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Abstract

This study explored the impact of brief exposure to odor cues on sustained neural
activity during a 6-second delay period before memory encoding of a picture image.
Combining univariate and multivariate ERP analytical approaches, our results align
with nonhuman data, indicating that odor cues induced sustained neural activity in
humans, persisting beyond the odor exposure throughout the nearly 6-second delay
period. We observed higher amplitude of sustained ERPs for unpleasant compared to
pleasant odor cues. Additionally, participants exhibited more confident memory recall
for pictures preceded by unpleasant rather than pleasant odor cues during encoding,
underscoring the influence of brief odor cues on memory formation for temporally
distant events. In conclusion, this study revealed that brief exposure to odor cues
induced sustained neural activity in humans, with distinct effects on memory formation
along the pleasantness dimension, emphasizing the lasting impact of olfactory stimuli on
cognitive processes.
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Introduction ,
Odors are integral to our sensory experiences, exerting a robust and long-lasting 2
influence on how we will remember them in the future. For example, when entering the 3
charming cafe, a passing whiff of a nearby overflowing trash bin briefly mars the 4

welcoming ambiance for you. As you settle in and enjoy the coffee, the unpleasant odor s
dissipates. Yet, every time you reminisce about that cafe visit, the memory of the brief

unpleasant scent resurfaces, subtly influencing how you recall the otherwise neutral 7
experience. While this example emphasizes the enduring impact of olfactory experiences s
in memory formation, little is understood about how the representations after odor 9
offset are generated and used to form associative trace memory. 10
11

Persistent neural activity refers to a sustained neural activity increase that long 12

outlasts a stimulus [1}/2]. It is found in a diverse set of brain regions and organisms and 1
several in vitro systems, suggesting that it can be considered a universal form of circuit 1
dynamics that can be used as a mechanism for short-term storage, enabling the brain to 15
link temporally distant inputs into a bound memory trace [3|. Odor-related neural 16
persistence has been seen to be particularly long-lasting [4] and to be a mechanistic 17
conduit supporting the advantage of trace over delay conditioning in animal studies [5]. s
In humans, smells can also evoke powerful lingering effects on brain activity subsequent 19

to its exposure, especially for unpleasant odor cues |6]. However, while odor induced 2
neural persistence has been identified in the context of associative learning in rodents [7] =
and in insects [5], this research has been scant at best in humans. 2

23
Here, we assessed neural persistence in humans induced by brief exposure to pleasant 2
and unpleasant odors and investigated its impact on memory for upcoming events. The 2

use of pleasant and unpleasant odors is motivated by previous studies in humans 2
describing different responses of the olfactory system depending on their valence [6]. 27
Indeed, studies in nonhuman animals revealed that the olfactory system is particularly 2
suited to detect, and avoid aversive olfactory stimuli [8}/9], and respond specifically in 29

front of unpleasant but not pleasant odors [10]. We measured event-related potentials 1
(ERPs) while healthy adult participants were asked to encode the association between — a

an odor cue and a picture of a scene presented 6 seconds after. ERPs were chosen 32
because, unlike other neuroimaging approaches, they allow tracking neural activity 33
changes leading up to an event, offering fine-grained time resolution. This allowed us to
distinguish neural state signals in response to closely occurring events, such as during 3

the encoding of a cue, the offset period, and during the encoding of the upcoming event. 16
We hypothesized that picture images preceded by unpleasant odor cues would be better

remembered than those preceded by pleasant odor cues in an online recognition test 38
24-48 hours after encoding. We also predicted that brief odor exposure would induce a 39
sustained neural activity during the delay period between odor and image, thereby 40
informing about the existence of odor-related neural persistence in humans. a
Materials and Methods o
Participants “
Following similar previous studies |11], twenty-six healthy participants (11 women) “
participated in the study. The range in age was 19 - 34 years old (mean = 24, SD = a5
4.37). All participants provided informed written consent for the protocol approved by 4
the Ethics Committee of the University of Barcelona. Participants received financial a7

compensation for their participation (20€). One of the participants was excluded due to 4
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excessive artifacts on the EEG data during the recording. Two other participants could 4
not complete the recognition test and were excluded from all analysis. Thus, a total of s
23 participants were included in the analysis. 51

