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Background: Both activated by environmental odorants, there is a clear role for the intranasal trigeminal
and olfactory nerves in smell function. Unfortunately, our ability to perceive odorants decreases with age
or with injury, and limited interventions are available to treat smell loss.
Objective: We investigated whether electrical stimulation of the trigeminal nerve via trigeminal nerve
stimulation (TNS) or transcranial direct current stimulation (tDCS) modulates odor sensitivity in healthy
individuals.
Methods: We recruited 20 healthy adults (12 Female, mean age ¼ 27) to participate in this three-visit,
randomized, double-blind, sham-controlled trial. Participants were randomized to receive one of three
stimulation modalities (TNS, tDCS, or sham) during each of their visits. Odor detection thresholds were
obtained at baseline, immediately post-intervention, and 30-min post-intervention. Furthermore, participants were asked to complete a sustained attention task and mood assessments before odor detection
testing.
Results: Findings reveal a timeXcondition interaction for guaiacol (GUA) odorant detection thresholds (F
(3.188, 60.57) ¼ 3.833, P ¼ 0.0125), but not phenyl ethyl alcohol (PEA) odorant thresholds. At 30-min
post-stimulation, both active TNS and active tDCS showed signiﬁcantly increased sensitivity to GUA
compared to sham TNS (Sham TNS ¼ 8.30% vs. Active TNS ¼ 9.11%, mean difference 17.43%, 95% CI 5.674
to 29.18, p ¼ 0.0044; Sham TNS ¼ 8.30% vs. Active tDCS ¼ 13.58%, mean difference 21.89%, 95% CI 10.47
to 33.32, p ¼ 0.0004).
Conclusion: TNS is a safe, simple, noninvasive method for boosting olfaction. Future studies should
investigate the use of TNS on smell function across different stimulation parameters, odorants, and
patient populations.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Smell loss is a critical sensory deﬁcit associated with everyday
dangers such as the inability to smell spoiled or burning food,
psychosocial problems including social isolation, relationship difﬁculties, anhedonia, and reduced quality of life [1e4], as well as
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neuropsychiatric disorders [5e11] and an increased risk of mortality [12,13]. Even before the COVID-19 pandemic, which saw a
signiﬁcant increase in smell dysfunction [14], smell loss was not
uncommon in the general population. In fact, an epidemiological
study indicated measurable smell dysfunction in 12.5% of Americans over the age of 40, and 32% over the age of 80 [15]. While
future prevalence rates of persistent dysfunction are likely to be
more widespread, a lack of widely accepted, evidence-based, interventions available to treat smell dysfunction exist, creating a
large gap in healthcare that is likely to escalate due to COVID [16].
Although some interventions including surgery and antiinﬂammatory medications that target the nasal passages [17,18]
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different waveform and basic underlying mechanism which could
impact the behavioral effects of this paradigm.

