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Abstract: Scents have the ability to affect peoples’ mental states and task performance with to
different extents. It has been widely demonstrated that the lemon scent, included in most all-
purpose cleaners, elicits stimulation and activation, while the lavender scent elicits relaxation and
sedative effects. The present study aimed at investigating and fostering a novel approach to evaluate
users’ experience with respect to scents’ effects through the joint employment of Virtual Reality
and users’ neurophysiological monitoring, in particular Electroencephalography. In particular, this
study, involving 42 participants, aimed to compare the effects of lemon and lavender scents on the
deployment of cognitive resources during a daily life experience consisting in a train journey carried
out in virtual reality. Our findings showed a significant higher request of cognitive resources during
the processing of an informative message for subjects exposed to the lavender scent with respect
to the lemon exposure. No differences were found between lemon and lavender conditions on the
self-reported items of pleasantness and involvement; as this study demonstrated, the employment of
the lavender scent preserves the quality of the customer experience to the same extent as the more
widely used lemon scent.

Keywords: Electroencephalography (EEG); virtual reality (VR); mental effort; neuroscience; scent;
smell; lavender; lemon

1. Introduction
1.1. Virtual Reality: A Realistic Experience Preserving a High Ecological Validity

Nowadays, we are witnessing a huge growth of Virtual Reality (VR) and its related
applications as well as of the employment of VR in research contexts. The technological
advances performed by the gaming industry allow researchers to design highly immersive
virtual environments (HIVE) by means of game engines, such as Unity3D [1] and Unreal
Engine [2], where the “nature” of the virtual environments is represented by the motion in
a simulated virtual geographic space, often bound to game missions or to the experience
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of a “spatial story”. Game engines have become widely used to develop HIVE which,
differently from common cartography criteria [3], allow for the representation of geospatial
data in VR with a high detail level generating the vivid illusion of being in a virtually
mediated environment, a phenomena that has been called spatial presence [4]. VR has
already been shown to be a powerful solution in several research fields, from military
training to clinical applications for treating mental disorders as phobias or post-traumatic
stress disorder (PTSD) [5–7].

One of the main drivers of VR is the sense of presence defined by the sensation ex-
perienced by users, who are exposed to the computer-generating environment, of being
there [8,9], along with the degree of immersion that is related to the technological system [10].
In particular, the main components that enhance the immersion sensation refer to graphical
realism, multimodal integration, interactivity [11], sounds, and emotional atmosphere [12].
In this direction, an univocal agreement emerged by previous studies: the sensation of being
present increases according with the level of immersion offered by VR technology [12–15]
and users are more likely to perceive a higher immersion and sense of presence when the
interaction with the environment is mediated by sophisticated technology such as Head
Mounted Display (HMD) compared to less sophisticated technologies [5,13,16].

The growing number of HMD manufacturing companies is causing a drop in the
HMD prices [17,18] as well as a simultaneous increase in the availability and differentiation
of HMD models and the launch of new products that are capable to generate the illusion of
real vision. The enhanced illusion relies on the lenses located in the device that are inspired
to the eye’s functioning and to how the brain processes the visual inputs and is capable to
eliciting complex mental processes [5].

The investigation of human responses in the daily life experience, both from a cognitive
and emotional point of view, is more complicated than expected because of the limitation in
reproducing an ecological environment in a laboratory setting and in controlling the wide
variety of variables that get involved in the experience. Indeed, research protocols based
on the presentation of media and aimed to the investigation of emotional and cognitive
processes often fail to recreate a realistic and ecological settings generating a loss of validity
and the consequent difficulties in properly and reliably exploring mental states [9,12]. VR
could play a key role in this frame as it allows researchers to reproduce ad-hoc immersive
3D environments where users’ perceptions can reach high levels of realism, and any
object can be manipulated in real time. Furthermore, researchers have already noticed
the potentiality of VR, compared to traditional tools, for studying emotional reactions
and mental states [19,20], and in the manipulation of the environment. This latter aspect
is crucial in the modulation of our experiences as already demonstrated by traditional
paradigms such as the stimulus-organism-response (S-O-R) [21].

Therefore, VR tools and techniques represent an opportunity for researchers to work
with highly controlled environments where many aspects of the experience can be easily
manipulated in a controlled way. It is important to mention that such manipulation can be
referred not only to VR objects, such as scenes and environments, but it can also involve
variables coming from the real world and capable to affect the perception of the individuals
while interacting with a highly controlled VR environment. In particular, the investigation
of smell is extremely interesting for researchers when it is performed in VR because even if
a scent is manipulated outside of the VR world, it can still affect human behavior within
the VR world while people observe a stimulus or interact with an object.

1.2. The Power of Scents

Olfaction represents one of the most ancient sense from the evolutionarily point of
view and one of the most complex sense to investigate considering also that it takes place
in many life functions [22]. Scent engages several structures of the human brain such
as the piriform cortex, located in the ventral frontal-temporal junction and playing an
important role in the identification of the smell, and the thalamus that distributes the
smell information to other structures like the orbitofrontal cortex, the hippocampus, and
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the amygdala [23,24]. The capability of the scents to trigger memories and emotions is
strictly associated to the latter mentioned brain regions that are historically known to be
involved in memorization and emotional processing [25,26] and that are directly linked
to the olfactory receptors located in the human nose [27,28]. In contexts in which the
emotional response elicited by an odor and the odor identification play a key role, some
authors demonstrated that the close link between the emotional quality of an odor and its
identification relies on the two affective dimensions of valence and dominance [29].

A recent study on scent perception demonstrated an increment of theta oscillation at
the level of the piriform cortex while olfaction stimuli were processed. Such an increment
mediated the olfactory processing by coordinating and exchanging the information between
the pyriform cortex and hippocampus. Moreover, this study proved that odor elicits theta
power selectively in the human piriform cortex within 500 ms of a sniff, and odor-specific
content can be decoded from piriform oscillations as early as 110 ms [30]. Other studies
described the role of the alpha frequency band in the perception of olfactory stimuli [31,32].
Di Flumeri et al. [32] showed how pleasant and unpleasant scents produce different patterns
in the alpha activity. Furthermore, the self-reported perceptions were aligned with the
contribution provided by the EEG activity: when the subjects evaluated a scent as pleasant,
an asymmetric alpha activity over the prefrontal cortex was observed. The same event was
observed and demonstrated while subjects appreciated a picture or other kind of sensorial
stimuli [33–35]. Other studies showed how the activity in different EEG frequency bands
can be affected by the use of specific fragrances. For example, the presence of jasmine flavor
is associated with an increase of alpha activity [36], while the inhalation of a mixture of
lavender and bergamot is associated with an increase of theta activity in the right prefrontal
lobe [37].

Valuable insights have been provided by previous research focused on the smell
investigation and its effect on human experience in several fields. For instance, within
the marketing field, fragrances judged to be pleasant and congruent have been found
to be capable to affect the product evaluation [38,39], the time spent in a store [40–42],
and the purchase behavior [41]. Furthermore, it is important to highlight that not every
environmental cue is consciously perceived as stimuli coming from the external world
are also processed beyond the threshold of human awareness. In support of this assump-
tion, some empirical evidence have proved that scent may modulate human perception
unconsciously [43].

1.3. Neurophysiological Evaluation of User’s Experience

Different neuroimaging techniques have been proposed to catch insights about users’
mental states during a particular experience reproduced in laboratory or even in close-to-
real settings [44–51]. The most used technologies are the functional Near-InfraRed spec-
troscopy (fNIRs) and the Electroencephalography (EEG). However, the latter is definitely
the most used one because of its great compromise between technology cost, portability,
usability, and performance in terms of spatial and time resolution [46]. The recent tech-
nological advancements and the development of wearable solutions and dry sensors are
undoubtedly establishing EEG as the main research tool for human behavior studies [52,53].

In this context, EEG has been employed to investigate video gamers’ experience [54,55].
For example, Naumann and colleagues proposed an EEG-based system that was able to
predict the difficulty level of a video game [56]. In particular, EEG signals were recorded
by using a 32-electrodes device from 6 participants playing a modified Tetris game under
10 different difficulty levels. The proposed approach was able to predict the levels with a
high accuracy yielding a mean prediction error of less than one level. EEG is now often used
also in marketing research. The so-called consumer neuroscience investigates the possibility
to access information within the consumer’s brain during the generation of a preference or
the observation of commercial advertisements [57–62] by using EEG-based neurometrics.
In the last years, several studies have been published showing how it is possible to detect
hidden signs of memorization process and emotional engagement like pleasantness [63–66].
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Such indexes have been successfully applied also for the evaluation of auditory [65,67],
olfactory [32,68], and tasting [35,69] stimuli.

