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Abstract

We present developments in dynamic magnetic resonance imaging that allow internal structural muscle markers to be followed during
heating. This monitoring is based on quantitative characterization of the experimental conditions and their temperature time course. A
nonlinear image registration technique was optimized and applied to consecutively acquired images to measure the deformation fields in the
muscle. A model coupling local deformation and temperature was obtained, which for the first time takes into account the variations of
deformation and temperature in the sample. This modeling opens the way to a better understanding of the mechanisms responsible for mass
loss and degradation of the textural properties of muscle during heating.

© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Agrofood products, particularly meat, are most often
consumed cooked. Predicting the effects cooking has on the
sensory, nutritional and technological qualities of the
consumed product is of major importance for both the
consumer and the meat industry. To date, there is no reliable
model linking the deformation of the muscle with the heating
profile applied to it. However, such a model is necessary for
the simultaneous control of mass loss and degradation of the
textural properties of cooked food.

Analysis of the coupling between deformation and
temperature is affected by (a) the deformation measurement
methods, which are mostly nonlocal and (or) destructive [1],
and (b) the assumption of a homogeneous temperature inside
the sample [2]. To build more precise models, i.e., that take
account of the variations of deformation and temperature in
the sample, it is clearly advisable to measure deformation
and temperature simultaneously and at the same location.

Imaging in general and magnetic resonance imaging
(MRI) in particular will highlight structural meat markers at a
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mesoscopic scale [3—6]. In a recent work [7], we showed the
feasibility of in situ MRI of muscle during a thermal process
by canceling signal of circulating heating water using a
bipolar gradient in the three directions. This cancelation
allows reducing field of view (FOV) and then improving
spatial resolution. We also showed that 7,*-weighted MR
images sustained a sufficient contrast between internal
markers of the connective network and muscle fibers
throughout the temperature range (20°C-75°C). These
recent results have paved the way for the two main objectives
of the present manuscript. The first is to estimate
deformation fields by monitoring the displacement of these
fiducial markers inside images of muscle during heating. The
second is to interpret the mechanisms underlying muscle
contraction on the basis of the relationship between
temperature and deformation.

This paper is organized as follows. The first subsection
presents our experimental procedure. The next subsections
describe in detail the approach for optimizing image
acquisition protocol. It was based on different experiments
for measuring the factors which significantly influence
image quality and which were likely to evolve during
heating. The next part deals with the estimation of
deformation fields from a dynamic set of MR images and
especially how the registration procedures, required for
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deformation field reconstruction, have been validated.
Finally, an experimental model linking temperature and
deformation is introduced and discussed.

2. Materials and methods
2.1. Samples and hardware

The samples come from biceps femoris bovine muscle,
the connective network of which is elastin rich. They were
cut in the form of cylinders 5 cm in diameter by 6 cm in
length with the muscle fibers oriented axially. The meat
cylinders were then placed in plastic bags in a vacuum to
prevent direct contact with the circulating heating water.
Each sample was heated over the temperature range 20°C—
75°C using circulating water (42 L/min) in a magnetic
environment-compatible device. This device comprised a
watertight sample holder cell made of polyetheretherketone
which was placed inside a sleeve made of Teflon for
ensuring thermal insulation between the cell and the
radiofrequency (RF) coil. The regulation system was
programmed so that the temperature of the water rose
constantly at a climb rate of 0.74°C/min. The experiment is
described in more detail in Ref. [7].

Image acquisition was carried out using a Biospec
horizontal 4.7 T MRI system (Bruker GmbH, Ettlingen,
Germany), of diameter 26 cm, equipped with a BGA-26 rapid
gradient system (maximum amplitude 50 mT m ', rise time
260 ps). The transmit—receive RF coil was a linear birdcage.
The main fiber axis in the sample was placed approximately
parallel to the main direction of the static magnetic field B, of
the magnet. All MR acquisitions were performed in the
transverse plane which intercepted the muscle fiber axis
perpendicularly. The heating water run-off was roughly
directed by the pump parallel to these muscle fascicles.

