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ABSTRACT: Understanding and controlling structural and physical changes in meat during cooking is of prime importance.
Nuclear magnetic resonance imaging (MRI) is a noninvasive, nondestructive tool that can be used to characterize certain properties
and structures both locally and dynamically. Here we show the possibilities offered by MRI for the in situ dynamic imaging of the
connective network during the cooking of meat to monitor deformations between 20 and 75 °C. A novel device was used to heat the
sample in an MR imager. An MRI sequence was developed to contrast the connective tissue and the muscle fibers during heating.
The temperature distribution in the sample was numerically simulated to link structural modifications and water transfer to
temperature values. The contraction of myofibrillar and collagen networks was observed at 42 °C, and water began to migrate
toward the interfascicular space at 40 °C. These observations are consistent with literature results obtained using destructive and/or
nonlocalized methods. This new approach allows the simultaneous monitoring of local deformation and water transfer, changes in

muscle structure and thermal history.
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B INTRODUCTION

Knowledge of the structural changes that occur during food
processing, e.g. cooking, is of prime importance for the control of
sensory, nutritional and technological qualities of end products.
The cooking of meat results in a loss of 20—40% of its mass, due
to expulsion of juice (containing water, lipids and micro-
nutrients) from the meat."” For the consumer, loss of juice can
be detrimental to sensory qualities. For example, it has been
demonstrated that juice loss is inversely correlated with the
juiciness of the cooked product.’® It also adversely affects nutri-
tional quality through the loss of fatty acids and micronutrients
(vitamins, minerals and amino acids) that are essential for human
health.* In addition to quality issues, industrial operators have to
be very attentive to production costs, which are directly linked to
cooking yield, and so to juice loss.

The structural changes that occur in meat during cooking are
caused by modifications to both cell proteins and connective
tissue proteins. Observations made by several authors® ® con-
sistently emphasize that meat toughness—evaluated by shear
stress measurements—evolves during cooking in three well-
identified phases: (i) from about 40 to SO °C, toughness
increases; (ii) from about S0 to 60 °C, toughness decreases;
and (iii) from about 60 to 80 °C, toughness increases again.
However, the explanation for these variations in toughness
resulting from structural changes at different scales is controver-
sial. The first phase has been attributed to the thermal contrac-
tion of the perimysial connective tissue,”® while beyond 60 °C,
increased toughness was ascribed to the denaturing of myofi-
brillar proteins. A different explanation® is that the low tempera-
ture modifications during the first phase result from the
denaturing of cell proteins.
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On our view the elucidation of these mechanisms is made
difficult primarily by two experimental limitations: (i) inability to
observe changes in muscle structure (especially deformations)
and internal water transfer simultaneously and locally during
cooking and (ii) approximations in the thermal analysis (temp-
erature is often considered to remain the same throughout the
sample, which would be true only at steady state, and never true
for variable temperature regimes, the more so for larger sample
sizes). The false assumption of even temperature leads us to
attribute differences in contraction due to a temperature gradient
to structural heterogeneities instead. However, the experimental
alternative of waiting for thermal equilibrium to be reached leads
us to neglect the irreversible structural modifications that occur
during the transition to temperature homogeneity.

Several biophysical methods can be used to characterize meat
structure.” Some of these methods are applicable to the monitor-
ing of cooking and have demonstrated the denaturation and
precipitation of myosin,”'*"" the denaturation and contraction
of collagen'” and the denaturation of other sarcoplasmic and
myofibrillar proteins'? in the course of heating. The mechanisms
governing water loss have been studied mainly on raw meat,'*™ "
and less often on meat during heating."®>°

