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Abstract:



Geosmin and 2-methylisoborneol, molecules with the same odor characteristics, are mainly responsible for the smell of soil and cause odor problems worldwide in drinking water supplies. However, the effect of these odor molecules on human brain function is still unclear. The present investigation aimed to evaluate the effect of inhalation of geosmin and 2-methylisoborneol on human electroencephalographic (EEG) activity in order to understand whether their action on brain wave activity is the same or different. A total of 20 healthy volunteers (10 women and 10 men) were selected to determine the EEG power spectrum changes. The EEG data were recorded from 32 channels according to the International 10–20 system and 25 EEG power spectrum indices were analyzed. The inhalation of geosmin and 2-methylisoborneol exhibited different EEG activity by producing changes in different EEG indicators as well as brain regions. In both genders, significant changes in EEG power spectra were observed during the inhalation of geosmin when compared with 2-methylisoborneol. Absolute waves such as beta, fast alpha, low beta, high beta, and gamma significantly decreased, particularly in the centro-parietal (Cp6) region, due to the exposure to geosmin. According to gender variation, geosmin produced significant changes in the absolute low beta and high beta waves at the Cp6 region in women. In the case of 2-methylisoborneol, a significant increase in absolute alpha and absolute fast alpha activity was observed at the F8 region in men. However, there were no significant changes in absolute waves for men and women during the inhalation of geosmin and 2-methylisoborneol. Although both components are responsible for soil smell, they exhibit significantly different EEG activity according to gender.
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1. Introduction


The soil smell is mainly characterized by two odor molecules, geosmin (C12H22O, trans-1,10-dimethyl-trans-9 decalol) and 2-methylisoborneol (C11H20O, 1,2,7,7-tetramethylbicyclo[2.2.1]heptan-2-ol). These odor molecules possess earthy and musty smell characteristics and are mainly found in soil [1]. In addition, they have been found in drinking water and various fruits and vegetables, even after various industrial processing treatments [2]. Geosmin and 2-methylisoborneol are microbial metabolites produced by actinobacteria, cyanobacteria, proteobacteria, and some fungi. Actinobacteria are the main producers of geosmin and 2-methylisoborneol in the soil, whereas cyanobacteria are the major producers of these odor molecules in aquatic environments [3,4,5].



Geosmin and 2-methylisoborneol are not a public health concern, but the presence of unpleasant tastes and odors in drinking water and food products is an important global problem. Furthermore, very low threshold concentrations of these molecules and their persistence despite common water purification processes are major problems. The odor threshold concentrations for geosmin and 2-methylisoborneol can range from 4 to 20 ng/L [6]. Humans can smell these odor molecules at very low concentrations (<10 parts per trillion) in water [7]. Many people like the odor of soil mixed with rain because it brings a lot of nostalgic memories. The smell of water can affect the psychophysiological conditions of human beings. Haese et al. [8] reviewed the tastes and odor of water based on sensory profiles, chemical measurements, and electrophysiological responses. In general, odors play an important role in emotions and the memory process. Furthermore, Zucco et al. [9] stated that even unnoticed odors may affect mental states. The influence of odor molecules on the autonomic nervous system is mainly through direct connections between odors and olfactory receptors, and their effect on brain states is via the subjective effects of odor perception [10].



A number of studies are being conducted to evaluate the olfactory stimulation effects on humans in order to understand whether odors can produce functional changes such as relaxation and excitation states in the brain [11]. The effect of odors on brain state can be measured by electroencephalography (EEG) through changes in brain wave activity. EEG is the most effective method for noninvasively investigating electrophysiological changes in the brain and is capable of exhibiting the central nervous system’s responses over time. Previously, several authors have used the EEG technique to determine brain wave changes during the inhalation of odor molecules [12,13,14]. It was also reported that EEG activity significantly changed in subjects who did not perceive the presence of odor molecules when compared with odor controls [15]. In addition, gender plays a major role in the detection, perception, and their cognitive implications of olfactory process with respect to different odors. In a similar way, various odorants produced different EEG activity according to gender. Previous studies have suggested that even isomers of odor molecules (carvone, linalool, and limonene) possess different odor qualities and intensities for humans [11,16,17].



