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1. For kinetic analysis and mathematical modeling of processes in the manufacture 

of comminuted meats color is shown to be a more useful, reliable, and indicative 

parameter than hitherto acknowledged. 

(This thesis) 

2. The extent and behavior of entrapped air is the main event responsible for the 

changes in the lightness of porcine lean meats during chopping. This statement is, 

however, not valid for systems containing added porcine back fat. 

(This thesis) 

3. It should be realized that surface stiffness plays an important role in stabilizing 

gas bubbles not only in porcine batters but also in other food and biological systems 

such as beer and lung tissue. 

4. "Composite material" theory can be used to explain the effect of entrapped air 

and batter formulation on the rheology and fracture of cooked porcine batters on a 

semiquantitative basis. 

(This thesis) 

5. An attempt to explore the exact mechanism responsible for an observation in a 

biological system, within a reasonable time period, requires either an enormous 

scientific experience or luck, probably plenty of both. 

6. It is hoped that the multi disciplinary approach, including mathematics, chemistry, 

and physics, employed in this study contributes to advancing meat processing from a 

craftsmanship to a science. 

7. In meat research qualitative and quantitative (e.g., using image analysis 

techniques) microscopy have proven to be useful tools in exploring the relation 

between structure and function. 

8. Like all science and engineering, often the most visible result of solving one 

problem is the discovering of several more. 

(W. M. Rand) 
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9. Progress in science is characterized by the trend of obtaining more and more 

knowledge over exceedingly narrow research scopes. If one takes this trend to its 

extreme, in future we will have enormous knowledge over nothing. 

10. The recent events in the Eastern Block may accelerate achievement of a 

peaceful solution in the Middle East. 

11. The reasonable man adapts himself to the world. The unreasonable one persists 

in trying to adapt the world to himself. Therefore all progress depends on the 

unreasonable man. 

(George Bernard Shaw) 

12. If one were properly to perform a difficult and subtle act, he should first inspect 

the end to be achieved and then, once he had accepted the end as desirable, he 

should forget it completely and concentrate solely on the means. By this method he 

would not be moved to false action by anxiety or hurry or fear. Very few people 

learn this. 

(John Steinbeck) 

13. Writing, like giving birth, is slow sometimes painful in the beginning but then it 

bursts out and everybody is happy. 

14. Every generalization is dangerous, even this one. 

(Alexandre Dumas) 

15. The abbreviations PLMB, GLP, and RAP-AAP may also stand for the voweless 

family name of the author, Good Laboratory Practice, and a quick ape (in Dutch) 

respectively. 

Stellingen bij het proefschrift "A Model Study on Color and Related Structural Properties of Cured Porcine 

Batters" door R. Palombo, 6 April 1990 te Wageningen. 
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ABSTRACT 

Palombo, R. (1990), 'A model study on the color and related structural properties of 

cured porcine batters.' Ph.D. thesis, Agricultural University, Wageningen, (pp. 216, 

English and Dutch Summary and conclusions). 

Key-words: porcine meat batters, batter processing, color, kinetic analysis, predictive 

mathematical modeling, entrapped air, surface rheology, bulk rheology, fracture. 

Color, determined by tristimulus colorimeters, and related structural properties, 

i.e., microstructure, surface rheology, and bulk rheology, of cured porcine meat 

batters were studied. 

Effects of various processing factors (such as, temperature, air pressure during 

chopping, and cutter type) on changes in color of porcine lean meat batters 

(PLMBs) during processing were characterized, analyzed, and predicted using 

graphical analysis, kinetic analysis, and mathematical modeling respectively. "Air 

pressure during chopping" had the greatest overall effect on color. The effect of 

"cutter type" was intermediate and that of "respiratory and proteolitic enzyme 

inhibitors" the least. Lightness (L ) values for different time-temperature 

combinations during heating of PLMBs could be closely predicted using the 

constructed mathematical model. 

A study on the mechanism responsible for changes in L of PLMBs during 

processing and subsequent storage at 15°C was performed. The extent and behavior 

of air entrapped within the PLMBs could explain the increase in their L during 
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chopping (phase 1), and during the first stage of a subsequent storage at 15°C until 

24 h (phase 2). "Alterations in absorption traits" was found to be the main event 

responsible for the decrease in L during the second stage of phase 2. 

Apparent surface dilational viscosity of the surface of PLMB dispersions was 

determined by single compression experiments. Evidence for its profound influence 

on the behavior of the entrapped air bubbles during phase 2 were provided using 

microstructural techniques, and an emulsifier (glycerol lacto palmitate) as a probe. 

The influences of the factors "formulation of the batter" and "entrapped air" on 

the color, rheology, and fracture of some porcine batters were investigated. Both 

factors had marked effects on the behavior of raw porcine batters' color during 

processing. The color of the cooked batters, however, was far less affected by the 

two factors. A qualitative explanation for these findings, on the basis of the balance 

between the scattering (mainly influenced by, e.g., entrapped air and added porcine 

back fat), and absorption characteristics (mainly influenced by the amount and state 

of myoglobin) of the batter systems, was possible. The effects of the two factors on 

the rheology and fracture of the cooked batters were studied using uniaxial 

compression. Added water, porcine back fat, and entrapped air bubbles caused a 

decrease in the modulus of deformability. Addition of the last two to the the 

PLMBs caused decrease in some fracture parameters. The results were analyzed on 

the basis of the "composite material" theory. 
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1. GENERAL INTRODUCTION 

Meat processing may be defined as the transformation of meat raw materials to 

products. The meat systems investigated in this study are cured porcine batters 

produced in a chopper and ultimately cooked. These systems are considered as 

models for comminuted-cured-cooked-meat-products (CCCMP). Accordingly, the 

following introduction will be restricted to the description of CCCMP. Some meat 

products belonging to this group are frankfurters, bologna, wieners, and luncheon 

meats. In the literature, beside comminuted meats and meat batters various other 

terms are also used when such cured cooked meat products are discussed. Among 

these are, meat emulsions, meat homogenates, meat doughs and even chopped 

meats. In this thesis all these terms are used interchangeably. 

CCCMP are foods produced from chopped animal tissue, having recognizable 

characteristics of color, flavor, texture and shape. Three of the major components of 

such products are lean meat, fatty tissue and water. Minor ingredients like salt, 

sodium phosphates, and sodium nitrite are used and are also highly effective in 

producing the typical texture, color, and flavor of the final CCCMP. Other 

ingredients used in commercial formulations are meat raw materials with high 

connective tissue content such as rind, non-meat extenders (fillers and binders), and 

seasonings (Kramlich, 1971). 

