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The spatial distribution of the intramuscular connective tissue (IMCT) in four types of beef muscle
(Biceps femoris, Infraspinatus, Longissimus thoracis, and Pectoralis profundus) was examined using
histology and magnetic resonance imaging (MRI). The surface and the length of the IMCT and the
surface of the myofiber bundles were evaluated by image analysis. The texture of the cooked meat
from these muscles was measured both instrumentally by a compression test and by sensory analysis.
The relationship between muscle structure and meat texture was studied by general discriminant
analysis. The models obtained could assign correctly up to 87% of the samples to two tenderness
classes. Histology and MRI provided complementary information about the microscopic and
macroscopic IMCT structures, respectively. Both were necessary to predict sensory tenderness
whereas only the MRI measurements were necessary to predict instrumental toughness. Tough
muscles had smaller MRI myofiber bundles (0.7—1 mm radius) than tender muscles.
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INTRODUCTION meat toughness (3). Thus, the structure of IMCT, including its

Tenderness is one of the main eating quality attributes, which spa}tia! Q‘S”‘b”“of‘ in the muscle and its composition, may plgay
determine the consumer acceptance for bepfThis attribute & Significant role in the toughness of fully aged meat. IMCT is
depends mostly on the properties of the two main structural ©r9anized in three compartments: (i) the endomysium that
constituents of muscle tissue, the myofibers and the intramus-Surrounds the individual skeletal muscle fibers, (ii) the perimy-
cular connective tissue (IMCT), and on the interactions between SIUM that surrounds groups of muscle fiber bundles, and (i)
the two. After animal slaughtering and following rigor develop- the epimysium that surrounds the whole musch. (The
ment, the myofibers undergo a proteolytic breakdown (the so- €pimysium is generally removed by the butcher, and it is thus
called aging process) causing the progressive tenderization ofnot involved in meat texture. The chemical and morphological
beef meat. When the aging conditions are optimal (e.g., Characteristics of the endomysium are slightly variable across
relatively long storage time and adequate chilling conditions), muscle types and animal species (3). Because the perimysium
the toughness of uncooked meat depends mainly on theis, in proportion, the major and most variable IMCT compart-
properties of the IMCT, whereas the contribution of the ment, one may presume that the contribution of IMCT to the
myofibers becomes minimal. During cooking, the heat dena- variations of cooked meat tenderness is predominantly due to
turation process affects both the structure and the properties ofthe properties of the perimysium. Several authors studied the
myofibers and IMCT; that is, it increases considerably the influence of perimysium thickness on meat tendernéss)(or
toughness of the myofibrillar compartment and decreases thatthat of the size of the fascicles bundles delimited by the
of IMCT (2). However, the IMCT still contributes to the perimysium (6—9). They associated thin IMCT and small
toughness of cooked meat, depending upon the cooking condi-myofiber bundles to tender meat. However, previous studies
tions (e.g., temperature, duratior®)(the amount of collagen  had not had the appropriate tools to evaluate objectively and
(the main IMCT component), the heat stability of this protein, quantitatively the parameters of the distribution of the entire
and the spatial organization of the IMCT within the mus@g ( IMCT network. Today, such measurements can be carried out
Previous studies have shown that the relationship betweenautomatically using image analysis. In the present work, different
collagen content and meat tenderness is p8prit addition, imaging modalities have been used to acquire images of IMCT,
collagen heat stability alone poorly explains the variations of sych as visible images of stained muscle sections and magnetic
resonance imaging (MRI) of fresh muscle samples. Attributes
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Figure 1. Transverse histological sections of the four muscle types stained
with Sirius Red: BF, IS, LT, and PP. Black lines are connective tissue
and lipids. Myofibers are shown in gray.
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Figure 2. Transverse sections of the four muscle types in MRI: BF, IS,
LT, and PP. Black lines are connective tissue and lipids. Myofibers are
stained in gray.

by Bonny et al. {1). The sequence parameters were optimized for

sensory assessments), to determine the relationships betweegbtaining a voxel size of 108 100 x 500um? in an acquisition time

IMCT structure and meat toughness.

MATERIALS AND METHODS

Animals and Samples.Eight 5 year old Charolais cull cows were
slaughtered in a commercial abattoir. Four mus@esps femori¢BF),
Infraspinatug(IS), Longissimus thoraci@_T), andPectoralis profundus

of 5 h and 41 minFigure 2). The MR images were averaged two by
two to obtain 10 mean images. The two mean images at both borders
of the samples were eliminated to limit heterogeneity problems so only
six mean images were processed.

Image Processing.Both histological and MR images showed
unimodal histograms. So, they were processed by adaptive thresholding
based on probabilistic map&2). The confidence level, which is the

(PP), were excised from both sides of each carcass 24 h postmortemdegree of freedom of the algorithm, was set to 80% in order to extract
Histological samples were removed, and the remainder of the musclesonly the thickest segments. This confidence level was used to segment

was aged at 4C until 21 days postmortem. After aging, the muscles

pixels whose probability of being in perimysium was high (error lower

were cut into 4 cm thick steaks, which were vacuum-packed and kept than 20%). After segmentation, the surface of the perimysium network

frozen at—20 °C until they were analyzed.
Control Measurements. The aging state of the 1 érsection
samples was evaluated on raw meat as the stress (C20?)Néanhed

was measured as the number of segmented pixels. The length was
determined after skeletization of the segmented perimysium and
measured as the number of pixels of the resultant skeleton. These data

at a 20% compression strain according to the method of Lepetit and were expressed as the percentage of pixels in the image.

