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Abstract In recent times computer vision employing

image processing techniques has been developed rapidly in

order to quantitatively characterize of foods. In this study,

effect of cress seed gum as a novel gluten substitute and

xanthan gum (1 % base on flour and starch weight) on

gluten-free bread were investigated by image processing.

Additionally, bread crumb analyzed during storage (24 and

72 h). Bread features selected for analysis were moisture

content, specific volume, slice shape, crust and crumb

color, pore area fraction, pore size distribution, number of

cells/cm2, pore shape, fractal dimension of pore boundaries

and crumb texture. The results exhibited, hydrocolloids

improved quality of gluten-free breads significantly

(p \ 0.05). Hydrocolloid addition increased pore area

fraction and had positive effect on crumb color during

storage. Hydrocolloid by forming thick layer influenced the

stability of gas cells and caused more regular and solids

pores in gluten-free bread which was more noticeable in

breads containing cress seed gum. Fractal values of

boundaries indicated that the breads containing cress seed

gum had more regular and smooth boundaries. Texture

analysis by gray level co-occurrence matrix revealed sta-

bility crumb texture during storage.

Keywords Image analysis � Gluten-free bread �
Cress seed gum � Xanthan gum

Introduction

Coeliac disease is a life-long intolerance to the gliadin

fraction of wheat and the prolamins of rye (secalins),

barley (hordeins) and possibly oats (avidins) [1]. The only

effective treatment for coeliac disease is a strict adherence

to a gluten-free diet throughout the patient’s lifetime

which, in time, results in clinical and mucosal recovery [2].

Therefore, these persons are unable to consume some of the

most common products including breads, baked goods and

other food products made with wheat flour [3]. As a result

of growing number of celiac patient, interest for gluten-free

products increases [4]. Gluten removal results in major

problems for bakers, and currently, many gluten-free pro-

ducts available on the market are of low quality, exhibiting

poor mouthfeel and flavor. This presents a major challenge

to the cereal technologist and baker alike [2]. Especially in

bread industry which is one of the most consumed products

among baked foods [5]. The gluten matrix is a major

determinant of the important rheological characteristics of

dough, such as elasticity, extensibility, resistance to stretch,

mixing tolerance, and gas holding ability [6].

The most investigation on gluten-free products, involved

a diverse approach which has included the use of starches,

dairy products, hydrocolloids, other non-gluten proteins,

prebiotics and combinations [2]. The bread dough without

gluten can only keep gas if the gluten is replaced by

another gel. Gums enhance the cohesion of the starch

granules and produce bread which can compete with wheat

bread, but without the detrimental effects of gluten [7]. The

most commonly used are hydrocolloids such as, xanthan,

pectin, guar gum, Arabic gum, galactomannans, and

methylcellulose [4].

Hydrocolloids are high-molecular weight hydrophilic

biopolymers used widely as functional ingredients in the
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food and pharmaceutical systems [8]. Hydrocolloids are

used in gluten-free formulations for a variety of purposes

including gelling, thickening, water retention and texture

improvement [2]. Different studies have been conducted to

investigate the influence of hydrocolloids in preparing

gluten-free bread [6, 9–11].

Xanthan gum (XG) was investigated in this study

because it forms high-viscosity pseudoplastic material and

is very common in commercial gluten-free loaves. XG is

an anionic polysaccharide produced commercially by

bacterial fermentation [12]. XG is hydrated in cold water

and produces a viscose solution with shear thinning flow

behavior [13]. The shear thinning property of XG is

important during dough preparation, i.e. pumping, knead-

ing and rolling. Xanthan increases dough stability, water

absorption and gas maintenance [7]. A particular feature of

XG is its insensitivity to temperature which allows it to

keep the batters highly viscouse at elevated temperatures

thus enabling their expansion before setting their structure

[14]. Xanthan and carboxymethyl cellulose (CMC) have

showed the appropriate quality in bread manufacturing [7].

According to the increasing demand for hydrocolloids,

with specific functionality in the recent years, finding new

hydrocolloid sources that could improve the quality of glu-

ten-free breads is still a need. Lepidium sativum seed gum is a

new source of hydrocolloids that exhibits desirable func-

tional and textural properties [15, 16]. Cress seeds adsorb

water quickly when soaked in water and produce a large

amount of mucilaginous substances. Cress seed gum (CSG)

has shear thinning flow behavior and high molecular weight

(540 kDa), which is nearly as rigid as XG [17]. CSG has

interesting emulsifying and foaming properties which

remained unchanged after heating and freezing [15, 18]. The

CSG gel had proper texture characteristics and can maintain

its gel integrity and resistance in thermal condition [16]. On

the other hand, heating caused an irreversible increase in

viscosity of its solutions which indicating the irreversible

conformational change of CSG [15]. This property will help

to keep the batter viscose at elevated temperature like XG.

