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A B S T R A C T   

This study employed Magnetic Resonance Imaging (MRI) to assess the impact of the consumption temperature of 
full-fat milk (4 ◦C, 37 ◦C, and 60 ◦C) on its behaviour during in vitro gastric digestion. Using the INFOGEST semi- 
dynamic protocol, and replicating human gastric temperature profiles for cold, warm and hot beverages, it was 
observed that consuming milk at 4 ◦C delayed protein coagulation compared to 37 ◦C and 60 ◦C by more than 5 
min 3D-MRI lipid quantitative analyses showed that fat-rich particles tended to float to the top of the digesta in a 
process similar to creaming with the 4 ◦C and 37 ◦C milks, a phenomenon that was not observed with the 60 ◦C 
milk. The quantities of released proteins and free primary amines in the digesta supernatant, indicative of pepsin 
activity, showed no significant variation with milk temperature. These findings highlight the influence of con-
sumption temperature on the structural reorganization of whole milk during gastric digestion and prompts 
further inquiry into the potential implications of milk temperature on nutrient delivery into the small intestine.   

1. Introduction 

During gastric digestion, bovine milk separates into liquid and solid 
phases because casein micelles coagulate, while the other milk proteins, 
termed whey proteins, remain soluble. Physiologically, the coagulation 
of caseins in the stomach is thought to be for better control of the release 
of proteins from the gastric to the intestinal phase, governing their 
further breakdown and absorption (Soop et al., 2012). Indeed, gastric 
digestion plays an important role in the rate of appearance of nutrients 
in the bloodstream by modulating the emptying of nutrients into the 
small intestine. Among the factors that may influence the gastric 
digestion of bovine milk, the kinetics of gastric acidification is important 
to consider. The pH increases rapidly following the consumption of a 
neutral pH meal, such as milk, and then decreases gradually throughout 
digestion down to pH ~2 due to the secretion of acidic gastric fluid 
(Clark et al., 1993). As during yogurt making, this decrease in pH con-
tributes to the coagulation of casein micelles. It is also essential to enable 

proteolytic and lipolytic activity in the gastric compartment. Pepsin is 
the only proteolytic enzyme present during the gastric phase. Although 
pepsin is generally considered to have an activity optimum at approxi-
mately pH 2 (Piper & Fenton, 1965), it can hydrolyze caseins over a 
broad range of pH (Salelles, Floury, & Le Feunteun, 2021) and induce 
their coagulation in a similar way to rennet. For instance, in vitro studies 
with porcine pepsin have shown that this enzyme can hydrolyze 73% of 
κ-casein at pH 6.3 in 10 min at an activity level of only 2.75 U of pep-
sin/mL (Yang et al., 2022). This clearly indicates that, for milk, gastric 
proteolysis may begin straight after the consumption of a meal, even if 
the pH is close to neutral levels. Therefore, during the gastric digestion 
of milk in humans, both pH-driven and enzymatic-induced coagulation 
of casein micelles are at work. 

Another factor that may influence the gastric coagulation of caseins, 
often overlooked, is the effect of the milk consumption temperature. In 
vivo studies have shown that the consumption of a hot or cold beverage 
can move gastric temperature away from 37 ◦C for up to 30 min 
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(McArthur & Feldman, 1989; Sun, Houghton, Read, Grundy, & Johnson, 
1988). Moreover, it has also shown that the consumption of liquid foods 
at different temperatures can affect physiological responses, such as 
gastric emptying time. For example, it has been observed that beverages 
consumed at 60 ◦C tend to exhibit faster gastric emptying times 
compared to cold liquid meals or beverages (Fujihira, Takahashi, Shi-
mamura, & Hayashi, 2022; Mishima et al., 2009). Studies on the effect of 
consumption temperature of bovine milk on digestion are limited, 
however. One recent study investigated the effect of the ingestion 
temperature of milk on in vitro digestion by examining differences in 
κ-casein hydrolysis when skimmed milk is consumed at different tem-
peratures using in vitro semi-dynamic digestion (Yang et al., 2023). This 
study showed that the initial rate of hydrolysis of κ-casein by pepsin was 
higher with a 50 ◦C milk compared to 37 ◦C and 4 ◦C milks. However, at 
the end of digestion, the overall hydrolysis of κ-casein was lowest in the 
50 ◦C milk. This study also suggested that milk consumed at 4 ◦C may be 
digested more easily due to the formation of looser and softer curds 
when compared to milk consumed at 37 ◦C or 50 ◦C. Several studies have 
also investigated the effect of temperature on the rennet-induced milk 
coagulation. This is of interest as rennet, a mixture of chymosin and 
pepsin, functions in a similar way to pepsin alone, cleaving κ-caseins, 
reducing casein micelle repulsion and allowing coagulation to occur. It 
has been shown that the incubation temperature of milk with rennet 
affects both coagulation time and curd firmness, with faster coagulation 
times and harder curds being formed at higher temperatures, which may 
indicate a similar occurrence in the gastric phase of milk digestion 
(Nájera A. DeRenobales & Barron, 2003). 

As well as protein digestion, lipid digestion is also initiated in the 
gastric phase. Most lipids in bovine milk exist within the milk fat globule 
as triacylglycerides (TAGs), with phospholipids and cholesterol mostly 
present on the surface of the milk fat globule membrane. The breakdown 
of these lipids begins upon the action of gastric lipase, with 10–30% of 
lipid hydrolysis occurring in this phase (Hamosh, Bitman, Wood, 
Hamosh, & Mehta, 1985). Gastric lipase has a stereo-specificity for the 
sn-3 position of TAGs and, despite having an optimal activity at pH 
4–5.4, it is active over a wide range of pH (2–7) (Sams, Paume, Giallo, & 
Carrière, 2016). Milk fat has been shown to cream during the gastric 
phase of digestion. This is thought to occur due to enzymatic hydrolysis 
of proteins located on the surface of the milk fat globular membrane, 
leading to a destabilisation of the milk fat globules (Ye, Cui, & Singh, 
2011). Therefore, apart from the pH, variations in any other conditions 
susceptible to influencing pepsin activity in the early stages of gastric 
digestion, such as the meal temperature, have the potential to influence 
this digestive process. 