Buffiere (15), using a three-sided compression cell (which avoided

Then, the granulometry of the fascicles delimited by perimysium,

transverse deformation of the sample) mounted on an Instron 4501i.e., the distribution of the fascicle size, was computed using a

Universal Testing Machine (Instron Corp., Canton, MA). A minimum

morphological operator. The binary image was treated as a collection

of 10 replicates per steak was analyzed. Sarcomere length was measuredf grains (fascicles), and the grains were sieved though a filter of
to assess the state of contraction of meat induced by postmortemincreasing mesh size (13). The negatives of the segmented images

chilling. Muscle samples were homogenized in a buffer solution
containing 0.25 M KClI, 0.29 M orthoboric acid, and 0.005 M EDTA,
according to Cross et al16), without glutaraldehyde. A suspension

(fascicles considered as objects) were processed by applying successive
openings with a hexagonal structural element of increasing radius. The
hexagon was kept if it was included in a fascicle. Counting of the

was then mounted on a slide and observed with a Polyvar optic number of hexagons after each “sieving” provided a size distribution

microscope (Reichert-Jung), in oil immersion at a 125-fold magnifica-
tion. The images were acquired using Visilog 5.4 software. They
showed isolated myofibers and the succession ofzthe@es, which
define the sarcomere length.

Histology. Muscle samples of 2& 20 x 10 mn¥ were cut parallel

of distinct fascicles. Moreover, only the largest size of hexagon was
kept of a given fascicle to estimate the size of the fiber fascicles.
Granulometry variables called @®r MR images and Hor histological
images were quantified from the granulometry curves, which expressed
the total surface occupied by hexagons of a radius equdirttes the

to myofiber orientation, the largest section being perpendicular to the pixel size (Figure 3).

main myofiber orientation, and frozen in isopentane chilleg-&260
°C by liquid nitrogen. They were cut to make &t thick cross-sections
approximately 2 crhwith a cryostat (Cryo-star HM560MV, Microm

Instrumental Texture Evaluation. Steaks were thawed overnight
at 4°C (£1 °C). They were then vacuum-packaged and subjected to
fast preheating in a 20C water bath heated in a microwave oven up

international GmbH, Germany). Perimysial tissue was stained with red to 60 °C (approximate duration 1& 1 min). The samples were then

Sirius dye (10), which colors IMCT red and muscle fibers yellow
(respectively, black and gray Figure 1). Digital images (512« 512)
were obtained using a transmitting light box and a CCD camera JAI
CV-M300 coupled with a macroscopic objective (2-fold magnification)
leading to a pixel size of 2% 27 um?. The quality of the images was
improved by eliminating light reflection using black masks. A green
filter was fixed on the objective in order to improve the contrast. All
images were digitized using the same conditions of lighting and

immediately transferred into a second water bath at®%or further
cooking at this temperature for 30 min. After they were rapidly cooled
in water at 15°C, the cooked steaks were left to equilibrate to room
temperature, unpacked, and cut into ?amss-section samples, with
muscle fibers parallel to the longitudinal axis of the sample (approximate
length 30 mm). The compression was performed perpendicularly to
myofibers at a rate of 50 mm/min, and the stress (C80, R/ceached

at an 80% strain was then measurgd)( A minimum of 10 replicates

magnification and processed using Visilog 5.4 software (Noesis, 6-8 per steak was analyzed.

rue de la Réunion, Courtaboeuf, France).
MRI. Samples of 50x 50 x 100 mn? were cut according to
myofiber orientation (parallel to the longest dimension of the fibers)

Sensory Analysis.The steaks were thawed overnight at@ (£1
°C) and cooked in the same way as those used for the instrumental
texture measurement and then storee+20 °C until further analysis.

from each of the muscles studied. Twenty MR images were acquired The day of the assessment, they were thawed, equilibrated at room
perpendicular to the myofiber orientation at high field (4.7 T) using a temperature, and cut into 1.5 cm cubes. Ten panelists, experienced in
susceptibility-weighted sequence according to the protocol describedtexture profiling of meat samples, participated in four training sessions
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Figure 3. Example of granulometry on a muscular image. (A) Original histological image, (B) segmented histological image, (C) granulometric histological
image, and (D) granulometric curves. Hexagons with the same radius appear with the same color. Hag was the higher granulometric size for histological
images and corresponded to G;3 on MR images. G7—3o was the granulometric size on MRIs, which appeared in all best models to predict instrumental
toughness, sensory tenderness, and collagen content.

