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A B S T R A C T

Objectives: Whole-grain pearl millet is a nutritious cereal source of dietary fiber, vitamins, minerals, and bio-
active compounds. It offers health benefits such as glycemic control and satiety. Extrusion cooking for diverse
formulations, including beverages, can alter its chemical composition, impacting the nutritional value. This
study aimed to evaluate the sensory acceptability of an extruded millet flour beverage and its acute effects
on glycemic index (GI), glycemic and insulinemic response, food intake, and subjective appetite sensations in
euglycemic and eutrophic adults.
Methods: This is an acute, single-blind, randomized, controlled, cross-over clinical study comprising 14 eugly-
cemic and eutrophic adults. Initially, beverages based on whole extruded millet flour were developed, and
sensorially and chemically analyzed. Next, a clinical trial was conducted with participants undergoing four
sessions and consuming one of the following options: extruded millet beverage, a maltodextrin control bev-
erage, or a glucose solution administered in two separate sessions. Blood glucose, insulin, and appetite
responses were assessed over a 2-h period, in addition to determining the GI of the beverages and analyzing
food intake in the 24 h following each session.
Results: The extruded millet flour strawberry-flavored beverage had the best sensory acceptance and was
classified as having as high GI. Consumption of the extruded millet beverage showed similar glycemic and
insulinemic responses, as well as appetite control and food intake of the subjects, when compared with con-
sumption of the maltodextrin control beverage.
Conclusions: Intake of the extruded millet beverage maintained glycemic and insulinemic responses, appetite
control, and food intake in euglycemic and eutrophic subjects.
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Introduction

Changes in the eating habits and lifestyle of the world’s popula-
tion caused by industrialization, economic development, and glob-
alization have directly influenced dietary patterns, increasing the
consumption of ultra-processed foods that can be rich in saturated
fats, sugars, salt, and chemical additives. These patterns can
contribute to increased rates of obesity, diabetes, and other chronic
diseases [1,2]. This in turn reduces the consumption of whole foods
with potential health benefits such as grains with high-density
nutrients and phytochemicals [3].

Among the whole cereals, pearl millet (Pennisetum glaucum [L.]
R. Br.) stands out due its dietary fiber content (11.5�31.7% of insol-
uble dietary fiber and 2.0�3.7% of soluble dietary fiber) and resis-
tant starch ranging, from 9.0% to 16.5%. Furthermore, it contains
complex B vitamins [4�6]; minerals such as calcium, iron, phos-
phorus, potassium, and magnesium [7�9]; and bioactive com-
pounds, such as phenolics, in particular ferulic and p-coumaric
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Table 1
Composition of beverages

Ingredients Millet beverage Control beverage

Filtered water (mL) 250.0 250.0
Extruded millet flour (g) 30.0 �
Maltodextrin (g) � 21.0

Various flavors were incorporated into the developed beverages (n = 4), with each
formulation featuring a distinct taste. These included guava (7 g), strawberry (7 g),
orange (8 g), and passion fruit (8 g).
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[10,11], which enhance its nutritional value relative to staple food
cereals such as rice, corn and wheat [9,10].

In addition, its chemical composition can contribute to the
improvement of glycemic and insulinemic control, as well as appe-
tite regulation and satiety sensation [12]. Pearl millet, a source of
dietary fiber and phenolic compounds, can stabilize blood sugar
levels [13,14], avoiding blood glucose spikes and promoting a
more balanced insulinemic response [15], as well as stimulating
appetite-suppressing hormones such as leptin, glucagon-like pep-
tide 1, and peptide YY, as well as delay gastric emptying [16�18].
These effects are especially beneficial for individuals with diabetes
or those seeking to control their weight. Therefore, millet is a
promising cereal with high nutritional value relative to staple food
cereals such as rice, corn and wheat.

Different grain-processing techniques can be used with the
intention of diversifying foods and improving their technological
function and nutritional quality. The extrusion cooking process
allows the use of use millet in different formulations, such as a
main ingredient in beverages, since it allows expansion of the
grain, resulting in a softer texture [19] and greater solubilization of
the solid components in a liquid medium [20]. This modification of
the food matrix, in dietary fiber content and profile [21], protein
digestibility, phytochemicals [22�24], and in the structure of
starch, increasing its breakdown [25,26], can improve the bioavail-
ability of nutrients and phytochemicals, bringing healthy benefits
to today’s diet.

Thus far, few beverages containing extruded cereals have
been developed and evaluated in relation to glucose metabolism.
A study by Anunciaç~ao et al. [27] investigated the effect of the
consumption of an extruded beverage containing sorghum on
postprandial glycemia in eutrophic and normoglycemic subjects,
while Liu et al. [28] investigated the postprandial glycemic
response in healthy subjects after the consumption of an
extruded oat beverage. Both studies found a reduction in peak
postprandial blood glucose. However, to date, no studies have
investigated the effect of pearl millet-extruded beverages on gly-
cemic index (GI), glucose metabolism, and appetite. Most of the
existing studies use different formulations, such as millet flours
or grains, to prepare foods such as couscous, porridges [18,29],
muffins, and rotis (a type of flatbread toasted on a hot griddle)
[30]. These studies demonstrated that the GI is related to the
processing of the grain and that millet has beneficial effects on
glucose metabolism and appetite control. These observations
highlight the need for further research to explore the potential of
pearl millet in relation to glucose metabolism and appetite, con-
sidering different forms of preparation and their respective
responses.

