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5  of processing 

 

Odor quality is processed by the brain in many steps ( ). As previously mentioned,

OB and piriform cortex may play essential roles in categorizing odor, and the 

orbitofrontal cortex may categorize odor by higher processing such as odor identification. However, 

though numerous studies have been conducted, the temporal view of olfactory processing is limited in 

human studies. 

As highlighted in the introduction session, o

 56  

 

Studies have examined a temporal view of the processing of olfactory information ( ). When 

odor stimulates our olfactory system, previous studies have suggested that odor identification can be 

measured at around 400ms 72. Moreover, odor-induced changes in human sniffing behavior were 

observed before 160ms 68. These behavioral studies suggest that humans can perceived odor within at 

least 400 ms and some odor signals are processed within 160 ms in primary olfactory areas. 

Recent studies of brain waves activity (EEG and MEG) demonstrate that olfactory signals can reach 

the PC within approximately 40 ms87,117 . Additionally, direct electrical signal data from studies of the 

human epileptic brain suggest that the PC and OFC process odor information earlier than 200ms 56. 

Although prior studies did not focus on odor categorization, they suggest a spatiotemporal pattern of 
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neuronal firing during odor processing. In the case of event related potential (ERP) studies in olfaction, 

the temporal issue is quite controversial. Results were based on previous studies of OSNs from the OE 

which indicated that odor signal processing by OSNs was at approximately 300ms 39,95therefore they 

focused on odor signaling after 200ms 27,40,52,106. 
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6  

 

 (EEG) was chosen as a brain imaging tool in the current study for various 

reasons. Primarily EEG has previously been used as a high temporal resolution technique to study 

neurocognitive processes 25 including olfaction as EEG captures dynamic cognitive events in the time 

frame in which cognition occurs ( ). Both cognitive processes and processes in the olfactory 

system occur rapidly, requiring a dynamic tool like EEG. The second reason is that EEG is useful for 

studying neurocognitive processes as it measures direct neural activity 15. EEG measures voltage 

fluctuations which reflect the activity of populations of neurons. Moreover, oscillations in brain waves 

that can be observed using EEG are direct reflections of neuronal oscillations in the brain. This can be 

an advantage as blood-oxygen-level-dependent (BOLD) signal based measurement has a more 

complex relationship between rear neural activities and BOLD signal 112. Third, EEG provides 

multidimensional information by measuring voltage change over time and space and includes 

information regarding frequency, power, and phase as well. The multidimensionality of EEG data allows 

for analysis inspired by known physiological mechanisms. This provides an opportunity to link human 

and non-human animal neural activity studies 25. 

. One of the defects of using EEG is that it is a less effective tool for measuring deep brain structures. 

Although several studies suggest EEG is capable of measuring activity from deep brain structures 85, 

both MEG and iEEG are better techniques to address this issue. 

 MEG measures physiological properties similar to EEG; however, different results can be 

produced. EEG can detect both radial and tangential sources. In contrast, MEG is maximally sensitive 

to tangential sources but is poor in detecting radial sources. Previous studies suggest that EEG and 

MEG show different midfrontal theta performance and that EEG is easier to measure than MEG as the 

theta waves may be evoked from radial dipoles 116,118. The theta frequency band is a focus in this study, 

therefore EEG would be more appropriate rather than MEG. Similarly, iEEG is a powerful tool because 

it can provide a good signal with specificity for location. However, this tool has limited accessibility. With 

the exception of well-trained researchers, limited hospital and investigators are trained in use of iEEG. 

