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This review outlines the current use of magnetic resonance (MR) techniques to study digestion
and highlights their potential for providing markers of digestive processes such as texture
changes and nutrient breakdown. In vivo digestion research can be challenging due to practical
constraints and biological complexity. Therefore, digestion is primarily studied using in vitro
models. These would benefit from further in vivo validation. NMR is widely used to charac-
terise food systems. MRI is a related technique that can be used to study both in vitro model
systems and in vivo gastro-intestinal processes. MRI allows visualisation and quantification of
gastric processes such as gastric emptying and coagulation. Both MRI and NMR scan
sequences can be configured to be sensitive to different aspects of gastric or intestinal contents.
For example, magnetisation transfer and chemical exchange saturation transfer can detect
proton ("H) exchange between water and proteins. MRI techniques have the potential to
provide molecular-level and quantitative information on in vivo gastric (protein) digestion.
This requires careful validation in order to understand what these MR markers of digestion
mean in a specific digestion context. Combined with other measures they can be used to
validate and inform in vitro digestion models. This may bridge the gap between in vitro
and in vivo digestion research and can aid the optimisation of food properties for different
applications in health and disease.

Digestion: Gastric emptying: MRI: Protein

The process of digestion is necessary for acquiring nutri-
ents from the foods we ingest. Digestion encompasses a
series of complex physiological, mechanical and bio-
chemical processing steps that lead to the mechanical
and biochemical breakdown of food structures which
ultimately allows absorption and utilisation of nutri-
ents". Both independent and interrelated processes at

multiple length scales are involved in food breakdown,
mixing and absorption'®. Briefly, anticipation of food
intake triggers several anticipatory physiological
responses such as increased salivation and production
of gastric juice that prepare the body for the influx of
nutrients”. The first phase of digestion is the oral
phase (ingestion). During oral processing, mastication

Abbreviations: CEST, chemical exchange saturation transfer; GE, gastric emptying; MR, magnetic resonance; MT, magnetisation transfer; RF,

radiofrequency.
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and secretion of saliva lead to the formation of a food
bolus that can be swallowed safely®. These oral pro-
cesses are not only important for digestion, but also for
sensory perception of foods, eating enjoyment and sati-
ation®. The second phase is gastric digestion, during
which the food mass in the stomach is prepared for fur-
ther digestion and absorption in the intestines. Gastric
digestion involves mixing and addition of hydrochloric
acid along with pepsin (a protease) and gastric lipase®.
The third phase is intestinal digestion; from the stomach
food passes through the pyloric valve into the small intes-
tine where pancreatic proteases, lipases and amylase are
added along with bile and the resulting chyme is mixed.
The chyme is passed along the small intestine where
most of the nutrients are absorbed. The small intestine
comprises the duodenum, jejunum and ileum and chyme
proceeds from one to the other until it passes through
the ileocaecal valve into the large intestine. There, some
of the remaining undigested food such as dietary fibre is
fermented by bacteria into absorbable compounds such
as SCFA, and most of the remaining water is removed
before defecation”. Across and within these different pro-
cessing stages there are numerous physiological signals
(neural and hormonal) that feed forward and backward,
presumably to optimise digestion.

In vivo digestion research can be challenging due to
practical constraints, biological complexity and ethical
obstacles. Notably, classic techniques to study digestion
in vivo are mostly invasive and involve for example
taking gastric aspirates through a nasogastric tube or
monitoring gastric pressure or pH with sensors.
Therefore, in vitro model systems are widely used to
study digestive processes under controlled and simplified
conditions'”. This provides detailed information on the
effects of enzymatic processes on the physical and chem-
ical characteristics of food structures during diges-
tion®?. Although validation and refinement of in vitro
models using in vivo data is an ongoing collaborative
effort in the field (see https:/www.cost-infogest.eu/ and
Bohn et al."”), bridging the significant gap between in
vitro model systems and the complexity of in vivo diges-
tion remains a challenge. An emerging approach that
could help address this in part involves the use of inges-
tible devices that can take samples or measurements as
they pass through the gastrointestinal tract'''?. The
core idea that will be explored in the present paper is
that magnetic resonance (MR) techniques may be used
to bridge this gap because they can be used to monitor
relevant digestive processes both in vitro and in vivo.

NMR provides information on the state of water pro-
tons in foods and has been widely used as a characterisa-
tion and process quality control tool in different food
systems' >4 It can be performed at relatively low mag-
netic field strengths (about 0-5 T) and is used for measur-
ing in vitro samples of digesta or gastric aspirates. It has
the advantage of low cost and ease of operation. MRI
is a commonly used related technique that, among numer-
ous other applications e.g. in medicine, can be used to per-
form both in vitro and in vivo imaging measurements!'®
non-invasively. It is most commonly performed at 1-5
or 3T and is more expensive than NMR. NMR and
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MRI share the same underlying principles and use
magnetisation in combination with radiofrequency (RF)
pulses to obtain RF signals from nuclei of interest, usually
water protons ('H) due to their natural abundance and
sensitivity. Briefly, protons spinning in a magnetic field
are ‘excited’ with a targeted RF pulse. During their subse-
quent ‘relaxation’ back to their equilibrium state they emit
RF, which is measured with a coil (antenna). MRI can
provide information not only on the volume of gastric
content fractions, but also on intra-gastric processes
such as phase separation and clot formation, on gallblad-
der responses"”, and on intestinal parameters such as
intestinal motility and small bowel water content (for
overviews see Marciani er al'® and Spiller and
Marciani'”). We argue that by virtue of this common
ground NMR measurements of in vitro samples or gastric
aspirates can be used to aid the interpretation of
substance-specific MR characteristics such as signal relax-
ation rates in a digestion context. This may serve to
inform and validate MRI measurements of the same
in vitro system as well as an in vivo equivalent, which in
turn can validate and inform in vitro digestion models
(Fig. 1). Thus, this review outlines the current use of
MR techniques to study digestion and highlights their
potential for providing markers of digestive processes
such as gastric coagulation and nutrient breakdown and
how MR techniques in combination with other measures
may bridge the gap between in vitro and in vivo research.
Collectively, insights from such interdisciplinary studies
can foster the optimisation of food properties for different
applications in health and disease.

In vitro digestion models

To study digestion, various in vitro digestion models that
can be used to mimic one or more digestion phases, such
as gastric or intestinal digestion, have been developed'®.
These models can also be applied to study absorption of
the dilgested material, by incorporating intestinal cell cul-
tures"”. They vary from simple static models to highly
sophisticated dynamic, computer-controlled gastrointes-
tinal models®?. In static models, the digestive fluid and
food materials are constant, and hence they are conveni-
ent for investigating the mechanisms of mass transport
and structure breakdown*!*?. Dynamic models, such
as the Tim models®® and the SHIME model®®, include
factors such as gastric emptying®> (GE) and inflow of
gastric and intestinal juice. Therefore, such models are
more physiologically accurate than static models.

