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Abstract
Background—It is assumed, although not proven, that 13CO2-excretion following ingestion
of 13C-octanoic acid (13C-OA) does not only depend on gastric emptying (GE) but also on
absorption and metabolism of 13C-OA and endogenous CO2-production.

Aims—1. To test the effects of patient characteristics and of diseases that may impair 13C-OA-
metabolism on GE parameters. 2. To compare different GE endpoints.

Methods—We investigated effects of age, gender, BMI and diseases with potential impact
on 13C-OA-metabolism (including pancreatic, liver and lung disease, diabetes, IBD) on
cumulative 4h-13CO2-excretion (4h-CUM) and T½ calculated by nonlinear regression model (NL,
determined by shape of breath test curve) and generalized linear regression model (GLR, reflects
absolute 13CO2-excretion) in 1279 patients and 19 healthy controls who underwent a
standardized 13C-OABT.

Results—Digestive and metabolic disturbances hardly influenced 4h-CUM or T½ calculated by
NL or GLR models. In the multivariate linear regression models, 4h-CUM was significantly
predicted by diabetes adjusted for age, gender and IBD but influence of these parameters was
small (R2=0.028, p<0.0001). T½NL and 4h-CUM were weakly correlated, even after exclusion of
tests with unrealistically high estimates for T½NL (n=1095, R2=0.029, p<0.0001). Conversely, 4h-
CUM was closely associated with T½GLR (exponential correlation, R2=0.774, p<0.00001,
n=1279).

Conclusions—Influences of digestive and metabolic disturbances on 13CO2-excretion
following 13C-OA- application are generally low. Thus, our findings resolve an important
criticism of methods using absolute 13CO2-excretion for evaluation of 13C-OA-breath tests and
suggest that such models (e.g. GLR model) may correctly identify T½ in a mixed patient
population.
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3. Introduction
Measurement of gastric emptying by scintigraphy is generally regarded as the reference
method1. Breath tests using 13C-labeled substrates are not associated with radiation
exposure and can be performed repeatedly, even in children or pregnant women2-4. Point of
service or reference central laboratory measurements are possible5-7.

Delayed gastric emptying of solids usually precedes disturbances in gastric emptying of
liquids8. Currently, two substrates are used to measure gastric emptying of solids by breath
testing: the medium chain length fatty acid 13C-octanoic acid (13C-octanoic acid breath
test, 13C-OABT) or the edible 13C-enriched blue-green alga, Spirulina platensis9-17. The
substrates are rapidly absorbed in the duodenum, metabolized in the liver forming 13CO2
which is exhaled rapidly with low interindividual variability9. Thus, 13CO2 exhalation
reflects gastric emptying of nutrients9.

Different mathematical models have been developed for analysis of gastric emptying curves
derived from breath tests9, 11, 13, 16. Cumulative 13CO2-excretion over time is inversely
related but analogous to the scintigraphic gastric emptying curve. Thus, in analogy to
scintigraphy, cumulative 13CO2-excretion over a defined period of time may represent a
logic and simple estimate of gastric emptying velocity. However, it is assumed that 13CO2-
excretion does not only depend on gastric emptying velocity but also on absorption and
metabolism of the substrate and endogenous CO2-production rates. For this reason, Ghoos et
al. developed the original nonlinear (NL) regression model9. According to this model, T½NL
indicates the time at which half of the 13CO2 is excreted, relative to the cumulative excretion
when time is infinite. The major advantage of the NL model is believed to be that is
independent of the endogenous CO2-production and only assumes a constant CO2
production during the test. Thus it is thought to be more robust than cumulative 13CO2-
excretion.

An alternative analysis published by Lee et al. proposed a minimum number (n=3) of breath
samples at pre-specified times during the 3 hour postprandial period to mathematically
predict the gastric emptying endpoints measured by simultaneous scintigraphy11. Thus,
based on the data of 22 diabetic patients and 6 healthy volunteers, a generalized linear
regression (GLR) model accurately predicted the expected scintigraphic T lag and T½. The
GLR model requires fewer breath samples and, thus would be of high clinical utility.
However, none of the above mentioned mathematical approaches for analysis of breath test
data has been applied to and compared in a large patient cohort, so far.

