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Abstract
Background and Aim: Breath testing has become a commonly used tool in gastroen-
terology to evaluate changes in the fermentation pattern of the gut microbiome. Cur-
rently, hydrogen and methane gas concentrations are measured in breath testing and
evaluated against specific cut-off values for interpretation as normal or abnormal.
However, microbial gas kinetics is a complex process that is not currently fully con-
sidered when interpreting breath gas results. Gas exchange between hydrogen pro-
ducers and hydrogen consumers (methanogens and sulfate-reducing bacteria) is a
process whereby hydrogen availability is determined by both its production and
removal. Hydrogen sulfide is a crucial gas involved in this process as it is a major
hydrogen-consumptive pathway involved in energy exchange.
Methods: This is a cross-sectional study evaluating lactulose breath testing with the
inclusion of hydrogen sulfide measurements in patients referred for breath testing for
gastrointestinal symptoms of bloating, excessive gas, and/or abdominal pain.
Results: A total of 159 patients were analyzed between October 2016 and June 2017.
Mean hydrogen concentrations with a positive trend through a 3-h period (R2 = 0.97),
mean methane concentrations with a positive trend (R2 = 0.69), and mean hydrogen
sulfide concentrations with a negative trend (R2 = −0.71) were observed.
Conclusion: By incorporating energy exchange in the interpretation of the lactulose
breath test, we reevaluated specific breath gas profiles, including those commonly
described as “hydrogen nonproducers” and the “double-peak” phenomenon.

Introduction
Lactulose breath testing (LBT) has been used as a diagnostic tool
for gastrointestinal conditions involving altered microbial fer-
mentation, including small intestinal bacterial overgrowth (SIBO)
and maldigestion/malabsorption syndromes.1 Despite breath test-
ing becoming widely used, there is little agreement on the inter-
pretation of results.2 Levitt and colleagues measured hydrogen
(H2), carbon dioxide (CO2), methane (CH4), oxygen (O2), nitro-
gen (N2), hydrogen sulfide (H2S), and ammonia (NH3) in breath
and intestinal gas samples collected from healthy subjects.3 The
source of breath gases that are exclusively microbial in origin is
gut microbial fermentation, with the highly diffusible gases enter-
ing the circulation and, subsequently, the pulmonary bed. Of
these microbial-only gases, hydrogen and methane1 are routinely
measured in clinical breath testing.

The microbiome of the gastrointestinal tract contains
both hydrogen-producing microbes, mainly Bacteroidetes
spp., and hydrogen-consumptive species, including methano-
gens (producing methane), sulfate-reducing bacteria (produc-
ing hydrogen sulfide), and acetogens (producing acetate).3–5

As 40% of the population relies primarily on methanogenesis

and only about 5% on acetogenesis, up to 55% of the popula-
tion relies on sulfate reduction, with H2S production being
the main hydrogen-consumptive pathway.6 However, hydro-
gen sulfide concentration is not routinely measured in breath
tests.

In this study, we will describe the potential relationship
between concentration values of hydrogen and that of hydrogen
sulfide and/or methane on LBT. We will test the hypothesis that
breath testing gas results could be interpreted in terms of a
dynamic balance between hydrogen production by fermentation
and hydrogen consumption through the competing processes of
methanogenesis versus sulfate reduction, sulfate gas elimination,
and reaction saturation.

Methods

Patient selection. This study was reviewed and approved
by the institutional review board of the New Mexico VA Health
Care System. Breath testing data from October 2016 to June
2017 of consecutive patients referred to the GI lab at the Vet-
erans Affairs Medical Center in Albuquerque, NM, USA were
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reviewed. Data from 159 patients with complete set of data were
utilized for the study from a total of 222 patients screened.
Patients were referred for a lactulose breath test for symptoms of
bloating, excessive gas, and/or abdominal pain. VA providers
were aware that breath testing would include hydrogen sulfide
measurements, but patients were not specifically referred for
hydrogen sulfide testing. Patients were excluded from this study
if they had an elevated baseline hydrogen gas concentration of
more than 20 parts per million (ppm) prior to lactulose adminis-
tration, suggestive of inadequate fasting prior to the test; those
patients were rescheduled. Patients who did not complete hydro-
gen sulfide testing were also excluded from the study.

