
Food &
Function

PAPER

Cite this: DOI: 10.1039/d5fo04784f

Received 5th November 2025,
Accepted 7th May 2026

DOI: 10.1039/d5fo04784f

rsc.li/food-function

Monitoring in vitro gastric bolus digestion with
ultrasound
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Monitoring food degradation during gastric digestion is essential to understand how food properties impact

nutrient absorption. Imaging techniques like ultrasound can be used to validate in vitro results in vivo. The

aim was to assess the use of ultrasound (US) for monitoring changes in food bolus properties during in vitro

gastric digestion with a newly designed model system. Artificial bread boli (n = 9) treated with amylase,

pepsin or no enzyme underwent 90 minutes of static digestion (INFOGEST), during which US images were

recorded. Bolus area and the number of pixels and Haralick image texture features were calculated. Average

grey values were calculated at increasing distance from the bolus edge. The echogenic bolus area on ultra-

sound images increased over 90 min. From 10–60 min, amylase-treated boli were larger than pepsin-

treated (ratios 2.00–2.40) and no enzyme boli (ratios 1.89–2.23). Regarding image texture, these boli had

higher homogeneity and lower contrast than pepsin-treated boli. From 30 min onward, the bolus area of

amylase-treated boli had 1.19–1.30 times higher homogeneity, and 2.5–4% lower entropy. From 10 min, the

slope of the mean grey value curves for amylase-treated boli remained lower than for the other treatments.

In the amylase-treated boli, an increase in homogeneity (rho = 0.8) and decreases in entropy (rho = −0.82)
and slope (rho = −0.85) corresponded with increasing starch digestibility. These findings show the capacity

of US imaging for quantifying bolus degradation in vitro. Future work should explore this novel application of

US imaging in dynamic in vitromodels and in vivo.

1 Introduction

Food digestion is a complex combination of physiological,
mechanical and biochemical processes that ultimately leads to
the absorption of nutrients. These dynamic and individual-
specific processes make experimental studies on human diges-
tion particularly challenging. In addition, due to ethical, prac-
tical, and technical limitations, direct studies of in vivo human
digestion can be difficult to conduct.1

Therefore, many in vitro digestion models have been devel-
oped, mimicking one or more digestion phases.2 These can be
classified as static or dynamic models, depending on their
capacity to reproduce the dynamic physiological aspects of
digestion (e.g., gradual acidification or gastric emptying of the
stomach). Static in vitro models, such as the INFOGEST
method,3 are widely used for assessing the digestibility of
various food components. While they simplify digestive physi-

ology and cannot mimic the complex dynamics of the digestive
system, their straightforward design is effective for evaluating
the impact of key factors such as pH and enzyme activity,
making them quite suitable for mechanistic studies.3,4 In vitro
models provide controlled conditions and allow easy sampling.
However, validating in vitro results against in vivo human
digestion is challenging. Although the level of nutrient absorp-
tion can be analyzed by physiological indicators such as blood
measurements, more direct and non-invasive techniques are
needed to observe and characterize the preceding digestion
mechanisms in vivo.

Validating in vitro findings in vivo may be achieved with
imaging techniques such as magnetic resonance imaging
(MRI), which can be used to connect in vitro and in vivo diges-
tion models, because they can be used in both experimental
settings.5 Although MRI has emerged as a valuable tool in
investigating gastrointestinal digestion, it is relatively expen-
sive and requires participants to be positioned in the scanner
tube, usually in a supine position. Another potential imaging
technique is ultrasound (US) imaging. This technique is more
affordable, widely available, and US machines are portable. US
uses high-frequency acoustic beams to penetrate tissues, with
reflections varying depending on acoustic impedance and
reflector size, which is influenced by tissue properties such as
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density.6 These reflections are captured by a transducer and
converted into images, with the brightness of images increas-
ing proportionally to the reflection strength. Ultrasound
imaging is well-established for various clinical applications
including preoperative assessment of the nature and volume
of the gastric contents.7 In research on gastric digestion, US
has mainly been used to measure the rate of gastric emptying
of different foods such as rye whole-meal bread and white
wheat bread,8 and viscous guar gum.9 A study went beyond the
assessment of gastric emptying and used US to monitor
changes in the consistency of the gastric contents which
differed in protein coagulation. For the same gastric antrum
cross sectional area (CSA), calculated from the anteroposterior
and craniocaudal diameters to represent gastric volume, lower
plasma amino acid level was found for participants with curds
compared with those without observed curds, suggesting that
casein curd formation in the stomach leads to slower amino
acid absorption, in addition to the apparent gastric volume
changes.10 This suggests that US could also be used to obtain
quantitative measurements reflecting the properties and
breakdown of ingested solid foods such as the particle size
and texture. However, before such a novel approach could be
applied in vivo, in vitro testing and validation is required to be
able to establish US-based markers of digestion-related
changes in food properties and their interpretation. A recent
in vitro ultrasound study used through-transmission mode
ultrasound with paired emitter and receiver to monitor gastric
fluid migration and textural softening in potato and cheese
slices during in vitro gastric digestion.11 The effective diffusiv-
ity of the gastric fluid and the softening of solid food matrix
were estimated from the variation of the ultrasonic velocity.
Faster fluid migration and ultrasonic velocity increase were
observed in potato than in cheese, consistent with the greater
variation in hardness. While these findings indicate the poten-
tial of ultrasound for tracking digestive changes, this in vitro
setup used a non-imaging approach rather than ultrasono-
graphic imaging.