According to its conformational and rheological similarities

with xanthan, this new gum can be used as a substitute of

some hydrocolloids and also it has more advantages because

of its curative properties and plant origin [15].

In the food industry, the quality evaluation still heavily

depends on manual inspection, which is tedious, laborious,

and costly, and is easily influenced by physiological fac-

tors, inducing subjective and inconsistent evaluation results

[19, 20]. Based on image processing and analysis, com-

puter vision is a novel technology for recognizing objects

and extracting quantitative information of morphology,

structure and microstructure from digital images in order to

provide objective, rapid, non-contact, and non-destructive

quality evaluation [21]. Image processing has been applied

increasingly for quality evaluation of baking studies [11,

22–27]. On the other hand, the characterization of the

crumb cellular structure in breads has been a long standing

goal in cereal science. The properties of the foam influence

the perceptions of texture, starting from how the bread

looks to how it deforms during handling and mastication

[27]. Also, the absence of gluten has an impact on cell

formation, crumb and crust characteristics, volume,

porosity, quality parameters [7]. Therefore, we decided to

evaluate crumb cellular structure based on image process

technique [4]. Furthermore, it is necessary to understand

the macroscopic behavior and complexity of bread crumb

during storage. Staling occurs in both the crust and crumb

but generally more attention is given to the crumb as it

effects the consumer’s perception of the bread [28].

Therefore the next objective was to evaluate the staling

damage on structure and color of crumb.

The aim of this study was to investigate the effect of

CSG gum as a novel gluten substitute and XG on volume,

porosity, moisture content, color and macrostructure

(crumb structure, pore shape identification, fractal dimen-

sion and crumb texture) of gluten-free bread during 1, 24

and 72 h.

Materials and methods

Materials

The material used in formulation for gluten-free bread con-

sist of rice flour, corn flour and corn starch (100 %), fast

active dry yeast (4 %), deacetyl-tartaric acid esters of

monoglyceride (DATEM) (0.5 %), powdered milk (9 %),

powdered egg whites (6 %), sunflower oil (4 %), Salt (1 %),

sugar (5 %), and distilled water (optimum level). The hy-

drocolloids used for different formulations were cress seed

gum and xanthan gum (1 % base on flour and starch weight).

Cress seeds were obtained from a local market in Mashhad,

Iran. Xanthan gum was supplied from Sigma Chemical Co,

USA. CSG powder was prepared on the basis of the work

done by Karazhiyan et al. [40]. The cleaned cress seeds were

firstly soaked in distilled water at the seed: water ratio of

37:1, 40 �C, pH 7, and for 18 min. Hydrocolloid extract was

separated from the swollen seeds by passing the seeds

through a laboratory extractor (Pars Khazar, Iran). The

extract was then filtered and dried in an air forced oven at

60 �C and finally the powder was milled, sieved using a mesh

18 sifter, packed, and kept at cool and dry condition.

Bread making

Rice flour, corn starch and flour, salt, sugar and hydro-

colloid was mixed in the bowl of mixer (Hügel, Germany)
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in a 2 speed for 20 s. Dry yeast was dispersed in half of

water (30 �C) and leaved for 5 min. dispersed yeast was

added and mixed for 2 min in a 4 speed. Oil and the

remained water was mixed in a 4 speed for 3 min. The

witness samples was provided without hydrocolloid. Gums

added at 1 % level (flour and starch basis). The dough

samples were placed in aluminum and fermented at 40 �C

for 45 min. The dough was baked at 120 �C for 20 min in

oven. Measurement of the loaves was conducted after

cooling to room temperature for 1 h. For storage effect on

some quality parameters, In order to study storage effects,

bread was placed in polyethylene bags and stored for 24

and 72 h.

Bread quality

Some physicochemical parameters of fresh bread included

specific volume, moisture content and slice shape were

determined. Bread moisture content was determined

through drying out of a homogeneous sample of bread

(2.00 g) using the air-oven drying according to 44-15A

standard [29]. The specific volume was determined by the

seed displacement method. The shape of loaf slice was

defined as width/height ratio of central slice.

