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Abstract — The understanding and control of 

structural and physical changes in meat during cooking is 

essential for both meat industries and consumers. 

Magnetic resonance imaging (MRI) offers a non-invasive 

method for the local and dynamic characterisation of 

certain properties and structures of a sample. The aim of 

this work was to demonstrate the feasibility of using MRI 

in situ during the cooking of meat, and in particular 

imaging of the connective tissue to monitor deformation 

in the range 20-75 °C. The associated moisture loss was 

also estimated. Simulations of the temperature time 

course during cooking were carried out to relate 

deformation to sample temperature. The results showed 

that shrinkage began at 42 °C and accelerated from 

54 °C. Migration of water from inside the fibres towards 

the interfascicular space appeared from 40°C and 

increased from 52 °C. These findings are consistent with 

those obtained by other, destructive and (or) non-

localised methods. They will be used to determine 

deformation fields. 
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I. INTRODUCTION 
 
Knowledge of the structural changes that take place 
during treatment such as cooking is essential to enable 
meat industries to control the sensorial, nutritional and 
technical qualities of meat products. The cooking of 
meat causes a loss of approximately 20-40% of its 
mass, due to the expulsion of fluid (water and 
micronutrients) from the meat [1]. For the consumer, 
this moisture loss adversely affects quality, both 
sensorial (loss of tenderness and juiciness) and 
nutritional. 
Several biophysical methods can be used to 
characterise the structure of meat [2]. During cooking, 
they can be used in particular to monitor the denaturing 
and precipitation of myosin [1, 3, 4, 5], the denaturing 
and shrinking of collagen [6] and the denaturing of 
other sarcoplasmic and myofibrillar proteins [7]. The 
mechanisms governing moisture loss have mainly been 
studied in raw meat [8, 9, 10], and less frequently in 
meat being heated [11, 12, 13]. 

The multi-exponential analysis of T2 relaxation curves 
of water obtained by low-field nuclear magnetic 
resonance (NMR) showed a water loss in the main 
population [14]. Amplitude variations in the most 
mobile population were also observed, but were more 
difficult to interpret without information on the 
localisation of that population. The only imaging study 
[11] conducted during meat cooking found that this 
moisture loss was associated with a decrease in water 
mobility during cooking. The spatial information only 
demonstrated differences between the core and the 
exterior of the sample, without giving any insight into 
the deformation or the mobility of the different water 
compartments 

Our aim was to use MRI to study the impact of 
temperature on the deformation of the connective tissue 
and the resulting water transfer. MRI is a non-invasive 
imaging method, and so is well-suited to continuous 
monitoring during heating. In addition, susceptibility-
weighted MRI shows the connective tissue of the meat 
[15, 16] which can provide an array of internal 
markers. The acquisition of a series of images during 
heating, and their a posteriori analysis, allows 
deformation fields to be determined. Lastly, the 
statistical parametric mapping of 1H nuclei allows 
water content and mobility to be locally quantified. 
This approach requires further methodological 
development (i) to acquire images at a fast enough rate 
to closely follow the changes in the meat during the 
heat treatment, and (ii) to ensure the feasibility of 
measurement in an evoluting system. 
 The aim of the work described here 
was to demonstrate the feasibility of MRI during 
cooking, in particular imaging of the connective tissue. 
The acquisition of several images during the heat 
process allowed the deformation of the connective 
tissue to be followed in the temperature range 20-
75 °C. Simulations of the meat temperature time course 
during cooking related the sample temperature, the 
deformation of the connective tissue and the resulting 
water transfer. 

II. MATERIALS AND METHODS  
 

A- Sample  
 
The muscle sample used was the elastin-rich biceps 
femoris (BF) of a Charolais heifer (age 4 years). Before 



use it was matured for 7 days, then vacuum
stored at    –20°C. It was thawed in air at 20°C and a 
cylinder of diameter 5 cm and length 6 cm
from it with the muscle fibres parallel to the cylinder 
axis. This cylinder was then again vacuum
prevent direct contact with the circulating heating 
water. 
 

