
rsc.li/food-function

Food &
Function
Linking the chemistry and physics of food with health and nutrition

rsc.li/food-function

ISSN 2042-650X

PAPER
Xian Wu, Hang Xiao et al. 
A metabolite of nobiletin,  4' -demethylnobiletin and 
atorvastatin synergistically inhibits human colon cancer cell 
growth by inducing G0/G1 cell cycle arrest and apoptosis 

Volume 9
Number 1
January 2018
Pages 1-658Food &

Function
Linking the chemistry and physics of food with health and nutrition

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  X. Li, E. Capuano,

C. de Korte and P. Smeets, Food Funct., 2026, DOI: 10.1039/D5FO04784F.

http://rsc.li/food-function
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5fo04784f
https://pubs.rsc.org/en/journals/journal/FO
http://crossmark.crossref.org/dialog/?doi=10.1039/D5FO04784F&domain=pdf&date_stamp=2026-05-08


1

1 Monitoring in vitro gastric bolus digestion with 

2 ultrasound

3 Authorship

4 Xinhang Lia b, Edoardo Capuanob, Chris L. de Kortec, Paul A.M. Smeetsa *

5 a Division of Human Nutrition & Health, Wageningen University & Research, Wageningen, The 

6 Netherlands

7 b Food Quality and Design Group, Wageningen University, Wageningen, The Netherlands

8 c Medical UltraSound Imaging Center (MUSIC), Department of Radiology and Nuclear Medicine, 

9 Radboud University Medical Center, Nijmegen, The Netherlands

10 Affiliation address: Stippeneng 4, 6708 WE, Wageningen, The Netherlands.

11 *Corresponding author. E-mail address: paul.smeets@wur.nl 

12

13 Abstract

14 Monitoring food degradation during gastric digestion is essential to understand how 

15 food properties impact nutrient absorption. Imaging techniques like ultrasound can 

16 be used to validate in vitro results in vivo.

17 The aim was to assess the use of ultrasound (US) for monitoring changes in food 

18 bolus properties during in vitro gastric digestion with a newly designed model system.
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19 Artificial bread boli (n=9) treated with amylase, pepsin or no enzyme underwent 90 

20 minutes of static digestion (INFOGEST), during which US images were recorded. 

21 Bolus area and the number of pixels and Haralick image texture features were 

22 calculated. Average grey values were calculated at increasing distance from the bolus 

23 edge.

24 The echogenic bolus area on ultrasound images increased over 90 min. From 10-60 

25 min, amylase-treated boli were larger than pepsin-treated (ratios 2.00-2.40) and no 

26 enzyme boli (ratios 1.89-2.23). Regarding image texture, these boli had higher 

27 homogeneity and lower contrast than pepsin-treated boli. From 30 min onward, the 

28 bolus area of amylase-treated boli had 1.19-1.30 times higher homogeneity, and 2.5-

29 4% lower entropy. From 10 min, the slope of the mean grey value curves for 

30 amylase-treated boli remained lower than for the other treatments. In the amylase-

31 treated boli, an increase in homogeneity (rho=0.8) and decreases in entropy (rho=-

32 0.82) and slope (rho=-0.85) corresponded with increasing starch digestibility.

33 These findings show the capacity of US imaging for quantifying bolus degradation in 

34 vitro. Future work should explore this novel application of US imaging in dynamic in 

35 vitro models and in vivo.

36 Keywords

37 In vitro gastric digestion; Bolus degradation; Ultrasonography; Image texture 

38 features
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39 1 Introduction

40 Food digestion is a complex combination of physiological, mechanical and biochemical 

41 processes that ultimately leads to the absorption of nutrients. These dynamic and 

42 individual-specific processes make experimental studies on human digestion 

43 particularly challenging. In addition, due to ethical, practical, and technical limitations, 

44 direct studies of in vivo human digestion can be difficult to conduct.1

45 Therefore, many in vitro digestion models have been developed, mimicking one or 

46 more digestion phases.2 These can be classified as static or dynamic models, 

47 depending on their capacity to reproduce the dynamic physiological aspects of 

48 digestion (e.g., gradual acidification or gastric emptying of the stomach). Static in 

49 vitro models, such as the INFOGEST method,3 are widely used for assessing the 

50 digestibility of various food components. While they simplify digestive physiology and 

51 cannot mimic the complex dynamics of the digestive system, their straightforward 

52 design is effective for evaluating the impact of key factors such as pH and enzyme 

53 activity, making them quite suitable for mechanistic studies.3,4 In vitro models 

54 provide controlled conditions and allow easy sampling. However, validating in vitro 

55 results against in vivo human digestion is challenging. Although the level of nutrient 

56 absorption can be analyzed by physiological indicators such as blood measurements, 

57 more direct and non-invasive techniques are needed to observe and characterize the 

58 preceding digestion mechanisms in vivo.

59 Validating in vitro findings in vivo may be achieved with imaging techniques such as 

60 magnetic resonance imaging (MRI), which can be used to connect in vitro and in vivo 

61 digestion models, because they can be used in both experimental settings.5 Although 
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62 MRI has emerged as a valuable tool in investigating gastrointestinal digestion, it is 

63 relatively expensive and requires participants to be positioned in the scanner tube, 

64 usually in a supine position. Another potential imaging technique is ultrasound (US) 

65 imaging. This technique is more affordable, widely available, and US machines are 

66 portable. US uses high-frequency acoustic beams to penetrate tissues, with 

67 reflections varying depending on acoustic impedance and reflector size, which is 

68 influenced by tissue properties such as density.6 These reflections are captured by a 

69 transducer and converted into images, with the brightness of images increasing 

70 proportionally to the reflection strength. Ultrasound imaging is well-established for 

71 various clinical applications including preoperative assessment of the nature and 

72 volume of the gastric contents.7 In research on gastric digestion, US has mainly been 

73 used to measure the rate of gastric emptying of different foods such as rye whole-

74 meal bread and white wheat bread,8 and viscous guar gum.9 A study went beyond 

75 the assessment of gastric emptying and used US to monitor changes in the 

76 consistency of the gastric contents which differed in protein coagulation. For the same 

77 gastric antrum cross sectional area (CSA), calculated from the anteroposterior and 

78 craniocaudal diameters to represent gastric volume, lower plasma amino acid level 

79 was found for participants with curds compared with those without observed curds, 

80 suggesting that casein curd formation in the stomach leads to slower amino acid 

81 absorption, in addition to the apparent gastric volume changes.10 This suggests that 

82 US could also be used to obtain quantitative measurements reflecting the properties 

83 and breakdown of ingested solid foods such as the particle size and texture. However, 

84 before such a novel approach could be applied in vivo, in vitro testing and validation 

85 is required to be able to establish US-based markers of digestion-related changes in 
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86 food properties and their interpretation. A recent in vitro ultrasound study used 

87 through-transmission mode ultrasound with paired emitter and receiver to monitor 

88 gastric fluid migration and textural softening in potato and cheese slices during in 

89 vitro gastric digestion.11 The effective diffusivity of the gastric fluid and the softening 

90 of solid food matrix were estimated from the variation of the ultrasonic velocity. 