are available to treat obstructive smell loss (e.g. chronic rhinosinusitis [19], viral-related inﬂammation [20], polyps [21]), there are
no established interventions for dysfunction due to other, nonobstructive, etiologies (e.g. age and COVID) [22].
Olfaction, or how the brain processes airborne chemical molecules known as odorants, is achieved through two overlapping, and
functionally coupled cranial nerve systems, the intranasal trigeminal and olfactory neurocircuits [23,24]. These two cranial nerve
systems are responsible for the discrete perception of speciﬁc
odorant features. The intranasal trigeminal circuit relays information regarding the pungency or “feel” of the stimulus and whether
it produces, for example, a tingling, cooling, burning, or painful
sensation. The olfactory circuit relays information more traditionally considered as olfaction, odorant quality (e.g., type, hedonic
valence, familiarity, etc.). Odorants are often classiﬁed according to
their olfactory- or trigeminal-activation proﬁles or varying afﬁnities
to these two circuits. Most odorants, including the “smoke-like”
guaiacol (GUA), which has strong trigeminal properties, activate
both cranial nerve systems concurrently. However, there are
odorants that possess relatively weaker trigeminal properties and
are thus preferentially processed by the olfactory neurocircuit. For
example, phenyl ethyl alcohol (PEA), a “rose-like” odorant
commonly used in the clinical evaluation of olfactory function, is
considered one of these “olfactory” odorants [23]. Although the
olfactory and intranasal trigeminal circuits have different roles in
the perception of odorants, they also work closely together, inﬂuencing the activity of one another [25e28]. This suggests that
stimulation of the trigeminal circuit could potentially improve olfactory function in humans by reducing detection thresholds and
thereby increasing sensitivity to odorants.
Non-invasive methods of cranial nerve stimulation, including
trigeminal nerve stimulation (TNS), are emerging forms of “bottom-up” transcranial electrical stimulation techniques [29]. Speciﬁcally, TNS is most commonly delivered at low-level electrical
current (<5 mA), through electrodes attached to the forehead targeting the supraorbital nerve within the ophthalmic dermatome
region of the trigeminal nerve [30,31]. TNS is presumed to activate
the trigeminal afferent sensory pathway e mediated by brainstem
nuclei including the trigeminocervical complex (TCC), after which
the signal propagates up to key central nervous targets including
thalamus and insular cortex [32]. To date, TNS has shown promise
in the treatment of numerous neuropsychiatric conditions [33]
including depression [34], posttraumatic stress disorder [35], epilepsy [36] and migraine [37]. Additionally, there are three
commercially available and FDA-cleared TNS Devices: 1) the
Monarch eTNS system, which administers stimulation during sleep
for the treatment of adolescent attention deﬁcit hyperactivity disorder (ADHD) [38], 2) the Cefaly device for migraine, and 3) the
Sparrow Therapy System for opioid withdrawal symptom relief
[39]. Although TNS has shown recent potential as a neuromodulation technique for both laboratory and at-home applications, its effects on smell function have yet to be explored.
Given the coupled roles in the perception of odorants by the
intranasal trigeminal and olfactory cranial nerve systems, it is
plausible that speciﬁc interventions targeting trigeminal neurocircuitry may be a therapeutic target for smell loss. Moreover, due
to its proven safety, relatively easy administration, and inexpensive
cost, TNS has potential as a highly scalable intervention. Thus, this
proof-of-concept, pilot study in healthy adults explored whether
modulating the trigeminal nerve via TNS inﬂuenced detection
thresholds for two different odorants. A three-visit, double-blind,
crossover trial was utilized to compare the effects of TNS on odor
sensitivity compared to sham-TNS and to an active-control stimulation known as transcranial direct current stimulation (tDCS).
While tDCS has comparable methodology to TNS, it employs a

2. Materials and methods
2.1. Study overview
20 healthy adults (12F/8 M, mean age of 27 ± 8.1 years, range
22e58) were recruited into this double-blind, three-visit, randomized, sham-controlled, crossover pilot trial investigating the
effects of trigeminal nerve stimulation (TNS) and transcranial direct
current stimulation (tDCS) on odor detection sensitivity. This study
was approved by the Medical University of South Carolina (MUSC)
IRB and all research activities were conducted at the MUSC
Department of Psychiatry. After participants gave informed written
consent, they were asked to attend three experimental visits that
differed only by stimulation condition (TNS, tDCS, SHAM TNS). At
each of the three visits, baseline odor detection, self-reported
sleepiness and mood ratings, and a sustained attention task was
acquired, followed by one of three randomized stimulation conditions. Odor detection thresholds, self-report scales, and sustained
attention tasks were again acquired immediately post-stimulation
as well as 30 min post-stimulation (Fig. 1). The time between
visits was at least 24 h apart, and all visits were conducted during
normal business hours (9AM-5PM). Experimental visit times were
variable between participants, however within participant visit
time remained consistent over the three experimental visits. The
primary outcome measure for this trial was the stimulation effects
on odor sensitivity to two different chemical odorants (PEA and
GUA), with secondary outcomes of mood and attentional effects.

