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A B S T R A C T   

Research into the health benefits of scents is on the rise. However, little is known about the effects of continuous 
inhalation, such as wearing scents on clothing, on brain structure. Therefore, in this study, an intervention study 
was conducted on a total of 50 healthy female people, 28 in the intervention group and 22 in the control group, 
asking them to wear a designated rose scent on their clothes for a month. The effect of continuous inhalation of 
essential oil on the gray matter of the brain was measured by calculating changes in brain images of participants 
taken before and after the intervention using Magnetic Resonance Imaging (MRI). The results showed that the 
intervention increased the gray matter volume (GMV) of the whole brain and posterior cingulate cortex (PCC) 
subregion. On the other hand, the GMV of the amygdala and orbitofrontal cortex (OFC) did not change. This 
study is the first to show that continuous scent inhalation changes brain structure.   

1. Introduction 

Aromatherapy is one of the traditional remedies that uses essential 
oils extracted from plants based on their scent effects and is currently 
used in many fields. Aromatherapy is based on the theory that inhaling 
or absorbing essential oils causes changes within the limbic system, the 
part of the brain associated with memory and emotion (Seyyed-Rasooli 
et al., 2016). Aromatherapy stimulates physiological responses in the 
nervous, endocrine, or immune systems and can affect heart rate, blood 
pressure, breathing, brain wave activity, and the release of various 
hormones throughout the body (Seyyed-Rasooli et al., 2016). The limbic 
system comprises subcortical (amygdala, hippocampus) and cortical 
structures (parahippocampal cortex, cingulate cortex, etc.) and plays a 
central role in emotional regulation and memory (Rolls, 2019; Soudry 
et al., 2011). Numerous functional magnetic resonance imaging (fMRI) 
studies conducted in healthy, normal people have shown that olfactory 
stimuli activate primary and secondary olfactory cortical areas (e.g., 
Wang et al., 2005). However, the pattern of activation is inconsistent as 
it is influenced by various experimental factors such as task instructions 
and stimulus quality (Van Regemorter et al., 2022). 

The smell can be broadly divided into two aspects: intensity and 

pleasantness. Among these, intensity has been observed to be related to 
activity in the primary olfactory cortex including the amygdala 
(Anderson et al., 2003). Pleasure, on the other hand, is associated with 
the secondary olfactory cortex (Bérard et al., 2021) including the orbi
tofrontal cortex (OFC), which is involved in odor identification and ol
factory memorization receiving direct input from the olfactory tract 
(Zald and Pardo, 1997; Zald et al., 2002; Zatorre et al., 1992; Small et al., 
1997). In addition to the amygdala and OFC, the posterior cingulate 
cortex (PCC) shows interesting trends. PCC is involved in memory-odor 
associations, odor memory retrieval, and semantic memory processes 
(Maddock et al., 2001; Binder et al., 2009; Bird et al., 2015). Previous 
studies have shown that patients with olfactory dysfunction (OD) who 
are more demanding on olfactory memory tasks have greater PCC re
sponses to olfactory stimuli compared to subjects with normal olfactory 
sense (Pellegrino et al., 2016; Pellegrino et al., 2021). Furthermore, the 
PCC is activated in response not only to pleasant scents (e.g. lavender 
scent. Duan et al., 2007; Jung et al., 2004) but also to unpleasant scents 
(Billot et al., 2017). This is unlike the OFC, which is activated mostly in 
response to pleasant scents (O’doherty et al., 2000; Grabenhorst et al., 
2007), and the amygdala, which is activated in response to strong or 
unfamiliar scents (Anderson et al., 2003; Jung et al., 2006). Fig. 1 shows 
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the locations of these three regions on an illustration of a whole brain. 
Based on the above previous studies, this study will investigate the 

effects of daily inhalation of rose scent on GMV in women’s brains. 
Regarding GMV in the brain, in addition to the whole brain, from the 
perspective of the region of interest (ROI), we assessed the GMV of the 
amygdala, OFC, and PCC. The reasons for limiting the target audience to 
women are that women are generally more sensitive to odors than men 
(Doty and Cameron, 2009), respond more emotionally to odors (Chen 
and Dalton, 2005), and are more susceptible to emotional conditioning 
with odors (Bell et al., 1992; Dalton, 1999; Herz, 2016; Kirk-Smith et al., 
1983). Therefore, many studies examining odor-evoked memory have 
focused exclusively on women (eg, Herz et al., 2004; Toffolo et al., 
2012). On the other hand, since many men do not have the habit of 
wearing scents, it is expected that they are more likely than women to 
feel uncomfortable with the intervention. Therefore, we decided to 
exclude men from the study to reduce the possibility that their inclusion 
would uncontrollably affect the study results. 

