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Abstract 

Background: 

13C-acetate breath testing (BT) is applied to assess and compare gastric emptying of 

liquid meals. Gastric half-emptying times (t50) from BT show offsets compared to t50 

values from γ-scintigraphy and ultrasonography. Linear transformations have been 

proposed to correct these offsets. This investigation critically validates the BT for the 

assessment of liquid gastric emptying by using simultaneously recorded meal and total 

gastric content volume emptying data from MRI. 

Methods: 

Data were collected during a recently published double-blind, randomized, cross-over 

MRI gastric emptying study of three 13C-labelled enteral formulas differing in protein 

sources (PMID:24699556). BT derived t50 was computed with the analysis methods 

commonly applied in gastric emptying research, i.e. the exponential-beta function and 

the Wagner-Nelson (WN) method, respectively. 

Key Results: 

BT t50 values from exponential-beta function and WN method showed a positive and 

negative offset to MRI data, respectively. Linear regression detected low concordance 

between MRI and both BT methods revealing meal specific and emptying rate 

dependent offsets. The WN method showed worse agreement and correlation with 

MRI emptying data. BT rather reflected meal volume than total gastric content volume 

emptying.  
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Conclusions&Inferences: 

This validation study indicates that the 13C-acetate breath test may not be applied to 

compare gastric emptying of arbitrary liquid meals without prior validation by imaging 

methods. t50 values from BT are biased by 1) the properties of the meal and 2) the 

selected method used for 13CO2 exhalation analysis. No linear transformation common 

for all meals was applicable to correct the offsets between BT and MRI. 

Keywords: 

13C-acetate breath test; gastric emptying; test meal; Wagner-Nelson method  

 

Abbreviations: 

BT: breath testing 

cPDR: cumulative PDR 

ExpBeta: exponential-beta function  

FR: Fresubin Energy® 

GCV: gastric content volume 

MRI: magnetic resonance imaging 

MV: meal volume 

NU: Nutrison Energy® 

OS: Osmolite HiCal® 

PDR: percentage dose of 13C recovered 

t50: half-emptying time  

WN: Wagner-Nelson method 
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Key Messages 

• Liquid meal half-emptying times (t50) measured by 13C-acetate breath testing 

have been reported to show offsets compared to values from γ-scintigraphy and 

ultrasonography  

• Here, MRI was applied to systematically validate the 13C-acetate breath test for 

the assessment of liquid meal and total gastric content emptying in three 

isovolumetric and isocaloric ingested enteral formulas. 

• No meal independent linear transformation could be identified to achieve 

congruency between the 13C-acetate breath test and the imaging modality.  

• Meal and emptying rate dependent offsets were observed for the 13C-acetate 

breath test indicating the need for prior validation by imaging methods when 

investigating gastric emptying of novel meal compositions. 
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Introduction 

13C breath testing has been extensively applied to study gastric emptying due to its 

non-invasiveness, cost-effectiveness and high availability. Meal labelling by 13C-

acetate is commonly used for the assessment of liquid gastric emptying. Different non-

linear mathematical formulas were developed to extract the meal half-emptying time 

(t50) from 13CO2 exhalation data.(1, 2) Braden et al proposed to fit the 13CO2 data by 

an exponential-beta (ExpBeta) function and Sanaka et al. presented an adapted 

Wagner-Nelson (WN) method for this purpose. The t50 values from both analyses, 

however, showed offsets towards γ-scintigraphy.(1-3) Validation studies using 

ultrasonography also showed offsets in the t50 values computed with the ExpBeta and 

the WN method, respectively.(4, 5) The offsets were assigned to 13C-metabolism.(6-

10) Corrections by a linear transformation were proposed to achieve congruency with 

the imaging modalities.(1, 5, 11)  

Available 13C breath test marker for gastric emptying have different affinities towards 

the liquid or solid meal phase.(11) Potentially, the exact composition and different 

chemical properties during gastric digestion of the test meal might influence the breath 

test marker emptying dynamics. This might distort results from 13C breath test studies 

comparing different test meals. 