To better understand the effect of the consumption temperature of 
milk on its gastric behaviour and digestion under physiologically rele-
vant conditions, in vitro digestion is a useful tool that can be combined 
with many analyses such as microscopy, chromatography, and rheology. 
While these are all powerful techniques, they are also invasive, making it 
impossible to study digestive processes without some level of disruption 
to the mechanism under study. Conversely, MRI is a dynamic and non- 
invasive imaging technique, which has been used to monitor the 
digestion of foods and beverages, including milk, both in vitro and in 
vivo. A variety of MRI imaging protocols has been recently proposed to 
monitor gastric digestion in vitro, providing insights into structural and 
chemical transformations of foods. For example, Deng, Seimys, Mars, 
Janssen, and Smeets (2022) used MRI relaxation parameters to predict 
the release of protein into the supernatant during semi-dynamic diges-
tion of protein gels, while Chemical Exchange Saturation Transfer 
(CEST) and Magnetization Transfer (MT) was used to study the milk 
protein breakdown with MRI (Mayar, Smeets, van Duynhoven, & Ter-
enzi, 2023). Musse et al. (2023) also showed that MRI can be used to 
monitor the disintegration of solid food particles using ultra-short echo 
time (UTE) during semi-dynamic in vitro digestions of a cheese and bread 
meal and also quantitatively assess the hydrolysis and creaming of lipids 
using gradient multi-echo (GRE) for separation of water and lipid 

signals. 
In continuation of those studies, the objective of this article was to 

evaluate by MRI the effect of consumption temperature (4 ◦C, 37 ◦C and 
60 ◦C) of full-fat milk on its behaviour during semi-dynamic in vitro 
gastric digestion. The term ‘consumption temperature’ will be used 
throughout this study for the sake of clarity and simplicity, even though 
it is based on an in vitro approach. The milk consumption temperatures 
we investigated were selected to reflect the likely temperatures at which 
a human will consume milk. 4 ◦C was chosen to mimic the consumption 
of milk directly out of the fridge, 60 ◦C milk was chosen to mimic the 
consumption of a hot cup of milk, and 37 ◦C milk was chosen to allow an 
experiment where no gastric temperature change occurs. Furthermore, 
full fat milk was chosen over skim milk upon the hypothesis that milk fat 
could behave differently depending on the consumption temperature, 
and to take full advantage of the capabilities of MRI. MRI experiments 
were designed to assess the formation of the milk curd, the disintegra-
tion kinetics of the casein particles upon pepsin action, and to quantify 
their creaming kinetics. All MRI-related findings are compared to 
chemical analysis results and discussed in relation to the effect of tem-
perature on digestive enzyme activities and milk coagulum properties. 

2. Materials and methods 

2.1. Materials 

Whole Milk Powder (WMP) was obtained from Moorepark Tech-
nology Limited (MTL), Teagasc Food Research Centre, Moorepark Fer-
moy, Co. Cork, Ireland. This WMP was produced from cows fed a grass- 
based diet during mid-lactation in Fermoy, Co. Cork, Ireland. Briefly, 
bulk tank milk was standardised to 0.95 true protein:fat ratio. The 
standardised milk was pasteurised and homogenised, and subsequently 
evaporated to 45% solids using single stage falling film evaporator at 
65 ◦C (Anhydro F1 Lab, Copenhagen, Denmark). The milk was then 
spray dried using a single stage drier with nozzle atomizer, air inlet 
temperature 180 ◦C, air outlet temperature 85 ◦C (Anhydro Spray Dryer, 
SPX Flow Technology Denmark A/S, Soeborg, Denmark). In addition to 
common analytical grade reagents used in the digestion experiments and 
sample analysis, rabbit gastric extract (RGE) from Lipolytech (RGE 15, 
Zone Luminy Biotech Enterprises, France) was also used in the digestion 
experiments. The activity of pepsin and lipase in the RGE used was 300 
U/mg and 10.2 U/mg, respectively, as measured from the assays 
described in Brodkorb et al. (2019). 

2.2. Experimental design 

In this study, we investigated four experimental conditions simu-
lating the digestion of full-fat milk consumed at 37 ◦C in the absence of 
enzymes (no-enzyme control condition), and the digestion of milk 
consumed at 37 ◦C (temperature control condition), at 4 ◦C, and at 60 ◦C 
in the presence of enzymes. 

2.3. Milk preparation 

WMP was analysed as per Timlin et al.. WMP contained 26.7% 
protein, 28.2% fat and 38.5% carbohydrates. The evening before use, 
WMP was reconstituted in osmosis water at 15% (w/v) at room tem-
perature for 5 min before heating to 45 ◦C for 30 min under magnetic 
stirring. Milk was then stored overnight (max 12 h) at 4 ◦C to ensure 
complete rehydration. Rehydrated full-fat milk contained 4.0% protein, 
4.2% lipid, and 5.8% carbohydrates. 

2.4. Semi-dynamic gastric in vitro digestion 

The gastric phase of the semi-dynamic INFOGEST protocol (Mulet--
Cabero, Egger, et al., 2020) was used with some modifications to enable 
the reproduction of gastric temperature curves observed in vivo as 
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further described below (McArthur & Feldman, 1989; Sun et al., 1988). 
All digestions were carried out in triplicate using RGE as the source of 
lipase and pepsin. 

2.4.1. Preparation of digestive fluids 
Simulated salivary fluid (SSF 1.25x concentrated, pH 7.0, no 

amylase) and simulated gastric fluid (SGF 1.25 × concentrated, pH 1.5) 
were prepared according to Brodkorb et al. (2019). RGE was added as a 
separate solution, prepared by adding RGE to water at activity levels of 
80,000 U of pepsin and 2400 U of lipase/mL. 

2.4.2. Digestion protocol 
To allow optimum temperature control, reconstituted full-fat milk 

(20 mL) was set to the required temperature (see section 2.4.3.) and 
added onto the basal secretions already contained in the gastric diges-
tion jacketed vessel (ref. 6.1418.150, Metrohm, Ireland): 1.458 mL of 
SSF, 10.2 μL of CaCl2(H20)2, 1.645 mL of SGF, 0.109 mL of RGE (or 
water for the no enzyme control experiments) and 0.790 mL of water. 
This gastric digestion vessel, which was connected to a cryo water bath 
to enable the reproduction of temperature curves observed in human 
studies (see section 2.4.3.), was then placed in the centre of the MRI 
scanner. Due to the constraints of conducting the experiments in an MRI 
scanner, the addition and stirring of digestive fluids throughout the 
gastric phase were performed manually. More specifically, SGF and 
enzyme should have been added at a rate of 0.2808 mL/min and 0.0148 
mL/min, respectively, according to Mulet-Cabero, Egger, et al. (2020). 
In this experiment, SGF was added using a stepwise approach with 
1.404 mL every 5 min (0.281 mL/min × 5 min) for the first 20 min and 
2.809 mL every 10 min thereafter, decreasing the pH from 6.0 ± 0.5 to 
pH 2.0 ± 0.5. The RGE solution (or water for the no enzyme control 
experiments) was added at 0.0740 mL every 5 min for the first 20 min 
and 0.148 mL every 10 min thereafter. Gastric contents were mixed 
manually right after the additions of digestive fluids. To standardise 
stirring, the same person carried out stirring with the plastic pipette used 
to add the solution using 5 rotations each time. In accordance with the 
recommendation of Mulet-Cabero, Egger, et al. (2020), the duration of 
the gastric phase was calculated as twice the half-gastric emptying time, 
as estimated based on the caloric content of the meal to be digested in 
vivo and the assumption that the gastric content will be emptied at a 
mean rate of 2 kcal/min from ingestion to the half-gastric emptying 
time. This is intended to digest the milk samples in the same conditions 
to which they would be exposed when consumed as part of a meal in 
vivo. Our present study mimics the in vivo digestion of a 200 mL cup of 
whole milk containing 0.77 kcal/mL, leading to a total calorie content of 
15.4 kcal for our meal. This corresponds to a half-gastric emptying time 
of 38.5 min, that was rounded up to 40 min to allow gastric emptying 
every 10 min for simplification. We also added 10 min at the end of our 
digestion to allow for a fat measurement sequence to be run on the MRI, 
bringing our total time of digestion to 90 min. Gastric emptying was 
carried out from the bottom of the vessel every 10 min up to 90 min 
using a 10 mL plastic pipette with a cut tip (inserted into digesta from 
above) to allow for particles <3 mm to be collected with the fluid (total 
of 4.5 mL each time). These samples were then stabilised by heating in a 
thermal block set to 100 ◦C for 10 min in order to reach a T ◦C > 80 ◦C for 
5 min (measured inside the Eppendorf), before cooling on ice. The pH of 
the emptied samples was measured approximately 10 min later to 
monitor the kinetics of gastric acidification, and stored at − 20 ◦C until 
required for analysis. 

