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Cooking induces modifications in meat structure and composition, affecting its sensory and nutritional properties. These changes depend on the cooking method and meat characteristics. In the present study, beef were cooked in three different ways-grilling, boiling, and sous-vide cooking-with two endpoint temperatures, 55 • C and 77 • C, to better understand the general impact of cooking on the structure of fatty meat. Light microscopy was used to visualize muscle, connective, and adipose tissues. After cooking, muscle fibers were more compact, which can be attributed to perimysium shrinkage and water transfer, for all cooking processes except grilling at 55 • C. The cross-sectional area of muscle fibers was not impacted by cooking, regardless of the temperature or cooking method. Connective tissue between adipocytes was affected by cooking at 77 • C, but not at 55 • C. Despite the cooking method used, cooking to well-done (77 • C) clearly affected the structure of the perimysium of beef, possibly because of collagen denaturation.

Introduction

Cooking meat releases flavors that make it more appetizing and reduces the number of pathogens it carries [START_REF] Trevisan | Influence of home cooking conditions on Maillard reaction products in beef[END_REF]. Cooking also changes the structure of tissues and molecules of meat, rending it either more or either less difficult to chew or to digest [START_REF] Bax | Effects of meat cooking, and of ingested amount, on protein digestion speed and entry of residual proteins into the colon: a study in minipigs[END_REF][START_REF] Boakye | Changes in pH and water holding properties of Longissimus dorsi muscle during beef aging[END_REF][START_REF] Sayd | Quantification of peptides released during in vitro digestion of cooked meat[END_REF][START_REF] Tornberg | Effects of heat on meat proteins -Implications on structure and quality of meat products[END_REF]. Both the cooking method and the time and temperature produce various modifications in the structure and composition of meat [START_REF] Dubost | Structural and biochemical characteristics of bovine intramuscular connective tissue and beef quality[END_REF][START_REF] Li | Dynamical changes of beef intramuscular connective tissue and muscle fiber during heating and their effects on beef shear force[END_REF]. However, the characteristics of the raw material, which depend upon biological factors such as species, breed, gender, age, and rearing conditions, are also of great importance in the evolution of the product during cooking [START_REF] Purslow | Intramuscular connective tissue and its role in meat quality[END_REF].

Meat is composed of muscle, adipose, and connective tissues. The latter comprises the epimysium, perimysium, and endomysium, which have differing structures and composition [START_REF] Bailey | Connective tissue in meat and meat products[END_REF]. These three parts are mostly composed of collagen secreted by fibroblasts, and to a lesser extent of other proteins, glycoproteins, and proteoglycans [START_REF] Chagnot | Bacterial adhesion to animal tissues: Protein determinants for recognition of extracellular matrix components[END_REF][START_REF] Voermans | Clinical and molecular overlap between myopathies and inherited connective tissue diseases[END_REF]. These components maintain the muscle structure. The epimysium is the connective tissue that surrounds whole skeletal muscle. It is dense and irregular, and protects muscles from friction against other muscles and bones. The perimysium is located around bundles of muscle fibers in the muscle, and represents approximatively 90% of the total connective tissue in muscle [START_REF] Purslow | The structure and role of intramuscular connective tissue in muscle function[END_REF]. Its structural arrangement and composition are highly variable, and depend on muscle type, age, species, nutrition, and exercise history (Astruc, 2014a). The endomysium is located around each muscle fiber, and its composition is similar, regardless of muscle type or species [START_REF] Astruc | Connective tissue: structure, function, and influence on meat quality[END_REF][START_REF] Purslow | The structure and role of intramuscular connective tissue in muscle function[END_REF]. Connective tissue also supports adipose tissue, and plays a key role in the formation of intramuscular fat. This connective tissue is secreted by preadipocytes during intramuscular fat deposition in Japanese Black cattle [START_REF] Nakajima | Adipose tissue extracellular matrix: Newly organized by adipocytes during differentiation[END_REF].

The nature of changes in meat during cooking remains unclear, despite extensive studies being carried out into heating of muscle fibers and intramuscular connective tissue [START_REF] Dominguez-Hernandez | Low-temperature long-time cooking of meat: Eating quality and underlying mechanisms[END_REF][START_REF] Tornberg | Effects of heat on meat proteins -Implications on structure and quality of meat products[END_REF]. Little information is available on the effects of cooking on adipose tissue.

However, as adipose tissue is surrounded and maintained by connective tissue, one can suppose that, under cooking, adipose tissue is shrunk or deformations occur as in the case of connective tissue [START_REF] Tornberg | Effects of heat on meat proteins -Implications on structure and quality of meat products[END_REF].

This lack of data may be due to the small amount of adipose tissue in beef in occidental countries. Fatty acids from beef are still considered to be unhealthy in the Occident, since they are composed of 48%, 46% and 44% saturated fatty acids (SFA), 46%, 47% and 47% mono-unsaturated fatty acids (MUFA), and 4%, 7% and 9% poly-unsaturated fatty acids (PUFA) for Angus, Brahman and Romosinuano cattle, respectively [START_REF] Dinh | Intramuscular fat and fatty acid composition of longissimus muscle from divergent pure breeds of cattle[END_REF][START_REF] Kazala | Relationship of fatty acid composition to intramuscular fat content in beef from crossbred Wagyu cattle1[END_REF][START_REF] Troy | Health implications of beef intramuscular fat consumption[END_REF]. However, in Asia, and specifically in Japan, Japanese Black (Wagyu), a breed of Bos taurus cattle, contains more MUFA than other breeds (approximatively 40% SFA, 57% MUFA, and 2% PUFA) [START_REF] Motoyama | Wagyu and the factors contributing to its beef quality: A Japanese industry overview[END_REF][START_REF] Nogi | Heritabilities and genetic correlations of fatty acid compositions in longissimus muscle lipid with carcass traits in Japanese Black cattle[END_REF]. This difference in composition produces different flavors in Japanese Black beef, and improves its overall palatability. The higher the intramuscular fat level, the higher the sensory quality. Intramuscular fat is found in every meat, but the amount may vary depending on numerous factors (breed, age, sex, food composition, and rearing conditions) [START_REF] Hocquette | Intramuscular fat content in meat-producing animals: Development, genetic and nutritional control, and identification of putative markers[END_REF]. Thus, it is relevant to study the impact of cooking on this tissue.