2.2. Participant screening procedures
Recruitment ocurred between December 2019 through October
2020. All healthy, medication-free, participants were screened and
excluded for history of COVID-19 infection, as well as all major
medical and mental health conditions including drug use or
dependence (except caffeine), trauma or damage to the nose or
sinus conditions (e.g., impaired airﬂow, chronic rhinosinusitis,
seasonal allergies), or olfactory function (e.g., current, or past loss
or dysfunction). Furthermore, participants were only included if
they attested to having a normal sense of smell and no history olfactory issues.

2.3. Olfactory detection threshold testing
Thresholds for both PEA and GUA were obtained with two versions of the Snap and Sniff ® Threshold Test (Sensonics International, Haddon Heights, NJ, USA). Each contained a series of wands
with decreasing concentration of odorant (PEA or GUA) that ranged
from the most intense (102) to the least intense (109) concentration. In a single staircase method with forced choices, a wand
containing a given concentration of odorant was presented under
the nose in rapid succession with an odorless wand. Study participants made a choice as to which wand had the stronger smell.
Subsequent presentation of odorant (higher or lower concentration) against odorless was dependent on a correct or incorrect
response for each trial. This method was repeated until seven reversals (up and down the staircase) were made. Detection
threshold was determined by the mean of the last 4 reversals
[40,41]. Each administration of the Snap and Sniff ® Threshold Test
took approximately 5e10 min.
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Fig. 1. Study timeline. Experimental Timeline of the Study. We utilized a randomized, sham-controlled, prospective, crossover design during which participants returned to the
laboratory for three discrete visits. Each visit was identical except for the condition of stimulation received.

electrodes are designed with volume resistivity of < 1.5 kU-cm and
do not induce cytotoxicity, irritation, or sensitization upon skin
contact, and are very well tolerated by participants. A ﬂexible
athletic headband was placed over the electrodes to keep them
ﬁrmly in place. Depending on condition, the electrodes were then
connected into one of two different transcranial electrical stimulators described below.
For active and sham TNS, electrodes were plugged into an EMS
7500 digital TENS system (Roscoe Medical). Due to the bidirectional
waveform, polarity of electrodes connection is inconsequential.
TNS stimulation settings were based upon previous TNS studies
[37,42] to include 120Hz, 30s ON, 30s OFF, stimulation administered
for 30 min to the ophthalmic branch of the trigeminal nerve
(Fig. 2b). This frequency is believed to engage the afferent trigeminal sensory pathway [38]. After placement of the forehead electrodes, we ﬁrst conducted an initial perception and comfort
procedure (ramping up to level 2) then turning off the system. After
this initial comfort procedure, the device was turned back on set to
either level 2 (active) or level 0 (sham) and programmed to start.
Although the stimulation administrator was aware of the settings,
these procedures were intended to keep the participant and the
experimenter that determined the olfactory thresholds blinded by
maintaining identical procedures.
For tDCS, electrodes were plugged into a Soterix 1  1 tDCS
system (Soterix Medical). In tDCS, polarity of electrodes is important. The electrode placed over FP2 served as the anode (red), while
the electrode placed over FP1 served as the cathode (black). Stimulation intensity was set to 1.5 mA administered for 30 min.
During all stimulation periods, participants were asked to sit in a
relaxed position in a comfortable chair and watch a nature video on
a 55” LED TV (https://www.youtube.com/watch?v¼CnmLgezy3jc).

2.4. TNS and tDCS administration
Two forms of transcranial electrical stimulation were administered, trigeminal nerve stimulation (TNS) and transcranial direct
current stimulation (tDCS). The administration of both forms of
neurostimulation were identical with respect to the electrode
attachment to the forehead but differed with respect to the
waveform and hypothesized mechanism of action produced by the
transcranial electrical stimulation systems (Fig. 2a). While TNS
electrodes on the forehead target the supraorbital nerve within the
ophthalmic dermatome region of the trigeminal nerve, tDCS electrodes attached to the forehead are suspected to activate both the
trigeminal nerve, transcuatneously, as well as potentially deeper
electrical current activation of the cortex (29). Irrespective of
stimulation condition, all participants foreheads were ﬁrst cleaned
using an alcohol wipe. Next, 2in x 2in adhesive electrodes that
utilized a stainless-steel knit cloth and hydrogel construction
(Axelgaard Manufacturing Co., Ltd.) were attached to EEG Positions
FP1 and FP2. These commercially available neurostimulation

