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Gastric digestion is crucial for protein breakdown. Magnetic resonance techniques have a great deal of potential
but remain underexplored with regard to their application in the study of food digestion via MRI-markers, such
as transverse (R2) and longitudinal (R1) relaxation rates. R2 has been used to monitor gastric digestion of whey
protein gels, but only in a static in vitro model. It is essential to investigate whether relaxation rates can be valid
measures of digestion under dynamic circumstances. We developed a novel MRI-compatible semi-dynamic
gastric simulator (MR-GAS) that includes controlled gastric secretion, emptying and mixing at body temperature.
PH and protein hydrolysis were measured during protein gel digestion in the MR-GAS. R2 and R1 of the su
pernatant were measured by time-domain nuclear magnetic resonance (TD-NMR). The stomach chamber of the
MR-GAS was also scanned with MRI to measure R2 and R1. For TD-NMR, 99% of the variance in R2 and 96% of
variance in R1 could be explained as a function of protein concentration and [H+]. For MRI, the explained
variances were 99% for R2 and 60% for R1. From these analysis, the obtained equations enabled the prediction of
protein concentration and pH by R2 and R1. The normalised root mean squared deviation of the predictions for
protein concentration were 0.15 (NMR) and 0.18 (MRI), and for pH were 0.12 (NMR) and 0.29 (MRI). In
conclusion, the MR-GAS model may be used in a clinical MRI to monitor gastric digestion under in vitro dynamic
circumstances, by measuring R2 and R1. These results underscore the potential of MRI to monitor nutrients
hydrolysis and pH changes in future in vivo studies.

1. Introduction
Gastric digestion is a complex dynamic process. It is essential for the
breakdown of food matrices, especially those found in protein-rich solid
foods. Ingestion of food stimulates the secretion of gastric fluid, which
contains pepsin and gastric acid (Singh & Gallier, 2014). Food particles
are broken down by mechanical and enzymatic digestion, and the
resulting chyme is emptied through the pylorus into the small intestine
(Bornhorst, 2017). For dietary proteins, the enzymatic digestion in the
stomach by pepsin is especially important since it affects their subse
quent digestion and absorption (Bordoni et al., 2011).
In recent years, researchers have developed multiple in vitro diges
tion models and approaches to study gastric digestion (Gouseti, Born
horst, Bakalis, & Mackie, 2019). These models are useful for studying
the molecular mechanisms behind protein breakdown, and have the
advantage of well-controlled and reproducible conditions and easy
sampling (Brodkorb et al., 2019; Kong & Singh, 2008; Minekus et al.,

2014). However, an in vitro model cannot entirely simulate realistic
gastrointestinal conditions since in vivo digestion comprises a diverse
and interconnected set of processes and feedback mechanisms. More
over, many in vitro measurements and conditions cannot be applied in
vivo due to practical limitations and ethical concerns (Bordoni et al.,
2011). This creates a challenge for the verification of in vitro results with
in vivo studies. Therefore, it is important to explore non-invasive ap
proaches feasible for monitoring both in vitro and in vivo digestion.
Magnetic resonance imaging (MRI) has great potential as a noninvasive approach for examining gastric digestion in vivo, not only
because it can be used to assess gastric process at a macroscopic level (e.
g. gastric emptying), but also because it can be used to study intra
luminal processes on a molecular level (Marciani, 2011; Smeets et al.,
2020; Spiller & Marciani, 2019). Additionally, time-domain nuclear
magnetic resonance (TD-NMR), which has the same underlying princi
ples as MRI, can provide extra information and aid the interpretation of
in vitro and in vivo measurements with MRI, even though NMR is limited
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Fig. 1. MRI semi-dynamic compatible gastric simulator (MR-GAS), consisting of a peristaltic pump (a), a sealed vessel with water (b), a water-jacketed ‘stomach’
chamber (c), a syringe pump (d), a container with water to preheat SGF (e), a circulating heater (f).