91 Faster fluid migration and ultrasonic velocity increase were observed in potato than 

92 in cheese, consistent with the greater variation in hardness. While these findings 

93 indicate the potential of ultrasound for tracking digestive changes, this in vitro setup 

94 used a non-imaging approach rather than ultrasonographic imaging.

95 The aim of this study was to develop and test an ultrasound-based experimental 

96 setup for monitoring bread bolus breakdown during static in vitro gastric digestion, 

97 and to evaluate the extent to which ultrasound image information could be used to 

98 track digestion processes, including macrostructural breakdown of boli and changes 

99 in water content. To our knowledge, ultrasonography has not previously been used 

100 in tracking and visualizing the physical breakdown of food boli during in vitro gastric 

101 digestion. White bread was selected as a test product because it is widely consumed, 

102 and has a relatively uniform structure, which allows controlled and reproducible 

103 assessment of bolus breakdown. 

104 2 Materials and Methods

105 2.1 In vitro set-up development

106 We created a static in vitro digestion model – Gastric Ultrasound Model (GUSMO) 

107 tailored to allow US imaging of the gastric content (Figure 1). It consists of a water 

108 bath (30 x 22 x 18 cm) and a repositionable frame that holds a polyethylene bag, 
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109 simulating the stomach. The compartment can be heated and maintained at 37℃ with 

110 the use of a circulating heater and a cover. We ensured compatibility with both MRI 

111 and ultrasound scanning to allow comparison of both types of measurements. 

112 Accordingly, no magnetic materials were used and a rectangular “acoustic window” 

113 sealed with thin plastic film was incorporated, allowing a seamless interface between 

114 the ultrasound probe and the water in the bath. The US probe can be secured in a 

115 stable position with screws to ensure imaging with a consistent angle.

116

117 Figure 1. In vitro setup of the Gastric Ultrasound Model (GUSMO). (A) An overview of the setup, 
118 including the ultrasound device (left), the GUSMO model(middle), and a phone holder (right) for 
119 recording top-view images of the bolus during digestion. (B) The water bath and the repositionable 
120 frame. (C) The “acoustic window”. (D) The setup with a bread bolus in simulated stomach. (E) The US 
121 probe held by screws.
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122 2.2 Preparation of bread boli

123 Commercial “Casino Wit Brood” was purchased from a local supermarket (Albert 

124 Heijn®, Netherlands). It refers to a Dutch white sandwich bread, typically baked in 

125 a rectangular loaf tin and pre-sliced, with a soft texture and relatively uniform crumb 

126 structure. The crust was removed after which slices of bread were cut into cubes of 

127 around 1 × 1 cm. Their thickness was the same as the original height of the toast, 

128 around 1.3-1.5 cm.

129 Fifteen grams of bread were moistened with 5 ml liquid including water, simulated 

130 saliva fluid (SSF) or gastric fluid (SGF). SSF and SGF were prepared according to the 

131 INFOGEST protocol.3 Based on pilot trials, the INFOGEST 1:1 food-to-liquid ratio3 

132 produced excessively hydrated boli that collapsed too rapidly for ultrasound tracking. 

133 A lower ratio (15 g bread : 5 ml fluid) was therefore adopted to retain bolus integrity, 

134 in line with studies suggesting lower saliva incorporation during in vivo mastication 

135 12,13. To ensure effective contact between sample and enzymes in this static system 

136 with a large SGF volume and no gastric peristalsis, enzymes were incorporated into 

137 the boli during preparation rather than being added to the surrounding SGF. In 

138 addition, to distinguish the individual contributions of amylase and pepsin to 

139 structural changes, three different samples were produced where the 5 mL liquid was 

140 either: (1) 5 ml SSF with 0.1485 g amylase, (2) 5 ml SGF with 0.0125 g pepsin or 

141 (3) 5 ml Milli-Q water with no enzyme. The pepsin and amylase were diluted in 

142 simulated digestive fluid. α-Amylase from porcine pancreas (A3176, 10.1 activity 

143 units/mg) and pepsin from porcine gastric mucosa (P6887, 3200 activity units/mg) 

144 were purchased from Sigma-Aldrich (USA). The amylase and pepsin were applied at 

145 an activity of 75 U/ml and 2000 U/ml suggested by INFOGEST protocol. The total 
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146 enzymatic activity was calculated based on the amount of bread sample and the 5 ml 

147 liquid used for bolus formation. Since enzymes were added during the bolus 

148 preparation step. Enzyme activities were converted to activity (U)/ (g) nutrients. The 

149 final concentration of amylase and pepsin was approximately 196 U/g carbohydrate 

150 and 30307 U /g of protein. 

151 After mixing with one of the above solutions, samples were manually pressed and 

152 grinded 60 times using a mortar and pestle. Then the particles were collected and 

153 squeezed to form a ball, after which a board was used to press gently on each side 

154 to make the ball into a parallelepiped and make the surface as flat as possible. 

155 Several approaches were tested to shape the bolus, including the use of molds, 

156 syringes and mechanical compression using a texture analyzer. However, due to the 

157 high cohesiveness and adhesiveness of hydrated bread boli, these methods were not 

158 suitable, and manual shaping was adopted as a pragmatic approach. All bolus 

159 preparation steps were performed by a single operator, and bolus dimensions were 

160 controlled to remain within a comparable range (approximately 4-4.5 cm in length 

161 and 2-2.5 cm in width and height), to minimize size variability. Representative bread 

162 boli samples are shown in Figure 2.

163 Figure 2. Representative images of bread boli. (a) bolus with amylase (196 units/g carbohydrate), (b) 
164 bolus with pepsin (30307 units/g) and (c) bolus with no enzymes.
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165 2.3 Physical property measurements

166 2.3.1 Moisture content measurement of boli. 

