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ABSTRACT

Food texture is one of the most widely measured quality attributes during pro-
cessing and consumption, being measured by instrumental and sensory means.
The aims of this study were to measure the textural parameters of the crumb of 14
whole-wheat bread loaves made with whole-wheat flour and fat replacer using
instrumental methods and a sensory trained panel, and to determine the relation-
ship between instrumental and sensory assessments. The data of instrumental and
sensory texture were individually subjected to analysis of variance and correlated
using principal component analysis. The analyses showed that for both (instru-
mental and sensory texture), the less firm, more elastic and more cohesive bread
loaves have <60% whole-wheat flour, regardless of the content of fat replacer. The
hardness attribute, measured with a texturometer, was consistent with the results
of other published works and with our sensory evaluation as the matrix showed
correlation coefficients with high values.

PRACTICAL APPLICATIONS

Wheat bread is a common staple food around the world that can be used to
deliver ingredients for specific health purposes. Diets rich in whole grain foods
and low fat may be suggested to help to protect against several chronic diseases, as
well as for weight management. At a pilot plant scale, it is very difficult to keep
good quality standards for whole-wheat products. Therefore, instrumental and
sensory studies on loaf texture were used to perform texture profile analysis on the
crumb structure of 14 different types of whole-wheat bread loaves made with fat
replacer (enzymatically modified corn starch).

INTRODUCTION

Food texture is one of the most widely measured
quality attributes during processing and consumption.
Texture can be measured by means of objective (instrumen-
tal) and intrinsic subjective (sensory) tests (Szczesniak
1963).

Among the instrumental test devices, texturometers
imitate mastication condition and present excellent corr-
elation with sensory evaluation of texture (Szczesniak
1963). For this reason, they have been widely used to
measure texture of different kinds of food. Instrumental
measurements are usually cheaper and easier to achieve
and thus represent an interesting alternative to the sensory
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measurement of texture, provided that instrumental data
can be related to sensory description. So, these instrumental
measurements could be used to monitor bread quality
during processing and storage (Lassoued et al. 2008).

Regarding sensory analysis in the mouth, the characteris-
tics perceived include mechanical attributes (relating to the
reaction to the applied force), geometrical attributes (relat-
ing to the shape, size and particle orientation inside the
food) and attributes relating to perception of moisture or
fat content (Szczesniak 2002). According to Lassoued et al.
(2008), sensory evaluation is seldom used in baking indus-
try, mostly because of cost, necessary time for training and
managing a sensory panel, and difficulty in running a
sensory evaluation of bread loaves made at a laboratory
scale.

The accuracy of an objective method to measure a quality
attribute of food is only determined by its correlation to the
sensory evaluation of that attribute (Kokini 1985). Correla-
tion between sensory and instrumental measurements of
texture results in (1) finding instruments to measure quality
control of food in industries; (2) predicting consumer
response, as the degree of liking and the overall acceptance
of a new product; (3) understanding what is being sensed
and perceived in the mouth during the sensory assessment
of texture; and (4) improving or optimizing instrumental
methods to complement sensory evaluation (Szczesniak
1987).

The development of safer and healthier low-calorie prod-
ucts with acceptable functional and sensory characteristics
(Collar et al. 2007) is demanded by customers a little more
each day (Gómez et al. 2002).

Dietary fiber increases the nutritional value of bread but
usually at the same time it alters the rheological properties
of dough and bread sensory properties and quality (Gómez
et al. 2002). Despite that dietary fiber has been proven to
provide several beneficial metabolic and physiological
effects, fiber replacement of wheat flour disrupts starch–
gluten matrix and restricts gas cells to expand, affecting spe-
cific bread volume and crumb hardness (Rosell and Santos
2010), such as from the use of whole-wheat flour (WF) in
breads (Seyer and Gélinas 2009).

While lipids lubricate and plasticize dough in the bread,
in particular gluten polymers (Mehta et al. 2009), fat should
be restricted or reduced in the diet because it is the
most important obesity factor (Valenzuela and Sanhueza
2008) and noncommunicable chronic disease factor (Brasil
2005). Therefore, carbohydrate-based fat replacers (FRs) are
able to stabilize substantial amounts of water, as a gel-like
matrix. Such a property makes carbohydrate-based FRs
similar to fats (Lucca and Tepper 1994). This can be
observed in breads: sodium alginate, xanthan, k-
carrageenan, hydroxypropyl methylcellulose (Guarda et al.
2004); modified starches (Miyazaki et al. 2006); inulin,

simplesse (whey protein) (O’Brien et al. 2003); inulin,
pectin, guar gum (Skara et al. 2013).

