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Characteristics of oxygen concentration
and the role of correction factor in real-

time GI breath test

Siu Man Lee

ABSTRACT

Objective A high quality end-expiratory breath sample is
required for a reliable gastrointestinal breath test result.
Oxygen (0,) concentration in the breath sample can be
used as a quality marker. This study investigated the
characteristics of O, concentration in the breath sample
and the impact of using a correction factor in real-time
breath measurement.

Design This study includes two separate groups of
patient data. Part 1 of the study analysed the patient’s
ability to deliver end-expiratory breath samples over a
2-year period (n=564). Part 2 of the study analysed a
separate group of patients (n=47) with additional data to
investigate the O, characteristics and the role of correction
factor in breath test.

Results The results indicated 95.4% of 564 patients
were able to achieve an 0, concentration below 14% in
their end-expiratory breath. Part 2 of the study revealed
that the distribution of 0, concentration was between
9.5% and 16.2%. Applying a correction factor to predict
the end-expiratory H, and CH, values led to an average
measurement error of —36.4% and —12.8%, respectively.
Conclusion The majority of patients are able to deliver a
high quality end-expiratory breath sample, regardless of
age or gender. The correction factor algorithm is unreliable
when predicting the end-expiratory result at 15% 0, and it
would have resulted in false negative result for 50% of the
positive cases in this study. It has also indicated that the
continuous 0, measurement is essential to ensure breath
sample quality by preventing secondary breathing during
real-time breath collection.

INTRODUCTION

Breath test has been widely used as a diag-
nostic tool to identify conditions related to
the gastrointestinal (GI) tract. It is a non-
invasive, low cost and functional diagnostic
test. Depending on the type of carbohydrate
administered during the test, it can provide
useful information to assist diagnosis of
conditions like lactose maldigestion, using
lactose, and small intestinal bacterial over-
growth, using glucose or lactulose. The bacte-
rial colonies in the digestive tract metabolise
the carbohydrate and produce hydrogen
(H,) or methane (CH,). These trace gases
are absorbed in the intestine, returned to the
lungs and equilibrated with air in the alveoli.

, Imogen H E Falconer, Trudi Madden, Peter O Laidler

What is already known about this subject?

» H,/CH, breath test is useful for diagnosing small in-
testinal bacterial overgrowth (SIBO) or carbohydrate
malabsorption but its accuracy can suffer from a
range of uncertainties when the breath measure-
ment is collected. Oxygen or carbon dioxide is now
recommended as a breath sample quality factor.

What are the new findings?

» This study showed that the majority of patients are
able to provide good quality end-expiratory breath
samples (below 14% oxygen), regardless of age or
gender. Less than 5% of combined H,/CH, breath
test cases over a period of two years collected sub-
optimal breath samples which potentially required
correction factor (CF) to predict the end-expiratory
H, and CH,. A CF is often applied to overcome a poor
quality breath sample or to reduce breath sampling
time. However, the role of CF is relatively insignif-
icant in real-time measurement due to the high
compliance rate. Furthermore, there is an indication
if the end-expiratory breath measurements are not
obtained, it can lead to false negative result. Oxygen
concentration measurement is an essential quality
indicator during breath sample acquisition.

How might it impact on clinical practice in the

foreseeable future?

» H,/CH, breath test is useful for diagnosing SIBO
or carbohydrate malabsorption but its accuracy
can suffer from a range of uncertainties when the
breath measurement is collected. Oxygen or carbon
dioxide is now recommended as a breath sample
quality factor.

The concentration of these trace gases can
then be detected in the breath.'™

However, although GI breath test is simple
and well tolerated by patients, there are a
number of uncertainties within the test result,
mainly related to the quality of the breath
samples collected, as well as the patient
preparation procedures. Such uncertainties
can adversely affect the accuracy of the result.
There are criticisms among clinicians who do
not consider hydrogen breath test (HBT) as
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a reliable diagnostic test.*® Significant effort has been
spent on standardising and refining the protocol in
order to make the test more reliable, such as the Rome
Consensus and North American Consensus.”” A common
understanding in the test protocol is that alveolar air or
end-expiratory breath is critical to the accuracy of the test
result.? ¥ In addition, it is well-known that CH, can be
produced instead of H, when the patient possesses meth-
anogenic bacteria that converts H, to CH,. It has been
estimated that between 5% and 15% of the population
is affected.’