B- Description of the heating device 
 
The sample holder (4, Fig.1) was fitted inside a heat
insulating Teflon® tube (5, Fig.1). This was in turn 
placed at the centre of the radiofrequency 
transmitter/receiver coil (6, Fig.1) itself placed inside 
the imager (7, Fig.1).  
The sample was heated in its holder by water flowing 
in a circuit (3, Fig.1) fed by a pump (13
Fig.1). The water was heated in a holding tank (1, 
Fig.1) by a temperature-regulated electric heating 
element. Heating by a liquid is preferable to heating by 
a gas because the heat exchange is more even. Among 
the possible liquids (which include oils) water was 
chosen for its simplicity in use, in particular when 
cleaning and draining the circuit.  
 
  
  
 
 
 
 
 
 
 
 
Fig.1. Diagram of set-up. (1) Holding tank and heating element 
circulating water. (2) Pump. (3) 10 mm diameter silicone tubing. 
(4) Non-magnetic sample holder. (5) Non-magnetic Teflon® heat 
insulation. (6) 1H NMR antenna. (7) High-field NMR imager. 

 
The adiabaticity of the heating system was checked by 
placing two thermocouples (Th1 and Th2) at each end 
of the circuit (tank Th1 and return flow Th2). The 
temperature was the same at the two measurement 
points, with a constant temperature rise of 0.88

 
C- High-field MRI 

 
Image acquisition was performed using a B
horizontal 4.7 tesla MRI system (Bruker Gmbh, 
Ettlingen, Germany), of diameter 26 cm, fitted with a 
BGA-26 rapid gradient system (maximum amplitude 
50 mTm−1, rise time 260 µs). The principal axis of the 
muscle fibres in the sample was parallel to th
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of the circuit (tank Th1 and return flow Th2). The 
temperature was the same at the two measurement 
points, with a constant temperature rise of 0.88 °C/min. 

Image acquisition was performed using a Biospec 
horizontal 4.7 tesla MRI system (Bruker Gmbh, 
Ettlingen, Germany), of diameter 26 cm, fitted with a 

26 rapid gradient system (maximum amplitude 
µs). The principal axis of the 

muscle fibres in the sample was parallel to the principal 

direction of the static magnetic field B0.
 The images were acquired 
continuously through a steady
sequence (SSFP or FLASH) that was weighted for 
magnetic susceptibility (TE = 15 ms, TR = 2000
Using the difference in magnetic susceptibility between 
elastin and muscle fibres [15, 16], the images show the 
elastin-rich connective tissue (hyposignal). This 
sequence had bipolar gradients (delay between the two 
gradients ∆ = 5.52 ms, duration of each gradient 
ms) which canceled out the signal from the mobile 
protons of the heating water. The removal of this signal 
eliminated the artefacts of movement, which degrade 
the image, and allows reducing the field of view 
(FOV), thereby increasing the temporal resolution for a
given spatial resolution. 
 One acquisition consisted of a series of 
18 contiguous radial sections. All the sections were 
obtained with a FOV of 64
256 × 256 pixels and a thickness of 2 mm. The volume 
of the resulting voxel was 0.5 × 
temporal resolution was 4 min
carried out at each temperature stage (every 10
during each temperature rise between successive 
stages. 
  
