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Raw materials and process parameters in bread production can modulate the 
glycemic index, which on itself has been linked with provision of better hunger 
satisfaction and maintaining better satiation. The objective of this research was 
to investigate if using unrefined wheat flour or the addition of intact cereals in 
formulation or alternating the baking time would have an effect on physical 
characteristics, sensory quality, glycaemic index and appetite sensations in 
wheat sourdough bread. In the study, three types of commercial part-baked 
frozen sourdough bread, baked to the final baking for two different times (long 
and short baking time) were used. A randomized controlled crossover trial was 
performed with 10 healthy adults who consumed sufficient quantity of bread 
to ingest 50  g available carbohydrates. Participants self-reported appetite 
sensations (desire to eat, hunger, fullness, satisfaction, appetite) on a 10  cm 
visual analog scale (VAS) scale in a course of 180  min. In addition, bread products 
were subjected to overall acceptability and different sensory attributes were 
examined on JAR “just about right” scale. Different bread formulations (refined 
flour, unrefined wheat flour, cereal flour or intact cereals) and different length 
of baking time significantly influenced (p < 0.005) physical, textural and sensory 
features of products. The alternation of aforementioned parameters decreased 
the glycemic index, but not significantly (p > 0.005). No correlation was found 
between lower GI, satiety and satiation. Liking score and incremental area under 
the curve (iAUC) of satiety and satiation were calculated as highest in sourdough 
bread with added cereals.
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1 Introduction

The concept of glycemic index (GI) was developed to rank the 
food according to its power to raise the concentration of glucose in 
blood after the consumption (1). By the definition, GI corresponds to 
the ratio of the peak area of glucose response in blood triggered by an 
amount, i.e., 50 g of digestible carbohydrates present in the tested food 
sample and the peak area of glucose response in blood caused by the 
same amount of pure glucose (2). High-GI food products provoke 
higher insulin secretion rather than low-GI ones. In 2003, a 
classification system was created to effectively utilize the glycemic 
index (GI) values of food. According to this system, food with a GI 
value of 70 or higher is categorized as high-GI food. Medium-GI food 
falls within the range of 56 to 69, while low-GI food is classified as 
having a GI value of 55 or less (3). Due to evidence showing that 
postprandial glycemia is affected not only by the quantity but also by 
the quality, nature, and source of carbohydrates, the concept of 
glycemic load (GL) was introduced. This concept considers both the 
glycemic index (GI) and the carbohydrate content per serving (3–5). 
In this classification system, food is categorized as low (<10), medium 
(10–20) and high (>20) (6). Consumption of a diet high in both GI 
and GL on a long term is linked to the risk of developing type 2 
diabetes, cardiovascular diseases or cancers (7, 8). On the other hand, 
low-GI diet containing dietary fibers and resistant starch might act 
favorably and decrease risk of obesity and some types of cancer. The 
supposed mechanism is through reducing the secretion of insulin, the 
slow release of carbohydrates in the upper gastrointestinal tract and 
indirectly via production of short-chain fatty acids that can regulate 
glucose and lipid metabolism (2, 9, 10).

White wheat bread as a source of energy is widely consumed 
globally on a daily basis and contributes to a large extent to the dietary 
high-GI. The containing starch is gelatinized during the baking 
process making it easily accessible to salivary and pancreatic 
α-amylase (3). There are multiple methods available to decrease the 
glycemic index (GI) of bread. These methods involve creating various 
barriers around the starch molecule to limit its accessibility for 
digestion by α-amylase, or increasing the proportion of resistant 
starch in the bread. To achieve low GI, wheat flour can be mixed with 
other cereals having higher ratio of amylose to amylopectin or 
incorporating in the dough network lots of intact cereal grains with 
insoluble fibers. Another way is to partially encapsulate starch with 
proteins and fibers, as it is the case with hard wheat flour for pasta. The 
addition of viscous soluble fibers (oat fibers, barley fibers, 
arabinoxylans, β-glucans) to the digestive media limit the absorption 
of glucose through epithelial cells, whereas the addition of organic 
acids (acetic, propionic and lactic acids) retard gastric emptying and 
straighten the linkage between starch and proteins. The fraction of 
resistant starch can be increased with alternating baking conditions 
(5, 11–13).

Sourdough bread is progressively replacing white wheat bread as 
it offers numerous health advantages. Sourdough fermentation 
generates many compounds that can improve the flavor, structure 
and its overall quality. Sourdough breads having lower GI reduce the 
demand of insulin response. There are more than a few mechanisms 
acting upon the change of GI. In these leavened breads, the 
concentration of organic acids is fairly greater due to the 
fermentation performed by yeasts and lactic acid bacteria (14, 15). 
Moreover, its density, compact crumb, less porous structure and 

structure cohesiveness, which are a consequence of prolonged 
fermentation (more than 15 h), play big role in decreasing glycemic 
response (11, 16). Consuming food products with a low glycemic 
index (GI) can have an impact on glycemia and insulinemia during 
the subsequent meal. These low-GI foods exhibit a prolonged 
absorptive phase following the initial phase, which can help regulate 
snacking between meals (17). Sourdough bread intake was proven 
to reduce some of appetite- and satiety-regulating hormones 
(ghrelin, GIP, and GLP-1 and produce decreased blood glucose 
response) (18). Moreover, sourdough fermentation plays a crucial 
role in reducing the formation of acrylamide in bread. Research 
suggest that sourdough fermentation, especially when tailored or 
combined with appropriate strains like Lactobacilli, can significantly 
decrease the acrylamide content in bread products. The process is 
acheived through gradual decrease in protein content during 
fermentation, which is associated with inhibiting acrylamide 
formation. Factors such as pH value and protein content in 
sourdough have been found to have a direct impact on acrylamide 
levels in bread, with lower pH values inhibiting the Maillard reaction 
pathway responsible for acrylamide formation. Additionally, the 
acidification rate of sourdough, influenced by strains like Lactobacilli 
that produce organic acids during fermentation, also contributes to 
to the reduction of acrylamide content (19–21).

Up-to-date an extensive research was done in understanding the 
influence of the addition of dietary fibers or intact cereals, 
fermentation conditions of sourdough bread or the concentration of 
sourdough in decreasing the GI and appetite rankings (14, 22, 23). 
This study seeks to explore how various potential methods for 
reducing the glycemic index (GI) – such as using whole meal flour 
with higher total dietary fiber content, incorporating intact cereals 
into cereal flours, or prolonging baking time – affect the overall 
physicochemical and sensory characteristics of three distinct 
commercial sourdough breads. In addition, the acceptance of different 
attributes in sourdough bread products was determined via hedonic 
and just-about-right test, which gives directional information for 
product reformulation. A complementary study was performed to 
analyze the impact of these breads on appetite sensations, such as 
desire to eat, hunger, fullness, satisfaction and appetite. Moreover, 
satiety and satiation incremental area under the curve (iAUC) was 
calculated to determine if any of the products would make participants 
feel fuller and more satisfied.

2 Materials and methods

2.1 Materials

Biofournil Factory, (France) kindly donated three types of 
pre-baked commercial organic sourdough breads studied in this 
research. The ingredient composition of different types of breads is 
included (Table 1).

The dough is initially kneaded in mixers with a duration of 6 min 
at the first speed followed by 10 min at the second speed. Following 
this, the dough undergoes its first fermentation stage at room 
temperature for about 30 min. Once fermented, the dough is portioned 
into individual pieces (loaves of 400 g each), based on the desired 
weight. After shaping, the dough undergoes its second fermentation 
phase lasting around 3 h and 30 min. Finally, the pre-cooking stage 
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involves subjecting the prepared dough to a temperature of 215°C for 
a duration of 21 min.

The detailed nutritional and chemical composition is given in 
Table 2. The set of same types of three breads underwent final shorter 
baking (S) time of 9.5 min and longer baking time (L) of 17 min at 
230°C in oven (OES 6.10 mini mobil, Convotherm).

Pepsin from gastric mucosa (P-6887) and α-amylase from porcine 
origin (A-3176) were obtained from Sigma-Aldrich (Saint-Quentin 
Fallavier, France), whereas the amyloglucosidase from Aspergillus 
Niger with a specific activity of 14 U/mg protein was bought from 
Roche (Rotkreuz, Switzerland). D-glucose kit (ref. 103.21) was 
purchased from BioSenTec (Auzeville Tolosane, France). The Total 
Starch (AA/AMG) Assay Kit was used for the determination of total 
starch was bought from Megazyme.

2.2 Methods

2.2.1 Physicochemical characterization
Dimensions. Bread dimensions (volume, height, width, 

specific volume, shape ratio, density) were measured by laser 
topography using a bread laser volumeter (Perten BVM-L370LC, 
Sweden) as AACC10-14.01 approved method (24). Specific 
volume and density were calculated according to Eqs. (1, 2).

 
υ =

V

m  (1)

where ν is specific volume, V is volume and m is mass.

 
ρ =

m

V  (2)

where ρ is density, m is mass and V is volume.
Color. The color of the bread crust and crumb was evaluated with 

colorimeter (CR-400, Konica Minolta, Tokyo, Japan) in CIE L*a*b* 
system. The instrument was calibrated with white tile operating in 
aperture 8 mm, observer 2° and illuminant D65.