Traditionally, only H, concentration is measured. This
may be due to the availability of a cost-effective detection
system with precision down to part-per-million (ppm).
More modern breath analysers are now commercially
available and they are able to concurrently measure both
H,and CH,. This equipment often includes measurement
of oxygen (O,) or carbon dioxide (CO,) as a quality indi-
cator of the breath sample. The rationale that defined
the CO, concentration of an end-tidal breath as 5% was
pubhshed in the 70s."”” This value was widely adopted in
subsequent research in breath tests. O, concentration of
alveolar air was approximated as 14% but it was estimated
mathematically using the alveolar gas equation.'* This
equation has been widely used in studies on sustainable
breathing, such as safety limit for hypoxemia.'” However,
the application of the alveolar gas equation can be limited
by the conditions with which the equation was derived. It
may not be applicable to the single and maximum exha-
lation in GI breath test conditions.

The main technologies employed in the breath analysers
are gas chromatography, electrochemical sensing and opto-
electronic sensing. There are a range of different types of
analyser designs commercially available. However, they can
be categorised into either point-of-care (POC) systems or
laboratory systems. POC analysers can take either real-time
measurement or can use a collection bag to collect breath
sample from patients. Real-time measurement collects a
breath sample and concurrently analyses the trace H,/CH,
concentration, so no sample storage is required. It avoids
volume normalisation, sample contamination and storage
issues which can affect its accuracy. Laboratory-based anal-
ysers require breath samples to be collected in a vessel and
the batch of breath samples will be analysed at the same
time.

This study aims to investigate the characteristics of O,
concentration in breath samples taken in combined H2/
CH, breath test (CBT), in relation to the end-expiratory
H,/CH, concentration. We will analyse the relationship
between patient’s demographics and O, concentrations
in their breath samples. The impact of applying correc-
tion factor (CF) to predict the actual H2/ CH, values and
the role of CF in real-time CBT measurement will also be
evaluated.

METHODS

The clinical data in this study were obtained from the
service audit data of CBT results at the Royal United

Hospitals (RUH) Bath NHS Foundation Trust, UK.
Anonymised breath test data are taken regularly for audit
purposes. This service data aims to evaluate the value of
CBT against H, only BT. The data include the test date,
patient demographics, actual H, measurement, actual
CH, measurement and the suggested CF.

The patients had followed the standard preparation
protocol included a fasting period of 12 hours prior to
the test as described in the North American Consensus.”

Breath samples were collected in real-time measure-
ment. In order to obtain an end-expiratory breath
sample, every patient undergoing a CBT test followed a
strict instruction during each breath sample collection.
Patients were asked to breathe in normally; hold their
breath for 5s and breathe out completely. When the
patient was breathing into the analyser, the flow rate was
strictly monitored and maintained at optimum level as
specified by the manufacturer. There was no noticeable
leakage around the mouth piece and nose while the
patients were encouraged to breathe out completely. A
breath sample was taken every 20 min, and the H,, CH,
and o, level, as well as the CF from the breath anal-
yser were recorded. Typically, there were five samples
collected for glucose breath test and six samples collected
for a lactose mal-digestion investigation.

CBT was performed by the GastroCH,ECK Gastrolyzer
(V.1) (software version: V.11.0), manufactured by Bedfont
Scientific, UK. This instrument provides continuous real-
time measurement of H2, CH, and O2 concentration,
in ppm, during an episode of breath sample collection.
It also provides a ratiometric CF according to the end-
expiratory O, (EEO,). Typically in a breath collection
episode, the H, and CH, concentration will rise from
zero; while the O, concentration will drop from the atmo-
spheric concentration (20.9%) to EEO, which is typically
below 14%. The manufacturer regards the ideal EEO,
as 13.9% (<14%)."® The EEOQ, value is used to produce
the ratiometric CF. The CF is apphed to the H, and CH,
measurement and attempts to compensate for the non-
end-expiratory breath sample (ie, EEO, above 14%).
The predicted H, (CFH,) and predicted CH, (CFCH,)
values are expressed as the product of the actual H,/
CH, measurement and the CF. When the EEO, has not
yet reached the manufacturer specified compliant level
during a breath collection episode, a predicted value will
be calculated. If EEO, is below 14%, CF will be equal to
1 so CFH2/ CFCH, remains the same as the actual H2/
CH, measured. The maximum value of the CF is 2.33
which corresponds to 18% O, in the breath sample. If
the O, concentration in a breath sample is above 18%, it
is usually regarded as inadequate and should not be used
in the analysis.