The aim of this study was to develop and test an ultra-
sound-based experimental setup for monitoring bread bolus
breakdown during static in vitro gastric digestion, and to evalu-
ate the extent to which ultrasound image information could be
used to track digestion processes, including macrostructural
breakdown of boli and changes in water content. To our
knowledge, ultrasonography has not previously been used in
tracking and visualizing the physical breakdown of food boli
during in vitro gastric digestion. White bread was selected as a
test product because it is widely consumed, and has a rela-
tively uniform structure, which allows controlled and reprodu-
cible assessment of bolus breakdown.

2 Materials and methods
2.1 In vitro set-up development

We created a static in vitro digestion model – Gastric
Ultrasound Model (GUSMO) tailored to allow US imaging of

the gastric content (Fig. 1). It consists of a water bath (30 × 22
× 18 cm) and a repositionable frame that holds a polyethylene
bag, simulating the stomach. The compartment can be heated
and maintained at 37 °C with the use of a circulating heater
and a cover. We ensured compatibility with both MRI and
ultrasound scanning to allow comparison of both types of
measurements. Accordingly, no magnetic materials were used
and a rectangular “acoustic window” sealed with thin plastic
film was incorporated, allowing a seamless interface between
the ultrasound probe and the water in the bath. The US probe
can be secured in a stable position with screws to ensure
imaging with a consistent angle.

2.2 Preparation of bread boli

Commercial “Casino Wit Brood” was purchased from a local
supermarket (Albert Heijn®, Netherlands). It refers to a Dutch
white sandwich bread, typically baked in a rectangular loaf tin
and pre-sliced, with a soft texture and relatively uniform
crumb structure. The crust was removed after which slices of
bread were cut into cubes of around 1 × 1 cm. Their thickness
was the same as the original height of the toast, around
1.3–1.5 cm.

Fifteen grams of bread were moistened with 5 ml liquid
including water, simulated saliva fluid (SSF) or gastric fluid
(SGF). SSF and SGF were prepared according to the INFOGEST
protocol.3 Based on pilot trials, the INFOGEST 1 : 1 food-to-
liquid ratio3 produced excessively hydrated boli that collapsed
too rapidly for ultrasound tracking. A lower ratio (15 g bread : 5
ml fluid) was therefore adopted to retain bolus integrity, in
line with studies suggesting lower saliva incorporation during
in vivo mastication.12,13 To ensure effective contact between
sample and enzymes in this static system with a large SGF
volume and no gastric peristalsis, enzymes were incorporated
into the boli during preparation rather than being added to
the surrounding SGF. In addition, to distinguish the individual
contributions of amylase and pepsin to structural changes,
three different samples were produced where the 5 mL liquid
was either: (1) 5 ml SSF with 0.1485 g amylase, (2) 5 ml SGF
with 0.0125 g pepsin or (3) 5 ml Milli-Q water with no enzyme.
The pepsin and amylase were diluted in simulated digestive
fluid. α-Amylase from porcine pancreas (A3176, 10.1 activity
units per mg) and pepsin from porcine gastric mucosa (P6887,
3200 activity units per mg) were purchased from Sigma-Aldrich
(USA). The amylase and pepsin were applied at an activity of
75 U ml−1 and 2000 U ml−1 suggested by INFOGEST protocol.
The total enzymatic activity was calculated based on the
amount of bread sample and the 5 ml liquid used for bolus
formation. Since enzymes were added during the bolus prepa-
ration step. Enzyme activities were converted to activity (U) per
(g) nutrients. The final concentration of amylase and pepsin
was approximately 196 U per g carbohydrate and 30 307 U per
g of protein.

After mixing with one of the above solutions, samples were
manually pressed and grinded 60 times using a mortar and
pestle. Then the particles were collected and squeezed to form
a ball, after which a board was used to press gently on each
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side to make the ball into a parallelepiped and make the
surface as flat as possible. Several approaches were tested to
shape the bolus, including the use of molds, syringes and
mechanical compression using a texture analyzer. However,
due to the high cohesiveness and adhesiveness of hydrated
bread boli, these methods were not suitable, and manual
shaping was adopted as a pragmatic approach. All bolus prepa-
ration steps were performed by a single operator, and bolus
dimensions were controlled to remain within a comparable
range (approximately 4–4.5 cm in length and 2–2.5 cm in

width and height), to minimize size variability. Representative
bread boli samples are shown in Fig. 2.

2.3 Physical property measurements

2.3.1 Moisture content measurement of boli. Before
making them into the final shape ∼0.5 g was taken of each
bolus and dried in a hot-air oven at 105° for 24 hours. The
difference in bolus weight before and after drying was used to
calculate the initial (0 min) bolus moisture content
percentage.

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

Fig. 2 Representative images of bread boli. (A) Bolus with amylase (196 units per g carbohydrate), (B) bolus with pepsin (30 307 units per g) and (C)
bolus with no enzymes.
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2.3.2 Density measurement. The weight of boli was
measured with an analytical scale. To measure the volume, the
drainage method was used: boli were placed in a measurement
cylinder that contained a certain amount of water and then the
water was pipetted out to arrive at the same volume. The
weight of pipetted-out water was measured to determine the
volume (1 g = 1 cm3). The density of the bolus (g cm−3) was cal-
culated by dividing its weight (g) by the volume of water (cm3).

