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In vivo aroma release and perception of complex food matrices have been underexplored. The aims of this study
were to investigate the effects of (i) fat and sugar content of chocolate-hazelnut spreads on in vivo aroma release
and perception and (ii) carrier addition (bread, wafer) on in vivo aroma release and perception of chocolate-
hazelnut spread using dynamic nose space analysis (PTR-ToF-MS) and dynamic sensory analysis (TCATA).
Carriers were combined with spreads varying in fat and sugar content and were spiked with five volatile organic
compounds (benzaldehyde, filbertone, 2-methylpyrazine, delta-dodecalactone, isovaleraldehyde). TCATA pro-
files from a consumer panel without in vivo nose space analysis (n = 72) and a trained panel performing in vivo
nose space analysis (n = 8, triplicate) were compared. TCATA profiles of the spread-carrier combinations ob-
tained by both panels showed similarly that attributes related to the carriers were perceived at the beginning of
consumption, whereas attributes related to the spreads were perceived after swallowing. Significant (p < 0.05)
and small differences were observed for the attributes cocoa, creamy, milky, sticky and toffee between both
panels. In the evaluated reformulation range, fat and sugar content of chocolate-hazelnut spreads had only a
limited effect on in vivo aroma release and perception. In contrast, addition of carriers strongly affected in vivo
aroma release and perception for all target molecules. The addition of carriers to spreads generally increased
aroma release (duration and intensity of aroma release) and decreased aroma perception. The addition of carriers
generally reduced the time to reach maximum intensity compared to when spreads were eaten alone for the five
volatile organic compounds while perception decreased. We conclude that the strong effect of carrier addition on
in vivo aroma release and perception of chocolate-hazelnut spreads highlights the importance of investigating
toppings/spreads accompanied with carriers rather than in isolation.

1. Introduction nose space analysis (NSA) during food consumption (Charles et al.,

2015; Déléris et al., 2013; How et al., 2021; Mesurolle et al., 2013; Pu,

Aroma release and perception during food consumption are complex,
dynamic processes influenced by physicochemical, biochemical, physi-
ological, psychological, and cognitive phenomena (Negoias et al., 2008;
Spence, 2021; van Eck et al., 2021), as well as by the composition and
structure of food products and dynamic changes thereof during oral
processing (Buettner & Beauchamp, 2010; Ferreira et al., 2006; Poinot
et al., 2013; Pu et al., 2020; Pu et al., 2019a,b).

Proton-transfer reaction mass-spectrometry equipped with a time of
flight mass analyzer (PTR-ToF-MS) is a powerful tool for real-time in vivo

Zhang, Zhang, Sun, Ren, Chen, & Xie, 2019), as it provides time-resolved
information about the concentration and type of aroma compounds
present in the nasal cavity by analyzing the composition of the air in the
nostrils during consumption. To better understand aroma perception,
PTR-ToF-MS is often coupled with dynamic sensory methods like Time-
Intensity (TI) profiling (Chung et al., 2003; Pedrotti et al., 2019; van Eck
et al., 2021). A drawback of TI profiling is that the intensity of only one
sensory attribute is assessed over time, which may give rise to dumping
effects, especially when the compared foods differ in both flavor and
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texture (Varela et al., 2018). Temporal Dominance of Sensations (TDS)
and Temporal Check-All-That-Apply (TCATA) provide descriptions of
the dynamic sensory properties of foods allowing simultaneous de-
scriptions of flavor and texture properties (Castura et al., 2016). For
TCATA, assessors continuously indicate the attributes that apply in
describing their perception of the sample at any given moment during
consumption. Multiple attributes from different modalities (e.g. taste,
aroma, texture) can be selected, permitting the description of sensations
that arise concurrently, and decreasing the risk of dumping effects
(Castura et al., 2016). The number of assessors used in in vivo aroma
release and perception studies that combine PTR-ToF-MS and TI
profiling typically ranges from 7 to 18, as only one in vivo nose-space
measurement can be performed at a time. Data collection with larger
panels (>50 assessors), as typically used in TDS and TCATA studies,
would be very time consuming and labor intensive. The limited number
of assessors in studies coupling in vivo NSA with dynamic sensory
evaluations potentially limits the quality of the sensory data.

Considerable progress has been made over the past decades to
advance our understanding of the factors influencing in vivo aroma
release and perception during food consumption. Most studies investi-
gated single foods like candies (Déléris et al., 2011), cereal bars (Heenan
et al., 2012), and white bread (Pu, Zhang, Zhang, Sun, Ren, Chen, & Xie,
2019), or model foods like model custards (Aprea et al., 2006; Gonzalez-
Tomas et al., 2007), and model cheeses (Feron et al., 2014; Guichard
et al., 2017). Neither single nor model foods necessarily represent a
realistic context of consuming foods or meals that consist of multiple
food components that differ considerably in composition, structure, and
sensory properties. Most commonly consumed foods consist of different
components, so-called composite foods. For example, bread or wafer
(carrier foods) are commonly consumed in combination with spreads or
toppings. Composition, mechanical properties, and sensory character-
istics of the carrier foods differ considerably from the spreads or top-
pings (Scholten, 2017). Van Eck et al. (2019) demonstrated that in
composite foods, carriers tend to dominate texture perception, whereas
toppings drive flavor perception (van Eck et al., 2019). We recently
confirmed that the addition of carriers (bread and wafer) to spreads
decreased consumers’ ability to discriminate between different refor-
mulated spread compositions (Gonzalez-Estanol et al., 2022).

It was recently demonstrated that in vivo aroma release and
perception of composite foods differ from those of single foods, as the
characteristics of one component influence aroma release and percep-
tion of the other component (Scholten, 2017; van Eck et al., 2021).
When different condiments were consumed and assessed alone, in vivo
aroma release and intensity perception were positively correlated (van
Eck et al., 2021). However, when condiments (e.g., mayonnaises) were
combined with carriers (breads or potatoes), aroma release and
perception were no longer positively correlated. The addition of carriers
to condiments increased the release of volatile aroma compounds into
the nasal cavity during consumption but decreased perceived aroma
intensity. The authors suggested that the increase in aroma release
induced by the carriers might be caused by differences in oral processing
behaviors and bolus properties (van Eck et al., 2021). They argued that
consistent observation of an increase in aroma intensity after swallow-
ing (swallow breath) suggests that assessors could properly evaluate
aroma intensity. Yet, they acknowledged that a potential study limita-
tion may have been sensory dumping, as TI profiling was used to assess
aroma perception of composite foods that differed considerably in
texture (van Eck et al., 2021). Another study assessed the impact of size
and hardness of fruit pieces added to yogurts on aroma release and
perception. While pear piece size had little effect on aroma release and
perception of yogurts, pear piece hardness increased the intensity and
duration of aroma release. This was explained by the presence of aroma-
aroma and texture-aroma interactions (Mesurolle et al., 2013).