to in vitro measurements (Deng, Janssen, et al., 2020).
Transverse relaxation time (T2) or rate (R2 = T2− 1) and longitudinal
relaxation time (T1) or rate (R1 = T1− 1) can be measured with both NMR
and MRI. R2 and R1 reflect how protons in a magnetic field relax back to
their equilibrium position after excitation by a radiofrequency pulse. R2
refers to the spin-spin relaxation in the x-y plane, and R1 refers to the
relaxation of the net magnetisation to realign itself with the direction of
the external magnetic field; it is usually lower than R2 (Hashemi,
Bradley, & Lisanti, 2012). The main applications of R2 and R1 are based
on the relaxation behaviour of water protons (Mariette, 2009). Varia
tions in R2 and R1 reflect changes in macromolecule concentration,
water migration and structure in food matrices, but also environmental
parameters, such as pH and temperature (Mariette, 2009; Peters et al.,
2016). While this indicates the potential of R2 and R1 for monitoring
digestive processes, many factors in play require careful validation of
the meaning of R2 and R1 changes in different digestion contexts. As a
first step, our recent study provided evidence that changes in R2 can
reflect protein hydrolysis of whey protein gels in a static in vitro diges
tion model (Deng, Janssen, et al., 2020). It is, however, unclear if
relaxation rates can also be used to monitor protein digestion under
dynamic circumstances, such as changing pH and protein concentration.
To monitor these two variables during digestion, we hypothesised that it
would be useful to include R1 as an additional parameter. As such, we
aimed to investigate the extent to which the combination of R2 and R1
measurements could be used to monitor digestion in a dynamic in vitro
model, using whey protein gels as the model food.
To this end, we developed a novel MRI-compatible semi-dynamic
Gastric Simulator (MR-GAS). In this model, we performed in vitro gastric
digestion of whey protein gels in the laboratory and in a clinical MRI
scanner. We quantified the degree of digestion and pH in the superna
tant and measured its R2 and R1 with TD-NMR and MRI. Finally, the
feasibility of R2 and R1 measurements to monitor pH and protein con
centration under semi-dynamic gastric digestion conditions was evalu
ated by comparing the measured values and predictions.

2. Materials & methods
2.1. Materials
Pierce™ BCA Protein Assay Kit was purchased from Thermo Fisher
Scientific, Inc. (Waltham, Massachusetts, USA). Pepsin from porcine
gastric mucosa (541–623 activity units/mg), gastric mucin from porcine
stomach and all other chemicals were purchased from Sigma Aldrich,
Inc. (St. Louis, USA). Whey Protein Isolated (WPI) was purchased from
Davisco Food International, Inc. (Le Sueur, USA). WPI has a protein
content of 97.9 wt%, fat ≤1 wt%, ash≤ 0.5 wt%, and lactose ≤0.5 wt%
(percentages on dry matter basis). Milli-Q water (resistivity 18.2 MΩ cm
at 25 ◦ C, Merck Millipore, Billerica, USA) was used in all experiments.
2.2. Preparation of WPI gels
WPI gels were prepared as described previously (Deng, Janssen,
et al., 2020). WPI was dissolved in water (15 wt% or 20 wt%) and stirred
at room temperature for 2–3 h. No pH adjustments were done. The so
lutions were centrifuged at 1000 rpm for 10 min to eliminate air bub
bles. Then the solutions were transferred to Teflon tubes and heated in a
90 ◦ C water bath for 30 min. After that, the Teflon tubes were imme
diately cooled in an ice-water bath and then stored at 4 ◦ C, 1–5 days
prior to use. Before digestion experiments, the gels were cut into 5 mm
diameter square particles with a gel cutter.
2.3. Preparation of simulated gastric fluid
Simulated gastric fluid (SGF) was prepared by dissolving NaCl
(8.775 g/L), gastric mucin (1.5 g/L), pepsin (2000 activity units/mL)
(Brodkorb et al., 2019; Kong & Singh, 2008). The initial pH of the SGF
was adjusted to 1.5 using 2M HCl (Guo et al., 2015).
2.4. MR-GAS set-up
The MRI-compatible semi-dynamic gastric simulator (MR-GAS) set2
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up is shown in Fig. 1. It consisted of a gastric secretion unit, a gastric
empty unit, a stomach chamber, a water bath and tubing to deliver
different flows. It is referred to as ‘semi-dynamic’ because it lacked
stomach muscle contraction and the constant rates of gastric secretion
and emptying that are in vivo, which are regulated by the nutrients
density, digestion rate etc. The stomach chamber is a water-jacketed
compartment of 500 mL heated to 37 ◦ C by a circulating heater
(Julabo GmbH, Germany). One of the main challenges for an MRI
compatible digestion system is avoiding the use of metal. For gastric
mixing, instead of magnetic stirrers, an airflow with a pressure of 0.2 bar
was introduced to the bottom of the stomach chamber with a custombuilt circular tubing with equally distributed holes. This was used to
create air bubbles that mixed the food particles and SGF. To mimic
gastric secretion, SGF, preheated to 37 ◦ C in a container with water, was
delivered to the stomach chamber via a syringe pump (NE-500 Pro
grammable OEM Syringe Pump, New Era Pump Systems, Inc., USA)
through a 5 mm (inner-diameter) PVC tube. Gastric content was emptied
by a peristaltic pump (Watson Marlow, USA) through a 4 mm (innerdiameter) PVC tube. A sealed vessel with water was placed between the
stomach chamber and the peristaltic pump to prevent emptied digesta
from blocking the peristaltic pump tube.