The development of whole-grain pearl millet-based beverages
using the extrusion cooking technique represents an innovative
and promising approach to creating healthy and nutritional bever-
age options. These beverages not only offer a tasty alternative but
may also contribute to overall well-being by helping to control glu-
cose levels, manage appetite, and promote a balanced diet. Our
hypothesis is that the acute consumption of an extruded whole-
grain pearl millet beverage reduces the glycemic response by con-
trolling glucose levels after intake. Furthermore, it increases the
insulinemic response, indicating a possible beneficial effect on
insulin regulation, as well as influences food intake, potentially
leading to lower calorie consumption and providing a reduced sub-
jective sense of appetite. Based on this, the present study aimed to
evaluate the effect of acute consumption of an extruded pearl mil-
let flour beverage on glycemic and insulinemic response, food
intake, and subjective sense of appetite in euglycemic and eutro-
phic adults.
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Material and methods

Preparation of extruded flour

The pearl millet grains (Pennisetum glaucum [L.] R. Br.), hybrid ADRg 9070, that
were used in the experiment belong to the harvest held by the municipality of Iti-
quira (MT), second crop/2021. The extruded whole-grain pearl millet was pro-
vided by Embrapa Food Technology, located in Rio de Janeiro, RJ, Brazil.

In summary, the grains were extruded using a co-rotating twin-thread
extruder, the Clextral Evolum HT25 (Clextral Inc., Firminy, France), with a screw
diameter of 25 mm, a length-to-diameter ratio of 40:1, and 10 temperature zones.
The screw rotation speed was adjusted according to the desired characteristics
such as texture, density, and expansion of the products, and the temperature pro-
file starting from the feeding zone was set at different values: 30, 30, 40, 80, 110,
110, 110, 110, 110, 110, and 110°C. The whole millet flour was fed into the
extruder’s feeding zone using a gravimetric loss-in-weight feeder (model
GRMD15, Schenck Process, Darmstadt, Germany), equipped with a twin-thread.
The flow rate was kept constant and adjusted according to the required parame-
ters, monitored by the Schenck Process Easy Serve software (Schenck Process).
The configuration of the extruder screw can be found in the study by Vargas-Sol-
�orzano et al. [31]. Subsequently, the extrudates were subjected to a drying process
in an oven with air circulation at 60°C for a period of 2 h. After drying, the
extruded flakes were ground in a hammer rotor mill equipped with a sieve with a
mesh opening of 1 mm at 3000 rpm. The extruded whole-grain millet flour was
stored at -12°C [14].
Development of beverages

The beverages used in the study were prepared at the New Product Develop-
ment Laboratory of the Nutrition Department of the Federal University of Viçosa.
Eight beverages were developed (Table 1), including test beverages and control
beverages, with four different flavors: a control beverage containing maltodextrin
(n = 4) and a beverage containing extruded millet flour (n = 4). The ingredients
were weighed on a digital scale (model 9094C/5, Toledo, S~ao Paulo, Brazil) and
mixed using a BMX201 mixer (Britânia, Curitiba, Brazil) for 1 min at room temper-
ature (25°C). The final volume of each beverage was approximately 290 mL. To
prepare the glucose beverage, 25 g of anhydrous glucose (Sigma-Aldrich) was
diluted in 250 ml of filtered water. The control beverages contained 21 g of malto-
dextrin and the test beverages contained 30 g extruded millet. These quantities
were chosen with the aim of offering 25 g of available carbohydrates, as recom-
mended for testing the GI of foods [32]. The carbohydrate content was calculated
based on the chemical and nutritional characterization of extruded pearl millet
and the nutritional information on the labels of the other ingredients used in the
preparation. Any changes in beverage color and texture due to ingredient compo-
sition were observed.
Sensory analysis

Sensory analysis of the extruded millet beverage was conducted with four dif-
ferent flavors (strawberry, orange, passion fruit, and guava) to select one of the fla-
vors for further chemical and proximate composition analysis, and use it in the
acute clinical study. For this purpose, 60 participants of both genders, aged
between 18 and 59 y, who were accustomed to consuming similar products to
those being tested, were randomly recruited from the campus of the Federal Uni-
versity of Viçosa, Brazil. Each participant signed a consent form. The samples were
labeled with a three-digit non-consecutive code and presented to the consumers
monadically, following a completely randomized block design, accompanied by a
glass of room temperature water. A nine-point hedonic scale (ranging from [1]
extremely disliked to [9] extremely liked) was used to evaluate the attributes of
appearance, flavor, texture, and overall impression. In addition to this, a five-point
purchase intention scale ranging from 1 (definitely would buy) to 5 (definitely
would not buy) was applied.
of Health and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
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Table 2
Nutrient profile and composition of beverages

