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a b s t r a c t

Lemon fragrance is known for its stimulating properties, but its mechanisms of action are

not well known yet. This study aimed to examine the effect of lemon essential oil inha-

lation on healthy participants’ alertness level and their neural correlates using magnetic

resonance imaging (MRI). Twenty-one healthy men underwent functional MRI scans in

different conditions: a resting state condition, a condition where they were exposed to

passive lemon smelling (alternating exposure to lemon and breathing fresh air), and a

control condition without lemon fragrance diffusion ethe order of the last two conditions

being randomized. Alertness levels were assessed immediately after each condition using

the Karolinska Sleepiness Scale. Voxel-wise whole-brain global functional connectivity and

graph theory analyses were computed to investigate brain functional connectivity and

network topology alterations. After lemon fragrance inhalation, we observed a higher level

of alertness as compared to resting state ebut not compared to control condition. During

lemon fragrance inhalation, we found increased global functional connectivity in the

thalamus, paralleled by decreased global connectivity in several cortical regions such as

precuneus, postcentral and precentral gyrus, lateral occipital cortex and paracingulate

gyrus. Graph theory analysis revealed increased network integration in cortical regions

typically involved in olfaction and emotion processing such as olfactory bulb, hypothala-

mus and thalamus, while decreased network segregation in several regions of the posterior
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part of the brain during olfaction as compared to resting state. The present findings suggest

that lemon essential oil inhalation could increase the level of alertness.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Of all the senses, olfaction is the most underutilized sense in

humansaswell as the leastwellunderstoodbyscientists.While

the current pandemic reminds us how important it is to study

olfactory (dys)functions, with the highly contagious COVID-19

virus affecting frequently olfactory functions (Izquierdo-

Dominguez, Rojas-Lechuga, Mullol, & Alobid, 2020), scientists

still cannot offer a complete and satisfying theory for the

complex process of smelling (from nose to brain) (Gane, 2010).

It is known that certain odors, such as lavender or lemon,

can modulate in a specific way mood, cognition and emotion

(Herz, 2009; Kadohisa, 2013; Zucco, Paolini, & Schaal, 2009; for

a recent review, see Kontaris, East, & Wilson, 2020), causing

associated changes in brain waves, heart and respiratory rate,

and blood pressure (e.g., Han, Mukdad, Long, & Lopez, 2020;

Park, Kwon, Choi, Park, & Yoon, 2018; Sayorwan et al., 2012,

2013). Interestingly, one can observe that the neuroanatomy

associated to olfaction and the one associated to the

emotional state are closely linked, with some regions heavily

overlapping in both neuroanatomical circuits, such as the

hippocampus, the amygdala and the olfactory cortex itself

(Kontaris et al., 2020). In the brain, the olfactory system

functions as follows: Olfactory sensory neurons can directly

connect with brain cortex networks (Mori, 2014), with the ol-

factory bulb as the first relay center of the olfactory system

(i.e., regions receiving direct synaptic inputs from projection

neurons in the olfactory bulb; Wilson & Sullivan, 2011) that

projects the information to various cortical and subcortical

brain regions, including the amygdala and the anterior olfac-

tory nucleus (Cleland & Linster, 2003). Importantly, olfactory

sensory information may be sent to higher association areas,

such as the orbitofrontal cortex, the thalamus, and the hy-

pothalamus. However, to date, the complex neurophysiolog-

ical process that translates chemical inputs into the subjective

experience of odor perception is not well understood.

More specifically, lemon is known for its stimulating and

exciting properties, and for its associated physiological mea-

surements modulation (Kiecolt-Glaser et al., 2008; Kikuchi,

Yamagughi, Tanida, Abe, & Uenoyama, 1992; Keville &

Green, 1995; Warrenburg, 2005; Martin & Cooper, 2007), as

well as for stress-alleviating effect (Komiya, Takeuchi, &

Harada, 2006; Lehrner, Eckersberger, Walla, P€otsch, &

Deecke, 2000). Indeed, some empirical studies observed

lemon oil's effects on mood using self-report standardized

questionnaires (e.g., Kiecolt-Glaser et al., 2008). It has been

hypothesized that lemon inhalation may boost norepineph-

rine release (Kiecolt-Glaser et al., 2008). Assessing the poten-

tial of lemon fragrance is interesting, since it may be, for

example, used as a non-pharmacological intervention having
several advantages (e.g., safety, natural product, cheaper) over

the pharmacological ones.