Image processing

Computer vision system

A computer vision system generally consists of sample

illumination was achieved with five fluorescent lights

(Opple, 8 W, model: MX396-Y82; 60 cm in length) with a

color index (Ra) close to 95 %. The illuminating lights

were placed in a wooden box, 45 cm above the sample and

at the angle of 458 with sample plane to give a uniform

light intensity over the bread [30]. The interior walls of the

wooden box were painted black to minimize background

light. So that stabilization the lighting system, it was

switched on for about 30 min prior to acquiring images. A

color digital camera (Canon EOS 1000D, Taiwan) with

lens focal length of 35 mm for color analysis and 45 mm

for investigation of pore properties was located vertically.

The iris was operated in manual mode, with the lens

aperture of 5.6, ISO 100 and shutter speed of 1/80 s to

achieve high uniformity and repeatability. Images were

captured with the mentioned digital camera at

2592 9 3888 pixels and connected to the USB port of a

computer. Canon Digital Camera Solution Software

(Canon Utilities Zoom Browser EX README File Ver-

sion 6.1.1) was used to acquire the images in the computer

in TIFF format.

In this study, Bread samples were cut into two halves

vertically and both side of halves used for investigation.

The image analysis was managed using Adobe Photoshop

(v. 9CS2), ImageJ software (National Institutes of Health,

USA) version 1.45 s and MATLAB (version 2011 b). The

features of color, pore area fraction, number of cells/cm2,

pore size distribution, pore shape, fractal dimension of

pore‘s boundaries and crumb texture were investigated.

Crust and crumb color

In defining and quantifying color, RGB (red, green, blue)

and L*a*b* color system were selected and analyzed by

ImageJ software. Chroma (C) value was determined, which

is the weighted sum of red, green and blue (Eq. 1).

C ¼ rRþ gGþ bB ð1Þ

where r, g, b are the amounts of R, G, B colors (ratio of

each color value to the sum of three colors).

The color of crust and crumb was investigated after

cooling for 1 h. The alteration of crumb color was also

studied after 24 and 72 h storage.

Crumb pores structure

First, images were improved by using smart sharp filter of

Adobe Photoshop (Adobe, v.9CS2). Then color image was

converted to gray scale and the largest possible rectangular

cross-section of bread haves was cropped. After adjusting

threshold, pore area fraction, pore size distribution and

number of pores/cm2 were investigated after 1, 24 and 72 h

with ImageJ software. By set scale icon of software, pixels

values were converted to distance unites before analysis.

Shape identification

Image processing was performed and then Circularity,

Aspect Ratio, Roundness and Solidity was studied with

ImageJ software and Euler’s number was evaluated with

MATLAB (version 2011 b) after 1, 24 and 72 h.

Circularity value of 1.0 indicating a perfect circle. As

the value approaches 0.0, it indicates an increasingly

elongated shape. Factor circularity determined by follow-

ing formula:

Circularity ¼ 4p� Area½ �
Perimeter½ �2

ð2Þ

Aspect Ratio is the ratio of the length of major axis to

the length of minor axis which was evaluated as fallow:

Aspect ratio ¼ Major Axis½ �
Minor Axis½ � ð3Þ

Roundness is inverse of aspect ratio and indicate a

measure of how far the pore shape differs from a circle.
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Roundness ¼ 4� Area½ �
p� Major axis2½ � ð4Þ

Solidity describes the extent to which the shape is con-

vex or concave and it is defined by:

Solidity ¼ Area½ �
Convex area½ � ð5Þ

Euler’s number describes the relation between the

number of continuous parts and the number of holes on a

shape. Let S be the number of continuous parts and N be

the number of holes on a shape. Then the Euler number is:

Euler’s number ¼ S�N ð6Þ

The 8-connectivity version of the Euler number equation

was used for computing Euler number with MATLAB

(version 2011 b).

Fractal dimension

The fractal dimension quantifies the degree of irregularity

or fragmentation of an object of spatial pattern [31]. There

are several ways to measure the fractal properties of an

object or geometrical structure. One of the easiest and more

common procedures to quantify fractality is the box-

counting method, whose result is the fractal dimension of

an object or image. A box-counting fractal dimension

indicates the level of complexity or the amount of details

through scales [32]. The center of each slice was cropped

in a square of 1200 9 1200 pixels and converted to grey-

level image (8 bits). Then they were converted to binary

images and the pore boundary was extracted and lastly the

fractal dimension value was computed with box-counting

method using the ImageJ software.

Image texture analysis

The Grey-level co-occurrence matrix (GLCM) was used to

obtain the statistical texture features. The co-occurrence

matrix describes the second-order statistics in the images

and enables a calculation of the textural features that are

expected to represent the textural characteristics of the

image studied [33]. A GLCM is a matrix where the number

of rows and columns is equal to the number of gray levels,

G, in the image. The matrix element P (i, j|Dx, Dy) is the

relative frequency with which two pixels, separated by a

pixel distance (Dx, Dy), occur within a given neighbor-

hood, one with intensity ‘i’ and the other with intensity ‘j’.