Texture. Texture Profile Analysis (TPA) test: three slices each of 
18 mm thickness of the same bread were stacked and placed horizontally 
on the test table of the INSTRON 34SC-5 texturometer (Norwood, 
Massachusetts, United  States), operated by Bluehill Universal 4.25 
software. TPA test was conducted with 35 mm probe and 5 kN force 

load. The compression speed was at 60 mm/min, compression 40%, 
relaxation time 10 s, and relaxation rate at 1000 mm/min. Hardness is 
expressed as a force required to compress the bread between the teeth 
corresponding to first peak on the graph (Hardness = P1). Cohesiveness 
describes how well the bread is connected when disintegrated and it 
corresponds to the ratio of second and first area of peaks 
(Cohesiveness = A

A

2

1

). On the other hand, springiness is related to the 

bread freshness and tells on how much it will take the bread to return to 
the original form after being compressed and it relates to ratio of the 
distance traveled by the probe of the second bite to the distance of the 
first bite (Springiness = d

d

2

1

). Chewability gives information on the 

energy required to chew the food before it can be swallowed and it is 
derived as Hardness*Cohesiveness*Springiness (25).

TABLE 1 Ingredient composition of 3 types of breads.

Traditional bread (TB) Wholemeal bread (WB) Cereal bread (CB)

Stone ground wheat flour T65 (43%) Stone ground wholemeal wheat 

flour T150 (41%)

Stone-ground cereal flours (wheat flour 34%, corn flour 1.1%, barley flour 1.1%, spelt flour 

1.1%, rye flour 1.1%, buckwheat flour 1.1%, wheat gluten 0.5%) 40%

Water 32% Water 34% Water 32%

Old-fashioned sourdough (wheat flour 

T80 and water) 24%

Old-fashioned sourdough (wheat 

flour T80 and water) 24%

Old-fashioned sourdough (wheat flour T80 and water) 23%

Untreated sea salt 1% Untreated sea salt 1% Untreated sea salt 1%

Seeds: brown flax, shelled sesame, shelled millet, shelled sunflower (3.5%), poppy 

seeds (0.5%)

TABLE 2 Nutritional table of sample sourdough breads.

TB WB CB

Energy value (kcal/100 g) /

(kJ/100 g)

248/1052 257/1085 252 /1065

Proteins (g/100 g) 7.4 ± 0.5 7.9 ± 0.5 8.2 ± 0.5

Carbohydrate (g/100 g)

 – available 50.3 57.5 47.4

 – total 54.2 50.5 52.3

 – mono- and disaccharides 1.7 ± 0.7 1.5 ± 0.6 1.5 ± 0.6

 – total reducing 1.5 ± 0.6 1.5 ± 0.6 1.5 ± 0.6

 – total dietary fiber 3.9 ± 1.4 7.0 ± 1.8 4.9 ± 1.5

Fats (g/100 g) 1.4 ± 0.4 1.3 ± 0.4 2.5 ± 0.5

 – monounsaturated 0.51 ± 0.28 0.37 ± 0.24 0.83 ± 0.34

 – polyunsaturated 0.48 ± 0.27 0.61 ± 0.30 1.21 ± 0.40

 – saturated 0.35 ± 0.24 0.26 ± 0.21 0.36 ± 0.24

 – trans <0.01 <0.01 <0.01

Ash (g/100 g) 1.64 ± 0.19 1.94 ± 0.20 1.75 ± 0.19

 – Salt 1.086 ± 0.109 1.215 ± 0.122 1.083 ± 0.109

 – Sodium (Na) 0.434 ± 0.044 0.486 ± 0.049 0.433 ± 0.044

Dry extract (g/100 g) 63.9 67.9 64.0

Mass loss on drying 

(g/100 g)

36.1 ± 0.6 32.1 ± 0.5 36.0 ± 0.6

Total dietary fibers are highlighted, component that is of high importance for the GI.
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Moisture content. The amount of moisture was estimated 
according to AACC gravimetric method 44–15.02, where roundly 2 g 
of product were dried at 105°C during 48 h (24).

Water activity. Aw was measured on 100 mg crumbled sample with 
a NOVASINA LabMaster-aw meter (Lachen, Switzerland).

Total titratable acidity and pH. TTA was evaluated on grounded 
and homogenized sourdough suspension according to AACC 
02–31.01 method until pH value of 8.5 was reached while titrating it 
with 0.1 M NaOH (21). pH was determined on Hanna Instruments, 
HI 2210 pH meter (Rhode Island, US).

2.2.2 Starch analysis and glycemic index
To calculate glycemic index (GI) according to the equation (3) 

given by Goni et al. (26) the content of total starch and the starch 
hydrolyzed for 90 min were determined.

 GI H= + ×39 21 0 803 90. .  (3)

where H90 is the percentage of total starch hydrolyzed at 90 min.
To obtain total starch content in bread samples a Megazyme total 

starch (AA/AMG) analysis kit (Megazyme International Ireland Ltd., 
Wicklow, Ireland) was used.

The percentage of hydrolyzed starch at a certain time on the other 
hand was determined using modified procedure proposed by Iversen 
et al. (23). Bread-crumbled samples (50 ± 5 mg) were pre-treated with 
20 mg of pepsin dissolved in HCl-KCl buffer pH 1.5 at 40°C for 60 min 
in magnetically stirred water bath. The solution was then adjusted to 
pH 7 with the addition of 30 mL 0.05 M KH2PO4, and the starch 
hydrolysis into maltodextrins was proceeded using α-amylase (0.1 mL, 
which corresponds to 2.6 U) for 90 min at 37°C. At the end, to convert 
maltodextrins chains into glucose, amyloglucosidase was applied 
(60 μL of enzyme to 1 mL of sample diluted in 3 mL of 0.4 M Na-acetate 
buffer pH 4.75) and the solution was incubated in magnetically stirred 
water bath at 60°C for 45 min. Glucose concentration was estimated 
using glucose enzymatic assay kit. To convert into hydrolyzed starch, 
glucose content was multiplied with 0.9 factor and taken as the 
percentage of total starch hydrolyzed for 90 min.

2.2.3 Ethics statement
The sensory tests were conducted in accordance with the 

Declaration of Helsinki. Assessors gave written consent after reading 
detailed information about the study. All applicable institutional and 
governmental regulations concerning the ethical use of human 
volunteers were compiled and approved by the Faculty Committee of 
the Faculty of Technology and Metallurgy (Ss. Cyril and Methodius 
University in Skopje, Republic of North Macedonia, 09-1273/1), and 
the ONIRIS institution (Oniris VetAgroBio— Ecole Vétérinaire, 
Agroalimentaire et de l’Alimentation Nantes Atlantique—French 
Republic Agricultural Ministry National HighSchool, France, 23-657).

2.2.4 Evaluation conditions
The study took place in the sensory analysis laboratory of Oniris 

(Nantes, France) which meets the requirements of the NF EN ISO 
8589 (2010).

2.2.5 Satiation and satiety assessment
The study trials were structured for a single location and 

randomized through Latin Square design. Ten healthy participants 

with no allergies on wheat, gluten intolerance or dietary 
restrictions were part of the satiety assessment panel. The panel 
(n = 10) was composed of 30% males and 70% females. The 
participants’ ages ranged from 18 to 25 years. The Body Mass Index 
(BMI) distribution was of 71.9% falling within the range of 18.5 to 
24.9, 10.5% within 25 to 29.9, 7% within 30 to 34.9, 1.8% below 
18.5 and 8.8% who chose the “I do not want to answer” option. 
Regarding the panel bread consumption habits, the majority 
consumed bread 2 to 3 times per week (45.6%), followed by daily 
consumption (26.3%), once per week (19.3%), 1 to 2 times per 
month (7%) and less than once per month (1.8%). They were asked 
to follow similar food pattern the day before the visit. Participants 
were requested to arrive in the morning after overnight fasting for 
the sessions, each lasting around 3 h. Each time the participants 
received about 100 ± 3 grams (exact quantity calculated for each 
type of bread to ingest 50 grams of digestible carbohydrates) of 
only 1 type of test bread (TB-S, TB-L, WB-S, WB-SL, CB-S, CB-L) 
at a time in a random order and 300 mL of water. Participants were 
instructed to eat the bread within 10 min. Each participant 
observed his/her appetite sensations on each bread samples. 
During the test, participants were asked to self-report their hunger 
level using visual analog scales (VAS) at five different time points: 
before snacking, immediately after snacking, and 90, 105 and 
180 min after snacking. VAS questionnaire consisted of 10 cm 
structured scale with ‘not hungry at all’ on the left anchor and 
‘extremely hungry’ on the right anchor. The panelists were asked 
to assess their corresponding appetite sensations anywhere on the 
scale at the five designated time points using a set of five 
questionnaires, each comprising five scales. Then, the distance 
from the far – left extreme to the mark was measured and 
converted into numerical scores. The questionnaire is given in 
Figure 1.

From the data provided, satiation and satiety were calculated as 
integrated cumulative area under the curve over 180 min using 
baseline trapezoidal calculations (27).

2.2.6 Sensory analysis

2.2.6.1 Hedonic test
Eighty participants were asked to evaluate their liking of the 6 

breads (three types of sourdough breads baked for 2 different times). 
The hedonic appreciation was assessed using a 9-points scale: 
1 = dislike extremely; 2 = dislike very much; 3 = dislike moderately; 
4 = dislike slightly; 5 = neither like nor dislike; 6 = like slightly; 7 = like 
moderately; 8 = like very much; 9 = like extremely. The participant 
demographic for this study comprised 80 individuals, with a gender 
distribution of 70% female and 30% male. Predominantly, their ages 
fell within the 18 to 25-year range (75%), 5% fell within the age range 
of 26 to 35 years, while 11.25% were aged between 36 and 45 years. 
Additionally, 7.5% were within the age range of 46 to 55 years, and 
1.25% were over the age of 55.