To date, there has been no study in relation to the inhalation of gesomin and 2-methylisoborneol odors on human EEG activity. Based on the above knowledge, the present study was carried out to investigate the effect of geosmin and 2-methylisoborneol on human EEG activity in order to understand whether odor molecules with the same type of odor characteristics exhibit the same EEG activity or different.




2. Experimental


2.1. Materials


Geosmin (CAS No. 16423-19-1) and 2-methylisoborneol (CAS No. 2371-42-8) were purchased from Sigma (St. Louis, MO, USA). The purchased chemicals were stored at 4 °C until use in the EEG study.




2.2. Subjects


The present study followed the Declaration of Helsinki on Biomedical Research Involving Human Subjects. The study protocol was approved by the ethics committee from the Kangwon National University, Chuncheon, South Korea. Twenty healthy subjects (10 men and 10 women) aged 20–30 years participated in this study. Individuals with olfactory diseases, mental or physical illness, and those taking medication or abusing drugs were not included in the study. Informed consent was obtained from all the subjects before participation.




2.3. Experimental Design


A single group pretest and posttest experimental design was used in the study (20 subjects). The subjects were told that the purpose of the study was to evaluate the effect of inhalation of odor molecules on EEG activity. During the EEG recordings, the subjects were instructed to sit quietly, keep their eyes closed, and breathe normally but remain awake. After the EEG recordings, the subjects were asked to give their preference and impression of the odors of geosmin and 2-methylisoborneol.




2.4. EEG Recordings


A QEEG-64FX system was used to record the EEG readings (LAXTHA Inc., Daejeon, Korea). The EEG recordings were made using an electrode cap from 32 channels placed at the Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T7, T8, P7, P8, Afz, Cz, Fz, Pz, Fpz, Oz, Af3, Af4, Fc1, Fc2, Fc5, Fc6, Cp1, Cp2, Cp5, and Cp6 regions according to the International 10–20 System (Figure 1). The electrodes were referenced to the ipsilateral earlobe electrodes. The EEG sampling rate of the measured subjects was 250 Hz, filtered in the range of 2.5–50 Hz, and the readings were stored in a computer by 24-bit analog-to-digital conversion. The electrodes (silver/silver chloride) were applied over an elastic cap with plastic electrode holders. The ECI electrode gel (Electro-gel™, Electro-Cap International Inc., Eaton, OH, USA) was applied to each electrode to connect with the surface of the scalp in order to drop the electric resistance of the scalp below 5 kΩ.


Figure 1. The electrode placement sites according to the International 10–20 system, with modified combinatorial nomenclature.



[image: Applsci 07 00876 g001]







2.5. Fragrance Administration


Geosmin and 2-methylisoborneol (10% w/v) were dissolved in dipropylene glycol and used as fragrance stimuli. The EEG recording room was maintained with a constant temperature (24 °C) and humidity (50%). The undiluted geosmin and 2-methylisoborneol (10 μL) was added on the perfumer’s paper strip and then placed about 3 cm in front of the subject’s nose. The EEG was recorded 45 s before and 45 s during the exposure of geosmin and 2-methylisoborneol. The baseline EEG readings were recorded at eye-closed state for each condition. First, the EEG was recorded before and during the exposure of geosmin. After resting for 3 min, the EEG was again recorded before and during the exposure of 2-methylisoborneol.




2.6. Data Analysis


The mean power spectrum values [microvolt square (μV2)] were calculated for 25 EEG indices including absolute, relative and ratio values of theta, alpha, beta and gamma waves [17]. Statistical analysis was performed using SPSS statistical package 23 (SPSS, Inc., Chicago, IL, USA). The EEG power spectra before and during the inhalation of geosmin and 2-methylisoborneol were analyzed by a paired Student’s t-test, with the p value < 0.05 being considered significant. T-mapping of EEG power spectra changes was constructed by Telescan software package (LAXTHA Inc., Daejeon, Korea).





3. Results


In the present study, the earthy odor molecules geosmin and 2-methylisoborneol were used to stimulate the olfactory system via inhalation in order to understand their effect on brain wave activity. The changes of 25 EEG power spectrum values were analyzed from 32 electrode sites located at the prefrontal, frontal, central, temporal, parietal, and occipital regions according to the International 10–20 System. In the results, we presented only significant changes in absolute and ratio values before and during the inhalation of both compounds with the exclusion of relative values (Table 1, Table 2 and Table 3). Figure 2 and Figure 3 illustrate the t-mapping of significant changes of absolute power spectrum values. The results revealed that geosmin and 2-methylisoborneol showed significantly (p < 0.05) different EEG activity in women and men.


