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Abstract The purpose of this paper is to present a methodol-
ogy for characterizing the rheological properties of heteroge-
neous gastric contents, for the first time, to our knowledge.
Pigs were used as a model because their gastric system is
similar to that of humans. Bread was chosen as a high-calo-
rific, solid test meal. The bread was made with flours offering
a wide range of amylose/amylopectin ratios. A specific meth-
od of extraction and measurement was developed. For the
study, the vane test technique was chosen in order to take into
account the heterogeneity and short lifetime of the boluses.
The variation in viscosity values for each gastric system was
compared with their moisture contents, different residence
times in the stomach, and various amylose/amylopectin ratios.
The viscosities decrease significantly as the residence time
increases. Furthermore, we suggest that the amylose/
amylopectin ratio (Am/Ap) determines the moisture content,
which then provides the viscosity level, since the gastric
contents behave as a concentrated suspension. Pigs add vari-
ability to the results because the structure of the bolus depends
on mastication.
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Introduction

The rheological properties of gastric contents, such as viscos-
ity, play an important role in gastric emptying, the kinetics of
starch digestion and glycemic response [1-4]. Gastric juices
containing bread tend to create a semi-fluid medium with large
swollen lumps. It is therefore quite a challenge to monitor the
relevant rheological properties during digestion and take into
account the real in vivo conditions [5—7]. The main objective
of the present study is to overcome these difficulties. Most
published results relate to the viscosity of the meal and rarely
to the viscosity of the in vivo gastric juices, where the phys-
iological function is supposed to take place [8]. Because
human gastric contents cannot easily be extracted, pigs are
used here, as their gastric system is similar to that of humans.
Breads were chosen as the original meal because the modifi-
cation of their carbohydrate content provides a wide spectrum
of’bolus consistency. A dedicated device had to be designed to
take into account the multiple characteristics of the gastric
juices, such as large particles, temperature, and short lifetime
of the sample, owing to the rapid changes in physical and
chemical properties of the bolus.

The measurements aim for evaluating the impact of
carbohydrate on the rheological properties of the gastric
contents, by using different carbohydrate compositions
within the bread. The influence of fibers, such as carbo-
hydrates, has been noted in several studies [9—-12]. In
some papers, authors proposed to increase the bolus vis-
cosity with addition of different fibers, to reduce the
glycemic response and to increase satiety [13—15]. In such
context, carbohydrates, especially amylose and amylopec-
tin, have been used to modify the rheological properties of
in vitro solutions [16—-22]. In this study, we want to
evaluate the impact of the amylose/amylopectin ratio,
denoted by Am/Ap, on the rheological properties of the
in vivo gastric juices during digestion. This investigation
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is carried out by monitoring two major parameters, name-
ly the residence time and the moisture content.

The objective of our work is therefore to present the sam-
pling and measurement methodology that concern extraction,
sample loading, measurements, and calculations. As soon as
the rheological behavior of the gastric juices is described, the
data are than correlated with the moisture content, the gastric
residence time, and Am/Ap. Finally, we propose to investigate
the role of Am/Ap at different stages of digestion, and to
analyze the variability induced by pig mastication behavior.

Material and Methods
Material
Animals

In the present study, eight animals (large white female pigs, 35
+3 kg) were considered. A large gastric cannula (ID 1.2 cm)
was surgically inserted into the proximal stomach to obtain
access to the gastric contents. The large diameter was chosen
so that large particles in the gastric juice could be sampled
without any possible skimming of the gastric content. This
protocol has been approved by the French veterinary services
(authorization numbers A35-622 and 01894).

The pigs were pre-anaesthetized with ketamine (5 mgkg ',
im.). A surgical level of anesthesia was obtained with halo-
thane (3-5 %, v/v) delivered by a mechanical ventilator (SAL
900, Siemens, Saint-Denis, France). The oxygen fraction
(FiO,) and tidal volume were adjusted such that the spO,,
measured by pulse oximetry (Ohmeda, Limonest, France),
and the spCO, measured by an IR capnometer (Amstrong,
Coleraine, N. Ireland), were found to be larger than 98 % and
lower than 5 %, respectively. A venous cannula was inserted
into the marginal vein of the ear to infuse Ringer’s lactate
(500 mL h™") during surgery to prevent dehydration. A T-
shaped silicon cannula (I cm ID) was introduced in the
fundus, 15 cm distal from the lower esophageal sphincter
and exteriorized in the left flank.