1.4. The Case Study

In this scenario, the present work aimed at investigating the feasibility and capability
in using VR and EEG to investigate users’ experiences with respect to the particular
scents vaporized.

Considering the contribution provided by previous research, this study aimed to shed
more light on the effect of relaxing/activating scent on mental effort, during an ordinary
experience like a train journey, employing lavender and lemon scents that are respectively
associated with relaxation [31,70,71], and activation [72]. An important aspect to consider is
that through virtual reality was possible for the participants to face two train journeys with
ad-hoc features (e.g., specific scents diffusion), where all the events of the experience, of
interest or not, have been presented at specific time in each experimental session (the flow
of events over time was always the same for all subjects). The impossibility of controlling
the variables of interest (scents diffusion) and environmental variables (e.g., noise, people
interaction and other distractors), together with the obvious economic reasons related to the
rent of two real trains from two different railway companies to face a trip between Rome
and Milan for research purposes, makes the idea of running a similar research in a real train
highly unattainable. For those reasons, virtual reality was used as a holistic approach [73],
and allowed us to present stimuli taking into account the “veridical control of laboratory
measures and the verisimilitude of naturalistic observation of real life situations” [74,75]
and reach an optimal balance between the need for exacting control over key variables and
the naturalistic observation [76].

This study focused on exploring the impact that such fragrances could have on the
participants’ mental effort deployed to process two key messages: the generic message
(welcome voice), and the informative message (delay voice). In addition, it is important to
mention that the level of mental effort was monitored to detect also potential differences
between scent conditions (i.e., lavender vs. lemon) over the entire train journey. Along
with the lavender, the choice to employ the lemon fragrance rather than other fragrances
like rosemary or jasmine was made taking into account the ordinary olfactive experience of
the individuals during a train journey. Besides being associated with the idea of cleaning,
lemon aroma is typically used as aroma for all-purpose cleaners [40,70,77,78] and can be
considered a congruent odor with the tested environment (i.e. virtual train). In this context,
the opposite effect of lavender and lemon can represent a novelty aspect if related to the
ability to deploy cognitive resources allocated to process stimuli that play a crucial role
in the customer experience and that are administered through holistic approach [73] with
high ecological validity.

According to our intentions, the EEG has been used to quantify the mental effort
elicited by the stimuli of interest that is defined as the “amount of cognitive resources
employed by a subject while engaged in a task”. Scientific literature related to the mental
effort and workload widely demonstrated that theta activity over the prefrontal brain cortex
significantly increases whit high levels of mental effort, and vice versa [79,80]. Therefore,
EEG frontal theta activity is now considered as a reliable indicator of mental effort of
subjects involved in different tasks, such as car driving [81,82], air traffic control [83–85],
mathematical tasks [86,87], perception of complex auditory stimuli [88], and task perfor-
mance in general [89,90]. Beyond the neurophysiological investigation performed through
the computation of the Global Field Power (GFP) in the theta band over the frontal chan-
nels (index of mental effort), self-reported measures of pleasantness, involvement, audio
perception, and smell awareness were considered in order to provide further cues related
to the general perception of the train journey in condition of exposure to lemon or lavender.

The main experimental questions of the present study were:
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Is it possible to employ VR together with EEG to evaluate user’s experience, and in
particular the effect of specific scents on user’s cognitive capabilities in understanding
informative audio messages?

Is it possible to detect significant differences in terms of mental activity, in particular
mental effort, while exposed to two different scents, i.e., lavender and lemon, supposed to
induce two different moods, respectively, relaxation and activation?

2. Materials and Methods
2.1. Participants

The experimental sample was composed of 42 healthy participants (21 females and
21 males; mean age = 28.6 years; SD = 6.7 years). The participants, recruited on a voluntary
basis, self-reported to have no history of mental illnesses or drug abuse. The study was
conducted in accordance with the principles outlined in the Declaration of Helsinki of 1975,
as revised in 2008, and approved by the Sapienza University of Rome Ethical Committee
(Ethic approval code: 191126_BRAIN) in charge for the Department of Molecular Medicine.
After the explanation of the study, each participant signed a document of informed consent
which included the authorization to use the video-graphical material (i.e., photos and
videos of the experiment).

2.2. Experimental Groups

The whole experimental group was divided into two experimental subgroups (21 par-
ticipants each): one was exposed to the lemon scent, while the other was exposed to the
lavender one. In order to avoid any sickness or similar psychophysiological disorder due
to a prolonged experience in VR [91], the experiment duration was limited as much as
possible, therefore it was not possible to ask the participant to repeat the experience in
both the conditions. At the beginning of the experimental session, each participant was
randomly assigned to the “lemon” group and the “lavender” group using a computer-
based randomization procedure (“Research Randomizer” tool, available at the following
link: https://www.randomizer.org (accessed on 17 February 2021)), based on the random
assignment by blocks method in order to preserve an equal sample size for both groups.

During the experiment, each group was indeed exposed to the either the lemon scent
or the lavender scent. The scent was diffused in the air of the experimental room by the
use of the same vaporizing diffuser device with a continuous flow, constant intensity, and
handling the same amount of essential oil (i.e., spray capability equal to 350 ml of liquid
per hour). When the participant entered the experimental room, the lavender or lemon
scent was already present in the air and would have been present for the entire “VR train
journey” experience (see Section 2.3.3).

2.3. Experimental Protocol

The experimental protocol consisted in four main phases (see Figure 1) named
as follows: “VR training and train choice” (5 minutes of total duration), “VR neutral
environment—baseline” (1 minute of total duration), “VR train journey” (11 minutes of
total duration, 5:30 minutes on each train) and “Questionnaire” (around 3 minutes of total
duration). Participants’ brain activity (i.e., EEG signal) was recorded along the entire exper-
imental protocol except for the “VR training and virtual train choice” and “Questionnaire”
phases. The entire experience in virtual reality has been kept under the 20 minutes to avoid
the intromission of potential VR sickness symptoms [92], fatigue, and sensory adaptation
that would negatively affect the goodness of the research. Each main phase is explained in
detail in the following sections.

2.3.1. VR Training and Train Choice

After the EEG setup, the participants were invited to wear a head mounted display
(HMD, HTC Vive model) and headphones (see Figure 2) to take part in a short training
experience allowing them to familiarize with a general virtual reality environment. The VR

https://www.randomizer.org
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training experience lasted around 3 minutes and was carried out in separated room where
no scent was vaporized. During this phase, the participants were immersed in a virtual
apartment and were asked to walk around and turning their heads in order to be aware of
the 360-degree tracking, movement, and VR audio properties.
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In this context, the participants were introduced to the tasks that they would have
to performed during the following phases. In particular, within the same VR training
environment, they were shown a timetable related to several high-speed trains departing
from Rome to Milan and were asked to choose two trains they would have liked to travel
by, among those included in the timetable.

The only requirement related to this choice was to not choose two trains from the same
company. All the trains available on the timetable were related to one of the two Italian
leading companies for high-speed rail transport, “Frecciarossa” and “Italo”. In fact, the
two train companies are different in terms of interior design: in this way we ensured that
there was not any bias due to other external variables since all the participants experienced
both the trains.

Furthermore, participants were warned that some of the high-speed trains could
experience delays during the trip because of a technical issue on the high-speed rail line
and that any delay would affect the length of the virtual trip as well as the duration of the
whole experiment. This latter statement was addressed in order to stimulate a true reaction
in participants, in term of mental processes, to the delay communication presented in each
virtual train. In order to further preserve this aspect, we did not informed participants
beforehand on the duration of the two trips scenario and we did not tell them if their
chosen trains would experience a delay or not.

2.3.2. VR Neutral Environment (Baseline)

After the train choice, the subjects were invited to relax while immersed in a simple
virtual environment for 1 minute. This environment was represented by a white room with
no textures and objects, designed with the aim of recreating a basic/neutral environment
to be used as baseline for the EEG data processing.

2.3.3. VR Train Journey

During the next phase, each participant, still wearing the HMD and the EEG headband,
was invited to the experimental room where the lemon scent or the lavender scent had
been already diffused in the air according to the specific subject inclusion in one of the two
distinct groups (i.e., lemon or lavender).

For each subject, the protocol consisted of two virtual high-speed train trips, one
by “Frecciarossa” and the other by “Italo”. The order of exposure to both trains was
randomized using the random order assignment method of the “Research Randomizer”
tool (available at the following link: https://www.randomizer.org (accessed on 17 February
2021)), in order to avoid any effect related to the presentation order.