of 15 s. Each echo in the CPMG echo train was phase-corrected and
averaged to one data point by using an in-house routine programmed in
IDL (ITT Visual Information Solutions, Boulder, CO, USA). The trans
verse magnetisation decay curves were analysed with a numerical in
verse Laplace transform by CONTIN, and the distribution of amplitude at
different T2 values was established (Provencher & Vogel, 1983). From
the distribution curve, average T2 was acquired, and R2 (=T2− 1) values
were calculated.
T1 was measured by Continuous Wave Free Precession (CWFP-T1)
pulses with low flip angles (Moraes, Monaretto, & Colnago, 2016). The
first pulse was a 180◦ pulse, followed by a pause (Tp/2 = 125 μs) and a
flip angle of ≈22◦ separated by Tp (250 μs). During the CWFP-T1 pulse
train, 32,768 echoes (two data points per echo) were recorded with an
echo time of 0.5 ms. Four transients were recorded with phase cycling
and a relaxation delay of 40 s. Each echo in the CWFP-T1 echo train was
phase-corrected, and each echo was averaged to one data point using an
in-house IDL routine. Average T1 was acquired and used to calculate
average R1 (=T1− 1).
2.8. MRI measurements
For the MRI scans, the MR-GAS stomach chamber was placed in a 3T
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 conducted at baseline before
adding protein gels and after digestion for 5, 15, 30, 45, 60 and 90 min.
During each scan, the gastric secretion, gastric emptying, air mixing and
the recirculating heater were switched off to reduce artefacts caused by
motion/influx. For T2 mapping, a 2D multi-echo spin-echo sequence was
used (repetition time = 3000 ms, 32 echo times ranging from 60 to 2520
ms with an echo-spacing of 80 ms, matrix = 64 × 64, field of view (FOV)
= 120 × 120 mm, in-plane resolution = 1.87 × 1.87 mm, 3.0 mm slice
thickness, total acquisition time = 1 min 20 s).
For the image processing, the first echo time of 60 ms was removed to
reduce systematic error and to achieve a better fit (Bonny, Zanca, Boire,
& Veyre, 1996; Milford, Rosbach, Bendszus, & Heiland, 2015). T2-maps
were calculated based on the acquired images at 31 echo times using a
Levenberg-Marquard two-parameter curve fitting in MATLAB R2018b
(MathWorks, Natick, USA) with equation (1).