Lactulose breath testing. Gas samples were tested using
gas chromatographs for the concentration of hydrogen sulfide in
parts per billion (ppb) (OralChroma, Nissha Company, Osaka,
Japan) and for the concentrations of hydrogen and methane in
ppm (BreathTracker Analyzer, Quintron, Milwaukee, WI, USA).
Patients were instructed to stop proton pump inhibitors for at
least 7 days prior to the test date and at least 14 days for any
recent antibiotic use, colonoscopy, or barium enema. After a
12-h fast, a 10 g dose of lactulose was administered and con-
sumed orally. Exhaled breath gas samples were collected in
15-min intervals from 0 (baseline) to 180 min. At each collection
time, the gas samples were immediately measured and then tran-
scribed on a standardized recording sheet.

Data analysis. Hydrogen and methane results were evaluated
using published criteria.1 For H2, any rise above 20 ppm prior to
90 min was considered abnormal (positive for H2); for CH4, any
rise above 3 ppm was interpreted as abnormal (positive for CH4).
For H2S, any detectable value was considered positive. Data were
analyzed for a double-peak profile on the basis of an initial peak
rise of breath hydrogen of greater than 20 ppm, with a second
peak occurring at a later time point with peak-to-trough-to-peak
changes of ≥10 ppm. Data were analyzed for hydrogen
nonproducers7–9 on the basis of a hydrogen flatline with all values
≤10 ppm and an absence of a hydrogen peak. For each subset of
patients, the mean concentrations of each gas (H2, CH4, H2S) were
calculated along with the standard error of the mean (SEM). One-
way ANOVA analysis was used to calculate differences between
each time point for mean H2S concentration compared to baseline.
The correlation coefficient was calculated for each gas (H2, CH4,
H2S) to show trends through the measurement time period.

Results
LBT data from 159 patients were analyzed (117 males,
42 females). The subjects were 52.0 � 1.1 years old. All 159 sub-
jects were evaluated and divided into groups based on their breath
gas pattern positive for hydrogen, positive for methane, positive
for hydrogen sulfide, or positive for all three (Table 1). A total of
96 subjects tested positive for hydrogen gas, 63 subjects tested
positive for methane, 39 subjects tested positive for hydrogen sul-
fide, and 25 subjects tested positive for all three gases.

Mean H2 gas measurements at 15-min intervals showed a
positive trend (R2 = 0.97), with an overall increasing concentra-
tion through the 3-h time period (Fig. 1). The SEM for each time
period increased from start to finish of the experiment,

suggesting greater variability of hydrogen gas concentration
toward the end of the testing period when compared to the begin-
ning of the testing period.

Mean CH4 concentrations also showed a positive trend
with an overall increasing concentration (R2 = 0.69) from start to
finish of the 3-h time period (Fig. 2). Increase in SEM from start
to finish of the experiment suggested greater variability of hydro-
gen gas concentration toward the end of the testing period.

In contrast to those of hydrogen or methane, the mean H2S
concentrations (Fig. 3) showed a negative (decreasing) trend
(R2 = −0.71) with an overall decreasing concentration through the
3-h time period; mean H2S concentration along with SEM for each
time point are shown in Table 2. Decrease in SEM toward the end of
the measuring period suggested less variability of hydrogen sulfide
gas concentration when compared to the beginning of the measuring

Table 1 Subgroups based on positive breath gas concentrations for
hydrogen, methane, and hydrogen sulfide along with mean concentra-
tion for each gas

Number
per group (H2) � SE (CH4) � SE (H2S) � SE

H2 96 51.2 � 4.9 11.6 � 2.2 18.8 � 8.9
CH4 63 57.2 � 6.7 14.1 � .5 16.5 � 5.0
H2S 39 51.1 � 7.9 10.6 � 2.7 44.2 � 20.8
All 3 positive 25 58.5 � 11.0 14.5 � 3.9 31.1 � 11.6

All study subjects are divided into groups that are positive for hydro-
gen, methane, and hydrogen sulfide gases. For each group, the num-
ber of subjects with positive gases is reported (based on interpretation
discussed in Methods section), along with mean concentrations
� standard error (SE) of the mean of all three gases per group.