2. Materials and methods 

2.1. Participants 

From September to October 2018, with the support of a private 
staffing agency, 51 healthy women were recruited to Kyoto as research 
participants. They were compensated by a staffing agency. After that, 
they were randomly divided into the following two groups by a double- 
blind method: 29 participants in the intervention group (aged 41–69 
years, mean [M] ± standard deviation [SD]: 50.9 ± 7.6 years) and 22 
participants in the control group (aged 41–65 years, M ± SD: 51.2 ± 6.7 
years). To account for the possibility that some participants would drop 
out, a larger number of participants were recruited than the theoreti
cally required number of 17 participants in each group calculated with 
G*Power 3.1.9.7 with effect size f = 0.25; α error probability = 0.05; 
power = 0.8. More participants were assigned to the intervention group 
in anticipation of the possibility that many participants would find the 
scent unpleasant and drop out. In terms of results, although there were 
no dropouts, one participant in the intervention group was excluded 
from the analysis due to an inability to successfully perform post- 
intervention brain imaging. As a result, 28 subjects in the intervention 
group (aged 41–69 years, M ± SD: 51.2 ± 6.7 years) and 22 subjects in 
the control group (aged 41–65 years, M ± SD: 51.2 ± 7.5 years), a total 
of 50 healthy women (aged 41–69 years, M ± SD: 51.2 ± 7.1 years) 
were included in the study. Considering that this study (1) measures the 
brain structure, (2) uses scent, and (3) targets healthy subjects, the 
exclusion criteria were as follows: (1) going to a hospital for psychoso
matic medicine, psychiatry, gynecology, or otolaryngology; (2) having a 
mental and nervous system disease, gynecological disease, 

otolaryngological disease, serious physical disease (malignant tumor, 
heart failure, liver disorder, renal disorder, endocrine disease, diabetes, 
nutritional disorder, alcoholism); (3) taking central nervous system 
drugs, hormone drugs, etc.; (4) smoking; (5) being pregnant or breast
feeding; (6) disliking the scent of rose essential oil; (7) having a history 
of allergies to commercially available fragrances and cosmetics. This 
study was approved by the Ethics Committee of Kyoto University 
(approval number 27-P-13) and was conducted following the guidelines 
and regulations of the institute. All participants provided written 
informed consent before participation and maintained anonymity. 

2.2. Procedure 

Participants were asked to wear the designated scent on their clothes 
every day for a month. That is, (1) the intervention group, 1–3 drops of 
rose essential oil (0.5%) per time, (2) the control group, 1–3 drops of 
water per time, twice a day dropped on the aroma seal and were 
required to wear it on their clothes. Essential oils were diluted with 
dipropylene glycol (DPG). DPG is a polyhydric alcohol that combines PG 
(propylene glycol) and is a safer and less irritating ingredient than PG. 
To investigate the effects of continuous inhalation of essential oil, DPG 
was selected in this study because it has high water retention, antibac
terial properties, and is effective in increasing the shelf life of products 
(Japan Cosmetic Association, 2021), and has been confirmed to be safe 
for the human body, including the skin (Cosmetic Ingredient Review 
Expert Panel, 1984). Participants were asked not to change their lifestyle 
significantly during the experiment. Participants gathered at Kyoto 
University before and after the one-month intervention, and brain im
ages were taken using an MRI machine using the method described 
below. 