Simulation of temperature 
 
The temperature kinetics in the meat during
were calculated with a simple heat transfer model using 
the Comsol Multiphysics 3.4 software (COMSOL AB, 
Sweden 2007). Preliminary three
simulations showed that exchanges at the ends of the 
meat cylinder in contact with the polycarbona
did not influence the temperature values in the central 
section of the cylinder. 
Two-dimensional simulations by conduction were 
therefore carried out stepwise in this section; each step 
corresponded to a shrinkage of less than 5% of the 
surface bounded by the interface between the muscle 
and the exsuded water from MRI images. Between two 
steps the simulated temperature field was projected 
onto the new contracted meat surface, the rest of the 
domain being occupied by the volume of water 
exsuded. 
The exchanges by water convection at the plastic bag 
surface were described by Newton’s law, the heat 
transfer coefficient being calculated from the velocity 
of the circulating fluid and the Churchill
relation [17]. The thermophysical properties o
products (plastic bag, meat, exsudate) were those used 
classically in the literature. Simplifying hypotheses 
were applied: (i) the volume of the plastic bag was 
assumed to be constant, and the volume of the exsudate 
formed during cooking was assumed 
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The temperature kinetics in the meat during cooking 
were calculated with a simple heat transfer model using 
the Comsol Multiphysics 3.4 software (COMSOL AB, 
Sweden 2007). Preliminary three-dimensional 
simulations showed that exchanges at the ends of the 
meat cylinder in contact with the polycarbonate support 
did not influence the temperature values in the central 

dimensional simulations by conduction were 
therefore carried out stepwise in this section; each step 
corresponded to a shrinkage of less than 5% of the 

bounded by the interface between the muscle 
and the exsuded water from MRI images. Between two 
steps the simulated temperature field was projected 
onto the new contracted meat surface, the rest of the 
domain being occupied by the volume of water 

he exchanges by water convection at the plastic bag 
surface were described by Newton’s law, the heat 
transfer coefficient being calculated from the velocity 
of the circulating fluid and the Churchill-Bernstein 
relation [17]. The thermophysical properties of the 
products (plastic bag, meat, exsudate) were those used 
classically in the literature. Simplifying hypotheses 
were applied: (i) the volume of the plastic bag was 
assumed to be constant, and the volume of the exsudate 
formed during cooking was assumed to be equal to the 



decrease in volume of the contracted meat, and (ii) the 
heat transfer in the bag was assumed to be purely 
conductive. The temperature at the surface of the 
plastic bag was that measured experimentally in the 
circulating water. 

III. RESULTS AND DISCUSSION

 
Feasibility of connective tissue imaging 
 
The resonance frequency of the antenna/sample set and 
the impedance of the resonating cavity at this 
frequency changed with the temperature. These two 
drifts caused a signal loss of ~10% between 
75 °C. The additional signal loss of ~40% observed 
between the two images obtained at 20
(Fig.2) was essentially due to the changes in the 
intrinsic NMR parameters of the muscle, in particular 
T2 and the proton density, which decreas
respectively by 25% and 30%. 
The signal loss due to resonant cavity drift was minor 
compared with the losses due to changes in the sample. 
It was therefore not strictly necessary to adjust the 
antenna/sample settings manually. Also, the signal loss 
observed was tolerable as the final temperature (75
displayed an acceptable signal-to-noise ratio (SNR
21).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Susceptibility-weighted MRI images of a core section for the 
same grey scale (a) at 20 °C, (b) at 75 °C. 1: connective tissue
fluid exsuded from muscle, 3: reference tube. 
 
 

A- Monitoring of connective tissue deformations 
 

Fig.3 shows deformation images obtained at the core 
of the sample as a function of the heating water 
temperature (Fig.3.a), and images of corresponding 
temperature gradients obtained by simulation (Fig.3.b). 
The plots (Fig.3.c) represent the time course of
surface of the core section of the muscle calculated 
from NMR images, the evolution of the temperature of 

decrease in volume of the contracted meat, and (ii) the 
heat transfer in the bag was assumed to be purely 
conductive. The temperature at the surface of the 
plastic bag was that measured experimentally in the 

DISCUSSION 

Feasibility of connective tissue imaging  

The resonance frequency of the antenna/sample set and 
the impedance of the resonating cavity at this 
frequency changed with the temperature. These two 
drifts caused a signal loss of ~10% between 20 °C and 

°C. The additional signal loss of ~40% observed 
between the two images obtained at 20 °C and 75 °C 
(Fig.2) was essentially due to the changes in the 
intrinsic NMR parameters of the muscle, in particular 
T2 and the proton density, which decreased 