2.5. Blinding
Fig. 2. Setup of stimulation to target underlying trigeminal nerve anatomy.
Overview of the electrode size and orientation for neurostimulation. Both tDCS and
TNS utilized the same electrode position on the scalp (a), which allowed for stimulation of the ophthalmic branch of the trigeminal nerve. The electrical stimulator
differed between tDCS and TNS. tDCS delivered a direct current stimulation, making
the polarity important (anode on the right forehead, cathode on left). For TNS, the
polarity placement was inconsequential due to the waveform. b) a simpliﬁed schema
of the trigeminal nerve demonstrating three distinct branches and the stimulation
target ophthalmic branch (V1).

Participants were not privileged to the form of stimulation they
received each visit. Speciﬁcally, they were informed that they
would receive “three different intensities of forehead stimulation”.
A dedicated team member (EG) was solely responsible for the setup
and administration of all stimulation methodology. Given the
identical nature of electrode placement for all three stimulation
conditions, this individual was primarily responsible for connecting
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3. Results

electrodes into one of two different stimulation systems hidden
behind the participant. This individual was not involved in any data
analyses. A second team member (BC), who was not privileged to
the stimulation conditions or systems, conducted all odor testing. A
third team member (GHO), who was not involved in any data
collection, unblinded and sorted the data for analysis upon
completion of the study.

3.1. Effects of stimulation on sensitivity to odorants
In one overall analysis, we investigated the effects on detection
sensitivity thresholds for three timepoints (baseline, post-stim, and
30-min post) for GUA and PEA odorants combined, which revealed
trending condition-by-time (F [4,76] ¼ 2.04, p ¼ 0.098, h2p ¼ 0.097)
and odor-by-condition-by-time (F [4,76] ¼ 2.46, p ¼ 0.052,
h2p ¼ 0.115) interactions suggesting that all brain stimulation conditions had an overall marginal effect on odor sensitivity detection
thresholds, irrespective of odorant. These ﬁndings suggested that
there may be effects speciﬁc to just one of the odorants.
An odorant speciﬁc repeated measures ANOVA indicated a
timeXcondition effect only in the GUA detection threshold sensitivity (F (3.188, 60.57) ¼ 3.833, P ¼ 0.0125) (Fig. 3a) and no signiﬁcant effects in the PEA odorant analysis (F (3.343, 63.52) ¼ 1.121,
P ¼ 0.3502). Therefore, we explored the baseline corrected percent
change of detection thresholds for GUA, which revealed a main
effect of stimulation condition on sensitivity to GUA (F (1.795,
34.10) ¼ 4.779, P ¼ 0.0176). Further pairwise analysis of the
condition-speciﬁc effects on GUA sensitivity using a Dunnett's test
of multiple comparisons investigating both active conditions
independently to sham TNS revealed that there were no signiﬁcant
effects of either active stimulation condition compared to sham
TNS at the post-stimulation time point (Mean difference change
between Sham TNS vs. Active TNS: 13.22%, 95% CI: 8.810 to 35.24;
Mean difference change between Sham TNS vs. Active tDCS: 9.718%,
95%CI: 6.855 to 26.29). However, at the 30min post-stimulation
time point, both active TNS and active tDCS showed signiﬁcantly
increased sensitivity compared to sham TNS (Sham TNS ¼ 8.30%
vs. Active TNS ¼ 9.11%, mean difference 17.43%, 95% CI 5.674 to
29.18, p ¼ 0.0044: Sham TNS ¼ 8.30% vs. Active tDCS ¼ 13.58%
mean difference 21.89%, 95% CI 10.47 to 33.32, p ¼ 0.0004) (Fig. 3b).
For reference, mean detection thresholds of the group level data
have been included in Table 1.

