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Online Supplementary Appendix 
Test Battery 

 
To determine pancreatic changes, three complementary aspects were evaluated; plasma enzyme levels, as a 
marker for inflammation or leakage; parameters representing pancreatic exocrine function, such as fecal 
enzyme levels, intra-duodenal lipase activity and bicarbonate secretion; and morphological features, such as 
pancreatic volume, degree of steatosis and main pancreatic duct (MPD) diameter (1).  
 
The primary endpoint was defined as the difference in pancreatic exocrine function between baseline and 12-
weeks of treatment (2). Originally, we operationalized this endpoint as the measurement of fecal elastase-1; 
given the reliability of this test, and the availability at our research center. However, over time, we came to 
appreciate that measurement of intra-duodenal lipase activity and bicarbonate secretion are more sensitive 
tests to detect smaller changes. Moreover, for this mechanistic study, where the main aim was to understand 
the effects of GLP-1 based therapies on the exocrine pancreas, it would be beneficial to have more information 
on exocrine pancreatic function. We therefore decided to operationalize the primary endpoint as the 
combination of all exocrine function tests.  
 
These aspects were measured at the following time points: 

 

Fecal enzymes 
Subjects received a collection kit, containing feces containers with a scoop in the screw-top, gloves, cold packs 
and a Styrofoam casing. Patients were instructed to empty their bladder before defecation, in order to avoid 
urine contamination. The sample was then collected using a technique to prevent contamination, for example 
by placing a bucket in the toilet bowl, or by spreading a clean newspaper over the rim of the toilet.  Samples 
were then placed in the screw-top container, and stored in a dark and cool place. Samples were transported to 
the clinical research unit in Styrofoam containers with cold packs, in order to avoid exposure to heat and direct 
sunlight. All samples were delivered to the clinical research physicians within 2 days of collection.  
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Within 7 days of collection, one feces sample was analyzed for chymotrypsin levels. Analyses were performed 
using a colometric method, with an intra-assay variation of 2.7%, and an inter-assay variation of 3.1%. 
Reproducibility for chymotrypsin is 30%, when assessed with 10 consecutive feces samples (3). Compared to the 
gold standard secretin-caerulein test, the sensitivity to diagnose exocrine insufficiency ranges from 65 to 76% 
(sensitivity increases with progressive pancreatic exocrine insufficiency), and specificity 89%, when using a 
chymotrypsin cut-of value of 3 U/g (3,4). 
 
One sample was stored at -20 °C for analysis of elastase-1 levels. To prevent protein degradation, maximum 
storage time was set at 1 year, ultimately leading to 2 measurement moments to analyze all samples. Elastase-1 
was measured using Enzyme Linked ImmunoSorbent Assay (ELISA)-techniques, with an intra- and inter-assay 
variation of 6.5% and 7.6%, respectively. The reproducibility for elastase-1 is 15% (10 consecutive samples) (3). 
Compared to gold-standard secretin-caerulein test, the sensitivity to diagnose exocrine insufficiency ranges from 
65 to 100% (sensitivity increases with progression of pancreatic exocrine insufficiency), with a specificity of 93%, 
using a cut-of value of 200 μg/g (3,4).  
 
Blood and urine enzymes 
Blood was drawn using standardized venipuncture techniques at baseline, and after 2, 6 and 12 weeks of 
treatment. Heparin samples were instantly analyzed for plasma lipase and amylase levels, using standardized 
enzymatic colorimetric assays (Modular Analytics; Roche Diagnostics GmbH), according to the International 
Federation of Clinical Chemistry (IFCC). The lipase-assay was pancreas-specific, also including co-lipase, and had 
an intra- and inter-assay variation of 0.7% and 3.7%, respectively. The amylase-assay also measured salivary 
amylase, and had an intra- and inter-assay variation of 0.9% and 1.9% respectively. Normal values for lipase and 
amylase were considered <70 U/L and <100 U/L, respectively.  
 
Furthermore, at baseline, and after 2 and 12 weeks, serum and urine was collected for determination of 
trypsinogen levels. Blood was drawn in clotting tubes, centrifuged at 3500 RPM for 10 minutes, at 4 °C. Both 
serum and urine were then stored at -80 °C. Subsequently, sandwich ELISA was used for testing. Capture and 
detection antibodies were purchased from Medix Biochemica (Espoo, Finland). Human recombinant 
Trypsinogen 2 served as a standard (Medix Biochemica, Espoo, Finland). Intra- and inter-assay coefficients of 
variation were 6.7% and 8.5%, respectively. 
 