to generate selected descriptive terms and to become familiar with theInstitute Inc., Cary, NC). The texture profile results, obtained by sensory
type of meat and the sensory descriptors. They evaluated each samplassessment, were described by principal component analysis (PCA)
twice according to a monadic presentation in Latin square. In one using the Statistica software release 6.1 (Statsoft, France).
session, the four muscles from one animal were evaluated twice. Each The relationship between the predicted variables (C80, sensory
panelist had to taste eight plates containing three none-reheated piecegenderness, and collagen content) and predictive variables including
of one muscle from one animal. All of the sensory evaluation tests the “‘image” variables (surface or length of the network, granulometry
were carried out under white light at 2C. Panelists were asked to  measurements from histology and MR images) and collagen content
rate each sample for the intensity of the following attributes in the was determined using the Statistica software. The “image” variables
mouth: tender, compact, juicy, residue amount, supple, sticking, floury, had to be sorted because of the very high number of granulometry
and elastic, using a nonstructured 10 point scale with score “0” variables. First, the granulometry variables that had 10 or more zero
equivalent to not perceptible and score “10” equivalent to extremely values out of the 32 observations were excluded. A second step
intense. These attributes were chosen because they were discriminatingonsisted of clustering the remaining variables of granulometry by a
for muscle type§ < 0.05) during the training session. The consensus k-means algorithm according to their mutual correlation and to make
among the panelists was tested using a mixed model with panelists asgroups of granulometry variables representing consecutive sizes. The
a random effect. The mean of the 10 panelists for each sample wasvalue associated with the clustering of variable$o35 was calculated
used for data analysis. as G =G + Gy + ...+ G-+ G

Collagen Content Determination.Collagen content was determined For each predicted variable (C80, sensory tenderness, and collagen
on all of the muscles studied. It was calculated from the hydroxyproline content), the samples were ranked into two classes (e.g., tough vs tender)
concentration (collager 7.5 x OH—Pro) determined on five replicates  determined by th&-means algorithm.
of muscle homogenate using the method of Bergman and Lo%lEy ( One-way ANOVA was performed on each predictive variable
modified by Bonnet and Kopp (18) and expressed in mg of collagen (collagen content, network, and granulometry variables measured on
per g of fresh muscle. The insoluble collagen content was also histology and NMR images) according to the model predictive variable
determined applying the same procedure on the residue obtained after= class, where class is one of the two groups previously determined
heating the meat sample in a 0.02 M Tris-HCI, 0.23 M NaCl, pH 7.4, for C80, tenderness, and collagen content. Only discriminative variables
buffer solution (1:5 w/v) at 65°C for 30 min and subsequently  (p < 0.05) were used for studying their relationship with predicted
discarding the heat soluble fraction as described by Bonnet and Kopp variables by general discriminant analysis (GDA). It applied the methods
(18). Collagen heat solubility was calculated as the percentage of heatof the general linear model to the discriminant function analysis
soluble collagen (106- insoluble collagen) in total collagen. problem. Discriminant function analysis was used to determine which

Statistical Analysis. The effect of muscle type on variables including  variables discriminate between two or more naturally occurring groups
C20, sarcomere length C80, tenderness, collagen content, and its thermg(19).
stability and IMCT network measurements was studied by a one-way  The relationship between the predicted variables and the IMCT
analysis of variance (ANOVA) using a general linear model procedure characteristics was determined by GDA. The 32 observations were
(model: dependent variabfe muscle type). When significant differ- divided randomly into three groups: a learning group={ 16), a
ences were foundp(< 0.05), mean values calculated for each muscle validation group (n= 8), and a test group (i 8). The best subset
type were compared using a Neumdfeuls multiple comparison test. algorithm was used on the learning group to select models comprising
These analyses were performed using SAS software release 8.1 (SASwo or three variables. The best subset of variables was selected on
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Table 1. Means and Standard Deviations of the Texture Measurements of the Four Muscle Types: BF, IS, LT, and PP?2

sarcomere 20% compression 80% compression sensory
length («m) raw meat (N/cm?) cooked meat (N/cm?) tenderness
BF(20£0.2)b BF(29+09)ab BF (126.6 £37.2) b BF(41+15)b
IS(24+0.3)ab ISB9x15a IS(85.1+£135)c¢ IS(.7£15)a
LT(19+04)b LT(24%0.7)b LT(97.8+10.8)c LT(61+14)a
PP (2.7+05)a PP(41+13)a PP (174.2 +37.6) a PP(41+15)b

a Different letters in the columns indicate significant differences between muscle types (p < 0.05) with Neuman—Keuls test.
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Figure 4. PCA of the sensory attributes. The plan defined by the first
and second PCs explains almost 84% of the variance.

the “learning+ validation” data set according to a cross-validation

principally of the tender attribute, whereas the second PC was
determined by the juicy and floury attributes. We chose to focus
on tenderness, generally recognized as the most important
sensory attribute for beef. The muscles could be segregated into
two groups of tenderness according to their sensory scores: BF
and PP as tough muscles and IS and LT as tender muscles
(Table 1). The classification of the four muscle types according
to tenderness was consistent with those previously published
(20, 23-25).

In this study, two methods were used to evaluate meat texture,
an instrumental test [compression stress at 80% strain (C80)]
and sensory analysis. The variations of cooked meat toughness
measured by compression test are mainly related to changes in
the mechanical properties of the connective tissue (26). As
shown by Harris and Shorthos&7() and Shackelford et al28)
or more recently by Rhee et aP5), shear tests are not sensitive
enough to detect connective tissue related differences in meat
toughness between muscle types, because the major contribution
to the mechanical resistance of cooked meat during a shear test
is that of the myofibers.