With the use of in vitro models, multiple approaches
can be combined to determine the progression of diges-
tion by e.g. (bio-)chemical and physical analysis of
digesta samples. Several chemical analysis approaches
have been applied to measure food hydrolysis during
digestion. For example, examining changes in the size
of peptides or amount of free amino groups for protein
digestion®?®, glucose for starch digestion®” and
NEFA for fat digestion®®. From a physical perspective,
rheology or texture analysis, sometimes combined with
microscopy, are used to measure changes in physical
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Potential MR digestion markers
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Fig. 1. (Colour online) Overview of the proposed interdisciplinary approach to study digestion by employing magnetic
resonance (MR) techniques in combination with a variety of other measurements.

properties such as viscosity, or in the structure of food
particles (from macro to micro) during digestion®>".
Recently, several other approaches have been used to
study digestion, e.g. hyperspectral imaging to monitor
the mass transfer between digestive fluid and food parti-
cles®” and MR techniques to monitor the hydrolysis of
nutrients and changes in food composition (Bordoni
et al.®¥; Deng et al.?®).

The advantages of using in vitro models include easy
sampling, well controlled and reproducible conditions,
ability to assess chemical processes in detail, and the
absence of ethical restrictions. In addition, such sim-
plified systems also make interpretation easier (within
model boundaries) and multiple follow-up experiments
can be readily done to further unravel observed phenom-
ena. However, the validation of in vitro models remains a
big challenge due to the inherent simplifications such as
the absence of feedback mechanisms. For instance, secre-
tion of digestive juices in response to a meal in vivo is
regulated by the autonomic nervous system and several
hormones, which is extremely challenging to replicate
within in vitro models®. To aid the validation of
in vitro models, it is of interest to investigate the potential
of non-invasive approaches for in vivo monitoring
of digestion. Several promising MR techniques are
described in the following sections.

NMR spectroscopy

NMR spectroscopy is a non-destructive technique often
used in the fields of biology, chemistry and food
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technology to determine the molecular structure and to
quantify the concentration of molecules in a sample.
With NMR the interactions between an external mag-
netic field and atomic nuclei that have a magnetic prop-
erty can be observed. The main nucleus of interest in
NMR is a proton ('H). Examples of other commonly uti-
lised nuclei in NMR are '*C, *'P and '°N. In a typical
NMR measurement, an NMR spectrum is recorded in
which the position of the peaks can provide information
on the molecular structure of the compounds present in
the sample. Furthermore, the area under the curve of
NMR peaks is proportional to the number of nuclei giv-
ing rise to the peak!"**. Therefore, it is possible to esti-
mate (changes in) the molar percentage or concentration
of several components. The combination of molecular
level and quantitative information that can be obtained
with NMR makes it a promising technique for examining
food digestion in vitro. Specifically, it may be used to
monitor macronutrient hydrolysis. For example, NMR
has been used to quantify the products of lipid hydroly-
sis, such as diglycerides and fatty acids, in complex lipid
mixtures®” and in foods, such as fish®®*” and sunflower
0il®® during in vitro digestion. In addition to lipid
hydrolysis studies, NMR has also been applied to study
protein hydrolysis in vitro. Sundekilde et al®® used
NMR for monitoring enzyme-assisted hydrolysis of
animal proteins under real-time conditions directly in
the NMR spectrometer. This approach enabled the mon-
itoring of free amino acids produced during enzymatic
hydrolysis. Bordoni et al.®*® used NMR to monitor
digestion of cheese in an in vitro digestion model simulat-
ing digestion in the mouth, stomach and small intestine.
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Also, NMR spectroscopy is capable of providing informa-
tion on the kinetics of carbohydrate hydrolysis under acidic
conditions“*". While these applications show that NMR
spectroscopy is a powerful tool for monitoring food diges-
tion in vitro, it is less suitable for in vivo studies. NMR spec-
tra from in vivo samples will be more complex and more
difficult to interpret. Morecover, NMR only allows the
detection of molecules that are present in sufficiently high
concentrations, which may not be the case in vivo.

NMR relaxometry

In addition to NMR spectroscopy, there are several other
MR techniques that could be used for both in vitro and
in vivo monitoring of different aspects of food digestion.
These include measurement of 7', and 7, relaxation times
and chemical exchange markers with NMR or MRI

(Fig. 1).

T; and T, relaxation times

T, and T, relaxation times reflect how protons in a mag-
netic field relax back to their equilibrium position after
excitation by an RF pulse. The main applications of T}
and T, are based on the 1nvest1gat1on of the relaxation
behaviour of water protons in different environments?.
Water proton relaxation is mainly determined by their
mobility and is affected by macromolecular composition
and structure. 77 and 7, measurements have been used
to study various food properties such as moisture con-
tent, food structure and macromolecule concentra-
tion®. For instance, Ziegler er al*? wused T,
measurements to predict water migration in starch-pectin
gels during drying since T decreases with the decrease of
their moisture content. 7, was used to predict water-
holding capacity of whey protein particles; a higher
water-holding capacity is associated with a longer 7>.
Similarly, 7, has been used to study the swelling of
hydrogels>*®. T, has also been used to study the
local structure of cheese; due to the inhomogeneity of
the cheese, three distinct 7, relaxation components
could be identified reflecting serum water (the water
accumulated in the protein network), the water inside
meshes of the casein gel -like network and the water
trapped within the casein matrix“”. In addition, 7> can
be used to determine the protein concentration in casein
solutions; with increasing concentration the 7,
decreases™®. These examples show that 7} and 7> can
be used to monitor changes in water migration, food
structure and the composition of food and digestive
juice that take place during digestion'®. Despite this,
T, and T, measurements have only been applied in a
limited number of digestion studies. For instance, 7,
has been shown to be useful in detecting penetration of
d1gest10n fluid into the food matrix during in vitro diges-
tion®**?. Another study showed a linear association
between VlSCOSlty of locust bean gum meal and 7,
in vitro, and highlighted the possible application of T,
to monitor changes in meal V1scos1t5y in the gastric
lumen in vivo with the use of MRI®”. Moreover, in
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our recent study we show that the hydrolysis of protein
during in vitro gastric digestion can be monitored by
T>; T, was associated with protein released from food
particles into the surrounding liquid®". However,
in vivo gastric digestion is more complicated than the sta-
tic in vitro model used here, which e.g. does not take into
account dynamic processes such as the production of gas-
tric juice and GE. These processes will introduce changes
in the system that have multiple effects such as pH
changes and dilution, in addition to the hydrolysis of
nutrients. Because 7' and T, are affected by many such
factors, careful validation is needed to be able to inter-
pret changes in 7 and 75 in different digestion contexts.
This requires further investigation under dynamic cir-
cumstances, both in vitro and in vivo and the combination
of NMR and MRI 7; and 7, measurements. For
example, as shown in Fig. 2, the NMR T, spectrum
shows separate peaks that represent the protein gel and
the simulated gastric fluid around it. This information
contributes to the interpretation of the MRI 7, maps.