Stimuli 5

Two types of stimuli were used in this study: odors and pictures. The odors presented s
were L-Carvone (CAR, diluted in 20% Ethanol) and N-Butanol (BUT, diluted in 30% s
Ethanol). The odor stimuli were selected based on their expected hedonic 55
properties [12H14]. CAR as pleasant and BUT as unpleasant. Pictures belonged to two s
different semantic categories: animals and objects (120 animals and 120 objects) used in &
a previous study [15]. All pictures were iso-luminant. Displayed at the center of a 58
uniform gray background of 33 cd/m? and subtended approximately 17.44 degrees of 59
visual angle at a viewing distance of 70 cm. Iso-luminance was achieved by normalizing

the pixel levels integration of each picture to the same intensity of 33 cd/m?. 61
Experimental Procedure 6
The experiment consisted of an encoding and a retrieval phase, separated by 48 - 72 63

hours Figure [I} Task timing and visual stimulus presentation were under the control of
Python libraries Pyglet [16] for the encoding task and PsychoPy [17|for the recognition s
task. 66
67

Participants were informed about the two-day structure of the experimental design. s
On day 1, participants were asked to encode a series of pictures preceded by an odor. 69
Participants were not informed there would be a memory test of the pictures. The 70
encoding phase consisted of 120 trials. In each trial CAR, BUT, and clean air preceded =
the presentation of a picture. Each type of odor was paired with 40 trials of a specific = »
semantic category. Twenty trials of each category were paired with clean air. For 73
example, in one participant CAR was paired with 40 trials of animals, BUT with 40 7
trials of objects and clean air with 20 trials of animals and 20 of objects. Odor-semantic 7
category associations were counterbalanced across participants. Clean air was presented 7
continuously during the whole experiment to avoid tactile stimulation when presenting
the odors. When odors were presented, a solenoid valve opened for 0.5 s allowing the air 7
to pass through a channel that contained a flask with an odor in a liquid state. When 7
the air touched the surface of the liquid it got odorized. 8
81

The trial structure for the encoding phase was as follows. A fixation cross appeared &

on screen for 2 seconds indicating the beginning of the trial. After these 2 seconds and &

when the participant breathing cycle, recorded by a respiration belt, changed from 8
expiration to inspiration, a brief odor pulse was sent to the participant nose using an 8
olfactometer. After 6 seconds since the odor has been sent a picture was displayed on 8
screen for 4 seconds. Next, the participant had to rate how much did they like the 87
previous odor. Rating was made in a Likert scale from one to seven, being One very 8
unpleasant, four neutral and seven very pleasant. When the participant rated the odor, s
the fixation cross appears to the screen again indicating the beginning of a new trial. %
Each 10 trials there was a pause where participants decided when to continue pressing
the space bar. o

93

On day 2, participants performed an online surprise recognition memory test. The o4

120 pictures of day 1 and 120 new ones were presented. In the recognition test, each o
trial began with the presentation of one of the 240 pictures. After the 4 seconds, %
participants had to indicate if the picture was old (i.e., encoded in the previous o7
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Figure 1. Experimental design. During encoding phase, 120 odor trials were
preceding image presentation. The trial began with a fixation cross presented for 2
s. When participant breathing cycle changed from exhalation to inspiration, the odor
was sent. After 6 s, a picture of an animal or object was presented on screen during
4 s. The trial ended with participants being asked to rate odor pleasantness in a 1 to
7 Likert scale. As soon as they responded, the fixation cross appeared on the screen.
The recognition phase consisted of an online task in which 240 pictures were presented
(120 previously presented, 120 new ones). Pictures appeared on screen during 4 s.
Subsequently participants were asked to judge the picture as old or new and their level
of confidence ”Low”, "Medium” or "High.”).

encoding phase) or new (i.e., not presented during the encoding phase). Subsequently,
participants were asked to rate their confidence in their decision, choosing from ”Low”,
"Medium” or "High.”