The signal loss due to resonant cavity drift was minor 
compared with the losses due to changes in the sample. 
It was therefore not strictly necessary to adjust the 
antenna/sample settings manually. Also, the signal loss 

rved was tolerable as the final temperature (75 °C) 
noise ratio (SNR ~ 

weighted MRI images of a core section for the 
°C. 1: connective tissue, 2: 

Monitoring of connective tissue deformations  

Fig.3 shows deformation images obtained at the core 
of the sample as a function of the heating water 
temperature (Fig.3.a), and images of corresponding 
temperature gradients obtained by simulation (Fig.3.b). 
The plots (Fig.3.c) represent the time course of the 
surface of the core section of the muscle calculated 
from NMR images, the evolution of the temperature of 

heating water and the evolution of the mean 
temperature of the muscle obtained by simulation using 
shape information provided by NMR images.

Fig.3.a shows four representative images out of a 
series of 18 images recorded at different temperatures. 
The deformation time course plot (Fig.3.c) shows two 
inflection points, the first at 73
the start of the sample deformation at t
temperature of 42 °C (heating water temperature 
50 °C), and the second at 96
acceleration of the deformation at a mean muscle 
temperature of 55 °C (heating water temperature 
62 °C). Between 20 °C and 75
the muscle core section decreased by 22%. 

The deformation images (Fig.3.a) reveal a network 
of exsuded water channels among the fibre bundles 
resulting from migration of intracellular water [10, 20]. 
This water was characterised by a higher 
(more mobile water), which gave a hypersignal on the 
weighted image T2*. This effect was seen from the 
mean muscle temperature of 40
temperature 47 °C). Like the connective tissue, these 
channels can serve as internal markers to determi
deformation fields. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. (a) NMR deformation images of a core section at 
different temperatures of the heating water, (b) images 
simulating corresponding temperature gradients, (c) time 
course plots of the surface area of the muscle core section, 
the temperature of the heating water and the mean muscle 
temperature.  

heating water and the evolution of the mean 
temperature of the muscle obtained by simulation using 
shape information provided by NMR images.  

Fig.3.a shows four representative images out of a 
series of 18 images recorded at different temperatures. 
The deformation time course plot (Fig.3.c) shows two 
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the start of the sample deformation at the mean muscle 
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(more mobile water), which gave a hypersignal on the 
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channels can serve as internal markers to determine 

Fig.3. (a) NMR deformation images of a core section at 
different temperatures of the heating water, (b) images 
simulating corresponding temperature gradients, (c) time 
course plots of the surface area of the muscle core section, 

ing water and the mean muscle 



 
 The results of this study are consistent 
with those reported in the literature, in particular: (i) 
start of the deformation observed at 42 °C, 
corresponding to the beginning of myosin denaturation 
[1, 3, 4, 5] with a slow transverse contraction of the 
myofibres [18], and (ii) acceleration of deformation at 
55 °C, corresponding to shrinkage and denaturation of 
collagen with expulsion of meat juice [1, 6, 7, 19]. 

The appearance of channels of migrating water 
among the fibre bundles (Fig.3.a) began from 40 °C. 
The initial denaturation of myosin causes a small loss 
of water from myofibres. This water migrates into the 
inter-myofibre space [10, 20]. The effect was more 
obvious from 52 °C, probably due to the contraction of 
the connective tissue, which expels water first into the 
interfascicular space and then out of the meat. 

IV. CONCLUSION 
 

This work demonstrates the feasibility of connective 
tissue imaging during cooking using an MRI-
compatible heating system with high adiabaticity. This 
imaging allowed, for the first time, the monitoring of 
meat deformation during cooking between 20 °C and 
75 °C. Our observations are consistent with literature 
data for the temperatures of structural protein 
denaturation, collagen contraction and water loss.  

 Future work is planned to improve the temporal 
resolution of the method using rapid image encoding 
(e.g. echo planar imaging), determine deformation 
fields and quantify local water content. 
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