Ty,

Another relaxation time of interest in MR is the 77, or the
T relaxation time in the rotating frame. 77, is useful to
study low-frequency motion processes and chemical
exchange in biological tissues. It is measured by applying
an additional RF pulse after the excitation pulse to lock
the magnetisation in the rotating frame. The time it
takes for the locked mas%netlsatlon to decay to zero is
the T, relaxation time®? In addition to conventional
relaxation time measurements Tz and Tlp relaxation
time dispersion measurements®> are promising MR mar-
kers for monitoring digestion because they can be used to
examine macromolecules in solution or the interaction
between bulk water protons and exchangeable macromol-
ecule protons in semi-solids. In relaxation time dispersion
measurements, the relaxation time is measured under
varying measurement conditions. In the presence of chem-
ical exchange, for example proton exchange between a
macromolecule and bulk water, a dispersion of the relax-
ation time under those varying conditions can be
observed. The extent of dispersion depends on the rate
of chemical exchange. Compared to conventional relax-
ation time measurements, relaxation dispersion is more
quantitative, since the experimental data can be fitted
with theoretical models of two- or three-site exchange
from which the exchange rate can be extracted®>>*>>).
This exchange rate depends on the state of a macromol-
ecule, e.g. intact or digested, and hence, can potentially
be related to the kinetics of digestion. However, to date
the application of 7, dispersion has been limited to inves-
tigating molecular dynamics of proteins in vitro®®. Ty,

dispersion, in contrast, has been more commonly apphed
in in vivo MRI studles but not yet in the domain of diges-
tion. Duvvuri ez al.®” suggested that in cartilage proton
exchange between protons from NH and OH groups in
the proteoglycans and water dominate the 77, dispersion
of water. They showed that the exchange rates increase
with proteoglycan breakdown. This suggests that 77,
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Adapted from Deng et al.®".

dispersion has potential as a marker for in vivo monitor-
ing of protein digestion.

In conclusion, MR relaxation parameters and their
meaning in a digestion context need to be further elucidated.
NMR can aid the interpretation of in vitro and in vivo
relaxometry measurements with MRIL. In turn, in vivo
MRI can serve to validate and inform in vitro models.

NMR cross-relaxation
Magnetisation transfer

Magnetisation transfer (MT) is an MR technique that is
used to create a contrast between tissues in which protons
are present in three different states: (i) in free water, (ii)
bound to semi-solid macromolecules and (iii) as water
in the hydration layer between the macromolecules and
free water. In an MT measurement, the magnetisation
of macromolecular protons is saturated by application
of an RF pulse. The saturation is then transferred to pro-
tons in water through proton exchange resulting in a
decrease in the water signal intensity. The MT rate is sen-
sitive to the formation of a semi-solid structure®® and
hence could serve as a marker for the degree of coagula-
tion of proteins during gastric digestion. The degree of
. . . (59)
coagulation can affect digestion and GE rate””.

Chemical exchange saturation transfer

Chemical exchange saturation transfer (CEST) is a rela-
tively novel MR technique. Its principle is similar to that
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of MT where saturated protons are exchanged with non-
saturated protons in water. However, the main difference
is that in CEST, saturation transfer takes place between a
(macro)molecule in solution and water and that the sat-
uration is frequency-selective®”. Dona et al.*" showed
that CEST can be used to monitor the in vitro enzymatic
degradation of macromolecular starch granules.
Moreover, from their CEST measurement, the kinetics
of glucose release during the enzymatic hydrolysis of
cooked starch was successfully monitored, demonstrating
the potential of CEST for obtaining quantitative infor-
mation on food digestion®”. Longo er al®" used
CEST to monitor the aggregation of bovine serum albu-
min during heat treatment and its subsequent hydrolysis
by a protease in vitro. During heat treatment the proteins
aggregate, thereby decreasing the accessibility of the pro-
tein protons for exchange with water protons. However,
after digestion of the heat-treated protein, the protons
become accessible for exchange again, resulting in an
increase in saturation transfer. This suggests that CEST
can serve as a marker for monitoring protein digestion
and how this is affected by heat treatments. Another
interesting application of CEST is pH imaging in which
the endogenous amide proton transfer rate is related to
the pH in the tissue of interest®”. Most applications of
CEST pH imaging are done in the brain®* % where
the pH is between 6-5 and 8-5. It would be of great utility
if CEST could be used to make 3-D stomach pH maps
since pH is an important factor that among others
influences pepsin activity. However, stomach pH is
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between 1-5 and 3-5 in children or adults and between 3-5
and 5-5 in infants. This renders stomach pH imaging
challenging due to the slower amide proton transfer
rate at low pH.

Magnetic resonance relaxometry and cross-relaxation
outlook

While NMR/MRI relaxometry and cross-relaxation
techniques have not been applied much in food digestion
research, the applications to date suggest that they have
potential for monitoring digestion. For in vitro studies,
it is possible to obtain quantitative information, such as
the proton exchange rate from relaxation time dispersion,
MT or CEST data by fitting with biophysical models of
two- or three-site chemical exchange. The chemical
exchange rate is expected to depend on the pH, macro-
molecular concentration and semi-solid fraction, which
are all factors that change during digestion. However,
reliable modelling of such data can only be done on suffi-
ciently large data sets. The collection of such data sets is
time-consuming and limited to in vitro studies. The main
challenge lies in optimising experimental conditions such
as the measurement time, size of datasets and sub-set of
fitting parameters to enable quantitative application of
the same measurements in vivo. Moreover, in vivo data
acquisition has practical constraints and interpretation
is harder. There are limits to the time that volunteers
can spend in the scanner and scans have to be made dur-
ing breath hold or with respiratory triggering minimise
image artefacts caused by breathing movements.
Physiological noise and constraints on acquisition times
will result in poorer data quality compared to in vitro
data. However, these are common challenges for any
in vivo application of MRI, and there is continuing tech-
nical development aimed at ameliorating these issues.
Moreover, as pointed out before, careful in vitro valid-
ation experiments can be used in the development and
validation of these promising MR markers of digestion.