Each virtual trip consisted in the same sub-phases (see Figure 3) and the entire virtual
experience, considering both trains, lasted around 11 minutes.

Sub-phase 1—Seat search and sit: the participant was immersed in a virtual reality
environment consisting in the interior of a high-speed train (“Frecciarossa”/“Italo”) and
was invited to find the assigned seat and then to sit down. A real chair, of the same
dimensions of the virtual seat, was located according with the position of the virtual seat.

Sub-phase 2—Departure from Rome: One minute after the beginning of the experience,
the train started moving. The effect associated with the movement of the train was achieved
by employing a video of a flowing external landscape visible through the train windows
(see Figure 4) along with the presence of several sound effects designed to increase the
perception of realism.

Sub-phase 3—Welcome message (Generic): 30 s after the train’s departure, the “on
board voice” gave the welcome to the travelers. The welcome message had a total duration
of 15 s. The entire scene associated to this mentioned sub-phase can be watched in the
first half of the video available at the link https://youtu.be/xxUsKSiQy-Y (accessed on 17
February 2021).

Sub-phase 4—Slowdown message (Informative): At the minute 3:30 from the beginning
of the experience, the “on board voice” warned the travelers that the train was undergoing

https://www.randomizer.org
https://youtu.be/xxUsKSiQy-Y
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a slowdown because of a technical issue on the high-speed rail line, apologizing for the
inconvenience. The slowdown message had a total duration of 10 s (Figure 5). The entire
scene associated to this mentioned sub-phase can be watched in the second half of the video
available at the link https://youtu.be/xxUsKSiQy-Y (accessed on 17 February 2021).

Sub-phase 5—Interruption of the experience: At the time stamp 5:30, the participant
virtual experience suddenly terminated leaving him/her for some seconds immersed in a
dark virtual environment with no audio sources. The researchers explained to the subject
that this interruption was due to a sudden malfunction of the HMD and that, for such
reason, the virtual experience on the first train had to be quit.
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We introduced such false statement because we needed to keep the entire virtual
reality experience as short as possible to avoid the intromission of potential VR sickness
symptoms that would affect the goodness of the research [92]. Furthermore, we decide the
use a false statement that relied on external causes, not-subject related and quite common
to experience in virtual reality applications to avoid generating stress in participants and
preserve a realistic reaction to the delay also for the second train trip. If we disclosed
that the duration of each train trip was equal to 5:30 minutes, such a disclosure would
have undermined the credibility of the second virtual trip as well as a realistic reaction to
the delay.

Afterwards, the researchers recommended to the participant to be ready again, because
the trip on the second high-speed train would start in the next few seconds. The same
procedure was repeated for the second high-speed train trip.

2.3.4. Questionnaire

Once each participant’s entire virtual experience on both the trains ended, the HMD
and the EEG frontal headband were removed to allow the participant to comfortably sit
down in another room and fill in a short questionnaire. During this phase, the participant
was asked to rate the items pleasantness, involvement, audio-perception (this latter further
divided in “audio involvement”, “audio identification” and “audio localization”) rela-
tively to the entire virtual experience ranging from 1 (minimum) to 7 (maximum). In
addition, subjects were invited to report if they were aware of the presence of a distinct
smell within the experimental room, and in case of awareness to report the name of the
perceived fragrance.

2.3.5. Data Recording and Signal Processing

A ten electrode (Fpz, Fp1, Fp2, AFz, AF3, AF4, AF5, AF6, AF7, and AF8) EEG frontal
headband along with a portable 21-channel system (BEmicro and Galileo software, EBneuro,
Italy) was utilized to record the EEG activity with sampling rate of 256 Hz (Figure 6). The
EEG electrodes were grounded at the left earlobe and referred to the right earlobe. All the
skin-electrode impedances were kept below 10 kΩ.

The recorded data were processed offline through MATLAB software (MathWorks Inc.,
Natick, MA, USA). EEG signals were digitally bandpass filtered by a 5th order Butterworth
filter ([2 ÷ 30] Hz) to remove the continuous component and high-frequency interferences,
and then a Notch filter (50 Hz) was applied.
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Afterwards, the Independent Component Analysis (ICA) was performed in order to
remove artefactual components. In particular, the SOBI algorithm was employed [93]. The
signal was decomposed into 10 Independent Components (ICs, equal to the number of EEG
channels), two specific ICs related to eye blinks and saccades artefacts have been visually
identified by an expert, and then the EEG signal was reconstructed [94] and re-referenced
by means of the common average reference (CAR).

However, this conservative approach does not ensure a completely artefact-free EEG
data. In order to remove any other kind of artefacts that is not univocally associated to
one IC, further automatic procedures of the EEGLAB toolbox [95] were adopted in order
to remove corrupted portions of data. The EEG signal was segmented into 1-second-long
epochs, shifted of 0.5 s in order to avoid any “boundary effect”, and then the follow-
ing epoch rejection criteria have been applied to automatically recognize artefact data
epochs [96]:

(i) Threshold criterion: EEG epochs with a signal amplitude exceeding ±100 µV were
labeled as artefact.

(ii) Trend criterion: EEG epochs were interpolated in order to check the slope of the
trend within the considered epochs. If the slope of an epoch was higher than 10 µV/s, the
considered epoch was marked as “artefact”.

(iii) Sample-to-sample difference criterion: The EEG epoch was marked as “artefact”
also if the amplitude difference between consecutive EEG samples was higher than 25 µV,
inasmuch it would represent a no-physiological variation.

Accordingly to the epoch rejection criteria [96], which use has been validated in
different previous studies [84,97,98], EEG epochs labelled as “artefact” were removed from
the EEG dataset, in order to obtain an EEG dataset free of artefacts. The 12 ± 3% of data
has been on average removed.

At the beginning of the EEG recording, the participants were invited to close their eyes
for 60 s. Such time interval was then employed for the calculation of the individual alpha
frequency (IAF), i.e., the peak of the signal power spectrum within the traditional alpha
frequency range (8–12 Hz). According to Klimesch [99], the IAF was then used to define the
individual EEG frequency bands of each participant as follows: theta [IAF − 6–IAF − 2],
alpha [IAF − 2–IAF + 2], beta [IAF + 2–IAF + 16] and gamma [IAF + 16–IAF + 30].
Therefore, the EEG signal of all the electrodes was filtered in the individual theta frequency
band, being the most informative band related to mental effort variations as described in
(see Section 1.4).
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Afterwards the global field power (GFP) was obtained, in order to get a summary of
the activity related to the cortical areas of interest in a specific frequency band [100], in this
case theta activity over the frontal electrodes.

Several studies focusing on attentional and cognitive processing [101,102] as well as
clinical studies [103,104] performed the calculation of the GFP that can be considered as a
reference-independent descriptor of the field potential [105].

Below is the GFP formula in the form of an equation that allowed us to calculate the
average GFP value on all the GFP values estimated over 1 second of EEG signal:

GFPϑ,Frontal =
1
N

N

∑
i=1

xϑi
(t)2 (1)

where ϑ represents the specific EEG band, Frontal represents cortical area, N represents the
number of electrodes related to a specific area, i represents the electrodes’ index and x is
the specific EEG sample at time t, filtered within the related EEG band (i.e., ϑ) and for the
specific channel i.

The EEG-based mental effort neurometric, useful to evaluate the participants’ mental
effort [88,106], was calculated as the GFP in Theta band over all the frontal electrodes
(Fp2, AF4, AF6, AF8, AF7, AF3, Fp1, AF5). In fact, an increasing frontal theta activity
was demonstrated to be correlated to increasing mental effort [79,82], would result in an
increasing of the aforementioned GFPFrontal,ϑ index, thus this can be finally employed as
the neurometric of the participants’ mental effort.

Finally, the neurometric of mental effort was normalized for each second using the
mean and the standard deviation of the same neurometric calculated on the individual
baseline (see “VR neutral environment” in Figure 1):

normalized index =
index − meanbaseline

standard deviationbaseline
(2)

2.3.6. Performed Analysis

Independent samples t-tests were performed considering the “scent” as grouping
variable. This variable had two levels, “lemon” and “lavender”, based on the experimental
groups’ definition (see Figure 1).

The test variables were instead represented by the mental effort neurometric related to
three main time segments of interest, representative of the experiences on both high-speed
virtual trains:

“Whole experience” (5:30 minutes of total duration): this variable referred to the time
segment attributable to one entire high-speed train trip. Such variable was computed from
the average of the mental effort neurometric values obtained for the two high-speed train
trips in association to the mentioned time segment of interest.