To compare the changes in density and water content after
digestion, boli with amylase were placed in 800 ml SGF and
incubated for 10, 30, 60, and 90 minutes. After digestion, boli
were picked from digestive fluid, and density and moisture
measurements were taken as described above. For moisture
measurement, the boli were dried in a hot-air oven until they
were completely dry, instead of 24 hours. All measurements
were done in triplicate.

2.4 Static in vitro gastric digestion

2.4.1 Simulated in vitro digestion. For the measurement of
hydrolysis products, we separated the biochemical analysis
from ultrasound scanning, considering the heterogeneous dis-
tribution of hydrolysates inside boli during static digestion.
Boli were prepared in triplicate for each trial (with amylase or
pepsin) and placed in beakers containing 800 ml SGF for 0, 10,
30, 60, and 90 min digestion, respectively. At the end of each
trial, the boli were broken down in their surrounding fluid by
using a food mixer for 30 s, and three 1 ml samples of the
supernatant were collected. A workflow was shown as Fig. S1
in SI.

To stop the starch hydrolysis, absolute ethanol was added
at a 1 : 4 ratio, mixed for 10 s and centrifuged at 10 000g for
10 min. For protein hydrolysis, the pH of sample was neutral-
ized to around 7 by adding 1 M NaOH, followed by mixing for
10 s and centrifuging at 10 000g for 30 min. The centrifuged
samples were stored in a freezer at −20 °C until further
analysis.

2.4.1.1 Percent of digested starch. The supernatant taken
from centrifuged samples was analyzed via measurement of
the overall degree of hydrolysis quantified as glucose equi-
valent, using GOPOD format D-glucose Assay kits (Neogen,
USA). To begin, 0.1 ml of supernatant was mixed with 0.5 ml
amyloglucosidase solution in acetate buffer (0.1 M, pH 4.8) to
convert all the products of amylase hydrolysis into glucose.
The samples were then incubated at 37 °C for 1 hour to allow
enzymatic hydrolysis, and heated to 100 °C for 10 min to inac-
tivate enzyme.

After adding 3 ml of GOPOD reagent to 0.1 ml of sample
solution, 200 μL of the mixture was sampled to a microplate.
The percentage of digested starch was estimated by spectro-
photometry (λ = 510 nm). The results were converted into
starch equivalent concentrations using a conversion factor of
×0.9. The degree of starch hydrolysis at each time points was
corrected using an initial blank prepared from blended no
enzyme boli in SGF.

2.4.1.2 Degree of protein hydrolysis. The degree of protein
hydrolysis was determined by measuring the concentration of

released amino groups (–NH2 groups) using the OPA (o-phthal-
dialdehyde) method. Serine standard solutions were used to
generate a calibration curve for free amino acid groups. 15 mg
105.09 g mol−1 serine was diluted in 100 ml MilliQ water to
prepare a L-serine stock solution. Eight serine solutions with
concentrations of 0, 12.5, 25, 50, 75, 100, 150 and 200 mg L−1

were prepared by proportionally diluting the stock solution
with water. The OPA solution was prepared just before
measurement. 3.81 g sodium tetraborate was diluted in 80 ml
MilliQ water. Once the sodium tetraborate was dissolved,
0.088 g dithiothreitol and 0.1 g sodium dodecyl sulphate were
added. 0.08 g OPA was dissolved in 3 ml ethanol and was
transferred to the 80 ml solution mentioned above after which
MilliQ water was added to make a 100 ml solution. 24 μL of
sample solution was mixed with 180 μL OPA reagents in micro-
plates. The microplates were shaken in a microplate reader for
120 s and then read at λ = 340 nm to quantify the concen-
tration of amino groups.

Bread samples of ∼0.3 g were used for acid hydrolysis that
was performed in triplicate. 2 ml of 6 M HCl was added to the
bread in heating tubes. After heating at 110 °C for 24 h, the
contents were neutralized with 1 M NaOH. 0.1 ml of the neu-
tralized solution was diluted 50 times with Milli Q water. The
concentration of amino acids was measured following the
steps mentioned above. Degree of hydrolysis (DH) was
expressed as the percentage of free amino groups released
during digestion at 0, 10, 30, 60 and 90 min to the total amino
groups released of complete hydrolysis, after correction by sub-
tracting the initial blank, using the following formula:

DH ð%Þ ¼ ½Amino groups�digested � ½Amino groups�initial
½Amino groups�acid hydrolyzed � ½Amino groups�initial
� 100

where [Amino groups]digested is the amount of free amino
groups measured in the supernatant from blended pepsin-
treated boli in SGF at a digestion time, [Amino groups]acid
hydrolyzed is the amount after complete acid hydrolysis, and
[Amino groups]initial represents the amount detected in the
supernatant from blended no enzyme boli in SGF.

2.4.2 In vitro gastric digestion in the GUSMO. Boli were
digested for 1.5 hours in 800 ml simulated gastric fluid.
Reducing the volume was not feasible due to technical con-
straints related to the pressure of the surrounding water and
imaging requirements. They were placed at the center of the
bottom of the plastic bag. The initial pH of the SGF was
adjusted to around 3.0 using 1 M HCL. With the circulating
heater system, the temperature of the SGF was kept at 37 °C.

2.4.3 Ultrasound setting and measurements. US measure-
ments were conducted with the use of a Terason uSmart 3300
ultrasound scanner (Terason@, USA) with a 5C2A curved
linear array probe. The imaging settings used were as follows:
scan depth, 15 cm; in-plane focus distance, 6 cm; dynamic
range/contrast, 66 dB; frequency, 2.3 MHz; resolution,
0.0279 cm per pixel. Image Map F was used. The grey value dis-
tribution profile obtained from the image map reference bar
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showed that the grey values within the relevant range rep-
resented in the acquired images were approximately linear.
The gain and time gain compensation settings were kept con-
stant throughout all imaging sessions.