It is generally accepted that the predominant functional component among the 

raw materials of CCCMP is muscle tissue (Schmidt, 1988). Its functionality is 

attributed to its salt soluble proteins and usually referred to as water and fat binding 

and gelation. It also contains the main pigment of meat: myoglobin (Mb) and thus is 

also responsible for the color properties of the final product. The stages of 

organization in a striated muscle are presented in Fig. 1.1. The hierarchial highly 
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Fig. 1.1: Schematic representation of striated muscle structure (Winger, 1979). 

ordered structure is responsible for the anisotropic character of this tissue. However, 

during decomposition in the presence of salt and phosphate, by e.g. grinding or 

chopping, a globally isotropic homogenate is produced. Such homogenate consists of 

a continuous aqueous proteinaceous sol in which fragments of muscle fibers and 

connective tissue are dispersed. The addition of fatty tissue and further comminution 

result in a batter referred to as multiphase system enclosing fat globules (cell 

clusters), emulsified fine fat particles, air pockets, and small air bubbles (Acton et 

al., 1983; Tantikarnjathep et al., 1983). After cooking, the meat batter can be 

described as a viscoelastic coagulated proteinaceous gel (usually referred to as 

matrix) in which water, fat and air are entrapped. An unstable matrix releases fat in 

to caps and water in the form of gel exudate (Schut, 1976; Smith, 1988). 

Many processing procedures and formulations exist for the production of 

CCCMP and consequently a vast variety of them is witnessed at the locations of 

sale. Manufacture of such comminuted cured cooked meat products includes the 

following principal processing steps (Kramlich, 1971): 

(1) Comminution of the lean meat in the presence of water, salt, phosphates and 

curing agents (usually sodium nitrite and sodium ascorbate). The salt and phosphates 

are mainly responsible for solubilization of the salt soluble proteins that, as 

mentioned, are of supreme importance for the water and fat binding and gelation 

properties of the meat homogenate. The curing agents are added to produce the 

typical color and flavor of cured meat and to improve shelf-life. 

(2) Addition of fatty tissue (or fatty meats) and further comminution for a duration 

which is ordinarily set by a final batter temperature. 
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(3) Transport and stuffing. 

(4) Cooking and cooling. Cooking is applied to coagulate the meat proteins and 

fulfills several functions: 1. Forms the characteristic firm texture of the final product. 

2. Fixes the cured meat color by denaturation of the globin in the nitric oxide 

myoglobin (NOMb). 3. Extends the shelf-life of the product from a microbiological 

point of view. 

(5) Storage and display. 

Color, texture, and flavor are believed to be the most important sensory quality 

properties of meat products. Together with nutrients content and microbiological 

status they comprise the main components of the global term food quality. 

Modern technologies in the production of CCCMP are featured by the desire to 

supply the customer with products of high uniformity and constant quality. This trend 

has been recently emphasized in the international congress of meat science and 

technology (ICoMST, Copenhagen, 1989). New technologies, implementing computer 

systems for automation, data acquisition and process-control (computer-integrated-

manufacture (CIM)) has been presented. The advantages of these recent 

developments in labor-saving, especially under unpleasant working conditions, have 

also been stressed. However, it has been generally recognized that the lack of 

fundamental and systematical knowledge pertinent to quality and functional 

properties of meat raw materials and to the effect of processing factors on them, is 

limiting in achieving the high uniformity and constant quality goals. In addition, the 

incorporation of sophisticated "in-line" control systems for product composition and 

stability in the processing of comminuted meat products is restricted by this lack of 

basic and systematic knowledge. Consequently, a great deal of craftsmanship can still 

be observed in this field. 

To this end two scientific approaches can be utilized for improving the present 

state of knowledge. The first is the application of kinetic analysis and mathematical 

modeling of food processes (Karel, 1983; Labuza, 1983; Lund, 1983; Paulus, 1984). 

The second is the use of basic research for elucidating the mechanisms that govern 

the quality changes observed during production. 

The possible benefits from the first approach are: 

(1) Analysis of the principal effect of processing variables on the food quality. It 

also offers a deeper insight into the interactive effects of several factors on the 

product quality. 

(2) Simulation of the process by combining models for quality changes with models 
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for mass- and heat-transport (see also below). 

(3) Prediction of intermediate and end point values of specific quality parameters. 

(4) Optimization of the process conditions to arrive at the best achievable product 

quality. 

(5) The information gained by employing this approach can be incorporated in least 

cost formulations and expert systems programming. 

The main advantage of the second approach is that knowing and understanding 

the mechanisms responsible for quality changes, should eventually lead to a better 

regulation and control of the processes. For meat processing this positive outcome 

becomes even more important owing to the recent notion for low-fat and low-salt 

cured meat products. 

Obviously, the two approaches are interrelated. Combination of information, 

obtained for the same process, from both approaches offers the utmost improvement 

in the current state of knowledge. 

The first part of this study employs the empirical approach of kinetic analysis 

and mathematical modeling for studying the changes in color of porcine lean meat 

batters (PLMBs) during processing. The purposes of the investigation have been: 

(1) To characterize the changes in psychometric color attributes of PLMBs during 

processing (Chapter 3). 

(2) To study the effect of some processing factors on the changes in color of PLMBs 

during processing, using kinetic analysis techniques (Chapter 4). (3) To construct a 

predictive model for the lightness attribute of a PLMB color during heating, using 

mathematical modeling techniques (Chapter 5). 

The second part of the study makes use of the mechanistic approach. With 

strong reference to the unavoidable air entrapped in the meat batters, the purpose 

of the research has been to acquire more fundamental knowledge and, when 

possible, to elucidate the mechanisms responsible for: 

(1) Changes in the lightness attribute of color of PLMBs during processing and 

subsequent storage at 15CC (Chapter 7). 

(2) The influence of surface rheology of PLMBs on the behavior of entrapped air 

bubbles and on the corresponding behavior of L (Chapter 8). 

(3) The effect of air pressure during chopping and of formulation on color, rheology 

and fracture of some porcine batters (Chapter 9). 

14 



PART 1 

CHANGES IN COLOR OF CURED 

PORCINE LEAN MEAT BATTERS 
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2. INTRODUCTION 

Color is one of the most important quality properties of comminuted meat 

products. Formulation and processing conditions have dramatic effect on the 

behavior of color during manufacturing. A preliminary study has shown that variation 

in the lean-to-fat ratio in batter formulations results in a highly complex pattern of 

color changes during processing and in particular during heating. Consequently, a 

choice has been made to start with a study on color changes in a well defined 

porcine lean meat (PLM) system and to use the information obtained as a basis for 

a subsequent broader study including the composition factor. 

This part of the study reports the characterization, analysis and prediction of 

changes in color of PLM batters (PLMBs) during processing using graphical analysis, 

empirical kinetic analysis and empirical mathematical modeling respectively. 