Multiexponential analysis of water T, relaxation decay curves
obtained by low-field NMR showed a loss of the major water
population during heating.® This was due to the thermal dena-
turation of proteins, in particular actin and myosin, which
modifies their structure and ultimately diminishes the amplitude
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Figure 1. Overview and photo of subassemblies. For the overview: (1) Holding tank and heatin% element for circulating water, (2) pump, (3) silicone
tubing, diameter 10 mm, (4) nonmagnetic sample holder cell, (5) Teflon thermal insulation, (6) "H NMR coil and (7) high-field NMR imager. For the
photo: (4) nonmagnetic sample holder cell, (5) Teflon thermal insulation, (6) "H NMR coil.

of the most mobile component. This decrease is mainly attributable
first to the transverse contraction of fibers and bundles, and then to
the contraction of the connective tissue, which causes expulsion of
water toward the sample surface. These results are difficult to
interpret in the absence of information on the spatial localization of
these populations. The only reported MRI study'® conducted
during heating in meat measured some intrinsic NMR parameters
locally (T}, T, and proton density). It showed a loss of water
associated with a decreased rotational mobility, and spatial differ-
ences between the core and outer layers of the sample.

The aim of our work was first to develop an in situ method to
map temperature and deformation of meat simultaneously in the
course of a variable temperature regime. Our second objective
was to interpret these deformations and water transfer over a
broad temperature range (20—75 °C), based on the structural
modifications reported in the literature.

To this end, MRI was coupled with numerical simulations of
heat transfer to map local temperature. In this paper, we present
(i) the experimental laboratory setup used to heat the sample in
the magnetic environment, (ii) the techniques used for the
simulation of heat transfer, (iii) the specific MRI developments
carried out and (iv) a short analysis of the first results obtained.

B MATERIALS AND METHODS

Samples. The muscle type used was the biceps femoris (BF) from
Charolais heifers (4 years old), in which the connective tissue is rich in
elastin. Samples were cut in the form of cylinders 5 cm in diameter by
6 cm long with the muscle fibers oriented axially. The dimensions of the
sample were chosen to obtain an adequate picture of the perimysial
structure of the muscle and still fit the dimensions of the MR imager. The
meat cylinders were then placed in plastic bags in a vacuum to prevent
direct contact with the circulating heating water.

Heating Device. A novel device was designed to acquire NMR
images from a meat sample being heated over the temperature range
20—75 °C. The setup was designed to meet the following specifications:
(i) provide exchange conditions at the sample surface that were as
homogeneous as possible, (ii) not introduce any materials that could
disturb the static magnetic field in the sample, (iii) insulate the device
thermally from the radiofrequency (RF) coil to protect it from damage
or loss of performance and (iv) provide a heating regime compatible
with the MRI acquisition rate.

Heating via a fluid was preferred as it would ensure more homo-
geneous exchange conditions at the sample surface. Among different
candidate heat exchange fluids, water was chosen for its simplicity of use,
in particular when draining out and cleaning the circuit.

The system comprised a watertight, nonmagnetic sample holder cell
made of polyetheretherketone (PEEK) (4, Figure 1), placed inside a
sleeve made of Teflon (S, Figure 1), also a nonmagnetic material, which
provided thermal insulation between the cell and the RF coil. The
assembly was placed at the center of the RF coil (6, Figure 1), which was
in turn positioned inside the MR imager (7, Figure 1).

The sample was heated in its cell by water sent around a circuit
(3, Figure 1) by a pump (flow rate = 13 L/min) (2, Figure 1). The
circulating water was heated in a holding tank (1, Figure 1) by a
temperature-regulated resistance heater. The regulation system was
programmed so that the temperature of the water rose evenly from 20
to 75 °C at a climb rate of 0.88 °C/min, imposed by the time resolution
of the MRI methods used.

The adiabaticity of the heating system, which was ensured by the
choice of materials and the water flow rate, was checked by placing two
thermocouples in the circuit at the inlet to (Th_in) and outlet from the
holding tank (Th_out). The temperatures at the two measurement
points remained the same throughout the temperature program.

