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Summary - The texture of Parmigiano Reggiano cheese was studied by rheological and sensory
analysis. Twelve cheeses, four samples of three ages (12, 18and 28 months), were selected at random
from 12 dairies. Four rheological parameters can describe the differences between the cheeses:
apparent elastic modulus and stress, strain and work at fracture. Sensory analysis followed a proce-
dure recently established within the EC Flair programme in which texturai attributes were evaluated
using a seven-point scale. A large and statistically 'highly significant' effect of age was found on the
elastic modulus and the strain at fracture, and a smaller and less significant effect on many of the
sensory attributes. A large effect of age was also shown on the presence of crystals, a typical char-
acteristic of mature Parmigiano Reggiano cheese. Six of the sensory variates were found to be
predicted by rheological variates using partialleast squares regression. This was a preliminary study
on the prediction of sensory quality from rheological data which will need further evaluation of a great
number of samples to obtain conclusive results to be used for practical purpose.
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Résumé - Texture du Parmigiano Reggiano : relations statistiques entre les paramètres rhéo-
logiques et sensoriels. Les propriétés texturales du fromage de Parmigiano Reggiano sont exami-
nées par analyses rhéologique et sensorielle. Les analyses portent sur 12 fromages de trois âges
différents (12, 18,28 mois) sélectionnés dans 12 fromageries choisies au hasard. Le comportement
rhéologique des fromages est décrit de façon satisfaisante par quatre paramètres: le module élastique
apparent, la contrainte, la déformation et l'énergie à la fracture. L'analyse sensorielle mise en œuvre
suit une procédure récemment développée dans le cadre d'un programme européen Flair, et évalue
huit paramètres sensoriels sur une échelle à sept points. Un effet important, et statistiquement signi-
ficatif, de l'âge est mis en évidence sur le module élastique et la déformation à la fracture, et un effet
plus faible et moins significatif de l'âge sur la plupart des caractéristiques sensorielles. Un effet
important de l'âge est aussi mis en évidence sur la présence de cristaux, caractéristique spécifique
du Parmigiano Reggiano affiné longtemps. Une bonne prédiction de six paramètres texturaux à partir
des paramètres rhéologiques est mise en évidence par une méthode statistique de régression multi-
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dimensionnelle (PLS). Cette étude préliminaire sur la prédiction de la.qualité sensorielle des fromages
à partir des données rhéologiques nécessitera d'autres. éveluetions sur un plus grand nombre
d'échantillons pour obtenir des résultats utilisables en prattque.

texture / rhéologie / analyse sensorielle / étude relationnelle / Parmigiano Reggiano fromage

INTRODUCTION

Texture studies on cheese, especially hard
and semi-hard cheese, have been carried
out for many years (Walstra and Van Vliet,
1982). The results are of great importance
for those involved in the chain of produc-
tion, from farmer to consumer (Walstra and
Peleg, 1991). There is great interest in de-
fining quality, especially for 'Appellation
d'Origine Contrôlée' (AOC) cheeses
(Grappin et al, 1993). Production of consis-
tently high quality AOC cheeses continues
to be a great challenge. There is a need to
increase knowledge on the mechanisms
governing the quality of the final product to
develop production processes yielding
consistent results.

Because texture is a multivariate attri-
bute, studies encounter many difficulties.
Sensory and instrumental methods are not
standardized. Relationships between sen-
sory and instrumental measurements are
poorly defined (Walstra and Peleg, 1991)
despite their importance (Szczesniak,
1987).

Appropriate statistical tools for relational
studies are not widely used, because they
are not always fully understood by sensory
and rheological scientists. In particular, the
use of multivariate analysis methods, such
as principal component analysis, biplots,
principal component regression and partial
least squares regression are not generally
familiar to researchers. Williams et al
(1988) and Brockhoff et al (1993) discuss
appropriate statistical methods in the
context of food science.

