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SUMMARY

The hedonic perception of odors is similar worldwide. However, our perception of smells is much more than 

just determining whether an odor is pleasant or not. Here, we expanded this assessment by recruiting 909 

people from 16 regions of the world and measuring 12 perceptual dimensions (e.g., pleasantness, 

intensity, edibility), which were aggregated into an olfactory perceptual fingerprint. We used two 
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fingerprints: descriptor-specific and odor-specific. Age, gender, and region explained 1.1%, 0.3%, and 9.6% 

of variance in the descriptor-specific fingerprints, respectively. Similarly, age, gender, and region explained 

0.5%, 0.3%, and 8.2% of variance in the odor-specific fingerprints. Interestingly, odor intensity was more 

regionally dependent than pleasantness. Thus, olfactory perception across the globe may be better differen

tiated by odor intensity than pleasantness. Although there is some influence of individual and cultural back

grounds, human perception of odors appears to be quite similar worldwide, even when assessed using 12 

perceptual dimensions.

INTRODUCTION

Olfactory perception varies between individuals, and the sour

ces of this variance are not coherently cataloged. It is a matter 

of scientific debate whether the perception of odors is an 

objective or subjective cognitive process. Some studies sug

gest that the ways we perceive odors are universal and can 

be predicted from the molecular structure of the odorants.1–3

Yet, it has been shown that the perception of odors changes 

with age, gender,4 culture,5 physiological state,6 and contex

tual variables such as odor labels,7 cross-modal interaction,8

or repeated exposure.9 It appears that olfactory perception 

is a complex and multi-faceted phenomenon. How we 

perceive odors may be a product of the nature of an odor, 

but also demographic characteristics, health status, and indi

vidual experience with odors. Large-scale studies on olfactory 

perception are needed to empirically confirm this assumption. 

Psychophysiological research across cultures, among demo

graphically and health-diverse groups, is therefore essential 

to better understand the determinants of our perception of 

odors. Some efforts have already been made in this direction, 

but the perspective on human odor perception is still far from 

complete.

Thus far, cross-cultural research on olfactory perception 

focused mainly on odor pleasantness, which is considered 

to be the principal characteristic driving odor perception and 

behavioral responses to olfactory stimuli.3,10–12 It was 

assumed that it should vary across the globe due to differen

tial chemosensory experiences, which emerge in contact with 

various odors, including food-related odors, flora specific to a 

given region, culturally diverse hygienic rituals and cosmetics, 

exposure to airborne pollutants, individual health, and so on. 

Contrary to these expectations, culture explained only 6%– 

7% of the variance of odor pleasantness ratings among hunt

er-gatherers and horticulturalists.13,14 Similar results were 

found in children aged 5–8 years from 18 countries of the 

Western, Educated, Industrialized, Rich, and Democratic 

world.15

However, olfactory perception is much more than just deter

mining whether an odor is pleasant or not.16 It also includes 

other perceptual dimensions such as odor intensity, edibility, 

and familiarity. The National Geographic Smell Survey in 1986 

included 1.2 million people from ∼80 countries aggregated in 

nine regions who rated odor pleasantness and intensity of six 

odors. They found odor-specific differences in both odor pleas

antness and intensity between these regions.5 Furthermore, in 

a study comparing Japanese and German women, odor-spe

cific differences were observed in odor pleasantness, intensity, 

familiarity, and edibility.17 In another study, people from 

Singapore rated odors as less familiar, less intense, and less 

pleasant than people from Geneva and Liverpool, although 

both ‘‘commonly familiar odors’’ and odors specific to 

Singapore were included.18 To more comprehensively map 

perceptual determinants of odors, it is necessary to use a 

broader set of descriptors. To this end, an olfactory perceptual 

fingerprint (OPF) has been proposed.19

To capture one’s OPF, an individual is asked to rate a set of 

odors using several perceptual descriptors or dimensions 

(such as odor pleasantness, intensity, edibility). OPF is a psycho

physiological measure of individual variability in olfactory 

perception. Because the OPF reflects our genetic20 and health 

profiles,21,22 it is believed to have the potential to identify individ

uals. Thus, it has been named a ‘‘fingerprint.’’20 OPF entails psy

chophysical assessments of multiple odors along multiple di

mensions using a visual analogue scale. Thus, OPF is a 

relatively comprehensive index of how the world smells to an in

dividual. Although relatively understudied, already two ways of 

calculation have been proposed.