US images of the gastric compartment were obtained at
baseline (empty stomach compartment) and after placement
of each bread bolus at 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55,
60, 75 and 90 min.

2.4.4 Image analysis. Boli were segmented by manually
tracing their outer boundaries using wand tool, and the
number of pixels was calculated (Fig. 3B) by the software
QuPath 0.5.1 (University of Edinburgh, UK).14 The segmenta-
tion was initiated from a seed point and expanded based on
pixel intensity similarity and spatial continuity. The seed point

was selected within visually representative regions of the bolus
(typically relatively homogeneous and higher-intensity areas).
In regions where the boundary between the hyperechoic bolus
and the surrounding background showed a clear intensity tran-
sition, ROI delineation could be performed consistently. In
lower contrast regions, where the bolus was not sufficiently
distinct, the segmentation was adjusted using local intensity
transitions and adjacent discontinuous hypoechoic back-
ground patches as cues to exclude background and image
noise (examples are shown as Fig. S2 in SI). When the segmen-
ted regions approached the stomach wall (identified as a
curved boundary), the brush tool was used to exclude areas
within ∼15 pixels of the wall to minimize artefacts caused by
echo reflections at the plastic wall boundary. An example can

Fig. 3 Illustration of probe situation and ultrasound images. (A) Top view of a bolus in the gastric compartment. (B) Bolus segmentation. The posi-
tion of the probe is the same as that shown in (A). The red trace indicates the outer area of the bolus. (C) Bolus segmentation and drawn stomach
wall. The area between the lower edge of the segmented bolus and the stomach compartment wall (lower red line), within ∼15 pixels of the wall
(lower red line), was removed. (D) Constrained bolus area according to estimated bolus width during digestion. (E) The yellow rectangles on the
image represent 20 regions of interest (ROIs), each containing 100 pixels. They are arranged at increasing depth from the edge of the bolus from
closest to the probe to its core (farthest from the probe).
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be found in Fig. 3C. In addition, a size constrained cut-off
method based on estimated bolus size was used as a sup-
plementary analysis. Bolus size at each digestion time point
was estimated by scaling from its physical size at T0, using the
frame opening diameter (7 cm), and corresponding measure-
ments from simultaneously captured top-view images. The
estimated bolus width was then used as an upper boundary to
constrain the segmented regions (Fig. 3D). Further details and
results are provided in the SI (Fig. S3 and S4).

Five Haralick features including Energy (Angular second
moment, ASM; hereafter referred to as “homogeneity” in this
study), Contrast, Correlation, Inverse Difference Moment (IDM;
hereafter referred to as “local homogeneity”), and Entropy were
calculated for the bolus pixels based on Grey Level Co-occur-
rence Matrix (GLCM) which compares differences between
neighboring pixels at 0°, 45°, 90° and 135° orientations.15

These five features represent complementary aspects of image
texture and constitute a widely adopted subset of the 14
Haralick features.16–19 Energy (Homogeneity) measures the uni-
formity or orderliness of the texture. IDM (local homogeneity)
measures the similarity of grey values. Contrast measures local
fluctuations and variations among pixels. Correlation reflects
the linear dependency of grey levels on those of its neighbors’
intensity. Entropy represents the randomness and complexity
of greyscale distribution.

20 regions of interest (ROIs), each containing 100 pixels (20
by 5 pixels), were manually placed at increasing distance from
the edge of the bolus (Fig. 3E), gradually extending further
away from the probe, which was locates at the top center of the
ultrasound images. The mean grey value and standard devi-
ation were calculated for each ROI using the software FIJI
2.16.0/1.54p (Fiji Is Just ImageJ, National Institutes of Health,
US).20 Subsequently, for each ultrasound image, the mean ROI
grey value was plotted against the distance to the edge of the
bolus. An example is shown in Fig. 4. To quantify the grey
value trend, the slope of each line was calculated using the
maximum point and the first point at which the mean grey
value dropped below 100 (Fig. 4). The threshold of 100 was
selected to minimize the influence of slight fluctuation of grey
value in some images, especially in deeper ROIs, which may
lead to inaccurate slope calculations.

2.5 Statistical analysis

All statistical analyses were performed in R 4.5.0. Normality of
the data was assessed with quantile–quantile (Q–Q) plots of
the residuals of dependent variables. The plots showed sub-
stantial deviations from normality, particularly with right tails,
which violated the assumptions of linear models. Using a
General Linear Mixed Model (GLMM) with a Gamma distri-
bution and a log transformation of the dependent variables
led to improvement in the distribution and outcomes. Model
residuals were assessed using the DHARMa package to verify
assumptions of homoscedasticity and model fit.