Breads

Bread samples, referred as bread 1, bread 2, and bread 3, were
made with three different flours distinguished by their Am/
Ap. The characteristics of the breads and flours are shown in
Table 1. They consist of a mix of flours based on standard T55
flour (Girardeau, France), HI-maize 260 amylose powder
(National Starch and Chemical Company, Bridgewater,
USA), and Alice amylose-free waxy flour (Limagrain, Saint-
Beauzire, France).

The breads were obtained by using a Moulinex bread
machine (SEB, Ecully, France) incorporating a 2 h 30
cooking program. When starting the process, the following
ingredients were inserted into the manufacturing vessel at the
beginning of the program: 216 ml of water, 5 g of NaCl, 360 g
of flour and 4.7 g of yeast. Each test session was performed
with breads made 12 h before the experiment.

Methods
Bread Characterization

Once cooked, the bread loaves were practically of same size,
although the texture of each bread was visually different
(Fig. 1). To appreciate the different textures, we chose to
measure the ratio of trapped air and the average size of air
bubbles in the crumbs by the means of tomographic analysis.

In practice, each loaf of bread was placed in the tunnel of a
medical X Computerized Axial Tomography Scan (Hi-Speed
NTxi, GE Médical System, Meylan, France). A set of 3-mm-
thick transversal slices was obtained at a voltage of 120 kV
with an X-ray tube current of 40 mA. The CAT was calibrated
before each imaging session with air and water density. An
assessment of the spatial resolution was also performed by
using a suitable phantom surrounded by water.

Each axial section was transferred to the Image J software
for quantitative image analysis. A binary threshold, based on
the Hounsfield scale, was chosen and the air value was set to
—1,000. The mask thus created was then analyzed. The results
are compiled in Table 1. Bread 3 was found to be significantly

Table 1  Bread codification, formulation and characteristics
Bread Flours mix Amylose Amylopectin  Energy Intake Amylose/ Average size of inclusions in  Trapped air
reference (g/100 g)  (g/100 g) (kcal) mass (g) Amylopectin  the crumb (mm?®) ratio (%)
ratio (—)

Bread 1 50 % Wheat flour + 10+0.1 58+0.1 500+3  162+1 0.17+0.1 1.9+0.1 14+1

50 % Waxy floor
Bread 2 100 % Wheat flour 2240.1 47+0.1 5003 124=+1 0.47+0.1 1.4+0.1 12.5+1
Bread3 80 % Wheat flour + 27+0.1 18+0.1 500+3  215+1 1.5+0.1 0.7+0.1 5+1

20 % Amylose

Data of air distribution through the breads are given as the mean of the acquisitions of ten slices
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Bread 2

Bread 1

Fig. 1 CAT scan of the three breads. The size of the air inclusion is
visibly different, mostly in the case of bread 3

more compact than the two other samples, with smaller air
inclusions and a reduced proportion of trapped air.

Rheometry

From their visual appearance, the gastric contents are suspen-
sions of soft particles of varying numbers and sizes (Fig. 2).
Particles of bread are inflated with a pool of water, saliva, and
gastric secretions. Numerous constraints have been required
for rheological characterization of the gastric juices. Depend-
ing on their residence time, gastric juices may be described as
ranging from a highly concentrated non-Newtonian

:

Fig. 2 Picture of gastric content for each residence time: 30 (a), 60 (b)
and 120 min (c)
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suspension to a Newtonian fluid containing a reduced number
of particles, leading to explore a broad range of viscosities for
fluids containing soft and deformable particles. The maximum
particle size was found to be approximately 2 mm, evaluated
from images of the samples, as shown in Fig. 2 for bread 2. To
satisfy conditions of a continuous medium, we adopted a large
gap in our rtheometry experiments. Furthermore, owing to the
rapid physical, chemical, and thermal changes taking place in
the bolus, a fast and simple method was carried out. Addi-
tionally, the volume of the sample may vary with residence
time. These constraints finally led us to adopt the vane test
technique for the experiments, along with suitable measure-
ment and analysis protocols.