In 2015, Secundo et al. proposed an odor-specific, descriptor- 

independent OPF. This is a vector with N × (N − 1)/2 (where N is 

the number of odors) components of pairwise odor similarities, 

thus making it odor-specific. An advantage of this method is 

that it does not rely on interindividual agreement on the meaning 

of the perceptual descriptors (such as aromaticity) and is there

fore descriptor-independent. Importantly, Secundo et al. linked 

this OPF to one’s genetic information, suggesting that our indi

vidual perception of odors is unique. This OPF is explained in 

detail in STAR Methods (see also Figure S1) and is hereafter 

referred to as odor-specific OPF.

Next, in 2022, Snitz et al. proposed another, descriptor- 

specific, odor-independent OPF. This is an N-dimensional 

vector (where N is the number of perceptual descriptors). It 

has been shown to be odor-independent, meaning that it al

lows comparison of olfactory perception among people who 

rated different odors using the same perceptual descriptors.22

It is described in detail in STAR Methods (see also Figure 1), 

and hereafter, we refer to this OPF as descriptor-specific 

OPF.19

To date, the studies have focused on the descriptor-specific 

OPFs of patients with olfactory impairments. However, these 

two approaches have the potential to study the perception 

of odors among the general population in a more comprehen

sive and systematic manner than it has been studied thus far. 

To begin with, it is unknown to what extent the OPFs vary 

among healthy people inhabiting different regions of the world 

or having various experiences with odors. The OPF appears to 
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be a good tool to shed light on the poorly understood phe

nomenon of cultural and demographical variability in olfactory 

perception.

This explorative cross-regional study aimed to examine which 

region and demographics determine the OPF. As our goal was to 

compare multiple perceptual dimensions across several odors in 

different world regions, we decided to primarily follow the 

descriptor-specific OPF concept. However, exploratory analysis 

using the odor-specific OPF is also reported in the Supplemental 

Information. We did not have any hypotheses regarding pairwise 

comparisons of the regions. Regions for this study are meant to 

represent a sample of culturally diverse populations and have 

been selected on the basis of convenience, with the prerequisite 

of a local research team being experienced in chemosensory 

testing. With this sampling strategy, we hoped to quantify the 

global variability in the OPFs rather than draw conclusions about 

differences between cultures in the perception of odors. To this 

end, we conducted a multi-center study on the OPF in men and 

women of various age groups inhabiting 18 locations across six 

continents.

RESULTS

Region-related differences explained 10% of the 

variance in the descriptor-specific OPFs

This cross-regional study included 1,046 people from 18 loca

tions. However, people from Cuba were excluded due to the 

small sample size, and people from Brazil were excluded due 

to the missing perceptual data (see Figure 2). Therefore, the 

final sample presented here is composed of 909 people (36% 

men, 12% smokers) from 16 regions (Argentina, Australia, Can

ada, China, Egypt, Germany, India, Iran, Italy, Japan, Malaysia, 

Philippines, Poland, Tunisia, Türkiye, and USA; Table 1; 

Figure S2). First, the individual descriptor-specific OPFs were 

calculated as explained in Figure 1. Next, the effect of age, 

gender, and region on the 12-component descriptor-specific 

OPFs was evaluated. Permutational multivariate analyses of 

variance (PERMANOVA) (Table 2) with independent variables 

age, gender, and region showed that although age and gender 

significantly affected the OPF, they explained only 1.1% and 

0.3% of the variance, respectively. After explaining 1.4% of 

Figure 1. The descriptor-specific OPF for 

one participant 

Perceptual ratings by one individual (pink) and 

average ratings among all participants (blue) for 

each perceptual descriptor per odor are shown. 

