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Abstract 26 

Bread crumb cellular structure and elasticity were monitored during aging and their 27 

relation to the main flour constituents, gluten and starch, was studied. The linear relation 28 

between the time-dependent slope of the linear part of the force-deformation curve, 29 

obtained in a static compressive test, and the shear modulus, obtained in quasi-static 30 

shear wave measurements, allowed calculating the Poisson’s ratio of bread crumb. This 31 

ratio and, thus, cell geometry remain unaffected during bread storage. While the elastic 32 

modulus of bread crumb strongly increased upon storage, image analysis and ultrasonic 33 

inspection, interpreted in the framework of the Biot-Allard model for porous structures, 34 

further confirmed that its cellular structure parameters did not change. Changing gluten 35 

properties in dough by means of redox agents had a profound impact on bread crumb 36 

density and its foam structure without affecting the rheological properties of the crumb 37 

cell walls. In agreement with the theory for cellular solids with open cells, bread with a 38 

lower density and a uniform crumb structure initially had a lower elastic modulus, which 39 

was maintained during aging, while bread with a higher density showed the opposite. 40 

Inclusion of an antifirming maltogenic exo-amylase in the recipe altered neither bread 41 

density, mean cell nor its macroscopic cellular structure parameters, but strongly affected 42 

the impact of storage on crumb texture. It was concluded that, without affecting starch 43 

properties or moisture content, the bread density, which is inter alia related to gluten 44 

properties, is a major determinant of bread crumb structure and texture during storage. In 45 

breads with a similar density and crumb foam structure, the evolution of crumb modulus 46 

during storage is determined by the changes in starch.  47 

 48 
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Introduction 55 

Bread crumb is a cellular solid or sponge [1]. On a macroscopic level, it is a two phase 56 

system at a high volume fraction (≥ 0.8) of dispersed gas in a matrix with cell walls of 57 

thickness 20 to 200 mm, that are more open than closed [2, 3]. The cell walls themselves 58 

consist of semi-swollen starch granules interlinked by a complex mixture of aggregated 59 

starch and gluten proteins [4]. Bread quality decreases during storage, because the 60 

physical properties of bread crumb change [5]. Indeed, it firms and loses resilience [6]. 61 

Since mainly starch, protein and water contribute to the structural architecture and the 62 

mechanical strength of bread, they are assumed to play an important role in the change in 63 

cell wall properties during bread storage. However, there is still controversy about the 64 

exact role of the different flour components in bread firming [7]. Starch polymer 65 

crystallization with the formation of supermolecular structures is certainly involved and 66 

research to date has focussed on the changes in starch during heating, cooling and storage 67 

[8]. While the role of gluten proteins in bread crumb firming is still under debate, both 68 

the rate and extent of starch (re)crystallization have been related to the texture and 69 

acceptability of bread. A plausible hypothesis is that amylopectin retrogradation 70 

withdraws water molecules from gluten and incorporates them into the forming 71 

crystallites. This would change the gluten network properties and stiffen the crumb 72 

matrix [7, 9].  73 

Besides the molecular changes that determine crumb firming, bread firmness itself 74 

depends on its density [2, 3, 5]. Most anti-firming additives influence not only cell wall 75 

constituents, such as starch, but often they also affect structural properties like cell size 76 

and density. Moreover, whether the bread crumb structure itself changes during firming, 77 
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is not clear. Hence, it is necessary to understand the macroscopic behavior and 78 

complexity of bread crumb during storage and to relate them to the biopolymer building 79 

blocks of bread. 80 

The evaluation of the mechanical properties of crumb is of particular importance, because 81 

they determine the consumer’s perception of bread quality [2]. The most common 82 

method to measure crumb firmness is based on indentation [10]. However, the relation 83 

between the stress applied on crumb and the resulting strain is nonlinear and, due to the 84 

crumb’s visco-elastic nature, depends on the time scale of observation [11]. Nevertheless, 85 

at low stresses, bread crumb behaves as a linear elastic solid and its deformation 86 