167 Before making them into the final shape ~ 0.5 g was taken of each bolus and dried 

168 in a hot-air oven at 105° for 24 hours. The difference in bolus weight before and after 

169 drying was used to calculate the initial (0 min) bolus moisture content percentage. 

170 2.3.2 Density measurement

171 The weight of boli was measured with an analytical scale. To measure the volume, 

172 the drainage method was used: boli were placed in a measurement cylinder that 

173 contained a certain amount of water and then the water was pipetted out to arrive at 

174 the same volume. The weight of pipetted-out water was measured to determine the 

175 volume (1 g = 1 cm3). The density of the bolus (g/cm3) was calculated by dividing its 

176 weight (g) by the volume of water (cm3).

177 To compare the changes in density and water content after digestion, boli with 

178 amylase were placed in 800 ml SGF and incubated for 10, 30, 60, and 90 minutes. 

179 After digestion, boli were picked from digestive fluid, and density and moisture 

180 measurements were taken as described above. For moisture measurement, the boli 

181 were dried in a hot-air oven until they were completely dry, instead of 24 hours. All 

182 measurements were done in triplicate.

183 2.4 Static in vitro gastric digestion

184 2.4.1 Simulated in vitro digestion

185 For the measurement of hydrolysis products, we separated the biochemical analysis 

186 from ultrasound scanning, considering the heterogeneous distribution of hydrolysates 
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187 inside boli during static digestion. Boli were prepared in triplicate for each trial (with 

188 amylase or pepsin) and placed in beakers containing 800 ml SGF for 0, 10, 30, 60, 

189 and 90 min digestion, respectively. At the end of each trial, the boli were broken 

190 down in their surrounding fluid by using a food mixer for 30 s, and three 1 ml samples 

191 of the supernatant were collected. A workflow was shown as Figure S1 in 

192 Supplementary data.

193 To stop the starch hydrolysis, absolute ethanol was added at a 1:4 ratio, mixed for 

194 10 s and centrifuged at 10000 g for 10 min. For protein hydrolysis, the pH of sample 

195 was neutralized to around 7 by adding 1 M NaOH, followed by mixing for 10 s and 

196 centrifuging at 10000 g for 30 min. The centrifuged samples were stored in a freezer 

197 at -20℃ until further analysis.

198 2.4.1.1 Percent of digested starch

199 The supernatant taken from centrifuged samples was analyzed via measurement of 

200 the overall degree of hydrolysis quantified as glucose equivalent, using GOPOD 

201 format D-glucose Assay kits (Neogen, USA). To begin, 0.1 ml of supernatant was 

202 mixed with 0.5 ml amyloglucosidase solution in acetate buffer (0.1M, pH 4.8) to 

203 convert all the products of amylase hydrolysis into glucose. The samples were then 

204 incubated at 37℃ for 1 hour to allow enzymatic hydrolysis, and heated to 100℃ for 

205 10 min to inactivate enzyme.

206 After adding 3 ml of GOPOD reagent to 0.1 ml of sample solution, 200 μL of the 

207 mixture was sampled to a microplate. The percentage of digested starch was 

208 estimated by spectrophotometry (λ=510 nm). The results were converted into starch 

209 equivalent concentrations using a conversion factor of × 0.9. The degree of starch 
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210 hydrolysis at each time points was corrected using an initial blank prepared from 

211 blended no enzyme boli in SGF.

212 2.4.1.2 Degree of protein hydrolysis

213 The degree of protein hydrolysis was determined by measuring the concentration of 

214 released amino groups (-NH2 groups) using the OPA (o-phthaldialdehyde) method. 

215 Serine standard solutions were used to generate a calibration curve for free amino 

216 acid groups. 15 mg 105.09 g/mol serine was diluted in 100 ml MilliQ water to prepare 

217 a L-Serine stock solution. Eight serine solutions with concentrations of 0, 12.5, 25, 

218 50, 75, 100, 150 and 200 mg/L were prepared by proportionally diluting the stock 

219 solution with water. The OPA solution was prepared just before measurement. 3.81 

220 g sodium tetraborate was diluted in 80 ml MilliQ water. Once the sodium tetraborate 

221 was dissolved, 0.088 g dithiothreitol and 0.1 g sodium dodecyl sulphate were added. 

222 0.08 g OPA was dissolved in 3 ml ethanol and was transferred to the 80-ml solution 

223 mentioned above after which MilliQ water was added to make a 100-ml solution. 24 

224 μL of sample solution was mixed with 180 μL OPA reagents in microplates. The 

225 microplates were shaken in a microplate reader for 120 s and then read at λ = 340 

226 nm to quantify the concentration of amino groups.

227 Bread samples of ~0.3 g were used for acid hydrolysis that was performed in triplicate. 

228 2 ml of 6M HCl was added to the bread in heating tubes. After heating at 110℃ for 

229 24h, the contents were neutralized with 1M NaOH. 0.1 ml of the neutralized solution 

230 was diluted 50 times with Milli Q water. The concentration of amino acids was 

231 measured following the steps mentioned above. Degree of hydrolysis (DH) was 

232 expressed as the percentage of free amino groups released during digestion at 0, 10, 
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233 30, 60 and 90 min to the total amino groups released of complete hydrolysis, after 

234 correction by subtracting the initial blank, using the following formula: 

235 𝐷𝐻 (%) =  
𝐴𝑚𝑖𝑛𝑜 𝑔𝑟𝑜𝑢𝑝𝑠 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑑 ―  𝐴𝑚𝑖𝑛𝑜 𝑔𝑟𝑜𝑢𝑝𝑠 𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝐴𝑚𝑖𝑛𝑜 𝑔𝑟𝑜𝑢𝑝𝑠 𝑎𝑐𝑖𝑑 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 ― 𝐴𝑚𝑖𝑛𝑜 𝑔𝑟𝑜𝑢𝑝𝑠 𝑖𝑛𝑖𝑡𝑖𝑎𝑙
× 100

236 where [Amino groups]digested is the amount of free amino groups measured in the 

237 supernatant from blended pepsin-treated boli in SGF at a digestion time, [Amino 

238 groups]acid hydrolyzed is the amount after complete acid hydrolysis, and [Amino 

239 groups]initial represents the amount detected in the supernatant from blended no 

240 enzyme boli in SGF.