2.2.6.2 Just about right (JAR) test
Eight attributes were evaluated for each bread: toasted and cereal 

odor, crust color, crust crispiness, crumb softness, global aroma, 
acidity and humidity. Five points JAR scales were used. This scale 
indicates whether a particular attribute is perceived on acceptable or 
non-acceptable level (28, 29). The participants were instructed to 
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determine the intensity of the attribute, whether it fell on the extreme 
ends (“much too low,” “not enough,” or “too high” and “too much 
high”) or in the middle of the scale (“just about right”).

2.2.7 Statistical analysis
All results were expressed as an average ± standard deviation of 

different replicates at a significance level of α = 0.05. A two-way 
(formulation and baking time) analysis of variance (ANOVA) was 
performed for the physico-chemical measurements and a three-way 
ANOVA was performed for the hedonic evaluation (formulation, 
baking time, panel) and the satiety results (formulation, baking time, 
hour of intake). A post-hoc test (Least Significant Difference test) was 
applied when significant differences were determined. Penalty 
analysis was applied to the JAR results. Statgraphics Centurion XVII.I 
software (IBM Corp., Armonk, NY, USA) program was used for 
ANOVA and XLStat 2022.3.1 (Addinsoft) was used for penalty 
analysis and PCA.

3 Results and discussion

3.1 Physico-chemical characterization

In the current study, three different formulations of part-baked 
breads (TB, WB, and CB) were baked at 230°C for 9.5 and 17 min. 
Their appearance is given in Figure 2. The maximum temperature 
reached in the center of the loaf in the first case was 79°C for the first 

baking time and 96°C for the second, allowing complete gelatinization 
of the starch. The elevated temperatures promote the breakdown of 
starch molecules, resulting in the transformation of starch into a form, 
which is more digestible and palatable. The results of the physico-
chemical measurements are given in Table 3. Both formulation (f) and 
baking time (bt) had a significant impact (p  <  0.05) on volume 
(Ff = 27.2, pf = 0.0000; Fbt = 9.51, pbt = 0.0081), shape ratio (Ff = 12.79, 
pf = 0.0007; Fbt = 15.14, pbt = 0.0016) and TTA (Ff = 12.77, pf = 0.0007; 
Fbt = 7.86, pbt = 0.0141). Formulation had significant influence 
(p < 0.05) on height (Ff = 3.93, pf = 0.0443), width (Ff = 5.94, pf = 0.0135), 
specific volume (Ff = 70.46, pf = 0.0000), density (Ff = 41.69, pf = 0.0000), 
pH (Ff = 252.03, pf = 0.0000) and dry matter (Ff = 20.25, pf = 0.0000), 
whereas baking time influenced significantly the mass (Fbt = 4.84, 
pbt = 0.0450). The latter was primarily attributed to varying water loss 
throughout the distinct baking durations.

Among all the formulations, the smallest specific volume was 
observed for WB, which contains the highest amount of dietary fibers 
(Table 2). Their presence caused disruption of the gluten network with 
reduced gas retention capacity (13).

The specific volume declined as the baking duration increased 
across all formulations. This could be attributed to increased water 
evaporation with prolonged baking times (refer to Table 3). Since the 
breads were pre-baked, the initial volume and gas bubble expansion 
were already established. However, longer baking times are likely to 
result in the formation of thicker crusts, increasing internal pressure 
within the gas cells. This may lead to cell rupture and coalescence, 
resulting in reduced volume and higher density (30).

FIGURE 1

Visual analog scales for satiety assessment.
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WB exhibited the highest density (0.49 g/mL) compared to TB 
and CB (0.41–0.43 g/mL). It is common for breads made solely from 
wholemeal flour to possess a dense and compact structure due to the 
high content of dietary fibers that are unavailable for yeast, causing 
fermentation and rising to cease prematurely (31).

pH and TTA are key parameters that regulate the enzymatic 
activity and provide insights into the ideal level of sourness in taste, 
respectively. During the fermentation process, the pH of sourdough 
bread decreases due to the predominant formation of lactic acid and 
acetic acid by lactic acid bacteria (LAB). It should remain within the 
range of 3.7–4.0, as lower values may inhibit LAB growth, while 
values higher than 5.8 may lead to excessive amylase activity, which 
could hydrolyze the starch (32). Conversely, the Total Titratable 
Acidity (TTA) provides information of the ratio of lactic to acetic 
acid, crucial for the perception of sour taste. For optimal flavor in 
sourdough, this ratio should ideally fall between 3:1 and 4:1. If the 
ratio shifts in favor of acetic acid, the taste may become overly sour 
(33). In the scope of the studied sourdough breads, produced organic 
acids led to a reduction of pH value, which varied between 4.31–4.34 
for the TB and 4.64–4.67 for WB and CB. PH measures only 
dissociated acids, while weak acids as lactic and acetic acids do not 
completely dissociate. Nonetheless, lactic acid, with a pKa of 3.85, is 
stronger than acetic acid (pKa = 4.76), resulting in a greater 
dissociation of lactic acid and thus influencing the pH value more 
significantly. Through Total Titratable Acidity (TTA) measurements, 
the pH is shifted to an alkaline region, causing all acids to appear in 
their dissociated form, thereby reflecting their total concentration. 
Contrarily to pH results, WB and CB exhibited higher TTA (7.12–
7.93 mL 0.1 M NaOH/10 g), as opposed to TA (6.17–6.93 mL 0.1 M 
NaOH/10 g) which might indicate presence of higher amount of 
acetic acid especially in WB. Additionally, the presence of higher 
amount of dietary fibers in WB create buffer, which interferes with 
pH. Different baking time did not affect significantly pH parameter 
(Fbt = 1.10, pbt = 0.3126), but it did affect the TTA (Fbt = 7.86, 
pbt = 0.0141). Breads that are baked for longer time contain lower 
amount of TTA. The hypothesis of this effect is associated with 
breakdown or degradation of some organic acids present in the 

dough or formation of new compounds during Maillard reactions 
possessing basic properties (34).

The recipe (Ff = 20.25, pf = 0.0000) exerted significant influence on 
the dry matter content, while baking time did not (Fbt  = 0.34, 
pbt = 0.5664). Notably, WB exhibited the lowest dry matter content, 
measuring 57.75 ± 0.753 and 57.98 ± 0.855 for long and short baking 
time, respectively. This result is ascribed to the increased water 
adsorption capability coming from its higher dietary fiber content 
compared to other bread varieties, which exhibited dry matter 
contents ranging from 59.29 ± 0.871 to 60.03 ± 0.734.

Water activity (aw) ranged from 0.961 to 0.964 for all samples and 
was not statistically different (p > 0.05).

The formation of the crust color is facilitated by the moisture 
depletion after the crust reaches the temperature of 100°C. Below the 
temperature of 150°C, Maillard reactions are responsible for the color 
formation and above 150°C the Maillard reactions and reactions of 
caramelization are responsible for the browning (13, 30). The color 
differences might also appear from different pathways of Maillard 
reactions, which are pH dependent, but are also influenced by the 
composition of sugars and amino acids that react together (13, 35).

The color of both the crust and crumb was notably influenced by 
the variations in formulation and baking conditions that were 
examined. The most pronounced changes have happened in crust 
L*a*b* values as well as crumb L* values as shown in Table 4. As 
anticipated, breads exposed to shorter baking durations exhibited 
lighter shades. Prolonged baking led to increased water evaporation 
from the surface, accelerating the formation of melanoidins 
responsible for darker hues. The color variation largely depends on the 
specific raw materials utilized in each formulation, thus variations in 
color were observed among different bread formulations. With longer 
baking times, CB and WB displayed similar L* values on the crust 
(43.88 and 44.64, respectively), while TB exhibited a higher L* value 
(49.33). Conversely, during shorter baking, WB showed the darkest 
crust color (52.82), followed by CB (57.68), and TB appeared the 
lightest (59.70). Longer baking time increased a* value in TB 
formulation, but did not affect much (p  >  0.05) WB and CB 
formulations. Contrarily, the baking time had a major impact on the 

FIGURE 2

Appearance of 3 types of sourdough breads baked at 2 different times.
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yellowness (b* value) of the crust (Fbt = 82.61, pbt = 0.0000). It decreased 
from 31.71 to 25.31, from 29.80 to 19.94 and from 30.80 to 18.92 for 
TB, WB and CB, respectively as the baking time extended. Among the 
formulations, the yellow hue was more noticeable in TB compared to 
the other formulations. Regarding the breadcrumb, both the lightness 
(L* value) and yellowness (b* value) were significantly affected by the 
recipe and the baking time (Ff = 50.40, pf = 0.0000; Fbt = 31.78, 
pbt = 0.0000) and (Ff = 13.27, pf = 0.0000; Fbt = 6.49, pbt = 0.0009), 
respectively. A longer baking time resulted in darker crumb coloration. 
Particularly, crumb color primarily depends on the raw materials used 
and their interactions, given that the crumb temperature remains 
considerably lower than that of the crust (13).