Principal component analysis (PCA) is a method of pro-
jection and dimensional data reduction (Krbi et al. 2005), in
which there is an association between analyses in order to
verify the degree of participation of each of them (Heenan
et al. 2008), such as WF and FR in the instrumental and
sensory texture parameters of breads.

It is intended to replace a set of correlated variables, a set
of new uncorrelated variables, and being these linear com-
binations of the initial variables placed in descending order
by their variances (Lopes 2001).

There is no research on bread loaves made with WF and
FR, so the aims of this study were (1) to measure the tex-
tural parameters of a set of 14 whole-wheat bread crumbs
made with WF and FR, using instrumental methods and a
sensory trained panel, and (2) to determine the relationship
between instrumental and sensory assessments.

MATERIALS AND METHODS

Materials

The study was conducted with commercial samples of WF
and white flour (IF), obtained from the same batch of
wheat, harvested 2012, provided by Cooperativa Agrária
Agroindustrial, Guarapuava, state of Paraná, Brazil. These
samples were stored at −18C until time of analysis. Aiming
to promote the standardization and the study of the depen-
dent variables, a representative sample of each type of flour
(WF and IF) was used.

Modified corn starch by enzymatic conversion, commer-
cially suitable for the preparation of bread, was used as a FR,
donated by Dutch Starches International – DSI, the Nether-
lands, brand name Selectamyx C150.

Methods

Bread Samples. For preparation of the bread loaves, WF
and IF mixtures were prepared and samples were coded
according to the percentage used: 95.35WF (95.35WF +
4.65IF); 85WF (85WF + 15IF); 60WF (60WF + 40IF); 35WF
(35WF + 65IF); 24.64WF (24.64WF + 75.36IF) according to
experimental design of the response surface methodology
(RSM).

Bread loaves were prepared on a pilot scale and randomly
selected twice according to the optimized straight-dough
bread-making method (10-10B) (AACC International
2000), with a 60-min fermentation. Formulation was modi-
fied. The same level of ingredients method was as follows:
wheat flour (100%), sucrose (6%), instant active dry yeast
(1.8%), sodium chloride (1.5%), FR (3%) and tap water,
according to Flander et al. (2007). The amount of water
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used corresponded to 86% of the water absorption content
as determined by Farinograph analysis (method adapted
from Seyer and Gélinas 2009). The ingredients were mixed
at speed setting 2 for 6 min (Flander et al. 2007; Oro 2013)
in a commercial mixer (RPD 25, Líder, Curitiba, Brazil).
Dough temperature was kept at 28–29C after mixing. Sub-
sequently, 500-g pieces of dough were placed in a proofing
cabinet (CFC20, Perfecta, Curitiba, Brazil) at 30C and 85%
relative humidity for 35 min. Dough was then kneaded
once, fermented for 17 min, kneaded again and fermented
for further 8 min. Dough was sheeted manually, placed into
a rectangular mold (9.5 × 20 × 4.5 cm) and fermented for
24 min. Finally, dough was baked in an electric oven
(Ventile, Líder, Curitiba, Brazil) for 24 min at 180C and
cooled for 1 h at room temperature on metal racks.

Experimental Design. The experiment was designed
using the rotatable central composite design of RSM, a well-
established statistical procedure (Box and Draper 2007). It is
widely applied to research on bread where there is replace-
ment of some ingredients to design enriched fiber and low-
calorie wheat bread formulation [wheat bran, resistant
starch and locust bean gum (Almeida et al. 2013); inulin,
sugar beet, pea cell wall, pea hull (Collar et al. 2007); inulin,
pectin or guar gum (Skara et al. 2013)].

The rotatable central composite design yielded 14 experi-
ments as follows: four factorial treatments, in which two
factors were %WF (percentage of whole-wheat flour) and
%FR (percentage of fat replacer), each with two levels coded
to −1 and +1; four axial treatments including minimum and
maximum levels of each factor coded as −α and +α, where
α = (22)1/4 = 1.414; and one central treatment repeated six
times, to estimate pure experimental error and calculate
method reproducibility, in which all factors are coded as
zero. The real values of the two variables are shown in
Table 1.