The model included main effects of enzyme treatments
(amylase, pepsin, no enzyme), digestion timepoints (0, 10, 30,
60, 90 min), and treatments × time interactions, and sample as

a random effect to account for repeated measures within
samples. The dependent variations included slopes of mean
grey value, size of bright areas and GLCM image features. This
model was fitted using the glmmTMB package in R, and Type
II Wald chi-square test was used to test the fixed effects using
Anova function in car package. P values for the main effects
and interactions were adjusted using Benjamini–Hochberg
false discovery rate (FDR) correction used to control false posi-
tives. Statistical significance was set at p < 0.05. Post hoc pair-
wise comparisons were performed using estimated marginal
means with Tukey test, and were only reported when the FDR-
adjusted p-values of interactions indicated significance. All
comparisons were based on differences between estimated mar-
ginal means, which represent the log-scale difference between
conditions. Coefficients in log-scale were transformed to the
original scale by taking the exponential of the estimates using
the exp function. The back-transformed data were shown as esti-
mated ratios with 95% confidence interval (CI) and p value
(ratio, 95% CI, p). Estimated ratios represent the ratio of means
between any two factor levels, such as the estimated ratio of
mean homogeneity between amylase-treated and pepsin-treated
boli. One-way ANOVA was used to analyze the changes in bolus
moisture over time. Spearman correlation coefficients were cal-
culated for digestibility of starch and protein, and the homogen-
eity, entropy and grey value curve slopes.

3 Results and discussion
3.1 Monitoring structural breakdown by ultrasound images

3.1.1 Bolus size. Fig. 5 shows examples of segmented bolus
areas (top panel) and the results of the bolus area and image
texture feature analysis. Consistent with changes visible in the
ultrasound images, there was a strong main effect of time on
the size of boli (χ2 = 845, pFDR < 0.0001). The bolus area

Fig. 4 Illustration of how the slope of the mean grey value curve was
determined. The intersections of the red dashed lines with the grey
value curve represent the peak point and the first point where the mean
grey value dropped below 100. The slope of the green line connecting
these points was calculated.
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increased progressively from 0 to 90 minutes across all experi-
ments. This reflects swelling of the boli during digestion. The
main effect of enzyme treatment (χ2 = 22.6, pFDR < 0.0001) and
the interaction of time and treatment were found (χ2 = 36.3,
pFDR < 0.0001). Comparison of the enzyme treatments at each
time point showed that as expected there was no difference in
bolus size between the treatments at 0 min. From t = 10 to t =
60 min, the bolus size of amylase-treated boli was larger than
that of pepsin-treated boli and of boli with no enzyme (p <
0.001) (Table 1). At t = 90 min, it was larger than pepsin-
treated boli (p < 0.01) but not significantly different from that

of no enzyme boli (p = 0.1). The largest difference was found
at 30 min, when the size of amylase-treated boli was on
average 2.40 times (p < 0.0001) larger than that of pepsin-
treated boli. For the comparison between amylase and no
enzyme treatments, the greatest difference was found at
10 min, with the amylase-treated boli being on average 2.23
(p < 0.0001) times larger than the no enzyme boli. There were
no differences between the pepsin-treated and the control boli
at any time point (all p ≥ 0.38).

These results indicate that ultrasonography can be used to
track changes in the swelling of boli during in vitro gastric

Fig. 5 Representative images of bolus inserted in amylase (top row), pepsin (middle row) and no enzyme (bottom row) with segmentation and
results (A–F) of GLCM texture analysis for the traced regions over the 90-minute digestion. (A) size of segmented bolus ROIs; (B) homogeneity
measures the uniformity or orderliness of the texture. Higher values indicate less texture complexity; (C) local homogeneity represents similarity of
grey values. Higher values indicate a smoother image/area; (D) contrast reflects differences in greyscale intensities. Higher contrast values indicate
greater differences; (E) correlation reflects the degree to which a pixel’s intensity is linearly related to its neighbor’s intensity; (F) entropy represents
the randomness and complexity of greyscale distribution; higher entropy values indicate more complex and disordered texture. Asterisks (*) indicate
significant differences for amylase-treated boli compared to pepsin-treated and no enzyme boli. *p < 0.05, **p < 0.01, ***p < 0.001. For bolus area
at t = 90 and entropy at t = 30, the significance refers only to amylase versus pepsin.
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digestion. The addition of amylase promoted bolus expansion
and degradation, while pepsin-treated boli hardly differed
from the control boli with no enzyme added. As digestion pro-
gressed, we observed an increase in the bolus area over time.
The expansion during digestion is consistent with matrix
weakening caused by hydrolytic process, which improves water
penetration and structural softening, as previously reported in
gastric digestion studies.21 When hydrolytic effects on the
matrix components are limited, structural changes and associ-
ated swelling are correspondingly weakened. This interpret-
ation is supported by previous finding showing limited pro-
teolysis of bread proteins during gastric digestion.22

In the present study, the boli may undergo a transition
from a heterogeneous structure, consisting of fine bread
chyme, porous bread crumbs and entrapped gas pockets. As
digestion progresses, fluid infiltration may reduce these struc-
tural differences, resulting in a more uniform structure with a
more homogeneous density distribution. In addition, the
small air pockets within the boli induce scattering and attenu-
ation of sound waves. This is because the small air inclusions
have a high attenuation coefficient, preventing further pene-
tration of the ultrasound in the bolus. This is clearly illustrated
at t = 0, where the heterogeneous structure of bolus and small
air pockets lead to strongly reduced penetration and result in
only tiny bright areas. From 10 to 90 min, as gastric fluid infil-
trates the boli, these air pockets will be dissolved and replaced
by water, which would cause a decrease in attenuation and a
gradual increase in penetration. This would result a larger
bolus area in the ultrasound images. Consequently, we used
image texture features, which have been shown to be useful to
characterize material properties.23,24

3.1.2 Image texture: Haralick features. Among all the 5
Haralick features, homogeneity and entropy showed the largest
difference across groups. For homogeneity, the GLMM results
showed main effects of enzyme treatment (χ2 = 19.4, pFDR =
0.0001) and digestion time (χ2 = 116, pFDR < 0.0001), as well as
an interaction of treatment and time (χ2 = 36.4, pFDR < 0.0001).
From 30 to 90 min, the bolus areas of amylase-treated boli had
higher homogeneity than control boli and pepsin-treated boli

(Table 2). The largest difference in homogeneity was observed
at 90 min, and the homogeneity of amylase-treated boli was on
average 1.30 and 1.28 times higher than that of pepsin-treated
boli and no enzyme boli (p < 0.0001 and p < 0.0001, respect-
ively). No difference was found between no enzyme boli and
those with pepsin (all p ≥ 0.77).