Additionally, the differences between individual 

and average ratings are calculated (orange). At the 

end, the differences are averaged across all odors 

for each perceptual descriptor, which represents 

one OPF descriptor (green). Equation for one OPF 

component (or perceptual descriptor j): partici

pant m rates M odorants. pi;j is the participant’s 

rating for odorant i along a descriptor j. pi;j is the 

average rating for odorant i along a descriptor j 

among all participants.

Figure 2. Exclusion criteria and the final 

sample 

m, men.
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the variance with age and gender, the region explained further 

9.6% of the variance. Yet, the majority of the variance remained 

unexplained. In addition, another PERMANOVA (Table S1) with in

dependent variables in a different order (region, age, and gender) 

was performed. Similarly, region, age, and gender explained 

10.0%, 0.8%, and 0.3% of the variance, respectively. This indi

cates that the explained variance by each variable was relatively 

independent of their sequence and therefore of the variance ex

plained by the other two. Our results suggest that despite age 

and gender differences between the regions (Table 1), these two 

variables were of relatively little importance to the OPFs.

As the analysis of multivariate homogeneity of group dispersions 

showed significant differences among the regions (Table S2; 

Figure S3), some part of the explained variance with the region 

could be due to the difference in dispersion. In other words, people 

from regions with lower dispersion in their descriptor-specific 

OPFs (like Germany and Poland) agreed more with each other 

compared to people from regions with a higher dispersion in their 

OPFs (like the Philippines). However, this difference in dispersion 

among the 16 regions was small (r2 = 0.05).

Principal-component analysis of the descriptor-specific 

OPFs

To visualize the dispersion of the OPFs per region and the region 

centroids, an unsupervised machine learning method, principal- 

component analysis (PCA), on the OPFs was performed. The first 

and the second principal components (PCs) accounted for 38% 

and 16% of the variance, respectively. Both together explained 

54% of the variance (Figure 3). PC1 was mainly loaded by posi

tive OPF descriptors: ‘‘appetizing,’’ ‘‘pleasant,’’ ‘‘edible,’’ ‘‘aro

matic,’’ and ‘‘natural,’’ while PC2 was built mainly on OPF de

scriptors with negative valence: ‘‘disturbing,’’ ‘‘bitter,’’ and 

‘‘burnt.’’ The centroids for each region were calculated as the 

mean PC1 and mean PC2 for each region and visualized on a 

scatterplot together with the individual descriptor-specific 

OPFs (Figure 4).

Table 1. Age and gender per region

Region CROCUS, N (%) Final sample, N (%) Age,a median (25%–75%) Gendera (women : men), N (%)

All 1046 909 28.0 (23.0–39.0) 578 (64%) : 326 (36%) [5]

Argentina (Buenos Aires) 65 (6%) 56 (6%) 35.5 (27.8–46.0) 29 (55%) : 24 (45%) [3]

Australia (Sydney) 62 (6%) 59 (6%) 20.0 (19.0–27.5) 37 (63%) : 22 (37%)

Brazil (Londrina)b 66 (6%) – – –

Canada (Victoria, Trois-Rivieres) 92 (9%) 85 (9%) 24.0 (21.0–36.0) 67 (79%) : 18 (21%)

China (Beijing) 61 (6%) 60 (7%) 26.0 (21.0–45.3) 42 (70%) : 18 (30%)

Cuba (Havana)c 12 (1%) – – –

Egypt (Cairo) 66 (6%) 63 (7%) 29.0 (24.0–35.0) 32 (51%) : 31 (49%)

Germany (Dresden) 51 (5%) 51 (6%) 26.0 (22.0–29.0) 30 (60%) : 20 (40%) [1]

India (Pune) 60 (6%) 60 (7%) 26.5 (23.0–39.5) 32 (53%) : 28 (47%)

Iran (Teheran) 60 (6%) 58 (6%) 34.5 (24.3–42.0) 37 (64%) : 21 (36%)

Italy (Cagliari) 60 (6%) 58 (6%) 25.0 (23.0–28.8) 28 (48%) : 30 (52%)

Japan (Tokyo) 65 (6%) 53 (6%) 34.0 (27.0–42.0) 31 (60%) : 21 (40%) [1]