The aims of this study were twofold: Firstly, to analyze the effects of various parameters
including sex, BMI and age as well as diseases, which may impair absorption or
postabsorptive metabolism of 13C-octanoic acid and/or are frequently associated with gastric
emptying disturbances on cumulative 13CO2-excretion and on gastric emptying endpoints
obtained by the NL and the GLR model in 1279 patients and 19 healthy volunteers who
underwent a standardized 13C-OABT at the Israelitic Hospital in Hamburg, Germany.
Secondly, we aimed to compare cumulative 13CO2-excretion and gastric emptying half
times calculated by both models.

4. Materials and Methods
4.1 Subjects

We performed 1395 13C-OABT for clinical indications in patients with upper abdominal
symptoms. Of these, 116 were excluded from analysis because part of the breath test or
clinical data was unavailable. In the remaining 1279 patients the presence or absence of
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pancreatic exocrine insufficiency, liver or lung disease, diabetes mellitus, reflux disease,
fundoplication, functional gastrointestinal diseases, inflammatory bowel disease, diverticular
disease, small intestinal bacterial overgrowth, carbohydrate intolerance, psychiatric disease
and malignant tumors was evaluated according to clinical files. In addition, 19 healthy
subjects (8 women) underwent the test for evaluation of normal values. Healthy subjects
gave informed written consent (age: 26±2 years, BMI: 23.0±2.7 kg/m2). None of the
controls reported history of relevant diseases and/or abdominal surgery except
uncomplicated appendectomy (performed in one female). These investigations had been
approved by the local ethical committee.

4.2 Performance of 13C-OABT
The 13C-OABT was performed as standardized by Delbende et al.10. Following overnight
fast, all subjects ingested a test meal consisting of 2 slices of white bread, 10 g butter, 50 g
ham, 200 ml orange juice and an omelet made from one egg with egg yolk doped with 91
mg 13C-octanoic acid (Euriso-top, Saarbruecken, Germany, isotopic enrichment of substrate:
99.0 % atom 13C). This test meal contains 380 kcal (1600 kJ, 19% protein, 53%
carbohydrate, 31% fat) and is similar to the one used by Lee et al.11. Subjects were
encouraged to eat the meal within 10 minutes and were asked to strictly avoid physical
activity during study procedures. Breath samples were collected into 1.3 l aluminium bags
before ingestion of the meal and at 15-minute intervals for 240 minutes
postprandially. 13CO2-excretion in breath was subsequently analyzed using isotope-selective
non-dispersive infrared spectroscopy (IRIS, Wagner Analysen Technik GmbH, Bremen,
Germany)5-7. 13 C-abundance in breath was expressed as per mil relative difference (δ ‰)
from the universal reference standard (carbon from Pee Dee Belemnite limestone). 13C-
enrichment was defined as the difference between basal, preprandial 13C-abundance in
breath and 13C-abundance at the defined time points postprandially and was given in δ over
basal (DOB, ‰). The resulting curve reflected the variation of 13CO2-enrichment in breath
over time18.

4.3 Analysis of gastric emptying parameters
4.3.1 Cumulative 13CO2-excretion—Based on the 13C-concentrations in breath
measured at 15min intervals over 4 h, cumulative 13CO2-excretion was calculated by
addition of mean 13CO2-excretion during each of the sixteen 15 min intervals (transformed
to μmol, compare below). In the absence of a simultaneous reference method (scintigraphy),
cumulative 13CO2-excretion over 4 hours calculated using the entire 17 breath samples
(obtained at baseline and every 15 minutes over 4 hours) represents the most objective
parameter based on actual measurements rather than a derived parameter. Moreover, it has
been shown recently that cumulative 4 h-13CO2-excretion and scintigraphic T½ give highly
concordant results (concordance correlation coefficient: 0.77) in 57 experiments of subjects
with normal, accelerated or delayed gastric emptying undergoing simultaneous breath
testing and gastric emptying scintigraphy 19.

4.3.2 Nonlinear (NL) regression analysis of Ghoos et al—For analysis of breath
test results and for calculation of gastric emptying parameters, NL regression analysis was
applied according to Ghoos et al.9, 10. The equation used for calculation of T½NL is given
by
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where y is the percentage of cumulative 13C-excretion in breath, t is time in hours, and m, k
and β are constants with m being the total cumulative 13C-recovery in percent of dose when
time is infinite. For calculation of m DOB-values were converted to % of administered dose.