2.4.3. Temperature control 
The temperature within the gastric digestion vessel was controlled 

using a circulating cryobath. To mimic the increase/decrease of gastric 
temperature seen in the in vivo situation, including the pre-heating or 
cooling in the mouth and oesophageal tube, different temperature ki-
netics were designed. When 350–400 mL of coffee or orange juice are 
consumed at 4 ◦C, the gastric temperature reaches about 22 ◦C right 

after ingestion and returns to body temperature (37 ◦C) within 20–30 
min (McArthur & Feldman, 1989; Sun et al., 1988). Likewise, the con-
sumption of hot versions of these liquid foods lead to an initial gastric 
temperature of approximately 44 ◦C, returning to body temperature 
20–30 min after consumption (McArthur & Feldman, 1989; Sun et al., 
1988). This is why milk was added to the gastric digestion vessel at 22 ◦C 
to replicate the consumption of milk at 4 ◦C and at 44 ◦C to replicate the 
consumption of milk at 60 ◦C. To ensure these temperature kinetics, 
different cryobath settings were developed for each consumption tem-
perature. For the 4 ◦C consumption temperature, the cryobath was 
initially set to 22 ◦C, and ramped to reach 37 ◦C over 30 min inside the 
vessel. For the 60 ◦C consumption temperature, the vessel was initially 
heated to 44 ◦C and subsequently cooled to reach 37 ◦C over 30 min. In 
the control experiment, in which the consumption of milk at physio-
logical temperature (37 ◦C) was simulated, gastric digestion was per-
formed at a constant temperature. Temperature inside the vessel was 
continuously monitored using a pre-calibrated optical fibre connected to 
a data logger (UMI8, FISO Technologies Inc., Canada). 

2.5. MRI acquisition 

MRI experiments were carried out on a 1.5T MRI device (Magneton, 
Avanto, Siemens, Germany) with a 4-element head RF receiver coil. The 
following protocols for the acquisition of tri-dimensional (3D) images 
were used: 

A fast recovery turbo spin echo (FR-TSE) sequence for morphological 
images with effective echo time equal to echo spacing 9.8 ms, Turbo 
Factor 6, TR 150 ms, FOV 86 mm × 86 mm x 43 mm, matrix size 128 ×
128 × 64, bandwidth 200 Hz/pixel, 1 scan. Acquisition time was 3 min 
51 s and image resolution was 0.7 mm × 0. 7 mm × 0.7 mm. 

A gradient multi-echo (GRE) sequence to separate water and lipids 
signals as described in Hernando, Kellman, Haldar, and Liang (2010). 
Parameters were set at first TE 1.48 ms, echo spacing 2.81 ms, 6 echoes 
per echo train, TR 75 ms, flip angle 15◦, FOV 112 mm × 128 mm × 64 
mm, matrix size 112 × 128 × 64, bandwidth 888 Hz/pixel, 1 scan. 
Acquisition time was 8 min 59 s and image resolution was 1 mm × 1 mm 
× 1 mm. 

FR-TSE sequence was carried out every 5 min between t = 0 and 40 
min, and between t = 50 and 75 min. A final FR-TSE sequence was 
carried out at t = 85 min. A GRE sequence was carried out between t =
40 and 50 min and between t = 75 and 85 min. To carry out a GRE 
sequence, the water flow to heat the vessel was halted to prevent arte-
facts from appearing in the images. 

2.6. Estimation of the particle volume, number and size from MRI 

The volume of digesta was semi-manually analysed in FR-TSE images 
using Avizo 3D Pro software (FEI Company, version 2021.2). Thresh-
olding was carried out to segment digesta from the digestion vessel and 
external environment. The threshold value was selected by visual in-
spection. This value was adjusted for each 3D image, as the contrast 
between the digesta voxels and the background was not constant. The 
fill function was used to fill any gaps in the digesta that were not 
automatically detected. In some cases, such as when the optic fibre was 
visible in the images, manual editing was carried out. The selected 
voxels were then used to compute a total digesta volume. Within digesta 
volumes, particles were characterized using Label Analysis Avizo func-
tion. This function was applied on binary images, where particles were 
manually thresholded. The algorithm first identified particles by 
applying a label to connected voxels (3D neighbours segmented voxels), 
so as each particle was assigned to a unique label. Then the total particle 
volume and the number of individual particles were quantified. To es-
timate the average particle size, the total particle volume was divided by 
the number of particles. This was carried out for all 3 repetitions at each 
condition. 
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2.7. Lipid quantification 

Separation of water and lipid signals was carried out from the 3D 
GRE images using the “water-fat separation” method detailed in Picaud, 
Collewet, and Idier (2016). This method is based on the difference in 
signal frequency between the hydrogen protons of water molecules and 
those of lipid molecules. It enables the disentanglement of the water 
signal from that of lipids in each voxel. The method requires the 
composition of the lipids since the frequency of the lipid protons signal 
depends on their position on the triglyceride chain as described in 
Berglund, Ahlström, and Kullberg (2012). For the composition of tri-
glycerides, we used one composition of dairy fat data provided in http 
s://www.agroscope.admin.ch/agroscope/fr/home/themes/denrees-ali 
mentaires/alimentation-sante/lait-produits-laitiers/graisse-du-lait.ht 
ml, and which is reproduced in Supplementary Material S1. Using this 
data, we calculated the average number of protons at each position on 
the triglyceride chain and established one average frequency spectrum 
of the lipids described by nine different frequencies. 