behaviour is independent of the time scales of observation [1]. Within these boundaries, 87 

the linear zone of a load-displacement curve from a classical indentation can be used for 88 

extracting bread crumb elastic properties [10].  89 

This study aimed at determining crumb’s textural and structural properties during storage 90 

and the role of gluten and starch therein. In order to unravel the roles of the bread density, 91 

the structure of bread crumb, and the individual cell wall constituents starch and gluten in 92 

the crumb firming process, bread crumb structures were tailored and evaluated in 93 

different ways. The macroscopic linear-elastic properties of the bread sponge were 94 

determined using static compression of bread crumb and shear wave measurements. 95 

Digital image analysis was used to study the evolution of the cellular structure of bread 96 

during storage. In addition, the open porosity, the mean size of the intersections in the 97 

crumb cell walls, and the tortuosity, a structural form factor; were measured non-98 

invasively by means of non-contact ultrasound, and interpreted in the framework of the 99 

Biot-Allard model, as optimized for bread crumb [12-14]. The role of the main flour 100 
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biopolymers was studied by specifically targeting gluten functionality with redox agents 101 

and changing starch properties with a maltogenic exo-amylase. 102 

103 
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Experimental 104 

Materials 105 

Flour [moisture content (mc): 13.9%; protein content (N x 5.7): 10.5% on dry basis (db)] 106 

was milled from the French wheat cultivar Legat on a Bühler MLU-202 laboratory mill 107 

(Uzwil, Switzerland) according to AACC Method 26-31.01 [15], and using the milling 108 

scheme outlined elsewhere [16]. Bacillus stearothermophilus maltogenic amylase (BStA, 109 

E.C. 3.2.1.133) from Novozymes (Novamyl
®
, Bagsvaerd, Denmark) was used as anti-110 

firming enzyme [6]. All reagents were of analytical grade and from Sigma-Aldrich 111 

(Steinheim, Germany) unless otherwise specified. 112 

 113 

Mixography and bread making 114 

Mixograms were recorded for the Legat flour at least in triplicate with a 10 g mixograph 115 

(National Manufacturing, Lincoln, NE, USA) according to AACC method 54-40.02 [15]. 116 

Legat flour (10.00 g, 14% moisture base), with or without added potassium bromate 117 

(KBrO3, 40 mg/kg flour or 2.1 µmol/g protein), glutathione, (GSH, 40 mg/kg flour or 1.2 118 

µmol/g protein), or BStA [5.06 enzyme units (EU)/g flour], EU as defined by Goesaert et 119 

al. [6] was mixed for 10 min with deionised water (5.49 ml). The following mixogram 120 

variables were determined: (1) the mixing time (MT), i.e. time to peak dough resistance 121 

(PR), (2) PR, and (3) the breakdown (BD), i.e. the ratio of the difference between PR and 122 

dough resistance at 3 min after MT and PR. 123 

Control bread of ca. 400 g contained flour (1000 parts), compressed yeast (53 parts), 124 

water (590 parts), sucrose (60 parts) and salt (15 parts). To change bread properties, 125 

KBrO3, GSH or BStA were added in solution to the control recipe immediately before 126 



 8 

mixing. The ingredients were mixed for 5.5 min at 20 °C in a spiral mixer (De Danieli, 127 

Legnaro, Italy) to obtain 4.0 kg of dough. The dough was divided into 8 pieces of 450 g, 128 

fermented for 90 min at 30 °C and at a relative humidity of 95%. The final proof of 36 129 

min was in the baking pan (internal dimensions width × length × height: 11.5 cm × 18.0 130 

cm × 5.0 cm). The fermented dough was then baked for 40 min at 210 °C in a rotary oven 131 