Half time of gastric emptying is given by

Ghoos et al. showed that values calculated for T½NL uncorr overestimate gastric emptying
times by about one hour (66 minutes) compared with simultaneously performed
scintigraphy. Moreover, the linear regression line which shows the correlation between
gastric emptying parameters derived from scintigraphy and breath testing slightly deviates
from the y=x line (1.12 versus 1). Thus, we corrected breath test data to give the results
expected according to scintigraphy using the following formula:

Since this adjustment of breath test T½ has been criticized before as inappropriate use of
regression analysis20, evaluations were also performed using T½NL uncorr. This led to the
expected shift of T½ to higher values, but otherwise hardly affected the results and the
conclusions to be drawn. Thus, these data are not presented.

4.3.3 Generalized linear regression (GLR) analysis of Lee et al—DOB values
were used to calculate the quantity of 13C appearing in breath per unit time according to Lee
et al.: 13C (μmol/min) = DOB × 0.0112372 × CO2 production/min, where 0.0112372 is the
isotopic abundance of the limestone standard (compare above) and CO2 production is
estimated to be 5 mmol/m2/min. Data were analyzed as previously described by Lee et al.11.
The following equation was used to calculate T½GLR (calculation performed by Excel-
program):

In this formula, the gastric emptying parameter is predicted using 13CO2-production rates in
micromoles per minute at the specific time points (i.e. 13C30min, and 13C150min). LP ½ is the
linear predictor (i.e. weighted sums of 13CO2 production rates), T½GLR is defined as the
reciprocal of this linear predictor.

4.4 Statistics
Statistical analyses including linear and nonlinear regression analysis were performed using
JMP® version 6.0.3 from SAS. Analyses were performed on 4 h-cumulative 13C-exhalation,
T½NL, the m-value derived from the method of Ghoos et al and T ½GLR. Univariate and
multivariate linear regression analyses were used to investigate the influence of clinical
parameters on 4 h-cumulative 13C-exhalation, T½NL, the m-value derived from the method
of Ghoos et al and T ½GLR. The following parameters were tested as predictors in the
univariate and multivariate models: age, gender, BMI and presence or absence of
gastroesophageal reflux disease, carbohydrate intolerance, functional gastrointestinal
diseases, psychiatric disorders, diverticular disease, diabetes mellitus, post-fundoplication,
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liver disease, malignant tumor, lung disease, inflammatory bowel disease, small intestinal
bacterial overgrowth and pancreatic exocrine insufficiency. For the multivariate analyses,
manual stepwise model building was performed.

5. Results
5.1 Patient characteristics

Of the 1279 patients with evaluable data, 861 (67.3%) were women. Females were
significantly shorter (166±7 vs. 178±8 cm, p<0.0001), had lower weight (65.8±14.9 vs.
77.8±13.7 kg, p<0.0001) and tended to have lower BMI compared to male participants
(24.0±5.2 vs. 24.5±3.8 kg/m2, p=0.054) whereas mean age was similar (54.8±17.7 vs.
54.3±16.3 yrs). In 1126 patients, one or more of the following diagnoses were documented:
23.2% gastroesophageal reflux disease, 18.3% carbohydrate intolerance, 15.2% functional
gastrointestinal diseases, 14.2% psychiatric disorders, 13.7% diverticular disease, 11.3%
diabetes mellitus, 9.9% post-fundoplication, 9.1% liver disease, 9.1% malignant tumor,
6.9% lung disease, 6.3% inflammatory bowel disease, 5.9% small intestinal bacterial
overgrowth, 2.7% pancreatic exocrine insufficiency. There were other diagnoses in the
remaining 171 patients.

5.2 Estimates of gastric emptying parameters
Mean data for DOB values over time of the 1279 patients with upper abdominal symptoms
and of 19 healthy volunteers are shown in figure 1.

Frequency distributions of cumulative 4h-13CO2-excretion and of gastric emptying T½
calculated according to the NL and the GLR model are shown in figure 2. Thus, while
median values and interquartile ranges (Tab. 1) for cumulative 4h-13CO2-excretion, T½NL
and T½GLR were generally similar for patients and controls for all endpoints, figure 2 shows
that, with the NL and GLR models, T½ data exceed the range of gastric emptying times
typically observed with scintigraphy (up to 300 minutes). In fact, with the NL model, the
estimated T½ exceeds 1000 minutes in 115 patients. With the GLR model, values >1000
minutes were observed in 3 patients.