Spatiotemporal Simulation of the Temperature. In each
experimental run the circulating water heated, by forced convection, the
surface of the vacuum-sealed plastic bag containing the meat sample,
which in turn was heated by conduction from its surface through to its
core. The heated sample gradually shrank, and juice expelled from the
sample was collected between the meat surface and the inner wall of the
bag. As the decrease in volume of the sample was equal to the quantity of
juice expelled, the total volume of the bag remained the same throughout
the heat treatment. Preliminary calculations showed that (i) heat transfer
due to the migration of juice from the core of the sample to its surface
was negligible in comparison with heat exchange by conduction and (ii)
heat transfer by free convection within the expelled juice was also negli-
gible. The heat exchange in the juice and the meat were thus considered
for present purposes as purely conductive. The heat exchange flux at the
inner surface of the bag was described by Newton’s law. The transfer
coefficient was determined from independent experiments taking into
account the rate of circulation of the heating fluid, literature data®! and
measurements made to determine the thermal resistivity of the bag. The
value of the coefficient retained was 430 W+m  >+K ' over the circum-
ference of the meat cylinder and 31 W-m ™ >+K ™ at the two ends in
contact with the polycarbonate. Three-dimensional simulations were
carried out assuming that the thermophysical properties of the meat
were as follows: thermal conductivity 2 = 045 W-m ™ '-K ™", density p =
1060 kg+m > and specific heat capacity C,= 3200]-kg KL

Thermal conductivity of meat is known to vary with fat content, water
concentration and temperature.”* Increasing temperature tends to
increase the thermal conductivity while it is decreased by an increasing
fat content. When lean meat is cooked between 40—75 °C, the range of
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Figure 2. Practical arrangement of the thermocouples (top view).

variation of thermal conductivity, 4, is limited to 0.45—0.52 W+ m KL
Increasing fat content from 2.5% to 5.6% leads to the same range of
values in cooked meat.** Effect of A variations on our simulated
temperatures was less than 1.0 °C. However to ensure more accurate
results, thermal conductivity was measured by us on samples cooked at
different temperatures using a transient method close to the Fitch
method but adapted to solid samples.”® It was assumed that the thermal
capacity of the meat was constant and equal to 3200 J-kg-K ™ "** These
measurements showed that thermal conductivity remained about con-
stant during cooking, at a value close to 0.45 W-m™ 'K’ This
corroborates previous results on the acuity of this value when used to
model beef temperatures during cooking without surface crusting.®

Calculated results showed that the exchanges at the cylinder ends did
not influence the values of temperature in the central section of the
cylinder. In this part of the sample, more precise simulations were then
carried out in two dimensions, assigning different thermophysical
properties to the juice and to the meat, and performing the calculation
stepwise to be able to differentiate the regions occupied respectively by
the meat after shrinkage and by the expelled juice. The thermophysical
properties of the juice were those of water; i.e. A = 0.60 W-m ™ '-K ",
p =998 kg-m ° and C, = 4180 J-kg '-K ' at 20 °C, and A =
0.67 Wem "K', p =971 kg'm > and C, = 4190 J-kg' "-K ' at
80 °C. The juice—meat interface was determined by manual segmenta-
tion from NMR images (cf. Estimation of Overall Deformation), the
successive steps of this process being defined so that the decrease in
surface area between two successive steps was limited to 5%. The
numerical simulations were carried out by finite elements using the
Comsol Multiphysics 3.4 software.

These simulations were validated experimentally by placing tempera-
ture probes in the setup and in the same type muscle sample and carrying
out cooking cycles outside the imager but in similar conditions. The
locations of these probes in the sample are shown in Figure 2.

High-Field MRI. Image acquisition was carried out using a Biospec
horizontal 4.7 T MRI system (Bruker GmbH, Ettlingen, Germany), of
rated diameter 26 cm, equipped with a BGA-26 rapid gradient system
(maximum amplitude S0 mT+-m ™, rise time 260 us). The main fiber
axis in the sample was placed approximately parallel to the main
direction of the static magnetic field By of the magnet.