2.5. In vitro gastric digestion in the MR-GAS
To initiate digestion, 50 g of the WPI gel particles were placed in the
stomach chamber containing 150 mL of pre-heated SGF at 37 ◦ C. Gastric
secretion was immediately started at a rate of 2.5 mL/min and main
tained throughout digestion. Gastric emptying was started 30 min after
the start of digestion at a rate of 3.33 mL/min. The rates of gastric
secretion and emptying were based on a digestion model reflecting
normal adults (Guo et al., 2015).
2.6. Protein digestion measurements
To examine the extent of protein hydrolysis during digestion, we
measured the free amino groups and protein concentration in the su
pernatant in the MR-GAS stomach chamber. At t = 0, 5, 10, 15, 20, 30,
60, 90 and 120 min after starting digestion, 1 mL supernatant samples
were withdrawn from the stomach chamber. Each sample was placed in
an Eppendorf tube containing sodium bicarbonate (0.015 g) and vor
texed for 5 s to elevate pH to 8 and stop pepsin activity as recommended
by Brodkorb et al. (2019). After that, the concentration of released
amino groups (-NH2 groups) was measured with the OPA (o-phthal
dialdehyde) method, as described previously (Deng, Mars, Van Der
Sman, Smeets, & Janssen, 2020). The protein concentration was
measured by the BCA (Bicinchoninic Acid) method with the use of
Pierce™ BCA Protein Assay Kit. The degree of hydrolysis (DH) was
calculated with equation 1 - 5 in the Supplementary material.
During digestion, the pH of the supernatant was monitored with a pH
meter (Metrohm Titrino 877, Switzerland). The H+ balance was calcu
lated with equation 6 – 11 in the Supplementary material.

Mt = M0 ⋅e−

t
T2

+ offset

(1)

With t (echo time) and Mt , which is the voxel intensity at echo time t,
we calculated the T2 of each voxel, offset and M0 (voxel equilibrium
magnetic intensity).
For T1 mapping, a 2D multi-echo GR/IR sequence was used (8
inversion times (TI) of 150, 570, 985, 1400, 1900, 2700, 4000 and 5000
ms, matrix = 64 × 64, FOV = 120 × 120 mm, in-plane resolution = 1.87
× 1.87 mm, 3.0 mm slice thickness, acquisition time 1–4 s per TI).
T1-maps were calculated based on the acquired images at 8 inversion
times using a Levenberg-Marquard two-parameter curve fitting in
MATLAB R2018b (MathWorks, Natick, USA) using equation (2).
)
(
TI
Mt = 1 − M0 ⋅ 1 − e− T1
(2)

2.7. TD-NMR measurements

With the inversion time (TI) and Mt , which is the voxel intensity at
TI, we calculated M0 (voxel equilibrium magnetic intensity) and T1 for
each voxel.
For each time point, the supernatant was segmented manually on
both the T1 and T2 map with the use of the MIPAV software (Bazin et al.,
2007) (Fig. S1 in Supplementary material). The mean T1, R1 (=T1− 1), T2
and R2 (=T2− 1) of the supernatant were calculated.

At t = 0, 15, 30, 60, 90 and 120 min after starting digestion, 150 μL
supernatant samples were collected from the stomach chamber and
immediately (within 30 s) measured with TD-NMR as follows: Each
sample was pipetted in a 7 mm NMR tube, and the tube was sealed to
prevent water loss during the measurements. It was then placed in a
Maran Ultra NMR spectrophotometer (Resonance Instruments Ltd.,
Witney, UK) to perform 1H TD-NMR relaxometry at 0.72 T with the use
of RINMR software (Resonance Instruments Ltd., Witney, UK).
T2 was measured by the Carr-Purcell-Meiboom-Gill (CPMG)
sequence (McIntosh, 2013). During the CPMG pulse train, 12,288 echoes
(five data points per echo) were recorded with an echo time of 0.8 ms.
Four transients were recorded with phase cycling, with a repetition time

2.9. Statistical analysis
The means and standard deviations were calculated based on du
plicates. In this paper, the expressions ‘value ± value’ represent ‘mean ±
3
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Fig. 2. Free amino groups (a), protein concentration (b), the linear correlation (with explained variance of 0.96 and 0.96) between protein concentration and free
amino groups (c) in the supernatant during gastric digestion of 15% gel and 20% gel, and DH (d) of 15% gel and 20% gel in MR-GAS and a static digestion model
(data from Deng, Janssen, et al. (2020)).

standard deviation’. In the figures, the error bars represent standard
deviations. The regression analyses for R2 and R1 with protein concen
tration and [H+] were performed with the Curve Fitting Tool in Matlab
R2018b (MathWorks, Natick, USA). To evaluate the goodness of pre
diction compared to the measured value, the normalised root mean
squared deviation (NRMSD) was calculated with equation (3).
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n
m
e 2
1
i=1 (y i − y i )
NRMSD = m ⋅
(3)
y
n