Recently several relational studies have
been published, mainly between sensory
and chemical variates (Molander et al,
1990; Bosset et al, 1992, 1993a, b; Virgili

et al, 1994) or between chemical and rheo-
logical variates (Rohm et al, 1992a, b). Se-
veral studies have been published about
relationships between rheology and sensory
properties (Marshall, 1991; Hennequin and
Hardy, 1993; Jack et al, 1993), as weil as a
brief critical review by Zoon (1991). This
paper reports on such a study on Parmigia-
no Reggiano cheese.

Parmigiano Reggiano is an AOC hard
cheese, produced in the north of Italy, in an
area limited to the provinces of Parma,
Reggio Emilia, Modena and parts of
Bologna and Mantua. It is made from raw
milk, partially skimmed, added with whey
starters and then coagulated with rennet.
The renneting time is about 12 min: the
curd is then cut to finally obtain granules of
the size of rice grains. It is heated to 55°C
(about 13 min after renneting) then heating
and stirring stop the curd grains settle. Af-
ter 45 min, the curd is removed, put in
mou Ids and lightly pressed. After 3 weeks
of salting in brine the Parmigiano Reggiano
cheese is normally ripened for 2 years. The
weight of a ripened cheese is on average
37 kg, its shape is like a barrel. The diame-
ter is about 44 cm and the height about 24
cm. The average composition of a 2-year-
old Parmigiano Reggiano cheese is: dry
matter 69%, protein 33%, fat 28%, NaCI
1.4% and the soluble N / total N ratio is
34%.

The cheese has a distinctive texture - a
hard consistency, granular structure and
the presence of crystals of tyrosine. Until
now scientific information about rheologi-
cal ~nd sensory characteristics and their
relationship has been lacking.

Rheological measurements are related to
mechanical attributes of texture. Sensory
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analysis evaluates not only mechanical
characteristics of texture but also geome-
trical (related to size, shape and arrange-
ment of particles) and surface ones (related
to sensations produced by moisture and/or
fat content) (AFNOR, 1992). This relational
study considers ail the sensory attributes of
texture even though geometrical and sur-
face criteria cannot be evaluated directly by
rheological measurements. The relations-
hips between rheological and sensory pa-
rameters are discussed.

MATERIALS AND METHODS

Cheese samples

Parmigiano Reggiano cheese, according to the
Italian law, is ripened for at least 12 months but
is normally marketed at 24 months. For this
study chee ses of 12, 18 and 28 months of age
were selected for testing. For each of the three
ages, four cheeses were selected at random
from different dairies, which were also chosen at
random. Any cheese effect may thus be due to
differences in the milk used and to differences in
cheese making conditions. The cheese wheels
were eut and two 2-kg samples were taken: one
for sensory and the other for rheological testing.

Rheological analysis

Samples of cheese were stored overnight at the
test temperature (18 oC ± 0.5 OC). Sub-samples
were taken midway between centre and rind,
with a cork-borer mounted on a drilling machine
stand, driven slowly by hand. The cork-borer was
lightly lubricated with paraffin oil. The cylinders
(diameter 20 mm) were eut with a stretched-wire
cutting device to a height of 20 mm. These test
pieces were stored in a small airtight box (to
avoid dehydration), for 1 h, to allow complete
relaxation before testing.

The rheological method used was the uniaxial
compression at constant dis placement rate,
whose standardization was studied by an lOF
group of experts (Anonymous, 1990). A 'Rhe-
ometre Digital Inra'(Cardenas-Caroti et al,
1985}, equipped with parallel plates (stainless
steel, diameter = 50 mm) and a 500 N load cell,
was used. Data on force and displacement were
fed into a personal computer, at a rate of six

measurements per second. The displacement
rate was 50 mm/min, giving an initial strain rate
of approximately 4.2 10-2 s:'. Four specimens
were tested from each sam pie.

After smoothing the results by a 'moving aver-
age' software module, force and displacement
values were transferred into a spreadsheet pro-
gramme for further analysis. The tirst step was
to convert the raw data into stress and strain.