Moreover, iEEG is typically reserved for clinical use such as in cases of epilepsy. Several studies 
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suggest that olfactory dysfunction can be observed in epilepsy patients where olfactory regions are 

impacted 38. For all the above reasons, EEG was chosen as the best option for the current study. 
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alcohol-like           

almond-like           

animal           

anise (licorice)           

apple (fruit)           

aromatic           

bakery (fresh bread)           

banana-like           

bark-like, birch bark           

bean-like           

beery (beer-like)           

bitter           

black pepper-like           

burnt candle           

burnt milk           

burnt rubber-like           

burnt, smoky           

buttery (fresh)           

cadaverous, like dead 
animal           

camphor-like           

cantaloupe, honey dew 
melon           

caramel           

caraway           

cardboard-like           

cat-urine-like           

cedarwood-like           

celery           

chalky           

cheesy           

chemical           

cherry (berry)           



-  
 

chocolate           

cinnamon           

clove-like           

coconut-like           

coffee-like           

cologne           

cooked vegetables           

cool, cooling           

cork-like           

creosote           

crushed grass           

crushed weeds           

dill-like           

dirty linen-like           

disinfectant, carbolic           

dry, powdery           

eggy (fresh eggs)           

etherish, anaesthetic           

eucalyptus           

fecal (like manure)           

fermented (rotten) fruit           

fishy           

floral           

fragrant           

fresh green vegetables           

fresh tobacco smoke           

fried chicken           

fruity (citrus)           

fruity (other)           

garlic, onion           

geranium leaves           

grainy (as in grain)           

grape-juice-like           
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grapefruit           

green pepper           

hay           

heavy           

herbal, green, cut grass           

honey-like           

household gas           

incense           

kerosene           

kippery (smoked fish)           

laurel leaves           

lavender           

leather-like           

lemon (fruit)           

light           

like ammonia           

like blood, raw meat           

like burnt paper           

like cleaning fluid 
(carbona)           

like gasoline, solvent           

like mothballs           

malty           

maple (as in syrup)           

meaty (cooked, good)           

medicinal           

metallic           

minty, peppermint           

molasses           

mouse-like           

mushroom-like           

musk-like           

musty, earthy, moldy           

nail polish remover           
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nutty (walnut, etc.)           

oak wood, cognac-like           

oily, fatty           

orange (fruit)           

paint-like           

peach (fruit)           

peanut butter           

pear (fruit)           

perfumery           

pineapple (fruit)           

popcorn           

putrid, foul, decayed           

raisins           

rancid           

raw cucumber-like           

raw potato-like           

rope-like           

rose-like           

rubbery (new rubber)           

sauerkraut-like           

seasoning (for meat)           

seminal, sperm-like           

sewer odor           

sharp, pungent, acid           

sickening           

soapy           

sooty           

soupy           

sour milk           

sour           

spicy           

stale           

stale tobacco smoke           
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strawberry-like           

sulphidic           

Sweaty           

sweet           

tar-like           

tea-leaves-like           

turpentine (pine oil)           

urine-like           

vanilla-like           

varnish           

violets           

warm           

wet paper-like           

wet wool, wet dog           

woody, resinous           

yeasty           

 

 

 

 

  

          

    

Pleasantness          

Intensity          

Familiarity          

Edibility          

Relaxing effect          
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4.3  

 

EEG data were downsampled from 2,048 Hz to 512 Hz. An offline bandpass filter was applied at 1

20Hz to minimize noises caused by muscle artifacts and skin potential. EEG data were segmented into 

epochs. Each epoch had a 500ms pre-stimulus period and a 1,500ms post-stimulus period. Starting 

stimulus points were set at the peaks in every trial as an exhalation peak was a 

turning point to start inhalation. Before averaging epochs of conditions, filtered EEG data contaminated 

discarded. Data from 500 to 0 ms in each epoch was used for baseline correction. 

After EEG pre-processing, over 23 trials of EEG data per condition were averaged. Therefore, each 

According to previous studies, NP and PP peaks were determined as the most negative and the most 

positive peaks, respectively, between 40 ms and 200 ms in the ERP data of each participant 68,87,117. 

For comparisons with negative and positive peaks 40, the most negative peak between 200 ms and 700 

ms (N1) and the most positive peak between 300 ms and 800 ms (P2) were selected. In the grand 

s of NPs 

in the grand average were 

each condition ( ). 
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V.  