3. Results and discussion
3.1. Digestion of protein gels in MR-GAS
The MR-GAS was set up and tested for the digestion of WPI gels
under lab conditions. The concentration of free amino groups (-NH2
groups, Fig. 2a) and protein concentration (Fig. 2b) in the supernatant
showed the extent of protein digestion over time.
During the first 30 min of digestion, the concentration of –NH2
groups increased by 5.57 ± 0.23 mM for the 15% WPI gel and by 3.28 ±
0.20 mM for the 20% gel. Throughout the rest of gastric digestion, the
concentration of –NH2 groups increased slower for both gels. As ex
pected, the change in protein concentration was similar to that in –NH2

where ym is the mean of the measured values at all data points; ym i and
ye i are the measured value and predicted value respectively at data point
i; n is the total amount of data points.
4
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This is because the higher crosslinking density in 20% gel slows down
the digestion via limiting pepsin diffusion, hydrolysis rate and micro
structure transformation (Luo, Borst, Westphal, Boom, & Janssen,
2017).
When protein concentration was plotted against the free amino acid
group concentration in the supernatant, linear associations were
observed for both gels (Fig. 2c). The slope of the 15% gel was higher
than that of the 20% gel. This indicates that the average size of released
peptides from both gels remains constant during digestion, and the
average size of released peptides from the 20% gel was smaller
compared to that from the 15% gel.
Compared to the results with a static model from Deng, Janssen, et al.
(2020), the degree of hydrolysis (DH) of protein gels in the MR-GAS was
much higher (Fig. 2d); after 2 h of digestion, DH of the 15% gel was 2.6%
in the static model, whereas it was 7.3% in the MR-GAS. For the 20% gel,
DH was 1.0% in the static model and 3.1% in the MR-GAS. A higher
digestion rate in dynamic models is comparable with results from other
studies (Egger et al., 2018; Mennah-Govela & Bornhorst, 2021; Miralles,
del Barrio, Cueva, Recio, & Amigo, 2018). Interestingly, for both gels,
the slope of the DH curves in the static model decreased after 1 h and the
curves appear to nearly reach plateaus, while DH curves in the MR-GAS
retained a rapid increase over 2 h. Digestion in another dynamic
digestion model showed a similar trend of increased DH to our results
with MR-GAS (Mennah-Govela & Bornhorst, 2021). The reason for the
difference between static and (semi-)dynamic digestion in DH changes is
that with a (semi-)dynamic model, there is a continuous supply of pepsin
and acid. This (1) increases the enzyme to substrate ratio and (2) lowers
the pH. Both accelerate the enzymatic hydrolysis. Compared to a static
model, the higher digestion rate in the MR-GAS confirmed the impor
tance of performing in vitro digestion experiments under (semi-)dynamic
conditions.
The pH of the supernatant was measured during the digestion of the
15% and 20% gels (Fig. 3a). The initial pH was 1.5. Within the first
15–30 min, the pH increased as a result of the buffering capacity of the
gels and the released protein fraction from the gels to the supernatant
(Deng, Mars, et al., 2020). After around 30 min, the pH of the super
natant decreased for both gels. It should be noted that SGF was
continuously secreted throughout digestion, which decreased the pH,
even though H+ was taken up due to the buffering capacity and protein
hydrolysis. Although the peptide concentration in the supernatant dur
ing digestion of the 20% gel was lower than that of the 15% gel, the pH
in the supernatant of the 20% gel was higher than that of the 15% gel.
This is likely due to the higher buffering capacity of the 20% gel. This is
in accordance with another study in which protein gels with higher
protein concentrations showed higher buffering capacity and a higher
pH increase during gastric digestion (Luo, Zhan, Boom, & Janssen,
2018).
A mass balance of H+ was set up, which included the gastric juice
secretion, uptake of H+ due to buffering capacity and protein hydrolysis,
gastric emptying, and the net H+ in the supernatant (Fig. S2 in Sup
plementary material). As shown in Fig. 3b, the majority of H+ was taken
up during digestion, as a sum result of buffering capacity and protein
hydrolysis. The entire H+ uptake of the 20% gel was higher than that of
the 15% gel. After 2 h of digestion, acid uptake of the 15% gel was 1.9
mol/kg protein. This value is higher than that of the same gel in a static
digestion model (1.6 mol/kg protein, Deng, Mars, et al., 2020), because
of faster protein hydrolysis in the MR-GAS. Although we did not measure
the amount of acid uptake without pepsin during the buffering reaction
of our gel till pH 1.5, Mennah-Govela, Singh, and Bornhorst (2019) re
ported that it was 1.2 mol/kg protein for a 16% WPI gel. The curve also
shows that after 2 h of digestion, equilibrium was not yet reached, which
implies that the pH of protein gels may still be higher than that of the
SGF and that digestion could still be progressing. This is in line with the
increasing trend of the DH curve in Fig. 2d.
To summarise, similar to previous studies, the 15% gel digested
faster than the 20% gel, and both gels digested faster in the MR-GAS