5.2.1. Impact of parameter “m” on estimates of T½ in NL model—The parameter
m is meant to reflect the percentage of 13C-dose administered that is exhaled at time =
infinity. Therefore, an m-value markedly exceeding 100% indicates an inappropriate
estimation of 13CO2-excretion by the NL model. We observed a highly significant
(nonlinear) association (R2=0.867, p<0.00001) for correlation between natural logarithm of
T½NL and natural logarithm of m-value showing that tests with estimates for m greater than
100% were associated with unrealistic estimates for T½NL greater than 1000 minutes.

5.3 Correlation between gastric emptying parameters
We examined the relationship between T½GLR or T½NL and cumulative 4h-13CO2-
excretion.

5.3.1 Correlation between 4h-13CO2-excretion and T½GLR of Lee et al—As
shown in figure 3 A, an excellent linear correlation was observed between cumulative
4h-13CO2-excretion and LP½ (R2= 0.774, p<0.0001) for the whole patient population. LP½
is the linear predictor which is calculated as the weighted sums of 13CO2 production rates
and which represents the reciprocal of T½GLR. Accordingly, an identically tight, yet
exponential correlation was observed between cumulative 4 h-13C-exhalation and T½GLR
(3B). However, for the vast majority of breath test data (all tests with cumulative 13CO2-
excretion between 40 and 200 μmol, n=1209, equivalent to 94.5% of all tests) a highly
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significant linear correlation could be established (R2=0.711, p<0.00001). Only the extremes
with very low (n=27) or high (n=43) cumulative 13CO2-excretion markedly deviated from
this approximately linear part of the curve.

5.3.2 Correlation between cumulative 4h-13CO2-excretion and T ½ NL of
Ghoos et al—When calculated for the whole patient population (n=1279), T½NL did not
correlate well with 4h-13CO2-excretion (R2=0.012) and, when limited to tests with m-values
below 100%, the correlation was still very weak (R2=0.029, p<0.0001).

5.3.3 Correlation between T½GLR and T½NL—Taking all data into account, we
observed no meaningful correlation between T½GLR and T½NL. We conducted further
analysis on the 85.6% (n=1095) of all tests that had m-values <100% in the NL model. We
applied a stepwise approach (using 5% steps for the m-values) to identify the subgroup in
which the T½NL results were optimally correlated with T½GLR results. The highest
correlation coefficient was observed for tests with m-values between 40% and 70%
(R2=0.571, p<0.0001). However, this included only 31.7% of tests (n=406). For tests with
m-values between 25% and 80%, the correlation was significant (R2=0.378, p<0.0001), and
69.1% of the tests could be compared using the 2 models (n=884).

5.4 Impact of gender on gastric emptying parameters
Compared with men, women had significantly increased DOB-values (fig. 4) and
cumulative 13CO2-excretion (131±40 vs. men 124±39 μmol, p=0.0015). Accordingly,
T½GLR was significantly lower in women (183±92 vs. men 196±106 min, p=0.02). By
contrast, T½NL was similar in both groups (142±79 vs. men 143±84 min, NS, for 1095
patients with m-values <100%).

5.5 Effect of patient characteristics and specific diseases on gastric emptying parameters
5.5.1 Univariate linear regression analysis—Results of univariate linear regression
analysis for the association between clinical and gastric emptying parameters are shown in
table 2. The most consistent, albeit small, effects on gastric emptying parameters were
shown for gender (see above), age (T½GLR decreased and cumulative 13CO2-excretion
increased with age), diabetes mellitus (associated with prolonged gastric emptying and
decreased cumulative 13CO2-excretion) and bacterial overgrowth based on breath test
(associated with accelerated gastric emptying). Pancreatic exocrine insufficiency and liver
disease affected T½NL only if all tests including those with m-values greater than 100%
were taken into account. The other gastric emptying parameters were not associated with
presence of pancreatic exocrine insufficiency or liver disease. There was no significant
association between any gastric emptying results and lung disease. Patients with IBD tended
to have decreased cumulative 13CO2-excretion associated with prolonged T½GLR. By
contrast, patients with malignant disease had increased cumulative 13CO2-excretion and
tended to have decreased T½GLR.