(National Manufacturing). The breads were cooled for 180 min before weighing and loaf 132 

volume measurement by rapeseed displacement. Thereafter, breads were packed in 133 

hermetically sealed plastic bags to prevent moisture loss and to allow for moisture 134 

equilibration. The bread density ρ (kg/m
3
) was determined as bread mass divided by its 135 

volume. Bread was stored for 168 h at 23 °C. After 5, 48, 96 and 168 h two breads were 136 

used for further analysis. Crumb moisture contents were determined according to AACC 137 

method 44-19.01 [15] using samples from the centre of the crumb. 138 

 139 

Differential scanning calorimetry (DSC) 140 

Amylopectin melting enthalpy, a measure for amylopectin retrogradation, was measured 141 

with a differential scanning calorimeter (DSC Q1000, TA instruments, New Castle, NH, 142 

USA). After 5 h and 168 h of storage, bread crumb from the bread centre (35-45 mg) was 143 

accurately weighed into aluminium sample pans without extra water addition. The pans 144 

were sealed and heated from 25 to 200 °C at a heating rate of 4 °C/min. Empty pans were 145 

used as reference. Indium and tin were used as reference standards. The enthalpies 146 

corresponding to the melting of recrystallized amylopectin were measured from the 147 

thermograms using Universal Analysis (TA instruments) and expressed on crumb dry 148 

matter basis. Analyses were performed in triplicate on samples of one bread. 149 
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 150 

Elasticity measurements 151 

For texture analysis, two breads of each type (control bread, bread with KBrO3, GSH or 152 

BStA) were analyzed. After 5, 48, 96 and 168 h, three slices of 25 mm thick and two 153 

slices of 11 mm thick were carefully cut from the bread centre with a sharp knife and an 154 

electric slicer (Emga Mach, Mijdrecht, The Netherlands), respectively, to minimize 155 

crumb structural damage.  156 

Bread crust was removed before measuring the linear-elastic properties of three 25 mm 157 

thick bread slices. A load-displacement curves were obtained by pressing a 25-mm 158 

diameter cylindrical indenter into the centre of the slices using a Texture Analyser (TA-159 

XT2i, Stable Micro Systems, Surrey, UK) equipped with a 5 kg load cell. The slopes α 160 

(N/m) of the load-displacement curves in the linear elastic regime were calculated.  161 

In order to determine the shear storage modulus N (N/m
2
), two slices (11 mm each) were 162 

clamped in a sandwich configuration between a glued thin metal plate and two rigid 163 

boundaries as in Figure 1 [17]. By connecting a shaker to the plate via an impedance 164 

head, the transfer function H(ω) between an applied sinusoidal shear force and 165 

displacement of the plate could be determined. In this configuration, the plate together 166 

with the impedance head acted as the mass m (kg), while the shear stiffness of the two 167 

bread slices made them act as the spring of a mass-spring-like system with resonance 168 

frequency ωres  (Hz) given via 169 

 0)cot(2  resres ml
N

NS 


  (1) 170 
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with S (m
2
) and ρ (kg/m

3
) the surface area and density of the sample, respectively [18]. 171 

For samples with a small thickness, l (m) compared to the shear wavelength λ (m), for 172 

which 173 

     





N

f

cT 2     (2) 174 

with cT the shear velocity (m/s), the argument of the cotangent is small and N can be 175 

calculated from the first resonance frequency [18] via: 176 

 2

2
res

S

ml
N   (3) 177 

 While the frequency of the resonance peak provides information about the elastic 178 

coefficient, the width w (Hz) of the resonance peak in the real part of normalized transfer 179 

function yields the damping A of the material according to: 180 

      
res

w
A


     (4) 181 

The linear-elastic behaviour of foam is characterized by a set of elastic moduli. If bread 182 

can be considered to be an isotropic foam, two moduli describe its mechanical properties 183 

at low stresses [19]. The compressive Young’s modulus E (N/m
2
) of bread crumb is 184 

related to α from the load-displacement curve according to Liu and Scanlon [10] by 185 

     
D

E
)21(  

     (5) 186 

      187 

where D (m) denotes the intender diameter and ν the Poisson’s ratio. For isotropic and 188 

linear-elastic materials the relation between E and N can be written as follows: 189 
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Combining Equations 5 and 6 allows calculating ν from 191 
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N     (7) 192 