2.2. Measurement of muscle nuclear magnetic resonance
(NMR) properties during heating

The temperature rise induced changes in intrinsic NMR
sample parameters. 7, 7, relaxation times and proton
density (PD) were mapped according to the temperature from
three images successively acquired using a single spin-echo
sequence [8] [i.e., two images at different repetition times
(TRs) for T7: TR1/TR,=1000/5000 ms at the fixed echo time
(TE)=7.2 ms; and two images at different TEs for 7, and PD:
TE/TE,=7.2/37.2 ms and at the fixed TR=5000 ms].
Shimming, tuning and flip angle calibration procedures
were carried out at each temperature step in order to
minimize estimation errors due to instrumental shifts due to
temperature changes. All the images were obtained with an
FOV of 128x128 mm?, a matrix of 32x32 voxels and
thickness 10 mm (volume of a resulting voxel 4x4x10
mm?). Parametric maps were reconstructed from the ratio of
image pairs assuming a monoexponential behavior of both
T, and T, relaxation curves. The chemical shift was

measured by Point-RESolved Spectroscopy for localized
spectroscopy in a single voxel, centered in the sample and of
volume 4x4x6 mm?>. These measurements were taken at
constant step temperatures 10°C apart.

2.3. Assessment of instrumental shifts during heating

In addition to the time course of the physical properties of
the sample, the increase in the temperature caused a linear
drift of the frequency tuning and impedance matching of the
RF coil, which were optimized at the beginning of the
experiment at 20°C. This degradation was induced by a
continuous variation of the coupling between the RF coil and
the sample due to (a) the deformation of the sample starting
from ~42°C [7,9] and (b) the variations in the dielectric
properties of the muscle from 60°C (i.e., dielectric
permittivity and dielectric loss factor [10]). To measure the
degradation of the signal-to-noise ratio (SNR) due to this
drift during a typical heating ramp of 0.74°C/min, SNRs of
steady-state free precession (SSFP) images were measured at
75°C without and after retuning/matching of the loaded coil.

2.4. Flow mapping of circulating heating water

Velocity measurement of the heating water at the
interfaces of the sample was necessary to calculate the heat
exchange coefficient between water and sample. This
coefficient is an essential boundary condition to numerically
simulate the spatiotemporal distribution of temperature in the
muscle [7]. Also, the characterization of water run-off speed,
and in particular the gradient in the tank, is useful for
controlling the conditions of the experiment and helping to
interpret the residual motion artifacts appearing in the images.

A phase-contrast flow imaging method [11] was thus used
to map the water run-offs in the tank. It consisted of
acquiring a reference image and three other velocity-encoded
images from which the phase difference led to velocity
assessment in read, phase and slice spatial-encoding di-
rections (i.e., Vicads Vphase and Viice, respectively). The
velocity magnitude was then computed from the three
components using V = /V2 , + szhase + V3. The images
(TR/TE=5000/5.8 ms) were acquired in the center of a zone
comprising the tank and the sample, with a flow range from
—50 cm/s to +50 cm/s, an FOV of 128x128 mm?, a matrix of
64x64 voxels and a slice thickness of 4 mm (volume of the
resulting voxel 2x2x4 mm?).

The temporal resolution (21'20”) of this protocol was too
slow to make dynamic measurements during the heating.
The speed of water in the tank was thus mapped at the
extreme temperatures (i.e., 20°C and 75°C) by holding the
temperature constant during the two acquisitions.

2.5. Suppression of the heating water signal

Uninterrupted water circulation during the experiment
was essential to control the transfer of heat from the water to
the sample. The NMR signal of circulating water thus had to
be suppressed to obtain images of the muscle sample
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highlighting the internal fiducial markers. The solution
adopted was to equip the sequences with bipolar gradients
(BGs) which allowed the signal of the mobile protons to be
attenuated proportionally to their velocity [12].

The high amplitude of the water signal (volume of water
~3 times that of the sample) and its low velocity in certain
locations in the tank (cf. section 3.3.) required BGs of strong
amplitude (i.e., 90% of the maximum amplitude of the
gradients) for each acquired slice. In practice and despite the
cooling of the gradients by water, the BGs generated an
overheating of the gradient coil during multislice acquisi-
tions, which threatened to damage the gradient coil and, by
thermal conduction, the transmit—receive coil, which is in
close contact. Accordingly, we used BGs of sinusoidal
shape, which significantly reduced this overheating com-
pared with the trapezoidal shape.