Parmigiano Reggiano cheese fractures at rela-
tively low strain (approximately 0.20), implying
that the results could be analysed, with a quite
good approximation, on the basis of Cauchy
strain (Reiner, 1971; van Vliet and Peleg, 1991),
and uncorrected stress. This means that stress
is calculated as the ratio of measured force to
initial surface area of the test piece instead of
surface area calculated on the assumption that
the sample deforms as a cylinder (Luyten et al,
1991).

Figure 1 shows an example of a stress-strain
curve, and the different parameters evaluated.
The apparent elastic modulus E (unit kPa) was
calculated by estimation of the slope of the Iinear
part of the stress-strain curve. This parameter
gives information about the elasticity of the
cheese, ie, the resistance of the cheese struc-
ture to reversible deformation, without fracturing.

The stress, aLE (unit: kPa), and strain, ELE (no
dimension), at the apparent linear limit were also
determined. The maximum of the stress-strain
curve was considered to be the fracture point
(Luyten, 1988); the stress at fracture, a, (unit:
kPa), was estimated as the maximum stress
of the stress-strain curve, and the strain, E, at
fracture (no dimension) as the corresponding
strain. The ratio between the stress and the
strain at fracture, which is a kind of modulus, Mf
(unit: kPa), is also considered. Finally, the work
to deform the sam pie until the apparent linear limit,
WL and the work at fracture, W" were also evalu-
ated by the area under the stress-strain curve
(unit: kJ/m3)

Sensory analysis

The sensory analysis of texture followed the pro-
cedure described recently by Lavanchy et al
(1993), resulting from a collaborative study on
hard and semi-hard cheeses between several
European countries within the EC FLAIR pro-
gramme. Scales from 1 to 7 are used for elas-
ticity, firmness, deformability, brittleness, adhe-
sivity, humidity, solubility, while granularity is
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Fig 1. Example of a stress-strain curve. E, elastic
modulus; (JlE and tlE, stress and strain at the
linear limit; (J, and tl, stress and strain at fracture;
WlE and WI, work to the Iinear limit and work to
fracture.
Exemple de courbe contrainte - déformation E,
module élastique apparent; (JLEetu», contrainte
et déformation à la limite de linéarité; (J( et t(,

contrainte et déformation à la fracture; WLE et W(,
travail jusqu'à la limite de linéarité et travail
jusqu'à la fracture.

sub-divided into four characteristics (fine, floury,
grainy and coarse), each one with a three-Ievel
scale (Iow, medium, high). These sensory at-
tributes were described in detail by Lavanchy et
al (1993). For the purpose of this study only
floury and grainy were used. In previous tests,
'fine' was never observed, while 'coarse' was
only rarely observed and with such poor repea-
tability that it was not considered in this study.
The presence of crystals was also evaluated on
a three-Ievel scale. Elasticity was the only sen-
sory attribute evaluated by touch.

The 12 Parmigiano Reggiano cheese samples
were divided into three sub-groups of the same
age (ie, 28, 18 and 12 months) for sensory test-
ing by a group of 8-10 trained panellists. The
sub-groups were tested in separate sessions.
The samples were cut into small pieces of 1.5 x
2 x 7 cm prior to testing.

Statistical methods

The following methods were used to analyze the
rheological and sensory data: analysis of vari-
ance, principal component analysis, biplots. The
relational analysis was carried out using partial
least squares regression (Martens and Martens,
1986). Ali calculations were carried out using the
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Genstat 5 statistical package (Copyright 1992,
Lawes Agricultural Trust, Rothamsted
Experimental Station, Harpenden, Herts, UK).

RESULTS AND DISCUSSION

Univariate analysis

The rheological and sensory data were first
analysed by analysis of variance. For the
rheological data, measurements fram four
sub-samples fram each sample were avai-
lable. lt was thus possible ta derive a sub-
sampling errarforeach variate. This source
of variation includes the lack of homogenei-
ty in the samples of each cheese and the
variability of the measurement technique.
For the sensory data, means over judges
and standard deviations of the distributions
were available. An estimate of the sampling
variance was calculated fram the standard
deviations- this estimate will be biased up-
wardly because each judge consistently
used a different part of the scale ta differen-
tiate between samples. Variance ratio tests
(F-tests) - see column vr (1) in tables 1 and
Il - were used ta assess the effects of age
and r-tests ta interpret the tables of means.
The variance ratio test of the between
cheeses (within age) against the sampling
error, see column vr (2), pravides evidence
of the extent of variability between
cheeses.