Texture in sourdough breads is highly dependent on the level of 
acidification. In acid conditions gluten swells, starch undergoes mild 
hydrolysis and in addition, short time is required for mixing the 
dough. Furthermore, the organic acids produced from sourdough 
fermentation might enhance the water uptake and enhance softness 
of the finished product. It might also increase the protein solubility 
and prevent new bond formation (36). The results of texture profile 
such as hardness, chewability, springiness and cohesiveness on the 
three examined part-baked formulations additionally baked for 9.5 
and 17 min are presented at Figures 3A–D. A low value is preferred for 
hardness and chewability, while high values are desired for springiness 
and cohesiveness (37). Formulation significantly influences hardness 
(Ff = 118.14, pf = 0.0000) and chewability (Ff = 38.03, pf = 0.0000). 
Baking time affects hardness (Fbt = 2.61, pbt = 0.0160) and chewability 
(Fbt = 9.28, pbt = 0.0046) except for WB. This formulation required 
higher force (39.37 N for longer baking – 41.89 N for shorter baking) 
to be compressed and was the most chewable among all formulations 
(13.76 N for longer baking – 13.40 for shorter baking) without being 
affected by the baking time. This could be attributed to the increased 
density and less porous structure. Conversely, longer baking times for 
TB and CB formulations resulted in higher hardness and chewability 
(24.77 N and 28.07 N for TB, respectively, and 10.08 N and 9.32 N for 
CB, respectively) compared to shorter baking durations (20.79 N and 
24.67 N for TB, respectively, and 7.10 N and 7.68 N for CB, 
respectively). Springiness was not affected by the formulation of the 
product, nor by the baking time. It was estimated in range of 0.82–
0.88. Cohesiveness was found to be between 0.36 and 0.46. TB behave 
better when it was disintegrated due to lack of added grains and was 
statistically different (Ff = 8.43, pf = 0.0011) among formulations. 
Baking time also affected cohesiveness statistically (Fbt = 13.78, 
pbt = 0.0008), except in CB formulation. Similar results were reported 
by other researchers when higher quantity of dietary fibers from 
different sources was introduced in the sourdough bread formulation 
due to their interference with protein – starch network (13, 38).

3.2 Glycemic index, satiety and satiation

Glycemic index (GI) of the examined sourdough breads is 
presented in Table 5. The general assumption is that TB had higher GI 
than WB and CB, while longer baking time decreased the GI. However, 
the differences observed were not statistically significant (Ff = 2.80, 
pf = 0.0946; Fbt = 0.09, pbt = 0.7712). The highest GI of 88.09 ± 11.62 and 
79.94 ± 10.40 was measured for TB-S and TB-L, respectively. When 
considering baking time, longer baking periods (L) led to the lowest 
GI values for breads enriched with added fibers (WB-L) and those T
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made with intact cereals (CB-L), exhibiting 68.20 ± 3.13 and 
68.12 ± 0.82, respectively. Conversely, shorter baking time (S) for same 
bread types generated higher GI values of 77.43 ± 13.97 (WB-S) and 
73.56 ± 13.26 (CB-S).

Sourdough fermentation alone contributes to enhanced 
postprandial glucose and insulin responses in individuals without 
underlying health conditions. This effect can be attributed to the 
notion of an increased presence of resistant starch, which is fostered 
by the organic acids induced during fermentation, thereby 
promoting starch retrogradation (39, 40). Our results for GI for 
bread made with refined wheat flour and bread made with less 
refined flour are in line with the literature sources stating that using 
wholemeal flour with added bran fraction does not change the 
glycemic index (11). However, the presence of insoluble fibers from 
the bran disrupt the gluten network in bread and might facilitate its 
digestive process. The obtained results are in accordance with the 

study of Lappi et al. who confirmed that sourdough wholemeal bread 
induced retarded postprandial glucose and insulin responses 
compared with the white wheat bread, but the regular wholemeal 
bread had comparable postprandial response to white wheat bread 
(41). In addition, bread made with cereal flours incorporated with 
intact cereal grains also demonstrated lower GI (Table 5) which is 
due to the limited starch gelatinization inhibited from the fibrous 
network from grains, proteins, and antioxidants (11, 42, 43). The 
latter product in addition to reduced GI has preserved physical 
structure and softer texture (Figure 3A). Longer baking conditions 
tends to reduce the GI from 7 to 11% in the tested products. A 30% 
reduction of GI was reported by Stamataki et al. (39) when high 
amylose barley bread was baked for 20 h at 120°C instead of the 
conventional 45 min at 200°C owing the formation of crystalline 
amylose and the increase of resistant starch content. Moreover, 
starch gelatinization can be  affected by the presence of proteins 

TABLE 4 Color of crust and crumb of 3 types of sourdough breads baked at two different times.

Crumb color Crust color

Product L* a* b* L* a* b*
TB-L 64.46 ± 1.273 а/A 3.31 ± 0.461 c/D 16.17 ± 0.615 b/BC 49.33 ± 4.354 a/B 14.08 ± 1.868 a/A 25.31 ± 5.844 a/B

TB-S 60.28 ± 2.657 а/B 3.13 ± 0.401 c/D 16.06 ± 0.603 b/BC 59.70 ± 3.675 a/A 11.05 ± 3.388 a/A 31.71 ± 1.101 a/A

WB-L 57.08 ± 1.088 c/C 6.57 ± 0.124 a/A 17.39 ± 0.367 a/A 44.64 ± 2.673 b/C 14.01 ± 2.222 a/A 19.94 ± 3.964 a/C

WB-S 53.84 ± 2.042 c/D 6.21 ± 0.401 a/A 16.65 ± 0.523 a/AB 52.82 ± 3.087 b/B 14.02 ± 1.543 a/A 29.80 ± 1.213 a/AB

CB-L 60.46 ± 1.088 b/B 4.57 ± 0.449 b/B 16.20 ± 1.206 b/BC 43.88 ± 3.395 ab/C 13.78 ± 1.703 a/A 18.92 ± 4.986 a/C

CB-S 58.34 ± 2.087 b/BC 4.04 ± 0.400 b/C 15.62 ± 0.487 b/C 57.68 ± 2.520 ab/A 12.38 ± 1.973 a/A 30.80 ± 1.950 a/A

TB-L – Traditional bread, longer baking time; TB-S – Traditional bread, shorter baking time; WB-L – Wholemeal bread, longer baking time; WB-S – Wholemeal bread, shorter baking time; 
CB-L – Cereal bread, longer baking time; CB-S – Cereal bread, shorter baking time. Results indicate mean values ± SD. Data followed by different miniscule letters within a column refer to 
significant difference due to formulation and capital letters refer to significant difference due to baking time (ANOVA, Fisher mean square test, p < 0.05).

FIGURE 3

Textural properties of three types of sourdough breads baked at two different times (A) hardness (B) chewability, (C) springiness, (D) cohesiveness.
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located around starch granules, which may limit granule swelling 
and gelatinization, contributing to reduced digestibility. In a study 
conducted by Reshmi et al. (42), breads incorporated with pomelo 
fruit (Citrus maxima) segments exhibited lower predicted GI and 
more gradual glucose release, attributed to the presence of naringin, 
which inhibits enzymes involved in post-prandial hyperglycemia. 
The effect of the presence of high content of antioxidants and 
flavonoids on managing blood glucose levels by decreasing 
hydrolysis rate of starch through inhibition of α-amylase and 
α-glucosidase was shown by Kareem et al. (43).

The reported visual analog scales (VAS) of postprandial satiety for 
tested sourdough breads (TB-L, TB-S, WB-L, WB-S, CB-L and CB-S) 
are plotted in Figures 4A–E. The average desire to eat, hunger and 
appetite scores decreased 15 min after the food ingestion, but in course 
of 180 min gradually increased to the initial starting level. Contrarily, 
the fullness and satisfaction increased immediately after eating as 
reported by the subjects, reaching the peak, from which point started 
to decline steadily until the 180 min. The desire to eat and the hunger 
level were the strongest after eating WB bread regardless the treatment 
of baking, but remained the lowest for CB-S, followed by CB-L. After 
food consumption, the sensation of appetite was least pronounced for 
CB-L, with 53% of participants reporting lower scores than TB-S and 
25% than CB-S. However, at the 180-min mark post-meal, CB-S 
prompted a 17% reduction in average appetite compared to CB-L, and 
a 32% decrease compared to WB-S (Figures 4A–E). As for the desire 
to eat, hunger level, and appetite, TB-S initially received the highest 
scores, while fullness and satisfaction levels were notably lower. 
However, by the conclusion of the 180-min period, TB-S no longer 
held this position.

The cumulative incremental area under the curve (iAUC) for 
satiation and satiety is presented in Table 5. Satiation represents the 
feeling of satisfaction, which terminates the eating, while satiety 
represents the feeling of fullness after food consumption both taking 
part in the complex system of appetite control (44). According to 
iAUC, satiety and satiation perceptions were the strongest for CB-S, 
followed by WB-L and the least pronounced for WB-S. The results 
show that, appetite sensations and differences in satiation and satiety 
perceptions have no correlation with the GI of the products, rather 
than the hedonic preference for it (Figure 5). However, WB-L was the 
least likable product, but with the lowest GI and yet demonstrated 
high perception of satisfaction and satiety. In literature, there are many 
reports that correlate low GI with better hunger satisfaction and 

prevent subjects from snacking in the meantime (45–47). Contrarily, 
there are also number of studies that do not support the above 
hypothesis. Andersen et al. reported no significant difference in self-
reporting satiety in a study with low and high GI varieties of potatoes 
(48). Holt et al. found no association between GI and reported fullness 
of 7 types of commercial breads with equal energy portions (49). Food 
texture and oral processing time have a high impact on perceived 
satiety; harder, firmer and chewier samples being perceived as more 
satiating (45, 50, 51). The second highest satiety and satiation 
perception calculated for WB-L could be explained with the hardest 
and the most chewable texture besides of the lowest estimated GI.