“Generic message” (15 s of total duration): this variable referred to the time segment
in which the “generic message” (welcome message) was provided by the on-board voice.
This variable was computed from the average of the mental effort neurometric values
obtained for the two high-speed train trips in association to the mentioned time segment
of interest.

“Informative message” (10 s of total duration): this variable referred to the time
segment in which the “informative message” (slowdown message) was provided by the on-
board voice. Such variable was computed from the average of the mental effort neurometric
values obtained for the two high-speed train trips in association to the mentioned time
segment of interest.

For each subject, the Mental Effort Neurometric was averaged between the two trains
experience, in a coherent way for each segment of interest, to avoid any particular bias due
to train interiors, as explained in Section 2.3.1.

Regarding the questionnaire variables associated to the self-reported measures, inde-
pendent samples t-test was performed considering such variables as test variables, while the
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“scent” was considered as a grouping variable with two levels, “lemon” and “lavender”, based
on the experimental groups’ definition (see Figure 1). In order to increase data readability and
cross comparisons, the mentioned variables were normalized between 0 and 1.

Concerning the self-reported measure of awareness, related to the presence of a distinct
smell, no statistical analysis could be performed. However, such data will be reported to
provide a better frame for the discussion of results.

3. Results
3.1. Mental Effort

Regarding the mental effort neurometric (ME) averaged for both trains and related to
the entire experience (“whole experience”), the results showed a statistically significant
increase (p = 0.028) for ME values in subjects exposed to the lavender scent in comparison
to those ones exposed to the lemon scent (see Figure 7).
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Regarding the mental effort neurometric (ME) averaged for both trains and related
to the generic message (welcome message) and to the informative message (slowdown
message), the results showed a statistically significant increase (p = 0.023) for ME values in
subjects exposed to the lavender scent in comparison to those ones exposed to the lemon
scent, during the occurrence of informative message (see Figure 8). A similar trend was
found also for the generic message (welcome message) but in this case the comparison
of the two experimental groups (lemon and lavender) on the mental effort neurometric
showed no significant differences.

3.2. Self-Reported Smell Awareness and Smell Identification by Name

Despite the fact that all subjects were exposed to a specific smell (lemon/lavender)
during the virtual reality experience, more than half of the sample (57%) stated that they
were unaware of the presence of a smell (see Figure 9).

Furthermore, only the 21% of the participants correctly recognized by name the specific
fragrance to which they were exposed (lavender/lemon).

3.3. Self-Reported Pleasantness and Involvement

Regarding the self-reported measures of pleasantness and involvement, the results
showed no statistically significant differences for subjects exposed to the lavender scent in
comparison to those ones exposed to the lemon scent (see Figure 10).
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3.4. Self-Reported Audio Perception (Involvement, Identification, Localization)

Concerning the self-reported measures “audio involvement”, “audio identification”,
and “audio localization” associated to the audio perception of the entire experience on
both virtual high-speed trains, the results showed no statistically significant differences
between subjects exposed to the lavender scent and subjects exposed to the lemon scent
(see Figure 11).
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4. Discussion
4.1. Summary

The present study explored the impact of lavender scent in comparison to the lemon
one in terms of mental effort demand when processing audio messages, especially during
a VR-simulated train journey.

Lavender is typically considered a sedative-type aroma whose inhalation has
been associated to a decrease in the level of autonomic nervous system (ANS) arousal
(e.g. decrease of blood pressure, heart rate, and skin temperature) [107] and to the active
performance of tasks in terms of quality, accuracy and reaction time [108–111]. In addition,
previous research showed that lavender was capable to improve concentration and work
efficiency [112]. On the other hand the lemon aroma has been traditionally associated
to activation [72] and employed in all-purpose cleaners, like train cleaning [40,70,77,78],
representing a congruent odor with the tested environment (virtual train).

The above mentioned and opposite features associated to lavender and lemon led
us to narrow the comparison to those specific fragrances and focusing our attention on
the deployment of cognitive resources that has been investigating in the EEG frontal theta
activity, known as a reliable indicator of mental effort [81–87,89,90].

Our results showed a significant increment of mental effort for subjects exposed to
the lavender scent in comparison to subjects exposed to the lemon scent during the entire
virtual travel experience (see Figure 7).

Considering the relaxing properties and the sedative effect of the lavender scent
showed by previous research [72,110], the results provided by the present work seems to
indicate that a calm state creates the condition for a cognitive disclosure and the predisposi-
tion for a better elaboration of the information provided by the environment. Furthermore,
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the association between lavender and improvement in cognitive functions is consistent
with previous studies [110,111].

Regarding the deployment of cognitive resources allocated for processing the audio
messages, the results showed a significant higher mental effort in subjects exposed to the
lavender scent than subjects exposed to the lemon scent only during the occurrence of the
informative message (see Figure 8). As mentioned in previous sections, considering that
the informative message consisted in the on-board voice warning related to the presence
of an inconvenience (e.g. slowdown due to a technical issue on the high-speed rail line),
and that each subject, at the beginning of the experimental session, was advised that a
similar inconvenient would have increased the duration of the virtual trip as well as of
the experiment, this message category had a direct impact on the participant experience
differently from the generic message (welcome voice). In other words, the results of the
present study would suggest that the lavender scent seems therefore to be more powerful
than the lemon for a better cognitive processing and comprehension of relevant and
informative content. Of course, these results should be confirmed by a large-scale study
including more “stimuli” conditions and a control group. However, these results reveal
that EEG-based neurometrics can be sensitive to cognitive phenomena dynamics due to
scents exposure even in a VR environment.

Furthermore, the present work showed no differences in terms of self-reported in-
volvement and pleasantness associated to the entire virtual trip between the lavender and
lemon condition (see Figure 10) assuring that the use of the lavender scent, over lemon,
would not negatively affect the customer experience.

Regarding the self-reported measures “audio involvement”, “audio identification”
and “audio localization” associated to the audio perception of the entire experience on
both virtual high-speed trains, even if the trend illustrated in Figure 11 could be indicative
again of a better contribution of the lavender over lemon, such differences did not reach
the significance.

Undoubtedly, the present study would have benefit from testing both the scents with
all the participants, even including a “scent-free” control condition, however while dealing
with VR a critical constraint of the experimental design is the risk of inducing sickness and
other psychophysiological disorders to the participants [91]. This phenomenon is highly
subject-dependent and hard to monitor and predict, therefore the experiments must be
designed limited to the purposes of the study. This concern could be even more serious
in this kind of neuroscientific studies since some cues of sickness could affect human
physiological activities. Therefore, in the present study the VR experience duration was
kept as short as possible.

The obtained results provided intriguing perspectives regarding the joint use of
VR and neurophysiological monitoring, in particular EEG, for the evaluation of users’
experiences. Even though it is a preliminary study with some intrinsic limitations, which
are discussed in detail here below, the proposed setup allowed us to point out significant
effects in mental effort allocated to understand an audio message while exposed to different
scents. The proposed setup becomes particularly of interest when the research target is
not the users’ overt behavior but the even unconscious mental states and reactions. Not
surprisingly, in terms of participants’ awareness related to the perception of a scent, our
data showed that more than half of the sample (57%) was unaware of the presence of an
ambient scent (Figure 9).

4.2. Recommendations for Future Experimental Studies

Some limitations of the study and recommendations for future studies should also be
discussed and will be reported below:

• First, even if virtual reality allows the generation of a high controlled environment
that allows to preserve a high ecological validity, caution is required when integrating
such technology with neuroscientific tools, like the EEG. In particular, before running the
experiment with real subjects, we performed several trials in order to identify potential
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issues related to such integration. We found out that some brands of EEG were affected
by electrical interferences more than others due to the proximity of the electrodes and the
HMD streaming the VR images. Moreover, during such trials we noted that the use of
the frontal headbands with dry sensors returned a significant amount of noise due to the
contact of the headband with the HMD and to the constant movement of participants. For
these reasons we used an EEG device that was not affected by such electrical interference,
standard EEG gel-based electrodes, and we also limited subjects’ movement asking them
to remain seated for most of the virtual reality experience.

• Second, in order to further investigate the differences in the cognitive perception
of the informative and generic message in condition of lavender/lemon scent, the inte-
gration of further self-reported measures specifically related to those messages would be
recommended. In our study we added several items with the aim to explore the accuracy
of the audio perception, but they were related to the entire experience which also included
environmental noises. In this direction, the results obtained and illustrated in Figure 11
showed an interesting trend, again in favor of the lavender scent, but they did not reach the
significance. We believe that the administration of similar items, but specific for the generic
and the informative messages, could provide further insights and direct link between
self-reported and neurophysiological measures.