Bread Texture Profile Evaluation
Instrumental. Crumb texture profile analysis (TPA) was
performed on eight 25-mm cubes from the center of each
loaf, according to method 74-10A (AACC International
2000). Four textural parameters were extracted from the
curves: hardness, springiness, cohesiveness and chewiness.
According to Szczesniak (2002), hardness is the force neces-
sary to attain a given deformation; springiness is the rate at
which a deformed material returns to the undeformed con-
dition after deforming force is removed; cohesiveness is the
strength of the internal bonds making up the body of the
product; and chewiness is the energy required to masticate a
solid product to a state ready for swallowing.

TPA was measured in duplicate with Texture Analyzer
TA-XT Plus (Stable Micro System, Surrey, U.K.) equipped
with a 50-kg load cell and a 36-mm aluminum cylindrical

probe, which underwent two double compression tests up
to 40% penetration of the original height (10 mm distance)
at a crosshead speed of 2 mm/s with a 5-s gap between
sample compressions (Oro 2013).

For the results of the central treatment points, only the
mean of the values from samples 9 to 14 will be discussed.

Sensory. Quantitative descriptive analysis of the sensory
texture profile of bread crumb started after approval by
CEP/Conep (Comitê de Ética em Pesquisa/Comissão
Nacional de Ética em Pesquisa).

From the 50 interested members, following the method-
ology described by Civille and Szczesniak (1973), 21 volun-
teers were recruited, mostly federal employees of the
Campus Florianópolis-Continent belonging to Federal
Institute of Education, Science and Technology of Santa
Catarina (IFSC), who were regular wheat bread consumer.

The training of 40 h, divided into fortnightly sessions
lasting an average of 2 h, was divided into two steps: (1)
general aspects, technical and sensory analysis; and (2) spe-
cific knowledge of the sensory texture profile directed to
evaluate bread crumb. Training was conducted at IFSC
Food and Beverages laboratories and the sensory analysis,
with adapted sensory booths and scale adjustment notes for
the expression of results for the panelists. At the end of
training, 12 panelists were selected.

Samples were cut into 25-mm edge cubes (Flander
et al. 2007), similar to Elía’s (2011) study, with a 20-mm
cube edge.

Analysis was performed within 2 days. Adopting orthogo-
nal block design (Fisher 1918), which aims to eliminate the
effect of this heterogeneity in the experimental units of
treatment comparison, from 14 total types of breads, with
six repetitions at the central point, only 12 types of bread

TABLE 1. BREAD COMPOSITION

Loaf Treatment

Independent variables

%WF %FR

1 Factorial 35.00 0.60
2 35.00 2.60
3 85.00 0.60
4 85.00 2.60
5 Axial 24.64 1.60
6 95.35 1.60
7 60.00 0.18
8 60.00 3.00
9 Central 60.00 1.60

10 60.00 1.60
11 60.00 1.60
12 60.00 1.60
13 60.00 1.60
14 60.00 1.60

FR, fat replacer (enzymatically modified corn starch); WF, whole-wheat
flour.
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with four repetitions of the central point have been evalu-
ated. Its purpose is to have homogeneous groups of parcels
(blocks), each receiving repetition for all treatments.

For the results of the central points, only the average
between them (9–12) will be discussed.

On the first day, four samples of the factorial points and
two of the central points and, on the second day, four
samples of the axial points and two of the central points
were made available. On each day, each judge received a list
of parameter definitions and six different samples, each in
triplicate to evaluate each parameter. For example, three
successive sets of samples were cut just before the session
and presented in porcelain dish with random 3-digit code
(Heenan et al. 2008). Parallel to the sensory analysis, water
was served to the judges as a way to clean the palate between
analyses (Heenan et al. 2008).

The evaluated attributes of sensory texture were hard-
ness, elasticity, cohesiveness and chewiness, characterized
using the definition according to Civille and Szczesniak
(1973) as follows: hardness, the force required to compress a
component between molar teeth; elasticity, the degree with
which the product returns to its original shape after it is
compressed between teeth; cohesiveness, the degree to
which a component is fully compressed between teeth
before rupturing; chewiness, the time required to chew a
sample at a constant speed of force application to reduce it
to proper consistency for swallowing.