3.3 Sensory analysis

3.3.1 Hedonic test
Bread consumption habits of the 80 panelists included daily 

consumption (45%), consumption 2 to 3 times per week (45%) or 
once per week (10%). A significant proportion (55%) of participants 
showed a preference for bread that is moderately baked. Following 
this, a subgroup (27.5%) indicated a preference for slightly baked 
bread, whereas smaller segment of consumers (17.5%) expressed a 
liking for bread that is well-baked. Furthermore, participants exhibited 
preferences for various types of bread, including white bread (chosen 
by 51.25% of participants), baguette (preferred by 72.5%), sourdough 
bread (favored by 20%), wholemeal bread (preferred by 40%), cereal 
bread (chosen by 58.75%), gluten-free bread (selected by 1.25%), and 
traditional bread (preferred by 20%). Additionally, 58.75% of the 
participants expressed a positive preference for sourdough bread. 
About 33.75% showed neutrality or indifference toward this product, 
while a smaller subgroup of 7.5% indicated a dislike for it.

Consumer acceptability varied significantly (Fp = 10.86, pp = 0.000) 
among the different types of bread evaluated individually. Additionally, 
the type of bread was found to have a significant influence (Ff = 25.75, 
pf = 0.000) on the preferences of the panelists. However, the baking 
time did not have a significant effect (Fbt  = 1.24, pbt  = 0.26) on 
consumer liking. This is evident from the comparable mean scores for 
TB-L and TB-S, which were 6.46 ± 1.458 and 6.39 ± 1.825, respectively 
(Figure 5). The highest score was recorded for the formulation CB-L 
(7.28 ± 1.449), followed by CB-S (6.95 ± 1.571), while WB-L and WB-S 
were less preferred by consumers (scoring 5.74 ± 1.490 and 
6.03 ± 1.583, respectively). These results were expected considering the 
results obtained for hardness, chewability (Figure 3), color (Table 4) 
and acidity (Table  3). The less preferred product was harder to 
be  chewed, darker in color (regardless of baking time) and 
considerably sourer compared to other two types of bread attributed 
to the higher acetic acid content. However, whole-wheat sourdough 
fermentation tends to improve the unfavorable sensory aspects 
compared to yeast fermented bakery products offering a richer flavor 
due to extended fermentation and intensified acidification (52–54). In 
a survey on a sample of 1,013 Polish consumers older than 21 years, 
23.8% expressed their positive attitude toward the consumption of 
white bread fortified with fibers as a mean to follow healthy lifestyle, 
opposite of 31.1% who had neutral opinion. However, they collectively 
agreed that the taste of bread is more important than the health 
benefits to a different extent (55). Moreover, the overall acceptability 
of sourdough breads subjected to fermentations of 0, 3, and 6 h using 
different microorganisms exhibited a dependence on fermentation 

TABLE 5 Satiation, satiety and glycemic index of 3 types of sourdough 
breads baked at two different times.

Product Satiation 
(iAUC)

Satiety 
(iAUC)

In vitro GI

TB-L 761 ± 240 832 ± 192 79.94 ± 10.40a

TB-S 872 ± 240 897 ± 250 88.09 ± 11.62a

WB-L 912 ± 383 939 ± 377 68.20 ± 3.13a

WB-S 745 ± 357 803 ± 379 77.43 ± 13.97a

CB-L 863 ± 520 882 ± 545 68.12 ± 0.82a

CB-S 933 ± 390 978 ± 359 73.56 ± 13.26a

iAUC – Incremental area under the curve; GI – Glycemic index; TB-L – Traditional bread; 
longer baking time; TB-S – Traditional bread, shorter baking time; WB-L – Wholemeal 
bread, longer baking time; WB-S – Wholemeal bread, shorter baking time; CB-L – Cereal 
bread, longer baking time; CB-S – Cereal bread, shorter baking time.
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time, culture type, and culture dosage, both individually and in 
combination (56).

3.3.2 “Just about right” test
In Table 6, CB-S stands out as the most favored bread, with all 

attributes falling within the JAR range (60–85%), except for crust 
crispiness (53.75%). WB-L and CB-L, which include additional cereals 
and fibers and have longer baking times, were perceived as too dark 
in color (61.25 and 67.5%, respectively). CB-L met JAR criteria for all 
parameters ranging from 55 to 76.25% the except the color parameter. 
TB-L and TB-S lacked cereal odor and global aroma for about half of 
the panelists, while TB-S also lacked sufficient crispy crust (55%) and 
toasted odor (61.25%). WB-L was deemed too dark (61.25%) and too 
acidic (56.25%), with low scores for crumb softness (76.25%) and 
crust crispiness (50%). WB-S was rated highly acidic by over half of 

the judges (51.9%), with only 25.32 and 35.44% finding the crumb 
softness and crust crispiness sufficient. Humidity met JAR standards 
in all products. The judges’ opinions aligned with objective results 
from the instrumental sensorial analysis, particularly for color and 
texture, which are crucial for consumer acceptance. Longer baking 
times darkened the surface color for all three products, but it was 
deemed excessive for WB and CB, whereas TB’s color was optimal for 
both baking times. However, short baking times did not produce 
enough toasted odor and global aroma (Table 6). More than 70% of 
the judges found the crumbs in WB-L and WB-S breads too hard 
which was confirmed with the texture analyzer measuring the highest 
values for hardness (39.37 N and 41.89 N, respectively) (Figure 3A). 
The acidity levels within the same product were determined to surpass 
the optimal range by over 50% of the evaluators. This observation 
could be attributed to a potentially substantial proportion of acetic 

FIGURE 4

Visual analog scale (VAS) ratings of (A) desire to eat, (B) hunger, (C) fullness, (D) satisfaction (E) appetite over 180  min following ingestion of food 
(n  =  10).

https://doi.org/10.3389/fnut.2024.1370086
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Temkov et al. 10.3389/fnut.2024.1370086

Frontiers in Nutrition 11 frontiersin.org

acid in comparison to lactic acid, as indicated by TTA values presented 
in Table 3. According to the penalty analysis, a range of attributes, 
distinct for each product, significantly impacted consumer satisfaction 
by not meeting the JAR criteria. The results presented in Table  6 
include only penalties from respondents whose influence exceeded the 
20% threshold (57). The overall liking of TB-L product was 
significantly influenced (p = 0.029) by the absence of cereal odor, 
whereas for TB-S the mean drop was affected by not only cereal odor 
but the crumb softness as well (p = 0.030). The crust color of sourdough 
bread was detrimental parameter for CB-L, WB-S and WB-L 
(p = 0.036, p = 0.005, p = 0.037, respectively). The performance of the 
latter was also penalized by the intense toasted odor (p = 0.021). 
Interestingly, CB-S, which exhibited the highest overall liking score 
and closely aligned with the ideal product on the JAR scale, could 
achieve even greater appreciation if the global aroma were 
more robust.

Principal component analysis was applied to investigate the 
combined effects of all factors employed but with reduced number of 
response dimensions. In this study, 42 parameters were analyzed 
dominated by five principal components representing 45.5, 22.8, 13.7, 
7.9, and 6.9%. The loadings of the analyzed 42 responses are plotted 
in Figure 6.

As depicted in Figure 6, when considering not only the physical 
parameters but also taking into account liking scores and the induced 
appetite sensations over a 180-min period, the bread samples exhibit 
clustering by type rather than by the baking duration. Longer baking 
times significantly affects (p < 0.05) attributes such as color, mass, 
volume, shape ratio, and TTA, and a clear distinction among the bread 
types (TB, WB, and CB) is evident. Wholemeal bread is associated 
with the smallest shape ratio, implying greater density and 
consequently a more chewable and firm texture. It also correlates with 
higher TTA and an induction of greater appetite, desire to eat, and 
hunger after 180 min of consumption. These characteristics position 
this type of bread diagonally opposite the hedonic score, indicating a 
negative correlation and suggesting it was the least favored by the 

panelists. Conversely, CB is positively correlated with liking, 
satisfaction, and fullness over the 180-min period, aligning with the 
highest satiety and satiation scores. TB, on the other hand, is positively 
correlated with the lightness of both the crumb and crust, 
cohesiveness, and specific volume, primarily due to its absence of 
dietary fibers that can hinder dough proofing. Specific volume 
consistently shows a negative correlation with shape ratio, density, 
hardness, and chewability. Additionally, the sourdough bread, which 
lacks additional dietary fibers in the form of unrefined flour or intact 
cereals, exhibits the highest glycemic index (GI) but is not correlated 
with improved satiety or satisfaction. Moreover, the highest GI was 
associated with the sourdough bread that did not contained additional 
dietary fibers in the form of unrefined flour or intact cereals and it was 
not correlated with better satiety or satisfaction.

4 Conclusion

In the presented study, several conclusions can be drawn. To fulfill 
the study’s objectives, three types of part-baked commercial 
sourdough breads (Traditional Bread – TB, Wholemeal Bread – WB, 
Cereal Bread – CB) underwent baking at 230°C for either a long (L) 
duration (17 min) or a short (S) duration (9.5 min). Various 
formulations of sourdough bread, including different types of flour 
(wheat flour type 65, unrefined wholemeal wheat flour type 150, 
various cereal flours such as wheat, corn, barley, spelt, rye, and 
buckwheat) combined with intact whole grain cereals, along with 
variations in processing parameters such as baking time, have an 
impact on physical attributes (volume, dimensions, shape, mass, and 
density), chemical properties (pH, TTA, and dry matter), visual 
characteristics (L*a*b* values of crust and crumb), and textural 
qualities (hardness, elasticity, cohesion, and chewability). Different 
types of sourdough bread recipes, which had different quantities of 
total dietary fibers, and prolonged baking time did not seem to 
influence glycemic index significantly. No correlation was found 

FIGURE 5

Liking score of 3 types of sourdough breads baked at two different times (n  =  80).
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TABLE 6 Penalty analysis of sourdough breads baked at two different times (n  =  80).