MRI

MRI is a popular medical imaging technique because it
does not use ionising radiation and is extremely versatile.
Similar to in NMR, in MRI a strong magnetic field (1-5—
7T) is used to line up water protons ('H) in the body.
These protons are energised by exposing them to specific
RF pulses. When they relax back into their lower-energy
state RF is emitted. This RF signal (echo) is measured
with a coil (antenna). By varying the local magnetic
field, RF pulse characteristics and the timing of RF
measurement it is possible to reconstruct different types
of images from the measured RF signals®”. Among
other factors, the contrast of these images depends on
the local T and T, relaxation rates, which vary between
tissue types. The anatomical detail provided by MRI
allows accurate visualisation of the stomach and its
contents®®”. Also, because MRI scan sequences can be
configured to be sensitive to different aspects of gastric
or intestinal contents, MRI is suitable for investigating
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complex meals and intragastric processes such as gastric
sieving, phase separation and coagulation (see later).
Moreover, MRI can be used to examine model systems,
such as in vitro digestion models, as well as human sub-
jects using the same scan sequences (Fig. 1). This makes
it an excellent technique to bridge in vitro and in vivo
research.

In vivo MRI: gastric contents

Since the 1990s, gastric digestion research has embraced
MRI as a method to measure GE, i.e. the change in gastric
content volume over time in human subjects®®%.
Understanding GE is important since it plays a major
role in digestion, satiety and nutrient absorption. GE is a
rate-limiting step in the delivery of nutrients to the small
intestine for further break-down, and one of the factors
influencing the susceptibility to maldigestion®. GE rate
is largely determined by the chemical characteristics of
food, mainly the macronutrient content, but also physical
characteristics, such as the viscosity’*’". There are various
other techniques to assess GE rate, but the most common
approaches are either indirect (C-isotope breath analysis
and paracetamol absorption test), or involve the use of
ionising radiation (gamma scintigraphy’?). Advantages
of MRI are that it is well suited for individual GE assess-
ment and less dependent on the food matrix than indirect
tracer-based methods such as C-isotope breath analysis'’™.
Quantification of postprandial volume changes with MRI
has been shown to have low inter-observer variability,
unless the stomach is nearly empty’?.

GE can be different for different food fractions.
So-called, ‘gastric sieving’ happens when a meal consists
of multiple textures, or when these arise as part of diges-
tion; the (more) liquid component has been shown to
quickly ‘sieve’ through the stomach while the more
solid part of the meal is retained”>’”. When the two
components are blended into a (nutrient-rich) liquid, sati-
ety is enhanced because the fast entry of energy into the
duodenum slows down GE7”. Similar sieving has been
shown to occur for water and a meal shake; water can
drain from the stomach while a layer of energetic liquid
is retained”®. For such foods and mechanisms tracer-
based methods are not very suitable, since different tra-
cers with different kinetics would be required to show
the transit of watery and fatty components separately
(see e.g. Collins ez al.” for a double isotope approach),
depending on their solubility.

MRI can also show air or gas volumes in the stomach,
which can significantly affect perceived fullness and
appetite through providing gastric distention. For
example, aerated milk-based drinks (foams) increased
gastric volume and reduced hunger more than an iso-
energetic liquid control drink”®. This underscores the
notion that stretching of the stomach wall contributes
to satiation and perceived fullness. In a well-controlled
study which used MRI in combination with measure-
ment of gastric pressure Kwiatek er al.®? elegantly
show that there is a distinct early phase of GE with rela-
tively rapid, uncontrolled passage of nutrients into the
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duodenum, which is faster for larger meal volumes and
unaffected by energetic load. However, subsequently
the delivery of nutrients to the duodenum is related to
the overall energy load of the meal, i.e. GE is inhibited
more for greater energetic loads®”. Subsequent work
of our group with 500-ml meal shakes confirmed that
energy density is the main driver of GE, but that greater
viscosity additionally slows GE, and is more important
for perceived fullness than gastric content volume'’".
Similarly, a semi-solid liquid meal had lower GE rate
and resulted in greater suppression of appetite over 3 h
than an iso-energetic liquid meal, despite lower plasma
cholecystokinin (a satiety-related hormone) release in
the first hour®". Appetite was correlated with gastric
content volume rather than GE rate or plasma chole-
cystokinin, which suggests that the longer gastric reten-
tion was driving the decrease in appetite®”. These
studies illustrate the usefulness of MRI to study the
gastric behaviour of different foods and drinks at a
macroscopic level, especially in combination with other
physiological measures and subjective ratings.

In vivo MRI: intra-gastric processes

In addition to the processes discussed earlier, MRI is very
suitable to investigate other intragastric processes such as
layering (phase separation), mixing and macroscopic
changes in the texture of the chyme, such as gelling or
coagulation, because these will cause changes in the T}
and 7> relaxation rates and can thus be visualised. These
processes depend on multiple food properties which are
collectively referred to as the food matrix, which has
been framed as ‘a physical domain that contains and/or
interacts with specific constituents of a food (e.g. a nutri-
ent) providing functionalities and behaviours which are
different from those exhibited by the components in isola-
tion or a free state’®?. The food matrix plays a key role in
the kinetics of transit and hydrolysis of macronutrients®?.

Layering and fat quantification

In the case of layer formation (phase separation), the differ-
ent layers can simply be quantified on an MRI image.
For example, when a more fatty layer forms this appears
darker on a T>-weighted gastric MRI image than a more
watery layer, see e.g.’®. Similarly, in the first hour
after consumption breakfast porridges showed clear phase
separation, with a brighter layer on top, consistent with a
more liquid phase in the type of moderately 7>-weighted
MRI images made, and a darker layer at the bottom, con-
sistent with thicker or more particulate material®?.