Muscle

To determine the best direction and the minimal duration
of the BGs that would ensure adequate suppression of the
signal due to circulating water throughout the experiment,
projections of the signal coming from the tank (i.e., from
both sample and heating water) were measured for each of
the three directions and varying the duration of the BGs (0.5
to 7 ms in 0.1 ms steps, amplitude 45 mT m™ ') and the
temperature (constant temperatures in steps of 10°C). During
ameasure in a given direction, the BGs were maintained with
7 ms and 45 mT m ™" in the other two directions. The profiles
were obtained with an SSFP sequence with a single echo
(TR/TE=2000/18 ms) without phase encoding (which thus
becomes the direction of projection, cf. Fig. 1A), an FOV of
64x64 mm? sampled on 128 points and a slice thickness of
2 mm (voxel volume of the resulting profile=0.5x64x2 mm?).
To validate the effectiveness of the suppression for the whole

Heating water

Duration of BG (ms) W
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Fig. 1. (A) Orientation and size of the profile for the sample tank. (B) Effect of BG duration on the cancellation of the heating water signal assessed by measuring
the profile of the signal from the whole tank. The duration of the BG varies only in the specified direction, BG being applied in the other two directions for 7 ms at
45 mT m". The windowing of color levels was adjusted at each temperature to compensate for the continuous SNR loss.
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sample, we measured these projections in ten 2 mm spaced
planes transverse to the sample.

2.6. Image acquisition

A dynamic imaging experiment consisted in acquiring
T,*-weighted images using a single echo SSFP sequence
with sinusoidal BGs. A set of 20 acquisitions was
continuously obtained during the temperature rise of heating
water between 20°C and 75°C. For each acquisition, six
transverse noncontiguous sections of the sample (interslice
distance 4 mm) were obtained with an FOV of 64x64 mm?, a
matrix of 128x128 voxels and a thickness of 2 mm; the voxel
volume was 0.5x0.5x2 mm> (temporal resolution 4'16”,
TR=2000 ms). The deformation fields of the sample could be
obtained by spatial registration of two successively acquired
images [13]. The geometrical transformation that minimizes
the difference between these two images is an estimate of the
deformation to be applied to switch from the initial image to
the final image. During the heating from 20°C to 75°C,
preliminary experiments showed that the deformation in the
longitudinal direction of the sample was negligible (less than
3% in length). By contrast, it was marked in the transverse
plane (35% of the surface), and it was anisotropic. The
measurement of the deformation fields thus required a
nonlinear registration, limited to the two dimensions of the
images obtained in this transverse plane.

2.7. Image registration

An automated image registration package [14,15] was
chosen to perform this nonlinear image registration because (a)

Slice 1/6

Image reslice

Image target

Slice 3/6

it is available to the research community free of charge (http://
bishopw.loni.ucla.edu/air5/), (b) it allows many degrees of
freedom (DOFs) for performing nonlinear deformations and
(c) it is efficient compared with the other algorithms [16—19].
Nonlinear deformation models have been compared by
increasing the DOF of the polynomial warping. To compare
these various models quantitatively, several pairs of landmarks
were manually positioned on three different slices (Fig. 2)
obtained at 20°C (reslice image) and 75°C (target image).
These pairs of internal markers were characteristic points of the
connective network, visible in hyposignal on MR images. We
elected to evaluate the accuracy of registration on the two
images acquired at the extreme temperatures rather than on two
consecutive acquisitions in order to test the nonlinear models
on widely different amplitudes of deformation. The registra-
tion error (i.e., deformation estimate) was estimated by
calculating, after the registration, the Euclidian distance
between two homologous landmarks.

Suppressing the elements of no interest increases the
accuracy and robustness of image registration [20,21]; thus,
a slice-by-slice manual segmentation of the muscle was
always carried out before registration.

2.8. Measurement of deformation fields

Each slice of the image I(#;,-,), obtained at temperature
t;-1, was registered on its corresponding slice of I(z;). For
this purpose, we used the two-dimensional (2D) deforma-
tion model presenting the minimum average error of
registration (i.e., fourth order, see previous subsection). All
parameters of the model being known after registration, the

Slice 6/6

Fig. 2. MR images obtained at 20°C and 75°C showing internal fiduciary markers and the positions of the pairs of landmarks (red points). Landmarks
(number of landmarks=23, 21 and 26, respectively, for sections 1, 3 and 6) were positioned manually on the images and used to optimize the 2D nonlinear

deformation model.
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deformation field w(#;) was inferred by computing the two
components of 2D displacement in each voxel position of
the image. This procedure was iterated for each successive
pair of the image sequence.

2.9. Deformation and temperature modeling

Each voxel of the image obtained at 20°C was tracked by
successively applying the transformation given by w(#;). This
monitoring thus allows deformation and temperature to be
recorded at the same time for each voxel. Lastly, the
deformation is averaged over all the voxels in the slice for a
given temperature.