241 2.4.2 In vitro gastric digestion in the GUSMO

242 Boli were digested for 1.5 hours in 800 ml simulated gastric fluid. Reducing the 

243 volume was not feasible due to technical constraints related to the pressure of the 

244 surrounding water and imaging requirements. They were placed at the center of the 

245 bottom of the plastic bag. The initial pH of the SGF was adjusted to around 3.0 using 

246 1M HCL. With the circulating heater system, the temperature of the SGF was kept at 

247 37 ℃.

248 2.4.3 Ultrasound setting and measurements

249 US measurements were conducted with the use of a Terason uSmart 3300 ultrasound 

250 scanner (Terason@, USA) with a 5C2A curved linear array probe. The imaging settings 

251 used were as follows: scan depth, 15 cm; in-plane focus distance, 6 cm; dynamic 

252 range/contrast, 66 dB; frequency, 2.3 MHz; resolution, 0.0279 cm/pixel. Image Map 

253 F was used. The grey value distribution profile obtained from the image map 

254 reference bar showed that the grey values within the relevant range represented in 
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255 the acquired images were approximately linear. The gain and time gain compensation 

256 settings were kept constant throughout all imaging sessions.

257 US images of the gastric compartment were obtained at baseline (empty stomach 

258 compartment) and after placement of each bread bolus at 0, 5, 10, 15, 20, 25, 30, 

259 35, 40, 45, 50, 55, 60, 75 and 90 min.

260 2.4.4 Image analysis

261 Boli were segmented by manually tracing their outer boundaries using wand tool, and 

262 the number of pixels was calculated (Figure 3B) by the software QuPath 0.5.1 

263 (University of Edinburgh, UK).14 The segmentation was initiated from a seed point 

264 and expanded based on pixel intensity similarity and spatial continuity. The seed 

265 point was selected within visually representative regions of the bolus (typically 

266 relatively homogeneous and higher-intensity areas). In regions where the boundary 

267 between the hyperechoic bolus and the surrounding background showed a clear 

268 intensity transition, ROI delineation could be performed consistently. In lower 

269 contrast regions, where the bolus was not sufficiently distinct, the segmentation was 

270 adjusted using local intensity transitions and adjacent discontinuous hypoechoic 

271 background patches as cues to exclude background and image noise (examples are 

272 shown as Figure S2 in Supplementary). When the segmented regions approached the 

273 stomach wall (identified as a curved boundary), the brush tool was used to exclude 

274 areas within ~ 15 pixels of the wall to minimize artefacts caused by echo reflections 

275 at the plastic wall boundary. An example can be found in Figure 3C. In addition, a 

276 size constrained cut-off method based on estimated bolus size was used as a 

277 supplementary analysis. Bolus size at each digestion time point was estimated by 

278 scaling from its physical size at T0, using the frame opening diameter (7 cm), and 
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279 corresponding measurements from simultaneously captured top-view images. The 

280 estimated bolus width was then used as an upper boundary to constrain the 

281 segmented regions (Figure 3D). Further details and results are provided in the 

282 Supplementary (Figure S3 and S4).

283 Five Haralick features including Energy (Angular second moment, ASM; hereafter 

284 referred to as “homogeneity” in this study), Contrast, Correlation, Inverse Difference 

285 Moment (IDM; hereafter referred to as “local homogeneity”), and Entropy were 

286 calculated for the bolus pixels based on Grey Level Co-occurrence Matrix (GLCM) 

287 which compares differences between neighboring pixels at 0°, 45°, 90° and 135° 

288 orientations.15 These five features represent complementary aspects of image texture 

289 and constitute a widely adopted subset of the 14 Haralick features.16–19 Energy 

290 (Homogeneity) measures the uniformity or orderliness of the texture. IDM (local 

291 homogeneity) measures the similarity of grey values. Contrast measures local 

292 fluctuations and variations among pixels. Correlation reflects the linear dependency 

293 of grey levels on those of its neighbors’ intensity. Entropy represents the randomness 

294 and complexity of greyscale distribution.

295 20 regions of interest (ROIs), each containing 100 pixels (20 by 5 pixels), were 

296 manually placed at increasing distance from the edge of the bolus (Figure 3E), 

297 gradually extending further away from the probe, which was locates at the top center 

298 of the ultrasound images. The mean grey value and standard deviation were 

299 calculated for each ROI using the software FIJI 2.16.0/1.54p (Fiji Is Just ImageJ, 

300 National Institutes of Health, US).20 Subsequently, for each ultrasound image, the 

301 mean ROI grey value was plotted against the distance to the edge of the bolus. An 

302 example is shown in Figure 4. To quantify the grey value trend, the slope of each line 
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303 was calculated using the maximum point and the first point at which the mean grey 

304 value dropped below 100 (Figure 4). The threshold of 100 was selected to minimize 

305 the influence of slight fluctuation of grey value in some images, especially in deeper 

306 ROIs, which may lead to inaccurate slope calculations.

307 Figure 3. Illustration of probe situation and ultrasound images. (A) Top view of a bolus in the gastric 
308 compartment. (B) Bolus segmentation. The position of the probe is the same as that shown in (A). The 
309 red trace indicates the outer area of the bolus. (C) Bolus segmentation and drawn stomach wall. The 
310 area between the lower edge of the segmented bolus and the stomach compartment wall (lower red 
311 line), within ~15 pixels of the wall (lower red line), was removed. (D) Constrained bolus area according 
312 to estimated bolus width during digestion. (E) The yellow rectangles on the image represent 20 regions 
313 of interest (ROIs), each containing 100 pixels. They are arranged at increasing depth from the edge of 
314 the bolus from closest to the probe to its core (farthest from the probe).
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315

316 Figure 4. Illustration of how the slope of the mean grey value curve was determined. The intersections 
317 of the red dashed lines with the grey value curve represent the peak point and the first point where the 
318 mean grey value dropped below 100. The slope of the green line connecting these points was calculated.

319 2.5 Statistical analysis

320 All statistical analyses were performed in R 4.5.0. Normality of the data was assessed 

321 with quantile-quantile (Q-Q) plots of the residuals of dependent variables. The plots 

322 showed substantial deviations from normality, particularly with right tails, which 

323 violated the assumptions of linear models. Using a General Linear Mixed Model (GLMM) 

324 with a Gamma distribution and a log transformation of the dependent variables led 

325 to improvement in the distribution and outcomes. Model residuals were assessed 

326 using the DHARMa package to verify assumptions of homoscedasticity and model fit. 