An experimental device has been set up for gastric juice
rheology, using a Couette cell combined with a VI-550 viscom-
eter (Thermo, Karlsruhe, Germany), consisting of a fixed cup
filled with the sample and a vane half-inserted in the sample.
The depth of insertion of the vane depended on the available
volume of gastric juice extracted from the pigs (between 100
and 300 ml). To impose an adhesion at the wall, the inner
surface of the cup was roughened to produce a grid with a 5-
mm-mesh size. The gap between the vane and the cup was
12.5 mm, which is more than six times longer than the maxi-
mum diameter of particles. Such procedures were essential to
satisfy the continuity assumption of the medium during the test,
requiring the use of a large gap geometry for the rheology
experiments and involving corrections and specific calculations.

The shear rate v was calculated by means of Eq. 1 [23],
where w is the rotational velocity, R, the radius of the vane and
R, the radius of the cup.

v=20/(1-(R /R.)’) (1)

Owing to the pasty nature of the fluids, characterized by a
yield stress, the entire gap may be not sheared, especially at
low velocities. Accordingly, the value of the radius of the true
sheared zone, R, was used instead of the cup radius. Ry was
extracted from the videos. Thus, Eq. 1 becomes Eq. 2, as
follows.

v=20/(1-(R/R.)’) @

The shear stress was calculated with the hypothesis under
the assumption of no secondary flow between the blades. The
calculations related to (Eq. 3)

T =M /(xD*/2. (H/D+1/6)) (3)

took into account the fact that the vane was not fully inserted
into the fluids [24]. The apparent viscosity 1 was therefore
calculated with Eq. 4.

n=rT/v (4)
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Protocols
Meal Intake

The animals were allowed 1 week to recover from surgery
before starting experiments. During the second week, the
animals were presented with the bread test meal to accustom
them to it. The animals were housed in modified metabolism
crates to restrict their mobility. The trials were carried out after
a fasting of 12 h. Immediately after the test meal and during
the experimental session, the animals were not allowed to
drink water.

The bread was cut into cubes of approximately 2 cm®. To
obtain extractable gastric juices through the gastric cannula,
the test meal consisted of 500 kcal cubes of bread (171 g for
bread 1, 182 g for bread 2, and 177 g for bread 3) mixed with
150 ml of water. The quantity of bread was adapted to obtain

isocaloric meals. The animals ate the meals in less than 5 min.

Three samplings of the gastric contents were carried out at
30, 60, and 120 min after starting the test meal. To limit any
alteration in viscosity due to experimental constraints, each
sampling operation was performed once during an experimen-
tal session, i.e., there was no reintroduction of gastric chyme
after the full sampling of all the gastric contents. After opening
the cannula, the gastric contents were completely poured into
a container by gravitational flow. The maximum available
quantity of juices was then isolated and immediately trans-
ferred into the measuring cell.

Test Sequence

The temperature of the samples was measured systematically
before and after the rheological tests. Less than 2 min elapsed
between the extraction of the gastric juice from the pig and the
start of the rheological test. The cup was maintained at 39 °C
before filling. The thick plastic wall of the cup prevented
major heat loss during the test. The average heat loss mea-
sured was 2.2 °C, with a standard deviation of 0.9 °C.

Several rotational velocity steps were applied to the sam-
ple, from 0.01 to 30 rad/s. For each velocity, the test was
stopped after reaching permanent flow in order to limit the
total strain applied to the sample. Flow curve acquisition
lasted less than 3 min to minimize changes in physical, chem-
ical and thermal characteristics of the gastric juice. Flow at the
free surface was recorded simultaneously.