In the following introduction a brief description of some relevant concepts 

pertaining to color theory, cured meat color, and kinetic analysis and mathematical 

modeling is presented. 

2.1 Color theory 

According to Billmeyer and Saltzman (1981), color is the physical modification 

of light by colorants as observed by the human eye and interpreted by the brain. 

Hence, color exists within the mind of the observer and is not an inherent physical 

entity of the object. Moreover according to this definition it is apparent that the 

term color includes a physical aspect (the interaction between the light and the 

colorant and the subsequent reflection of light) and a psychological aspect (the 

interpretation by the human brain). Further, three components are essential for the 
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production and measurement of color: a source of light, an illuminated object and 

an observer (Hunter, 1975). 

In a psychological, subjective way (the psychological concept of color 

description), color is considered in relation to its perception (Hunt, 1978). It can be 

described in a visually uniform space such as the one constructed by Munsell 

(Francis and Clydesdale, 1975). The subjective or perceived attributes for describing 

color are: brightness, lightness, hue, saturation, chroma, and colorfulness (a full 

description and definition of these terms can be found in Hunt (1978)). In this study 

we use only the psychometric correlates lightness (L ), hue angle (h ) and chroma 

(C ) for the perceived lightness, hue and chroma (see also below). Accordingly, we 

will here refer only to the latter three. For further simplification in conveying the 

meaning of these terms more general definitions will be given (Mclaren, 1980). 

Lightness specifies the extent of light reflection by an object. Hue is described by 

the color names and changes from red, via yellow and green, to purple etc. 

(excluding white, gray and black). Chroma is the strength of a specific hue judged in 

relation to its surroundings. More simply, it indicates the degree of difference of a 

color from gray. 

In the psychophysical concept of color, color is considered in relation to the 

physical stimulus (Hunt, 1978). Its specification is based on the fact that color vision 

is trichromatic. That is to say, that any colored light can be matched by a mixture of 

the three primary monochromatic lights red, green, and blue. From experiments 

involving mixing of colored lights, and with the determination of the eye sensitivity 

to the spectrum from 350-750 nm (the highest sensitivity is at 555 nm), the "standard 

observer" curves have been established (MacDougall, 1984). On the basis of this 

knowledge the 1931 CIE (Commission internationale de l'Eclairage) X, Y, Z 

tristimulus system of color measurement has been established. For the specification 

of any color in this system three components are needed: The spectrum energy 

distribution of the illuminant, the reflectance spectrum of the object, and the 

tristimulus coefficients of the standard observer. 

In contrast to the visually uniform space of Munsell, the 1931 CIE X, Y, Z 

system was found to be perceptually nonuniform (Francis and Clydesdale, 1975). 

This nonuniformity limited its application as a visually related system for color 

measurement and communication. Many attempts were made to improve its visual 

uniformity. One of the most successful mathematical transformations is the L , a , b 

color space suggested by the CIE in 1976 and known as CIELAB (Wyszecki and 
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Stiles, 1982). In this system color is described three dimensionally in terms of 

lightness (L*), the vertical axis, and chromaticness co-ordinates: a , green (-a ) to red 

(+a*) and b*, blue (-b*) to yellow (+b*). L*, a* and b* form the axes of a three 

dimensional color space with cartesian co-ordinates. The psychometric color 

attributes L*, h* and C* are calculated from the L, a , b color space by 

mathematical transformations of its coordinates. In the cylindrical space obtained, L 

is located on the vertical axis and is measured on a 0 (black) to 100 (white) scale, 

h* is the angle arctan(b*/a*) measured from the + a* axis and C* ([(a*)2 + (b )2]1/2) is 

the distance from the L axis (Billmeyer and Saltzman, 1981). These attributes 

correspond closely to terms related to human vision (psychological color terms). 

When changes in color of a food system are aimed to be studied, using visually 

related color terms, the psychometric system is highly recommended (McLaren, 1980, 

1985; MacDougall, 1986). 

Color measurements performed throughout the whole study were done using 

tristimulus colorimeters. The essential elements of such an instrument for measuring 

color by diffuse reflection is given in Fig. 2.1. As stated previously, the X, Y, Z 

Surface 
to be 

measured 

Tristimulus 
filters 

Photo
cell 

Meter 

Fig. 2.1: Essential elements of a simple tristimulus colorimeter (Francis and 

Clydesdale, 1975). See text for further explanation. 

tristimulus values are calculated by weighing the product of the reflectance spectrum 

with the illuminant energy distribution through the standard observer curves. The 

filters shown in Fig. 2.1 simulate the standard observer curves and thus enable the 

direct readout of the tristimulus values from the measuring unit (Francis and 

Clydesdale, 1975). The instruments we used gave directly the L , a and b values. 
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From these the psychometric L , h and C values were calculated for further 

analysis. 

Finally, it should be realized that the light reflected from the surface of a 

translucent medium, such as meat, and thus its measured color, is dependent not 

only on its absorption characteristics but also on its scattering properties. This 

subject is treated in more details in the second part of the thesis. 

2.2 Cured meat color 

The main pigment in meat is myoglobin (Mb). Some minor amount of 

hemoglobin (Hb) may be also present but essentially its color properties are similar 

to those of Mb. The latter is a complex pigment comprising of a proteinaceous part, 

globin, and a prosthetic group named heme (Govindarajan, 1973). The heme group 

contains an iron atom that can exist in either a reduced form Fe+2, or in an oxidized 

Fe+3 state. In its reduced form Mb has a purple color. On exposure to oxygen a 

covalent complex is formed (OxyMb) having a pink red color. This form has similar 

spectrum as that of nitric oxide myoglobin (NOMb) and carboxymyoglobin (COMb) 

which are also red covalent complexes. In all the latter four forms the iron is in the 

reduced form. The oxidized form of Mb (Fe+3), metmyoglobin (MMb), has a gray-

brown color. 

NOMb is the pigment responsible for the typical color of cured meat. The 

complex chain of reactions between Mb, nitrite, oxygen and reducing systems 

ultimately leading to the formation of NOMb is not fully explored (Möller, 1973; 

MacDougall et a l , 1975; Cassens et al, 1979). Basically, the initial step of the 

reactions between nitrite and Mb is the formation of MMb. The presence of 

reducing agents and lowering of the partial pressure of oxygen present in the system 

may induce concomitant formation of NOMb. The subsequent reduction of MMb to 

NOMb can follow a chemical pathway (Möller, 1973) or an enzymatic pathway 

(Walters et al., 1967). Twenty five to fifty ppm of nitrite in a meat product are 

reported to be sufficient for producing a stable typical color and flavor of the cured 

meat. The main factors affecting the formation and stability of NOMb are; 

temperature, oxygen pressure, light, and pH. In the process of cooking the globin in 

the Mb is denatured and the pink nitric oxide myochrome (DNOMb) is formed. 
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2.3 Kinetic analysis and mathematical modeling of food processes 

Kinetic analysis and mathematical modeling is a rather young discipline in food 

engineering (Lund, 1983). The possible benefits of modeling in food processing have 

been discussed in Chapter 1. Basically, a mathematical model is an expression which 

describes the dynamic transitions in a certain quality parameter under defined 

processing conditions. The model is usually solved by a computer program. 