Magnetic Resonance Imaging (MRI) has recently been validated for the assessment 

of gastric motor function.(12-15) MRI allows to visualize the volume and distribution of 

the ingested meal as well as of gastric secretion. Therefore, MRI represents an ideal 

modality for the validation of the 13C-acetate breath test for the measurement of liquid 

gastric emptying. 

This investigation aimed to validate the 13C-acetate breath test for the comparison of 

liquid gastric emptying by means of MRI as the reference method. MRI derived volume 
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data of meal and total gastric content (meal + secretion) from a recent gastric emptying 

study were used.(16) The recent study compared three 13C-labelled enteral formulas 

that differed mainly in their type of protein composition, being either coagulating or non-

coagulating in the acidic gastric environment. This investigation analyzed the 13CO2 

exhalation data by the ExpBeta and WN methods and compared it to the MRI data. 
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Methods 

Ethics 

The gastric emptying study was carried out according to Good Clinical Practice and 

the Declaration of Helsinki. The study protocol was approved on 18.07.2011 by the 

Ethics Committee Zurich (KEK-ZH-No 2011-0152/1) and registered at the Netherlands 

Trial Register (trial number NTR2979). All participants provided written informed 

consent. 

Study design and test meals 

This investigation used data acquired in a recently published gastric emptying 

study.(16) Therefore, the study design is described only briefly. The trial was 

performed in a single-centre double-blind randomized three-way cross-over design. 21 

participants received three enteral formulas with similar amounts of fat, carbohydrates 

and proteins differing in protein sources (ref. table 1). 

300 ml of the enteral formulas (450 kcal) were infused at 37°C via a nasogastric tube 

within maximum 5 minutes. For breath testing (BT), the enteral formulas were labelled 

with 100 mg of [1-13C] sodium acetate (Euriso-Top, Saint-Aubin Cedex, France). 

Breath samples were taken before and every 10 minutes after infusion over a period 

of 180 minutes. MRI scans were performed at regular time intervals after infusion over 

a period of 185 minutes. 

13C-Acetate breath test 

Breath samples were collected into aluminized bags. 13CO2 12CO2
-1 ratios in the 

samples were determined by non-dispersive isotope selective infrared spectroscopy 

(IRIS® 3 Lab, serial number 005091, Wagner Analysen Technik GmbH, Bremen, 
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Germany). The results were expressed as delta (δ) value per mil and delta over 

baseline (DOBt= δSample-δ0). DOBt was used to determine the percentage dose of 13C 

recovered (PDR [% h-1]) and the cumulative PDR (cPDR [%]) at each measurement 

time point until the end of analysis period.(11, 17, 18) The resulting PDR curves for 

each participant and nutrition solution are displayed in supplementary figure S1. Non-

linear fits were performed using function nlme in program R, version 2.13.1 (R 

Foundation for Statistical Computing, Vienna, Austria).(19) 

BT derived liquid meal emptying was quantified by computing t50 with the analyses 

described by Braden et al. (ExpBeta function) and Sanaka et al. (WN method) (1, 2, 

11) resulting in the parameters BT_t50_ExpBeta and BT_t50_WN, respectively. The 

applied equations were: 

BT_t50_ExpBeta = (−1 ∗ 𝑘𝑘−1) ∗ ln �1 − 2�−1∗𝛽𝛽−1�� [1]  

0.5 = [cPDR ∗ BT_t50_WN ∗ cPDR∞−1] + [−1 ∗ 𝑘𝑘−1 ∗ PDR ∗ BT_t50_WN ∗ cPDR∞−1] [2] 

The parameters k and β were derived from the fitted PDR curves.  