The present study aimed to investigate alertness modula-

tion and neural correlates effects of lemon essential oil

inhalation using standardized questionnaires and functional

magnetic resonance imaging (fMRI) in a sample of healthy

young adult men. To explore the brain dynamic alteration, we

performed data driven approaches of voxel-to-voxel wise

global (whole-brain) functional connectivity and network to-

pological alteration using graph theory analyses.
2. Materials and methods

2.1. Participants

A sample of young men (between 21 and 30 years old) were

recruited via media advertising and word-of-mouth. Exclu-

sion criteria (established prior to data acquisition) were left-

handed, a history of brain trauma, neurosurgical or psychi-

atric disorder, olfactory dysfunction, addiction, asthma, nasal

polyps, claustrophobia, MRI contraindications, smoker,

allergic skin reaction to fragrances and scores at the “Sniffin’

Sticks” test (Kobal et al., 1996) falling below the 25th percentile

(see below for details). We did not perform a power analysis.

The study was approved and carried out in accordance

with the recommendations of the ethics committee of the

Faculty of Medicine of the University of Li�ege. All participants

completed a written informed consent in accordance with the

Declaration of Helsinki and its later amendments. No part of

the study procedures and analyses was pre-registered prior to

the research being conducted. We report how we determined

our sample size, all data exclusions (if any), all inclusion/

exclusion criteria, whether inclusion/exclusion criteria were

established prior to data analysis, all manipulations, and all

measures in the study.

2.2. Procedure

Participants were instructed not to eat or drink anything other

than water, as well as not to use nose spray 2 h before the

experiment. After completing the informed consent, each

participant underwent an olfactory examination adminis-

trated by an Ear-Nose-Throat (ENT) specialist, including the

standard “Sniffin’ Sticks” test (Kobal et al., 1996). The purpose

of the odor test was to exclude a participant with incidental

olfactory dysfunction. Odorants were presented with pen-like

devices and testing comprised three components, namely

odor threshold, odor discrimination and odor identification.

The three subsets of this test were compared to olfactory

percentile charts. This olfactory examination was conducted
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on the same day and before the fMRI session. All fMRI sessions

were performed between 10.30 am and 12.30 am. Just prior to

the fMRI exam, the participant was administrated question-

naires including socio-demographic questions, the Positive

and Negative Affect Schedule (PANAS; Watson, Clark, &

Tellegen, 1988) and the State-Trait Anxiety Inventory (STAI;

Spielberger, Gorsuch, & Lushene, 1970; Spielberger, 1983).

During the fMRI session, structural (T1-weighted) MRI images

were first acquired. Then, four functional sequences were

acquired: (1) a resting state; (2) “odor imagery” condition: a

mental imagery task in which they were asked to imagine

smelling an odor; (3) “olfactory” condition: an olfactory task in

which theywere invited to smell the citrus fragrance; and (4) a

control condition consisting of the exact same procedure as

the olfactory task except that the citrus fragrance was not

diffused. The last two sequences were randomized. Partici-

pants were randomly assigned to one of the two protocol or-

ders (olfactory condition followed by the control condition vs.

the control condition followed by the olfactory condition). For

all functional sequences, instructions stated to normally

breathe through the nose and to keep eyes closed (to get

comparable sequence instructions with the “odor imagery”

condition necessarily requesting eyes closed). During the ol-

factory condition sequence, 12 alternating periods of olfactory

stimulation (lasting 6 s) and rest (i.e., no stimulation at all)

(lasting 24 s) were acquired. The olfactory stimulation was

delayed for 13 s after the start of the sequence acquisition. The

odor stimulus was presented thanks to a MRI-compatible

diffuser. Immediately after each functional sequence, we

administrated the Karolinska Sleepiness Scale (KSS; Akerstedt

& Gillberg, 1990) verbally, inside the scanner. Additional

questionswere also asked for themental imagery task and the

olfactory task (see details in the next section), inside the

scanner too. After the fMRI session, they were invited to fill in

the PANAS again, as well as the state subscale of the STAI. The

relevant findings concerning the odor imagery condition will

be reported elsewhere since this condition was added and

used for another project. Fig. 1 illustrates the study design.
Fig. 1 e Study design. PANAS ¼ the Positive and Negative Affec