5.5.2 Multivariate linear regression analysis—In the multivariate linear regression
models, the consistent association of gastric emptying results was with diabetes mellitus.
Cumulative 4h-13CO2-excretion was significantly predicted by diabetes adjusted for age,
gender and presence of inflammatory bowel disease (R2=0.028, p<0.0001). T½GLR was
significantly predicted by diabetes adjusted for age and gender, bacterial overgrowth and
malignant disease (R2=0.032, p<0.0001). T½NL for tests with m<100% was significantly
predicted by diabetes adjusted for diverticular disease, fundoplication and bacterial
overgrowth (R2=0.022, p<0.0001). However, although significant multivariate linear
regression models could be developed for all gastric emptying parameters, the overall
variance attributable to these predictors was low (R2≤0.037).
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6. Discussion
In this study, we analysed 13C-OABT obtained in nearly 1300 subjects. Our main aim was
to evaluate the influence of patient characteristics on cumulative 13CO2-excretion and on
gastric emptying parameters obtained by the NL and GLR models. In consideration of these
results we aimed to compare T½NL, T½GLR and cumulative 13CO2-excretion.

6.1 Influence of patient characteristics on cumulative 13CO2-excretion
In essence, our data demonstrate that diseases which might affect absorption and/or
postabsorptive metabolism of 13C-octanoic acid such as pancreatic exocrine insufficiency,
liver and lung disease have no detectable effect on cumulative 13CO2-excretion, T½GLR or
T½NL (the latter applies if tests with realistic m-values are taken into account).

Our data confirm the observation by Maes et al. that 13CO2-excretion following
administration of 13C-octanoic acid was similar in patients with or without pancreatic
disease21 including those (10/14) with steatorrhea as a sign of severe pancreatic exocrine
insufficiency22, 23. Moreover, metabolism of octanoic acid is maintained not only in
patients with steatohepatitis but also in patients with liver cirrhosis24, 25. Disturbances
of 13CO2-exhalation in patients with lung diseases are only expected in patients with very
severe disease and reduced CO2-diffusion capacity. Literature data on potential impairment
of 13C-breath tests in such cases are not available.

According to our data, patients with IBD have decreased cumulative 13CO2-excretion. This
may be attributed to delayed gastric emptying as has been reported in patients with Crohn's
disease26-29. However, reduced absorption of 13C-octanoic acid might also occur in a
subset of patients with proximal small intestinal involvement.

By contrast, bacterial overgrowth and malignant disease are correlated with decreased
T½GLR. Hypothetical mechanisms apart from acceleration of gastric emptying include
metabolization of 13C-octanoic acid by the bacterial flora and a catabolic state with
increased CO2-production, respectively. Conversely, patients with rapid gastric emptying
and an associated acceleration of small intestinal transit may also have false positive
findings in the H2-breath test that is used for diagnosis of bacterial overgrowth.

Another factor that may hamper reliability of parameters based on absolute 13CO2-excretion
such as cumulative 13CO2-excretion and T½GLR is varying physical activity during
performance of breath tests30. Even moderate activity such as walking roughly doubles
energy expenditure compared with sedentary subjects and has corresponding effects on
endogenous CO2 production31, 32. However, this confounding factor can be mitigated by
asking all patients to strictly avoid physical activity, as we did in our study.

Thus, we have shown in a large patient cohort that cumulative 4h-13CO2-excretion is only
marginally influenced by patient characteristics and diseases with theoretical impact on
absorption and/or postabsorptive metabolism of 13C-octanoic acid. Since these findings
resolve an important criticism of methods using absolute 13CO2-excretion for evaluation of
breath test data, they indirectly support the hypothesis that such models may provide
accurate estimates of gastric emptying parameters. In accordance with this assumption, a
recent report has shown that cumulative 4 h-13CO2-excretion and scintigraphic T½ gave
highly concordant results (concordance correlation coefficient: 0.77) in 57 experiments in
healthy subjects undergoing simultaneous breath testing and gastric emptying
scintigraphy19. The concordance correlation coefficient was even higher when comparing
scintigraphic T½ with T ½ obtained by the GLR regression model. Our current findings
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further imply that reliable results may not only be obtained in healthy subjects but also in a
mixed patient population.

6.2 Comparison of cumulative 4h-13CO2-excretion and non-linear regression model
Distributions of breath test data analyzed according to these two models varied markedly.
The NL model led to extreme estimations of gastric emptying with T½ exceeding 1000
minutes in almost 10% of patients.

