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Introduction: Bread is a crucial source of sustenance, yet its texture is subject to rapid deterioration through a
process commonly referred to as staling. The development of a non-destructive method for the expeditious
evaluation of textural changes in bread during storage would facilitate research of the impact of various
additives on bread’s quality attributes and shelf life. Given that bread is among the most perishable of processed
foods, devising techniques for the prompt detection of staling is of paramount importance. In recent years,
hyperspectral imaging (HSI) systems have emerged as a highly precise and accurate non-destructive means of
assessment and diagnosis within the agricultural and food industries. HSI cameras enable the scanning and
observation of concurrent chemical mechanisms within bread’s texture. HSI, also known as chemical or
spectroscopic imaging, is an analytical technique that amalgamates chemical data derived from spectroscopy
with spatial information pertaining to the surface under examination. As such, a sample’s hyperspectral image
contains an abundance of spatial and spectral-chemical data that are typically highly intercorrelated. The
objective of this study was to assess bread staling through the utilization of hyperspectral imaging.

Materials and methods: To produce baguette bread dough, wheat flour was combined with sugar (1%), salt
(1%), yeast (1.5%), and improver (1.5%) by weight of flour, along with the requisite quantity of water. The
dough was then baked at 250°C for 15 minutes. This study aimed to investigate the staling process of baguette
bread by examining changes in the physical and sensory characteristics, as well as hyperspectral images, of
samples stored at room temperature up to six days. Sample weights were recorded on days zero, two, four and
six to determine the moisture content of the crust and crumb. The texture profile analysis (TPA) test was
employed to assess sample texture during storage, with firmness, chewiness, cohesiveness, and springiness
characteristics being calculated. Hyperspectral images were captured using a linear system operating within the
400-950 nm wavelength range with a spectral resolution of 0.795 nm. Hyperspectral image preprocessing was
then conducted to eliminate spatial and spectral noises. Following preprocessing, principal component
regression (PCR), partial least squares regression (PLSR) a generalized regression neural network model were
utilized to predict texture characteristics. All procedures were executed using MATLAB 2022b and SAS
software.

Results and discussion: Analysis of bread texture revealed that, over the course of six days of storage, the mass
and moisture of the crumb exhibited a significant decreasing trend at the 5% probability level. Conversely, a
significant increase in crumb moisture and firmness was observed during storage (p<0.05). Springiness also
demonstrated a significant decreasing trend, in contrast to cohesiveness. To ascertain the number of principal
components containing the majority of image information, a graph depicting the number of principal
components relative to the percentage of variance in each component was plotted cumulatively. It was
determined that, for both PCR and PLS methods, the percentage variance in three principal components
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exceeded 96%. With increasing bread storage duration, the percentage of positive components for all three
principal components increased. For PC1, PC2, and PC3 on first day, these characteristics were 57%, 41%, and
28%, respectively, while on the final day of storage they were 98%, 61%, and 57%, respectively. This indicated
a significant increasing trend at the 5% probability level for all three principal components during storage.
These findings are entirely consistent with texture profile analysis (TPA) measurements. To examine the distinct
spectral regions resulting from these three components, a PCA loading diagram was plotted over six days of
storage; According to the PCA loading plot, peaks were observed in the 750-800 and 850-900 ranges. These
peaks are likely attributable to the presence of water (the third overtone of the O-H bond) and carbohydrates
(the third overtone of the C-H bond), which exhibit high absorption at 958 nm and 935 nm, respectively.
Furthermore, a peak is observed around 430 nm for fresh bread (days zero and two of storage). This suggests an
accumulation of Maillard reaction products such as Schiff bases during bread storage. An inverse trend is
evident around 585 nm; for fresh samples, the second principal component loading had its highest value (i.e.,
0.058), while its lowest value (i.e., 0.04) was observed for stale bread. This peak is most likely related to
changes in bread color and the impact of storage thereon. In addition to these cases, one peak at 860 nm and
another at 920 nm are visible; the former peak may be associated with the second overtone of N-H bond
stretching while the latter is related to the O-H bond. Ultimately, several distinct wavelengths within visible and
near-infrared regions that contribute to spectral loading values during storage were identified. These
wavelengths include 423 nm, 470 nm, and 618 nm within the visible region and 715 nm, 768 nm, 850 nm, 894
nm, and 927 nm within the near-infrared region. The peaks indicate stretching vibrations of O-H and C-H bonds
that are related to quantities of intact starch or gelatinized amylopectin.