Two types of phenomena take place during most food processing operations 

(Paulus, 1984): 

(1) Transport phenomena e.g. heat and mass transport. 

(2) Quality alteration phenomena e.g. chemical and physical changes in the 

processed food. 

For the first, transport models can be constructed and for the second, models 

for quality alterations can be developed. For the sake of simulation and optimization 

of processes in food manufacture the information from both types of models is used. 

The present study deals only with quality alteration phenomena. Reactions 

leading to quality changes in food systems are usually many, complex, and often 

interrelated. For such complicated cases the empirical approach of kinetic analysis 

and mathematical modeling is commonly used. This approach allows analysis of 

changes in quality parameters without reference to the detailed actual complex 

sequence of reactions leading to the change (Labuza, 1983). Evolving from 

thermodynamics and chemical kinetics theory, the basic equation for describing the 

rate of change in a quality parameter is (Saguy and Karel, 1980): 

dQ/dt = CQn' (2.1) 

where: 

Q = quality parameter measured 

t = time 

C = rate constant 

n' = reaction order 

Essentially, the order of the reaction is determined empirically. Most quality changes 

in food systems can be described by either zero or first order reactions. However, 

care must be exercised in interpreting the actual mechanism of the reactions 
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involved as being of the same order (Saguy and Karel, 1980). 

Kinetic of quality alteration in food during processing may be affected by 

composition (e.g. formulation, pH etc.) and by environmental (temperature, oxygen 

pressure etc.) factors. One of the major environmental factors influencing the rate of 

change in a measured quality parameter is temperature. The soundest and most 

commonly used equation for describing the temperature dependency of this rate is 

the Arrhenius equation: 

C = Co e(-Ea/R'T) (2.2) 

where: 

C = rate constant (min"1) 

Co = constant (min"1) 

Ea = activation energy (cal/mol) 

R' = gas constant (1.986 cal/mol K) 

T = temperature in kelvin (K). 

Incorporation of the temperature effect into empirical models is highly desirable 

in particular for predictive models. The model thus constructed, allows the prediction 

of the effect of any time-temperature combination within the time-temperature 

ranges used for its formulation. It is important to note that changes in composition 

factors or in mechanisms leading to the quality alteration may induce considerable 

changes in Ea. 

In this part of the study, we used the empirical approach for the purposes of 

kinetic analyses and construction of a predictive model for color changes during 

processing of PLMB systems. 

22 



3. CHARACTERIZATION OF CHANGES IN PSYCHOMETRIC COLOUR 

ATTRIBUTES OF COMMINUTED PORCINE LEAN MEAT DURING 

PROCESSING 

R. Pcdombo and G. Wijngaards. 1989. Meat Science. In press. 

3.1 ABSTRACT 

Changes in colour during the processing of a comminuted porcine lean meat 

system were characterized using the psychometric colour attributes lightness (L ), hue 

(h*) and chroma (C*). The effects of processing temperature, nitrite and air pressure 

during comminution were examined. 

The pattern of changes as a function of processing time for L and C , but not 

for h*, showed clear dependence on processing temperature (15°C, 30°C, 40°C, 50°C 

and 60°C). For C this dependence was much more complex than for L . Nitrite 

dramatically affected the pattern of change in h and C , but much less so changes 

in L . Varying the air pressure during comminution did not induce shifts in patterns 

of changes of the three colour attributes. However, it did have a marked effect on 

the absolute values and the extent of changes in L* and to a much lesser extent in 

h and C . The findings of this study furnish the basis for a possible usage of the 

psychometric colour attributes as parameters for a quantitative kinetic analysis and 

modelling of the effect of processing factors during the production of comminuted 

meats. 

3.2 INTRODUCTION 

Comminuted and emulsion types of meat products are widely consumed, and as 

such they are of major relevance for the meat industry. Production of meat products 

with a desired constant quality requires extensive knowledge of the properties of 
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meat raw materials and meat batters as well as of the effect of processing 

treatments on them (Smits, 1984; Bertrand, 1984). 

Colour is one of the most important quality characteristics determining the 

consumer's evaluation and acceptance (MacDougall, 1977). It can be described in 

subjective psychological terms using six attributes: brightness, lightness, hue, 

saturation, chroma and colourfulness. A full description and definition of these terms 

can be found in Hunt (1978). The Commission Internationale de l'Eclairage (CLE.) 

has established the psychophysical technique by which colours can be uniquely 

defined and expressed in tristimulus terms: X, Y and Z. Transformations have been 

made to improve the visual uniformity of this system. One of the most commonly 

used transformations for the measurement of food colour is the one suggested by the 

CLE. in 1976 and known as CIELAB. Using the L*, a* and b* values of this colour 

space, the psychometric colour attributes lightness (L ), hue (h ) and chroma (C ), 

which correspond closely to what the human eye perceives, can be calculated 

(McLaren, 1980; MacDougall, 1986). 

Mainly using model systems, the mechanism and reactions responsible for the 

colour development of cured meat systems have been thoroughly studied (Fox, 1966; 

MacDougall et al., 1975). Research has also been carried out on the influence of 

processing steps and conditions on the colour of meat model systems and meat 

products. In particular, for the processing of frankfurters this research work was 

substantial (Tauber and Simon, 1963; Fox et al., 1967; Wirth, 1986; Paneras and 

Bloukas, 1987). 

To comprehensively study the effects of processing factors on colour changes in 

meat model systems or meat products during processing, a continuous and time 

dependent analysis is required. However, only few reports dealing with such 

description and assessment of the changes in colour of comminuted meats during 

processing can be found (Tauber and Simon, 1963; Jenkins, 1984). Moreover, non of 

those studies made use of the visually related colour attributes L , h and C . 

The present paper aims at the characterization of the continuous changes in 

colour during the processing of a comminuted porcine lean meat system. Processing 

temperature, nitrite and air pressure during comminution are used as process factors 

and the psychometric colour attributes as process parameters. 
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3.3 MATERIALS AND METHODS 

Meat raw material 

To overcome the difficulties inherent in controlling the homogeneity of meat raw 

materials, a standardized experimental procedure was applied. Lean meat from pig 

leg muscles was trimmed of excess fat and gross connective tissue to arrive at a 

desired constant composition of about 2.5% fat, 21% protein and 73% water. The 

meat was then cut into small pieces. Quantities of 6 kg were packed under vacuum 

in nylon-polyethylene laminate bags and frozen at -40°C. 