T½NL indicates the time at which half of the 13CO2 is excreted relative to the cumulative
excretion when time is infinite. The parameter m of the NL model is defined as the relative
amount of 13C which is cumulatively exhaled when time is infinite (expressed in % of
dose)9. The parameter m is derived from the regression curve and, by the model, it
determines estimation of T½NL.

As a result of this assumption in the NL model, the breath test curve can only be
approximated adequately if the peak of the curve and a steady decline are achieved within
the observation period while breath samples are collected, and therefore m is indeed
constant. On the other hand, if 13C-exhalation continues to rise through the 4 h observation
period and steady state in the cumulative 13CO2-excretion is not achieved, both the m-value
and T½NL will be overestimated. The m-value should theoretically not exceed 100% of the
given dose, but it was found to be much higher in more than 10% of patients in our series.

Compared with the original study performed by Ghoos et al.9, we used a higher caloric test
meal. The choice of the calorie content of a gastric emptying test meal is the subject of
disagreement and controversy. Some suggest that total caloric loads should be in excess of
300 kcal33 on the grounds that the meal should provide some assessment of the capacity of
the stomach to respond to a “stress”; others have used lower calorie content34 with low fat
to ensure that patients who experience nausea or vomiting are able to complete the meal
during the test. However, consensus statements also concede that “meal composition may
need to be altered depending on the patient's specific symptoms”35.

The type of test meal used in our study was previously validated by Delbende et al. who
applied the formulae developed by Ghoos et al. and showed a highly significant correlation
between breath test results and scintigraphic values in 88 subjects10. However, it is
important to notice that with the higher caloric test meal, the 13C-excretion curve may be
shifted to the right so that the maximum of the curve and steady decline are not achieved
within the 4 h observation period. This may lead to overestimation of the m-value. With
lower caloric meals or prolongation of the observation period beyond 4 hours,
overestimation of the m-value might be mitigated but these measures may reduce clinical
utility of the test.

6.3 Generalized linear regression model
As shown in figure 3 T½GLR, is tightly associated with cumulative 4h-13CO2-excretion.
When considering the entire patient data set, the curve is best represented by an exponential
function. However, for the vast majority of data (94.5% of all tests) a linear correlation can
be established that approximates the curve adequately. These findings are remarkable
because the GLR model is based on only 3 breath samples collected over less than 3 hours.
Thus, our observations indirectly support the conclusion of the study by Lee et al.11 that the
simplified breath test can be expected to correctly identify T½ which in their study was
compared to simultaneous scintigraphy. Application of the GLR model may markedly
facilitate the use of 13C-octanoic breath tests in clinical practice. The test meal used in our
study and the one used by Lee et al. for establishment of the GLR model were similar but
not identical. There were differences with respect to fluid volume (200 instead of 440 ml)
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and nutrient composition (380 kcal, 19% protein, 53% carbohydrate and 31% fat versus 420
kcal, 18% protein, 45% carbohydrate and 37% fat). These are potential confounding factors
because it is not clear whether the weighting factors established by Lee et al. can be applied
to our test meal.

6.4 Summary
We have shown in a large group of heterogenous patients that diseases which might affect
absorption and/or postabsorptive metabolism of 13C-octanoic acid have no detectable effect
on cumulative 13CO2-excretion and that the effect of age and gender is small. These findings
resolve an important criticism of methods using absolute 13CO2-excretion for evaluation of
breath test data. Thus, they indirectly support the hypothesis that such models may serve as a
reliable marker of gastric emptying velocity not only in healthy volunteers but also in a
mixed patient population.

T½GLR correlated astonishingly well with cumulative 4h-13CO2-excretion, although based
on only 3 instead of 17 breath samples. These results support the findings of previous
studies that the simplified breath test can be expected to correctly identify T½ and that
application of the GLR model may markedly facilitate the use of 13C-octanoic breath tests in
clinical practice. However, since our test meal slightly deviated from the one used for
establishment and evaluation of the GLR model, weighting factors used for calculation of
T½GLR would need to be adapted or at least further validated with simultaneous
scintigraphic studies.