Figure 2. The t-mapping of EEG changes (absolute waves) before and during the inhalation of geosmin in both genders. Arrows show the significant changes in the region during the inhalation of geosmin.
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Figure 3. t-Mapping of EEG changes (absolute waves) before and during the inhalation of geosmin in women and 2-methylisoborneol in women. Arrows show the significant changes in the regions during the inhalation of geosmin and 2-methylisoborneol.
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Table 1. Significant changes of EEG power spectra during the inhalation of geosmin in both genders.







	
EEG Indices

	
Site

	
Before Inhalation (µV2)

	
During Inhalation (µV2)

	
t-Test

	
p Value *






	
AFA

	
Cp6

	
4.1374 ± 1.5095

	
1.6438 ± 1.0255

	
2.102

	
0.049




	
AB

	
Cp6

	
14.7287 ± 8.7909

	
10.4411 ± 8.8256

	
2.243

	
0.037




	
AHB

	
Cp6

	
7.6548 ± 4.9757

	
5.3986 ± 4.7224

	
2.565

	
0.019




	
ALB

	
Cp6

	
3.2775 ± 1.7220

	
2.1519 ± 1.5705

	
2.596

	
0.018




	
AG

	
Cp6

	
9.4893 ± 7.0053

	
7.2170 ± 6.6503

	
2.183

	
0.042




	
RST

	
Cp6

	
0.3243 ± 0.0671

	
0.2172 ± 0.0506

	
2.171

	
0.043




	
RMT

	
F3

	
0.3474 ± 0.0930

	
0.2264 ± 0.0630

	
2.229

	
0.038




	
Cp6

	
0.4220 ± 0.0957

	
0.2730 ± 0.0833

	
2.111

	
0.048




	
RSMT

	
F3

	
0.7462 ± 0.1598

	
0.4902 ± 0.1312

	
2.219

	
0.039




	
Cp6

	
0.5872 ± 0.1481

	
0.3999 ± 0.1026

	
2.159

	
0.044




	
SEF50

	
T8

	
12.3871 ± 1.2176

	
10.1593 ± 0.8395

	
2.374

	
0.028








AFA, absolute fast alpha; AlB, absolute low beta; AHB, absolute high beta; AB, absolute beta; AG, absolute gamma; RST, ratio of SMR to theta; RMT, ratio of mid beta to theta; RSMT, ratio of SMR mid beta to theta; SEF50, spectral edge frequency 50%; The results are significant changes of absolute and ratio values before and during the inhalation of geosmin with the exclusion of relative values (Out of 25 EEG indices). Values are expressed as the mean ± standard deviation. * Significant difference (p < 0.05), Number of subjects—20.








Table 2. Significant changes of EEG power spectra during the inhalation of geosmin in women.







	
EEG Indices

	
Site

	
Before Inhalation (µV2)

	
During Inhalation (µV2)