Characterizing composite foods is gaining interest not only because
of the increased sensory complexity of foods but also because doing so
provides product sensory profiles that are nearer to their natural
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consumption contexts. To the best of our knowledge, only two studies
explored aroma release and perception of composite foods (Mesurolle
et al., 2013; van Eck et al., 2021). A better understanding is needed of
how the release of aroma compounds during consumption of composite
foods is perceived. The aims of this study were to investigate the effects
of (i) fat and sugar content of chocolate-hazelnut spreads on in vivo
aroma release and perception and (ii) carrier addition (bread, wafer) on
in vivo aroma release and perception of chocolate-hazelnut spread using
dynamic nose space analysis (PTR-ToF-MS) and dynamic sensory
analysis (TCATA). We hypothesized that (i) fat has a stronger effect than
sugar on aroma release and perception due to the hydrophobic nature of
the target molecules and (ii) adding solid carriers to chocolate-hazelnut
spreads leads to an increase of in vivo aroma release and decrease of
aroma perception.

2. Materials and methods
2.1. Samples

Preparation and composition of chocolate-hazelnut spreads and
composite foods have been described in detail elsewhere (Gonzalez-
Estanol et al., 2022). Briefly, the composition of the chocolate-hazelnut
spreads used herein along with their rheological properties are sum-
marized in Supplementary Material Table 1. Three chocolate hazelnut
spreads varying in fat and sugar content were used herein (Soremartec,
Alba, Italy). A high fat/high sugar, control sample (C); high fat/low
sugar (LS) sample with 15 % sugar reduction; low fat/high sugar (LF)
sample with 15 % fat reduction were prepared; milk and inulin were
used to replace fat and sugar, respectively. All spreads were reformu-
lated to bear a close resemblance to commercial products.

All chocolate-hazelnut spreads were spiked with 0.2 % (w/w) of a
food grade aroma solution (Soremartec, Alba, Italy) containing five
volatile organic compounds (VOCs): benzaldehyde, filbertone, 2-meth-
ylpyrazine, delta-dodecalactone, and isovaleraldehyde (Table 1).
These compounds were chosen because they present a wide range of
chemical classes (aldehydes, ketones, pyrazines, and lactones), have log
p values ranging from 0.21 to 3.48, and have sensory notes that have
been previously described as hazelnut, milky, and cocoa, which are
consistent with the sensory properties of chocolate-hazelnut spreads.

Composite foods were prepared by combining spreads with carriers
with different mechanical and texture properties (bread and wafer). The
carriers were chosen to simulate the consumption context of the choc-
olate hazelnut spreads with high ecological validity (Gonzalez-Estanol
et al., 2022). A description of sample codes and sample pictures are in
Table 2.

All samples included 6 g chocolate-hazelnut spread and were pre-
pared as described elsewhere. When evaluated alone, they were served
on a plastic spoon. For the spread-wafer combinations, wafer biscuits
(Soremartec, Alba, Italy) were pre-cut in the form of a dome with di-
mensions of 3x4x1 cm (1.56 + 0.1 g) and filled with the spread. For the
spread-bread combinations, commercially available bread (Morato
Bruschelle, Altavilla Vicentina VI, Italy) was cut into pieces of 3 x 3 x
lcm without crust (2.23 + 0.5 g) and spread (6 g) on top. The spread-
bread composite foods were prepared just before the evaluation (<2 h).

2.2. Participants

A trained panel (n = 8) performed sensory evaluations during NSA
by PTR-ToF-MS (section 2.3) (age 34.2 + 7.4 years, body mass Index
[BMI] 25.3 + 4.3 kg/mz), recruited as volunteers from the Edmund
Mach Foundation (San Michele all’Adige, Trentino, Italy). A naive
consumer panel (n = 72) performed dynamic sensory evaluation
without NSA (age 22.6 + 2.0 years, BMI 21.9 + 2.6 kg/m2), recruited
from Wageningen University (Wageningen, the Netherlands) (Gonzalez-
Estanol et al., 2022). All participants in both groups were Caucasian
women who consumed chocolate-hazelnut spreads at least once a month
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Table 1
Composition of the aroma solution used to spike chocolate hazelnut spreads (0.2 g/100 g) together with characteristics of the aroma compounds.
Compound Concentration Chemical formula Sensory description t.i product ions PTR-MS (m/z) Log P?
g/100 g
Benzaldehyde 0.01 C;H,0 Bitter almond, nutty 107.05 1.48
Filbertone 0.01 CgH140 Hazelnut aroma 127.112 1.97
delta-Dodecalactone 0.01 C12H220, Creamy, milky, buttery 85.0683 3.49
Isovaleraldehyde 0.02 CsH;00 Chocolate, nutty, cocoa 87.077 1.45
2-Methylpyrazine 0.01 CsHgN» Cocoa, nutty, roasted 95.0572 0.21
bl ToF-MS setting, and the swallowing and sensory protocols.
Table 2

Overview of all samples and their acronyms: chocolate hazelnut spreads and
composite foods with bread and wafer.

Group Spread
High fat/ High Low fat / High fat/
sugar High sugar Low sugar
(Control C) (LF) (LS)
A-C A-LF A-LS
el
Alone (A)
(Spread: 6 g)
I" B-C B-LF B-LS
Bread- Spread (B)
3x3x1 cm
(Bread: 2.2 +0.5¢g
Spread: 6 g)
W-C W-LF W-LS

Wafer — Spread (W)
3x4x1 cm
(Wafer: 1.6 £0.1 g
Spread: 6 g)

(per self-report). Other inclusion criteria were as follows: not to have
any dietary restrictions, allergies, or intolerances to wheat/gluten,
dairy, nuts, soybean, or eggs, not to be pregnant, not to smoke; and to
have no history of self-reported oral perception disorder or olfactory
impairment. Participants gave written informed consent before the start
of the study and received financial compensation for their participation.
The study was exempt from review by the Medical Research Ethical
Committee according to the “Medical Research Involving Human Sub-
jects Act” of The Netherlands (WMO in Dutch). The study was conducted
in agreement with the ethics regulations laid out in the Declaration of
Helsinki (2013).