The correlation between C80 and sensory tenderness

algorithm where the misclassification rate was chosen as the main (I = —0.64) was significant but lower than that obtained by
criterion of ranking between the models. The quality of the chosen Mathoniee et al. 29) with beefSemitendinosuand Semimem-

model was determined by the percentage of correctly classified branosusmuscles cooked at 60 or 8@ for 30 min ¢ = —0.91).

individuals in the test group.

RESULTS AND DISCUSSION

Texture AssessmentThe stress values for raw meat obtained
at 20% compression strairmgble 1) showed that all meat
samples were fully aged (C26 5 N/cn?). No significant
difference was observed between animas>(0.05). Under

such circumstances, one could consider that the myofibrillar
resistance and its variability were minimal. The range in

sarcomere lengths (1=2.7 um) was consistent with that found

However, these authors introduced other sources of variation
such as aging time, cooking temperature, and muscle contraction
state, in addition to muscle type, which led to a larger range of
C80 compression values (from 143 to 451 Nfas compared

to 85 to 174 N/cri in the present study). After the cold
shortened samples were removed, the range becomes similar
to ours and the correlation coefficient decreased @55 and
—0.78 for cooking at 60 and 8TC, respectively, the range of
values being similar to that found in the present experiment.

Collagen Content and Heat Stability. The four muscles

in the literature for the corresponding muscle types in normal showed significantly different collagen contents £ 0.05)

contraction state (2®1). Thus, it could be assumed that none

(Table 2), and these were generally comparable to those reported

of the samples studied had suffered cold shortening and thatin other studies20, 21, 30, 31). However, IS collagen content
the within and between muscle types toughness variations wouldwas lower than the values presented by Jeremiah eBa). (

be mainly determined by differences in IMCT characteristics.

and Mc Keith et al. 20) probably because we chose to discard

For cooked meat, three groups appeared with significantly the thick IMCT sheet, which runs across the IS muscle and can

different compression values (p 0.05), with the PP muscle

be easily cut away by the consumer before eating. Because it

the toughest, the BF muscle intermediate, and the IS and LT does not actually interfere with the mastication process, it should

muscles the most tendefdble 1). The values ranged from 85

not to be taken into account when calculating the relationship

to 174 N/cn? and were reasonably consistent with the results between collagen content and sensory measures. Although the

published by Kamoun and Culiol2®) for beef samples cooked

collagen contents of the four muscles were significantly

at 55°C for 30 min. These authors found maximal stresses in different, only two groups were differentiated by sensory

longitudinal sinusoidal configuration of 54 and 161 Nfcfor

tenderness. The IS and LT muscles had the same tenderness

an 80% compression ratio for LT and PP muscles, respectively. ratings, but they were significantly different in collagen content
Among the 10 panelists, a consensus was reached on all(0.89 and 0.56 mg OH—proline/g fresh tissue, respectively).
sensory attributes, and so, they were all included into the texture  The cooking (65 C for 30 min) caused solubilization of only

profile. The plan defined by the first and second principal

a very small proportion of the IMCT collagen {5%%), with

components (PC) explained approximately 84% of the variance no significant difference between muscle types<(0.05; Table

generated by the texture profile of the samplegire 4). The

2). These values are very low as compared to those reported by

first PC explained about 60% of the variance, and it consisted Torrescano et al.2(l) (16.6—26%), but this discrepancy can
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Table 2. Mean Values of the IMCT Characteristics of the Four Muscle Types: BF, IS, LT, and PP?

collagen content histology MRI
(mg OH-proline/ soluble collagen surface length surface length
g fresh tissue) (% total collagen) e (%) e (%) e (%) e (%)
BF (1.09+0.12) b BF(2+6)a BF (46+0.7)a BF(1.6+0.1)b BF (12.8+33)b BF (4.7+0.6)a
IS (0.89 +0.06) ¢ IS(G+9)a IS(B.7+09) b IS(1.8+0.4)ab IS(20.0+26)a IS (45+0.6) ab
LT (0.56 £ 0.05) d LT(4+12)a LT(28+04)c LT(1.4+02)c LT (12.4 £3.0) bc LT(4.0£05)c
PP(1.21£0.13)a PP(5+1l)a PP (47+09)a PP(20+03)a PP(11.3%22)c PP(43+0.7)b

aDifferent letters in the columns indicate significant differences between muscle types (p < 0.05) with Neuman—Keuls test. e is expressed in % of total image area.