Rheological data

The results of the analysis of variance are
given in table 1.

The rheological parameters, which are
highly significant (P < 0.01), are related
ta the response of the samples at small
deformations: the elastic modulus, the
stress and the work at the end of the li-
near part of the stress-strain curve. The
aider the cheese, the higher the elastic
modulus. The value of the elastic rnodu-
lus rises by a factor of 1.7 between 12
and 28 months, which indicates a consid-
erable decrease in the elasticity of the
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Table 1.Rheologieal parameters: means, standard errer of differenees (sed), variance ratios (vr) and
probabilities.
Paramètres rhéologiques - moyennes, erreurs standard des différences, variances (vr) et probabilités.

Age (months) sed vr' prob vi prob

12 18 28

Modulus E [kPa] 1340 1530 2280 190 13.80 00 6.48

At linear limit
Stress alE [kPa] 117.3 130.4 190.9 14.96 13.80 00 5.77
Strain ElE [-] 0.0786 0.0758 0.0752 0.00144 3.21 ns 2.32
Work WlE [kJ/m3] 5.36 5.78 8.33 0.622 13.40 00 4.48

At fracture
Stress af [kPa] 211 199 186 33.8 0.27 ns 9.36
Strain Et [-] 0.219 0.178 0.121 0.0278 6.22 028.48
Modulus Mf [kPa] 1001 1151 1528 266.3 2.08 nslO.05
Work Wf [kJ/m3] 30.6 23.8 18.4 5.13 2.83 nsl9.50

1Variance ratio test of age mean square against between cheeses (within age) mean square, 2 and 9 degrees of
freedom.
Valeur de F : rapport de la somme des carrés des écarts dus à l'âge sur la somme des carrés des écarts dus au
fromage pour un âge donné, deux et neuf degrés de liberté.
2Variance ratio test between cheeses (within age) mean square against sampling mean square with 9 and (approxi-
mately) 36 degrees of freedom.
Valeur de F: rapport de la somme des carrés des écarts dus au fromage pour un âge donné sur la somme des carrés
des écarts résiduels, 9 et (approximativement) 36 degrés de liberté
ns - P> 0.05; • - 0.05> P> 0.01; .. - 0.01 > P> 0.001; ••• - 0.001 > P.

cheese, or alternatively an increase in the
'rigidity'. The aider the cheese the lower the
water content (Zannoni et al, 1991) - the
mean values for the dry matter for the three
ages were 63.30, 66.15 and 68.87 9 per
100 9 of cheese, with standard deviations of
0.59, 0.69 and 0.61 respectively. The raie of
water on the elasticity of the cheeses is
suspected: water can act as a 'Iubricant'
between the molecules, especially the ca-
seins, thus elastic deformation of the pra-
tein matrix is easier when the water content
is higher, which is the case with younger
Parmigiano Reggiano. The relation be-
tween water and elasticity has been obser-
ved by Chen et al (1979) in different cheese
varieties, also mentioned by Rüegg (1985),
and especially studied by Luyten (1988).

The strain at fracture decreases signifi-
cantly (P < 0.05) with age, this means that

the cheese becomes more brittle. During
the long ripening of Parmigiano Reggiano,
the protein matrix of the cheese is braken
down by proteolysis, as shawn by the high
values of soluble nitrogen in ripened
cheese (Bütikofer et al, 1993); the weak-
ness of the structure due ta this phenome-
non would induce a decrease in the fracture
strain with age. Moreover, the difference
between the strain at the linear limit and the
fracture strain decreases with age. This
could mean that age affects the structure in
such a way that cracks within the cheese
body pragress faster in aider cheeses than
in younger cheeses. Thus sa me plastic de-
formation of younger cheeses, which are
less affected by prateolysis and which have
a lower dry matter content, is also suspec-
ted. Studies are needed ta further explore
this assumption.
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Table Il. Sensory parameters: means, standard error of differences (sed), variance ratios (vr) and
probabilities.
Paramètres sensoriels: moyennes, erreurs standard des différences, variances (vr) et
probabilités.