 193 

 Digital image analysis 194 

For image analysis two breads of each type were analyzed after 5, 48, 96 and 168 h. Each 195 

time, four slices (thickness 16 mm) were cut from the bread centre with an electric slicer 196 

as above. Images were captured using a flatbed scanner (Vuego Scan Brisa 610S, Acer 197 

Peripherals, Shizou, China) and supporting software (iPhoto Plus 4.0, Ulead Systems, 198 

Inc., Taipei, Taiwan). A single 40 x 40 mm field of view (FOV) in the centre of each 199 

slice was chosen for each image. Images were scanned full scale in 256 gray levels at 300 200 

dots per inch (dpi) each comprising 470 columns by 471 rows of picture elements (pixels) 201 

and further processed using the image processing toolbox of Matlab 6.1 (Mathworks, 202 

Natick, MA, USA). Otsu thresholding was used for conversion to binary images [20, 21]. 203 

For each bread type, the mean cell area, the number of cells/cm², and the cell to total area 204 

ratio were extracted from the images. 205 

 206 

 Acoustic parameters  207 

The propagation of fast airborne ultrasonic waves travelling the fluid phase of porous 208 

materials is sensitive to the Biot parameters [12]. A transmission setup was used to 209 

determine the tortuosity, a structural form factor describing the path of connected pores, 210 

and the viscous characteristic length Λ (µm), a measure for the size of the intersections or 211 
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voids in the crumb cell walls [12]. A reflection setup was used to determine the open 212 

porosity of bread. For both setups, a pulser-receiver (Panametrics, PR5085, Waltham, 213 

MA, USA) was used as a function generator and amplifier unit. Time signals were 214 

registered using a 9310M oscilloscope (LeCroy, New York, NY, USA). In the 215 

transmission configuration, a pair of air coupled transducers (NCT-202, Ultran Group, 216 

State College, PA, USA), centred at 200 kHz, were used. The tortuosity was determined 217 

by measuring the phase velocity of an ultrasonic wave travelling through a bread slice of 218 

8.0 mm thickness, while Λ was calculated from the attenuation of the transmitted wave. 219 

For bread crumb, Λ equals the quality factor measured in air (Qδair) at high frequencies 220 

[12]. Q is a quality factor related to the attenuation and the viscous skin depth δ. The 221 

experimental approach also involves the analysis of a reference pulse propagating in the 222 

absence of the sample. 223 

In order to estimate the open porosity, the reflection coefficient was determined. For the 224 

measurement with perpendicular incidence, the same transducer was used as emitter and 225 

detector. A rigid metal plate served as a perfect reflector in a reference measurement. 226 

From the ratio of the frequency spectra of the incident and reflected waves, the reflection 227 

coefficient was deduced and, with knowledge of the tortuosity from the transmission 228 

measurement, the open porosity was estimated [12]. Two breads of each type were 229 

analyzed and measurements were on three slices of each bread after 3, 48, 96 and 168 h. 230 

 231 

Statistical analysis 232 

The mixogram variables, cellular structure variables, acoustic variables and 233 

retrogradation enthalpies were normally distributed (P > 0.05, the Shapiro-Wilk test) 234 
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(SAS system for Windows V8, SAS Institute, Cary, NC, USA). Significant differences (P 235 

< 0.05) in mixogram variables, cellular structure and acoustic variables and 236 

retrogradation enthalpies were determined by the ANOVA procedure using the SAS 237 

package and were based on at least three individual measurements. Linear regression was 238 

performed in Excel (Microsoft, Redmond, WA, USA). 239 
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Results and Discussion 240 

Physical characterization of bread foam structure during aging 241 

Table 1 lists the moisture content and the crumb porous parameters, as determined with 242 

image analysis and ultrasound. During storage, the moisture content of the crumb center 243 

decreased slightly by 8%. This can be attributed to moisture redistribution from the moist 244 

crumb to the dry crust. Based on the results, the control bread without additives could be 245 

classified as having a rather coarse structure with a high open porosity. No significant (P < 246 