Figure 1 Mean hydrogen (H2) gas concentration in parts per million
(ppm) over a 3-h lactulose breath testing. R2 of 0.97.
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period. Of note, a significant rise in SEM was noted at the 75- and
90-min time points. In addition, the range of concentrations for H2S
in ppb is markedly tighter compared to hydrogen and methane in
ppm. A high number of individual breath samples measured zero for
the concentration of hydrogen sulfide. This contrasted with the con-
sistent detection of hydrogen and methane in every gas sample over
the 3-h time period in those subjects excreting hydrogen or methane.

Data showing the methane and hydrogen sulfide excretion
of hydrogen nonproducers demonstrated that, even as none of
the mean hydrogen concentrations reached the >20 ppm thresh-
old to be considered abnormal, methane and hydrogen sulfide
were positive (Fig. 4), with methane rising in concentration
throughout the allotted time and hydrogen sulfide being initially
high and then decreasing in concentration over the measuring
period, similar to the pattern shown in Figures 2 and 3.

Additional analysis was directed at the double-peak phenome-
non of hydrogen gas concentrations (Fig. 5). Hydrogen and methane
concentrations were noted to be rising, and hydrogen sulfide concen-
trations were noted to be falling through the 3-h time period in
patients with a double peak. The mean peak-to-trough-to-peak
change was noted to take place at the 120th min. The first hydrogen
peak was noted to have a mean � SEM of 97.3 � 16.1 ppm,
trough 89.4 � 6.9 ppm, and the second hydrogen peak was noted at
mean � SEM of 101.3 � 15.7 ppm. A significantly larger SEM
was noted at both hydrogen peaks. This shows that, although the
mean values did not reach 10 ppm difference between peak and
trough, there is a substantial individual patient variability.

Discussion
The impact of hydrogen producers and hydrogen consumers
(methanogens and sulfate-reducing bacteria) changing the

availability of hydrogen in the exhaled breath has not been ade-
quately considered or evaluated. In turn, the interpretation of
LBT results has been based on an incomplete picture. As hydro-
gen consumers convert hydrogen to methane and hydrogen sul-
fide, the amount of H2 remaining and entering the circulation and
appearing in the exhaled breath decreases. As commercially
available gas chromatographs measure only H2 and CH4, could
the current approach in interpreting breath gas results be flawed
when only a part of the gas exchange is seen?

Figure 2 Mean methane (CH4) concentration in parts per million
(ppm) over a 3-h lactulose breath testing. R2 of 0.71.

Figure 3 Mean values of hydrogen sulfide (H2S) gas in parts per bil-
lion (ppb) over a 3-h lactulose breath testing. R2 of 0.69.

Table 2 Mean H2S concentrations and standard error of the mean
(SEM) for every 15-min point

Time (min) Mean H2S concentration (ppb) SEM P-value

0 33.89 4.40 —

15 26.87 4.56 0.99
30 27.06 4.83 0.99
45 27.52 6.16 0.99
60 20.06 4.84 0.92
75 30.69 10.62 0.99
90 32.59 12.69 0.99
105 10.33 2.64 0.21
120 12.65 4.43 0.37
135 9.30 4.07 0.16
150 8.92 3.56 0.14
165 7.82 3.01 0.10
180 4.58 2.02 0.03

Mean H2S concentrations in parts per billion (ppb) provided for each
15-min measurement along with SEM for each time point. Variability at
each 15-min mark is shown. One-way ANOVA analysis shows a differ-
ence between the mean concentration at the starting point at time
0 and the mean concentration at every 15-min mark.
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Hydrogen concentration rose throughout the 3-h period
(Fig. 1), while H2S decreased continuously from baseline (Fig. 3)
in the same period. As hydrogen sulfide is converted from hydro-
gen, one might have expected to see a proportional rise in hydro-
gen sulfide as hydrogen rises.3,10 Considering the highly toxic
nature of hydrogen sulfide, such a proportional rise could be harm-
ful to the human host. Thus, the absence of a direct, proportional
relationship between hydrogen and hydrogen sulfide is consistent
with the known existence of an effective host mechanism for
removing and preventing build-up of this gas through detoxifica-
tion.11 H2S is known to be detoxified by colonic mucosa via
oxidation,11,12 by hepatocytes via oxidative metabolism,13 and by
blood via enzyme thiol methyltransferase.14,15 Additional mecha-
nisms for detoxification include expulsion of intestinal gas by the
passing of flatus and excretion of gases via pulmonary and non-
pulmonary routes, such as the skin.12,15 As the hydrogen con-
centration continues to climb across the 3-h period, with the
hydrogen sulfide concentration dropping, a possible interpreta-
tion is that sulfate reduction for converting hydrogen to hydro-
gen sulfide is saturable, but the detoxification for hydrogen
sulfide is not. This explanation would account for a continuous
decline in the concentration of hydrogen sulfide while hydrogen
concentration rises and could explain the precipitous drop in the
mean H2S concentration seen at the 90-min mark (Fig. 3). The
difference noted in starting and ending mean H2S concentra-
tions (Table 2) also suggests that the detoxification mechanism
is not saturated throughout the 3 h.