Millet beverage (290 mL) Control beverage (290 mL)

Extruded millet flour Strawberry flavoring Total Maltodextrin Strawberry flavoring Total

Weight (g) 30.00 7.00 37.00 21.00 7.00 28.00
Energy (kcal) 110.62 20.16 130.78 80.64 20.16 100.80
CHO (g) 22.46 5.04 27.50 20.16 5.04 25.20
ACHO (g) 20.07 5.04 25.11 20.16 5.04 25.20
RS (g) 0.10 0.00 0.10 0.00 0.00 0.00
TDF (g) 2.39 0.00 2.39 0.00 0.00 0.00
IDF (g) 2.05 0.00 2.05 0.00 0.00 0.00
SDF (g) 0.34 0.00 0.34 0.00 0.00 0.00
PTN (g) 3.29 0.00 3.29 0.00 0.00 0.00
LIP (g) 0.85 0.00 0.85 0.00 0.00 0.00
TPC (mg GAE/g) 2.36 0.00 2.36 0.00 0.00 0.00

ACHO, available carbohydrates; CHO, carbohydrates; IDF, insoluble fiber; LIP, lipids; PTN, proteins; RS, resistant starch; SDF, soluble fiber; TDF, total dietary fiber; TPC, total
phenolic contents.
Values express in dry basis.
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Chemical and proximate composition of test beverages

The composition of the whole-grain extruded millet beverage was analyzed
for moisture, protein, dietary fiber, lipid, carbohydrate, available carbohydrate,
total caloric value, total phenolics, and resistant starch (Table 2). Moisture content
was determined by subjecting the samples to an oven (model 400/6ND, Nova
�Etica, S~ao Paulo, Brazil) set at 105°C. Protein content was assessed using the
micro-Kjeldahl method, total dietary fiber and fractions were measured using the
gravimetric-enzymatic method, lipids were determined through the Soxhlet
method [33], and resistant starch was determinated using enzyme kit K-RSTAR
(Megazyme, Bray, Ireland). Carbohydrate content was calculated by subtracting
the sum of lipids, proteins, total dietary fiber, and ash from 100%. The quantifica-
tion of available carbohydrates involved subtracting the fiber content from the
total carbohydrate composition. The total energy value of the extruded millet bev-
erage was estimated based on conversion factors of 4 kcal/g for protein and carbo-
hydrate, and 9 kcal/g for lipids [34]. The Folin-Ciocalteu method was employed to
assess the concentration of total phenolic compounds in the beverages. A spectro-
photometer MultiskanGo (Thermo Fisher Scientific, San Jose, CA, USA) was used to
measure the absorbance at a wavelength of 765 nm. To quantify the phenolic com-
pounds, an analytical curve was generated by measuring the absorbance of solu-
tions with various concentrations of gallic acid. The finding was reported as
milligrams of gallic acid equivalents per gram of the sample (mg GAE/g). The com-
position of the maltodextrin control beverage was theoretically determined based
on the nutritional information provided on the labels of the ingredients used in its
preparation.

Acute clinical trial of participants

The study was conducted at the Department of Nutrition and Health, located
at the Federal University of Viçosa (Minas Gerais, Brazil). Participants were
recruited in 2022 through advertisements in the local community and social
media. They completed an online structured questionnaire about age, weight,
height, dietary habits, lifestyle, and personal and family medical history, and a
questionnaire to assess their habitual physical activity level, Internation Physical
Activity Questionaire (IPAQ) [35]. The volunteers that met the inclusion criteria
were invited to complete three 24-h dietary records on different non-consecutive
days, including two weekdays and one day on the weekend. They also underwent
laboratory screening that included an assessment of habitual food intake through
a food frequency questionnaire, blood pressure with a self-inflating blood pressure
monitor (model HEM-7200, Omron, Kyoto, Japan), and anthropometric measure-
ments such as weight, height, and body fat percentage using bioimpedance analy-
sis (model BC-558, Tanita, Tokyo, Japan). Body mass index (BMI) was calculated as
weight (kg) divided by the square of height (m2).

To determine the eligibility of participants, the following criteria were estab-
lished: individuals of both sexes; aged between 18 and 60 y; euglycemic (fasting
capillary blood glucose ranging from 70 to 99 mg/dL), who had the habit of regu-
larly consuming breakfast; BMI within the normal range (18.5�24.9 kg/m2) [36];
and body fat percentage between 20% and 30% for women and between 12% and
20% for men [37]. Non-inclusion criteria included: smoking; alcohol consumption
exceeding two drinks per day (>50 g of ethanol/d); type 1 or 2 diabetes or predia-
betes (fasting glucose between 100 and 125 mg/dL); first-degree family history of
diabetes mellitus; use of medications affecting blood glucose, energy metabolism,
or appetite; use of herbs or diets for appetite and weight reduction; weight insta-
bility (gain or loss of »3 kg in the 3 mo prior to the study); recent change in the
level of physical activity; aversion or intolerance to the study foods; presence or
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history of digestive, hepatic, renal, cardiovascular, thyroid or recent inflammatory
diseases; diagnosis of cancer in the previous year; eating disorders; and being
pregnant or lactating. Finally, during the trial exclusion criteria included: absence
from the study for 2 consecutive weeks; discomfort during the analysis such as
nausea, dizziness, and faintness; or the emergence of any of the previously men-
tioned non-inclusion criteria.

