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ABSTRACT
Background: Structure and protein–starch interactions in pasta products can be responsible for lower postprandial

glycemic responses compared with other cereal foods.

Objectives: We tested the effect on postprandial glucose metabolism induced by 2 pasta products, couscous, and

bread, through their structural changes during mastication and simulated gastric digestion.

Methods: Two randomized controlled trials (n = 30/trial) in healthy, normal-weight adults (mean BMI of 23.9 kg/m2

(study 1) and 23.0 kg/m2 (study 2)) evaluated postprandial glucose metabolism modulation to portions of durum wheat

semolina spaghetti, penne, couscous, and bread each containing 50 g available carbohydrate. A mastication trial involving

26 normal-weight adults was conducted to investigate mastication processes and changes in particle size distribution

and microstructure (light microscopy) of boluses after mastication and in vitro gastric digestion.

Results: Both pasta products resulted in lower areas under the 2-h curve for blood glucose (−40% for spaghetti and

−22% for penne compared with couscous; −41% for spaghetti and −30% for penne compared with bread), compared

with the other grain products (P < 0.05). Pasta products required more chews (spaghetti: 34 ± 18; penne: 38 ± 20;

bread: 27 ± 13; couscous: 24 ± 17) and longer oral processing (spaghetti: 21 ± 13 s; penne: 23 ± 14 s; bread: 18 ± 9

s; couscous: 14 ± 10 s) compared with bread or couscous (P < 0.01). Pastas contained more large particles (46–67%

of total particle area) compared with bread (0–30%) and couscous (1%) after mastication and in vitro gastric digestion.

After in vitro gastric digestion, pasta samples still contained large areas of nonhydrolyzed starch embedded within the

protein network; the protein in bread and couscous was almost entirely digested, and the starch was hydrolyzed.

Conclusions: Preservation of the pasta structure during mastication and gastric digestion explains slower starch

hydrolysis and, consequently, lower postprandial glycemia compared with bread or couscous prepared from the same

durum wheat semolina flour in healthy adults. The postprandial in vivo trials were registered at clinicaltrials.gov as

NCT03098017 and NCT03104686. J Nutr 2022;152:994–1005.
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Introduction
Starch digestibility and glycemic response to carbohydrate-
rich foods can vary according to the structural properties
(molecular, microstructure, macrostructure) of food (1). The
food matrix modulates both structure disintegration and
enzymatic hydrolysis of starch in the gastrointestinal tract
(2). Therefore, products with similar ingredients, but different

processing methods and structures, can induce very different
postprandial responses. Salivary α-amylase initiates starch
digestion in the mouth during chewing (3). Activity of salivary
α-amylase has been suggested to continue in the stomach, until
the low pH inactivates the enzyme. The last step of starch
digestion takes place in the small intestine by pancreatic α-
amylase and brush border enzymes.
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Pasta products, couscous, and bread are all sources of
starch in the diet that can be prepared using semolina flour
as the main ingredient. The manufacturing process of each
product starts with wetting and mixing of semolina flour. In
wheat bread baking, the dough is leavened with yeast and
baked. During mixing, gluten forms a network (4) retaining
gas bubbles in the dough, thus creating a porous structure.
Couscous is manufactured by mixing semolina with water to
form agglomerates followed with sifting, steam-cooking, and
drying (5), and it is prepared by adding boiled water and letting
it stand for ∼5 min. Its granules are dense in structure, but
due to the small granule size, couscous has a high surface-
to-weight ratio. The pasta-making process involves 3 steps,
namely mixing, forming (by extrusion), and drying (6). During
the forming step, the crumbly dough, in which gluten is barely
formed, is pushed by a screw to the head press on which a die
is set. The dough is constantly submitted to shearing stress that
promotes the formation of the protein network but, most of
all, as the dough is transferred, the extrusion pressure builds
up and this is essential to give the product a highly compact
structure (6). Through extrusion, pasta reaches its final shape,
with a low surface-to-weight ratio. During the drying step,
cross-linking between the different gluten proteins is promoted,
thus leading to more intense starch encapsulation by the gluten
network (6). As a consequence of this technological process,
the microstructure of pasta is compact and relatively dense
(7, 8). Finally, cooking in excess water gives pasta its ultimate
structure, which is described as a compact matrix of gelatinized
starch strongly entrapped in a protein (gluten) network.

In vitro studies have shown that pasta contains relatively
little rapidly digestible starch and the starch is mostly slowly
digestible, different from other starchy foods such as bread (9).
The slow rate of starch digestion of pasta is reflected in its rela-
tively low glycemic index (GI) (10–12). Slow starch digestibility
has been suggested to result from the structural properties of
pasta at macroscopic (low surface-to-weight ratio), microscopic
(encapsulation of starch by proteins), and molecular (retrogra-
dation of starch, complex formation) levels (6).