Levitt reported that most microbial gases produced in
healthy individuals are colonic in source.16 It has long been

expected that time-to-rise of breath hydrogen during LBT should
coincide with the arrival of lactulose in the colon (cecum). This
has led to the use of LBT for the measurement of orocecal transit
time based on the idea that the rise of breath hydrogen concentra-
tion would be timed to the arrival of lactulose in the cecum
where fermentation would begin as the fermentable substrate
encounters the colon microbial community. However, there are
many findings that would argue against this traditional interpreta-
tion. For example, there is often an inexplicable discordance
between the assumed orocecal transit time as measured by the
“time-to-rise of breath hydrogen concentration” and the cecal
arrival of a radioactive tracer.4 These observations could have an
alternative interpretation based on the dynamic balance between
hydrogen production and consumption by methanogenesis or sul-
fate reduction. Scintigraphic cecal arrival could indicate the
arrival of the head of lactulose bolus into the cecum. However,
breath hydrogen would only rise when hydrogen production has
exceeded the hydrogen consumptive processes. Thus, the time to
rise for breath hydrogen would always be later in time than scin-
tigraphic cecal entry.

In a study by Yu et al., orocecal scintigraphy was com-
pared to LBT results; these authors found that, in a majority of
cases, time to rise of breath hydrogen occurred after cecal arrival
by scintigraphy.17 This study concluded that, given the temporal
relationship between scintigraphy and breath testing, LBT was
not reliable for the diagnosis of SIBO.17 This discrepancy could
be explained by the work of hydrogen-consuming microbes. As
hydrogen gas is rapidly used up by hydrogen consumers in
methanogenesis or sulfate reduction, the “delayed” time to rise of
breath hydrogen, when compared to scintigraphic cecal arrival,

Figure 4 Graphical representation of lactulose breath testing results
for patients considered “hydrogen nonproducers”. Hydrogen and
methane concentrations are measured in parts per million (ppm) on the
left Y-axis. Hydrogen sulfide gases are measured using parts per billion
(ppb) on the right Y-axis. ( ), Hydrogen; ( ), methane; ( ),
hydrogen sulfide.

Figure 5 Graphical representation of lactulose breath testing results
for patients with hydrogen double peak. Hydrogen and methane con-
centrations are measured in parts per million (ppm) on the left Y-axis.
Hydrogen sulfide gases are measured using parts per billion (ppb) on
the right Y-axis. ( ), Hydrogen; ( ), methane; ( ), hydrogen
sulfide.
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could be explained as follows: upon entry into the cecum, lactu-
lose is fermented, and hydrogen is produced, but hydrogen does
not appear in the exhaled breath until hydrogen-consuming path-
ways are saturated. This dynamic process of energy exchange is
further masked from interpretation when hydrogen sulfide is not
measured in patients dependent on sulfate reduction as their
hydrogen-consumptive pathway. During scintigraphy, the end-
point of orocecal transit time is measured as the arrival of radio-
nuclide markers to the cecum.7,9,18,19 In contrast, time to rise of
breath hydrogen depends on both contact of the fermentable sub-
strate with hydrogen-producing microbes and their interaction
with hydrogen-consuming microbes along with the entire intesti-
nal tract. As such, there should be a delay between breath hydro-
gen measurements and the arrival of radioactive tracer in the
cecum and rise of breath hydrogen.17,20–23 There is no reason for
scintigraphic transit and LBT to match perfectly in timing. Addi-
tional studies are necessary to evaluate the effects of H2S in rela-
tion to orocecal transit time given the significant changes noted
in H2S concentration at the 90-min mark (Fig. 3).