	
t-Test

	
p Value *






	
AHB

	
Cp6

	
14.0263 ± 9.7133

	
10.5390 ± 9.3952

	
2.636

	
0.027




	
ALB

	
Cp6

	
5.6537 ± 3.3128

	
3.9980 ± 3.1012

	
2.372

	
0.042




	
RST

	
T8

	
0.5053 ± 0.1354

	
0.3485 ± 0.1156

	
3.304

	
0.009




	
Cp6

	
0.4796 ± 0.1091

	
0.2978 ± 0.0877

	
2.390

	
0.041




	
P3

	
0.3233 ± 0.0912

	
0.2372 ± 0.0873

	
2.361

	
0.043




	
RMT

	
T4

	
0.4222 ± 0.0933

	
0.3111 ± 0.0890

	
2.364

	
0.042




	
P3

	
0.3821 ± 0.0825

	
0.2468 ± 0.0675

	
2.453

	
0.037




	
RSMT

	
P3

	
0.7054 ± 0.1484

	
0.4840 ± 0.1505

	
2.836

	
0.020




	
Cp2

	
0.8552 ± 0.1538

	
0.5914 ± 0.1688

	
2.386

	
0.041




	
SEF50

	
F4

	
11.7798 ± 1.4694

	
10.0464 ± 1.5986

	
2.681

	
0.025




	
T4

	
11.5295 ± 1.1366

	
9.5337 ± 1.3479

	
3.302

	
0.009




	
P3

	
10.8765 ± 0.7135

	
8.8013 ± 0.9192

	
3.328

	
0.009




	
P4

	
11.3525 ± 0.8768

	
9.6497 ± 1.3301

	
2.290

	
0.048




	
O1

	
12.2498 ± 1.5447

	
10.3577 ± 1.7093

	
3.198

	
0.011




	
O2

	
12.1338 ± 1.3258

	
10.3088 ± 1.6092

	
2.981

	
0.015




	
T8

	
15.8264 ± 1.5940

	
11.1938 ± 1.5220

	
5.191

	
0.001




	
Cz

	
11.6516 ± 1.4254

	
9.7900 ± 1.6372

	
2.688

	
0.025




	
Cp2

	
11.9202 ± 1.4366

	
9.7839 ± 1.5728

	
3.500

	
0.007




	
Cp6

	
12.3901 ± 1.3353

	
10.1624 ± 1.5718

	
3.696

	
0.005




	
SEF90

	
Fp1

	
32.0923 ± 1.8613

	
24.8718 ± 3.5291

	
2.685

	
0.025




	
Fp2

	
33.0078 ± 1.6117

	
24.3164 ± 3.2836

	
2.628

	
0.027




	
F3

	
27.7039 ± 2.1683

	
21.5942 ± 2.9508

	
3.007

	
0.015




	
F4

	
26.8921 ± 2.6945

	
22.2107 ± 2.9661

	
2.415

	
0.039




	
P4

	
27.1973 ± 2.3330

	
21.8201 ± 2.7859

	
2.956

	
0.016




	
T8

	
35.4553 ± 2.7690

	
29.2480 ± 3.5502

	
3.153

	
0.012




	
Cp2

	
28.4241 ± 2.8740

	
22.2290 ± 2.8799

	
2.846

	
0.019




	
T7

	
32.9712 ± 2.1259

	
27.1912 ± 3.4314

	
2.641

	
0.027




	
ASEF

	
Fc1

	
10.4675 ± 0.1555

	
10.0952 ± 0.1387

	
2.667

	
0.026




	
T8

	
10.4492 ± 0.1373

	
10.0342 ± 0.1520

	
2.449

	
0.037




	
Af4

	
10.4187 ± 0.1328

	
10.0159 ± 0.1606

	
2.490

	
0.034




	
Fpz

	
10.4187 ± 0.1214

	
10.0281 ± 0.1651

	
2.331

	
0.045








AHB, absolute high beta; ALB, absolute low beta; RST, ratio of SMR to theta; RMT, ratio of mid beta to theta; RSMT, ratio of SMR mid beta to theta; SEF50, spectral edge frequency 50%; SEF90, spectral edge frequency 90%; ASEF, spectral edge frequency 50% of alpha. The results are significant changes of absolute and ratio values before and during the inhalation of geosmin with the exclusion of relative values (Out of 25 EEG indices). Significant changes were not observed during the inhalation of geosmin for men. Values are expressed as the mean ± standard deviation. * Significant difference (p < 0.05), Number of subjects—10.








Table 3. Significant changes of EEG power spectra during the inhalation of 2-methylisoborneol in both genders.







	
EEG Indices

	
Site

	
Before Inhalation (µV2)

	
During Inhalation (µV2)