The sample size calculation was based on the study by Mera et al. [38] and per-
formed using Statistical Package for the Social Science software version 22.0 (IBM,
Chicago, IL, USA), considering the incremental area under the curve (iAUC) and the
standard deviation (SD) of postprandial glycemic response as the main variable
according to the values published by Morgan et al. [39]. A statistical power of 80%
and a 10% difference in iAUC were also considered. Thus, 14 volunteers were
included in this phase of the study.

Experimental procedures for the acute clinical study

This was a simple, blind, randomized, controlled, cross-over clinical trial. After
signing the consent form, each participant randomly (randomization at<www.ran
dom.org>) consumed the control beverage once (maltodextrin control beverage),
the extruded millet beverage once, and the glucose beverage twice (25 g of anhy-
drous glucose in 250 mL of filtered water), without prior knowledge of the allo-
cated treatment.

On the evening before each experimental day, and after abstaining from physi-
cal exercise for 24 h and alcohol for 48 h to reduce intra-subject variability, all vol-
unteers consumed a standard dinner provided by the researchers to minimize
potential interference in the glycemic response. The standard dinner consisted of
200 mL of grape juice and 170 g of chicken lasagna (made up of 30 g of lasagna
noodles and 60 g of shredded chicken, prepared with tomato sauce, onion, garlic,
salt, soybean oil, green corn and mozzarella, which provided 336 kcal, 61.4% carbo-
hydrates, 23.4% proteins, 15.2% lipids). The nutritional composition of this meal
was determined according to the information on the label and the nutritional com-
position tables [40]. After 10-h overnight fast, each participant visited the labora-
tory four times in the morning (between 7:00 am and 8:30 am), with a 2-d
washout period between visits to be allocated to the other group. While still fast-
ing, the participants’ body weight, as well as their blood glucose levels (two meas-
urements at -5 and 0 min to calculate the means), insulin, and subjective appetite
sensation were evaluated. Subsequently, the participants were asked to consume
the offered beverage within 15 min (maltodextrin control beverage, extruded mil-
let beverage, or anhydrous glucose). The beverages were prepared with the same
color and flavor, except for the anhydrous glucose beverage, and were served in
dark, frosted glasses to minimize possible visual and taste conditioning. After con-
suming the beverage, the participants remained in the laboratory for 2 h for post-
prandial blood glucose and insulin measurements, and evaluation of subjective
appetite sensations (VAS). They were not allowed to consume any food or drink
during this period. After completing the study protocol, the subjects were invited
to consume a standardized ad libitum snack and were released to continue their
normal daily activities under free-living conditions. They were asked to record the
types and quantities of foods consumed in the following 24 h (Fig. 1). Throughout
the trial, participants were encouraged to maintain a consistent level of physical
activity and lifestyle.

Blood glucose and insulin assessment

The iAUCs for serum glucose and insulin were the primary outcomes of the
present study. Capillary blood samples were collected through finger pricks at
ealth and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
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Figure 1. Experimental design of the acute clinical trial. BC, blood collection; CDP, capillary digitally puncture; VAS, subjective appetite sensations.
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different time points, including -5 and 0 min (fasting state), as well as 15, 30, 45,
60, 90, and 120 min after the intake of each beverage or glucose solution. Partici-
pants were instructed to warm their hands before performing the finger prick in
order to improve blood flow. Blood collection involved gently massaging the
fingertips from the base of the hand towards the fingertips to minimize plasma
dilution. Glucose concentration was measured using disposable lancets (F.
Hoffmann�La Roche Ltd, Basel, Switzerland) and measured with the Accu-Chek
Performa glucometer (F. Hoffmann�La Roche Ltd).

Venous blood samples were collected at four distinct time points: fasting (time
0), 30, 60, and 120 min after the intake of each beverage to evaluate insulin iAUC.
The collections were performed by a hired nurse, and blood was collected in tubes
containing clot activator and gel. The samples were stored under refrigeration
(0�4°C) until the end of the 2-h collection. After this period, centrifugation was
performed at 3500 rpm for 10 min and the serum was separated and stored at
-20°C, and subsequently sent to a local clinical laboratory for insulin concentration
measurement.

Both iAUCs were calculated from 0 to 120 min using the trapezoidal method,
corrected by subtracting the baseline glucose value of each participant from the
following values to obtain the variation (D), following the FAO protocol [41].