The aim of this study was to explain the postprandial
glycemia features of 2 pasta products, couscous, and bread
by their structural changes during mastication and gastric
digestion. Differences between the 2 pasta shapes, spaghetti
and penne, were also investigated. The selection of 2 different
shapes of dried pasta was based on addressing potential
differences resulting from pasta shapes and sizes on structure
disintegration, starch digestibility, and postprandial glucose
metabolism; moreover, commercial data from the sponsor of the
study indicated that these are the most highly consumed types
of pasta on the market.
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Methods
Study products
Four durum wheat semolina products with the same ingredients
but different structures were studied in 2 postprandial trials and 1
mastication trial (Figure 1). The products were: long pasta (spaghetti),
short pasta (penne), couscous, and bread. Pasta products (short
pasta PENNE and long pasta SPAGHETTI n.5), COUS COUS, and
SEMOLINO, which was used for bread preparation, were industrially
manufactured by Barilla G. e R. F.lli S.p.A. and are commercially
available in Europe. Pastas and couscous were cooked individually
for each participant just before each study visit. A single portion of
spaghetti or penne was boiled in 1.5 L boiling water with the addition
of 7 g salt for 9 and 11 min, respectively, according to the package
instructions. The couscous dish was prepared by pouring boiling water
on the couscous (1:1 v/v), mixing gently, and letting it stand for 5 min.
Bread was baked in a bread machine (La Panetteria 151936; Princess
Silver) following the recipe: 500 g semolina, 300 g water, 10 g salt, 7
g dried yeast (Mastrofornaio, PANEANGELI). For each visit day, the
bread was prepared fresh and left to cool at room temperature. In the
mastication trial the bread was baked 1–4 h before study visits and cut
in cubes including crust on 1 side. In the postprandial trial, the bread
was left to cool at room temperature for ∼8 h, and each portion of bread
was sliced excluding the sides of the loaf to ensure an equal crust/inner
bread ratio. The nutritional composition of the products is detailed in
Table 1.

Postprandial in vivo studies
Two postprandial in vivo trials were conducted at the Department of
Food and Drug and Department of Medicine and Surgery of Parma
University/Hospital of Parma (Azienda Ospedaliero-Universitaria di
Parma), in accordance with the Declaration of Helsinki, Good
Clinical Practice (CPMP/ICH/135/95) and the European regulatory
requirements (Directive 75/78/CE). The study protocols were both
approved by the local ethics committee (Comitato Etico per Parma:
protocol numbers 6659 and 6654), and written informed consent
was obtained from each participant for both trials, prior to starting
the study. The trials were registered on www.clinicaltrials.gov (reg-
istration numbers: NCT03098017 and NCT03104686). Both were
randomized, controlled, single-blinded, crossover, acute postprandial
clinical trials conducted based on the ILSI (International Life Sciences
Institute)guidelines for nutritional studies (13) and followed the ISO
26642:2010 guidelines for the GI determination of food products (14).

In the first trial (study 1), long pasta (spaghetti), short pasta (penne),
couscous, and a glucose solution (control) were administered to 30
participants. In the second trial (study 2), long pasta (spaghetti), short
pasta (penne), bread, and a glucose solution (control) were administered
to 30 participants.

Participants.
Female and male participants for conducting both studies were recruited
in Parma (Italy). Randomly selected participants met prespecified
criteria before enrollment into each postprandial trial. The exclusion
criteria were set based on the ISO 26642:2010 guidelines (14) with
some modifications: age <18 y, BMI >30 kg/m2, celiac disease,
metabolic disorders (e.g., diabetes, hypertension, dyslipidemia, glucose
intolerance), chronic use of medications for any conditions (including
psychiatric diseases), use of dietary supplements affecting metabolism,
and anemia. Once enrolled, participants were assessed for blood
pressure, weight, BMI, and waist circumference. Body weight was
checked at each visit to monitor weight gain or loss throughout the trial.
Baseline characteristics of the participants are reported in Supplemental
Table 1. The flow diagram of the enrollment is reported in Supplemental
Figure 1. All the participants enrolled completed the study without
any protocol violations. A randomization table was generated using a
randomized block design and the order of the test meals was determined
randomly according to a computerized random number generator (ht
tps://www.randomizer.org/). This number table was made by a person
not involved in subject enrollment, and using a numbered sequence
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FIGURE 1 Design of the study.

in sealed, opaque envelopes. The list was blinded for the principal
investigator and participants. The participants were randomly assigned
to the study on the day of their first visit.

Procedure.
The 2 postprandial in vivo trials each consisted of 4 separate occasions
during which participants attended clinical testing and randomly
consumed test meals with a minimum washout of 1 wk. The day
before each visit, participants were instructed to avoid foods that
might interfere with glucose metabolism the next day, based on the
indication of the ISO 26642:2010 (14), and others rich in indigestible
carbohydrates to avoid the second meal effect (15). Upon arrival at
the hospital (08:30 to 09:00) where clinical testing took place, a
cannula was inserted in the vein of the forearm by the medical doctor
and 2 fasting blood samples were taken 10 min apart. Venous blood
was collected for the determination of insulin and C-peptide while,
in parallel, 250 μL capillary blood were collected by finger prick
(ACCU-CHEK Safe-T-Pro Plus; Roche) in a precoded polypropylene
tube with EDTA and glyceraldehyde [10 μL mixed water stock
solutions of glyceraldehyde (3%w/v) and EDTA (10% w/v)] for blood
glucose analysis. Immediately after meal preparation, participants were
instructed to consume the test meal together with 500 mL still bottled
water over 12 min.