During the rheological test, a video of the free surface was
taken at each step. A tracer powder was dropped on the free
surface before beginning the test. The flow at the free surface
was considered to be representative of the bulk flow. For each
test, the strain fields were extracted from the videos. At low
shear rates, typically under 0.5 s, the strain imposed by the
vane could not propagate from the vane to the cup wall. In the
unsheared area, the stress level is below the yield stress. The

true shear rate was therefore corrected using a new gap, in
which the fluid was sheared from the edges of the vane to the
unsheared area. The radius of the virtual wall (defined by R, in
Eq. 2) was monitored by videos, which also determine the
fluid velocity at the wall, to check the adherence conditions.

After performing the rheological tests, the weight of the
gastric juices are measured and desiccated. The moisture
content was then determined using the ratio of the dry weight
to the initial weight.

Results

Influence of Residence Time on Rheological Properties
and Moisture Content

For bread 1, Fig. 3a shows the changes in viscosity according
to shear rate, for three residence times in the stomach, Fig. 3b
gives the change in the corresponding shear stress. The flow
curves demonstrate the pasty behavior of the gastric contents
for short residence times (30 and 60 min). In fact, the shear
stress for lowest the shear rate tend to a plateau value. This
stress value is representative of the yield stress of the gastric
contents. When the shear rate increases, the viscosity de-
creases non-linearly. In this state, the gastric contents are
therefore shear-thinning yield stress fluids. When the resi-
dence time increases (120 min), the level of shear stress
decreases significantly, when compared to those correspond-
ing to 30 and 60 min. The shear stresses then have a linear
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Fig. 3 Flow curves of gastric juices extracted after different residence
times: 30, 60 and 120 min. Gastric juices of bread 1 are extracted from a
single pig. Graphs show the change in viscosity (a) and shear stress (b)
according to shear rate
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correlation with the shear rate and the viscosity is nearly
constant. The gastric contents are no longer pasty but exhibit
a Newtonian behavior. The viscosity level is still at least 100
times the viscosity of water (>100 mPa.s). These viscosity
data have been measured previously using gastric contents
from liquid meals [12]. Moreover they cannot be explained
simply by the presence of saliva, the viscosity of which is at
most 10 times the viscosity of water [25]. Carbohydrates may
completely cover the non-Newtonian behavior of saliva and
other gastric proteins.

For a short residence time of 30 min, large particles of
bread created by chewing are observed (Fig. 2a). The gastric
juice is a concentrated suspension of deformable lumps swol-
len with water. Contacts between particles are lubricated to
varying degrees depending on the available water quantity.
The yield stress may be due to particles jamming together
while they are still rigid. When increasing the residence time
up to 60 min, a certain amount of liquid is added from the pig’s
stomach, which dilutes the gastric juice (Fig. 2b). The lumps
also dissolve in the liquid medium, and the particles tend to be
softer. In addition, the amylase breaks starch down into sugars
and thereby reduces the molecular weight. Those three mech-
anisms contribute to liquefy the suspension and reduce vis-
cosities, until it practically reaches a liquid state at 120 min,
with few immersed particles (Fig. 2¢).

For further analysis, we chose a viscosity at a low shear
rate, i.e. 0.03 s~ ', because flow through the duodenum is quite
low and the order of magnitude of the velocity is small. The
low viscosities of Newtonian juices at 0.03 s ' result in low
torques, which cannot be measured by our device, on account
of the transducer sensitivity. Therefore, as Newtonian fluids
exhibit a constant viscosity regardless of shear rate, the vis-
cosity was extrapolated from data obtained at higher shear
rates.

Figure 4 shows the change in viscosity (Fig. 4a) and in
moisture content (Fig. 4b) according to residence time for the
three breads. Moisture content increases with residence time.
At 30 min, the moisture content and viscosity are constant
regardless of the breads. The moisture is directly related to the
water content of the original meal before ingestion, leading us
to decide that the pigs should not have access to drinking
water during the experiments. After ingestion, the pigs add a
certain amount of liquid themselves depending on digestive
activity. The moisture content therefore tends to increase at
60 min, and the viscosity decreases as a consequence. The
trend is influenced by the different gastric secretions and the
breads, owing to the differences in Am/Ap. This increase in
moisture content and decrease in viscosity have been noticed
previously [5]. Finally, a viscosity reduction of the order of
two to three decades is recorded after a residence time of
120 min, with an increase in moisture content.

