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Chronic pain is an unpleasant experience caused by sensory and emotional instability, sometimes independent
of actual tissue damage. Pain relief can greatly impact psychologic, social, and economic well-being. Aromatherapy
has long been used to alleviate pain and previous studies demonstrated that odors alter cerebral blood flow. In the
present study, we used near-infrared spectroscopy to test our hypothesis that olfactory stimulation contributes to
pain relief by altering cerebral blood flow in brain regions associated with pain. Pain was induced by
transcutaneous electrical stimulation and assessed using a visual analog scale. Peppermint and lavender olfactory
stimuli were used. Based on previous results, we focused on the prefrontal cortex. A placebo experiment in which
only air stimulation was presented revealed minimal changes in blood flow in the ventromedial prefrontal cortex
when comparing pain stimulation alone and a combination of placebo and pain stimulation. We then examined
changes in blood flow following the presentation of peppermint or lavender scents. Significant differences in blood
flow were observed in the dorsolateral prefrontal cortex (DLPFC) between pain stimulation alone and pain
stimulation combined with odor stimulation. These findings supported our previous finding that the DLPFC is
involved in pain relief by patch-adhered stimulation, but odor stimulation activated the right DLPFC whereas
patch-adhered stimulation suppressed the left DLPFC. One interpretation of the discrepancy is that the contrast
of activation between the right and left DLPFC is important in pain relief. Our research will help to elucidate the
neurologic mechanisms underlying pain relief.
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7 d Significance W \

Pain relief improves the quality of life for patients suffering from pain. Odor stimulation has the potential to
alleviate pain. We used near-infrared spectroscopy to explore the areas of the brain that change when pain is
relieved. Pain relief was observed when a peppermint or lavender scent was presented, and cerebral blood flow
changes in areas of the prefrontal cortex were observed during pain relief. Our research will help to elucidate the
neural mechanisms underlying pain relief.

\ J

Introduction

Pain is a major stressor for the body and mind, and a social and ecologic problem because it significantly reduces the
quality of life. Therefore, pain relief is of great importance. Current mainstream methods for pain relief include the
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administration of analgesics and transcranial magnetic stimulation (TMS). Administration of analgesics, referred to as
painkillers, is currently the most common treatment for relieving pain, but side effects such as stomach pain and headaches
can occur with continued use [1,2]. TMS, used to treat chronic pain [3], instantly changes the magnetic field to create a
weak current in the brain that stimulates nerve cell axons. Targeted TMS changes blood flow in the dorsolateral prefrontal
cortex (DLPFC), a region of the brain involved in pain relief [4-6]. TMS may also cause side effects, however, such as
headaches, facial spasms, discomfort, and nausea [7]. In addition, as TMS requires very expensive equipment, the cost of
treatment is high [8]. Due to these disadvantages of the current mainstream pain relief methods, other treatments are
strongly desired.

Recent studies searching for alternative pain relief methods demonstrated that the application of pyramidal thorn patches
alleviates somatic pain [9-11]. Applying these patches to pain regions decreases the pain induced by transcutaneous
electrical stimulation (TCES) as assessed with a visual analog scale (VAS). Near-infrared spectroscopy (NIRS)
measurements during patch treatment revealed that oxygenated hemoglobin (oxyHb) levels were likely to be decreased
in the left DLPFC (IDLPFC), suggesting that the IDLPFC is a potential target brain region for pain relief therapy.

Odor stimulation, or aromatherapy, has long been used to provide pain relief [12,13]. Aromatherapy is considered safe
because it primarily stimulates the human sense of smell and there are no adverse side effects. In addition, odor stimulation
is inexpensive, making it potentially superior to the current mainstream methods of pain relief therapy. Clarifying whether
odor stimulation effectively targets areas of the brain affected by other established pain relief treatments is expected to
help elucidate the mechanisms underlying pain relief.

