nicholson JK, Holmes E, Wilson ID.
Opinion: gut microorganisms,
mammalian metabolism and
personalized health care. Nat Rev
Microbiol 2005; 3: 431–8.

106. Gao P, Lu C, Zhang F, Sang P, Yang
D, Li X, et al. Integrated GC–MS and
LC–MS plasma metabonomics
analysis of ankylosing spondylitis.
Analyst 2008; 133: 1214–20.

107. Bala L, Ghoshal UC, Ghoshal U,
Tripathi P, Misra A, Gowda GAN,
et al. Malabsorption syndrome with
and without small intestinal bacterial
overgrowth: a study on upper-gut
aspirate using 1H NMR spectroscopy.
Magn Res Med 2006; 56: 738–44.

108. Monle�on D, Morales JM, Barrasa A,
L�opez JA, V�azquez C, Celda B.
Metabolite profiling of fecal water
extracts from human colorectal
cancer. NMR Biomed 2009; 22:
342–8.

109. Marchesi JR, Holmes E, Khan F,
Kochhar S, Scanlan P, Shanahan F,
et al. Rapid and noninvasive
metabonomic characterization of
inflammatory bowel disease. J
Proteome Res 2007; 6: 546–51.

Aliment Pharmacol Ther 2013; 38: 674-688 687

ª 2013 John Wiley & Sons Ltd

Review: SIBO needs new approaches to diagnosis



110. Toskes PP, Giannella RA, Jervis HR,
Rout WR, Takeuchi A. Small
intestinal mucosal injury in the
experimental blind loop syndrome.
Light- and electron-microscopic and
histochemical studies.
Gastroenterology 1975; 68: 1193–203.

111. Haboubi NY, Lee GS, Montgomery
RD. Duodenal mucosal morphometry
of elderly patients with small
intestinal bacterial overgrowth:
response to antibiotic treatment. Age
Ageing 1991; 20: 29–32.

112. Riordan SM, McIver CJ, Thomas DH,
Duncombe VM, Bolin TD, Thomas
MC. Luminal bacteria and small-
intestinal permeability. Scand J
Gastroenterol 1997; 32: 556–63.

113. Riordan SM, McIver CJ, Wakefield D,
Duncombe VM, Thomas MC, Bolin
TD. Small intestinal mucosal
immunity and morphometry in
luminal overgrowth of indigenous gut
flora. Am J Gastroenterol 2001; 96:
494–500.

114. Sartor RB. Review article: role of the
enteric microflora in the pathogenesis
of intestinal inflammation and
arthritis. Aliment Pharmacol Ther
1997; 11(Suppl. 3): 17–13.

115. Gibney MJ, Walsh M, Brennan L,
Roche HM, German B, van Ommen
B. Metabolomics in human nutrition:
opportunities and challenges.
Am J Clin Nutr 2005; 82: 497–
503.

116. Lenz EM, Bright J, Wilson ID,
Hughes A, Morrisson J, Lindberg H,
et al. Metabonomics, dietary
influences and cultural differences: a
1H NMR-based study of urine
samples obtained from healthy British
and Swedish subjects. J Pharm
Biomed Anal 2004; 36: 841–9.

117. Chernov AJA, Doe WFW, Gompertz
DD. Intrajejunal volatile fatty acids in
the stagnant loop syndrome. Gut
1972; 13: 103–6.

118. Persaud K, Dodd G. Analysis of
discrimination mechanisms in the
mammalian olfactory system using
a model nose. Nature 1982; 299:
352–5.

119. Mills GAG, Walker VV. Headspace
solid-phase microextraction profiling
of volatile compounds in urine:
application to metabolic
investigations. J Chromatogr 2001;
753: 259–68.

120. Shirasu M, Touhara K. The scent of
disease: volatile organic compounds

of the human body related to disease
and disorder. J Biochem 2011; 150:
257–66.

121. Garner CE, Smith S, de Lacy Costello
B, White P, Spencer R, Probert CS,
et al. Volatile organic compounds
from feces and their potential for
diagnosis of gastrointestinal disease.
FASEB J 2007; 21: 1675–88.

122. Garner CE, Smith S, Bardhan PK,
Ratcliffe NM, Probert CSJ. A pilot
study of faecal volatile organic
compounds in faeces from cholera
patients in Bangladesh to determine
their utility in disease diagnosis.
Trans R Soc Trop Med Hyg 2009;
103: 1171–3.

123. Covington JA, Wedlake L, Andreyev
J, Ouaret N, Thomas MG, Nwokolo
CU, et al. The detection of patients at
risk of gastrointestinal toxicity during
pelvic radiotherapy by electronic nose
and FAIMS: a pilot study. Sensors
2012; 12: 13002–18.

124. Arasaradnam RP, Quaret N, Thomas
MG, Quraishi N, Heatherington E,
Nwokolo CU, et al. A novel tool for
noninvasive diagnosis and tracking of
patients with inflammatory bowel
disease. Inflamm Bowel Dis 2013; 19:
999–1003.

688 Aliment Pharmacol Ther 2013; 38: 674-688

ª 2013 John Wiley & Sons Ltd

E. Grace et al.


