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1.1. Dietary proteins

Proteins are indispensable building blocks of life; they serve numerous structural
and biochemical functions in our bodies, such as growing and repairing tissues,
driving metabolic processes, and supporting the immune system. Proteins are
synthesized in our cells from amino acids (AAs), which can be divided into
essential and non-essential AAs. Essential AAs must be obtained through the
consumption of dietary proteins, which are broken down into absorbable and
bioavailable AAs in our digestive tract. Protein digestion is not an isolated process,
but encompasses several complex interrelated physiological processes at multiple
length scales (Bornhorst et al., 2016). Gaining a better understanding of the
complex processes involved in digestion can help food researchers optimize our
food and its processing for optimal protein digestion, thereby enhancing
nutritional benefits (Mackie et al., 2020). Furthermore, a better understanding of
digestion can aid identifying the root causes of digestive disorders and diseases,

leading to more effective diagnostic and treatment approaches.

Protein intake and digestion are especially critical for infants to support their rapid
growth and their developing immune system. Milk is the only source of nutrients,
including proteins, right after birth and it remains one of the main protein sources
throughout the first year of life. Although mother’s milk is considered the ideal
food for infants during the first year of life (World Health Organization, 2001), it
is not always available, and it is commonly substituted by infant formulas mainly

produced from cow's milk.

1.2. Cow’s milk: source of high-quality proteins

Cow’s milk is an important source of high-quality proteins in the human diet. The
major proteins in milk are caseins and whey proteins (WPs), constituting
approximately 80% and 20%, respectively. Both caseins and WPs are considered
complete proteins, meaning that they contain high levels of all essential AAs
required by the human body. Additionally, these proteins have excellent
digestibility, as evaluated by the digestible indispensable amino acid score
(DIAAS), leading to their high bioavailability (Dupont & Tomé, 2019).
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Caseins and WPs possess different physicochemical characteristics. Whey proteins
are globular proteins with an isoelectric point (pI) of 4.2 and 5.1 for a-lactalbumin
and B-lactoglobulin, respectively. The casein fraction consists of asl-, as2-, B-,
and k-casein, which lack a tertiary structure and are present in milk as large casein
micelles (100-200 nm). Caseins have an isoelectric point (pI) of 4.6. Both WPs
and caseins have a negative surface charge at the neutral pH of milk. The
processing of milk includes heat treatment, which can impact the structure of milk
proteins and subsequently affect their digestion (van Lieshout et al., 2020;
Walstra et al., 2006).

1.2.1. Milk processing

Industrial milk processing (Fig. 1.1) is required to ensure microbiological safety,
and to extend the shelf life of the product. Milk processing includes filtration to
remove large particles, followed by milk skimming or homogenization to reduce
fat content and to improve texture and taste. Heat treatment may be applied
before or after homogenization. The two most common heat treatments in milk

processing are pasteurization and sterilization.

Pasteurization can be low (typically 72 °C for around 15 s or 63 °C for 30 min) or
high (>80 °C, several min). High pasteurization can lead to partial or full
denaturation of the WPs. Caseins are not directly affected by pasteurization due
to their lack of a tertiary structure. However, denatured WPs can aggregate on
the casein micelles: this process is mainly driven by the formation of disulphide
bridges between B-lactoglobulin and k-casein (Kethireddipalli & Hill, 2015; van
Lieshout et al., 2020).

Sterilization is performed at higher temperatures, leading to a longer shelf life
compared to pasteurized milk. Sterilization methods include in-bottle sterilization
and ultra-high temperature (UHT) treatment. In-bottle sterilization has a very
high cumulative heat load, causing full WP denaturation and extensive glycation
of lysine, leading to undesired browning and flavour changes in the finished

product.
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On the other hand, UHT treatment at 130 °C for a few seconds results in limited

chemical modifications while preserving the colour and flavour of the original

product. Therefore, UHT treatment is currently the most common sterilization
method (Borad et al., 2017; van Lieshout et al., 2020; Walstra et al., 2006).
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Figure 1.1. Liquid processing of milk, including the different types of heating conditions
applied and their effect on the protein structure. RT = room temperature.
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1.3. Milk protein digestion

1.3.1. The digestive tract

As shown in Fig. 1.2a, digestion starts in the oral phase, during which the food is
mixed with saliva, and solid foods are broken down into small particles by
mastication to form a bolus that can be swallowed. Saliva also contains the
enzyme amylase, which initiates the hydrolysis of carbohydrates. For liquid foods,
such as milk, the oral phase does not play a significant role, and only results in a
slight dilution of the food with saliva (Sensoy, 2021).

The second phase is gastric digestion, which involves mechanical and biochemical
breakdown and structuring of the food bolus into a partially digested semi-solid
mass called the chyme. The stomach (Fig 1.2b), is a J-shaped muscular organ
that consists of four major parts: the fundus, corpus (body), antrum, and pylorus.
The fundus stores swallowed air or gas produced during digestion. The corpus is
the largest section of the stomach, and serves as a reservoir for ingested food. It
is also responsible for mixing the food bolus with gastric juice, resulting in partially
digested food. Mixing is achieved by the peristaltic contractions of the stomach,
made possible by the action of the longitudinal, circular, and oblique muscles in
the stomach wall. The antrum lies below the corpus and stores the chyme until it
is delivered to the intestines, a process known as gastric emptying (GE), which is
regulated by hormonal and neural feedback responses (Camilleri, 2019; Goyal et
al., 2019). The antral grinding reduces the size of solid particles down to less than
1-2 mm, enabling these to bypass pyloric sieving and enter the duodenum (Mackie
et al., 2020; Sensoy, 2021).

Protein hydrolysis starts in the stomach, during which pepsin cleaves the peptide
bonds of non-terminal AAs. The content of the stomach varies both spatially and
temporally. Initially, after the bolus enters the stomach, the pH is relatively high,
and pepsin activity is low. However, in response to, and in anticipation of the
meal, the gastric mucosa secretes acidic gastric juice, lowering the pH and
activating pepsinogen, the inactive zymogen of pepsin. pH plays a crucial role in
gastric digestion of proteins, because pepsin becomes active at pH 5.5 with
maximum peptic activity at pH 2 (Piper & Fenton, 1965). The rate at which the
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stomach pH decreases and, hence, the pepsin activity increases, depends on the
buffering capacity of the food. For example, milk, which is high in proteins, has a
high buffering capacity, leading to a relatively slow decrease in gastric pH (Wang
et al., 2018).

The third phase takes place in the small intestines, which comprise the duodenum,
the jejunum, and the ileum. In the duodenum, the pH is neutralized, and the
chyme is mixed with bile and pancreatic enzymes. The pancreatic enzymes
secreted into the duodenum include proteases, lipases, and amylase, which are
present at relatively high enzyme activities. This, combined with strong intestinal
mixing leads to the production of hydrolysis products that are taken up in the
epithelium of the jejunum and ileum for further hydrolysis and absorption into the
bloodstream (Erickson & Kim, 1990; Sensoy, 2021).
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Figure 1.2. Schematic overview of a) the digestive tract and a description of the three
phases of food digestion (oral, gastric and intestinal). b) The anatomy of the stomach.

Adapted from Servier Medical Art.
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1.3.2. Zooming in on gastric milk protein digestion

Caseins and WPs behave differently during gastric digestion because of their
different physicochemical characteristics. Native WPs remain largely intact during
gastric digestion due to the inaccessibility of the cleavage sites. Their breakdown
primarily takes place in the small intestines (Huppertz & Chia, 2021).

During gastric digestion, the acidic gastric juice and pepsin will, respectively,
neutralize the negative charge, and hydrolyse the k-caseins at the surface of the
casein micelles. As a result, the casein micelles aggregate and form a semi-solid
coagulum (Fig. 1.3a) (Horstman & Huppertz, 2023; Huppertz & Chia, 2021). This
is followed by solubilization and hydrolysis of the semi-solid protein coagulum into
soluble proteins and relatively large peptides. These proteins and peptides are
then transported into the intestinal phase, where they are further hydrolysed into
tri- and di-peptides (Dupont & Tomé, 2019). Gastric coagulation of caseins has
been linked to regulating the passage of proteins from the stomach into the
intestine which, in turn, may facilitate a sustained release of AAs into the
bloodstream, maximizing the utilization of the proteins (Lacroix et al., 2006; Soop
et al., 2012). Moreover, it ensures that the digestive capacity of the intestines
does not become overloaded, which is especially important for infants, the elderly
and groups with digestive disorders. However, gastric coagulation and further
breakdown of milk proteins are highly affected by milk processing. For example,
heat-induced modification of milk proteins can influence the accessibility of the
cleavage sites to digestive proteases and, as a result, these modifications may
affect the overall digestion of milk proteins. Generally, protein denaturation
increases, while aggregation and glycation reduce, the accessibility of the
cleavage sites in WPs to proteases (van Lieshout et al., 2020). Research on the
effect of heat treatment on milk protein digestion primarily rely on in vitro and

animal models.

These studies have demonstrated that casein and WP aggregation during heat
treatment leads to the formation of a looser and softer milk protein coagulum
during gastric digestion, as shown in Fig. 1.3b (Ahlborn et al., 2023; Ye et al.,
2016, 2019)
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Figure 1.3. Schematic representation of: a) casein micelles and their acid- and pepsin-
induced aggregation in unheated milk under gastric conditions, and consequent formation
of a semi-solid coagulum; b) the effect of heat treatment on casein coagulation. Heating
results in denatured WPs, which aggregate onto the casein micelle via s-s bridges with the
K-caseins, leading to a looser casein coagulum during gastric digestion. Adapted from (Villa
et al., 2018).
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1.4. Current state-of-the-art in digestion research

Various approaches have been developed and employed to study food digestion.
These include: in vitro models, that simulate human digestion; animal models
and, to a lesser extent, in vivo methods. These various approaches, along with
their strengths and limitations, are summarized in Table 1.1.

1.4.1. In vitro digestion models

The use of in vitro models of human digestion has become widespread due to their
ease of sampling for biochemical and physical analysis, their simplicity,
controllability, reproducibility, and lack of ethical constraints. In vitro digestion
models can range from simple static models, to complex and highly sophisticated
dynamic models. Static models have the advantage of being cost-effective, readily
available, and adaptable to simulate digestion in different age groups.

These models are particularly useful for investigating structure breakdown, mass
transport, hydrolysis kinetics under controlled conditions (Mackie et al., 2020).
The INFOGEST international network on food digestion has developed static in
vitro models that simulate digestion in adults (Brodkorb et al., 2019), full-term 1
month old infants (Ménard et al., 2018), and the elderly population (Ménard et
al., 2023). However, static models do not fully replicate the complexity of the
digestive tract, as the digestive fluids and food materials remain constant, and
the digestion parameters, such as meal-to-digestive fluid ratio, pH, and enzyme
activity, are often based on the digestion conditions at the emptying halftime or
endpoint.

In vivo gastric digestion is a complex and dynamic process that involves many
feedback controls. For instance, the secretion of digestive fluids in response to,
and, in anticipation of a meal is automatically regulated through hormonal and
neural responses. Additionally, the pH, ionic strength, and enzyme activity change
over time as gastric fluid is secreted, and food is emptied from the stomach into
the intestines. Sophisticated dynamic models, such as the TNO gastro-Intestinal
model (TIM), the Dynamic Gastric Model (DGM) (Thuenemann et al., 2015), and
the Human Gastric Simulator (HGS) (Kong & Singh, 2010), are physiologically
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more realistic than static models, because they include gastric secretion and
emptying, they consider the shape of the stomach or intestines, and they even
simulate gastric and intestinal motility. Despite providing valuable insights, these
models are highly complex, time-consuming, expensive, and not readily available.
In this regard, semi-dynamic models are advantageous as they incorporate the
transient nature of gastric secretions and emptying, while being relatively simple

and easily usable in any laboratory (Deng et al., 2022; Mulet-Cabero et al., 2020).

In vitro models are typically combined with biochemical and physical analysis of
the digesta samples to monitor digestion. Common analysis techniques include
DUMAS or bicinchoninic acid assay (BCA) for protein content measurements, o-
phthalaldehyde assay for determining the degree of hydrolysis, and SDS-PAGE or
high-performance liquid chromatography (HPLC) for assessing the size of peptides
that are formed during digestion. Liquid chromatography coupled to mass
spectrometry (LC-MS) is used to identify specific peptides that are formed during
digestion, which can be useful for assessing their subsequent immunological
responses (Liang et al., 2022; Macierzanka et al., 2012; Sousa et al., 2020). To
assess the digesta’s physical characteristics, photographs are paired with
rheology, texture analysis, confocal laser scanning microscopy (CLSM), and
electron microscopy (EM) (Li et al., 2022; Ye et al., 2016).

1.4.2. In vivo animal models

Animal models are typically used for determining protein digestibility. These
studies are mostly conducted in rats or pigs, with pigs being a more suitable model
for human digestion because their GI tract and diet is similar to that of humans.
The digestible indispensable amino acid score (DIAAS) (Mathai et al., 2017) is
determined at the ileal level in pigs and is currently recommended by the Food
and Agricultural Organization (FAO) for assessing protein quality and digestibility
of foods for human consumption. Animal models have also been used to study
gastric milk protein coagulation in vivo (Ahlborn et al., 2023; Roy et al., 2022; Ye
et al., 2019). These studies include sampling of the gastric content after sacrificing
the animals. The samples are analysed using techniques typically employed to

monitor in vitro digestion, which enables comparing in vivo and in vitro results.
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However, animal models, while being more physiologically realistic compared to
in vitro models, are costly, resource demanding and, most importantly, ethically
controversial. Therefore, innovative tools are required to enable non-invasive
monitoring of digestion in humans. This, in turn, can aid in optimizing and

verifying in vitro digestion models.

1.4.3. In vivo methods to study digestion in humans

In vivo protein digestion studies in humans can be challenging due to practical
constraints, biological complexity, and ethical obstacles. Most in vivo studies in
humans involve indirect measurements of endpoints, such as the concentration of
AAs in the blood (Horstman et al., 2021; Lacroix et al., 2008; Nyakayiru et al.,
2020; Trommelen et al., 2020), faecal nitrogen levels, and AA in the ileal digesta
(Bandyopadhyay et al., 2022). The latter is only possible in patients with an
ileostomy due to its invasiveness. While these endpoint measures can provide
useful information about protein digestibility and bioavailability, they do not

provide information on the preceding digestive processes.

Specific knowledge on food digestion mechanisms and kinetics at different
locations within the GI tract may provide more useful insights than endpoints.
However, sampling the gastric content through gastric aspirates is highly invasive
and burdensome for participants, and it only provides a sample of a small part of
the liquid fraction at an unknown location due to the heterogeneity of the gastric
chyme. Due to its invasiveness, this approach has only been used to study gastric
milk digestion in pre-term infants who already have a nasogastric tube in place
(de Oliveira et al., 2017; Demers-Mathieu et al., 2018).

An emerging technology that could overcome some of the challenges of in vivo
research involves the use of ingestible camera and sensing capsules. These
capsules can record videos and conduct measurements of pH, temperature, and
pressure in the gastrointestinal tract (Cheng et al., 2021; Qureshi, 2004; Wang
et al., 2005). However, these devices are limited to the location at which they are

placed, which cannot be controlled.
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To gain a better understanding of in vivo digestion in humans and to aid in the
validation of in vitro digestion models, novel non-invasive measurement
techniques that can be used to monitor changes in space and time during in vitro
and in vivo digestion are required. Magnetic Resonance Imaging (MRI) can be
utilized to obtain detailed anatomical images, and contrast based on the local
composition and structure of tissues. Therefore, MRI has the potential to provide
spatially-resolved information about the gastric content and its changes during
digestion, and may ultimately aid in bridging the gap between in vitro digestion
models and real-life digestion physiology in a non-invasive manner (Smeets,
Deng, Van Eijnatten, & Mayar, 2020).
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1.5. MRI: an emerging tool in digestion research

MRI is a non-invasive and non-ionizing medical imaging technology that is based
on the principles of Nuclear Magnetic Resonance (NMR). In NMR, a combination
of a strong magnet and radio frequency (RF) pulses is used to generate RF signals
arising from certain nuclei of interest. Protons ('H) are the most frequently
investigated nuclei due to their high natural abundance and widespread presence
in most materials: these factors are both responsible for the typically high signal-
to-noise ratio (SNR) and sensitivity of 'H NMR measurements. The 'H NMR signals
can be utilized to obtain information on various properties of molecules, including
their structure, conformation, dynamics and quantity. In MRI, magnetic field
gradients are included to encode spatial information in the RF signal, allowing the
construction of detailed cross-sectional images of different parts of the object
studied or human body, such as the abdomen in the latter case (Fig. 1.4). In the
clinic, MRI is widely used to diagnose diseases, monitor disease progression, and

assess treatment effectiveness.
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Figure. 1.4. Schematic representation of the slice directions in MRI (left-most figure) and
corresponding images of the abdominal area reproduced from (Camps et al., 2018; Carneiro

et al., 2022; Deng et al., 2023) with permission. Note that images are from different studies,

and differ in the meal given to participants, explaining the difference in the intensities of the
stomach contents.
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In gastric digestion research, MRI is predominantly used to measure GE by
obtaining gastric content volumes over time (Camps et al., 2016, 2021), The most
common approaches for measuring GE involve indirect tracer-based methods like
C-isotope breath analysis, paracetamol absorption tests, and gamma
scintigraphy. The latter involves the use of ionizing radiation (Abell et al., 2008;
Glerup et al., 2007). MRI offers distinct advantages over these methods: it is less
dependent on the food matrix, does not use ionizing radiation, provides
anatomical detail, and it has shown lower inter-observer variability compared to
C-isotope breath analysis, making it the preferred method for measuring GE
(Camps et al., 2018). In addition MRI has been used to assess gastric motility (de
Jonge et al., 2018; de Zwart & de Roos, 2010; Lu et al., 2022) and for assessment
of phase separation (Camps et al., 2021; Hoad et al., 2004). While measuring GE
is useful, complementing it with structural- and molecular-level information is
necessary for a more comprehensive understanding of gastric digestion in

humans.

1.6. Potential *tH NMR/MRI techniques for monitoring
gastric protein digestion

NMR and MRI are highly versatile techniques and can offer a diverse range of
specialized scan sequences tailored to meet specific clinical or research needs.
These scan sequences include methods capable of providing structural and
molecular information. By integrating data on GE with quantitative MRI markers,
a more comprehensive evaluation of gastric digestion and the effects of heat-
induced changes on digestion might be obtained. A selection of NMR/MRI
techniques, which are promising for studying gastric protein digestion, is

discussed below.



24 | Chapter 1

1.6.1. Spectroscopy

'H NMR spectroscopy is commonly used in chemistry, biology, food sciences, and
clinical research to identify and quantify molecular properties. In NMR/MRI
experiments, an RF pulse is applied to rotate the net longitudinal magnetization
vector, M,, from its equilibrium along a z-axis towards the xy- or transverse plane.
The magnetization vector starts to precess around the B,-field with a characteristic
frequency, known as the Larmor frequency: w, = yB,, Where y is the gyromagnetic
ratio of the nucleus. The precession induces an oscillating signal known as the free
induction decay (FID). To obtain a 1D 'H spectrum, this FID signal is converted
into the frequency-domain NMR spectrum using the Fourier Transformation (FT).
In reality, the precession frequency is dependent on the effective magnetic field
experienced by the nucleus, which is affected by magnetic field inhomogeneities
and the electron density around the nucleus. The latter gives rise to the chemical
shift () in parts per million (ppm), which forms the basis of NMR spectroscopy.
In an NMR spectrum, the § of the peaks provides molecular structure information,
and their areas are proportional to the number of nuclei giving rise to the peaks,
allowing identification and quantification of several components in samples or

tissues (Keeler, 2010).

The combination of molecular-level and quantitative information that can be
obtained with NMR spectroscopy makes it an interesting technique for examining
food digestion. It has previously been used to monitor in vitro protein (Bordoni et
al., 2011; Vidal et al., 2016) and lipid digestion (Nieva-Echevarria et al., 2016).
However, the application of NMR spectroscopy for in vivo monitoring of gastric
digestion is not feasible because its typical acquisition time of several minutes is
too long to enable monitoring of a dynamic process, and the acquisition of spectra
is limited to a single voxel, which is not ideal due to the heterogenous composition

of the digesta.
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Additionally, the sensitivity of MR spectroscopy at the field strength of clinical
scanners (0.2 to 3T) is not sufficient to detect low-abundant proteins, and their
breakdown products. Moreover, in vivo NMR spectroscopy is highly sensitive to
motion (breathing, patient movement, organ contractions), due to motion-related
issues during signal averaging, which is necessary for obtaining sufficient SNR
(Alger, 2010).

1.6.2. Diffusion

NMR enables the measurement of, among other molecular properties, the self-
diffusion coefficient of 'H nuclei within one or several molecular constituents of a
sample. The self-diffusion coefficient is sensitive to the radius and
molecular/structural environment of the molecule under study. This technique is
extensively used in material science studies, including food applications, e.g. to
probe the microstructure of heterogenous matrices indirectly via characterizing
the molecular mobility of water or solutes therein (Dai & Matsukawa, 2012;
Mariette, 2017; Schork et al., 2020). Applications related to gastric milk protein
digestion include the monitoring of acid- and rennet-induced casein coagulation,
and measurements of WP solutions and gels using water or polyethylene glycol
(PEG) as a probe (Colsenet et al., 2005; Le Feunteun et al., 2012; Mariette, 2017;
Mariette et al., 2002).

In the context of clinical MRI, diffusion-weighted imaging (DWI) is used to
generate imaging contrast based on differences in the water diffusion between the
different biological tissues. Quantitative Apparent Diffusion Coefficient (ADC)
maps can be obtained by fitting of diffusion weighted signals, which can be used
as a tool to assess disease progression and treatment response (Baliyan et al.,
2016; Bozzali et al., 2020; Lee et al., 2021). Diffusion tensor imaging (DTI) is an
advanced MRI technique used for measuring structural anisotropy in muscle and
brain tissue (Alexander et al., 2007; Heemskerk & Damon, 2007). While in vitro

experiments have proven that self-diffusion coefficients can be used to probe
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casein coagulation, such self-diffusion measurements of gastric digestion in vivo

would be, in analogy to spectroscopy (section 1.6.1), too challenging.

Due to their limitations with regards to gastric food digestion research,
spectroscopy and diffusion methods were deemed impractical and, thus, not
pursued further. However, in addition to these techniques, there are several other
MR techniques, such as relaxometry and saturation transfer, which are promising
for monitoring different aspects of gastric food digestion. These techniques are

summarized in Table 1.2 and elaborated upon in the subsequent sections.

1.6.3. Relaxometry

Relaxometry refers to measurements of the longitudinal (T), transverse (T,) and
rotating frame (T;,) NMR relaxation times. Following the application of an RF pulse,
two relaxation processes take place: the longitudinal and transverse relaxation.
Longitudinal relaxation refers to the return of the net magnetization to its
equilibrium state, aligned with the magnetic field, after being perturbed by an RF
pulse. The time constant associated with this longitudinal relaxation is referred to
as T;. Transverse relaxation is the process by which the xy-components of the net
magnetization decay back to zero, as in the initial state before application of the
RF pulse, by losing their phase coherence, and the time constant associated with
this transverse relaxation process is T,. The T;- and T,-values are influenced by
re-orientational dynamics, as opposed to translational motion in diffusion
NMR/MRI. The re-orientational dynamics of molecules are affected by sample-
related factors like viscosity, molecular size, and macromolecular environment,
leading to distinct NMR relaxation times. Longitudinal and transverse relaxation

are, in some cases, described in terms of the relaxation rates, namely R;, = 1/T; ,.

NMR relaxation times are utilized in, among others, clinical and food science
applications to create T,- or T,-weighted contrast images, allowing the
visualization of different tissues or phases in food systems. Specialized scan

sequences, based on Carr-Purcell-Meiboom-Gill (CPMG) or Multi-Slice-Multi-Echo
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(MSME) sequences, can be used to quantify the T,-values. The T;-values can be
quantified using Inversion Recovery (IR) or Saturation Recovery (SR) pulse
sequences. Because the T,- and T,-values can provide information on the state of
water protons in food systems, they are commonly used to study food structure
and composition, including those of dairy systems (Duynhoven et al., 2010;
Mariette et al., 2012). In the context of digestion research, T,-measurements have
been used to study physico-chemical changes in WP hydrogels under static in vitro
digestion conditions (Ozel et al., 2018). Deng et al. have explored both T;- and
T,-measurements for monitoring gastric digestion of WP gels in static (Deng et
al., 2020) and semi-dynamic (Deng et al., 2022) in vitro models as well as in a
human trial (Deng et al., 2023). In the latter studies it was demonstrated that the
T,-values of the supernatant phase decreased during gastric digestion due to the
release of proteins and large peptides from the gel matrix. T,-mapping, combined
with fat quantification, has recently been utilized to assess semi-dynamic in vitro
digestion of a bread- and cheese meal (Musse et al., 2023). These studies showed
that measurements of the T,-values are valuable for monitoring digestion-
mediated changes in the liquid phase of the digesta. However, conventional T,-
mapping cannot be used to directly detect (semi-solid) macromolecular protons
with a short transverse relaxation time due to the long dead times of clinical MRI

scanners of typically a few ms.

Ultra-short Echo Time (UTE) and Zero-Echo Time (ZTE) MRI techniques are
designed to overcome this limitation, and can be used to capture signals from
components with short transverse relaxation times of = 300 ps (Tyler et al., 2007;
Weiger & Pruessmann, 2019). However, these techniques are still not capable of
measuring the transverse magnetization decay for (semi-)solid macromolecular
protons with T,-values as short as 15-20 ps (Hinrichs et al., 2007; Morrison et al.,
1995). Furthermore, both conventional- and short-T, MRI techniques lack the
sensitivity to detect low-abundant proteins and peptides.
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The transverse relaxation time of water is also sensitive to macromolecular
dynamics via 'H chemical exchange between macromolecules and water and
diffusional averaging (Hills et al., 1989; Hills & Duce, 1990). CPMG dispersion
measurements can be used to quantify the macromolecular dynamics by
measuring the T, -value at varying echo times. In the presence of chemical
exchange, a variation of T, as a function of the inverse of the echo time will be
observed, resulting in a T,-dispersion curve. This curve can be fitted with a two-
site chemical exchange model to obtain parameters such as the exchange rate
(Rex), the macromolecular proton fraction (p,,), and the R, of the macromolecular
fraction (R}*) (Carver & Richards, 1972). CPMG dispersion measurements have
mainly been used in in vitro studies of macromolecular dynamics, including dairy
systems (Gottwald et al., 2005; Hills et al., 1990), and currently there are no in

vivo applications of this technique.

Another relaxometry technique is the measurement of T, ,-values, in which a spin-
lock pulse with varying duration is applied after the first RF pulse to lock the
magnetization in the transverse plane, resulting in a slower decay of the
transverse magnetization component (Gilani & Sepponen, 2016). Measurements
of T;, have been applied in studies of cartilage depletion (Keenan et al., 2011;
Stahl et al., 2009), liver fibrosis (Sirlin, 2011), Alzheimer’s disease (Borthakur et
al., 2008) and Parkinson’s disease (Nestrasil et al., 2010). In analogy to T,, T;,-
dispersion measurements can be conducted by varying the amplitude of the spin-
lock RF pulse. The obtained dispersion curves can be fitted with models of two- or
three-site exchange to obtain Ry, p,, and RJ* (Palmer, 2014). T,,-dispersion has
been applied in in vivo human studies to assess chemical exchange in cartilage,
skeletal muscle and brain (Adelnia et al., 2021;Wang et al., 2015). However, in
vivo applications of this technique are limited due to long acquisition times of
several minutes up to an hour, hardware limitations, and high specific absorption
rates (SAR).
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1.6.4. Saturation Transfer NMR/MRI

Saturation Transfer (ST) techniques, which include Magnetization Transfer (MT)
and Chemical Exchange Saturation Transfer (CEST), are specialized NMR/MRI
techniques that enable the indirect detection of semi-solid or low-abundant soluble
(macro)molecules by probing their interactions with surrounding water molecules
(Ward et al., 2000; Wolff & Balaban, 1989). As depicted in Fig. 1.5a, these
interactions include (i) 'H dipolar coupling between semi-solid macromolecules
and water, (ii) 'H chemical exchange between amine, amide, and hydroxyl groups
of (macro)molecules and water, and (iii) intra-molecular 'H dipolar coupling
followed by 'H chemical exchange. The latter is referred to as the relayed Nuclear
Overhauser Effect (rNOE) (Zhou et al., 2023).

ST measurements involve selectively saturating the (macro)molecular protons of
interest by applying an RF pulse at their resonance frequency relative to that of
water (4). This saturation pulse, characterized by a low amplitude (B;) and long
duration (Ts,:), is applied preceding the image encoding and acquisition (Fig.
1.5b,c). As depicted in Fig. 1.5b, the saturation pulse can either be a continuous
wave (CW) pulse or a train of RF pulses, with the latter approach reducing RF
power deposition. Commonly utilized image encoding and acquisition schemes
include the Rapid Acquisition with Refocused Echoes (RARE), also known as the
Turbo Spin Echo (TSE), Echo Planar Imaging (EPI), and Gradient Recalled Echo
(GRE) sequences (Zhang et al., 2023). The saturation is subsequently transferred
from the (macro)molecular protons to bulk water protons via 'H dipolar coupling,
chemical exchange, or a combination of both, causing a slight attenuation of the
water signal. A single saturation transfer is insufficient to produce a detectable
effect on the water signal. However, since the water pool is much larger than the
(macro)molecular pool, each saturated (macro)molecular proton is replaced by a
non-saturated water proton, which is again subjected to saturation. If the transfer
is sufficiently fast, e.g. in the millisecond range, and the saturation time (Ts,.) is
long enough, e.g. in the seconds range, prolonged saturation can lead to a
substantial enhancement of the saturation effect, ultimately becoming visible in
the water signal (Fig. 1.5c, right) (Van Zijl & Yadav, 2011; Wu et al., 2016).
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Figure 1.5. (a) Examples of possible ST pathways in MT and CEST MRI. (b) MT/CEST pulse
sequence consisting of a selective RF pulse applied at a specific frequency offset (A) with a
low amplitude (B,) and long duration (T,,) to saturate the 'H magnetization at the specific
A values, followed by the image encoding and acquisition. The saturation pulse can be a CW
pulse or a train of RF pulses with a specific pulse length (t,) and inter-pulse delay (t;). (c)
An example of a liquid state *H NMR spectrum of a sample consisting of, besides mobile
water, immobile semi-solid macromolecules and mobile proteins in solution, which are not
detectable respectively due to their broad signal or low abundance (left). Reduction of the
water signal intensity (right) as a result of magnetization transfer, chemical exchange or
relayed NOE. (d) ST signals of different (macro)molecular entities plotted as a CEST
spectrum, where the normalized water proton signal is reported vs. the A values (ppm),
relative to water (A = 0), used for selective saturation. (e) Common representation of ST
data in MT MRI literature, where the normalized water proton signal is reported vs. the
positive A values (kHz) on a logarithmic scale.



32 | Chapter1

The saturation pulse can be applied at various 4 relative to the bulk water
frequency, yielding a ST spectrum (Fig. 1.5d) that represents the ratio of the
saturated (S,,.) over unsaturated (S,) water 'H NMR signal as a function of 4. This
spectrum may contain multiple contributions, including a direct water saturation
peak, chemical exchange peaks originating from amine (4 = 2-3 ppm), amide (4
= 3.5 ppm), and hydroxyl (4 = 0.6-2 ppm) protons, a broad semi-solid MT peak,
and a rNOE peak (4 = -1.6-4.0 ppm) (van Zijl et al., 2018). In MT literature, it is
common to present the ST spectrum as shown in Fig. 1.5e, where the S../S,
values are plotted vs. the positive 4 values (KHz) on a logarithmic scale. This
representation demonstrates that for pure water, where no magnetization transfer
takes place, a sigmoid curve is observed, reflecting the direct saturation of the
water signal. In contrast, for a semi-solid macromolecular system, magnetization
transfer causes a distinct shape that deviates from the sigmoid shape observed
for pure water. This distinct shape reflects the exchange rate, as well as the size

and relaxation rates of the macromolecular proton pool (Henkelman et al., 1993).

The CEST effect relies on several key factors, including the chemical exchange
rate, relaxation rates, chemical shift difference with water, magnetic field strength
(By), and the accessibility of the labile (macro)molecular protons to water.
Notably, for proteins, their state, e.g. intact, denatured, aggregated, or
hydrolysed, can influence the accessibility of amine, amide, and hydroxyl groups
to water. The exchange rate is further influenced by factors such as pH,
temperature and (macro)molecular concentration (van Zijl et al., 2018). The main
applications of 'H CEST MRI are focused on detecting changes in pH (Chen et al.,
2017; Longo, Sun, et al., 2014; Tang et al., 2020), (macro)molecular structure
(Goerke et al., 2015), and concentrations (Chan et al., 2016). It has previously
been used to study in vitro aggregation and hydrolysis of bovine serum albumin
(BSA)(Longo et al., 2014).

The semi-solid MT effect observed in the CEST spectrum arises from the transfer
of magnetization between semi-solid macromolecular protons and bulk water
protons. This transfer is predominantly facilitated by 'H dipolar coupling, but
chemical exchange and water exchange may also be involved (Fig. 1.5a) (Zhou
et al., 2023). 'H dipolar coupling refers to the magnetic interactions between

protons that are close to each other in space; when two protons are in close
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proximity to each other, their magnetic dipolar fields interact, resulting in the
transfer of magnetization between these nuclei. It is to be noted that the semi-
solid MT signal at 4 < 5 ppm (Fig. 1.5d), in addition to !H dipolar coupling effects,
may contain contributions from !H chemical exchange between labile
(macro)molecular protons and water from both the semi-solid and solute phase.
Hence, to ensure selectivity for semi-solid macromolecules, a 4 = 5 ppm should
be chosen. Overall, MT MRI can provide information on the interactions between
protons bound to the semi-solid macromolecules and the surrounding water
molecules, which is expected to change upon variations in the semi-solid
macromolecular mobility and content (Henkelman et al., 2001; van Zijl et al.,
2018; Zhou et al., 2023). This technique is used, in clinical research, to detect
myelin content and assess structural integrity in the brain (Bourbon-Teles et al.,
2019; Chen et al., 2022; Van Obberghen et al., 2018), or to evaluate cartilage
structural integrity (Welsch et al., 2008).