327 The model included main effects of enzyme treatments (Amylase, Pepsin, No 

328 enzyme), digestion timepoints (0, 10, 30, 60, 90 min), and treatments*time 

329 interactions, and sample as a random effect to account for repeated measures within 

330 samples. The dependent variations included slopes of mean grey value, size of bright 

331 areas and GLCM image features. This model was fitted using the glmmTMB package 

332 in R, and Type II Wald chi-square test was used to test the fixed effects using Anova 

333 function in car package. P values for the main effects and interactions were adjusted 
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334 using Benjamini-Hochberg false discovery rate (FDR) correction used to control false 

335 positives. Statistical significance was set at p < 0.05. Post hoc pairwise comparisons 

336 were performed using estimated marginal means with Tukey test, and were only 

337 reported when the FDR-adjusted p-values of interactions indicated significance. All 

338 comparisons were based on differences between estimated marginal means, which 

339 represent the log-scale difference between conditions. Coefficients in log-scale were 

340 transformed to the original scale by taking the exponential of the estimates using the 

341 exp function. The back-transformed data were shown as estimated ratios with 95% 

342 confidence interval (CI) and p value (ratio, 95% CI, p). Estimated ratios represent 

343 the ratio of means between any two factor levels, such as the estimated ratio of mean 

344 homogeneity between amylase-treated and pepsin-treated boli. One-way ANOVA was 

345 used to analyze the changes in bolus moisture over time. Spearman correlation 

346 coefficients were calculated for digestibility of starch and protein, and the 

347 homogeneity, entropy and grey value curve slopes.

348 3 Results and Discussion

349 3.1 Monitoring structural breakdown by ultrasound images

350 3.1.1 Bolus size

351 Figure 5 shows examples of segmented bolus areas (top panel) and the results of the 

352 bolus area and image texture feature analysis. Consistent with changes visible in the 

353 ultrasound images, there was a strong main effect of time on the size of boli (χ²=845, 

354 pFDR<0.0001). The bolus area increased progressively from 0 to 90 minutes across 

355 all experiments. This reflects swelling of the boli during digestion. The main effect of 

356 enzyme treatment (χ²=22.6, pFDR<0.0001) and the interaction of time and treatment 
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357 were found (χ²=36.3, pFDR<0.0001). Comparison of the enzyme treatments at each 

358 time point showed that as expected there was no difference in bolus size between 

359 the treatments at 0 min. From t=10 to t=60 min, the bolus size of amylase-treated 

360 boli was larger than that of pepsin-treated boli and of boli with no enzyme (p<0.001) 

361 (Table 1). At t=90 min, it was larger than pepsin-treated boli (p<0.01) but not 

362 significantly different from that of no enzyme boli (p=0.1) . The largest difference 

363 was found at 30 min, when the size of amylase-treated boli was on average 2.40 

364 times (p<0.0001) larger than that of pepsin-treated boli. For the comparison between 

365 amylase and no enzyme treatments, the greatest difference was found at 10 min, 

366 with the amylase-treated boli being on average 2.23 (p<0.0001) times larger than 

367 the no enzyme boli. There were no differences between the pepsin-treated and the 

368 control boli at any time point (all p≥0.38). 
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369 Figure 5. Representative images of bolus inserted in amylase (Top row), pepsin (Middle row) and no 
370 enzyme (Bottom row) with segmentation and results (A-F) of GLCM texture analysis for the traced 
371 regions over the 90-minute digestion. A: Size of segmented bolus ROIs B: Homogeneity measures the 
372 uniformity or orderliness of the texture. Higher values indicate less texture complexity; C: Local 
373 homogeneity represents similarity of grey values. Higher values indicate a smoother image/area; D: 
374 Contrast reflects differences in greyscale intensities. Higher contrast values indicate greater differences; 
375 E: Correlation reflects the degree to which a pixel’s intensity is linearly related to its neighbor's intensity; 
376 F: Entropy represents the randomness and complexity of greyscale distribution; higher entropy values 
377 indicate more complex and disordered texture. Asterisks (*) indicate significant differences for amylase-
378 treated boli compared to pepsin-treated and no enzyme boli. * p<0.05, ** p<0.01, *** p<0.001. For 
379 bolus area at t=90 and Entropy at t=30, the significance refers only to amylase versus pepsin.

380 Table 1. Pairwise comparisons for the treatments × time interaction on bolus size.

Treatment Comparison Time (min) Ratio1 95% CI p

Amylase / No enzyme 0 1.11 0.74, 1.67 0.81

Page 19 of 38 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
0/

20
26

 1
0:

23
:2

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5FO04784F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo04784f


20

10 2.23 1.49, 3.35 <0.0001

30 2.07 1.38, 3.10 0.0001

60 1.89 1.26, 2.83 0.0007

90 1.42 0.95, 2.13 0.1

Amylase / Pepsin 0 1.15 0.77, 1.73 0.69

10 2.00 1.33, 3.00 0.0002

30 2.40 1.60, 3.60 <0.0001

60 2.12 1.42, 3.18 <0.0001

90 1.79 1.19, 2.68 0.002

381 1 Estimated ratio of marginal mean bolus size for amylase-treated boli to that of no enzyme boli or the 

382 pepsin-treated boli. Ratio and 95% CI are back-transformed from GLMM contrasts on the log scale.

383 These results indicate that ultrasonography can be used to track changes in the 

384 swelling of boli during in vitro gastric digestion. The addition of amylase promoted 

385 bolus expansion and degradation, while pepsin-treated boli hardly differed from the 

386 control boli with no enzyme added. As digestion progressed, we observed an increase 

387 in the bolus area over time. The expansion during digestion is consistent with matrix 

388 weakening caused by hydrolytic process, which improves water penetration and 

389 structural softening, as previously reported in gastric digestion studies.21 When 

390 hydrolytic effects on the matrix components are limited, structural changes and 

391 associated swelling are correspondingly weakened. This interpretation is supported 

392 by previous finding showing limited proteolysis of bread proteins during gastric 

393 digestion.22

394 In the present study, the boli may undergo a transition from a heterogeneous, 

395 consisting of fine bread chyme, porous bread crumbs and entrapped gas pockets. As 

Page 20 of 38Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
0/

20
26

 1
0:

23
:2

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5FO04784F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo04784f


21

396 digestion progressed, fluid infiltration may reduce these structural differences, 

397 resulting in a more uniform structure with a more homogeneous density distribution. 