It should be pointed out that the overall change in viscosity
versus the residence time clearly depends on the individual
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Fig. 4 Change in viscosity at low shear rate (a) and moisture content (b)
according to residence time for all pigs (n=8). Each type of bread is
presented

pig. This can be explained by the differences in oral and
gastric secretions, and by those concerning chewing behavior.
The drop in viscosity confirms the mechanism of dilution,
lump dissolution and amylase action on starch.

Relation Between Moisture Content and Rheological
Properties

The rheological properties are very sensitive to the moisture
content of the gastric juice, as shown in Fig. 5. The decrease in
rheological properties with increasing moisture content con-
firms the fact that the gastric juices are suspensions. Indeed,
the viscosity is related to the moisture content according to an
exponential law, fitted over the entire digestion period. Such
correlation highlights the assumption that the rheological be-
havior of gastric juices with particles is rather governed by the
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Fig. 5 Change in viscosity at low shear rate according to moisture
content for all pigs (n=8). Residence times have been provided on the
graph to show the effect of the digestion process on the properties of the
suspension
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particle concentration, and therefore by their dissolution and
dilution. The rheological behavior of the gastric juices may be
also considered as depending on the shape and size of the
particles, but our rheological approach based on bulk mea-
surement cannot discriminate this effect.

Influence of Am/Ap on Rheological Properties and Moisture
Content

The Am/Ap is the main chemical parameter that changes with
the composition of the bread. As shown in Fig. 4a, the vis-
cosities at 30 and 60 min are not significantly different with
any of the breads. For those residence times, the rheology of
the gastric juices may be governed more by the mechanical
structure, i.e., the macroscopic particles immersed in a yielded
suspension (Fig. 2a, b), than by the chemical properties of the
carbohydrates. On the other hand, a significant difference in
viscosity can be noted at 120 min, especially in the case of
Bread 1. Therefore, we provide in Fig. 6a the viscosities
versus the Am/Ap ratio. The increase of viscosity with Am/
Ap is quite significant at 60 min, but more significant at
120 min, as the particles have been largely dissolved
(Fig. 2¢) and the gastric juice is no longer a yield stress fluid
(pasty). In parallel, a significant drop in moisture content as a
function of Am/Ap can be observed only in the case of a long
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Fig. 6 Change in viscosity at low shear rate (a) and moisture content (b)
according to Am/Ap for all pigs (n=8). Each residence time is presented

residence time, 120 min (Fig. 6b). Thus, the two breads with
higher amylose content appear to maintain a higher viscosity
at 120 min as they absorb less moisture. The origin of the trend
will be discussed in the next section of the present article.

Discussion

During the digestion process, gastric juices behave as a con-
centrated suspension, as visually illustrated by Fig. 2 and by
rheological data of Fig. 5, that depicts the exponential relation
between viscosity and moisture content. This relation is not
significantly affected for breads containing various Am/Ap.
During the process, the suspensions switch from a yield stress
behavior of jammed particles to a less concentrated suspen-
sion, with smaller and softer particles. Previous results (Fig. 6)
show that the Am/Ap does not significantly modify the mois-
ture content and the rheology at the beginning step of diges-
tion. After a certain residence time, the suspensions became
“soft” enough to perceive the effect of Am/Ap on their rheo-
logical properties (Results section).

In this section, we wish to propose an explanation for the
difference in viscosities between the breads observed after
120 min. This requires an accurate analysis of the continuous
process from ingestion to digestion from mechanical and
chemical points of view, in light of the rheological data.