Numerous cooking methods for beef exist in the world, including boiling, grilling, and sous-vide cooking [START_REF] Baldwin | Sous vide cooking: A review[END_REF][START_REF] Cheng | Factors affecting the water holding capacity of red meat products: A review of recent research advances[END_REF][START_REF] Kerth | Beef flavor: a review from chemistry to consumer[END_REF]. Grilling is a widely used method which involves cooking meat on a grill, a pan, or a hot plate. Cooking is done on one side first, and then the meat is turned to cook the other side. Slices of 2 mm to 4 cm thickness can be used, and in the scientific literature, slices of 2 to 2.5 cm are commonly used in experiments [START_REF] Holloway | The consumer and extrinsic meat character[END_REF][START_REF] Miller | Steak thickness, cook surface temperature and quality grade affected top loin steak consumer and descriptive sensory attributes[END_REF][START_REF] Navarro | Meat cooking habits and risk of colorectal cancer in Córdoba, Argentina[END_REF]. Sous-vide cooking was originally a French method for low temperature, long duration cooking of food maintained under vacuum in a plastic bag [START_REF] Dominguez-Hernandez | Low-temperature long-time cooking of meat: Eating quality and underlying mechanisms[END_REF][START_REF] Supaphon | Structural changes in local Thai beef during sous-vide cooking[END_REF]. This cooking method increases the shelf life of meat, reduces cooking losses, and improves tenderness [START_REF] Baldwin | Sous vide cooking: A review[END_REF]. It is now common all over the world, and is no longer reserved for restaurants or industry [START_REF] Baldwin | Sous vide cooking: A review[END_REF]. Pieces of various sizes can be used. Boiling involves cooking meat by plunging it directly into boiling water or sauce. Generally, pieces of several centimeters size are used in the Occident, but in Asia, thin slices of 2 to 5 mm can also be boiled in hot pot preparations [START_REF] Holloway | The consumer and extrinsic meat character[END_REF][START_REF] Ling | The Food of Asia: Featuring Authentic Recipes from Master Chefs[END_REF][START_REF] Mao | Consumption patterns and consumer attitudes to beef and sheep meat in china[END_REF][START_REF] Polkinghorne | Japanese consumer categorisation of beef into quality grades, based on Meat Standards Australia methodology[END_REF][START_REF] Trang | Authentic Vietnamese Cooking: Food from a Family Table[END_REF].

Many studies have been conducted into the effects of cooking on meat structure and composition [START_REF] Micklander | NMR-cooking: monitoring the changes in meat during cooking by low-field 1 H NMR[END_REF][START_REF] Palka | Changes in texture, cooking losses, and myofibrillar structure of bovine M. semitendinosus during heating[END_REF][START_REF] Tornberg | Effects of heat on meat proteins -Implications on structure and quality of meat products[END_REF][START_REF] Wattanachant | Effect of heat treatment on changes in texture, structure and properties of Thai indigenous chicken muscle[END_REF]. However, the cooking parameters and the intrinsic factors of meat itself are so numerous that it is still difficult to attribute a statistical weight to each factor involved in the structural variability of cooked meat with high level of intramuscular fat content.

In the present work we investigated the relationship between the microstructure and quality traits of cooked meats with varying intramuscular fat content, using light microscopy and image analysis. The aim of the work was to understand the underlying mechanisms of the variability in quality of cooked high-fat meat.

Materials and methods

Preparation of meat samples

Meat samples were obtained from retail companies in Tokyo and Sendai, Japan. One Angus animal, aged between 24 and 36 months, reared and slaughtered in Australia (named Animal 1), and two Japanese Black (a type of Wagyu) animals, one aged 28 months (named Animal 2) and the other 32 months (named Animal 3), reared and slaughtered in Japan, were used for the study. Animal 2 was a castrated male, and Animal 3 was a female. No information about the gender of Animal 1 (Angus) was available.

Meat samples were selected to have a great variability in intramuscular fat content varying approximately from 10 to 50%.

After slaughtering, a Longissimus thoracis muscle slice was removed from the right side of each animal between the 7th and 10th ribs. The slices were aged for 40-43 days at 4 • C. The aged meat was then cut and frozen at -30 • C until experimentation. Thawing was conducted at 20 • C ± 2 • C in sous-vide conditions for 2 to 3 h until the core temperature of the meat reached approximatively -1 • C ± 2 • C, after which the meat samples were cut and cooked as described in Section 2.3.

The pH values were measured 3 times using the method of [START_REF] Nakajima | Pork pH determined by ISFET electrode shows higher value than glass electrode[END_REF] with a glass pH electrode introduced into the core of meat samples equilibrated at room temperature (20.8 • C ± 0.2 • C).

Measurement of moisture, fat and protein content

Because of possible variations in chemical measurements, these analyses were performed on three different animals of each type in two repetitions, including the animals used for the microscopy analysis. Three Angus (including Animal 1), 3 Wagyu (including Animal 2), and Wagyu with high marbling (including Animal 3) were used, so the total number of samples was 3 animals * 3 types * 2 repetitions = 18.

Moisture was measured using Smart6 system (CEM, Charlotte, NC, USA) following the AOAC official method 2008.06 (AOAC International, 2016). The system evaporates moisture from meat samples using microwave and infrared energy, and weight loss is determined by electronic balance readings taken before and after drying. Briefly, meat was first homogenized, and then 2 ± 0.1 g were placed in the Smart6 system. The apparatus first weighs the sample without heating (weight 1 ), and then at the end of heating at 125 • C. The measure was recorded when the sample's weight variation is maximum ±5 mg for 20 s (weight 2 ). Three repetitions were performed for each sample. The moisture was calculated as following:

Moisture content (%) = weight 1 -weight 2 weight 1 × 100 
The fat content was measured using the Soxhlet method with diethyl ether as solvent, a derivation of the AOAC official method 960.39 (AOAC International, 2016). Briefly, a homogenized meat sample (1.5-3.5 g) was weighed (weight 1 ), mixed with a small amount of laboratory-grade sand, and dried in an air oven (100 • C -102 • C for 16 h). Then, the meat sample and the solvent (150 ml) were introduced into a dried glass flask and weighed (weight 2 ), and the fat was extracted by distillation. The glass flask was then dried in an oven for 1 h at 105 • C, followed by cooling at room temperature in a desiccator with silica gel. The dried flask was weighed one last time (weight 3 ). Two repetitions were performed for each sample. Fat content was calculated according to the following formula:

Fat content (%) = weight 3 -weight 2 weight 1 × 100 
Protein content was assessed after the deduction of moisture and fat content, since the weight of other components of meat, such as carbohydrates, vitamins, and nucleic acids, is negligible [START_REF] Babiker | Chemical composition and quality of camel meat[END_REF][START_REF] Beltrán | Effect of freezing on the quality of meat[END_REF].