Malaysia (Kuala Lumpur) 65 (6%) 64 (7%) 34.5 (25.0–43.0) 50 (78%) : 14 (22%)

Philippines (Manila) 60 (6%) 59 (6%) 30.0 (27.0–36.0) 36 (61%) : 23 (39%)

Poland (Wroclaw) 65 (6%) 65 (7%) 26.0 (21.0–40.0) 45 (69%) : 20 (31%)

Tunisia (Tunis) 65 (6%) 60 (7%) 29.0 (26.0–38.0) 44 (73%) : 16 (27%)

Türkiye (Izmir) 32 (3%) 27 (3%) 25.0 (19.5–45.0) 17 (63%) : 10 (37%)

USA (Chicago) 39 (4%) 31 (3%) 23.0 (23.0–27.5) 21 (68%) : 10 (32%)

p value (effect size) – – <0.001 (eta2 = 0.11) 0.003

[], number of missing values; CROCUS, cross-cultural study on variability in chemosensory sensitivity.
aIn the final sample.
bOmitted due to the missing odor pleasantness values.
cOmitted due to the small sample size.

Table 2. PERMANOVA results with the degrees of freedom, sum 

of squares, partial R2, pseudo-F statistic, and p value

Independent variables df Sum of squares R2 F p value

Age (continuous value) 1 33,727 0.011 11.4 0.001

Gender (2 levels) 1 8,472 0.003 2.9 0.019

Region (16 levels) 15 283,658 0.096 6.4 0.001

Residual 886 2,617,948 0.889 – –

Total 903a 2,943,805 1.000 – –

Dependent variables were the descriptor-specific OPFs (12 components: 

appetizing, aromatic, bitter, burnt, disturbing, edible, feminine, intense, 

medicinal, mouth-odor like, natural, and pleasant). 

Independent variables were age (continuous), gender (two levels: women 

and men), and region (16 levels: Argentina, Australia, Canada, China, 

Egypt, Germany, India, Iran, Italy, Japan, Malaysia, Philippines, Poland, 

Tunisia, Türkiye, and USA). Significance for each independent variable 

was evaluated sequentially from first to last. 

df, degrees of freedom. 

Significant effects in bold.
aAmong people without missing values for gender.
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Region-related differences in the individual OPF 

descriptors

Overall, the region explained around 10% of the variance in the 

descriptor-specific OPFs, and this is visualized in Figure 4. To 

better understand which OPF descriptors were more (or less) re

gion-dependent, further analysis of individual OPF descriptors 

was performed (Figures 5, 6, 7, 8, 9, and 10). There were signif

icant differences among the 16 regions in all OPF descriptors. 

The effect size varied from large in cases of aromatic (eta2 = 

0.15), and intense (eta2 = 0.17), medium in cases of appetizing 

(eta2 = 0.11), disgusting (eta2 = 0.09), medicinal (eta2 = 0.08), 

and pleasant (eta2 = 0.08) to small in the case of bitter (eta2 = 

0.03), burnt (eta2 = 0.04), edible (eta2 = 0.05), feminine (eta2 = 

0.04), mouth-odor like (eta2 = 0.05), and natural (eta2 = 0.03) 

(Figures 5, 6, 7, 8, 9, 10, and 11).23 To quantify to what extent 

each region differed in the descriptor-specific OPFs from the 

other regions, the number of significant differences in the OPF 

descriptors was plotted for each pair of regions (Figure 12).

Age and gender-related differences in the individual 

OPF descriptors

Further analyses showed that gender did not affect the individual 

OPF descriptors (Figures S4 and S5). On the other hand, most 

OPF descriptors were negatively correlated with age, yet the cor

relation was weak (appetizing p < 0.001, ρ = −0.14; aromatic p = 

0.02, ρ = −0.08; bitter p < 0.001, ρ = −0.18; burnt p < 0.001, ρ = 
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B Figure 3. Results from the PCA on the 

descriptor-specific OPF 

(A) Plot of the Eigenvectors of variables in PC1 and 

PC2. 

(B) A scree plot or a bar graph of the explained 

variance by each PC. 