• Third, we did not apply any method aimed to identify the subjective detection-
threshold related to the perception of the odors. Our attention was mainly focused in
replicating a daily life situation and in keeping constant the spray amount, the speed, and
intensity related to the diffusion of the scent for the two tested odors. Nevertheless, the
application of methods that allows to identify the subjective detection-threshold related to
the perception of the odors, could also provide further variables to consider for a deeper
exploration of the self-reported measures of “smell awareness” (see Figure 9).

• Four, there is an ongoing debate in the field of spatial cognition whether constant
speed motion has different effects on spatial performance measures rather than teleport
motion (which has been established as reliable and user-friendly approach in video and
computer games to move in VR space). Further studies could therefore investigate if
and how different motion techniques would affect the cognitive processing of scents in
virtual reality.

Considering the above limitations and recommendations we believe that future studies
will be able to provide further insights about the effect of the scent on mental states within
an experimental frame where VR meets neuroscience. In particular, the combination of
technologies such as the EEG and HMD in the same experimental protocol requires cautio,
because of the high risk of noise contamination. Moreover, the integration of methods
aimed to identify the subjective detection-threshold related to the perception of the odors
along with a collection of self-reported data specifically oriented to the informative and
generic messages, could be at the base of future valuable findings.

5. Conclusions

In a world where the lemon scent is typically used as an aroma for all-purpose cleaners,
like those ones usually employed for the train cleaning, the results provided by this study
indicate the lavender scent as a powerful alternative capable to elicit a greater amount of
cognitive resources during the environment processing than the lemon scent.

In general, the relaxing effect operated by the lavender fragrance seems to encourage
a higher deployment of cognitive resources with a much greater extent than the lemon,
traditionally associated to stimulation, activation and alert.

In a context where the amount of empirical works conducted on lemon scent is far
below than those ones aimed to investigate the lavender effect and considering that a
previous study showed that lemon, like lavender, seems to have positive effects on task
performance while dealing both with mental e physical tasks [72], our study sheds more
light on the effective use of lavender scent, compared to lemon scent, in terms of the
deployment of cognitive resources when processing audio messages. Furthermore, it is
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important to highlight that the use of lavender over lemon does not negatively affect the
perception of involvement and pleasantness associated to the customer experience (see
Figure 10) and its employment represents a valid solution in order to positively affect the
task performance and concentration levels confirming and extending findings reported by
previous research [112].

Regarding the processing of generic and informative communications, this study
provided interesting evidence that could be taken into account by marketing experts in
order to optimize their strategies in several fields. The use of lavender over lemon, was
indeed indicative of a significant higher deployment of cognitive resources allocated for
the processing of informative communication represented by information relevant to the
purpose of the individual (see Figure 8). In this direction, if many beneficial effects of the
scent have been already provided by previous research focusing on product evaluation
and purchase behaviors [38,39], our study demonstrated how well the integration of
neuroscientific and virtual reality tools could represent an added value to the marketing
field of the customer experience to explore psychological phenomena associated to scents
within an immersive and realistic experience that preserves a high ecological validity.

Beyond marketing implications, new types of human interfaces could be developed,
by exploiting the multisensory stimulation. Future wearable technology could be able to
adapt the environment to human needs according to their safety. An accurate processing
of informative messages in some context could even save lives (e.g., airplane ditching
evacuation procedures). Wearable-Neuroscientific technology, thanks to the analysis of
the neurophysiological signals, could detect the amount of cognitive resources deployed
during the processing of informative messages and automatically adjust the environment
(e.g. spraying lavender scent) in order to encourage the deployment of an optimal level of
cognitive resources necessary for a correct processing of the message.

In conclusion, the opportunity to study the scent effect in environments that are not
even existing at the moment but that will turn into reality in the next future, preserving
a high ecological validity, along with the neurophysiological investigation, represents a
source of innovation and inspiration for researchers that aim to achieve valuable insights.

Author Contributions: Conceptualization, E.M.; Formal analysis, E.G. and E.M.; Investigation, P.C.
and E.G.; Methodology, G.C. and D.R.; Project administration, M.M.; Resources, A.M., S.M. and V.L.;
Software, G.B., G.d.F. and S.M.; Supervision, M.M., A.T. and F.B.; Writing—original draft, M.M. and
E.G.; Writing—review & editing, M.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the principles
outlined in the Declaration of Helsinki of 1975, as revised in 2008, and approved by the Sapienza
University of Rome Ethical Committee in charge for the Department of Molecular Medicine. each
participant signed a document of informed consent, that included the authorization to use the
video-graphical material (i.e., photos and videos of the experiment).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from Prof.
Babiloni (fabio.babiloni@brainsigns.com).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Unity Real-Time Development Platform|3D, 2D VR & AR Engine. Available online: https://unity.com (accessed on 1 February 2021).
2. The Most Powerful Real-Time 3D Creation Platform-Unreal Engine. Available online: https://www.unrealengine.com/en-US

(accessed on 1 February 2021).
3. Edler, D.; Keil, J.; Wiedenlübbert, T.; Sossna, M.; Kühne, O.; Dickmann, F. Immersive VR experience of redeveloped post-industrial

sites: The example of ‘Zeche Holland’ in Bochum-Wattenscheid. KN J. Cartogr. Geogr. Inf. 2019, 69, 267–284. [CrossRef]
4. Hruby, F.; Castellanos, I.; Ressl, R. Cartographic scale in immersive virtual environments. KN J. Cartogr. Geogr. Inf. 2020,

2020, 1–7. [CrossRef]

fabio.babiloni@brainsigns.com
https://unity.com
https://www.unrealengine.com/en-US
http://doi.org/10.1007/s42489-019-00030-2
http://doi.org/10.1007/s42489-020-00055-y


Brain Sci. 2021, 11, 256 18 of 21

5. Bohil, C.J.; Alicea, B.; Biocca, F.A. Virtual reality in neuroscience research and therapy. Nat. Rev. Neurosci. 2011,
12, 752–762. [CrossRef]

6. Romano, D.M. Virtual reality therapy. Dev. Med. Child Neurol. 2005, 47, 580. [CrossRef]
7. Rizzo, A.; Parsons, T.D.; Lange, B.; Patrick, K.; Buckwalter, J.G.; Rothbaum, B.; Difede, J.; Frazier, J.; Newman, B.; Williams, J.; et al.

Virtual reality goes to war: A brief review of the future of military behavioral healthcare. J. Clin. Psychol. Med. Settings 2011,
18, 176–187. [CrossRef] [PubMed]

8. Meehan, M.; Insko, B.; Whitton, M.; Brooks, F.P. Physiological measures of presence in stressful virtual environments. In
Proceedings of the 29th ACM SIGGRAPH ’02, San Antonio, TX, USA, 14 July 2002; pp. 645–652.

9. Riva, G.; Mantovani, F.; Capideville, C.S.; Preziosa, A.; Morganti, F.; Villani, D.; Gaggioli, A.; Botella, C.; Alcaniz, M. Affective inter-
actions using virtual reality: The link between presence and emotions. Cyberpsychol. Behav. 2007, 10, 45–56. [CrossRef] [PubMed]

10. Slater, M. Measuring presence: A response to the Witmer and Singer presence questionnaire. Presence 1999, 8, 560–565. [CrossRef]
11. Diemer, J.; Alpers, G.W.; Peperkorn, H.M.; Shiban, Y.; Mühlberger, A. The impact of perception and presence on emotional

reactions: A review of research in virtual reality. Front. Psychol. 2015, 6, 26. [CrossRef]
12. Serrano, B.; Botella, C.; Baños, R.M.; Alcañiz, M. Using virtual reality and mood-induction procedures to test products with

consumers of ceramic tiles. Comput. Human Behav. 2013, 29, 648–653. [CrossRef]
13. Baños, R.M.; Botella, C.; Alcañiz, M.; Liaño, V.; Guerrero, B.; Rey, B. Immersion and emotion: Their impact on the sense of

presence. Cyberpsychology Behav. 2004, 7, 734–741. [CrossRef]
14. Borba, E.Z.; Zuffo, M.K. Advertising perception with immersive virtual reality devices. In Proceedings of the 2017 IEEE Virtual

Reality (VR), Los Angeles, CA, USA, 18–22 March 2017; pp. 371–372.
15. Seth, K.; Suzuki, K.; Critchley, H.D. An interoceptive predictive coding model of conscious presence. Front. Psychol. 2012,