The matrix element P (i, j|d, h) contains the second order

statistical probability values for changes between gray

levels ‘i’ and ‘j’ at a particular displacement distance d and

at a particular angle (h). Using a large number of intensity

levels G implies storing a lot of temporary data, i.e. a

G 9 G matrix for each combination of (Dx, Dy) or (d, h).

Due to their large dimensionality, the GLCM’s are very

sensitive to the size of the texture samples on which they

are estimated. Thus, the number of gray levels is often

reduced [34].

The center of each slice was cropped in a square of

1200 9 1200 pixels and converted to grey-level image (8

bits). During our study, the features were investigated in

four directions (0�, 90�, 180� and 270�) and a distance of 1

pixel. The average of five textural features: angular second

moment, contrast, correlation, inverse difference moment

and entropy were studied.

The angular second moment is a measure of image

homogeneity; it is high when the pixels are very similar or

when image has very good homogeneity [33].

Angular Second Moment ¼
XNg�1

i�0

XNg�1

j�0
P2

ij ð7Þ

Where i, j are the spatial coordinates of the function p (i, j),

Ng is gray tone.

Contrast Contrast measures local variations of grey

levels and correlation measures the linear dependencies of

grey levels in the image [33].

Contrast ¼
Xng�1

n¼1
n2
Xng

i¼1

Xng

j¼1
p i;jð Þ

h i
i� jj j ¼ n ð8Þ

i and j: row and column numbers in the GLCM matrix,

pij = (i,j)th entry in a normalized grey-level co-occurrence

matrix.

Correlation measures the linear dependencies of grey

levels of neighboring pixel in the image [33].

Correlation ¼
PNg�1

i¼0

PNg�1
j¼0 i; jð ÞP i; jð Þ � lxlx

rxry

ð9Þ

Where i, j are the spatial coordinates of the function p (i, j),

Ng is gray tone, l: means r: standard deviation.

Inverse Difference Moment is the local homogeneity. It

is high when local gray level is uniform and inverse GLCM

is high.

Inverse Difference Moment ¼
PNg�1

i¼0

PNg�1
j¼0 Pij

1þ ði� jÞ2
ð10Þ

Where i, j are the spatial coordinates of the function p (i, j),

Ng is gray tone [34].

Entropy measures the ‘complexity’ of the image with

regards to the spatial location of grey levels in the image

[33].

Entropy ¼
XNg�1

i¼0

XNg�1

i¼0
�P2

ij � log Pij ð11Þ

Where i, j are the spatial coordinates of the function p (i, j),

Ng is gray tone.
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Statistical analysis

All measurements were conducted by triplicate and a

completely randomized design was used for statistical

analysis. The data was statistically analyzed by factorial

analysis of variance and differences among the mean values

compared using least significant difference (LSD) test. The

p level of \ 0.05 was considered statistically significant.

Result and discussion

Bread quality

The gluten-free bread quality properties are summarized in

Table 1. It is known that hydrocolloids addition generally

increases the moisture content of breads [35–37]. In this

study, hydrocolloids increased the moisture content of

gluten-free breads significantly (p \ 0.05). Nevertheless,

the difference between CSG and XG wasn’t significant

(p [ 0.05). This improvement in moisture content by hy-

drocolloids is attributed to water retention ability of this

polymer which is as the result of their hydrophilic nature

[38]. This result for XG has been reported by various

authors [36, 38, 39]. CSG is able to absorb water more and

quickly. The effect has been attributed to the hydroxyl

groups in the hydrocolloid structure and chain conforma-

tion which allows more water interaction through hydrogen

bonding [15, 17, 40]. The specific volume of the breads

increased by adding CSG and XG (p \ 0.05). In gluten-

free breads formulated with CSG more increase was

observed (p [ 0.05). The hydrocolloids give stability to

interface dough system during proofing which conferres

additional strength to the gas cells through baking. Con-

sequently the gas losses will be reduced and in turn bread

volume will improve [35, 38]. The shape of loaf slice

(width/height) was affected by CSG significantly, and the

reduction of the width/height ratio indicated the bread

shape improvement.

Crust and crumb color

Color is an important visual characteristic of food, and it

also affects consumer preference and purchase decisions.