398 In addition, the small air pockets within the boli induce scattering and attenuation of 

399 sound waves. This is because the small air inclusions have a high attenuation 

400 coefficient, preventing further penetration of the ultrasound in the bolus. This is 

401 clearly illustrated at t=0, where the heterogeneous structure of bolus and small air 

402 pockets lead to strongly reduced penetration and result in only tiny bright areas. 

403 From 10 to 90 min, as gastric fluid infiltrates the boli, these air pockets will be 

404 dissolved and replaced by water, which would cause a decrease in attenuation and a 

405 gradual increase in penetration. This would result a larger bolus area in the 

406 ultrasound images. Consequently, we used image texture features, which have been 

407 shown to be useful to characterize material properties.23,24

408 3.1.2 Image texture: Haralick features

409 Among all the 5 Haralick features, homogeneity and entropy showed the largest 

410 difference across groups. For homogeneity, the GLMM results showed main effects of 

411 enzyme treatment (χ²=19.4, pFDR=0.0001) and digestion time (χ²=116, 

412 pFDR<0.0001), as well as an interaction of treatment and time (χ²=36.4, 

413 pFDR<0.0001). From 30 to 90 min, the bolus areas of amylase-treated boli had higher 

414 homogeneity than control boli and pepsin-treated boli (Table 2). The largest 

415 difference in homogeneity was observed at 90 min, and the homogeneity of amylase-

416 treated boli was on average 1.30 and 1.28 times higher than that of pepsin-treated 

417 boli and no enzyme boli (p<0.0001 and p<0.0001, respectively). No difference was 

418 found between no enzyme boli and those with pepsin (all p≥0.77). 
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419 Table 2. Pairwise comparisons for the treatments × time interaction on homogeneity.

Treatment Comparison Time (min) Ratio1 95% CI p

Amylase / No enzyme 0 0.92 0.80, 1.04 0.26

10 1.06 0.93, 1.21 0.53

30 1.19 1.04, 1.36 0.0068

60 1.20 1.05, 1.37 0.0044

90 1.28 1.12, 1.46 <0.0001

Amylase / Pepsin 0 0.92 0.80, 1.05 0.27

10 1.10 0.96, 1.25 0.24

30 1.24 1.08, 1.41 0.0006

60 1.21 1.06, 1.39 0.0018

90 1.30 1.14, 1.48 <0.0001

420 1Estimated ratio of marginal mean homogeneity for amylase-treated boli to that of no enzyme boli or 

421 the pepsin-treated boli. Ratio and 95% CI are back-transformed from GLMM contrasts on the log scale.

422 Similarly, the GLMM results showed main effects of enzyme treatment (χ² = 16.0, 

423 pFDR =0.0004) and digestion time (χ² = 146, pFDR<0.0001), as well as an interaction 

424 of treatment and time (χ² = 20.5, pFDR=0.017) for the entropy of the bolus areas. 

425 Entropy in amylase-treated was 97% of that in pepsin-treated and no enzyme boli at 

426 t = 60 min (p=0.031 and p=0.023). At t=90 min, entropy of amylase-treated boli 

427 was approximately 4% lower than that of pepsin-treated and no enzyme boli 

428 (p=0.0001 and p<0.0001). In contrast, there were no differences between the pepsin 

429 and no-enzyme boli (all p≥0.64).

430 For local homogeneity and contrast, a main effect of treatment was observed with 

431 the bolus areas of amylase-treated boli having a higher local homogeneity (χ²=17.8, 
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432 pFDR=0.0002) and lower contrast (χ²=23.4, pFDR<0.0001), than no enzyme and 

433 pepsin-treated boli. For correlation, there was no main effect of treatment, but an 

434 effect of time (χ²=143, pFDR<0.0001). No treatment*time interaction was found in 

435 local homogeneity, contrast and correlation (local homogeneity, p=0.09, contrast, 

436 p=0.22, correlation, p=0.21). Overall, these results demonstrate that digestion 

437 progression was reflected in all 5 Haralick features. Amylase, but not pepsin induced 

438 increased bolus homogeneity, and reduced entropy on ultrasound images which likely 

439 reflects bolus degradation. This is consistent with previous studies on starch-rich food 

440 digestion, where starch hydrolysis has been shown to contribute to food matrix 

441 breakdown and a softer structure.25 Such structural breakdown and mixing processes 

442 are known to lead to a more homogeneous digesta. In contrast, limited proteolysis 

443 in gastric phase may provide context for the relatively minor changes at macroscopic 

444 level observed in starch-rich bread.26

445 As homogeneity indicates the uniformity and smoothness within an image, and 

446 entropy measures the disorder, randomness and complexity of pixels, these results 

447 suggest that the image texture is more uniform due to enzymatic breakdown and 

448 fluid infiltration. Moreover, as shown in Figure 5, the trends of contrast, which 

449 captures the variations in intensity between a reference pixel and its neighbors, were 

450 opposite to those of homogeneity and correlation. Ultrasonography with GLCM 

451 analysis has widely been used in clinical diagnosis. For example, a study developing 

452 a non-invasive, automatic approach for diagnosing abdominal malignant tumors, 

453 including the hepatocellular carcinoma and the colo-rectal tumors, found that GLCM 

454 homogeneity and contrast characterized the heterogeneity of tumoral tissue arising 

455 from the coexistence of regions with necrosis, fibrosis, and active growths.27 
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456 Quantitative image analysis showed that normal livers have higher homogeneity and 

457 lower contrast than fibrotic livers, reflecting well-organized tissue architecture of 

458 healthy liver tissue and the structural disorganization associated with fibrosis.28 This 

459 results was also consistent with an MRI study, which found that entropy and contrast 

460 were good discriminative features for identifying fibrosis.29 MRI studies on 

461 coagulation during gastric digestion found that lower homogeneity and higher 

462 contrast could indicate a higher degree of coagulum formation, and higher 

463 homogeneity may reflect not only a more homogenous liquid, but also the presence 

464 of a large and fairly homogenous coagulum.24,30 These findings suggest that the 

465 increase in homogeneity and correlation, along with decrease contrast and entropy 

466 in our study may be attributed to reduced heterogeneity of bolus during digestion.