Karolinska Sleepiness Scale.
3. Materials

3.1. ENT exam

The standard “Sniffin’ Sticks” test (Kobal et al., 1996; Hummel,

Sekinger, Wolf, Pauli, & Kobal, 1997) is a widely used test

aiming to evaluate olfactory performance, including three

subtests: olfactory threshold, odor discrimination and odor

identification. A total score can be calculated by summing the

three subscores, ranging from 1 to 48 points. Scores of the

individuals are compared to standard values recently updated

by Oleszkiewicz, Schriever, Croy, Hahner, and Hummel

(2019) (group C including people aged 21e30). These norma-

tive data can be used in clinical practice, as well as in scientific

quantitative assessment of olfactory performance.
3.2. Questionnaires

3.2.1. The Positive and Negative Affect Schedule
The PANAS is a 20-item self-report questionnaire used to

assess positive and negative affect (Watson et al., 1988; see

Supplementary Material 1). This questionnaire can be used in

both clinical and non-clinical setting. The questionnaire in-

cludes a positive affect subscore (corresponding to the sum of

10 items' responses) assessing the level of pleasurable

engagement and subjective experience of happiness and a

negative affect subscore (corresponding to the sum of 10

items’ responses) reflecting the level of subjective distress and

unpleasurable engagement. Participants are asked to rate on a

five-point Likert scale (ranging from 1 ¼ “Never or very

slightly” to 5 “Extremely”) how they feel with regards to each

item describing an emotion or a mood.

3.2.2. The Karolinska Sleepiness Scale
The KSS (Akerstedt & Gillberg, 1990; see Supplementary

Material 2) is a self-reported measure of sleepiness. Scores

range on a visual analogue scale (VAS) from 1 ¼ “extremely
t Schedule; STAI ¼ the State Trait Anxiety Inventory; KSS¼
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alert” to 9 ¼ “extremely sleepy, fighting sleep”, with 7, 8 and 9

representing a high level of sleepiness. The KSS has been

validated using vigilance measures and electroencephalog-

raphy, and permits to describe changes in drowsiness over

time (Akerstedt & Gillberg, 1990; Kaida et al., 2006).

3.2.3. The State Trait Anxiety Inventory
The STAI (Spielberg et al., 1970; Spielberger, 1983; Barnes,

Harp, & Jung, 2002; see Supplementary Material 3) is a vali-

dated self-report questionnaire containing two subscales of 20

items each: (1) the anxiety state (STAI form Y-1) measure

assessing how the individual feel about anxiety “right now, at

this moment”, via a 4-point response choice (1 ¼ “not at all”,

2¼ “somewhat”, 3¼ “moderately so”, and 4¼ “verymuch so”),

and (2) the anxiety trait (STAI form Y-2) measure evaluating

how the individual “generally feel” about anxiety, via a 4-point

response choice (1 ¼ “almost never”, 2 ¼ “sometimes,

3¼ “often”, and 4¼ “almost always”). Scores can be calculated

by summing all items (thus ranging from 20 to 80); higher

scores indicating greater anxiety. Forty is considered as the

cut-off suggesting probable clinical level of anxiety.

3.2.4. Additional questions
Two additional questions were asked for the mental imagery

task and the olfactory task: to rate to what extent the odor was

pleasant (1 ¼ “extremely unpleasant” to 7 ¼ “extremely

pleasant”) and to what extent the odor was intense

(1 ¼ “completely imperceptible” to 7 ¼ “very intense”).

3.3. Fragrance diffuser

The natural lemon essential oil organic (citrus limon peel oil)

supplied by Naissance corporation was used. Lemon essential

oil administration was performed by an electrical MRI-

compatible diffuser developed by the Valeo company. A fan

(RL65-21/12H Model; 12 V) connected to a power supply (B&K

Precision Model BK1550) that we can easily monitor, diffused
Fig. 2 e Schema of the diffuser system in the M
the essential oil via a stream of air (see Fig. 2). The fragrance