As well, color correlates well with other physical, chemical

and sensory quality indicators in food [41]. In food

research, the color is frequently represented in the L*a*b*

color space. L* is the luminance or lightness component,

which ranges from 0 to 100, and parameters a* (from green

to red) and b* (from blue to yellow) are the two chromatic

components, which range from -120 to 120 [42]. In con-

trast with other color models such as RGB, in the L*a*b*

space the color perception is uniform, i.e. the distance

between two colors in a linear color space corresponds to

the perceived differences between them. Therefore, it

permits an objective color representation, and its use is

essential for applications where the results must match

those of the human perception [42].

In general, a lower L* value indicates a darker crust,

[43]. Whereas a higher b* value correlates to higher crust

yellowness. As shown in Table 2, no considerable dif-

ference in crust lightness (L* values) was found between

formulations containing hydrocolloid and the control

samples. Mezaize et al. [9] found similar result for XG

and guar gum gluten-free bread and observed no signifi-

cant different between different between lightening of

them and witness samples. Sciarini et al. [44] reported

that Gelatin and Alginate crust lightness were similar to

that of control, breads with XG and CMC showed a

lighter crust and darkening of the crust (lower L* values)

with carrageenan addition. In general, breads with added

hydrocolloid evidence lighter crusts [4, 6, 7, 9, 45]. This

could be attributable to the effect of hydrocolloids on

water distribution, which impacts on Maillard reaction

and caramelisation. The parameter a* denotes the balance

between green (negative values) and red (positive values).

The a* values for all formulation breads were all nega-

tive, which means that there was no red hue for crust. The

influence of gum addition on a* values of crust breads

wasn’t significantly (p [ 0.05). No considerable differ-

ences in crust yellowness (b*) were found between the

bread containing xanthan and witness which was in agree

with the findings of previous studies [7]. According to

Chroma values of crust (Table 2), no significant differ-

ence was found between the colors of gluten-free breads.

CSG increased b* significantly that led to higher crust

yellowness, but no difference between XG and witness

was observed.

Table 1 Effect of hydrocolloid addition on quality parameters of fresh gluten-free breads

Bread formulation Moisture content % db. Specific volume (cm3/g) Slice shape (w/h)

Witness 35.70 ± 0.455 B 2.370 ± 0.144 B 2.21 ± 0.036 A

Cress seed gum 43.28 ± 1.006 A 2.743 ± 0.250 A 1.91 ± 0.049 B

Xanthan gum 42.05 ± 0.699 A 2.623 ± 0.363 A 2.05 ± 0.021 AB

Different letters denote significant differences (p \ 0.05) between bread formulations
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According to Table 3, CSG and XG didn’t have sig-

nificant effect on crumb color (L*, a*, b* and Chroma

values) of gluten-free bread. During storage, the crumb

color changed (Table 3). These alterations were different

between among formulations. After 24 h, no significant

change was observed in L* values for all samples. But after

72 h, L* values of witness and formulation containing CSG

decreased significantly (p \ 0.05) which caused darker

crumb. This alteration isn’t desirable for crumb. The

lightness of XG samples remained unchanged even after

72 h.

The a* values of witness samples changed significantly

after 24 h storage. Therefore storage caused the witness

bread color shift to red, but no change in samples con-

taining hydrocolloid was observed. The yellowness of

witness breads decreased significantly after storage for

24 h. In the case of bread containing hydrocolloid param-

eter b* decreased significantly after 72 h. Gluten-free

breads have low ability to retain moisture during storage

[39], this property lead to the reduction of water and

change of crumb color. The hydrocolloid preserve water

and therefore there is less alteration in crumb color of

samples containing hydrocolloid during storage.

Concerning the Chroma values of crumb breads

(Table 3), no significant differences in color values were

noticed before storage between breads containing hydro-

colloid and witness. The crumb color become darker after

storage especially after 72 h (p \ 0.05) in all samples.

Crumb pores structure

Bread crumb is a viscoelastic foam consisting of a random

distribution of open and closed cells. The crumb cellular

structure described by pore area fraction (%), number of

cells/cm2 (density) and cell size distribution. Image ana-

lysis of bread crumb (Fig. 1) showed that addition of hy-

drocolloids resulted in insignificant increase in pore area

fraction (p \ 0.05). The increment of pore area fraction is

in a good agreement with increase of specific volume of

breads containing hydrocolloid. Nevertheless, no consid-

erable difference was found between CSG and XG breads

(p [ 0.05). Glycoprotein complex of CSG (hydrophilic and

Table 2 Effect of hydrocolloid addition on crust color of fresh glu-

ten-free breads

Bread formulation L* a* b* Chroma

Witness 86.36 A -12.82 A 34.24 A 201.09 A

Cress seed gum 81.77 A -13.02 A 41.93 B 189.83 A

Xanthan gum 85.81 A -15.42 A 38.60 A 197.70 A

Different letters denote significant differences (p \ 0.05) between

bread formulations
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hydrophobic groups) provokes interfacial activity inside