EEG Recording

During the encoding phase, scalp EEG was recorded using a 32-channel system at a
sampling rate of 250 Hz, using a BrainAmp amplifier and active electrodes (actiCap)
located at 29 standard positions (Fpl/2, Fz, F7/8, F3/4, Fcl/2, Fc5/6, Ft9/10, Tp7/8,
Cz, C3/4, Cp1/2, Cp5/6, Pz, P3/4, P7/8, O1/2, Oz) and at the left and right mastoids.
An electrode placed at the FCz position served as an online reference. EEG was
re-referenced offline to the linked mastoids. Vertical eye movements were monitored
with an electrode at the infraorbital ridge of the right eye. Electrode impedances were
kept below 3 k€. An online notch filter at 50 Hz was used during the recording. EEG
was re-referenced offline to the linked mastoids and data was band-pass filtered (0.1 Hz -
40 Hz) offline.

Event-Related Potential (ERP) analysis

For each participant, we extracted the EEG epochs for each encoding odor + picture
trial. Epochs had a duration of 10000 ms and included 6000 ms from odor onset and
4000 ms from the picture onset. EEG epochs were baseline corrected to the pre-stimulus
interval (-100 to 0 ms). EEG trials with amplifier saturation, or trials with a shift
exceeding 100 pV /s were automatically rejected offline.

For subsequent analysis, including ERP and Neural Stability Analysis (see below), all
the epochs were smoothed by averaging data via a moving window of 100 ms (excluding
the baseline period) and then downsampled by a factor of 10. Statistical comparisons
between conditions were made on the averaged ERP from all scalp electrodes.
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Neural Stability Analysis 123

We implemented a temporally resolved correlation analysis using Pearson 124
coefficients [18]. The correlation analysis on EEG data was made at the individual level 15
and to each time point separately and included spatial (i.e., scalp voltages from all the 1
29 electrodes) features of the resulting EEG single trials (Figure ) To examine the 17
degree of EEG signal over time, we correlated, for each participant and at single trial 128
level, the EEG patterns of activity elicited by pictures from each condition separately. 1o

This analysis was computed by randomly creating pairs of correlation analyses EEG 130
trials from the same condition. For each participant, we created 200 permutations of 131
possible unique pairings, and the final cross-correlation output resulted from averaging 1z
the point-to-point Fisher’s z scores correlation values across the 200 permutations. 133
Nonparametric Cluster-Based Permutation Test 14
We implemented a cluster-based permutation test to account for neural stability 135
differences between conditions [19]. This approach identifies clusters of significant 136
points in the resulting 1D matrix in a data-driven manner and addresses the 137
multiple-comparison problem by using a nonparametric statistical method based on 138

cluster-level randomization testing to control the family-wise error rate. Statistics were 13
computed for every time point, and the time points whose statistical values were larger 10
than a threshold (p < 0.05, two-tail) were selected and clustered into connected sets 11
based on adjacency points in the 1D matrix. The observed cluster-level statistics were  1a
calculated by taking the sum of the statistical values within a cluster. Condition labels 1

were then permuted 1000 times to simulate the null hypothesis, and the maximum 144
cluster statistic was chosen to construct a distribution of the cluster-level statistics 145
under the null hypothesis. The nonparametric statistical test was obtained by 146
calculating the proportion of randomized test statistics that exceeded the observed 147
cluster-level statistics. 148
Results 49
Odor ratings 150

A repeated measures ANOVA unveiled variations in odor mean ratings (F(2,44) = 31.94, 1=
p < 0.01) as shown in Figure . Ratings exceeding 4 were categorized as pleasant, 152
while those below 4 were considered unpleasant. As expected, AIR consistently received s
a rating of 4, indicating its odorless nature (M = 4.01, SD = 0.06). CAR was slightly 1
perceived as pleasant (M = 4.47, SD = 0.78) while BUT received an unpleasant rating 1ss
(M = 2.99, SD = 0.70). Post-hoc paired student t-test comparisons further validated 156
that CAR was rated as more pleasant than AIR (t(22) = 2.82, p = 0.01) and BUT 157
(t(22) = 6.18, p < 0.01), while BUT was rated less pleasant than AIR (t(22) = -6.82, p 1