Principal Component Analysis. The main objective of
the PCA is to obtain a small number of linear combinations
(major components) of a set of variables that retain as
much of the information contained in the original variables
as possible. Therefore, the use of PCA can be as effective as
the use of the original data (Lopes 2001).

Statistical Analysis

Data were subjected to analysis of variance (ANOVA) and
means were compared by Tukey’s test (P ≤ 0.05).

The instrumental and sensory textures were correlated,
valued at similarities and differences using PCA; further-
more, the correlation matrix was used, and correlation coef-
ficients were calculated.

For statistical analysis, Statistica 7.0 Copyright StatSoft,
Inc., Tulsa, OK, USA, 1984-2004, program was used.

RESULTS AND DISCUSSION

Instrumental Texture Analysis

The instrumental texture bread parameters are described in
Table 2.

Hardness. Bread samples’ hardness results are shown in
Table 2, ranging from 8.40 to 29.86 N, similar to the study
of Collar et al. (2014) with bread enriched with cereals,
pseudocereals and vegetables and similar to the study of
Koletta et al. (2014) in which white flour bread has been
replaced by rye whole meal flour and/or whole barley flour
and/or oat bran.

Samples 3 (85WF + 0.60FR) and 6 (95.35WF + 1.60FR)
have significantly equal and higher hardness values (29.56
and 29.86 N, respectively) (P ≤ 0.05) than other bread
samples, even for sample 4 (85WF + 2.60FR), showing that
the increase in FR provides a softer bread, the same way as
hydrocolloids act as inhibiting starch retrogradation in a
similar work (Li and Nie 2015).

For other samples with the same amount of WF, regard-
less of the amount of FR (1 [35WF + 0.6FR] and 2

TABLE 2. INSTRUMENTAL TEXTURE PARAMETERS

Sample bread loaf WF (%) FR (%) Hardness (N) Elasticity (mm) Cohesiviness Chewiness (J)

1 35.00 0.60 11.56f ± 0.95 0.781a ± 0.061 0.598a ± 0.018 5.42bcd ± 0.83
2 35.00 2.60 11.21f ± 1.50 0.757ab ± 0.046 0.600a ± 0.023 5.12cd ± 1.01
3 85.00 0.60 29.56a ± 1.13 0.572ef ± 0.042 0.487ef ± 0.016 8.27a ± 1.08
4 85.00 2.60 22.77b ± 2.12 0.591ef ± 0.037 0.513cdef ± 0.032 6.91ab ± 0.81
5 24.64 1.60 8.40f ± 1.31 0.785a ± 0.039 0.606a ± 0.027 4.00de ± 0.73
6 95.35 1.60 29.86a ± 2.61 0.543f ± 0.020 0.484f ± 0.016 7.87a ± 0.88
7 60.00 0.18 19.17cd ± 2.49 0.603def ± 0.060 0.506def ± 0.029 5.91bc ± 1.32
8 60.00 3.00 16.53de ± 1.67 0.654cd ± 0.029 0.537bcd ± 0.019 5.83bc ± 0.84
9 60.00 1.60 15.58e ± 2.51 0.442g ± 0.050 0.440g ± 0.030 3.02e ± 0.61

10 60.00 1.60 16.06de ± 2.14 0.564ef ± 0.048 0.515cdef ± 0.030 4.74cd ± 1.26
11 60.00 1.60 20.42bc ± 2.69 0.625cde ± 0.046 0.540bcd ± 0.027 6.95ab ± 1.47
12 60.00 1.60 20.46bc ± 1.36 0.687bc ± 0.026 0.579ab ± 0.022 8.13a ± 0.71
13 60.00 1.60 16.91de ± 0.99 0.629cde ± 0.034 0.548bc ± 0.022 5.84bc ± 0.62
14 60.00 1.60 17,21de ± 1,52 0,591def ± 0,032 0,533cd ± 0,015 5,46bcd ± 0,89
9–14 60.00 1.60 17.77cde ± 0.84 0.590def ± 0.016 0.526cde ± 0.009 5.89bc ± 0.38

Mean ± standard deviation in the same column followed by different letters are significantly different (P ≤ 0.05).Sample breads 9–14 represent the
average among bread loaves from 9 to 14.FR, fat replacer; WF, whole-wheat flour.
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[35WF + 2.6FR]; 7 [60WF + 0.18FR], 8 [60WF + 3FR] and
9–14 [60WF + 1.6FR]), there was no significant difference
in hardness parameter. This demonstrated that high levels
of WF mask the different levels of fat replacement. Different
behaviors found in an unleavened Indian bread made of
WF, w ith the addition of 0.75% guar gum of WF, resulted
in a softer bread than the one without hydrocolloid (Shalini
and Laxmi 2007), probably because it is a flat bread, with
little crumb surface.