Magnetic resonance imaging 

Magnetic resonance imaging measurements were performed in the right decubitus on 

a 1.5 T whole-body MRI system (1.5 T Achieva; Philips Medical Systems, Best, The 

Netherlands) using an abdominal, four-channel phased-array receive coil for signal 

detection. Gastric content volume was assessed by a standard gradient echo 

sequence consisting of 30 image slices acquired during a single breath hold (~16 

seconds) covering the entire upper abdomen.(16) T1 relaxation times of gastric content 

were imaged using a recently developed abdominal T1 mapping sequence (GOLD) 

performed during free breathing and consisting of 18 to 20 coronal image slices (~ 2.5 

minutes).(12) 
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Gastric content volume (GCV) data, as presented in Kuyumcu et al.(16), was used to 

extract meal volume (MV) by subtracting secretion volume using the combination of 

the standard gradient echo sequence and T1 mapping MRI data according to 

previously reported procedures.(13, 15) The resulting MV curves (ref. supplementary 

figure S2) were used to compute the MRI derived meal-half emptying time 

MRI_t50_MV by a simple exponential gastric emptying function, i.e. MV(t) = MV0*e-

(t/tempt) and MRI_t50_MV = tempt*ln(2). Half-emptying time of GCV, MRI_t50_GCV, was 

derived as published previously.(16) 

Data analyses 

Data plots and statistical analyses were done by GraphPad Prism® 6.01 (GraphPad 

Software, Inc., La Jolla, USA) and program R (R Core Team, R: A Language and 

Environment for Statistical Computing. 2015, R Foundation for Statistical Computing: 

Vienna, Austria). Agreement between MRI (MRI_t50_MV and MRI_t50_GCV) and 

breath test (BT_t50_ExpBeta and BT_t50_WN) was visualized by Bland-Altman plots 

(20) and quantified by Lin’s concordance correlation coefficient (rc).(21) rc is the 

concordance between a standard measurement and another method. It quantifies the 

agreement between two measures of the same variable, i.e. the degree to which pairs 

fall on the identity line (45°-line), and can range from -1 to 1, with perfect agreement at 

1. In addition, Pearson’s correlation coefficient (r) was listed. The corresponding t50 

values were correlated for each enteral nutrition separately. Values are given as mean 

difference or estimate with 95% confidence interval (95%CI). 
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Results 

The final analysis included data of 20 volunteers for FR, 21 volunteers for NU and 18 

volunteers for OS (ref. supplementary figures S1 and S2) with a mean age of 25 

(range 21 to 40) years and a mean BMI of 21.6 (range 18.4 to 24.4) kg*m-2.(16)  

Bland-Altman plots of breath test and MRI derived t50 

For all enteral formulas, the ExpBeta function (BT_t50_ExpBeta) overestimated t50 

(figure 1A and 1B), corresponding to a significant positive bias in the Bland-Altman 

plots (ref. table 2). This positive bias was more pronounced for the MV than for the 

GCV data. The overlapping 95% CIs of the biases (i.e., mean offsets) listed in table 2 

indicate comparable offsets for all the three enteral formulas. The WN method 

(BT_t50_WN) underestimated t50 compared to MRI_t50_MV and MRI_t50_GCV (ref. 

figure 1C and 1D). The corresponding significant negative bias was more pronounced 

for GCV (ref. table 2). Again, offsets were comparable for all three enteral formulas. A 

larger variability between total gastric content volume emptying and breath test data 

was indicated by wider limits of agreement. As depicted in figure 1C and 1D, the 

deviation in measured t50 increased linearly for higher t50 values. This suggested that 

BT_t50_WN values showed a t50 dependent offset compared to MRI data. Such linear 

deviation was not observed for BT_t50_ExpBeta (figure 1A and 1B).  

Concordance of breath test and MRI data 

The linear regression analysis confirmed the findings in the Bland-Altman plots. Lin’s 

concordance coefficients (rc) showed an overall low concordance with emptying rate 

dependent deviations of the 13C-breath test and MRI data. These deviations were 

dependent on the BT analysis method and test meal. Table 3 lists the calculated 

intercepts and slopes of the regression lines together with rc and r and the respective 
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95% CIs. A low method concordance of 13C-breath test and MRI data is evident when 

the regression line is shifted and tilted away from the identity line (i.e., 45°-line). (ref. 