Part 1: ability to deliver end-expiratory breath sample

There were 1344 CBT cases carried out since the intro-
duction of the CBT service in 2015. The desirable sample
size from the total number of cases, estimated using
Cochran’s Formula with a 95% confidence level, is 384
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cases. A sample of 564 patients which is the total cases
carried out at the RUH for 2years, without any exclu-
sion, was used in this study. The analysis has taken into
account the patient demographics, EEO, and the end-
expiratory H, (EEH,) and end-expiratory CH, (EECH,)
concentrations.

Part 2: 0, concentration in breath samples and evaluation of
CF predicted values

Followed by a recent addition to the service data which
records extra H, and CH, readings when O2 was at 15%,
it enabled an evaluation on the impact of applying CF
predicted values in CBT. It has been suggested that an
appropriate sample size for a proof-of-concept study
is between 24 and 36 cases.'” '8 A sample of further 47
patients who generated 293 samples were studied in
greater detail. This dataset was taken continuously over a
period of 12 weeks, without exclusion.

For both parts of the study, the proportion of patients
who were able to comply EEO, below 14% was studied
with their demographics. When the datasets were
expressed as a categorical variable, the compliance by
gender was analysed using a %” test with MS Excel 2016.

As part 2 of this study consists of additional data, the
EEO, distribution was tested for its normality using
Shapiro-Wilks test which is suitable for smaller sample
studies, using the statistical computing software R,
V.4.0.5. A subsequent t-test was carried out to assess the
mean EEO, by gender, also using R. Statistical signif-
icance was assessed at the 5% level in this study. The
H,/CH, errors between end-expiratory measurement
(EEH, and EECH,) and the predicted values (CFH,
and CFCH,) using CF were assessed. The effect of CF to
the diagnostic results was also evaluated by comparing
the CF predicted diagnostic indication with the actual
results using end-expiratory measurements. The CBT
results were analysed according to the North American
Consensus.’

RESULTS

In part 1 of this study, the results indicated that an average
0f 95.4% of the 564 patients who had undergone the CBT
achieved EEO, below 14% (table 1). The compliance
between men and women is 96.3% and 94.9%, respec-
tively. Applying a x* test on the level of compliance by
gender, there is no significant difference in the level of
compliance between men and women (p=0.44).

The result showed that none of the age groups between
11 and 80 years old had any difficulty delivering EEO,
below 14% in their end-expiratory breath samples
(table 1). The 81-90 years old group has a reduction in
delivering EEO, below 14% but still achieves a 73.3%
success rate. Héwever, this may be due to the smaller
sample in this group.

In part 2 of this study, an enhanced datasetwith a further
47 patients and a total of 293 end-expiratory breath
samples were analysed, as shown in table 2. The overall
compliance rate is 88.1% and it is slightly lower than the
95.4% average in part 1 of this study. The breakdown
between men and women is 96.6% and 82.4%, respec-
tively. However, the difference in the rate of compliance
may be due to the smaller sample size. Applying a ” test
on the compliance rate by gender, there is no significant
difference in the level of compliance between men and
women (p=0.43). This reflected the same indication as
part 1 of this study.

The results showed a wide range of EEO,, from the best
sample of 9.5% to the worst at 16.2%. The mean EEO, for
the total of 293 samples is 12.9%, with an SD of 1.1%. The
EEO, dataset resembles a normal distribution, as shown
in figure 1. By descriptive statistics, the Kurtosis value is
-1.8 and it is within the -2.0 threshold for normal distri-
bution; and skewness is 0.35, indicating relatively good
symmetry as expected in normal distribution. Applying
the Shapiro-Wilks test for normality, the result has met
the threshold of normal distribution (p=0.06).

The means of EEO, between men and women are 12.6%

O, (SD: 0.88%) and 13.1% O, (SD: 1.18%), respectively.