Sample bread 5 (24.64WF + 1.6FR), with the least
amount of WF with a significantly lower hardness value,
had hardness significantly lower than and equal to samples
1 (35WF + 0.6FR) and 2 (35WF + 2.6FR) and shown to be
the softest bread loaf.

In general, there was steadily hardness increase as WF
content increased. As demonstrated in a similar work,
wherein bread crumb hardness increased from the
substitution of white flour by whole meal flour made with
intermediate fractions of wheat grain milling (Blandino
et al. 2013).

However, significant differences are observed (P ≤ 0.05)
in hardness values between samples 3 (85WF + 0.6FR) and
4 (85WF + 2.6FR), with the same WF content with each
other and different levels of fat replacement, showing the
work of enzymatically modified starch in the softness of the
bread, which is not observed between samples with higher
amount of white flour (1 [35WF + 0.6FR] and 2
[35WF + 2.6FR]; 7 [60WF + 0.18FR], 8 [60WF + 3FR] and
9–14 [60WF + 1.6FR], respectively). A similar result was
observed with substitution of up to 20% white wheat flour
of hydroxypropylated tapioca starch or acetylated tapioca
starch and vital gluten, resulting in a softer bread (Miyazaki
et al. 2005). This behavior can be explained, characterizing
the FR as an antifirming component, such as shortening
and monoglyceride, restricting starch swelling during
baking. Gluten is the continuous phase, and remnants of
starch granule are the discontinuous phase. During baking,
antifirming components interact with wheat flour starch
molecules and decrease starch swelling. With less surface
area exposed to gluten, fewer and/or weaker cross-links
occur with protein; therefore, firming rate is reduced
(Martin et al. 1991).

Elasticity. The results of elastic bread samples (Table 2)
ranged from 0.543 to 0.785 mm, with similar values (0.830–
0.910 mm) to breads in which inulin was incorporated in
different percentages (Rubel et al. 2015).

Bread samples 1 (35WF + 0.60FR), 2 (35WF + 2.60FR)
and 5 (24.64WF + 1.60FR) resulted in more elastic and less
hard bread loaves, having been produced with the lowest of
the WF content. These loaves had significantly equal and
higher values in elasticity than the other samples (P ≤ 0.05),
regardless of the fat replacement used.

Samples 7 (60WF + 0.18FR), 8 (60WF + 3FR) and 9–14
(60WF + 1.6FR) having the same content of WF and varia-
tion of an FR have substantially equal elasticity values, being
0.603, 0.654 and 0.590 mm, respectively.

Sample 6 (95.35WF + 0.6FR) has the largest WF percent-
age, showing elasticity equal to samples 3 (85WF + 0.60FR),
4 (85WF + 2.60FR), 7 (60WF + 0.18FR) and 9–14 (60WF +
1.60FR), and elasticity lower than sample 8 (60WF + 3FR)
(P ≤ 0.05). This shows that elasticity increases with the
reduction of WF content and increased fat content replace-
ment being inversely proportional.

Cohesiveness. Cohesiveness results of bread samples are
shown in Table 2, ranging from 0.484 to 0.606, similar to
the bread results in which 4% hydrolyzed protein (0.560)
replaced white flour and control bread (0.780) (Fitzgerald
et al. 2014). Cohesiveness is described as elastic behavior.

Chewiness. Bread samples chewiness results are shown in
Table 2, ranging from 4.00 to 8.27 J, with values similar
(around 4.35 J) to bread in which inulin was incorporated
in different percentages (Rubel et al. 2015). Chewiness is
described as hardness behavior (Liu et al. 2015).