 

 

1  

 

I first focused on observing direct signals from olfactory processing at early time points during olfaction, 

as primary olfactory areas start to activate within 200 ms. Although EEG has high performance of 

temporal resolution, olfactory processing occurs in deep brain structures. There are several possibilities 

that suggest EEG was capable of measuring the olfactory signal. In prior ERP studies investigating the 

auditory field, they measured ERP signal which originated from the brainstem 85. However, most EEG 

studies focused on periods over 200 ms. In recent studies, ERP signals with negative potential at 200

700 ms (N1) and positive potential at 300 800 ms (P2) changed during odor habituation 27,40.  

Some lines of evidence suggest that the time of odor signal processing in the human brain could be 

earlier than 200 ms, similar to findings from animal studies. Previous odor habituation EEG studies in 

humans 27,40,52,106 have focused mainly on odor signals in the brain after 200 ms, based in part on 

previous studies of OSNs from the olfactory epithelium 39,95. These studies report that the time of odor 

signal processing by OSNs was approximately 300 ms. However, they did not consider factors affecting 

processing time such as airflow, mucus, and odorant receptor family. Moreover, there was a 

discrepancy between the time ranges of ERP signals in these studies and the time of odor signal 

processing in the primary (e.g. PC) and secondary olfactory cortex (e.g. OFC). Recent studies based 

on electroencephalograms (EEG) and Magnetoencephalography (MEG) indicate that the olfactory 

signal could reach the PC in approximately 40 ms 87,117. Furthermore, direct neuronal electrical signal 

data from human epileptic brains suggest that the PC and OFC process odor information earlier than 

200 ms 56. Behavioral evidence indicates that respiration can be controlled in response to odors within 

160 ms, and odor discrimination could happen within 400 ms 68. These lines of evidence suggest that 

the odor signal is processed in the brain earlier than 200 ms. 

To further verify that EEG originated from odor signaling, I used a habituation condition. Several studies 
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have shown that the activity of olfactory-related brain areas change with odor habituation conditions. In 

previous animal studies, both mice and monkeys had decreases in electrical and blood-oxygen-level-

dependent (BOLD) signals in the PC were during odor habituation 8,9,60,79,128,138. Furthermore, these 

studies showed that modulating neurons in the PC that express glutamate receptors affects odor 

habituation behavior 8,9,138. Under odor habituation conditions in humans, BOLD signals decrease in the 

PC and increase in the OFC 96,98. Early ERP components are also related to habituation condition. In 

the case of N1 (appears ~100 ms) and P2 components (appears ~200 ms) in other sensory systems, 

exogenous stimuli decreased under habituation conditions

 

The purpose of the current study was to find whether the olfactory ERP occurring within 200 ms of odors 

changes during the odor signal process in the brain when the odors were habituated. If direct odor 

signal processing in the brain occurring within 200 ms was captured by EEG signals, the olfactory ERP 

of odors should reflect a change when odors were habituated. If it is not, the olfactory ERP of odors 

within 200 ms would not differ. I conducted a behavioral test and ERP measurements during odor 

habituation in human participants. Previous studies have shown that continuous exposure to the same 

odors during a 30 s period will induce changes in the brain corresponding to odor signals and behavioral 

responses 8,128. Thus, in the current experiment, odors were offered during the entire 30 s time-period 

to induce odor habituation ( ). Data on behavioral responses and brain signals induced by the 

offered odors that occurred immediately after the 30 s time-period were collected. The amplitude and 

latency of olfactory ERPs were analyzed at 40 200 ms to examine changes in signaling during odor 

habituation. The maximum peaks of negative potential (NP) and positive potential (PP) at 40 200 ms 

were chosen because 40 ms is the earliest time point when the electrical signals induced by odors can 

be detected in the human brain, whereas 200 ms is the time point when behavioral responses may 

have already occurred depending on the odor intensity and signaling in the olfactory cortex 68,87,117. I 

also examined the correlation between the results of behavioral tests and ERP data within 200 ms to 

confirm that ERP data was related to the behavioral test. 