Fig. 3. pH of the supernatant during gastric digestion of 15% gel and 20% gel
(a) and the amount of acid uptake by the system and acid emptied of 15% gel
and 20% gel during digestion (b).

groups: in the first 30 min, protein concentration of the 15% gel
increased by 3.67 ± 0.13 and that of the 20% gel by 2.05 ± 0.04 mg/mL.
The finding that protein gels were digested at a rapid rate in the first 30
min during the gastric phase is in line with previous studies (Deng,
Janssen, et al., 2020; Luo, Boom, & Janssen, 2015). To mimic gastric
emptying, the supernatant was removed from the stomach chamber
after digestion for 30 min till the end. Therefore, the real-time peptide
concentration in the supernatant (in Fig. 2a) does not represent the total
amount of peptide produced. The total amount of peptide produced was
calculated to obtain the degree of hydrolysis, which is discussed later. In
line with other studies, the 15% gel was digested faster and to a larger
extent than the 20% gel (Deng, Janssen, et al., 2020; Luo et al., 2015).
5
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Fig. 4. R2 (a) and R1 (b) of supernatant during digestion of 15% gel and 20%
gel, measured via TD-NMR.

than in a static digestion model. The MR-GAS model has proven to be an
adequate semi-dynamic digestion model. Remarkably, mixing of the
gastric contents with the use of airflow was apparently effective and
allowed the use of the stomach chamber within an MRI scanner.

Fig. 5. Predicted against measured protein concentration (a) and predicted
against measured pH (b) in the supernatant during digestion of 20% gel
(Scatters with light to darker blue represent individual time points from 0 to
120 min). Predictions based on TD-NMR data. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)

3.2. R2 and R1 during digestion in MR-GAS
During the digestion of the 15% and the 20% gels in the MR-GAS, the
supernatant was sampled, and transverse (R2) and longitudinal (R1)
relaxation rates were measured by TD-NMR (Fig. 4). For both gels, R2
increased over time and the fastest in the first 15 min (Fig. 4a). A faster
and larger increase in R2 was observed for the 15% gel compared to the
20% gel. It has been reported that R2 can be linearly positively associ
ated with protein concentration in solutions at the same pH (Le Dean,
Mariette, & Marin, 2004). It has also been shown that a higher H+
concentration (i.e. lower pH) and smaller molecular size decrease R2
(Ozel, Aydin, Grunin, & Oztop, 2018). In the current work, the effect of
molecular size on R2 may be ignored since the average size of the

released protein fraction remained consistent during digestion (see
section 3.1). Therefore, the increased R2 over time is presumably due to
the release of protein into the supernatant. Moreover, the rapid increase
of pH (decrease of [H+]) in the first 15 min likely contributes to the
increased R2 as well. The significantly slower increase in R2 after 15 min
may be due to the slower increase in protein concentration and the in
crease in [H+]. In line with our previous findings (Deng, Janssen, et al.,
2020), a faster and larger increase in R2 was observed for the 15%
6
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Fig. 6. T2 maps (a) and T1 maps (b) of the gastric content in MR-GAS during digestion of WPI 15% from baseline to 90 min (T2 = R2−

compared to the 20% gel, due to the faster digestion of the 15% gel.
Compared to R2, R1 increased less during digestion (Fig. 4b). Similar
to R2, higher protein concentration, lower [H+] and larger molecular
size increase R1 (Mariette, 2009; Oztop, Rosenberg, Rosenberg,
McCarthy, & McCarthy, 2010). Therefore, in the current study, the in
crease in R1 could be attributed not only to the increase in protein
concentration but also to the steep decrease in [H+]. Similar to R2, a
faster and larger increase in R1 was observed for the 15% compared to
the 20% gel, because of a higher protein concentration in the superna
tant. Compared to R2, R1 showed less sensitivity to the changes in the
protein concentration in the supernatant. In summary, both R2 and R1
increase during digestion and can therefore potentially serve as markers
to track digestion.

and T1 = R1− 1).