For each pixel of the 3D images, the signal of the lipids was quan-
tified and then converted to grams by using a dedicated experiment on 
the rehydrated full-fat milk alone. 2D vertical lipid maps were finally 
obtained by averaging the lipid maps over one of the horizontal direc-
tion regarding the vessel. The reduction of information from 3D to 2D 
was necessary in order to improve the signal-to-noise ratio of the result 
and also to facilitate interpretation. However, 3D acquisitions were 
relevant since they made it possible to measure the lipids in the whole 
vessel. 

2.8. Analysis of digestion samples 

All samples were centrifuged (3000 g, 5 min, 4 ◦C) and the super-
natant was further filtered through 0.8 μm syringe filters (Acrodisc® 25 
mm w/0.8 μm Supor® STRL, Pall Corporation) to remove particles and 
dairy fat. In the no-enzyme control experiments, the samples collected at 
t = 10 and 20 min of digestion were still liquid. As those liquid samples 
were useless to monitor the release of proteins/peptides from the par-
ticles, they were not analysed. 

2.8.1. Released proteins 
The concentration of soluble proteins, released peptides and amino 

acids in the supernatant, further referred to as released proteins, was 
measured using 4th derivative UV absorbance using the method pro-
posed by (Lüthi-Peng & Puhan, 1999) that is insensitive to the whey 
proteins to caseins ratio. This was performed using a 6M guanidine-HCl 
and 0.1M Na acetate buffer at pH 5.0, quartz cuvettes, and a UV spec-
trophotometer (UVmc2, Safas Monaco, Monaco, France). Results were 
converted into masses using a calibration curve established with skim 
milk as a standard (0–1.5 g/L of proteins) and the volume of the digesta 
at the time at which the samples were was collected. The mass of 
released proteins that was withdrawn during preceding gastric emptying 
steps was then added to the data obtained at time t to compute the 
masses (mg) of released proteins into the digesta supernatant. 

2.8.2. Free primary amines (NH2) 
The release of free primary amino groups (NH2) in the supernatant, 

which is indicative of both the mass and the length of released peptides, 
was measured using a previously described o-phthalaldehyde (OPA) 
spectrophotometric assay in microplates (Lorieau et al., 2018) that was 
adapted from the protocol of (Church, Swaisgood, Porter, & Catignani, 
1983). Results were corrected for digestive secretions (blanks with no 
food), and converted into free primary NH2 quantities (mmol) using a 
calibration curve created with L-methionine (0–2 mM) and the volume of 
the digesta at the time at which the sample were collected. The NH2 
quantity that had been withdrawn during preceding gastric emptying 
steps was then added to the data obtained at time t in order to compute 
the quantity of free primary NH2 (mmol) in the digesta supernatant. 

2.9. Statistical analysis 

Results are presented as mean ± standard deviation of three repli-
cates unless otherwise stated. The authors acknowledge that the stan-
dard deviation may be underestimated due to low number of replicates 
(n = 3) (Synek, 2008). Statistical significance between experimental 
conditions was assessed at each time point using a two-way analysis of 
variance (ANOVA) and post hoc pairwise comparisons using the Tukey’s 
HSD test. This analysis was performed with GraphPad Prism software 
(Prism for Windows, Version 9.0.1) and a threshold for significance of p 
= 0.05. 

3. Results 

3.1. Gastric temperature 

The temperature curves obtained in digesta under MRI experiments 
are presented in Fig. 1. As described previously, these curves were 
carefully designed to match as closely as possible to in vivo data available 
for liquid foods in the literature. Those temperature profiles are similar 
to the ones used by Yang et al. (2023) who studied the effect of con-
sumption temperature of skim milk on its in vitro gastric digestion, but 
with further consideration of the temperature change that occurs in 
liquid foods before reaching the human stomach (McArthur & Feldman, 
1989; Sun et al., 1988). This is why, for instance, the gastric digestion of 
the cold (4 ◦C) milk began at 22 ◦C in our experiments and not 4 ◦C as in 
Yang et al. (2023). In the same way, in the experiment replicating the 
consumption of hot (60 ◦C) milk, gastric digestion was initiated at 44 ◦C. 
During gastric digestion of the 4 ◦C and 60 ◦C milk samples, the standard 
digestion temperature (37 ◦C) was reached, on average, after 30 min. 
Note that the drops in temperature curves beyond 50 min were due to 
switching off water circulation to allow images for lipid quantification to 
be acquired. 

3.2. Gastric pH 

The mean pH profile of each experimental condition is shown in 
Fig. 2. The pH increased rapidly from 2 (basal secretions) up to 
approximately 6 upon the addition of the milk. Following this, the pH 
decreased continuously throughout digestion reaching values around 4 
halfway through the digestion and pH 2 by the end of the experiments, 
as recommended in the semi-dynamic INFOGEST protocol (Mulet-Ca-
bero, Egger, et al., 2020). All curves followed a similar trend except for 
the no enzyme control, for which the pH tended to decrease faster below 

Fig. 1. Temperature during gastric digestion of milk: at 4 ◦C (●), at 37 ◦C (■), 
and at 60 ◦C (▴). Data are means ± SD over three replicates. 
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pH 4. This is due to the lack of enzymatic hydrolysis of proteins in this 
experiment. When peptide bonds are hydrolysed at acidic pH by pepsin, 
some protons are consumed by the amino groups (–NH2) at the N-ter-
minus of the peptides produced. This pepsin-related consumption of 
protons, which adds to the initial buffering capacity of the food, does not 
exist in the absence of enzymes and explains why the pH decreases 
faster. This is a well-known phenomenon that can even be used to 
monitor pepsin activity with a pH-stat device (Mat, Cattenoz, Souchon, 
Michon, & Le Feunteun, 2018). 

3.3. MRI monitoring of particle formation and disintegration 

Fig. 3 presents the middle slice of FR-TSE MRI 3D images acquired 
during the first 32.5 min of digestion and at the end of the experiments. 
In these images, the contrast is mainly due to differences in T2 relaxation 
time, which may be interpreted as a probe of the biopolymer structure 
and concentration (Mariette, 2009). Because no significant change in 
protein structure and water content occur during gel formation, a similar 
MRI dark grey signal was observed before and after milk coagulation. It 
was, therefore, not possible to distinguish liquid milk from a macro-
scopic gel spanning over the entire vessel in these images (Fig. 3). 