NIRS studies have provided insight into olfactory perception in humans [14]. Odor stimulation, such as by peppermint
and lavender scents, alters cerebral blood flow and affects the physiologic state [15,16]. Whether odor stimulation
targeting pain relief alters blood flow in regions of the brain associated with pain relief, including the DLPFC, however,
is unclear. Therefore, we evaluated changes in cerebral blood flow and pain when peppermint and lavender scents were
presented as pain relief treatments. In addition, we examined whether the pain relief was directly related to the participant’s
perception of the odor (placebo effect). By comparing the results following the presentation of peppermint and lavender
scents with those following the presentation of odorless air, we expected to more clearly define the relationship between
olfactory stimulation and pain relief.

The present study investigated whether odor stimulation induces pain relief and, if so, whether it also alters blood flow
in areas known to be involved in pain relief, such as the DLPFC.

Materials and methods

Ethics statement

The present study was carried out in accordance with the recommendations of the principles and guidelines of the
Declaration of Helsinki. All participants provided written informed consent to participate after they were informed of the
safety of NIRS and the purpose of the experiments. The protocol was approved by the Office of Research Ethics at Waseda
University (2021-018 and 2023-057).

Participants
Data from 20 volunteer participants (right-hand dominant, ages 21-24 years) were available for analysis, including 13
men and 10 women. The participants were from the Tokyo area in Japan and self-reported experiencing no pain.

Pain stimulation

TCES (Pain Vision, PS 2100, NIPRO, Osaka, Japan) was used for pain stimulation because the ‘pain degree’ can be
calculated from the current perception threshold, which was defined as the lowest electrical current detected by each
participant [11]. TCES stimulation was performed near the cubital fossa on the right forearm. The minimum sensory
threshold was measured for each participant, and a current with a pain level of 500 was applied as the pain stimulus.

Pain measurement

A VAS was used as the pain rating scale to measure the intensity of pain. The amount of pain experienced by a participant
falls along a continuum from none to an extreme amount of pain. From the participant’s perspective, this spectrum appears
continuous, as a categorization of none, mild, moderate, and severe would suggest. The VAS used in the present study
was a straight horizontal line of fixed length, 100 mm. The ends are defined as the extreme limits of the parameter to be
measured, oriented from left (worst) to right (best).

Odor stimulation

Peppermint and lavender scents were used as odor stimuli. These are essential oils (TREE OF LIFE Co., Ltd., Tokyo,
Japan). A 0.1-mL aliquot was dispensed into a 1.5-mL tube and the top of the open tube was placed 5 cm from the
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participants’ nostrils for 60 s. For placebo stimulation, we used an empty 1.5-mL tube.

NIRS oxyhemoglobin measurements

NIRS (ETG-4000/0T-R40, Fujifilm Healthcare Systems Corporation, Tokyo, Japan) was used to measure the relative
concentration of oxyHb flow over the prefrontal cortex, including the DLPFC and orbitofrontal cortex (OFC) (Figure 1)
[17]. NIRS experiments were conducted in a quiet room at a room temperature of 22-23°C. Participants wore earphones
and were exposed to environmental sounds (the sound of a babbling river and chirping birds) to promote relaxation and
psychologic equilibrium. Participants were given instructions to rest, close their eyes, and remain awake.

. Emitter .Detector CH

Figure 1 Near-infrared spectroscopy (NIRS) optodes. (A) Picture of a typical participant equipped with NIRS optodes.
(B) and (C) The NIRS comprised 8 elements for the NIR light emitter (red) and 7 elements for the detector (blue). The
numbers indicate the channels (green) recorded. The NIRS channels were placed above the dorsolateral prefrontal cortex
and the orbitofrontal cortex. The channels between the optodes measured on the skull were assigned to the brain regions
using the virtual registration method.