Often, in interpreting LBT, the term “hydrogen nonprodu-
cers” is used for a hydrogen concentration profile that is a
“flatline”.7,18,22,24–28 This idea that some individuals may be
hydrogen nonproducers conflicts with published studies describ-
ing the universal inclusion in the human gut microbiota of Bac-
teroidetes, a phylum of hydrogen-producing species.3,5 When
evaluating subjects with a “flatlined” hydrogen time course, we
found the concurrent presence of methane and hydrogen sulfide
in the exhaled breath, suggesting that hydrogen had been pro-
duced as an initial part of fermentation by microbes but that it
was converted fully to these other microbial gases (Fig. 4). Our
results support that hydrogen consumers have relatively low satu-
ration points and reach their limits quickly. It is only then that
hydrogen gas will start to accumulate and enter the circulation,
leading to its appearance in the exhaled breath and its recording
as a rise in breath H2 concentration on LBT. Based on our inter-
pretation, if the production of hydrogen does not exceed the satu-
ration threshold for the use of hydrogen by hydrogen consumers
during a 3-h LBT, there may not be any measurable hydrogen
reaching the exhaled breath, leading to a “flatline” hydrogen pro-
file. Breath testing alone, however, cannot provide a detailed
look at saturation points involved in gas kinetics but rather pro-
vides measureable final gas concentrations.

Currently, a peak hydrogen concentration exceeding
20 ppm is often used as a threshold criterion for determining an
abnormal LBT. Under that usage, a flatlined hydrogen profile
would not be considered abnormal. However, based on energy
exchange involving hydrogen consumers, a high concentration of
hydrogen need not always be present even in the setting of abnor-
mally excessive microbial fermentation and abnormally high
hydrogen production if hydrogen-consumptive capacity were to
exceed that of hydrogen production. Measuring hydrogen simulta-
neously with methane and hydrogen sulfide on LBT may be
required to observe the energy exchange involved in the interaction
of hydrogen producers and hydrogen consumers. A lack of hydro-
gen gas in the exhaled breath should not be interpreted as the
absence of hydrogen production.

A common pattern seen in LBT is the double-peak phenom-
enon where there are two distinct rise and fall patterns of breath
hydrogen concentration, with the first rise representing small bowel

fermentation and the second rise representing colonic fermenta-
tion.29 This pattern has been used as a criterion for diagnosing
SIBO.4 Our mean hydrogen profile does show a pattern consistent
with double-peak, with a higher SEM noted at the two peaks
(Fig. 5). We found a continuous rise of breath hydrogen throughout
the entire testing period, suggesting that the double-peak phenome-
non could be better explained on the basis of a dynamic process
whereby the amount of hydrogen produced by fermentation inter-
mittently exceeds the hydrogen-consumptive capacity to drive a
spike in hydrogen concentration. Thus, breath hydrogen concentra-
tion rises when the amount of hydrogen exceeds the hydrogen-
consumptive capacity but falls when the hydrogen produced is con-
sumed as the amount of available hydrogen drops below the satura-
tion point for its conversion to either methane or hydrogen sulfide.
In addition, it is not surprising that it has been reported that the
“small bowel” and “large bowel” breath hydrogen peaks did not
match scintigraphic radionuclide locations.4

This study analyzed an alternative interpretation based on
LBT with concurrent hydrogen, methane, and hydrogen sulfide
concentration results, all available from the same patient. The
idea that breath hydrogen concentration may depend on the inter-
action of hydrogen producers and consumers provides a novel
conceptual framework for understanding some of the puzzling
findings observed during a lactulose breath test and in several
published studies involving LBT and simultaneous scintigraphy.
The addition of hydrogen sulfide in the breath gas measurements
is affected not only by sulfate reduction by sulfate-reducing bac-
teria but also by multiple host detoxification mechanisms.
Recording methane gas as the sole route of hydrogen consump-
tion on LBT leads to an incomplete interpretation of the complex
interactions involved. We hope that an appreciation and a better
understanding of this dynamic system, considering hydrogen pro-
duction as well as multiple pathways of hydrogen consumptions,
will provide researchers with a more complete approach to
reviewing lactulose breath tests and should offer the necessary
tools to correctly interpret lactulose breath tests in the setting of
diseases such as SIBO and irritable bowel syndrome.
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