In MT and CEST research, there are two main data acquisition and analysis
approaches. The first approach involves measuring, at varying 4 values, the full
spectrum and fitting it with multipool exchange, or Lorentzian, models to extract
quantitative parameters (Henkelman et al., 1993; ZaiB et al., 2011). Alternatively,
for more rapid measurements, the saturation pulse is applied using few selected
4 values, depending on the molecules or functional groups of interest. This
targeted approach provides information about specific components within the

sample while reducing the acquisition time (Van Zijl & Yadav, 2011).

An important advantage of CEST and MT MRI lies in their capability to detect and
quantify low-abundant solute molecules or semi-solid macromolecules, enabling
a more targeted assessment with high sensitivity compared to NMR/MRI
relaxometry and diffusion techniques, which measure the molecular mobility of,
primarily, water molecules. Due to the sensitivity and specificity of CEST, this
technique can be used at magnetic field strengths of clinical scanners (< 3T) lower
than those typically required for NMR/MRI spectroscopy measurements, and its
acquisition times may be shorter for measurements at selected 4. Another
advantage of MT and CEST is their widespread application in in vivo research

involving human participants.
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Therefore, these techniques are either readily available or can be implemented on
NMR spectrometers as well as clinical scanners, while this is not the case for T,-

and T, ,- dispersion measurements.

Overall, CEST and MT are expected to be sensitive to variations in pH,
protein/peptide concentration, and modifications in protein states, including
aggregation, solubilization, and hydrolysis. These changes are all expected to
occur during gastric milk protein digestion. Moreover, MT and CEST offer several
key advantages over spectroscopy, diffusion, and relaxometry. Therefore, they
were selected as potential MRI markers for monitoring both in vitro and in vivo

gastric milk protein digestion in this thesis.

1.7. Aim and outline of the thesis

As demonstrated in this chapter, MRI is a non-invasive and highly versatile
imaging technique with the potential to monitor both in vitro and in vivo gastric
protein digestion. By combining T,-weighted MRI, commonly utilized for assessing
GE, with quantitative and molecular MRI techniques like MT and CEST, a more
comprehensive and detailed overview of gastric milk protein digestion may be
obtained. This integrated approach could offer valuable insights into different
aspects of gastric protein digestion, including structural, concentration and pH
changes, and may bridge the gap between in vitro models and in vivo digestion
in humans. As a result, this information could be utilized to optimize industrial
food processing methods and food properties for enhanced protein digestion.
Therefore, the overall aim of this thesis was to explore *H MT and CEST NMR/MRI

for monitoring in vitro and in vivo human gastric milk protein digestion.

An outline of the topics covered in this thesis is schematically illustrated in
Fig. 1.6. Chapters 2 and 3 describe MT and CEST MRI measurements of static in
vitro samples on a 7 T vertical bore NMR spectrometer, chosen for its greater
availability and flexibility in optimizing measurement parameters compared to

clinical scanners.
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In Chapter 4, the measurements on the 7 T vertical bore NMR spectrometer are
supplemented with in situ measurements of in vitro gastric digestion on a 3 T
clinical MRI scanner, which is subsequently utilized in the in vivo study outlined in
Chapter 5.

Effect of heat treatment

NMRTJ;‘Inde‘EE; of Static in vitro emi-dynamic in In vivo study in
digestion
gastric dlgestlon 9 vitro digestion humans

Chapter 2&3 | |  Chapter 4 Chapter 5 3T -
(/_‘-; BN
{
7T MRI markers of in |«————— \ _-:‘\‘ N
—m vitro and in vivo Compare in vitro and )
N7 . . . . | 3 | N
\ gastric milk protein in vivo digestion \)
S digestion
| Chapter 6 |

Figure 1.6. Schematic outline of the thesis, illustrating its overarching scope and the
connection between the different chapters.

First, Chapter 2 describes the implementation of bulk 'H MT NMR measurements
on the 7 T vertical bore NMR spectrometer for monitoring gastric digestion of raw
and heated skim milk in static in vitro samples. This includes optimization of the
saturation pulse amplitudes and offsets for reliable fitting of MT spectra with a
two-pool exchange model. Additionally, the faster acquisition of the MT ratio is
presented, in view of the forthcoming planned in vivo study. The outcomes from
the MT measurements are compared with conventional protein content analysis.

Building upon this, Chapter 3 describes spatially-resolved T,-weighted MT and
CEST MRI measurements on the 7 T vertical bore NMR spectrometer, which were
deployed to assess changes in both the semi-solid and soluble milk protein

fractions of static in vitro digestion samples.

Moving to the dynamic complexity of in vivo protein digestion in Chapter 4, MT
and CEST MRI are explored for monitoring pH and milk protein coagulation during
semi-dynamic in vitro gastric digestion of low- (15 s at 72 °C) and high- (30 min
at 80 °C) pasteurized skim milk using both the 7 T NMR spectrometer and a 3 T
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clinical MRI scanner. These MRI markers are verified against bulk pH, protein

concentration, and rheology measurements.

Chapter 5, describes a randomized cross-over trial to investigate the feasibility
of using MT MRI for monitoring gastric milk protein digestion in vivo in humans,
using the same milk products as in Chapter 4. The MT MRI measurements are
complemented with total, semi-solid and liquid gastric content volumes estimated
from T,-weighted MRI images.

Finally, Chapter 6 offers a discussion of the main findings presented in this thesis,
places the research within a broader context, and identifies directions for future
research. By comparing the outcomes from the in vivo human study with those
from the in vitro experiments, this chapter explores the potential of MRI in
bridging the gap between in vitro digestion models and in vivo digestion in

humans.
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Abstract

Processing of milk involves heating, which can modify the structure and
digestibility of its proteins. In vitro models are useful for studying protein
digestion. However, validating these models with in vivo data is challenging. Here,
we non-invasively monitor in vitro gastric milk protein digestion by probing the
protein-water interactions detected by 'H nuclear magnetic resonance (NMR)
magnetization transfer (MT). We obtained either a fitted composite exchange rate
(CER) with a relative standard error of <10% or the MT ratio (MTR) of the intensity
without or with an off-resonance saturation pulse. Both CER and MTR, affected by
the variation in the amount of semi-solid protons, decreased during in vitro gastric
digestion in agreement with standard protein content analyses. The decrease was
slower in heated milk, indicating slower breakdown of the coagulum. Our results

open the way to future quantification of protein digestion in vivo by MRI.
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2.1. Introduction

Protein intake is essential for the growth and repair of body cells, muscle function
and development of the immune system. Milk is one of the main food sources of
protein in the human diet. Gastric digestion is the first step in the breakdown of
milk proteins, namely casein and whey proteins, and in the subsequent absorption
of amino acids (Walstra, Wouters, Geurts, 2006). However, industrial preparation
of milk products includes heating, which can modify the structure and the gastric
digestibility of the proteins. Understanding the effect of heating on protein
digestion can ultimately aid in optimizing the industrial processing of milk proteins.
During gastric digestion, gastric acid and pepsin cause aggregation of the casein
micelles into a semi-solid casein coagulum, followed by subsequent hydrolysis of
the proteins by pepsin (Egger et al., 2019; Nakai & Li-Chan, 1987). Due to their
open structure, caseins are almost completely broken down into peptides in the
gastric phase, while native whey proteins are more resistant to hydrolysis due to
their globular structure, and are still largely intact after gastric digestion (van
Lieshout, Lambers, Bragt, & Hettinga, 2020). The modifications imposed on the
proteins during heating can affect both the structure of the coagulum and the
digestion of caseins and whey proteins (Mulet-Cabero, Mackie, Wilde, Fenelon, &
Brodkorb, 2019).

Protein digestion is commonly studied using static or dynamic in vitro digestion
models that in turn mimic either adult (Brodkorb et al., 2019; Dupont et al., 2019)
or infant digestion (Ménard et al., 2018). During in vitro digestion studies, samples
are taken at different digestion time points, and are typically analyzed with the o-
phthalaldehyde (OPA) assay, sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE), high performance liquid chromatography (HPLC) and
liquid chromatography coupled to mass spectrometry (LC-MS) (Egger et al., 2019;
Macierzanka et al., 2012). These methods, limited to in vitro applications, typically
only measure the supernatant instead of the whole digestion sample including the
coagulum formed during phase separation. Whereas in vitro digestion studies can
provide valuable insights into protein digestion kinetics and the chemical
composition of the digesta, they do not fully capture the complexity of the
digestive tract. In vivo studies provide a biological environment that is hard to

replicate in vitro because the digestive tract is within a complex biological system
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containing delicate feedback controls. For instance, secretion of digestive juice in
response to a meal is automatically controlled in vivo but are difficult to reproduce
through in vitro experiments (Bornhorst & Paul Singh, 2014). Moreover, the
physicochemical conditions, such as pH, ionic strength and enzyme concentration
evolve with time and influence digestion. Static in vitro digestion models do not
take these evolutions over time into account. Protein digestion may be better
understood through in vivo monitoring in humans, which can help optimize and
validate the in vitro digestion models. herefore, non-invasive techniques must be

developed to monitor both in vitro and in vivo digestion.

Magnetic resonance imaging (MRI) is promising for studying in vivo protein
digestion, because it can be used to study physiological processes in a non-
invasive manner (Smeets, Deng, Van Eijnatten, & Mayar, 2020). MRI is based on
nuclear magnetic resonance (NMR), which has been applied widely to characterize
a variety of food systems, including milk and milk products (Bordoni et al., 2011;
Duynhoven, Voda, Witek, & Van As, 2010; Le Dean, Mariette, & Marin, 2004). MRI
is currently used to study gross changes in digesta, linked to changes in food
structure and possible phase separation, by visual assessment of anatomical
images of the stomach (De Zwart & De Roos, 2010; Spiller & Marciani, 2019). Yet,
such images do not provide a local molecular-scale measure of the degree of
protein coagulation and subsequent protein hydrolysis. It has already been
established that it is possible to indirectly monitor the in vitro gastric digestion of
whey protein gels by measuring the 'H transverse relaxation time (T,) of the
supernatant, which changes during digestion due to a release of proteins and
peptides from the gel (Deng et al., 2020). Contrarily to standard biochemical
methods, all these NMR/MRI measurements are suitable for non-invasive studies
in humans, and of whole digestion samples, in principle including both liquid and
semi-solid phases. Yet, with T, measurements it is not possible to capture the
breakdown of coagulated caseins, especially in the early stages of digestion. This
is because NMR spectrometers and clinical scanners cannot directly assess the
short (us-ms range) T, NMR relaxation times associated with semi-solid proteins.
Magnetization Transfer (MT) is an NMR/MRI technique that is used to quantify low-
abundant semi-solids dispersed in aqueous food matrices as a complementary
method to T, relaxometry (Chinachoti, Vittadini, Chatakanonda, & Vodovotz,
2008; Duynhoven, Kulik, Jonker, & Haverkamp, 1999). This technique found
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widespread use in both pre-clinical and clinical MRI because of its potential to
improve tissue contrast, compared to conventional MRI techniques, and its
capacity to quantitatively characterize tissues in which biopolymers form semi-
solid networks (Guo, Erickson, Trouard, Galons, & Gillies, 2003; Sled, 2018; Van
Zijl et al., 2003).

In conventional NMR and MRI, only signals from mobile protons are detected that
have sufficiently long T,-values and are present at high concentrations. The T,-
values of motion-restricted protons from semi-solid macromolecules, such as
proteins, is too short to be detected directly by NMR spectrometers with long dead
times of typically a few ms. MT MRI enables indirect detection of protons from
low-abundance semi-solid macromolecules, with short T,-values, through the

signal of the more mobile water protons.

In MT measurements, a radio frequency (RF) pulse with a specific amplitude and
frequency is applied to saturate the magnetization of the protons associated with
the semi-solid macromolecules by equilibrating the populations of the 'H energy
levels. The saturation is then transferred to the more mobile water 'H via a
combination of through-space dipolar interactions and 'H exchange between the
semi-solid macromolecules and water. The saturation transfer can then be
detected as a suppression of the water signal. The magnitude of the signal
suppression is mainly dependent on the 'H magnetization transfer rate and on the
population of the semi-solid pool (Henkelman, Stanisz, & Graham, 2001). Since
changes in the semi-solid protein pool occur during gastric milk protein digestion,
which involves casein coagulation and digestion of both casein and whey proteins,
we hypothesize that MT can be used to monitor these changes in vitro, on the
whole digestion sample, via the 'H protein-water exchange kinetics. The latter can
be quantified by multi-parameter fitting of MT spectra recorded with different
saturation pulse amplitudes and frequency offsets with respect to the signal of
water. This approach enables the quantification of exchange and relaxation
parameters of the liquid and semi-solid components (Henkelman et al., 1993).
However, these measurements are time-consuming and, hence, not applicable to
dynamic in vivo studies, where fast measurements are desired to meet safety
requirements and avoid breathing motion artefacts in the images. Therefore, in

clinical MRI, mostly a semi-quantitative rapid measurement of the MT ratio (MTR)
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is performed. Signal saturation with at least one pulse amplitude and two
frequency offsets is required in order to obtain the MTR. The MTR is a semi-
quantitative parameter, because it depends not only on the rate of magnetization
transfer, but also on the amplitude and duration of the saturation pulse
(Henkelman et al., 2001; Sinclair et al., 2010). In this study of in vitro gastric milk
protein digestion, we validate and assess the quantification of protein-water
exchange kinetics by MT during digestion, as well as the respective faster semi-
quantitative MTR measurements, in view of their ultimate feasibility under in vivo

conditions using MRI.

2.2. Materials and methods

2.2.1. Materials

Pepsin from porcine gastric mucosa (631 activity units/mg), pepstatin A, HCI, KClI,
NaHCOs, NaCl, Bis-Tris buffer, DL-dithiothreitol (DTT) and guanidine hidrochloride
(GdnHCI) were purchased from Sigma Aldrich, Inc. (St. Louis, USA). o-
phtaldehyde (OPA), disodiumtetraborate decahydrate, sodiumdodecyl sulfate, tri-
sodium citrate dihydrate, trifluoracetic acid (TFA) were purchased from Merck
(Darmstadt, Germany). HPLC ultra-gradient grade acetonitrile was purchased
from Biosolve Chemicals (Valkenswaard, The Netherlands). Milli-Q water
(resistivity 18.2 MQ.cm at 25 °C, Merck Millipore, Billerica, USA) was used in all

experiments.

2.2.2. Preparation of raw and heated skim milk

Raw cow’s milk was provided by FrieslandCampina (Wageningen, The
Netherlands). To obtain skim milk (SM), the raw milk was centrifuged at 6000 g
for 20 min at 4 °C. The cream that was formed on top was removed and the
remaining SM was stored at -20 °C. The heated SM samples were prepared by
heating SM in a water bath at 80 °C or 70 °C for 30 min.
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2.2.3. In vitro infant gastric protein digestion protocol

In vitro gastric digestion of raw and heated SM was conducted based on a
digestion protocol for 1 month old infants (Ménard et al., 2018). This digestion
protocol was chosen because milk protein digestion, and the effect of heating on
digestion, is most poorly understood in infants. The methodology described in this
paper can however directly be applied to other digestion models, such as Infogest
(Brodkorb et al., 2019). First, simulated gastric fluid (SGF) and SM were
separately heated in a water bath at 37 °C for 5 min. SGF was composed of NaCl
and KC| with a concentration of 94 and 13 mM, respectively, and a pH of 5.3.
Next, 1 mL of digestion sample was prepared by mixing SM and SGF containing
pepsin in a 10-mm NMR tube in a 63:37 (v/v) ratio. The activity of pepsin in the
digestion sample was 268 U/mL. The pH was adjusted to 5.3 with 1 M HCI. The
samples were incubated in a water bath at 37 °C fort = 0, 1, 5, 15, 30 and 60
min. These time points were based on Ménard et al. (2018) with the addition of t
= 1 min to better capture the fast disappearance of the coagulum in raw SM. The
activity of pepsin was stopped by adding 10 pL of a 60 pmol/mL Pepstatin A
solution to each of the prepared samples. The samples were measured by NMR

without any further sample preparation.

2.2.4. NMR measurements

All the 'H MT NMR measurements were conducted at a magnetic field strength of
7 T, corresponding to a 'H frequency of 300.13 MHz, on an Avance III
spectrometer (Bruker Biospin, Fallanden, Switzerland) equipped with a 10-mm
diff30 probe. 'H NMR spectra were acquired at room temperature with an MT pulse
sequence, consisting of a continuous-wave (CW) saturation pulse followed by a
90° RF excitation pulse and acquisition of the free induction decay (FID) during
the time acq (CW(5s) —90°,(13.5 pus) — acq(0.4s)). The recycle delay was set to 5 s,
and 8 acquisitions were recorded with 8-step phase cycling. To obtain quantitative
data, MT NMR spectra were measured using 29 different values of the frequency
offset (4), ranging from 90 Hz to 130 kHz, and 3 values of the saturation pulse

amplitude (w,/2m), resulting in a total measurement time of 2 hours.
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Single-point MT measurements were performed with (w,/2m), = 0.50 kHz and 4 =

130 and 7.5 kHz, resulting in a total acquisition time of 2.6 min.

2.2.5. Two-pool exchange model

The two-pool exchange model (Eqg. 2.1), consisting of a free water pool (A) and a
semi-solid macromolecular pool (B), was used to fit the MT spectra obtained at

different w; and 4:
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where R, and R, are the longitudinal and transverse relaxation rates, respectively,

R., is the chemical exchange rate constant and Mg is the population of the semi-

solid pool. The R, ;5 parameter is the RF absorption rate of the semi-solid pool and

it depends on the absorption line shape of the restricted pool, which is typically

described by a Gaussian function:

_(2maT§ )2

Rypp = wf'ﬁ'TzB ez Eq. 2.2

Four parameters were obtained from the fitting, namely: R..M&/R{, T, R,.,, and
R4 /R4, It is known from the literature that the model is weakly dependent on R?
and that it is not possible to obtain a precise estimate of this parameter from the
model. Therefore, Rf was fixed to 1 s! (Morrison, Stanisz, & Henkelman, 1995).
The R..ME/R{ and R,, parameters are of particular interest for monitoring protein
digestion, because they describe the 'H protein-water exchange kinetics, which is
expected to change during protein digestion. For simplicity and in analogy to MTR,
in the following the R..ME/R{ parameter will be referred to as the composite

exchange rate (CER).
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2.2.6. Data processing and calculations

All processing and calculations were done in MATLAB R2019b (MathWorks,
Massachusetts, USA). Each magnitude spectrum was obtained as the absolute
value of the respective complex spectrum after Fourier transformation of the free
induction decays (FIDs). The maximum intensity of the water peak was calculated
for the different w; and 4, which were subsequently used to calculate the
Ssat/So ratio. Global fitting of the S, /S, ratios was performed with the two-pool
exchange model using the non-linear least squares method with the trust-region
algorithm. The 95% confidence interval (CI) for each model parameter was
determined via a bootstrap procedure with residual re-sampling and included 1000
repetitions (Efron & Tibshirani, 1993). To obtain a good estimate of the 95% CI
for the CER from the one-datapoint fit, a Gaussian distribution of 1000 samples
was simulated for the S, /S, obtained with w,/2m = 0.50 and A = 7.5 kHz. The
standard deviation for the simulation was estimated from triplicate measurements
of the S,,;/S,. The simulated S,,;/S, ratios were separately fitted with the two-pool
exchange model, resulting in 1000 values for CER from which the 95% ClIs were
calculated. All parameters in the model, except the CER, were fixed to their

respective average value across the different digestion samples.

2.2.7. Protein content quantification

First the supernatant was separated from the coagulum by centrifuging the
digestion sample at 10000 g for 30 min. The white semi-solid protein coagulum
was obtained as a result of phase separation occurring during in vitro protein
digestion. Next, the soluble nitrogen content in the supernatant was quantified
using a DUMAS Flash EA 1112 Protein analyzer (Thermo Fisher Scientific,
Massachusetts, USA). A conversion factor of 6.38 was used to obtain the protein
content from the nitrogen content. The coagulated protein fraction was calculated
by subtracting the protein content in the supernatant from the total known amount

of protein in the sample.
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2.2.8. RP-HPLC

The total amount of caseins in the supernatant of the digestion samples was
determined by RP-HPLC (Thermo Scientific™UItiMate 3000, Massachusetts, USA)
equipped with an Aeris Widepore 3.6 pym XB-C18 column, 250 X 4.6 mm
(Phenomenex, the Netherlands), according to the method described by de Vries
et al. (2015). Two solvents (A and B), consisting of 0.1% TFA in milliQ water
(Millipore, Billerica, MA) and 0.1% TFA in acetonitrile, respectively, were used
as the mobile phase for protein elution. The resulting chromatograms were
analyzed with Chromeleon 7.1.2. (Thermo Fisher Scientific, Massachusetts, USA).
The sum of the peak areas of as1-, as2-, B-, and k-casein in the supernatant were

determined for each of the digestion samples.

2.3. Results and discussion

2.3.1. MT spectra of raw and heated SM during in vitro gastric
protein digestion

In vitro gastric digestion of SM was followed by recording MT spectra as a function
of the frequency offset with w,/2m = 0.50 kHz. Especially in the frequency offset
range 2-10 kHz, the MT spectra of both raw (Fig. 2.1a) and heated (Fig. 2.1c) SM
deviated from the reference sigmoid curve expected for a system, such as bulk
water, devoid of MT effects. The observed shape was characteristic of a system
containing a semi-solid macromolecular pool, similar to what has been observed
for agar gels and membrane mixtures (Morrison et al., 1995). In such a system,
MT is expected to occur between the NMR signal of semi-solid macromolecules

and that of water via 'H dipolar coupling.

A shift from high to low frequency offsets was observed in the MT spectra of raw
SM with increasing digestion times (Fig. 2.1a). Large differences were observed
between the MT spectra att = 0 min and t = 1 min as well as between t = 1 min
and t = 5 min. The shift in the MT spectra indicates that both the semi-solid
proteins and the exchange rate decreased with increasing digestion time. The
decrease in the amount of semi-solid proteins was also visible in the digestion
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samples (Fig. 2.1b). The photographs of the digestion samples showed that a
physical separation occurred between a semi-solid pool that consisted of
coagulated caseins and a supernatant that consisted of soluble proteins and
peptides. Initially, casein coagulation takes place because the acidic environment
during gastric digestion neutralizes the negative charge on the surface of the
casein micelles. These neutralized casein micelles will interact with each other and
aggregate to form small flocs (Fig. 2.1b, t = 0 min) that can aggregate further to

form a coagulum once pepsin is added (Fig. 2.1b, t = 1 min).

Pepsin cleaves, amongst others, the k-casein tails on the surface of the casein
micelles, which leads to the formation of a tighter coagulum that can be
macroscopically observed as a clot (Fig. 2.1b, t = 1 min). As the digestion
continues, the casein coagulum is broken down by pepsin through hydrolysis of
peptide bonds (Didier Dupont & Tomé, 2014). This was observed in both the MT
spectra and the photographs of the digestion samples. After t = 5 min, the MT
spectra largely overlapped, with only small differences observed in the
intermediate range of frequency offsets, namely 2-10 kHz, where the 'H protein-
water exchange is mostly captured. We note that the MT spectra were different
from those of water, which indicates that even at t = 60 min still some semi-solid

protein was present in the sample.

The protein coagulum in heated SM consists of both caseins and denatured WP.
The MT spectra of heated SM (Fig. 2.1c) were notably different from those of raw
SM (Fig. 2.1a). Lower S4.:/S, values and smaller differences between t = 0 and 30
min were observed for heated SM than for raw SM, especially in the frequency
offset range 2-10 kHz. The most significant variation in the MT spectra of heated
SM was observed between t = 30 and 60 min. This indicates that heating slows
down the in vitro gastric digestion of the protein coagulum under infant digestion
conditions, which is in agreement with the photographs of the digestion samples
(Fig. 2.1d). After 60 min of digestion, only a small amount of casein coagulum
was present for raw SM, whereas for heated SM the amount of protein coagulum

was similar to that of raw SM at t = 5 min.

The heated SM sample was prepared by heating raw SM for 30 min at 80°C,
resulting in 90% WP denaturation, which is quite high. To explore whether MT can
distinguish raw SM from heated SM with a lower WP denaturation level, we also
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measured heated SM with 27% WP denaturation (Fig. S2.1). These results showed
that from t = 1 min onwards, the MT spectra of the three milk samples are
distinctly different from each other. At t = 60 min, the MT spectra of the two
heated milk samples overlap, but can still be distinguished from the respective
spectrum of raw milk. Therefore, it is possible to study the effect of heating at

different temperatures on the breakdown of the protein coagulum with MT.
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Figure 2.1. Left: 'H MT NMR spectra acquired with w,/2r=0.50 kHz for (a) raw skim milk
and (c) skim milk heated at 80 °C (90% Whey protein denaturation) digested in the in vitro
infant gastric digestion model for t =0, 1, 5, 15, 30 and 60 min. Right: photographs of the
digestion samples of (b) raw and (d) heated skim milk, in which two phases can be
distinguished, namely a precipitate consisting of the coagulum and a supernatant consisting
of soluble proteins and peptides.

2.3.2. Multi-parameter fitting of MT spectra

Protein digestion was quantitatively monitored by fitting MT spectra obtained at
different w,/2n and 4 values with the two-pool exchange model (Henkelman et

al., 1993). We also assessed the performance of three- and two-pool exchange
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with the inclusion of a dipolar order models, respectively containing 10 and 5
fitting parameters (data not shown) (Ceckler, Maneval, & Melkowits, 2001). As
expected, fitting errors with the three-pool exchange model were very large, even
for simulated data. The two-pool exchange model with inclusion of a dipolar order
contains one extra fitting parameter, given by the relaxation time of the dipolar
order. The latter, although significant for systems with strong molecular order and
immobility, such as lipid bilayers, is expected to be negligible for coagulated milk
proteins (Morrison et al., 1995). Hence, these examined models with inclusion of
a dipolar reservoir either reduced, or did not improve, the quality of the fit. Based
on the above considerations, we decided to adopt the four-parameter two-pool
exchange model, from which the dimensionless composite parameters,
CER (R.xME/R{) and R4/R{ ,and the single parameters,T¥ and R,,, were obtained.
The CER and R,, are of particular interest for monitoring protein digestion because

they describe the 'H protein-water exchange kinetics.

First, the number of measurements at distinct w,/27 and 4 values was optimized
for obtaining accurate and precise fitting of MT spectra of SM with the two-pool
exchange model, yet minimizing the measurement time. We found that reducing
the number of saturation pulse powers from seven to three values, namely w, /27
= 1.40, 0.78 and 0.50 kHz, did not have an effect on the fitting value and error.
The optimal values for the saturation pulse power depended on the exchange rate
of the sample under study, and for raw SM these values gave the best fit. With 29
offsets, it was possible to include sufficient points in the intermediate offset range
while also sampling the two plateaus, which was essential for accurate fitting of
the data (Fig. S2.2 and Table S2.1).

Next, the MT spectra recorded with the optimized acquisition parameters for raw
and heated SM samples at different time points during in vitro gastric digestion
were fitted with the two-pool exchange model. In general, the fitting successfully
described the MT spectra of the digestion samples (Fig. 2.2 and Fig. S2.3).
However, in a few cases, at w,/27=0.5 kHz and low-frequency offsets, the fitting
line deviated from the data. This became more evident for the longer digestion
time points, especially from t = 5 min onwards for raw SM. In these cases, a

super-Lorentzian line shape provided a better fit than the Gaussian line shape
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(Fig. S2.4 and Table S2.2), but in view of a uniform fitting procedure, we chose

to fit all MT spectra with a Gaussian line shape.
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Figure 2.2, 'H MT NMR spectra measured with w,/2m = 1.40, 0.78 or 0.50 kHz for raw skim
milk (top panel) or heated skim milk with 90% whey protein denaturation (bottom panel)
digested in the in vitro infant gastric digestion model att =1 (aand d), t =5 (b and e) and
t = 60 min (c and f). The solid line represents the multiparameter fitting of the two-pool
exchange model to the MT data. The thickness of the line represents the 95% confidence
intervals that were calculated via bootstrapping (see section 2.2.6).

Fitting the data with the two-pool exchange model provided plausible values for
the model parameters (Fig. 2.3 and Table S2.3). The parameters are shown with
95% CIs as derived via bootstrapping. The obtained CIs indicate that all
parameters, except R,,, can be obtained with a relative standard error of <10%.
For R.,, the estimated relative standard error is 10-55%. With the larger errors
corresponding to the later digestion time points for raw SM. These errors enable
quantitative assessment of the impact of digestion on TZ, R4/R#, CER. As shown
in Fig. 2.3a, the T# and R%/R# parameter did not notably vary during in vitro
digestion, but were useful for verifying fitting performance and plausibility of
returned values. Since both the T# and R4/R# do not largely vary during in vitro
digestion, fixing these parameters in the model could be considered for increasing

the confidence levels for CER and R,,. Indeed, fixing T and R4 /R{ to their average
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value across the digestion duration resulted in a ~2.5 and 4-fold decrease in the

error of the CER and R,,, respectively.

However, a one-way ANOVA revealed that there was still a statistically significant
variation over the digestion duration for T2 for both raw SM (F(5,12) = [357.4],
P = <0.001) and heated SM (F(5,12) = [59.70], P = <0.001).

The same was found for R3/R% for both raw SM (F(5,12) = [1905], P= <0.001)
and heated SM (F(5,12) = [2165], P = <0.001). Therefore, we decided to treat
the Tf and R4/R{ as free parameters in the fitting. The T remained short, around
14-19 ps, due to the restricted molecular motion of H in the coagulum. This is in
agreement with the expected short value of T# for semi-solid macromolecules,
with 9-20 us being the range typically reported in the literature, which is too short
to be measured by conventional NMR (Graham, Stanisz, Kecojevic, Bronskill, &
Henkelman, 1999; Jerban et al., 2018). Therefore, the semi-solid protein pool
(ME) can only be detected indirectly, by making its signal cross-relax with that of
water by, for example, magnetization transfer. The R4 /R# ratio is expected to be
larger than 1 for water molecules with restricted mobility, which is the case when
a large amount of semi-solid protein is present in the sample. For the digestion
samples, the R{/R{ was between 5-13. The mobility of the water molecules is
expected to increase during digestion due to a decrease in the amount of
coagulum. This explains the decrease observed in the R4 /R# from t= 0 to 5 min
and t = 0 to 60 min for raw and heated SM, respectively. Both the composite
parameter CER (Fig. 2.3c) and the chemical exchange rate R,, (Fig. 2.3d)
increased with the amount of semi-solid proteins present in the sample due to
correspondingly more efficient protein-water magnetization transfer. The caseins
in the coagulum are broken down into insoluble peptides that remain in the
coagulum but also soluble peptides that move into the supernatant, thereby
leading to a decrease in the CER and R.,. While both of these parameters are
promising for monitoring protein digestion, the CER was determined with a smaller
error than R,,. In addition, the CER depends not only on the exchange rate but
also on the amount of semi-solid protein, which is known to change during protein
digestion; furthermore, the CER proved comparably more sensitive to heat
treatment. Therefore, CER will be considered as the most informative MT fitting

parameter for studying the breakdown of the protein coagulum.
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The CER for raw SM largely decreased from t = 0 to 5 min, followed by a plateau
towards values close to zero (Fig. 2.3c). This indicates that most of the breakdown
of the casein coagulum occurred within the first 5 min. The CER for heated SM
increased slightly from t = 0 to t = 1 min followed by a decrease fromt = 1to t
= 60 min (Fig. 2.3c), which is in agreement with the photographs in section 2.3.1
(Fig. 2.1b). The CER values at all digestion time points were higher for heated SM
due to its larger semi-solid protein content compared to raw SM. The observed
difference between raw and heated SM in the decrease of CER during gastric
digestion indicates that heating may cause slower digestion of the protein
coagulum. These results show that the CER parameter can be used to monitor

both in vitro gastric digestion and changes in the digestion caused by heating.

(a) (b)
20~ T - . 20
L ]
15 il . 15 i
Tv? < -
E o« @
Pl 10 <-N 10+ FR
~ -4 ¢ ]
5 5 & . L] [}
0 . . .
065 16 30 60 05 15 30 60
Digestion time (min) Digestion time (min
(« (d) ¢ (mn)
iF 120
0.8 P 100
-~ 80
Eo:)e [ o
. 60
o4 ¢ L] nﬁ
§ 40
02 f 20 ¢ { i 1
0 . . . . oL, % = n i
05 15 30 60 05 15 30 60
Digestion time (min) Digestion time (min)

| ® RawsSM @ Heated SM|

Figure 2.3. Evolution of relaxation parameters (a) TZ, (b) R4 /R{ and MT parameters (c) CER
and (d) R,, obtained from the multi-parameter fit of the two-pool exchange model to the MT
spectra for raw SM and heated SM with 90% WP denaturation during in vitro gastric protein
digestion.
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2.3.3. Rapid MT measurements for monitoring digestion

While the CER can successfully be used to monitor in vitro gastric protein digestion,
the experimental conditions required to acquire multiple MT spectra and, thus,
estimate CER, are not compatible with dynamic studies of in vivo protein digestion.
This is because the overall measurement time and RF irradiation power,
respectively, exceed the duration of the digestion process itself and the specific
absorption rate (SAR) limitations on clinical MRI scanners. In addition, faster
measurements that fit within one breath hold are preferred in order to avoid
motion-related artifacts. Therefore, we explored whether the CERcould be
obtained from a single MT measurement, at a single combination of w,/2m and
Avalues, if all other parameters in the two-pool exchange model were fixed. The
data point at w;/27r = 0.50 and 4 = 7.50 kHz was chosen because, with this
combination, the difference in S, /S, for the different digestion samples was
maximized, while the effect of direct saturation of the water signal was minimized.
For estimation of the fitting error of CER, a Gaussian distribution with 1000 samples
of the Sg,;/S, was simulated. The fitting was performed with 1000 repetitions,
resulting in 1000 values for the CER for each digestion sample from which the
95% ClIs were calculated. All other parameters in the model were fixed to their
average value across the different digestion time points. The CER values obtained
from the single-datapoint fit (Fig. 2.4a) were comparable to the values obtained
from the multiparameter fit of 87 data points (Fig. 2.4b) and, as expected, the
fitting error was larger. Overall, the single-datapoint fit of CER for both raw (Fig.
2.4c) and heated (Fig. 2.4d) SM allows for the assessment of the impact of the
digestion time. The larger errors observed for the longer digestion times are in
agreement with the results from the multi-parameter global fit (Fig. 2.2a-c). This
approach was based on the assumption that the values of the other model
parameters did not significantly affect the outcome of the single-datapoint fit. This
was justified because fixing those parameters to other physically realistic values,
for example values within the 95% CI obtained from the multiparameter global
fitting, did not affect the value of CER obtained from the one-datapoint fit. (Fig.
S2.5). This demonstrates that the CER can be obtained reliably from a single-shot

measurement if all other model parameters are fixed to physically realistic values.
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Figure 2.4. Evolution of CER during in vitro infant gastric digestion obtained from (a) fitting
a single-data point at w,/2n = 0.50 and A = 7.5 kHz with the two-pool exchange model in
which all parameters except for the CER were fixed to the average value from the
multiparameter fit (b) multiparameter global fitting of MT data at w,/2n = 1.40, 0.78 and
0.50 kHz. Fitting of one datapoint for w,/2mr = 0.50 and A = 7.5 kHz for (c) raw and (d)
heated SM (90% WP denaturation) at different time points during in vitro infant gastric
digestion. The CER is normalized to the value at t = 0. The error bars in (a) represent the
95% confidence intervals, which were calculated via bootstrapping, the error bars in (b)
represent the 95% CI interval based on simulating a Gaussian distribution of the single-
datapoint with n=1000 and then fitting the simulated datapoints with the two-pool exchange
model.