Test meals were portioned to contain 50 g available carbohydrates
(penne and spaghetti 71 g, 70 g couscous, 109 g bread) and no
addition of condiments was allowed; for the control meal a glucose
solution was freshly prepared dissolving 55 g glucose monohydrate
(Farmalabor) with 250 mL water. All participants were seated in
the same room and asked to remain seated throughout testing, and
venous and capillary blood were collected at specific postprandial

timepoints (15, 30, 45, 60, 90, and 120 min) after the meal consumption.
Venous samples were immediately processed, and plasma for insulin
and C-peptide determination was obtained after centrifugation at
2000 × g for 10 min at 4◦C, transferred into polypropylene tubes,
and stored at −70◦C until the analysis, performed by means of
specific immunoassays kits (ELISA) (Insulin REF: 10-113-10; C-peptide
REF: 10-1136-01; Mercodia), following the manufacturer’s instruction.
Glucose determination was done using a YSI model 2300 analyzer
(Yellow Springs Instrument Company). Blinding of the participants or
the personnel involved in the trial delivering the test meals was not
possible due to the nature and physical form of the foods tested in the
trial. To reduce potential bias, personnel involved in randomization, in
the analyses of the samples collected, and in the data processing were
blinded.

Mastication study

Participants.
Females and males (n = 26) aged 18–75 y and BMI <30 were
recruited in the Otaniemi (Espoo, Finland) campus area. Volunteers
with (self-reported) anemia, glucose intolerance or diabetes, hyper-
tension, dyslipidemia, or celiac disease were excluded as well as
those undergoing very intense physical activity. Gender distribution,
age, and BMI of the participants are presented in Supplemental
Table 2.

The Coordinating Research Ethics Committee of the Helsinki and
Uusimaa Hospital District approved the study protocol. The study
followed the ethical principles of good research and clinical practice
described in the Declaration of Helsinki.

TABLE 1 Nutritional composition of the food products

Spaghetti Penne Bread Couscous
Glucose

monohydrate

Energy, kJ/100 g 1506 1515 1008 1498 1521
Protein, g/100 g 13.6 13.9 9.4 12.9 —
Carbohydrate, g/100 g 70.7 70.1 46.0 71.0 90.9

Sugar, g/100 g 2.5 2.6 2.2 1.7 90.9
Fat, g/100 g 1.8 1.9 1.2 1.8

Saturated fat, g/100 g 0.4 0.4 0.3 0.4 —
Fiber, g/100 g 3.5 3.9 3.9 3.0
Sodium, g/100 g 0.004 0.002 0.546 0.003 —
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Procedure.
The participants were instructed to eat ad libitum breakfast 1–1.5
h before the study visit. The breakfasts of the participants were not
uniform. The experiment followed a crossover, single-blind design. On
the study visit, all 4 food samples were served, in a random order, and
each food type was served in 3 portions. Portion sizes were determined
to represent a mouthful of food. One portion size was 8 g each for
spaghetti and penne (2.6 g and 2.4 g carbohydrates), ∼9 g as 2 × 2 × 2-
cm cubes of bread (4 g carbohydrates), and 7 g (2.2 g carbohydrates)
for couscous. The participant was asked to masticate each portion
until he/she considered it ready for swallowing and to expectorate
it to a plastic container, which was kept on ice. There was a 2-min
break between each food type. Finally, 3 pieces of chewing gum were
served in a row and the participant was asked to chew each piece
for 20 s. The data on oral processing of chewing gum were used as a
reference for mastication force parameters. Bolus samples were stored at
−70◦C.

Mastication assessment with electromyography.
The mastication process was characterized by measuring the electrical
activity of facial muscles by electromyography (EMG) equipment (Mega
Electronics) following the procedure described earlier by Pentikäinen et
al. (16). The parameters derived from EMG data were: the duration
of oral processing (seconds), the duration of EMG activity (seconds),
the number of chews, relative chewing force (highest EMG amplitude
for the product normalized to the highest EMG amplitude for chewing
gum), and relative work (time of EMG activity × relative chewing force).
Averaged values from the 4 muscles were used. All analyses were done
using in-house build scrips in Matlab (The MathWorks Inc).

Bolus sample pooling and determination of saliva in food

bolus samples.
Average masticators of the 26 study participants were defined based
on the mastication process of bread (the duration of oral processing
and the number of chews) in the mastication trial. Bolus samples of
12 average masticators were used for further assessment. Bolus samples
were gently melted and pooled to obtain 1 bolus sample for each food
product. Fresh food samples and bolus samples (BSs) were dried in an
oven at 105◦C overnight resulting in dry samples (DSs). The moisture
contents of the food samples and BSs were determined by BS − DS/BS
× 100. The amount of saliva in the BS was determined as the difference
of the moisture content between the bolus and food samples.