the dough structure during proofing and construction of gel

networks during bread making procedures [18]. Such

complex structures increase reinforcing the boundaries of

the gas cells growing in the dough and subsequently

increase the gas retention throughout baking [7]. However,

XG is highly hydrophilic and without any significant

hydrophobic bonds cannot adsorb at the air–liquid inter-

face, but it can retard foam destabilization due to thick-

ening of the aqueous phase [18]. On the other hand, XG

improve the cohesion of starch granules, thus providing

structure of breads [39]. The increment of pore area frac-

tion after addition guar-xanthan gum to wheat bread for-

mulation was reported by Ozge Ozkoc et al. [24]. However,

Ozge Ozkoc et al. [24] found decrease of pore area fraction

of wheat bread by addition guar, k-carrageenan and xan-

than gum. Mezaize et al. [9] reported hydrocolloids

increase the pore area fraction of gluten-free bread.

During storage the pore area fraction of witness and

breads containing hydrocolloids deceased significantly

(p \ 0.05) (Fig. 1). But CSG and XG breads had higher pore

area fraction compared to witness bread even after storage

for 72 h and no considerable difference was observed

between 24 and 72 h storage. Water loss during storage can

be contributed to the shrinkage during storage [46].

The addition of hydrocolloids didn’t cause significant

change in number of cells (Fig. 2). Our finding is compa-

rable with the result of Mezaize et al. [9] who observed no

difference in number of gluten-free breads containing XG

and CMC and witness breads. Thus the gas cell were bigger

with CSG and XG, while we observed that the average cell

area of fresh gluten-free bread was higher in CSG and XG

samples (Table 4). On the other hand, the sample con-

taining hydrocolloid had cells with higher max area, but the

min cell area of all samples was the same (6.882 9

10-6 cm2). No alteration in number of cell was observed

during storage.

The pore distribution reveals more information about the

effect composition and storage on bread structure. Pores

were classified in five different categories according to

their size (Table 5). Gums addition had effect on the pore

size distribution. Difference in pore size in both witness

and breads containing hydrocolloid can be seen. The per-

centage of pores with small size was more in witness

samples (25 %), but very large pores were less in witness

(3 %) in comparison with breads containing CSG and XG

(7 and 8 % respectively). While CSG and XG bread had

the same pore size distribution and they gave greater pore

size.

After storage for 24 h, the percentage of big pore cells

decreased in all breads. But the percentage of small pores

were stable. The size distribution after 72 h was similar to

24 h. Therefore, storage changed the cell distribution. This

result was in agreement with reduction of pore area fraction

(Fig. 1).

Crumb pores shape

Shape is one of the important aspect used to characterize

objects, beside of colors and textures [47]. Also, it provides

valuable information about the structural features of crumb.

Fig. 1 Effect of hydrocolloid addition on pore area fraction of fresh

and stored gluten-free bread. Different letters of each bar denote

significant differences (p \ 0.05) between bread formulations (capital

letter) and during stored time (small letter)

Fig. 2 Effect of hydrocolloid addition on number of cells per square

centimeter of fresh and stored gluten-free bread. Different letters of

each bar denote significant differences (p \ 0.05) between bread

formulations (capital letter) and during stored time (small letter)

Table 4 Effect of hydrocolloid addition on pore size of fresh gluten-

free breads

Bread

formulation

Max pore

area (cm2)

Min pore

area 9 10-6 (cm2)

Average pore

area (cm2)

Witness 0.4206 A 6.882 A 0.0060 A

Cress seed gum 0.7790 A 6.882 A 0.0070 A

Xanthan gum 0.5874 A 6.882 A 0.0062 A

Different letters denote significant differences (p \ 0.05) between

bread formulations
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The crumb cell shape data were summarized in Table 6.