3. Results
3.1. Changes of muscle NMR properties during heating

Fig. 3 presents the time courses of 77, 7, and PD with
temperature, each point showing mean and standard
deviation computed over all voxels belonging to the muscle.

Phase |

Phase Il

1600

1400

T, (ms)

1200

1000

20 30 40 50 60 70

20 30 40 50 60 70

0,65

20 30 40 50 60 70
Temperature (°C)

Fig. 3. Time courses of 77 and 7, relaxation times and of PD with
muscle temperature.

Between 20°C and 75°C, the combined action of temperature
(i.e., obeying Boltzmann distribution, PD changes by
approximately 0.29%/°C in our temperature range [22])
and water transfers in the muscle led to an average decrease
0f 31% in PD, a decrease from 29 to 22 ms in main 75 and an
increase from 1050 to 1200 ms in 7; (crossing a peak of
1600 ms at ~60°C). The total SNR loss generated by these
physicochemical properties variations in muscle was ~40%.

3.2. Instrumental shifis during heating

The quality factor of the loaded coil was almost
unchanged (decrease of 3%) between the beginning and
end of heating. However, the resonance frequency of the coil
w. and its impedance at this frequency Z (w.) varied,
respectively, by 254 kHz and 24%. The proton chemical shift
with temperature was —0.0148 ppm/°C, in agreement with
the literature value [23]. An increase of 55°C led to a
chemical shift of 160 Hz, still low considering the voxel
bandwidth used (390 Hz/voxel), and therefore generated
small chemical shift artifacts. In addition, the 'H peak
broadened due to the deformation of the sample which
degraded the homogeneity of the magnetic field in the
sample from the initial shimming conditions. The total SNR
loss caused by these extrinsic variations was ~15%. In all,
our measurements show that the total loss in SNR was ~55%
between 20°C and 75°C. The dominant causes of this decline
were variations in the physical and chemical parameters of
the muscle (~40%), the remaining ~15% being due to the
changes in the coil/sample matching and the increase in
temperature-dependent noise made by the sample.

3.3. Mapping of the heating water velocity

Apart from the areas with zero velocity corresponding to
the presence of obstacles and air gap to water circulation in
the tank, mapping of the velocity magnitude measured by
MRI showed (a) that the distribution of the heating water
velocity was not homogeneous in the tank (Fig. 4) and (b)
that velocity average decreased by 23% between the
beginning and the end of the experiment. The range of
velocity measured from this mapping at the borders of the
sample lay between 3 and 45 cm/s. In this range, numerical
simulations showed that the thermal transfer varied narrowly.
The thermal and spatial distribution could therefore be
obtained by numerical simulation with a low dependence on
the boundary conditions [7].

3.4. Suppression of the heating water signal

Fig. 1B gives the average of projections in 10
noncontiguous slices for each of the three directions of BG
application. The artifacts produced by the circulating water
predominated in the slice direction because this was the
principal direction of flow. Nevertheless, the signal of
circulating water decreased with the duration of the BG for
the three directions. To maximize image SNR, the
quantitative analysis of these profiles showed that it was
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Fig. 4. Distribution of the magnitude of the circulating water velocity in the tank at 20°C and 75°C. Circles define the regions of near stagnation of the

heating water.

possible to reduce the BG duration to 4 ms, the signal
coming from the mobile protons of the circulating water with
this duration being equivalent to that obtained with duration
of 7 ms, for which the suppression was total. At this minimal
duration, the resulting TE was 14 ms. With this TE, the
contrast between the connective network and muscle fibers
was sufficient (Fig. 2). Fig. 4 shows small quasistagnant
areas (i.e., hypoflows), which produced light artifacts on
images because of the reduced effectiveness of BG at low
velocities. Fortunately, these artifacts did not distort the
image registration process.

The diffusion weighting (b-value) of the imaging
sequence with the BG was very low due to the short delay
between the two sinusoidal lobes. The diffusion-related
signal attenuation of muscle due to the BG effect was thus
negligible, at both 20°C (1.3%) and 75°C (2.1%).

3.5. Validation of image registration

Table 1 presents, for each of three slices, the statistical
parameters quantifying the error of image registration
derived from all landmarks. Registration error did not
decrease monotonically with the number of DOFs, but was
minimal for the fourth order, as indicated consistently by all
the measured criteria (mean, S.D., min and max) in all slices.
The fifth-order model led to degradation of the registration,
and no change was given by orders higher than the fifth.
Higher-order models diverged and led to an overestimation
of deformations, especially at the sample borders. The use of
higher-order polynomials introduced distortions because the
number of supporting points was not sufficient.