Consequently, gel particles, which appear dark within a bright sur-
rounding solution, were only visible in the next MRI image, i.e. after the 
gel was broken down into pieces by the manual mixing step between 
MRI scans: at t = 32.5 min with the no-enzymes control at 37 ◦C, from t 
= 12.5 min with the milk at 4 ◦C, and at t = 7.5 min with the milks at 
37 ◦C and 60 ◦C. This was true for all 3 replicates for each condition 
(Supplementary Material S2). Knowing that those times correspond to 
the mean time of the FR-TSE MRI 3D acquisitions, and that these lasted 
for 5 min, it may be concluded that milk coagulation took place within 
25–30 min in the absence of enzymes, within 5–10 min for the milk at 
4 ◦C, and within 0–5 min for the milks at 37 ◦C and 60 ◦C. These ranges 
of coagulation times were supported by our visual observations made 
when fresh gastric secretions were added to the milk between successive 
MRI scans. They were later confirmed by trying to study the effect of the 
initial gastric temperature (22 ◦C, 37 ◦C and 44 ◦C) on the onset of milk 
coagulation induced by the basal secretions (no further SGF addition) 
using rheological measurements. A coagulation time of 27.7 ± 4.2 min 
(triplicates) at a constant temperature of 22 ◦C was found, while coag-
ulation was so quick at 37 ◦C and 44 ◦C (≤30s) that it was not possible to 
obtain fair and repeatable rheological measurements (Data not shown). 

The FR-TSE images shown in Fig. 3 were further processed to char-
acterize the particles observed throughout gastric digestion in terms of 
total volume, number, and mean volume per particle. These results are 
presented in Fig. 4, in which the data from the control experiments with 
and without enzymes at 37 ◦C are presented on the left-hand side 
(Fig. 4A, C and 4E), and the data obtained at the three studied con-
sumption temperatures in the presence of enzymes are presented on the 
right-hand side (Fig. 4B, D, 4F). 

At 37 ◦C in the presence of enzymes, the particle total volume 
(Fig. 4A) and the mean volume per particle (Fig. 4E) were maximal right 
after the gel formation, that is at t = 2.5 min. Just after the breaking 
down of the gel into particles upon stirring, at t = 7.5 min, a reduction of 
the total particle volume by half in only ~5 min was observed (Fig. 4A). 
Because the pH was still unfavourable for pepsin action at that time 
(Fig. 2), and because gastric emptying was not undertaken between t =
2.5 and 7.5 min, this result can only be explained by an intense syneresis 
of the particles, i.e. particle shrinking with whey expulsion. Later on, the 
decrease in particle total volume was more gradual. Conversely, in the 
absence of enzymes, the mean and total particle volumes remained 
negligible until the onset of coagulation (between 25 and 30 min) and 
was maximal around 35 min, remaining stable until the end of the ex-
periments (Fig. 4A and E). Although caution must be taken with these 
results of semi-automatized analyses, large numbers of very small 

Fig. 2. pH during gastric digestion of milk: at 4 ◦C (●), at 37 ◦C in the absence 
(■) and in the presence of gastric enzymes (■), and at 60 ◦C (▴). Data are 
means ± SD over 3 replicates. 

Fig. 3. Examples of MRI images (from 1 replicate over the 3) acquired with the Fast Recovery Turbo Spin Echo (FR-TSE) sequence, illustrating the monitoring of gel 
formation and subsequent disintegration of dairy gel particles. Prior to onset of coagulation, the digesta, which is liquid, appears dark. After onset of coagulation, 
liquid digesta appears bright, and coagulated particles appear dark. Each time point involved the acquisition of 3D data sets comprising 64 images, capturing the 
entirety of the digestion vessel. The presented images showcase the middle slice from each acquisition, specifically focusing on those obtained during the first 32.5 
min of digestion and at the conclusion of the experiments. For a comprehensive overview of the entire kinetics in each condition, refer to the Supplementary 
Material S2. 
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particles (Fig. 4C) seemed to form in the no pepsin control before 
coagulation was initiated, peaking at 22.5 min (pH ~5, Figs. 2, 4C and 
4E), a phenomenon that could be attributed to the local formation of 
particles when adding the drops of HCl. When coming closer to the 
isoelectric point of caseins, a sharp decrease in particle number and an 
increase in the total and mean particle volumes occurred, indicating that 
larger particles were being formed. During the second half of gastric 
digestion, when pH conditions were conducive to casein aggregation, 
but also most favourable to pepsin action, the total and mean particle 
volumes remained higher in the no enzyme control than in the di-
gestions containing pepsin. The opposite was observed with the number 
of particles, which was higher for the enzyme experiment confirming 
that pepsin was the main causative factor in the breakdown of particles. 

Turning to the effect of milk temperature consumption (Fig. 4B, D 
and 4F), some significant differences in particle total volume (Fig. 4B), 
number of particles (Fig. 4D) as well as mean volume per particle 
(Fig. 4F) were observed for the milk consumed at 4 ◦C compared to 
either 37 ◦C or 60 ◦C for t ≤ 12.5 min (p < 0.05) because of its delayed 
coagulation. Of note is that at t = 7.5 min, the particle total volumes 
were 10.9 ± 5.5 cm3 at 37 ◦C and 10.1 ± 6.3 cm3 at 60 ◦C, corre-
sponding to 41.3% and 40.4% of total digesta volume, respectively. 
These values further show that the gel particles underwent a significant 
syneresis after the breaking down of these gels, and that this phenom-
enon was of similar magnitude for both the warm and hot milks. 
Interestingly, after the breaking down of the gel into particles with the 
milk at 4 ◦C, from t = 12.5 min (Fig. 4B), initial differences vanished and 

Fig. 4. Particle analysis of MRI images. The left-hand-side subplots (A, C, E) compare the results obtained at 37◦C in the presence (■) and absence of enzymes (■). 
The right-hand-side subplots (B, D, F), compare the results obtained in the presence of enzymes at 4 ◦C (●), 37◦C (■) and 60◦C (▴). Data are means ± SD over 3 
replicates. Statistical differences (p < 0.05) are indicated by letters (a: 37 ◦C with enzymes vs 37◦C without enzymes: b: 4 ◦C vs 37 ◦C, c: 4 ◦C vs 60 ◦C, d: 37 ◦C 
vs 60 ◦C.). 
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the total particle volume became very similar for all the studied tem-
peratures at all time points (Fig. 4B), with no statistical differences in 
terms of mean volume per particle (Fig. 4F). Despite different milk 
coagulation kinetics and properties in the early stages of gastric diges-
tion, the overall behaviours of the particles were thus comparable later 
on, consistent with pepsin action being the main factor in the breakdown 
of particles, even though the number of particles in the 37 ◦C experi-
ments tended to be slightly higher than for the 4 ◦C and 60 ◦C milks from 
t = 57.5 min. 

3.4. Fat quantification by MRI 

Fig. 5A shows the spatial distribution of lipids at the mid-point (t =
40 min) and at the end (t = 80 min) of gastric in vitro digestions in the 
presence of enzymes Fig. 5B shows the estimated lipid mass as a function 
of the height in the vessel. At t = 40 min, when milk is consumed at 4 ◦C, 
lipids were found to be spread between the bottom and top of the 
digestion vessel, while when consumed at 37 ◦C and 60 ◦C, lipids 
remained at the bottom of the vessel with no lipid creaming to the top. 
At t = 80 min (end of digestion), all the lipids had migrated to the top of 
the vessel for the milk consumed at 4 ◦C, most lipids had creamed when 
milk was consumed at 37 ◦C, and all lipids remained at the bottom when 
milk was consumed at 60 ◦C. The same observation could be made for 
the particles in the FR-TSE images (Fig. 3 and Supplementary Material 
S2), in which the particles tended to float to the surface around mid- 
digestion with the milk at 4 ◦C, at the end of the digestions with the 
milk at 37 ◦C, but never with the milk at 60 ◦C. This indicates that the 
lipids observed in Fig. 5 are not free lipids alone, they rather correspond 
to milk fat entrapped within the particles. 