easily be explained by the much more drastic cooking regime at the fascicle junctionsFigure 2). Therefore, the IMCT
applied by these authors to their meat samples’®@or 2 h). composition could influence the generation of the signal in MRI
The fact that collagen solubilization was very limited in the in addition to the network thickness and the lipid content.
present experiment does not mean that this component did not A relatively high correlation was found between collagen
undergo heat denaturation. However, one may presume that thecontent and tenderness £ —0.78). That was not surprising
consequences of heat denaturation, although not detectable bynd could be attributed to the relatively limited extent of the
the collagen heat solubilization method used, were likely limited heat denaturation of the IMCT components during cooking and
and did not have to play a significant role in determining the to the extreme collagen contents exhibited by the different
texture differences between the meat samples. muscle types use@5, 30). The correlation was higher between
Histology Measurements.The staining on the histological ~ sensory tenderness and collagen content than it was between
images allowed the identification of the perimysium exclusive C80 and collagen content£ — 0.78 and+0.64, respectively).
of lipids. Using this method, three muscle groups could be Because collagen content could not completely explain the
differentiated using either the surface or the length of IMCT texture variations of cooked meat samples, we looked for
(Table 2). The network of the LT muscle IMCT occupied a relationships between cooked meat tenderness and IMCT
small area in the images (2.8%), and it had the shortest lengthstructure variables. Image analysis of IMCT structure was then
(1.4% of total image), which is indicative of a low level of used to classify the samples into groups of sensory tenderness,
network branching. The IMCT network of the IS muscle also instrumental toughness, and collagen content.
occupied a relatively small area (3.7%), but it had a longer length  Models to Predict Sensory Tendernesshe elimination of
(1.8%), both traits being characteristic of a thin and branched the variables showing 10 or more zero values allowed reduction
IMCT network. The IMCT of the PP muscle was thick (4.7%) of the number of granulometry variables from 48 and 70 to 27
and even more branched (length equal to 2.0%), as illustratedand 49 variables for MRI and histological images, respectively.
in Figure 1. The IMCT of the BF muscle also occupied a large For MR imagesk-means algorithm gave eight clusters; &
surface (4.6%), but its length was shorter than that of the PP G, Gs—s, G710, G11-13 G14—17 Gis—21, and Gy—26 Similarly,
muscle (1.6 and 2.0%, respectively). These two muscles hadfor histological images, 14 clusters were obtained as follows:
similar areas of IMCT, but their structures were quite different. Hi_g, Ho—11, Hi2-14 His—16 Hiz—19 H20-21, H22-24 Has-2g
The BF muscle had a thick IMCT network with fewer Hyg—34 Has—39 Ha1-44 Has, Hag—sg and Hg. The number of
ramifications, whereas the IMCT of the PP muscle was more clusters was higher for histological images. Indeed, the granu-
branched and thinner. lometric curve of the histological image had an irregular shape
MRI Measurements. The MRI detected both collagenic ~and required many radius lengths to be completely described,
tissue and lipids, being components of the IMCT. The signal whereas the curve of the MR image showed few distinct modes
visualized was thus slightly different from that visualized on and could be described with fewer variabl€sgre 3). The
the histological images where only the collagenic tissue was cumulated areas were higher for MRI because the number of
stained. By this method, the muscles were segregated into thrediexagon classes was smaller. In histological images, the areas
groups according to their network surface in MRI (#SBF, occupied by most of the hexagon size classes were within a
LT, and PP) and also into three groups according to their small range of values, whereas in MRI the repartition was less
network length (BF, IS, and PP LT). The BF muscle had an  uniform.
intermediate surface (12.8%) and the highest length (4.7%). At The sensory tenderness value used to divide the data into
this scale, BF was the only muscle where well-defined fiber two groups was 5.3. The tough group included all of the BF
fascicles were visible in MRIKigure 2). The IS muscle  and PP samples and a few IS samples, and the tender group
exhibited the highest IMCT surface (20.0%) due to the thick included all of the LT samples and most of the IS samples
sheet of connective tissue running across the muscle and a higiFigure 5).
IMCT length (4.5%), which is indicative again of a high degree  The one-way ANOVA analysis identified eight significant
of branching (Figure 2). The LT muscle had a small IMCT variables (p< 0.05) out of 27 for the tenderness class factor
surface (12.4%) and the lowest IMCT length (4.0%), thus (Figure 6), the limit of significance being 20% of relative
showing that its perimysium was little developed. Actually, a explained variance. Among these eight discriminating variables,
large proportion of the segments of this muscle was too thin to only 2 or 3 were chosen at a time by the GDA algorithm to
be visualized by MRI and segmented because the perimysiumbuild the models. All of the best models with two variables,
occupied too small of a volume in the voxel to generate a signal. proposed by the GDA best subset algorithm, included a
Despite the difference between the IMCT thicknesses of LT granulometry variable computed from MR images and a network
and PP muscles, these muscles had similar IMCT surface valuesvariable computed from histological images, with balanced
Indeed, the PP muscle had the smallest surface and a shortveights. Moreover, the models using only MRI variables or
length. Despite its thickness, little network was detected becauseonly histological variables were poorer predictors than the model
of the distribution of marbling of this muscle (only located only based on & 10 and the length of the network on histology
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8T * BF Table 3. Best Model Parameters for Predicting Sensory Tenderness?
418 correctly
7+ . +LT . classified (%)
‘, i A o PP meag] values mthe |eami,?g/
T + s 4 class (% of total image)  validation ~ test total
S I + variables  tough  tender R2 (n=24) (h=8) (=32
- . A Gr-10 187 154 086 100 87.5 96.9
251 b histolength 0.29 0.16
I} *
2 ' e .
e X ** @Models were obtained by GDA (best subset algorithm) on filtered data. G7—10
g
= 4+ % o oo expressed the total surface occupied by hexagons of the radius between 7 and 10
x X pixels in MRIs, and histolength is the length of the connective tissue in histological
. images.
34
With a one-variable model, the collagen content was the only
2 : : | variable kept and 81% of all samples were correctly classified.
0 0,5 1 1,5 Interestingly when the collagen content was entered in a three-
Hydroxyproline concentration variable model, |nclyd|ng &40 and hlstolength, no improve-
. ment was observed in the percentage of explained variance. We
(mg /g wet tissue) . .
concluded that the connective tissue structure measurements
Figure 5. Distribution of the muscle types according to collagen content already included a large part of the information brought by
(hydroxyproline concentration) and sensory tenderness (arbitrary units) collagen content in the models for tenderness.
and designation of the groups used for the GDA. Models to Predict Instrumental Toughness (C80)The C80