Experimental procedure 

In order to start the chopping stage at a constant and reproducible temperature 

of the meat, a strict thawing procedure was used. The day before use 18 kg of meat 

was thawed in two stages: 10 hours in a water bath at 15°C followed by overnight 

storage in a water bath at 4°C. The temperature at the start of each experiment was 

then always about 4°C. 

Seventeen kg of meat was placed in a bowl-chopper (Kilia, West Germany, 

Laboratory model or Laska, Austria, model KT 60/3, for the nitrite and air pressure 

effects respectively) and coarsely chopped for 1 min at a knife speed and a bowl 

speed of 2500 and 20 rpm respectively for Kilia, and 2677 and 20 rpm respectively 

for Laska (These speeds were used through the whole chopping stage.). Then 2% 

salt (containing or not containing 0.6% sodium nitrite), 0.1% phosphate mixture 

("Degens-Latuw", The Netherlands, commercial mixture) and 0.05% sodium ascorbate 

(Sigma, A-7631) were added dry. Chopping was then continued for another 6.5 min 

divided into 2 min chopping periods which were interrupted by breaks of 1-4 min 

for temperature measurement, sampling and when needed for obtaining the desired, 

reduced air pressure. Samples of the batter were transferred to 100-g cans. The cans 

were sealed and kept for 45 min in a water bath at 20°C (this stage was necessary 

to eliminate the adhesion of the batter to the lid of the can), heated at varying 

temperature-time combinations, and cooled for 1 h at 0°C (also during the heating 

and cooling steps the cans stayed in water bathes). For every temperature-time 

combination two replicate cans were opened and the colour of their surfaces was 

measured separatedly. The surface was measured since that part of the product was 
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most closely subjected to the applied thermal treatment. Colour measurements were 

performed with a Hunter D25M-9 Tristimulus colorimeter fitted with a D-25M 

optical sensor. The instrument gave the CIE 1976 L*, a* and b* (CIELAB) values 

(for the 2° position of the "standard observer" and a "C"-type light source) from 

which the psychometric values lightness, hue and chroma were calculated (Wyszecki 

and Stiles, 1982). For several selected samples a reflectance spectrum scan within 

the visible range (400-700 nm at 20 nm intervals) was performed on a Hunter 

LABSCAN model LS500 (using the same measuring conditions as for the Hunter 

D25M-9). 

The experimental design included two levels for each of the factors "nitrite" and 

"air pressure". "Nitrite" was 0% or 0.012% sodium nitrite (included in the 2% added 

salt). The factor "air pressure" had the levels: atmospheric pressure or reduced 

pressure (0.15 bar). Within each experiment various temperatures and time points 

were investigated. 

3.4 RESULTS AND DISCUSSION 

In Figs. 3.1, 3.3, and 3.5 results of several typical experiments are presented. 

They demonstrate the principal pattern of changes in lightness (L ), hue angle (h ) 

and chroma (C ) of porcine lean meat (PLM) batter during the various processing 

stages. The effects of temperature (for a system containing nitrite and chopped in 

air), nitrite (for a system chopped in air with the Kilia cutter), and air pressure 

during chopping (for a system containing nitrite and chopped with the Laska cutter) 

on these patterns is shown in Figs. 3.1, 3.3, and 3.5 respectively. 

Temperature effect 

Jenkins (1984) used the X, Y and Z tristimulus colour values for studying the 

effect of heat during curing on the colour of bacon. Paneras and Bloukas (1987) 

used the CIELAB colour system to study changes in colour during controlled 

production of high quality frankfurters. Both studies reported a remarkable 

interaction between temperature and duration of heating for the colour changes. 

Basically, it can be stated that, the combined effect of temperature and time on the 

colour of meat proceeds through several distinct stages. The initial stage of heating 

accelerates en2ymatic and non-enzymatic reactions influencing the formation of cured 
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colour (Möhler, 1973). These reactions are gradually inactivated concomitantly with 

the massive denaturation of the proteins forming the meat batter's matrix. For 

bacon, this thermal denaturation of the meat proteins was shown to cause an 

increase in its opacity (Jenkins, 1984). MacDougall and Allen (1984) generalized this 

observation by modelling the effects of composition and temperature on the colour 

of meat products. They suggested that the changes in relative contribution of 

absorption (mainly affected by changes in the state of pigmentation) and scatter 

(mainly affected by changes in the state of the fibrillar proteins) characteristics due 

to cooking explain the corresponding dramatic transitions in the colour attributes. A 

change in one or both characteristics may induce a shift in the reflectance spectrum 

of the surface studied and consequently change the colour attributes L , h and C . 

Some general trends can be considered from the results presented in Fig. 3.1. 

For each temperature applied, the colour values of the studied PLM batter change 

with time. Particularly in the processing stages "comminution" and "heating", dramatic 

and simultaneously occurring changes take place for all three attributes. This 

concomitance of changes, during the processing stages and storage at 15°C, is better 

visualized (for a PLM system treated similarly) by the three-dimensional presentation 

of changes in the three attributes in Fig. 3.2, where the corresponding processing 

stages (A through E in Fig. 3.1) are also presented. Additionally, from this 

presentation it is apparent that, after storage for 24 h at 15°C similar values of L , 

h* and C* to those of 1 min chopping are obtained (points a and b in Fig. 3.2). An 

explanation for this finding will be given later (see also "nitrite effect"). 

The changes during processing and subsequent storage at 15°C are characterized 

by the following successive stages: (1) An increase in L and h and a decrease in 

C during comminution; (2) A maximum or minimum at the end of comminution or 

shortly afterwards which, for h and C (but not for L ), is followed by a period of 

moderate decrease and increase respectively. This slow rate of decrease or increase 

can be associated with the lag-phase in the formation of nitrosomyoglobin (NOMb) 

reported by Fox et al. (1967) for colour development during frankfurter processing; 

(3) A phase of more pronounced decrease in L and h and increase in C is 

followed by a plateau lasting until 24 h. The changes in this phase are mainly due 

to the reduction of the muscle pigment (Myoglobin (Mb)) to its NOMb form 

(MacDougall, 1977). 

