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Abstract: Breath testing is the most widely utilized modality to diag-
nose small intestinal bacterial overgrowth (SIBO) and/or intestinal 
methanogen overgrowth (IMO). Although SIBO can be diagnosed 
with small bowel aspiration and breath testing, IMO can only be diag-
nosed with breath testing in clinical practice. Breath testing can tailor 
antibiotic therapy and predict response to treatment; however, the 
test is limited by its indirect method of measurement and concerns 
about the variability of orocecal transit time. Like any clinical test, 
breath testing has inherent strengths and limitations, and results must 
be interpreted with consideration of the clinical context and influenc-
ing factors. Recent studies have demonstrated the expanding clinical 
utility of breath testing in the diagnosis, management, and prediction 
of treatment response in SIBO and particularly in IMO along with the 
identification of distinct breath test patterns such as flat-line and high 
baseline hydrogen. This article reviews the strengths and limitations 
of breath testing in diagnosing SIBO and IMO as well as its expanding 
utility in clinical practice.

Breath testing is the most widely utilized diagnostic modality 
for small intestinal bacterial overgrowth (SIBO) and intestinal 
methanogen overgrowth (IMO).1,2 SIBO, a condition in which 

excessive amounts of coliform bacteria typically found in the colon are 
seen in the small intestine, results in various gastrointestinal (GI) symp-
toms, including bloating, abdominal pain, flatulence, nausea, dyspepsia, 
diarrhea, and constipation. IMO, an independent entity from SIBO, in 
which excessive methanogens reside in the small and/or large intestine, 
results in bloating, gas, abdominal discomfort, and constipation.3,4 Both 
SIBO and IMO have been increasingly recognized as causes of common 
GI symptoms.5 Similarly, the number of conditions linked to SIBO is 
increasing, and research has suggested an association between the micro-
biome and irritable bowel syndrome (IBS).6-8 Although SIBO, IMO, 
and IBS are separate disease entities, these conditions can overlap, and 
antibiotic therapy has been found to reduce symptoms in IBS patients 
with abnormal breath testing.9-11 Currently in clinical practice, IMO is 
only diagnosed with breath testing. SIBO can be diagnosed with breath 
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testing or small bowel aspiration, although the latter 
is not readily available in most clinical settings and is 
limited by a high contamination rate. Breath testing has 
been subject to criticism owing to its indirect manner 
of measuring microbial overgrowth and concerns about 
false-positive results. Glucose and lactulose are the 2 
main substrates used for breath testing for SIBO and 
IMO, and each test type has distinct advantages and 
disadvantages. Like many diagnostic tests, breath tests 
have inherent strengths and limitations, and results can 
be affected by multiple factors (Table). This article sum-
marizes the current literature on the pros and cons of 
breath testing and its utility in clinical practice for the 
diagnosis and management of SIBO and IMO. 

Small Intestinal Bacterial Overgrowth

The symptoms of SIBO are well known to be nonspecific 
and nonpredictive; hence, symptoms alone cannot be 
used to diagnose SIBO. A retrospective study by Baker 
and colleagues found that symptomatic patients with GI 
symptoms referred for breath testing had similar rates of 
heartburn, regurgitation, chest pain, nausea, abdominal 
pain, bloating, gas, diarrhea, and constipation irrespective 
of glucose breath test results.12 Additionally, response to 
empiric antibiotic therapy as a means to rule in SIBO 
or IMO is not recommended because of the cost, risk of 
Clostridioides difficile colitis, and development of drug 
resistance.13 Therefore, objective testing is recommended 
in patients with both symptoms and predisposing condi-
tions to prevent overdiagnosis. 

There is no true gold standard test for SIBO diag-
nosis; however, 2 primary methods are currently used. 
The most direct method of evaluating for SIBO is an 
upper endoscopy with small intestinal fluid aspiration.1 
A threshold of greater than 103 colony-forming units of 
coliforms/mL is needed for SIBO diagnosis.1 This method 
is costly, invasive, and not widely available in most clinical 
settings. Small bowel aspiration also has a risk of contam-
ination by oral flora and sampling error, particularly if 
bacteria in the mid or distal small bowel are not sampled, 
which further limits its clinical utility.14,15 