(A) Comparison between TB-L and TB-S

Attribute Level Consumers 
(%)

Overall 
liking

Penalty p-value Consumers 
(%)

Overall 
liking

Penalty p-value

TB-L TB-S

Crust color

Much too low 12.50 6.80 47.50 5.95

JAR 71.25 6.53 52.50 6.79 0.22 0.541

Much too much 16.25 5.92 0.00 /

Toasted odor

Much too low 33.75 6.15 61.25 6.43

JAR 58.75 6.64 38.75 6.32 0.426 0.200

Much too much 7.50 6.50 0.00 /

Cereal odor

Much too low 52.50 6.14 47.50 6.05

JAR 36.25 6.93 0.886 0.030 43.75 6.89 0.735 0.029

Much too much 11.25 6.44 8.75 5.71

Crumb softness

Much too low 23.75 6.84 13.75 5.82

JAR 72.50 6.43 0.970 0.028 70.00 6.68 −0.114 0.756

Much too much 3.75 4.67 16.25 5.62

Crispy crust

Much too low 42.50 6.35 55.00 6.48

JAR 53.75 6.46 0.022 0.957 43.75 6.40 0.006 0.986

Much too much 3.75 7.67 1.25 2.00

Global aroma

Much too low 47.50 6.26 50.00 5.90

JAR 45.00 6.78 50.00 6.88 0.573 0.080

Much too much 7.50 5.83 0.00 /

Acidity

Much too low 6.25 6.80 12.50 5.60

JAR 57.50 6.59 0.623 0.132 57.50 6.65 0.293 0.378

Much too much 36.25 6.21 30.00 6.21

Humidity

Much too low 10.00 6.62 5.00 5.75

JAR 72.50 6.41 0.622 0.159 68.75 6.58 −0.177 0.631

Much too much 17.50 6.57 26.25 6.00

(B) Comparison between WB-L and WB-S

Attribute Level Consumers 
(%)

Overall 
liking

Penalty p-value Consumers 
(%)

Overall 
liking

Penalty p-value

WB-L WB-S

Crust color

Much too low 5.00 5.50 16.46 5.15

JAR 33.75 6.22 0.732 0.037 67.09 6.36 1.051 0.005

Much too much 61.25 5.49 16.46 5.46

Toasted odor

Much too low 22.50 5.61 46.84 6.05

JAR 48.75 6.13 0.762 0.021 50.63 5.93 −0.178 0.619

Much too much 28.75 5.17 2.53 7.00

Cereal odor

Much too low 23.75 5.95 17.72 6.29

JAR 45.00 5.97 0.427 0.205 58.23 5.83 −0.447 0.214

Much too much 31.25 5.24 24.05 6.26

Crumb softness

Much too low 76.25 5.66 70.89 5.82

JAR 22.50 6.00 0.339 0.399 25.32 6.45 0.586 0.154

Much too much 1.25 6.00 3.80 6.67

(Continued)
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TABLE 6 (Continued)

(B) Comparison between WB-L and WB-S

Attribute Level Consumers 
(%)

Overall 
liking

Penalty p-value Consumers 
(%)

Overall 
liking

Penalty p-value

Crispy crust

Much too low 50.00 5.80 64.56 5.94

JAR 45.00 5.78 0.073 0.829 35.44 6.14

Much too much 5.00 4.75 0.00 /

Global aroma

Much too low 37.50 5.67 40.51 6.09

JAR 43.75 5.97 0.416 0.218 49.37 5.95 −0.126 0.724

Much too much 18.75 5.33 10.13 6.00

Acidity

Much too low 11.25 5.78 6.33 5.60

JAR 32.50 5.77 0.044 0.896 41.77 6.12 0.186 0.607

Much too much 56.25 5.71 51.90 5.98

Humidity

Much too low 38.75 5.48 32.05 6.08

JAR 50.00 5.95 0.425 0.204 50.00 6.18 0.359 0.315

Much too much 11.25 5.67 17.95 5.36

(C) Comparison between CB-L and CB-S.

Attribute Level Consumers 
(%)

Overall 
liking

Penalty p-value Consumers 
(%)

Overall 
liking

Penalty p-value

CB-L CB-S

Crust color

Much too low 1.25 8.00 10.00 7.50

JAR 31.25 7.52 0.775 0.036 78.75 7.35 0.349 0.381

Much too much 67.50 6.72 11.25 6.56

Toasted odor

Much too low 5.00 5.75 30.00 7.08

JAR 55.00 7.23 0.533 0.124 65.00 7.38 0.313 0.360

Much too much 40.00 6.81 5.00 7.00

Cereal odor

Much too low 18.75 7.20 25.00 7.25

JAR 66.25 6.98 −0.019 0.959 61.25 7.29 0.028 0.934

Much too much 15.00 6.75 13.75 7.27

Crumb softness

Much too low 37.50 6.83 21.25 7.12

JAR 56.25 7.00 0.029 0.935 75.00 7.30 0.100 0.791

Much too much 6.25 7.80 3.75 7.67

Crispy crust

Much too low 23.75 6.63 37.50 7.17

JAR 58.75 7.13 0.340 0.334 53.75 7.28 0.009 0.979

Much too much 17.50 7.00 8.75 7.71

Global aroma

Much too low 15.00 7.08 15.00 6.42

JAR 61.25 7.10 0.296 0.406 70.00 7.54 0.869 0.013

Much too much 23.75 6.63 15.00 6.92

Acidity

Much too low 11.25 7.00 8.75 6.86

JAR 71.25 7.12 0.471 0.218 72.50 7.38 0.442 0.225

Much too much 17.50 6.43 18.75 7.00

Humidity

Much too low 15.00 7.00 5.00 7.75

JAR 76.25 6.87 −0.500 0.219 83.75 7.18 −0.590 0.181

Much too much 8.75 8.00 11.25 7.78

JAR – Just about right; TB-L – Traditional bread, longer baking time; TB-S – Traditional bread, shorter baking time; WB-L – Wholemeal bread, longer baking time; WB-S – Wholemeal bread, 
shorter baking time; CB-L – Cereal bread, longer baking time; CB-S – Cereal bread, shorter baking time. Bold values represent the highest percentage of respondents towards respective 
attribute, whether is on the extreme low or high end or in the middle.
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FIGURE 6

Principal Component Analysis (PCA) of the 3 different bread samples baked for two different times. The figure contains the first two principal 
components and their scores F1 and F2 which describe 45.5 and 25.84% of the variation within the data, respectively.

between lower GI, satiety and satiation declarations. The self-reported 
appetite sensations (desire to eat, hunger, appetite) were reduced, 
while (fullness, satisfaction) were increased after ingestion of CB-S 
and CB-L immediately after eating or after 180 min. These products 
were also reported as the consumer favorites based on the hedonic 
test. Remarkably, CB-S received favorable evaluations across all 
attributes as “just about right,” with only the global aroma penalizing 
its overall liking in the JAR test. Furthermore, the incremental area 
under the curve (iAUC) for satiety and satiation, aside from CB-S, 
exhibited notable increases for WB-L, likely attributed to its harder 
texture and more challenging chewability during oral processing. 
Further research should be  conducted in measuring in vivo GI, 
glucose and insulin response in blood samples in addition to VAS 
self-reported appetite or increase the number of panelists.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Faculty 
Committee of the Faculty of Technology and Metallurgy (Ss. Cyril 
and Methodius University in Skopje, Republic of North Macedonia, 
09-1273/1), and the ONIRIS institution (Oniris VetAgroBio— Ecole 

Vétérinaire, Agroalimentaire et de l’Alimentation Nantes 
Atlantique—French Republic Agricultural Ministry National 
HighSchool, France, 23-657). The studies were conducted in 
accordance with the local legislation and institutional requirements. 
The participants provided their written informed consent to 
participate in this study.

Author contributions

MT: Writing – original draft, Visualization, Methodology, 
Investigation, Formal analysis, Conceptualization. JR: Writing – 
review & editing, Funding acquisition. CR: Writing – review & editing, 
Software, Methodology, Data curation. MD: Writing – review & 
editing, Resources. CP: Writing – review & editing, Supervision, 
Project administration, Methodology, Funding acquisition, 
Conceptualization.

Funding

The author(s) declare that financial support was received for 
the research, authorship, and/or publication of this article. This 
work was funded by COST Action 18101 SOURDOMICS—
Sourdough biotechnology network toward novel, healthier and 
sustainable food and bioprocesses (https://sourdomics.com/; 
https://www.cost.eu/actions/CA18101/, accessed on 29 
January 2023).

https://doi.org/10.3389/fnut.2024.1370086
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://sourdomics.com/
https://www.cost.eu/actions/CA18101/


Temkov et al. 10.3389/fnut.2024.1370086

Frontiers in Nutrition 15 frontiersin.org

Acknowledgments

The authors would like to acknowledge the contributions of 
Catherine Fillonneau for the technical help provided during 
experiments. The author JR also acknowledges the Universidade 
Católica Portuguesa, CBQF—Centro de Biotecnologia e Química 
Fina—Laboratório Associado, Escola Superior de Biotecnologia, 
Porto, Portugal, as well as the support made by LA/P/0045/2020 
(ALiCE) and UIDB/00511/2020-UIDP/00511/2020 (LEPABE) funded 
by national funds through FCT/MCTES (PIDDAC).

Conflict of interest

MD was employed by Biofournil.