An examination of the variable pattern of changes of L , h , and C at différent 

heating temperatures is relevant. For L , (Fig. 3.1a) the increase in temperature 
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Fig. 3.1: Changes in lightness (a), hue angle (b) and chroma (c) of a porcine lean 

meat batter (containing nitrite and chopped under atmospheric air pressure) during 

processing and heating. A = comminution, B = transfer and filling, C = incubation 

at 25°C, D = Heating, and E = Storage at 15°C. 
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Fig. 3.2: Three-dimensional presentation of changes in color during processing stages 

and storage at 15°C of a porcine lean meat batter (containing nitrite and chopped 

under atmospheric air pressure), a = after 1 min of chopping; b = after 24 h 

storage at 15°C:Jt A-E .»indicates the various processing stages. A through E 

explained in Fig. 3.1. 

from 15°C to 30°C and 40°C results in an acceleration of changes over that obtained 

for 15°C. For temperatures of 50°C and 60°C the diminishing lightness pattern is 

followed by an increasing one. For h* (Fig. 3.1b), a decreasing pattern at all 

temperatures is characterized by a positive association between rate of decrease and 

temperature applied. For C* (Fig. 3.1c), a somewhat more complex dependence of 

the pattern of changes on temperature was observed. For 15CC, 30°C and 40°C the 

pattern was almost a mirror image of the pattern observed at the same temperatures 

for h . At 50°C a pattern with three different phases was found: an increase followed 

by a decrease and subsequently a levelling-off to a plateau. For 60°C an initial 

decreasing phase was followed by a plateau. 

The balance between the absorption and scattering characteristic of the meat 

batter can be used to provide a qualitative explanation for these observations. The 

pronounced influence of salt and phosphate on solubilisation, extraction, and swelling 

of myofibrillar proteins is widely described in literature (Wismer-Pedersen, 1971; 

Offer and Trinick, 1983; Voyle et al., 1984; Wilding et al., 1986). Jenkins (1984) 

attributed the decrease in the tristimulus values of bacon during storage at 

temperatures between 0 and 30°C to an increase in its translucency due to the 
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action of the added salt and phosphate. This suggested mechanism may help to 

explain the finding that L values at 30°C and 40°C are lower than those obtained at 

15°C. The dramatic increase in L with prolonged heating time at higher 

temperature (60°C) can be mainly attributed to massive protein denaturation causing 

higher scatter. As will be discussed later for the nitrite effect, the remarkable 

temperature-dependent decrease in h (Fig. 3.1b) can be largely explained by 

extreme shifts in the pigmentation state, thus affecting the absorption characteristics 

of the system. The rather complex pattern of changes in C , in particular the results 

for 50°C, can also be principally explained by this balance. At 50°C the obtained 

pattern can be interpreted to comprise the effects of transitions in absorption and 

scatter in a stepwise manner. An initial increase of the C value in which reactions 

affecting the absorption characteristics predominate is followed by a decreasing phase 

mainly steered by reactions affecting the scattering properties of the surface. 

Additionally, it is noteworthy that, independent on a specific colour attribute, 

after a relatively short heating time at 60°C a constant end value is reached. 

Experiments (not reported here) in which higher temperatures were used, showed 

that the same holds for heating at 80°C for the same time intervals and up to 3 h. 

These findings imply that the typical pink opaque colour of cooked cured meat 

batter products is reached in a relatively short time at temperatures used during 

industrial processing. 

To simplify further discussion for the nitrite and air pressure effects, only the 

results at 15°C and 60°C will be presented. 

Nitrite effect 

During processing and storage at 15°C, for the systems, with and without nitrite 

basically the same pattern of changes in lightness was obtained (Fig. 3.3a). A sharp 

increase during the chopping stage, which reaches a maximum value at the end of 

the comminution step, is followed by a gradual decrease over 6-8 hours having a 

somewhat variable shape and taking place at "filling", "45 min of incubation at 20°C" 

and partly at "15°C storage". Next, there is a levelling off to a constant final value 

(plateau). This plateau is obtained earlier and has a higher absolute position for the 

batter without nitrite. The reason for this finding can be the remarkable difference 

in the state of pigmentation of the two systems. An influence of nitrite on lightness 
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meat batters during processing and storage at 15°C and, heating at 60°C for systems 

with (»-•) and without (A-A) nitrite. A through E are explained in Fig. 3.1. 
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is hardly found for heating at 60°C. Both batters show similar dramatic increase in 

L with heating time. 

Contrary to the system containing nitrite in the absence of nitrite, only a small 

increase in hue was found during chopping (Fig. 3.3b). During incubation at 20°C 

and 15°C, hue remained almost constant for 3 h. Subsequently, there was a 

temporary increase followed by a fast, but small, decrease. For heating at 60°C, a 

completely opposite behavior for hue in the systems with and without nitrite was 

observed. In the system containing nitrite, a sharp decrease was followed by a 

plateau. Whereas in the system without nitrite, a sharp increase was followed by a 

plateau. It is worthy of note that an increase or a decrease in h are essentially 

indicative for an increase in the proportion of metmyoglobin (MMb) or NOMb, 

respectively, in the PLM batter. This will be further dicussed in the following 

section. 

For the processing stages and storage at 15°C, in both systems, the observed 

behavior for chroma (C ) was almost a mirror image of the pattern described for h 

(Fig. 3.3c). Decrease or increase in C was associated with increase or decrease in 

h respectively. In addition, as for h , the "end values" reached after 24 h storage at 

15°C, were different. A definitely lower value was obtained for the system without 

nitrite. For the initial period of heating at 60°C, in both systems a steeply decreasing 

phase was observed, followed by an "end value" for the system without nitrite versus 

a moderate increase approximating a higher "end value" in the system with nitrite. 

The different patterns obtained for h* and C in the porcine lean meat batter 

with and without nitrite can be satisfactorily explained by referring to the rather 

complex and dynamic nature of the chemical reactions occurring among myoglobin 

(Mb), nitrite, oxygen and several reducing components (George and Stratmann, 1952; 

Fox, 1966; Fox et al., 1967; MacDougall et al, 1975; MacDougall, 1982; Wirth, 

1986). During the "comminution" stage, and partly during the "filling" stage in the 

system containing nitrite (strong oxidative agent), a relatively high proportion of 

metmyoglobin (MMb) is formed. This causes a shift in the batter's h* and C* values 

from values characteristic of typical pink-red colour of the fresh meat (low h* and 

high C ) to values characteristic of the oxidized brown-gray meat surface (high h 

and low C ). Subsequently at longer incubation times the endogenous reducing 

systems, together with the added sodium ascorbate, take over to produce the dark 

red (NOMb) (low h* and high C*) (Fox et al, 1967; MacDougall et al., 1975; 

MacDougall, 1982). This sequence of changes in the predominant form of Mb is also 
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Fig. 3.4: Reflectance spectra of a porcine lean meat system (containing nitrite and 

chopped under atmospheric air pressure) at various processing steps. (1) = after 

1 min of chopping; (2) = at end of chopping; (3) = after 24 h storage at 15°C; 

(4) = after 1 h heating at 60°C. 

substantiated by results of reflectance spectrum measurements (Fig. 3.4). The 

patterns of the spectra after 1 min of chopping, at the end of chopping, and after 

24 h of incubation at 15°C, together with the corresponding changes in the L , h 

and C values can be readily associated with the principal pattern of spectra for 

systems in which the predominant pigment forms are oxymyoglobin (OxyMb), MMb, 

and NOMb respectively (Reith and Szakaly, 1967; Francis and Clydesdale, 1975). 