3.6. Deformation fields during heating

Fig. 5 shows simulated temperature maps, MR images
showing fiducial markers inside the muscle and deformation
fields (in direction and magnitude) in the central slice during
a typical heating experiment. Only the maps corresponding

to average temperatures in the muscle in the range ~44°C to
~70°C are represented, the deformation being negligible
outside this range.

3.7. Deformation and temperature modeling

Local models linking temperature and deformation
obtained by our original approach are given in Fig. 6 for
three slices. The standard deviations indicate the disparity of
deformations for each temperature in the muscle.

4. Discussion

The consequences of heating on both muscle and
experimental conditions are difficult to predict. For this
reason, several measurements were conducted prior to the in

Table 1
Parameters quantifying the registration error averaged over all pairs of
landmarks

2nd order 3rd order 4th order 5th order
Error (mm) Slice 1/6
Mean 0.768 0.604 0.340 0.392
S.D. 0.442 0.323 0.271 0.364
Min 0.251 0.186 0.009 0.026
Max 1.597 1.015 0.803 1.202
Slice 3/6
Mean 0.913 0.536 0.405 0.443
S.D. 0.563 0.503 0.327 0.390
Min 0.147 0.048 0.003 0.050
Max 1.999 1.781 1.007 1.260
Slice 6/6
Mean 1.138 0.682 0.601 0.599
S.D. 0.671 0.524 0.507 0.615
Min 0.134 0.036 0.024 0.034
Max 2.207 2.115 2.042 2.503

Results are represented for four nonlinear models with increasing DOFs and
for three different slices.
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50.3°C 53.8°C

47.5°C

57 °C 60.2°C 64.6 °C

Fig. 5. For eight average temperatures in the sample: (A) temperature maps obtained by numerical simulation and (B) the corresponding NMR 7, *-weighted
images. The windowing of gray levels was adjusted for each image to compensate for the continuous SNR loss. (C—D) Representations, in direction and

magnitude, of deformation field w.

situ experiments devoted to deformation assessment in order
to optimize their imaging conditions. Those concerning the
impact of heating on relaxation properties and PD of muscle
assumed monoexponential behavior of decays. It seems
reasonable if one refers to a previous NMR relaxation study
in meat which revealed during cooking a merging of small
T,-components into a persistent bulk peak [9], the latter
corresponding to the one measured by imaging. Despite a
slight 7 underestimation of less than ~5% due to an
insufficient TR length, the changes of muscle NMR
properties during heating highlight two main phases
(Fig. 3): during phase I (i.e., up to ~60°C in the sample),

Slice 2/6

0.6
0.5
04

0.3

Deformation (mm)

0.2

Slice 4/6

T increased because of the decrease of the correlation time
7. between water molecules with temperature, which
increases the rate of dipole—dipole interactions [24]. This
increase was similar to that observed at 63 MHz in a more
restricted temperature range [25]. According to Nelson and
Tung [26], T, varies little with temperature in this phase.
During phase 11, the water expulsion outside the sample due
to the contraction of the muscle with heat produces a marked
decrease in the PD. The elevation of the resulting protein
concentration induces stronger interactions between these
macromolecules and residual water and thus explains the
simultaneous decrease of 77 and 7. Quantitatively, the

Slice 6/6

45 50 55 60 65 70 45 50
Temperature (°C)

Temperature (°C)

60 65 70 45 50 55 60 65 70
Temperature (°C)

Fig. 6. Time course of muscle deformation magnitude with temperature.
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physicochemical properties of muscle therefore evolve with
heating, all adversely affecting the SNR.

Instrumental shifts due to heating also affect SNR.
Because there was no automatic tuning and matching
system, the correction of these degradations had to be done
manually during the experiment. We opted to tolerate this
loss to maintain a continuous acquisition of 7,*-weighted
images, the tuning and matching of the loaded coil being
optimized only at the beginning of the experiments at 20°C.

At 4.7 T and for an internal diameter of the coil twice the
diameter of the tank, thermal noise produced by the tank was
dominant compared with that due to the coil [27,28]. Image
noise therefore increased with the temperature of the water
and of the sample in the tank. Under these conditions, the
image noise depended only slightly on the quality factor of
the coil. Thus, our transmit—receive RF birdcage coil with
linear polarization was proven to be an appropriate choice.