Similarly, the GLMM results showed main effects of enzyme
treatment (χ2 = 16.0, pFDR = 0.0004) and digestion time (χ2 =
146, pFDR < 0.0001), as well as an interaction of treatment and
time (χ2 = 20.5, pFDR = 0.017) for the entropy of the bolus areas.
Entropy in amylase-treated was 97% of that in pepsin-treated
and no enzyme boli at t = 60 min (p = 0.031 and p = 0.023). At
t = 90 min, entropy of amylase-treated boli was approximately
4% lower than that of pepsin-treated and no enzyme boli (p =
0.0001 and p < 0.0001). In contrast, there were no differences
between the pepsin and no-enzyme boli (all p ≥ 0.64).

For local homogeneity and contrast, a main effect of treat-
ment was observed with the bolus areas of amylase-treated
boli having a higher local homogeneity (χ2 = 17.8, pFDR =
0.0002) and lower contrast (χ2 = 23.4, pFDR < 0.0001), than no
enzyme and pepsin-treated boli. For correlation, there was no
main effect of treatment, but an effect of time (χ2 = 143, pFDR <
0.0001). No treatment × time interaction was found in local
homogeneity, contrast and correlation (local homogeneity, p =
0.09, contrast, p = 0.22, correlation, p = 0.21). Overall, these
results demonstrate that digestion progression was reflected in
all 5 Haralick features. Amylase, but not pepsin induced
increased bolus homogeneity, and reduced entropy on ultra-
sound images which likely reflects bolus degradation. This is
consistent with previous studies on starch-rich food digestion,
where starch hydrolysis has been shown to contribute to food
matrix breakdown and a softer structure.25 Such structural
breakdown and mixing processes are known to lead to a more
homogeneous digesta. In contrast, limited proteolysis in
gastric phase may provide context for the relatively minor
changes at macroscopic level observed in starch-rich bread.26

As homogeneity indicates the uniformity and smoothness
within an image, and entropy measures the disorder, random-
ness and complexity of pixels, these results suggest that the

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

Treatment comparison Time (min) Ratioa 95% CI p

Amylase/no enzyme 0 1.11 0.74, 1.67 0.81
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

a Estimated ratio of marginal mean bolus size for amylase-treated boli
to that of no enzyme boli or the pepsin-treated boli. Ratio and 95% CI
are back-transformed from GLMM contrasts on the log scale.

Table 2 Pairwise comparisons for the treatments × time interaction on
homogeneity

Treatment comparison Time (min) Ratioa 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

a Estimated ratio of marginal mean homogeneity for amylase-treated
boli to that of no enzyme boli or the pepsin-treated boli. Ratio and
95% CI are back-transformed from GLMM contrasts on the log scale.
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image texture is more uniform due to enzymatic breakdown
and fluid infiltration. Moreover, as shown in Fig. 5, the trends
of contrast, which captures the variations in intensity between
a reference pixel and its neighbors, were opposite to those of
homogeneity and correlation. Ultrasonography with GLCM ana-
lysis has widely been used in clinical diagnosis. For example, a
study developing a non-invasive, automatic approach for diag-
nosing abdominal malignant tumors, including the hepatocel-
lular carcinoma and the colorectal tumors, found that GLCM
homogeneity and contrast characterized the heterogeneity of
tumoral tissue arising from the coexistence of regions with
necrosis, fibrosis, and active growths.27 Quantitative image
analysis showed that normal livers have higher homogeneity
and lower contrast than fibrotic livers, reflecting well-organized
tissue architecture of healthy liver tissue and the structural dis-
organization associated with fibrosis.28 This results was also
consistent with an MRI study, which found that entropy and
contrast were good discriminative features for identifying fibro-
sis.29 MRI studies on coagulation during gastric digestion
found that lower homogeneity and higher contrast could indi-
cate a higher degree of coagulum formation, and higher hom-
ogeneity may reflect not only a more homogenous liquid, but

also the presence of a large and fairly homogenous
coagulum.24,30 These findings suggest that the increase in
homogeneity and correlation, along with decrease contrast and
entropy in our study may be attributed to reduced heterogen-
eity of bolus during digestion.