So far, we have mainly discussed volume measurements
of different food fractions. However, after careful in vitro
validation quantitative MRI measurements can be per-
formed in vivo. For example, Marciani et al. investigated
the dilution of polysaccharide test meals by gastric secre-
tions”’” by exploiting the association between the 7,
relaxation time (7%) and polysaccharide concentration®®.
MRI is also well-suited to distinguish water and fat. Kunz
et al.®¥ specifically measured the fat component of a pasta
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meal (mayonnaise). By first assessing in vitro samples in
which the fat concentration was varied they were able to
calibrate their in vivo MRI measurements. Liu ez al.®”
studied gastric and duodenal fat emptying and emulsion
processing (creaming and phase separation) using fat
emulsions that were administered through a nasogastric
tube. They not only calibrated their fat quantification
approach with in vitro MRI, but they also took gastric
aspirate samples for further validation in vivo. The result-
ing fat fraction maps and intragastric emulsion profiles
showed details of intraluminal phase separation and
creaming that were not (well) visible on the conventional
MRI images®. This approach was taken further by
Scheuble er al.®® who studied the gastric behaviour of
fat emulsions stabilised by three different biopolymers
in vitro as well as in vivo with MRI, combined with
blood sampling for measurement of TAG and cholecysto-
kinin concentrations. These studies on fat digestion show-
case that MRI can bridge the gap between in vitro
digestion models and in vivo behaviour by carefully
combining different types of measurements.

Coagulation

While eventual breakdown of structure is necessary to
allow for GE, gastric conditions can also induce changes
in the texture of the chyme such as gelling and coagulation.
Since this involves the transformation from liquid to
(semi-)solid it could slow GE. While coagulation will be
readily visible on conventional stomach MRI images
(see Fig. 3) it has hardly been systematically quantified.
Coletta e al.®” looked at GE of breads with different glu-
ten contents and additionally visually categorised the
degree of heterogeneity of the food bolus in the stomach
on MRI scans. They found that gluten did not change
GE, although it made the chyme more heterogeneous.
Also, there were no differences between the breads in
gastrointestinal symptoms, postprandial small bowel
water content, colonic volume and gas content measured
with MRI. Another example is milk protein coagulation;
protein digestion is strongly affected by pH changes
in the stomach and the associated activity of pepsin.
Digestion by pepsin as well as the pH decline over time
cause the caseins in milk to coagulate as demonstrated
in vitro®* ™ while the whey protein remains soluble.
Casein coagulation is believed to slow down GE; the stom-
ach empties only particles into the small intestine if they
have a size of 1-2mm®". This notion is supported by
in vivo studies showing that amino acids from whey protein
appear faster in the blood than those from casein®*%?.
In vitro data also show that casein coagulation is affected
by several factors such as processing-induced protein mod-
ifications, product composition such as mineral compos-
ition, and variations in gastric acidification and protease
secretion® >, In addition, the source of the protein may
influence gastric coagulation®®. However, these findings
require verification in vivo. This would benefit from accur-
ate quantification of chyme structure changes. Although
visual grading is a useful and relatively simple approach,
this could be taken further by validating the use of image
texture metrics that can capture the observed
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Fig. 3. Examples of T,-weighted magnetic resonance images showing cross-sections through an empty stomach after an
overnight fast (baseline) and after 250 ml milk consumption. At t=3 min the gallbladder (gb) is clearly visible, and the gastric
contents visible at baseline can be seen on top of the milk. At =30 and 90 min milk protein coagulation can be observed.

heterogeneity; this may provide a more sensitive and
objective assessment and information on what a certain
degree of heterogeneity in an MRI image reflects in terms
of particle sizes and texture attributes of coagulates. Such
food matrix/chyme characteristics may influence gastric
digestion and subsequent intestinal digestion and bioavail-
ability (see e.g. Fardet er al.®”).

Blood parameters

Although it is quite well possible to obtain blood samples
from participants lying in an MRI scanner, not many
studies have combined MRI of the digestive tract with
blood sampling to assess hormone responses related to
digestion and nutrient bioavailability (see e.g. Alyami
et al.® and Mackie er al.®"). GE and more detailed
MRI markers of digestion could be linked to in vivo
nutrient bioavailability measures such as blood glucose,
fatty acid and amino acid profiles. For example,
in vitro work showing that GE rate affects protein diges-
tion, amino acid absorption and subsequent whole body
protein anabolism after a meal®® could be validated
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with such an approach. One current candidate MRI
marker for measuring the breakdown of protein foods
is the T, of the surrounding gastric fluid®", but as dis-
cussed earlier other MRI measures may also be of inter-
est. Such studies would provide unprecedented detail on
how food characteristics affect digestion and bioavail-
ability and can inform optimised food design. For
example, the effects of different protein sources and
processing-induced protein modification on GE, protein
digestion and amino acid absorption measured by MRI
and amino acid absorption in the blood could be
explored. Better understanding of the determinants of
protein digestion can inform choices for or design of pro-
ducts that are easier digestible, which is beneficial for
people who have trouble ingesting enough protein, such
as older adults, athletes and critically ill.

Conclusion

In addition to more macroscopic structural information,
NMR and MRI have the potential to provide molecular-
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level and quantitative information on in vivo gastric (pro-
tein) digestion. This requires careful validation in order
to understand what a specific MR parameter, or set of
parameters, means in a specific digestion context. The
resulting MR markers of digestion can be used to valid-
ate and inform in vitro digestion models and may bridge
the gap between in vitro and in vivo studies. This can aid
the optimisation of food properties for different applica-
tions in health and disease.

Acknowledgements

We acknowledge the discussions with and continuing
support of Monica Mars, Guido Camps, Kees de
Graaf, Anja Janssen, Kasper Hettinga, Camilla
Terenzi, John van Duynhoven and other collaborators.

Financial Support

This work received no specific financial support from any
funding agency, commercial or not-for-profit party. R. D.
is funded by the China Scholarship Council. M. M. is finan-
cially supported by the Dutch Ministry of Economic
Aftairs; TKI-AF grant no. AF-18012 (Digestion & immu-
nogenity of proteins in infant nutrition).

Conflict of Interest

None.

Authorship

The authors jointly wrote and approved the paper. P. A.
M. S. had final responsibility for the content.

References

1. Mackie A (2019) The digestive tract: a complex system. In
Interdisciplinary Approaches to Food Digestion, pp. 11-27
[O Gouseti, G Bornhorst, S Bakalis and A Mackie, edi-
tors]. Cham: Springer International Publishing.

2. Bornhorst GM, Gouseti O, Wickham MSJ et al. (2016)
Engineering digestion: multiscale processes of food diges-
tion. J Food Sci 81, R534-R543.

3. Smeets PAM, Erkner A & De Graaf C (2010) Cephalic
phase responses and appetite. Nutr Rev 68, 643-655.

4. Hutchings JB & Lillford PJ (1988) The perception of food
texture — the philosophy of the breakdown path. J Texture
Stud 19, 103-115.

5. Krop EM, Hetherington MM, Nekitsing C et al. (2018)
Influence of oral processing on appetite and food intake — a
systematic review and meta-analysis. Appetite 125, 253-269.