The decrease of heating water average velocity measured
by flow mapping is counterintuitive since an increase in the
velocity could be expected due to a decrease in water
viscosity with temperature. Estimation of Reynolds number
shows that the flow in the tank is far beyond the transitional
regime between laminar and turbulent regimes. In addition,
turbulences are caused by various obstacles present in the
tank (e.g., the sample itself and the tank walls). Therefore, the
flow is turbulent in our whole range of temperatures. Such
regime leads to inhomogeneous intravoxel velocity distri-
bution for which the mean intravoxel phase is not
proportional to the mean velocity, and then biases velocity
estimation using phase-encoded MR maps. To summarize,
the found decrease in heating water velocity may be due to
the underestimation inherent to the mapping method and
changes of flow distribution due to the decrease in water
viscosity with temperature. Besides, a decrease in the pump
effectiveness with temperature cannot be excluded. Inho-
mogeneous intravoxel velocity distribution due to turbulent
regime also explains why BG attenuates the signal of
flowing heating water in the three directions (Fig. 1B) and
why they had to be applied simultaneously along these three
directions during acquisition of flow-suppressed 7,*-
weighted images. As a precaution, the measured decrease
of 23% in the heating water average velocity should have
required increasing the efficiency of the suppression pattern
with temperature. This was not necessary because, simulta-
neously with the deceleration, the hot water signal decreased
strongly (from ~55% between 20°C and 75°C) owing to the
concomitant increases in temperature diffusion coefficient
[29,30] and 7 and decrease in 7.

Temperature maps and 7,>*-weighted images, respective-
ly, show spatial heterogeneity in temperature (Fig. 5A) and a
sufficient image quality to locate internal fiducial markers
despite the continuous loss of SNR (Fig. 5B). Mass transfers
are observable which correspond to water exudation in the
interfascicular spaces and outside muscle. They are dis-
cussed in detail in Ref. [7]. Deformation fields in the muscle
(Fig. 5C, D) changed with time and were spatially

heterogeneous. This result experimentally validates the
utility of imaging for temporal and spatial coupling of
temperature and deformation. This deformation was greater
at the surface than at the center of the sample because of the
facilitated heat exchange on the sample surface. There was a
process of contraction of the muscle fibers at the center of the
sample causing expulsion of liquid towards the outside of the
sample (Fig. 5B). However, we observed that the deforma-
tion did not follow the same radial symmetry as the
distribution of temperature, emphasizing that other factors
determine deformation, in particular, structural factors such
as the distribution of the connective network.

Models linking temperature and deformation show
similar behaviors (Fig. 6). Local information highlights a
moderate strain between ~42°C and ~55°C. This phase
corresponds to myosin denaturing and the beginning of the
collagen denaturing [9,31] which explain the low observed
deformation. Juice transfers take place essentially to
interfascicular spaces within the muscle [7]. The deformation
accelerated from ~55°C due to the temperature effect on
both sarcoplasmic proteins, leading to their denaturing and
therefore to a reduction of the mechanical resistance of the
fibers to compression [32], and collagen inducing contrac-
tion of the connective network [33]. Water is then expelled to
the outside of the sample [7], which explains the strong
observed deformation. Plateaus and the new acceleration of
the deformations that occur from ~68°C remain difficult to
interpret. They could be explained by some other temper-
ature-dependent denaturing [10,34] or by specific mecha-
nisms of internal transfer of juice. This also justifies
spatiotemporal monitoring of the water density to interpret
the obtained models.

In order to measure the deformation fields, we opted to
follow internal markers linked to the muscular structure.
Other MRI-based approaches are possible, for example,
velocimetry techniques such as that used here to measure the
velocity of the circulating water. The latter method is
however not well adapted to our context because of its low
temporal resolution and the difficulty measuring low
velocities. The technique based on tagging could be an
option [35], but is better suited to the monitoring of
deformations more rapid than those induced by heating in
muscle, i.e., those leading to significant displacements
during a period corresponding to 7 of imaged tissues.

5. Conclusion

Developments in dynamic MRI, the quantitative charac-
terization of experimental conditions and the optimization of
nonlinear registration enabled us to measure deformation
fields in muscle during heating. A first interpretation of the
mechanisms involved in muscle contraction with tempera-
ture is proposed. It is based on the models developed from
local information on deformation and temperature.
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The simple repetition of the experiment on several
muscles of the same type will increase the robustness of
models. The application of the same experimental approach
to different muscle types will help elucidate the influence of
structure on deformation during thermal processes and
thereby give information on the mass losses and degradation
of the textural properties of cooked meat.
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