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Magaletta RL, DiCataldo SN, Borwankar RP, Liu D, Li HL, Martini MC. In vitro 

method for predicting glycemic index of foods using simulated digestion and an 
artificial neural network. Cereal Chem. (2010) 87:363–9. doi: 10.1094/
CCHEM-87-4-0363

 2. De Angelis M, Rizzello CG, Alfonsi G, Arnault P, Cappelle S, Di Cagno R, et al. Use 
of sourdough lactobacilli and oat fibre to decrease the glycaemic index of white wheat 
bread. Br J Nutr. (2007) 98:1196–205. doi: 10.1017/S0007114507772689

 3. Scazzina F, Siebenhandl-Ehn S, Pellegrini N. The effect of dietary fibre on reducing 
the glycaemic index of bread. Br J Nutr. (2013) 109:1163–74. doi: 10.1017/
S0007114513000032

 4. Brand-Miller J, Hayne S, Petocz P, Colagiuri S. Low-glycemic index diets in the 
management of diabetes: a meta-analysis of randomized controlled trials. Diabetes Care. 
(2003) 26:2261–7. doi: 10.2337/diacare.26.8.2261

 5. Borczak B, Sikora M, Sikora E, Dobosz A, Kapusta-Duch J. Glycaemic index of 
wheat bread. Starch. (2018) 70:1700022. doi: 10.1002/star.201700022

 6. Venn BJ, Wallace AJ, Monro JA, Perry T, Brown R, Frampton C, et al. The glycemic 
load estimated from the glycemic index does not differ greatly from that measured using 
a standard curve in healthy volunteers. J Nutr. (2006) 136:1377–81. doi: 10.1093/
jn/136.5.1377

 7. Vlachos D, Malisova S, Lindberg FA, Karaniki G. Glycemic index (GI) or glycemic 
load (GL) and dietary interventions for optimizing postprandial hyperglycemia in 
patients with T2 diabetes: a review. Nutrients. (2020) 12:1561. doi: 10.3390/nu12061561

 8. Sieri S, Agnoli C, Pala V, Grioni S, Brighenti F, Pellegrini N, et al. Dietary glycemic 
index, glycemic load, and cancer risk: results from the EPIC-Italy study. Sci Rep. (2017) 
7:9757. doi: 10.1038/s41598-017-09498-2

 9. He J, Zhang P, Shen L, Niu L, Tan Y, Chen L, et al. Short-chain fatty acids and their 
association with signalling pathways in inflammation, glucose and lipid metabolism. Int 
J Mol Sci. (2020) 21:6356. doi: 10.3390/ijms21176356

 10. Salamone D, Rivellese AA, Vetrani C. The relationship between gut microbiota, 
short-chain fatty acids and type 2 diabetes mellitus: the possible role of dietary fibre. 
Acta Diabetol. (2021) 58:1131–8. doi: 10.1007/s00592-021-01727-5

 11. Fardet A, Leenhardt F, Lioger D, Scalbert A, Remesy C. Parameters controlling the 
glycaemic response to breads. Nutr Res Rev. (2006) 19:18–25. doi: 10.1079/NRR2006118

 12. Naseer B, Naik HR, Hussain SZ, Zargar I, Beenish , Bhat TA, et al. Effect of 
carboxymethyl cellulose and baking conditions on in-vitro starch digestibility and 
physico-textural characteristics of low glycemic index gluten-free rice cookies. LWT. 
(2021) 141:110885. doi: 10.1016/j.lwt.2021.110885

 13. Yaver E, Bilgiçli N. Ultrasound-treated lupin (Lupinus albus L.) flour: protein- and 
fiber-rich ingredient to improve physical and textural quality of bread with a reduced 
glycemic index. LWT. (2021) 148:111767. doi: 10.1016/j.lwt.2021.111767

 14. Demirkesen-Bicak H, Arici M, Yaman M, Karasu S, Sagdic O. Effect of different 
fermentation condition on estimated glycemic index, in vitro starch digestibility, and 
textural and sensory properties of sourdough bread. Food Secur. (2021) 10:514. doi: 
10.3390/foods10030514

 15. Das S, Pegu K, Arya SS. Functional sourdough millet bread rich in dietary fibre 
-an optimization study using fuzzy logic analysis. Bioact Carbohydr Diet Fibre. (2021) 
26:100279. doi: 10.1016/j.bcdf.2021.100279

 16. Gao J, Wong JX, Lim JC-S, Henry J, Zhou W. Influence of bread structure on 
human oral processing. J Food Eng. (2015) 167:147–55. doi: 10.1016/j.
jfoodeng.2015.07.022

 17. Ostman EM, Elmståhl HGML, Bjorck IME. Barley bread containing lactic acid 
improves glucose tolerance at a subsequent meal in healthy men and women. J Nutr. 
(2002) 132:1173–5. doi: 10.1093/jn/132.6.1173

 18. Rolim ME, Fortes MI, Von Frankenberg A, Duarte CK. Consumption of 
sourdough bread and changes in the glycemic control and satiety: a systematic review. 
Crit Rev Food Sci Nutr. (2022) 64:801–16. doi: 10.1080/10408398.2022.2108756

 19. Zhou X, Duan M, Gao S, Wang T, Wang Y, Wang X, et al. A strategy for reducing 
acrylamide content in wheat bread by combining acidification rate and prerequisite 
substance content of Lactobacillus and Saccharomyces cerevisiae. Curr Res Food Sci. 
(2022) 5:1054–60. doi: 10.1016/j.crfs.2022.06.005

 20. Sarion C, Codina GG, Dabija A. Acrylamide in bakery products: a review on 
health risks, legal regulations and strategies to reduce its formation. Int J Environ Res 
Public Health. (2021) 18:4332. doi: 10.3390/ijerph18084332

 21. Codină GG, Sarion C, Dabija A. Effects of dry sourdough on bread-making quality 
and acrylamide content. Agronomy. (2021) 11:1977. doi: 10.3390/agronomy11101977

 22. Hefni ME, Thomsson A, Witthoft CM. Bread making with sourdough and intact 
cereal and legume grains - effect on glycaemic index and glycaemic load. Int J Food Sci 
Nutr. (2021) 72:134–42. doi: 10.1080/09637486.2020.1769568

 23. Iversen KN, Johansson D, Brunius C, Andlid T, Andersson R, Langton M, et al. 
Appetite and subsequent food intake were unaffected by the amount of sourdough and 
rye in soft bread-a randomized cross-over breakfast study. Nutrients. (2018) 10:1594. 
doi: 10.3390/nu10111594

 24. AACC. International approved methods of analysis. St Paul: AACC International 
(2010).

 25. Trinh KT, Glasgow S. On the texture profile analysis test. Proceedings of the 
Chemeca 2012, Wellington, New Zealand (2012) 1–12.

 26. Goni I, Garcia-AIonso A, Saura-Calixto F. A starch hydrolysis procedure to 
estimate glycemic index. Nutr Res. (1997) 17:427437:427–37. doi: 10.1016/
S0271-5317(97)00010-9

 27. Fahmi R, Blewett H, Stebbing JA, Olson N, Ryland D, Aliani M. Acute effects of 
split pea-enriched white pan bread on postprandial glycemic and satiety responses in 
healthy volunteers-a randomized crossover trial. Food Secur. (2022) 11:1002. doi: 
10.3390/foods11071002

 28. Ortega-Heras M, Gomez I, de Pablos-Alcalde S, Gonzalez-Sanjose ML. Application 
of the just-about-right scales in the development of new healthy whole-wheat muffins 
by the addition of a product obtained from white and red grape pomace. Food Secur. 
(2019) 8:419. doi: 10.3390/foods8090419

 29. Ares G, Barreiro C, Giménez A. Comparison of attribute liking and JAR scales to 
evaluate the adequacy of sensory attributes of milk desserts. J Sens Stud. (2009) 
24:664–76. doi: 10.1111/j.1745-459X.2009.00232.x

 30. Dessev T, Lalanne V, Keramat J, Jury V, Prost C, Le-Bail A. Influence of baking 
conditions on bread characteristics and acrylamide concentration. J Food Sci Nutr Res. 
(2020) 3:291–310. doi: 10.26502/jfsnr.2642-11000056

 31. Torbica A, Radosavljević M, Belović M, Djukić N, Marković S. Overview of 
nature, frequency and technological role of dietary fibre from cereals and 
pseudocereals from grain to bread. Carbohydr Polym. (2022) 290:119470. doi: 
10.1016/j.carbpol.2022.119470

 32. Jekle M, Houben A, Mitzscherling M, Becker T. Effects of selected lactic acid 
bacteria on the characteristics of amaranth sourdough. J Sci Food Agric. (2010) 
90:2326–32. doi: 10.1002/jsfa.4091

https://doi.org/10.3389/fnut.2024.1370086
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1094/CCHEM-87-4-0363
https://doi.org/10.1094/CCHEM-87-4-0363
https://doi.org/10.1017/S0007114507772689
https://doi.org/10.1017/S0007114513000032
https://doi.org/10.1017/S0007114513000032
https://doi.org/10.2337/diacare.26.8.2261
https://doi.org/10.1002/star.201700022
https://doi.org/10.1093/jn/136.5.1377
https://doi.org/10.1093/jn/136.5.1377
https://doi.org/10.3390/nu12061561
https://doi.org/10.1038/s41598-017-09498-2
https://doi.org/10.3390/ijms21176356
https://doi.org/10.1007/s00592-021-01727-5
https://doi.org/10.1079/NRR2006118
https://doi.org/10.1016/j.lwt.2021.110885
https://doi.org/10.1016/j.lwt.2021.111767
https://doi.org/10.3390/foods10030514
https://doi.org/10.1016/j.bcdf.2021.100279
https://doi.org/10.1016/j.jfoodeng.2015.07.022
https://doi.org/10.1016/j.jfoodeng.2015.07.022
https://doi.org/10.1093/jn/132.6.1173
https://doi.org/10.1080/10408398.2022.2108756
https://doi.org/10.1016/j.crfs.2022.06.005
https://doi.org/10.3390/ijerph18084332
https://doi.org/10.3390/agronomy11101977
https://doi.org/10.1080/09637486.2020.1769568
https://doi.org/10.3390/nu10111594
https://doi.org/10.1016/S0271-5317(97)00010-9
https://doi.org/10.1016/S0271-5317(97)00010-9
https://doi.org/10.3390/foods11071002
https://doi.org/10.3390/foods8090419
https://doi.org/10.1111/j.1745-459X.2009.00232.x
https://doi.org/10.26502/jfsnr.2642-11000056
https://doi.org/10.1016/j.carbpol.2022.119470
https://doi.org/10.1002/jsfa.4091