0.05) changes in cellular structure parameters were observed during bread storage (Table 247 

1). Hence, bread aging did not seem to affect the original crumb structure. To verify this 248 

observation, crumb physical texture during aging was determined. 249 

Figure 2 shows the correlation between the slope of the load-displacement curve (α) and the 250 

shear modulus (N) derived from quasi static deformation by a shear force. The good linear 251 

agreement (R²=0.91) between α and N makes it possible to calculate the Poisson coefficient 252 

ν from the slope of the curve in Figure 2 using Equation 7. Solving the equation yielded a 253 

time-independent value for ν of 0.103. The value is lower than the one used by Liu and 254 

Scanlon [10], but still in the range of values obtained by Rohm and co-workers for 255 

commercial white bread [22]. With ν = 0.103, E was calculated with Equation 5. 256 

During storage of control bread, E and N steadily increased, while the mechanical damping 257 

(A) decreased mainly during the first 50 h (Figure 3). Fresh bread is highly attenuative with 258 

a loss factor of more than 20% (Figure 3b). The stiffening of the matrix over time 259 

decreased A to 10%. Further stiffening happened without decrease in damping.  260 

When assuming that Poisson’s ratio is solely a function of cell geometry, which is the case 261 

for isotropic foam structures [19], the linear relations in Figure 2 and Equation 7 confirm 262 
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the results of the visual and ultrasonic inspection of bread crumb (Table 1). It indeed 263 

appears that ν was time-independent and, thus, cell geometry or the original crumb 264 

structure remained unaffected during bread storage. The origin of the observed crumb 265 

stiffening and the factors contributing to it will be further elucidated in the next sections by 266 

specifically targeting the major flour constituents, gluten and starch. 267 

 268 

Protein modification 269 

To affect gluten properties in dough and bread, redox additives were added. The addition of 270 

1.2 μg GSH per gram of protein significantly (P < 0.05) impacted the flour mixing 271 

properties MT and RBD (Table 2). The decreased MT, dough strength and tolerance to 272 

overmixing with the level of GSH added to the flour, can be attributed to the rupture of 273 

disulfide bonds within the gluten structure [23]. No significant differences were observed 274 

between the mixogram variables of control dough and dough that contained 2.1 µmol 275 

KBrO3 per gram of protein. KBrO3 is a slowly acting oxidizing agent and, mainly affects 276 

dough rheology during fermentation and baking [23]. Its impact was reflected in limited 277 

dough expansion during fermentation and baking (results not shown). Figure 4 shows the 278 

crumb structures of control bread and bread with the redox additives. Bread prepared with 279 

KBrO3 addition had a higher density than the control bread (Table 3). In contrast, bread 280 

with added GSH in the recipe had a lower density and a significantly (P < 0.05) smaller 281 

mean cell area than control bread and, hence, also significantly more cells/cm
2
 (Table 3, 282 

Figure 4). The cell to total area ratio of bread prepared with GSH addition was significantly 283 

(P < 0.05) lower than that of the other breads (Table 3).  284 
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Table 3 also shows bread crumb characteristics determined by ultrasound with analysis in 285 

the framework of the Biot-Allard model. There was a significant (P < 0.05) difference in 286 

tortuosity between the crumbs of control bread and bread with GSH in the recipe. The 287 

viscous characteristic length Λ, a measure for the voids or intersections in the cell walls, 288 

differed significantly for the control bread and both bread types with redox additives and 289 

porosity was significantly lower for bread made with GSH than for the other bread types 290 

(Table 3). These results also indicate that the crumb cell to total area from image analysis 291 

can be related to their open porosities derived from ultrasonic measurements (Table 3). 292 