467 3.1.3 Bolus grey value analysis

468 Figure 6 shows representative bolus pictures and corresponding ultrasound images 

469 that show swelling and breakdown of the samples over the 90-minute simulated 

470 gastric digestion. In all treatments, the high-echogenicity (bright) regions gradually 

471 expand, regardless of enzyme addition. At time 0 the bright areas on the ultrasound 

472 images are consistently small for all treatments, indicating that soundwaves have 

473 only limited penetration probably caused by the presence of small air bubbles leading 

474 to severe attenuation of the ultrasound signal. However, from 10 minutes onwards, 

475 significant expansion of the bright bolus areas can be observed in amylase-treated 

476 boli (Figure 6, top panel) compared with the other two treatments (middle and 

477 bottom panels). These changes are consistent with what can be seen in the 

478 photographs. Amylase-treated boli appeared more swollen with visible fragmentation 

479 at the periphery, while for boli with pepsin and no enzyme, minimal changes are 
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480 visible over time. Overall, these ultrasound images show that ultrasonography can 

481 be used to track macrostructural changes in food boli during gastric digestion. 

482
483 Figure 6. Representative ultrasound images and pictures of bread boli taken at different digestion time 
484 points. The panels, from top to bottom, show images of bread boli containing amylase, pepsin or no 
485 enzyme (control). The yellow rectangles represent 20 manually positioned adjacent regions of interest 
486 (ROIs, 20 x 5 pixels). These ROIs are vertically aligned along the middle of the bolus, beginning at the 
487 edge of bolus.
488
489 To quantify the changes over time and differences between the treatments grey value 

490 changes across the bolus were examined (Figure 7A). The GLMM showed a main 

491 effects of enzyme treatment (χ²=69, pFDR<0.0001) and digestion time (χ²=310, pFDR 

492 <0.0001), as well as an interaction of treatment and time (χ²=19.5 , pFDR=0.022).
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493 From 10 minutes onwards, the slope of the grey value curves for boli with amylase 

494 was consistently lower than that for pepsin-treated boli and boli with no enzyme 

495 (Table 3). The greatest difference between amylase-treated and pepsin treated boli 

496 was found at t=30 min. The slope of amylase-treated boli was 54% lower than that 

497 of pepsin-treated boli (p<0.0001). At t=60 min, the slope of amylase-treated boli 

498 was 47% of that of no enzyme boli. There was no difference in slope between no-

499 enzyme and pepsin-treated boli (all p≥0.18). 

500 Figure 7. Mean±SD grey value of ROIs over 90 minutes digestion. (A) Example of a bolus ultrasound 
501 image with 20 adjacent ROIs. The first ROI at the edge of bolus is defined as 0 mm in the graphs, and 
502 last one is located at ~ 26 mm depth. Panels (B)-(F) show the mean grey value of the ROIs at 0, 10, 
503 30, 60 and 90 min, respectively, comparing among boli with amylase, pepsin and no enzymes. All 
504 measurements were done in triplicate.

505
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506 Table 3. Pairwise comparisons for the Treatments × Time interaction on the slope of the grey value 

507 curves.

Treatment Comparison Time (min) Ratio1 95% CI p

Amylase / No enzyme 0 1.01 0.69, 1.48 0.996

10 0.53 0.37, 0.78 <0.001

30 0.53 0.31, 0.67 <0.001

60 0.47 0.32, 0.69 <0.0001

90 0.50 0.34, 0.73 <0.0001

Amylase / Pepsin 0 0.84 0.58, 1.23 0.53

10 0.58 0.40, 0.84 0.002

30 0.46 0.31, 0.67 <0.0001

60 0.58 0.40, 0.84 0.002

90 0.66 0.45, 0.97 0.028

508

509 1Estimated ratio of marginal mean slope of the grey value curves for amylase-treated boli to that of no 

510 enzyme boli or the pepsin-treated boli. Ratio and 95% CI are back-transformed from GLMM contrasts 

511 on the log scale.

512 The differences in slopes of grey value curves of ROIs with increasing depth may be 

513 attributed to water absorption and associated physical changes during digestion. As 

514 the SGF infiltrated and digestion progressed, the structure of amylase-treated boli 

515 became looser, with the wrapped air pockets and porous bread structure being filled 

516 by gastric fluid. This led to a more uniform internal texture which facilitated deeper 

517 ultrasound transmission and more echo signal at internal interfaces. In contrast, the 

518 no enzyme boli and the pepsin-treated boli did not expand rapidly and were not 
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519 visibly degraded. Overall, the looser structure, lower density, and rapidly dissolving 

520 air in amylase-treated boli can lead to deeper sound wave penetration, resulting in a 

521 slower decrease in grey value over imaging depth reflected by lower slope. These 

522 results suggest that slope of grey value curves can be an indicator of changes in boli 

523 properties during digestion, since it may reflect variations in signal intensity related 

524 to sound wave transmission.

525 3.2 Changes in bolus moisture content and density

526 Both bolus mean grey value and the image texture features of amylase treated boli 

527 differed from those of boli with pepsin and no enzyme. These differences are likely 

528 related to structural and physical changes associated with the starch hydrolysis.

529 To further investigate the underlying causes, we compared the density and moisture 

530 content of amylase boli before and after digestion (as shown in Figure S5 in 

531 Supplementary data). Contrary to the possible interpretation mentioned above in 

532 3.1.1, i.e., that variations in density will influence echogenicity, one-way ANOVA 

533 result showed that there were no apparent changes in density over time (p=0.55). 

534 However, it must be noted that echogenicity is related to density changes on a 

535 microstructural level and not on a macro level. Furthermore, the lack of detectable 

536 changes in density may be partially attributed to methodological factors. The density 

537 of bread boli is close to that of water, and the drainage measurement used may be 

538 insensitive to small variations. Moreover, as digestion progressed, the peripheral 

539 regions of the boli tended to expand, where the density changed more significantly 

540 than in the core. However, when the boli were removed from the digestive solution, 

541 some water absorbed at the periphery was lost, so only the density of the denser 
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542 core, which retained a similar density as that of undigested boli, could be measured. 

543 These factors may contribute to an overestimation of density.

544 Moisture content increased during digestion. A one-way ANOVA with time as the 

545 independent factor and moisture as the dependent factor showed a main effect of 

546 time (F(4,10)=6.31, p=0.008). Post-hoc Tukey tests showed that moisture at 10 min 

547 (Mean±SD=60.6±3.09, p=0.062) and 30 min (Mean±SD=58.6±1.61, p=0.21) did 

548 not differ from 0 min (Mean±SD=52.8±2.60). Bolus moisture at 60 min 

549 (Mean±SD=62.5±4.67, p=0.019) and 90 min (Mean±SD=64.1±2.32, p=0.007) 

550 were higher than at 0 min. No other pairwise differences were found (all p>0.24). 