Temkov et al. 10.3389/fnut.2024.1370086

Frontiers in Nutrition 16 frontiersin.org

 33. Arora K, Ameur H, Polo A, Di Cagno R, Rizzello CG, Gobbetti M. Thirty years of 
knowledge on sourdough fermentation: a systematic review. Trends Food Sci Technol. 
(2021) 108:71–83. doi: 10.1016/j.tifs.2020.12.008

 34. Lund MN, Ray CA. Control of Maillard reactions in foods: strategies and chemical 
mechanisms. J Agric Food Chem. (2017) 65:4537–52. doi: 10.1021/acs.jafc.7b00882

 35. Sabovics M, Straumite E, Galoburda R. The influence of baking temperature on 
the quality of triticale bread In: E Straumite, editor. FOODBALT. Jelgava, Latvia: Latvia 
University of Agriculture, Faculty of Food Technology (2014)

 36. Arendt EK, Ryan LA, Dal Bello F. Impact of sourdough on the texture of bread. 
Food Microbiol. (2007) 24:165–74. doi: 10.1016/j.fm.2006.07.011

 37. Olojede AO, Sanni AI, Banwo K, Michael T. Improvement of texture, nutritional 
qualities, and consumers’ perceptions of sorghum-based sourdough bread made with 
Pediococcus pentosaceus and Weissella confusa strains. Fermentation. (2022) 8:32. doi: 
10.3390/fermentation8010032

 38. Liu S, Chen D, Xu J. The effect of partially substituted lupin, soybean, and navy 
bean flours on wheat bread quality. Food Nutr Sci. (2018) 9:840–54. doi: 10.4236/
fns.2018.97063

 39. Stamataki NS, Yanni AE, Karathanos VT. Bread making technology influences 
postprandial glucose response: a review of the clinical evidence. Br J Nutr. (2017) 
117:1001–12. doi: 10.1017/S0007114517000770

 40. Lappi J, Selinheimo E, Schwab U, Katina K, Lehtinen P, Mykkänen H, et al. 
Sourdough fermentation of wholemeal wheat bread increases solubility of arabinoxylan 
and protein and decreases postprandial glucose and insulin responses. J Cereal Sci. 
(2010) 51:152–8. doi: 10.1016/j.jcs.2009.11.006

 41. Akerberg A, Liljeberg H, Bjorck I. Effects of amylose-amylopectin ratio and baking 
conditions on resistant starch formation and glycaemic indices. J Cereal Sci. (1998) 
28:71–80. doi: 10.1006/jcrs.1997.0173

 42. Reshmi SK, Sudha ML, Shashirekha MN. Starch digestibility and predicted 
glycemic index in the bread fortified with pomelo (Citrus maxima) fruit segments. Food 
Chem. (2017) 237:957–65. doi: 10.1016/j.foodchem.2017.05.138

 43. Kareem B, Irondi EA, Alamu EO, Ajani EO, Abass A, Adesokan M, et al. Influence 
of traditional processing and genotypes on the antioxidant and antihyperglycaemic 
activities of yellow-fleshed cassava. Front Nutr. (2022) 9:894843. doi: 10.3389/
fnut.2022.894843

 44. Benelam B. Satiation, satiety and their effects on eating behaviour. Nutr Bull. 
(2009) 34:126–73. doi: 10.1111/j.1467-3010.2009.01753.x

 45. Escobedo A, Esquivel-Hurtado M, Morales-Hernandez N, Rodriguez-Reyes SC, 
Rivera-Leon EA, Mojica L. Low glycemic index common bean snack increased satiety 

without modifying energy intake in adults with normal weight: randomized crossover 
trials. Int J Food Sci Nutr. (2023) 74:247–56. doi: 10.1080/09637486.2023.2170335

 46. Tolfrey K, Zakrzewski JK. Breakfast, glycaemic index and health in young people. 
J Sport Health Sci. (2012) 1:149–59. doi: 10.1016/j.jshs.2012.09.001

 47. Bornet FR, Jardy-Gennetier AE, Jacquet N, Stowell J. Glycaemic response to foods: 
impact on satiety and long-term weight regulation. Appetite. (2007) 49:535–53. doi: 
10.1016/j.appet.2007.04.006

 48. Andersen SSH, Heller JMF, Hansen TT, Raben A. Comparison of low glycaemic index 
and high glycaemic index potatoes in relation to satiety: a single-blinded, randomized 
crossover study in humans. Nutrients. (2018) 10:1726. doi: 10.3390/nu10111726

 49. Holt SH, Brand-Miller JC, Stitt PA. The effects of equal-energy portions of different 
breads on blood glucose levels, feelings of fullness and subsequent food intake. J Am Diet 
Assoc. (2001) 101:767–73. doi: 10.1016/S0002-8223(01)00192-4

 50. Wahlgren MB. Oral processing and satiety perception of bread. Master thesis Faculty 
of Veterinary Medicine and Biosciences Department of Chemistry, Biotechnology and 
Food Science, Ås, Norway: Norwegian University of Life Sciences (2015).

 51. McCrickerd K, Forde CG. Sensory influences on food intake control: moving 
beyond palatability. Obes Rev. (2016) 17:18–29. doi: 10.1111/obr.12340

 52. Ma S, Wang Z, Guo X, Wang F, Huang J, Sun B, et al. Sourdough improves the 
quality of whole-wheat flour products: mechanisms and challenges-a review. Food Chem. 
(2021) 360:130038. doi: 10.1016/j.foodchem.2021.130038

 53. Pontonio E, Dingeo C, Di Cagno R, Blandino M, Gobbetti M, Rizzello CG. Brans 
from hull-less barley, emmer and pigmented wheat varieties: from by-products to bread 
nutritional improvers using selected lactic acid bacteria and xylanase. Int J Food 
Microbiol. (2020) 313:108384. doi: 10.1016/j.ijfoodmicro.2019.108384

 54. Pétel C, Onno B, Prost C. Sourdough volatile compounds and their contribution 
to bread: a review. Trends Food Sci Technol. (2017) 59:105–23. doi: 10.1016/j.
tifs.2016.10.015

 55. Sajdakowska M, Gebski J, Jezewska-Zychowicz M, Krolak M. Consumer choices 
in the bread market: the importance of fiber in consumer decisions. Nutrients. (2020) 
13:132. doi: 10.3390/nu13010132

 56. Zahra A, Farooq U, Saeed MT, Quddoos MY, Hameed A, Iftikhar M, et al. 
Enhancement of sensory attributes and mineral content of sourdough bread by means 
of microbial culture and yeast (Saccharomyces Cerevisiae). Food Chem Adv. (2022) 
1:100094. doi: 10.1016/j.focha.2022.100094

 57. Popper R. Use of just-about-right scales in consumer research In: P Varela and G 
Ares, editors. Novel techniques in sensory characterization and consumer profiling. Boca 
Raton, FL: CRC Press (2014). 150–69.

https://doi.org/10.3389/fnut.2024.1370086
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.tifs.2020.12.008
https://doi.org/10.1021/acs.jafc.7b00882
https://doi.org/10.1016/j.fm.2006.07.011
https://doi.org/10.3390/fermentation8010032
https://doi.org/10.4236/fns.2018.97063
https://doi.org/10.4236/fns.2018.97063
https://doi.org/10.1017/S0007114517000770
https://doi.org/10.1016/j.jcs.2009.11.006
https://doi.org/10.1006/jcrs.1997.0173
https://doi.org/10.1016/j.foodchem.2017.05.138
https://doi.org/10.3389/fnut.2022.894843
https://doi.org/10.3389/fnut.2022.894843
https://doi.org/10.1111/j.1467-3010.2009.01753.x
https://doi.org/10.1080/09637486.2023.2170335
https://doi.org/10.1016/j.jshs.2012.09.001
https://doi.org/10.1016/j.appet.2007.04.006
https://doi.org/10.3390/nu10111726
https://doi.org/10.1016/S0002-8223(01)00192-4
https://doi.org/10.1111/obr.12340
https://doi.org/10.1016/j.foodchem.2021.130038
https://doi.org/10.1016/j.ijfoodmicro.2019.108384
https://doi.org/10.1016/j.tifs.2016.10.015
https://doi.org/10.1016/j.tifs.2016.10.015
https://doi.org/10.3390/nu13010132
https://doi.org/10.1016/j.focha.2022.100094

	Influence of baking time and formulation of part-baked wheat sourdough bread on the physical characteristics, sensory quality, glycaemic index and appetite sensations
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods
	2.2.1 Physicochemical characterization
	2.2.2 Starch analysis and glycemic index
	2.2.3 Ethics statement
	2.2.4 Evaluation conditions
	2.2.5 Satiation and satiety assessment
	2.2.6 Sensory analysis
	2.2.6.1 Hedonic test
	2.2.6.2 Just about right (JAR) test
	2.2.7 Statistical analysis

	3 Results and discussion
	3.1 Physico-chemical characterization
	3.2 Glycemic index, satiety and satiation
	3.3 Sensory analysis
	3.3.1 Hedonic test
	3.3.2 “Just about right” test

	4 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