toughness value used to divide the data into the two groups
images (histolength). This confirms that the two imaging was 145 N/cri The tough group included most PP and only
modalities gave complementary information for the prediction two BF samples. The tender group included all of the IS and
of sensory tenderness. The best classification results wereLT samples and six of the eight BF sampl&sglre 7).
obtained with the two variables 7/Gjp and histolength. The The one-way ANOVA selected six significant variables
model explained 86% of the variance of tenderness, with 100% (p < 0.05) out of 27 on their ability to discriminate the
correct classification for the learning and validation groups and instrumental toughness classegy(ire 8). None of the variables
87.5% for the test group, i.e., a total score of 97Pal{le 3). measured on the histological images were signifigarit 0.05).
According to the mean value of the model predictors, the The best model obtained with GDA best subset algorithm
perimysium network was longer in the tough group than in the contained three almost consecutive granulometry variables from
tender group Table 3), thus showing that the network of the MR images, i.e., @21, Gr-10, and Gi-13 (Table 4), with 92%
tougher samples was more branched than that of the more tendeof samples correctly classified in the learning/validation group
ones. Moreover, there were significantly more objects of the and only 87.5% correctly classified in the test group. The results
Gy-10size (radius ranging from 0.7 to 1.0 mm) in the tougher for the test group indicate that we must be careful with
muscles Table 3). This indicates that the total surface occupied interpretation. However, on averageis&; was higher in the

by small fiber bundles was greater in this group. tender group, whereas;Goand G;-13 were higher in the tough
100 N r %
0
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Figure 6. ANOVAgram of the contribution of sensory tenderness factor to the variation of estimated relative variance for each of the 27 variables. A
relative variance of 20% was used to determine the significance threshold of the one-way ANOVA (p < 0.05). Gi; and H;; are granulometry variables
for NMR and histological images, respectively. MRIsurf, MRIlength and Histosurf, Histolength were the surface and the length of perimysium on MRIs
and on histological images, respectively.
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BT Table 4. Best Model Parameters for Predicting Instrumental

. Toughness (C80)2

o0 4 * : correctly

classified (%)
mean values in the learning/
class (% of total image) validation test total
variables  tough tender R? (n=24 (n=8) (=32
Gr-10 0.32 0.23 0.61 91.7 87.5 90.6

X x Gu-1z 022 017
100 + + + “A{ G18—23 003 007

150 * *

C80 (N/em?)
4
-
2
»

2Models were obtained by GDA (best subset algorithm) on filtered data. G;-;
504 4 X BE expressed the total surface occupied by hexagons of the radius between j and j

il pixels in MRIs.
+LT

= PP
0 f ; t t t f f i
0 0.2 04 0.6 0,8 1 12 14 L6
Hydroxyproline concentration
(mg/g de wet tissue)

Figure 7. Distribution of the muscle types according to collagen content
(hydroxyproline concentration) and instrumental toughness [stress in
compression test at 80% of deformation (N/cm?)] and designation of the
groups used for the factorial discriminant analysis.

muscle samples according to collagen content class factor
(Figure 9). The best model obtained by GDA best subset
algorithm included the same variables; (G and histolength)
as those of the model for sensory tenderness prediction (Table
5). However, although it led to 96% correctly classified samples
in the learning/validation group, only 63% of the test group
was correctly classified, despiteR& value of 0.80. According
to the mean values of the model predictors, the samples
classified as having low collagen had a fewer number of small
group (Table 4), indicating a greater number of small fascicles fascicles belonging to the /Gy cluster and a shorter IMCT
and a smaller number of large fascicles in the tough group using network group (Table 5).
the Charolais breed and the muscle types in the present study. The two main objectives of this study were to develop a
Gi4-17 Was not significantly different between the tough and method of image analysis for the quantification of the IMCT
the tender samplep (< 0.05). The model including only the  network at the perimysium level and to determine the relation-
collagen content led to a lower percentage of correctly classified ship between structural parameters and cooked meat texture
muscles (75% correctly classified in the test group). The measurements. The granulometry of MR images played a major
instrumental toughness was more related to the structure of therole in the models predicting the tenderness of our meat samples.
IMCT visualized by MRI than to collagen content. These variables were the most discriminating and contributed
Models to Predict Collagen Content.The collagen content  to all models. They gave information about the macroscopic
value used to divide the data into the two classes was 0.85 mgstructure of the perimysium and the size of the delimited
OH—Pro/g fresh muscle (Figure 7). The low collagen group fascicles. However, the measurements of the perimysium surface
included all LT samples and two IS samples, whereas the highand the length of its network on MR images did not contribute
collagen group included all BF and PP samples and six out of to any model. The IMCT surface was 4-fold greater in the MR
the eight IS samples. images as compared to that in the histology images. The method
The one-way ANOVA selected eight significant variablps ( used for generating MR images of connective tissue (i.e., based
< 0.05) out of 26, which enabled the discrimination of the on susceptibility contrast) is known to overestimate the thickness
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Figure 8. ANOVAgram of the contribution of instrumental toughness factor (C80) to the variation of estimated relative variance for each of the 27
variables. A relative variance of 20% was used to determine the significance threshold of the one-way ANOVA (p < 0.05). For the variables designation,
see Figure 6.
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Figure 9. ANOVAgram of the contribution of collagen content factor to the variation of estimated relative variance for each of the 26 variables. A relative
variance of 20% was used to determine the significance threshold of the one-way ANOVA (p < 0.05). For the variables designation, see Figure 6.