Appetite and food intake assessment

During each trial, subjective appetite ratings (hunger, satisfaction, fullness,
prospective food consumption [PFC], and desire to eat something sweet, salty,
tasty, or fatty) were assessed at different time points: while fasting (0 min) and
subsequently at 15, 30, 45, 60, 90, and 120 min after intake of the tested beverages.
Visual analog scales measuring 10 cm were used to record these ratings [42]. The
beverages were provided to participants without identification, and trained
researchers instructed them on how to complete the VAS. Scores were assigned by
measuring the distance from point 0 using a ruler. Lower appetite scores were
associated with greater appetite suppression. To evaluate the overall appetite
sensation response, the area under the curve for 2 h was calculated using the
trapezoid method [43]. Additionally, at each measurement time, the composite
satiety score (CSS) was determined using the following equation: CSS
(cm) = (satisfaction + fullness + (100 � PFC) + (100 � hunger))/4. A higher CSS was
associated with a greater sense of satisfaction and subsequent decreased motiva-
tion to eat [44]. To calculate the VAS and CSS values, the correction was applied by
subtracting the individual baseline values from the subsequent measurements in
order to obtain the variations (D).

In order to assess food intake, a specific form was used to record food intake
within 24 h of consuming each tested beverage. The recorded information
included meal times and locations, as well as the types and quantities of food con-
sumed, which could be measured in grams or household measures. To ensure the
accuracy of the dietary records, each entry was reviewed in the presence of the
participant. The data regarding grams, caloric intake, macronutrients, and dietary
Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library 
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fiber recorded on the forms were analyzed using the Avanutri software (Avanutri
and Nutrition, Três Rios, Brazil).
Glycemic index ratings

The method of calculating the area under the glycemic response curve was
employed to determine the GI of each beverage. This procedure compared the
area under the glycemic response curve for 25 g of available carbohydrate in the
test food (maltodextrin control beverage and extruded millet beverage) with the
average area under the glycemic response curve for 25 g of available carbohydrate
in the reference food (anhydrous glucose) [32,41]. The resulting ratio was multi-
plied by 100 to express the GI as a percentage. The average GI of the 14 individuals
was calculated.
Statistical analysis

The sensory test data were subjected to a one-way analysis of variance
(ANOVA), followed by the Tukey test. For the other variables, the Kolmogorov-
Smirnov and Levene tests were applied to assess the normality of the distribution
and the homoscedasticity of the variances, respectively. A two-way ANOVA for
repeated measures was applied, followed by the Bonferroni test. The Cohen’s d
effect size was calculated by taking the difference between the group means and
dividing it by the mean of their SDs. The extent of the effect was categorized as fol-
lows: null (Cohen’s d < 0.19), small (Cohen’s d = 0.2�0.49), medium (Cohen’s
d = 0.5�0.79), large (Cohen’s d = 0.8�1.29), and very large (Cohen’s d > 1.30) [45].
The results are available in the supplementary material (Table S2). Data were
presented as mean and SD. The analyses were carried out using GraphPad prism
software version 8.0 (Dotmatics, Boston, MA, USA) and Statistical Package for the
Social Science version 22.0 (IBM, Armonk, NY, USA). The adopted significance level
was 5% (a = 0.05).
Compliance with ethical standards

All procedures performed in this study involving humans complied with the
ethical standards of the Federal University of Viçosa. The study was approved by
the Ethics Committee on Human Research of the Federal University of Viçosa
(CEP/UFV), registration no. 5.574.130, and all participants signed the informed
consent form. The trial was also registered at the Brazilian Registry of Clinical Tri-
als (ReBEC), available at: <http://www.ensaiosclinicos.gov.br>, registration no.
RBR-2tx7m8v.
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Figure 2. Sensory evaluation of extruded millet beverages with different flavors
(n = 60). (A) Table of results. (B) Radar chart.
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Results

Sensory analysis

The sensory evaluation of the beverages formulated with
extruded whole-grain millet flour is illustrated in Figure 2, featur-
ing feedback from a group of 60 participants encompassing both
genders and ages (from 18 to 59 y). The strawberry-flavored
extruded millet beverage presented the highest scores in terms of
taste (falling between “liked slightly” and “liked moderately”),
global impression (categorized as “liked moderately”), and buying
intent (falling between “probably would buy” and “maybe
yes/maybe no”) compared with the orange-flavored millet bever-
age (P < 0.05). Furthermore, the strawberry-flavored millet bever-
age also stood out with a better appearance (falling between “liked
moderately” and “liked very much”; P < 0.05) compared with the
other flavors. Therefore, the strawberry-flavored extruded millet
beverage was selected for use in the acute clinical study.

Participant characteristics

Twenty-six participants were originally enrolled in the study.
However, five participants were not included due to having a BMI
or body fat percentage above the established criteria, one partici-
pant due to having a first-degree relative with prediabetes, and
one participant due to being vegetarian. During the trial, two vol-
unteers were excluded due to the inability to undergo blood collec-
tion, one due to having a fasting blood glucose above 99 mg/dL,
and two due to being unable to attend the laboratory on the
required date. In the end, 14 participants of both sexes completed
the full trial (Fig. 3). The participants showed a mean age of 26.86
§ 2.27 y, BMI of 21.09§ 0.35 kg/m2, and body fat percentage corre-
sponding to 19.76 § 1.72%. Regarding the physical activity level,
64.3% (n = 9) of the participants were classified as “very active” and
35.7% (n = 5) as “active” by IPAQ. Other baseline characteristics of
the participants are presented in Table 3.