Details of NIRS measurements were described previously [17]. Briefly, the NIRS optodes were placed in the proper
position for each participant according to the international 10-20 system [18]. According to the atlas by Talairach and
Tournoux [19], the dorsomedial prefrontal cortex (DMPFC) was covered by Ch. 2, 3, 7, 11, and 12; the ventromedial
prefrontal cortex (VMPFC) was covered by Ch. 16; the left DLPFC (IDLPFC) was covered by Ch. 4, 8,9, 13,17, and 18;
the right DLPFC (tDLPFC) was covered by Ch. 1, 5, 6, 10, 14, and15; the left OFC (I0FC) was covered by Ch. 21 and
22; and the right OFC (rOFC) was covered by Ch. 19 and 20. The ventrolateral prefrontal cortex (VLPFC) was not
measured. Absorption of NIR light is caused by oxyHb and deoxygenated hemoglobin (deoxyHDb). Although they have
different absorption spectra, the isosbestic point is around 805 nm. Therefore, it is possible to calculate the concentration
change of oxyHb and deoxyHb by measuring the absorbance change at 2 wavelengths (780 nm and 830 nm), taking into
account the molar molecular extinction coefficients of oxyHb and deoxyHb. We analyzed oxyHb in our experiments to
calculate the area under the curve (AUC).
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Experimental procedure

The pain and odor experiments were conducted over 3 days using 3 different odor stimulations (placebo, peppermint,
and lavender) That is, one odor stimulus was used per day. First, the NIRS optodes were attached to the scalp. Next, the
minimum sensory threshold was measured using 3 TCES, and the mean value was calculated. NIRS and VAS
measurements were conducted 3 times for each odor (Figure 2A). NIRS and VAS measurements were then conducted 3
times for each odor as shown in Figure 2B. When the “pain only” stimulus is presented first in an experiment, as shown
in Figure 2A, participants may become accustomed to the pain. Therefore, we also collected data from an experiment in
which the odor was presented first (Figure 2B). The interval between the two procedures was 30 s. The average values of
the AUC of pain only and the average values of the AUC of odor + pain shown in Figure 2A and B were used in the
subsequent analyses.

(A)
Rest Start Finish
‘ ‘ ‘ | Pain only ‘ ‘ Odor only Odor+Pain
-30 0 30 60 90 120 150 180 210 240 270 (s)
(B)
Rest Start Finish
‘ ‘ Odor only Odor+Pain ‘ ‘ Pain only
-30 0 30 60 90 120 150 180 210 240 270 (s)

Figure 2 Time flow of pain and odor experiments. (A) Experimental procedure in which the pain stimulus is presented
first. Participants were seated in a chair and resting, and 60 s after starting NIRS measurements, a TCES current was
applied as a pain stimulus for 60 s. After 30 s, the participants were exposed to an odor for 60 s, and then an electrical
current as a pain stimulus was applied again along with the odor. This sequence comprised 1 experiment, and the
experiment was conducted 3 times. The mean value of the AUC of the NIRS oxyHb data was determined. (B)
Experimental procedure in which the odor exposure was administered first. In both (A) and (B), there was a 90-s interval
between pain stimuli to allow for sufficient recovery of the participants. To avoid habituation to the pain stimuli, both
experiments (A) and (B) were performed and the mean values were used.

NIRS data analysis

The NIRS data were analyzed with R (version 4.2.1; https://www.r-project.org/). The sampling rate of the NIRS was 10
Hz. All NIRS data were processed using high band-pass (0.01 Hz) and low band-pass (1 Hz) filters to remove artifacts,
such as heartbeat and body movements. An AUC of oxyHb was obtained for the NIRS data. The NIRS data were averaged
using a moving average, and the values of the 3 trials were averaged.

Statistics

A P value of 0.05 was considered significant. For the VAS values and NIRS data, a Wilcoxon signed rank sum test was
used. For examination of correlation, a ¢ coefficient was obtained and a P value was calculated by Fisher’s exact
probability test in R (version 4.3.2).

Results

Odor-induced pain relief (VAS measurements)

First, pain relief was measured using a VAS when pain relief treatment was presented using odorless air, ie, placebo
(Figure 3A). A Wilcoxon signed rank test showed no significant difference (P = 0.193, N = 20), although 11 of 20
participants reported reduced pain levels. After presentation of the peppermint scent, 15 of 20 participants reported a
decrease in the pain intensity (P = 0.041, Figure 3B). After presentation of the lavender scent, 15 of 20 participants
showed a decrease in pain intensity, but the Wilcoxon signed rank test revealed no significant difference (P = 0.084,
Figure 3C). One participant disliked the lavender odor [16]; therefore, we removed the data of this participant from Figure
3C and the Wilcoxon signed rank test revealed a significant difference (P = 0.029, N = 19; Figure 3D).
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Pain only Pain + Peppermint

Pain only Pain+Lavender

Figure 3 Changes in VAS values (pain degree) by odor stimulation. (A) Placebo (air puff). P = 0.193. N = 20. (B)
Peppermint. P =0.041. N = 20. (C) Lavender. P = 0.084. N =20. (D) Lavender. Data from (C) excluding one participant

who disliked lavender. P =0.029. N

=19.