Age (months) sed vr' prob vI prob

12 18 28

Elasticity 2.81 2.29 1.65 0.318 6.63 7.12
Firmness 4.15 4.54 5.22 0.314 5.85 2.71
Deformability 3.82 3.35 2.90 0.268 5.86 2.68
Brittleness 3.30 4.07 3.79 0.436 1.30 ns 5.50
Adhesivity 3.19 3.28 3.10 0.174 0.52 ns 1.05 ns
Humidity 3.14 2.94 2.64 0.185 3.84 ns 2.14 ns
Solubility 3.55 4.24 4.45 0.287 5.43 2.44

Floury 1.26 1.95 1.09 0.284 5.10 2.12 ns
Grainy 2.33 2.97 3.84 0.518 4.27 2.96

Crystals 1.18 1.61 2.59 0.350 8.56 3.48

1Variance ratio test 01 age mean square against between cheeses (within age) mean square, 2 and 9 degrees 01
Ireedom.
Valeur de F : rapport de la somme des carrés des écarts dus à l'âge sur la somme des carrés des écarts dus au
fromage pour un âge donné, 2 et 9 degrés de liberté.
2Variance ratio test between cheeses (within age) mean square against sampling mean square with 9 and (approxi-
mately) 96 degrees 01 Ireedom.
Valeur de F: rapport de la somme des carrés des écarts dus au fromage pour un âge donné sur la somme des carrés
des écarts résiduels, 9 et (approximativement) 96 degrés de liberté.
ns - P> 0.05;' - 0.05 > P> 0.01;" - 0.01> P> 0.001;'" - 0.001> P.

The effect of cheese on the rheological
parameters is highly significant inde-
pendently of age effect.

Presumably, milk composition and chee-
semaking conditions are sources of varia-
tion for cheese texture, due to the random
selection of cheese from dairies. A similar
effect has already been mentioned by Ber-
dagué and Grappin (1988) on Comté which
is also a hard cheese made from raw milk.

Sensory data

The results of the analysis of variance are
given in table II.

The effect of age is significant, but not
highly, on elasticity, firmness, deformability,
solubility, floury, and grainy, and highly si-
gnificant on crystals. It is not significant on
brittleness, adhesivity or humidity. Elastici-

ty and deformability decrease with age.
Firmness and solubility increase with age,
as weil as the grainy characteristic, and the
increase of crystals with age is particularly
important between 18 and 28 months.
Floury is perceived as slightly more intense
at 18 months than at 12 and 28 months.
Similar effects of age have been reported
previously by Zannoni et al (1991) on firm-
ness, humidity, solubility, granularity, crys-
tais and cohesion.

The effect of cheese is very highly signi-
ficant only for elasticity and brittleness. In-
terestingly elasticity, firmness and defor-
mability are influenced by both age and by
cheese, while brittleness is only influenced
by cheese. This unexpected result for britt-
leness may be partly explained by the way
in which the sensory testing was organized.
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Fig 2. Biplot representation of rheological results. See legend figure 1 for description of the rheological
pararneters.M, modulus at fracture. Circled numbers: 12; month-old cheeses; simple numbers:
18 month-old cheeses; squared numbers: 28; month-old cheeses.
Représentation de type biplot des résultats rhéologiques. Voir la légende de la figure 1pour la description
des paramètres rhéologiques. Mt, module à la fracture. Fromages âgés de 12 mois (chiffres entourés
d'un cercle), de 18mois (chiffres simples), de 28 mois (chiffres entourés d'un carré).

By testing samples of the same age in one
session, it is easier for the panel to discri-
minate among cheeses than among ages.