However, the values for cell to total area underestimate porosity, while the ultrasonic 293 

analysis delivers more accurate estimations of open porosity [12].  294 

From the above, it appears that addition of KBrO3 or GSH to the bread recipe not only 295 

changed bread density, but also its structure. Redox agents affect the levels of disulfide 296 

bonds in and between gluten proteins. This, in turn, impacts dough rheology. Dough must 297 

be extensible in order to prevent premature rupture of membranes between gas cells [24]. In 298 

this case, the increased dough extensibility in the presence of added GSH, probably 299 

facilitated gas cell stability during fermentation and the first stages of baking leading to 300 

smaller cells and subsequently less cells per area unit. GSH also resulted in bread with a 301 

higher crumb tortuosity and a lower crumb porosity, a further indication of a fine grain 302 

bread crumb [12]. In contrast, KBrO3 stiffened the dough during fermentation. This 303 

prevented dough expansion and increased bread density.  304 

Figure 5a shows the influence of storage time on E for control bread and breads baked with 305 

the redox additives and the maltogenic exo-amylase. Bread prepared with GSH remained 306 

much softer than control bread. In contrast, bread made with KBrO3 firmed faster and, 307 
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hence, was also significantly firmer after 168 h than control bread. The relative density is 308 

the dominant physical parameter representing the three-dimensional structure of cellular 309 

solids [2]. When bread is considered as open-cell foam, it can be modeled as arrays of cubic 310 

cells that are staggered. The relation between the overall Young’s modulus E and density ρ 311 

is then described by the Equation of Gibson and Ashby for open-cell foams, using the cell-312 

wall modulus Es and the cell wall density ρs [19]: 313 

     

2













ssE

E




     (8) or 314 

     
22 

EE

s

s       (9) 315 

Figure 5b depicts the evolution of the normalized modulus (E/ρ
2
) during bread storage. 316 

Given the only limited changes in crumb moisture content and the conservation of cell 317 

geometry during storage (Table 1), it can be assumed that ρ remained quasi constant for 318 

each bread type. Moreover, the composition of all bread types was the same, except for the 319 

marginal levels of additive. Hence, ρs can also be considered constant and identical for all 320 

bread types. If then Equation 9 is used, the curve in Figure 5b essentially conveys the 321 

increase in cell wall modulus Es during storage, which was independent of crumb density ρ. 322 

The similar shape of the curves for control bread and the breads with redox additives in 323 

Figure 5b demonstrate that the molecular changes in the gluten protein network, as induced 324 

by the redox agents, had little if any effect on crumb cell wall stiffening. The latter was 325 

related to starch properties and will be further discussed in the next section. 326 

When presuming a linear relation between E and Es, (ρ/ρs)
2
 determines the slope of the 327 

linear function. In practice, this means that the difference between the E moduli of breads 328 
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with the same composition, but different density will increase with increasing Es or storage 329 

time. 330 

  331 

Starch modification 332 

Starch behavior during bread aging was determined with DSC. Amylopectin 333 

recrystallization, such as judged from amylopectin crystal melting enthalpies, increased 334 

during bread storage (Table 4). Moreover, there was a linear relation between 335 

retrogradation enthalpies and E moduli of breads with a similar density (Figure 6). At the 336 

same stage of aging, no significant differences in amylopectin retrogradation enthalpies 337 

were observed for control bread and breads with a different density due to redox agents. 338 

This confirms that crumb cell wall stiffening is related to amylopectin retrogradation and 339 

independent of crumb density. 340 

To modify starch properties during storage, bread was made with the maltogenic amylase 341 

BStA. BStA  is an effective anti-firming amylase that reduces amylopectin retrogradation 342 

[6]. Table 4 shows that BStA strongly decreased amylopectin retrogradation after 168 h of 343 

storage. Moreover, BStA had a limited impact on bread volume and structure. Addition of 344 

BStA to the bread recipe indeed resulted only in small changes in crumb structure as shown 345 

in Tables 3 and 4. For both types of bread a density of 0.34 g/cm
3
 has been determined. No 346 

significant differences were observed in the cellular structure parameters, except for a 347 

higher value for crumb cell wall intersection Λ when the enzyme had been used (Table 3). 348 