was diffused through a polytetrafluoroethylene (PTFE) pipe to

avoid smell contamination over time, going out of the pipe at

the speed of 3.5m/sec. In theMRI room, the pipewas attached

to a belt worn by the participant on the torso. A small bag of

paraffin beads was imbued with the fragrance and put just

before the olfactory condition in the cartridge in order to be

diffused. Another similar diffuser systemwas also used in the

control condition to reproduce the exact same conditions as

the olfactory condition but without fragrance diffusion. This

permits that the participants also felt the light breeze of the

diffusion air even if no fragrance was diffused.
4. MRI data

4.1. Data acquisitions

All structural and functional images were acquired on a 3 T

Siemens Magnetom Vida scanner at the University Hospital

Center of Li�ege (Belgium). A high-resolution T1-weighted

image was acquired: T1-weighted 3D gradient echo images

using 176 slices, repetition time ¼ 2500 ms, echo

time¼ 2.27ms, voxel size¼ 1� 1� 1mm3, flip angle¼ 4�, field
of view ¼ 240 � 256 mm2). Multislices T2-weighted fMRI im-

ages (sequence of 6.13 min) were obtained: 300 volumes, 39

slices, voxel size ¼ 3.0 � 3.0 � 3.0 mm3, repetition

time ¼ 728 ms, echo time ¼ 30 ms, flip angle ¼ 35�, field of

view¼ 192mm, number of voxel¼ 64� 64� 39, delay¼ 0, slice

order ¼ interleaved descending.

4.2. Data pre-processing

Data preprocessing was performed using a locally developed

pipeline using Statistical Parametric Mapping (SPM) 12

(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) and

Artifact Detection Tools (ART) (http://web.mit.edu/swg/
RI session. PTFE ¼ polytetrafluoroethylene.

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://web.mit.edu/swg/software.htm
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software.htm). We performed slice timing correction, fol-

lowed by the realignment of all the functional volumes to the

first volume and, in a second pass, to their average. Estimated

motion parameters were then used for artifact detection. An

image was defined as an outlier or artifact image if the

maximum voxel displacement (composite motion measure in

ART) was greater than 2 mm from the previous frame or if the

global mean intensity in the image was greater than 3 stan-

dard deviations (SDs) from the mean image intensity for the

entire scans. Realigned functional images were registered to

the bias-corrected structural image in the participant space

(rigid-body transformation with normalized mutual informa-

tion cost function). After extracting white matter (WM), grey

matter (GM), and cerebrospinal fluid (CSF) masks, all the data

and masks were normalized into the standard stereotaxic

Montreal Neurological Institute (MNI) space (MNI152 with

2 mm resolution), and functional data were smoothed using a

Gaussian kernel of 6-mm full width at half-maximum. WM

and CSF masks were further eroded by one voxel. For noise

reduction, we modeled the influence of the noise as a voxel

specific linear combination of multiple empirically estimated

noise sources by deriving the first five principal components

from WM and CSF masked functional data separately. These

nuisance regressors together with detected outlier volumes,

effect of rest/task period, motion parameters and their first-

order derivative were regressed out from the voxel-level

time series and the denoised time series were temporally

band-pass filtered (.008e.09 Hz) using CONN's denoising pro-

cedure. We have regressed out task effect in CONN denoising

as per standard recommendation of CONN toolbox.

To assess the brain connectivity in a data driven approach,

voxel-wise whole-brain global functional connectivity (GFC)

was conducted using the CONN-functional connectivity

toolbox. The GFC is a measure of global coherence that com-

putes the average connectivity of every seed voxel to the

entire brain. Constant and linear trend regressors were used

to create a designmatrix in the first-level general linearmodel

(GLM). The designed GLM was fitted to the smoothed data.

Further, to assess the network topological organizations,

we performed graph theory analyses using CONN toolbox.

First, we extracted the time series of BOLD signal using ALL

atlas for 100 brain region of interests (ROIs) consisting of

cortical and subcortical regions. Then, we constructed the

brain connectivity matrix using ROIs-to-ROIs Pearson corre-

lation. Followed by, the connectivity matrix was thresholded

and binarised. On the binarised connectivity matrix, we

calculated brain network integration and segregation using

global and local efficiency respectively (see Whitfield-Gabrieli

& Nieto-Castanon, 2012 for details).
5. Statistics

5.1. Behavioral data

All variables were tested for normality (P < .05) with the

ShapiroeWilk test. Data are expressed as means (±SD) or

median (interquartile range [IQR]) accordingly. We performed

repeated measures ANOVA to compare the scores of all par-

ticipants before and after the MRI session. We conducted a
repeatedmeasures ANOVA to compare the KSS scores of each

functional sequences, followed by post-hoc Tukey's pairwise

comparisons eif significant.