3.4. Monitoring digestion in the MR-GAS with MRI
To further assess their potential for in vivo applications, R2 and R1
were measured by MRI during gastric digestion of 15% and 20% gels in
the MR-GAS. While we only sampled supernatant in the TD-NMR mea
surements, with the MRI measurements, we measured both the gel and
supernatant since the entire stomach chamber of the MR-GAS was
placed in the MRI. Fig. 6 shows the colour-coded T2 distribution and T1
distribution in the stomach chamber during digestion of the 15% gel
over time. In the baseline scan, there is only SGF present because that
represents the fasting state. From t = 5 min onwards, two phases can be
distinguished in the T2 and T1 maps, with protein gel particles visible in
the lower part and the supernatant in the upper part. Fig. 7 shows the
average R2 and R1 of the supernatant plotted against digestion time. The
R2 of the supernatant increased from 0.48 ± 0.001 to 0.77 ± 0.02 s− 1
during 90 min of digestion (Fig. 7a), as was reflected in the change of
colour from red to a darker blue in the T2 map (Fig. 6a). This increase in
R2 was mainly caused by an increased protein concentration in the
digesta. A smaller increase in R2 was observed for the 20% gel because
this gel was digested to a less extent. R2 changes show a similar trend as
that measured with TD-NMR (Fig. 4a), so we refer to the discussion in
Section 3.2.
The R1 of both the 15% and the 20% gels did not change much during
digestion, except for an increase at t = 5 min for the 15% gel (Fig. 7b).
The reason for this may be that R1 is highly dependent on the magnetic
field strength (Korb & Bryant, 2002). Since the MRI has a higher field
strength (3T), it results in a smaller R1 compared to that measured with
TD-NMR (0.72 T). This could make the change in R1 even smaller and
harder to detect than with TD-NMR. The increase of R1 at 5 min for the
15% gel was unexpected. Nelson and Tung (1987) showed that a lower
temperature increases R1, and a stronger temperature effect was shown
in the liquids with higher protein concentrations. Since, in our experi
ment, the SGF was heated to 37 ◦ C while the gel was at room temper
ature. The addition of the gel into the SGF resulted in a transient
temperature decrease of approximately 5 ◦ C at t = 5 min. This could
have caused the observed increase in R1. The higher protein concen
tration in the supernatant of the 15% gel may have reinforced this
temperature effect compared to the 20% gel. However, more systematic
research about how temperature affects the relaxation rates of acidic
samples need to be conducted to support this explanation.
We determined the relationships between R1 and R2 with protein
concentration and [H+] using data of the 15% gel and applied the ob
tained equation to predict the digestion of the 20% gel. Linear regression

3.3. Estimating protein concentration and pH with the use of R2 and R1
To check the feasibility of using R2 and R1 for monitoring digestion,
we investigated the relationships between R2 and R1 with protein con
centration and [H+] using data of the 15% gel and applied the obtained
equations to predict the digestion of the 20% gel. Linear regression
(Fig. S3 in Supplementary material) resulted in the following empirical
equations and explained variance (R2):
(
)
(4)
R2 = 0.46 + 0.05 ⋅ cprotein − 1.31 ⋅ cprotein ⋅[H + ] R2 = 0.99
(
)
R1 = 0.41 + 0.006 ⋅ cprotein − 0.02 ⋅ cprotein ⋅[H + ] R2 = 0.96

1

(5)