In the system without nitrite only a very small amount of MMb, if any, is 

formed during the comminution step. Because of the oxygen beaten into the system, 

and the subsequent formation of OxyMb, the batter acquires the typical pink colour 

of bloomed meat surface (Wirth, 1986). This might be one of the reasons for the 

relatively small increase in h and C values (Figs. 3.3b and 3.3c). At longer 

incubation times, and presumably highly associated with the partial oxygen pressure 

within the closed can, a distinct balance steering the changes in the state of Mb 

exists between oxidizing and reducing reactions. Previous (unpublished) experiments 

have shown that the sealed can, can be considered as a closed system with respect 

to its gas content and composition. Accordingly, due to any biochemical activity, 
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reduction in the oxygen partial pressure in the sealed can will result in accelerated 

MMb formation (George and Stratman, 1952). Consequently, a change in the 

proportion of MMb on or beneath the meat surface will occur, resulting in a change 

in the colour values. This may help to explain the marked decrease in C* and the 

moderate change in h after 3 to 6 h incubation at 15°C. It is also partly supported 

by MacDougall (1986a) who reported that a MMb concentration of 20% on the 

surface of previously oxygenated raw meat causes a shift of 3 units in h yellow-

wards and a 3-unit decrease in the C value. Furthermore, with regard to these 

transitions in pigmentation, it should be stressed that for both conditions (with and 

without nitrite) equilibria systems among the different forms of the meat pigment 

(Mb) are the determinative factors affecting the absorption characteristics of the 

meat system (MacDougall, 1971,1977; MacDougall et al., 1975). Depending on 

process stage and condition, these equilibria shift to favour the formation of a 

specific form of myoglobin and, consequently, a change in the reflectance spectrum 

and a corresponding change in its L , h* and C values. 

As described under "Temperature effect", the initial stage of heating at 60°C 

accelerates enzymatic and non-enzymatic processes occurring at 15°C. A longer 

heating time results in inactivation of enzymatic activity, and the main pathways for 

reactions between Mb and nitrite are non-enzymatic reactions. 

For the batter containing nitrite, the higher temperature induces a faster 

production of the red NOMb (decrease in h ). Parallel to this, longer heating times 

induce thermal denaturation of matrix proteins and of the proteinaceous portion of 

the Mb molecule (Bernofsky et al., 1959). The effect of these transitions on the 

reflectance spectrum (Fig. 3.4) is a marked shift of the spectrum towards higher 

reflectance values (as indeed expected when the surface of the meat batter changes 

from a raw translucent medium into a cooked opaque surface). These transitions are 

suggested to be responsible for the remarkable increase in L , the large decrease in 

h and the moderate decrease followed by a slight increase in C* (Figs. 3.3 and 3.4). 

For the batter without nitrite, the production of MMb resulting from the 

reaction between Mb and the abundant oxygen within the system, together with the 

thermal inactivation of the enzymatic reducing system, produces the grayish brown 

colour of cooked meat (sharp increase in h and sharp decrease in C ). The thermal 

denaturation of proteins mentioned previously occurs here as well and results in 

augmentation of the same trends. 
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Effect of air pressure during chopping 

Fig. 3.5 presents the results of two typical experiments dealing with changes in 

L , h and C values of the PLM batters (containing nitrite) during the various 

processing stages. One result concerns PLM comminuted under atmospheric pressure, 

and the other one under reduced air pressure. For each of the colour attributes, in 

both systems, a similar pattern was observed (described in details under "Nitrite 

effect"). Closer examination of the results reveals several distinct effects of the air 

pressure during chopping. For the comminution and filling stages and for incubation 

at 15°C, lightness values were always higher for the system chopped under 

atmospheric air pressure. This result could be detected visually by members of the 

research team. For both systems heating at 60°C resulted in similar patterns, but the 

lightness value reached at the end of heating was higher for the system chopped 

under atmospheric air pressure. 

During the "comminution" and "filling" stages, in both systems, an increase of h 

was obtained. Along the subsequent phase, an earlier occurrence of a somewhat 

steeper decrease was observed for the system chopped under reduced air pressure. 

This decrease levelled off to a plateau which was markedly lower than that of the 

batter comminuted under atmospheric pressure. For both systems, heating at 60°C 

resulted in a pattern similar to the pattern described under "Nitrite effect". The end 

value reached was lower for the system chopped under reduced air pressure. 

For the batter containing nitrite, except for marked difference between the 

values at 1 min chopping, the changes in C during processing stages and storage at 

15°C comprise almost a mirror image of the transitions described for h . For heating 

at 60°C, in both systems a similar pattern could be observed which is characterized 

by a decrease followed by an approximation to a plateau . 

Comminution under reduced air pressure is expected to have a marked influence 

on changes in two main components of the meat batter: the muscle pigment Mb and 

the proteinaceous matrix in which this pigment resides. 

With regard to the state of pigmentation, during incubation at 15°C, in the 

system chopped under reduced air pressure, the higher rate of decrease in h* and 

increase in C (Fig. 3.5) can be mainly attributed to the markedly lower level of 

entrapped atmospheric oxygen. The effect of vacuum mixing on colour development 

during frankfurter processing, was studied by Tauber and Simon (1963) and Fox et 

al. (1967). Both studies applied vacuum mixing after the comminution stage and 
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Fig. 3.5: Changes in lightness (a) hue angle (b) and chroma (c) of porcine lean meat 

batters during processing and storage at 15°C and, heating at 60°C for systems 

chopped under atmospheric air pressure (A-A) and under reduced air pressure (•-•) 

(both batters containing nitrite). A through E are explained in Fig. 3.1. 
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checked colour changes by chemical determination of NOMb. They reported that 

mainly due to the lower levels of entrapped oxygen, mixing under vacuum induced 

an earlier (i.e. elimination of "lag phase") and faster (higher rate) development of 

NOMb. 

With regard to the matrix formed by the muscle proteins, comminution under 

reduced air pressure results in a more compact, less porosive and consequently less 

light-scattering surface. This effect on the microstructure of the meat batter can be 

used to supply some explanation for the consistently lower values of L obtained for 

the system comminuted under reduced air pressure (Fig. 3.5). Wirth (1986), reported 

that chopping of frankfurter emulsions under atmospheric pressure, resulted in a 

lighter product not only because of the scattering of light by fat particles but also 

because of the light scattering by the air entrapped in the end product. Since no 

fatty tissue was added to the system in the present work, it is the quantity of air 

present in the system that is presumably responsible for the reported effect of low 

air pressure during comminution. 