Odor-induced NIRS oxyhemoglobin changes

When pain relief treatment was presented using odorless air (placebo), a change in the oxyHb concentration was
measured using NIRS, and a Wilcoxon signed rank test was performed to compare “pain only” and “pain + air”. Cerebral
blood flow was significantly increased in Ch. 16 (i, VMPFC) (Figure 4A). For this channel, the AUC change was
obtained as P = 0.036 for Ch. 16 (Figure 4B).
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Figure 4 Changes in cerebral blood flow by placebo stimulation. (A) NIRS channels. Yellow circle indicates the channel
showing the changes in cerebral blood flow. (B) Ch16. Placebo stimulation increased blood flow (P = 0.036).
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When pain relief treatment was performed with peppermint, changes in the oxyHb concentration were measured using
NIRS, and a Wilcoxon signed rank test was performed to compare “pain only” and “pain + peppermint”. Cerebral blood
flow significantly increased in Ch. 15 (ie, -DLPFC) and Ch. 16 (ie, VMPFC) (Figure 5A). The changes in cerebral blood
flow were significant in Ch. 15 (P = 0.033, Figure 5B) and Ch. 16 (P = 0.003, Figure 5C).
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Figure 5 Changes in cerebral blood flow by peppermint stimulation. (A) NIRS channels. Yellow circles indicate the
channels showing the changes in cerebral blood flow. (B) Ch. 15. Peppermint stimulation increased blood flow (P =
0.033). (C) Ch. 16. P = 0.003. (D) Typical change in oxyHb level (ie, raw NIRS data) in Ch 15 of a participant. The
vertical axis is the oxyHb level expressed in an arbitrary unit, and the horizontal axis is time (s). Only electrical
stimulation was applied for 60—120 s, only peppermint stimulation was applied for 150-210 s, and both electrical and
peppermint stimulation were applied for 210-270 s.

When pain relief treatment was performed with lavender, changes in the oxyHb concentration were measured using
NIRS, and a Wilcoxon signed rank test was performed to compare “pain only” and “pain + lavender” (Figure 6A).
Cerebral blood flow significantly increased in Ch. 1 (ie, -tDLPFC; P = 0.049, Figure 6B), Ch. 7 (ie, DMPFC; P = 0.020,
Figure 6C), Ch. 15 (ie, rDLPFC; P = 0.049, Figure 6D), Ch. 19 (ie, rOFC; P = 0.045, Figure 6E), and Ch. 22 (ie, IOFC;
P =0.049, Figure 6F)

Ch. 15 is a rDLPFC channel where blood flow increased when stimulated with peppermint and lavender, when looking
at the average value across all participants. However, an increase in blood flow with peppermint does not necessarily
mean an increase with lavender (r=0.190, P =0.613) for an individual participant. In other words, there was no correlation
between peppermint and lavender stimulation in Ch. 15 for individual participants.
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Figure 6 Changes in cerebral blood flow by lavender stimulation. Data for one participant who disliked the lavender
scent were excluded. (A) NIRS channels. Yellow circles indicate the channels showing the changes in cerebral blood
flow. (B) Chl. Lavender stimulation increased blood flow (P = 0.049). (C) Ch7. P = 0.020. (D) Chl5. P = 0.049. (E)
Ch19. P=0.045. (F) Ch22. P =0.049. (G) Typical change in oxyHb level (ie, raw NIRS data) in Ch 15 of a participant.
The vertical axis is the oxyHb level expressed in an arbitrary unit, and the horizontal axis is time (s). Only electrical
stimulation was applied for 60—120 s, only lavender stimulation was applied for 150-210 s, and both electrical and
peppermint stimulation were applied for 210-270 s.
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Discussion