Table 1 The demographic of the patients who were able to deliver EEO, below 14% in part 1 study

Male Female
Age No. of No. of patients % of patients No. of patients % of patients No. of patients % of patients
group patients below 14% O, below 14% O, below 14% O, below 14% O, below 14% O, below 14% O,
11-20 19 17 89.5 7 100.0 10 83.3
21-30 76 73 96.1 24 100.0 49 94.2
31-40 74 74 100.0 26 100.0 48 100.0
41-50 87 83 95.4 31 93.5 52 96.3
51-60 118 112 94.9 28 96.6 84 94.4
61-70 99 97 98.0 36 94.7 61 100.0
71-80 76 71 88.2 27 96.4 44 91.7
81-90 15 11 73.3 5 83.3 6 66.7
Total 564 538 95.4 189 96.3 373 94.9

EEO,, end-expiratory O,; O,, oxygen.
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Table 2 The demographic of the patients who were able to deliver EEO, below 14% in part 2 study

Total Male Female
No. of No. of samples % of samples  No. of samples % of samples No. of samples % of samples
samples below 14% O, below 14% O, below 14% O, below 14% O, below 14% O, below 14% O,
21-30 46 40 87.0 N/A N/A 40 87.0
31-40 41 24 58.5 5 71.4 19 55.9
41-50 75 73 97.3 38 100.0 35 94.6
51-60 61 57 93.4 50 96.2 7 77.8
61-70 56 52 92.8 12 100.0 40 87.0
71-80 6 4 66.7 N/A N/A 4 66.7
81-90 8 8 100.0 8 100.0 N/A N/A
Total 293 258 88.1 113 96.6 145 82.3

EEO,, end-expiratory O,; O,, oxygen.

A t-test was carried out to compare the means of EEO,
by gender, the result indicates male patients are able
to deliver a breath sample with lower O, concentration
(p=0.0005).

In order to evaluate the efficacy of the CF, the EEH,
and EECH, values were compared with the CFH, and
CFCH, values. The CFH, and CFCH, were calculated
from the real-time H, and CH, measurement when the
O, concentration of the breath sample dropped to 15%.
CF at 15% O, is 1.19. The range of difference recorded
was between -30 ppm and 114 ppm.

The percentage of error on the predicted values for
H, and CH, is shown in figure 2A,B, respectively. The
results show the predicted values (CFH, and CFCH,)
often underestimated the actual measurements (EEH,
and EECH).

The average error for CFH, was -42.7%, while the
average error for CFCH, was 7.8%. However, it was noted
that the percentage of error might be skewed when the
measurement was at low level, for example, CFH2=O and
EEH,=1will lead to 100% error. As the minimum
threshold for positive result in GI breath test is 10 ppm,
the average error was adjusted by excluding any EEH,
below 10 ppm. The adjusted average errors for CFH, and
CFCH, were -36.4% and -12.8%, respectively.

When evaluating the impact of applying the CF
predicted values in the CBT analysis, there was no false

Number of samples

Figure 1 The distribution of 293 end-expiratory breath
samples (EEO,).

positive CBT result found in the 47 cases in this study.
This may be due to the fact that CF predicted values have
a trend of underestimating the actual end-expiratory
measurements.
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Figure 2 (A) Percentage of error for CFH, compared
with EEH,. (B) Percentage of error for CFCH, compared
with EECH,. CFCH,, predicted methane; CFH,, predicted
hydrogen; EECH,, end-expiratory methane; EEH,, end-
expiratory hydrogen.
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Figure 3 (A) Difference between EEH, and CFH, values
in a Gl breath test (glucose). (B) Difference between EECH,
and CFCH, values in a Gl breath test (glucose). CFCH,,
predicted methane; CFH,, predicted hydrogen; EECH,, end-
expiratory methane; EEH,, end-expiratory hydrogen; Gl,
gastrointestinal.

The proportion of positive cases in the part 2 study is
17.4%. Itis similar to the number of average positive cases
reported over 3years at the same centre, using the same
breath analyser.'’ Due to the inherently high proportion
of negative results, it is useful to evaluate the results sepa-
rately from the CBT negative group. Otherwise, it may
give a false impression of the accuracy from the overall
result; for example, equipment with poor sensitivity that
is unable to detect any positive result would indicate a
pseudo-accuracy of 82.6% in this study.

When CF predicted values were applied in the positive
cases, it has revealed that the predicted values (CFH,
or CFCH,) led to a false negative result in four out of
eight positive cases. This indicates an error of 50%. Two
such cases are shown in figure 3A (H, false negative) and
figure 3B (CH, false negative) for a CBT (glucose) test.
They began with a high but stable baseline reading.

In figure 3A, the EEH, peaked within 20min (after
glucose administered at 40min) and raised above the
positive threshold of 20 ppm from baseline. The H, peak
measurement, EEH,, was 88 ppm (26 ppm increased
from baseline). The predicted value (CFH,), however,
indicated only 55 ppm (9 ppm increased from baseline),
resulting a false negative result.