Samples 3 (85WF + 0.60FR), 4 (85WF + 2.60FR) and 6
(95.35WF + 1.60FR) had significantly equal values com-
pared to each other and superior to other samples of breads
(P ≤ 0.05) showing that larger WF content rebound on
bread chewiness. These results are in accordance with other
studies using wheat flour replacement: bran wheat flour can
weaken gluten network and, being composed of albumin
and globulin, had poorer quality than gluten (gliadin and
glutenin) (Liu et al. 2015) and wheat germ flour in bread
with diluted gluten protein in dough and formed weaker
dough (Sun et al. 2015).

The bread samples with the lowest amount of WF (1
[35WF + 0.60FR], 2 [35WF + 2.60FR] and 5 [24.64WF +
1.60FR]) have chewiness values substantially equal to each
other and lower than other samples (P ≤ 0.05). Bread dough
is the system with interaction between different compo-
nents incorporated that may cause different effects, as in
similar work (Bárcenas et al. 2009), in which three differ-
ent hydrocolloids were used (arabic gum, pectin and
hydroxypropyl methylcellulose), resulting in modification
of hydration properties, gluten quality and rheological
properties of gluten and starch, depending on the type and
concentration used.

Sensory Texture Analysis

Sensory texture bread parameters are described in Table 3.

Hardness. The results of sensory bread samples’ hardness
are shown in Table 3, with grades ranging from 3.15 to 5.61.
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Samples 3 (85WF + 0.6FR), 4 (85WF + 2.6FR), 6
(95.35WF + 1.6FR), 7 (60WF + 0.18FR), 8 (60WF + 3FR)
and 9–12 (60WF + 1.6FR), all ≥60WF presented equal
and higher hardness values (P ≤ 0.05) than other bread
samples (1 [35WF + 0.6FR], 2 [35WF + 2.6FR] and 5
[24.64WF + 1.6FR]), thus showing that the variation in the
amount of FR was not perceived by judges trained with
respect to the hardness parameter.

This result can be ratified observing samples 1 (35WF +
0.6FR) and 2 (35WF + 2.6FR); 3 (85WF + 0.6FR) and 4
(85WF + 2.6FR); 7 (60WF + 0.18FR), 8 (60WF + 3FR) and
9–12 (60WF + 1.6FR) as there was no significant difference
(P ≤ 0.05) in sensory hardness results from samples with
the same content of WF and changes in the fat content
replacement. Bread samples 9–12 (60WF + 1.6FR) showed
hardness value (P ≤ 0.05) equal to bread samples 9 (60WF +
1.6FR), 10 (60WF + 1.6FR), 11 (60WF + 1.6FR) and 12
(60WF + 1.6FR).

Elasticity. The results of sensory elasticity of the bread
samples (Table 3) ranged in their grades from 4.25 to 6.83,
similar (4.7 to 7.1) to those found in the study of Koletta
et al. (2014) in which white flour bread has been replaced by
rye whole meal flour and/or whole meal barley and/or oat
bran.

Sample 3 (85WF + 0.6FR) was significantly lower in elas-
ticity than samples 1 (35WF+0.6FR), 2 (35WF + 2.6FR) and
5 (24.64WF + 1.6FR) and was equal in elasticity compared
with other samples (P ≤ 0.05), regardless of the amount of
the FR.

Observing bread samples 1 (35WF + 0.60FR) and 2
(35WF + 2.60FR); 3 (85WF + 0.60FR) and 4 (85WF +
2.60FR); 7 (60WF + 0.18FR), 8 (60WF + 3.00FR) and 9–12
(60WF + 1.60FR), it appears that there was no significant
difference (P ≤ 0.05) in the results of sensory elasticity
between samples with the same WF content and variation in

the content of the FR.
As shown in Table 3, the least hard bread loaves (1:

35WF + 0.6FR; 2: 35WF + 2.6FR; 5: 24.64WF + 1.6FR and
9–12: 60WF + 1.6FR), therefore softer, are shown to be
more elastic (P ≤ 0.05), i.e., with higher elasticity, the same
behavior observed in the instrumental analysis.

Cohesiveness. The results of sensory cohesiveness of bread
samples are shown in Table 3, with grades ranging from
4.50 to 6.96, similar (2.8–8.2) to those found in the study of
Callejo et al. (2015) where breads were baked with bread
wheat and spelt wheat.

Sensory cohesiveness values were shown to be similar to
sensory elasticity behavior and results of instrumental cohe-
siveness and were inversely proportional to the increase in
WF.