Sample cooking

Three different cooking methods-grilling, boiling, and sous-vide cooking-were performed with 2 different endpoint temperature, 55 • C and 77 • C. For each animal, samples were cooked to 55 • C and 77 • C endpoint temperatures using the 3 cooking processes. Thus, a total of 3 animals * 3 cooking methods * 2 temperatures +3 raw samples = samples were prepared. Meat samples were cut differently according to the cooking method, in order to have the same cooking time for wet cooking methods (sous-vide and boiling) as similar as possible, and to have a short heating time for the dry cooking method (grilling) to avoid heavy carbonization of the meat surface. For each cooking method, thermocouples type K were inserted in the core of each meat sample, and the temperature was monitored with a midi LOGGER GL800 (Graphtec Corporation, Yokohama, Japan).

Grilling was performed using a hot plate. Slices of 2 cm thickness and approximately 3 × 4 cm length were cut, and were cooked separately on a hot plate at 200 • C ± 15 • C. One slice per sample and per endpoint temperature was used. They were flipped every 2 min until the appropriate core temperature was reached (55 • C and 77 • C). The cooking time to reach a core temperature of 55 • C was 7 min 36 s ± 2 min 17 s. To reach a core temperature of 77 • C, the cooking time was 12 min 50 s ± 1 min 33 s.

Boiling was performed by immersing 3 × 3 × 3 cm meat cubes in boiling water (100 • C) until they reached 55 • C as core temperature (corresponding to rare cooking) and 77 • C core temperature (corresponding to well-done cooking). One cube per sample and per endpoint temperature was used. The cooking time was 15 min 58 s ± 2 min 23 s for 55 • C endpoint core temperature and 23 min 25 s ± 3 min 48 s for 77 • C endpoint core temperature.

Sous-vide cooking was performed with meat cubes with 2.5 cm sides. They were introduced in plastic bags specific to a vacuum system (NHP-1121, cow pack co., Iwakura, Japan). A vacuum was maintained until 99.98% of the air was removed, and bags were sealed using a vacuum system (model S-210 ST, VacStar, Sugiez, Switzerland). Vacuum packed meat was cooked in water baths to core temperatures of 55 • C and 77 • C. One cube per sample and per endpoint temperature was used. Cooking time to reach an endpoint core temperature of 55 • C was 19 min 8 s ± 3 min 22 s, and to reach 77 • C, the time was 23 min 45 s ± 7 s.

Cooking losses

To measure the cooking losses, three repetitions per animal were prepared for each cooking method and endpoint temperature. Thus, there was a total of 3 animals * 3 repetitions = 9 samples per cooking method and endpoint temperature (n = 9 in Fig. 2). For all samples, cooking losses were calculated by subtracting the weight of a sample after cooking (weight 2 ) from the weight of the sample before cooking (weight 1 ) and converted to a percentage as follows:

Cooking loss (%) = weight 1 -weight 2 weight 1 × 100 

Light microscopy sample preparation and observation

Pieces of raw and cooked meat of approximately 1.5 × 1 × 1 cm were sampled from the muscle core with the muscle fiber direction parallel to the sample length. Because the observations were conducted in another location, these pieces were immersed in 10% formalin solution containing 4% formaldehyde and phosphate buffer to adjust the pH to 7.4 (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) until they were used for microscopy observation.

Samples were frozen at -160 • C in liquid nitrogen cooled isopentane, and histological sections of approximatively 8 μm thickness were cut perpendicularly to the muscle fibers using a cryomicrotome (model 3050S, Leica Microsystems, Nussloch, Germany). The serial sections were stained with hematoxylin/eosin (HE), Sirius Red/fast Green (SR) and Oil red (OR) to observe the muscle fibers, connective, and adipose tissues, respectively. Stained histological sections were observed through an Olympus VS-BX microscope equipped with an objective lens (model UPLSAPO 2× / 0.75), and a VC50 camera (Olympus Soft Imaging Solutions, Tokyo, Japan). One image was retained for each cooking treatment. Thus, 9 images were obtained for the 3 raw samples as follows: 1 image with HE staining, 1 image with SR staining, and 1 image with OR staining for raw Animal 1. The same process was applied to Animal 2 and Animal 3 samples.: 1 image with HE staining, 1 image with SR staining, and 1 image with OR staining for raw Animal 1. The same process was applied to the Animal 2 and Animal 3 samples. Then, 18 images for each animal were obtained from cooked samples: 6 cooking conditions (boiling at 55 • C and 77 • C, grilling at 55 • C and 77 • C, and sous-vide cooking at 55 • C and 77 • C) and 3 colorations (HE, SR, and OR). Therefore, 9 + 18*3 = 63 images were analyzed in total.

Image analysis

Muscle fiber cross sections were analyzed using the open-source software ImageJ [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]. Each HE image was converted to 8-bit format with a range of values from 0 to 255, and a threshold of 180 was applied. On each image, 5 squares with 500 μm sides (0.25 mm 2 ) were drawn in bundles of fibers, and the area of each fiber, and the number of fibers was measured in each square, including incomplete fibers located on the edges of the squares. Since all images were compared, keeping those incomplete fibers was not an issue. To avoid any bias due to small artifacts, areas under 300 μm 2 were excluded. The smallest fiber area visually observed was around 339 μm 2 .

When fibers were too close to each other, their outlines were delimited manually.

The space area between each stained fiber material was calculated and named the extramyofibrillar mass area (EMA). The space between each fiber bundle, including the perimysium, was excluded from the EMA space measurements, because it was not representative of the space between each fiber, and could induce some bias into the results.

In each image, 5 square zones were analyzed for each condition, and 3 meat samples were used. Fifteen squares of 0.25 mm 2 were analyzed for each cooking method and endpoint temperature, and 15 square zones of the raw samples were also analyzed. On the graphs, "n = 3" is indicated and corresponds to the three animals used.

Statistical analysis

Statistical analyses were performed using JAMOVI freeware (The-Jamovi-project, 2021). The normality of the data distribution and the equality of variances were checked before selecting the correct ANOVA and post-hoc tests.

ANOVA was first performed on cooking losses. Then, ANOVA on fiber area, number of fibers, and EMA were performed, using Tuckey post-hoc tests or Kruskal-Wallis tests as appropriate. The way of cooking (grilling, sous-vide and boiling) and the endpoint temperature (55 • C and 77 • C) were compared with respect to fiber area, number of fibers, and EMA. Thus, the statistical models were: Area of fibers (or number of fibers, or EMA) = cooking * endpoint temperatures. The level of significance was set at p < 0.05.