13C-Mixed Triglycerides Breath Test 
The 13C-MTG breath test measures the digestive function of the pancreatic lipase enzyme. Lipase hydrolyses 13C-
triglycerides to 13C-free fatty acids and 13C-glycerol, which are absorbed by intestinal mucosa. During 
metabolism, 13C is incorporated into 13CO2 (carbon dioxide), and subsequently exhaled. When lipase activity is 
reduced, less 13C-triglyceride is degraded and absorbed, leading to lower breath 13CO2 levels. The 13C-MTG breath 
test is not influenced by other lipases (including lingual and gastric) or mucosa adsorption surface (5). 
 
Prior to the 13C-Mixed Triglycerides (MTG) breath test, subjects were instructed not to take any products that 
are naturally enriched with 13C, such as corn, cane sugar, pineapple and tequila, for two days. After an overnight 
fast, subjects withheld all medication apart from metformin, until the test day was over. Subjects received a test 
meal of two slices of whole wheat bread, 20 g butter and 250 mL semi-skimmed milk (420 kCal, 22.4 g fat, 38.6 g 
carbohydrates and 14.6 g protein). The butter was mixed with 250 mg of 13C-mixed triglycerides (chemical name: 
2-octanoyl(1-13C)-1,3-distearyl glycerol), which was purchased from Euriso-Top (Saint-Aubin Cedex, France). The 
chemical purity exceeded 99.5% (high-performance liquid chromatography) and isotopic enrichment was 99.4% 
(gas chromatography-mass spectrometry), according to the certificate of analysis provided by the manufacturer. 
All tests were performed using 13C-MTG from the same batch, well within the expiration date.  
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Breath samples were taken in duplicate before ingestion of the test meal, and every 30 minutes for 6 hours after 
the meal (6,7). Breath samples were collected by asking patients to hold their breath for 10 seconds, and then 
steadily exhaling through a straw into a 12 mL gas collection tube (Exetainer®, Labco Limited, Lampeter, United 
Kingdom), which was immediately tightened with a air-tight plastic cap as soon as condensation appeared on 
the inside wall of the vial (8). In order to minimize variation throughout the testing day, subjects were instructed 
to remain in a semi-recumbent position, with the room temperature stable between 22-24 ⁰C.  
The ratio of 13CO2 to 12CO2 in expired breath was measured by an automated isotope ratio mass spectrometer 
(ABCA, Sercon, Cheshire, UK), and expressed as delta-per mil relative to Pee Dee Belemnite limestone (δ‰-
PDB), the international standard. The proportion of 13C excreted in breath CO2 was expressed as the percentage 
of administered 13C,  recovered per hour (8). For these calculations, CO2 production was assumed to be stable at 
300 mmol/m2 body surface area per hour, with the body surface area computed by the formula by Mosteller et 
al (9,10). The maximal recovery speed (D-max) and time to reach maximal speed (T-max) were recorded. 
Moreover, the cumulative percentage of administered 13C recovered over the 6 hour study period (C-max) was 
used for statistical analyses.  
 
Although not confirmed in the present setting, in general, the reproducibility of the 13C-MTG breath test is 16.3% 
for T-max, 11.0% for D-max and 14.4% for the AUC .(11) The sensitivity and specificity for capturing exocrine 
pancreatic insufficiency, as established by gold standard secretin-caerulein tests, are 81% and 85%, respectively, 
when using a cut-of value of 26.8% (6-hour cumulative 13C-recovery)(12). The 13C-recovery has a 100% sensitivity 
for detection of pancreatic steatorrhea (12).   
 
MRI and s-MRCP 
Subjects were instructed not to take any medication until conclusion of the examination day. After an overnight 
fast, subjects arrived between 7.00 and 9.00 AM at the clinical research unit. An intravenous catheter was 
placed in an antecubital vein for administration of secretin during the MRI-scan. Immediately prior to the MRI 
scan, participants received 300 mL of oral ferumoxsil suspension (Lumirem®, Guerbet, Gorinchem, The 
Netherlands). This negative contrast agent cancels out signals from the stomach and duodenum, thereby 
increasing pancreatic duct (PD) visibility and enabling assessment of secretin-induced secretion. 
 