Figure 5 also shows the evolution of E for breads baked with and without BStA during 349 

storage. The enzyme strongly reduced the rate crumb stiffening during aging with only a 350 

slight increase in E after 168 h. No significant differences in moisture content of the crumb 351 
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centre or crumb structure parameters during storage were observed between control bread 352 

and bread with BStA (results not shown). Hence, the different evolution of E in control 353 

bread and bread with BStA did not originate from a different crumb density or structure 354 

such as was the case for bread with the redox agents, but can be entirely contributed to a 355 

different evolution of the cell wall modulus Es as illustrated in Figure 5b. Since BStA has 356 

no reported impact on other flour constituent properties, such as gluten proteins, its effect 357 

on E modulus is caused by its impact on starch (re)crystallization. This further supports the 358 

important role of amylopectin retrogradation in the stiffening of the crumb cell walls. 359 

 360 

Conclusions 361 

The mechanical properties of bread crumb structure at low stresses and their changes 362 

during storage can be understood by considering it to be a linear-elastic, cellular solid with 363 

open cells. Within this approximation, the role of the main flour constituents, gluten and 364 

starch, can be explained. The Young’s modulus of bread crumb (E) is then function of the 365 

relative crumb density ρ/ρs and the cell-wall modulus Es  [19]. Although the presence of a 366 

gluten network as such, may well impact the cell-wall modulus Es of bread, changing 367 

gluten properties has little if any effect on the changes in Es during aging. Gluten properties 368 

strongly determine bread density ρ. The impact of gluten on ρ could be attributed to its role 369 

in dough rheology. More extensible dough leads to more stable gas cells and higher bread 370 

volume, while the opposite is true for stiff dough. Starch properties, such as amylose and 371 

mainly amylopectin (re)crystallization contribute strongly to Es of bread crumb during 372 

storage. Since the organoleptic assessment of firmness is related to the E modulus of bread 373 
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[5], both low bread density and limited starch (re)crystallization will contribute to the 374 

consumer’s appreciation of bread freshness. 375 

376 
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Tables 421 

Table 1 Moisture content and crumb grain characteristics of control bread during 7 days of 422 

storage as determined by digital image and ultrasonic analysis 423 

  Image analysis
2
 Ultrasonic analysis

2
 

Storage 

time (h) 

Moisture 

content (g 

moisture/g 

crumb)
1
 

Mean 

Cell 

Area 

(mm
2
) 

Cells/cm
2
 Cell to 

total 

area 

ratio 

Tortuosity Λ (µm) Porosity 

5 0.46 

(0.01) a 

0.32 

(0.01) 

83.0 (7.0) 0.29 

(0.01) 

1.07 

(0.03) 

15 (2) 0.88 

(0.04) 

48 0.45 

(0.00) a 

0.31 

(0.02) 

84.0 (9.7) 0.28 

(0.03) 

1.08 

(0.05) 

14 (2) 0.83 

(0.04) 

96 0.44 

(0.01) a 

0.32 

(0.02) 

82.9 

(12.1) 

0.29 

(0.03) 

1.07 

(0.04) 

14 (1) 0.84 

(0.06) 

168 0.42 

(0.01) b 

0.33 

(0.02) 

83.6 (7.0) 0.30 

(0.01) 

1.09 

(0.04) 

13 (3) 0.89 

(0.02) 

Standard deviations are shown between brackets 424 

.
1
Values followed by a different letter differ significantly (P < 0.05). 425 

2
There are no significant (P < 0.05) differences between the reported values.426 
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Table 2 Mixogram variables of control flour and flour with 2.1 µmol KBrO3/g protein and 427 

1.2 µmol glutathione (GSH)/g protein. 428 

Additive Control KBrO3 GSH 

MT (min) 2.9 (0.2) a 2.9 (0.2) a 2.5 (0.1) b 

PR (% FS) 41.9 (3.4) a 39.7 (1.3) a 42.3 (0.8) a 

BD (%) 1.1 (3.5) a 1.6 (1.1) a 7.8 (1.1) b 

 Standard deviations are shown between brackets. Values in the same row followed by a 429 

different letter differ significantly (P < 0.05). MT, mixing time; PR, peak dough resistance; 430 