The results show the typical texturai fea-
tures of Parmigiano Reggiano: low elastici-
ty and humidity; high firmness; medium-Iow
deformability and adhesivity; medium britt-
leness, solubility and granularity. In spite of
the training, the panel had problems in e-
valuating the granularity, confirming the dif-
ficulty of testing for this characteristic. The
panel had also problems in assessing the
adhesivity of different sampi es; fortunately
this attribute is not an important charac-
teristic of Parmigiano Reggiano cheese.

Multivariate analysis

Tables 1 and Il give the results of the analy-
sis of variance. However, they are volumi-
nous and do not readily lend themselves to

a diagrammatic representation. In order to
capture the main features of the data, a-
principal component analysis was perfor-
med on the two parts of data separately.
The results are displayed in the form of
principal component biplots (Krzanowski,
1988) for the means of each cheese (figs 2,
3). In these diagrams numbers refer to the
cheeses: 1-4 are 12-month-old cheeses,
5-8 are 18-month-old cheeses and 9-12
are 28-month-old cheeses. Variates that lie
in the same orientation from the origin give
the same information on the samples and,
similarly, samples that lie in the same orien-
tation have a similar pattern of results.

Rheological data

A principal component analysis of the sam-
pie means was performed.

Three components are important. Analysis
of variance of the first principal component
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Fig 3. Biplot representation 01 sensory results.
A, elasticity; B, lirmness; C, delormability; D, brittleness; E, adhesivity; F, humidity; G, solubility;
H, Iloury; l, grainy; J, crystals. Circled numbers, 12-month-oldcheeses; simple numbers, 18-month-old
cheeses; squared numbers, 28-month-old cheeses.
Représentation de type biplot des résultats d'analyse sensorielle. A, élasticité; B, fermeté; C, détor-
mabilité ; D, friabilité; E, adhésivité; F, impression d'humidité; G, solubilité; H, farineux; l, granu-
leux; J, crystals. Fromages âgés de 12 mois (chiffres entourés d'un cercle), de 18 mois (chiffres
simples), de 28 mois (chiffres entourés d'un carré).

score shows it to be associated with age
and the second principal component score
with both age and cheese. The third com-
ponent is error. Consequently, the first two
scores summarize the data. The biplot of
the cheese by variate table (fig 2) shows
intermingling of the 12-month-old and 18-
month-old samples. However, the 28-
month-old samples are distinctly different.
As expected, elastic modulus, stress and
work at the Iinear limit and modulus at frac-
ture appear to give similar information on
these samples. Aiso strain at the linear limit
and strain and work to fracture give similar
but different information to the first group.
Stress at fracture apparently provides uni-
que information on the sampi es. While
stress and work at fracture vary mainly with
cheese, the other variates vary mainly with
age. Two cheeses appear to react as ex-
treme cases on the biplot figure, number
3 from 12-month-old samples, and number
10 fram 28-month-old samples.

Finally four variates, elastic modulus and
stress, strain at fracture and work to frac-

ture were selected to represent the full
rheological data set. A biplot using only
these variates is very similar to figure 2
confirming that these variates capture the
rheological information.

Sensory data
The principal component analysis shows
that two components summarize the sen-
sory data. The first is related to age and the
second to age and cheese. The biplot of the
cheese by variate table (fig 3) shows the
28-month-old samples to be different. The
18- and 12-month-old cheeses are in more
widely dispersed groups. The variates are
weil spread out, although elasticity and de-
formability and also brittleness and solubi-
lity pravide similar information. The simila-
rity of elasticity and deformability suggests
that the panel perceived these charac-
teristics to be very similar for the Parmigia-
no Reggiano cheese. The close relations-
hip between brittleness and solubility is not
so easy to explain. Nevertheless, it is weil
known that these characteristics both in-
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Table III. Equations to predict sensory from rheology.
Équations de prédiction des paramètres sensoriels par les paramètres rhéologiques.