Disintegration of food matrix after mastication and after

in vitro gastric digestion.
Untreated pooled food BSs were diluted into 100 mL water and mixed
with magnetic stirring for 25 min. Part of the BS was treated with pepsin
(in vitro gastric digestion): Pooled food BSs with 0.8 g dry matter were
mixed with 10 mL 0.05 M Na-K phosphate buffer (pH 1.5) with 0.25%
pepsin (w/v) and pH was adjusted to 1.5. The mixture was incubated
with magnetic stirring at 37◦C for 30 min. Pooled BSs after in vitro
gastric treatment were rinsed with 100 mL cold tap water.

The particles present in these 2 resulting solutions (untreated BSs
and in vitro gastric-digested samples) were allowed to settle for 5 min.
The turbid liquid containing mostly the particles with area <0.03 mm2

was removed. The sample volume was adjusted with water up to 100
mL. The liquids containing the particles were poured on petri dishes and
adjusted so that contact among particles was minimized. Digital images
were taken of each petri dish (6 to 10 petri dishes per sample). Images
were calibrated and particle areas were detected using Cell∧P imaging
software (Olympus). The area occupied by different size particles of the
total area was determined.

Microstructure of food products after mastication and

after in vitro gastric digestion.
For microscopy, aliquots of the pooled boluses were separated. In
vitro gastric-digested samples for microscopy were collected from the
particle separation step after incubation with pepsin as described in the
previous paragraph. To enable their handling, the samples were first

embedded in 2% (w/v) agar and then fixed in 1% (v/v) glutaraldehyde
in 0.1 M Na-K phosphate buffer (pH 7.0), dehydrated in a graded
ethanol series, and embedded in hydroxyethyl methylacrylate resin
as recommended by the manufacturer (Leica Historesin embedding
kit; Leica Microsystems). Polymerized samples were sectioned (2-μm
sections) in a rotary microtome HM 355S (Microm Laborgeräte GmbH)
using a tungsten carbide knife. The sections were transferred onto
glass slides and stained. Protein was stained with aqueous 0.1% (w/v)
Light Green SF (BDH Chemicals Ltd) for 1 min, and starch with
1:10 diluted Lugol iodine solution (I2 0.33% w/v and KI 0.67%
w/v). When imaged in brightfield, protein stained with Light Green
appears green. Iodine stains the amylose component of starch blue
and amylopectin brown. Therefore, ungelatinized starch is detected
as dark purple whereas gelatinized starch is typically light blue or
purple. The stained sections were examined with a Zeiss Axio Imager
M.2 microscope (Carl Zeiss GmbH). Micrographs were obtained
using a Zeiss Axiocam 506 CCD color camera (Zeiss) and the Zen
imaging software (Zeiss). Representative images were selected for
publication.

Mastication-induced post vivo starch hydrolysis.
The rate of mastication-induced starch hydrolysis was determined with
a method modified from Granfeldt et al. (17) and described earlier by
Pentikäinen et al. (18). BSs containing 0.5 g starch were transferred to
dialysis tubing (Spectra/Por No. 2, flat width 45 mm, molecular weight
cutoff 12−14 kDa) with 15 mL cold phosphate buffer (pH 6.9). The
tubing was first incubated in a beaker with 0.05 M phosphate buffer
(400 mL) at 37◦C for 30 min, with magnetic stirring. The salivary α-
amylase present in the BSs initiated starch hydrolysis. Aliquots each of
2 mL were removed at time points 0, 1.5, 3, 6, 9, 12, 15, and 30 min,
and frozen (−20◦C). The removed samples were further incubated with
amyloglucosidase (Megazyme)) at 50◦C for 15 min to hydrolyze the
solubilized starch to glucose. Free glucose was determined by treating
the samples with glucose oxidase peroxidase reagent (Megazyme) for 20
min, and by reading the absorbance at 510 nm. Glucose solution (100
μg/0.1 mL) was used as a standard. The amount of released glucose
was converted to starch by multiplying with 0.9. The degree of starch
hydrolysis was calculated as the proportion of the released starch from
the original starch content of the BS. The rate of starch hydrolysis
(percentage per minute) for each BS was calculated as (proportion
of released starch at 30 min − proportion of released starch at
0 min)/30.