(C and D) Bar graph of the contributions of each 

OPF descriptor to PC1 and PC2. The red dotted 

line is the expected average contribution.

−0.15; edible p < 0.001, ρ = −0.16; 

intense p = 0.01, ρ = −0.09; mouth 

odor-like, p < 0.001, ρ = −0.14; natural 

p < 0.001, ρ = −0.12; pleasant 

p < 0.001, ρ = −0.12). Other OPF descrip

tors were not correlated (p > 0.05 for dis

turbing, feminine, and medicinal). Addi

tional analysis showed that people aged 

above 50 years perceived odors as less 

appetizing, less bitter, less burnt, less 

edible, less natural, and less pleasant 

compared to people younger than 30 

years (Figures S6 and S7). No differences 

in the individual OPF descriptors were 

observed among smokers and non- 

smokers (Figures S8 and S9).

Results remained similar among 

people younger than 30 years old

Additionally, the effect of region on the 

OPF was reanalyzed in people younger 

than 30 years old (Table S3) to further explore the possible 

age bias. In line with previous analysis, PERMANOVA 

including only people younger than 30 years old (N = 514), 

showed that region and gender explained 10.8% and 0.7% 

of the variance, respectively (Table S4). Of note, the OPF 

descriptor burnt was not affected by region (p = 0.05); other

wise, the overall pattern of results remained similar 

(Figures S10–S16).

Results remained similar using the odor-specific OPF

Additionally, the odor-specific OPFs, as suggested by Secundo 

et al.,20 were calculated (Figure S1) to evaluate the effect of 

geographical and demographic determinants on another mea

sure of olfactory perception. Another PERMANOVA using the 

odor-specific OPFs (Table 3 for odors) as the dependent vari

ables was performed (Table S5). In line with previous results, 

age, gender, and region explained 0.5%, 0.3%, and 8.2% of vari

ance in the odor-specific OPFs. Again, the analysis of multivar

iate homogeneity of group dispersions showed significant differ

ences among the regions (Table S6; Figure S17) with a small 

effect size (r2 = 0.04). Additionally, an exploratory analysis, 

another PCA on the odor-specific OPFs was performed to visu

alize the dispersion of these OPFs per region and the region cen

troids (Figures S18 and S19). Of note, the first two PCs ac

counted for only 41% of the variance; therefore, it has limited 

relevance. However, it is reported as the visual relations between 
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the regions are somewhat in line with the PCA from the 

descriptor-specific OPFs (Figure 4).

DISCUSSION

This cross-regional study, including 909 people from 16 re

gions, aimed to evaluate how region influences human olfac

tory perception as described by the OPFs. When evaluating 

the descriptor-specific OPFs, region, age, and gender ex

plained around 9.6%, 1.1%, and 0.3% of the variance, respec

tively. Yet, the majority of the variance remained unexplained. 

These findings were also observed in a subsample of the par

ticipants who were younger than 30 years. Two PCs emerged 

from the 12 descriptors used, loaded mainly by (1) positive 

and (2) negative-valenced descriptors. Further analysis of indi

vidual OPF descriptors showed that region explained from 3% 

(bitter and natural) up to 17% (intense) of the variance in a 

single OPF descriptor. Importantly, results remained 

similar using another measure of the olfactory perception, 

the odor-specific OPFs. More precisely, age, gender, and re

gion explained 0.5%, 0.3%, and 8.2% of variance in the 

odor-specific OPFs. Again, leaving the majority of variance 

unexplained.

To our knowledge, this is the first study to evaluate descriptor- 

specific OPFs among healthy people inhabiting different regions 

of the globe with different cultural influences. When comparing 

our results to previous studies, one must keep in mind that an in

dividual OPF descriptor describes a perceptual dimension 

across multiple odors, while previous studies mostly compared 

the perception of individual odors and were often limited to he

donic perception.13–15 Odor-specific differences in odor pleas

antness and intensity among various regions have been 

shown.5,14,16,17,24 Culture explained 6%–7% of the variance in 

odor pleasantness ratings,13–15 and here, 8% of the variance of 

the pleasantness component of the descriptor-specific OPF 

was explained by region.