 

  



-  
 

 

 

 

  



-  
 

2  

 

2.1  

I first established that ERP signals can be measured before 200 ms in odor condition. For characterizing 

ERP signals within 200 ms, I calculated the SNR of peaks of the NP or PP from 40 ms to 200 ms. I 

found that the SNR of the NP (1.368 ±0.0366) and PP (1.343 ±0.0367) was statistically higher than the 

noise level ( ). I examined the SNR of the NP and PP across 64 channels as well (  and 

) and found results consistent with those in , indicating that over 30 channels were 

statistically higher than the noise level in both the NP and PP. 

 

 

 

 

 

 

 

  

SNR of ERP 40ms - 200ms 

Negative Potential (NP) Positive Potential (PP) 

Mean Df SEM P value Mean Df SEM P value 

1.368 12 ±0.0366 P < 0.0001 1.343 12 ±0.0367 P < 0.0001 



-  
 

 

 

      
      
      
      

      
      
      
      
      
      
      
      

      
      
      
      
      
      
      
      

      
      
      
      
      
      
      

      
      
      
      

      
      

 

  



-  
 

 

 

   
    

 
      
      
      

      
      
      
      
      
      
      
      

      
      
      
      
      
      
      
      

      
      
      
      
      
      
      

      
      
      
      

      
      

 

 

  



-  
 

2.2  

condition, the perceived intensities of the 

odors offered in the behavioral test were compared across the conditions ( ). Intensity scores 

were significantly different across the conditions (F[2|38]=37.56, p<0.0001, 2=0.76; 

RMANOVA). The power value for 13 sample sizes in the behavioral test was 1 (significance level 0.05). 

The intensity score was significantly l

Pleasantness (T[12]=0.71, p=0.49) and intensity (T[12]=0.28, p=0.78) scores of heptanol were not 

significantly different from those of 2-acetyl pyrazine ( ). 
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2.3 

 

To examine changes in ERP amplitude, I examined differences in the NP across the conditions. I found 

that four channels showed significant differences ( a). Specifically, three channels showed 

significantly different amplitudes across the conditions: C2, C6, and F5 channels ( a, left panel; 

2 2=0.23; F5 channel: F[2|38] = 3.79, 

2=0.24; p<0.05,  RMANOVA). In C2 and C6, the NP amplitude tended to be lower under 

.05; 

across the conditions ( a, right panel; F[2|38]=3.76, p=0.038, 2=0.24; RMANOVA). In 

 

 

Thirteen channels showed significant differences ( b). Specifically, eight channels showed 

significantly different PP amplitudes across the conditions: C4, CP6, FC5, CP3, CP1, P1, P3 and Pz 

channels (

 RMANOVA). 

Among these eight channels, FC5 and CP3 showed a tendency for the PP amplitude to be lower under 

-test suggested that FC5 

(T=2.66, p<0.05) and CP3 (T=2.81, p<0.05) showed significant differences in the amplitudes of between 

-test 

found 

, and Pz channels, the PP amplitude was 
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latency across conditions: AF8, C3, C5, Cz and CPz channels ( b, right panel; AF8: F[2|38]=3.74, 

 RMANOVA). In C3, Cz, and CPz, latency tended to be 

than under the other two conditions. In the CPz channel, the PP 

 AF8 channel, 

the post-test, the PP latency in th

 

These results suggest that the NP and PP within 200 ms changed during odor habituation. In the case 

of the NP, the a

changed in four channels (FC5, CP3, C4, and CP6), and the latency under the 

changed in three channels (C3, Cz, and CPz). 
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2.4  

Although my analysis showed that the NP and PP within 200 ms changed during odor habituation, 

further observations and comparison between the ERP (i.e., NP, PP) and the behavioral test were 

necessary to understand their relationships. Using a correlational analysis, I compared the relationship 

between the amplitude and latency of ERPs across the conditions and behavioral results. 