A feasible approach for in vivo monitoring of protein digestion is to use the MT
ratio (MTR), which can simply be calculated as 1 - Sy, /S,. The MTR is semi-
quantitative and does not provide information on the magnetization transfer
kinetics. However, the advantage of using the MTR over the CER obtained from
the one-datapoint fit is that the former does not rely on assumptions nor fitting,

and is already an established method in in vivo MRI (Geeraert et al., 2018).
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The MTR and the CER both depend on the amount of MT that takes place between
the semi-solid protein and the water pool. Therefore, they are expected to follow
the same trend during in vitro gastric protein digestion. To collect data with
optimal MT effect for the digestion samples, the same w,/2m and 4 were used as
for the single-datapoint fitting approach. The MTR for both raw and heated SM
decreased with increasing digestion times (Fig. 2.5a). Higher MTR values and a
slower variation in the MTR were observed for heated SM as compared to raw SM
during in vitro gastric digestion. These observations are in agreement with the
trends observed for the CER. However, the variation in the MTR for both raw and
heated SM was smaller in the first 5 min of in vitro gastric digestion, and, in
contrast to the CER no clear plateau was reached after 5 min for raw SM. Whether
the MTR follows the trend of CER depends on the choice of w;/2m and 4. For our
selection of these parameters, Pearson correlation coefficient of MTR and CER
showed a significant positive correlation for both raw SM, r = 0.92, n =5, P
=0.001 and heated SM, r = 0.95, n =5, p = 0.003. This shows that both
parameters follow the same trend and, hence, that the MTR can be used as a semi-
quantitative alternative for the CERto interpret MT contrast in MRI images

acquired during gastric protein digestion.

To validate MTR as a marker for protein digestion, we benchmarked it against
commonly used reference methods, such as the OPA assay, which measures the
number of free amino groups, often described as the degree of hydrolysis. This
method is mainly applied to study in vitro gastric and intestinal digestion (Mulet-
Cabero et al., 2019). However, infant gastric digestion is slow due to the low
pepsin activity, and the caseins are mainly broken down into relatively large
peptides (Ménard et al., 2018). The difference in the number of free amino groups
between the intact proteins and large peptides is small and difficult to detect with
the OPA assay. In our study, no variation was found in the number of free amino
groups during in vitro gastric digestion for both raw and heated SM (Fig. S2.6).

Next, the total protein content and the amount of caseins in the supernatant were
determined by DUMAS and RP-HPLC, respectively. The protein content in the
supernatant, as determined by DUMAS, was used to calculate the protein fraction
in the coagulum. It should be noted that with DUMAS, as opposed to the Bradford

or Bicinchoninic Acid (BCA) assay, the total nitrogen content is measured, which
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includes also the non-protein nitrogen (NPN) fraction. The NPN in milk mainly
consists of urea and makes up only 5% of the total nitrogen. However, because
the contribution from the NPN fraction does not vary during protein digestion,
DUMAS can be reliably used for protein content analysis of our digestion samples.
Furthermore, DUMAS is expected to yield less over-estimation of protein content
in milk (Wu, Jackson, Khan, Ahuja, & Pehrsson, 2018) or protein-protein
variability (Hayes, 2020) as compared to colorimetric methods. In the results of
our DUMAS analysis shown in Fig. 2.5a, the protein fraction was higher, and the
variation during in vitro gastric digestion was smaller, for heated SM than for raw
SM. The initial protein fraction in the coagulum was smaller than for the
subsequent digestion times, because the coagulum at t = 0 min consisted of small
flocs that were formed by acid-induced coagulation and the majority of proteins
in the sample were at that point still in the supernatant. This was in contrast with
the MTR and CER results, for which the bulk sample was measured and, therefore,
contributed to the MT process. At t = 0 min, the caseins were mainly present as
micelles in milk, whereas at later digestion time points a separation into a liquid
and semi-solid phase was observed. In these bulk measurements, the contribution
from the liquid phase affects the overall MTR, resulting in lower values as digestion

progresses during which the liquid phase increases.

The MTR results were further benchmarked by comparing the MTR of the
supernatant (Fig. 2.5b with the sum of the peak areas for caseins obtained from
RP-HPLC analysis of the supernatant. The MTR of the supernatantatt =1 and 5
min was higher for heated than for raw SM. After 15 min the MTR is the same for
both raw and heated SM. At t = 1 and 5 min, the supernatant of heated SM
contained some coagulated particles, explaining the higher MTR measured for
those samples. The sum of peak areas of caseins for heated SM were always lower
or the same as those for raw SM, indicating that the supernatant from heated SM
contained less or the same amount of intact casein as that of raw SM. A difference
was observed between the MTR and RP-HPLC analysis for t = 0 and 5 min, which
can be explained by the fact that all solid particles had to be removed from the
sample for the RP-HPLC analysis, while this was not needed for the MTR
measurements. As there was nearly no intact casein in the supernatant, RP-HPLC
analysis of the supernatant alone is not sufficient to get a complete picture of the
digestion.
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Overall, the MT results are in agreement with the reference methods and a positive
significant correlation was found between the MTR and protein fraction in the clot
(r = 0.95, P < 0.001, n = 10; Fig 2.5c). It should be noted that an additional
advantage of the MT-NMR methods is that the MTR is more sensitive to gastric
protein digestion compared to protein content measurements. The decrease in the
MTR between t = 1 min and 60 min is 60% and 45% for raw and heated SM,
respectively, while the corresponding decrease in the protein content is 10% for

both milk samples.

The MT results are further supported by previous observations (Sanchez-Rivera,
Ménard, Recio, & Dupont, 2015) of a difference in casein digestion kinetics
between raw and heated SM. Sanchez-Rivera and co-workers found a decrease in
the amount of caseins after 4 min of digestion of 80% and 8%, respectively for
raw and heated SM. This is comparable with the MTR and CER results in our study.
The decrease in the MTR was 50% and 10%, and the decrease in the CER was
90% and 20% for raw and heated SM, respectively. Heating can cause the caseins
and denatured whey protein to aggregate together, thereby leading to slower
pepsin penetration of the coagulum, which may explain the slower gastric

digestion of the protein coagulum in heated SM.

In this work, we focused solely on gastric digestion because it is the first step in
the digestion process, and it is well known to be affected by heat treatment.
Protein digestion continues in the intestines, where the solubilized proteins and
relatively large peptides, produced during gastric digestion, are further hydrolyzed
into small peptides and amino acids that can be absorbed. Gastric digestion may
have an influence on intestinal digestion, and thereby on subsequent absorption
of small peptides and amino acids (Mulet-Cabero, Mackie, Brodkorb, & Wilde,
2020). In future works, it would be interesting to link the effect of processing on
gastric digestion to the absorption of peptides and amino acids.

Our results show that *H MT NMR can be used to monitor in vitro protein digestion
and that the MTR is a promising marker for monitoring in vivo gastric protein
digestion in humans. The current duration of the MTR measurements is 2.6 min,
but this could be further reduced by reducing the saturation pulse length and the
number of scans, to make the measurement fit within one breath hold.
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The next step will be to make the MT measurements spatially-resolved and to
assess the capability of MT to monitor protein digestion under conditions more

similar to in vivo digestion, e.g. by using a dynamic in vitro digestion model.
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Figure 2.5. (a) Evolution of normalized MTR of coagulum and supernatant calculated as 1 —
Ssat/So for w,/2m = 0.50+0.05 kHz and A = 7.5 kHz at different time points during in vitro
infant gastric digestion of raw and heated SM. The protein fraction in the coagulum is plotted
in the same figure and was calculated by subtracting the amount of protein in the
supernatant determined by DUMAS from the total amount of protein in the sample. (b)
normalized MTR of the supernatant and normalized sum of peak areas of caseins determined
by RP-HPLC analysis of the supernatant. The MTR and peak areas were normalized to their
respective values at t = 0 min. (c) The MTR plotted against the protein fraction in the clot.
The Pearson correlation coefficient of the MTR and the protein fraction in the clot for both
samples showed a significant positive correlation (r = 0.95, P <0.001, n = 10). The first
time point, at t = 0 min, has been left out of the correlation analysis.
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2.4. Conclusions

'H MT NMR was successfully applied, and benchmarked against reference
methods, to non-invasively study in vitro gastric protein digestion of raw and
heated SM. The MT spectra are sensitive to changes in the 'H protein-water
interactions, which occurred during protein digestion. The quantitative composite
parameter, CER, can be determined as a function of digestion time with a relative
standard error of <10%, both by MT spectra and single-point MT measurements.
The decrease in the CER is in line with the literature and reference data of in vitro
gastric digestion of SM. Therefore, the CER is a suitable parameter for monitoring
in vitro gastric protein digestion. For a more rapid MT measurement that does not
require data fitting, the semi-quantitative MTR can be used, which is more feasible
for in vivo studies on clinical MRI systems. Heating of SM results in a slower
decrease of the CER and MTR with digestion, indicating a difference in protein
coagulum digestion kinetics between heated and raw SM. Therefore, MT could also
be applied to study the effect of processing on protein digestion. Our results pave

the way for future in vivo quantification of protein digestion by means of MT-MRI.
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2.5. Supplementary Information
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Figure S2.1. 'H MT NMR spectra acquired with w,/2n=0.50 kHz for raw SM (blue) and SM
heated at 70°C (purple) and 80 °C (pink) digested in the in vitro infant gastric digestion
model for t =0, 1, 5, 15, 30 and 60 minutes. The digestion was stopped at each time point
by adding Pepstatin A.

2.5.1. Optimization of w,/2m and 4 for accurate and reliable fitting
of MT spectra with the two-pool exchange model

First, the number of w; and 4 were optimized for accurate and reliable fitting of
MT spectra of skim milk with the two-pool exchange model. We started with a
data set of 7 w,/2m and 37 4 (Fig. S2.2a), which took 5 hours and 45 minutes to
measure, and incrementally decreased this to 4 4. We found that the number of
A could be reduced to 22 without having a significant impact on the fitting value
(Fig S2.2b) and error (Fig S2.2c). Moreover, the best fit was obtained when a
large number of 4 was included in the center of the MT spectrum ( 4= 0.5 - 50
kHz). Next, the number of w, was systematically decreased and we found that
using three w, /27 values was sufficient to obtain an accurate fit of the MT spectra.
The optimal values for w,/2n depends on the exchange rate (Fig S2.2d) of the
system under study and for raw skim milk (pH 6.7), intermediate to low values

for w,/2m gave the best fit and the parameter values and errors did not
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significantly differ from those obtained from the complete data set (Fig. S2.2e;
Table S2.1). With the optimized MT acquisition parameters, the measurement time

was reduced to less than 2 hours.
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Figure S2. (a) MT spectra of skimmed milk at 7 w,/2m and 37 A forming a data set consisting
of 259 data points in total. (b) Normalized fitting value as function of number of data points
used for fitting, in which the number of A per w,/2m was systematically decreased. (c)
Normalized fitting value as function of number of data points. (d) MT spectra of skimmed
milk with the optimized MT acquisition parameters consisting of 3 w,/2m and 29 A resulting
in a total data set size of 87. (e) The fitting value of Rex with the 95% confidence interval
shown as an error bar obtained from fitting simulated data with an Rexof 35 s,
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2.5.2. Multiparameter fitting of MT data
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Figure S2.3. MT spectra obtained with saturation pulse powers, w,/2n = 1.40, 0.78 and
0.50 kHz at a magnetic field strength of 7 T for raw skim milk digested in the in vitro infant
gastric digestion model at (a) t = 0, (b) t = 15 and (c) t = 30 minutes. The MT spectra under
the same conditions for heated skim milk are shown in (d) t = 0, (e) t = 15 and (f) t = 30
minutes. The R? was fixed to 1 s*. The solid line represents the multiparameter fitting of
the two-pool exchange model to the MT data. The thickness of the line represents the 95%
confidence intervals that were calculated via bootstrapping (see materials and methods).
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Figure S2.4. Left: Fitting of *H MT NMR spectra acquired with w,/2r=0.50, 0.78 and 1.40
kHz with the two-pool exchange model using a gaussian function to describe the lineshape
of the semi-solid pool for raw skim milk digested in the in vitro infant gastric digestion model
for (a) t =1 min and (c) t = 60 mins. Right: same as left but with a super-Lorentzian
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Figure S2.5. Effect of different physically plausible values for R.,, T,z and R4 /R{ on

the value obtained for the composite parameter, R..ME/R#, from the one-datapoint
fit.

2.5.3. OPA assay during static in vitro digestion of SM
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Figure S2.6. Free amino group per gram of protein determined by the OPA assay for raw
SM and heated SM with 90% WP denaturation.
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Table S2.1. Physical parameters obtained by global fitting of the original data set
consisting of 259 data points in total and of the optimized data set consisting of 87 data
points in total.

Fit parameter Full data set Optimized data set
(RexMoB) /R1a 0.8+0.1 0.9+0.1

T2z (MS) 14.5+0.2 14.1+0.1

Rex (s1) 60+15 7520

R2a/Ria 27+1 24+2

Table S2.2. Model parameters obtained from the global fit of the two-pool exchange model
to the MT spectra using either a gaussian or super-Lorentzian (SL) function to describe the
lineshape of the semi-solid pool. REwas fixed to 1 s™.

Fit parameter Gaussian SL Gaussian SL

1 minute 1 minute 60 minutes 60 minutes
RexMB/Ria 0.5:0.1 50+200 1-10-3:3.102 45:12
T2 (Us) 16+2 190+190 14+60 140+10
Rex(s1) 40+15 300+150 1+40 150+20

Raoa/Ria 10+0.5 350+200 6+10 160+20
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Abstract

Protein digestion is commonly studied using in vitro models. Validating these
models with more complex in vivo observations remains challenging, in particular
due to the need for non-invasive techniques. Here, we explore Magnetization
Transfer (MT) and Chemical Exchange Saturation Transfer (CEST) MRI for non-
invasive monitoring of protein solubilization and hydrolysis during static in vitro
digestion using skim milk (SM). We measured CEST spectra of unheated and
heated SM during gastric digestion, from which a measure for soluble
proteins/peptides was obtained by calculating the asymmetric MT ratio (MTRysym)-
We also obtained the semi-solid volumes (v,;), MT ratio (MTR) and MTRgy,, from
the same measurement, within 1.3 min. The MTR,,, area increased with gastric
digestion, due to solubilization of the initially-formed coagulum, yielding a mean
difference of 20x7% between unheated and heated SM (p<0.005). The v, and
MTR decreased during gastric digestion and can be used to monitor changes in
the coagulum, but not for assessment of soluble proteins/peptides. The MTRyy,
increased during gastro-intestinal digestion, proving sensitive to protein
solubilization and hydrolysis. Future steps will include similar MT and CEST studies

under complex dynamic conditions.
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3.1. Introduction

Protein intake is essential for the growth and repair of body cells, muscle function
and development of the immune system. Milk is one of the main sources of protein
in the human diet and is the only source of protein for infants. Milk proteins,
namely casein and whey, are digested in the gastro-intestinal tract, which is a
complex dynamic system and is crucial for the breakdown of milk proteins and for

the subsequent absorption of amino acids (Dupont & Tomé, 2020).

Milk protein digestion starts in the gastric phase (GP), where first a semi-solid
protein coagulum is formed by a combination of acid- and pepsin-induced
aggregation of the casein micelles or, in the case of heated milk, of casein micelles
and denatured whey proteins (Huppertz & Chia, 2021). This is followed by
solubilization and hydrolysis of the semi-solid protein coagulum into soluble
proteins and relatively large peptides. Next, these proteins and peptides are
transported into the intestinal phase (IP), where they are hydrolysed into small
peptides and amino acids (Dupont & Tomé, 2020). Processing of milk products
includes heating, which in turn can modify the structure, gastric coagulation, and
overall digestibility of the proteins (Huppertz & Chia, 2021; van Lieshout et al.,
2020). Protein digestion is currently studied using either animal models (Barbé et
al., 2014), static (Brodkorb et al., 2019; Ménard et al., 2018) or (semi)-dynamic
in vitro digestion models (Dong et al., 2021; Mulet-Cabero, Egger, et al., 2020;
Mulet-Cabero et al., 2017), gastric aspirates in infants (Nielsen et al., 2020), ileal
sampling (Gaudichon et al., 1999) or by measuring the appearance of amino acids
in blood in humans (Bos et al., 2003; Horstman et al., 2021).

In vitro digestion models are useful because they are simple, well controlled, do
not impose any ethical constraints, and can provide insights into the digestion
kinetics and chemical composition of the digesta. However, they need to be
validated using in vivo data. This requires the use of non-invasive measurement

techniques that can monitor both in vitro and in vivo digestion.

Magnetic Resonance Imaging (MRI) has great potential for investigating in vivo
protein digestion because it can be used to acquire detailed images of the gastro-
intestinal tract in a non-invasive manner (Smeets, Deng, Van Eijnatten, & Mayar,

2020). MRI is currently mainly used to assess gastric processes, such as gastric
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emptying and phase separation, at a macroscopic level (Spiller & Marciani, 2019).
While such macroscopic MRI images provide some information on the degree of
coagulation, as apparent visually (Camps et al., 2017, 2021), they do not provide
a local molecular-scale measure of the degree of milk protein coagulation and
protein breakdown.

Previous studies have shown that the 'H longitudinal (R;) and transverse (R,)
Nuclear Magnetic Resonance (NMR) relaxation rates can be used to monitor the
digestion of whey protein gels in a static (Deng et al., 2020) and semi-dynamic
(Deng et al., 2022) in vitro gastric digestion model. The R, and R, parameters
provide information on the molecular mobility of water in food systems, but their
translation into quantitative chemically-specific or molecular-level parameters is

not trivial.

Magnetization Transfer (MT) and Chemical Exchange Saturation Transfer (CEST)
are promising for monitoring milk protein coagulation and breakdown on a
macroscopic- and (supra-)molecular level. MT is a magnetic resonance technique
that can be used to quantify low-abundant semi-solid proteins in aqueous (food)-
systems via through-space dipolar couplings between the semi-solid protein and
water (Henkelman et al., 1993; van Duynhoven et al., 1999).

CEST is based on the same principle as MT, but instead it can be used to measure
the 'H chemical exchange between amide, amine and hydroxyl protons of
dissolved mobile proteins/peptides and water (Van Zijl & Yadav, 2011). CEST is
known to be dependent on solute concentration (Chan et al., 2014), molecular
conformation (e.g. protein folding/unfolding and structural rearrangements)
(Goerke et al., 2015; Longo et al., 2014) and pH (Sun et al., 2016). Therefore, a
combination of MT and CEST MRI is promising for the assessment of both semi-
solid and soluble proteins during gastric digestion. MT and CEST measurements

are performed using the same MRI pulse sequence.

First a radio-frequency (RF) saturation pulse is applied at a frequency offset
relative to the water signal. This pulse selectively saturates the magnetization of
protons associated with the semi-solid macromolecules or solutes by equalizing

the populations of the respective 'H energy levels.
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The obtained saturation is then transferred to the water protons via a combination
of through-space 'H dipolar couplings and/or 'H chemical exchange. The
saturation transfer can then be detected as a suppression of the water signal. The
saturation pulse can be applied at both positive and negative frequency offsets
(4) relative to the water proton frequency to acquire a CEST spectrum. In the
CEST spectrum the water signal intensity with the saturation pulse applied at a
given 4 value (S,,:(4)) is normalized to the signal intensity without any saturation
(Sy), and is plotted as a function of the frequency offset 4. The CEST spectrum
includes contributions from 'H chemical exchange with mobile low-molecular-
weight molecules, MT with semi-solid molecules and direct water saturation (DS)
(Van Zijl & Yadav, 2011; Wu et al., 2016). From the CEST spectrum, the MT ratio
(MTR) (Eqg. 3.1) and the MTR,,,, (EQ. 3.2) can be obtained, as follows:

MTR = 1— (S0t (4)/S0) Eq. 3.1

MTRasym = (Ssac(—4) — Ssar(+4))/So Eq. 3.2

The MTR parameter is mainly dependent on the amount of semi-solid protein and
the chemical exchange rate. We have previously shown that bulk NMR
measurements of the MTR can be used to monitor the in vitro gastric coagulation
and breakdown of milk proteins and to study the effect of heating on this process
(Mayar et al., 2022). The chemical exchange of soluble proteins/peptides can be
characterized by the MTR,,,,, calculation, which removes the additional semi-solid
MT and DS contributions from the CEST spectrum. This calculation is based on the
assumption that the MT and DS contributions are symmetric around the water
signal, but the chemical exchange effect is asymmetric (Van Zijl & Yadav, 2011).

In vitro gastro-intestinal protein digestion includes changes in the state of
proteins, such as coagulation, solubilization and hydrolysis (Huppertz & Chia,
2021; Mulet-Cabero, Egger, et al., 2020). Therefore, we hypothesize that a
combination of CEST and MT MRI can be used to monitor these changes during
static in vitro infant gastro-intestinal digestion of milk. In the present study, we
combine CEST and MT measurements with imaging to obtain spatially-resolved
information on in vitro milk protein coagulation and breakdown. The infant in vitro
digestion protocol was chosen because milk is the only source of protein for infants

but the effect of heating on gastric protein digestion is still poorly understood in
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this group. Gaining a better understanding of the effect of processing on digestion
can aid in optimizing the production process of infant formula for optimal protein
digestion. The methodology described in this paper can however directly be
applied to other digestion models, such as INFOGEST (Brodkorb et al., 2019).

3.2. Materials and methods

3.2.1. Materials

Whey Protein Isolate (WPI) was purchased from Davisco Food International, Inc.
(USA). Pepsin (631 activity units/mg), pancreatin (trypsin activity 3.13 U/mg)
from porcine origin, trypsin (10000 U/mg) and bile from bovine origin, trypsin
inhibitor (Pefabloc), calcium chloride hexahydrate, hydrochloric acid, L-serine,
potassium chloride, sodium bicarbonate, sodium chloride, sodium hydroxide and
tris(hydroxymethyl)-aminomethane hydrochloride all purchased from Sigma
Aldrich, Inc. (USA). Pepsin inhibitor (pepstatin A) was purchased from Thermo
Scientific, Inc. (USA). o-phthaldehyde (OPA), disodium tetraborate decahydrate,
sodium dodecyl sulfate (SDS), dithiothreitol (DTT) were purchased from Merck
(Germany). Milli-Q water (resistivity 18.2 MQ.cm at 25 °C, Merck Millipore, USA)

was used in all experiments.

3.2.2. Preparation of WPI solutions

WPI powder was dissolved in Milli-Q water at different concentrations (1, 3, 6,
12 wt%) and stirred at room temperature for 1 h. The pH of the solutions was
adjusted to pH 2, 3.5, 4.5, 5.5 and 7 using either 1 M hydrochloric acid or 0.1 M
sodium hydroxide. The protein solutions were stored in the fridge at 5 °C and
were used within one day. The WPI solutions were prepared and measured in

duplicate.
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3.2.3. Preparation of whey protein hydrolysate

Whey protein concentrate (WPC) powder was obtained from raw skim milk (SM)
from bovine origin. The SM was acidified with 1 M hydrochloric acid to a pH of 4.6
to precipitate the casein micelles, followed by centrifugation for 20 min at 4 °C
and 6000 g. The supernatant containing the soluble whey proteins was separated
from the pellet and was dialyzed to remove salts and lactose. The dialysis was
performed against a solution of lactic acid in Milli-Q at pH 4.6 and 4 °C using a
dialysis membrane with a molecular weight cutoff of 10 kDa. The demineralized
whey protein was freeze dried to obtain the WPC powder. The WPC powder was
dissolved in TRIS-HCI (3.4 wt%) and the pH was adjusted to pH 7.5 using 0.1 M
sodium hydroxide. The WPC solution was incubated with 5 mg of trypsin per gram
of protein at 45 °C for 2.5 and 5.5 hours to obtain the whey protein hydrolysate.

The WPC hydrolysate samples were prepared and measured in duplicate.

3.2.4. Preparation of simulated digestion fluids

Simulated gastric fluid (SGF) was composed of sodium chloride and potassium
chloride with a concentration of 94 and 13 mM, respectively, and adjusted to pH
5.3. Pepsin was added to SGF right before the digestion experiment. Simulated
intestinal fluid (SIF) was composed of 164 mM sodium chloride, 10 mM potassium
chloride and 85 mM of sodium bicarbonate and adjusted to pH 7. Calcium chloride
was added separately before the beginning of the intestinal phase at a

concentration of 3 mM within the volume of the intestinal fluid.

3.2.5. In vitro digestion

Unheated and heated SM (USM and HSM, respectively) were obtained following a
procedure described elsewhere (Mayar et al., 2022). In vitro gastric and intestinal
digestion was conducted based on a digestion protocol for 1 month old infants
(Ménard et al., 2018). To prepare 1 mL of gastric digestion sample, SM and SGF

containing pepsin were mixed in a 10-mm NMR tube in a 63:37 (v/v) ratio. The



88 | Chapter 3

activity of pepsin in the digestion sample was 268 U/mL of gastric content. The
pH was adjusted to 5.3 with 1 M hydrochloric acid. The samples were incubated
in a water bath at 37 °C fort = 0, 1, 5, 15, 30 and 60 min. These time points
were based on (Ménard et al., 2018) with the addition of t = 1 min to better
capture the fast disappearance of the coagulum of raw SM. The activity of pepsin
was inhibited by adding 10 pL of a 0.72 pM Pepstatin A solution. The samples
were measured by MRI without any further sample preparation. For intestinal
digestion, first 5 mL of t = 60 min gastric digestion sample was prepared. The pH
was adjusted to pH 6.6 and the sample was mixed with SIF in a 62:38 (v/v) ratio
to obtain intestinal digestion samples composed of 39% SM, 23% SGF and 38%
SIF. The SIF contained pancreatin with a trypsin activity of 16 U/mL of intestinal
content. The samples were incubated in a water bath at 37 °Cfort =0, 1, 5, 15,
30 and 60 min. The activity of trypsin was stopped by adding 10 pL of a 0.5 M
Pefabloc solution. Both gastric and intestinal digestion experiments were

performed in triplicate.

3.2.6. MRI measurements

'H CEST MRI measurements were conducted at room temperature at a magnetic
field strength of 7 T, corresponding to a 'H frequency of 300.13 MHz, on an Avance
I1I spectrometer (Bruker Biospin, Fallanden, Switzerland) equipped with the Micro
2.5 radiofrequency (RF) coil with an inner diameter of 30 mm and the Micro 2.5
microimaging gradient system with maximum gradient intensity of 1.5

T-m~1! along all three axes.

Measurements were conducted using a CEST-Rapid Acquisition with Refocused
Echoes (RARE) sequence. The CEST module consisted of a train of 10 block pulses
with a pulse length (t,) of 100 ms and an interpulse delay (tg) of 10 ps, resulting
in a saturation time (T,,.) of 1 s. The B; amplitude was set to 3 uT. 'H CEST spectra
were measured for 61 A values equally spaced from -10 to 10 ppm, yielding a
CEST spectral resolution of 0.33 ppm. Water saturation shift referencing (WASSR)
(Kim et al., 2009) spectra were measured to construct a B,-map for By-
inhomogeneity correction of the CEST spectra. For the WASSR measurement, a

Tsqe Of 50 ms and a B; of 0.2 pT was used. The saturation pulse consisted of 10
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block pulses with a t,, of 5 ms and a t4e,, 0of 10 us. WASSR spectra were measured
using 31 A values ranging between -1.5 and 1.5 ppm with a resolution of 0.1 ppm.
In addition, two reference S, images were acquired, respectively at 4 =-450 and

450 ppm.

The RARE imaging parameters were as follows: field-of-view of 25 x 25 mm,
matrix size of 128x128, three axial slices with thickness of 2 mm, distance of 3
mm and offset set to -3 mm. Sinc3 pulses were used for excitation and refocusing
with a flip angle of 90° and 180°, respectively. A repetition time (TR) of 5 s, echo
time (TE) of 9.8 ms and a RARE-factor of 32 was used, resulting in a total
measurement time of 21 min and 11 min for the CEST and WASSR measurement,
respectively. The effective TE was 78 ms, leading to a T,-weighted image in which
the signal of semi-solid protons with a short transverse relaxation time (T,) is

suppressed.

3.2.7. Data processing and analysis

All processing and calculations were done in MATLAB R2019b (MathWorks,
Massachusetts, USA). First, WASSR spectra were constructed for each voxel by
calculating S,;/S, as a function of 4. The WASSR spectra were interpolated with
cubic-spline fitting on a voxel-by-voxel basis and the frequency shift, §4W4SSk =
Amin — 4o, Was determined for each voxel as the difference between the position
for the minimum of the interpolated spectrum, 4,,:,, and the reference position of
the water signal, 4, =0 ppm. The WASSR B,-map was constructed by plotting
SAWASSR(x,y) for each voxel. Next, the CEST saturation frequencies were corrected
voxel-wise by using the WASSR By,-map and the S,,; were then interpolated with
cubic-spline fitting to obtain the S,,; signal intensity at the desired 4. Region-of-
Interest (ROI) masks of the sample tube were drawn manually, and the mean
signal intensity within the ROI was used to construct the CEST spectra, where
Ssat/So is plotted as a function of A. The MTR and MTR,,,, were calculated
according to equations 3.1 and 3.2. The MTR,,, area was calculated as the area
under the curve between1.2 and 4 ppm. For WPI, WPC and milk digestion
samples, the mean CEST and corresponding MTR,,,, were calculated per slice

over the whole sample tube.
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The WPI and WPC samples were homogenous solutions, therefore, calculating the
mean CEST and MTR,,,, spectra over the sample tube is adequate and gives a
good representation of the local MTR,,. For the milk digestion samples, which
are heterogenous, additional semi-solid and liquid content masks were obtained
by intensity thresholding of the T,-weighted S, images using the multithresh
function with two levels in MATLAB (Otsu’s method). Masks for the semi-solid or
the liquid phases in the sample were applied to the unsaturated and saturated
images in order to calculate the MTR and MTRg,,, maps of the coagulum and
supernatant, respectively. The masks for the solid-phase sample components
were also used to calculate the semi-solid volume (vy) by multiplying the voxel
volume by the total number of semi-solid-containing voxels. The mean MTR and
MTRg4s,m values were calculated by taking the sum over either the solid- or liquid-
containing voxels, and averaging it over the total number of voxels within the

respective ROIs.

3.2.8. OPA assay

The degree of hydrolysis of WPC hydrolysate samples was determined using the
OPA method (Nielsen et al., 2001). First the OPA reagent solution was prepared
by dissolving 3.8 g disodium tetraborate decahydrate in 80 mL of MilliQ while
stirring at 35-40 °C. Next, 88 mg DTT and 100 mg SDS were added. Then, 80 mg
OPA was dissolved in 3 mL ethanol and transferred to the above-mentioned
solution and the volume was adjusted to 100 mL with MilliQ. The WPC samples
were centrifuged at 10000g for 30 minutes and diluted 10 times. The calibration
curve consisted of L-serine standards of 0.5, 1.25, 2.5, 5, 7.5, 10 and 15 mM in
MilliQ. To prepare the samples for measurement, 10 uL of the blank (MilliQ), L-
serine standard or diluted WPC sample was added to a well of a transparent 96-
well polystyrene plate (Greiner) and was mixed with 200 pL of OPA reagent. The
well-plate was covered with aluminium foil and kept at RT for 15 mins. The
absorbance was measured at 340 nm using a Spectramax M2 microplate reader.
The degree of hydrolysis (DH) was calculated using the method described by
Spellman et al. (2003).
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3.2.9. Statistical analysis

The means and standard deviations were calculated based on duplicate or
triplicate experiments. The error bars in the figures represent the standard
deviations. The regression analysis for the MTR,,, area with the pH and protein
concentration were performed in MATLAB R2019b (MathWorks, Massachusetts,
USA) using the “fit linear regression model”. Repeated measures analysis of
variance (repeated measures ANOVA) followed by a Post-hoc Tukey’s honestly
significant difference (HSD) test was performed in MATLAB to determine whether
there was a significant effect of digestion time and heat treatment on the MTR4ym,

area. The significance level for all analyses was set at p = 0.05.

3.3. Results and discussion

3.3.1. 'H CEST of WPI and WPC solutions: effect of pH,
concentration and hydrolysis

The effect of pH and protein concentration on the chemical exchange was studied
using WPI solutions at varying pH (Fig. 3.1 a-c) and concentration (Fig. 3.1 d-f).
The CEST spectra at different pH (Fig. 3.1a) contained a broad and symmetric
direct saturation (DS) of the water signal around 0 ppm and a CEST signal around
3 ppm. The CEST signal resulted from chemical exchange between water protons
and the exchangeable protein protons, such as hydroxyl (~4 =1 ppm), amine (4
= 2-3 ppm) and amide (4 = 3.5 ppm) protons (DeBrosse et al., 2016; Pardi et
al., 1983).