The same steering forces as mentioned for incubation at 15°C are also pertinent 

to the effects observed for heating at 60°C. The phase of steep increase for L , and 

the first decreasing phase for C , can be due to the increase in scattering 

attributable to the massive thermal denaturation of the muscle proteins. 

A considerable amount of investigative work indicated that meat, being a 

translucent medium, has a unique and complex interaction with the light impinging 

on its surface (MacDougall, 1970, 1971, 1977, 1986a; MacDougall and Rhodes, 1972). 

As already argued under "Temperature effect", changes in either the scattering or 

the absorption characteristics of the meat batter, or both, will affect its measured 

reflectance spectrum. Consequently, and directly associated with the site and manner 

of the corresponding shifts in the reflectance spectrum, simultaneous transitions in 

the calculated L , h* and C* values may also occur (Hunter, 1975). In this light it is 

obvious that a certain extent of simplification was used in the above discussion 

related to the actual manner in which the different types of transitions affect the 

reflectance properties of the meat system. Moreover, these transitions often occur 

simultaneously and thus make their observed overall effect even more complex. 

Accordingly, great care must be exercised in using the obtained psychometric 

attributes for the construction of a detailed mechanistic interpretation of the 

phenomena observed. 
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3.5 CONCLUSIONS 

The work presented here show that, changes in the visually related colour 

attributes during processing of PLM can essentially be characterized and to a large 

extent explained by known chemical and physical transitions. Based on the findings 

presented in this paper the following conclusions can be stated: 

(1) L and C , but not h , showed a clear dependence of their course of changes (as 

a function of time) on temperature. This dependence was demonstrated to be much 

more complex for C than for L . 

(2) Nitrite was shown to dramatically affect the course of changes in h and C , but 

much less so changes in L . 

(3) Air pressure during comminution, failed to detectably change the course of 

changes of the three colour attributes. However, contrary to the mentioned effect of 

nitrite, remarkable differences were found in the absolute values and extent of 

changes in L , and to a much lesser extent in h and C . 

On the basis of the association between transitions occurring in the PLM system 

during processing and the findings reported here, the following general trends 

qualified as being of qualitative nature can be proposed: 

(1) Changes in lightness, and to a much lesser extent changes in chroma, can 

essentially be related to changes in physical characteristics of the meat system. 

(2) Changes in hue and chroma are primarily associated to chemical and 

biochemical reactions related to the state of the pigmentation. 

Finally, the results presented in this paper furnish the basis for a possible 

application of the psychometric colour attributes as useful and indicative working 

parameters for the quantitative analysis and modelling of the effects of processing 

factors during the production of comminuted meats. 
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4. KINETIC ANALYSIS OF THE EFFECT OF SOME PROCESSING FACTORS 

ON CHANGES IN COLOR OF COMMINUTED MEATS DURING PROCESSING 

Rachamim Palombo and Gerrit Wijngaards. 1989. J. Food Sei. In press. 

4.1 ABSTRACT 

Changes in the psychometric color attributes lightness (L ), hue angle (h ) and 

chroma (C*) of porcine lean meat batters during processing were kinetically analyzed 

using the empirical approach of mathematical modeling. The changes during 24 hr 

storage at 15°C and during heating at 40°C, 50°C, and 60°C, were fitted into a 

model and analyzed for the effects of air pressure during chopping, cutter type and 

enzyme inhibitors. For changes in L* and C* at 40°C, 50°C and 60°C such kinetic 

analysis was not possible. 

Among the factors studied, "air pressure" had the greatest overall effect on color. 

The effect of "cutter type" was intermediate and that of "enzyme inhibitors" least. 

The effects found could be ascribed to changes in absorption and scatter properties 

of the meat batters. 

4.2 INTRODUCTION 

A cornerstone in human endeavor at improving the quality and wholesomeness 

of nutrition has long been the application of thermal treatment for the processing 

and preservation of foods. However, in modern industrial production of food, in 

particular meat products, several additional stages such as comminution, filling, 

packaging and storage, which have marked consequences for nutritional as well as 

sensory properties (color, texture and flavor) of the end product have been 

introduced. 

In recent years, growing consumer awareness has increased the interest in 

39 



changes in food quality during processing and storage (Labuza, 1982). To date, there 

is wide agreement as to the tremendous potential of modeling for the improvement 

of the quality of processed food. Saguy and Karel (1980) have enumerated the main 

benefits of modeling of quality deterioration during food processing and storage. 

These include analysis, simulation, optimization of processes and prediction of 

intermediate as well as final quality of products. MacDougall et al. (1988) assigned 

some of these benefits to the processing of meat. Lund (1982) reviewed the 

quantification of reactions that influence the quality of foods as a function of process 

factors. He emphasized that, at the present state of affairs, it is the lack of data and 

of models that hinders the exploitation of the huge potential of modeling. For the 

quality parameters of processed meat, in particular for the color parameter, this 

shortage is surprising (Holdsworth, 1985), since meat color is undeniably one of the 

most noticed appearance attribute, although such attributes as gloss and translucency 

are also of importance. 

The color of an object can be described in different ways: a subjective, 

psychological one, based on human perception and an objective method which can 

be expressed in psychometric parameters. In subjective terms color can be described 

using three main perceived attributes: lightness, hue and chroma. Lightness gives the 

extent of light reflection by an object. Hue describes the changes from red via 

yellow and green to purple etc. (MacDougall, 1982). Chroma is the degree of 

difference of the color from gray. The psychometric color attributes: lightness (L ), 

hue angle (h ) and chroma (C ) are calculated from the L a b color space 

(suggested by the CIE (Commission Internationale de l'Eclairage) in 1976 and 

known as CIELAB) by mathematical conversion of its coordinates. In the cylindrical 

space obtained, L is located on the vertical axis and is measured on a 0 (black) to 

100 (white) scale, h is the angle arctan(b / a ) and C is the distance from the L 

axis ([(a )2 + (b*)2]1/2) (Billmeyer and Saltzman, 1981). These attributes correspond 

closely to terms related to human vision (psychological color terms). When changes 

in color of a food system are aimed to be studied using a visually related color 

terms the psychometric system is highly recommended (McLaren, 1980). Typical 

psychometric color values encountered in this study on meat batters, when a specific 

form of myoglobin predominated were: oxymyoglobin (OxyMb): L = 53, h = 46, 

C = 27; metmyoglobin (MMb): L* = 63, h = 73, C = 19; nitric oxide myoglobin 

(NOMb): L* = 58, h* = 49, C* = 26; denatured nitric oxide myoglobin (DNOMb): 

L* = 68, h* = 36, C* = 15. The corresponding visual color changes ranged from 
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