Chewiness. Sensory chewiness results of the bread samples
are shown in Table 3, with grades ranging from 42.67 to
66.33, and similar to sensory hardness, which was also
observed between instrumental chewiness and hardness.

Principal Component Analysis and
Correlation between Instrumental and
Sensory Texture

To determine the relationship between instrumental (I) and
sensory (S) texture assessment, PCA (Kihlberg et al. 2006)
and correlation matrix (Bordes et al. 2008) were used.

Figure 1 shows a biplot with the projection of the param-
eters studied in the PCA and samples, set in the foreground
by two factors (1 and 2), which describe about 91 and 3% of
variance, respectively. The explained variance in Fig. 1
amounts to 94%. The first and the second axes describe vir-
tually all of the variations in texture (instrumental and
sensory). Elasticity (SE and IE) and cohesivity (SC and IC),

TABLE 3. SENSORY TEXTURE PARAMETERS

Sample bread loaves WF (%) FR (%) Hardness Elasticity Cohesiviness Chewiness

1 35.00 0.60 3.79bc ± 1.40 6.21ab ± 0.89 6.96a ± 1.18 48.67abc ± 13.17
2 35.00 2.60 3.15c ± 1.25 6.30ab ± 1.07 6.88ab ± 0.93 45.50bc ± 10.11
3 85.00 0.60 5.61a ± 0.85 4.25c ± 1.01 4.50c ± 0.64 64.83ab ± 11.21
4 85.00 2.60 5.38ab ± 0.80 4.71bc ± 1.08 4.79c ± 0.86 66.33a ± 20.43
5 24.64 1.60 3.88bc ± 1.92 6.83a ± 1.34 6.68ab ± 1.93 42.67c ± 16.95
6 95.35 1.60 5.33ab ± 1.13 4.65bc ± 1.48 4.57c ± 0.71 58.33abc ± 12.46
7 60.00 0.18 4.73abc ± 1.19 5.46abc ± 1.05 5.42bc ± 0.84 53.08abc ± 12.90
8 60.00 3.00 4.50abc ± 1.07 5.67abc ± 1.35 5.49abc ± 1.34 49.67abc ± 14.28
9 60.00 1.60 4.36abc ± 1.22 5.27abc ± 1.00 5.90ab ± 0.58 56.50abc ± 18.65

10 60.00 1.60 4.37abc ± 1.48 5.33abc ± 1.39 5.42bc ± 0.70 64.25ab ± 22.08
11 60.00 1.60 5.01ab ± 1.04 4.96bc ± 1.34 4.95c ± 1.10 60.67abc ± 16.99
12 60.00 1.60 4.95ab ± 1.24 4.85bc ± 1.88 4.31c ± 1.64 58.92abc ± 10.36
9–12 60.00 1.60 4.67abcd ± 0.96 5.10bc ± 1.19 5.14c ± 0.82 60.08abc ± 14.73

Mean ± standard deviation in the same column followed by different letters are significantly different (P ≤ 0.05).Sample breads 9–12 represent the
average among bread loaves from 9 to 12.FR, fat replacer; WF, whole-wheat flour.
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both instrumental and sensorial, were found at the positive
end of the first axis. Hardness (SH and IH) and chewiness
(SW and IW), both instrumental and sensorial, were found
at the negative end of the first axis and were therefore nega-
tively correlated with samples 1 (35WF + 0.6FR), 2
(35WF + 2.6FR) and 5 (24.64WF + 1.6FR), with lower levels
in WF. Sensory hardness (SH) was found at the positive
end of the second axis. Samples 7 (60WF + 0.18FR), 8
(60WF + 3.0FR) and 9–12 (60WF + 1.6FR) were the ones
that most strongly contributed to this parameter. On the
other hand, instrumental hardness (IH), sensory chewiness
(SW) and instrumental chewiness (IW) were found at the
negative end of the second axis, while the samples that con-
tributed most to this parameter are the ones with higher
WF content: 3 (85WF + 0.6FR), 4 (85WF + 2.6FR) and 6
(95.35WF + 1.6FR).

Besides, Fig. 1 shows the projection of the principal com-
ponents of the parameters of instrumental and sensory
texture compared with the elaborated bread loaves.

Figure 1 shows that the vectors of parameters that are
close to each other represent positive parameters that are
strongly correlated.