Coefficients

Sensory Constant Elastic Stress at Strain at Work to N Fi Sep
char acter modulus fracture fracture fracture

Elasticity 2.63 --6.19E-4 -2.21 E"3 4.37E,2 1.50E,2 2 89.50.229
Firmness 3.32 --6.62E,4 4.32E"3 -3.30E"2 -4.46E,3 2 73.1 0.336
Deformability 2.75 -3.38E"4 1.00E,3 3.26E,2 1.74E,2 1 81.20.259
Brittleness 4.51 1.94E"4 -9.63E-4 2.80E"2 -1.75E,2 1 37.20.547

Adhesivity 3.25 -1.23E·4 -3.73E·4 8.92E,3 3.07E,3 1 27.0 0.217
Humidity 0.93 3.99E"4 3.52E,4 2.08E,1 -9.71E,2 4 93.30.097
Solubility 4.94 2.31 E-4 -1.77E,3 -2.76E"2 -1.75E"2 1 57.90.376

Floury 1.43 0 0.00.578
Grainy 1.17 9.69E-4 7.99E,3 -5.87E"2 -1.49E,2 2 87.4 0.362
Crystals 0.61 8.50E,4 3.33E·3 -4.16E,2 -9.10E,3 2 76.80.392

"Coefficlents are given in exponential lorm. Les coefficients sont exprimés sous forme exponentielle.
2N. number 01 linear components / nombre de composantes linéaires.
3R2

• percentage variation accounted lor by model litting / pourcentage de variation expliquée par le modèle prédictif.
'Sep • standard error 01 prediction / erreur standard de prédiction.

crease du ring the ripening of Parmigiano
Reggiano cheese. High sensory values for
the characters firmness, granularity and
crystals are typical for the oldest cheeses
(28-month-old), while higher values for de-
formability, elasticity and humidity are
connected with the younger cheeses. The
attribute crystals increase with age and the
samples can be roughly divided into two
subgroups: those without crystals
(12 months) and those with crystals
(28 months) while the 18-month samples
were divided between these two groups.

Relational analysis

The simplest method of relating sensory
data to rheological data is by correlation.
The matrix of correlations, not given here,
contains many high values indicative of sta-
tistical relationships. However, there is a
large number of paired comparisons and
consequently a high probability of finding
'significant' correlations with such a small

number of sampi es. A more cautious stra-
tegy is to relate the sensory data to the
rheological data using partialleast squares
(Martens and Martens, 1986). This method
finds linear combinations of the rheoloqical
variates which predict the sensory variates.
The optimum number of linear combina-
tions is determined, for each sensory va-
riate, using cross-validation.

Table III gives the equations derived by
PLS regression predicting the sensory va-
riables. Given the four rheological meas-
urements, it is possible to predict the sen-
sory measurements. For example,
suppose that for a new cheese we have the
following rheological measurements: ela-
stic modulus, 1715; stress at fracture,
252.5; strain at fracture, 20.65; and work to
fracture, 34.83. The value for sensory ela-
sticity for this cheese is predicted to be:

2.63 - 6.19E-4 • elastic modulus . 2.21 E·3 • stress at fracture
+ 4.37E,2 • strain at fracture + 1.50E·2 • work to fracture

= 2.63 - 6.19E-4 • 1715 - 2.21 E·3 • 252.5
+ 4.37E·2 • 20.65 + 1.50E-2 • 34.83

= 2.44
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The column headed N shows the number
of PLS components justified by cross-vali-
dation and the column headed R2 the per-
centage of the variation accounted for by
the fit of the model to the experimental data.
The column headed Sep is the standard
error of prediction and gives a measure of
the quality of the prediction.

Six sensory variates, elasticity, firmness,
deformability, humidity, grainy and crystals,
are predicted by the four rheofogical para-
meters, with R2values between 73.1 % and
93.3%. Three sensory variates, brittleness,
adhesivity and solubility, are poorly predic-
ted. Floury is not related to any of the rheo-
logical parameters (see table III).

Our prior expectation was that elasticity,
firmness and deformability will be predicted
by the sub-set of rheological variables. As
expected, we find that elasticity varies in an
opposite direction to the elastic modulus
and to the stress at fracture, and in the
same direction as the strain at fracture.
Firmness varies in the same direction as
the stress at fracture, but in an opposite
direction with the strain at fracture and, cu-
riously, with the elastic modulus. Deforma-
bility varies in the same direction as the
strain at fracture, but also as the work to
fracture, and in the opposite direction to the
elastic modulus. A cheese with a higher e-
lasticity has a lower elastic modulus, and at
the same time it has a higher deformability
(which is associated with a higher strain at
fracture), but a lower firmness (which
means here a lower stress at fracture).