	
t-Test

	
p Value *






	
Both Genders




	
RST

	
Af4

	
0.2598 ± 0.0519

	
0.1882 ± 0.0395

	
2.363

	
0.029




	
Cp5

	
0.2838 ± 0.0674

	
0.2084 ± 0.0461

	
2.231

	
0.038




	
RMT

	
Cp5

	
0.3897 ± 0.0969

	
0.2926 ± 0.0750

	
2.143

	
0.045




	
RSMT

	
Af4

	
0.5810 ± 0.1191

	
0.3760 ± 0.1004

	
2.388

	
0.027




	
Cp5

	
0.6735 ± 0.1557

	
0.5010 ± 0.1165

	
2.448

	
0.024




	
Women




	
RST

	
Af4

	
0.3588 ± 0.0891

	
0.2453 ± 0.0729

	
2.383

	
0.041




	
Cp5

	
0.4377 ± 0.1140

	
0.2955 ± 0.0838

	
2.627

	
0.027




	
Cp6

	
0.4045 ± 0.0959

	
0.3210 ± 0.0923

	
2.299

	
0.047




	
RMT

	
O2

	
0.6098 ± 0.1883

	
0.4806 ± 0.1747

	
2.569

	
0.030




	
F8

	
0.4973 ± 0.1614

	
0.3731 ± 0.1426

	
2.569

	
0.030




	
Cz

	
0.4589 ± 0.1431

	
0.3278 ± 0.1397

	
2.424

	
0.038




	
Pz

	
0.4835 ± 0.1337

	
0.3313 ± 0.1046

	
3.276

	
0.010




	
Af4

	
0.4475 ± 0.1200

	
0.3385 ± 0.1129

	
2.399

	
0.040




	
Fc2

	
0.4240 ± 0.1502

	
0.3252 ± 0.1340

	
2.690

	
0.025




	
Cp5

	
0.6034 ± 0.1633

	
0.4183 ± 0.1376

	
2.870

	
0.018




	
Cp6

	
0.5189 ± 0.1448

	
0.3897 ± 0.1414

	
2.463

	
0.036




	
RSMT

	
Cz

	
0.7992 ± 0.2305

	
0.5826 ± 0.2232

	
2.360

	
0.043




	
Pz

	
0.8989 ± 0.2293

	
0.6713 ± 0.2076

	
3.173

	
0.011




	
Af4

	
0.8063 ± 0.2039

	
0.5838 ± 0.1850

	
2.945

	
0.016




	
Cp5

	
1.0411 ± 0.2567

	
0.7138 ± 0.2113

	
3.409

	
0.008




	
Cp6

	
0.9235 ± 0.2356

	
0.7107 ± 0.2265

	
2.829

	
0.020




	
SEF90

	
P8

	
28.6560 ± 3.0302

	
24.8779 ± 3.6371

	
2.595

	
0.029




	
Men




	
AA

	
F8

	
3.5391 ± 2.2358

	
4.6670 ± 2.4059

	
−2.452

	
0.037




	
AFA

	
F8

	
0.4061 ± 0.2292

	
0.7929 ± 0.3517

	
−2.411

	
0.039




	
T8

	
0.3116 ± 0.1430

	
0.6550 ± 0.2507

	
−2.278

	
0.049




	
RAHB

	
Fc6

	
3.7485 ± 0.5245

	
5.4337 ± 0.8513

	
−2.513

	
0.033








AA, absolute alpha; AFA, absolute fast alpha; RST, ratio of SMR to theta; RMT, ratio of mid beta to theta; RSMT, ratio of SMR mid beta to theta; SEF90, spectral edge frequency 90%; RAHB, ratio of alpha to high beta. The results are significant changes of absolute and ratio values before and during the inhalation of 2-methylisoborneol with the exclusion of relative values (Out of 25 EEG indices). Values are expressed as the mean ± standard deviation. * Significant difference (p < 0.05), Number of subjects, 20 for both genders; 10 for men and women.








In both genders, significant changes were observed in 16 and three indices during the inhalation of geosmin and 2-methylisoborneol, respectively. Table 1 shows significant changes of EEG power spectrum values before and during the inhalation of geosmin in both genders. A significant decrease (p < 0.05) of absolute waves such as fast alpha (4.1374–1.6438 µV2), beta (14.7287–10.4411 µV2), high beta (7.6548–5.3986 µV2), low beta (3.2775–2.1519 µV2), and gamma (9.4893–7.2170 µV2) was observed in both genders, specifically at the centroparietal (Cp6) region during the inhalation of geosmin (Figure 2). Furthermore, relative values of alpha, beta, fast alpha, slow alpha, low beta, and mid beta significantly decreased during the inhalation of geosmin compared to those before inhalation. In addition, the ratio of sensorimotor rhythm (SMR) to theta (RST), the ratio of mid beta to theta (RMT), and the ratio of SMR mid beta to theta (RSMT) significantly decreased during the inhalation of geosmin. Furthermore, spectral edge frequency 50% (SEF50) significantly decreased at the T8 region (12.3871–10.1593 µV2) and relative theta significantly increased at the Af4 region. In the case of 2-methylisoborneol, there was no significant change in absolute wave activity. However, RST (Af4 and Cp5), RMT (Cp5) and RSMT (Cp5 and AF4) significantly decreased during the inhalation of 2-methylisoborneol (Table 3).