BD, breakdown, FS, full mixogram scale. 431 

432 
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Table 3 Density and crumb grain characteristics after determined by digital image and 433 

ultrasonic analysis of fresh control bread and fresh bread with 2.1 µmol KBrO3/g protein, 434 

1.2 µmol GSH/g protein and  5.06 EU maltogenic exo-amylase (BStA)/g flour. 435 

 Control KBrO3 GSH BStA 

Density (g/cm
3
) 0.34 (0.00) b 0.44 (0.01) a 0.26 (0.01) c 0.34 (0.01) b 

Mean cell area 

(mm²) 

0.32 (0.04) a 0.32 (0.03) a 0.26 (0.02) b 0.33 (0.04) a 

Cells/cm² 83.0 (4.4) bc 86.6 (4.3) ab 89.7 (4.8) a 76.3 (8.2) c 

Cell to total 

area ratio 

0.29  (0.03) a 0.32  (0.03) a 0.26  (0.01) b 0.28 (0.02) a 

Tortuosity 1.07 (0.03) b 1.09 (0.04) b 1.23 (0.05) a 1.08 (0.03) b 

Λ (µm) 15 (2) b 11 (1) c 12 (2) c 19 (2) a 

Open porosity 0.88 (0.04) a 0.88 (0.04) a 0.81 (0.03) b 0.89 (0.04) a 

 Standard deviations are shown between brackets. Values in the same row followed by a 436 

different letter differ significantly (P < 0.05). 437 

 438 

439 
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Table 4 Retrogradation enthalpies (ΔH in J/g of crumb) for crumbs from fresh bread and 440 

breads stored during 168 h at 23 °C. Enthalpies are for control bread and bread with 441 

addition of 1.2 µmol GSH/g protein, 2.1 µmol KBrO3/g protein and 5.06 EU BStA/g flour 442 

in the dough recipe. 443 

Storage 

time (h) 

Control KBrO3 GSH BStA 

5 0.26 a 0.29 a 0.28 a 0.25 a 

168 2.41 b 2.00 b 2.10 b 0.63 a 

Values in the same row followed by a different letter differ significantly (P < 0.05). Relative 444 

standard deviations were less than 18%. 445 

446 
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Fig. captions  447 

Fig. 1 Set-up to induce a plane standing wave in a cellular solid and to determine its shear 448 

modulus from the measured resonance frequencies. 449 

Fig. 2 Relation between the slope (α in kN/m²) of the linear part of the force-deformation 450 

curve from indentation and the shear modulus (N in kN/m²) of bread crumb with a similar 451 

density. 452 

Fig. 3 (a) Evolution of Young’s (E in kN/m²) and shear (N) moduli and (b) damping (A) of 453 

bread crumb during 168 h storage.   454 

Fig. 4 Sample gray level images of bread crumb from control bread (a), bread 455 

supplemented with 2.1 µmol KBrO3/g protein (b) and bread with 1.2 µmol GSH/g protein 456 

(c). 457 

Fig. 5 (a) Evolution of Young’s modulus (E) and (b) normalized Young’s modulus (E/ρ
2 

in 458 

m²/s²) during 168 h storage of control bread crumb and bread crumb with glutathione 459 

(GSH), KBrO3 and maltogenic exo-amylase (BStA). 460 

Fig. 6 Relation between Young’s  modulus (E) and starch retrogradation enthalpy (in J/g) 461 

of bread crumb with similar density from control bread (dots) and bread with maltogenic 462 

exo-amylase (diamonds). 463 

464 
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Fig.s 465 

Fig. 1 466 
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Fig. 2 469 
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Fig. 4 477 
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Fig. 5 484 

a 485 
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Fig. 6 489 

 490 

 491 
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