Interestingly, the OPF descriptor ‘‘odor intensity’’ was twice as 

discriminative as ‘‘odor pleasantness’’ (17% vs. 8%). Cross-cul

tural differences in odor intensity have been reported 

before,5,16,17 suggesting that the region people inhabit influ

ences more what they find intense rather than what they find 

pleasant. Our study supports the notion that human olfactory 

perception, although likely driven in part by hedonic aspects, 

may be better differentiated by odor intensity. Considering this, 

more studies on individual and cultural determinants of intensity 

perception should be pursued.

In this study, region influenced odor perception to a greater 

extent than age or gender. In other words, people from the 

same region were more similar to each other regardless of their 

age and gender compared to people from other regions. Indi

cating that the cultural consistency in odor perception is some

thing that develops already at a young age. Of note, only people 

younger than 60 years were included in this study, reducing the 

effect of age-related olfactory dysfunction,25,26 which has been 

shown to alter one’s olfactory perception and the OPFs.21,22

Age is considered a key factor for olfactory performance27,28; 

however, in this study, we were interested in the qualitative 

perception of odors rather than the (in)ability to smell. With the 

A B

Figure 4. Results from the PCA on the descriptor-specific OPF 

(A) All individuals are included. 

(B) The centroids are additionally visualized. 

Scatterplots of the individual descriptor-specific OPFs plotted on a 2D graph (x axis: PC1, y axis: PC2).
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age limit of 60 years, we can assume that our sample was not 

largely affected by the smell deficits resulting from aging.25,28

We also did not observe a major role of gender in explaining 

variability in the OPFs. While women may score higher in the 

smell tests evaluating their olfactory function (e.g., odor 

threshold, discrimination, and identification),29 their qualitative 

perception of odors seems relatively similar to men’s across 

various locations. The relatively low importance of gender in 

the OPFs is still intriguing given that most explanations of the dif

ference in olfactory awareness and importance of olfaction refer 

to differential expertise and use of odors in daily life (i.e., women 

can be more experienced with odors because they cook, buy 

cosmetics). More studies focused on the role of gender in 

shaping olfactory perception is required.

The majority of the variance in the descriptor-specific and 

odor-specific OPFs remained unexplained with region, age, 

and gender. Thus, confirming that individual olfactory perception 

is a complex and multi-faceted phenomenon. While some of the 

unexplained variance could be noise, another part could be due 

to other individual-related factors such as olfactory receptor 

expression differences,30,31 physiological state,6 personality,32

attention,33 olfactory (dys)function,21,22 diseases,34 or uncon

trolled context-related factors such as air temperature, humidi

ty35 (but see Drews et al.36), exposure to ambient air odors,37–39

and many other factors.

Importantly, descriptor-specific OPF and odor-specific OPF 

yielded congruent results, and both left the majority of variance 

unexplained. Although the odor-specific OPF was shown to be 

related to individual genetic materials,20 the descriptor-specific 

OPF has not been evaluated in this way.19 We suggest that the 

OPF method could alternatively be termed ‘‘olfactory perceptual 

dimensions.’’ Further studies comparing the two approaches are 

needed to calibrate the terminology.

To conclude, 10% of the variance in the descriptor-specific 

OPFs and 8% in the odor-specific OPF was explained by region, 

with some of these effects attributable to dispersion. Thus, it re

mains ambiguous to what extent culture influences odor percep

tion and to what extent certain regions exhibit greater heteroge

neity in odor responses. Additionally, from 0.3% to 1.1% of the 

variance was explained by age and gender, yet the majority of 

variance remained unexplained. Interestingly, odor intensity 

was more region-dependent than odor pleasantness. Our find

ings indicate that region-related olfactory experiences, to 

some extent, influence human olfactory perception, but, overall, 

humans perceive odors quite similarly in different regions of the 

world.
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Figure 5. OPF descriptors appetizing and aromatic among the participants (N = 909) from the 16 regions 

Effect size was evaluated using eta squared (eta2). On the right, post hoc analysis (Dunn test with Benjamini-Hochberg adjustment for multiple testing) between 

the regions is shown. Dark and bright blue indicate significant and nonsignificant differences between the two regions, respectively.
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Limitations of the study