In the present study, the effect of inhalation of geosmin and 2-methylisoborneol on EEG activity according to gender variation was also analyzed. In men, there was no significant change in absolute and relative values during the exposure of geosmin. On the other hand, a significant increase of absolute alpha (3.5391–4.6670 µV2 at F8) and fast alpha (0.4061–0.7929 µV2 at F8 and 0.3116–0.6550 µV2 at T8) activity was observed during the inhalation of 2-mehtylisoborneol (Table 3). The t-mapping of brain wave changes clearly expressed the modification of EEG waves due to the exposure of 2-methylisoborneol in men (Figure 3). In addition to absolute waves, relative alpha, relative slow alpha, and RAHB (3.7485–5.4337 µV2 at Fc6) significantly increased in men during the inhalation of 2-mehtylisoborneol.



In the case of women, significant changes were observed in 18 indices during the inhalation of geosmin and 10 indices during the inhalation of 2-methylisoborneol. The absolute waves, high beta (14.0263–10.5390 µV2), and low beta (5.6537–3.9980 µV2) significantly decreased at the Cp6 region during the inhalation of geosmin (Table 2; Figure 3). The relative values of alpha, beta, gamma, fast alpha, slow alpha, low beta, mid beta, and high beta significantly decreased during the inhalation of geosmin. Additionally, a significant decrease of RST, RMT, RSMT, SEF50, SEF90, and ASEF was observed in women (Table 2). With regards to SEF50 and SEF50 activity, significant changes were observed in 10 and eight regions, respectively. On the other hand, 2-methylisoborneol exhibited changes only in the relative and other ratio values such as alpha, slow alpha, low beta, mid beta, high beta, RST, RMT, RSMT, and SEF90 (Table 3). Among them, RMT values significantly changed in eight regions (O2, F8, Cz, Pz, Af4, Fc2, Cp5, and Cp6). In addition, 2-methylisoborneol odor mainly exhibited changes at Cp5 region for the ratio spectrum values than other regions. Figure 4 illustrates the schematic representation of significant changes of EEG indices during the inhalation of geosmin and 2-methylisoborneol.


Figure 4. A schematic representation of inhalation of geosmin and 2-methylisoborneol on human EEG activity. AA, absolute alpha; AFA, absolute fast alpha; AHB, absolute high beta; ALB, absolute low beta; RT, relative theta; RA, relative alpha; RB, relative beta; RG, relative gamma; RFA, relative fast alpha; RSA, relative slow alpha; RLB, relative low beta; RMB, relative mid beta; RHB, relative high beta; RST, ratio of SMR to theta; RMT, ratio of mid beta to theta; RSMT, ratio of SMR mid beta to theta; RAHB, ratio of alpha to high beta; SEF50, spectral edge frequency 50%; SEF90, spectral edge frequency 90%; ASEF, spectral edge frequency 50% of alpha.
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4. Discussion


The characteristic earthy smell of soil is mainly produced from microbial metabolites, geosmin and 2-methylisoborneol. These odor molecules also play an essential role in the taste and odor of the drinking water obtained from surface water [4]. The taste and odor are highly linked with the suitability and safety of drinking water. In addition, humans can easily detect these molecules at very low concentrations due to extremely low levels of odor threshold. According to the odor type (pleasant or unpleasant), the odor molecules significantly affect brain function through the olfactory system. Furthermore, it was reported that odor molecules influenced stress biomarkers, oxidative stress and dopamine in humans. In a positive approach, odor molecules have been used for decreasing mental stress and enhancing relaxation as well as cognitive function [8,18]. In this context, the present study examined the effect of inhalation of geosmin and 2-methylisoborneol on the human EEG activity in relation to brain functions. In the EEG study, delta (0–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), and gamma (30–50 Hz) are the most important brain waves used to understand the role of odors in the psychological and physiological conditions of humans.