figure 2 and table 3). Lin’s concordance and Pearson’s correlation coefficients were 

larger for the ExpBeta function than the WN method. Although GCV regression lines 

for the ExpBeta function showed a strong tilt, i.e. regression slopes << 1.0, 

concordance was generally better (i.e., rc was higher) for GCV as more t50 values 

coincided with the identity line. Only between BT_t50_ExpBeta and MRI_t50_MV for the 

enteral formulas OS and NU no t50 dependent change in the offset (no tilt in the 

regression line) was detected. However, a significant bias (i.e., shift away from the 

identity line) was evident resulting in a low method agreement (i.e., lower rc). 
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Discussion 

This validation study demonstrates that t50 values from 13C-acetate breath testing are 

affected by 1) the properties of the liquid test meal and 2) the selected method used 

for 13CO2 exhalation data analysis. Neither of the two commonly applied BT analysis 

methods, i.e. the exponential-beta function (1, 11) nor the Wagner-Nelson method (2, 

4), produced t50 values that were in concordance to MRI derived values of meal or total 

gastric content volume emptying. Either an offset or both an offset and an emptying 

rate dependent deviation from the MRI t50 values was observed.  

Meal specific influences on emptying rate dependent offsets in t50 between 

breath test and MRI 

It is commonly understood that gastric emptying depends on the ingested nutrients, 

caloric content, volume and the consistency of the test meal.(22-24) Under this 

premise, the detection of differences between meals investigated by 13C-breath test 

gastric emptying studies have always been assigned to the differentness of the 

investigated meals.(25-30) The results of the presented study indicate that also biases 

originating from the applied method and/or the properties of the test meal might lead 

to differences in 13C-breath test measured half-emptying times. The comparison to MRI 

reference data using the method of Bland-Altman and the regression analysis revealed 

an emptying rate dependent and meal specific offset of the t50 values derived by 

the 13C-acetate breath test. The main difference between the test meals was the 

protein source. The enteral formula NU contained little casein and was shown to 

remain liquid during in vitro digestion with gastric juice.(31) The two other, casein 

dominant enteral formulas, coagulated in vitro. It can be hypothesized that whether or 

not the test meal remains liquid during the course of gastric digestion plays a role in 
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the distribution of the 13C-marker throughout the gastric cavity, its subsequent 

emptying into the duodenum and absorption from there. This hypothesis was 

somewhat supported by the results of the WN method that showed highest 

concordance and correlation for the non-coagulating enteral formula. However, such 

differences in correlations were not observed with the ExpBeta function, suggesting a 

more complex cause of meal specific offsets in t50 from the 13C-breath test. 

Impact of breath test analysis method on emptying rate dependent offsets 

The commonly applied ExpBeta function and WN method were used to extract t50 

values from the 13CO2 exhalation data. Both analysis methods for 13C-acetate breath 

testing have been previously validated with γ-scintigraphy.(1-3) A t50 dependent offset 

in the regression line (intercept = 49 min, slope = 1.15), but also a good correlation of 

r = 0.95 was reported for the ExpBeta function.(1) The WN method underestimated the 

t50 values from γ-scintigraphy, however, was claimed to make “the results of the 13C 

breath tests comparable to those obtained with scintigraphy”.(3) The previously 

observed offsets between γ-scintigraphy and breath test were assigned to differences 

in 13C-metabolism. A linear transformation was proposed in order to achieve 

congruency of 13C-breath test results and the two imaging techniques.(1, 5-8, 11) 

Here, using MRI, such a linear relation common for all meals could not be identified. 

Neither the Bland-Altman plots (ref. figure 1) nor the linear regression analysis (ref. 

figure 2) detected any agreement with the MRI derived t50 values. As determined in 

the linear regression analysis, a linear transformation seems feasible only for test 

meals that do not show an emptying rate dependent offset of t50, i.e., a regression 

slope of approximately 1.0, in the 13C breath test data. The emptying rate dependency 

was less with the ExpBeta function and meal volume emptying when compared to total 

gastric content volume emptying. Together with the higher Pearson’s correlation 
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coefficients for all three nutrition formulas (r ranged 0.82 to 0.9) this may suggest 

that 13C-acetate breath testing reflects meal volume rather than total gastric content 

volume (meal + secretion) emptying. Neither the Bland-Altman plots (ref. figure 1) nor 

the linear regression analysis (ref. figure 2) detected any agreement with the MRI 

derived t50 values. In the two enteral formulas NU and OS that did not show emptying 

rate dependent deviation of 13C-breath test from MRI meal volume data, the 13C-

acetate breath test may be used in within-subject longitudinal studies when using the 

ExpBeta function for analysis. 