< 0.01). These findings allow us to classify the different odor conditions into distinct 159
hedonic categories, with CAR being positive, AIR being neutral, and BUT being 160
negative. 161
Memory performance for pictures 162
Odor presentation before the encoding of pictures did not play a role in the subsequent 163
memory recognition task. Repeated measures ANOVA shows that there are not 164
differences between odor conditions (F(2,44) = 0.62, p = 0.54) (Figure 2B). 165

166
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Figure 2. Behavioral results. (A) Odor ratings for L-Carvone (CAR), N-Butanol
(BUT) and AIR odor conditions. (B) Percentage of remembered pictures associated to
odor cue condition. (C) Percentage of confidence ratings associated to correct picture
recognitions as a function their associated odor during encoding.

7 indicates p j 0.05. 'n.s.” indicates p § 0.05.

A repeated measures ANOVA including Odor (CAR, AIR, and BUT) and confidence
level (Low, Medium, and High) as within-subject factors, showed that participants’
correct recognition was linked to varying degrees of confidence depending on the type of
odor (main effect of Confidence: F(2,44) = 1.28, p = 0.29; Odor x confidence interaction:
F(4,88) = 4.48, p = 0.03). Further examination using a polynomial linear effect for this
specific ANOVA revealed a linear increase in confidence ratings proportions (F(1,22) =
6.71, p = 0.02) (Figure 2IC). To dissect this interaction effect, separate repeated
measures ANOVAs were conducted for each Odor type. This analysis revealed that
participants exhibited similar confidence levels for Hits associated with pictures linked
to CAR (F(2,44) = 0.37, p = 0.69) and AIR (F(2,44) = 1.19, p = 0.31). However,
confidence levels differed when pictures were encoded in connection with BUT (F(2,44)
= 3.62, p = 0.03). Taken together, these results collectively suggest that the presence of
odors could have impacted both the encoding and recall of associated pictures.

Conversely, participants showed to be accurate in correctly rejecting New items as
Old during the memory recognition phase (M = 62.9%; SD = 19.8%). A repeated
measures ANOVA, which included Confidence level (Low, Medium, and High) and
Response type (Correct Rejection (CR) and False Alarm (FA)) as within subject factors,
revealed a significant interaction between Confidence and Response type (F(2,44) =
8.36, p < 0.01), indicating that participants’ distribution of confidence varied between
CR and FA. A series of post-hoc paired t-tests directly comparing these proportions
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between response types revealed that FA and CR were equally associated with High 188

confidence ratings (t(22) = 1.64, p = 0.12). However, FA was linked to a greater 189
number of low confidence responses compared to CR (Low: t(22) = -4.40, p < 0.01), 190
while CRs exhibited a higher proportion of trials followed by intermediate confidence 191
judgments (Medium: t(22) = 2.59, p = 0.02). 192
Event-Related Potentials (ERPs) 193

The ERP analysis revealed that CAR and BUT odors elicited a greater EEG increase 10
over centro-parietal electrodes compared to AIR conditions that persisted longer after 105
their appearance (i.e., 0.5 s) (Figure . A cluster-based permutation analysis confirmed 106
that CAR elicited a greater ERP than AIR from 657 to 2368 ms (cluster statistics: 197
tsum = 138.51; tmax = 5.59, p = 0.04). A similar ERP increase was observed when 108
comparing BUT and AIR, though this effect was longer in time (cluster statistics: tsum 1
= 353.0; tmax = 6.78, p = 0.002; start/end = 657 — 4693 ms). We also found that BUT 200