In the current study, absolute fast alpha, absolute beta, absolute low beta, absolute high beta, and absolute gamma activity significantly decreased, particularly at the Cp6 region, during the inhalation of geosmin in both genders (Table 2 and Figure 2). In general, increase in alpha wave activity is mainly associated with relaxation and calmness states in the brain. Hence, a decrease in alpha wave activity is highly linked with stress state [13,19,20]. However, absolute waves such as beta, low beta, and high beta significantly decreased at the same region (Cp6) during the inhalation of geosmin. Beta waves play a major role in the enhancement of cognitive performances in humans. An increase in beta activity is associated with alertness and concentration states of brain [21]. In the posterior regions, increase in beta wave activity is highly related to the enhancement of reading speed, reorganization of language, and rhythm-learning task [22,23,24]. Sayowan et al. [25] reported that the beta wave significantly increased at the anterior center and left posterior regions due to the exposure of jasmine oil, and these changes may produce positive psychophysiological effects in humans by enhancing active and fresh feelings. In a recent study, Angelica gigas root essential oil induced significant changes in the absolute low beta activity at the left parietal region [26]. Collectively, beta waves occur when the brain is alert. In the present study, the decrease in beta wave (beta, low beta, and high beta) activity at the Cp6 region due to geosmin exposure might produce the opposite effect—enhancing calmness and relaxation. Sugawara et al. [27] reported that the inhalation of (R)-(–)-linalool produced a significant decrease in beta waves after work when compared with before work.



Furthermore, the results revealed that geosmin affected absolute wave activity only at the Cp6 region in both genders. In addition to absolute waves, ratio values such as RMT, RST, and RSMT significantly decreased at the Cp6 region. The Cp6 region is a parietal region situated between the central and posterior regions of the right hemisphere of the brain. On the other hand, 2-methylisoborneol odor mainly produced changes in the ratio values, RST, RMT, and RSMT, at the Cp5 region. The Cp5 region is the parietal region located in the left hemisphere of the brain. The parietal region is classified into two major functional areas, the anterior zone (somatosensory cortex) and the posterior zone (posterior parietal cortex). This region is mainly responsible for integrating the sensory information from different body parts and recognizing various stimuli [28,29]. Cappelletti et al. [30] suggested that right parietal activation was highly involved in conceptual decisions on numbers and left parietal activation was involved in conceptual decisions on object names. Therefore, the significant decrease of EEG spectra at Cp5 and Cp6 regions due to the exposure of geosmin and 2-methylisoborneol might influence the learning memory state of the brain.



In terms of gender variation, geosmin and 2-methylisoborneol showed different EEG activity by producing changes in different power spectra. In men, geosmin did not produce any significant change, even for relative and ratio values. In the case of 2-methylisoborneol, absolute alpha and fast alpha activity significantly increased, especially at the frontal region (F8), in addition to RAHB in men. The frontal region contains various functional zones including the primary motor area and the prefrontal cortex [31]. In the case of women, significant changes in EEG activity were observed during the inhalation of both compounds. In women, absolute low beta and high beta significantly decreased at the Cp6 region during the inhalation of geosmin (Figure 3). Geosmin odor mainly affected the brain waves in the parietal regions (Cp6, P3, and Cp2) when compared to other regions (Table 2). On the other hand, only relative and ratio values (RST, RMT, RSMT, and SEF90) significantly decreased due to the exposure of 2-methylisoborneol in women (Table 3). In a similar way, the odor of supercritical carbon dioxide extract from the Angelica gigas root produced significant changes in EEG activity only in women [26].