The MTR,,, spectra were calculated for better quantification of the chemical
exchange effect (Fig. 3.1b): their amplitude increased with pH, most significantly
between pH 2 and 3.5 and pH 5.5 and 7. The MTRgy,, spectra at pH 3.5-5.5 had
a similar shape and intensity with two overlapping peaks at ~1 and 2.5 ppm, and
were notably different as compared to the spectrum at pH 7. We note that the
samples at pH 3.5-5.5 were more turbid as compared to those prepared at pH 2
and 7 (Fig. S3.1), indicating a correspondingly lower solubility and/or aggregation
of the whey proteins. The pH range 3.5-5.5 is near the iso-electric point (pI) of
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bovine whey proteins, namely around pH 4.2 or 5.1 for a-lactalbumin or B-
lactoglobulin, respectively. Proteins are known to aggregate, and are less soluble
at their pI (Cornacchia et al., 2014), which might explain the distinct shape and
low intensity of the MTR,,,, spectrum in this pH range. These observations are in
agreement with CEST data of bovine serum albumin, where a decrease in the
MTRysym and a separation into two peaks was observed upon heat-induced

aggregation (Longo et al., 2014).

The area under the MTR,,, spectrum between A = 1.2 - 4 ppm was calculated to
quantify the pH dependence of the bulk chemical exchange. We note that A< 1
ppm ranges were excluded in this calculation because, at A values close to the
direct water saturation around 0 ppm, the MTR,, analysis becomes unreliable
and the MTRg,,, intensity depends on the slice position, even for homogenous
whey protein solutions (Fig. S3.2). We found that the area under the MTR,m,
spectrum followed a linearly increasing trend with pH (Fig. 3.1c), with smaller
differences and overlapping error bars observed in the pH range around the pI of
the whey proteins. Chemical exchange of amine is a dominantly base-catalyzed

reaction, which explains the increase of the MTR,,,, with pH.

The CEST signal and MTRgy., also increased with concentration (Figs. 3.1d-f),
while the shape of the MTR,,,, remained the same for all concentrations. These
results showed that the MTRg,, is sensitive to variations in pH and protein
concentration, which can occur during in vivo protein digestion (Gan et al., 2018).

However, protein hydrolysis is also expected to occur during gastric digestion.
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Figure 3.1. For WPI solutions at (a-c) 12% concentration and varying pH or at (d-f) pH 7
and varying concentration. (a,d)*H CEST and (b,e) MTR,., spectra, alongside the respective
correlation plots for the MTR,,, areas (A=1.2-4 ppm) as a function of either (c) pH (y =
0.11x — 0.16, R* =0.94) or (f) concentration (y = 0.07x + 0.05, R? = 0.94). The MTR,,, area
values are plotted as the mean * SD of duplicate experiments.

To verify whether CEST is sensitive to protein hydrolysis, a whey protein
hydrolysate was prepared by incubating an unheated intact WPC solution with
trypsin at pH 7.5 at 45 °C for 2.5 and 5.5 hours. Unheated WPC was used to avoid
whey protein denaturation and aggregation, which could both cause variations in

the chemical exchange.

As shown in Fig. 3.2a, the CEST spectra for the intact or hydrolyzed samples were
very similar, with only a small difference observed in the 4=0.6-3.5 ppm range.
This difference is more clearly visualized in Fig. 3.2b in the MTRgy,, spectral
representation, where a gradual increase was observed with the hydrolysis time.
During protein hydrolysis, the peptide bonds are broken and more free -OH (~1
ppm) and -NH; (2-3 ppm) groups are formed, thus yielding an increased
abundance of exchangeable protons. This explains the increase in the
MTRgsym OCCUrring between 1 and 3 ppm. The increase in the MTR,,,, area was
22+1% and 35+1% for 2.5 and 5.5 hours of hydrolysis, respectively, which was
in agreement with the trend observed for the degree of hydrolysis (Fig. 3.2c).
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The degree of hydrolysis after 5.5 hours was extensive for WPIC (26+1%), which
was expected considering the extreme hydrolysis conditions used. The results
shown in Figs. 3.1 and 3.2 demonstrate that CEST is sensitive not only to pH and

protein concentration, but also to protein hydrolysis.
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Figure 3.2. (a) CEST, (b) MTR,,, spectra, and (c) the DH (%) determined with the OPA
assay for intact 3.4% WPC solution and after 2.5 and 5.5 Hr of hydrolysis. The hydrolysis
was performed with trypsin (0.5%) at pH 7.5 and 45 °C.

3.3.2. 'HCEST MRI of gastric milk protein digestion

Next, CEST was used to monitor the in vitro digestion of USM and HSM, which
contain both whey proteins and caseins. During gastric digestion, phase
separation between the milk protein coagulum and its supernatant was observed.
This can be detected also in Figure 3.3, where the sagittal and axial *H T,-weighted
So-images of the CEST measurement for both USM (a-d) and HSM (e-h) are
shown. Water molecules in the protein coagulum are less mobile and, hence, have
a shorter transverse relaxation time compared to those in the supernatant. As a
consequence, the protein coagulum and the supernatant have a, respectively,
lower (red) or higher (yellow) 'H signal intensity in the T,-weighted images. We
note that semi-solid proteins cannot be detected directly in the T,-weighted
images, because of their very short T,-values in the order of 12-20 ys (Mayar et
al., 2022).

The CEST and MTRg,,, spectra were averaged over the whole slice to obtain
information on the global changes occurring during in vitro digestion for the whole
sample composition (coagulum and supernatant). There was no clear trend as

function of the digestion time for the CEST spectra of the digestion samples,
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shown in supplementary figures S3.3 and S3.4. The MTRg,., spectra for the
bottom slice, whose 'H signal mainly arises from the protein coagulum, remain
unchanged during digestion, with a slight intensity increase occurring only
between t = 0 and 1 min. Unlike for the coagulum, the middle and top slice
exhibited an observable increase in the MTR,, spectral intensity during
digestion, with a difference in peak intensity of 0.2 betweent = 0 and t = 60 min.
As shown in Figs. 3.3i-3l, these variations are better visualized by monitoring the
evolution of the MTR,,, area with digestion. The MTR,,, area for the bulk sample
and the bottom slice (Fig. 3.3i,j) remain unchanged as digestion progressed, with
only a slight variation observed between t = 0 and 1 min in the bottom slice for
USM. A clearer variation with digestion is observed for the middle and top slice
(Fig. 3.3k,1).

The largest variation with digestion and heat treatment was observed for the top
slice, which mainly consists of the supernatant. During digestion, the MTR4n,
spectra of the supernatant (Fig. S3.3 and S4) increased between 4 =1-4 ppm,
corresponding to the resonance positions of hydroxyl, amine and amide protons.
Bovine milk mainly consists of caseins, which lack a well-defined secondary
structure and are mainly present as random coils in aqueous solutions (Bhat et
al., 2016). Moreover, the pH of the samples over the different digestion time
points (pH = 5.43+£0.04) and the measurement temperature (RT) were constant.
Therefore, conformational changes in the secondary structure are unlikely (Bhat
et al., 2016; Markoska et al., 2021; Pardi et al., 1983) and can be ruled out as a

cause of variations in the chemical exchange.

The observed increase in the MTR,,,, can therefore be attributed to solubilization
of the protein coagulum, which leads to more proteins and, hence, to more
exchangeable protons in the liquid phase. The larger increase observed specifically
at 1.2 ppm and 2-3 ppm could be due to hydrolysis of the peptide bonds, which
leads to more free -NHz and -OH groups. The increase in the MTR,,, area between
t =1 and 60 min was 20% and 35% for USM and HSM, respectively. During gastric
digestion, pepsin hydrolyzes the peptide-bonds in the semi-solid protein
coagulum, which results in proteins and peptides being released from the
coagulum into the supernatant. This is expected to lead to a higher concentration

of proteins and peptides and, hence, of exchangeable protons in the supernatant,
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which explains the observed increase in the MTR,,,, area within the top imaging
slice. There were main effects of digestion time (F (5,2) = 80, p < 0.001) and heat
treatment (F(1,2) = 200, p < 0.005) on the MTR,,, of the top slice as found by
a repeated measures ANOVA. A post hoc comparison with Tukey’s HSD test
showed that the mean value of the MTR,,, was significantly different between
USM and HSM for all digestion time points (p <0.05). The variation in the bottom
and middle slices is smaller, potentially due to the minimal change in the net

protein concentration

Overall these results show that the MTR,,,,, area is an MRI parameter sensitive to
static in vitro digestion and, hence, is potentially useful for monitoring in vivo
protein digestion. However, the acquisition of a full CEST spectrum is time
consuming, here taking up to about 21 min for sampling a total of 61 frequency
offset values, including 2 reference images (see Section 3.2.5). Such long
measurement times prohibit the implementation of CEST measurements on a
clinical scanner for dynamic studies of in vivo protein digestion. To address this
limitation, we investigated whether the MTR,,,, obtained from one set of +4
values could be used to construct MTR,,, contrast maps as a function of digestion
time, which would require 1 min and 20s of acquisition time and thus enable a
~16-fold faster measurement. Moreover, the measurement of each 4 is 20s, and
hence, fits within one breath hold, which is important for avoiding breathing-

related artifacts in the images.
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Figure 3.3. T,-weighted 'H MRI intensity images at t = 15 min of USM (a-d) and HSM (e-
h) acquired for a sagittal slice (a and e) or for three axial slices (b-d and f-h) at z-coordinate
setto -6 mm (bandf), - 3mm (cand g) or 0 mm (d and h), alongside the digestion time
evolution for the MTR,,,, area for the bulk sample (i) or for three axial slices (j-1). The slice
thickness was 2 mm for the sagittal and axial measurements. The coagulum is visible in red
and the supernatant in yellow. The MTR,,,, area was calculated from the CEST spectrum
between 1.2 and 4 ppm, and is plotted as the mean * SD of triplicate digestion experiments.

In Fig. 3.3. we observed that changes in the MTR,,, during protein digestion
were best detected in the supernatant. Therefore, MTR,,,, maps of the
supernatant in the middle slice (z = -3 mm) were constructed for the
exchangeable hydroxyl (4=1.2 ppm) or amine (4= 2 and 2.7 ppm) protons (Fig.
3.4a). The T,-weighted images shown in Fig. 3.3 were used as a reference to
obtain an image mask for the supernatant and coagulum 'H MRI signals by
intensity thresholding. The values in the MTR,,,, maps of the supernatant were
normalized to the highest value in the respective map. The contrast maps show
that the MTRg,,, for the supernatant at 4+2.7 ppm exhibited the largest variation
upon digestion, as indicated by the clear shift from low (red) to high (yellow)

MTRg4s,m values. Fig. 3.4b shows the mean MTR,,,, for the supernatant calculated
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using the respective image mask. At A+2.7 ppm the mean MTR,,,, exhibited only
a slightly higher variation with digestion as compared to £1.2 and £2.0 ppm.
Nevertheless, 4= £ 2.7 is a more optimal offset for monitoring digestion due to
the larger difference with respect to the water saturation signal at 0 ppm, which
is especially important for application on clinical scanners with a lower magnetic
field of 3 T. Therefore, £2.7 ppm was chosen for monitoring in vitro protein
digestion of USM and HSM in the gastric phase (GP) and of HSM in the intestinal
phase (IP).
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Figure 3.4. (a) Normalized axial (z = -3 mm) MTR,,, contrast maps at A=1.2 (left), 2.0
(middle), or 2.7 ppm (right) and at t=1 (top), 15 (middle) and 60 min (bottom) gastric
digestion times; (b) mean MTR,,,,+SD (n = 3) for each 4 and timepoint calculated over the
voxels containing the supernatant. The values in (b) are the mean MTR,,, values whereas
the maps in (a) show the MTR,,, values, normalized to the maximum value within each
map, for the voxels containing the supernatant as obtained by thresholding of the T,-
weighted images shown in Fig. 3.3.

3.3.3. T>-weighted, MTR and MTRasym imaging of protein digestion

In the following, the use of T,-weighted, MTR- and MTRsy,,,-contrast (4 = 2.7 ppm)
images is tested for monitoring protein digestion in the gastric phase for USM (GP-
USM) and HSM (GP-HSM), as well as in the intestinal phase for HSM (IP-HSM)
(Fig. 3.5a-c). The coagulum and supernatant can clearly be distinguished in the
T,-weighted images of Fig. 3.5a, and it is possible to visually trace the breakdown
of the protein coagulum during gastric digestion for USM and HSM. We note that,

as expected, the coagulum in IP-HSM was absent even at the start of intestinal
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digestion. These images could be used to estimate changes in the apparent semi-
solid volume, vy, within the samples, which in turn could be used as a measure
of the changes in the amount of protein coagulum. Here, we refer to the coagulum
as a semi-solid, because this is a term commonly used in MT and CEST MRI
literature to refer to hydrated (bio)-polymers, akin to the casein coagulum (Mayar
etal., 2022; van Zijl et al., 2018). It is important to note that exact measurements
of the semi-solid volume are not possible, due to partial volume effects in the slice
direction and the image acquisition parameters used, namely slice thickness and
interslice gap of 2 and 1 mm, respectively. As shown in Fig. 3.5d, for both USM
and HSM, v, decreased during gastric digestion, due to the breakdown of the

protein coagulum.

The MTR maps in Fig. 3.5b are clearly affected by variations in the amount of semi-
solid protons, and can be used to selectively characterize the protein coagulum
and to trace its breakdown. The mean MTR (Fig. 3.5e) decreased with digestion
in a similar fashion as the semi-solid volume. We note that for the present goal of
jointly measuring MT and CEST effects under acquisition conditions suitable for in
vivo scanning, we have used different values of B, amplitude, Ty, and 4 (see
Section 3.2.5) compared to those reported in our previous work (Mayar et al.,
2022) for obtaining the MTR parameter. However, as the MTR is semi-quantitative
and its value depends on the acquisition parameters (Henkelman et al., 2001),
based on our previous work (Mayar et al., 2022) we estimate that a stronger
distinction between USM and HSM systems could be achieved by using higher B,

longer Ty, and larger 4 values.

The MTR maps of the bottom slice, shown in supplementary figure S3.5 which
consisted mainly of protein coagulum, showed that for HSM the total amount of
coagulum and the average MTR inside the coagulum increased between t = 1 and
15 min and decreased from t = 15 to 60 min. This suggests that during the
digestion process, the protein coagulum changed from a loose and porous
structure at t = 1 min to a more compact structure at t = 15 min, followed by
consequent pepsin-induced solubilization. Moreover, a better distinction between
USM and HSM can be made based on the MTR of the bottom slice. This is especially
evident att = 15 min, at which a two-fold higher MTR and more compact coagulum

was found for HSM compared to USM. Therefore, spatially-resolved measurements
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of the MTR can be used to monitor the coagulum volume as well as changes in the
coagulum consistency during the digestion process. In our previous work we have
shown that the MTR is governed by the amount of semi-solid protons and the
exchange rate (Mayar et al., 2022). This also implies that the MTR does not
provide any information on protein digestion in the absence of a semi-solid
component, which is evident from the data for intestinal digestion (Figs. 3.5a
and b, bottom).

To monitor digestion of soluble proteins/peptides, a different contrast from T,-
weighting or MTR is needed. The MTR,,, maps for USM during gastric digestion
(Fig. 3.5c, top) mainly showed an increase in the supernatant volume with
digestion, but no increase in the MTRg,,, of the supernatant was observed.
However, for HSM during both gastric and intestinal digestion, a clear increase in
the MTR,,, of the supernatant was observed in the contrast maps (Fig. 5¢, middle
and bottom) and in the evolution of the MTR;,,, with the digestion time (Fig. 3.5f).
This increase could be the result of protein solubilization and hydrolysis. The latter
is expected to occur only for heated milk, in which the whey proteins are
denatured and, therefore, more susceptible to protein hydrolysis by pepsin. This
was previously reported by Sanchez-Rivera et al (2015), who showed that the
amount of intact B-lactoglobulins decreased more rapidly during dynamic in vitro
digestion for HSM compared to USM (Sanchez-Rivera et al., 2015). A combination
of semi-solid protein solubilization and whey protein hydrolysis is expected to
result in more exchangeable protons, including -NH; protons, thereby explaining
the higher variation of the MTR,,, at A= £ 2.7 ppm observed for HSM compared

to USM during in vitro gastric digestion.

The MTRgy, values of intestinal digestion were lower than those of gastric
digestion because for the intestinal phase, the last time point of the gastric phase
(t = 60 min) was mixed with SIF, resulting in a dilution of the total amount of
protein in the sample. The solubilized proteins and large peptides produced during
gastric digestion are further hydrolyzed into smaller peptides during intestinal
digestion (Zenker et al., 2020). The MTRg,,, increased by 80% over the first 15

min of intestinal digestion, and thereafter slightly decreased.
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The observed increase in the MTR,,,, could be attributed to protein hydrolysis,

because both pH~6.6 £ 0.3 and protein concentration remained constant during
the static intestinal digestion experiment, during which no phase separation had

occurred and the full digestion sample was measured.
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Figure 3.5. For GP-USM (top a-c or filled blue circles d-f), GP-HSM (middle a-c or filled pink
circles d-f) and IP-HSM (bottom a-c or empty pink circles d-f): normalized axial (z = -3 mm)
T,-weighted 'H intensity images (a), alongside MTR (b) and MTR,,, maps both at A = 2.7
ppm (c); digestion time evolution for vy, (d), mean MTR (e) and mean MTR,., (f). In d-f,
the meanxSD from triplicate digestion experiments is shown.

Overall, these results demonstrate that T,-, MTR and MTRg,,, contrast are
complementary and can be used to probe different events that occur during
protein digestion, respectively changes in the semi-solid volume, formation and
degradation of the protein coagulum, and molecular-level hydrolysis of soluble
proteins. The latter makes the MTRg,,, suitable for monitoring protein hydrolysis

at later stages of digestion.

Measurements of water relaxation rates have also shown great potential for
monitoring digestion of protein gels (Deng et al., 2020, 2022). However, the major
limitation of 'H relaxometry is that it cannot measure low-abundant and semi-
solid macromolecules, because it lacks dynamic range, short (sub-ms) relaxation

times cannot be assessed with clinical scanners and/or their fitting error is too
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high. 'H MT and CEST, although affected by relaxation, enable circumventing this
limitation, are inherently chemically-specific and the acquisition of semi-
quantitative parameters (MTR and MTR,,,) is fast enough to be feasible in vivo.
In addition, obtaining MTRand MTR,,, values does not require any fitting
procedures. While relaxometry can be made chemically specific, this would
lengthen the measurement time, thereby hindering in vivo feasibility. In addition,
it has been shown that the R, is not sensitive to the hydrolysis of whey proteins
in solution (Deng et al., 2020), while in this article we have shown that the
MTRgs,m is sensitive to protein breakdown in solution during the hydrolysis of a

WPC solution (Fig. 3.2) and during intestinal digestion of skim milk (Fig. 3.5).

The work presented here, as well as our previous work (Mayar et al., 2022), were
the first steps in exploring the potential of 'H CEST and MT measurements for
monitoring in vitro and in vivo protein digestion. The next step is to apply these
methods to monitor milk protein digestion under dynamic in vitro and in vivo
digestion conditions, where in addition to protein solubilization and hydrolysis,
large variations in pH and protein concentration (Mulet-Cabero, Egger, et al.,
2020; Mulet-Cabero, Mackie, et al., 2020) are expected to occur due to gastric
secretion and emptying. Moreover, the measurement temperature for dynamic in
vitro and in vivo studies will be 37 °C compared to room temperature used in this

work.

A more complete validation of the method for monitoring dynamic gastric
digestion would need to additionally account for pH, concentration and
temperature effects on the chemical exchange. For future dynamic in vitro and in
vivo applications, the optimized 'H MT and CEST characterization methods must
be validated on a clinical MRI scanner, where inhomogeneities in both static (B,)
and radio frequency (B;) magnetic fields are expected to affect the saturation and,
hence, the MT and CEST response. In this work, we used the WASSR approach to
determine the absolute water frequency per voxel, which was subsequently used
for voxel-wise centering of the CEST spectra, which is too time consuming for
dynamic applications. We foresee that fast B,- and B;-mapping procedures
combined with regression- or two-pool Lorentzian modelling-based approaches for
correction of sparsely sampled CEST data (Chen et al., 2022; Sun, 2020) will be
a key requirement for robust analysis and interpretation of the CEST data. Another
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challenge of in vivo measurements is that breathing can cause breathing-related
artifacts in the images, therefore, each scan should be conducted within one
breath hold (<£20s), which is possible with the acquisition parameters presented
here. Moreover, we expect that image registration of all scans obtained at each
digestion time point (S, (£ 4),S,, By and B; map) will be crucial to avoid motion

induced artifacts in the calculated MTR and MTR,,, Mmaps.

3.4. Conclusions

In this work, we successfully applied 'H CEST MRI measurements to monitor the
in vitro digestion of milk proteins. More specifically, we showed that the MTR 4y,
area can be used for probing the static in vitro gastric digestion of unheated and
heated skim milk. There was an effect of digestion time (p < 0.001) and heat
treatment (p < 0.005) on the MTRgy,, area. The MTRg,,, area increased during
digestion, indicating an increase in free -NH; and -OH groups due to protein
solubilization and hydrolysis. In addition, we showed that a combination of T,-,
MTR- and MTR,,m-contrast maps obtained within a short (1.3 min) measurement
time can be used to monitor macroscopic changes in the protein coagulum and
hydrolysis of soluble proteins during static in vitro gastro-intestinal digestion. Our
findings open the way to non-invasive monitoring of in vitro and in vivo protein

digestion in the future by MRI.
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3.5. Supplementary Information

pH 2 35 45 55 7

Figure S.3.1. Photographs of 12% WPI solutions at different pH.
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Figure S3.2. H CEST spectra of 1% WPI at pH 7 of three different slices (a) and the
corresponding MTRasym spectra showing the slice-dependence of the MTRasym in the A = 0-1
ppm range (b).
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Figure S3.3. 'H CEST spectra of USM during in vitro gastric digestion of three different
slices (a-c) and the corresponding MTRasym spectra (d-f). A descritpion and visual
representation of the slice positions can be found in section 2.5 of the materials and methods
and Fig. 3 of the manuscript.
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Figure S3.4. 'H CEST spectra of heated SM during in vitro gastric digestion of three different
slices (a-c) and the corresponding MTRasym spectra (d-f). A descritpion and visual
representation of the slice positions can be found in section 2.5 of the materials and methods
and Fig. 3 of the manuscript.
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Figure S$3.5. MTR maps of USM (top) and HSM at t = 1,15, and 60 min during in vitro
gastric digestion (a) and the corresponding mean MTR values as a function of the digestion
time (b).
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Abstract

Gastric digestion is essential for protein breakdown, which is commonly studied in
vitro. However, validating in vitro models with in vivo data is necessary. *H MRI
techniques, including Chemical Exchange Saturation Transfer (CEST) and
Magnetization Transfer (MT), are promising for non-invasive assessment of in vitro
and in vivo digestion. We previously demonstrated the ability of these techniques
for monitoring in vitro milk protein digestion in static conditions. Here, we
investigated CEST and MT for detecting pH and milk protein coagulation in semi-
dynamic in vitro conditions using either whey protein isolate solution (WPIS), low-
or high-pasteurized skim milk (LPSM and HPSM). The asymmetric MT ratio
(MTR4sym ), reflecting the soluble proteins/peptides, decreased in accordance with
the pH and protein concentration during digestion, with distinct trends observed
for the different products. The dual-power CEST method allowed accurate
estimation of the pH for WPIS within a pH range of 4.5-7 (normalized root mean
square deviation = 0.04) on a 7 T NMR spectrometer. In situ pH mapping was
achieved using a 3 T clinical MRI scanner. T,-weighted images combined with MT
ratio (MTR) maps, reflecting semi-solid proteins, enabled assessment of coagulum
volume and structure during digestion. The MTR allowed differentiation of the
coagulation behaviour of LPSM and HPSM due to the heat treatment. In
conclusion, CEST and MT can be used to monitor milk protein digestion, and the
effect of milk heat treatment in semi-dynamic gastric conditions. Future work will
investigate the feasibility of these techniques for in vivo gastric milk protein

digestion studies.
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4.1. Introduction

Proteins are essential nutrients, and their nutritional benefits rely on how well they
are digested in the gastro-intestinal tract. Gastric digestion plays a crucial role in
breaking down proteins, and it involves de- and re-structuring of foods to facilitate
further breakdown in the intestinal tract (Mackie et al., 2020). Cow's milk is an
important source of high-quality proteins in the human diet (Tome, 2012). The
digestion of milk proteins (MP), namely casein and whey, starts in the gastric
phase, during which acid- and pepsin-induced aggregation of casein micelles leads
to the formation of a semi-solid coagulum. Intact whey proteins (WPs) remain
mostly in solution or form small aggregates (Huppertz & Chia, 2021). Heat
treatment is a common procedure in milk processing, and may lead to changes in
protein structure, thereby affecting gastric protein digestion (van Lieshout et al.,
2019). The effect of heat treatment on protein digestion has been studied using
static (Tunick et al., 2016) or (semi-)dynamic in vitro digestion models (Mulet-
Cabero et al., 2019; Wang et al., 2018) that simulate human gastro-intestinal

digestion.

Static in vitro digestion models (Brodkorb et al., 2019; Ménard et al., 2018) are
useful because they are simple, well controlled, and can provide insights into the
digestion kinetics and chemical composition of the digesta. However, static models
do not fully mimic the complexity of the digestive tract, because they do not
incorporate gastric secretion, emptying and motility as well as hormonal
responses. In comparison to static in vitro digestion models, dynamic models are
physiologically more realistic: they include gastric secretion, emptying and
motility, and the stomach shape is taken into consideration (Dupont & Mackie,
2015; Mackie et al., 2020). However, such models are highly complex, time-
consuming and more expensive than static models. Therefore, semi-dynamic in
vitro models have been developed, in which gastric secretion and emptying are
mimicked by inflow of gastric juice and removal of gastric content (Deng et al.,
2022; Mulet-Cabero et al., 2020). The gastric compartment in these models is
simply a glass beaker kept at 37 °C, and mixing is achieved either using an
overhead stirrer or by flow of air bubbles. Data from these models need be verified
with in vivo data on intra-gastric digestion from humans. Such data can, in turn,

be used to improve in vitro digestion models. However, the conventional methods
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used to analyze in vitro digestion samples, including measurements of pH,
coagulum weight, protein content, and degree of hydrolysis cannot be directly
utilized in vivo because they require invasive sampling of digesta. Consequently,
these methods become impractical for in vivo studies and raise ethical concerns.
Therefore, non-invasive methods that can be used to study both in vitro and in

vivo digestion in humans need to be developed.

Magnetic Resonance Imaging (MRI) holds great potential for studying in vivo
protein digestion in humans because it can be used to non-invasively acquire
detailed images of the chyme inside the gastro-intestinal tract (Smeets, Deng,
Van Eijnatten, & Mayar, 2020). MRI has been mainly used to assess macroscopic
gastric processes, such as gastric emptying and phase separation in vivo (Spiller
& Marciani, 2019). However, the anatomical images used in these studies do not
provide a quantitative and molecular-scale measurement of gastric protein
digestion, which is crucial for monitoring gastric MP structuring and breakdown
over time, studying the effect of heat treatment on gastric digestion, and for

comparison of in vitro and in vivo data.

Previous studies have demonstrated that the transverse Nuclear Magnetic
Resonance (NMR) relaxation time (T,) of water can be used to monitor the
digestion of WP gels in static (Deng et al., 2020) and semi-dynamic (Deng et al.,
2022) in vitro gastric digestion models, as well as in vivo (Deng et al., 2023). T,
MRI mapping combined with fat quantification has recently been utilized to assess
semi-dynamic in vitro digestion of a meal containing bread and cheese (Musse et
al., 2023). These studies have proven that T, measurements via spin-echo based
MRI methods are useful for observing digestion-mediated changes in the
molecular mobility of water. However, such measurements cannot be used to
directly detect semi-solid macromolecular protons with a short T,-value of 15-20
ps (Hinrichs et al., 2007; Mayar et al., 2022), due to the long dead times, typically
around few ms, of clinical MRI scanners. Specific MRI techniques have been
developed for detecting short-T, components, including Ultra-short Echo Time
(UTE) and Zero Echo Time (ZTE) MRI. However, these techniques are typically
restricted to measuring T, values > 300 us, which is too long to observe immobile
coagulated proteins. Moreover, these measurements require hardware that is not

readily available on most clinical MRI scanners (Weiger & Pruessmann, 2019). In
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addition, aforementioned T, MRI measurements lack the sensitivity to detect low-
abundant proteins and peptides. Although the transverse spin relaxation time of
water is sensitive to macromolecular dynamics through diffusional averaging
and/or chemical exchange with macromolecules, quantifying exchange rates and
macromolecular proton fractions requires, e.g., measurements of T,-values at
different echo times to obtain T,-dispersion curves (Carver & Richards, 1972).
While such measurements have been used for characterizing food systems in a
laboratory setting (Gottwald et al., 2005; Hills et al., 1990), applying these
methods in vivo is challenging due to the long measurement times of T,-dispersion

experiments.

Saturation Transfer MRI techniques, Magnetization Transfer (MT) and Chemical
Exchange Saturation Transfer (CEST) (Ward et al., 2000; Wolff & Balaban, 1989)
offer several advantages over T,-mapping: MT and CEST can be used to indirectly
detect semi-solid or low-abundant solute (macro)molecules through their
interaction with water. Moreover, these techniques are already widely applied in
clinical human research and do not require specialized hardware. Additionally,
semi-quantitative parameters, namely the MT ratio (MTR) and MTRgsy,, Can be
measured rapidly in 1.3 min (Mayar et al., 2023). In MT and CEST measurements,
a radio-frequency (RF) pulse is employed to selectively saturate the magnetization
of the semi-solid or low-abundant solute protons of interest. The saturated
magnetization is subsequently transferred to the mobile water protons, resulting
in a reduction of the detected water signal intensity. The saturation transfer
processes in MT and CEST measurements are predominantly driven by 'H dipolar
coupling and chemical exchange, respectively (Balaban & Ceckler, 1992; van Zijl
et al., 2018; Zhou et al., 2023). The MTR parameter can provide insights into the
(semi-)solid macromolecular mobility and content (Henkelman et al., 2001).
Clinical applications of MT MRI have demonstrated its ability to detect even subtle
alterations in semi-solid tissues, e.g. in terms of macromolecular content or
structural integrity (Van Obberghen et al., 2018; Welsch et al., 2008).

CEST MRI is designed to measure the chemical exchange of labile protons between
specific solute molecules, including proteins and peptides, and bulk water. The
MTRys,m parameter obtained from CEST measurements is a measure of H

chemical exchange, and is sensitive to changes in solute concentration and pH
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(Wu et al., 2016). CEST MRI has gained increasing recognition as a non-invasive
technique for in vivo pH mapping (Chen et al., 2017; Tang et al., 2020). Various
processes that are essential for gastric protein digestion, such as gastric
emptying, and MP coagulation and hydrolysis, depend on pH. Gastric pH evolves
over time, due to gastric juice secretion, gastric emptying and the buffering

capacity of the proteins.

In addition to pH evolutions, gastric digestion involves alterations in
protein/peptide concentration, and modifications in the state of proteins, including
coagulation, solubilization, and hydrolysis (Huppertz & Chia, 2021; Mulet-Cabero
et al., 2020). As such, MT and CEST MRI are highly promising for assessing
these concomitant changes during in vitro and in vivo gastric protein digestion.
Accordingly, we have previously demonstrated that MT and CEST MRI can be used
to detect protein hydrolysis and gastric breakdown of the MP coagulum in a static
in vitro digestion model (Mayar et al., 2022, 2023). The next step is to apply these
techniques to study MP digestion under more complex dynamic digestion
conditions, including gastric secretion and emptying. Therefore, the aim of this
work was to investigate the potential of CEST and MT MRI for monitoring pH and
MP coagulation in semi-dynamic in vitro gastric digestion conditions. A WP isolate
(WPI) solution (WPIS), low pasteurized skim milk (LPSM) and high pasteurized
skim milk (HPSM) were used as test products to evaluate the sensitivity of CEST
and MT for gastric MP digestion, and the effect of heat treatment on the digestion.
The MRI measurements were carried out in the laboratory using a 7 T vertical
bore NMR spectrometer, and inside a 3 T clinical MRI scanner. The 7 T vertical
bore NMR spectrometer allows for freedom in setting acquisition parameters and
was therefore used for developing and testing of the methods. Although
compromised in setting acquisition parameters, the 3 T clinical scanner allows in
situ measurements in the semi-dynamic digestion model, and was therefore

utilized to evaluate the feasibility for future in vivo studies.
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4.2. Materials and methods

4.2.1. Materials

Commercially available WPI with 87 wt% protein, 0.5 wt% fat, 2 wt%
carbohydrates, and 0.5 wt% salt was purchased from Bulk™ (Essex, UK).
Commercially available LPSM (3.6 wt% protein, 0.1 wt% fat, 4.7 wt%
carbohydrates and 0.13 wt% salt) was purchased from a grocery store. Pepsin
(631 activity units/mg), calcium chloride hexahydrate, hydrochloric acid, L-serine,
potassium chloride, sodium bicarbonate, sodium chloride, sodium hydroxide,
Rhodamin B, and tri tris(hydroxymethyl)-aminomethane hydrochloride were
purchased from Sigma Aldrich, Inc. (USA). Pepstatin A and Pierce™ BCA Protein
Assay Kit (Thermo Scientific, Inc., USA). Milli-Q water (resistivity 18.2 MQ.cm at
25 -C, Merck Millipore, USA) was used in all experiments.

4.2.2. Preparation of WPI solutions and HPSM

WPIS were prepared according to Mayar et al. (2023). The pH of the solutions was
adjusted to pH values ranging between 3-7 using 0.1 M sodium hydroxide (NaOH),
and 0.1 and 1 M hydrochloric acid (HCl). The protein solutions were stored at 5
°C and were used within one day. The WPIS were prepared and measured in
duplicate. HPSM was prepared from a commercially available LPSM, with a WP
denaturation level of 3%, by heating the latter in a water bath for 30 min after
reaching a temperature of 80 °C, resulting in a WP denaturation level 0f 90%. The
WP denaturation level in the milk products was measured using SDS-PAGE (data

not shown),
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4.2.3. Preparation of simulated gastric fluid

The simulated gastric fluid (SGF) composition was based on the INFOGEST
protocol (Brodkorb et al., 2019) and was prepared at pH 2. To determine the
volume of HCl required to lower the pH during digestion, SGF (pH 2) and the WPIS
or SM were mixed in a 50:50 ratio in a test tube. Slow titration with 1 M HCI was
performed until pH 2 was reached, and the required volume of HCI was noted as
an indicator of the amount of 1 M HCI to be added to the SGF for gastric secretion
as suggested by Mulet-Cabero et al. (2020). Pepsin was added to the SGF at an
activity of 4000 U/mL to ensure a pepsin activity of 2000 U/mL when mixed with
the WPIS or SM at a 50:50 meal to SGF ratio.