Glycemic and insulinemic responses

The glycemic and insulinemic response was expressed as the
changes in mean glucose and insulin levels relative to baseline at
different time points. Acute consumption of the beverage contain-
ing 30 g of extruded millet flour showed no difference in D glucose
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values compared with the control beverage (P > 0.05) (Fig. 4A and
B). The same result was observed for D insulin values (P > 0.05)
(Fig. 4C and D). The iAUC between 0 and 120 min during the post-
prandial period was also analyzed for blood glucose and insulin
levels, and the values did not differ between the beverages (P >

0.05).

Food intake

The results were analyzed to determine if total energy intake
and micronutrient intake differed in response to habitual con-
sumption and the control or test beverages. Energy intake was esti-
mated through a self-reported 24-h dietary recall, including the ad
libitum snack provided in the laboratory after the experiment and
the intake recorded in the subsequent hours to complete 24 h.
There was no significant difference in total energy intake, carbohy-
drates, proteins, and lipids between the study groups (P > 0.05)
(Fig. 5).

Appetite ratings

Appetitive sensations were expressed as variations in visual
analog scale ratings (Fig. 6). No significant differences were
observed between the groups or between time (15, 30, 45, 60,
90, and 120 min) after intake of the beverage containing
extruded millet compared with the control beverage for varia-
tions (D) in hunger (Fig. 6A), satisfaction (Fig. 6B), fullness
(Fig. 6C), food prospective consumption (Fig. 6D), and desire to
eat something sweet (Fig. 6E), salty (Fig. 6F), tasty (Fig. 6G), or
fatty (Fig. 6H) (P > 0.05).

During the same period, the variation in the CSS index was sim-
ilar for both beverages (Fig. 7) (P > 0.05). Therefore, the intake of
the beverage containing extruded millet flour provided a similar
sensation of satiety and motivation to eat compared with the con-
trol beverage.

Glycemic index

The results of this study indicate that the beverage developed
with extruded millet flour and the control beverage exhibit a simi-
lar glycemic profile (P > 0.05). The GI of the beverage developed
with extruded millet flour was 72.98% (Fig. 8B), classifying it as
“high glycemic index.” The control beverage had a GI of 99.58%
(Fig. 8C), also classifying it as “high glycemic index.”

Discussion

In the current trial, the strawberry-flavored whole-grain
extruded millet beverage presented the highest sensory accep-
tance relative to other flavors. This beverage was chosen to drink
in the acute clinical trial. Consumption of the beverage containing
30 g of extruded pearl millet flour maintained glycemic and insuli-
nemic responses, as well as appetite control and food intake of the
subjects, when compared with consumption of the control malto-
dextrin beverage. Millet was chosen in this study because of the
potential health benefits that were identified in our previous
research [46]. To the best of our knowledge, this study represents
the first acute clinical evidence that the consuming of beverage
produced with extruded pearl millet flour by euglycemic and
eutrophic adult subjects does not change the metabolic responses
of glucose and insulin, appetite feeling, and food intake. These find-
ings provide relevant guidance on how the developed beverage
was able to maintain the variables evaluated, considering issues
ealth and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
ación. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.



Figure 3. Flowchart of study participants (n = 14).

Table 3
Baseline characteristics of subjects (n = 14)

Participants (n = 14) Mean § SD

Age (y) 26.86 § 2.27
Body weight (kg) 57.43 § 1.52
Height (m) 1.65 § 0.02
Body mass index (kg/m2) 21.09 § 0.35
Waist circumference (cm) 72.82 § 0.97
Hip circumference (cm) 95.25 § 0.95
Waist-hip ratio 0.76 § 0.01
Neck circumference (cm) 31.40 § 0.70
Thigh circumference (cm) 51.83 § 0.70
Body fat (%) 19.76 § 1.72
Basal metabolic rate (kcal) 1396.07 § 55.79
Habitual consumption by FFQ (kcal) 2367.00 § 686.60

Carbohydrate (g) 285.70 § 108.90
Protein (g) 108.40 § 33.54
Lipid (g) 87.87 § 25.10
Dietary fiber (g) 27.09 § 11.49

Systolic blood pressure (mmHg) 108.79 § 2.62
Diastolic blood pressure (mmHg) 67.29 § 1.72
Fasting blood glucose (mg/dL) 84.79 § 1.45
Fasting blood Insulin (mg/dL) 4.8 § 0.50

FFQ, food frequency questionnaire.
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related to the chemical and physical modifications inherent in the
extruded and liquid formulation itself.