551 The slight increase in moisture content may have contributed to deeper sound wave 

552 penetration and reduced scattering. An ex vivo study investigated the use of 

553 ultrasound to measure muscle dehydration, and found that when other tissue 

554 components including proteins and fat remained constant, ultrasound velocity 

555 increased with volumetric water loss.31 As acoustic impedance is the product of 

556 density and sound speed, if bolus density remained stable or slightly decreased, and 

557 the sound speed decreased because of higher water content, acoustic impedance 

558 would decrease. This would allow sound waves to penetrate deeper and increase 

559 reflection, which expands the detectable bolus area on ultrasound images. Therefore, 

560 we speculate that the 5-10% increase in water content that we observed would be 

561 sufficient to produce differences in sound wave amplitudes. However, similar to what 

562 discussed for density measurements, moisture measurement may also have suffered 

563 from methodological limitations. The swollen outer bolus layers may indeed affect 

564 the accuracy of moisture measurements, because it is difficult to collect and measure 

565 precisely how much water was incorporated into the boli. As the fluid penetrates from 
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566 the exterior to the interior, the periphery would have a higher water content than the 

567 core, which was confirmed by the dry and porous structures in the core of the boli 

568 even after 90 min digestion. However, when the boli were removed from the solution, 

569 water retained in those fully water-filled bread chunks tended to be lost, leading to 

570 an underestimation of water content. Examples are shown in Figure S6 in 

571 Supplementary data.

572 3.3 Static in vitro starch and protein digestion in boli

573 Starch digestibility in the amylase treated boli increased progressively, from baseline 

574 to 10 minutes and from 30 to 60 minutes, reaching approximately 22%, and ended 

575 with a plateau (Figure S7 in Supplementary data). While it is well-known that amylase 

576 becomes inactive at low pH, it can remain active for some time due to the buffering 

577 capacity of food, until the pH gradually drops to around 3.5.32 Some studies show 

578 that, before being inactivated by the acidic gastric environment, 30-80% of starch 

579 can be hydrolysed, with up to half of it being broken down into oligosaccharides.33,34 

580 It should be noted that the degree of starch hydrolysis may be overestimated because 

581 the GOPOD assay includes a step to convert starch-derived intermediates into glucose. 

582 However, because this step was applied consistently across all time points, the trends 

583 and comparisons among digestion intervals remain valid.

584 In contrast, protein hydrolysis, as reflected by the release of amino acid groups, 

585 remained low throughout the whole digestion period and did not exceed 1%. This 

586 limited extent of protein digestion may be attributed to the fact that the majority of 

587 proteins in wheat flour are gluten proteins, which are mainly composed of gliadin and 
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588 glutenin. Their high proline and glutamine content contribute to their resistance to 

589 gastric proteolysis.35–37

590 The digestion trends measured aligned with the ultrasound imaging results. The 

591 greater degree of expansion and structural breakdown represented by the slopes was 

592 correlated with the digestibility of starch (rho=-0.85, pFDR<0.0001) and protein 

593 (rho=-0.76, pFDR <0.01) (Figure S8 in Supplementary data). In images of amylase-

594 treated boli, homogeneity showed a significant positive correlation with starch 

595 digestibility (rho=0.8, pFDR <0.0001), while entropy showed a significant negative 

596 correlation (rho=-0.81, pFDR <0.0001). In pepsin-treated boli, moderate correlations 

597 were observed between protein hydrolysis and homogeneity (rho=0.52, pFDR =0.048) 

598 and entropy (rho=-0.59, pFDR =0.024). These findings support the interpretation that 

599 ultrasound image features can reflect structural degradation associated with starch 

600 hydrolysis in bread boli. Although statistically significant correlations were found in 

601 the pepsin treatment boli, the extremely low level of protein hydrolysis suggests that 

602 visual expansion does not necessarily correspond to biochemical breakdown in 

603 samples with low protein content. Bread was selected as a model food due to its 

604 relatively uniform structure, however our ultrasound imaging approach is not 

605 restricted to this substrate and may be used for a wide range of food matrices with 

606 varying compositions and structural properties. A clearer relationship between 

607 protein hydrolysis and image features may be observed in protein-rich foods.

608 A limitation of the present study relates to the segmentation of bolus regions on the 

609 ultrasound images. Although the wand tool in QuPath applies consistent parameter 

610 settings, the adjustment of the semi-automatic segmentation remains partly 

611 operator-dependent. The seed selection sensitivity was assessed on representative 
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612 images, suggesting that seed selection had limited effect on area measurements and 

613 on solidity as a measure of shape. In images with clear contrast between bolus and 

614 background, segmentation was generally consistent. However, when the boundary 

615 became less distinct, the delineation became less precise which may introduce minor 

616 variability. This limitation is inherent to image-based ROI selection. Regarding the 

617 degree of hydrolysis, a limitation is that amylase and pepsin were measured in 

618 separate treatments rather than together. This was a practical compromise to 

619 preserve analytical clarity. By isolating each enzyme’s effect, the observed structural 

620 and hydrolysis-related changes could be more directly attributed to a specific 

621 enzymatic mechanism. Moreover, the large volume of SGF, constrained by technical 

622 requirements associated with the pressure of the surrounding water and imaging 

623 setup, resulted in a low bolus-to-fluid ratio. Dilution of hydrolysis products may 

624 reduce detection sensitivity, particularly for protein digestion. Future work could 

625 optimize the system to better mimic normal physiology. In addition, the digestion 

626 chamber is compatible with MRI, which could further characterize bolus breakdown, 

627 bolus internal structure and fluid distribution during digestion to inform the 

628 interpretation of ultrasound measurements, representing a direction for future 

629 research.

630 4 Conclusion

631 In conclusion, this study designed and applied an in vitro model compatible with 

632 ultrasound imaging to investigate the structural breakdown of standardized bread 

633 boli during gastric digestion. In addition to demonstrating that ultrasonography can 

634 capture how enzymes affect the structural degradation during controlled gastric 
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635 digestion, grey value analysis and image texture metrics such as homogeneity and 

636 entropy were used to characterize the imaged boli, showing their potential as non-

637 invasive indicators of digestibility and physical transformation. This proof-of-principle 

638 study established a foundation for broader research on bolus breakdown of multiple 

639 boli across different food matrices, and future work could extend these methods to 

640 dynamic in vitro and in vivo digestion.
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