Table 5. Model Parameters for Predicting Collagen Content? limited the significance of the large size variables such @s4l
The fascicles visualized at smaller scales, like those observed
correctly on histological images, did not vary morphologically according

classified (%)
mean values in the learning/
class (% of total image) ~ validation ~ test total
variables tough  tender R? (h=24) (n=8 (=32

to the type of muscle and they contributed little to the variations
in meat tenderness. When a segmentation extracting the thinner
network was performed (a low confidence level 40%), the
models became less efficient (data not shown). Our results thus
Gr-10 0.18 026 080 9.8 62.5 87.5 show that the more the segmentation focused on small fascicles,
histolength 142 183 the less variable and the less related to the tenderness variability.
The best model predicting the instrumental toughness (C80)
e_xpres_sed the total st_Jrface occypied by hexagons of the rgdiu; betwgeq 7 and_ 10 'I[E(;l ul:()jeeg %‘gﬁgqa:rljelglr;?:‘g \slzzzglrf/stzggnemss?iggz, g{;ﬁrﬁsl
pixels in MRIs, and histolength is the length of the connective tissue in histological . . .
images. and histology variables. Sensory tendernes_s is a global assess-
ment of meat texture during the mastication process, which
of the network in two ways. First, the contrast allows detecting includes the progressive and complete degradation of the
a small insertion (i.e., the connective tissue) in a bulk matrix different levels of structure of the perimysium. Even the thinnest
(myofibers) even if the size of the insertion is smaller than the level of perimysium is completely destroyed in the residual
voxel volume B2). It results in an apparent thickening of the bolus. Such a level of destruction was not reached during the
objects, which appear larger than its original size. Second, MRI compression test. Thus, the information given by the histological
also detects the lipids (intramuscular fat) and does not provide images about the thinnest structures was not necessary to explain
a signal specific to the collagenic tissue. Indeed, lipids generatethe C80 variations. Moreover, the histological variables were
a high hyposignal, also leading to an overestimation of the more related to collagen content than the MRI variables and
perimysial thickness while their contribution to texture variations the correlation between sensory tenderness and collagen content
is negligible @0). This thickening implies a higher error on the was stronger than the correlation between C80 and collagen
thinnest linear objects that were one to a few pixels thick, as content. This is probably why the C80 prediction model did
compared with the error made on circular objects such asnot include the complementary information about collagen
hexagons. Thus, the granulometry measurements on MR imagesontent contributed by the histological network variables.
are less distorted than the network measurements. The size of the granulometry variables kept in the models
Some variables from the histological images completed the indicated that the macroscopic fascicles of perimysium dis-
models. Contrary to the importance of the granulometry in the criminated tender samples from tough samples better than small
MRI measurements, for histological images, only the network fascicles and thin perimysium.;Gyo appeared in all models
measurements (length) contributed to the models. The histologyand defined objects with a radius of 8:Z mm, i.e., small
granulometry variables were not significantly discriminating for objects in MRI and large objects at the histological scale. This
the different class factors, i.e., sensory tenderness, instrumental/ariable is located at the borderline between the two techniques
toughness, and collagen content. They brought information in of imagery used in the present work. Apparently, the number
a narrower field of view about objects of smaller size than NMR of objects of this size played a major role in determining the
granulometry variables. Indeeddithe largest granulometry  tenderness value of our meat samples. Under the conditions of
variable used from histological images, corresponded {9 G the present study, the tough samples had more fascicles of this
situated in the middle of the granulometry curve of MR images size than the tender samples. Our results thus showed that
(Figure 3). In addition, the small size of the histological samples tougher muscles had greater proportions of small macroscopic

@Models were obtained by GDA (best subset algorithm) on filtered data. G7—10
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muscle fiber fascicles (0-71.0 mm radius). This was confirmed (4) Fang, S. H.; Nishimura, T.; Takahashi, K. Relationship between
by the opposite behavior of @ »3, characteristic of 1.82.1 development of intramuscular connective tissue and toughness
mm radius objects, which represented large fascicles and which of pork during growth of pigsJ. Anim. Sci.1999, 77, 120—
were found in higher proportions in the more tender samples. 130.