T½NL resulted in large overestimation of gastric emptying time in more than 10% of
patients. This was explained by lack of steady state 13C-exhalation at the end of the
observation period and may partly depend on the size of the test meal used. At present, we
would recommend a necessary, additional precaution, that is to estimate the parameter m,
and to report with extreme caution any T½NL estimated when m approximates or exceeds
100%.
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Fig. 1.
13C-exhalation over time following ingestion of 13C-octanoic acid together with a test meal
in 1279 patients with upper abdominal symptoms (closed circles) and 19 healthy controls
(open triangles). 13C-exhalation is given in delta over basal (DOB). The figure shows mean
values ± standard deviation.
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Fig. 2.
Distribution of cumulative 4h-13CO2-excretion (left panel), T½NL (middle panel) and
T½GLR (right panel) obtained in 1279 patients with upper abdominal symptoms. Note that
T½ exceeds 1000 minutes in 115 patients with the NL model and in 3 with the GLR model
(data of patients with T½NL>4000 min not shown).
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Fig. 3.
An excellent linear correlation was observed between LP½ and cumulative 4 h-13C-
exhalation (R2=0.774, p<0.00001) (A). LP½ is the linear predictor which is calculated as
weighted sums of 13CO2 production rates (derived from 3 breath samples, only) and is
defined as the reciprocal of T½GLR. Accordingly, an identically tight, yet exponential
correlation was observed between cumulative 4 h-13C-exhalation and T½GLR (B). For the
vast majority of breath test data (all tests with cumulative 13CO2-excretion between 40 and
200 μmol, n=1209, equivalent to 94.5% of all tests) a highly significant linear correlation
could also be established (solid line, R2=0.711, p<0.00001). Only the extremes with very
low (n=27) or high (n=43) cumulative 13CO2-excretion markedly deviate from this
approximately linear part of the curve.
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Fig. 4.
Differential 13C-exhalation (expressed as DOB) in men (n=418, open circles) and women
(n=861, closed circles). Throughout the postprandial observation period women always had
significantly higher DOB-values compared with men (p<0.0001).
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Table 1

Gastric emptying parameters calculated according to different mathematical models in patients with upper
abdominal symptoms and healthy volunteers.

Cumulative 13C-exhalation, μmol T½NL, min T½GLR, min

Patients 130 (105-153) 140 (98-220) 164 (134-207)

Controls 134 (97-170) 125 (95-159) 165 (140-222)

Median values and interquartile ranges (given in parenthesis) for 1279 patients with upper abdominal symptoms and 19 healthy controls.
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Table 2

Influence of clinical parameters on gastric emptying: Results of univariate linear regression analysis.

T ½ NL T ½ GLR Cum. 4h-13CO2-excretion

All data m<100% All data All data

Sex Ø Ø R2=0.004↓(a)* R2=0.008↑ (c) **

Age Ø Ø R2=0.008↓(b)** R2=0.005↑ (d) **

BMI Ø Ø Ø Ø

PEI R2=0.032↑*** Ø Ø Ø

Liver disease R2=0.003↑§ Ø Ø Ø

Lung disease Ø Ø Ø Ø

Diabetes mellitus Ø R2=0.006↑* R2=0.010↑*** R2=0.008↓**

GERD R2=0.003↑§ Ø Ø Ø

Fundoplication Ø R2=0.005↓* Ø Ø

IBD Ø Ø R2=0.004↑* R2=0.006↓**

FGID Ø Ø Ø Ø

Constipation Ø Ø Ø R2=0.003↑§

Diverticular disease Ø R2=0.009↑** Ø Ø

Carbohydrate intolerance Ø Ø Ø Ø

SIBO Ø R2=0.003↓§ R2=0.003↓* Ø

Psychiatric disease Ø Ø Ø Ø

Malignant disease Ø Ø R2=0.006↓** R2=0.002↑§

For the NL model, associations between patient characteristics and T½ have been tested for all patients (n=1279) and additionally for the subgroup
of patients with m-values below 100% (n=1095).

BMI: body mass index; PEI: pancreatic exocrine insufficiency; GERD: gastroesophageal reflux disease; IBD: inflammatory bowel disease; SIBO:
small intestinal bacterial overgrowth, FGID: functional gastrointestinal disease.

§
p<0.10;

*
p<0.05;

**
p<0.01;

***
p<0.001

↓
decreased if present

↑
increased if present

↓
(a) decreased values in women

↓
(b) decreased values in older subjects

↑
(c) increased values in women

↑
(d) increased values in older subjects
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