The wider limits of agreement for BT_t50_WN indicated inferior agreement with MRI 

compared to the t50 derived with the ExpBeta function .(20) In addition, the deviation 

of BT_t50_WN from MRI values increased with longer t50 values (ref. figures 1 and 2). 

This important observation might explain some discrepancy to previous validation 

studies using γ-scintigraphy, in which t50 values were in the range of 35 to 45 

minutes.(2, 3). Here, MRI derived t50 values were in the range of 80 and 110 minutes 

for MRI_t50_MV and MRI_t50_GCV, respectively (detailed data not presented). In 

consequence, the use of the WN method may only be valid for half-emptying times of 

meal and/or gastric content below the values observed in this MRI study. 

 

In conclusion, this validation study indicates that the 13C-acetate breath test may not 

be applied to compare gastric emptying of arbitrary liquid test meals without prior 

validation by imaging methods. Even for isocaloric and isovolumetric liquid meals, a 

linear transformation for t50 common for all enteral formulas could not be identified. 

Validation and/or normalization by a gastric content sensitive imaging modality is highly 

recommended to allow for the correct interpretation of 13C-acetate derived gastric 

emptying data.  
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Tables 

Table 1: Enteral formulas (16) 

 FR1 NU2 OS3 

Kcal*mL-1 1.5 1.5 1.5 

Protein [%] 15 16 16.7 

Protein composition 80% casein, 20% 

whey 

25% casein, 35% 

whey, 20% soy, 20% 

pea 

84% casein, 16% 

soy 

Fat [%] 35 35 29 

Carbohydrate [%] 50 49 54.3 

Osmolarity [mosm*L-1] 330 360 390 

1Fresubin Energy® (Fresenius Kabi, Bad Homburg, Germany) with a coagulating protein mix. 
2Nutrison Energy® (Nutricia Advanced Medical Nutrition, Zoetermeer, the Netherlands) with a 
non-coagulating protein mix. 
3Osmolite HiCal® (Abbott Nutrition, Baar, Switzerland) with a coagulating protein mix. (16) 
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Table 2: Biases and limits of agreement of the Bland-Altman plots depicted in 

figure 1. Values are given in minutes and as bias (95%CI) [lower limit of agreement 

(95%CI); upper limit of agreement (95%CI)]. 

 Agreement of BT_t50_ExpBeta and Agreement of BT_t50_WN and 

MRI_t50_MV MRI_t50_GCV MRI_t50_MV MRI_t50_GCV 

FR 

48.0 (42 to 53) 

 [26 (16 to 34); 

 71 (61 to 79)] 

21.4 (13 to 29)  

[-13 (-27 to 1); 

56 (41 to 70)] 

-40.4 (-49 to -31)  

[-78 (-94 to -63);  

-2 (-18 to 13)]  

-67.0 (-79 to -54)  

[-118 (-139 to -97);  

-16 (-37 to 5)] 

NU 

54.8 (49 to 60) 

[32 (23 to 41); 

77 (68 to 86)] 

25.7 (13 to 39)  

[-31 (-53 to -8); 

82 (59 to 104)] 

-36.0 (-41to-31)  

[-58 (-67 to-49);  

-14 (-23 to -4)] 

-65.0(-80 to -50)  

[-129 (-155 to -103); 

-1.0 (-27 to 25)] 

OS 

56.3 (51 to 60) 

[38 (30 to 46); 

74 (66 to 82)] 

28.4 (20 to 37)  

[-4 (-18 to 10); 

61 (47 to 75)] 

-32.0 (-40 to -24) 

[-62 (-75 to-49);  

-2 (-15 to 11)] 

-59.8 (-71 to -49)  

[-103 (-121 to -84);  

-17.0(-36 to 2)] 
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Table 3: Parameters of the linear regression for t50 values from breath test 

(BT_t50_ExpBeta and BT_t50_WN) and MRI (MRI_t50_MV and MRI_t50_GCV) per 

enteral formula. Given are the slopes, intercepts, Lin’s concordance correlation 

coefficients (rc) and Pearson’s correlation coefficients (r), together with 95% CI of the 

linear regression equations displayed in figure 2.  