Initially, the breads have an alveolar sponge-like structure,
depending on the flour, as shown in Fig. 1. The breads have
various crumb densities due to the Am/Ap ratio, and therefore
different porous media (Table 1). The bread cubes are swollen
with water before ingestion but the porous medium is not
saturated. During mastication, the cubes are reduced to pieces
of different sizes. Once ingested, the gastric juices are a
structure of large swollen lumps of bread lubricated with water
(Fig. 2a). The lumps are progressively dissolved by the action
of enzymes and water through the porous medium, which
differs from bread to bread. The measurements carried out at
30 min show that the moisture content and viscosity are
similar regardless of the Am/Ap (Fig. 4a-b), which proves
that the porous media induced by Am/Ap does not affect the
way the lumps are dissolved. As observed in the previous
section, the rheology of the gastric juices is determined more
by the lumps jamming up to 30 min.

As dissolution takes place in the stomach, a slight rise in the
moisture content is observed at 60 min in the case of the bread
with the lowest Am/Ap (Fig. 4b). Several studies have sug-
gested that once solubilized, amylopectin retains a larger
quantity of water [16, 18, 26-28]. But the difference in mois-
ture content is not significant at 60 min, maybe because the
suspension is not sufficiently degraded to solubilize a large
amount of amylopectin. Indeed the juices have nearly the
same appearance at 30 min (Fig. 2a) and 60 min (Fig. 2b).

@ Springer
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The slight decrease in viscosity observed at 60 min in the case
of the bread with the highest Am/Ap (Figs. 4 and 6a) may be
correlated with the rise in moisture content, not with the Am/
Ap itself from a chemical point of view.

After 120 min, the lumps have practically disappeared
(Fig. 2c). Measurements show that the moisture content is
much higher in the case of high Am/Ap bread, but the corre-
sponding low viscosity cannot be explained only by the mois-
ture content, because the gastric juice is visibly no longer a
concentrated suspension (Fig. 2¢). The amylopectin is more
rapidly degraded by the amylase action, and no longer con-
tributes to the consistency of the juice. In contrast, the amylose
is more resistant to degradations in stomach, and rather de-
graded in the intestines [7, 29-31]. The amylose therefore
helps to increase the viscosity of the liquid phase with a long
residence time.

The pig’s chewing behavior and gastric secretion affects
the results, as shown in Figs. 4 and 6. Those may change the
particle size distribution and moisture content of the concen-
trated suspension. Their influence is stronger in the case of a
short residence time, where the particles determine the behav-
ior of the suspension. In the case of a long residence time,
lump dissolution reduces the effect of the initial chewing, but
the effect of secretion is still apparent, leading to variable
moisture contents and viscosities. However, some important
observations can be made at 120 min. The initial meal could
be homogenized by mechanical mashing. This would reduce
the influence of the individual pigs in the case of short resi-
dence times, but the experiment would be far from
representing real bread consumption by humans.

Conclusions

The main objective of this study was to present a methodology
for rheological characterizing gastric contents from a solid
meal. This characterization was carried out by a vane test
associated with the proper experimental conditions and a
suitable analysis. Despite the constraints linked to the suspen-
sions studied and the strong influence of the pigs’ behavior,
the results revealed that the rheology of gastric contents is
dictated by their suspension nature up to a residence time of
60 min. The consistency of the concentrated lump suspension
produced by particle jamming almost surpasses any effects
caused by the different Am/Ap ratios. The viscosity decreases
with residence time in the stomach, which is correlated with
an increase in the moisture content. We suggest that the Am/
Ap only influences the moisture content and viscosity in the
case of a long residence time, after 120 min. The gastric
contents are no longer concentrated lump suspensions, since
the lumps of bread are digested through amylase action. The
viscosity is then dictated by the molecular weight of the
amylopectin and amylose in solution. As the amylopectin is
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rapidly degraded, the amylose contributes more to the viscos-
ity because it is less susceptible to amylase action and there-
fore maintains a higher molecular weight and higher viscosity.
Rheology may be a relevant method for understanding the
changes in gastric juices during residence in the stomach, and
the influence of amylose and amylopectin on the process. It
should be noted that the variability in viscosity between the
different animals suggests that the way the meal is broken
down by chewing has an influence on the rheological behavior
of the gastric juice, especially after short digestion periods.
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