Statistical analyses

Postprandial in vivo trials.
The primary outcomes in both trials were the difference in the
incremental AUC0–120 for glucose and insulin after consumption of the
pasta products compared with couscous (in vivo study 1) or bread (in
vivo study 2), whereas the secondary outcome was the difference in the
incremental AUC0–120 for C-peptide. The primary statistical analysis
was the between-treatments difference in AUC0–120 for postprandial
glucose and insulin between food products including all randomized
participants (intention-to-treat analysis). The sample size was assessed
based on data for the AUC0–120 for glucose obtained from a previous
publication (10), and data for the AUC0–120 of insulin obtained from
unpublished work from our group (study approved by the ethics
committee—Comitato Etico per Parma; number of protocol: 22669;
clinicaltrial.gov identifier: NCT03024983). To preserve the family-wise
type I error rate, the adjustment for multiple outcomes was considered
in the sample size calculation. Thirty subjects were required to ensure
a power >90% with α = 0.025 for glucose, whereas 12 subjects
were required to achieve 90% power to detect a mean of paired
differences with α = 0.025 for insulin. In each case, the incremental
AUC0–120 for blood glucose, insulin, and C-peptide was geometrically
calculated using the trapezoidal method, ignoring the area beneath
the baseline level as suggested by ISO 26642:2010 (14). Incremental
postprandial curves were obtained by calculating the increment for
each timepoint by comparing each absolute value with the baseline
concentration, which was calculated as the mean concentration of
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FIGURE 2 Incremental AUC and incremental postprandial curve (0–120 min) for capillary blood glucose (A), plasma insulin (B), and plasma
C-peptide (C) for pasta products (penne and spaghetti), couscous, and glucose, all consumed at 50 g available carbohydrate (n = 30) (study 1).
Data are expressed as mean ± SEM. Labeled means in the bars without a common letter differ, P < 0.05.

glucose measured in the samples taken during fasting at times −10 and
0 min. Data are presented as mean ± SEM, unless otherwise stated.
All data collected were assessed for normality using the Kolmogorov–
Smirnov test. Postprandial changes in plasma glucose, insulin, and C-
peptide expressed as AUC0–120 and incremental postprandial curves
(0–120 min) calculated for each food product were analyzed using
the general linear model for repeated measures. Greenhouse–Geisser
correction for degrees of freedom was used when the Mauchly test of
sphericity was significant. The Bonferroni post hoc test was used for
multiple comparisons. Statistical significance was determined at P <

0.05. Statistical analyses were run with SPSS for Windows applications
(Version 25.0; SPSS Inc).

Mastication trial.
For mastication experiments, paired t tests were conducted to evaluate
the between-product differences in each mastication parameter. A P
value <0.05 was considered statistically significant.

Results
Postprandial in vivo trials

Glucose responses.

Figures 2A and 3A present the postprandial glucose responses
of the food products in both trials. Both pasta products (penne

FIGURE 3 Incremental AUC and incremental postprandial response curve (0–120 min) for capillary blood glucose (A), plasma insulin (B), and
plasma C-peptide (C) for pasta products (penne and spaghetti), bread, and glucose, all consumed at 50 g available carbohydrate (n = 30) (study
2). Data are expressed as mean ± SEM. Labeled means in the bars without a common letter differ, P < 0.05.
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and spaghetti) induced a lower postprandial glucose response
when compared with either couscous (P < 0.05 for penne
compared with couscous; P < 0.001 for spaghetti compared
with couscous) or bread (P < 0.005 for penne compared
with bread; P < 0.001 for spaghetti compared with bread).
Finally, spaghetti induced a lower postprandial glucose response
(AUC0–120) than penne (P < 0.05) only in study 1. The
AUC0–120 for glucose was significantly lower for each food
product compared with the glucose solution control (P < 0.001
compared with penne, spaghetti, in both studies, and compared
with couscous; P < 0.05 compared with bread) (Figures 2A
and 3A).

Insulin responses.

Figures 2B and 3B present the postprandial insulin responses of
the food products in both trials. Both pasta products induced
lower postprandial insulin responses compared with either
couscous or bread (P < 0.001 for penne or spaghetti compared
with couscous or bread). The AUC0–120 for insulin was lower
for spaghetti compared with penne (P < 0.001 in study 1 and
P < 0.05 in study 2). The AUC0–120 for insulin was significantly
lower for penne and spaghetti than for the glucose solution
(P < 0.001 for both comparisons in both studies), whereas
postprandial insulin responses for couscous or bread did not
differ from the glucose solution.

C-peptide responses.

Figures 2C and 3C present the postprandial C-peptide responses
of the food products in both trials. Both pasta products induced
lower postprandial C-peptide responses compared with either
couscous or bread (P < 0.05 for penne compared with couscous;
P < 0.001 for spaghetti compared with couscous; P < 0.001 for
penne or spaghetti compared with bread). Spaghetti induced a
lower postprandial C-peptide response than penne (P < 0.001
in study 1; P < 0.005 in study 2). Postprandial C-peptide
response was significantly lower for penne and spaghetti than
for the glucose solution (P < 0.05 for penne compared with
glucose solution; P < 0.001 for spaghetti compared with glucose
solution in study 1, and P < 0.001 for penne or spaghetti
compared with glucose solution in study 2). Postprandial C-
peptide responses for couscous or bread did not differ from the
glucose solution.

Mastication process and bolus properties

Mastication process.