2.3. MRI data acquisition 

All magnetic resonance imaging (MRI) data were obtained using a 3- 
T Siemens scanner (Verio, Siemens Medical Solutions, Erlangen, Ger
many or MAGNETOM Prisma, Siemens, Munich, Germany) with a 32- 
channel head array coil. A high-resolution structural image was ac
quired using a three-dimensional (3D) T1-weighted magnetization-pre
pared, rapid-acquisition gradient echo pulse sequence. The parameters 
were as follows: repetition time (TR), 1900 ms; echo time (TE), 2.52 ms; 
inversion time (TI), 900 ms; flip angle, 9◦; matrix size, 256 × 256; field 
of view (FOV), 256 mm; and slice thickness, 1 mm. DTI data were 
collected by spin-echo echo-planar imaging (SE-EPI) using generalized 
auto-calibrating partially parallel acquisitions (GRAPPA). The image 
slices were parallel to the orbitomeatal (OM) line. The parameters were 
as follows: TR = 14,100 ms; TE = 81 ms; flip angle = 90◦; matrix 
size = 114 × 114; FOV = 224 mm; slice thickness = 2 mm. The base
line image (b = 0 s/mm2) and 30 different diffusion directions were 
obtained with a b-value of 1000 s / mm2. 

2.4. GM-BHQ 

T1-weighted images were pre-processed and analyzed using Statis
tical Parametric Mapping 12 (SPM12; Wellcome Trust Center for Neu
roimaging, London, United Kingdom) running on MATLAB R2015b 
(Mathworks Inc., Sherborn, MA, United States). Each MPRAGE image 
was divided into gray matter (GM), white matter (WM), and cerebro
spinal fluid (CSF) images. The segmented GM images were spatially 
normalized using a diffeomorphic anatomical registration through an 
exponentiated lie algebra (DARTEL) algorithm (Ashburner, 2007). A 
modulation step was also incorporated into the pre-processing model to 
reflect the regional volume and preserve the total GM volume before the 
warp. As a final preprocessing step, all normalized, segmented, and 
modulated images were smoothed with an 8 mm full width at 
half-maximum (FWHM) Gaussian kernel. Intracranial volume (ICV) was 
calculated by summing the GM, WM, and CSF images for each subject. 

Fig. 1. Human brain. OFC: orbitofrontal cortex. PCC: posterior cingu
late cortex. 
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Proportional GM images were generated by dividing the smoothed GM 
image by ICV to control for differences in whole-brain volume between 
participants. These proportional GM images were used to generate the 
mean and standard deviation (SD) images of all participants. Next, we 
calculated the GM brain healthcare quotient (BHQ), which is like the 
intelligence quotient (IQ). The mean was defined as BHQ 100, and SD 
was defined as 15 BHQ points. By this definition, about 68% of the 
population is between BHQ 85 and BHQ 115, and 95% of the population 
is between BHQ 70 and BHQ 130. Individual GM quotient images were 
calculated using the following formula: 100 + 15 × (individual pro
portional GM–mean)/SD. Next, automatic anatomical labeling (AAL) 
atlas73 was used to extract regional GM quotients and averages across 
regions to create participant-specific GM-BHQs. For more details, see 
Nemoto et al. (2017) and Kokubun et al. (2023). In addition to GM-BHQ, 
which is representative of the whole brain, we also used the amygdala, 
OFC, and PCC subregions of GM-BHQ from the perspective of the region 
of interest (ROI). 

2.5. Statistical analysis 

Repeated measures ANOVA assessed the following changes due to 
intervention: whole brain, amygdala, OFC, and PCC GM-BHQ. All sta
tistical analyses were performed using IBM SPSS Statistics Version 28 
(IBM Corp., Armonk, NY, USA). 

3. Results 

Table 1 shows the results of an independent samples t-test. It is 
shown that there was no statistical mean difference between the two 
groups for age (t = 0.006, p = 0.995), BMI (t = 0.103, p = 0.918), 
whole-brain (t = 0.307, p = 0.760), amygdala (t = 0.259, p = 0.796), 
OFC (t = 0.590, p = 0.558), and PCC (t = 0.585, p = 0.561) GM-BHQ. 
Therefore, in the observed variables, we could confirm that the distri
bution of study participants was roughly homogeneous. 