Placebo-induced changes in blood flow were observed in Ch16 (VMPFC). Therefore, this channel was excluded from
the odor-induced results. Peppermint-induced changes in blood flow were observed in Chl5 (rDLPFC) and Chl6
(VMPFC). Lavender-induced changes in blood flow were observed in Chl (rDLPFC), Ch7 (DMPFC), Chl5 (rDLPFC),
Ch19 (rOFC), and Ch22 (10FC). Thus, we concluded that channel 15 (rDLPFC) represents the region where odor-induced
pain relief and increases in blood flow occur.

When pain was relieved by the patch-adhered stimulation in our previous study (11), cerebral blood flow in the IDLPFC
was decreased. In contrast, the present experiments revealed that cerebral blood flow increased in the rDFPFC. This
discrepancy suggests that the contrast between the IDLPFC and rDLPFC is important for pain relief. Differences in the
brain regions involved in pain relief may be due to differences in the stimulation methods, but both studies revealed the
involvement of the DLPFC. Repeatedly, the relationship between DLPFC and pain processing has been much discussed
in the past, and there is no doubt that DLPFC is involved [20]. The issue is the difference in DLPFC function between the
left and right sides, but not much research has been done on this topic. Previously, the results using TMS showed that
repetitive TMS application to rDLPFC has a selective effect by increasing pain tolerance and also sustains a right
hemisphere preference in pain processing [6]. Thus, the selective laterality effect observed during right-side stimulation
(in the present case, the right forearm was stimulated) may be explained according to the suggestion that the right
hemisphere is dominant for pain processing.

The brain regions activated/inactivated in association with pain relief are an important area of study in neuroscience [21].
Recent publications reported a relationship between pain/pain relief and an activation change in the DLPFC [22],
especially by analgesic treatments with repeated transcranial magnetic stimulation and transcranial direct or alternating
current stimulation [23-26]. One study evaluating electronic wrist-ankle acupuncture showed an analgesic effect
accompanied by inactivation of the DLPFC [27]. Mindfulness meditation is another well-known complementary and
integrative approach for achieving pain relief. The relationship between pain relief due to mindfulness meditation and
changes in brain regions, including the DLPFC, is well examined [28]. A recent study, however, suggested that DLPFC
neuromodulation may attenuate or enhance the expression of placebo-induced analgesia, including an individual’s prior
experience and expectations of improvement [29]. Thus, the function of DLPFC in pain relief requires further examination.

The effects of peppermint and lavender scents on pain relief have gained attraction in the field of aromatherapy. Khalaf
et al. showed that peppermint oil tablets improved symptoms such as difficulty swallowing and non-cardiac chest pain
[30]. Sassanejad et al. found that stimulation using a lavender scent effectively decreased the severity of migraine
headache symptoms [31]. Stimulation using lavender may help treat pain in children; children who inhaled the scent of
lavender were able to reduce their daily dose of acetaminophen post-tonsillectomy [32]. Silva and colleagues found that
lavender essential oil can be an effective pain reliever and anti-inflammatory [33]; the topical application of diluted
lavender essential oil to rats in a formalin-induced pain test provided pain relief comparable to that of the prescription
medication tramadol. Together these findings suggest that lavender could be used to help treat pain and any associated
inflammation. While many studies have investigated the effects of odor stimuli on pain relief, few studies have
investigated the brain mechanisms underlying these effects.

So what is the effect of an external stimulus (in this case, an odor stimulus) on the brain? It has been shown that TMS
stimulation releases endogenous opioids in the prefrontal cortex that have the effect of causing pain relief [34].
Interestingly, placebo analgesia is also thought to produce an actual antinociceptive effect through the release of
endogenous opioids [34]. Therefore, the difference between pain-relieving stimuli and placebo stimuli may simply be the
difference in the amount of endogenous opioids secreted. Thus, it may be that odor stimuli also release endogenous opioids
in the same way, but the details are currently unknown.