2.3. Attribute selection and determination of consumption time

The trained panel participated in four training sessions of one hour
each, during which the chocolate-hazelnut spreads and spread-carrier
combinations were evaluated. The first two sessions were dedicated to
the generation of descriptors related to the flavor and texture of the
spreads and carriers, and the most mentioned attributes were reflected
in the final attribute lists. Different attribute lists were used for the
evaluations of spreads alone, combinations of spread-bread and spread-
wafer (Supplementary Material Table 2). Eight sensory attributes were
used to describe the spreads alone and 10 attributes were used to
describe the spread-wafer and spread-bread combinations. During the
third and fourth sessions, participants evaluated the nine samples
(Table 2) as if it was the actual experiment (section 2.5). The purpose of
these sessions was for participants to become comfortable with the PTR-

The eight participants who generated the attribute list were also used
to determine the consumption time of all samples as described elsewhere
(Gonzalez-Estanol et al., 2022). The average consumption time was 15 s
for spreads alone and 20 s for carrier-spread combinations.

2.4. Sensory evaluation with Temporal-Check-All-That-Apply (TCATA)

TCATA evaluations of all samples were performed by a consumer
panel without NSA (n = 72) to validate the TCATA results obtained from
the trained panel during NSA. Sensory evaluations of the consumer
panel took place in a testing room at Centrum voor Smaak Onderzoek
(Wageningen, The Netherlands) under normal light conditions at room
temperature (21 + 1 °C). As described elsewhere (Gonzalez-Estanol
et al., 2022), participants evaluated nine samples (Table 2) in a single
60-min session with 2-min breaks between samples. Participants
received the attribute lists and their definitions (Supplementary Mate-
rial Table 2) by email the day before their scheduled session and were
instructed to familiarize themselves with them. Participants were asked
not to eat, drink, or use any persistent flavored product for at least one
hour before their session. The sensory assessment started with a warm-
up sample (cracker) to allow participants to familiarize themselves with
the TCATA method and software (TimeSens software version 1.1.601.0,
ChemoSens, France). All samples were served at room temperature (21
+ 1 °C) in standardized bite size (Table 2). Samples were coded with
random three-digit numbers and presented to the participants on three
trays divided by blocks (spreads alone, spread-bread combinations,
spread-wafer combinations). Each block included each of the three
spread formulations (C, LS, LF). Block orders were counterbalanced and
spread formulations within each tray were randomized. All attributes
were presented simultaneously on the tablet and their order was ran-
domized across participants.

As described elsewhere (Gonzalez-Estanol et al., 2022), participants
were instructed to put the whole sample in their mouth, click the start
button, and then immediately commence tracking sensory changes. At
any time between clicking start and the end of the evaluation time,
participants were asked to check the terms that apply to describe the
sensory characteristics of the sample at each moment. Participants were
asked to uncheck the terms when they no longer apply to describe the
sample. Participants could select as many attributes as they liked, use
the same attribute several times or never select an attribute.

When indicated on the screen, participants were instructed to swal-
low the sample. 15 s and 20 s after clicking the start button, spreads
alone and carrier-spreads combinations, respectively, were swallowed
(section 2.4). TCATA data collection stopped 105 s after participants
clicked the start button. Between samples, participants were asked to
rinse their mouth with water.

2.5. Simultaneous in vivo nose space analysis and dynamic sensory
evaluation using TCATA

TCATA and in vivo NSA were performed simultaneously during three
60-min sessions with the trained panel (n = 8, in triplicate). During each
session, participants evaluated all nine samples with short breaks in
between. Participants were instructed not to eat, drink, or use any
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persistent flavored products for at least one hour before each session. All
measurements were performed within a two-week period.

The experimental protocol was adapted from previous PTR-ToF-MS
nose space studies (Charles et al., 2015; Pedrotti et al., 2019; van Eck
et al., 2021). A commercial PTR-ToF-MS 8000 instrument (Ionicon
Analytik GmbH, Innsbruck, Austria) was used for the in vivo NSA. Par-
ticipants’ breathing patterns were traced using H3O" as the precursor
ion with the following drift tube parameters (Weel et al., 2002): voltage
628 V, temperature 110 °C and pressure 2.80 mbar. Acquisition was set
to 1 mass spectrum per second. Nose-space sampling was carried out via
disposable Teflon tubes placed in both nostrils. Teflon tubes were con-
nected to the NASE sampling system (Ionicon Analytik GmbH, Inns-
bruck, Austria), which was heated to 110 °C and directly connected to
the inlet of the PTR-ToF-MS system at the same temperature. Evalua-
tions took place individually in a laboratory with filtered air. Partici-
pants arrived at the laboratory and sat down comfortably with a screen
and a mouse in front of them. For each sample, participants were asked
to insert the Teflon tubes in their nostrils and to start breathing normally
through their nose, with their mouth closed. Their breath was sampled
for 60 s after which they were instructed to put the entire sample in their
mouth, click the ‘start’ button on the screen for the TCATA evaluation,
and start chewing normally with their mouth closed. This TCATA
evaluation during NSA followed the same protocol as the TCATA eval-
uation of the consumer panel without NSA (section 2.4) and used the
same attribute lists. TCATA and in vivo nose-space data were acquired
simultaneously for 105 s.

2.6. Data analysis

2.6.1. TCATA curves

TCATA curves from the trained panel with NSA (n = 8, in triplicate)
and the consumer panel without NSA (n = 72) were constructed
following the procedure described by Castura et al. (2016) (Castura
et al., 2016). Citation proportions, defined as the proportion of partici-
pants who checked (or perceived) a given attribute at a given moment
(every 0.1 s) during the evaluation period, were calculated for each
attribute for all samples. Smoothing of TCATA curves was done via the
smoothing.spline function in the TempR package of R software version
3.1.1. Resulting curves were then analyzed as described elsewhere
(Gonzalez-Estanol et al., 2022). To evaluate the effects of formulations,
for each product group (spread alone, spread-bread and spread-wafer
combinations), the citation proportions of the control samples (A-C, B-
C, W-C) were compared with the citation proportions of the corre-
sponding test samples (A-LF and A-LS; B-LF and B-LS; W-LF and W-LS).
Significant differences in TCATA profiles of two products were calcu-
lated for each time point and for each attribute by applying two-sided
Fisher-Irwin tests to evaluate whether citation proportions for the
pairs of products were statistically significant different at a 5 % signif-
icance level (Castura et al., 2016). Highlighted sections (bold lines) in
the TCATA curves represent periods during which significant differences
between test samples (LS or LF) and control samples were observed (p
< 0.05).