Roundness is a measure of how far the pore shape differs

from a circle. Rounds pores have values equal to 1. The

secularity and roundness value of CSG and XG (0.802 and

0.777) breads were considerably more than witness sam-

ples (0.733) (p \ 0.05). But there was no considerable

difference between maximum and minimum value of

samples. Ozge Ozkoc et al. [24] reported that pores were

mostly in spherical and/or oval like shapes in the case of

gum containing formulations, resultes in formulation of

stable morphology. The witness had higher aspect ratio

value (major axis/minor axis) in comparison with hydro-

colloid containing samples (p \ 0.05). The result exhibited

that biaxial expansion in crumb pores containing hydro-

colloids occurred. The solidity values of CSG and XG

bread were higher than witness (p \ 0.05). When solidity

value is equal to 1, indicates solid object, but values lower

than 1 shows irregular object or holes contained. As a

result, the witness samples had pores with irregular shape

and hydrocolloids caused forming more regular and solids

pores in gluten-free bread. Gum may influence the stability

of gas cells by forming thick layer on their surface and

reduce the opportunity for coalescence of individual gas

cells, and each bubble remains as a separate discrete entity,

resulting in a stable morphology [24]. No difference

between solidity value of CSG and XG breads was

observed (p [ 0.05). Storage for 72 h didn’t cause signif-

icant alteration in pores shape.

The Euler number measures the topology of an image

and is defined as the number of objects in the image minus

the number of holes in those objects, which describes the

structure of an object, regardless of its specific geometric

shape [48]. Euler number was negative (Table 6),

Table 5 Effect of hydrocolloid

addition on pore size

distribution (%) of fresh and

staled gluten-free breads

Size distribution Witness Cress seed gum Xanthan gum

0 h 24 h 72 h 0 h 24 h 72 h 0 h 24 h 72 h

\10-5 25.20 25.12 28.5 23.42 22.94 20.56 21.00 22.10 20.84

10-5–10-4 36.72 36.08 33.54 41.61 39.63 39.81 38.96 42.33 40.09

10-4–10-3 26.63 28.95 27.28 18.66 21.50 24.21 21.79 21.00 24.26

10-3–10-2 8.26 7.34 8.28 9.16 9.41 9.10 10.23 9.13 9.21

[10-2 3.19 2.51 2.41 7.15 6.52 6.32 8.02 5.44 5.60

Table 6 Effect of hydrocolloid addition on pore shape of fresh and stored gluten-free breads

Witness Cress seed gum Xanthan gum

0 h 24 h 72 h 0 h 24 h 72 h 0 h 24 h 72 h

Circularity Max 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa

Min 0.050Aa 0.047Aa 0.050Aa 0.040Aa 0.037Aa 0.038Aa 0.039Aa 0.029Aa 0.028Aa

Average 0.733Ba 0.726Ba 0.747Ba 0.802Aa 0.785Aa 0.789Aa 0.777Aa 0.801Aa 0.797Aa

Aspect ratio Max 7.576Aa 6.250Aa 6.265Aa 6.206Aa 6.075Aa 6.362Aa 7.022Aa 7.700Aa 7.396Aa

Min 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa

Average 1.814Aa 1.817Aa 1.794Aa 1.693Ba 1.721Ba 1.718Ba 1.714Ba 1.711Ba 1.715Ba

Roundness Max 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa

Min 0.134Aa 0.163Aa 0.162Aa 0.161Aa 0.168Aa 0.161Aa 0.144Aa 0.143Aa 0.137Aa

Average 0.632Ba 0.628Ba 0.638Ba 0.678Aa 0.665Aa 0.664Aa 0.661Aa 0.671Aa 0.666Aa

Solidity Max 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa 1.000Aa

Min 0.329Aa 0.345Aa 0.343Aa 0.348Aa 0.351Aa 0.332Aa 0.335Aa 0.345Aa 0.335Aa

Average 0.825Ba 0.818Ba 0.829Ba 0.860Aa 0.851Aa 0.850Aa 0.848Aa 0.855Aa 0.851Aa

Euler number 1073Ba 1110Ba 1008Ba 1592Aa 1632Aa 1583Aa 1603Aa 1552Aa 1618Aa

Different letters denote significant differences (p \ 0.05) between bread formulations (capital letter) and during stored time (small letter)

Table 7 Effect of hydrocolloid addition on fractal dimension of cell

boundary of fresh and stored gluten-free breads

Bread formulation 0 h 24 h 72 h

Witness 1.359 A a 1.371 A a 1.395 A a

Cress seed gum 1.342 A a 1.349 A a 1.351 B a

Xanthan gum 1.355 A a 1.362 A a 1.365 B a

Different letters denote significant differences (p \ 0.05) between

bread formulations (capital letter) and during stored time (small letter)
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indicating that the number of holes is greater than the

number of objects. The absolute value of Euler number

increased significantly after addition hydrocolloids to glu-

ten-bread formulation (p \ 0.05). No difference was

observed between CSG and XG. Also, storage didn’t have

effect on Euler number values.