Both pasta products required more chews than bread or
couscous, which was reflected in the duration of oral processing
(P < 0.01 for all comparisons) (Figure 4). Bread was chewed
slightly more than couscous (P < 0.05, for number of chews; P
< 0.01, for duration of oral processing). The work needed to
masticate was significantly lower for couscous compared with
all other food products (P < 0.01). There were no differences
between the 2 pasta products in mastication parameters.

Amount of saliva in boluses.

The amount of saliva in pasta boluses was lower than the
amount of saliva in either the bread bolus or couscous bolus
(Table 2). The initial moisture contents of pastas and couscous
were higher than that of bread.

Disintegration of food matrix after mastication.

The BSs differed with respect to the proportions of medium
size (1−10 mm2) and large (>10 mm2) particles of the total
particle area, whereas no differences were seen in particles <0.1

mm2 (Figure 5). Pasta boluses contained the highest proportion
of large particles whereas the couscous bolus contained the
highest proportion of the smallest particles. The bread bolus had
the highest proportion of medium-size particles (1−10 mm2).
The amount of dry matter lost as the smallest particles (<0.02
mm2) in the turbid liquid after particle separation was highest in
the bread bolus (8%). Pasta and couscous bolus particles were
smooth-rimmed, whereas the appearance of the bread bolus
particles was shredded.

Microstructure of boluses.

All the boluses contained a protein network in which starch
granules were located (Figure 6). Spaghetti and penne boluses
contained large, distinct particles (<1 mm) with darkly stained,
partially gelatinized starch granules present in the innermost
part of the particle. The border between the innermost part with
partially gelatinized starch and external region with swollen
and deformed starch granules was clear. In the couscous bolus,
starch granules were largely swollen and deformed. However,
there were darkly stained starch granules present in the coarse
flour particles with intact cellular structure. Starch granules in
the bread bolus were thoroughly deformed and swollen. Darkly
stained, little modified starch granules were detected also in the
bread bolus, but they were fewer and more scattered compared
with the pastas or couscous. The starch granules in the outer
layers of the bolus particles (Figure 6, higher magnification)
were swollen and deformed for the most part.

BSs differed from each other in their degree of compactness.
In the spaghetti bolus, the least modified starch granules were
the most tightly packed whereas in the penne bolus more protein
and air spaces were observed between these starch granules.

Mastication-induced post vivo starch hydrolysis.

Starch hydrolysis rates of penne and spaghetti boluses were
slower (0.3 ± 0.1%/min and 0.4 ± 0.1%/min, respectively)
compared with bread and couscous (0.7 ± 0.0%/min and 0.6 ±
0.1%/min, respectively) (Figure 7). After 30 min incubation the
percentages of hydrolyzed starch of the original starch content
were 12.5 ± 1.9% in spaghetti, 9.9 ± 1.8% in penne, 19.8 ±
0.7% in bread, and 19.6 ± 1.9 % in couscous.

Properties of in vitro gastric-digested boluses

Disintegration of food matrix after in vitro gastric

digestion.

Clear differences in the cumulative particle size distribution
were detected between the samples after in vitro gastric
digestion (Figure 5). In vitro gastric-digested pasta boluses
contained large particles: particles of size 10–100 mm2 occupied
90% of the total particle area whereas the share of particles with
size <10 mm2 was low. The bread bolus consisted mostly of
small (<1 mm2) particles. The in vitro gastric-digested couscous
bolus contained a higher proportion of large particles than the
bread bolus but a clearly higher proportion of small particles
than the pasta boluses. There were no clear differences between
the spaghetti and penne samples in the particle size distribution
after in vitro gastric digestion. The amounts of dry matter
lost as the smallest particles (<0.02 mm2) in the turbid liquid
after particle separation was the highest in the in vitro gastric-
digested bread bolus (20%).

Microstructure of in vitro gastric-digested boluses.

After in vitro gastric digestion, large particles with darkly
stainable starch granules embedded in a protein matrix were
still detected in the pasta boluses (Figure 6). The effect of pepsin
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FIGURE 4 Average mastication parameters (n = 26) for mouthful of samples for (A) number of chews, (B) duration of oral processing (seconds),
and (C) relative work (%, calculated relative to the work used for chewing gum). The error bars shown are average of SDs for the 4 muscles
analyzed. Labeled means in the bars without a common letter differ, P < 0.05.

was observed as the disappearance of the outer layers of pasta
digesta particles with the most hydrolyzed starch granules. The
outer layer of in vitro gastric-digested pasta boluses contained
darkly stained starch granules within the protein network.

Darkly stainable, little modified starch granules were also
detected in the couscous bolus (Figure 6). The protein network
was partly intact in the inner parts of the particles. The swollen
and deformed starch granules mostly disappeared. The protein
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TABLE 2 Moisture content of food and pooled bolus samples and amount of saliva in bolus
samples

Food
Moisture content of

food, %
Moisture content of

pooled bolus, %
Amount of saliva in

bolus, g/g

Spaghetti 58.2 62.5 4.4
Penne 52.9 59.9 7.0
Bread 33.7 55.9 22.2
Couscous 55.2 64.4 9.2
Range 33.7–58.2 55.9–64.4 4.4–22.2

matrix of the bread bolus was mostly degraded and the starch
granules were extensively hydrolyzed (Figure 6).