For both panels, duration proportions for each participant were ob-
tained for each sample in each TCATA evaluation as the proportion of
the 105 s evaluation time that an attribute was selected. For example, if
a participant selected sticky for a duration of 40 s, then the duration
proportion would be obtained as 40 s/105 s = 0.38. Duration pro-
portions ranged from 0 to 1. Data was checked for the effect of the panel
on dynamic sensory perception. An analysis of variance (ANOVA) was
performed with the duration proportions of each attribute as a response
and panel (consumer without NSA / trained with NSA) as independent
variable. A Multiple Factor Analysis (MFA) was performed on the
average duration proportions of the attributes of all the samples. Product
spaces and correlation plots were constructed to visualize differences
and similarities in the characterization of the samples between the
trained panel with NSA and the consumer panel without NSA. RV
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coefficients were calculated from MFA analyses to obtain the correlation
between both panels.

Finally, the maximum value for citation proportions (Citpax), the
time to reach Cityax (Thmax), and the area under the curve (AUC) were
extracted for hazelnut, milky, and cocoa attributes from the TCATA
curves of both panels for a direct comparison of aroma release of the five
volatile compounds used to spike the spreads. In addition to analyzing
the formulation effect previously described, the effect of carrier addition
was also assessed for these attributes. Thus, for each spread formulation,
the citation proportions of the spreads served alone (A-C, A-LF, A-LS)
were compared with the citation proportions of the spread-carrier
combinations (B-C,W-C; B-LF,W-LF; and B-LS,W-LS). Pairwise product
differences between the product served alone and the spread-carrier
combinations were performed, where bold sections in the TCATA
curves represent periods during which significant differences between
samples were observed (p < 0.05).

2.6.2. In vivo nose-space data analysis

PTR-ToF-MS data were processed with in-house software (Depart-
ment of Food Quality and Nutrition, Edmund Mach Foundation) as
described elsewhere (Cappellin et al., 2011). Tentative peak identifica-
tion was performed using an in-house library developed by the authors.
Mass peaks corresponding to the target volatile compounds (Table 1)
were extracted and their concentrations were calculated. For each
selected mass peak, averaged release curves (n = 8, in triplicate) were
plotted against time (s) for each sample. Time was divided into three
windows: baseline (-50 s to 0 s), mastication of samples (Osto 15s/20 s
depending on sample type) and post-swallowing (16 s / 21 s to 105 s,
depending on sample type). AUC, maximum aroma concentration (Ipay)
and mean time to reach maximum aroma concentration (Tya.x) were
calculated for each compound separately.

To test the effect of chocolate hazelnut spread formulation and car-
rier addition, linear mixed models (LMM) were performed for each of
the extracted parameters individually. Spread (C, LS, LF), carrier (Alone,
Bread, Wafer), and their interactions were set as fixed factors and sub-
jects as random effect. When p < 0.05, Tukey’s HSD pairwise compar-
isons were performed.

Relative changes in AUC, I, and Tpax values were determined (%)
individually for each volatile compound by calculating the difference in
values between the control formulation (A-C, B-C, W-C) and the low
sugar (A-LS, B-LS, W-LS) or low fat samples (A-LF, B-LF, W-LF) and then
dividing this difference by the value of the control formulation (A-C, B-
C,W-Q). In a similar way, relative changes in AUC, I ax and Tpax Were
determined (%) individually for each volatile compound by calculating
the difference in values between the spreads evaluated alone (A-C, A-LF,
A-LS) and the bread (B-C, B-LF, B-LS) or wafer (W-C, W-LF, W-LS) and
then dividing this difference by the value of the spreads evaluated alone
(A-C, A-LF, A-LS).

3. Results
3.1. Dynamic sensory perception of spreads alone

Fig. 1 compares the TCATA curves of both panels for the three
chocolate-hazelnut spreads when consumed alone (A-C, A-LF, A-LS).
The TCATA profile of the control spread obtained by the trained panel
with NSA (n = 8, in triplicate) (Fig. 1A) was characterized by the
perception of stickiness, especially before and after swallowing, reach-
ing its highest citation proportion (0.84) at 28 s, followed by perception
of cocoa reaching its highest citation proportion (0.92) at 42 s. The end
of the evaluation was characterized by high citation proportions of
milky and sweetness. Highlighted sections in the TCATA curves (bold
lines) represent periods during which significant differences between
samples were observed (p < 0.05). A-LF (Fig. 1C) was perceived to be
stickier from to the middle of the evaluation, but with a short period (<3
s) during which it was significantly different from C. From the middle
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‘ ‘ Consumer panel without NSA

| Trained panel with NSA

(0-Vv) Jebns ybiH e} ybiH

Citation Proportion

(471-v) sebns ybIH /ey moT

|

(S7-v) Jebns moj j3e} ubIH

Time (s)

Cocoa Creamy Hazelnut

Mouth drying

Sweet Toffee

Fig. 1. Trained panel with nose space analysis (NSA) (n = 8, triplicate) and consumer panel without NSA (n = 72). TCATA curves for three chocolate-hazelnut
spreads served on their own (A-C, A-LF, A-LS). Periods of significant differences (p < 0.05) in proportion of citations between A-LF and A-C and between A-LS
and A-C are indicated by highlighted thick sections. The vertical dotted line represents the swallowing moment.

through the end of the evaluation, cocoa and sweetness had the highest
citation proportions. Mouth drying was higher than A-C, especially at
the end of the evaluation when there was a short period (<3 s) of sig-
nificant difference. Overall, milky showed a decrease in perception, with
short significantly different periods around 25 s and 70 s of the evalu-
ation. The TCATA profile of A-LS (Fig. 1E) was similar to the control (A-
C). After swallowing, perception was characterized by sweetness,
stickiness, and cocoa flavor. This was followed by high citation pro-
portions of sweetness until the end of the evaluation.