3.1.3 Bolus grey value analysis. Fig. 6 shows representative
bolus pictures and corresponding ultrasound images that
show swelling and breakdown of the samples over the
90-minute simulated gastric digestion. In all treatments, the
high-echogenicity (bright) regions gradually expand, regardless
of enzyme addition. At time 0 the bright areas on the ultra-
sound images are consistently small for all treatments, indicat-
ing that soundwaves have only limited penetration probably
caused by the presence of small air bubbles leading to severe
attenuation of the ultrasound signal. However, from
10 minutes onwards, significant expansion of the bright bolus
areas can be observed in amylase-treated boli (Fig. 6, top
panel) compared with the other two treatments (middle and
bottom panels). These changes are consistent with what can
be seen in the photographs. Amylase-treated boli appeared
more swollen with visible fragmentation at the periphery,
while for boli with pepsin and no enzyme, minimal changes

Fig. 6 Representative ultrasound images and pictures of bread boli taken at different digestion time points. The panels, from top to bottom, show
images of bread boli containing amylase, pepsin or no enzyme (control). The yellow rectangles represent 20 manually positioned adjacent regions
of interest (ROIs, 20 × 5 pixels). These ROIs are vertically aligned along the middle of the bolus, beginning at the edge of bolus.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2026 Food Funct.

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

/3
1/

20
26

 1
2:

49
:1

8 
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

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


are visible over time. Overall, these ultrasound images show
that ultrasonography can be used to track macrostructural
changes in food boli during gastric digestion.

To quantify the changes over time and differences between
the treatments grey value changes across the bolus were exam-
ined (Fig. 7A). The GLMM showed a main effects of enzyme
treatment (χ2 = 69, pFDR < 0.0001) and digestion time (χ2 = 310,
pFDR < 0.0001), as well as an interaction of treatment and time
(χ2 = 19.5, pFDR = 0.022).

From 10 minutes onwards, the slope of the grey value
curves for boli with amylase was consistently lower than that
for pepsin-treated boli and boli with no enzyme (Table 3). The
greatest difference between amylase-treated and pepsin treated
boli was found at t = 30 min. The slope of amylase-treated boli
was 54% lower than that of pepsin-treated boli (p < 0.0001). At
t = 60 min, the slope of amylase-treated boli was 47% of that of
no enzyme boli. There was no difference in slope between no-
enzyme and pepsin-treated boli (all p ≥ 0.18).

The differences in slopes of grey value curves of ROIs with
increasing depth may be attributed to water absorption and
associated physical changes during digestion. As the SGF infil-
trated and digestion progressed, the structure of amylase-
treated boli became looser, with the wrapped air pockets and

porous bread structure being filled by gastric fluid. This led to
a more uniform internal texture which facilitated deeper ultra-
sound transmission and more echo signal at internal inter-
faces. In contrast, the no enzyme boli and the pepsin-treated
boli did not expand rapidly and were not visibly degraded.

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

Table 3 Pairwise comparisons for the treatments × time interaction on
the slope of the grey value curves

Treatment comparison Time (min) Ratioa 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

a Estimated ratio of marginal mean slope of the grey value curves for
amylase-treated boli to that of no enzyme boli or the pepsin-treated
boli. Ratio and 95% CI are back-transformed from GLMM contrasts on
the log scale.
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Overall, the looser structure, lower density, and rapidly dissol-
ving air in amylase-treated boli can lead to deeper sound wave
penetration, resulting in a slower decrease in grey value over
imaging depth reflected by lower slope. These results suggest
that slope of grey value curves can be an indicator of changes
in boli properties during digestion, since it may reflect vari-
ations in signal intensity related to sound wave transmission.

3.2 Changes in bolus moisture content and density

Both bolus mean grey value and the image texture features of
amylase treated boli differed from those of boli with pepsin
and no enzyme. These differences are likely related to struc-
tural and physical changes associated with the starch
hydrolysis.

To further investigate the underlying causes, we compared
the density and moisture content of amylase boli before and
after digestion (as shown in Fig. S5 in SI). Contrary to the poss-
ible interpretation mentioned above in section 3.1.1, i.e., that
variations in density will influence echogenicity, one-way
ANOVA result showed that there were no apparent changes in
density over time (p = 0.55). However, it must be noted that
echogenicity is related to density changes on a microstructural
level and not on a macro level. Furthermore, the lack of detect-
able changes in density may be partially attributed to meth-
odological factors. The density of bread boli is close to that of
water, and the drainage measurement used may be insensitive
to small variations. Moreover, as digestion progressed, the
peripheral regions of the boli tended to expand, where the
density changed more significantly than in the core. However,
when the boli were removed from the digestive solution, some
water absorbed at the periphery was lost, so only the density of
the denser core, which retained a similar density as that of
undigested boli, could be measured. These factors may con-
tribute to an overestimation of density.

Moisture content increased during digestion. A one-way
ANOVA with time as the independent factor and moisture as
the dependent factor showed a main effect of time (F(4,10) =
6.31, p = 0.008). Post-hoc Tukey tests showed that moisture at
10 min (mean ± SD = 60.6 ± 3.09, p = 0.062) and 30 min (mean
± SD = 58.6 ± 1.61, p = 0.21) did not differ from 0 min (mean ±
SD = 52.8 ± 2.60). Bolus moisture at 60 min (mean ± SD =
62.5 ± 4.67, p = 0.019) and 90 min (mean ± SD = 64.1 ± 2.32,
p = 0.007) were higher than at 0 min. No other pairwise differ-
ences were found (all p > 0.24). The slight increase in moisture
content may have contributed to deeper sound wave pene-
tration and reduced scattering. An ex vivo study investigated
the use of ultrasound to measure muscle dehydration, and
found that when other tissue components including proteins
and fat remained constant, ultrasound velocity increased with
volumetric water loss.31 As acoustic impedance is the product
of density and sound speed, if bolus density remained stable
or slightly decreased, and the sound speed decreased because
of higher water content, acoustic impedance would decrease.
This would allow sound waves to penetrate deeper and
increase reflection, which expands the detectable bolus area
on ultrasound images. Therefore, we speculate that the 5–10%