Previously, numerous studies have been conducted on gender-dependent brain functions under stimulus and non-stimulus conditions using EEG. Those studies found that women and men showed different EEG activity under various conditions [32,33,34]. Radulescu and Mujica-Parodi [35] stated that women have a better olfactory sensation than men in many species and differences in their sensitivity may be based on biological meanings. Recently, Haehner et al. [36] reported that women easily identified different fragrances (orange, lime, and lemon) and changed their behavior accordingly when compared to men. In our previous studies, isomeric aroma components ((+)-limonene and terpinolene), essential oils from Abies koreana twigs, and Angelica gigas root showed significantly different EEG activity according to gender. Furthermore, women are more sensitive to different odor molecules than men [17,26,37]. In the olfactory bulb, total, neuronal, and non-neuronal cells were higher in the postmortem material of women than in men [12]. When compared with men, higher delta and theta power were observed in women during cognitive performance tasks [38]. Gender differences and reproductive hormones play an important role in the perception of various odor molecules. Women can easily detect and identify different tastes and odors when compared with men [39]. Dalton et al. [40] reported that women’s detection threshold level was lower after repeated exposure to odor molecules. With regards to emotional responses, Robin et al. [41] found that autonomic parameters were not significantly changed between genders. However, Bailenson et al. [42] suggested that women are more highly expressive than men in their facial reactions to emotions. In the brain activity, the left orbitofrontal cortex was more active in women compared with men during the olfactory process; this may be the main advantage women have in the identification of odors [8]. Similar to previous reports, our study also clearly suggests that the odors of geosmin and 2-methylisoborneol produced significantly different EEG activity according to gender.



Geosmin and 2-methylisoborneol have different molecular formulas and structural arrangements. They come under the terpenoid group of compounds and are synthetized by terpene synthases. However, both of these components possess similar kind of odor characteristics such as earthy and musty [3]. Odor molecules play a significant role in human behaviors such as emotions, thoughts, and memory by affecting spontaneous brain functions via the olfactory system [43]. In the olfactory process, olfactory receptor cells are responsible for the detection of various odor molecules and they are specifically tuned to distinct odor characteristics. The olfactory receptors detect odors from small molecules, even at very low concentration. Hence, the odor molecules must reach olfactory receptor cells and then the receptors send electrical signals to the brain via the olfactory bulb to perceive a particular smell [44]. Although geosmin and 2-methylisoborneol possess a similar type of smell, their effect on brain wave activity mainly depends on the selectivity and sensitivity of olfactory receptor cells. Furthermore, it was reported that temperature plays an important role in the intensity of odors. At 45 °C, the odor intensity of geosmin, 2-methylisoborneol, and chlorine was higher than at 25 °C [45].



In the present study, fast Fourier transform was used to extract EEG features before and during the inhalation of odor exposure. EEG feature extraction plays a major role in the recognition of patterns. Several techniques have been applied to extract the features from EEG signals, such as time frequency distributions, fast Fourier transform, eigenvector methods, wavelet transform (continuous and discrete), Hilbert Huang transform, the autoregressive method, nonlinear dynamics analysis, and so on [46,47]. However, each of the techniques has specific advantages and disadvantages. Hence, it is important to optimize the EEG feature extraction for understanding brain wave activity such as theta, alpha, beta, and gamma. The results revealed that geosmin and 2-methylisoborneol exhibited some positive psychophysiological functions in humans. However, the current study has some limitations. The eye movement of subjects is one of the major issues during EEG recordings, so we optimized EEG readings many times for each subject. Furthermore, there were variations in the EEG results between individuals. In this study, 10% odor molecules are used as fragrance stimuli; the results may vary when changing the concentration of odor molecules. Moreover, the EEG was recorded for a short duration (45 s before and during the exposure). Hence, it is still unknown whether these odor molecules will exhibit the same effect over a long duration (>1 min) with more participants. In light of these limitations, EEG recordings for a longer duration and different concentrations of odor molecules with placebo control are required in order to understand their exact action on brain functions.




5. Conclusions


The findings of the present study reveal that the geosmin and 2-methylisoborneol exhibited significantly different EEG power spectrum values. In both genders, geosmin produced significant changes in absolute waves, particularly at the Cp6 region. In addition, women are highly sensitive to both compounds compared with men. The changes in absolute alpha and absolute beta wave activity during the inhalation of these earthy odorants are highly linked with the calmness and relaxation states of the brain. The results clearly demonstrate that geosmin and 2-methylisoborneol, though they have similar smell characteristics, produced significantly different EEG activity; these changes might be due to the sensitivity of olfactory receptors, structural arrangements, and gender differences. This is the first report on the EEG activity of geosmin and 2-methylisoborneol. Further studies are needed to confirm the exact action of geosmin and 2-methylisoborneol odors on brain functions with placebo control.
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