For the TCATA evaluations with the consumer panel without NSA (n
= 72), the highest citation proportions for the control spread (Fig. 1B)
were sweetness (0.87), followed by hazelnut (0.79) and stickiness
(0.79). The reduced fat spread (A-LF) (Fig. 1D) was perceived to be
significantly (p < 0.05) stickier, compared with the control spread (A-C)
throughout most of the evaluation period. Citation proportions of milky,
sweetness, creamy, and hazelnut were significantly (p < 0.05) lower at
the beginning of mastication and after swallowing compared with the
control (A-C), whereas mouth drying citation proportions were signifi-
cantly (p < 0.05) higher before and after swallowing. The sensory profile

of the reduced sugar spread (A-LS) (Fig. 1F) was very similar to the
control spread (A-C), except for a short period (< 3 s) at the beginning of
the evaluation, during which sweetness was significantly lower
compared with A-C.

To summarize, TCATA evaluations of the spreads alone by the
trained panel with NSA and of the consumer panel without NSA were
similarly to those of the reduced fat spread (A-LF), which was perceived
as stickier than the control spread, especially at the beginning of
mastication. Dynamic perception of hazelnut and sweetness followed
similar temporal profiles for both panels.

3.2. Dynamic sensory perception of spreads with carriers

TCATA curves for the three chocolate-hazelnut spreads combined
with bread (B-C, B-LF, B-LS), and wafer (W-C, W-LF, W-LS) are shown in
Supplementary Material Figs. 1 and 2, respectively. For both panels,
bread-like flavor (for spread-bread combinations) and crunchy and
wafer-like (for spread-wafer combinations), were used to describe the
perception of the composite foods at the beginning of mastication.
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After swallowing, the evaluation of B-C by the trained panel with
NSA, displayed a high citation proportion for cocoa, hazelnut, and
sweetness, which lingered until the end of the evaluation. Just as with
the spreads evaluated alone, comparisons were performed between the
reduced fat (B-LF, W-LF) and sugar (B-LS, W-LS) spreads with their
control counterparts (B-C, W-C). For the reduced fat spread (B-LF), after
swallowing, there was a significant decrease in citations of cocoa and a
significant increase of milky perception at the beginning of the masti-
cation compared with B-C. Towards the end of the evaluation, sweetness
was prevalent. The reduced sugar sample (B-LS) was characterized by
the perception of cocoa during the middle of the evaluation. Towards
the end of the evaluation, milky and sweetness were the most cited
attributes.

The TCATA evaluation with the consumer panel without NSA,
showed that after swallowing B-C, sweetness and hazelnut had the
highest citation proportions with 0.83 and 0.72, respectively, and
lingered until the end of the evaluation. While the B-LS combination
displayed a very similar temporal profile as the B-C combination, the B-
LF combination showed a significant increase in citation proportions of
sticky, especially after swallowing, compared with B-C.

For both panels, and all samples (W-C, W-LS, W-LF), wafer-like flavor
and crunchy were the characteristic attributes at the beginning of con-
sumption until after swallowing. For the trained panel with NSA, for all
samples, hazelnut, cocoa, and sweetness showed high citation pro-
portions from the middle through the end of the evaluation. No signif-
icant differences were found between W-LF and W-C or between W-LS
and W-C. For the consumer panel without NSA, all wafer combinations
reached the highest citation proportions for creamy around swallowing
(20 s). Sweetness and hazelnut showed a prolonged perception after
swallowing and towards the end of the evaluation time. The W-LF
combination displayed a significant increase in citation proportions for
sticky after swallowing compared with W-C, followed by an increment
of toffee flavor around the middle of the mastication period, and a
decrease in cocoa flavor before swallowing. W-LS combinations showed
very similar dynamic sensory profiles as W-C, with only minor signifi-
cant differences during short periods (<3 s).

To summarize, TCATA profiles of the spread-carrier combinations
obtained by the trained panel with NSA and the consumer panel without
NSA showed similarly that the addition of carriers (bread and wafer) had
a considerable effect on the dynamic sensory perception of all spreads.
Attributes related to the carriers were perceived at the beginning of
consumption, whereas those of the spreads were perceived after
swallowing.

3.3. Comparison of TCATA profiles from consumer panel without NSA
and a trained panel with NSA

The results from the ANOVA showed that the duration of citation
proportions of 5 out of 8 attributes were significantly different across
both panels (cocoa (F(1, 16) = 174.51, p < 0.001), creamy (F(1, 16) =
79.51, p < 0.001), milky (F(1, 16) = 79.08, p < 0.001), sticky (F(1, 16)
= 4.74, p < 0.05), and toffee (F(1, 16) = 13.12, p < 0.01)). To further
compare the TCATA evaluation results from the trained panel with NSA
(n = 8, in triplicate; blue) and the consumer panel without NSA (n = 72;
green), MFA was performed for all samples (Supplementary Material
Fig. 3). The correlation circle illustrates the average duration pro-
portions for each sensory attributes from both panels, and the individual
factor map represents the average duration proportions as mean points
and the variation between the trained and consumer panels. Excellent
agreement between configurations would correspond to a RV coefficient
close to 1 (Faye et al., 2004). With an observed RV coefficient of 0.73, it
can be concluded that the overall agreement between both panels was
good. Overall, this suggests that the differences observed in the temporal
perception of the spreads and composite foods between the panels for
the attributes cocoa, creamy, milky, sticky and toffee were significant
but small. Visual inspection of the MFA plot reveals that the first
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dimension differentiates the spreads alone from the spread carrier
combinations. The second dimension seems to differentiate mainly
across chocolate hazelnut spread formulations.

Even though both panels generally perceived similar sensory attri-
butes as applicable over time to describe the samples as observed from
the MFA (Supplementary Material Fig. 3), it was decided to not average
the results from both panels because the duration proportions of cocoa,
creamy, milky, sticky, and toffee were significantly different across both
panels (p < 0.05).

For further analysis and comparison of in vivo aroma release with
aroma perception, the TCATA data from the consumer panel without
NSA (n =72) is considered in sections 3.4 and 3.5 although the data was
not collected during the in vivo PTR-ToF-MS measurements. This is
because the number of observations for the consumer panel without NSA
was 72 compared to 24 for the trained panel with NSA (n = 8, triplicate),
which gives the consumer panel more statistical power, and explains
why the TCATA curves of the trained panel with NSA are overall less
smooth than the TCATA curves of the consumer panel without NSA.
Moreover, it seems that most attributes were not unselected by most of
the assessors of the trained panel with NSA at the end of the evaluation
in contrast to the consumer panel which unselected attributes more
frequently.