increase in water content that we observed would be sufficient
to produce differences in sound wave amplitudes. However,
similar to what discussed for density measurements, moisture
measurement may also have suffered from methodological
limitations. The swollen outer bolus layers may indeed affect
the accuracy of moisture measurements, because it is difficult
to collect and measure precisely how much water was incorpor-
ated into the boli. As the fluid penetrates from the exterior to
the interior, the periphery would have a higher water content
than the core, which was confirmed by the dry and porous
structures in the core of the boli even after 90 min digestion.
However, when the boli were removed from the solution, water
retained in those fully water-filled bread chunks tended to be
lost, leading to an underestimation of water content. Examples
are shown in Fig. S6 in SI.

3.3 Static in vitro starch and protein digestion in boli

Starch digestibility in the amylase treated boli increased pro-
gressively, from baseline to 10 minutes and from 30 to
60 minutes, reaching approximately 22%, and ended with a
plateau (Fig. S7 in SI). While it is well-known that amylase
becomes inactive at low pH, it can remain active for some
time due to the buffering capacity of food, until the pH
gradually drops to around 3.5.32 Some studies show that,
before being inactivated by the acidic gastric environment,
30–80% of starch can be hydrolysed, with up to half of it
being broken down into oligosaccharides.33,34 It should be
noted that the degree of starch hydrolysis may be overesti-
mated because the GOPOD assay includes a step to convert
starch-derived intermediates into glucose. However, because
this step was applied consistently across all time points, the
trends and comparisons among digestion intervals remain
valid.

In contrast, protein hydrolysis, as reflected by the release of
amino acid groups, remained low throughout the whole diges-
tion period and did not exceed 1%. This limited extent of
protein digestion may be attributed to the fact that the
majority of proteins in wheat flour are gluten proteins, which
are mainly composed of gliadin and glutenin. Their high
proline and glutamine content contribute to their resistance to
gastric proteolysis.35–37

The digestion trends measured aligned with the ultrasound
imaging results. The greater degree of expansion and struc-
tural breakdown represented by the slopes was correlated with
the digestibility of starch (rho = −0.85, pFDR < 0.0001) and
protein (rho = −0.76, pFDR < 0.01) (Fig. S8 in SI). In images of
amylase-treated boli, homogeneity showed a significant positive
correlation with starch digestibility (rho = 0.8, pFDR < 0.0001),
while entropy showed a significant negative correlation (rho =
−0.81, pFDR <0.0001). In pepsin-treated boli, moderate corre-
lations were observed between protein hydrolysis and homogen-
eity (rho = 0.52, pFDR = 0.048) and entropy (rho = −0.59, pFDR =
0.024). These findings support the interpretation that ultra-
sound image features can reflect structural degradation associ-
ated with starch hydrolysis in bread boli. Although statistically
significant correlations were found in the pepsin treatment
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boli, the extremely low level of protein hydrolysis suggests that
visual expansion does not necessarily correspond to biochemi-
cal breakdown in samples with low protein content. Bread was
selected as a model food due to its relatively uniform structure,
however our ultrasound imaging approach is not restricted to
this substrate and may be used for a wide range of food
matrices with varying compositions and structural properties.
A clearer relationship between protein hydrolysis and image
features may be observed in protein-rich foods.

A limitation of the present study relates to the segmentation
of bolus regions on the ultrasound images. Although the wand
tool in QuPath applies consistent parameter settings, the
adjustment of the semi-automatic segmentation remains
partly operator-dependent. The seed selection sensitivity was
assessed on representative images, suggesting that seed selec-
tion had limited effect on area measurements and on solidity
as a measure of shape. In images with clear contrast between
bolus and background, segmentation was generally consistent.
However, when the boundary became less distinct, the delinea-
tion became less precise which may introduce minor varia-
bility. This limitation is inherent to image-based ROI selection.
Regarding the degree of hydrolysis, a limitation is that amylase
and pepsin were measured in separate treatments rather than
together. This was a practical compromise to preserve analyti-
cal clarity. By isolating each enzyme’s effect, the observed
structural and hydrolysis-related changes could be more
directly attributed to a specific enzymatic mechanism.
Moreover, the large volume of SGF, constrained by technical
requirements associated with the pressure of the surrounding
water and imaging setup, resulted in a low bolus-to-fluid ratio.
Dilution of hydrolysis products may reduce detection sensi-
tivity, particularly for protein digestion. Future work could
optimize the system to better mimic normal physiology. In
addition, the digestion chamber is compatible with MRI,
which could further characterize bolus breakdown, bolus
internal structure and fluid distribution during digestion to
inform the interpretation of ultrasound measurements, repre-
senting a direction for future research.

4 Conclusion

In conclusion, this study designed and applied an in vitro
model compatible with ultrasound imaging to investigate the
structural breakdown of standardized bread boli during
gastric digestion. In addition to demonstrating that ultraso-
nography can capture how enzymes affect the structural
degradation during controlled gastric digestion, grey value
analysis and image texture metrics such as homogeneity and
entropy were used to characterize the imaged boli, showing
their potential as non-invasive indicators of digestibility and
physical transformation. This proof-of-principle study estab-
lished a foundation for broader research on bolus breakdown
of multiple boli across different food matrices, and future
work could extend these methods to dynamic in vitro and
in vivo digestion.
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