4.2.4. Semi-dynamic in vitro gastric digestion

Semi-dynamic in vitro gastric digestion was conducted using an MRI-compatible
semi-dynamic digestion model (Fig. S4.1) established by Deng et al. (2022). The
set-up has several components, including a syringe pump to simulate gastric
secretion (NE-500 Programmable OEM Syringe Pump, New Era Pump Systems,
Inc., USA), a water-jacketed beaker acting as the stomach chamber, and a
circulating water bath (Julabo GmbH, Germany) to maintain the temperature at
37 °C. Mixing was performed manually because magnetic stir bars are not MRI
compatible, and the previously described method of mixing with air bubbles (Deng
et al., 2022) was impractical due to foaming of the WPIS and SM. Stirring was
performed using a stirring rod right before the MRI acquisition. The digestion
conditions were based on the standardized semi-dynamic in vitro digestion

parameters reflecting adult digestion (Mulet-Cabero et al., 2020).

To initiate digestion, 200 mL of 12% WPIS, LPSM or HPSM was placed in the
beaker containing 20 mL of pre-heated SGF at 37 °C. The gastric secretion was
started with a rate of 2 mL/min. The gastric emptying rate was based on the
caloric content of the food and was 4 or 4.3 mL/min for 12% WPIS or SM,
respectively. Gastric emptying was performed manually by removing gastric
content every 10 min using a 50 mL syringe with a tip that had an inner diameter

of ~2 mm, simulating the emptying of food particles through the pylorus
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(Bornhorst & Paul Singh, 2014). The activity of pepsin in the removed gastric
content was inhibited by adding 400 pL of a 0.72 uM Pepstatin A solution and the
samples were stored in the freezer at -20 °C. These samples were used for CEST
measurements on the 7 T NMR spectrometer, along with pH and protein
concentration analysis. For the in situ MRI measurements at 3 T, gastric content

was removed after each set of MRI acquisitions for each digestion time.

4.2.5. 7 T MRI measurements

IH CEST MRI measurements of WPIS and gastric content samples were conducted
at room temperature in a vertical bore magnet with a magnetic field strength of
7 T, corresponding to a 'H frequency of 300.13 MHz. The spectrometer comprised
an Avance NEO console (Bruker Biospin, Fallanden, Switzerland) and was
equipped with a Micro 2.5 RF coil with an inner diameter of 30 mm and a Micro
2.5 microimaging gradient system. To enable simultaneous measurements of
multiple samples, 2 mL of WPIS or gastric content samples was transferred to a
10 mm NMR tube, and three of these tubes were placed inside a larger 25 mm
tube. An additional 5 mm NMR tube containing a glucose solution was included as
a reference tube. The sample tubes were surrounded by an aqueous solution

containing 5 mM sodium chloride and 10 mM copper sulphate.

Measurements were conducted using a Rapid Acquisition with Relaxation
Enhancement (RARE) sequence combined with the saturation transfer module in
Paravision 360. The saturation pulse consisted of a train of 10 block pulses (BP)
with a pulse length (t,) of 100 ms and an inter-pulse delay (tgeqy,) of 10 ps,
resulting in a saturation time (Ty,;) of 1 s. The B; amplitude was set to 1.5 or 3
MT. To obtain 'H CEST spectra, saturated images (Sy,:) (Eg. 4.1 in 4.2.8) were
acquired using 67 frequency offset (4) values equally spaced from -10 to 10 ppm,
resulting in a CEST spectral resolution of 0.3 ppm. In addition, a reference image
without saturation (S,) was acquired (Eq. 4.1 in 4.2.8). Water Saturation Shift
Referencing (WASSR) (Kim et al., 2009) spectra were measured with the same
parameters as described in Mayar et al. (2023), to construct a B,-map for B,-
inhomogeneity correction of the CEST spectra. The imaging parameters for both

CEST and WASSR measurements were as follows: field-of-view (FOV) of 30 mm
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x 30 mm, in-plane resolution of 0.23 x 0.23 mm, three axial slices with thickness
of 2 mm and interslice gap of 1 mm were acquired. Sinc3 pulses were used for
excitation and refocusing with a flip angle of 90° and 180°, respectively. A
repetition time (TR) of 5 s, effective echo time (TE.;,) of 78 ms, and RARE factor
of 32 were used, resulting in a total measurement time of 21 min and 11 min for

the CEST and WASSR measurements, respectively.

4.2.6. 3 T MRI measurements

For in situ monitoring of digestion, the stomach chamber of the semi-dynamic
model was placed inside a 3 T clinical MRI scanner (Philips Ingenia Elition X, Philips
Medical Systems, the Netherlands). A 16-channel small extremity coil was
wrapped around the stomach chamber. MRI scans were performed at baseline
(before addition of the WPIS or SM), at t=0 (right after addition) and every 10
min until t=60 min or 80 min for WPIS or SM, respectively. During each scan,
both the gastric secretion and circulating water bath were switched off to avoid

artifacts caused by motion and influx of SGF.

For each timepoint CEST and WASSR data, a T,-weighted image and a B,-map
were acquired. For both CEST and WASSR measurements, an S, reference image
(Eq. 4.1 in 4.2.8) at 4=450 ppm was acquired. For CEST measurements, S,
images (Equation 4.1 in 4.2.8) were acquired at 4 =-2.7, 2.7 and 10 ppm with a
Tea: Of 1 s and a B; of 1.5 and 3 pyT. WASSR spectra were acquired using 21 4
values ranging from -1.5 to 1.5 ppm, with a Ty, of 0.05 s and a B, of 0.2 pT.
CEST and WASSR measurements were conducted using an RF pulse saturation
module combined with a RARE sequence for pH mapping experiments. Five axial
slices were acquired in an interleaved manner with a FOV of 120 mm x 120 mm,
in-plane resolution of 0.94 mm x 0.94 mm, slice thickness of 3.5 mm and no inter-
slice gap. SINC pulses were used for excitation and refocusing with an excitation
flip angle of 90° and the first refocusing flip angle was 180° followed by 110°

pulses.

A TR of 3.2 s, RARE factor of 38, and TE,s, of 80 ms were used, resulting in a total

measurement time of 98.6 s and 44.6 s for B;=1.5 and 3 puT, respectively. The
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WASSR spectra were acquired using the same imaging parameters as described
above, resulting in a measurement time of 164 s. For MT mapping of the
coagulum, a Gradient Recalled Echo (GRE) sequence was used to acquire 33 axial
slices with a slice thickness of 3.5 mm and no inter-slice gap to allow coverage of
the whole gastric content. The FOV and in-plane resolution were the same as for
the RARE measurements described above. A SINC excitation pulse with a flip angle
of 7°, TR of 4.4 ms, and TE of 2.1 ms were used, resulting in a measurement time
of 71.4 s for a B, of 3 uT.

T,-weighted images were acquired using the RARE sequence with the same
acquisition parameters as described above, but with a TR of 1 s, and a RARE factor
of 43, resulting in a total acquisition time of 26 s. The B, map was acquired using
the dual refocusing echo acquisition mode (DREAM) sequence (Nehrke & Bornert,
2012) with a TR of 11 ms, TE of 3.32 and 6.55 ms, and TF of 136, resulting in a

total acquisition time of 26.1 s.

4.2.7. Protein concentration measurements

The total protein concentration in the supernatant of the gastric content samples
was estimated by the Bicinchoninic Acid (BCA) method with the use of Pierce™
BCA Protein Assay Kit. The pH of the samples was adjusted to pH 7 using 0.1 or
1 M NaOH and the samples were centrifuged for 15 min at 4000 g. The
supernatant was collected and diluted 100x and 30x for the WPIS and SM samples,
respectively. The calibration curve consisted of 25, 125, 250, 500, 750 and 1000
pg/mL bovine serum albumin (BSA) standard solutions. For the measurement, 25
pL of standard solution, sample or blank was pipetted in duplicate in a different

well of a clear bottom 96-wells well-plate (Greiner Bio-One, the Netherlands).

To this 200 pL of BCA reagent was added, the plate was mixed for 30 s using a
well-plate mixer and incubated at 37 °C for 30 min. After cooling down to room
temperature, the absorbance was measured at 562 nm using microplate reader
(Spectramax M2, USA).
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4.2.8. MRI data processing and analysis

All processing and calculations were done in MATLAB R2019b (MathWorks,
Massachusetts, USA). A WASSR B, map was constructed and used for voxel-wise
By-inhomogeneity correction of the 7 T CEST spectra as previously described
(Mayar et al., 2023). Region-of-Interest (ROI) masks of the middle slice of the
sample tube were drawn manually, and the mean signal intensity within the ROI
was used to construct the CEST spectra, where Sg,;/S, is plotted as a function of
A. The MTRg,,, Was calculated according to Eqg. 4.1.

MTRasym = (Ssae(—4) — Sgae(+4))/So Eg. 4.1

The MTRg,,, area was calculated as the area under the curve (AUC) between 1.2
and 4 ppm. To evaluate CEST MRI for pH mapping, the dual-power CEST method
was used (Longo et al., 2014). This method involves measuring CEST at two B,
amplitudes to calculate the Ratio of RF Power Mismatch (RPM). The CEST effect
and, consequently, the MTR,,,,, depend on several factors, including the solute
concentration, the chemical exchange rate (k.,), which in turn is linked to pH, the
longitudinal relaxation rate of water (R}) and the saturation efficiency (a). We
note that k., is also affected by temperature, which was therefore kept constant
during the measurements on the 7 T NMR spectrometer. Moreover, the WPIS was
brought to a temperature of 37 °C before the start of the digestion experiment
for the in situ pH mapping measurements on the 3 T clinical MRI scanner. The «
can be approximated by a ~ (yB;)2/((yB1)? + kex>), Where y is the gyromagnetic
ratio of 'H in rad - s7* - T~* By calculating the ratio of the MTR,,,, at two B; values
(Eq. 4.2), it is possible to compensate for the concomitant changes in
concentration and R}, which makes the RPM solely dependent on k.., and hence,
pH. The RPM was calculated for amine protons (4 *2.7 ppm) using a B;
combination of 1.5/3 pT.

[(1—MTRasym)/MTRaSym]1.5|,1T

[(1_MTRasym)/MTRasym] 3uT

RPM = Eq. 4.2
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Linear calibration lines for the acid- and base-catalysed chemical exchange
regimes were constructed by taking the logarithm of the RPM and were used to

predict the pH of the validation and digestion samples.

For data acquired at 3 T, a WASSR B, map was constructed in the same way as
done for the 7 T data. However, a CEST spectrum could not be acquired during
the in situ measurements at 3 T due to their long measurement time. Instead the
MTRg4s,m Was acquired using 4 + 2.7 ppm. Voxels-wise correction of MTR,,, values
was performed using the regression-based fast B,-inhomogeneity correction (Sun,
2020). In brief, the effect of B, inhomogeneity on the MTR,,,,, was estimated using

the polynomial function shown in Eqg. 4.3.

MTRgsym(x,¥) = A+[Cy - 8Bo(x,y) — C; - 6B§(x,¥)] Eq. 4.3

Here A is the dimensionless composite parameter, namely (f; - kex)/RY, in which
f. is the fraction of solute protons, k., is the solute-water 'H chemical exchange
rate and R} is the longitudinal relaxation rate of the bulk water pool. ¢, and C, are
coefficients (in seconds squared) determined from the polynomial fitting, and 6B,
is the B, shift in Hz per voxel. The MTRg,, was voxel-wise corrected for B,-
inhomogeneity by subtracting the B,-artifact from the MTR,,,,, estimated as:

C1-8Bo(x,y) —Cy- 535(95: y)-

The B,-corrected MTR,,, values obtained at a B; of 1.5 and 3 uT were corrected
for B,-inhomogeneity using the two-point contrast-B,-correction described by
Windschuh et al. (2015). The resulting By,- and B,-corrected MTRq,,,, Maps were
used to calculate the RPM values for each voxel, which were subsequently used to
determine the pH per voxel using the acid- or base-catalysed chemical exchange

calibration lines.

For characterizing MP coagulation and breakdown, coagulum masks were obtained
by intensity thresholding of the T,-weighted images using the multithresh function
(Otsu's method) with two levels in MATLAB. Otsu’s method finds the optimal
threshold value that groups the imaging voxels into separate classes for which the
within-class variance is minimised. Threshold analysis was separately performed

on the images of each digestion time and experiment. This thresholding method
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allowed for the identification of low-intensity voxels belonging to the coagulum.
Using the coagulum mask, the volume of the coagulum was calculated by
multiplying the voxel volume by the total number of coagulum voxels. The mask
was also applied to the S,,; and S, images to construct MTR maps of the coagulum
at 4 = 10 ppm (Eq. 4.4) and to calculate the mean MTR value for the coagulum

voxels at each digestion time point.

MTR = 1 — (Sq¢/So) Eq. 4.4
4.2.9. Storage and loss modulus measurements

The storage (G’) and loss (G”) modulus of the coagulum were measured for the at
t = 20, 40 and 70 mins of semi-dynamic digestion. For each rheological
measurement, carried out in duplicate, the coagulum was removed from the
beaker and any excess liquid was discarded. The coagulum samples were
measured within 2.5 hours after their preparation. A 25 mm circular sample was
cut out from the center of the coagulum. The samples were stored at 5 °C until
30 min before the measurements, after which they were kept at room
temperature. Measurements were performed using an Anton Paar Rheometer
(MCR 302, Anton Paar, Germany) equipped with a sandblasted parallel plate
geometry. The development of ¢'and ¢" was monitored at a frequency of 1 Hz
and strain of 0.1-10%.

4.2.10. Confocal Laser Scanning Microscopy (CLSM)

The microstructure of the coagulum was studied using a Rescan Confocal
Microscope (RCM) (Confocal.nl, The Netherlands). Rhodamin B (fluorescent dye)
was used to stain proteins with an excitation line at 561 nm. The coagulum was
collected after 20, 40 and 70 min of digestion, and a small piece of approximately
10 mm x 5 mm was cut from the centre of the coagulum. The samples were
stained with 1% (w/v) of Rhodamine B for 5 min, placed on a glass microscope
slide and examined with a 63x water immersion objective lens. Images were

recorded using MicroManager 2.0.
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4.2.11. Statistical analysis

All statistical analysis was performed in MATLAB 2019b. The error bars in the
figures represent the standard deviation (SD). In the case of duplicate
experiments, the pooled SD over the time or pH series was calculated (Eq. 4.5)
and reported in the figure captions. This calculation relies on the assumption that
the variances over the measurement series are homoscedastic. This assumption
holds true for our data since no systematic trends in the variances were observed.

ist
Spooled . k Eq 45

where S? is the variance for each measurement point (time or pH) and k is the

total number of measurement points.

The normalized root mean square deviation (NRMSD) (Eq. 4.6) was used to
evaluate the agreement between the pH values estimated using the CEST MRI
approach and those measured with a pH electrode.

NRMSD = & [E=0l D" Eq. 4.6

m n

<

where y™ is the mean of the pH values measured by a pH electrode; y" are the
pH values measured by a pH electrode for each measurement point i; y{ are the
pH values estimated using the CEST MRI approach for each measurement point i;

and n is the total number of measurement points.
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4.3. Results and discussion

4.3.1. In vitro gastric digestion of WPIS, LPSM and HPSM

For 12% WPIS, a transition from a homogeneous solution to a system with small
insoluble particles was found to start around 30 min when the pH reached 4.5
(Fig. S4.2), which is close to the iso-electric point (pI) of a-lactalbumin (4.2) and
B-lactoglobulin (5.1), causing protein aggregation and precipitation (Nicolai et al.,
2011; Pederson et al., 2006). These small insoluble aggregates are difficult to
observe in the top-view photographs (Fig. 4.1a), but can be discerned at t = 60
min. They were removed from the stomach chamber with the syringe used to
mimic gastric emptying due to their size of less than 2 mm (the inner diameter of
the syringe tip). For LPSM and HPSM, coagulation was observed (Fig. 4.1a). Based
on visual inspection, the coagulum of LPSM was compact and became smaller in
volume as digestion progressed, while HPSM showed a softer and looser
coagulum. The consistency of the coagulum depends on the extent of WP
denaturation, as denatured WPs can form s-s bridges with k-casein, resulting in
WP-casein aggregates. The formation of these aggregates results in a softer and
looser MP coagulum during gastric digestion (Ye et al., 2019), which explains the
observed difference in the consistency of the MP coagulum between LPSM and
HPSM. In the case of LPSM, only the supernatant was removed by gastric
emptying starting from t = 20 min, while for HPSM, small and soft coagulated

proteins were removed until the end of digestion.

The area under the MTRy,, curve (AUC MTR,,, ) of the gastric content samples,
obtained from the !H CEST spectra, is shown in Fig. 4.1b. During 80 min of
digestion, the AUC MTR,, decreased by 90%, 80% and 50% for LPSM, HPSM
and 12% WHPIS, respectively. The MTR.,n, is influenced by changes in protein
concentration and pH, as described previously (Mayar et al., 2023). Both protein
concentration and pH (Fig. S4.2) decreased during semi-dynamic digestion due to
the removal of soluble or small aggregated proteins, and due to the secretion of
acidic SGF. The 2D scatter plots in Figs. 4.1c-e show that the AUC
MTRg,m decreased in accordance with the decrease in protein concentration and

pH observed during digestion.



MRI assessment of semi-dynamic in vitro gastric pH and milk protein coagulation | 129

For 12% WPIS, protein concentration and pH gradually decreased, resulting in a
continuous decrease in the AUC MTR,y, In the case of LPSM and HPSM, the
protein concentration decreased from t = 0 to 20 min, followed by small
fluctuations until 80 min. These fluctuations may be attributed to proteins and
polypeptides being released from the coagulum into the liquid phase as digestion
progressed. A similar trend was reported for the protein concentration during
semi-dynamic gastric digestion of MP powder (Mulet-Cabero et al., 2020).
Whereas the start and end pH were similar for all test products, the variations
during digestion were different. The pH decreased rapidly for LPSM, while for
HPSM the decrease was slower and the pH remained higher throughout the
digestion. The trend observed for HPSM was more similar to that of 12% WPIS,
particularly in the first 40 mins of digestion. This difference can be attributed to
the difference in coagulation behaviour between the differently heated milk
products. In the case of LPSM, the majority of the caseins were incorporated into
the coagulum, resulting in a liquid phase with a low amount of proteins and,
hence, limited buffering capacity. This resulted in a more rapid decrease in pH,
and hence, AUC MTRgg,,, On the other hand, HPSM did not exhibit a clear phase
separation, leading to a higher buffering capacity in the liquid phase and a slower

decrease in pH, similar to WPI.

Overall, these results demonstrate that the MTR,,, reflects variations in pH and
protein concentration that occur during semi-dynamic digestion, and is sensitive
to differences in gastric digestion among products with different protein

composition and heat treatment.
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Figure 4.1. For 12% WPIS, LPSM and HPSM: (a) Photographs from the top of the stomach
chamber at increasing digestion time from left to right; (b) evolution of the AUC MTRgs,,.,, for
the gastric content samples during semi-dynamic in vitro digestion measured on a 7T NMR
spectrometer. The filled and empty symbols represent repeats of the same experiment. The
pooled SD over the time series was 0.04, 0.07 and 0.04, respectively, for WPIS, LPSM and
HPSM. 2D scatter plots for (c) 12% WPIS, (d) LPSM and (e) HPSM showing the AUC MTR gy,
as a function of pH and protein concentration during semi-dynamic in vitro gastric digestion.
The pH axis is inverted to follow the digestion time. The colour of the datapoints is weighted
by the AUC MTR,,,value. The values represent the mean of the duplicate experiments, and
the individual datasets can be found in Fig. S4.1. The pooled SD for the pH and concentration
was 0.07 and 6.5, 0.3 and 0.4, 0.2 and 1.3, respectively, for WPIS, LPSM and HPSM.

4.3.2. CEST MRI pH mapping of gastric digestion

In the previous section we found that the MTR,,, followed the variations in pH
that occur during gastric digestion. Therefore, we further explored the use of CEST
MRI for pH mapping under gastric digestion conditions. First, a validation was
performed using standard WPIS and gastric content samples using the 7 T NMR
spectrometer, followed by a proof-of-concept experiment for in situ pH mapping

during semi-dynamic in vitro gastric digestion on a 3 T clinical MRI scanner.
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4.3.2.1. Validation of CEST MRI for pH mapping at 7 T

The MTR,,m curves showed a clear dependence on the B; amplitude (Fig. 4.2a),
and were used to calculate the RPM values of amines to construct the acid- (Fig.
4.2b) and base-catalysed (Fig. 4.2c) chemical exchange calibration lines. The 'H
chemical exchange between amines and water can occur through both acid, base,
and buffer catalysis, leading to a pH-dependent “v-shaped” pattern of the
chemical exchange, as described before (Bai et al., 1993). However, the amine-
water 'H chemical exchange is predominantly base-catalysed at pH >5, and
increasing exchange rates have been observed with increasing pH values for
amino acids (Liepinsh & Otting, 1996; Wermter et al., 2022). The RPM value for
the base-catalysed region showed a good linear correlation with pH (R? = 0.94),
while the correlation for the acid-catalysed region was lower (R? = 0.78). This is
likely due to the slower chemical exchange at low pH for amines, resulting in lower
measured MTRg,,, values, especially at B; = 1.5 pT. Consequently, the CEST MRI

approach is less sensitive at low pH values.

The calibration lines were used to estimate the pH of a set of validation samples
of 12% WPIS ranging from pH 3-7. A Bland-Altman plot was used to assess the
agreement between the pH values estimated by CEST MRI and those measured
with a pH electrode (Fig. 4.2d). The mean difference was around 0.34, which
indicates a systematically higher pH estimated by the CEST MRI approach. The
individual data points are scattered around the mean difference line, and are
within the limits of agreement (LoA) except for the WPIS at pH 4.2. The difference
appears to increase at lower pH values, indicating an overestimation of the pH in
the lower pH range (< 4.5), which may be attributed to the lower sensitivity of
CEST at low pH as explained above. Overall, there was a good agreement between
the pH estimated by CEST MRI and the pH values measured with an electrode
within the pH range of 4.5-7 (NMRSD = 0.04). To assess whether the pH
estimation is independent of protein concentration, we measured 6%, 8%, and
10% (wt%) WPI samples at pH 3.5 and 6.5. The obtained pH values were accurate
and independent of protein concentration, as depicted in Fig. 4.2e. Subsequently,
we used the calibration lines to estimate the pH of gastric content samples from
the semi-dynamic digestion of 12% WPIS (Fig. 4.2f). The estimated pH values

followed the same trend as the pH values measured by an electrode (grey line).
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However, the agreement between the two methods was lower (NMRSD = 0.14)
compared to the data of the validation samples. Larger deviations were observed
at later digestion time points, consistent with previous observations for the
validation samples at low pH. Based on these findings, we established that the pH
range where CEST MRI can provide accurate pH estimates is pH 4.5 to 7; this can
potentially aid in vivo mapping of the pH distribution throughout the stomach and

determining the activation time of pepsin occurring at ~pH 5.5 (Gray et al., 2014).
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Figure 4.2. Validation of CEST for pH estimation on a 7 T NMR spectrometer using 12%
(wt%) WPIS. (a) MTR,,, curves at pH 6 obtained with a B, amplitude of 1.5 and 3 uT. The
filled and empty symbols in b-f represent repeats of the same experiment. pH calibration
lines for (b) acid- (log,o RPM = —0.21 - pH + 1.4;R? = 0.78) and (c) base- (log,o RPM = 0.25 - pH —
0.9; R? = 0.94) catalysed chemical exchange. The solid and dotted lines represent the linear
fit and the 95% confidence bounds of the fit, respectively. The pooled SD was 0.05 for both
the acid- and base-catalysed calibration lines. (d) Bland-Altman plot of the pH estimated by
CEST MRI vs. the pH measured with an electrode for a set of validation samples with a
pooled SD of 0.15. (e) pH at different concentrations showing stable pH estimates upon
varying concentrations with a pooled SD of 0.1. (f) pH of the gastric content samples
estimated by CEST MRI and measured by the pH electrode. The pooled SD of the pH
estimated by CEST MRI was 0.3.
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4.3.2.2. Proof-of-concept in situ pH mapping during gastric digestion

To further evaluate the feasibility of CEST MRI for in vivo pH mapping, CEST
measurements were conducted on a 3 T clinical MRI scanner at 37 °C. The 12%
WPIS at varying pH were measured to construct calibration curves for the acid-
and base-catalysed chemical exchange (respectively, R? = 0.77 and R? = 0.74) (Fig.
S4.3). It is worth noting that the R? value for the base-catalysed calibration line
is lower at 3 T compared to that at 7 T. This can be attributed to a shift in the
chemical exchange peak observed in the CEST spectrum from 4 = 2.7 ppm at pH
3-6.5to 4 = 3.5 ppm at pH=6.5 (Fig. S5.4). This leads to lower MTRsy,, and RPM
values at4 = 2.7 ppm for pH 6.5-7. This shift in the 4 is most likely caused by the
higher temperature (37 °C) used for the 3 T measurements, resulting in a
downfield shift of the chemical shift of amine protons. For comparison, CEST
spectra of 12% WPIS at pH 4, 5.5 and 7 were also measured on a 7 T MRI scanner
at 37 °C, and a similar shift was observed in the chemical exchange peak at pH 7
(Fig. S4.4).

The B, correction of the MTRg,,, using the method introduced by Sun (2020),
yielded results consistent with the standard WASSR approach (Fig. S4.5). The
corrected maps were then used to generate RPM maps. The calibration lines were
used to obtain a pH map as a function of the digestion time (Fig 4.3a). Specifically,
the calibration line for base- and acid-catalysed chemical exchange was used for

the time periods t = 0-20 min and 30-60 min, respectively.

The pH maps for t = 0 - 20 mins were homogeneous, which is in line with the
homogeneous gastric content observed in the corresponding photographs of the
gastric compartment (Fig 4.3a). Additionally, the pH values estimated by CEST
MRI were in close agreement with the mean pH measured by a pH electrode at 9
locations inside the beaker (Fig 4.3b). After t = 30 min, the pH map becomes
heterogeneous, consistent with visual observation of protein precipitation near the
pl from t = 30 min onwards. Consequently, voxels containing these aggregates
have lower MTRgy, values, due to the reduced accessibility of chemically-
exchangeable protons. This ultimately leads to lower RPM values, resulting in an
overestimation of the pH by the acid-catalysed chemical exchange calibration line.
This is also apparent in Fig. 4.3b, where the mean pH estimated by CEST MRI at
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t > 30 mins is higher than the pH measured by the electrode. Therefore, this
approach allows accurate estimation of pH up to the pl of the proteins under study
and it is sensitive to the aggregation phenomena occurring near the pl. Notably,
the CEST MRI method holds potential for detecting the formation of small
aggregates during gastric digestion that cannot be detected in T,-weighted MRI
images (Fig. S4.6). Whereas most applications of pH mapping using CEST MRI
focus solely on a narrow pH range, typically pH 6-7 (Boyd et al., 2022; Chen et
al., 2017; Tang et al., 2020), our findings demonstrate that for WPIS the method
can cover a broader pH range from pH 4.5-7. This is the relevant range for gastric
digestion of proteins, and therefore this approach is worth pursuing in in vivo MRI
studies. We acknowledge that the sensitivity and specificity of the method could
be enhanced by utilizing a 7 T clinical MRI scanner. At this higher field strength
we observed 1.5-2x higher MTR,,,, values, depending on the pH and B; amplitude
(Fig. S4.7). Additionally, a better separation between the exchange peak and
water could be obtained (Fig S4.4).
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Figure 4.3. (a) pH maps during semi-dynamic in vitro gastric digestion of 12% WPI obtained
using the dual power CEST MRI approach on a 3T clinical MRI scanner (top) and photographs
of the beaker content during digestion (bottom). (b) Mean estimated pH of the gastric
content (purple circles) and the mean pH measured by an electrode at 9 locations across
the beaker content (gray line). The error bars for pH CEST MRI correspond to the SD of the
pH across all the voxels (n=2058-3248) in the gastric content. The error bars for pH
electrode correspond to the standard deviation of the pH measured at 9 different locations
across the beaker.

4.3.3. Quantitative assessment of MP coagulation at 3T

In our previous work, we successfully applied T,-weighted and MT MRI to monitor
MP coagulation in static in vitro digestion samples using a 7 T NMR spectrometer
(Mayar et al., 2023). In the present study, we set out to assess the feasibility of
using these methods for in situ assessment of MP coagulation and breakdown

under semi-dynamic conditions on a 3 T clinical MRI scanner.
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4.3.3.1. T>-weighted MRI of MP coagulation and breakdown

Phase separation between high- and low-intensity MRI components in T,-weighted
images as a result of gastric MP coagulation was observed from t = 10 min and
20 min onwards for LPSM and HPSM, respectively (Fig. 4.4a). The high-intensity
voxels correspond to the liquid phase consisting of SGF and dissolved proteins and
peptides, having long T,-values. The low-intensity MRI voxels correspond to the
coagulum within which water protons undergo rapid T, relaxation due to diffusional
averaging and chemical exchange with immobile proteins. We note that the
protons covalently bound to coagulated proteins have sub-ms T,-values and, thus,

are invisible in the conventional T,-weighted MRI measurements performed here.

For LPSM, the coagulum was visible in the T,-weighted images until the last
digestion time point measured, while for HPSM, it was nearly completely
solubilized or the soft coagulated proteins were completely removed by gastric
emptying after t = 50 min. It should be noted that in some of the other slices than
the presented MRI slice of the gastric beaker coagulated proteins were observed
at t > 50 min. The measurements were conducted until t = 80 min, but here we
only show the images up until t = 70 min because for HPSM, the volume of gastric

content was too low for visualization and quantification at t>70 min.

The changes in the coagulum volume, estimated from the T,-weighted images,
varied as a function of the digestion time (Fig. 4.4b). The largest coagulum volume
was observed at t = 10 min and 20 min for LPSM and HPSM, respectively.
Subsequently, the coagulum volume decreased for both milk products, with a
consistently higher volume observed for LPSM at t = 30 min. While, the T;,-
weighted images proved useful for both visualizing and quantifying the changes
in the coagulum volume, they do not provide information on the consistency of
the coagulum. For that purpose, MT measurements were used as a

complementary method.
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Figure 4.4. (a) T,-weighted MRI images of LPSM and HPSM during semi-dynamic in vitro
gastric digestion measured on a 3 T clinical MRI scanner. (b) Coagulum volume as a function
of the digestion time obtained by intensity thresholding of the T,-weighted images. The filled
and empty symbols represent repeats of the same experiment. The pooled SD was 9 and 6,
respectively, for LPSM and HPSM.

4.3.3.2. MT MRI of MP coagulation

MTR maps of the coagulum (Fig. 4.5a, top) were obtained by applying the
coagulum mask obtained from the T,-weighted images to the MT data of the
gastric beaker content. As digestion progressed, the MTR value within the
coagulum increased, and a notable difference in the MTR maps of LPSM and HPSM
was observed. The coagulum exhibited a greater spatial variability in the MTR
values at later digestion time points, with the MTR maps of HPSM appearing more
heterogeneous. The MTR values on the surface of the coagulum are lower, which

might be due to partial-volume effects, and appear as a black/red edge.
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The MTR distribution for the gastric content within each image (Fig. 4.5a, bottom)
was unimodal and symmetric for both LPSM and HPSM at t = 0-10 min, indicating
high spatial homogeneity within the gastric content regions. However, from t =
20 min onwards, the spatial MTR distributions for LPSM and HPSM began to differ.
For LPSM, the peak shifted to higher MTR values, while for HPSM it remained
nearly constant. The distribution for LPSM became asymmetric and appeared
bimodal, while a broadened unimodal symmetric distribution was observed for
HPSM. The bimodal nature of the MTR histogram for LPSM became more

pronounced at later digestion time points.

As shown in Fig. 4.5b, the mean MTR of the coagulum increased with digestion for
LPSM. This increase was 55% from t = 0 to 70 mins. For HPSM, the MTR increased
by 24% from t = 20 - 40 mins followed by a decrease until 70 min. An increase
in the MTR can be attributed to variations in the macromolecular content and
mobility, and in the magnetization transfer dynamics (Henkelman et al., 2001).
We have previously shown that the MTR depends on the composite
parameter R, M§*/RY, which includes the rate of magnetization transfer (R,,), the
population of semi-solid protons (M§*) and the longitudinal relaxation rate of water
(RY) (Mayar et al., 2022). In our previous work, we observed that the R} did not
change during in vitro digestion. Therefore, the increased MTR observed for the
MP coagulum during gastric digestion could be the result of a decrease in
macromolecular mobility and an increase in the protein content within the
coagulum. Constrained macromolecular mobility results in stronger inter- and
intra-molecular dipolar interactions, which are the drivers of magnetization
transfer (van Zijl et al., 2018; Zhou et al., 2023). This increase in dipolar
interactions yields greater efficiency in magnetization transfer between the two

proton pools and, hence, a higher MTR.

To better understand the increase in the MTR of the coagulum, G’ and G” of the
LPSM coagulum at t = 20, 40 and 70 min were measured (Fig. S4.8). The ¢’ and
G" values at t = 20 and 40 min are similar. However, a clear increase in both
parameters was observed from t = 40 up to 70 min. This observation is in line
with the MTR data, where little variation was observed between t = 20 and 40
min, followed by an increase from t = 40 to 70 min. The G’ represents the ability

of a material to store and recover elastic energy and can be used to quantify its
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ability to resist deformation. On the other hand, the G” represents the viscous
component of a material’s response to cyclic deformation and can be used to
quantify a material’s ability to dissipate energy and flow or deform plastically
(Macosko, 1996). These observations are consistent with previous studies that
demonstrated an increase in the ¢’ and G” during acid and rennet coagulation of
milk (Le Feunteun et al., 2012; Le Feunteun & Mariette, 2008). Moreover, Roy et
al. (2022) showed an increase in the complex modulus (G*), a parameter that
describes the complete viscoelastic behaviour of a material by combining the ¢
and G”, during in vivo gastric digestion of raw cow’s milk in piglets. Both the
increase in ¢’ and G” point to a protein network that is becoming more dense and
non-covalently crosslinked. The concomitant decrease in molecular mobility and
increase in dipolar interactions within the protein network is reflected in the
increase in the MTR. We acknowledge that the variability in the rheology data is

large due to the inherent heterogeneity of the coagulum.