MRI protocol 
The scanning protocol was performed by trained clinical research physicians using a 1.5-T MRI system 
(Magnetom Avanto, Siemens Healthcare, Erlangen, Germany), using two phased-array body-coils. All subjects 
were in a supine position with their arms beside their body. The MRI protocol consisted of the following 
sequences: 

1) Coronal and transversal T2-weighted half-Fourier Acquisition Single-Shot Turbo Spin-Echo (T2-HASTE) to 
determine general pancreas morphology and secretin-stimulated total secreted volume (repetition time 
[TR] 1000 ms, echo time [TE] 65 ms, variable slice number, slice thickness 8 mm with 2 mm gap, matrix 
212x256, navigator-triggered) 

2) Coronal heavily T2-weighted 3D fast Spin-Echo (TSE3D), which is a high-detail MRCP-sequence to assess 
PD morphology (TR 1600 ms, TE 622 ms, 40 slices, slice thickness 1.8 mm without gap, matrix 156x256, 
navigator-triggered) 

3) Coronal heavily T2-weighted T2-HASTE, a thick-slab MRCP sequence to determine the maximum secretion 
speed and changes in PD diameter (TR 4500 ms, TE 754 ms, 1 slices, thickness 60 mm, matrix 307x384, 
breath-hold in expiration, scanning time 4 sec.) 

4) Transversal Volumetric Interpolated Breath-hold Examination (VIBE) to measure pancreatic volume (TR 
2.63 ms, TE 5.77 ms, 64 slices, thickness 4.0 mm without gap, matrix 125x256, breath-hold in inspiration, 
scanning time 21 sec., with fat suppression). 

5) Transversal T1 dual-phase gradient-echo sequence (TR 100 ms; TE in-phase 4.76 ms; TE opposed-phase 
2.38 ms; flip angle 70°; thickness 6 mm with 7.8 mm gap; matrix 154x256). The in-phase and opposed-
phase were captured in two separate navigator-guided breath holds of ~15 seconds. 
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The protocol commenced with the T2-HASTE, VIBE, TSE3D MRCP-sequence and T2-HASTE thick-slab MRCP 
sequence to assess general pancreas and PD morphology. Subsequently, secretin (Secrelux®, Sanochemia 
Diagnostics, Austria) was administered intravenously by hand over 60 seconds in a dose of  1 CU/kg. Thereafter, 
the thick-slab MRCP sequence was repeated every 30 seconds for 10 minutes, to assess secretin-induced 
secretion and changes in PD diameter, followed by the T2-HASTE sequences. 
 
Image Analysis 
Image analyses were performed on a diagnostic workstation with a NEC MDview 193 monitor (Formex Medical, 
Gouda, The Netherlands), using software packages Onis version 2.4 (DigitalCore Co., Tokyo, Japan) and Sante 
DICOM Editor version 3.1 (Santesoft LTD, Athens, Greece). Analyses were performed by an experienced 
radiologist (ICP) and clinical research physician (MMS), who were blinded to treatment allocation.  
 
All sequences were used to assess the presence of signs indicating pancreatic distress.  
 
Moreover, the following morphologic/structural analyses were performed: 

• Pancreatic volume was assessed using the transversal VIBE-sequence. A region of interest (ROI) was 
drawn around the pancreas on each slice. Per slice, the ROI volume was multiplied by slice thickness to 
obtain the volume in mL. 

• Pancreatic fat content: signal intensity (SI) loss of the pancreas compared with the spleen, an indicator 
of pancreas fat infiltration, was measured by positioning 1-2 ROIs (0.3 – 1 cm2) in the pancreatic head, 
neck and tail, and 3 ROIs (1 – cm2) in the spleen. Pancreas fat was calculated as “100 * (Pin / Sin – Pop / 
Sop) / (Pin / Sin)”, where Pin is mean in-phase SI pancreas, Sin is mean in-phase SI spleen, Pop is mean 
opposed-phase SI pancreas/ So mean opposed-phase SI spleen (13). Similarly, the amount of hepatic fat 
was measured using this technique, to derive a correction factor based on the difference in hepatic MRI- 
and spectroscopy-measurements (14). This correction factor was applied on the pancreatic fat 
measurements. 