In the present study, extruded millet beverage was considered
to have a high GI (�70) [47] similar to the maltodextrin control
beverage. Similarly, in the study conducted by [30], different mil-
let-based preparations, without going through the extrusion pro-
cess, also presented a high GI. The finger millet stiff porridge
presented a GI of 98.2% and the pearl millet roti presented a GI of
70.1%. In contrast, the study conducted by Shukla et al. [48] found
a GI of 45.13% in noodles formulated with an extruded blend of
30% millet (Eleusine coracana) and refined wheat flour. In addition,
extrusion of rice starch following enzymatic hydrolysis with
b-amylase, an exo-hydrolase enzyme responsible for hydrolyzing
a-1,4 glycosidic bonds, reduced crystalline region starch, increas-
ing resistant starch content, slowing down starch digestion [49].
Thus, different processing methods may have influenced the vari-
ous GIs, which can alter digestion by increasing or decreasing car-
bohydrate absorption [26].

As for the variation in iAUC values for blood glucose and insulin,
the extruded millet beverage showed a D iAUC of 1464.70 §
681.89 for glycemia and 1572.09 § 705.68 for insulin, while the
maltodextrin control beverage showed D iAUC corresponding to
of Health and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
rización. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.



Figure 4. Graph of blood glucose and insulin values for participants who consumed the extruded millet test beverage and the maltodextrin control beverage (n = 14). (A)
Mean D glucose values (mg/dL). (B) Mean glucose iAUC values (mg/dL.min). (C) Mean D insulin values (mg/dL). (D) Mean insulin iAUC values (mg/dL.min). Means and stan-
dard deviations followed by an asterisk differ by two-way repeated measures ANOVA (P < 0.05) or paired t test (P < 0.05). iAUC, incremental area under the curve.
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1954.37 § 926.10 for glycemia and 1412.77 § 602.01 for insulin. In
percentage terms, this represents an improvement of the extruded
millet beverage by 25% in glycemia and 11.3% in insulin parame-
ters, although no statistical difference was observed. Different
results were observed in other acute studies conducted with bev-
erages prepared with extruded sorghum [27] and extruded oats
Figure 5. Habitual and test/control day energy intake (n = 14). Habitual (total calo-
ries estimated from the average of three 24-h dietary recalls); Millet and Control
(total calories estimated from 24-h dietary recalls, starting from the moment partic-
ipants consumed the standardized ad libitum snack in the laboratory after the trial).
Means and standard deviations followed by an asterisk differ by two-way repeated
measures ANOVA (P< 0.05).
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[28], which demonstrated a lower postprandial glycemic response
in eutrophic and normoglycemic adults. These differences may be
associated with low concentration of resistant starch in the
extruded millet beverage (0.1 g/beverage) compared with the sor-
ghum and oat beverages (0.68 and 2.85 g/beverage, respectively).
In addition, the high amylose content in the starch can decrease
glucose uptake, as observed in sorghum and oat beverages (3.45
and 11.85 g/beverage, respectively), due to starch-protein/amy-
lose-lipid complex formation, as well as interference with dietary
fiber, which limits the leaching of amylose during the extrusion
process [26,27]. Thus, it is possible that the extrusion process in
millet grain in our study promoted an increase in amylose hydroly-
sis, which could be related to the temperature, pressure, humidity,
and time applied during the process [26].

To prepare the extruded millet beverage, we used 30 g of
extruded millet flour, which provided 0.10 g of resistant starch,
2.36 mg GAE/g of total phenolic compounds, 0.34 g of soluble fiber,
and 2.05 g of insoluble fiber. These amounts offered in the bever-
age did not do enough to alter the GI and iAUC glucose and insulin.
However, other studies [18,30] with different preparations made
from non-extruded pearl millet grains have shown positive
ealth and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
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Figure 6. Subjective sensations of appetite and desire to eat specific types of food after an overnight fast and following the intake of the beverages (n = 14). (A) D hunger. (B)
D satisfaction. (C) D fullness. (D) D how much can eat. (E) D desire to eat something sweet. (F) D desire to eat something salty. (G) D desire to eat something tasty. (H) D
desire to eat something fatty. Means and standard deviations followed by an asterisk differ by two-way repeated measures ANOVA (p < 0.05).
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responses in relation to serum glycemia, such as the study by
Hayes et al. [29] that observed a reduction in the glycemic
response in eutrophic adults with normal glycemia consuming
124 g of cooked millet (P. glaucum) used to prepare couscous and
porridge. This amount, which is higher compared with the present
study, probably offered higher amounts of phenolic compounds, as
Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library 
2024. Para uso personal exclusivamente. No se permiten otros usos sin auto
well as soluble and insoluble dietary fiber. Therefore, it is recom-
mended that future studies be conducted using high amounts of
extruded millet in other formulations to evaluate its effects.

Food processing plays a crucial role in modifying carbohydrate
characteristics. Extrusion, for example, is a thermomechanical pro-
cess that can alter grain structure by increasing starch breakdown
of Health and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
rización. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.