CLSM was used to assess changes in the coagulum at the micron-scale (Fig. S4.9).
For both LPSM and HPSM, at t = 20 min the micron-scale protein network within
the coagulum appeared to be porous with void spaces filled with liquid entrapped
within the protein network. The coagulum appeared more compact as digestion
progressed, and minimal variation was observed in the microstructure of the
coagulum between 40 and 70 min. Overall, both the CLSM and rheology data
indicate that changes in protein network density and mobility within the coagulum
are reflected in the MTR values.

Overall, these results demonstrate that CEST and MT combined with T,-weighted
imaging can be used to probe pH and MP coagulation under semi-dynamic in vitro
gastric digestion conditions. This integrated approach may offer a more
comprehensive overview of gastric digestion compared to the use of only T,-
weighted imaging for measuring GE and visual assessment of phase separation or
coagulation. The measurements presented here are fast enough to be feasible for
monitoring gastric digestion over time in in vivo human studies. The primary
challenge of in vivo measurements is the presence of motion due to breathing and
peristaltic contractions of the stomach. Breathing-related motion artifacts can be
minimized by performing each scan within one breath-hold, which is common

practice in clinical MRI of the abdominal area. Furthermore, motion-induced



140 | Chapter 4

artifacts in the calculated MTR and MTR,,,, maps can be reduced through image
registration of the S, and S,,; images. In this study, our primary focus was gastric
digestion, as it is the first step in MP digestion. Gastric digestion involves
structuring and de-structuring of milk to facilitate further breakdown of MPs in the
intestines. Consequently, gastric digestion may influence intestinal digestion,
thereby affecting absorption of amino acids in the bloodstream. In future works,
it would be interesting to link gastric digestion to the absorption of amino acids in

the bloodstream.
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Figure 4.5. (a) ‘H MTR MRI maps of the coagulum for LPSM and HPSM during semi-dynamic
in vitro gastric digestion measured on a 3T clinical MRI scanner (top) and histograms with
a bin width of 0.01 of the MTR inside the coagulum (bottom). (b) Mean MTR of the coagulum
voxels as a function the digestion time. The empty and filled symbols refer to repeats of the
same experiment. The pooled SD was 0.01 and 0.02, respectively, for LPSM and HPSM.
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4.4. Conclusions

In this work, we explored the use of CEST and MT MRI for monitoring pH and MP
coagulation during semi-dynamic in vitro gastric digestion using 12% WPIS, LPSM
and HPSM as test products. Our results demonstrate that the MTR,,, can be used
to monitor concomitant pH and protein concentration changes during gastric
digestion, and is sensitive to the effect of heat treatment on these changes. The
dual-power CEST method was successfully validated on a 7 T NMR spectrometer
as an indirect method for measuring pH using the 12% WPIS. The method
demonstrated good agreement with measurements obtained via a pH electrode
(NRMSD = 0.04 for pH 4.5-7). Accurate pH mapping was achieved on a 3 T clinical
MRI scanner until t = 20 min of digestion, but heterogeneities and inaccuracies in
the estimated pH arose from 30 min onwards due to protein aggregation near the
pl. Moreover, a combination of T,-weighted images and MTR maps obtained in situ
during semi-dynamic digestion on a 3 T clinical MRI scanner, proved to be valuable
for assessing changes in coagulum volume and consistency, and for revealing
differences in gastric coagulation behavior between differently heated milk

products.

In summary, our findings demonstrate that the combined use of CEST, MT, and
T,-weighted MRI can be used to effectively capture the variations in pH and
coagulation dynamics, allowing for the investigation of the impact of different heat
treatments on gastric MP digestion. These findings are a significant advancement

towards future assessment of in vivo gastric MP digestion in humans using MRI.
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4.5. Supplementary Information
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Figure S4.1. Schematic representation of the semi-dynamic MRI compatible in vitro gastric
digestion model used in this work adapted from (Deng et al., 2022), consisting of (a) syringe
pump used for gastric secretion, (b) a water-jacketed beaker serving as the stomach
chamber, (c) a pH meter used to monitor the pH during experiment conducted outside of
the MRI scanner, (d) a syringe used for manual removal of gastric content to mimic gastric

emptying, (e) a circulating water bath to keep the temperature of the stomach chamber at
37 °C.
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Figure S4.2. For WPIS, LPSM and HPSM: Evolution of the (a) pH and (b,c) protein

concentration during semi-dynamic in vitro gastric digestion. The empty and filled symbols
represent repeats of the same experiment.
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Figure S4.3. Calibrations line for (a) the acid- and (b) base-catalysed chemical exchange
obtain on the 3T clinical MRI scanner at 37 °C. The error bars correspond to the standard
deviation across the gastric content voxels, and the data is represented as mean+SD. The
solid and dotted lines represent the linear fit and the 95% confidence bounds of the fit,
respectively.

7T NMR; RT 3T MRI; 37 °C 7T MRI; 37 °C
=5 5 onr 1
19 AT=2.7 ppm b [ — ) 1 ';::4 o
0.8 | 08 1 0.8
1| 1
©0.6(A=35ppm, | o _A=35ppm, |
e 06 ! Q. [N Q_06 1
3 ] 3 I 3 1
»” 0.4 I 0 04 1 » 04 '
! [ [
0.2 1 —e—pH 4 0.2 1 ——pH 4 0.2 1 —e—pH4
! —o—pH 5.5 [ —o—pH 5.5 1 —e—pH5.5
0 ' —e—pH7 0 11 ——pH 7 0 [ —e—pH 7
10 5 0 5 -10 10 5 0 5 -10 10 5 0 5 -10
Frequency offset (ppm) Frequency offset (ppm) Frequency offset (ppm)

Figure S4.4. CEST spectra of 12% WPI at pH 4, 5.5, 7 measured at room temperature on
a /T NMR spectrometer (a), and at 37 °C on 3T (b) and 7T (c) clinical MRI scanners. The
spectra show the shift in the chemical exchange peak for pH 7 at 37 °C.
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map. (d) The regression analysis for the MTRasym vs. 0Bo (Hz) used for fast Bo-inhomogeneity
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Figure S4.7. MTRasymat A = 2.7 ppm for 12% WPI at pH 4, 5.5, 7 obtained at 7T and 3T
using different B: amplitudes, showing the higher sensitivity of the method at higher
magnetic field strength.
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Figure S4.8. (a) Storage and (b) loss modulus of the coagulum of LPSM measured after
20, 40 and 70 min of semi-dynamic in vitro gastric digestion. The filled and empty symbols
represent repeats of the same experiment. (c) The MTR of the coagulum of LPSM at t =
20, 40 and 70 min, along with the corresponding (d) storage or loss modulus at a shear
strain of 1%, showing the similar trend in the MTR and storage and loss modulus. The
error bars in ¢ and d correspond to the standard deviation of two repeated experiments.
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Figure S4.9. CLSM micrographs of the coagulum of LPSM (top) and HPSM (bottom) after
20, 40 and 70 min of semi-dynamic in vitro gastric digestion.
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Abstract

To develop food products and processing methods for optimal health benefits, it
is necessary to understand the behavior of foods in our digestive system. The
digestion of milk, a source of high-quality proteins, has been extensively studied
using both in vitro and in vivo animal models. However, it is essential to validate
these findings with in vivo data obtained from humans. Previously, we
demonstrated the performance of Magnetization Transfer (MT) MRI in
investigating gastric milk protein (MP) coagulation in a semi-dynamic model. In
this study, we aimed to assess the feasibility of using MT MRI for monitoring

gastric MP coagulation in humans.

A total of 12 healthy adults were enrolled. Participants underwent gastric MRI
scans at baseline and after consumption of 300 g of either low- or high-
pasteurized skim milk (LPSM and HPSM, respectively). We evaluated coagulation
and gastric emptying (GE) dynamics using the 'H MT Ratio (*H MTR), total gastric

content (TGC), semi-solid, and liquid volumes.

The MTR increased with the digestion time for both LPSM and HPSM (p<0.001),
indicating an increase in the degree of coagulation. There was no effect of heat
treatment on the MTR with a mean difference (MD) of 16% (95% CI [10-21]) (p
= 0.15). The TGC volume over time for HPSM was higher than that of LPSM with
an MD of 40.3 mL (95% CI [25.5-55.1]) (p = 0.044). Furthermore, the AUC of
the TGC and liquid volume were also higher for HPSM (p=0.021 and p=0.017,
respectively), and a trend towards a significantly higher AUC was found for the
semi-solid volume of HPSM (p =0.078).

MT MRI enables monitoring of gastric MP coagulation in humans. By combining
standard T,-weighted anatomical MRI images with MT data, GE of total, semi-solid
and liquid gastric content, as well as the coagulum consistency could be assessed
in vivo. This approach opens the way to assessing intra-gastric digestion of a

variety of protein-rich foods in humans.
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5.1. Introduction

There is an increasing socio-economical demand in linking food with health. To aid
the development of innovative food products and processing methods for optimal
health benefits, one of the necessary requirements is to understand the behavior
of foods in our digestive system (Bornhorst & Paul Singh, 2014). To this purpose,
various static and (semi)-dynamic in vitro digestion models (Dupont & Mackie,
2015) have been developed, which simulate digestion in the human gastro-
intestinal (GI) tract. Such models have found widespread use because they are
simple to use, well controlled and do not pose ethical concerns. However, even
sophisticated dynamic in vitro models do not fully capture the complexity of in
vivo digestion, which includes neural and hormonal regulation as well as feedback
controls. Therefore, in vivo data from humans is needed to gain a better
understanding of food digestion, and to verify and inform in vitro digestion models.
This requires the development of non-invasive methods that can be used to study

food digestion both in vitro and in vivo in humans.

We have previously demonstrated that Magnetization Transfer (MT) 'H MRI is a
powerful imaging approach for assessing structural changes that occur during
static (Mayar et al., 2022, 2023) and semi-dynamic (Chapter 4) in vitro gastric
digestion using cow’s milk, a widely consumed source of high-quality proteins, as

a test case.

Cow’s milk contains approximately 3.5% protein, with caseins and whey proteins
(WPs) constituting 80% and 20%, respectively (Bhat et al., 2016). Gastric
digestion of cow’s milk involves acid- and pepsin-induced aggregation of casein
micelles, which results in the formation of a semi-solid coagulum (Huppertz &
Chia, 2021). The coagulation process results in reduced macromolecular mobility

as liquid milk undergoes a transition into a semi-solid mass.

In our prior in vitro work (Chapter 4), we demonstrated that this transition can be
monitored using the 'H MT ratio (MTR) as an MRI marker of the coagulum
consistency, and that differences in the coagulation behaviour resulting from heat

treatment can be unraveled.
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Knowledge of the effect of heat treatment on gastric milk digestion is crucial
because it can potentially be used to tune the gastric coagulation properties, and
the kinetics of the subsequent breakdown and absorption in the intestines, for
milk proteins (MPs). Therefore, gastric MP coagulation has been studied
extensively with in vitro models (Li et al., 2022; Mulet-Cabero et al., 2019; Ye et
al., 2016) and in vivo in animals (Ahlborn et al., 2023; Ye, Liu, et al., 2019). These
studies have shown that heat treatment results in a looser and softer coagulum
structure under gastric conditions, due to aggregation of WPs on the surface of
casein micelles, resulting in reduced casein-casein interactions (Kethireddipalli &
Hill, 2015). Moreover, a study in humans reported a difference in the time courses
of dietary nitrogen (N) transfer into serum amino acids (AAs), urea, and protein
pools, using '°N labelled milk for pasteurized and UHT milk and suggested that
these effects may have been caused by a looser and softer coagulum structure

and faster gastric emptying (GE) (Lacroix et al., 2008).

To date there are no in vivo studies in humans that have assessed intra-gastric
MP coagulation, and the effect of heat treatment on this process. As demonstrated
by our in vitro results, 'H MT MRI holds great potential for bridging this research
gap (Mayar et al., 2022, 2023). However, studying gastric digestion with MRI is
more challenging in vivo than in vitro, due to motion related to breathing and
gastric motility, as well as to large biological variation. Therefore, the first aim of
this study was to assess the performance of 'H MT MRI for assessing gastric MP
coagulation in humans using low and high-pasteurized skim milk (LPSM and
HPSM, respectively) as test products. Since the consistency of the coagulum may
also affect GE, the secondary objective was to compare GE dynamics (changes in
total, semi-solid and liquid gastric content volume) of LPSM and HPSM using T,-

weighted anatomical MRI images.
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5.2. Materials and methods

5.2.1. Study design

The study was a single-blind randomized crossover trial in which healthy, normal-
weight adults underwent gastric MRI scans at baseline and after consumption of
two differently heated skim milk products. The primary outcome was the *H MTR
of the gastric content over time. Secondary outcomes were total gastric content
(TGC), semi-solid and liquid volume fractions over time. Other outcomes were
subjective ratings of appetite (hunger, fullness, thirst, desire to eat) and well-
being (nausea and bloating). The study procedures were approved by a Medical
Ethical Committee (METC Oost-Nederland) and were in accordance with the
Helsinki declaration of 1975 as revised in 2013. The trial was registered with
clinicaltrials.gov under number NCT05854407. All participants provided written

informed consent.

5.2.2. Participants

The study was conducted between June 2023 and September 2023 with 12
healthy (self-reported) adults (n = 6 males and n = 6 females, age 24 * 4 years,
BMI 22+2 kg/m?; Fig. S5.1). The sample size estimation can be found in the
Supplementary Information (SI). Participants were recruited in the Ede and
Wageningen area, in The Netherlands, via digital advertisements (email and
Wageningen University website). The inclusion criteria were: age between 18-45
years; BMI between 18.5 and 25 kg/m?; self-reported good general health. The
main exclusion criteria were: lactose and milk protein intolerance or allergy; use
of medication that may alter the normal functioning of the digestive system;
having a gastric disorder or regular gastric complaints (= 1 per week) and having
a contra-indication for MRI including, but not limited to, pacemakers and
defibrillators, ferromagnetic implants, or claustrophobia. Potential participants
were informed about the details of the study via an online information meeting,
followed by a screening session which involved tasting of the milk products,
getting accustomed to undergoing MRI scans in a dummy MRI scanner, practicing
drinking milk in a supine position and practicing the breath holds required for the

MRI scans. Volunteers that were still interested in participation after this were
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asked to sign the informed consent form followed by filling in the screening

questionnaire.

5.2.3. Milk products

Commercial pasteurized skim milk (typically heated at 72 °C for 15 s) was
purchased from the grocery store, and is referred to as LPSM. HPSM was prepared
from the LPSM by heating the latter in a water bath for 30 min after reaching a
temperature of 80 °C. The WP level in the milk products was measured using SDS-
PAGE (data not shown), and were 3% and 90% for LPSM and HPSM, respectively.
The milk products were purchased or prepared within one week prior to the test
session and stored at 4 °C. The milk was kept at room temperature 30 min before
the start of the test session. LPSM from the same brand was used throughout the

study.

5.2.4. Study procedures

The participants visited Hospital Gelderse Vallei in Ede, the Netherlands, twice in
the morning between 7.30 and 9.30 am, in fasted state. There was a minimum of
1 and a maximum of 4 weeks between the two visits. Eating and drinking was
allowed until 8:00 pm the night before, and drinking water was allowed up to 1
hour before the start of the test session. A schematic overview of the study session
is shown in Fig. 5.1. Upon arrival, participants completed an MRI screening form.
After that, a baseline abdominal MRI scan was conducted and the participants
provided baseline verbal ratings of their appetite and well-being. Subsequently,
participants drank 300 g (291 mL) of either LPSM or HPSM through a tube (similar
to drinking from a straw), while lying in a supine position on the scanner bed. The
mean ingestion time, with its standard deviation (SD), was 1.2 £ 1.1 min. MRI
scans of the abdomen were performed at t = 5 min and subsequently at intervals
of 15 mins up until 95 min after the start of ingestion. The participants were asked
to verbally rate their appetite and well-being, over a scale between 0 and 100,
after the MRI scanning at each digestion time. The participants remained in a
supine position for the full duration of the MRI scanning. After this, they exited

the scanner and were offered a takeaway breakfast.
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Figure 5.1. Schematic overview of a test day consisting of MRI baseline measurements,
drinking 300 g (291 mL) of milk in a supine position through a tube (similar to drinking from
a straw), followed by MRI measurements after 5 min from milk ingestion, repeated at
intervals of 15 min up to 95 min.

5.2.5. MRI scans

Participants were scanned using a 3 T MRI scanner with the dStream torso coil
(Philips Ingenia Elition X, Philips Medical Systems, the Netherlands). All scans
were performed during breath-holds. Participants were asked to hold their breath
on expiration to minimize motion. The breath hold duration was at most 21 s. At
each timepoint, Saturation Transfer (ST) and T,-weighted measurements were
conducted. The spatial variation in the radio frequency (RF) field (B;) was
determined by measuring a flip angle map, using the dual refocusing echo
acquisition mode (DREAM) sequence (Nehrke & Bdérnert, 2012). A map of the
relative irradiation amplitude (rB,(x,y)) was obtained by dividing the flip angles
by the nominal flip angle. The 'H MT MRI measurements were conducted using a
saturation RF pulse combined with a Rapid Acquisition with Refocusing Echoes
(RARE) sequence. A reference unsaturated MRI image (S,) and a saturated image
(Ssqc) Were acquired at frequency offsets (4) of 450 ppm and 10 ppm, respectively
to obtain the MTR. In addition, S,, images were acquired at 4 £ 2.7 ppm to obtain
the MTR.,,, and Water Saturation Shift Referencing (WASSR) spectra were
acquired to construct a B,-map (data not shown in this chapter). The saturation
pulse consisted of a train of pulses with a total duration (T,,) of 1 s and a
saturation pulse amplitude (B,) of 3 uT. Three sagittal slices with a field-of-view
(FOV) of 400 mm x 352 mm, in-plane resolution of 1 mm x 1 mm, slice thickness
of 4 mm, inter-slice gap of 2 mm were acquired. SINC pulses were used for

excitation and refocusing. The excitation flip angle was 90° and the first refocusing
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flip angle was 180° followed 110° pulses. A repetition time (TR) of 6.6 s, effective
echo time (TE,s,) of 80 ms, and a RARE factor of 82 were used, resulting in a total
measurement time of 79.5 s. To assess TGC, semi-solid and liquid volumes, T,-
weighted anatomical images were acquired using a RARE sequence with 28 axial
slices, FOV of 400 mm x 400 mm, in-plane resolution of 0.625 mm x 0.625 mm,
slice thickness of 4 mm and inter-slice gap of 1.4 mm. The excitation and
refocusing RF pulse angles were the same as for the ST scans. The adopted MRI
acquisition parameters, namely TR of 755 ms, T.¢r of 80 ms, and RARE factor of
65, resulted in a total measurement time of 21 s. Shimming and pulse calibrations
were conducted before the MT and T,-weighted scans at each measured digestion
timepoint. Shimming was performed on the stomach area using pencil beam

volume with higher order shims.

5.2.6. MRI data processing and analysis

The gastric content was manually delineated in the S, and S,,; MT MRI images for
each slice and at each timepoint using the Medical Image Processing And
Visualization (MIPAV) software 11.0.3. (National Institute of Health, Bethesda,
Maryland, USA) and stored as binary masks. All further image processing and
calculations were conducted in MATLAB 2019b (MathWorks, Massachusetts, USA).
The imaging masks were used to extract the gastric content. Rigid (translation
and rotation) and non-rigid (deformation) motion of the stomach were corrected
for by using the robust principal component analysis (RPCA) approach (Bie et al.,
2019), combined with affine image registration (Fig. S5.2). The image registration
was performed after applying the gastric content mask on the images because
this provided better spatial alignment of the gastric content between the reference
So and Sg,: MRI images compared to performing the correction on the whole FOV.
In short, RPCA was used to decompose the S, and S,,; (including at 4 £ 2.7 ppm)
images into a low-rank and sparse component of the image to separate the
contrast from the motion. The motion-free low-rank component was recomposed
into the S, and S, images, which were averaged over the 4 to obtain a motion-
free reference image. The reference image was used for re-alignment of the
original motion-corrupted images. The re-aligned gastric content images were

used to obtain masks of the low- and high-intensity image voxels, attributed to
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the semi-solid and liquid components, respectively. This segmentation was
achieved via automatic intensity-thresholding using the multi-thresh function
(Otsu's method) with two levels in MATLAB similar to the approach used in Chapter
4. Otsu’s method finds the optimal threshold value that groups the imaging voxels
into separate classes for which the within-class variance is minimised. Threshold
analysis was separately performed on the images of each digestion time and scan
session. Imaging voxels with intensities below or above the second threshold
value, which represented 40-50% of the maximum image intensity, were
respectively categorized as low- or high-intensity voxels, and attributed to semi-
solid or liquid fractions (Fig. S5.3). The low-intensity voxels were saved as a
binary mask and applied to the re-aligned MT images to construct the MTR maps
of semi-solid gastric content for each slice using Eq. 5.1, from which we can see
that the MTR ranges between 0 and 1.

The MTR values of the semi-solid content were corrected by omitting values that
were <0 and =1, in turn likely caused by gastric content mixing. The corrected
data for each slice was used to calculate the mean and SD of the MTR over all the
low-intensity (semi-solid) voxels for each time point and participant. The MTR of
only the low-intensity voxels was calculated as the MTR of the high-intensity liquid
fraction is negligible because of its high proton mobility. The SD of the MTR map
was calculated as a measure of the spatial variation in MTR values across the semi-

solid gastric content.

MTR = 1— (Ssat/So) Eq. 5.1

Gastric content masks of the T,-weighted scans in the transverse direction were
obtained in the same way as described for the MT scans. These masks were used
to calculate the TGC volume by multiplying the total number of voxels by the voxel
volume, taking into account the slice thickness and inter-slice gap. GE was defined
as the decrease in TGC volume over time. The semi-solid and liquid masks were
obtained in the same manner as for the MT data, which were subsequently used

to calculated the corresponding volumes.
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5.2.7. Statistical analysis

Data are reported in the form mean £ SD unless stated otherwise. All statistical
analysis were performed using RStudio 4.3.1 (PBC, Boston, MA). The threshold
for statistical significance was set to p = 0.05. Normality of the data was checked
with quantile-quantile plots of the residuals. A Sidak-adjusted Linear Mixed Model
(LMM) was used to test for effects of time, treatment and a treatment-by-time
interaction on the MTR of the gastric content. Time and treatment (milk products)
were added as fixed effects and participants were included as a random effect.
Outliers in the MT data were identified and removed using the 3*IQR (interquartile
range) criterion method (Fig. S5.4). A LMM was also used to test the effect of
time, treatment and treatment-by-time interaction on the TGC, semi-solid and
liquid volumes with the inclusion of baseline GC volumes as a covariate. For the
appetite and well-being ratings, baseline ratings were included as a covariate. In
the case of a significant treatment effect, Tukey HSD-corrected post-hoc t-tests
were used to compare individual time points. As an exploratory analysis, the effect
of sex on the outcomes was tested using a LMM with time and sex as fixed factors
and participants as a random factor. To test for the effect of sex on TGC, semi-
solid and liquid volumes, the baseline GC volume was included as a covariate. The
two treatments were grouped per sex. The analysis was conducted with and
without the inclusion of body size, approximated as weight times height of the
participant, as a covariate. Paired t-tests were used to compare LPSM and HPSM
with the following measures: the incremental area under the curve (AUC) of the
MTR, TGC, semi-solid and liquid volume, as well as the MTR,,,, and the change in
the MTR between t = 5 min and t = 95 min (AMTR).
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5.3. Results

5.3.1. TGC, semi-solid and liquid volume vs. digestion time

The axial H MRI T,-weighted images were used to quantify the volume of the TGC
and semi-solid or liquid fractions over time (Fig. 5.2). At baseline, there was only
gastric juice present and, at t = 12 min, the milk was still in the liquid state. As
digestion progressed, low-intensity voxels at the center surrounded by high-
intensity voxels at the stomach wall were observed, respectively, corresponding
to the semi-solid coagulum and gastric fluid, indicated in the insets in red and

blue, respectively.

Baseline

Figure 5.2. Example of axial 'H MRI T,-weighted images at baseline and during digestion,
showing the emptying of the stomach and the changes in liquid (red) and semi-solid (blue)
fractions as shown in the insets on the top right.

The baseline GC volume was 31 = 18 mL and 35 £ 12 mL for LPSM and HPSM
treatments, respectively (p = 0.69). After milk ingestion, the TGC volume
increased to 267 = 44 mL and 288 = 40 mL for LPSM and HPSM, respectively,
followed by a decrease over time (Fig. 5.3a). There was a significant effect of
treatment on the TGC volume, with lower volumes for LPSM (p = 0.044, MD =
40.3 mL 95% CI [25.5 - 55.1]). This effect was significant at most timepoints (t
= 27 and 57 - 102 min, all p<0.05). There was no treatment-by-time interaction
effect (p = 0.49). The semi-solid volume (Fig. 5.3b) decreased linearly with time
for both LPSM and HPSM. The treatment effect tended to be significant (p = 0.057)
with lower volumes for LPSM (MD = 31.8 mL 95% CI [19.9-43.8]), and the
treatment-by-time interaction effect was not significant (p = 0.26). The liquid

volume (Fig. 5.3c) for LPSM decreased with a similar trend as the TGC volume,
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with lower volumes compared to HPSM from 57 min onwards. The liquid volume
for HPSM showed little variation over time. There was no main effect of treatment
on the liquid volume (p = 0.68), but the treatment-by-time effect tended to be
significant with higher liquid volumes for HPSM at t =57 min (p = 0.065, MD =
65.8 mL 95% CI [43.4 - 88.2]).

The AUC of the TGC (Fig. 5.3d) and liquid volume (Fig. 5.3f) were lower for LPSM
compared to HPSM (p = 0.021 and p = 0.017). There was a trend towards a lower
semi-solid volume for LPSM (p = 0.078) (Fig. 5.3e).
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Figure 5.3. (a) TGC, (b) semi-solid and (c) liquid volumes vs. digestion time for LPSM
and HPSM estimated from the T,-weighted MRI images, along with the respective AUC
of the (d) TGC, (e) semi-solid and (f) liquid volumes. Symbols ** and * stand for
p<0.01 and p<0.05, respectively. Data are plotted as mean £ SD over all participants.
In d-f individual data for each participant are also shown.
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5.3.2. 'H MT MRI during gastric digestion

The sagittal T,-weighted images of the abdomen (top), and the corresponding MTR
maps overlayed on the T,-weighted images (middle), are shown in Fig. 5.4. At t
= 5 min, the gastric content appeared homogeneous in the T,-weighted images
(Fig. 5.4a) for both LPSM and HPSM. As digestion progressed, the size of the
stomach decreased due to GE and the semi-solid coagulum and liquid components
could be observed. The MTR maps (Fig. 5.4b) show an increase in the MTR values
of the gastric content over time for both LPSM and HPSM. The histograms of the
MTR values are characterized by a narrow unimodal distribution at t = 5 min,
followed by a broadening of the distribution and a shift to higher MTR values at

longer digestion times.

The mean MTR increased over time for both LPSM and HPSM (p<0.001, Fig. 5.5a).
The MD between LPSM and HPSM was 16% (95% CI [10-21]). The MTR values of
HPSM appeared higher than those of LPSM from 35 to 65 min. However, no
significant treatment or treatment-by-time interaction effects were found (p =
0.15 and p = 0.58, respectively). The spatial variation of the MTR values also
increased with time, which may indicate an increase in the heterogeneity of the
semi-solid gastric content with digestion (Fig. 5.5b), in agreement with the
observations from the histograms in Fig. 5.4. In contrast to the MTR values, the
average rB; and its spatial variation over the voxels used for calculating the MTR
maps, decreased with the digestion time from 100£15% att = 5 min to 87£9%
at t = 95 min (Fig. S5.5 of SI). As demonstrated in Fig. 5.5c-e and Fig. S5.6 of
the SI, the inter-individual variation in the MTR values was large, and there was
no significant difference in the AMTR (p = 0.29), AUCMTR (p = 0.48) and MTR,,,..(P
= 0.15) between LPSM and HPSM.
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Figure 5.4. (a) T,-weighted sagittal MRI images of the abdomen at t = 5 min after
ingestion of 300 g of LPSM or HPSM and at 30 min intervals until t = 95 min.
Corresponding (b) color-coded MTR maps and (c) MTR histograms are also shown. Data
are from one randomly selected female participant.
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Figure 5.5. (a) Mean 'H MTR and (b) spatial variation, determined by the SD of the
1H MTR values of the semi-solid voxels over time (c) The change in MTR from 5 to 95
min after milk ingestion (AMTR=MTR(t=95)-MTR(t=5)), (d) the AUC MTR and (e) the
MTR,,... The data in a and b are plotted as the mean *+ SD over all participants. In c-
e individual data for each participant are also shown.
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5.3.3. Exploratory analysis on the effect of sex on the outcomes

Exploratory analysis showed that the MTR, TGC volume and liquid volume over
time were higher for females compared to males (p<0.001, p = 0.025, p= 0.026,
respectively, Fig. S5.7 of the SI). There was no difference in the semi-solid volume
between males and females (p =0.12). The male and female participants had an
average body size, estimated as weight times the height, of (1.4 + 1.7)-10% and
(1.1 £ 0.9)-10% kg*cm, respectively.

After accounting for the effect of body size, the effect of sex on the MTR, TGC
volume and liquid volume was no longer significant (p=0.46, 0.28, 0.74,

respectively).

5.3.4. Appetite and well-being ratings

The appetite and well-being ratings over time are reported in Fig. S5.8 of the SI.
Participants reported a higher level of hunger (p <0.01) and appetite (p < 0.001),
and a lower level of fullness (p<0.05) for HPSM compared to LPSM. For hunger
and appetite, the effect was driven by most time points (p <0.05), whereas for
fullness, the effect was driven by time points 42 min and 57 min (p = 0.020 and
p = 0.048, respectively). There was no treatment effect on thirst, bloating or
nausea (p = 0.31, p = 0.29 and p = 0.90, respectively). There was a significant
treatment-by-time effect with higher ratings of nausea at t=57 min for HPSM
compared to LPSM (p = 0.04). However, this effect was mainly driven by 2
participants who reported nausea scores of 20 points higher for HPSM compared
to LPSM, whereas the other participants reported nausea scores of around 0
throughout the digestion and for both milk products. Therefore, no conclusions

can be drawn from this.
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5.4. Discussion

The objective of this study was to assess the feasibility of using 'H MT MRI for
monitoring gastric milk protein coagulation in vivo in humans using LPSM and
HPSM as test-products. The TGC, semi-solid and liquid volumes were compared
between the two products to investigate the effect of heat treatment on the GE
dynamics. To the best of our knowledge, this is the first study in humans that
investigated the effect of heat treatment on gastric coagulation of milk. Moreover,
the same heat treatments and MRI data acquisition and analysis were used as in
our in vitro study from Chapter 4, enabling a direct comparison between the in

vitro digestion model and digestion in humans.

5.4.1. GE dynamics

We found that the TGC volume remained higher for a longer duration for HPSM
compared to LPSM. This suggest a slower GE with more extensive heat treatment.
Additionally, the semi-solid and liquid volumes vs. digestion time appeared to be
higher for HPSM compared to LPSM, although these differences were not

statistically significant.

These findings contradict our initial expectation, as previous in vitro (Li et al.,
2022; Mulet-Cabero et al., 2019) and in vivo animal (Ahlborn et al., 2023; Ye et
al., 2019) studies have demonstrated that heat treatment typically results in a
coagulum with a looser and softer consistency during gastric digestion, which has
been suggested to potentially lead to a faster GE. Ahlborn et al. (2023) showed
that, for a 500 mL load of milk, the TGC, coagulum, total protein and coagulated
protein emptied faster for UHT compared to pasteurized milk during gastric
digestion in pigs. These differences were attributed to the weaker and more open
coagulum structure observed in UHT milk. In contrast, Ye et al. (2019) reported
that the wet and dry weight of the coagulum were higher for UHT compared to
pasteurized milk in rats at 30 and 120 min after milk ingestion, but slightly lower
at 240 min. This suggests that the volume and moisture content of the coagulum
from UHT milk is higher in the first 120 min of digestion, aligning with the higher
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appearing semi-solid and liquid volume found for HPSM in the present study. The
higher liquid volume for HPSM may indicate a higher moisture content which, in
turn, could be attributed to a coagulum microstructure with more abundant and
larger voids (Ye et al., 2016). Barbé et al., (2013) found that the mean retention
time of chromium in the stomach in pigs was longer for heated (10 min at 90 °C)
compared to unheated rehydrated ultra-low heat skim milk powder, which may
suggest a slower emptying of milk upon heat treatment. Overall, in vitro and in
vivo studies in animals have shown that high temperature or prolonged heat
treatment result in a looser and softer milk protein coagulum during gastric
digestion. However, currently there is no consistent picture on the effect of heat

treatment on the GE of the total or semi-solid gastric content.

In vivo studies in humans (Horstman et al., 2021; Lacroix et al., 2008) did not
report a difference in AA concentrations in blood following the consumption of UHT
or pasteurized milk, but Lacroix et al. (2008) did report an enhanced transfer of
dietary nitrogen into serum AA, urea, and protein pools for UHT compared to
pasteurized milk. They proposed that a softer coagulum and more rapid GE could
explain the observed difference. However, as shown in the present study, more
extensive heat treatment resulted in higher TGC over time, indicating that the
effect of heat treatment may be different in humans compared to in animals or in

vitro models.

5.4.2. Interpretation of MT MRI data

Following ingestion, the MTR was initially low but, as digestion progressed, a
notable increase in the MTR was observed for both LPSM and HPSM. Right after
ingestion, the milk is in a liquid state and, consequently, the macromolecular
mobility is still high, resulting in a low MTR (Henkelman et al., 2001; van Zijl et
al., 2018). As digestion proceeds, a transition from a liquid to semi-solid state
occurs, primarily driven by the aggregation of caseins induced by pepsin and
stomach acid (Huppertz & Chia, 2021). This transition to a semi-solid state causes
a decrease in the macromolecular mobility, leading to stronger inter- and intra-

molecular dipolar interactions, which are the drivers of the *H MT effect in MRI
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(Henkelman et al., 2001; van Zijl et al., 2018; Zhou et al., 2023). In Chapter 4,
a similar increase in the MTR was observed for LPSM during semi-dynamic in vitro
gastric digestion. The in vitro MTR data was compared with visual and rheological
assessment of the coagula, which confirmed that the increase in MTR
corresponded to an increase in the storage modulus and, hence, stiffness of the
coagulum. The agreement between the in vitro and in vivo data for LPSM,
alongside the significant MTR variation vs. digestion time, confirm the suitability
of MT MRI for monitoring gastric milk protein coagulation in vivo. However, we did
not observe an effect of heat treatment on the MTR over time. Interestingly, this
is in contrast with our in vitro findings from Chapter 4, where based on visual
assessment, the coagulum of HPSM appeared more loose compared to that of
LPSM. This difference was also reflected in the MTR, which was lower for HPSM

compared to LPSM beyond 50 min of gastric digestion.