The susceptibility-weighted images (T = 15 ms, T = 2000 ms) were
acquired continuously in an axial plane using a steady-state free
precession (SSFP or FLASH) sequence with a single echo. By exploiting
the difference in magnetic susceptibility between (i) elastin and the
lipids of the connective network and (ii) the muscle fibers,* the images
highlighted the elastin- and lipid-rich connective tissue (hyposignal).
The points of this network were used as internal fiduciary markers to
capture the deformation of the muscle during heating. This sequence
was run with bipolar gradients (time between gradients A = 5.52 ms,

Without bipolar gradients

With bipolar gradients

Figure 3. NMR images, obtained with an enlarged FOV (128 x 128
mm?) circumscribing the entire sample holder device, without and with
the bipolar saturation gradient. The bipolar saturation gradients almost
extinguish the mobile proton signal.

gradient duration 0 = 5.2 ms) to cancel the signal of the mobile protons
in the heating water. The extinction of this signal eliminated the
movement artifacts that degrade the image. Figure 3 shows how bipolar
saturation gradients extinguish these artifacts. The field of view (FOV)
could then be reduced to a square region circumscribed on the sample,
thereby improving the time resolution for a given spatial resolution.

A complete experiment consisted of a series of 20 acquisitions each of
14 sections. All the sections were obtained with a FOV of 64 X 64 mm?, a
matrix of 128 x 128 pixels and a thickness of 2 mm. The volume of the
resulting voxel was therefore 0.5 x 0.5 x 2 mm?>. The time resolution
was 4 min 16 s. An acquisition was made at each temperature step (every
10 °C) and during each temperature rise from one temperature step to
the next. Experiments have been repeated on four BF samples coming
from two different animals.

The transmit and receive RF coil used was a linear birdcage. The
adjustment of the resonance frequency and impedance at that frequency
of the RF coil under load (i.e., tuning/matching) was carried out only at
the start of the experiment at 20 °C. These parameters were not reset
during the course of the experiment.

Estimation of Overall Deformation. The muscle was segmen-
ted manually on the images of the central section obtained at different
temperatures, using the Matlab R2008b software. In this way it was
possible to measure the surface area as a function of temperature, and so
follow the time course of the overall muscle deformation. This overall
measurement complemented the monitoring of the internal markers
from the connective tissue, which describe the local deformation.

B RESULTS AND DISCUSSION

Spatiotemporal Simulation of Temperature. The mea-
surements made in the circulating water showed that the
temperature of the water was homogeneous in the measurement
cell where the sample was treated. Figure 4 compares the
simulated and measured temperature time courses, near the
sample’s surface (Th_1) and near the sample’s center (Th_3)
while the cooking temperature was ramped from 20 to 80 °C
followed by a brief plateau at a constant temperature of 80 °C.
The temperature ramp was introduced as a boundary condition
for the heat calculation. The results showed a very close agree-
ment between the simulated and experimental data. The differ-
ences recorded at t = 0 were due to small difference in initial
temperature inside the sample. These initial differences evened
out in the first minutes of heating and were then slight: on
average 0.5 °C for the thermocouple located at the sample core
and 1.1 °C for the one located nearer the surface. This dis-
crepancy was not constant and tended to increase in the course of
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Figure 4. Simulated and representative experimental temperature time
course of thermocouples Th_1 and Th_3 shown in Figure 2. This figure
demonstrates the good agreement between simulated and experimen-
tally measured temperatures, near the surface and close to the center of
the sample.
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Figure 5. Representative experimental and simulated time course of the
temperature difference between thermocouples Th_1 and Th_3 shown
in Figure 2, placed 14.2 mm apart at the start of the experiment.

the experiment as the sample shrank. It was 0.2 and 0.8 °C
respectively at the center and near the surface of the sample after
33 min of treatment, and then increased to reach 1.2 °C at the
end of the treatment. These discrepancies can be explained (i) by
errors in the initial positioning of the thermocouple, which were
greater at the surface than at the center of the sample, and (ii) by
a shift of the probe relative to the meat surface due to the
shrinking of the sample. The shift of the thermocouple, which is
brought closer to the sample surface, is not taken into account in
the model.