3, 1–16. [CrossRef]
16. Isdale, J. What is Virtual Reality. Virtual Real. Inf. Resour. 1998, 4. Available online: http://www.columbia.edu/~{}rk35/vr/vr.html

(accessed on 17 February 2021).
17. HTC Vive Pro Sees Permanent Price Drop Starting from £599–VRFocus. Available online: https://www.vrfocus.com/2020/01/

htc-vive-pro-sees-permanent-price-drop-starting-from-599 (accessed on 7 June 2020).
18. Oculus Price Drop–VR.org. Available online: https://www.vr.org/tag/oculus-price-drop (accessed on 7 June 2020).
19. Pallavicini, F.; Pepe, A.; Ferrari, A.; Garcea, G.; Zanacchi, A.; Mantovani, F. What Is the Relationship Among Positive Emotions,

Sense of Presence, and Ease of Interaction in Virtual Reality Systems? An On-Site Evaluation of a Commercial Virtual Experience.
Presence Virtual Augment. Real. 2020, 27, 183–201. [CrossRef]

20. Estupiñán, S.; Rebelo, F.; Noriega, P.; Ferreira, C.; Duarte, E. Can virtual reality increase emotional responses (Arousal and
Valence)? A pilot study. In Proceedings of the International Conference of Design, User Experience, and Usability, Crete, Greece,
22–27 June 2014; pp. 541–549.

21. Mehrabian, A.; Russell, J.A. An Approach to Environmental Psychology; MIT Press: Cambridge, MA, USA, 1974.
22. Pinto, J.M. Olfaction. Proc. Am. Thorac. Soc. 2011, 8, 46–52. [CrossRef]
23. Gazzaniga, M.S. The Cognitive Neurosciences; MIT Press: Cambridge, MA, USA, 2009.
24. Making Sense of Scents: Smell and the Brain. Available online: https://www.brainfacts.org/thinking-sensing-and-behaving/

smell/2015/making-sense-of-scents-smell-and-the-brain (accessed on 7 June 2020).
25. Winston, J.S.; Gottfried, J.A.; Kilner, J.M.; Dolan, R.J. Integrated neural representations of odor intensity and affective valence in

human amygdala. J. Neurosci. 2005, 25, 8903–8907. [CrossRef]
26. Fortin, N.J.; Agster, K.L.; Eichenbaum, H.B. Critical role of the hippocampus in memory for sequences of events. Nat. Neurosci.

2002, 5, 458–462. [CrossRef]
27. Epple, G.; Herz, R.S. Ambient odors associated to failure influence cognitive performance in children. Dev. Psychobiol. J. Int. Soc.

Dev. Psychobiol. 1999, 35, 103–107. [CrossRef]
28. Spence, C. Gastrophysics: The New Science of Eating; Penguin: London, UK, 2017.
29. Bestgen, A.K.; Schulze, P.; Kuchinke, L. Odor emotional quality predicts odor identification. Chem. Senses 2015,

40, 517–523. [CrossRef]
30. Jiang, H.; Schuele, S.; Rosenow, J.; Zelano, C.; Parvizi, J.; Tao, J.X.; Wu, S.; Gottfried, J.A. Theta oscillations rapidly convey

odor-specific content in human piriform cortex. Neuron 2017, 94, 207–219. [CrossRef]
31. Burnett, K.M.; Solterbeck, L.A.; Strapp, C.M. Scent and mood state following an anxiety-provoking task. Psychol. Rep. 2004,

95, 707–722. [CrossRef]
32. di Flumeri, G.; Herrero, M.T.; Trettel, A.; Cherubino, P.; Maglione, A.G.; Colosimo, A.; Moneta, E.; Peparaio, M.; Babiloni, F. EEG

frontal asymmetry related to pleasantness of olfactory stimuli in young subjects. In Selected Issues in Experimental Economics;
Springer: Berlin/Heidelberg, Germany, 2016; pp. 373–381.

33. Davidson, R.J.; Ekman, P.; Saron, C.D.; Senulis, J.A.; Friesen, W.V. Approach-withdrawal and cerebral asymmetry: Emotional
expression and brain physiology: I. J. Pers. Soc. Psychol. 1990, 58, 330. [CrossRef]

34. Sutton, S.K.; Davidson, R.J. Prefrontal brain asymmetry: A biological substrate of the behavioral approach and inhibition systems.
Psychol. Sci. 1997, 8, 204–210. [CrossRef]

http://doi.org/10.1038/nrn3122
http://doi.org/10.1017/S0012162205001143
http://doi.org/10.1007/s10880-011-9247-2
http://www.ncbi.nlm.nih.gov/pubmed/21553133
http://doi.org/10.1089/cpb.2006.9993
http://www.ncbi.nlm.nih.gov/pubmed/17305448
http://doi.org/10.1162/105474699566477
http://doi.org/10.3389/fpsyg.2015.00026
http://doi.org/10.1016/j.chb.2012.10.024
http://doi.org/10.1089/cpb.2004.7.734
http://doi.org/10.3389/fpsyg.2011.00395
http://www.columbia.edu/~{}rk35/vr/vr.html
https://www.vrfocus.com/2020/01/htc-vive-pro-sees-permanent-price-drop-starting-from-599
https://www.vrfocus.com/2020/01/htc-vive-pro-sees-permanent-price-drop-starting-from-599
https://www.vr.org/tag/oculus-price-drop
http://doi.org/10.1162/pres_a_00325
http://doi.org/10.1513/pats.201005-035RN
https://www.brainfacts.org/thinking-sensing-and-behaving/smell/2015/making-sense-of-scents-smell-and-the-brain
https://www.brainfacts.org/thinking-sensing-and-behaving/smell/2015/making-sense-of-scents-smell-and-the-brain
http://doi.org/10.1523/JNEUROSCI.1569-05.2005
http://doi.org/10.1038/nn834
http://doi.org/10.1002/(SICI)1098-2302(199909)35:2&lt;103::AID-DEV3&gt;3.0.CO;2-4
http://doi.org/10.1093/chemse/bjv037
http://doi.org/10.1016/j.neuron.2017.03.021
http://doi.org/10.2466/pr0.95.2.707-722
http://doi.org/10.1037/0022-3514.58.2.330
http://doi.org/10.1111/j.1467-9280.1997.tb00413.x


Brain Sci. 2021, 11, 256 19 of 21

35. di Flumeri, G.; Herrero, M.T.; Trettel, A.; Cherubino, P.; Maglione, A.G.; Colosimo, A.; Moneta, E.; Peparaio, M.; Babiloni, F.
EEG-based approach-withdrawal index for the pleasantness evaluation during taste experience in realistic settings. In Proceedings
of the 2017 39th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Jeju, Korea,
11–15 July 2017; pp. 3228–3231.

36. Kim, M.H. Comparison of Psychological and Physiological Differences of Human due to the EEG Type Scent. J. Korea Acad.
Coop. Soc. 2013, 14, 418–425.

37. Lee, I. Effects of inhalation of relaxing essential oils on electroencephalogram activity. Int. J. New Technol. Res. 2016, 2, 5.
38. Bosmans, A. Scents and sensibility: When do (in) congruent ambient scents influence product evaluations? J. Mark. 2006,

70, 32–43. [CrossRef]
39. Carulli, M.; Bordegoni, M.; Cugini, U. Integrating Scents Simulation in Virtual Reality Multisensory Environment for Industrial

Products Evaluation. Comput. Aided. Des. Appl. 2016, 13, 320–328. [CrossRef]
40. Bonini, N.; Graffeo, M.; Hadjichristidis, C.; Perrotta, V. The effects of incidental scents in the evaluation of environmental goods:

The role of congruity. PsyCh J. 2015, 4, 66–73. [CrossRef]
41. Bradford, D.; Desrochers, D.M. The use of scents to influence consumers: The sense of using scents to make cents. J. Bus. Ethics

2009, 90, 141–153. [CrossRef]
42. Spangenberg, E.R.; Crowley, A.E.; Henderson, P.W. Improving the store environment: Do olfactory cues affect evaluations and

behaviors? J. Mark. 1996, 60, 67–80. [CrossRef]
43. de Luca, R.; Botelho, D. The unconscious perception of smells as a driver of consumer responses: A framework integrating the

emotion-cognition approach to scent marketing. AMS Rev. 2019, 1–17. [CrossRef]
44. Germine, L.; Reinecke, K.; Chaytor, N.S. Digital neuropsychology: Challenges and opportunities at the intersection of science and

software. Clin. Neuropsychol. 2019, 33, 271–286. [CrossRef]
45. Chai, J.; Ge, Y.; Liu, Y.; Li, W.; Zhou, L.; Yao, L.; Sun, X. Application of frontal EEG asymmetry to user experience research.