A recent study by Cangemi and colleagues found that 
use of single lumen catheters to aspirate the small bowel is 
associated with a 19.6% contamination rate, underlining 
the lack of a true gold standard test for the diagnosis of 
SIBO.15 Furthermore, deep sequencing studies indicate 
that not all hydrogenogenic bacteria are culturable,16 and 
as commercial microbiology laboratories are not able to 
culture methanogenic archaea, intestinal aspiration can-
not be used to diagnose IMO. Consequently, the more 
widely used alternative to assess for SIBO is breath testing. 
The breath test detects microbial overgrowth by quantify-

Table. Strengths and Limitations of Breath Testing 

Strengths

Exhaled breath hydrogen and methane are exclusive 
biomarkers of metabolically active gut microbes

Safe, simple, and noninvasive

Widely accessible and inexpensive with home testing option

Antibiotic therapy can be tailored based on breath test 
patterna

•  Breath testing is the only diagnostic test for IMO
•  IMO test results are not affected by OCTT

Spot methane measurement is a rapid point-of-care method 
to diagnosis IMO and assess treatment response

Lactulose breath test can help identify patients with 
diarrhea-predominant irritable bowel syndrome who are 
more likely to be rifaximin responders

Limitations

Indirectly measures microbial overgrowth

Accuracy of result relies on patient compliance to protocol:
•  Oral care
•  Avoid exercise or smoking on day of test 
•  Avoid fermentable foods on day prior to test
•  No antibiotics 4 weeks before test
•   Discontinuation of promotility agents or laxatives 1 week 

before test
•   Avoid colonoscopy bowel preparation at least 2 weeks 

before test

Various commercial home tests:
•   May use thresholds for breath hydrogen and methane 

that are different from cutoffs outlined in clinical 
guidelines 

•   May include a combined criteria of hydrogen and 
methane, which are not supported by data and can lead 
to false-positive results

Low breath hydrogen can occur when excessive methano-
gens and hydrogenotrophic bacteria are present

SIBO test results can be affected by variations in OCTT:
•   Rapid OCTT can result in false-positive result
•   Slow OCTT can result in false-negative result

Conditions that impair delivery of the carbohydrate 
substrate to the small intestine can result in false-negative 
results (ie, gastroparesis, gastric outlet obstruction, 
achalasia, and enterocutaneous fistula)

aHydrogen-predominant SIBO treatment: rifaximin; IMO treatment: 
rifaximin/neomycin, rifaximin/flagyl, or ciprofloxacin/flagyl.
IMO, intestinal methanogen overgrowth; OCTT, orocecal transit time;  
SIBO, small intestinal bacterial overgrowth.
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Figure. Diagnostic criteria and breath test patterns according to the North American Consensus statement are shown. 
Diagnosis of hydrogen-predominant small intestinal bacterial overgrowth can be made via small bowel aspiration showing 
greater than 103 cfu/mL or with breath testing that shows an early rise in hydrogen (blue line) of 20 parts per million (ppm) 
or more above baseline by 90 minutes (A). Intestinal methanogen overgrowth is defined as methane (red line) of 10 ppm or 
more at any point during the test (B). Flat-line pattern is defined as no methane and low fixed hydrogen production (low 
fixed hydrogen ≤3 ppm and no rise >1 ppm above baseline) (C). High baseline hydrogen is defined as baseline hydrogen 
greater than 20 ppm with no excessive methane (D). Normal breath test result (E). 
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ing hydrogen gas, which is produced when a carbohydrate 
substrate is fermented by bacteria, and methane, which is 
produced by archaea.17,18 The gases then diffuse into the 
bloodstream and are eventually expired by the lungs.17 Per 
the North American Consensus statement, an early rise 
in hydrogen of 20 parts per million (ppm) or more above 
baseline by 90 minutes is considered a positive glucose or 
lactulose breath test result for SIBO (Figure A).1 A recent 
comparative study by Baker and colleagues proposed that 
a cutoff of greater than 12 ppm is more sensitive for SIBO 
compared with the criteria set by the North American 
Consensus in the case of the glucose breath test.19 