6. Bornhorst GM (2017) Gastric mixing during food diges-
tion: mechanisms and applications. Annu Rev Food Sci
Technol 8, 523-542.

7. Brodkorb A, Egger L, Alminger M et al. (2019)
INFOGEST static in vitro simulation of gastrointestinal
food digestion. Nat Protoc 14, 991-1014.

https://doi.drg/10.1017/50029665120007867 Published online by Cambridge University Press

8. Bornhorst GM & Singh RP (2014) Gastric digestion in vivo
and in vitro: how the structural aspects of food influence the
digestion process. Annu Rev Food Sci Technol 5, 111-132.

9. Luo Q, Boom RM & Janssen AEM (2015) Digestion of
protein and protein gels in simulated gastric environment.
LWT — Food Sci Technol 63, 161-168.

10. Bohn T, Carriere F, Day L et al. (2018) Correlation
between in vitro and in vivo data on food digestion. What
can we predict with static in vitro digestion models? Crit
Rev Food Sci Nutr 85, 2239-2261.

11. Koziolek M, Grimm M, Becker D et al. (2015)
Investigation of pH and temperature profiles in the GI
tract of fasted human subjects using the Intellicap®
System. J Pharm Sci 104, 2855-2863.

12. Kalantar-Zadeh K, Ha N, Ou JZ et al. (2017) Ingestible
sensors. ACS Sensors 2, 468-483.

13. van Duynhoven J, Voda A, Witek M et al. (2010)
Time-domain NMR Applied to Food Products. Annual
Reports NMR Spectroscopy, vol. 69, 1st ed., pp. 145-197
[G Webb, editor]. Oxford: Elsevier Ltd.

14. Hatzakis E (2019) Nuclear magnetic resonance (NMR)
spectroscopy in food science: a comprehensive review.
Compr Rev Food Sci Food Saf 18, 189-220.

15. Marciani L, Cox EF, Hoad CL et al. (2013) Effects of vari-
ous food ingredients on gall bladder emptying. Eur J Clin
Nutr 67, 2013/09/21, 1182-1187.

16. Marciani L (2011) Assessment of gastrointestinal motor func-
tions by MRI: a comprehensive review. Neurogastroenterol
Motil 23, 399-407.

17. Spiller R & Marciani L (2019) Intraluminal impact of food:
new insights from MRI. Nutrients 11, 1147.

18. Muttakin S, Moxon TE, Gouseti O (2019) In vivo, in vitro,
and in silico studies of the GI tract. In Interdisciplinary
Approaches to Food Digestion, pp. 29-67 [Gouseti O,
Bornhorst GM, Bakalis S et al., editors]. Cham: Springer
International Publishing.

19. Marze S (2017) Bioavailability of nutrients and micronutri-
ents: advances in modeling and in vitro approaches. Annu
Rev Food Sci Technol 8, 35-55.

20. Verhoeckx K, Cotter P, Lopez-Exposito 1 et al. (editors)
(2015) The Impact of Food Bioactives on Health. Cham:
Springer International Publishing.

21. Minekus M, Alminger M, Alvito P ez al. (2014) A standar-
dised static in vitro digestion method suitable for food-an
international consensus. Food Funct 5, 1113-1124.

22. Kong F & Singh RP (2008) A model stomach system to
investigate disintegration kinetics of solid foods during gas-
tric digestion. J Food Sci 73, 202-210.

23. Minekus M, Marteau P, Havenaar R et al. (1995) A multi-
compartmental dynamic computer-controlled model simu-
lating the stomach and small intestine. ATLA Altern Lab
Anim 23, 197-2009.

24. de Wiele T, den Abbeele P, Ossieur W et al. (2015) The
simulator of the human intestinal microbial ecosystem
(SHIME®). In Impact Food Bioactive Health Vitro ex
vivo Model., pp. 305-317 [Verhoeckx K, Cotter P,
Lopez-Exposito 1 et al., editors]. Cham: Springer
International Publishing.

25. Guo Q, Ye A, Lad M et al. (2015) Disintegration kinetics
of food gels during gastric digestion and its role on gastric
emptying: an in vitro analysis. Food Funct 6, 756-764.

26. Deng R, Mars M, Van Der Sman RGM et al. (2020) The
importance of swelling for in vitro gastric digestion of whey
protein gels. Food Chem 330, 127182.

27. Singh J, Dartois A & Kaur L (2010) Starch digestibility
in food matrix: a review. Trends Food Sci Technol 21,
168-180.


https://doi.org/10.1017/S0029665120007867

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Monitoring food digestion with MRI 157

Golding M & Wooster TJ (2010) The influence of emulsion
structure and stability on lipid digestion. Curr Opin Colloid
Interface Sci 15, 90-101.

Fabek H, Messerschmidt S, Brulport V et al. (2014) The
effect of in vitro digestive processes on the viscosity of diet-
ary fibres and their influence on glucose diffusion. Food
Hydrocoll 35, 718-726.

Soukoulis C, Fisk ID, Gan HH ez al. (2016) Intragastric
structuring of anionic polysaccharide kappa-carrageenan
filled gels under physiological in vitro digestion conditions.
J Food Eng 191, 105-114.

Lorieau L, Halabi A, Ligneul A et al. (2018) Impact of the
dairy product structure and protein nature on the proteoly-
sis and amino acid bioaccessibility during in vitro digestion.
Food Hydrocoll 82, 399-411.

Somaratne G, Reis MM, Ferrua MJ et al. (2019) Mapping
the spatiotemporal distribution of acid and moisture in
food structures during gastric juice diffusion using hyper-
spectral imaging. J Agric Food Chem 67, 9399-9410.
Bordoni A, Picone G, Babini E er al. (2011) NMR
Comparison of in vitro digestion of Parmigiano Reggiano
cheese aged 15 and 30 months. Magn Reson Chem 49,
61-70.

Zerbe O & Jurt S (2014) Applied NMR Spectroscopy for
Chemists and Life Scientists, 2nd ed. Wienheim:
Wiley-VCH Verlag GmbH.

Nieva-Echevarria B, Goicoechea E, Manzanos MJ et al.
(2014) A method based on '"H NMR spectral data useful
to evaluate the hydrolysis level in complex lipid mixtures.
Food Res Int 66, 379-387.

Nieva-Echevarria B, Goicoechea E & Guillén MD (2017)
Effect of liquid smoking on lipid hydrolysis and oxidation
reactions during in vitro gastrointestinal digestion of
European sea bass. Food Res Int 97, 51-61.
Nieva-Echevarria B, Goicoechea E, Manzanos MJ et al.
(2016) A study by 'H NMR on the influence of some
factors affecting lipid in vitro digestion. Food Chem 211,
17-26.