5.2. MRI data

5.2.1. Global functional connectivity
To assess between conditions difference, first the Fisher's z-

transformations of the connectivity maps were derived for all

conditions and all subjects. Differences in GFC between con-

ditions were estimated using two sample paired t-tests. Re-

sults were considered significant at whole-brain cluster-level

corrected a value of .05 for voxel wise P value of FDR-

corrected, and minimum cluster extent threshold of 20

contiguous voxels (Bharath, Panda, Saini, Sriganesh, & Rao,

2017). Finally, we performed correlations between connectiv-

ity effect size of significant GFC and participants' KSS scores,

aswell as with the two additional questions (pleasantness and

intensity ratings).

5.2.2. Graph theory analyses
Network integration and segregation differences between

resting state and olfactory condition were estimated with two

sample paired t-tests with FDR-correction at p < .05.
6. Results

Twenty-one healthy men (mean age 24 ± 3 years) were

included in the present study. All variables were normally

distributed, except the two PANAS- variables, the STAI Trait,

the STAI State acquired before the MRI session, and the KSS

for the resting state and for the control condition.

6.1. ENT exam results

The participants presented 10.5 ± 3.01 for odor threshold,

13.6 ± 1.50 for odor discrimination, 12.9 ± 1.56 for odor iden-

tification, and 37 ± 3.07 for the total score of the Sniffin’ Sticks

test. Seven participants scored between the 25th and the 50th

percentiles. Eight subjects were between the 50th and the 75th

percentiles. Three participants scored between the 75th and

the 50th percentile and three subjects were above the 90th

percentile of olfactory performance. The individual scores

allow to consider all participants' olfactory performance as

normal according to recent updated normative data published

by Oleszkiewicz et al. (2019). No participant was excluded due

to the Sniffin’ Sticks test.

6.2. Questionnaires

Table 1 presents the scores of the PANAS and the STAI, before

and after the MRI session. The individual scores of the PANAS

allow to consider all participants' positive and negative affect

scores as normal. All participants exceeded the proposed cut-

off score (i.e., >40) for both STAI subscores, suggesting a

relatively high level of anxiety in all participants. No statistical

difference was found between the participants’ response

before and after the MRI session.

http://web.mit.edu/swg/software.htm
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Table 1 e Total scores of the PANAS and the STAI for the whole sample before and after the MRI session.

Questionnaires (minemax total score) Before the MRI n ¼ 21 After the MRI n ¼ 21 Statistics P-value

PANAS PANASþ (0e50)

Median (IQR)

34 (29e36) 33 (29e35) F ¼ .925 .34

PANAS- (0e50)

Median (IQR)

11 (10e14) 11 (10e12) F ¼ .036 .85

STAI Trait score (20e80)

Median (IQR)

47 (46e48) / / /

State score (20e80)

Median (IQR)

49 (47e52) 48 (46e52) F ¼ 3 .09

PANAS ¼ the Positive and Negative Affect Schedule; STAI ¼ the State Trait Anxiety Inventory; IQR ¼ interquartile range.

c o r t e x 1 6 5 ( 2 0 2 3 ) 1 1 9e1 2 8124
Table 2 presents the KSS scores for all participants. The

interaction of the repeated measures ANOVA was significant

and Tukey's pairwise comparisons showed that participants

had lower scores for the olfactory task condition as compared

with the resting state condition. No other differences were

observed for the KSS.
7. MRI results

7.1. Global functional connectivity

We observed brain regions with increased and other brain

regions with decreased GFC during olfactory condition as

compared to resting state baseline condition (Fig. 3). More

precisely, we found increased GFC in the thalamus. During

olfactory condition, decreased GFC was observed in the pre-

cuneus, postcentral and precentral gyrus, lateral occipital

cortex and paracingulate gyrus (see Supplementary Table 1).

The other contrasts did not show significant difference. See

Supplementary Figure 1 for connectivity of each condition.

We observed a significant positive correlation between KSS

scores and precuneus connectivity reduction (p ¼ .005; r ¼ .58)

for olfaction condition. No other significant correlations were

observed.