3.5. Protein analysis in the digesta supernatant 

Fig. 6A and B depict the mass of proteins/peptides released into the 
supernatant, and Fig. 6C and D shows the quantity of free primary 
amines in the digesta supernatant. Of note is that only the samples 
collected after the onset of gel formation were considered in the no 
enzyme control experiment, that is for t ≥ 30min. As expected, both the 
mass of proteins and quantity of free amines released into the super-
natant at 37 ◦C were significantly higher in the presence of enzymes than 
in their absence in (p < 0.0001, Fig. 6A and C from t = 30–40 min). In 
the absence of enzymes, the estimated mass of proteins/peptides 
released into the supernatant plateaued at around 120 mg (Fig. 6A). 
Considering that the amount of proteins in the milk was initially close to 
800 mg, it can be estimated that about 15% of the initial milk protein 
content was released into the supernatant by the end of gastric digestion. 
This value, which is close to the expected 20% of whey proteins in the 
milk, is thus compatible with a release of whey proteins from the par-
ticles into the supernatant. In the presence of enzymes at 37 ◦C, coag-
ulation occurred by the first emptying point, hence leading to a gradual 
release of proteins into the supernatant that is indicative of the break-
down of protein particles into peptides that release into the supernatant. 
The rise in the quantity of free amines and mass of protein in the digesta 
within the first 30 min, when the pH was above 5 (Fig. 2), indicates that 
protein hydrolysis by pepsin was effective from the early stages of 
gastric digestion. The differences in the free amines released in the 
presence and absence of enzymes at 37 ◦C were significant from t = 30 
min. The masses of protein released under both conditions were similar 
at this stage, but the curves started diverging from this point, and the 
differences became significant from t = 40 min. During the second half 
of digestions (after t = 40 min), the magnitude of the gap between the 
results obtained with and without enzymes increased rapidly, hence 
suggesting that pepsin activity increased significantly when the pH was 
brought down to 5 and below (Fig. 2). According to the results of both 
Fig. 6B and D, the release kinetics of soluble peptides did not depend on 
the milk consumption temperature, however. In the presence of en-
zymes, the estimated mass of proteins/peptides released into the 

supernatant was about 350–400 mg in all experiments (Fig. 6B), indi-
cating that about half of the initial protein milk content was emptied 
from the gastric digesta in the form of soluble proteins and peptides 
during the course of the experiments. The other half was therefore 
emptied from the gastric digesta in the form of dairy particles. 

4. Discussion 

Thanks to the use of MRI and gastric temperature profiles relevant to 
the digestion of cold (4 ◦C), warm (37 ◦C) and hot (60 ◦C) liquids in 
humans, the present study shows that the consumption temperature can 
influence the behaviour of full-fat milk during semi-dynamic gastric in 
vitro digestion. The delay before the onset of milk coagulation and the 
creaming properties of the fat-rich dairy particles appeared to be 
particularly affected by the milk temperature. However, both the ki-
netics of particle disintegration monitored by MRI, and the release ki-
netics of peptides into the supernatant remained largely unaffected. 

4.1. Particle formation and disintegration 

In the absence of digestive enzymes at 37 ◦C, the formation of milk 
particles occurred due to the increasing acidity, when pH approached 
the isoelectric point of caseins. This phenomenon took place within 
25–30 min, which coincided with a pH of ~5 (Fig. 2). This result is in 
excellent agreement with the knowledge on acid-induced milk coagu-
lation, showing that the onset of milk coagulation typically occurs 
around that pH (Lucey & Singh, 1997). Past this time point, casein 
particles were progressively diluted due to further additions of the acidic 
secretions and gastric emptying steps but no breakdown of particles 
(Fig. 4E) nor any gradual release of peptides (Fig. 6A and C) was seen in 
the absence of pepsin. These observations show that the strong acidity of 
the gastric environment was not sufficient by itself to disintegrate the 
dairy particles. In the presence of enzymes, the onset of milk coagulation 
took place much more rapidly for all milk consumption temperatures; 
that is in less than 10 min, at pH ≥ 5.5, and before the first addition of 
SGF on top of the basal secretions. These findings are in excellent 
agreement with the study of Mulet-Cabero, Mackie, Wilde, Fenelon, and 
Brodkorb (2019) on the semi-dynamic in vitro gastric digestion of 
different full-fat milks, which all coagulated in less than 10 min as well. 
They also confirm the key role of pepsin in the formation of the milk 
coagulum during gastric digestion, and indicate that enough pepsin was 
already contained in the basal secretions to reach the critical amount of 
κ-casein hydrolysis for coagulation to occur at all considered tempera-
tures and despite a pH still close to 6. Although pepsin is often consid-
ered to be active at low pH only, this is not the case when it is acting on 
casein micelles. It has indeed long been known that pepsin can be active 
on caseins at pH close to neutrality, as recently reemphasised by Salelles 
et al. (2021) who have investigated the dependence of pepsin activity as 
a function of pH on casein microparticles. According to another recent 
study, approximately 73% and 33% of κ-caseins must be hydrolysed at 
pH 6.3 and 5.3 to induce coagulation, respectively, hence suggesting 
that about half of the κ-caseins contained in our milk could be hydro-
lysed within the first minutes of gastric digestion (Yang et al., 2022). 

Our results further show an increased time to protein coagulation, by 
5–10 min in our experimental conditions, when milk was consumed at 
4 ◦C compared to 37 ◦C or 60 ◦C (Figs. 3 and 4B). This observation was 
reinforced by our rheological trials in the presence of basal gastric se-
cretions showing that milk coagulation occurred in more than 20 min at 
22 ◦C but in less than 1 min at 37 ◦C and 60 ◦C. These data are consistent 
with the study of Yang et al. (2023), who also reported a delayed 
coagulation of skim milk with a decreasing consumption temperature. 
Although the literature lacks data on the effect of temperature at high 
pH on rabbit pepsin acting on caseins, as used in the present study, it is 
well known that the activity of pepsin increases with temperature. It has 
for instance been reported that porcine pepsin activity on haemoglobin 
at pH 2 can be about twice as high at 44 ◦C than at 22 ◦C (Brier et al., 
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Fig. 5. (A) Colour images represent lipid maps (mean value over the projection direction) at t = 40 (Left Column) and t = 80 min (Right Column) for the three 
replicates. Orange colour represents areas of high lipid amount. (B) Graphs represent the mean quantity of lipid signal over 3 repetitions calculated at each millimetre 
along the height of the digestion vessel. (C) Schematic representation of the effect of proteins vs lipids in particles in relation to creaming and sedimentation. Lipids 
within particles act like balloons, causing particles to cream to the top, while proteins act like anchors, causing particles to sediment to the bottom. 
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2007). The high sensitivity of pepsin to temperature therefore explains 
why the critical level of κ-casein hydrolysis needed to induce the for-
mation of dairy particles was reached later with the lukewarm tem-
perature (~22 ◦C) used at the start of the digestion of the 4 ◦C milk. 