Nieva-Echevarria B, Goicoechea E, Manzanos MJ et al.
(2015) Usefulness of 'H NMR in assessing the extent of
lipid digestion. Food Chem 179, 182-190.

Sundekilde UK, Jarno L, Eggers N et al. (2018) Real-time
monitoring of enzyme-assisted animal protein hydrolysis
by NMR spectroscopy — an NMR reactomics concept.
LWT 95, 9-16.

Barclay T, Ginic-Markovic M, Johnston M et al. (2012)
Analysis of the hydrolysis of inulin using real time H-1
NMR spectroscopy. Carbohydr Res 352, 117-125.

Dona AC, Pages G, Gilbert RG et al. (2010) Digestion of
starch: in vivo and in vitro kinetic models used to character-
ise oligosaccharide or glucose release. Carbohydr Polym 80,
599-617.

Mariette F (2009) Investigations of food colloids by NMR
and MRI. Curr Opin Colloid Interface Sci 14, 203-211.
Kirtil E, Cikrikei S, McCarthy MJ et al. (2017) Recent
advances in time domain NMR & MRI sensors and their
food applications. Curr Opin Food Sci 17, 9-15.

Ziegler GR, MacMillan B & Balcom BJ (2003) Moisture
migration in starch molding operations as observed by
magnetic resonance imaging. Food Res Int 36, 331-340.
Ozel B, Uguz SS, Kilercioglu M et al. (2017) Effect of
different polysaccharides on swelling of composite whey
protein hydrogels: a low field (LF) NMR relaxometry
study. J Food Process Eng 40, 1-9.

Peters JPCM, Vergeldt FJ, Van As H er al. (2016) Time
domain nuclear magnetic resonance as a method to

https://d®i.org/10.1017/50029665120007867 Published online by Cambridge University Press

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

determine and characterize the water-binding capacity of
whey protein microparticles. Food Hydrocoll 54, 170-178.
Gianferri R, D’Aiuto V, Curini R ez al. (2007) Proton
NMR transverse relaxation measurements to study water
dynamic states and age-related changes in Mozzarella di
Bufala Campana cheese. Food Chem 105, 720-726.

Le Dean A, Mariette F & Marin M (2004) 1H Nuclear
magnetic resonance relaxometry study of water state in
milk protein mixtures. J Agric Food Chem 52, 5449-5455.
Bordoni A, Laghi L, Babini E et al. (2014) The foodomics
approach for the evaluation of protein bioaccessibility in
processed meat upon in vitro digestion. Electrophoresis
35, 1607-1614.

Marciani L, Manoj P, Hills BP et al. (1998) Echo-planar
imaging relaxometry to measure the viscosity of a model
meal. J Magn Reson 135, 82-86.

Deng R, Janssen AEM, Vergeldt FJ et al. (2020) Exploring
in vitro gastric digestion of whey protein by time-domain
nuclear magnetic resonance and magnetic resonance
imaging. Food Hydrocoll 99, 105348.

Wang Y-XJ, Zhang Q, Li X et al. (2015) T1p magnetic res-
onance: basic physics principles and applications in knee
and intervertebral disc imaging. Quant Imaging Med Surg
5, 858-885.

Palmer AG (2014) Chemical exchange in biomacromole-
cules: past, present, and future. J Magn Reson 241, 3-17.

Ishima R (2014) CPMG relaxation dispersion. Methods
Mol Biol 1084, 29-49.

Ishima R & Bagby S (2018) Protein dynamics revealed
by CPMG dispersion. In Modern Magnetic Resonance,
pp- 435-452 [G Webb, editor]. Cham: Springer International
Publishing.

Hansen AL, Lundstrom P, Velyvis A et al. (2012)
Quantifying millisecond exchange dynamics in proteins
by CPMG relaxation dispersion NMR using side-chain
'H probes. J Am Chem Soc 134, 3178-3189.

Duvvuri U, Reddy R, Patel SD et al. (1997)
Tlrho-relaxation in articular cartilage: effects of enzymatic
degradation. Magn Reson Med 38, 862-867.

Henkelman M, Stanisz GJ & Graham SJ (2001)
Magnetization transfer in MRI: a review. NMR Biomed.
14, 57-64.

Ye A, Liu W, Cui J et al. (2019) Coagulation behaviour of
milk under gastric digestion: effect of pasteurization and
ultra-high temperature treatment. Food Chem 286, 216-225.
Van Zijl PCM & Yadav NN (2011) Chemical exchange sat-
uration transfer (CEST): what is in a name and what isn’t?
Magn Reson Med 65, 927-948.

Longo D, di Gregorio E, Abategiovanni R et al. (2014)
Chemical exchange saturation transfer (CEST): an efficient
tool for detecting molecular information on proteins’
behaviour. Analyst 139, 2687-2690.

Pavuluri K & McMahon MT (2017) Ph imaging using
chemical exchange saturation transfer (CEST) MRI. Isr J
Chem 57, 862-879.

Zhou J, Payen J-F, Wilson DA et al. (2003) Using the
amide proton signals of intracellular proteins and peptides
to detect pH effects in MRI. Nat Med 9, 1085-1090.

Sun PZ, Wang E & Cheung JS (2012) Imaging acute ische-
mic tissue acidosis with pH-sensitive endogenous amide
proton transfer (APT) MRI — correction of tissue relax-
ation and concomitant RF irradiation effects toward map-
ping quantitative cerebral tissue pH. Neuroimage 60, 1-6.

Consolino L, Anemone A, Capozza M et al. (2020)
Non-invasive investigation of tumor metabolism and acid-
osis by MRI-CEST imaging. Front Oncol 10, 161.


https://doi.org/10.1017/S0029665120007867

158

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

P. A. M. Smeets et al.

Berger A (2002) Magnetic resonance imaging. Br Med J
324, 35.

de Zwart IM & de Roos A (2010) MRI for the evaluation
of gastric physiology. Eur Radiol 20, 2609-2616.

Schmidt SJ, Sun X, Litchfield JB et al. (1996) Applications
of magnetic resonance imaging in food science. Crit Rev
Food Sci Nutr 36, 357-385.

Schwizer W, Fraser R, Borovicka J et al. (1994)
Measurement of gastric emptying and gastric motility by
magnetic resonance imaging (MRI). Dig Dis Sci 39,
101S-103S.