In three channels, I found significant positive correlations between the NP amplitude and behavior 

among whole channels ( a d; CP1: r=0.35, p=0.031; C6: r=0.49, p=0.002; FT8: r=0.36, 

p=0.026), and the C6 channel showed significantly different NP amplitudes across the conditions 

( c). The F7 channel showed a significant negative correlation between NP latency and the 

results of the behavioral test, but there were no significant differences across the conditions (

f). 

In three channels, I found significant correlations between the PP amplitude and behavior among the 

whole channels ( a): the CP3 channel showed a positive correlation ( b; r=0.36, 

p=0.023), whereas the C6 and CP6 channels showed negative correlations (

PP amplitudes across the conditions, and the C6 channel had a similar tendency to that of the CP6 

channel, although there was less statistical significance in the C6 channel. Five channels showed a 

significant correlation between PP latency and the results of the behavioral test ( e). 

Specifically, C1, CPz, F5, FC2, and Cz channels showed a negative correlation ( f j, C1: 

 

p=0.032). In the CPz and Cz channels, I also found a significantly different PP latency across the 

conditions ( g, j). 
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3  

 

I found that the direct odor signal can be captured by EEG measurement within 200 ms. Specifically, 

ERP signals detected in the odor stimulation conditions, and ERP signals of odors within 200 ms 

differed when the odors were habituated, suggesting that these changes were related to odor 

habituation. I firstly found that ERP signal observed during odor conditions within 200ms ( ). To 

further confirm these results, I designed an experimental procedure to test odor habituation ( ). 

I offered odors to participants for 30 s for desensitization of OSNs in the OE. For the behavioral test, I 

chose heptanol and 2-acetylpyrazine, which are perceptually and structurally different odors, and 

). These results suggest that odor habituation 

occurred mainly when the same odors were repeated, whereas cross adaptation caused by the two 

odors was barely detectable. This result is in line with previous odor habituation studies 96,97. In the 

experimental setting, I found that ERPs differed within 200 ms depending on the conditions (  

and ). In several channels, the amplitude and latency of the NP or PP were changed within 200 

changes were related to the behavior, I performed a correlational analysis comparing the ERPs and 

behavioral results. I found a significant correlation between the ERPs within 200 ms and behavior, 

mainly in channels located in the right temporal and parietal lobe areas (  and ), 

implying that information for odor habituation may be processed centrally at early time points. 

Results suggest that ERP signals in the human brain can be modulated at very early time points (within 

200 ms) by odor habituation as animal studies suggest. This evidence implies the involvement of the 

primary and secondary olfactory cortex. Previous studies regarded the involvement of the central 

nervous system as a major mechanism of odor habituation 8,9,79,96,138. Not only did neuronal activities in 

the PC and OFC change during odor habituation, but modulating neuronal activities in PC can similarly 

modify odor habituation behavior 9,98,128,138. Findings suggest that the olfactory cortex is involved in odor 

habituation. Within 200 ms, the PC and OFC are activated mainly by odors 87,117 and odor-specific 

information may be processed in the PC 56. If the olfactory cortex processes odor signals within 200 ms 

and is involved in odor habituation, brain activity may change within 200 ms during odor habituation. 
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The current data show that olfactory ERP signals within 200 ms change during odor habituation, 

suggesting that the olfactory cortex may modulate odor processing at very early time points during odor 

habituation. 

Additionally, I found that the odor signal during odor habituation is asymmetrically processed in the 

brain. In the current study, the NP amplitude within 200 ms showed a positive correlation with behavior 

mainly in the right hemisphere ( a). On the other hand, the PP amplitude within 200 ms showed 

a negative correlation with behavior mainly in the right hemisphere ( a). These data are in line 

with the pattern of EEG topographical data at 155 ms in a previous study 87, which reported activation 

of the secondary olfactory cortex in the inferior frontal OFC, left superior OFC, and left gyrus rectus. 