Results and discussion

Characteristics of meat samples

Animal 1 had more protein and less fat than Animal 2 and Animal 3, the last one being the fattiest (Fig. 1 and Table 1). Moisture, fat, and protein content of the three types of beef obtained (Angus, Wagyu, and Wagyu with high marbling) were 65.2 ± 2.1%, 10.9 ± 2.3%, and 23.8 ± 0.3% for Angus (including Animal 1), 57.9 ± 0.6%, 22.4 ± 0.6%, and 19.7 ± 0.4% for Wagyu (including Animal 2), and 38.2 ± 3.2%, 43.9 ± 4.5%, and 17.9 ± 2.4% for Wagyu with high marbling (including Animal 3), respectively (mean ± SE). This result was expected considering that Wagyu (Animals 2 and 3) is a Japanese breed selected to produce higher amounts of intramuscular fat and, consequently, relatively less protein than any other breed. This confers different flavor and texture to the Wagyu meat compared to more conventional beef. Wagyu meat with a large amount of fat is considered to be high quality in Japan [START_REF] Iida | Changes in taste compounds, breaking properties, and sensory attributes during dry aging of beef from Japanese black cattle[END_REF][START_REF] Shahrai | Effects of marbling on physical and sensory characteristics of ribeye steaks from four different cattle breeds[END_REF]. The fat content values found in the present study agree with the scientific literature related to the longissimus thoracis from Wagyu of similar age [START_REF] Iida | Effect of fat content on sensory characteristics of marbled beef from Japanese Black steers[END_REF].

Compared to studies that found 3 to 7% intramuscular fat content in 24-month-old Angus beef [START_REF] Bruns | The relationships among body weight, body composition, and intramuscular fat content in steers1[END_REF][START_REF] Cho | Fatty acid profiles and sensory properties of longissimus dorsi, triceps brachii, and semimembranosus muscles from korean hanwoo and australian angus beef[END_REF], our results indicated a fat level close to 13.5% (Animal 1). This higher fat content could be linked to biological and feed differences, as gender, age, and diet are known to affect fat deposition in cattle [START_REF] De La Torre | Factors influencing proportion and composition of CLA in beef[END_REF][START_REF] Park | Genetic, management, and nutritional factors affecting intramuscular fat deposition in beef cattle -A review[END_REF]. The mean pH values were approximately 5.8 for all samples (Table 1) and were in accordance with previous results [START_REF] Boakye | Changes in pH and water holding properties of Longissimus dorsi muscle during beef aging[END_REF][START_REF] Iida | Changes in taste compounds, breaking properties, and sensory attributes during dry aging of beef from Japanese black cattle[END_REF].

Cooking losses are generally described as being mainly composed of water and result of the shrinkage of myofibers and connective tissue at temperatures between 50 • C and 58 • C, and shrinkage of the collagen of the perimysium at temperatures between 58 • C and 70 • C [START_REF] Tornberg | Effects of heat on meat proteins -Implications on structure and quality of meat products[END_REF][START_REF] Yu | Cooking-induced protein modifications in meat[END_REF]. Denaturation of protein upon heating releases the water bound to actin and myosin proteins [START_REF] Deman | Principles of food chemistry[END_REF]. This water become free, and can be expelled by the shrinkage of myofibrils and collagen [START_REF] Hamm | Biochemistry of meat hydration[END_REF][START_REF] Ueda | Effects of intramuscular fat deposition on the beef traits of Japanese Black steers (Wagyu)[END_REF]. However, some authors observed that collagen does not play a determinant role in cooking losses, so this mechanism seems to be far more complex, and the details are still unclear [START_REF] Purslow | The structural basis of cooking loss in beef: Variations with temperature and aging[END_REF]. [START_REF] Purslow | The structural basis of cooking loss in beef: Variations with temperature and aging[END_REF] observed that dimensional changes in beef under heating were produced mainly by the shrinkage of muscle fibers and myofibrils, and that connective tissue did not play a major role. The authors also demonstrated that proteolysis resulted in increased cooking loss [START_REF] Latorre | Specific effects on strength and heat stability of intramuscular connective tissue during long time low temperature cooking[END_REF][START_REF] Purslow | The structural basis of cooking loss in beef: Variations with temperature and aging[END_REF]. At higher temperatures, above 70 • C, the denaturation of actin determines cooking losses when meat is cooked for long periods [START_REF] Purslow | The structural basis of cooking loss in beef: Variations with temperature and aging[END_REF].

In beef with a high fat content, there is less bound water, because there is less protein. Thus, cooking losses are negatively correlated with fat content, especially in beef with a fat content >28% [START_REF] Ueda | Effects of intramuscular fat deposition on the beef traits of Japanese Black steers (Wagyu)[END_REF]. However, the intramuscular fat of Wagyu, which is rich in oleic acid, melts at temperature between 20 • C and 26 • C [START_REF] Motoyama | Wagyu and the factors contributing to its beef quality: A Japanese industry overview[END_REF]. Thus, in Wagyu, melted fat may contribute largely to cooking losses.

Cooking losses were significantly higher following cooking at 77 • C than at 55 • C irrespective of the cooking method used (Fig. 2), as seen in previous studies [START_REF] Bendall | The cooking of single myofibres, small myofibre bundles and muscle strips from beef M. psoas and M. sternomandibularis muscles at varying heating rates and temperatures[END_REF][START_REF] Ježek | Cooking of meat: effect on texture, cooking loss and microbiological quality a review[END_REF][START_REF] Supaphon | Physical characteristics and their relationship with surface-physical properties of Thai local beef during sous-vide processing[END_REF][START_REF] Vaskoska | Muscle, aging and temperature influence the changes in texture, cooking loss and shrinkage of cooked beef[END_REF]. In reports comparing cooking methods, some authors have observed that cooking time is more strongly correlated to cooking losses than endpoint temperature [START_REF] Fabre | Cooking method effect on Warner-Bratzler shear force of different beef muscles[END_REF]. However, this point is controversial, since other authors related cooking losses to endpoint temperature rather than cooking time [START_REF] Bendall | The cooking of single myofibres, small myofibre bundles and muscle strips from beef M. psoas and M. sternomandibularis muscles at varying heating rates and temperatures[END_REF][START_REF] Oillic | Kinetic analysis of cooking losses from beef and other animal muscles heated in a water bath -Effect of sample dimensions and prior freezing and aging[END_REF]. The present results showed that the cooking time was longer for sous-vide cooking than the two other methods, and yet the cooking losses at 55 • C were the lowest, thus supporting the data relating cooking losses to endpoint temperature. However, the rate of heating also plays a role in cooking losses, not only endpoint temperature or time of cooking [START_REF] Liu | Rapid (microwave) heating rate effects on texture, fat/ water holding, and microstructure of cooked comminuted meat batters[END_REF]. Rapid heating leads to higher cooking losses than slow heating. However, when fast heating is followed by a holding time at an endpoint temperature, proteins have time to denature and form a gel that allows the retention of water, and reduce cooking losses in the same way as a slow heating rate [START_REF] Liu | Rapid (microwave) heating rate effects on texture, fat/ water holding, and microstructure of cooked comminuted meat batters[END_REF].