The very good predictions for grainy and
crystals show an indirect relation between
the characteristics of texture described by
rheology and the sensory attribute of tex-
ture described by grainy. The rheological
measurements employed in this study
were not aimed at measurements of grainy
texture or crystals in Parmigiano Reggiano
cheese, but considering that the grainy
structure with tyrosine crystals is the result
of proteolysis which affects the texturai 'e-
volution' of this cheese during the ripening,

y Noël et al

the relation between these sensory charac-
teristics and rheology is not a surprise. The
sensory humidity, with the highest level for
R2, is very weil predicted by rheological pa-
rameters. This sensory characteristic is
closely correlated with the water content of
Parmigiano Reggiano cheese (Zannoni et
al, 1991). Results here confirmed the
strong relation between moisture and me-
chanical aspects of texture on the sensory
perception of humidity.

Among the variates poorly predicted,
brittleness is not influenced by age but only
by cheese, and adhesivity is neither in-
fluenced by age nor by cheese. We would
have expected a good prediction of brittle-
ness to rheology but the small amount of
variation between samples relative to the
sampling error may explain the poor rela-
tionship with rheology.

As expected, floury is not predicted by
rheologicaf parameters. It is not a sensory
characteristic commonly used to describe
texture of Parmigiano Reggiano, however,
a small effect of age has been shown in this
study.

CONCLUSIONS

Sensory and rheological analyses of the
texture of Parmigiano Reggiano give evi-
dence of similarity, especially in relation
with age and cheese effects, even if the
number of samples was limited in this pre-
liminary study. Representation of the data
as a biplot shows similar clusters of
cheeses based on age. The four 28-month-
old cheeses are c1early clustered, while the
18- and 12-month-old cheeses are in more
widely dispersed groups, slightly intermin-
gled.

Four rheological parameters (elastic mo-
dulus, stress and strain at fracture and work
to fracture) satisfactorily describe the tex-
ture of Parmigiano Reggiano cheese. In
this study, while stress and work at fracture
are mainly influenced by cheese, the appa-
rent elastic modulus and the strain at frac-
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ture are influenced by age and cheese.
Cheese texture is known to be highly influen-
ced by ripening, but milk and cheesemaking
conditions, which contribute to the cheese ef-
fect, would also influence the final quality of
the Parmigiano Reggiano cheese.

As expected, elasticity, deformability and
firmness are weil predicted by the four
rheological variates, while brittleness is
poorly predicted. Surprisingly, humidity is
the sensory attribute predicted best and
grainy and crystals also are quite weil pre-
dicted by the rheological parameters.
Rheological tests are expected to directly
estimate mechanical texturai parameters
but not geometrical or surface ones. The
strong correlations found support the
choice to retain the non-mechanical senso-
ry variates of texture in this relational study.
Clearly, these relationships are not causa-
tive but they suggest indirect relations. Tex-
turai attributes are determined by the
cheese structure and we can assume that
the structural arrangements at different levels
are responsible for the mechanical dimen-
sion of texture perception as weil as the geo-
metrical dimension and possibly the surface
one. Thus, we have reason to believe that
relations between the different dimensions of
texture exist.

Rheology is more sensitive than sensory
analysis to the effects of age but sensory
results can estimate more texturai para-
meters th an rheology. Thus the two me-
thods are complementary.

The statistical method used, PLS regres-
sion, establishes relationships based on li-
near combinations. The high levels of cor-
relations found suggest that the linear
relationships are a good basis to predict
sensory texturai attributes with rheology.

The relationships described in this paper
show that there is an opportunity to base a
quality control system for Parmigiano Reg-
giano cheese on rheological measure-
ment. But further evaluation of a great num-
ber of cheeses would be needed to obtain
conclusive results for this purpose.
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