Table 2 shows the changes after the intervention. First, according to 
the analysis of covariance (ANCOVA) test, which controlled for changes 
before and after the intervention using baseline values, there were sig
nificant differences at the 5% level for both whole-brain (F = 5.562, 
p = 0.023) and PCC (F = 6.863, p = 0.012) GM-BHQ. There was also a 
significant difference in the post-hoc paired-samples t-test between pre 
and post-intervention groups at the 1% and 5% levels for whole-brain 
(t = 3.248, p = 0.003, d = 0.623) and PCC (t = 2.661, p = 0.013, 
d = 0.494) GM-BHQ, respectively. On the other hand, amygdala (F =
0.058, p = 0.811) and OFC (F = 3.070, p = 0.086) GM-BHQ did not 
show significant changes in the ANCOVA test. Furthermore, the results 
of multiple comparisons using the Benjamini & Hochberg method 
showed that the changes in whole-brain and PCC GM-BHQ were still 
statistically significant. Fig. 2 shows changes in the means for the four 
variables. 

4. Discussion 

Research into the health benefits of scents is on the rise (Ebrahimi 

et al., 2022; Fukada et al., 2012; Atsumi and Tonosaki, 2007; Watanabe 
et al., 2015; Kawai et al., 2020; Choi et al., 2014). The efficacy of scent 
has also been confirmed in brain research (Wang et al., 2005; Van 
Regemorter et al., 2022). However, most of these studies have examined 
the effects of temporary odor stimulation on brain responses. Therefore, 
in this study, we investigated the changes that occur in brain structure 
when a person is continuously exposed to scent stimuli for a month. Rose 
essential oil was used to scent the intervention group, and plain water 
was used to scent the control group. A total of 50 people, 28 in the 
intervention group and 22 in the control group were asked to wear the 
designated scent on their clothes for a month. The results showed that 
daily inhalation of rose essential oil increased the GMV of the whole 
brain and its PCC subregion measured by GM-BHQ. On the contrary, the 
amygdala and OFC GM-BHQ did not show any significant changes. 
These results remained unchanged even after multiple comparisons 
using the Benjamini & Hochberg (BH) method. 

The PCC is involved in memory-odor associations, odor memory 
retrieval, and semantic memory processes (Maddock et al., 2001; Binder 
et al., 2009; Bird et al., 2015). Previous studies have shown that patients 
with olfactory dysfunction (OD) have weaker activation in regions 
directly related to olfactory function, including the amygdala (Yunpeng 
et al., 2021; Pellegrino et al., 2021), and stronger activation in regions 
indirectly related to olfactory function, including the PCC, in response to 
olfactory stimuli compared to people with normal sense of smell (Pel
legrino et al., 2016; Pellegrino et al., 2021). Stronger activation in the 
PCC of OD patients may indicate more demanding olfactory memory 
processing (Van Regemorter et al., 2022). Therefore, it can be consid
ered that, under conditions of sustained odor exposure, as in our ex
periments, the PCC, which processes odor memories, was more activated 
than the amygdala, which is responsible for sensing odors. 

Another possibility is that the subjects who kept sniffing the rose 
essential oil found it unpleasant and were regulating their emotions. A 
previous study has shown that negative odor-induced emotions result in 
activation of the PCC, while regulation of odor-induced emotions results 
in mild lower activation of the amygdala (Billot et al., 2017). Mean
while, an fMRI study reported that activation in regions of the OFC was 
reduced by the odor of food eaten to the point of satiety, with a similar 
tendency in some subjects in the amygdala (O’doherty et al., 2000). 
Relatedly, studies using jasmine and mixtures suggest that the medial 
OFC is activated in response to pleasant scents alone (Grabenhorst et al., 
2007). Another study confirms from electrophysiological recordings 
that the amygdala typically responds to unfamiliar and hedonic neutral 
odor stimuli (Jung et al., 2006). From these, in our current research, we 
cannot deny the possibility that by continuous inhalation of rose 
essential oil, the brain perceives it as unpleasant, which may activate 
PCC and simultaneously prevent the activation of the OFC and amyg
dala. However, it is difficult to reach this conclusion based on changes in 
brain volume, and it is only one possibility. 

The result of this study that continuous inhalation of rose essential 
oil increases the GM of PCC has implications for the practice of dementia 
prevention. Previous studies have shown that Alzheimer’s disease (AD) 
patients have decreased GMV in PCC (Shimoda et al., 2015; He et al., 
2007; Liu et al., 2008). A meta-analysis of structural neuroimaging 

Table 1 
Comparison of baseline intervention group and control group.   