3.4. Influence of spread formulation on in vivo aroma release and
perception

Table 3 displays a summary of the parameters extracted from the in
vivo aroma release curves (AUC, Iy, and, Tpay) for each compound
separately and the parameters extracted from the TCATA curves (AUC,
Citmax and Thayx) of the attributes cocoa, hazelnut and milky. The effects
of spread (Control, LS, LF), carrier (Alone, Bread, Wafer) and their
interaction on the aroma release parameters were determined using
linear mixed models (Table 4).

Overall, fat and sugar content of spreads had only a limited effect on
in vivo aroma release, as it was significant (p < 0.05) only for benzal-
dehyde, filbertone and isovaleraldehyde (Table 4). Compared to the
control formulation, the AUC of benzaldehyde decreased for the low
sugar spreads by —7.8 % for A-LS and by —9.4 % for W-LS (Fig. 2A). For
filbertone, AUC was reduced the most for the low sugar spreads (by
—5.1 % for B-LS and by —6.8 % for W-LS compared to the control
samples). In,x of benzaldehyde decreased the most in the low sugar
spread (by —11.3 % for W-LS and by —10.7 % for A-LS).

Fig. 3A shows the release curves of tentatively identified (t.i.)
methylpyrazine (m/z 95.05), benzaldehyde (m/z 107.05), filbertone (m/
2127.112) and the corresponding TCATA profiles for hazelnut obtained
from the consumer panel without NSA. When the spreads were
consumed alone, the A-LF displayed significantly lower citation pro-
portions (highlighted with bold lines), compared to A-C, that lasted from
the beginning of mastication and after the swallowing moment. No
significant effect was observed on the perception of flavor for neither of
the spread-carrier combinations.

Fig. 4A shows the release curves of t.i delta dodecalactone (m/z
85.06) and its corresponding TCATA profiles for milky flavor. When
spreads were consumed on their own, milky perception of A-LF
decreased significantly (bold lines) compared to A-C from the beginning
of the evaluation and lasted after the swallowing moment. When carriers
were added, B-LF and W-LF also displayed a decrease in perception,
however not to a significant level, except for short periods (<3s) in the
case of B-LF.

Lastly, a similar trend was observed for the release curves of t.i.
isovaleraldehyde (m/z 87.07) and its corresponding TCATA profiles of
the cocoa attribute (Supplementary Material Fig. 4). Significant differ-
ences of cocoa perception were found for the spread-wafer combina-
tions. The TCATA curves of reduced fat spread (W-LF) displayed a
significant decrease (bold lines) compared to W-C at the end of the
mastication period and during the swallowing moment.



K. Gongzalez-Estanol et al. Food Research International 167 (2023) 112726

Table 3

(A) Area under the curve (AUC), maximum aroma concentration (I;,,,) and mean time to reach maximum aroma concentration (Tp,.x) (mean + SD) describing in vivo
nose space release of tentatively identified delta-dodecalactone (m/z 85.06), isovaleraldehyde (m/z 87.07), methylpyrazine (m/z 95.05), benzaldehyde (m/z 107.05),
and filbertone (m/z 127.112) determined with PTR-ToF-MS (n = 8, triplicate), and (B) maximum value for citation proportions (Cityay), time to reach Citmax (Tmax),
and the Area under the curve (AUC) from TCATA curves of consumer panel for attributes cocoa, hazelnut and milky.

A) in vivo aroma release (PTR-ToF-MS) B) Sensory perception (TCATA)

Delta-dodecalactone Isovaleraldehyde Methylpyrazine Benzaldehyde Filbertone Cocoa Hazelnut Milky
A-C MaxI (ppbV) 1.0+ 0.4 25.9 +11 1.7+1 24+1.1 1.5+0.5 MaxCit (-) 0.5 0.8 0.6
Tmax (s) 34 +18 33 +20 41 + 30 35+18 37 £ 19 Tmax (s) 19 23 18
AUC (ppbV*s) 19 £ 10 443 + 243 39 £ 25 53 + 28 34 +13 AUC 21 42 24
A-LF MaxI (ppbV) 0.9 + 0.4 25.5 +13.9 1.3+0.7 22+1.1 1.4 £ 0.6 MaxCit (-) 0.5 0.8 0.3
Tmax (s) 35+19 33+22 42 + 31 33+16 32+ 24 Tmax (s) 27 27 23
AUC (ppbV*s) 19 £ 12 520 + 349 33 £26 53+ 29 34 +18 AUC 25 43 17
A-LS MaxI (ppbV) 0.8 + 0.4 24.1 +14.8 1.3+0.8 22+1.1 1.3+0.5 MaxCit (-) 0.6 0.7 0.5
Tmax (s) 27 +£12 25+13 45 + 31 31+17 31+17 Tmax (s) 20 28 22
AUC 15+ 10 394 + 256 35+25 46 + 23 27 £ 15 AUC 24 40 21
B-C MaxI (ppbV) 43+21 38 +19.2 1.2+ 0.5 28+1 1.8 £0.5 MaxCit (-) 0.5 0.7 0.5
Tmax (s) 32+11 26 £ 9 35+17 35+11 36 +£13 Tmax (s) 21 32 25
AUC (ppbV*s) 149 + 72 777 + 319 42 + 20 74 + 31 50 + 17 AUC 21 40 23
B-LF MaxI (ppbV) 41+26 34.6 +13.1 1.2 +0.8 25+1 1.5+ 0.4 MaxCit (-) 0.5 0.7 0.4
Tmax (s) 31+11 25+7 40 + 25 35+13 33+10 Tmax (s) 28 23 22
AUC (ppbV*s) 144 + 93 776 + 350 34+19 72 + 37 46 + 20 AUC 22 41 18
B-LS MaxI (ppbV) 42+29 36.5 + 15 1.4 £ 09 3+15 1.7 £ 0.6 MaxCit (-) 0.4 0.7 0.5
Tmax (s) 29+ 13 23+8 40 + 31 31 +10 30 +12 Tmax (s) 20 28 22
AUC (ppbV*s) 129 + 86 686 + 336 37 £ 24 70 + 39 41 +18 AUC 19 42 19
W-C MaxI (ppbV) 1.2+0.5 34.8 £ 14.4 1.7+1.2 27 +1.5 1.6 £ 0.6 MaxCit (-) 0.6 0.8 0.5
Tmax (s) 29+ 12 27 +11 38 + 33 34 + 14 34 +19 Tmax (s) 22 25 28
AUC (ppbV*s) 29+ 14 818 + 351 60 + 45 70 + 42 47 £ 19 AUC 22 40 17
W-LF MaxI (ppbV) 1.1+ 0.4 35.5+ 129 1.8+1.3 27 +£1.2 1.6 £0.7 MaxCit (-) 0.4 0.7 0.4
Tmax (s) 27 +11 26 +11 42 + 28 35+11 34 +15 Tmax (s) 27 31 29
AUC (ppbV*s) 28 +£12 846 + 341 59 + 37 71 + 30 46 + 18 AUC 18 39 16
W-LS MaxI (ppbV) 1+04 28.1 £10.2 1.6 + 0.9 2.3+0.9 1.3+0.5 MaxCit (-) 0.5 0.7 0.4
Tmax (s) 32+16 32+16 30 £ 23 32+11 35+ 15 Tmax (s) 25 26 27
AUC (ppbV*s) 24 +10 673 + 263 52 + 36 60 + 31 40 + 16 AUC 20 39 20