Discussion

The results of this study elucidate how pasta structure delays
starch digestion causing lower postprandial glucose, insulin, and
C-peptide responses in humans compared with other commonly
consumed grain products like bread and couscous. This seems
to be because, although these other grain-based dishes are made
with the exact same raw material, they differ extensively in
the technological processes applied to obtain the final food
product. The selection of the same starting ingredient (semolina)
represents a key point of the study, and the choice of using
the same semolina and the same ingredients (simply water and
salt) for producing all the samples was made to reduce potential
confounding factors such as botanical/agronomic confounders
(e.g., different cultivars or agronomic conditions), technological
confounders (e.g., different milling process and particle size of
the flour), or nutritional confounders (e.g., addition of fats to
bread or different quantity of proteins in the wheat semolina),
which have all been shown to alter postprandial glucose and
insulin responses.

The lower postprandial glucose responses observed for the
pastas compared with the bread and couscous respectively are
well supported by earlier studies showing that pasta has a lower
impact on postprandial glycemia compared with many other
carbohydrate-rich foods (11). Previously, several studies have
shown that pasta products usually have a GI that falls between
the low and the medium ranges (10, 19), with respect to medium
or high values for couscous and bread (19–21). Moreover, a
lower postprandial insulin response for pasta compared with
bread has been reported by Holt and colleagues (22). Granfeldt
and colleagues (17) observed lower peak values for glucose,
insulin, and C-peptide, and lower glycemic, insulin, and C-
peptide indexes for pasta products when compared with bread
baked from the same ingredients.

The glucose release rate from food during digestion is the
main factor influencing postprandial glycemic and insulinemic
responses of cereal products (23). The overall slow starch
hydrolysis rate of pasta compared with couscous and bread was
seen in this study as slower starch hydrolysis of pasta BSs. This
observation is in line with the results of Hoebler and colleagues
(24), who showed that about half of the bread starch and only
25% of pasta starch was transformed into smaller molecules
during oral digestion.

The slower starch hydrolysis rate can be explained by bolus
properties like lower saliva amount, larger size and smooth-
rimmed shape of particles, and compact microstructure where
starch granules were entrapped in a strong gluten network.
Despite the longer chewing time, less saliva had incorporated

into pasta boluses compared with bread or couscous boluses.
The lower absorption of saliva can be explained by the high
initial moisture content of pasta and small surface area of
the particles. The amount of saliva determines the amount
of salivary α-amylase in a food bolus and therefore it has
been suggested to be an important factor for the overall
breakdown of starch in starch-based foods (3). The observation
that pasta remained as large and smooth-rimmed particles after
mastication is in line with the work of Hoebler and colleagues
who showed that spaghetti largely retained its physical structure
in mastication (24). Such particles (large and smooth-rimmed in
shape) have a low surface-to-weight ratio and are thus generally
more resistant to enzymatic action compared with small and
shredded particles with a larger surface area. In contrast to pasta
boluses, bread and couscous boluses had a larger surface area:
bread bolus particles were mostly very small, and the remaining
larger particles were shredded in shape; and couscous particles
were smooth-rimmed but small. To conclude, pasta particles
had less area for enzymatic action compared with bread or
couscous.

The microstructure of pasta boluses was like that of
cooked pasta (6): the core of particles contained partially
gelatinized starch granules inside a gluten network whereas
the outer layer contained areas with swollen and deformed
starch granules. Couscous had similar features, with areas of
deformed starch granules in the outer layer of the granules
and somewhat unchanged granules in the core. In contrast,
starch granules in bread (25) and its bolus were thoroughly
swollen and deformed. More extensively hydrolyzed starch
granules (appearing swollen and deformed) are more prone
to enzymatic hydrolysis and this can further explain the
postprandial differences between pastas, bread, and couscous.

The differences in particle size distribution between pastas,
bread, and couscous were even more pronounced after in vitro
gastric digestion compared with after mastication: pasta boluses
contained more large particles whereas bread and couscous had
disintegrated to very small particles. The large differences in
particle size could influence gastric emptying rates of these foods
in vivo and therefore also influence the rate of starch digestion in
the duodenum (26). The light microscopy images showed that
after in vitro gastric digestion, the core of the pasta particles
had remained partially unchanged with starch encapsulated in
the protein network; only the outer layers with swollen starch
granules had disappeared. Similarly, the outer layer of couscous
particles with swollen starch granules had disappeared, but the
core of the particle, with the protein network preserved to
some extent, remained. Conversely, the protein network had
largely disappeared from the in vitro gastric-digested bread
bolus and the starch had been extensively hydrolyzed. These
results indicate that pasta has a strong protein network that
is slowly digested and that also protects starch granules from
enzymatic action. Although couscous had a strong protein
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FIGURE 5 Photographs of pooled boluses (n = 12) after mastication (A) and after in vitro gastric digestion (C), and particle area distribution of
the same samples (B and D). The curves represent a cumulative percentage of the total area occupied by particles. Values for particle area are
logarithmic.

network (as seen by microscopy), due to its small granule
size, it was more prone to enzymatic action, thus resulting in
smaller particles compared with the pasta boluses after in vitro
digestion.