Control   Intervention     

Mean SD  Mean SD  t p 

Age (years old) 51.230 6.740  51.210 7.465   0.006  0.995 
BMI (kg/m2) 21.445 2.768  21.354 3.378   0.103  0.918 
Whole brain 100.061 7.167  100.634 6.036   0.307  0.760 
Amygdala 100.679 11.450  101.536 11.690   0.259  0.796 
OFC 99.068 10.412  100.637 8.411   0.590  0.558 
PCC 96.388 12.628  98.337 10.911   0.585  0.561 

n = 22 for control and n = 28 for intervention; * p < 0.05; OFC: orbitofrontal cortex. PCC: posterior cingulate cortex. 
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studies also identified GM atrophy in PCC as an antecedent biomarker 
predicting progression to AD (Whitwell et al., 2008; Gili et al., 2011; 
Shiino et al., 2006; Karas et al., 2007). Therefore, the result of the cur
rent study suggests that continuous inhalation of rose essential oil may 
prevent brain atrophy and prevent dementia. In this study, not only PCC 
but also whole brain GM increased. Given that the brain works in con
cert rather than just some of its structures, simply showing that specific 
scents cause changes in some brain structures is not enough to say that 
the effect of the intervention was sufficient (Koob et al., 2013; Frigerio 
et al., 2021). Therefore, considering previous research that showed that 

whole-brain GM predicts dementia risk more accurately than specific 
brain regions (Edmonds et al., 2016; Watanabe et al., 2021), continuous 
inhalation of rose essential oil for a month is thought to be beneficial 
from a whole-brain perspective. 

4.1. Limitation 

This study has three limitations. The first is the composition of the 
participants, that is, the participants in this study were only women. 
Relatedly, the study did not ask about the participants’ lifestyle, 

Table 2 
Changes before and after the intervention.   

Control   Intervention      

Mean SD  Mean SD  F p partial η2 

Whole brain  -0.071 1.063  0.558 0.909  5.562 0.023*  0.106 
Amygdala  0.015 3.415  0.182 3.437  0.058 0.811  0.001 
OFC  -0.141 1.076  0.476 1.367  3.070 0.086  0.061 
PCC  -0.330 1.399  0.725 1.441  6.863 0.012*  0.127 

n = 22 for control and n = 28 for intervention; The test was based on the ANCOVA method, which controlled for changes before and after the intervention using 
baseline values; * p < 0.05 after multiple comparisons using the Benjamini & Hochberg (BH) method; OFC: orbitofrontal cortex. PCC: posterior cingulate cortex. 

Fig. 2. Changes before and after the intervention. The vertical axis is the change before and after the intervention. Error bars are standard errors of the mean. OFC: 
orbitofrontal cortex. PCC: posterior cingulate cortex. See Table 2 for other information. 
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exercise, diet, education, career, etc. These confounding factors may 
have influenced the brain and brain volume. Therefore, future studies 
should test for reproducibility when men are included and these con
founding factors are controlled. The second concerns the intervention 
method. Although this study used a double-blind method, it is not that 
method in the original sense. This is because the participants in the 
experiment could easily guess that the liquid was just water from the 
smell they wore. Therefore, the reproducibility of the present research 
results should be verified by using liquids with some scent safe for the 
human body. Relatedly, this study used rose scent and no other scents. 
Therefore, while the results of this study indicate that rose is effective, 
they do not indicate that other scents are not effective. Future studies 
should test the results of this study by adding groups with scents other 
than the rose. The third issue concerns compliance with intervention 
conditions. Participants were not monitored to see if they were wearing 
scent correctly. Therefore, variations in participants’ adherence may 
have influenced the experimental results. Future research should 
monitor participants by requiring reports with photos etc. Alternatively, 
the following ideas may provide good hints for understanding partici
pants’ adherence to the intervention: asking the participants to smell the 
scent that will be applied to them listening to their opinions before 
participating in the study; measuring their emotions/mood when 
smelling the scent; and asking whether the person has followed the in
structions throughout the period. Although these were not done in the 
current study, future studies should consider adopting such methods. 

5. Conclusion 

It has been confirmed that aromatherapy has effects on various parts 
of the body, including the brain. However, to the authors’ knowledge, 
there have been no studies to date that have investigated the effects of 
simple interventions such as adding fragrance to clothes on the brain. In 
this study, continuous inhalation of essential oil was shown to increase 
the GMV of the healthy female whole brain and its PCC subregion. 
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