Pros of Breath Testing
Breath testing is overall the preferred diagnostic method 
for SIBO. Breath testing is safe, simple, and noninvasive. 
The test is also widely available and can be administered 
at home, which is helpful for patients who are unable to 
travel or who live in remote areas.2,20 Although breath 
testing is an indirect assessment of microbial overgrowth, 
recent duodenal microbiome data using 16S ribosomal 
RNA sequencing suggest that breath hydrogen is pos-
itively correlated with a relative abundance of specific 
classes of bacteria. Additionally, patients with SIBO have 
upregulation of metabolic pathways that lead to hydro-
gen production.16 Another advantage of breath testing is 
that it can distinguish distinct gas patterns of SIBO from 
those of IMO or overgrowth of hydrogenotrophic bac-
teria, and therefore the results can help tailor antibiotic 
therapy. This differentiation is important because while 
hydrogen-predominant SIBO responds well to rifaximin, 
archaea associated with IMO are resistant to most anti-
biotics and respond better to combination therapy (eg, 
rifaximin/neomycin) compared with a single antibiotic 
(eg, rifaximin alone).11,20

Both lactulose and glucose substrates have their 
unique advantages and disadvantages, and there is no 
consensus on which is the preferred substrate. Lactulose, 
a synthetic disaccharide that is nondigestible and non-
absorbable, has the theoretical advantage of being able 
to sample the entire small intestine and can potentially 
identify distal SIBO. Glucose, a monosaccharide that is 
rapidly absorbed in the proximal small intestine, is con-
sidered a more specific test because it is less likely to result 
in false-positives from colonic fermentation. A recent 
meta-analysis cited a sensitivity of 42% and specificity of 
70.6% for the lactulose breath test compared with a sen-
sitivity of 54.5% and specificity of 83.2% for the glucose 
breath test.21 As the current techniques of small bowel 
aspiration have significant contamination rates, calcula-
tion of the exact sensitivity and specificity rates of breath 
testing is not possible because the presumed gold standard 
(ie, small bowel aspiration) accuracy is suboptimal. Lact-

ulose may be the preferred substrate for diabetic patients 
because it does not carry any risk of hyperglycemia. The 
lactulose breath test also has clinical utility in patients 
with diarrhea-predominant IBS. One study found that 
of patients with diarrhea-predominant IBS who under-
went a lactulose breath test, those with a positive result 
were more likely to have improved symptom response to 
rifaximin compared with those who had a negative result.9 
Glucose, which is rapidly absorbed by the small bowel, 
is unlikely to result in colonic fermentation and may be 
a better substrate for patients with known or suspected 
rapid orocecal transit times (OCTTs).22 Currently, both 
substrates are acceptable options to diagnose SIBO. 

Cons of Breath Testing
One of the limitations of breath testing for SIBO is the 
variability of OCTT. Hence, the major criticism of glu-
cose and lactulose breath testing is that the early rise in 
breath hydrogen reflects colonic fermentation rather than 
SIBO. A study by Yu and colleagues combined lactulose 
breath testing with scintigraphy and found that 88% of 
individuals (22/25) with a positive result (defined as rise 
in breath hydrogen of 20 ppm from baseline by 180 min-
utes) had 5% or more of the technetium 99m (equivalent 
to 0.5 g of lactulose) in the cecum on scintigraphy before 
the test result became positive.23 The problem with this 
conclusion is that 5% of the test meal, which is equivalent 
to 0.5 g of lactulose, is unable to cause an instantaneous 
and significant rise in breath hydrogen. It is expected that 
it would take time for the substrate to ferment and produce 
gas, and then for the gas to diffuse into the bloodstream 
and be expired by the lungs for quantification. In fact, 
Read and colleagues observed that when lactulose was 
infused directly into the cecum at a rate of 0.15 g/min, it 
took approximately 40 minutes for the breath hydrogen 
to rise by 20 ppm.24 At a slower rate of 0.02 g/min, it 
took several hours to increase the breath hydrogen by 20 
ppm. Additionally, when 5% or more of the substrate is 
in the cecum, the majority of the substrate is still within 
the small intestine and likely the main contributor to the 
early rise in breath hydrogen.

There has also been criticism that the glucose breath 
test is prone to false-positive results in patients with a 
history of upper GI surgery. Lin and Massey found that 
of 46 patients with abnormal breath test results who 
underwent glucose breath testing concurrently with 
scintigraphy, 22 had false-positive results caused by colon 
fermentation, and of the 22 patients, 20 had a history 
of upper GI surgery, whereas only 2 patients had no 
prior surgery.22 The authors concluded that scintigraphy 
should be performed with glucose breath testing in those 
with a history of foregut surgery, but the feasibility of 
this clinical practice is unclear. Overall, the clinician 
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performing the breath test assumes that the OCTT is 
within normal range. Scintigraphy has demonstrated 
that normal OCTT is approximately 83 minutes. Still, 
the uncertainty of OCTT is a major drawback when 
interpreting breath test results. For patients who are at 
risk for rapid small bowel transit (eg, those with a history 
of upper GI surgery), clinicians could consider concur-
rent scintigraphy or evaluating for SIBO with an upper 
endoscopy and small bowel aspiration. 