7.2. Graph theory analyses (network topology)

Our analyses revealed that during olfaction, global brain

network integration increased while network segregation

decreased. A significantly increased network integration was

observed in primary and secondary visual cortex, hypothala-

mus, olfactory bulb, thalamus, caudate nucleus, intracalcarine
Table 2 e The KSS scores, odor pleasantness and intensity ratin

Questionnaire
(minemax total score)

Resting
state n ¼ 21

Odor imagery
n ¼ 21

KSS (1e9)

Median (IQR)

4 (5e3) 4 (5e3)

Odor pleasantness rating (1e7)

Median (IQR)

/ 5 (5e6)

Odor intensity rating (1e7)

Median (IQR)

/ 3 (2e4)

KSS¼ Karolinska Sleepiness Scale; IQR ¼ interquartile range.
cortex, brainstem, angular gyrus, inferior parietal sulcus,

ventral tegmental area and pallidum (see Fig. 4 and

Supplementary Table 2). No decreased network integration

was observed. In parallel, a significantly decreased network

segregation was observed in several areas of the posterior part

of the brain, such as primary visual cortex, visual association

area, supracalcarine cortex, intracalcarine cortex, and occipital

lobe, as well as in transverse temporal gyrus, planum polare

and primary motor cortex (see Supplementary Table 2). No

increased network segregation was observed.
8. Discussion

The present study sought to explore alertnessmodulation and

neural correlates effects of lemon essential oil inhalation in a

sample of healthy young adult men. After lemon inhalation,

the participants reported higher level of self-alertness

assessed via the KSS as compared to the resting state condi-

tion (but not as compared to the control condition), suggesting

stimulating and exciting properties of the fragrance. This is

consistent with previous empirical studies that have observed

stimulating properties of the lemon (e.g., Keville & Green,

1995; Kiecolt-Glaser et al., 2008; Kikuchi et al., 1992; Martin &

Cooper, 2007; Warrenburg, 2005). We did not find differences

regarding the level of alertness with the control condition,

though. Therefore, this does not rule out the possibility that

the expectation of the participants to smell an odormay play a

role, since the control conditionwas the exact same procedure

as the olfactory condition except that they also felt a light

breeze of the diffusion air even if no fragrance was diffused.

Another hypothesis is that it is due to an order effect, since

only the olfactory and control conditions were randomized.
gs for each functional conditions.

Olfactory
task n ¼ 21

Control condition
n ¼ 21

Statistics P-value

3 (4e2) 3 (5e3) F ¼ 3.40 .023

6 (5e7) / W ¼ 5 .006

6 (5e7) / W ¼ 2 <.001

https://doi.org/10.1016/j.cortex.2023.04.012
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Fig. 3 e Voxel-wise whole brain global functional connectivity (GFC). Differences between the resting state and olfactory

conditions considered significant at p < .05, voxel-wise whole-brain correction (FDR corrected) (presented on the MNI

template brain). Red color represents increased connectivity and blue color represents decreased connectivity during

olfactory condition as compared to resting state condition.

Fig. 4 e Graphical representation of graph theory results. During olfaction, global brain network integration increased (red

color) while network segregation decreased (blue color), considered significant at FDR-correction at p < .05.
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During olfaction condition, fMRI connectivity analyses

showed increased global connectivity in one subcortical re-

gion, the thalamus, paralleled by decreased global connec-

tivity in several cortical regions: the precuneus, postcentral

and precentral gyrus, lateral occipital cortex and para-

cingulate gyrus. Interestingly, several studies showed that

patients with thalamic damage presented deficits in odor

identification and discrimination (e.g., Sela et al., 2009; Tham,

Stevenson,&Miller, 2011; Zobel et al., 2010). More generally, it

is now known that the thalamus is an important gateway for

the transfer of sensory information to the cortex (Oh et al.,

2014; Sherman & Guillery, 1996). Nevertheless, the implica-

tion and role of the thalamus in the olfactory circuit is highly

debated but still underexplored in olfaction literature (see

Courtiol & Wilson, 2015).