Figure S shows the simulated and experimental time course of
the temperature difference between the above two measurement
points, which were ~14 mm apart at the start of the experiment.
The temperature gradient increased during the first 37 min of
treatment, reaching a peak at about 7 °C, and then decreased.
This change in the temperature gradient was due to thermal
inertia and the slowing of the heating ramp. After 37 min of
treatment the experimental gradient decreased regularly as the
temperature in the sample gradually evened out and the two
thermocouples were brought closer together by the shrinking
of the meat cylinder. A sudden drop in the gradient was observed
at the end of the experiment when the circulating water reached
its plateau at 80 °C. The simulated gradient fitted the experi-
mental gradient time course perfectly for the first 37 min of

treatment and tended to overestimate it slightly thereafter. This
was due to the thermocouples drawing together as the sample
shrank, which was not taken into account in the model.

The numerical simulation yielded a map of the temperature at
each time of the experiment, with a maximum error of between
0.5 and 1 °C. Each part of the moving structure could thus be
associated with a precise time—temperature regime. The ap-
proach by temperature simulation is thus much more rigorous
than considering the temperature to be uniform throughout the
treatment and equal to the temperature at the sample core. An
averaging approach of this type entails ignoring local temperature
discrepancies of up to 7 °C. The approach by simulation thus
allows a better discrimination between differences in deforma-
tion and water transport linked to the structure and differences
due to locally uneven temperatures.

Temperatures mapped from our simulation, in the central
section of the sample, for four average temperatures (35 °C,
50 °C, 60 and 70 °C) and the corresponding NMR images are
shown in Figure 6. In accordance with the heating process, we can
see temperature gradient from the sample center to boundaries.
NMR images underscore meat deformation and induced water
transfers. Figure 6 shows the correspondence between temperature
maps and NMR images; interpretation of meat deformation and
induced water transfer in regards to local temperature is done in
Monitoring of Deformations and Mass Transfer.

A recent paper presents a similar computational modeling for
mapping heating patterns in a food analogue.”” As in this study, it
would have been possible to achieve a similar MR thermometry
method to map temperature difference, but we have demon-
strated here that our invasive and direct approach is enough for
validation.

Imaging Connective Tissue during Heating. During heat-
ing, the mean signal-to-noise ratio (SNRm) averaged over the
different slices fell from 21 at 20 °C to 10 at 75 °C, i.e. a loss of
about 55%. This degradation of the SNRm was tolerable for the
exploitation of the NMR images.

This SNRm degradation can be explained by the combined
changes in two categories of parameters, respectively extrinsic
(instrument drifts) and intrinsic (changes in NMR properties of
the sample):

e The tuning/matching setting of the coil—sample system
drifted during heating because of changes in the geometry
and dielectric properties of the sample. The impedance of
the system at the resonance frequency (Larmor frequency
for '"H excitation) was not correct, causing a degradation of
SNRm of about 15%.

e The changes in the intrinsic parameters of the sample (T,
T, proton density PD and chemical shift ) with tempera-
ture showed an increase in T}, a decrease in T, and PD, and a
change in O. The increase in T; observed was due to the
decrease in the correlation time 7. of the dipole—dipole
interactions due to the temperature.”® The decrease in T,
can be explained by a stronger interaction between water
and macromolecules due to the decrease in PD caused by
the expulsion of juice from the sample. The change in 0 of
0.014 ppm/°C is consistent with the literature.”® The
dependence of O on temperature has been ascribed to the
effects of breaking, stretching and/or bending of hydrogen

bonds®® with temperature.