Another downside of breath tests is the concern 
regarding the potential for false-negative results. A 
false-negative result can occur when an underlying pro-
cess prevents the carbohydrate substrate from reaching 
the small intestine. Some examples include achalasia, 
gastroparesis, gastric outlet obstruction, and an enterocu-
taneous fistula. A false-negative test can also occur when 
there is delayed OCTT, and the substrate does not reach 
the region of small bowel affected by bacterial overgrowth. 
Additionally, breath hydrogen can be reduced when a 
predominance of methane-producing organisms are con-
suming hydrogen to generate methane.6,25-28 Lastly, when 
patients have symptoms suggestive of SIBO but are not 
responding to antibiotic treatment, the clinician should 
consider the presence of another process such as small 
intestinal fungal overgrowth, which can be diagnosed 
using small bowel aspiration with fungal cultures.29 One 
challenge in breath testing is the recognition of new breath 
test patterns. Test results that were previously thought 
to be normal, such as the flat-line and elevated baseline 
hydrogen patterns, may actually represent presence of 
excess hydrogenogenic or hydrogenotrophic bacteria that 
can benefit from treatment (as discussed in the “Emerging 
Breath Test Patterns” section).

Intestinal Methanogen Overgrowth

A major strength of breath testing is its ability to diag-
nose IMO. Breath testing is currently the only available 
way to identify IMO in clinical practice. Because IMO 
is attributed to overgrowth of methanogenic archaea 
(anaerobic organisms from the domain Archaea), rather 
than bacteria, it is a separate clinical entity from SIBO.20 
Per the North American Consensus, a methane level of 10 
ppm or more at any point during breath testing is consid-
ered diagnostic for IMO (Figure B).1 Unlike breath testing 
for SIBO, IMO is not affected by OCTT. Methane gas 
slows intestinal transit, and consequently, IMO is asso-
ciated with constipation and constipation-predominant 
IBS.4,30,31 Methane levels are not prone to fluctuations and 
directly correlate to the severity of constipation.32 A large 
retrospective study (N=1461) further demonstrated how 
IMO is a distinct condition from SIBO.33 In the study, 
methane producers were more likely to be older and had 

a lower frequency of vitamin B12 deficiency or diarrhea 
compared with those with hydrogen-predominant SIBO. 
Additionally, many classic risk factors for SIBO such as 
Roux-en-Y gastric bypass, diabetes, and prior cholecystec-
tomy were not associated with IMO.33 

Identifying IMO also has important therapeutic 
implications because species of archaea are resistant to 
most antibiotics.34 In a retrospective study by Low and 
colleagues, IMO responded better to combination ther-
apy with rifaximin and neomycin rather than rifaximin 
alone.11 According to the study, 85% of patients treated 
with rifaximin and neomycin attained clinical response 
compared with 56% of patients in the rifaximin-only 
group. Additionally, 87% of patients treated with rifax-
imin and neomycin were able to eradicate methane on 
breath testing compared with only 29% of patients in 
the rifaximin-only group. Furthermore, in a small ran-
domized controlled study (N=31) of patients with con-
stipation-predominant IBS with a breath methane level 
greater than 3 ppm, the combination of neomycin and 
rifaximin reduced constipation, straining, and bloating 
more than rifaximin alone.35 Breath testing can provide 
a reliable assessment of treatment response. In the same 
study, patients who had reduced methane levels to less 
than 3 ppm after combination therapy reported lower 
constipation severity compared with patients who did not 
have reduced methane levels after treatment. 

Lastly, a recent study by Takakura and colleagues 
found that a fasting single methane measurement (SMM) 
was able to accurately diagnose IMO and monitor 
response to treatment.36 A fasting SMM of 10 ppm or 
more had a sensitivity of 86.4% and specificity of 100% 
for diagnosing IMO on the glucose and lactulose breath 
test. Moreover, IMO was associated with a higher rate 
of constipation and bloating and, importantly, directly 
correlated with stool methanogen load. After antibiotic 
therapy, there was a significant decrease in SMM start-
ing at 2 days. Therefore, a spot methane level provides a 
reliable and rapid point-of-care method to diagnose IMO 
and monitor treatment response. 