Table 4

Effect of carrier addition to spreads (carrier), reformulation of chocolate hazelnut spreads (formula) and their interaction effect (linear mixed model) on AUC, MaxI and
Tmax values obtained from in vivo nose space aroma release of t.i. (A) methylpyrazine, (B) benzaldehyde, (C) filbertone, (D) delta-dodecalactone, and (E)
isovaleraldehyde.

A) Methylpyrazine AUC Imax Tmax
Source F p value F p value F p value
Carrier 32.99 <0.001 12.44 <0.001 0.99 0.37
Formula 2.22 0.11 0.95 0.39 0.46 0.63
Formula * Carrier 0.62 0.65 1.96 0.10 0.79 0.53
B) Benzaldehyde AUC Imax Tmax
Source F p value F p value F p value
Carrier 40.26 <0.001 11.53 <0.001 0.28 0.75
Formula 4.70 0.01 1.89 0.15 2.80 0.06
Formula * Carrier 0.48 0.75 3.17 0.01 0.34 0.85
C) Filbertone AUC Imax Tmax
Source F p value F p value F p value
Carrier 36.64 <0.001 10.39 <0.001 0.27 0.76
Formula 10.21 <0.001 5.25 <0.001 1.98 0.14
Formula * Carrier 0.16 0.96 2.05 0.09 0.66 0.62
D) Delta-dodecalactone AUC Imax Tmax
Source F p value F p value F p value
Carrier 190.73 <0.001 149.21 <0.001 0.85 0.43
Formula 1.09 0.34 0.40 0.67 0.89 0.41
Formula * Carrier 0.28 0.89 0.07 0.99 2.13 0.08
E) Isovaleraldehyde AUC Imax Tmax
Source F p value F p value F p value
Carrier 81.72 <0.001 23.49 <0.001 3.59 0.03
Formula 11.35 <0.001 1.99 0.14 0.84 0.43
Formula * Carrier 0.78 0.54 1.49 0.20 2.81 0.03
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Fig. 2. Relative intensity changes in AUC, L ,x and Tpax (%) for each volatile compound. (A) describes the relative changes against the control formulation in
comparison to reduced fat and reduced sugar spreads. (B) describes the relative changes against the spreads evaluated alone compared to spreads combined with

bread or wafer.

3.5. Influence of carrier addition to spreads on in vivo aroma release and
perception

Contrary to the small effect of spread reformulation on in vivo aroma
release and perception, there was a strong effect of the addition of
carrier on both aroma release and perception for all target molecules.
Overall, the AUC and I,y of the spreads consumed alone showed a
significant increase (p < 0.05) with the addition of bread and wafer
(Table 3, Table 4). In the case of delta dodecalactone, its release was
only affected by the addition of bread (p < 0.05), which increased AUC
by 170 % for the control formulation, by 166 % for the low fat formu-
lation and by 160 % for the low sugar formulation compared to when the
corresponding spreads were eaten alone (Fig. 2B). I,y increased by 214
% with the addition of bread for the control formulation, by 228 % for
the low fat formulation and by 258 % for the low sugar formulation. For
the release of the five VOC’s, the addition of carriers reduced the time to
reach maximum intensity compared to when spreads were eaten alone,
but only in the case of isovaleraldehyde this reduction was significant (p

< 0.05) when bread was added to the control formulation (—20.7 %) and
to the low fat formulation (-22.7 %) (Tables 3 and 4, and Fig. 2B).

Fig. 3B and 4B display the carrier effect of aroma release of t.i.
methylpyrazine, t.i. benzaldehyde, t.i. filbertone, and t.i. delta dodeca-
lactone and their corresponding TCATA profiles obtained from the
consumer panel without NSA for their corresponding flavor attributes
(hazelnut and milky). In all cases, contrary to the increase of aroma
release observed upon addition of carriers to spreads, aroma perception
decreased, especially in the beginning of mastication. For the control
and the reduced sugar spreads, hazelnut perception significantly
decreased with the addition of wafer (bold lines). For milky, this
decrease was more pronounced in the control spreads where the
decrease was significant (bold lines) with bread and wafer addition.
Lastly, in the case of cocoa, wafer addition led to a significant decrease
(bold lines) in perception at the beginning of mastication in all
formulations.
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Fig. 3. Averaged in vivo nose space release of methylpyrazine, benzaldehyde and filbertone (n = 8, triplicate) and TCATA proportion of citations of the consumer
panel without NSA (n = 72) for the attribute hazelnut comparing effects of formula (A) and carrier (B) on aroma release and perception. Black continuous lines
represent moment when samples were put in mouth, and dotted lines represent swallowing moment. Periods of significant differences (p < 0.05) in proportion of
citations in TCATA curves, compared to control formula (A) and spread alone (B) are indicated by highlighted thick sections.

4. Discussion

While many studies investigated the relationship between in vivo
aroma release and perception of single or model foods, little attention
has been paid to in vivo aroma release and perception of complex food
matrices that could be more representative of the real consumption
context. The aims of this study were (i) to investigate the effect of fat and
sugar content of chocolate-hazelnut spread on in vivo aroma release and
sensory perception of a composite food and (ii) to investigate the effect
of carrier addition on the aroma release and sensory perception of
chocolate-hazelnut spread using in vivo nose space analysis with
PTR-ToF-MS and TCATA sensory analysis. From a methodological point
of view, the trained panel with nose space analysis does not warrant
smooth TCATA data due to the limited number of observations (n = 8, in
triplicate). Consequently, a TCATA evaluation was done with consumers
without nose space analysis (n = 72) to validate the TCATA results
obtained from the trained panel with NSA. Overall, the TCATA profiles

obtained with the trained panel during nose space analysis and the
consumer panel without nose space analysis showed good agreement
(RV coefficient = 0.73). Therefore, the TCATA profiles obtained from
the consumer panel without nose space analysis were used for the
comparisons of aroma release and perception.