The asymmetric pattern of topographical data is also supported by findings from a previous fMRI study 

on odor habituation in human subjects, which found that the decrease in the activity of the PC was not 

the same bilaterally 98. 

87,117

 

In conclusion, direct odor signals can be captured by EEG within 200 ms. I found that the NP and PP 

within 200 ms changed in relation to odor habituation, and these results suggest that changing odor 

conditions can alter the EEG signal within 200 ms. These findings can serve as the basis for analyzing 

EEG signals for odor categorization within 200 ms which will be presented at a later time. 

 

  



-  
 

VI. 

 

 

 

1  

 

56

 



-  
 

 

 

 

  



-  
 

 

 

 

 

  



-  
 

2  

 

2.1  

 

 

  



-  
 

 

 

 

  



-  
 

 

 

 

 

  



-  
 

2.2  

 

 

  



-  
 

 

 

 



-  
 

 

 

 

 

  



-  
 

 

 



-  
 

2.3 
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Time (ms) 0-50 50-100 100-150 150-200 200-250 250-300 300-350 350-400 
AP vs TP 97.92 97.92 97.92 100 100 100 100 100 
AP vs HA 97.92 100 100 100 100 100 100 100 
TP vs HA 100 97.92 100 100 100 100 100 100 
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2.4  
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3  

 

 

behavioral evidence that respiration can be controlled in response to odors occurs within 

160 ms 68

56

200 700 ms 27,40 

and recent EEG studies also report that OB activation was observed at 100-200 ms 54. However, odor 

categorization can be occurred before it is observed in N1, and the OB can be modulated from the top 

down.
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2.1  
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 Age Threshold Discrimination 
Group 1 

(B-IVA, B-Hep) 21.00±2.83 6.47±2.02 10.28±1.05 

Group 2 
(C-IVA) 21.31±3.00 5.97±1.99 10.16±1.14 

Group 3 
(V-IVA) 20.75±1.55 5.94±2.00 10.25±1.16 

 0.68 (ns) 0.49 (ns) 0.90 (ns) 
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 B-IVA vs C-IVA B-IVA vs V-IVA B-IVA vs B-Hep 

 p-value t-value p-value t-value p-value t-value 
Pleasantness       

Intensity       

Familiarity       

Edibility       

Relaxing effect       
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B-IVA vs C-IVA B-IVA vs V-IVA B-IVA vs B-Hep 

O.D. p-
value t-value O.D. p-

value t-value O.D. p-
value 

t-
value 
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VIII.  
 

 

For the 

behavioral test, I chose heptanol and 2-acetylpyrazine, which are perceptually and structurally different 

). These results suggest that odor habituation 

occurred mainly when the same odors were repeated, whereas cross adaptation caused by the two 

odors was difficult to detect. These findings are in line with previous odor habituation studies 96,97. I 

found that ERPs differed within 200 ms depending on the conditions (  and ). In several 

channels, the amplitude and latency of the NP or PP differed 

compared with other conditions. To examine whether these ERP changes were related to the behavior, 

I performed a correlational analysis comparing the ERPs and behavioral results. I found a significant 

correlation between the behavior and ERPs within 200 ms, primarily in channels located in the right 

temporal and parietal lobe areas (  and ), implying that the information for odor 

habituation may be processed centrally at early time points. 
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IX.  

 

 

ANOVA  Analysis of variance 
AP 2-acetlypyrazine 
EEG Electroencephalography 
ERP Event related potential  
ERSP Event related spectral perturbation 
fMRI  Functional magnetic resonance imaging 
Hep Heptanol 
iEEG Intracranial EEG 
IVA Isovaleric acid 
MEG Magnetoencephalography  
OB Olfactory bulb 
OE Olfactory epithelium 
OFC Orbitofrontal cortex  
OR Olfactory receptor  
OSN Olfactory sensory neurons  
PC Piriform cortex  
PCA Principal component analysis  
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