Emerging Breath Test Patterns

Our understanding of breath test patterns continues 
to expand. Recently, research has identified 2 distinct 
clinically important patterns: flat-line and high baseline 
hydrogen. These patterns are important to recognize 
because they may indicate overgrowth of specific strains 
of bacteria. Studies have shown that patients with either 
pattern may respond to antibiotic therapy, and the 
response may be different depending on the pattern. Fur-
ther studies are needed to better characterize the clinical 
significance of these unique breath patterns.
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Flat-Line Pattern
The flat-line pattern, defined as no methane and low 
fixed hydrogen (≤3 ppm and no rise >1 ppm above base-
line) production (Figure C),37 is uncommon and more 
frequently seen in patients with inflammatory bowel 
disease.38 The flat-line pattern may be clinically import-
ant because a significant proportion of patients with 
this pattern respond to antibiotics. Of patients with the 
flat-line pattern treated with antibiotics, 56% responded 
to any antibiotics; of those, 58% responded to rifaximin, 
and 47% responded to a combination of rifaximin and 
neomycin.39 It has been proposed that the flat-line pattern 
may be attributed to excess hydrogenotrophic bacteria 
consuming hydrogen to produce hydrogen sulfide. Alter-
natively, the flat-line pattern could be seen in the setting 
of gastroparesis, when the substrate is not able to reach 
the small bowel, or recent antibiotic use. If an excess of 
hydrogenotrophic bacteria is found to contribute to the 
flat-line pattern, measurement of exhaled hydrogen sul-
fide may be useful. Currently, measurement of hydrogen 
sulfide gas is not widely available, although it is offered in 
certain home breath tests.2

High Baseline Hydrogen Pattern
High baseline hydrogen greater than 20 ppm with no 
excessive methane is another uncommon but potentially 
important pattern on breath testing (Figure D). In a 
large-scale study of lactulose breath testing (N=14,847), 
107 (0.7%) patients were found to have an elevated 
baseline hydrogen level (>20 ppm).40 These patients con-
firmed strict compliance to a low fermentation diet on 
the day prior to the test and fasted 8 hours overnight. 
Of the 107 patients with high baseline hydrogen treated 
with antibiotics, 52% responded to any antibiotics. The 
response rate to rifaximin was higher at 73%, whereas the 
response rate to rifaximin and neomycin was low at 25%. 
This breath test pattern is important to identify because 
patients with the pattern may benefit from antibiotic 
therapy with rifaximin. Further studies with small bowel 
aspirate culture data and deep sequencing are needed to 
identify which strains of bacteria can produce hydrogen 
in a fasted state.

Conclusion

Glucose and lactulose breath testing offers a rapid, safe, 
and noninvasive method for diagnosing SIBO and IMO. 
Like all clinical tests, breath testing has certain limitations, 
and the results must be interpreted thoughtfully, keeping 
the clinical context in mind. Breath testing carries many 
advantages, including its ability to identify distinct breath 
test patterns that can help predict treatment response and 
tailor antibiotic therapy and may be useful in monitoring 

treatment response. Newer technologies in the pipeline, 
such as intraluminal gas sampling and next-generation 
sequencing, may provide greater diagnostic accuracy and 
direct-targeted treatment in the future. 

Disclosures 
Dr Rezaie is a consultant/speaker for and has received grant 
support from Bausch Health. He also has equity in Gemelli 
Biotech, with which Cedars-Sinai Medical Center has licens-
ing agreements. Dr Lim has no relevant conflicts of interest 
to disclose.