Lect. Notes Comput. Sci. 2014, 8532, 234–243.
46. Aricò, P.; Borghini, G.; di Flumeri, G.; Sciaraffa, N.; Babiloni, F. Passive BCI beyond the lab: Current trends and future directions.

Physiol. Meas. 2018, 39, 8. [CrossRef]
47. Arico, P.; Borghini, G.; di Flumeri, G.; Sciaraffa, N.; Colosimo, A.; Babiloni, F. Passive BCI in operational environments: Insights,

recent advances, and future trends. IEEE Trans. Biomed. Eng. 2017, 64, 1431–1436. [CrossRef] [PubMed]
48. di Flumeri, S.G.; Aricò, P.; Sciaraffa, N.; Babiloni, F.; Borghini, G. Neurophysiological vigilance characterisation and assessment:

Laboratory and realistic validations involving professional air traffic controllers. Brain Sci. 2020, 10, 48.
49. Borghini, G.; di Flumeri, G.; Arcio, P.; Sciaragga, N.; Bonelli, S.; Ragosta, M.; Tomasello, P.; Drogoul, F.; Turhan, U.; Acikel, B.; et al.

A multimodal and signals fusion approach for assessing the impact of stressful events on Air Traffic Controllers. Sci. Rep. 2020,
10, 1–18. [CrossRef]

50. Borghini, G.; di Flumeri, G.; Arcio, P.; Sciaragga, N.; Bonelli, S.; Ragosta, M.; Tomasello, P.; Drogoul, F.; Turhan, U.; Acikel, B.; et al.
EEG-based cognitive control behaviour assessment: An ecological study with professional air traffic controllers. Sci. Rep. 2017,
7, 1–16. [CrossRef]

51. Toppi, J.; Borghini, G.; Petti, M.; He, E.J.; De Giusti, V.; He, B.; Astolfi, L.; Babiloni, F. Investigating cooperative behavior in
ecological settings: An EEG hyperscanning study. PLoS ONE 2016, 11, 4236. [CrossRef] [PubMed]

52. Wang, C.H.; Moreau, D.; Kao, S.C. From the lab to the field: The potential applications of dry EEG systems to understand
brain-behavior relationship in sports. Front. Neurosci. 2019, 13, 893. [CrossRef] [PubMed]

53. di Flumeri, G.; Aricò, P.; Borghini, G.; Sciaraffa, N.; di Florio, A.; Babiloni, F. The dry revolution: Evaluation of three different EEG
dry electrode types in terms of signal spectral features, mental states classification and usability. Sensors 2019, 19, 1365. [CrossRef]

54. Krol, R.; Freytag, S.C.; Zander, T.O. Meyendtris: A hands-free, multimodal tetris clone using eye tracking and passive BCI for
intuitive neuroadaptive gaming. In Proceedings of the 19th ACM International Conference on Multimodal Interaction, Glasglow,
Scotland, 13–17 November 2017; pp. 433–437.

55. Ewing, K.C.; Fairclough, S.H.; Gilleade, K. Evaluation of an adaptive game that uses EEG measures validated during the design
process as inputs to a biocybernetic loop. Front. Hum. Neurosci. 2016, 10, 223. [CrossRef] [PubMed]

56. Naumann, L.; Kraft, S.M.; Dähne, S.; Blankertz, B. Prediction of difficulty levels in video games from ongoing EEG. In International
Workshop on Symbiotic Interaction; Springer: Cham, Switzerland, 2016; pp. 125–136.

57. Ariely, D.; Berns, G.S. Neuromarketing: The hope and hype of neuroimaging in business. Nat. Rev. Neurosci. 2010,
11, 284–292. [CrossRef]

58. Davidson, R.J. What does the prefrontal cortex ‘do’ in affect: Perspectives on frontal EEG asymmetry research. Biol. Psychol. 2004,
67, 219–234. [CrossRef]

59. Cherubino, P.; Martinez, L.A.C.; Caratu, M.; Cartocci, G.; Di Flumeri, G.; Modica, E.; Rossi, D.; Mancini, M.; Trettel, A. Consumer
behaviour through the eyes of neurophysiological measures: State-of-the-art and future trends. Comput. Intell. Neurosci. 2019,
2019. [CrossRef] [PubMed]

60. Vecchiato, G.; Toppi, J.; Astolfi, L.; De Fallani, F.V.; Cincotti, F.; Mattia, D.; Bez, F.; Babiloni, F. Spectral EEG frontal asymmetries
correlate with the experienced pleasantness of TV commercial advertisements. Med. Biol. Eng. Comput. 2011, 49, 579–583. [CrossRef]

61. Vecchiato, G.; Kong, W.; Maglione, A.G.; Wei, D. Understanding the impact of TV commercials. IEEE Pulse 2012, 3, 42.
[CrossRef] [PubMed]

http://doi.org/10.1509/jmkg.70.3.032
http://doi.org/10.1080/16864360.2015.1114390
http://doi.org/10.1002/pchj.76
http://doi.org/10.1007/s10551-010-0377-5
http://doi.org/10.1177/002224299606000205
http://doi.org/10.1007/s13162-019-00154-8
http://doi.org/10.1080/13854046.2018.1535662
http://doi.org/10.1088/1361-6579/aad57e
http://doi.org/10.1109/TBME.2017.2694856
http://www.ncbi.nlm.nih.gov/pubmed/28436837
http://doi.org/10.1038/s41598-020-65610-z
http://doi.org/10.1038/s41598-017-00633-7
http://doi.org/10.1371/journal.pone.0154236
http://www.ncbi.nlm.nih.gov/pubmed/27124558
http://doi.org/10.3389/fnins.2019.00893
http://www.ncbi.nlm.nih.gov/pubmed/31507366
http://doi.org/10.3390/s19061365
http://doi.org/10.3389/fnhum.2016.00223
http://www.ncbi.nlm.nih.gov/pubmed/27242486
http://doi.org/10.1038/nrn2795
http://doi.org/10.1016/j.biopsycho.2004.03.008
http://doi.org/10.1155/2019/1976847
http://www.ncbi.nlm.nih.gov/pubmed/31641346
http://doi.org/10.1007/s11517-011-0747-x
http://doi.org/10.1109/MPUL.2012.2189171
http://www.ncbi.nlm.nih.gov/pubmed/22678840


Brain Sci. 2021, 11, 256 20 of 21

62. Vecchiato, G.; Cherubino, P.; Trettel, A.; Babiloni, F. Neuroelectrical Brain Imaging Tools for the Study of the Efficacy of TV Advertising
Stimuli and their Application to Neuromarketing; Springer: Heidelberg/Berlin, Germany, 2013.

63. Vecchiato, G.; Toppi, J.; Astolfi, L.; De Fallani, F.V.; Cincotti, F.; Mattia, D.; Bez, F.; Babiloni, F. An electroencephalographic Peak Density
Function to detect memorization during the observation of TV commercials. In Proceedings of the 2014 36th Annual International
Conference of the IEEE Engineering in Medicine and Biology Society, Chicago, IL, USA, 26–30 August 2014; pp. 6969–6972.

64. Cartocci, G.; Cherubino, P.; Rossi, D.; Modica, E.; Maglione, A.G.; di Flumeri, G.; Babiloni, F. Gender and age related effects while
watching TV advertisements: An EEG study. Comput. Intell. Neurosci. 2016. [CrossRef] [PubMed]

65. Cartocci, G.; Cherubino, P.; Rossi, D.; Modica, E.; Maglione, A.G.; di Flumeri, G.; Babiloni, F. The ‘NeuroDante project’:
Neurometric measurements of participant’s reaction to literary auditory stimuli from Dante’s Divina Commedia. In International
Workshop on Symbiotic Interaction; Springer: Cham, Switzerland, 2016; pp. 52–64.

66. Cherubino, P.; Trettel, A.; Cartocci, G.; Rossi, D.; Modica, E.; Maglione, A.G.; Mancini, M.; di Flumeri, G.; Babiloni, F.
Neuroelectrical indexes for the study of the efficacy of TV advertising stimuli. In Selected Issues in Experimental Economics;
Springer: Heidelberg/Berlin, Germany, 2016; pp. 355–371.