Several previous studieg9) concluded that tender meats have (5) Brooks, J. C.; Savell, J. W. Perimysium thickness as an indicator
small fiber bundles. All of these authors observed muscle of beef tendernessddeat Sci.2004,67, 329—334.

sections by microscopy and characterized primary and secondary (6) Brady, D. E. A study of the factors_lnfluencmg tenderness and
fascicles (i.e., the two levels of organization of perimysium tzesx(;ure of beefProc. Am. Soc. Anim. Prod 937,30, 246—
above endomysium). At this scale in this study, we found no : ) ) ) .
difference between tender and tough samples. With MR, the ) tRa?;SbOttom’fJ' M.; Str?nt‘.j'nel; E'fJ" chg;a% H.1C925mrigratlve
observed structures are only secondary fiber bundles, since this fgn7_6g2)235 of representative beet mus es o
type of imagery allows acquiring images in a much larger field (8) Cooper C C. Breidenstein. B. B. Cassens. R. G.: Evans. G.-
of view. As MRI only showed thick perimysium, the images IO el P, L

) . Bray, R. W. Influence of marbling and maturity on the
of tender muscles, like IS and LT, included few segments of palatability of beef muscle: Histological consideratiahsAnim.

perimysium and thus appeared like an open network. The Sci.1968.27, 1542—15486.
granulometry of the IMCT of these muscles indicated mostly  (9) Norman, G. A. Effects of breed and nutrition on the productive
large objects. In contrast, images of the tough muscles, like BF traits of beef cattle in South-East Brazil: PartBleat quality.

and PP, showed a more defined and more branched network of Meat Sci.1982,6, 7—86.
thick perimysium. Their granulometry measurements indicated (10) Liu, A.; Nishimura, T.; Takahashi, K. Relationship between

more small objects. structural properties of intramuscular connective tissue and
In conclusion, the two imaging methods produced comple- toughness of various chicken muscltat Sci.1996,43, 43—
mentary information about the IMCT structure, the MRI at the 49.

macroscopic level and the histology at a smaller scale. Both (11) Bonny, J.-M.; Laurent, W.; Labas, R.; Taylor, R.; Berge, P.;
levels were necessary to predict sensory tenderness, but only Renou, J.-P. Magnetic resonance imaging of connective tissue:
the structure of IMCT observed by MRI was useful to predict A nondestructive method for characterizing muscle structure.
instrumental toughness. The present results indicate that, at a  SCi- Food Agric.2000,81, 337—341.

macroscopic scale, muscles with small fascicles delimited by a (12) Sifre-Maunier, L.; Taylor, R. G.; Berge, P.; Bonny, J.-M. Image
thick primary perimysium are tougher than muscles with large e_malys!s for characterization of thg |_ntramuscular connective
fascicles delimited by a thin primary perimysium. The major tissue in meat. 50th ICOMST, Helsinki, 2004; p 118. _
influence of macroscopic IMCT structure in predicting tender- (%) DOL;gh.erty’f E, IR'; Pi'z’ J: B'h.Mo.rphOIc’g'Cal g.ranglo.memc
ness confirms the interest of setting up tools making possible ;na?izﬁ; fgr p?oiztsr:pcoztgg{)ﬁ :;Cnénfggﬁ,zoe 43'5_”4 ﬁ'on
wiihsgund?/r:;g;?r?;trsgms:jezilrrr:pl)?(;??k:frlldl\sllgl \gﬁ\év ;V;Bﬁézts)lt:igf) (14) Lepetit, J.; Culioli, 3. Mechanical properties of medeat Sci.

. . 1994,36, 203—237.
on-line measurement. These results have been obtained on meat(ls) Lepetit, J.; Buffiere, C. Comparaison de deux méthodes méca-

cooked in conditions (63C, 30 min) inducing myofiber and niques de mesure de la résistance myofibrillaire de la viande

collagen heat denaturation but not extensive collagen contrac- crue.Viande et Produits Carre1993,14, 39-42.

tion. Higher cooking temperatures would have caused a greater (16) Cross, H. R.; West, R. L.; Dutson, T. R. Comparison of methods

increase in myofiber resistance and a decrease in IMCT for measuring sarcomere length in b&fmitendinosusiuscle.

resistance, which could have had an influence on the respective Meat Sci.1981,5, 261—266.

roles played by the connective tissue network and the myofibers (17) Bergman, I.; Loxley, R. Two improved and simplified methods

on meat tenderness. Further validation is then required on a for the spectrophotometric determination of hydroxyproline.

larger range of types of muscle and types of animal and also Anal. Chem1963,35, 1961—1965.

with other cooking conditions to generalize the models devel- (18) Bonnet, M.; Kopp, J. Dosage du collagene dans les tissus

oped. conjonctifs, la viande et les produits casn¥iandes et Produits
Carnes 1986, 7, 263—266.

ABBREVIATIONS USED (19) Statistica software release 6.1, Statsoft, France.

(20) McKeith, F. K.; De Vol, D. L.; Miles, R. S.; Bechtel, P. J.; Carr,
T. L. Chemical and sensory properties of thirteen major beef
musclesJ. Food Sci.1985,50, 869—872.

ANOVA, analysis of variance; BFBiceps femoris; GDA,
general discriminant analysis; IMCT, intramuscular connective

tissue; 1S, Infraspinatus LT, Longissimus  thoracis MR, (21) Torrescano, G.; Sanchez-Escalante, A.; Gimenez, B.; Roncales,
magnetic resonance; MRI, magnetic resonance imaging; PC, P.; Beltran, J. A. Shear values of raw samples of 14 bovine
principal component; PCA, principal component analysis; PP, muscles and their relation to muscle collagen characteristics.
Pectoralis profundus. Meat Sci.2003,64, 85-91.
(22) Kamoun, M.; Culioli, J. Mechanical behaviour of cooked meat
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