However, no significant variation could be found in terms of protein 
hydrolysis during gastric digestion as a function of the milk consumption 
temperature (Fig. 6B). The same was true for the evolution of the total 
volume of particles estimated from the FR-TSE MRI images (Fig. 4B). 
These findings suggest that the progressive breakdown of particles upon 
pepsin action was largely independent of milk consumption temperature 
in our experimental conditions. This contrasts somehow with the results 
obtained by Yang et al. (2023) on the effect of the consumption tem-
perature of skim milk on gastric digestion. In their study, protein hy-
drolysis was found to be relatively faster for a 4 ◦C milk than for milks at 
37 ◦C and 50 ◦C, a phenomenon that was attributed to the looser and 
softer protein network structure formed with the 4 ◦C milk during the 
early stages of digestion. They also reported that, after 240 min of 
digestion, the total curd weights of the warm and hot skim milks were 
higher than that of the 4 ◦C milk. The discrepancy between these find-
ings and ours might relate to the presence of lipids in full fat milk, either 
in terms of interfacial dynamics and/or lipid crystals for the period 
below 37 ◦C, that may have increased the firmness of the curds formed 
during our experiments. The experimental conditions used in both 
studies most certainly influenced the results as well. In the study of Yang 
et al. (2023), the starting gastric temperatures were initially set at 4 ◦C 
and 50 ◦C to investigate the digestion of cold and hot milk, with a return 
to 37 ◦C within 60 min. In the present study, our analysis of the in vivo 
literature led us to consider starting temperatures of 22 ◦C and 44 ◦C 
with a return to 37 ◦C within about 30 min as realistic physiological 
conditions for the same purposes. This is because the temperature of a 
drink changes significantly before it reaches the stomach according to 
the human studies we could find (McArthur & Feldman, 1989; Sun et al., 
1988). Moreover, while we used a stepwise mixing procedure to allow 
for MRI acquisitions to be performed in the absence of fluid movements, 
Yang et al. (2023) used the Human Gastric Simulator (HGS), which 
enables a more reliable simulation of the mixing that should occur 
within the stomach. In comparison to our protocol parameters, the 

mixing conditions and the temperature profiles used in the study of Yang 
et al. (2023) should both contribute to the formation of more fragile 
dairy particles with the milk at 4 ◦C. All these considerations are likely to 
explain why they observed a small but significant increase in protein 
hydrolysis with cold milk, while we did not. More studies with consid-
erations of physiologically relevant gastric mixing, gastric temperature 
profile, and gastric emptying (which also seemed different in both 
studies) are thus needed to better evaluate if the consumption of cold 
milk can significantly influence the extent of protein hydrolysis at the 
gastric stage. In any case, the combined results of both studies suggest 
that such an effect should remain of a rather limited extent. Employing 
more advanced analytical techniques such as amino acid analysis, as in 
Jacobs et al. (2019), may also appear as an interesting mean to obtain 
more information on the breakdown of the dairy particles and to esti-
mate the caseins to whey proteins ratio in the emptied material and/or 
the released peptides. 

4.2. Creaming of fatty particles 

Another phenomenon we observed is that the dairy particles tended 
to cream during gastric digestion (Figs. 3 and 5). To understand this 
phenomenon, one needs to understand why the density of these fat-rich 
particles can decrease during digestion. As schematically represented in 
Fig. 5C, an analogy can be used with lipids acting as balloons, causing 
particles to rise to the top, and with proteins acting as anchors, causing 
particles to sediment to the bottom. With this analogy, the creaming of 
the particles can be ascribed to a progressive increase of the lipid-to- 
protein ratio within the particles during digestion, or in other words, 
the release of proteins within the supernatant was more rapid than for 
lipids. This could happen because of a tendency of the lipid droplets to 
remain attached and accumulate at the periphery of the eroding protein 
network, a phenomenon that has been observed using confocal micro-
scopy (Luo, Ye, Wolber, & Singh, 2021). This could also be explained by 
a progressive release of proteins that were not directly involved within 
the protein network. This second mechanism is likely to have occurred 
during our experiments since some dairy proteins, notably whey pro-
teins, can remain solubilized or suspended within the aqueous phase 

Fig. 6. Release of proteins/peptides and free primary amines in the digesta supernatant. The left-hand-side subplots compare the mass of released peptides (A) and 
the quantity of released free NH2 (C) obtained in the presence (■) and absence of enzymes (■). The right-hand-side subplots compare the mass of released peptides 
(B) and the quantity of released free NH2 (D) obtained in the presence of enzymes at 4 ◦C (●), 37 ◦C (■) and 60 ◦C (▴). Statistical differences (p < 0.0001) are 
indicated by letters (a: 37 ◦C with enzymes vs 37 ◦C without enzymes). 
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upon milk coagulation and thus be progressively expelled from the 
particles later on. Interestingly, such a process should be enhanced as a 
function of digestion time because of the increasing dilution of the 
digesta by the gastric secretions. This could indeed conveniently explain 
why the particles also creamed before the end of the digestion experi-
ments in the absence of digestive enzymes at 37 ◦C (Fig. 4). 

Moreover, the time at which the dairy particles creamed was also 
influenced by the milk consumption temperature (Fig. 5). When milk 
was consumed at 4 ◦C, the lipid-rich particles creamed in the middle of 
digestion. The same phenomenon took place later with the milk at 37 ◦C, 
between t = 40 and 80 min, while the lipid-rich particles always 
remained sediment at the bottom of the vessel when milk was consumed 
at 60 ◦C. Several hypotheses could be put forward to explain this effect 
of consumption temperature on the kinetics of particle creaming. For 
instance, the amount of β-caseins in casein micelles has been shown to be 
temperature-dependent, with up to 60% of β-caseins that can be 
removed from milk when centrifuged at 4 ◦C, though noting that the 
milk temperature was only brought down to 22 ◦C to simulate the 
behaviour of a 4 ◦C milk (McMahon & Oommen, 2008). It could none-
theless be assumed that there was a lower content of β-caseins within the 
dairy particles formed with the cold milk, or a more rapid protein 
impoverishment of the particles, leading to a sooner creaming than for 
the hot milk. A similar reasoning could be put forward based on the 
assumption that a looser curd was formed when milk was consumed at 
4 ◦C when compared to 60 ◦C, consistent with the findings of Yang et al. 
(2023). Additionally, it is also possible that a firmer curd formed at high 
temperatures would be more resistant to pepsin action, even though we 
fail to see significant differences during our monitoring of the disinte-
gration of dairy particles and the release of peptides. It is also note-
worthy that milk fats are partially in their solid form below 37 ◦C and 
that crystalline milk fat is less susceptible to lipolysis (Smoczyński, 
2017). It is difficult to know whether these phenomena could also 
contribute to the earlier creaming of dairy particles at low consumption 
temperature. Considering that the minimum temperature used in the 
gastric phase was 22 ◦C, and that the milk fat should have been in a 
comparable state with the milks at 37 ◦C and 60 ◦C, any interpretation of 
our results based on the lipid melting point is quite unlikely. More 
studies would actually be welcome to better understand the exact 
mechanisms explaining how the consumption temperature of whole 
milk may influence the kinetics of particle creaming. 