2.6. Self-reported sleepiness and mood scales
We utilized 100-mm Visual Analog Scales (VAS) to assess selfreported mood state. All participants completed VAS ratings
regarding the extent to which they felt “angry”, “calm”, energized”,
“happy”, “relaxed”, “restless”, and “tired” at baseline, poststimulation, and again at 30-min post-stimulation. Statements for
each rating used anchor points of 0 ¼ ” not at all” to 100 ¼ ”
extremely”. Participants used a pen to mark the point on the line
that best corresponded to how much they agreed with the statement (e.g., I feel relaxed). The VAS is a widely used, valid and
reliable, means of rapidly quantifying subjective mood states [43].
The Stanford Sleepiness Scale (SSS) was utilized to assess
participant sleepiness given the use of TNS during sleep in prior
ADHD trials. The SSS is a simple 7-point rating scale developed by
Hoddes and colleagues [44], and is the gold-standard for measuring
subjective sleepiness. It is a validated and widely used tool in
clinical trials. The SSS was not administered to the ﬁrst four participants, due to the late incorporation of the metric, and thus only
16 of 20 participants completed this questionnaire.

2.7. Sustained attention to response test (SART)
Participants completed the computerized SART (Millisecond
Software, LLC) at baseline, post-stimulation, and 30-min poststimulation in the same quiet, experimental laboratory setting in
which they received neurostimulation. The SART is a task that is
designed to measure sustained attention and inhibitory control (go,
no-go task) by requiring a motor response to frequent stimuli and a
withheld motor response to a rare stimulus. The SART methodology
utilized in this trial is described in detail by Jha and colleagues [45].
Reaction times of all key presses, including changes in errors of
commission, errors of omission, and reaction times were logged in
software and stored for analysis.

3.2. Effects of stimulation on sleepiness
A repeated measures ANOVA of the percent change in sleepiness
in 16 individuals revealed a signiﬁcant main effect of condition (F
(1.769, 26.53) ¼ 5.141, P ¼ 0.0157), indicating that stimulation
condition impacts sleepiness. A further Dunnett's test for multiple
comparisons revealed that participants were signiﬁcantly less
sleepy after active, compared to sham, TNS stimulation (Sham
TNS ¼ 1.125 vs. Active TNS ¼ 0.25, mean difference 0.875, 95%
CI: 1.734 to 0.01617, p ¼ 0.0458). This reduction of sleepiness
was sustained at the 30-min follow up time point (Sham
TNS ¼ 1.187 vs. Active TNS ¼ 0.125, mean difference 1.063, 95%
CI: 1.966 to 0.1588, p ¼ 0.0216). There were no signiﬁcant
changes reported between the active tDCS and sham TNS conditions. (Fig. 4).

2.8. Statistical analysis
All participant data were analyzed, without any removal or
dropout (i.e., n ¼ 20), except for the analysis of the Stanford
Sleepiness Scale (i.e., n ¼ 16) due to the late incorporation of the
metric. Repeated measures ANOVA with Geisser-Greenhouse
correction were conducted using GraphPad Prism 9 to determine
main effects of time, condition, and interactions for the overall effects of stimulation on detection thresholds of both PEA and GUA
odorants, together and independently. Further odorant-speciﬁc
analysis included ANOVAs with baseline-corrected percent
change measures for odorants at the post-stimulation and 30-min
post-stimulation timepoints with post-hoc pairwise Dunnett's
multiple comparison analysis to assess both active TNS and active
tDCS effects to the sham TNS (control) condition. Similar methodology was utilized to assess the change scores from the Stanford
Sleepiness Scale.

3.3. Effects of stimulation on mood
There were no signiﬁcant condition or condition-by-time interactions revealed for any of the self-reported mood scales, indicating that neither tDCS nor TNS impacted subjective levels of
anger, calmness, energy, happiness, relaxation, restlessness, or
tiredness.
3.4. Effects of stimulation on sustained attention
We explored the effects of stimulation condition on sustained
attention measures, including changes in errors of commission,
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Fig. 3. Effects of stimulation on GUA detection sensitivity thresholds. (a) Both active trigeminal nerve stimulation (TNS) and transcranial direct current stimulation (tDCS)
induced reductions in GUA threshold score over time (lower mean odorant detection thresholds demonstrate improved smell detection) compared to baseline levels, and (b)
signiﬁcantly improve smell function at the 30-min post stimulation timepoint demonstrated by the mean percent change from baseline at the 30-min post stim time point
compared to sham stimulation. Individual percent change data of all 20 participants is overlaid upon the mean bar chart. Error bars ¼ SEM.