elicited a stronger ERP increase from 964 to 2588 ms than CAR (cluster statistics: 201
tsum = 107.14; tmax = 3.88, p = 0.05). This analysis revealed that ERP changes 202
between conditions were restricted to the period that comprised odor presentation upon 203
the arrival of the picture, where similar ERP changes were found between conditions 204
(all, p > 0.05). 205
CAR AR  BUT
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Figure 3. Event Related Potentials (ERPs). ERPs elicited by L-Carvone (CAR),
N-Butanol (BUT) and AIR and the picture associated. Thick line display ERPs average
over all 29 channels across participants. Point-to-point standard error of the mean (SEM)
is depicted in shaded color. Point-to-point t values resulting from comparing paired
conditions are displayed at the bottom. The thick grey line depicts the timing of the
significant cluster between conditions (p < 0.05, cluster-based permutation test).

Neural stability 206
We finally examined the extent to which EEG patterns of neural change elicited during 207
odor + picture encoding elicited stable activity. This analysis revealed that the 208
encoding of CAR and BUT elicited an increased pattern of neural activity that 200
extended the odor exposure (i.e., 0.5s) and lasted for almost the encoding of the 210
subsequent picture (Figure ) This effect was confirmed by the cluster-based m
permutation analysis, which revealed that CAR elicited greater neural stability than 212

AIR during 517 to 3449 ms from odor onset (cluster statistics: tsum = 188.94; tmax = a3
4.20, p < 0.01, corrected). A similar effect was found for BUT, which elicited greater 214
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neural stability than AIR from 560 to 4556 ms (cluster statistics: tsum = 276.81; tmax 2
= 3.81, p = 0.001, corrected). However, contrary to the ERP findings, CAR and BUT 2
showed similar increase in neural stability during the entire EEG epoch of analysis (p > -

=

7

0.05, corrected). Consistent with the ERP findings, no statistically significant 218

differences in neural stability were found between conditions upon the appearance of the 219

picture (all, p > 0.05, corrected). Please, note that the observed sudden increase in 220

neural stability upon picture appearance is attributed to the similar ERP elicited by the 22

encoding of a visual input. 2
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Figure 4. Neural stability. (A) Schematic representation of the analysis. A temporal
cross-stimuli correlation matrix is generated from the EEG data for each participant.
(B) Point-to-point participants’ average degree of neural stability for each odor and
associated picture during encoding (thick line). The shaded area represents standard
error (SEM) across subjects. Point-to-point t values resulting from comparing paired
conditions are displayed at the bottom. The thick grey line depicts the timing of the
significant cluster between conditions (p < 0.05, cluster-based permutation test).

Discussion 2

In this study, we examined whether a brief exposure to odor cues triggered sustained 24
neural activity during a 6 second delay period preceding the memory encoding of a 25
picture. The combination of uni and multivariate ERP analytical approaches provided 2
converging evidence that indeed, in line with nonhuman data , odor cues elicited, 2
also in humans, a sustained neural activity that persisted beyond the odor exposure, 28
enduring throughout the nearly 6-second delay period. Additionally, we found that the 2

JE
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magnitude of the sustained ERP was higher for unpleasant than for pleasant odor cues. 2%

Finally, we found that participants remembered more confidently those pictures that 231
were preceded by unpleasant than pleasant odor cues during their encoding, thereby 23
indicating that brief odor cues influenced memory formation for temporally distant 233
events. 234

235
Our findings align with the notion that persistent neural activity plays a crucial role 23
in bridging events encoded separately in time and that it can been seen widespread over o

the brain [3]. Persistent neural activity has been observed in many cortical and 238
subcortical regions of the human brain, notably in the prefrontal cortex, during the 230
retention intervals of delayed response tasks [20]. While data from scalp EEG recordings 2
cannot disambiguate the underlying brain sources of its activity, the combination of 2
univariate and multivariate analysis on ERP data in the current study lends support to  2e
the possibility that distinct neural processes may take place during the delay period. 23
Univariate ERP data revealed greater response amplitude for unpleasant than pleasant 2
odor cues during the delay period whereas ERP signal was similarly stable for both 25
pleasant and unpleasant odor cues throughout the delay period. Thus, while sustained s
neural processes show commonalities across olfactory stimuli regardless of hedonic 247
dimensions, our results reveal that the magnitude of the brain response is sensitive to s
hedonic qualities. 249
250