Sous-vide cooking at 55 • C induced fewer cooking losses compare to boiling at the same temperature, but was similar to grilling, possibly due to the higher variability in results after grilling. At a core temperature of 77 • C, sous-vide cooking induced smaller cooking losses than grilling (p = 0.046) and similar cooking losses to boiling. However, boiling and grilling methods showed similar cooking losses at 77 • C core temperature. The variability of results could be related to the differences in heating rates. A high heating rate is related to higher cooking losses [START_REF] Liu | Rapid (microwave) heating rate effects on texture, fat/ water holding, and microstructure of cooked comminuted meat batters[END_REF]. For sous-vide cooking, the water bath was set at 80 • C to reach an endpoint core temperature of 77 • C, but the temperature of the hot plate for grilling was set at 200 • C. Thus, the higher cooking loss of grilled meat could be explained by the higher heating rate. For boiling, the water temperature was approximatively 98 • C, which is between the temperature of the water bath for sous-vide cooking (80 • C) and the hot plate temperature for grilling (200 • C). This observation may explain why boiling at 77 • C showed similar results to both sous-vide cooking and grilling.

In their study on Thai beef cooked sous-vide, Supaphon et al. ( 2021) observed similar values of cooking losses, even though they cooked their meat for at least two hours, compared to about 19 min at 55 • C, and 24 min at 77 • C in the present study. After two hours of sous-vide cooking, [START_REF] Supaphon | Structural changes in local Thai beef during sous-vide cooking[END_REF] observed approximatively 13% and 36% losses at 60 • C and 80 • C, respectively, compared to 15.5% ± 2% at 55 • C and 25.9% ± 4.1% at 77 • C in the present study. García-Segovia, Andrés-Bello, and Martínez-Monzó (2007) observed similar results after 15 min of sous-vide cooking at 60 • C (13% ± 2% cooking loss) and at 80 • C (31% ± 2% cooking loss). With respect to grilling, [START_REF] Macharáčková | Cooking loss in retail beef cuts: The effect of muscle type, sex, aging, pH, salt and cooking method[END_REF] reported that cooking losses ranged between 24.46% and 34.75% on average for striploin cooked well-done. These values are close to the present ones, where cooking losses were 31.4% ± 5.4% at an endpoint temperature of 77 

Table 1

Moisture, fat and protein content of Animals 1, 2 and 3 samples, and their pH values (mean ± SE). Protein content (%) was assessed by 100 -(moisture % + fat%). pectoralis of Hanwoo steer cooked at an endpoint core temperature of 77 • C, which was close to our results (28.7% ± 2.6%). Even if numerous parameters were different (for instance fat content, cooking conditions, or muscle type), the present results were similar to those reported in the literature for the three cooking methods at the well-done point (77 • C).

Global effect of endpoint core temperature on muscle fibers and connective tissue

The cross-sectional area of the fibers was not affected by the cooking method or the endpoint temperature (Fig. 3,A). The density of fibers significantly increased with cooking temperature (Fig. 3,B), and compared to raw meat, a decrease of EMA was observed with increasing endpoint core temperature (p < 0.001) (Fig. 3,C).

Investigating the effect of sous-vide cooking on structural changes of Thai beef (Bos indicus), [START_REF] Supaphon | Structural changes in local Thai beef during sous-vide cooking[END_REF] highlighted a decrease of both EMA and fibers cross-sectional area compared to the raw control. They suggested that the latter was due to a shrinkage of myofibrillar mass, which increased with increasing temperatures. Regarding the decrease in EMA, the authors suggested that it was probably due to a transfer of water from the extracellular space to the outside of the meat sample at the beginning of cooking, reflecting cooking losses.

In the present study, the cross-sectional area of the fibers did not change with cooking, indicating that the myofibrillar mass did not shrink under cooking. This finding may be due to the sarcoplasmic protein gelification likely to prevent the myofibrillar mass to shrink [START_REF] Davey | Temperature-dependent cooking toughness in beef[END_REF][START_REF] García-Segovia | Effect of cooking method on mechanical properties, colour and structure of beef muscle (M. pectoralis)[END_REF][START_REF] Tornberg | Effects of heat on meat proteins -Implications on structure and quality of meat products[END_REF].

EMA decreased with temperature (Fig. 3,C), increasing the fiber density by 1.2 at 55 • C and 1.3 at 77 • C compared with raw meat (Fig. 3,B). Cooking losses may result to the decrease of EMA, as described by [START_REF] Supaphon | Structural changes in local Thai beef during sous-vide cooking[END_REF]. However, a shrinkage of the perimysium could be involved, as reflected by the spaces present in the perimysium after cooking, especially at an endpoint core temperature of 77 • C (Fig. 4). For better visibility, Fig. 4 shows only the Animal 1 sample, but the same observation was made for Animals 2 and 3. After cooking, the thick perimysium seemed to be separated, leaving wide spaces between the fiber bundles. This phenomenon was observed by [START_REF] Chang | Effect of heatinduced changes of connective tissue and collagen on meat texture properties of beef semitendinosus muscle[END_REF], who cooked semitendinosus beef muscle using water bath and microwave methods at different endpoint temperatures. The authors observed cross sections of muscles using scanning electron microscopy, and found that spaces were created in the perimysium after cooking at 50 • C regardless of the cooking process, but the spaces were more obvious at 60 • C. At 40 • C, the authors did not observe any differences between raw and cooked meat. According to [START_REF] Chang | Effect of heatinduced changes of connective tissue and collagen on meat texture properties of beef semitendinosus muscle[END_REF], the changes in the perimysium were probably due to thermal denaturation of myofibrillar proteins and collagen shrinkage. Thus, the fact that the space between the bundles of fibers was clearly increased after heating in the present study, especially at 77 • C, suggests a shrinkage of the perimysium. This effect, combined with cooking losses after heating, suggests that both phenomena (release of water and shrinkage of the perimysium) may happen during cooking, and are increased with increasing temperature.