Oxytocin has many interesting physical and psychologic effects regarding pain relief [35], and may at least partially
underlie the effects of odor on pain relief. We hypothesized that oxytocin secretion is increased during pain relief [9], but
the molecular and cellular mechanisms of pain relief by oxytocin are not yet established because of its complicated effects
[36,37]. In the central nervous system, oxytocinergic antinociception is thought to be mediated by GABAergic
interneurons that inhibit the primary nociceptive inputs conveyed by Ad and C fibers to the spinal cord [38,39]. Oxytocin
broadly affects DLPFC function. For example, in trauma-exposed war veterans, oxytocin significantly attenuated aberrant
alpha activity in the IDLPFC, which is thought to be involved in working memory and cognitive control [40]. In addition,
individuals with post-traumatic stress disorder who were treated with nasal oxytocin spray performed well on a 2-back
task, and the connectivity between the DLPFC and anterior cingulate was increased during the 2-back task [41]. The
anterior cingulate is involved in various functions, such as attention allocation, reward anticipation, decision-making,
ethics and morality, impulse control, and emotion. Oxytocin modulates the effective connectivity between the precuneus
and the IDLPFC, which controls social cognition [42]. The precuneus is involved in egocentric mental imagery strategies
and in the successful retrieval of episodic memories. On the other hand, significantly increased oxytocin receptor mRNA
levels were observed in the DLPFC in human postmortem brain tissue from patients with depressive or bipolar disorders
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[41,43]. Although the relationship between the function of oxytocin in the DLPFC and pain relief has not yet been clarified,
the actions of oxytocin in the DLPFC appear to be a key factor in pain relief.

According to conventional textbooks, oxytocin is synthesized in neurosecretory cells in the paraventricular and
supraoptic nuclei of the hypothalamus, and secreted from the posterior pituitary [44,45]. Denda and colleagues, however,
reported that oxytocin is expressed in keratinocytes [46]. Furthermore, Fujimoto et al. supported this result by showing
that oxytocin and neurophysin I are generated in peripheral keratinocytes [47]. Oxytocin and neurophysin I are generated
together as cleavage products after splitting the precursor molecule preprooxyphysin. When keratinocytes are stimulated,
signals are transmitted to the dorsal root ganglion (DRG) and then to the central nervous system [48]. Some DRG neurons
express oxytocin. Therefore, the influence of oxytocin is involved in signal transmission all the way from the input to the
central nervous system, especially the DLPFC.

Noguri and colleagues investigated oxytocin and its related receptors in DRG neurons because oxytocin plays a local
role in the actions of DRG neurons [49]. They measured the mRNA levels of oxytocin, oxytocin receptor, vasopressin-1la
receptor, transient receptor potential cation channel subfamily V member 1 (TRPV1), and piezo-type mechanosensitive
ion channel component 2 (Piezo2) in individual DRG neurons and performed a cluster analysis. According to the gene
expression patterns, the DRG neurons were classified into 4 clusters: Cluster 1 was mainly characterized by Piezo2,
Cluster 2 by TRPV1, and Cluster 4 by oxytocin receptors; neurons in Cluster 3 did not express any of the target genes.
The cell body diameter of oxytocin-expressing neurons was significantly larger in Cluster 1 than in Cluster 2. These
findings suggest that oxytocin-expressing DRG neurons with small cell bodies (Cluster 2) and large cell bodies (Cluster
1) correspond to C-fiber neurons and AP-fiber neurons, respectively. Furthermore, the oxytocin-expressing neurons
contained not only TRPV1 but also Piezo2, suggesting that oxytocin may be released by mechanical stimulation
independent of nociception. Thus, mechanoreception and nociception themselves may induce the autocrine/paracrine
function of oxytocin in the DRG, contributing to pain relief.

Conclusion

The DLPFC is a brain region involved in pain relief, and the relationship between the right and left sides of the DLPFC
is a key point. In the present study, activation of the rDLPFC — that is, an increase in blood flow — was observed during
pain relief by odor stimulation. A decrease in blood flow to the IDLPFC was previously observed during pain relief
induced by applying a patch. The mechanism underlying the difference in activation between the right and left sides of
the DLPFC in pain relief requires further investigation.
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