Using equations (4) and (5), we predicted the concentration of pro
tein and H+ in the supernatant during digestion of 20% gel and calcu
lated the pH ( = − log[H+ ]) and compared these predictions with the
measured values as shown in Fig. 5. The normalised root mean squared
deviation (NRMSD) was used to examine the goodness of prediction. An
NRMSD of 0 indicates a perfect prediction. The NRMSD was 0.15 and
0.12 for the protein concentration and pH respectively. Thus, predicted
protein concentration and pH were similar to the measured values.
However, there was a small difference between the prediction and the
measured values. This may be explained by the size of the released
peptide from the 20% gel, which was slightly smaller than that from the
15% gel (see Section 3.1). This smaller molecular size results in a smaller
relaxation rate. In summary, the results show that R2 and R1 can be
effectively used as markers of changes in protein concentration and pH
during in vitro gastric digestion of protein gels.
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Fig. 7. R2 (a) and R1 (b) values of supernatant during 90 min digestion,
measured via MRI.

(Fig. S4 in Supplementary material) resulted in the following empirical
equations and explained variance (R2):
(
)
R2 = 0.39 + 0.05 ⋅ cprotein − 0.29 ⋅ cprotein ⋅[H + ] R2 = 0.99
(6)
(
)
R1 = 0.38 − 0.008 ⋅ cprotein − 0.38 ⋅ cprotein ⋅[H + ] R2 = 0.60

Fig. 8. Predicted against measured protein concentration (a) and predicted
against measured pH (b) in the supernatant during digestion of 20% gel
(Scatters with light to darker blue represent individual time points from 0 to
120 min). Predictions based on MRI data. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

(7)

The lower explained variance in equation (7) was caused by the in
crease in R1 at t = 5 min; omitting this data point increased the explained
variance from 0.60 to 0.85. This is shown in Fig. S5 in Supplementary
material. Using original equations (6) and (7) (without omitting t = 5
min), we predicted the protein concentration and [H+] in the superna
tant during digestion of the 20% gel and calculated the pH ( = −
log[H+ ]). We compared the predictions with the measured values
(Fig. 8). The NRMSD values were 0.18 and 0.29 for the protein con
centration and pH respectively, and the values did not decrease, even
when using the obtained equations that omitted t = 5 min (shown in
Fig. S6 in Supplementary material). These NRMSD values were higher
than those in the TD-NMR analysis. These less good predictions may be

due to the fact that the R1 (MRI) did not change much during digestion,
so contributed less to the prediction. Thus, in this context, other mag
netic resonance markers may be better suited as proxy measures for
nutrient hydrolysis and pH change during digestion; however, they are
currently underexplored (Smeets, Deng, van Eijnatten, & Mayar, 2020).
The current results indicate that R2 and R1 are potential markers of
protein concentration and acidic pH and may be used to monitor the
semi-dynamic gastric digestion of protein gels in a clinical MRI. Such in
vitro results can contribute to the interpretation of similar measures
8
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done in vivo.
Based on the current study, the applications of MR-GAS can be
further extended, including altering the rate of gastric secretion and
emptying to mimic different gastric responses to different stages of
gastric digestion, to different types of food or to represent different
populations. Furthermore, it would be worthwhile exploring the appli
cation of the MR parameters to study digestion of other more complex
food matrices and using a naturalistic pH trajectory.
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4. Conclusion
In this study, we developed the MR-GAS: the first semi-dynamic MRI
compatible in vitro gastric digestion model. The results demonstrate its
capability to incorporate gastric secretion, emptying and mixing not
only in a lab set-up, but also in a clinical MRI scanner. The protein
digestion rate in the MR-GAS is comparable with that reported for other
semi-dynamic models. Furthermore, we show that R2 and R1, as
measured with NMR and MRI, can be used to monitor digestion under
dynamic circumstances: protein concentration and pH were the two
main parameters that changed in the supernatant during digestion and
the relationships between them with R2 and R1 were analysed with
linear regression. Therefore, using the empirical equations obtained
from the linear regression analysis, we were able to predict the protein
concentration and pH with the input of measured R2 and R1. Prediction
with the use of R2 and R1 from TD-NMR was more accurate than that
from MRI. Further research on MRI derived R2 and R1 measurements
will be essential to bring in vitro results and in vivo data together, and the
MR-GAS model can contribute to this translation. In conclusion, the MRGAS is a useful tool for in vitro digestion MRI research and R2 and R1
could serve as markers of changes in protein concentration and pH
during digestion. These findings set the stage for monitoring gastric
protein digestion in vivo using MRI in the future.
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