Fractal dimension of pores and boundaries

It was found that bread crumb appearance could be effec-

tively quantified by the fractal dimension of its digital

image [49]. Consequently, fractal dimension concept offers

important advantages for quantitative description of com-

plex materials because it provides numeric data of irregular

shape and complex texture of food materials [50]. FD

concept also provide advantages for studying the shrinkage

affect [51]. FD of a two-dimensional profile ranges from 1

to 2. Fractal value close to 1 indicates that the border of the

analyzed object has smooth boundaries, and a value close

to 2 indicates a high degree of tortuosity or roughness [51].

Fractal value of pore boundaries is related to the tortu-

osity of the cell wall of the binarised image, which can be

conceptually related to the uniformity of pores cell wall.

Fractal values of pore boundaries in breads containing CSG

were lowest (Table 7) which indicated that the addition

CSG caused more regular and smooth pore boundaries.

This result is in agree with solidity data (Table 6) which

showed more regular shape of CSG in comparison with the

other samples. The fractal dimension of boundaries

increased gradually during storage (p [ 0.05). This

increase may be related to the shrinkage of pores during

storage. As mentioned in Fig. 1, pore area fraction

decreased during storage which caused pore shrinkage and

tortuosity. Shrinkage caused more irregular and rougher

boundaries; therefore, the fractal dimension of boundaries

increased during storage. The fractal dimension of witness

boundaries increased more noticeably during storage in

comparison with bread containing hydrocolloid, which

caused significant difference (p \ 0.05) between witness

and samples containing hydrocolloids after 72 h storage.

Crumb texture: evaluation by gray level co-occurrence

matrix (GLCM)

Texture features can be extracted in several methods,

namely: statistical, structural, model-based, and transform

information. Each method has different techniques. A well-

known algorithm to extract texture features is the use of

gray level co-occurrence matrices (GLCMs), which

belongs to the statistical methods [52]. The texture of an

image corresponds to the spatial organization of pixels in

the image and the co-occurrence matrix describes the

occurrence of grey level between two pixels separated in

the image by a given distance [33].

Hydrocolloids addition had no significant effect on

second moment or homogeneity of breads (p [ 0.05)

(Table 8). The contrast of CSG and XG breads were higher

than witness considerably (p \ 0.05). Inverse difference

moment or local homogeneity considerably increased after

addition of hydrocolloids, but no difference observed

between CSG and XG. Gum addition had no effect on

correlation and entropy (image complexity). Textural fea-

tures in all formulation were stable during storage.

Conclusion

According to this study, CSG and XG increased moisture

content and specific volume of gluten-free bread signifi-

cantly. Hydrocolloids by forming thick layer influenced the

stability of gas cells and caused higher pore area fraction

and more regular pores in gluten-free breads. Gluten-free

breads containing CSG and XG had the same pore size

distribution and they gave higher percentage of big pores.

Fractal dimension of boundaries indicated that the addition

CSG caused more regular and smooth pore boundaries.

During storage the pore area fraction of witness and breads

containing hydrocolloids deceased significantly and per-

centage of big pores reduced, but the percentage of small

pores were stable. The hydrocolloid preserve water and

therefore there was less alteration in crumb color of

Table 8 Effect of hydrocolloid addition on crumb texture of fresh and stored gluten-free breads

Witness Cress seed gum Xanthan gum

0 h 24 h 72 h 0 h 24 h 72 h 0 h 24 h 72 h

Angular second moment 0.0063Aa 0.0063Aa 0.0061Aa 0.0079Aa 0.0078Aa 0.0072Aa 0.0076Aa 0.0081Aa 0.0074Aa

Contrast 21.26Aa 21.88Aa 19.53Aa 16.55Bb 17.02Ba 18.54 Ba 16.95Ba 17.72Ba 17.03Ba

Correlation 0.0027Aa 0.0028Aa 0.0024Aa 0.0029Aa 0.0025Aa 0.0024Aa 0.0023Aa 0.0025Aa 0.0023Aa

Inverse difference moment 0.6970Ba 0.6967Ba 0.6879Ba 0.7667Aa 0.7372Aa 0.7104Aa 0.7385Aa 0.7293Aa 0.7242Aa

Entropy 5.754Aa 5.735Aa 5.814Aa 4.920Aa 5.570Aa 5.671Aa 5.587Aa 5.542Aa 5.636Aa

Different letters denote significant differences (p \ 0.05) between bread formulations (capital letter) and during stored time (small letter)
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samples containing hydrocolloid during storage and no

alteration in pore shape and crumb texture was observed.

The image processing results indicated that CSG as a novel

gluten substitute could improve bread quality and crumb

structure of gluten-free breads.
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