Conclusions: In this study, hyperspectral imaging was employed to capture data within the 400-950 nm
wavelength range with a spectral resolution of 0.795 nm. This enabled an examination of the bread staling
process and its impact on the behavior of the entire surface of the bread crumb. Following extraction of
principal components, three modeling methods—PCR, PLSR, and GRNN—were utilized to predict texture
characteristics over six days of storage. Results indicated that the GRNN method outperformed the other two
methods in terms of R? values for springiness and firmness (0.94 and 0.96, respectively) and lowest root mean
square error (RMSE) values for cohesiveness and firmness (0.11 and 0.32, respectively). These findings
demonstrate the capacity of the generalized regression neural network model to accurately predict bread texture
characteristics.

Key words: Bread staling, Hyperspectral imaging, Non-destructive evaluation, Generalized regression neural
network
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1. Hyper spectral imaging
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Spectra of five points after correction
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4. Generalized regression neural network
5. Radial Basis Function
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1. principal component analysis
2. partial least square
3. Root Mean Square Error of Validation
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Table 1. The effect of storage time on mass, moisture content inside and crust, firmness and springiness.

o (5 5 0310l byl
Measured Parameters

Godols  (p) e Foceghy  diwg cagb, N () caelodiyl g2 Calils (N) (st
Time Mass ) ) Cohesiveness  Springiness Chewiness Firmness (N)
(day) (gram) Crumb Crust (%0)

moisture Moisture
(%) (%)

Zero day 97.98% 47.81°% 14.78 ¢ 0.78¢ 55.39° 201.35° 4.08°¢
Second day 94.74° 40.62° 19.86° 0.59° 51.91%® 381.41° 8.15°
Fourth day 76.03° 38.94 26.08° 0.48°¢ 44.20° 423.34° 12.22°

Sixth day 75.87° 34.07° 25.98° 0.44° 42.77° 435.28° 12.53%

Different letters within each column indicate significant differences (p< 0.05).
(P<140) cnl )l (e glis oaias lid g o 0 alise By >
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Fig 2. Customer general acceptance of the baguette bread in different storage days
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Fig 3. Graph of twenty principal components in terms of percentage of variance
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Fig 4. image a) of the first principal component, b) of the second principal component, c) of the third principal component of a bread sample
during 6 days of storage
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Fig 5. the percentage of positive pixels with respect to six days of storage time for bread
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Table 2. Correlation coefficients between the percentage of positive pixels in the first three PCs of images and texture feature.
oo o JunSy w0 )3
The percentage of positive pixels

Texture feature PC1 PC 2 PC3
Firmness 0.94** 0.99** 0.99**
Chewiness 0.97** 0.90* 0.94**
Cohesiveness -0.97** -0.98** -0.99**
Springiness -0.86* -0.93* -0.89*

* and ** represent significant correlations at the level of 0.05 and 0.001, respectively.
P08 (o QLS IS (Siae (Sian o[ o) g (00 o 0 o 4 s 5
5 O-H wsy (205 pow 05ipsh ol o9zs cle an ol 5l Jols iz b (Hlg ey shien
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S e 399> B slacl 09>y doas Jgl ol adlge A e-AD uimed g At eoYOr j0 sdgame [0 S
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Fig 6. loading diagram of three components during storage a) the first main component, b) the second principal component, c) third
principal component
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Table 3. Prediction evaluation of textural characteristics

8L b S
Textural Characteristics
SRo Gy (b sbesls Hw Oegr culils g el )|
Firmness Chewiness Cohesiveness Springiness

Prediction Evaluation S50 G903 Sy KPS G390 o903 Sh3e0) o903

Method Characteristics  t5in Test Train Test Train Test Train Test

R? 0.85 0.77 0.81 0.79 0.83 0.83 0.88 0.89

PCR 131 181 10.04 10.39 0.17 0.15 1.95 1.89
RMSE

R? 0.89 0.86 0.84 0.82 0.86 0.85 0.90 0.88

PLSR 1.17 1.14 8.09 8.58 0.11 0.11 181 1.93
RMSE

R? 0.97 0.94 0.89 0.84 0.91 0.91 0.95 0.96

GRNN RMSE 0.61 0.32 11.07 11.43 0.12 0.11 1.37 129
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