67. Marsella, P.; Scorpecci, A.; Cartocci, G.; Giannantonio, S.; Maglione, A.G.; Venuti, I.; Brizi, A.; Babiloni, F. EEG activity as
an objective measure of cognitive load during effortful listening: A study on pediatric subjects with bilateral, asymmetric
sensorineural hearing loss. Int. J. Pediatr. Otorhinolaryngol. 2017, 99, 1–7. [CrossRef] [PubMed]

68. Abbasi, N.I.; Bose, R.; Bezerianos, A.; Thakor, N.V.; Dragomir, A. EEG-Based Classification of Olfactory Response to Pleasant
Stimuli. In Proceedings of the 2019 41st Annual International Conference of the IEEE Engineering in Medicine and Biology
Society (EMBC), Berlin, Germany, 23–27 July 2019; pp. 5160–5163.

69. Songsamoe, S.; Saengwongngam, R.; Koomhin, P.; Matan, N. Understanding consumer physiological and emotional responses to
food products using Electroencephalography (EEG). Trends Food Sci. Technol. 2019, 93, 167–173. [CrossRef]

70. Ellen, S.; Bone, P.F. Does it matter if it smells? Olfactory stimuli as advertising executional cues. J. Advert. 1998, 27, 29–39. [CrossRef]
71. Sarid, O.; Zaccai, M. Changes in mood states are induced by smelling familiar and exotic fragrances. Front. Psychol. 2016, 7, 1724.

[CrossRef] [PubMed]
72. Glaser, K.J.K.; Graham, J.E.; Malarkey, W.B.; Porter, K.; Lemeshow, S.; Glaser, R. Olfactory influences on mood and autonomic,

endocrine, and immune function. Psychoneuroendocrinology 2008, 33, 328–339. [CrossRef]
73. Gaggioli, A.; Bassi, M.; Fave, A.D. Quality of experience in virtual environments. Emerg. Commun. 2003, 5, 121–136.
74. Matheis, J.; Schultheis, M.T.; Tiersky, L.A.; DeLuca, J.; Millis, S.R.; Rizzo, A. Is learning and memory different in a virtual

environment? Clin. Neuropsychol. 2007, 21, 146–161. [CrossRef] [PubMed]
75. Jovanovski, D.; Zakzanis, K.; Campbell, Z.; Erb, S.; Nussbaum, D. Development of a novel, ecologically oriented virtual reality mea-

sure of executive function: The Multitasking in the City Test. Appl. Neuropsychol. Adult 2012, 19, 171–182. [CrossRef] [PubMed]
76. Campbell, Z.; Zakzanis, K.K.; Jovanovski, D.; Joordens, S.; Mraz, R.; Graham, S.J. Utilizing virtual reality to improve the ecological

validity of clinical neuropsychology: An FMRI case study elucidating the neural basis of planning by comparing the Tower of
London with a three-dimensional navigation task. Appl. Neuropsychol. 2009, 16, 295–306. [CrossRef]

77. Holland, W.; Hendriks, M.; Aarts, H. Smells like clean spirit: Nonconscious effects of scent on cognition and behavior. Psychol. Sci.
2005, 16, 689–693. [CrossRef] [PubMed]

78. Kapustová, Z.; Horská, E.; Bercik, J.; Paluchová, J.; Gurčík, L’. The importance of odours in the workplace: A review. Stud. Mundi
Econ. 2018, 5, 97–104.

79. Berka, C.; Levendowski, D.J.; Lumicao, M.N.; Yau, A.; Davis, G.; Zivkovic, V.T.; Richard, E.; Tremoulet, P.D.; Craven, P.L. EEG
correlates of task engagement and mental workload in vigilance, learning, and memory tasks. Aviat. Space. Environ. Med. 2007,
78, B231–B244. [PubMed]

80. Borghini, G.; di Flumeri, G.; Arcio, P.; Sciaragga, N.; Bonelli, S.; Ragosta, M.; Tomasello, P.; Drogoul, F.; Turhan, U.; Acikel, B.; et al.
Frontal EEG theta changes assess the training improvements of novices in flight simulation tasks. In Proceedings of the 2013
35th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Guadalajara, Mexico,
October 31–4 November 2013; pp. 6619–6622.

81. di Flumeri, G.; Aricò, P.; Sciaraffa, N.; Babiloni, F.; Borghini, G. EEG-based mental workload neurometric to evaluate the impact
of different traffic and road conditions in real driving settings. Front. Hum. Neurosci. 2018, 12, 509. [CrossRef]

82. Borghini, G.; Astolfi, L.; Vecchiato, G.; Mattia, D.; Babiloni, F. Measuring neurophysiological signals in aircraft pilots and car
drivers for the assessment of mental workload, fatigue and drowsiness. Neurosci. Biobehav. Rev. 2014, 4, 58–75. [CrossRef]

83. Brookings, J.B.; Wilson, G.F.; Swain, C.R. Psychophysiological responses to changes in workload during simulated air traffic
control. Biol. Psychol. 1996, 42, 361–377. [CrossRef]

84. Aricò, P.; Borghini, G.; di Flumeri, G.; Colosimo, A.; Pozzi, S.; Babiloni, F. A passive brain–computer interface application for the
mental workload assessment on professional air traffic controllers during realistic air traffic control tasks. In Progress in Brain
Research; Elsevier: Amsterdam, The Netherlands, 2016; Volume 228, pp. 295–328.

85. Aricò, P.; Borghini, G.; Di Flumeri, G.; Bonelli, S.; Golfetti, A.; Graziani, I.; Pozzi, S.; Imbert, K.P.; Granger, G.; Benhacene, R.; et al.
Human factors and neurophysiological metrics in air traffic control: A critical review. IEEE Rev. Biomed. Eng. 2017, 10, 250–263.

86. Brinkmann, M. Relation between Working Memory Capacity and Frontal-Midline Theta Increase in the Sternberg Task; University of
Twente: Drienerlolaan, The Netherlands, 2019.

http://doi.org/10.1155/2016/3795325
http://www.ncbi.nlm.nih.gov/pubmed/27313602
http://doi.org/10.1016/j.ijporl.2017.05.006
http://www.ncbi.nlm.nih.gov/pubmed/28688548
http://doi.org/10.1016/j.tifs.2019.09.018
http://doi.org/10.1080/00913367.1998.10673567
http://doi.org/10.3389/fpsyg.2016.01724
http://www.ncbi.nlm.nih.gov/pubmed/27877148
http://doi.org/10.1016/j.psyneuen.2007.11.015
http://doi.org/10.1080/13854040601100668
http://www.ncbi.nlm.nih.gov/pubmed/17366282
http://doi.org/10.1080/09084282.2011.643955
http://www.ncbi.nlm.nih.gov/pubmed/23373603
http://doi.org/10.1080/09084280903297891
http://doi.org/10.1111/j.1467-9280.2005.01597.x
http://www.ncbi.nlm.nih.gov/pubmed/16137254
http://www.ncbi.nlm.nih.gov/pubmed/17547324
http://doi.org/10.3389/fnhum.2018.00509
http://doi.org/10.1016/j.neubiorev.2012.10.003
http://doi.org/10.1016/0301-0511(95)05167-8


Brain Sci. 2021, 11, 256 21 of 21

87. Lin, C.L.; Jung, M.; Wu, Y.C.; Lin, C.T.; She, H.C. Brain dynamics of mathematical problem solving. In Proceedings of
the 2012 Annual International Conference of the IEEE Engineering in Medicine and Biology Society, San Diego, CA, USA,
28 August–1 September 2012; pp. 4768–4771.

88. Cartocci, G.; Cherubino, P.; Rossi, D.; Modica, E.; Maglione, A.G.; di Flumeri, G.; Babiloni, F. Neurophysiological Measures of
the Perception of Antismoking Public Service Announcements Among Young Population. Front. Hum. Neurosci. 2018, 12, 1–17.
[CrossRef] [PubMed]

89. Wascher, E.; Rasch, B.; Sanger, J.; Hoffmann, S.; Schneider, D.; Rinkenauer, G.; Heuer, H.; Gutberlet, I. Frontal theta activity reflects
distinct aspects of mental fatigue. Biol. Psychol. 2014, 96, 57–65. [CrossRef]

90. Middleton, J. Midfrontal Theta and Cognitive Effort: Real World Applications in Medical Decision-Making; University of Victoria:
Victoria, BC, Canada, 2019.

91. Chang, E.; Kim, H.T.; Yoo, B. Virtual Reality Sickness: A Review of Causes and Measurements. Int. J. Hum. Comput. Interact. 2020,
36, 1658–1682. [CrossRef]
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