The MTR and GE data altogether may suggest that the effect of heat treatment on
gastric coagulation is different in humans compared to what has been observed
in in vitro models and in vivo animal models. Gastric coagulation of milk is highly
affected by pH and pepsin activity, which can vary both between and within
individuals (Fadda et al., 2022). Furthermore, gastric fluid volume in the fasted
state also varies between and within individuals (Grimm et al., 2018), and has
previously been shown to affect the formation of a fat layer during gastric milk
digestion (Camps et al., 2021). Accordingly, the gastric fluid volume may also
affect gastric milk coagulation. Variations in gastric fluid volume and secretion can
lead to large variations in the MTR values during digestion, making it more
challenging to detect subtle differences in coagulation resulting from heat-induced
changes to protein structure. Consequently, additional research using a larger
sample size may be necessary to provide more insights into this complex process.
Furthermore, conducting in vitro experiments under varying gastric conditions (pH
and pepsin activity) and for different milk heat treatments may be necessary to
investigate more thoroughly the sensitivity of the MTR parameter to heat-induced

alterations in gastric coagulation of MPs.

A recent study assessed gastric milk coagulation in women experiencing gastro-
intestinal (GI) complaints and in a control group after milk consumption by

calculating image texture measures, namely homogeneity, contrast, busyness,
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and coarseness, for the T,-weighted anatomical images (van Eijnatten et al.,
2023). The decrease in homogeneity, and increase in contrast and coarseness,
were associated with the coagulation process. While such image texture measures
show promise for monitoring gastric MP coagulation, they need to be verified with
MRI data of in vitro digestion samples, in analogy to what we have done so far for
the MTR.

5.4.3. Challenges in acquisition and quantification

Conducting MT measurements in vivo in humans is challenging due to breathing
motion and gastric motility. To construct the MTR maps, the S, and S,,, images
were acquired separately in different breath holds. Although breath holding
minimizes breathing-related motion artifacts within an image, it does not account
for differences between the S, and S, images. Differences in both the position
and shape of the stomach were observed, with the latter being caused by gastric
contractions. These differences were corrected for using rigid and non-rigid image
registration. However, in certain cases, gastric contractions and mixing resulted
in differences in the content of individual voxels between the S, and S,,; images.
For example, some voxels contained low-intensity components in the S, image,
arising from semi-solid fractions, but high-intensity (liquid) components in the S,
image, leading to negative MTR values. These values were excluded from the MTR
maps and from the corresponding calculation of the mean MTR over the semi-solid
voxels. In future applications it is preferable to work on reducing the acquisition
time of the scans to enable acquisition of both the S, and S,; images in one breath
hold. This could help minimize the sensitivity to mixing effects, and to improve

the accuracy of the MTR measurements.

In this work, the 'H MT MRI scans were acquired using a RARE sequence with a
90° RF excitation flip angle and T,-weighting, with an acquisition time of around
19 s per image. In humans the stomach typically contracts about three times per
minute (Lu et al., 2022), which suggests that the S, and S,,; scans may have been
acquired during two different contractions. The acquisition can be accelerated by

replacing the RARE sequence with a faster image acquisition sequence, such as a
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Gradient Recalled Echo (GRE) sequence. However, faster image acquisition
schemes often come at the cost of lower signal-to-noise ratios (SNR) and poorer
contrast. This could make it challenging to accurately delineate the gastric content
and to separate liquid and semi-solid components using intensity thresholding.
Therefore, further optimization of the scan parameters is required to achieve
faster measurements, while maintaining a high SNR and good contrast. Faster
measurements are also beneficial for covering a whole stomach volume. In this
study, with a scan time of 19 s, only three sagittal slices could be acquired with a
thickness and interslice gap of 4 and 2 mm, respectively, covering 16 mm in the
left-to-right direction. This might not be representative of the whole gastric

content, and is a potential limitation of the study.

As demonstrated in Fig. 5.4 and 5.5, both the MTR and the spatial variation in the
MTR values increased vs. digestion. This trend might be attributed to an increase
in the degree of coagulation, and heterogeneity of the coagulum, though B;-
inhomogeneity could also play a role. While, the acquired rB,-map could not be
used to correct the MTR values, due to gastric mixing effects between the MT and
B;-map acquisitions, they could be used to assess changes in the B; strength and
variation over time. The rB; and its spatial variation decreased vs. digestion.
Specifically, in the voxels used to calculate the MTR, this decrease was from
100£15% at t = 5 min to 87+£9% at t = 95 min. Given that a decrease in the B,
amplitude of the saturation pulse is expected to result in a decrease in the MTR,
it appears unlikely that the observed increase in the MTR and its spatial variation
vs. digestion were caused by changes in the B, over time. However, further
research is necessary to explore the effect of B;-inhomogeneity, and different

correction methods for MT MRI of gastric digestion.

In this study, the intensity thresholding method that we previously applied to in
vitro T,-weighted MRI images (Chapter 3 and 4) was used to identify low- and
high-intensity voxels in in vivo images. The low- and high-intensity voxels were
attributed to more semi-solid and liquid gastric content, respectively and were
used to quantify their respective volumes over time. It is worth noting that with
this approach a threshold value is determined even within 12 min after milk
ingestion when milk is still in a liquid state. This stems from the lack of direct

mixing between ingested milk and the baseline gastric content, primarily
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composed of gastric juice. This leads to the formation of a thin layer of baseline
gastric content on top of the milk. The baseline gastric content likely comprises
gastric juice, based on its higher intensity compared to the ingested milk in the
T,-weighted MRI images. The intensity thresholding will then separate the liquid
milk from this high-intensity layer. Therefore, in this study, the obtained semi-
solid and liquid volumes from the second timepoint onwards, where coagulation

became clearly visible, were considered.

A potential limitation of MRI is that it usually requires participants to be in a supine
position, which affects the position of the stomach due to gravity. This could lead
to a difference in fluid dispersion throughout the stomach, thereby affecting
gastric coagulation and emptying (Holwerda et al., 2016). However, relative
differences are expected to remain the same (Camps et al., 2018).

5.4.4. Inter-individual variation

This study included both male and female participants for better generalizability.
The MTR, TGC, and liquid volumes were higher in females compared to males.
However, after accounting for body size, no significant differences remained. This
indicates that these differences are related to body size and may not be inherently
sex-specific. Previous studies have demonstrated slower GE in females compared
to males (Camps, de Graaf, et al., 2018; Gill et al., 1987; Hermansson &
Sivertsson, 1996). However, none of these studies included body size as a factor
in their statistical analysis. Camps et al. (2018) did find a weak correlation (r=
0.266, p <0.05) between body size and TGC volume, but they concluded that this
was not strong enough to explain the effect of sex on the TGC volume. Previous
research has reported differences in pepsin activity and gastric pH between males
and females (Lindahl et al., 1997), which could also influence gastric coagulation
and emptying. Therefore, more research is warranted to better understand the

effect of different factors, including body size and hormones, on gastric digestion.
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5.5. Conclusions

We have demonstrated the potential of tH MT MRI as a novel non-invasive method
for monitoring gastric MP coagulation in humans. The MTR, which is a marker of
coagulum consistency, can be obtained from two rapid scans of less than 20 s
each. By combining conventional T,-weighted anatomical images with MT
measurements, the GE of total, semi-solid and liquid gastric content, as well as

changes in the coagulum consistency, could be assessed in vivo.

The MTR of LPSM increased during gastric digestion, which reflected milk protein
coagulation and was in agreement with previous data from a semi-dynamic in
vitro model. Interestingly, contrary to the in vitro data, no difference was found
in the MTR between LPSM and HPSM in vivo. Moreover, gastric content volumes
over time were higher for HPSM compared to LPSM, indicating a slower GE upon
heat treatment. These findings demonstrate that the effect of heat treatment on
gastric milk protein digestion may be different in humans compared to what has
been observed in in vitro and animal models. This highlights the importance of
conducting in vivo studies in humans when investigating effects of heat treatment
on gastric milk digestion. Our innovative approach holds promise for investigating
the effect of various heat treatments or the presence of lipids on gastric milk
protein coagulation and emptying dynamics. Moreover, it opens the way for
exploring gastric digestion of a variety of (semi-)solid foods, including yoghurt,
cheeses and protein-rich foods with different micro- and macrostructures. Insights
from such studies can not only improve our understanding of how food processing,
composition, and structure affect gastric digestion, but may also contribute to the

improvement of in vitro digestion models.
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5.6. Supplementary Information

5.6.1. Flow diagram of the study
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Figure S5.1. Flow diagram for inclusion, treatment allocation and analysis.
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5.6.2. Sample size estimation

This is the first study in which MT MRI will be applied to study in vivo gastric
protein digestion, and hence, the expected differences and population variance
are unknown. Therefore, we use our in vitro findings of the evolution in semi-solid
MTR during semi-dynamic in vitro digestion to estimate the expected difference
and variance. The standard deviation (SD) in vitro was 0.0032 and, assuming that
the SD in vivo will be at least 30 times higher due to physiological noise and
movement-related distortions, we estimate a SD of 0.096. A repeated measures
ANOVA will be used to determine if there is significant effect of time and treatment
on the MTR. With a power of 90%, and a significance level of 0.05, a total of at
least 9 or 12 complete datasets is required for the time and treatment effect,
respectively (calculated using: https://glimmpse.samplesizeshop.org/).
Therefore, a total of 12 participants will be recruited to be able to evaluate both
the time and treatment effect. Participants will be replaced in case of dropouts up

until a maximum of 14 participants.
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5.6.3. Image registration and intensity thresholding
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Figure S5.2. Schematic overview of the image registration process of the masked gastric
content images, consisting of decomposing the MT images into a low-rank and sparse
component, containing the motion-free contrast and motion information, respectively. The
average of the low-rank images is used as a reference image for alignment of the original
motion-corrupted images, resulting in well-aligned So and Ssar images.
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Figure S5.3.Liquid and semi-solid masks obtained by intensity thresholding of the sagittal
(top) and axial (bottom) T2-weighted MRI images.
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5.6.4. MTR data
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Figure S5.5. rB: maps of the gastric content at (a) t = 5 min and (b) t = 95 min after the
ingestion of 300 g HPSM are depicted for the same participant as shown in Fig. 5.4 in the
main text. These maps illustrate a decrease in rBi1 in the gastric content from t = 5 to 95
min. Specifically, for the voxels used to calculate the MTR, this decrease was from 100£15%
at t = 5 min to 87+9% at t = 95 min.
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Figure S5.6. (a) AMTR between T5-95 min, (b) AUC MTR and (c) max MTR per participant
for LPSM and HPSM.
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5.6.5. Effect of sex on digestion outcomes
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Figure S5.7. (a) MTR, (b) GC volume, (c) semi-solid volume and (d) liquid volume for
female and male participants. The data of LPSM and HPSM were grouped per sex. Data are
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5.6.6. Appetite and well-being ratings
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6.1. Main findings

The aim of this thesis work was to bridge the gap between in vitro digestion
models and in vivo digestion in humans by developing 'H MRI markers for the
assessment of intra-gastric milk protein digestion. To this aim 'H saturation
transfer techniques, Magnetization Transfer (MT) and Chemical Exchange

Saturation Transfer (CEST) were explored to probe the digestion of milk proteins.

In Chapter 2, MT NMR was implemented on a 7 T vertical bore NMR spectrometer

for monitoring gastric milk protein digestion of raw and heated skim milk in static

REXME
R4 !

in vitro digestion samples. The composite exchange rate parameter,

obtained from multiparameter fitting of MT spectra, and the semi-quantitative
MTR parameter rapidly acquired at one saturation offset frequency (4), were
shown to be potential markers of gastric milk protein coagulation, and of its
subsequent solubilization. These markers also showed high sensitivity for the

effect of heat treatment on the gastric coagulation of milk proteins. Given that the

REXM{);

acquisition of the MTR is 46-fold faster than the -

, and does not require data

fitting, it was proven more feasible for in vivo studies. Consequently, it was further
explored in the following chapters.

To build on this, in Chapter 3, spatially-resolved T,-weighted MT and CEST
measurements were implemented on the 7 T vertical bore NMR spectrometer to
monitor changes in both the semi-solid and soluble protein fractions of static in
vitro digestion samples. Specifically, the MTR,,, was established as a marker of
protein hydrolysis and changes in protein/peptide concentration in the liquid phase
of the digestion samples. Additionally, intensity thresholding of T,-weighted
images was used to estimate the semi-solid (coagulum) volume, and to construct
MTR and MTRgy,, maps of the semi-solid and liquid phases, respectively. By
integrating MT and CEST MRI with T,-weighted imaging, both macroscopic and
molecular-level changes occurring during static in vitro gastric digestion could be

monitored.
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To move towards the dynamic complexity of in vivo gastric digestion, in Chapter
4 the previously developed markers, namely MTR, MTR,,,, and the semi-solid
(coagulum) volume were further explored for monitoring gastric digestion in a
semi-dynamic in vitro model using low- and high-pasteurized skim milk (LPSM
and HPSM, respectively) as test products. The supernatant of the digesta was
measured with MT and CEST on the 7 T vertical bore NMR spectrometer. Moreover,
in situ monitoring of the digestion was conducted using a 3 T clinical MRI scanner.
Variations in pH and protein concentration were the dominant factors affecting the
MTR4sym under semi-dynamic gastric conditions. Given the critical role of pH in
gastric digestion, CEST MRI was used as an indirect method for pH mapping.
Additionally, T,-weighted images combined with MTR maps obtained in situ during
digestion, proved to be valuable for assessing changes in the semi-solid volume
and coagulum consistency. The MTR parameter was sensitive to differences in the
intra-gastric coagulation behaviour from differently heated milk products. The
findings of Chapter 4 demonstrated the capability of CEST, MT and T,-weighted
MRI to capture the variations in pH and coagulation dynamics during gastric

digestion.

Chapter 5 expanded on the promising results of the in vitro work with an in vivo
study in humans. The aim of the study was to assess the feasibility of utilizing MT
MRI for in vivo monitoring of gastric milk protein coagulation, using LPSM and
HPSM as test products. The findings demonstrated that the MTR parameter can
serve as a suitable marker for monitoring milk protein coagulation during gastric
digestion in humans. The observed trend in the MTR for LPSM was consistent with
what was observed in the semi-dynamic model of Chapter 4. Interestingly, no
differences were found in the MTR of LPSM and HPSM during gastric digestion
suggesting a different effect in coagulation behaviour of HPSM in vivo in humans
compared to the behaviour observed in the semi-dynamic model. In addition to
the MTR, total, semi-solid and liquid gastric content volumes were determined.
These indicated a slower gastric emptying for HPSM compared to LPSM. Chapter
5 underscored the potential of MRI as a valuable tool for non-invasive monitoring
of gastric milk protein digestion in humans.
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In the remainder of this chapter, the findings from the previous chapters are
jointly discussed and put into a broader perspective. First, the strengths and
limitations of 'H MT and CEST MRI in digestion research are discussed and
suggestions for improvements are provided. Next, a direct comparison between
the semi-dynamic in vitro and human in vivo data is presented. Possible
explanations for the observed differences are discussed and suggestions for
designing a more physiologically relevant gastric digestion model are provided.
Lastly, directions for future research regarding the application of the developed
MRI markers for studying gastric digestion of different foods, and in different

populations are proposed.

6.2. Strengths and limitations of 'H ST MRI in
digestion research

Gastric digestion involves breakdown of the food matrix, which may result in
phase separation of the chyme. Conventional T,-weighted anatomical MRI images
have previously been used to visualize phase separation of milk into a fat and
aqueous layer in the stomach (Camps et al., 2017, 2021). Gastric cow’s milk
digestion involves a separation into a semi-solid and liquid phase as a result of
milk protein coagulation. In Chapter 3, we introduced intensity thresholding of
these images as a tool to estimate the volume of the semi-solid (coagulum)
fraction within static digestion samples, and demonstrated its application to
images obtained during gastric digestion in a semi-dynamic in vitro model
(Chapter 4) and in vivo in humans (Chapter 5). However, the volume of the
different fractions alone does not provide a quantitative direct measure of the
consistency of the coagulum. MRI offers various quantitative methods capable of
providing specific parameters that contain information about the local micro- and
macro-structural as well as the chemical environment of protons. Saturation
Transfer techniques (MT and CEST) are examples of quantitative MRI methods,
which provide molecular information, on semi-solid macromolecules and low-
abundant solute molecules, that is not accessible by liquid-state spectroscopy or
relaxometry measurements due to the short T, relaxation times or low

concentrations of such molecular components.
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At the start of this thesis work, the potential of MT and CEST for monitoring
structural- and molecular-level changes during gastric digestion had not been

explored yet.

6.2.1. MTR: marker of gastric milk protein coagulation

The MT MRI method explored in this thesis can be used to monitor the transition
of liquid milk into a semi-solid coagulum during gastric digestion. This coagulation
process is characterized by a gradual reduction in the protein molecular mobility
as the caseins aggregate to form a semi-solid mass. As digestion progresses,
syneresis takes place, during which liquid whey is expelled from the semi-solid
mass, resulting in a denser and more solid coagulum and, hence, a further
reduction in protein molecular mobility (Daviau et al., 2000; Huppertz & Chia,
2021; Le Feunteun et al., 2012). Magnetization transfer takes place via through-
space dipolar coupling between semi-solid macromolecular protons and mobile
water protons. The strength of the dipolar coupling, and hence the extent of
magnetization transfer, depends on the mobility and number of macromolecular
protons (Henkelman et al., 2001; van Zijl et al., 2018; Wolff & Balaban, 1989).
As demonstrated in Chapter 2, the MTR can be used to assess changes in the
protein content of the coagulum. Furthermore, the MTR of the coagulum increased
during gastric digestion in both a semi-dynamic in vitro model (Chapter 4) and
in vivo in humans (Chapter 5), reflecting the progressive coagulation of the milk
proteins. Therefore, the MTR has been proven to be a suitable marker of changes
in the coagulum consistency over time. The information obtained on the
consistency of the coagulum provides complementary information with respect to

the gastric content and semi-solid volumes.

T, mapping is a quantitative MRI technique that has been used to study gastric
digestion of whey protein gels (Deng et al., 2022, 2023) and a bread and cheese
meal (Musse et al., 2023). The main advantage of MT compared to T, mapping is
that MT gives access to the semi-solid macromolecular protons with short T,-
values, invisible in T,-maps. Moreover, T,-mapping requires multiple
measurements at varying echo times, to cover the full decay curve of the

magnetization, whereas to obtain the MTR only two measurements, namely a
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reference scan and a saturation scan, are required. Moreover, the range of
measurement echo times that can be selected on clinical scanners is limited to
about 20-120 ms and, for dynamic in vivo applications, the number of acquired
echoes typically cannot exceed 5. As a result, neither the shortest or longest T,
components can be accurately captured. Moreover, T,-mapping requires voxel-
wise fitting of the echo amplitudes by mono- or multi-exponential decay functions,
which introduces analysis errors and model assumptions absent in the calculation
of the MTR (Dekkers & Lamb, 2018). In Chapter 5, the two required scans were
obtained within a measurement time of 39 s using a RARE image readout to cover
a volume of 352x400x16 mm with an in-plane resolution of 1 mm x 1 mm, and
slice thickness and interslice gap of 4 mm and 2 mm, respectively. This acquisition
time can be further reduced to 25.6 s for the same FOV and resolution conditions
by using a gradient-recalled echo (GRE) sequence, but at the cost of image SNR

and contrast.

The specificity of MT MRI measurements to semi-solid macromolecules can also
be seen as a potential limitation of their accessible dynamic range, as they do not
provide any information on proteins and peptides in solution. However, to
overcome the latter pitfall, MT and CEST measurements can be mutually
combined. This only requires the acquisition of two additional saturated images,
and will be discussed in more detail in the following section. Moreover, the MTR
parameter is only semi-quantitative, as it depends on the B; strength and
saturation frequency offset used for the acquisition. However, as long as these
parameters are kept constant throughout the study, the MTR values corresponding
to different digestion time points and treatments can be compared. The sensitivity
of the MTR parameter to different coagulum consistencies warrants a more
detailed investigation. This can be achieved by using casein gels with varying
stiffness and coagula prepared from milk heated at different temperatures.
Additionally, the association of denatured WPs with casein micelles in the
coagulum of heated milk might influence the MTR. This influence could stem not
only from increased proton mobility, as a result of a looser coagulum, but also
from its impact on the total number of protons within the coagulum. Ideally,
mapping the macromolecular proton fraction should be included to enable better
interpretation of MTR data during gastric digestion of differently heated milk

products. However, this would require time-consuming measurements of MT
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spectra at different 4 values and B, amplitudes, as well as complex multiparameter
fitting of the data, as conducted in Chapter 2. While this approach might not be
feasible for in vivo studies, it could be used to understand the effects in more

detail for in vitro samples.

6.2.2. CEST MRI: pH, protein concentration and hydrolysis

As mentioned in the previous section, CEST can complement MT measurements
by providing information on the solute proteins and peptides. As demonstrated in
Chapter 3, the MTR,,,, parameter obtained from CEST measurements is
sensitive to changes in pH, protein concentration, and protein hydrolysis. The
latter is a result of the cleavage of peptide bonds leading to an increase in the
number of exchangeable -NH; and -OH protons. We showed that, for a WP
concentrate, a degree of hydrolysis of 26+1% resulted in a 35+1% increase in
the MTR,s,n. This suggests that, under constant protein concentration and pH,
the MTR,, parameter could serve as a marker of protein hydrolysis. However,
as shown in Chapter 4, under semi-dynamic gastric digestion conditions large
variations in pH and protein concentration occur, which dominate over protein
hydrolysis. Generally, protein hydrolysis in the stomach is quite limited as it
mainly occurs in the small intestine. Therefore, under semi-dynamic digestion
conditions, the MTR,,,, parameter is mainly affected by changes in pH and
protein concentration. As demonstrated in Chapter 4, the dual-power CEST MRI
method could be used as an indirect way of measuring pH in standard WPI
solutions and in digestion samples. The pH values obtained by CEST MRI at room
temperature on a 7 T vertical bore NMR spectrometer showed excellent agreement
with the values measured by a pH electrode. However, some challenges were
faced for the measurements at 37 °C on a clinical 3 T scanner. Firstly, the CEST
spectra at 37 °C contained an exchange relayed NOE (rNOE) signal at 4 = -3.5
ppm (Fig. 6.1.), likely resulting from a two-step process in which magnetization
of non-exchangeable protons is transferred via through-space dipolar coupling
towards neighboring exchangeable protons, and then to water via 'H chemical
exchange (Jones et al., 2013; Zhou et al., 2023). Whereas dipolar coupling is
expected to decrease with temperature due to increased molecular motion, the
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chemical exchange rate is expected to correspondingly increase. The latter is a
result of an increase in the force and frequency of collisions between the reacting

species, facilitating the chemical exchange of protons (Wermter et al., 2022).

NH, rNOE
16
087
o
D
w06
w
%)
047
'S pH 3
027 —e—pH 4.5
10 5 0 -5 -10
Frequency offset (ppm)

Figure 6.1. CEST spectra of 12% WPIS at pH 3 and 4.5 obtained with a B: of 1.5 uT for 37
°C on a 3T clinical MRI scanner.

Secondly, a shift in the 1H chemical shift difference from water for the chemical
exchange peak at pH =6.5 was observed from 4~2.7 ppm at room temperature
to ~ 4 ppm at 37 °C (Fig. S4.4). This complicated the quantification of the MTR sy,
for in situ pH mapping, where data was only obtained at 4 =+2.7 ppm. Thirdly,
protein aggregation near the pI of WP resulted in inhomogeneities in the in situ
pH maps from 30 min onwards. The chemical exchange rate for proteins in
solution is higher than that of aggregated proteins due to a reduced water
accessibility of the exchangeable protons in the latter. This resulted in lower
MTRg4s,m, and consequently lower RPM values for the aggregated particles, leading
to an overestimation of the pH. Therefore, the application of CEST pH mapping

during gastric digestion requires further development and validation.
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Generally, it is recommended to measure saturated images at multiple 4 values
to construct a CEST spectrum instead of images obtained at only one set of
negative and positive 4. This could enable more accurate quantification of the
chemical exchange through multipool Lorentzian fitting (ZaiB et al., 2011).
However, for gastric digestion studies, this would necessitate a significant

acceleration of the measurement time per offset.

Sensitivity to field inhomogeneities

One limitation of CEST is its strong sensitivity to magnetic field inhomogeneities.
In MRI scanners, the amplitude of the main magnetic field (B,) and the applied RF
field (B;) vary across the field of view (FOV) due to inherent challenges in
achieving a perfectly uniform By,- and B;-field and tissue-related magnetic
susceptibility variations throughout the imaging volume. The asymmetry analysis
most commonly used for CEST quantification only works well if the water chemical
shift is exactly known and can be refenced to 0 ppm. Due to the steep slope of
the direct saturation curve, even a small shift in the B,-field and the concomitant

shift in the CEST spectrum can result in errors in the quantification of the MTRgym.

These effects can be reduced by improving the shimming, which is challenging in
vivo due to the large volumes that need to be shimmed, variable tissue
compositions resulting in different magnetic susceptibilities, and time constraints.
Therefore, the water saturation shift per voxel can be used to construct a B,-shift
map by either separately measuring the direct water saturation spectra per voxel,
known as the WASSR approach, and used in Chapter 3 and 4 for measurements
of WP solutions and digesta samples (Kim et al., 2009), or by using the measured
CEST spectrum itself (Stancanello et al., 2008). The resulting B,-shift map was
used for prospective voxel-wise correction of the CEST spectra, to enable reliable
quantification of the MTRyyp,.

However, for in situ measurements during gastric digestion in the semi-dynamic
model and in vivo, it was not possible to acquire CEST spectra due to their long
measurement times. Instead saturated images were obtained at 4 £ 2.7 ppm

along with a reference unsaturated image to obtain the amine MTRgy,,. The

MTRg4,, values were voxel-wise corrected using the fast Bj;-inhomogeneity
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correction approach that uses regression to describe the effect of the B,-artifact
on the CEST effect. This approach performed well for the measurements of the
semi-dynamic model in Chapter 4, and showed excellent agreement with the

conventional CEST-spectrum interpolation-based correction (Fig. S4.5).

Quantification of the chemical exchange is also influenced by B, -field
inhomogeneities, which result in spatial variations in the saturation efficiency and
consequently errors in the MTR,,,, values. To correct for B;-inhomogeneity, a
relative B;-map (rB;) can be acquired to determine the exact B; amplitude of the
saturation pulse per voxel. The rB;-map can subsequently be used for voxel-wise
interpolation of the B,-corrected CEST spectra or MTR,y,, values (Windschuh et
al., 2015). The latter was used in Chapter 4 to correct the MTR,,, values

obtained for the 3 T measurements of the semi-dynamic model.

The effect of By- and B;-inhomogeneity on the MTR,,, was also visible in the data
from the in vivo study (Fig. 6.2). However, applying the fast B,-correction method
on the in vivo data of the stomach was not possible because the delay between
the acquisition of the MTR,,,, and WASSR B,-map caused a difference in the voxel
contents between the two maps, especially at later time points during digestion.
Moreover, at t = 35 min (Fig. 6.2, middle) the gastric mixing caused a mismatch
in the voxel contents between the individual saturated images obtained to
construct the WASSR B,-map, resulting in inaccurate §B, values. To assess the
validity of the measurements and correction methods, data from the kidney, a
static organ in the abdomen, was used (Fig. 6.2, bottom row). This shows that
the By- and B,-inhomogeneity were smaller in the kidney, and that the B,- and B, -
inhomogeneity corrections used for the in vitro data of Chapter 4 also worked
well in vivo for a static organ, but not for a dynamic organ like the stomach and

its contents.

The large By-inhomogeneity across the stomach highlights the need for better
shimming of this region and for another correction approach. For the in vivo scans,
shimming was performed before the acquisition of the CEST measurement for
each time point using the so called “pencil beam volume” shimming, with the shim
volume placed on the stomach to optimize the magnetic field specifically in that

region. This approach performed better than the default approach, which is to
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shim over the whole imaging volume. It is important to mention that obtaining
good shims within the stomach volume is challenging because of its close
proximity to other organs, presence of air leading to susceptibility artifacts, and
motion of both the stomach and organs around it. Therefore, it is worth exploring
more advanced shimming approaches in future works. One example would be to
explore real-time shim corrections using Double-volumetric Navigators (Simegn
et al., 2019), which has the added advantage of offering real-time motion

correction.

Alternatively, CEST spectra could be measured to allow construction of an internal
By,-map, thereby mitigating gastric mixing effects between the CEST and the
WASSR By-map acquisition. As mentioned in the previous section, the number of
A values should be optimized for speed, and different sequences that may allow
faster CEST spectra acquisition should be explored. Since the long acquisition
times of CEST spectra are the primary factor limiting its widespread clinical
application, a plethora of acquisition schemes have been developed to accelerate
CEST measurements (Zhang et al., 2023). Some examples of image readout
schemes that are faster than the RARE readout used in this thesis include echo-
planar imaging (EPI), Gradient-Recalled Echo (GRE), Gradient Echo and Spin Echo
(GRASE), and optimized turbo spin echo (TSE, also known as RARE) with different
flip angle evolutions (SPACE) (Zhang et al., 2020). However, these methods have
their own limitations and suffer from susceptibility-related image distortions and
low SNR. An alternative approach is to adjust the saturation scheme. For example,
Scheidegger et al. (2011) proposed a method called saturation with frequency
alternating RF irradiation (SAFARI), in which chemical exchange contrast can be

obtained from four images without the need for B,-correction. This includes the

acquisition of a SAFARI image with saturation alternating between the positive
label and negative control 4, e.g. at 4+3.5 ppm for amides, along with standard
CEST images obtained at the label and control 4, and an unsaturated image. This

approach is robust towards both Bj-inhomogeneity effects, and asymmetry

effects, such as the rNOE contributions described in the previous section.
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Figure 6.2. MTR,,,,, WASSR B,- and relative B,-maps of the stomach contents of a female
participant at t = 5 min (top) and t = 35 min (middle) after ingestion of 300 g LPSM. The
white arrows point at areas of high or low MTR,,, corresponding to regions with large B,-
inhomogeneity. The same is shown in the bottom row for the kidney at t = 35 min to assess
the validity of the measurements and the corrections for a static organ. The MTR,,, map
was obtained from CEST measurements at A=+ 2.7 ppm with a B, amplitude of 3 pT and
saturation time of 1 s.

In Chapter 1, T;, and T,-dispersion were also introduced as potential MRI
techniques that can provide markers of protein content, structure and pH.
However, both of these techniques are also susceptible to B,- and B;-
inhomogeneities, and require long acquisition times (Leforestier et al., 2021;
Shaffer et al., 2020; Witschey et al., 2007). Hence, they do not offer an advantage

over CEST and MT MRI in the context of digestion research.

6.3. Effect of heat treatment on gastric milk protein
digestion

A sub-aim of this thesis was to investigate the effect of heat treatment on the
gastric digestion of milk proteins. In Chapter 2 and 3, the gastric digestion of
unheated skim milk (USM) and heated skim milk (HSM) under static in vitro
conditions simulating gastric digestion in infants were compared using the MTR,
MTR sy and semi-solid volume. In these static digestion conditions, the pH is fixed
at 5.3, and pepsin activity remains constant at 268 U/mL from the start of

digestion, resulting in rapid (<1 min) formation of the coagulum. The MTR of USM
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decreased rapidly during digestion due to solubilization of the initially formed
coagulum. Heating of SM resulted in a slower decrease in the MTR, indicating a
casein coagulum that is correspondingly more resistant to solubilization (Chapter
2). This observation is in agreement with results from Sanchez-Rivera et al.
(2015) and Miltenburg et al. (2024) who showed that caseins are more resistant

to gastric digestion after heat treatment.

In Chapter 4 and 5, the USM and HSM were replaced by commercial LPSM
(typically heated at ~72 °C for 15s) and in-house prepared HPSM (heated at 80
°C for 30 min), respectively. Moreover, in Chapter 4, a semi-dynamic in vitro
model with adult gastric digestion conditions was used (Deng et al., 2022; Mulet-
Cabero et al., 2020) to enable comparison with the data from the in vivo study of
Chapter 5. During semi-dynamic in vitro gastric digestion, the semi-solid volume
was higher for LPSM compared to HPSM. This indicates that the coagulum of LPSM
remained intact and emptied more slowly than that of HPSM. Moreover, the MTR
of the LPSM coagulum continuously increased with digestion, whereas that of
HPSM decreased from 50 min onwards. These observations are in agreement with
previous (semi)-dynamic in vitro studies (Mulet-Cabero et al., 2019; Ye et al.,
2016), which showed that heat treatment results in a looser and softer coagulum
during gastric digestion. An in vivo study in growing pigs (Ahlborn et al., 2023)
showed that the coagulum dry weight and stiffness was lower for UHT compared
to pasteurized milk, which is in agreement with the in vitro observations. Another
study in rats (Ye et al., 2019) showed that the coagula for both pasteurized and
UHT milk were soft and watery, while that of unheated milk was solid. They also
reported a higher wet and dry weight as well as moisture content up to 120 min
of digestion for UHT compared to pasteurized milk, in contrast to the findings of
Ahlborn et al. (2023). It is important to note that a higher temperature was used
for the pasteurized milk in the rat study (85 °C for 15 s) compared to that in the
pig study (75 °C for 15 s). This difference in heating temperature could potentially

have impacted the coagulation process.
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Another study in pigs reported a slower emptying of heated (90 °C for 10 min)
compared to unheated skim milk determined by the mean retention time of
chromium in the stomach (Barbé et al., 2013). Overall, there is no consistent
picture in the literature on the effect of heat treatment on gastric emptying and
coagulation of milk, partially due to the different heat treatments used in each

study.

The data from the human study in Chapter 5 showed that gastric emptying of
the total gastric content was slower for HPSM compared to LPSM, and that of the
semi-solid and liquid content tended to be slower as well. Moreover, in contrast
to the in vitro data of Chapter 4, the MTR for HPSM increased until the last
digestion time point measured (t = 95 min), with the same trend observed for
LPSM. This indicates a different gastric coagulation behavior of HPSM in vivo in
humans compared to in vitro. In the next section, a direct comparison of the in
vitro and in vivo data is provided and potential explanations for the differences

are discussed.