4.3. Physiological relevance 

The observed differences in both the kinetics of protein coagulation 
and particle creaming may affect the rate of nutrient delivery to the 
small intestine in vivo. This is because the gastric behaviour of dairy 
products can directly influence the composition of the material that is 
emptied by the stomach. For instance, Mulet-Cabero, Rigby, Brodkorb, 
and Mackie (2017) demonstrated in vitro that, when digesting a liquid 
oil-in-water emulsion vs. a semi-solid dairy product made of yogurt and 
Gouda cheese particles, the emptying of lipids was delayed with the 
liquid emulsion due to lipid creaming, leading to a low amount of lipids 
available for intestinal absorption during the early stages of digestion. A 
similar phenomenon may therefore also apply when particles containing 
lipids tend to float during gastric digestion, as observed with our 4 ◦C 
and 37 ◦C milks. In Mulet-Cabero et al. (2017), the lipids contained in 
the semi-solid dairy product were entrapped within the food matrix and 
tended to remain sediment to the bottom of the digestion vessel, similar 
to what we observed for the milk at 60 ◦C. Although liquid milk was 
added to the digestion vessel in the present study, the very rapid for-
mation of dairy particles entrapping lipids at high temperatures resulted 
in a system very similar to the semi-solid matrix investigated in the study 
of Mulet-Cabero et al. (2017). Similar kinds of phenomena have also 
been observed in vivo with pigs fed with differently processed milks 
(Ahlborn, et al., 2023). In that study, it was shown that the fat from 
non-homogenised milks tended to cream and induce a much slower 

release of lipids to the small intestine (lipid half gastric emptying time =
93 min and 228 min) than for homogenised milks that are less prone to 
fat creaming (lipid half gastric emptying time = 11 and 51 min). 
Therefore, one potential physiologically relevant outcome of the present 
study is that lipids may be emptied more rapidly into the small intestine 
when milk is consumed hot compared to cold or body temperature. 
Interestingly, a human study by Mackie, Rafiee, Malcolm, Salt, and van 
Aken (2013) also suggests that the slower emptying of semi-solid dairy 
food as compared to liquid foods can be accompanied by enhanced 
appetite suppression. This increased appetite suppression was concluded 
to be due to the retention of food boluses in the antrum of the stomach 
activating mechanoreceptors within the gastric wall (Mackie et al., 
2013). It is therefore plausible that the rheological properties of the 
particles formed after the gastric coagulation of milk can modulate 
appetite suppression, raising the potential for hot milk to promote 
satiety during the late stages of digestion when compared to cold milk. 

When drawing physiological implications from in vitro data, the 
limitations in our semi-dynamic in vitro model system must be 
acknowledged. While efforts have been made to simulate many aspects 
of in vivo conditions, such as gastric mixing, emptying, and gastric juice 
production, this model does not entirely replicate the complexity of the 
in vivo situation. These differences may affect the translation of our re-
sults to the in vivo situation. Another difference that occurs in vivo, but 
not in vitro is the variation in the rate of gastric emptying due to con-
sumption temperature. Several studies have examined the effect of 
consumption temperature on the rate of gastric emptying. With a car-
bohydrate beverage containing a known quantity of 13C-sodium acetate, 
Fujihira et al. (2022) showed that a higher 13CO2 percentage tended to 
be excreted in the breath when a hot beverage (60 ◦C) was consumed 
compared to a cold beverage (4 ◦C), suggesting a more rapid rate of 
gastric emptying at 60 ◦C. Using a comparable experimental design, 
Mishima et al. (2009) found that a liquid meal consumed at 60 ◦C was 
emptied significantly more rapidly in comparison to the same meal 
consumed at 4 ◦C. Sun et al. (1988) also reported that orange juice was 
emptied significantly faster when drunk hot vs cold. All these studies 
therefore suggest that a hot meal can be emptied more quickly from the 
stomach than the equivalent cold meal. Because the magnitude of this 
effect remains limited, and because we decided to adhere to the stand-
ardised international consensus for in vitro semi-dynamic digestion 
(Mulet-Cabero, Egger, et al., 2020), differences in gastric emptying rates 
were not considered in the present study. Consequently, caution must be 
taken when extrapolating the observed effects from our semi-dynamic 
model to in vivo settings, and future in vitro experimentation should 
consider accounting for this observed difference. Since MRI is suitable 
for studying digestion in human studies, another major perspective of 
this work would be to carry out in vivo MRI experiments and to test in 
this way the physiological relevance of these results obtained in vitro. 
Our results, with the compromises that must be made, pave the way for 
MRI monitoring of the in vivo kinetics of protein coagulation and particle 
creaming under different conditions. 

5. Conclusion 

In this study, we used MRI for in vitro investigation of the effects of 
consumption temperature on the gastric behaviour and digestion ki-
netics of whole milk. The results obtained have highlighted two key 
differences when milk is consumed cold versus when milk is consumed 
warm and hot. Firstly, we have confirmed that the coagulation of milk in 
the gastric phase is delayed when milk is consumed cold compared to 
when milk is consumed warm or hot. Secondly, we have shown in an 
original way that, although gastric temperature conditions only vary for 
the first half an hour of digestion, the creaming kinetics of particles 
appeared to be affected up to the end of digestion. When hot milk is 
consumed, dairy particles remain sediment at the bottom of the diges-
tion vessel in contrast to when milk is consumed cold, where particles 
float to the top in the middle of digestion. These differences indicate that 
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variations in terms of gastric emptying rates of lipids, and possibly 
satiety, may be affected by the temperature at which milk is consumed. 
As a result, there is a need for additional in vivo MRI investigations to 
study the impact of milk consumption temperature on gastric digestion. 
This also raises further questions regarding the effect of consumption 
temperature on other foodstuff that behaves differently to milk during 
digestion, such as carbohydrate rich foods. 
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