References

1. Rezaie A, Buresi M, Lembo A, et al. Hydrogen and methane-based breath 
testing in gastrointestinal disorders: the North American Consensus. Am J Gastro-
enterol. 2017;112(5):775-784.
2. Liu JJ, Brenner DM. Updates and caveats to breath testing for intestinal over-
growth. Am J Gastroenterol. 2022;117(9):1390-1393.
3.  Suri J, Kataria R, Malik Z, Parkman HP, Schey R. Elevated methane levels 
in small intestinal bacterial overgrowth suggests delayed small bowel and colonic 
transit. Medicine (Baltimore). 2018;97(21):e10554.
4. Pimentel M, Lin HC, Enayati P, et al. Methane, a gas produced by enteric bac-
teria, slows intestinal transit and augments small intestinal contractile activity. Am 
J Physiol Gastrointest Liver Physiol. 2006;290(6):G1089-G1095.
5. Amieva-Balmori M, Coss-Adame E, Rao NS, Dávalos-Pantoja BM, Rao SSC. 
Diagnostic utility of carbohydrate breath tests for SIBO, fructose, and lactose 
intolerance. Dig Dis Sci. 2020;65(5):1405-1413.
6.  Villanueva-Millan MJ, Leite G, Wang J, et al. Methanogens and hydrogen 
sulfide producing bacteria guide distinct gut microbe profiles and irritable bowel 
syndrome subtypes. Am J Gastroenterol. 2022;117(12):2055-2066.
7.  Shah A, Talley NJ, Jones M, et al. Small intestinal bacterial overgrowth in 
irritable bowel syndrome: a systematic review and meta-analysis of case-control 
studies. Am J Gastroenterol. 2020;115(2):190-201.
8. Takakura W, Pimentel M. Small intestinal bacterial overgrowth and irritable 
bowel syndrome - an update. Front Psychiatry. 2020;11:664.
9. Rezaie A, Heimanson Z, McCallum R, Pimentel M. Lactulose breath testing as 
a predictor of response to rifaximin in patients with irritable bowel syndrome with 
diarrhea. Am J Gastroenterol. 2019;114(12):1886-1893.
10. Ghoshal UC, Sachdeva S, Ghoshal U, et al. Asian-Pacific consensus on small 
intestinal bacterial overgrowth in gastrointestinal disorders: an initiative of the 
Indian Neurogastroenterology and Motility Association.  Indian J Gastroenterol. 
2022;41(5):483-507.
11. Low K, Hwang L, Hua J, Zhu A, Morales W, Pimentel M. A combination 
of rifaximin and neomycin is most effective in treating irritable bowel syn-
drome patients with methane on lactulose breath test.  J Clin Gastroenterol. 
2010;44(8):547-550.
12. Baker J, Chey WD, Saad R. Common gastrointestinal symptoms do not 
predict the results of glucose breath testing in the evaluation of suspected small 
intestinal bacterial overgrowth: Presidential Poster 2417. Am J Gastroenterol. 
2015;110:S1004.
13. Rezaie A, Pimentel M, Rao SS. How to test and treat small intestinal bacterial 
overgrowth: an evidence-based approach. Curr Gastroenterol Rep. 2016;18(2):8.
14.  Ginnebaugh B, Chey WD, Saad R. Small intestinal bacterial overgrowth: 
how to diagnose and treat (and then treat again). Gastroenterol Clin North Am. 
2020;49(3):571-587.
15.  Cangemi DJ, Lacy BE, Wise J. Diagnosing small intestinal bacterial over-
growth: a comparison of lactulose breath tests to small bowel aspirates. Dig Dis 
Sci. 2021;66(6):2042-2050.
16. Leite G, Morales W, Weitsman S, et al. The duodenal microbiome is altered in 
small intestinal bacterial overgrowth. PLoS One. 2020;15(7):e0234906.
17. Levitt MD. Volume and composition of human intestinal gas determined by 
means of an intestinal washout technic. N Engl J Med. 1971;284(25):1394-1398.
18.  Hoegenauer C, Hammer HF, Mahnert A, Moissl-Eichinger C. Methano-
genic archaea in the human gastrointestinal tract. Nat Rev Gastroenterol Hepatol. 
2022;19(12):805-813.