Marciani L, Gowland PA, Spiller RC et al. (2001) Effect of
meal viscosity and nutrients on satiety, intragastric dilu-
tion, and emptying assessed by MRI. Am J Physiol
Gastrointest Liver Physiol 280, 2001/05/16, G1227-33.
Camps G, Mars M, de Graaf C et al. (2016) Empty calories
and phantom fullness: a randomized trial studying the relative
effects of energy density and viscosity on gastric emptying
determined by MRI and satiety. Am J Clin Nutr 104, 73-80.
Abell TL, Camilleri M, Donohoe K et al. (2008) Consensus
recommendations for gastric emptying scintigraphy: a joint
report of the American neurogastroenterology and motility
society and the society of nuclear medicine. J Nucl Med
Technol 36, 44-54.

Camps G, Mars M, Witteman BJM et al. (2018) Indirect vs
direct assessment of gastric emptying: a randomized cross-
over trial comparing C-isotope breath analysis and MRI.
Neurogastroenterol Motil. 30, ¢13317.

Fruehauf H, Menne D, Kwiatek MA et al. (2011)
Inter-observer reproducibility and analysis of gastric
volume measurements and gastric emptying assessed with
magnetic resonance imaging. Neurogastroenterol Motil
23, 2011/07/12, 854-861.

Collins PJ, Houghton LA, Read NW ez al. (1991) Role of
the proximal and distal stomach in mixed solid and liquid
meal emptying. Gut 32, 615-9.

Santangelo A, Peracchi M, Conte D et al. (1998) Physical
state of meal affects gastric emptying, cholecystokinin
release and satiety. Br J Nutr 80, 521-527.

Marciani L, Hall N, Pritchard SE et al. (2012) Preventing
gastric sieving by blending a solid/water meal enhances
satiation in healthy humans. J Nutr 142, 1253-1258.
Camps G, Mars M, de Graaf C et al. (2017) A tale of gas-
tric layering and sieving: gastric emptying of a liquid meal
with water blended in or consumed separately. Physiol
Behav 176, 26-30.

Murray K, Placidi E, Schuring EA et al. (2015) Aerated
drinks increase gastric volume and reduce appetite as
assessed by MRI: a randomized, balanced, crossover
trial. Am J Clin Nutr 101, 2015/02/04, 270-278.

Kwiatek MA, Menne D, Steingoetter A et al. (2009) Effect of
meal volume and calorie load on postprandial gastric func-
tion and emptying: studies under physiological conditions
by combined fiber-optic pressure measurement and MRI.
Am J Physiol Gastrointest Liver Physiol 297, G894-G901.
Mackie AR, Rafiee H, Malcolm P et al. (2013) Specific
food structures suppress appetite through reduced gastric
emptying rate. Am J Physiol Gastrointest Liver Physiol
304, 2013/04/13, G1038-43.

Aguilera JM (2019) The food matrix: implications in pro-
cessing, nutrition and health. Crit Rev Food Sci Nutr 59,
3612-3629.

https://doi.drg/10.1017/50029665120007867 Published online by Cambridge University Press

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

Alyami J, Whitehouse E, Yakubov GE et al. (2019)
Glycaemic, gastrointestinal, hormonal and appetitive
responses to pearl millet or oats porridge breakfasts: a ran-
domised, crossover trial in healthy humans. Br J Nutr 122,
2019/11/12, 1142-1154.

Kunz P, Feinle-Bisset C, Faas H et al. (2005) Effect of
ingestion order of the fat component of a solid meal on
intragastric fat distribution and gastric emptying assessed
by MRI. J Magn Reson Imaging 21, 383-390.

Liu D, Parker HL, Curcic J et al. (2016) The visualisation
and quantification of human gastrointestinal fat distribu-
tion with MRI: a randomised study in healthy subjects.
Br J Nutr 115, 2016/01/20, 903-912.

Scheuble N, Schaffner J, Schumacher M et al. (2018)
Tailoring emulsions for controlled lipid release: establish-
ing in vitro-in vivo Correlation for digestion of lipids.
ACS Appl Mater Interfaces 10, 17571-17581.

Coletta M, Gates FK, Marciani L et al. (2016) Effect of
bread gluten content on gastrointestinal function: a cross-
over MRI study on healthy humans. Br J Nutr 115, 2015/
11/03, 55-61.

van Aken GA, Bomhof E, Zoet FD et al. (2011)
Differences in in vitro gastric behaviour between homoge-
nized milk and emulsions stabilised by Tween 80, whey
protein, or whey protein and caseinate. Food Hydrocoll
25, 781-788.

Ye A, Cui J, Dalgleish D et al. (2016) Formation of a
structured clot during the gastric digestion of milk: impact
on the rate of protein hydrolysis. Food Hydrocoll 52,
478-486.

Ye A, Cui J, Dalgleish D ef al. (2017) Effect of homogen-
ization and heat treatment on the behavior of protein and
fat globules during gastric digestion of milk. J Dairy Sci
100, 36-47.

Kong F & Singh RP (2008) Disintegration of solid foods in
human stomach. J Food Sci 73, R67-R80.

Boirie Y, Dangin M, Gachon P et al. (1997) Slow and fast
dietary proteins differently modulate postprandial protein
accretion. Proc Natl Acad Sci 94, 14930-14935.

Mahé S, Roos N, Benamouzig R et al. (1996) Gastrojejunal
kinetics and the digestion of [15N]beta-lactoglobulin and
casein in humans: the influence of the nature and quantity
of the protein. Am J Clin Nutr 63, 546-552.
Mulet-Cabero A-I, Mackie AR, Wilde PJ e al. (2019)
Structural mechanism and kinetics of in vitro gastric diges-
tion are affected by process-induced changes in bovine
milk. Food Hydrocoll 86, 172-183.

Wang X, Ye A, Lin Q et al. (2018) Gastric digestion of
milk protein ingredients: study using an in vitro dynamic
model. J Dairy Sci 101, 6842-6852.

Hodgkinson AJ, Wallace OAM, Boggs I et al. (2018)
Gastric digestion of cow and goat milk: impact of infant
and young child in vitro digestion conditions. Food Chem
245, 275-281.

Fardet A, Dupont D, Rioux L-E et al. (2019) Influence of
food structure on dairy protein, lipid and calcium bioavail-
ability: a narrative review of evidence. Crit Rev Food Sci
Nutr 59, 1987-2010.

Mulet-Cabero A-I, Torcello-Gomez A, Saha S et al. (2020)
Impact of caseins and whey proteins ratio and lipid content
on in vitro digestion and ex vivo absorption. Food Chem
319, 126514.


https://doi.org/10.1017/S0029665120007867