It was first hypothesized that fat has a stronger effect than sugar on
aroma release and perception due to the hydrophobic nature of the
target molecules. Our results showed that modulations of fat and sugar
content of spreads had little effect on aroma release and perception. It is
important to note that fat and sugar reduction remained within realistic
product reformulations (Supplementary Material Table 1), so had high
ecological validity but were small. This could partly explain why the
degree of reformulation of spreads in our study was not sufficient to
cause larger differences in aroma release and perception depending on
fat and sugar content of the spreads.

Despite the inter- and intra- individual differences, the five t.i. VOC’s
(methylpyrazine, benzaldehyde, filbertone, delta dodecalactone and
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isovaleraldehyde) used to spike the spreads displayed similar in vivo
release patterns with the maximum release being reached after the
swallowing moment. This is in accordance with literature (Déléris et al.,
2011; Hodgson et al., 2003) which demonstrated an increase in aroma
release after swallowing (swallow breath). Isovaleraldehyde displayed
the highest in-nose concentration. In previous studies comparing vola-
tility of different chemical classes, esters showed the highest volatility,
followed by aldehydes, ketones and alcohols (Naknean & Meenune,
2010). On the other hand, saliva affects odorant concentration by
chemical and biochemical reactions between its components and food
volatiles. It has been shown that benzaldehyde can be affected by an
interaction with mucins (Friel & Taylor, 2001; Van Ruth & Roozen,
2000), which could explain its lower release, despite being an aldehyde.
Even though all aroma molecules were hydrophobic (Table 1) our re-
sults are not in line with the general concept that the lipid phase acts as a
reservoir for aroma compounds resulting in a decrease of aroma release
with increasing lipid content in the food matrix (Arancibia et al., 2011;
Frank et al., 2011; Gonzalez-Tomas et al., 2007; Guichard, 2002). This
discrepancy could be because the reduced fat spread had the highest
viscosity of all spreads (Supplementary Material Table 1). As a direct
consequence of a change in viscosity, sensory perception of the reduced
fat spread was characterized by sticky perception, decreasing the
perception of aromas associated to the molecules of interest. This is in
line with a previous study reporting that an increase in viscosity induced
a decrease in aroma perception (Baines & Morris, 1987). Similarly, it
was reported that decreasing fat content led to a reduction of perceived
lemon intensity in mayonnaises (van Eck et al., 2021; Wendin et al.,
1997).

Secondly, it was hypothesized that adding solid carriers to hazelnut-
chocolate spreads lead to an increase in aroma release and decrease in
aroma perception. From our results, when the spreads were combined
with carriers, in vivo aroma release and perception correlated negatively.
In general, addition of bread or wafer enhanced aroma release, which
could be explained by the introduction of chewing by the carriers and an
adaptation of the masticatory behavior to the hardness of the carriers,
which caused the breakdown of the food into many particles increasing
the surface area and thus, the mass transfer from the bolus to the saliva
and air. Differences within carriers were observed for delta dodeca-
lactone as the addition of bread significantly increased its release, but
the addition of wafer had no effect on delta dodecalactone release. This
lactone is naturally found in butter, cheese, apricot, coconut, peach,
pineapple, strawberry and meat (Sanchez-Palomo et al., 2008; Zhang
et al., 2020), so its presence in bread can be neglected. Even if aroma
compound properties can account for the diversity in the shape of
release curves kinetics, the high inter-individual physiological vari-
ability (e.g volumes of the naso-oropharyngeal cavities, dentition,
tongue movements during each chew, variations in saliva flow and
salivary protein composition, velum opening and different breathing
rates) (Deleris et al., 2015; Labouré et al., 2014) and product charac-
teristics remain important factors that could explain the differences that
were observed. In this case, it may be that the bolus formation process of
bread led to an increase of volatile release.

In contrast to the increase of aroma release, addition of solid carriers
resulted in a decrease of aroma perception. The addition of a carrier food
to a spread created a contrasting texture, and perception may have
shifted from one food to another within one single bite and during the
mastication process. So, carrier addition modulates aroma perception of
composite foods by cross-modal texture-aroma interactions. This is in
line with previous findings, where it was shown that the texture
perception of food dominates the duration from early to middle chewing
time in cereal products such as biscuits (Laguna et al., 2013). Our results
are also in line with previous studies on composite foods. For instance,
the study of van Eck et al. (2021) combined bread and crackers with
different mayonnaises. Their study found that carriers contribute to the
texture perception, whereas toppings drive overall flavor perception.
More recently, in another study, when different mayonnaises were
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consumed and assessed alone, aroma release and intensity perception
were positively correlated, however, when they were combined with
different carriers, release of aroma into the nasal cavity during con-
sumption increased, but the perceived aroma intensity decreased (van
Eck et al., 2021). Thus, our second hypothesis is confirmed. We
acknowledge that monitoring specific odor-active compounds and
knowing their individual flavor quality does not necessarily translate to
the contribution of the individual compound to the overall flavor of the
food due to perceptual interactions between different aroma volatiles.
Therefore, the relationships between the in vivo aroma release of the
specific volatile compounds and their aroma perception reported in this
study should be interpreted with caution.

5. Conclusions

To conclude, this study demonstrated that fat and sugar content of
chocolate-hazelnut spreads, in the studied reformulation range, had
only limited effect on in vivo aroma release and perception. The addition
of carriers to the chocolate-hazelnut spreads generally increased the
duration and intensity of in vivo aroma release and decreased aroma
perception. This strong effect of carrier addition on aroma release and
perception of chocolate-hazelnut spreads highlights the importance of
investigating toppings/spreads accompanied with carriers rather than in
isolation as it could give an inaccurate sensory profile and mislead
product development. Ultimately, the presence of accompanying foods
could be a strategy in the design of healthier foods (e.g. low in calories,
reduced fat, reduced sugar, reduced salt) without the consumer
perceiving differences between the reformulated products. Finally, this
work stressed the fact that aroma release and sensory perception of
complex food matrices during consumption are multidimensional phe-
nomena highlighting the need to develop multidisciplinary approaches
to better understand the mechanisms governing aroma release and
perception during food consumption.
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