Impact of cooking method on the muscle fibers and connective tissue

Fig. 5 shows microscopy photographs of muscle fibers of the three beef samples, raw and cooked, at 55 • C and 77 • C using the three different methods. The EMA was clearly reduced between the raw and cooked meat, especially at 77 • C.

According to image analysis, the EMA decreased significantly when cooked sous-vide (EMA value: 49.1% ± 3.9%) (p = 0.002) or boiled at 55 • C (50.1% ± 3.9%) (p = 0.02) but there was no significant difference after grilling at 55 • C (51.3 ± 3.2%) (p = 0.13) compared to raw samples (55.4% ± 3.6%) (Fig. 6). However, there was no difference in EMA between the three cooking methods. Thus, the finding that the EMA was similar to those of raw samples only after grilling at 55 • C is based on a very slight difference compared to boiling and sous-vide cooking (Fig. 6). It is difficult to draw any conclusion regarding grilling at 55 • C from the present data. Thus, more samples would be necessary to confirm or refute the conclusion that grilling at 55 • C does not impact the EMA. However, one can suppose that there is less thermal diffusivity under grilling than under boiling or sous-vide cooking, producing less impact on the EMA.

When the endpoint temperature of cooking increased to 77 • C, whatever the method used, the EMA was significantly decreased compared to raw and 55 • C cooked beef. Thus, it seems that the present cooking methods reduced the EMA at both 55 • C and 77 • C. The decrease in EMA was consistent with that observed by [START_REF] Supaphon | Structural changes in local Thai beef during sous-vide cooking[END_REF] who observed an EMA decrease of 42.8% ± 1.27% at 60 • C and of 35.3% ±0.03% at 80 • C compared to ours of 55.4% ± 3.6% for raw samples, 49.1% ±. 9% for sous-vide cooked samples at 55 • C, and 39.3% ± 5.9% for sous-vide cooked samples at 77 • C. However, the authors observed a decrease in the cross-sectional area of the fibers after cooking, while it was unchanged in our study, regardless of the cooking process and the core temperature (Fig. 7). The high intramuscular fat content of beef in the present study may reduce the heat transfer rate, reducing the risk of thermal protein degradation and the liberation of moisture [START_REF] Herrero | Raman spectroscopy a promising technique for quality assessment of meat and fish: A review[END_REF], and resulting in a preservative effect on the cross-section of fibers. However, as observed by [START_REF] Yarmand | Effect of microwave cooking on the microstructure and quality of meat in goat and lamb[END_REF], meat samples with higher intramuscular fat content did not require a longer time to cook compared to samples with lower fat content. Thus, it seems that possible variations in heat transfer due to intramuscular fat content is not sufficient to explain the stability of the cross-sectional area of fibers during cooking in the current study.

The stability of muscle fibers under heating could be a consequence of the long aging time applied to beef (40 to 43 days). During aging, myofibrils shrink in the early postmortem stage, and relax with further aging, changing the water distribution in meat [START_REF] Pearce | Water distribution and mobility in meat during the conversion of muscle to meat and aging and the impacts on fresh meat quality attributes -A review[END_REF]. It has been reported that in pork, the fibers became increasingly swollen with aging for 14 days [START_REF] Straadt | Aging-induced changes in microstructure and water distribution in fresh and cooked pork in relation to water-holding capacity and cooking loss -A combined confocal laser scanning microscopy (CLSM) and low-field nuclear magnetic resonance relaxation study[END_REF]. It has also been reported that many parameters are implicated in the movement of water and changes in fiber diameter after slaughter, such as age or the stress level of the animal before slaughter. The muscle type and fat degree are, among many other parameters, also implicated in myowater movements during aging [START_REF] Pearce | Water distribution and mobility in meat during the conversion of muscle to meat and aging and the impacts on fresh meat quality attributes -A review[END_REF]. A long aging time increases the proteolysis of myofibrils and structural modifications of fibers, impacting the diameter of the fibers under cooking [START_REF] Marino | Proteolytic pattern of myofibrillar protein and meat tenderness as affected by breed and aging time[END_REF][START_REF] Palka | The influence of post-mortem aging and roasting on the microstructure, texture and collagen solubility of bovine semitendinosus muscle[END_REF]. Thus, a hypothesis explaining the stability of the cross-sectional area of the myofibers under heating would be that the long aging time already reduced the cross-sectional area of the myofibers, preventing further decrease with more heating. Our raw samples displayed low crosssectional area of myofibers (1791 ± 500 μm 2 ) compared to previous results on 24-48 h postmortem beef (around 2500-3600 μm 2 ) [START_REF] Astruc | Microstructural changes in m. rectus abdominis bovine muscle after heating[END_REF][START_REF] Dubost | Structural and biochemical characteristics of bovine intramuscular connective tissue and beef quality[END_REF][START_REF] Supaphon | Structural changes in local Thai beef during sous-vide cooking[END_REF]. Another hypothesis would be that collagen might be partially degraded by postmortem proteolysis after such a long aging time [START_REF] Vaithiyanathan | Biochemical and physicochemical changes in spent hen breast meat during postmortem aging[END_REF], affecting its ability to shrink under heating, thus preventing the decrease of cross-sectional area of myofibers. [START_REF] Vaskoska | Aging and cathepsin inhibition affect the shrinkage of fiber fragments of bovine semitendinosus, biceps femoris and psoas major during heating[END_REF] recently reported the shrinkage of different muscles from beef aged either for 1 day or 14 days and cooked at different temperatures in the presence or absence of cathepsin inhibitors. Cathepsin is known to degrade other meat proteins such as myosin or collagen. The study also observed a transverse shrinkage of fibers under heating in all samples, but the extent of this shrinkage varied depending on the aging time and cathepsin inhibition. In the meat aged for 14 days, the transverse shrinkage was maintained at a maximum of above 60 • C, similar to the sample with cathepsin inhibitors. However, in samples aged for 1 day, the transverse shrinkage was observed between 40 • C to 60 • C; the diameter of fibers increased above 60 • C, similar to the control sample. Additionally, transverse shrinkage was correlated to longitudinal shrinkage. Indeed, when fibers shrink longitudinally, their diameter increases. Moreover, transverse shrinkage was correlated to myosin denaturation and endomysium collagen content. In strongly aged beef, which is evaluated in the present study (aging of 40-43 days), it might be possible that cathepsins had degraded myosin and collagen from endomysium, preventing any transverse shrinkage on heating. Some collagen fibers in the thick connective tissue of perimysium may still be intact, which can be due to its thickness, and can also shrink, partly explaining the gathering of fibers on heating. A third explanation of why no transverse shrinkage was observed at 55 • C and 77 • C could be that at 55 • C, myosin denaturation has not yet occurred, which can be related to active shrinkage of myofibrils. Hence, no change in fiber cross-sectional area can be observed. At 77 • C, it is possible that transverse shrinkage has occurred before, approximately 60 • C, but once the longitudinal shrinkage started, the fibers have swollen in transverse direction. Thus, no evident shrinkage in cross-sectional fiber area can be observed. Moreover, it is worth noting that in Fig. 6, the fibers in the raw muscle do not appear compact as they should be in raw meat. This could be due to aging-related degradation of intermyofiber connection proteins that could result in that disconnection between cells.