neurostimulation delivered to the ophthalmic branch of the trigeminal nerve via trigeminal nerve stimulation (TNS) signiﬁcantly
improved sensitivity to guaiacol, an odorant that activates the
intranasal trigeminal circuit, but not phenyl ethyl alcohol, an
odorant with minimal action on this circuit. Immediately following
stimulation, both active TNS and tDCS improved sensitivity to
guaiacol (15.68% and 12.18% respectively) compared to sham TNS
(2.5%) (Fig. 4b). Furthermore, both TNS and tDCS provided signiﬁcant effects 30 min after stimulation, with sensitivity increases of

errors of omission, and reaction times. All these analyses failed to
reveal signiﬁcant main effects of time and condition or time-bycondition interactions.

4. Discussion
Twenty healthy individuals were enrolled into a double-blind,
randomized, sham-controlled trial exploring the use of TNS to
improve smell. Our ﬁndings revealed that 30 min of
Table 1
Mean and SD olfactory threshold levels for study timepoints and stimulation conditions.
Odorant

PEA

GUA

Time

Baseline
Post-Stim
30min Post-Stim
Baseline
Post-Stim
30min Post-Stim

Sham TNS

Active TNS

Active tDCS

Mean

SD

Mean

SD

Mean

SD

6.6063
7.575
6.7063
6.643
6.681
5.943

1.695
1.116
1.465
1.309
1.285
0.844

6.3625
6.4125
6.375
6.056
6.806
6.462

1.529
2.215
1.981
1.262
1.607
1.278

6.575
7.1875
6.8375
6.2563
6.975
7.0875

1.68
1.738
1.891
0.785
1.208
1.29
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implausible that the effects of tDCS may also be due, in part, to
modest activation of cortical structures that alter olfaction processing. It is important to note that regardless of the active stimulation modality, the post-stimulation timepoint may be
confounded by a placebo effect in the sham condition which diminishes the effect size of both active conditions at the poststimulation time point. This effect dissipates at the follow-up,
similar to other sham neuromodulation interventions [51].
This double-blind pilot study was an attempt to determine
whether TNS inﬂuenced the detection of odorants and was therefore conducted with healthy adults who were pre-screened and
excluded for potential problems with sense of smell, other than
normal aging. Given the longer-term goals of this research however, which are to develop TNS methodology to treat individuals
with smell loss or other dysfunction including a distorted sense of
smell, future studies will be needed to determine the efﬁcacy as a
treatment intervention for speciﬁc smell problems. As several
different etiologies contribute to smell loss, these investigations
will be necessary to determine whether TNS has utility in treating
dysfunction due to various underlying pathologies. For example, it
is not clear whether the effects of TNS translate to a disease population like COVID-related smell loss which impacts the sensitivity
to a wide range of different odorants. Given that sensitivity to
guaiacol, but not PEA, was signiﬁcantly increased, our preliminary
results suggest that TNS may improve sensitivity to some, but not
other, odorants. Most odorants however, including those we
naturally encounter, have some degree of trigeminal action. Thus,
TNS may improve sensitivity to the majority of odorants perceived
each day, and importantly to those that may signal potential danger
(e.g., smoke). In addition to future studies to determine whether
TNS reverses the impact of smell loss with different etiologies,
other research will be required to determine how TNS produces its
therapeutic effects, and whether its mechanism of action is in the
periphery (e.g. receptor level), and/or involves central brain
mechanisms.
During stimulation, regardless of active or sham, participants sat
quietly watching a nature video for the entire 30 min, which may
have been relaxing. Results for self-reported sleepiness indicated a
signiﬁcant increase for the sham-TNS (~16%), compared to activeTNS. While these results indicate possible sleepiness dampening
effects for active stimulation, it is less likely that these effects
contributed to the increased sensory function, as sleepiness was
not reduced from baseline. Also, there were no effects of stimulation on sustained attention, suggesting that the brain mechanisms
involved in TNS-induced increased sensitivity were not based in
those that serve attention. Although our ﬁndings on odor detection
are interesting, the anti-sleepiness, stimulant-like, effects of TNS
have been established by several groups who are using these
alerting, stimulant-like, effects to treat attention-deﬁcit/
hyperactivity disorder (ADHD). In the treatment of ADHD, users
self-administer TNS to their forehead during sleep and, after four
weeks of daily treatment, see signiﬁcant and clinically meaningful
reductions in ADHD symptoms. Mechanistically, these effects are
likely mediated via the trigeminal nerve's activation of the locus
coeruleus, and subsequent noradrenaline release.