 FR NU OS 

BT_t50_ExpBeta vs. MRI_t50_MV 

Slope 0.7 (0.5 to 0.9) 1.3 (1.0 to 1.6) 1.0 (0.7 to 1.3) 

y-intercept 72.8 (52.8 to 92.9) 32.8 (8.7 to 56.8) 56.3 (34.2 to 78.4) 

rc 0.18 (0.07 to 0.29) 0.17 (0.07 to 0.27) 0.14 (0.05 to 0.24) 

r 0.82 (0.59 to 0.92) 0.90 (0.76 to 0.96) 0.88 (0.7 to 0.95) 

BT_t50_WN vs. MRI_t50_MV 

Slope 0.2 (-0.1 to 0.5) 0.4 (0.2 to 0.6) 0.3 (0.0 to 0.5) 

y-intercept 22.5 (-1.7 to 46.7)  6.7 (-9.2 to 22.5) 24.1 (3.8 to 44.4) 

rc 0.08 (-0.03 to 0.18) 0.14 (0.04 to 0.23) 0.1 (-0.01 to 0.21) 

r 0.36 (-0.1 to 0.69) 0.72 (0.43 to 0.88) 0.46 (-0.01 to 0.76) 

BT_t50_ExpBeta vs. MRI_t50_GCV 

Slope 0.5 (0.3 to 0.7) 0.4(0.2 to 0.6) 0.6 (0.3 to 0.9) 

y-intercept 76.6 (55.4 to 97.9) 88.4(62.7 to 114.0) 71.7 (41.7 to 102.0) 

rc 0.48 (0.24 to 0.66) 0.43 (0.16 to 0.64) 0.38 (0.14 to 0.58) 

r 0.78 (0.52 to 0.91) 0.65 (0.3 to 0.84) 0.74 (0.41 to 0.9) 

BT_t50_WN vs. MRI_t50_GCV 

Slope 0.2 (-0.1 to 0.4) 0.2 (0.1 to 0.3) 0.2 (-0.0 to 0.4) 
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y-intercept 24.8 (0.8 to 48.8) 23.8 (12.3 to 35.3) 25.2 (5.8 to 44.6) 

rc 0.04 (-0.02 to 0.1) 0.08 (0.01 to 0.14) 0.05 (-0.01 to 0.1) 

r 0.32 (-0.14 to 0.67) 0.60 (0.22 to 0.81) 0.46 (-0.01 to 0.76) 
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Figure legends 

 

Figure 1: Bland-Altman plots of t50 values from breath test (BT_t50_ExpBeta and 

BT_t50_WN) and MRI (MRI_t50_MV and MRI_t50_GCV) for all enteral formulas. 

Values of bias and limits of agreement are given in table 2. 
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Figure 2: Linear regression for t50 values from breath test and MRI per enteral 

formula. Displayed are the linear regressions (solid lines) with lower and upper 95%CI 

between BT_t50_ExpBeta (grey shaded) and BT_t50_WN (black shaded) and (A) 

MRI_t50_MV or (B) MRI_t50_GCV, respectively. Axes are iso-scaled, so that the 

dashed line has a slope of 1.0. Details on values of the linear regression lines are 

displayed in table 3.  
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Supplementary Figure S1: Individual PDR for the three enteral formulas, 

displayed with red (NU), blue (FR) and green (OS) lines and dots. Raw data is 

displayed by dots with the related modelled PDR curve overlaid in a line with 

corresponding colour. 
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Supplementary Figure S2: Individual meal volume curves over time for the three 

enteral formulas displayed with red (NU), blue (FR) and green (OS) lines. 
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