The noise growth that degrades the SNRm was due to the
thermal agitation of the charges in the RF coil and in the volume
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Figure 6. Temperatures mapped from our simulation, in the central section of the sample, for 4 average temperatures (35, 50, 60 and 70 °C) and the
corresponding NMR images. Transfer coeflicients are here considered as the same in meat and juice.
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Figure 7. NMR images of the deformation in the central section of the sample. The gray scale windowing has been adjusted to compensate for degraded
SNR. The values displayed are means of simulated temperatures in this central section.

it covered. In the case of a volume coil (such as one with a
birdcage geometry), it collects all the noise from its volume.>*>"
In our case, the noise came from the whole cell and outweighed
that of the coil. The variance of thermal noise intensity is
proportional to the temperature.

Finally, those intrinsic losses of SNRm linked to the changes in
the NMR parameters of the sample and its thermal noise
represented about 40%.

Monitoring of Deformations and Mass Transfer. Figure 7
shows the images of deformation obtained at the center of the
sample for simulated average temperatures in the range 20.1—
71 °C. The curves in Figure 8 represent the time course of the
surface area of the central section of the muscle measured from

NMR images, the average temperature of the muscle in this
section obtained by simulation and the temperature of the
circulating water.

The curve of the deformation time course (Figure 8) shows
two points of inflection: the first, at 64 min of heating, corre-
sponds to the beginning of the deformation of the sample at the
average temperature of the muscle of 42 °C (set temperature
48 °C); the second, at 93 min, marks an acceleration of the
deformation at an average temperature of the muscle of 56 °C
(set temperature 60 °C). The surface area of the central section
of the muscle thus shrank by 27% between 20 and 75 °C.

The deformation images (Figure 7) reveal a network of exuded
water between the bundles of fibers derived from the migration of
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Figure 8. Curves showing the time course of the surface area of the
central section of a representative muscle, the set temperature (heating
water) and the simulated average temperature of the muscle.

intracellular water. This water is characterized by a higher value of
T, (free water) shown by a hypersignal on the susceptibility-
weighted image. This exudation started from the average muscle
temperature of 40 °C (set temperature 45 °C). Like the
connective network, these channels can serve as internal markers
to describe deformation fields.

The average deformations and expulsions of water observed in
this study in the whole of the sample are consistent with the
results reported in the literature, in particular: (i) the onset of
deformation observed at 42 °C, which corresponds to initial
denaturing of myosin'®'"'* causing slow transversal contraction
of myofibers,** and (i) an acceleration of the deformation at
55 °C due to the contraction and denaturin§ of collagen, which
causes the expulsion of meat juice.'>” '#3%3

The channels of migrated water between the fiber bundles
(Figure 7) started to appear at 40 °C, corresponding to the
temperature of the start of myosin denaturation.>® This causes a
loss of water from myofibers, which migrates and collects in the
intermyofibrillar space."**® The transport of water appeared
more clearly from 52 °C, probably owing to the contraction of
the connective network, which caused an expulsion of water first
into the interfascicular space and then out of the meat. The
contraction of the meat was anisotropic, and resulted in a
cylinder of elliptical cross section.

The effects of temperature on global deformation and on
water transfer described here have been reproducibly observed
on four different samples of the same muscle type (BF). Thanks
to the spatial information provided by our imaging methodology,
to intramuscle structural variability (e.g, size of fascicles) and to
differences of temperature regime inside the sample, a single
experiment provides itself extensive information for modeling
relationship between temperature and deformation. However,
both interanimal variation and muscle type are likely to have
important effects, which deserve further studies on different
muscle types, coming from different animals, but which are out
of the objectives of this paper.

We intend to develop processing methods to obtain local
deformation fields using internal markers for association with
simulated temperature mapping. This will help us gain a better
understanding of the roles played by the different parts of the
structure that appear in the image on deformation and fluid
transfer. Further work in progress will also seek to improve the
time resolution using rapid image encoding methods, and
measure the quantity of water and its mobility locally by

reconstructing parametric maps of the 'H nucleus. This new
knowledge will allow a better understanding of changes in
sensorial and nutritional qualities of meat during cooking.
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