In figure 3B, the EECH, peaked within 20min (after
glucose administered at 20min) and raised above
the positive threshold of 10 ppm from baseline. The
CH, peak measurement, EECH,, was 84 ppm (19ppm
increased from baseline). The predicted value (CFCH,),
however, indicated 66 ppm (0 ppm increased from base-
line), resulting a false negative result.

DISCUSSION

The results indicated that the majority of patients who
have undergone CBT with real-time measurement are able
to deliver an end-expiratory breath sample with oxygen
concentration (EEO,) better than the recommended 14%.
The compliance level did not appear to be affected by the
patients’ age or gender. Although there is an indication
that the age group over 80 years old may have lower rate
of compliance, this group consists of a smaller number of
samples which may account for this reduction.

The analysis indicated that EEO, of the breath samples
was not constant. In fact, it varied by a large degree, ranging
from 9.5% to 16.2%. Nevertheless, the manufacturer has
predefined the ideal or target EEO, at 14%. The CF algo-
rithm built into the GastroCH, ECK is similar to the method
used in the CO, CF employed in gas chromatography
breath analysers.”” The published data indicated the end-
tidal breath should ideally contain 5% CO, and suggested a
specific CF algorithm which compensates for a range of CO,
levels between 2% and 7%. The CF from the GastroCH ECK
only compensates O, level when the breath sample has an
EEO, level above 14%.

This study indicated that setting EEO, at 14% is likely to
be too high, as the mean EEO, in this study was 12.9%. The
rate of change in H,/CH, values during an episode of breath
sample collection will also significantly affect the validity of
the CF and it expectedly varied to a large degree. There-
fore, due to the highly inconsistent EEO, and the varying
nature of the H,/CH, in an episode of breath sample collec-
tion, the resulting predicted CFH,/CFCH, value based on
EEO, above 14% is often unreliable. It is indeed possible to
produce a false negative result if CFH,/CFCH, is used.

A major limiting factor to part 2 of this study is the small
sample size. However, the result demonstrated the possibility
of false negative result using the predicted CFH,/CFCH,
values in a short and random period of time. Further study
is required to identify the prevalence of the false negative
results.

For CBT with real-time measurement, quality of the end-
expiratory breath is critical to the accuracy of the H, and
CH, level. Although it is not the only factor, it must not be
underestimated. Fortunately, clinicians are unlikely to use
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CBT resultin isolation. Patient’s diet, medical history, comor-
bidity, medications (current or avoided), symptoms as well as
the recorded symptoms during CBT will contribute to the
final diagnosis. Nevertheless, a false negative indication from
CBT test adds uncertainty and unnecessary complication
to the diagnostic process. When there is an operator who
can ensure the high quality end-expiratory breath sample
is collected, CF may be redundant in majority of real-time
GI breath measurement. Instead, CF should only be used as
a last resort when dealing with patients who are genuinely
unable to deliver high quality end-expiratory breath samples.

On the other hand, O2 measurementis essential as a quality
indicator for the breath sample. The continuous real-time
trace of O, concentration on the GastroCH,ECK Gastro-
lyzer (V.1) prevents the patient from accidentally breathing
in during an episode of breath sample collection. Should
secondary breathing be detected, the collection process can
be aborted and restarted. This O, sensing feature ensures
the quality of the breath sample by significantly reducing
the uncertainties that arise from the sample collection
stage and further exploiting the benefits of real-time breath
measurement.

It may be important to note this study has focused on
real-time breath measurement. Characteristics of O, with
a bag collection system are likely to be different and may
require further study. In addition, the breath holding time
has a significant effect to the mixture of gases in the end-
expiratory breath.” Hence, breath sampling procedure
must be designed to avoid the confusion between genuine
maximum exhalation and the sensation of dyspnoea due to
excessive breath hold.

The majority of patients in this study were able to deliver
breath samples below 14% O,. O, concentration of an end-
expiratory breath sample is largely unpredictable. The CF
algorithm builtin to the GastroCH,ECK proved to be unre-
liable and would have led to a false negative result of 50%
of the positive cases in this study. Hence, with such uncer-
tainty for the predicted H, /CH, values, it is essential that the
actual end-expiratory breath is collected and so CF may be
redundant in real-time CBT. On the contrary, the on-screen
continuous O, trace is highly valuable to ensure the quality
of the end-expiratory breath sample collection. The findings
in this study may be used to guide future development of GI
breath analysers and may help to reduce uncertainties in the
GI breath test result. It may also help to refine the breath
collection protocol and further improve the accuracy of the
test result.
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