 
Secretin induces ductal-cell bicarbonate secretion, with subsequent osmotic fluid production. This bicarbonate-
rich fluid production can be quantified using several image analysis techniques: 

• Post-secretin pancreatic secretion volume (the total volume secreted 10 minutes after secretin-
administration): on the coronal T2-HASTE image acquired after secretin-infusion, a ROI was drawn on 
each slice, directly around any visible fluid (hyperdense signal) in the duodenum and proximal jejunum 
(15–17). Per slice, the ROI (cm2) was multiplied by the slice thickness, to obtain volumes (mL). The inter-
slice volume-gaps were interpolated, by using the mean of the adjacent images, corrected for inter-slice 
thickness. The sum of all individual volumes was used for statistical analysis.  

• Secretion speed: one ROI was drawn around the duodenum and proximal jejunum and superimposed on 
the pre-secretin and all post-secretin coronal thick-slab MRCP images (15,16). The mean ROI signal 
intensity was plotted over time, and the maximum secretion speed was derived from the slope (15,16). 

• Matos 3 (duodenal filling beyond the inferior duodenal genu): using the thick-slab MRCP images, the 
time to reach Matos 3 was noted (18). Reaching Matos-3 is a validated marker for exocrine pancreatic 
secretion (18). 

• Pancreatic duct diameter: maximal duct diameter was measured on each thick-slab MRCP image (pre- 
and post-secretin) in the head or neck region, using the same position within each participant for all 
scans and interventions (19). Also, the time to reach the post-secretin maximal diameter was noted. 
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Test characteristics: 
In a previous study in 12 males with type 2 diabetes, we assessed day-to-day and intra-observer variation for the 
used MRI and s-MRCP sequences (see table) (20).  
  
 

Parameter Day-to-day variation Intra-observer variation 
 CV (%) ICC CV (%) ICC 
Pancreatic volume 3.7% 0.956 1.8% 0.950 
Total pancreatic fluid secretion 9.2% 0.770 2.3% 0.978 
Maximal secretion speed 15.5% 0.476 5.1% 0.888 
Baseline PD diameter 10.5% 0.389 4.2% 0.918 
Maximal PD diameter 7.5% 0.858 2.2% 0.965 
Increase in PD diameter 10.4% 0.363 3.9% 0.928 
Pancreatic fat content 17.7% 0.893 9.0% 0.978 
Variation is calculated as coefficient-of-variation (CV, expressed in percentage) and intra-class correlation (ICC, 
two-way mixed). 

 

s-MRCP has a sensitivity of 69% to 92% and specificity of 71% to 90% of detecting exocrine pancreatic 
insufficiency (21). However, we used s-MRCP to detect changes on a continuous scale, which strongly correlates 
with the gold standard, assessment of duodenal-aspiration (R=0.946) (22).  
 
Acetaminophen absorption test  
The instructions prior to the acetaminophen absorption test were identical to those of the  13C- MTG breath test. 
After an overnight fast, subjects withheld all medication apart from metformin, until the test day was over. 
Subjects received a test meal of two slices of whole wheat bread, 20 g butter and 250 mL semi-skimmed milk 
(420 kCal, 22.4 g fat, 38.6 g carbohydrates and 14.6 g protein). Moreover, 1.5 grams of liquid acetaminophen 
(62.5 mL Daro Paracetamol, Remark Groep, Rogat, The Netherlands) was given. Before the meal, and every 30 
minutes for three hours after the meal, a blood sample was drawn for determination of acetaminophen levels. 
Serum was analyzed for acetaminophen levels, using an enzymatic immunoassay on an Architect 4000 (Abbott 
Laboratories, Abbott Park, IL, USA). The absolute area under the curve (AUC) was calculated, and the maximal 
acetaminophen concentration (Cmax) and the time to reach Cmax (Tmax) were noted. 
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Online Supplementary Appendix 
Results 

 

Supplementary Figure S1. Correlations between plasma enzyme changes and pancreatic volume 
 

 

Legend:  Correlations between liraglutide, sitagliptin or placebo induced changes in pancreatic volume and A) 
plasma amylase levels; and B) plasma lipase levels.  
An asterisk (*) indicates a significant (p≤0.05) whole-group correlation.  
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Supplementary Figure S2. Effects of 12-week treatment on gastric emptying parameters 

Legend:  A) serum acetaminophen (paracetamol, PCM) levels during the meal test before intervention; B) serum 
acetaminophen levels during the meal test after 12-week intervention with liraglutide, sitagliptin or placebo; C) 
maximal serum acetaminophen levels (Cmax); and D) area under the curve (AUC) of the serum acetaminophen 
levels.  

 