Fig. 4. Effects of stimulation on subjective sleepiness. Mean change in self-reported
sleepiness measured on a 7 point Likert scale using the Stanford Sleepiness Scale (SSS)
immediately following and 30-min after trigeminal nerve stimulation (TNS), transcranial direct current stimulation (tDCS), and sham stimulation. Participants reported
signiﬁcantly less sleepiness after TNS, compared to sham stimulation, which suggests
that TNS may have countered the sleepiness acquired during the relaxing study procedures. This effect was endured for at least 30-min post-stimulation. Error
bars ¼ SEM.

9.11% and 13.58%, respectively. Lastly, individuals receiving active
TNS were signiﬁcantly less sleepy after stimulation compared to the
sham TNS group.
There are limited interventions for olfactory dysfunction, and
our ﬁndings provide support for a brain-based intervention for
improving detection. Currently, smell training (ST) is the only
accepted intervention for age- or virus-related smell loss, the two
most common and highly relevant forms of smell loss. ST, a system
of olfactory exercise based on repeated exposures to familiar
odorants, emerged recently as a promising approach for both ageand COVID-related dysfunction [46,47]. ST is not without limitations however, requiring a high level of patient compliance, long
treatment course (12e16 weeks), no immediate effects, and ultimately low retention rates. TNS and tDCS, as described in our
ﬁndings, may offer a safe and easy immediate boost to smell
function.
Although the behavioral effects of both TNS and tDCS have been
widely demonstrated in a variety of different neurological and
psychiatric disorders, the underlying mechanism behind both these
neuromodulation modalities has yet to be fully understood. Both
TNS and tDCS fall under the category of transcranial electrical
stimulation (TES) [48], however their current waveform is different.
TNS pulses biphasic electrical current at 120Hz, while tDCS uses a
monophasic square wave that is on for the duration of the intervention. This parametric difference has led to both nomenclature
differences and also purported mechanistic differences. Historically, the ﬁeld of neuromodulation has often ignored the cranial
nerve activation proﬁle of tDCS, opting for advanced electric ﬁeld
modelling of micro-changes in electrical ﬁelds at cortical and
subcortical levels. However, here we compared both biphasic
pulsed current and direct current to identical regions of the scalp,
and our ﬁndings reveal both TNS and tDCS induce a signiﬁcant and
persistent modulation of guaiacol sensitivity, suggesting that
improved detection may be mediated through direct activation of
the trigeminal nerve. Alternatively, these neuromodulatory effects
may be driven via activation of distal secondary olfactory cortex
structures, such as the orbitofrontal cortex (OFC) which is highly
associated with processing of odor learning and memory [49]. According to current modelling conducted by Manuel and colleagues
[50], tDCS administered as described in this manuscript may induce
electrical ﬁelds in smell related brain structures. It is not

4.1. Limitations and future directions
A key limitation of our study is that our design utilized a single
sham stimulation condition e TNS. TNS and tDCS, even when
applied to identical targets, feel different and have variant electrical
ﬁeld activation proﬁles. Although our current design of using a
sham TNS was imperceptible and served as a non-stimulation
control, utilizing a standard tDCS sham (ramp up and ramp
down) may serve as a more rigorous comparator to the active tDCS
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condition. Alternatively, an alternative stimulation location for TNS
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