Two different types of pasta (spaghetti and penne), which
represent the 2 best-selling types, were analyzed for potential
differences due to shapes and sizes. This comparison demon-
strated a lower glycemic response of the long pasta (spaghetti)
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FIGURE 6 Light micrographs of pooled boluses (n = 12) after mastication and after in vitro gastric digestion. Protein appears green (stained
with Light Green) and starch granules purple (stained with Lugol iodine). Scale bar is 500 μm in the main figures showing the overall appearance
of the bolus particles, and 20 μm in the subfigures presenting the outermost layer of bolus particles.

compared with the short pasta (penne), as previously found
(27, 28). There were no clear differences in the amount of
saliva, particle size distribution, or starch hydrolysis rates of
spaghetti and penne boluses that could explain the difference
seen in postprandial responses. However, the light microscopy
images showed that in the spaghetti bolus, the starch granules

in the core of the particle seemed to be very tightly packed,
whereas in the penne bolus there was more protein and air
spaces between the granules. This could indicate that different
processing steps in spaghetti and penne manufacturing influence
the molecular organization of the core of the pasta and that
could influence starch digestibility. However, this would warrant
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FIGURE 7 Mastication-induced post vivo starch hydrolysis during 30-min incubation. Values (mean and SD) are percentages of hydrolyzed
starch from initial starch of the pooled bolus samples (n = 12).

further investigation because it is also possible that the air spaces
were caused by shrinkage of the starch granules due to the
dehydration step of sample preparation for embedding.

As shown in this and previous studies, pasta elicits lower
postprandial glycemic and insulinemic responses compared
with foods with similar ingredients but different structures.
Postprandial glucose responses of foods are important because
diets containing foods eliciting lower responses favorably affect
the risk of several chronic diseases and their risk factors (29). A
positive association between dietary GI and the increased risk of
type 2 diabetes, coronary heart disease, and colorectal, breast,
and bladder cancers, as well as between dietary glycemic load
(GL) and the risk of coronary heart disease, type 2 diabetes,
and stroke has been described (29–33). Mechanistically, the
reduced postprandial insulin response reduces stress on the
pancreatic β cells, thus preserving β cell functionality and
reducing insulin resistance (34); it also prevents the blood
glucose concentration from falling below the baseline fasting
level. This is beneficial because hypoglycemia can have a variety
of negative effects (35). Pasta consumption has been found to
be inversely associated with BMI in the Moli-sani and INHES
(Italian Nutrition & HEalth Survey) observational studies
(36). Another observational study on type 2 diabetes patients
demonstrated that the consumption of pasta, within the limits
recommended for total carbohydrates intake, is not associated
with worsening of glucose control, measures of adiposity, and
major cardiovascular risk factors (37). In a recent intervention
study, the presence of pasta in a hypocaloric Mediterranean diet
induced significant reduction in body weight; moreover, bene-
ficial effects were also observed for glycemic control and lipid
metabolism (38). Furthermore, in a systematic review and meta-
analysis of randomized controlled trials, pasta in the context of
low-GI dietary patterns has been found to reduce body weight
and BMI compared with higher-GI dietary patterns (39).

This study has several strengths and some limitations worth
highlighting. Firstly, all the samples tested within the study
were formulated starting from the same ingredient (semolina)
to avoid any confounders derived from the use of a different
matrix. No other ingredients known to potentially interfere
with the postprandial glycemic response in vivo (e.g., oils

and/or sauces) were added to the pasta products, couscous,
and bread, allowing monitoring specifically of the effect of
the technological process on glucose, insulin, and C-peptide
responses. Another strength of the postprandial studies is that
both trials were powered for 2 primary outcomes (glucose
and insulin). Thirdly, the study investigated thoroughly the
structural changes and starch digestibility of pasta and other
semolina products, ranging from the mastication process, to
bolus properties and properties of in vitro gastric-digested
boluses, and finally observing the postprandial responses.
This approach allows a comprehensive overview of the
reasons behind postprandial glucose and insulin responses. One
limitation of the postprandial studies could be the absence of
data on other satiety-related hormones, which could support
the description of the mechanism of action linked to the pasta
consumption.

In conclusion, pasta consumption results in lower acute
postprandial glycemic and insulinemic responses, when com-
pared with other durum semolina products, making pasta a
healthier source of available carbohydrates. This characteristic
is attributed to the pasta structure, which is slowly disintegrated
in mastication and gastric digestion, as shown in this study.
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