Interestingly, we found a significant positive correlation

between KSS scores and precuneus connectivity reduction for

olfaction condition. In other words, the more participants

scored high on the KSS, thus suggesting increase of
sleepiness, the more reduction we observed in precuneus

connectivity. Precuneus has been often associated with gen-

eral vigilance (i.e., not directed attention) in functional studies

(Gusnard & Raichle, 2001) and its activity decreases during

sleep (Maquet, 2004). The subjective ratings regarding the

pleasantness and intensity of the odor did not show signifi-

cant correlation with brain activity.

In parallel, the graph theory analysis revealed increased

integration and decreased segregation in several subcortical

and cortical structures during olfaction as compared to resting

state. More specifically, increased network integration was

observed in regions such as primary and secondary visual

cortex, hypothalamus, olfactory bulb, thalamus, caudate nu-

cleus, intracalcarine cortex, brainstem, angular gyrus, inferior

parietal sulcus, ventral tegmental area and pallidum. These

findings are consistent with previous research recorded dur-

ing passive smelling, highlighting the unique role of the ol-

factory bulb in olfaction (Mori, 2014; Wilson & Sullivan, 2011).

Regions typically involved in the expression and regulation of

https://doi.org/10.1016/j.cortex.2023.04.012
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emotional states have also been found, such as hypothalamus

and brainstem. Decreased network segregation was found in

several areas of the posterior part of the brain, such as pri-

mary visual cortex, visual association area, supracalcarine

cortex, intracalcarine cortex, and occipital lobe, as well as in

transverse temporal gyrus, planum polare and primary motor

cortex.

All participants showed a relatively high level of anxiety,

which is not surprising in the context of the COVID-19

pandemic. Young adults have been particularly affected by

the restrictions set up to contain the COVID-19 virus, notably

due to the lack of peer connections and emotional support

(Magson et al., 2020; Saraswathi et al., 2020). However, we did

not explicitly ask them the reasons of this relatively high level

of anxiety.

While research still needs to be carried out to precise the

specific effects of certain odors on human and their underly-

ing mechanisms, the interest for multisensory interface

design is growing in numerous areas. For example, car in-

dustry is investigating the potential of some fragrances to

generate a more pleasurable driving experience (Martin &

Cooper, 2007) or to prevent drowsy drivers from falling

asleep (Baron & Kalsher, 1998; Otmani, P�ebayle, Rog�e, &

Muzet, 2005). However, so far, results are mixed; some

studies found that human olfaction is not reliably capable of

alerting sleepers (Badia, Wesensten, Lammers, Culpepper, &

Harsh, 1990; Carskadon & Herz, 2004).

There are some limitations in this study that deserve

mentioning. First, in the current study, we included only men

between 21 and 30 years old. The advantage is that they form a

clearly defined homogeneous group, but future studies should

include both women and men, and people from various ages.

Second, our sample was relatively small. Consequently,

replication of these findings is required with a larger sample.

Third, the level of alertness relied on participants' subjective
reports eand not objective measures. The application of MRI

limited the possibility to administer objective measures. As

described above, we did find a correlation between partici-

pants’ subjective reports concerning their level of alertness

and brain changes; however, future studies may consider

assessing the level of alertness with objective measures such

as pupillometry. Finally, considering our imaging setup (vox-

els with 3.0 � 3.0 � 3.0 mm ¼ 27 mm3) and the fact that the

olfactory bulb is a small region (35e75 mm3; Herzalla et al.,

2013), only two or three voxels will cover that region, which

is a limitation. Nonetheless, we wanted to perform a whole-

brain analysis. Consequently, as we were using a 3 T scan-

ner, we had to use this voxel size. Future studies are needed,

for example using a 7 T fMRI scanner.
9. Conclusion

After lemon fragrance inhalation, we observed a higher level

of alertness in our sample of healthy young adult participants

as assessed by the self-report questions, suggesting exciting

properties of the fragrance. In parallel, we found increased

global functional connectivity in the thalamus, paralleled by
decreased global connectivity in several cortical regions dur-

ing the olfaction condition, such as precuneus, postcentral

and precentral gyrus, lateral occipital cortex and para-

cingulate gyrus. Graph theory analysis revealed increased

network integration in cortical regions typically involved in

olfaction and emotion processing such as olfactory bulb, hy-

pothalamus and thalamus, while decreased network segre-

gation in several regions of the posterior part of the brain

during olfaction as compared to resting state. Ultimately, our

results may help to understand neural mechanisms of human

olfactory, more generally.
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