There is a strong positive correlation between the same
instrumental and sensory parameters: hardness, elasticity,
cohesivity and chewiness. There were also strongly and

positively correlated different parameters, such as chewiness
and hardness, elasticity and cohesiveness, whether instru-
mental (I) or sensory (S).

The parameters whose vectors form an angle of 180°, or
have this behavior, correlate negatively, as it can be seen
between elasticity and hardness; elasticity and chewiness;
cohesiveness and hardness; cohesiveness and chewiness,
whether instrumental or sensory, as both show the same
behavior (Fig. 1).

Factors 1 and 2 represent different forms between instru-
mental and sensory texture, i.e., the contrast between them.

Some parameters were correlated moderately to factor 1:
IE (0.97) × IH (−0.97); SE (0.96) × SH (−0.96); IC (0.98) ×
IW (−0.93); and SC (0.98) × SW (−0.91); therefore, the
positive parameters showed values similar to the negative
parameters.

The unique positive and moderately correlated parameter
to factor 2 was SH (0.04), which showed similar value when
compared to the negative parameter SE (−0.09). The other
parameters correlated to factor 2 were negative: IH (−0.19),
IE (−0.20), IC (−0.15), SC (−0.13), IW (−0.35), SW (−0.10).

Quadrant II of Fig. 1, which includes bread samples
1 (35WF + 0.6FR) and 2 (35WF + 2.6FR), is associated
with cohesiveness and elasticity parameters, both instru-
mental and sensory. Quadrant III with bread samples

FIG. 1. BREAD SAMPLES’ PRINCIPAL
COMPONENT ANALYSIS
Biplot between principal component analysis
and the projection of the components of the
instrumental and sensory bread texture
parameters.
FR, fat replacer; IC, instrumental cohesivity; IE,
instrumental elasticity; IH, instrumental
hardness; IW, instrumental chewiness; SC,
sensorial cohesivity; SE, sensorial elasticity; SH,
sensorial hardness; SW, sensorial chewiness;
WF, whole-wheat flour.
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3 (85WF + 0.6FR), 4 (85WF + 2.6FR) and 6 (95.35WF +
1.6FR) is associated with hardness and chewiness, both
instrumental and sensory. In addition, quadrant IV, which is
composed of bread samples 7 (60WF + 0.18FR) and 9–12
(60WF + 1.6FR), is associated with sensory hardness
parameter (Fig. 1).

From the overlay of Fig. 1 (biplot), it can be seen that
bread samples 1 (35WF + 0.6FR), 2 (35WF + 2.6FR) and 5
(24.64WF + 1.6FR) show the lowest mean for SH because
the perpendicular graphical projection on the vector of the
SH variable falls below the origin. Samples 3 (85WF +
0.6FR), 4 (85WF + 2.6FR) and 6 (95.35WF + 1.6FR) present
the highest means for SH because the perpendicular
graphical projection on the vector of the SH variable lies
above the origin. Moreover, samples 7 (60WF + 0.18FR),
8 (60WF + 3.0FR) and 9–12 (60WF + 1.6FR) show the
mean value for the SH variable because the perpendicular
graphical projection on the vector of these SH variables lies
near the origin.

Using PCA, it was observed in this study that there is a
strong relationship between instrumental and sensory
texture. Further, all correlations presented in the correlation
matrix (Table 4) showed that it is possible to describe
sensory texture variations through instrumental measure-
ments (as described by Gámbaro et al. 2002, who found that
sensory texture attributes were well predicted by TPA), and
vice versa, confirming what has been described based on the
results in Tables 3 and 4.

CONCLUSIONS

Instrumental and sensory analysis results showed a good
correlation on the textural characteristics of whole-wheat
loaves with FR, made at a pilot plant level.

It was observed that below 60% of WF, the fat replace-
ment levels had no influence on the final texture of the

loaves, which in general were softer, more elastic and cohe-
sive. On the contrary, bread loaves with more than 60% of
WF become instrumentally softer as the levels of FR
increased. However, increased high WF contents resulted in
firmer and more chewable bread loaves.

The use of PCA and the correlation matrix between
instrumental and sensory analysis results were effective,
showing that the instrumental hardness parameter of bread
crumb can be used to predict the final textural quality of the
loaves. As confirmed by Rizzello et al. (2011), hardness is
often considered as the index of the total textural attributes.
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