Palka and Daun (1999) observed, using scanning electron microscopy, the changes in the myofibrillar structure of bovine semitendinosus muscle during heating from 50 • C to 121 • C. Sous-vide cooking, or lowpressure cooking, led to the shortening of sarcomeres as the temperature was increased from 60 • C to 121 • C, with almost no changes observed at 50 • C. However, no changes in the diameters of fibers were observed under 60 • C, supporting the present results for sous-vide cooking at 55 • C (Fig. 7).

The reduction of sarcomere length and fiber diameter, and the disorganization or granulation of the perimysium have been observed in numerous studies at temperatures around 60 • C whatever the cooking method, except for sous-vide cooking, for which the results have been variable. Some authors have observed that sous-vide cooking did not affect the fiber diameters [START_REF] García-Segovia | Effect of cooking method on mechanical properties, colour and structure of beef muscle (M. pectoralis)[END_REF], while others observed a decrease in the cross-sectional area of fibers [START_REF] Supaphon | Structural changes in local Thai beef during sous-vide cooking[END_REF]. Beside the differences in fat content between these two previous studies and the present one, the main difference is that García-Segovia et al. ( 2007) used beef aged for approximatively 21 days, while in the study of [START_REF] Supaphon | Structural changes in local Thai beef during sous-vide cooking[END_REF] the aging was 24 h. The similarity between the results of [START_REF] García-Segovia | Effect of cooking method on mechanical properties, colour and structure of beef muscle (M. pectoralis)[END_REF] and the present results (i.e no change in fiber diameters) may be explained by a long aging time when compared to the short aging time of [START_REF] Supaphon | Structural changes in local Thai beef during sous-vide cooking[END_REF]. Based on this hypothesis, the shorter aging time in the study of [START_REF] Supaphon | Structural changes in local Thai beef during sous-vide cooking[END_REF] may be the cause of lateral muscle fiber shrinkage during sousvide cooking.

In an attempt to explain the protective effect of sous-vide cooking on the diameter of fibers, [START_REF] Tornberg | Effects of heat on meat proteins -Implications on structure and quality of meat products[END_REF] suggested that the endomysium appeared to be more diffused following sous-vide cooking, and therefore did not participate in the fiber shrinkage. This phenomenon could be due to the greater collagen solubilization and gel formation in sous-vide cooking [START_REF] Tornberg | Effects of heat on meat proteins -Implications on structure and quality of meat products[END_REF]. However, in the present study, the crosssectional fiber area was not changed regardless of the cooking method, excluding a protective effect of sous-vide cooking on the area of the fibers.

In their study on microstructural changes in bovine rectus abdominis muscle after heating, [START_REF] Astruc | Microstructural changes in m. rectus abdominis bovine muscle after heating[END_REF] observed that the crosssectional area of fibers was significantly decreased after cooking meat for 1 min at 270 • C or 15 min at 100 • C. However, the authors used beef with much shorter aging time (24 h versus 40 days for the present study). Some muscle fibers were "swollen," also called "giant fibers" (Fig. 8). These giant fibers were colored lighter green after SR/fast Green coloration (giving the impression that the coloration was diluted) but were not colored in lighter pink after HE coloration. They were generally bigger than the normal fibers and always round in shape, while the normal ones were more angular. It seems that more of these giant fibers were present in Animal 1 (Angus) than in Animals 2 and 3 (Wagyu) (Fig. 8). They have also been observed by numerous other authors, but there is still little information about their origin. Some authors have identified them as fast-twitch type II fibers [START_REF] Cassens | The occurrence and histochemical characterization of giant fibers in the muscle of growing and adult animals[END_REF][START_REF] Fazarinc | Giant muscle fibers in pigs with different Ryr1 genotype[END_REF][START_REF] Kirchofer | Fiber-type composition of muscles of the beef chuck and round[END_REF]. Other authors named them "abnormal fibers" [START_REF] Petracci | Comparison of breast muscle traits and meat quality characteristics in 2 commercial chicken hybrids[END_REF]. Even in raw samples these fibers were easily observed, indicating that cooking did not induce their formation. In his thesis on the satellite cells of chickens, Allouh (2007) described these hypertrophied fibers, and observed them especially in chickens supplemented with anabolic steroids. The use of such products in agriculture is forbidden in Japan, but not in Australia, possibly explaining why Animal 1 (Angus) had more giant fibers than Animals 2 and 3 (Wagyu). However, there were a few fibers of this type in Animals 2 and 3 and in Thai beef not treated with anabolic steroids [START_REF] Supaphon | Structural changes in local Thai beef during sous-vide cooking[END_REF], thus the use of anabolic steroids cannot explain, by itself, their formation.

After cooking, whatever the cooking method used, proteins were present in the extramyofibrillar space (Fig. 5). Denatured collagen from connective tissue was first suspected as the origin of these proteins. However, Fig. 8 shows the same serial sections as Fig. 5, but stained with Sirius Red/fast Green staining, and green coloration was observed showing that the proteins are not derived from collagen, which appears red in Sirius Red/ fast Green staining [START_REF] Segnani | Histochemical detection of collagen fibers by sirius red/fast green is more sensitive than van gieson or sirius red alone in normal and inflamed rat colon[END_REF]. Even cooked collagen or gelatin appears red or bright pink, respectively, when stained with Sirius Red [START_REF] Flint | Demonstration of collagen in meat products by an improved picro-Sirius Red polarisation method[END_REF]. Thus, the green coloration is probably due to aggregated sarcoplasmic proteins expelled from cells during cooking. During meat aging, the permeability of the sarcolemma increases (Astruc, 2014a;[START_REF] Marino | Changes in meat quality traits and sarcoplasmic proteins during aging in three different cattle breeds[END_REF]. Thus, soluble sarcoplasmic proteins may be extracted from the cell compartment. However, in raw meat no coloration was observed in the extramyofibrillar space, suggesting that this phenomenon occurred only under heating. [START_REF] Ofstad | Ultramicroscopical structures and liquid loss in heated cod (gadus morhual) and salmon (salmo salar) muscle[END_REF] observed that sarcoplasmic fluids were transferred to the extramyofibrillar spaces upon heating in cooked cod and salmon. Thus, it is possible that the proteins present between the fibers and bundle of fibers are sarcoplasmic proteins, resulting from the migration of sarcoplasmic fluids to the extracellular space upon heating. These proteins may also be derived from myofibrillar proteins damaged by heating, as shown by [START_REF] Astruc | Microstructural changes in m. rectus abdominis bovine muscle after heating[END_REF] in their study on microstructural changes in bovine rectus abdominis muscle after simulating oven cooking for 30 min at 100 • C.