6.4. Bridging the gap between in vitro models and in
vivo digestion in humans

6.4.1. Comparison of in vivo and in vitro semi-solid and liquid fractions

The gastric emptying in vitro was mimicked by manually removing gastric content
with a syringe at 4.3 mL/min. This, coupled with a gastric secretion rate of 2
mL/min, resulted in a decrease of 2.3 mL/min in gastric content, a rate
comparable to the overall emptying rate estimated from the in vivo data, which
was 2.2 mL/min for both milk products. However, the emptying of the semi-solid
and liquid fractions differed between in vitro and in vivo for HPSM as shown in Fig.
6.3. For LPSM (Fig. 6.3a,b), the variation over time in the semi-solid and liquid
fractions is small for both the semi-dynamic in vitro and in vivo data. The mean
difference between the in vitro and in vivo data was 4.6+4.3% and 8.0+9.5% for
the semi-solid and liquid fractions, respectively. This small difference between the
in vitro and in vivo data along with the overall similar trend with the digestion
time, indicates that gastric digestion of LPSM is realistically mimicked in the semi-

dynamic in vitro model. For HPSM (Fig. 6.3c,d), a strong decrease in the semi-
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solid fraction, and a strong increase in the liquid fraction was observed during in
vitro digestion. However, very little variation with the digestion time was observed
in the in vivo data, and both the trend and values were similar to those of LPSM.
The mean difference between the in vitro and in vivo data was 40+18% and
39+17% for the semi-solid and liquid fractions, respectively. This suggests that
the semi-solid fraction of HPSM is removed more rapidly during semi-dynamic in
vitro digestion compared to in vivo digestion in humans. During in vitro digestion,
the coagulum of HPSM appeared loose and soft compared to that of LPSM, which
can be observed in both the photographs of the digesta, and in the T,-weighted
MRI images (Fig. 6.3e). This loose and soft coagulum was easily disrupted and
removed by the syringe used to mimic gastric emptying. However, the in vivo T,-
weighted MRI images do not point to a more loose and soft coagulum for HPSM
compared to LPSM. Instead, what can be observed is that the liquid phase for
HPSM is more abundant compared to that of LPSM (see also Figure 5.2 and 5.3).
This suggests that the coagulum from HPSM may have a higher water holding
capacity compared to that of LPSM, which is supported by observations of a higher
water holding capacity for denatured WPs compared to their native counterparts
(Kethireddipalli & Hill, 2015). Additionally, it has been shown that the gastric
coagulum from UHT milk has a higher moisture content compared to that from
pasteurized milk (Ye et al., 2019). This can be explained by the formation of
casein-whey protein aggregates upon heat treatment of milk, which have a
microstructure with large voids that can hold water (Lucey et al., 1997). The
slower emptying of milk during in vivo gastric digestion could induce more
coagulation because the milk proteins will be exposed to pepsin and acid for a
longer time. This should be verified in vitro, for example, by performing static
digestion experiments at different pH around the pI of caseins (e.g. pH 3,4 and
5), or by repeating the semi-dynamic digestion with a slower gastric emptying

rate.

It should be noted that from the T,-weighted images, it is not possible to
distinguish gastric juice from the liquid fraction of the meal. Therefore, the higher
liquid volume for HPSM could be the result of higher gastric juice production. Hoad
et al. (2015) showed that labelling the meal with gadolinium, to decrease its
longitudinal relaxation time compared to that of gastric juice, can be used to

estimate gastric secretion volumes with T,-mapping (Hoad et al., 2015). In future
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works, it could be useful to include such measurements in MRI studies of milk

digestion to quantify the gastric juice secretion in response to different milk

products.
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Figure 6.3. Comparison of (a,c) semi-solid and (b,d) liquid gastric content, estimated from
the T,-weighted MRI images, between in vivo in humans and the semi-dynamic (SD) in vitro
model for LPSM (top) and HPSM (bottom). (e) Photographs of the in vitro coagulum at t =
40 min along with the corresponding in vitro and in vivo T,-weighted MRI images. The gastric
content is outlined in red in the in vivo MRI images.
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6.4.2. Comparison of in vivo and in vitro *H MTR

The difference in semi-solid and liquid fractions observed between the in vitro and
in vivo data was further supported by the MT data (Fig. 6.4). The mean difference
in the MTR between in vitro and in vivo was small for LPSM, around 12+6%, while
for HPSM it was 40+35% and especially large (90%) at t = 80 min. Interestingly,
for HPSM, the in vivo MTR value increased by 15% between t = 50 and 80 min,
whereas in vitro a large decrease by 80% was observed. As mentioned in the
previous section, the coagulum of HPSM was rapidly removed during in vitro
digestion due to its soft and loose structure and, hence, at t = 80 min there was
almost no coagulated milk left in the gastric compartment. However, the in vivo
data showed that even after 80 min of digestion, there was still a substantial
amount of coagulum present in the stomach, as can be observed in both the T;,-
weighted images (Fig. 6.3e) and the MTR maps (Fig. 6.4c). These findings suggest
that the effect of heat treatment on gastric milk protein coagulation may not be
accurately mimicked in the semi-dynamic in vitro model. Two factors possibly

responsible for this finding are given below.

1. Gastric emptying and secretion: in vitro gastric emptying and secretion
were fixed at, respectively, 2.3 mL/min and 2 mL/min for both milk products. The
emptying rate was based on the caloric content of skim milk as suggested by
(Mulet-Cabero et al., 2020). In vitro, both the semi-solid and liquid fractions of
HPSM were removed with the syringe used for gastric emptying whereas, for
LPSM, only the liquid fraction was removed. The rapid removal of the milk proteins
for HPSM resulted in less coagulation as digestion progressed, thus explaining the
low MTR at the later digestion time points. However, in vivo gastric emptying and
secretion is a more complex process driven by the interaction between neural and
hormonal factors (Camilleri, 2019; Murray & Abell, 2018). The hormone gastrin,
plays an important role during gastric digestion and is responsible for enhancing
gastric motility and release of gastric acid (Duan et al., 2021; Mori et al., 2022).
The release of gastrin is regulated by gastric distension, presence of
proteins/peptides in the stomach, and pH of the stomach. Based on the results
shown in Fig. 6.3, the semi-solid fraction emptied slower in vivo compared to in

vitro for HPSM, which results in a slower decrease of the protein concentration in
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the stomach. A high protein concentration is expected to result in a high stomach
pH due to the high buffering capacity of milk proteins. This combined effect of
elevated protein concentration and pH levels could potentially trigger an enhanced
release of gastrin. Consequently, this heightened gastrin release may contribute
to further coagulation of milk proteins due to an increase in gastric juice
production. This could explain the increase in MTR observed for HPSM until the
latest digestion time, and the discrepancy with the in vitro data. Future in vivo
work could include measurements of the gastrin concentrations in blood
(Malagelada et al., 1976; Rehfeld, 2008; Rehfeld et al., 2012) to aid in interpreting
the gastric coagulation and emptying data. This can be achieved by taking blood
samples at baseline and postprandially, which can easily be done while the
participant remains in the MRI scanner and has previously been done for
measuring blood hormone or AA concentrations (Aliyu et al., 2023; Eijnatten et
al., 2023; Roelofs et al., 2023).

2. Intra-subject variability: The pH of the simulated gastric fluid was the same
for all semi-dynamic in vitro experiments, while in vivo there may be considerable
intra-subject variability in gastric pH (Fadda et al., 2022). Differences in the
gastric pH between the two visits would have affected pepsin activity and, hence,
milk protein coagulation. It would be interesting to assess intra-subject variability
in gastric coagulation by repeating the test session with the same participant and
milk product on different days. This could be complemented by static and semi-
dynamic in vitro experiments in which the pH or pepsin activity is varied. For
example, a previous study showed that, under static in vitro conditions, a 50%
lower pepsin activity resulted in a higher coagulum dry weight and firmness after
5 min but not after 30 min of digestion (van Eijnatten et al., 2023).
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vs. gastric digestion time for (a) LPSM and (b) HPSM. (c) The corresponding 'H MTR maps
during semi-dynamic in vitro (left) and human in vivo (right) gastric digestion.

6.4.3. Towards more physiologically relevant models of digestion

In vitro digestion models

The semi-dynamic in vitro model used in this thesis was based on the MR-GAS
model (Deng et al., 2022), which is relatively simple (Fig. 6.5a), as it only included
gradual addition of SGF and removal of the chyme at intervals of 10 min to
simulate gastric secretion and emptying, respectively. The set-up was kept simple
to ensure MRI-compatibility and ease of use. However, the simplified setup had

several key limitations that still require improvements to better simulate in vivo
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gastric digestion. In the following, the limitations and suggestions for

improvement are discussed.

Most of the suggestions are based on the human gastric simulator (HGS) (Kong &
Singh, 2010), the in vitro distal gastric simulator (DGS) (Donis-Rabanales et al.,
2022), and the artificial stomach response kit (ARK)(Payal et al., 2021) with

recommended adjustments to ensure MRI-compatibility.

e Shape and material of the gastric compartment: the gastric
compartment consisted of a water-jacked beaker made of glass, which is very
different from the J-shape and tissue of the stomach. In future work, the
gastric compartment could be 3D printed from a flexible material such as
silicon rubber similar to the in vitro gastric simulator shown in Fig. 6.5b
(Donis-Rabanales et al., 2022) or the ARK model (Payal et al., 2021), which
is especially important for mimicking stomach contractions.

¢ Gastric emptying: this was manually performed from the top of the beaker
through a syringe with a tip that had an inner diameter of 2 mm to mimic the
emptying of small particles. In vivo, gastric emptying occurs through the
pylorus, which connects the stomach to the duodenum. As mentioned in the
previous section, in vivo gastric emptying of the semi-solid fraction was
different from in vitro. Therefore, performing gastric emptying from the top
using a syringe is not representative of the real situation. Instead the gastric
compartment should be lined with a mesh bag that has a pore size of ~2 mm.
Emptying can be performed from the bottom of the gastric compartment using
a peristaltic pump, as done in the HGS model (Kong & Singh, 2010) and MR-
GAS model (Deng et al., 2022). The peristaltic pump should be placed outside
the MRI scanner room, but can be connected to the gastric compartment with
long tubing, similar to what was done for the tubing of the water bath and
gastric secretion in Chapter 4.

e Gastric secretion: simulated gastric fluid was added from the top of the
beaker at one location, whereas in vivo gastric juice is secreted from the
stomach wall. This can be improved by connecting multiple small tubes to the
gastric compartment through which gastric juice is secreted. The end tips
could be placed at different elevations to simulate uniform distribution of the

simulated gastric fluid.
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e Gastric mixing: the current setup did not include the peristaltic contractions
of the stomach and instead manual stirring was used. Simulating gastric
contractions in a MRI-compatible manner is challenging. One approach could
be to use double-acting pneumatic pistons, in which air is used to push and
retract the piston, similar to what has been used in the ARK model by Payal
et al. (2021). The pistons can be used to apply pressure on specific parts of
the flexible gastric compartment wall to simulate gastric contractions. Most
MRI scanner rooms contain pressurized air-outlets, which can be used for this
purpose. The main challenge would be to make the pistons from non-magnetic
materials: polyether ether ketone (PEEK) could be a suitable MRI-compatible
material. Another challenge would be holding the pistons in place, and
applying different pressures on different parts of the stomach. For example,
the pressure on the proximal stomach should be lower than on the distal
stomach to simulate the strong antral contraction waves in the distal part
(Brandstaeter et al., 2019). Another approach would be to use water to induce
pressure on the stomach wall in a hydro-pneumatic chamber as done by
(Donis-Rabanales et al., 2022) and shown in Fig. 6.5b, in which the water
inlet/outlet ports are indicated with the number 5.

e Temperature control: temperature control through the use of a water-
jacketed beaker worked well in the current setup, and a similar approach is
used in the model of Donis-Rabanales et al. (2022) in which the hydro-
pneumatic chamber surrounding the stomach is filled with water kept at 37
°C.
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Figure 6.5. (a) semi-dynamic in vitro gastric digestion model used in this thesis. (b) in vitro
distal gastric simulator adapted from Donis-Rabanales et al. (2022) with permission. (1) and
(2) distal stomach chambers; (3) and (4) silicon rubber membranes simulating the gastric
walls; (5) Water Inlet/Outlet Ports; (6) Sanitary stainless-steel clamp; (7) Upper cap; (8)
Thermometer port; (9) Catheter port; (10) Food/gastric juice port; (11) Lower cap, (12)
pH-meter port; (13) Emptying port; (14) pH probe; (15) Manometry catheter; (16)
Thermometer.
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The development and validation of physiologically relevant in vitro models is an

ongoing effort (https://www.cost-infogest.eu/). Several in vitro models have been

compared with in vivo data from either humans or animals. Vardakou et al. (2011)
showed that the mean breaking time of agar gel beads in a dynamic gastric

simulator was similar to in vivo human data from Marciani et al. (2001).

The digestion of skim milk proteins in the consensus static in vitro and the dynamic
DIDGI model (Egger et al., 2019) has been validated against digestion in pigs.
The gastric transit of infant formula in the DIDGI system showed similar results
as in piglets (Ménard et al., 2014). Additionally, gastric emptying and intra-gastric
pH in the HGS and in vivo in pigs showed similar results (Dupont et al., 2019).
However, measurements of the pH distribution in the stomach in humans is an
ongoing challenge. Ingestible pH sensor capsules can be used to monitor gastric
pH, but are limited by their uncontrollable location. MRI has the potential to map
the pH inside the stomach through either CEST, as demonstrated for in vitro
digestion in Chapter 4, or through relaxometry as demonstrated by Deng et al.
(2023). However, further in vitro development and validation of these techniques
is necessary to make in vivo pH mapping during gastric digestion possible.
Additionally, it is essential to acknowledge that validating an in vitro model with
in vivo data for a particular food or nutrient does not guarantee its accuracy for
other food types. Hence, validation of in vitro models across various food

categories against human in vivo data is crucial.

In silico modelling of digestion

A limitation of in vitro digestion models is that neural and hormonal regulation, as
well as feedback loops, cannot be incorporated. Furthermore, as in vitro models
become more physiologically relevant, their complexity increases, resulting in
more complex experiments. This increases the time, cost, and challenges
associated with conducting such experiments. In silico digestion models could
potentially address these limitations and complement both in vitro models and in

vivo studies.
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The primary advantage of in silico models is their cost-effectiveness, high
flexibility, and absence of ethical concerns. Although the field of in silico models
is relatively new, it has proven potential in comprehensively simulating digestion.
For instance, multicompartmental models can simulate the digestion and
absorption of various foods or nutrients, incorporating hormonal responses and
feedback mechanisms (Le Feunteun et al., 2020, 2021). MRI can play an
important role in the development and validation of these models by providing in
vivo data on gastric emptying, (semi-)solid and liquid volumes, gastric motility,

as well as structural changes.

6.5. Directions for future research

The exploratory work in this thesis focused on applying *H MT and CEST MRI for
monitoring gastric digestion, using skim milk products as test foods. As mentioned
in section 6.2., there is still considerable room for improving the MRI
measurements, especially with regards to the acquisition times. While the in vivo
MT measurements in Chapter 5 provided reliable results, validated against the in
vitro data of Chapter 4, the measurement time of ~ 38 s (2 breath holds) to
obtain both a reference and a saturated image ideally should be reduced to a
maximum of 20 s (1 breath hold) to mitigate gastric motion and mixing effects.

This adjustment could improve the MTR quantification.

Both the acquisition and analysis of in vivo MT data are relatively simple and could
be within reach of researchers interested in studying gastric digestion of a variety
of foods. It would be interesting to study the digestion of model foods with
different micro- and macrostructure, such as protein gels also of plant-based
origin, which undergo structural breakdown during gastric digestion and, as a
result, could lead to changes in the MTR of the gastric content. Additionally, the
effect of the food matrix, such as the presence of lipids and carbohydrates, on the
intra-gastric behaviour of food proteins could be studied. This would require
separate in vitro validation of the MTR parameter for such different food products

before an in vivo MT study, similar to that described in this thesis for skim milk.

The sample size calculation for the in vivo study in Chapter 5 was derived from

the in vitro data due to the absence of relevant in vivo data to estimate the effect
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size or variability. The mean difference found between LPSM and HPSM was 0.022
(95% CI [0.018-0.027]), indicating a small and potentially irrelevant difference.
A retrospective sample size calculation, using the same approach as in Chapter
5, showed that with a power of 90%, and a significance level of 0.05, a sample
size of n = 101 is required to detect a difference between LPSM and HPSM in vivo.
Such requirement for a large sample size suggests that there might be hardly any
discernible difference between the products. However, data from Chapter 5 could
be used for sample size calculations in future studies using MT MRI to study

digestion of similar products.

In the in vivo study of Chapter 5, only healthy normal-weight adults were
included. However, factors such as age, sex, ethnicity and health status can
influence digestion. Understanding food digestion across different populations is
crucial for facilitating the development of foods adapted to their specific nutritional
needs. For instance, gastric pH is higher and gastric enzyme activities are lower
in infants compared to adults (Ménard et al., 2018). Consequently, intra-gastric
behaviour of milk and subsequent intestinal digestion are expected to differ
significantly from adults. Similarly, in older adults (>65 years) the rate of gastric
emptying is slower, gastric pH is higher, and gastric enzyme activities are lower
(Menard et al., 2023). While conducting in vivo MRI studies in infants may not be
feasible, it might be possible to simulate higher pH and lower pepsin activity in
adult participants using proton-pump inhibitors. Such data could be used to

improve in vitro models that simulate digestion in infants.

An exploratory analysis of the data from Chapter 5 demonstrated differences in
gastric digestion of skim milk between male and female participants. For example,
the gastric content over time remained higher in females compared to males,
indicating a potentially slower gastric emptying in females. While this finding is
consistent with observations from previous studies in which slower gastric
emptying was found for females compared to males (Bennink et al., 1998; Camps
et al., 2018), definitive conclusions cannot be drawn given the exploratory nature
of our study and the limited sample size. The effect of sex-based differences on
digestion is a topic of increasing interest, and an in vitro model that accounts for
these differences has been introduced (Lajterer et al., 2022). However, it is

important to note that in our work we showed that the differences are driven by
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body size and, hence, may not be sex-specific. Therefore, further research is
needed to shed light on the underlying factors contributing to these differences,

and to separate the effects of body size from sex-related factors.

Although this thesis primarily focused on gastric digestion, it is important not to
overlook the oral and intestinal phases. Oral processing, encompassing salivation
and mastication, is important for (semi-)solid foods, and influences the structure
of the food bolus and subsequently impacts gastric and intestinal digestion, but is
less important for liquid foods. The breakdown of proteins into di- and tri-peptides
occurs primarily in the small intestines, which is pivotal for AA absorption. While
studying intestinal digestion with MRI poses challenges due to extensive intestinal
motility, complementing gastric MRI data with data on postprandial blood AA
concentrations can provide a more comprehensive understanding of the impact of
food processing on digestion (Eijnatten et al., 2023; Roelofs et al., 2023).
Studying the different phases of digestion is essential for achieving a detailed
understanding of food digestion and the influence of food processing on digestion.
This can aid the development of innovative food products and processing methods

for optimal health benefits.
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Summary

Proteins are indispensable building blocks of life, serving numerous structural and
biochemical functions in our bodies. These vital molecules are synthesized in our
cells from amino acids (AAs), categorized into essential and non-essential AAs.
Essential AAs (EAAs) must be obtained from dietary proteins. The nutritional
benefits of dietary proteins depend on how well the latter are broken down into
absorbable AAs within our digestive tract. Milk is a widely consumed source of
high-quality proteins, namely caseins and whey proteins (WPs). However, food
processing, such as heat treatment, may affect the structure, and subsequent

digestion of milk proteins (MPs).

The digestion of MPs starts in the stomach, which involves acid- and pepsin-
induced aggregation of caseins, resulting in the formation of a semi-solid protein
coagulum. This process regulates the gradual release of proteins into the intestinal
tract, preventing an overload of the digestive capacity of the intestines. Gastric
digestion of proteins is commonly studied using in vitro and in vivo animal
digestion models. However, findings from these studies need to be verified with
in vivo digestion data from humans, which is challenging due to the lack of non-
invasive, spatially-resolved, methods to quantitatively measure changes in the
gastric content during digestion. Magnetic Resonance Imaging (MRI) is a non-
invasive technique that can be used to obtain detailed images, with imaging
contrast based on the local composition and structure of tissues or food systems:
this makes MRI highly promising for investigating gastric digestion. Hence, the
aim of this thesis was to address the above-mentioned research gap by exploring
'H MRI techniques, namely Magnetization Transfer (MT), Chemical Exchange
Saturation Transfer (CEST) and conventional T,-weighted MRI, for assessing

gastric MP digestion, both in vitro and in vivo.
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To this aim, in Chapter 2 and 3, we first implemented H MT and CEST MRI
measurements on a 7 T laboratory MRI scanner to optimize measurement
parameters, and explore the sensitivity of MT and CEST to the structural and
chemical changes that occur during gastric digestion using static in vitro samples.
Furthermore, the sensitivity of MT and CEST to the effect of heat treatment on
gastric MP digestion was assessed by comparing raw- and heated (30 min at 80
°C, 90% WP denaturation) skim milk.

This work showed that the 'H magnetization transfer between semi-solid
macromolecules and water, quantified by the MT ratio (MTR), is a marker of gastric
MP coagulum formation and solubilization. Additionally, the assessment of the 'H
chemical exchange between soluble proteins/peptides and water, quantified by
the MTR,,, parameter, was established as a marker of protein hydrolysis, and
changes in protein/peptide concentration under static in vitro conditions. The
trends in the MTRand MTRgy,, vs. digestion time were different for raw- and
heated skim milk, thus demonstrating the sensitivity of these MRI markers to
heat-induced changes in the gastric digestion of MPs. Furthermore, intensity
thresholding of T,-weighted images enabled estimating the semi-solid volume
representing the coagulum, and monitoring its changes during digestion. By
integrating MT and CEST MRI with T,-weighted MRI, both macroscopic and
molecular-level changes occurring during static in vitro gastric digestion could be

monitored.

To move towards the dynamic complexity of in vivo gastric digestion, in Chapter
4 the previously developed MRI markers were further explored for probing gastric
digestion in a semi-dynamic in vitro model using WP isolate solution (WPIS), as
well as low- and high-pasteurized skim milk (LPSM and HPSM, respectively). LPSM
was a commercially available skim milk, which is typically heated for 15 s at 72
°C, resulting 3% WP denaturation. HPSM was prepared from LPSM by heating it
for 30 min at 80 °C, resulting 90% WP denaturation.

Variations in pH and protein concentration were the dominant factors affecting the
MTR4sym under semi-dynamic gastric conditions. Given the critical role of pH in
gastric digestion, CEST MRI was further developed as an indirect method for pH
mapping. This method enabled accurate estimation of the pH for WPIS within a

pH range of 4.5-7. Additionally, in situ pH maps during gastric digestion could be
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obtained using a 3 T clinical MRI scanner. Furthermore, T,-weighted imaging,
combined with respective MTR mapping of semi-solid proteins, enabled in situ

assessment of the volume and consistency of the coagulum during digestion.

Overall, these results demonstrated the capability of MT, CEST and T,-weighted
MRI to capture the variations in pH and coagulation dynamics during gastric

digestion.

Chapter 5 expanded on the promising results of the in vitro work with an in vivo
study in humans. The aim of the study was to assess the translatability of the
optimized MT MRI measurements to in vivo monitoring of gastric MP coagulation.
Participants (n = 12) underwent gastric MRI scans at baseline and after
consumption of 300 g of either LPSM or HPSM. The coagulation and gastric
emptying dynamics were evaluated using the MTR, total gastric content (TGC),

semi-solid, and liquid volumes.

The findings demonstrated that the MTR parameter can serve as a suitable marker
for measuring MP coagulation during gastric digestion in humans. The observed
trend in the MTR for LPSM was consistent with what was observed in the semi-
dynamic model of Chapter 4. Interestingly, while no differences were found in
the MTR between LPSM and HPSM, the TGC, semi-solid, and liquid volumes
indicated a slower gastric emptying for HPSM compared to LPSM. Chapter 5
underscored the potential of MRI as a valuable tool to non-invasively measure
intra-gastric processes during digestion in humans. These findings demonstrate
that the effect of heat treatment on gastric milk protein digestion may be different
in humans compared to what has been observed in in vitro or animal models. This
highlights the importance of conducting in vivo studies in humans when

investigating the effects of heat treatment on digestion.

Finally, in Chapter 6 the findings from the preceding chapters were jointly
discussed and put into a broader perspective. First, a thorough discussion on the
strengths and limitations of 'H MT and CEST MRI in the context of digestion

research was provided, accompanied by suggestions for future improvements.
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Next, a direct comparison between the semi-dynamic in vitro and human in vivo
data was presented. This comparison showed that gastric digestion of LPSM is
realistically mimicked in the semi-dynamic in vitro model, given that the
differences between in vitro and in vivo results in terms of MTR, semi-solid or
liquid volumes were relatively small (£ 12%). Conversely, for HPSM, substantial
differences around 40% were observed between the in vitro and in vivo data of
the MTR, and semi-solid and liquid volumes. This discrepancy could potentially
stem from an oversimplified representation of the gastric emptying, secretion and
mixing within the in vitro model. Suggestions for improving these aspects of the
in vitro model in the future were provided. Finally, an outlook towards future
studies of gastric digestion with MRI was proposed, including studies across

different populations and/or of different foods.
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Samenvatting

Eiwitten zijn belangrijke bouwstenen van het leven en hebben belangrijke
structurele en biochemische functies in ons lichaam. Wij kunnen eiwitten
verkrijgen uit onze voeding. De gezondheidsvoordelen van eiwitten hangen echter
af van hoe goed ze worden afgebroken tot opneembare aminozuren in ons maag-
darmkanaal. Melk is een bron van hoogwaardige eiwitten, namelijk caseine en

wei-eiwitten.

Voordat melk in de supermarkt terechtkomt, wordt het verhit om het veilig en
lang houdbaar te maken. Dit proces kan de structuur van de eiwitten veranderen

en daarmee de daaropvolgende vertering van melkeiwitten beinvioeden.

De vertering van melkeiwitten begint in de maag, waarbij onder invloed van zuur
en het enzym pepsine de caseines aan elkaar gaan kleven en stollen, een proces
dat coagulatie wordt genoemd. Dit leidt tot de vorming van een eiwitgel in onze
maag, die veel op kaas lijkt. Dit proces is belangrijk omdat het ervoor zorgt dat
de eiwitten geleidelijk worden afgegeven aan het darmkanaal, waardoor een
overbelasting van de verteringscapaciteit van de darmen wordt voorkomen. De
vertering van eiwitten in de maag wordt vaak bestudeerd in het laboratorium of
bij dieren. Dit is echter niet representatief voor hoe de vertering in het menselijke
lichaam plaatsvindt. Om de vertering direct in het menselijke lichaam te kunnen
meten, zijn niet-invasieve meettechnieken nodig waarmee veranderingen in de

maaginhoud kwantitatief gevolgd kunnen worden.

Magnetic Resonance Imaging (MRI) is een niet-invasieve techniek die kan worden
gebruikt om gedetailleerde beelden te verkrijgen van het menselijk lichaam,
waarbij het contrast iets zegt over de lokale samenstelling en structuur van het
weefsel of de inhoud van de maag of darmen. Dit maakt MRI veelbelovend voor
onderzoek naar vertering. Het doel van dit proefschrift was dan ook om
verschillende MRI-technieken te gebruiken om de vertering van melkeiwitten in
de maag te volgen, zowel met laboratoriummodellen als direct in het menselijke

lichaam.
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De MRI-technieken die in dit proefschrift zijn gebruikt, waren conventionele T»-
gewogen anatomische MRI-beelden, magnetisatie-overdracht MRI, en chemische

uitwisseling MRI

T>-gewogen MRI: In T>,-gewogen MRI-beelden worden weefsels of componenten
met een lange T»-relaxatietijd, zoals vloeistoffen, helder (wit) weergegeven,
terwijl weefsels of andere componenten met een korte T,-relaxatietijd, zoals
orgaanweefsels of bot, donker (grijs tot zwart) verschijnen. Deze beelden worden
gebruikt in onderzoek naar spijsvertering om de maaginhoud te onderscheiden
van het omringende weefsel. Zo kan de maaginhoud over tijd gekwantificeerd

worden als maatstaf voor maaglediging.

Magnetisatieoverdracht MRI: Met deze techniek kan de interactie tussen grote
moleculen (macromoleculen), zoals eiwitten in een gel of vaste toestand, en water
gemeten worden. De mate van magnetisatie-overdracht geeft een indicatie van

hoe vast de matrix is waarin de macromoleculen zich bevinden.

Chemische-uitwisselings-MRI: Met deze techniek kan de chemische
uitwisseling van protonen tussen water en mobiele moleculen, zoals eiwitten en
peptiden in oplossing, worden gemeten. Dit dient als maatstaf voor de pH, de

eiwit-concentratie en structuur.

Met dit doel hebben we in hoofdstuk 2 en 3 eerst magnetisatieoverdracht- en
chemische-uitwisselings-MRI-metingen opgezet en uitgevoerd op een 7T
laboratorium-MRI-scanner. We wilden de meetparameters optimaliseren en de
gevoeligheid van deze metingen voor de structurele en chemische veranderingen
tijdens de vertering van melkeiwitten onderzoeken. Hiervoor hebben we
gebruikgemaakt van een eenvoudig laboratoriummodel om de biochemische
vertering van eiwitten in de maag na te bootsen. Dit werk toonde aan dat de
ontwikkelde metingen geschikt waren om de coagulatie en afbraak van eiwitten,
evenals veranderingen in pH en eiwitconcentratie, te volgen tijdens de vertering
in een laboratoriummodel. We hebben ook aangetoond dat de vertering van rauwe
en verhitte melk aanzienlijk verschilt onder deze verteringscondities.
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Om meer inzicht te krijgen in de dynamische complexiteit van de vertering in het
menselijk lichaam, werd in hoofdstuk 4 een semi-dynamisch laboratoriummodel
voor de maagvertering opgezet en gebruikt. In dit semi-dynamische model wordt
de geleidelijke afscheiding van maagzuur en pepsine, evenals de lediging van de
maaginhoud, nagebootst. Onder deze dynamische omstandigheden waren
variaties in pH en eiwitconcentratie de dominante factoren die de chemische
uitwisseling beinvlioedden. Gezien de kritieke rol van pH in de maag, werd
chemische-uitwisselings-MRI verder ontwikkeld als een indirecte methode voor
het in kaart brengen van de pH gedurende de vertering. Met deze methode was
het mogelijk om de pH tijdens de vertering van een wei-eiwitdrank te volgen.
Daarnaast ontdekten we dat onder de semi-dynamische verteringscondities de
eiwitcoagulatie langzamer verliep vergeleken met die in het eenvoudige model
van hoofdstuk 2 en 3. We maakten gebruik van een computer-algoritme om in de
T2-gewogen MRI-beelden de gecoaguleerde melk (lage intensiteit, donker) en de
vloeistof (hoge intensiteit, helder) van elkaar te onderscheiden op basis van hun
intensiteit. Dit kon gebruikt worden om het volume van het eiwitcoagulaat
gedurende de vertering te meten. Verder kon magnetisatieoverdracht-MRI ook
hier gebruikt worden om de eiwitcoagulatie te volgen en om verschillen daarin

tussen laag- en hoogverhitte melk in kaart te brengen.

Hoofdstuk 5 breidde de resultaten van het laboratoriumwerk uit met een
onderzoek bij mensen. Het doel van de studie was om de geoptimaliseerde MRI-
metingen toe te passen om de eiwitvertering van laag- en hoogverhitte melk te
onderzoeken. Twaalf vrijwilligers ondergingen MRI-scans van de maag na
minstens 11 uur vasten en na consumptie van 300 g laag- of hoogverhitte melk.
Magnetisatieoverdracht-MRI werd gebruikt om de coagulatie van melk te volgen,
en T>-gewogen MRI-beelden werden gebruikt om de maaglediging te volgen.

De bevindingen toonden aan dat het meten van de magnetisatieoverdracht ook
geschikt is voor het volgen van de melkeiwitcoagulatie in de maag direct bij
mensen. Voor laag-verhitte melk was de trend in de magnetisatieoverdracht
tijdens de vertering vergelijkbaar met die in het semi-dynamisch
laboratoriummodel van hoofdstuk 4. Interessant genoeg werden in deze studie
geen verschillen gevonden in de coagulatie van laag- en hoogverhitte melk, maar

de maaglediging van laagverhitte melk was sneller dan die van hoogverhitte melk.
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Dit is in tegenstelling tot de bevindingen uit dieronderzoeken bij varkens en ratten.
Hoofdstuk 5 onderstreepte niet alleen het potentieel van MRI als waardevol
hulpmiddel om processen tijdens de spijsvertering bij mensen op niet-invasieve
wijze te meten, maar toonde ook aan dat het effect van verhitting op de vertering
van melkeiwitten anders kan zijn bij mensen dan wat is waargenomen in

laboratorium- of diermodellen.

Tot slot werden in hoofdstuk 6 de bevindingen uit de voorgaande hoofdstukken
gezamenlijk besproken en in een breder perspectief geplaatst. Eerst werden de
sterke punten en beperkingen van de MRI-technieken in de context van
verteringsonderzoek besproken, vergezeld van suggesties voor toekomstige
verbeteringen. Vervolgens werd een directe vergelijking tussen spijsvertering in
het semi-dynamische laboratorium model en in mensen gepresenteerd. Uit deze
vergelijking bleek dat de maagvertering van laagverhitte melk realistisch wordt
nagebootst in het laboratoriummodel. Voor hoogverhitte melk werden
daarentegen substantiéle verschillen waargenomen tussen het laboratoriummodel
en mensen. Deze verschillen kunnen mogelijk het gevolg zijn van een te
eenvoudige weergave van de maaglediging, de maagafscheidingen en menging
binnen het laboratoriummodel. Er werden suggesties gegeven om deze aspecten
van het laboratoriummodel in de toekomst te verbeteren. Tot slot werd een
vooruitblik gegeven op toekomstige studies naar maagvertering met MRI, zoals
studies  bij  verschillende leeftijdsgroepen en mensen met een

spijsverteringsstoornis.
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