146  Gastroenterology & Hepatology  Volume 19, Issue 3  March 2023 

L I M  A N D  R E Z A I E

19. Baker JR, Chey WD, Watts L, et al. How the North American Consensus 
protocol affects the performance of glucose breath testing for bacterial overgrowth 
versus a traditional method. Am J Gastroenterol. 2021;116(4):780-787.
20. Pimentel M, Saad RJ, Long MD, Rao SSC. ACG Clinical Guideline: small 
intestinal bacterial overgrowth. Am J Gastroenterol. 2020;115(2):165-178.
21. Losurdo G, Leandro G, Ierardi E, et al. Breath tests for the non-invasive diag-
nosis of small intestinal bacterial overgrowth: a systematic review with meta-analy-
sis. J Neurogastroenterol Motil. 2020;26(1):16-28.
22.  Lin EC, Massey BT. Scintigraphy demonstrates high rate of false-positive 
results from glucose breath tests for small bowel bacterial overgrowth. Clin Gastro-
enterol Hepatol. 2016;14(2):203-208.
23. Yu D, Cheeseman F, Vanner S. Combined oro-caecal scintigraphy and lac-
tulose hydrogen breath testing demonstrate that breath testing detects oro-cae-
cal transit, not small intestinal bacterial overgrowth in patients with IBS.  Gut. 
2011;60(3):334-340.
24. Read NW, Al-Janabi MN, Bates TE, et al. Interpretation of the breath hydro-
gen profile obtained after ingesting a solid meal containing unabsorbable carbohy-
drate. Gut. 1985;26(8):834-842.
25. Braden B. Methods and functions: breath tests. Best Pract Res Clin Gastroen-
terol. 2009;23(3):337-352.
26. Smith NW, Shorten PR, Altermann EH, Roy NC, McNabb WC. Hydrogen 
cross-feeders of the human gastrointestinal tract. Gut Microbes. 2019;10(3):270-
288.
27. Christl SU, Murgatroyd PR, Gibson GR, Cummings JH. Production, metabo-
lism, and excretion of hydrogen in the large intestine. Gastroenterology. 1992;102(4 
Pt 1):1269-1277.
28. Vernia P, Camillo MD, Marinaro V, Caprilli R. Effect of predominant meth-
anogenic flora on the outcome of lactose breath test in irritable bowel syndrome 
patients. Eur J Clin Nutr. 2003;57(9):1116-1119.
29.  Erdogan A, Rao SS. Small intestinal fungal overgrowth.  Curr Gastroenterol 
Rep. 2015;17(4):16.
 

30. Triantafyllou K, Chang C, Pimentel M. Methanogens, methane and gastroin-
testinal motility. J Neurogastroenterol Motil. 2014;20(1):31-40.
31.  Kunkel D, Basseri RJ, Makhani MD, Chong K, Chang C, Pimentel M. 
Methane on breath testing is associated with constipation: a systematic review and 
meta-analysis. Dig Dis Sci. 2011;56(6):1612-1618.
32. Chatterjee S, Park S, Low K, Kong Y, Pimentel M. The degree of breath meth-
ane production in IBS correlates with the severity of constipation. Am J Gastroen-
terol. 2007;102(4):837-841.
33. Madigan KE, Bundy R, Weinberg RB. Distinctive clinical correlates of small 
intestinal bacterial overgrowth with methanogens. Clin Gastroenterol Hepatol. 
2022;20(7):1598-1605.e2.
34. Dridi B, Fardeau ML, Ollivier B, Raoult D, Drancourt M. The antimicrobial 
resistance pattern of cultured human methanogens reflects the unique phyloge-
netic position of archaea. J Antimicrob Chemother. 2011;66(9):2038-2044.
35.  Pimentel M, Chang C, Chua KS, et al. Antibiotic treatment of constipa-
tion-predominant irritable bowel syndrome. Dig Dis Sci. 2014;59(6):1278-1285.
36. Takakura W, Pimentel M, Rao S, et al. A single fasting exhaled methane level 
correlates with fecal methanogen load, clinical symptoms and accurately detects 
intestinal methanogen overgrowth. Am J Gastroenterol. 2022;117(3):470-477.
37. Lakhoo K, Liu X, Lentz G, et al. Phenotype and antibiotic response in patients 
with flat line breath test results: a large scale database analysis: 448. Am J Gastro-
enterol. 2018;113:S261.
38. Gu P, Patel D, Lakhoo K, et al. Breath test gas patterns in inflammatory bowel 
disease with concomitant irritable bowel syndrome-like symptoms: a controlled 
large-scale database linkage analysis. Dig Dis Sci. 2020;65(8):2388-2396.
39. Rezaie A. Shedding light on elevated baseline hydrogen and flat-line patterns 
during breath testing. Am J Gastroenterol. 2020;115(6):956-957.
40. Lakhoo K, Lenz G, Lin EA, et al. Phenotype and antibiotic response in patients 
with elevated baseline hydrogen breath test results: a large scale database analysis: 
483. Am J Gastroenterol. 2019;114:S279-S280.