Adipose tissue analysis

Adipose tissue was difficult to analyze after oil red coloration using light microscopy. Around each bundle of fat tissue, fat droplets were found outside the adipose tissue, in or on muscle fibers, even in raw meat. The fat droplets invaded an area of approximatively 0.5 mm around each bundle of fat tissue (Fig. 9). This phenomenon seems to be due to the preparation of the samples. As Animals 2 and 3 samples were rich in intramuscular fat, oil red entirely covered the samples sections, raw or cooked, rendering any comparison impossible. Generally, the adipose tissue was badly damaged (adipocytes broken, and fat melted) after cooking, whatever the method used, and whatever the endpoint temperature (Fig. 9). In the literature, damage to adipocyte membranes were observed at around 43 • C-45 • C, supporting the present observations [START_REF] Decorato | Subcutaneous adipose tissue response to a non-invasive hyperthermic treatment using a 1060 nm laser[END_REF][START_REF] Franco | Hyperthermic injury to adipocyte cells by selective heating of subcutaneous fat with a novel radiofrequency device: Feasibility studies[END_REF].

After cooking at 77 • C, whatever the cooking method used, adipocyte membranes exhibited undulations at some places (Fig. 10) which can result from collagen changes. The collagen that surrounds adipocytes is expected to shrink, leading to changes in adipocyte walls. This phenomenon is probably amplified by the melting of lipids and their movement to the extracellular space during heating. On cooling, the lipids remaining in the adipocytes shrink, which can also cause the membrane to undulate.

Conclusions

Cooking losses were significantly higher following cooking at 77 • C than at 55 • C. Sous-vide cooking induced fewer cooking losses than boiling at 55 • C and tended to induce fewer cooking losses at 77 • C than grilling. Interestingly, when compared with scientific literature at the well-done point (77 • C), irrespective of the cooking method used and even under various parameters (for instance, fat content, cooking conditions, or muscle type), cooking losses are similar and represent approximately 30% of the weight of meat samples.

Whatever the cooking method and temperature used, the crosssectional area of the fibers remained unchanged, possibly due to the long aging time applied to the meat before cooking, which could prevent the fibers from shrinking under heating.

Generally, muscle fibers were drawn closer, except after grilling at a core temperature of 55 • C, probably due to shrinkage of the perimysium and cooking losses at both endpoint temperatures. No explanation was found in the literature to elucidate why grilling at 55 • C did not impact the EMA. However, a lower extent of thermal diffusivity in meat under grilling would explain this phenomenon.

In adipose tissue, adipocytes began to break, and the fat was melted at 55 • C, whatever the cooking method used. Connective tissue surrounding the adipocytes was visibly affected by a cooking temperature of 77 • C, showing some undulations, which did not occur at 55 • C.

All these results indicate that the endpoint core temperature had more impact than the cooking method itself on meat tissues, and especially on connective tissue. Shrinkage was more obvious in well-done meat (77 • C) than in rare meat (55 • C).

The impact of cooking on beef connective tissue is highly variable, and is dependent on numerous parameters, but there is little information on the effects of cooking on intramuscular lipids. The changes occurring in these compounds during cooking, and their interactions, are not yet understood. It would be interesting to run more experiments on beef with different fat content, and to study the interactions between these tissues and between lipids and proteins during cooking. Using FT-IR or Raman micro spectroscopy, the changes in the macromolecular structure of lipids and proteins should be assessed, in order to provide a better understanding of the changes generated by cooking.

Fig. 1 .

 1 Fig. 1. Animal 1, Animal 2, and Animal 3 meat showing intramuscular fat distribution.

Fig. 2 .

 2 Fig. 2. Cooking losses under the six different cooking conditions: boiling, sous-vide cooking, and grilling at 55 • C and 77 • C core temperatures (mean ± SE). Statistical differences are represented as: ns = Non-significant; ** = p < 0.01; *** = p < 0.001 on nine repetitions for each histogram bar (n = 9).

Fig. 3 .

 3 Fig.3. Impact of temperature on muscle fiber area (mean ± SE) (A), number of fibers (mean ± SE) (B) measured in 0.25 mm 2 with five repetitions, and extramyofibrillar mass area ratio (in % of the total area of the square zones measured) (C) of the three beef, raw and cooked, at 55 • C and 77 • C endpoint core temperatures, with three cooking methods (n = 3).

Fig. 4 .

 4 Fig. 4. Light microscopy photographs (×20) of transverse serial sections of muscle fibers of Animal 1 meat with different cooking treatments, stained with Sirius Red/fast Green (SR), showing spaces between bundles of fibers (indicated by black arrows) after cooking at an endpoint core temperature of 77 • C. NB: Adipocytes were not stained, and appear in white in the images.

Fig. 5 .

 5 Fig. 5. Light microscopy photographs (×400) of transverse serial sections of muscle fibers of the three types of beef (Animal 1, Animal 2 and Animal 3) with different cooking treatments, colored with HE. Black arrows indicate the pink coloration between fibers and bundles of fibers.

Fig. 6 .

 6 Fig. 6. Change in extramyofibrillar mass area (EMA) after various cooking processes at 55 • C and 77 • C (grilling, boiling and sous-vide cooking) (mean ± SE) (n = 3).

Fig. 7 .

 7 Fig. 7. Change in cross-sectional area of muscle fibers after various cooking process at 55 • C and 77 • C (grilling, boiling and sous-vide cooking) (mean ± SE) (n = 3).

Fig. 8 .

 8 Fig. 8. Sirius red/fast green staining light microscopy photographs (×400) of cross-sections of beef muscle fibers (Animal 1, Animal 2 and Animal 3) with different cooking treatments. Black arrows indicate the green coloration between fibers and bundles of fibers, and round white arrows indicate the swollen fibers.
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