The idea that sustained neural response dynamics were similar for pleasant and 251
unpleasant odor cues but not present for neutral scents align with the idea that neural 2
persistence detected from the scalp human EEG reflected more likely high-level 253

processes derived from executive function, rather than sensory-specific representation. s
This idea would align with the long-held view that during the maintenance of sensory  2ss

information in working memory relies in the coactivation of several neural coding 256
systems, some that target sensory-specific memory maintenance, and other that enables 257
the effective control of their maintenance upon interference [21]. Recent scalp ERP 258
studies elicited by odor cues indicated that odor representation rapidly transforms in 250
the brain reaching executive and semantic regions at around 800 ms from odor 260

onset [11]. Our findings that odor cues elicited sustained ERPs that distinguished from 2
neutral cues starting at around 650 ms would be in line with this rapid transformation 2
dynamics in the brain view. A question that remains unresolved in our study relates to 23
the sources of this ERP activity. The implementation of ERP approach to study odor 2
elicited brain activity has shown to be sensitive to detect very early processing stages s
within the olfactory system, including the olfactory bulb [10], and expand larger brain 2
areas associated with emotional, semantic processing |11]. Thus, a question for future 267

studies would be to scrutinize whether sustained ERP activity and its impact in 268
memory relates to the engagement of early vs late brain regions and how this interacted s
with the encoding of to-be-remembered material that relies on other sensory inputs, 270
such as in the visual domain as in our study. o

272
Our study revealed visual images that are preceded by unpleasant odors are better a3
remembered than images preceded by pleasant or neutral odor cues. These findings are o

consistent with the idea that odor processing is intricately related to memory 275
function [22] and is particularly sensible to aversive odors that could potentially be 276
associated with a threat [10]. Indeed, previous human fMRI studies indicated that odors 2
can modulate the neural processing visual inputs [23] and that odor-associated brain 278

regions are reactivated during recall cued by visual cues [24]. However, two questions 2
remained poorly investigated in the literature. First, while odor seems to be a powerful 2
contextual parameter that influences memory, it is unclear if this modulation is brought 2
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by its subjective sense of hedonic characteristics. In fact, past studies showed that 28
events that were encoded under pleasant odor contexts were better remembered in the s
future [24]. However, others indicated that memory benefit would be attributed by 284
unpleasant odor contexts [25]. Second, while it is generally assumed that the benefit of s
odors in memory can be attributed to their link to emotional processing [26], other 286
aspects related to how memories are formed can also play an important role. For 287
example, research has indicated that odors impact in memory via activation of the 288
amygdala [25], which is a powerful region of memory enhancement [27,28]. However, 289
other studies indicated that the involvement of hippocampus in odor-mediated memory 200
enhancement is more relevant [24], as it is through hippocampal engagement that 201

disparate encoding inputs from different modalities can become bound in a relational 202
memory structure [29]. Thus, while these two views can be complementary, it would be 20

important that future studies help disambiguate the exact contribution of each other. 20
While the current study cannot directly speak about the involvement of the 205
hippocampus and/or amygdala during encoding, our findings that ERP signal differ 206
during the delay period after odor encoding may fit better to the idea that the 207
odor-induced memory modulation of image pictures to be attributed to associative 208
processing rather than transferred emotional processing during the encoding of the 209

picture. We reasoned that if the latter was the case, we would have observed changes in 300
the ERP signals, in line with previous data showing that ERPs are sensitive to inputs  su
with emotional content elicited by unpleasant odors [11,30}31]. 302
303

In conclusion, our study establishes that brief exposure to odor cues induces 304
sustained neural activity in humans, echoing patterns observed in nonhuman subjects. 305
The greater amplitude of sustained ERPs for unpleasant odors underscores the distinct 0

neural responses associated with different odor valences. Furthermore, the observed 307
impact on memory recall emphasizes the influential role of brief odor cues in shaping 308
and enhancing the encoding of temporally distant events. 300
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