Figure 7. Graph of the composite appetite score over time for participants food
after an overnight fast and following the intake of the beverages. Means and stan-
dard deviations followed by an asterisk differ by two-way repeated measures
ANOVA (p < 0.05).
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[26] and reducing resistant starch content [25]. Although this tech-
nique is advantageous for the production of ready-to-eat foods, as
in the case of the whole-grain extruded millet beverage developed
in this study, it can also facilitate the release of glucose into the
blood [26]. In addition, the milling process applied to the extruded
millet to produce flour can change the food matrix, reducing parti-
cle size and dietary fiber integrity grain [50], and increasing surface
area. This, in turn, can increase the rapidly digestible starch, favor-
ing the action of enzymes such as alpha-amylase [51], which could
explain the high GI without a change in the glycemic response
observed in our study. Furthermore, liquid foods tend to be distrib-
uted throughout the stomach, which leads to a faster rate of gastric
emptying compared with solid foods [52]. Therefore, although
Figure 8. Glycemic index of different beverages. (A) Anhydrous glucose. (B) Millet.
(C) Control. Values are presented as means § standard deviations.
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some components can beneficially modulate the glycemic and
insulinemic response, such as the presence of dietary fiber (soluble
and insoluble), resistant starch, phenolics, lipids, and proteins
[29,52,53], in the extruded millet beverage the milling process and
the liquid nature seem to have exerted a higher effect on these
responses. These factors may have accelerated the digestion pro-
cess of the extruded millet beverage, resulting in a rapid and effi-
cient conversion of starch to glucose, which did not change the
glycemic and insulinemic response intensity, since the released
glucose is readily absorbed by the body [30,50,52]. Therefore,
understanding the effects of the different processing methods
applied to the grain is critical for the development of pearl millet
foods and beverages with appropriate glycemic profiles, which
may be relevant for individuals who need to control their blood
glucose levels.

The mechanisms by which the intensity and duration of the
post-meal satiety sensation can be regulated involve neural and
hormonal signaling throughout the gastrointestinal tract [52], but
also the caloric content of the food eaten, processing that the food
undergoes [18,54], and the composition of the food. Whole grains
and the dietary fiber found in them have the potential to amplify
the feeling of satiety in meals [54]. However, in our study we
observed that both beverages showed similar effects in subjective
appetite responses and self-reported energy intakes. These results
were corroborated by the variation in insulin levels, one of the hor-
mones involved in a negative-feedback mechanism that regulates
energy homeostasis and reduces food intake [55]. The extrusion
process causes alteration in the structure of starch, destroying
crystallized structures, promoting higher digestibility, and allow-
ing the food to reach the intestine more rapidly [56]. Consequently,
there is an early release of GLP-1 and insulin [57]. GLP-1 can reduce
gastric emptying by inhibiting vagal function, increasing satiety
[58]. Moreover, GLP-1 increases insulin secretion, enhancing its
satiogenic action. Insulin can also affect the arcuate nucleus, allow-
ing control of feeding and energy homeostasis. These effects occur
due to insulin’s activity on the anorexigenic neurons pro-opiome-
lanocortin and cocaine-amphetamine-regulated transcript, and on
the orexigenic peptides neuropeptide Y and agouti-related peptide
[59]. In this context, it is important to consider the possibility that
a food may undergo both short- and long-term appetite modifica-
tions, as well as the self-reported baseline diet profile. Whether
the initial exposure response is maintained during regular con-
sumption becomes interesting, since short-term appetite for a par-
ticular food may change after repeated consumption due to
physiological adaptation. In addition, studies have shown that the
initial effects on postprandial appetite may change after repeated
exposure to a food [60�62].

Also, when analyzing the baseline diet profile (Table S1; Sup-
plementary Material) of this study, it could be observed that all
individuals presented a dietary fiber intake above 14 g of dietary
fiber per 1000 kcal, which is the American Dietetic Association rec-
ommendation [63]. This observation suggests that the volunteers
were already familiar with the consumption and effects of whole
foods, which may have influenced the absence of significant differ-
ences in appetite and energy intake during the study.

In our study, both positive points and limitations were identi-
fied. This is a pioneer study investigating the effects of an extruded
millet beverage on glycemic control and satiety variables. The
intervention was conducted in a randomized controlled manner,
and participants were kept blinded to the treatment, which helped
to minimize possible biases in the evaluations, especially those
related to subjectivity. This rigor in the control of procedures con-
tributes to the reliability of the results obtained. However, we did
not control the different phases of the menstrual cycle of women,
ealth and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
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which could influence the variations in blood glucose, plasma hor-
mones, feeling of hunger and energy intake [64]. In addition, the
combination of 10 h fasting with the intake of a liquid meal may
favor glucose uptake due to the rapid empty stomach. Also, evalua-
tion of the acute clinical trial together with GI analyses require use
of the same carbohydrate content in the beverages, which may
result in millet and maltodextrin beverages with similar metabolic
effects. Further, it is important to note that self-reported food
intake may be subject to underestimation. Although we provided
detailed instructions on food recording and performed a thorough
analysis of the data, it is possible that under-reporting may have
occurred.

Conclusion

In summary, the strawberry-flavored extruded millet beverage
showed similar physiological and subjective responses related to
glycemic control, insulinemia, appetite sensations, energy intake,
and GI after being consumed by euglycemic and eutrophic individ-
uals in this cross-over study. These findings provide relevant direc-
tions about how processed millet can be incorporated into a
healthy diet, considering the known beneficial effects of this
cereal.
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