The current study presented evidence based on a large sample 

of 909 individuals who have been tested psychophysically in 

personal contact with an experienced researcher. One limita

tion is that data collection was mostly performed in a single re

gion of a given country (with the exception of Canada, where we 

tested subjects in two distinct locations). Results from a given 

location are not representative of a whole country, knowing 

that differences in olfactory perception exist also within a coun

try.40–42 The current study describes olfactory perception of in

dividuals inhabiting urban areas, whereas it does not tackle the 

perception of people living in rural areas, likely characterized by 

different olfactory experiences and olfactory landscape. This is, 

however, difficult to counteract, as the olfactory laboratories or 

clinics where the measurements were performed are often 

located in urban areas. Furthermore, our sample was gender 

imbalanced. While worth mentioning, we note that our regional 

samples do not mean to be representative of the population. 

The greater representation of women likely results from their 

greater interest in odors and the importance of olfaction than 

men.43,44 Thus, women may have more eagerly enrolled for 

the olfaction-oriented study. Furthermore, we believe that this 

did not greatly influence the overall results due to the small 

gender effect on the OPFs, which remained stable in the PERM

ANOVA analysis regardless of the order of the independent vari

ables. Additionally, although the two ways of evaluating olfac

tory perception (i.e., OPFs) provided congruent results, one 

must keep in mind their caveats. The descriptor-specific 

OPF19 is odor-independent; however, it is strongly influenced 

by the perceptual descriptors, and its results might, to some 

extent, differ when using different ones. On the other hand, 

the odor-specific OPF20 is odor-dependent, and its results 

might differ when using different odors. Both multi-dimensional 

olfactory perceptual frameworks require systematic empirical 

testing. Another limitation of this study is that odors were eval

uated only once, although individual perception might differ as a 

function of time. While decent temporal stability of the odor- 

specific OPF was shown,20 this has to be further evaluated for 

the descriptor-specific OPF.19
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Figure 6. OPF descriptors bitter and burnt among the participants (N = 909) from the 16 regions 

Effect size was evaluated using eta squared (eta2). On the right, post hoc analysis (Dunn test with Benjamini-Hochberg adjustment for multiple testing) between 

the regions is shown. Dark and bright blue indicate significant and nonsignificant differences between the two regions, respectively.
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Data and code availability

• All data have been deposited at Open Science Framework: https://osf. 

io/m95z4 and are publicly available as of the date of publication.

• All original code has been deposited at Open Science Framework: 

https://osf.io/m95z4 and is publicly available as of the date of publica

tion.

• Any additional information required to reanalyze the data reported in this 

article is available from the lead contact upon request.
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Figure 7. OPF descriptors disturbing and edible among the participants (N = 909) from the 16 regions 

Effect size was evaluated using eta squared (eta2). On the right, post hoc analysis (Dunn test with Benjamini-Hochberg adjustment for multiple testing) between 

the regions is shown. Dark and bright blue indicate significant and nonsignificant differences between the two regions, respectively.
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Figure 8. OPF descriptors feminine and intense among the participants (N = 909) from the 16 regions 

Effect size was evaluated using eta squared (eta2). On the right, post hoc analysis (Dunn test with Benjamini-Hochberg adjustment for multiple testing) between 

the regions is shown. Dark and bright blue indicate significant and nonsignificant differences between the two regions, respectively.
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Figure 9. OPF descriptors medicinal and mouth-odor like among the participants (N = 909) from the 16 regions 

Effect size was evaluated using eta squared (eta2). On the right, post hoc analysis (Dunn test with Benjamini-Hochberg adjustment for multiple testing) between 

the regions is shown. Dark and bright blue indicate significant and nonsignificant differences between the two regions, respectively.
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Figure 10. OPF descriptors natural and pleasant among the participants (N = 909) from the 16 regions 

Effect size was evaluated using eta squared (eta2). On the right, post hoc analysis (Dunn test with Benjamini-Hochberg adjustment for multiple testing) between 

the regions is shown. Dark and bright blue indicate significant and nonsignificant differences between the two regions, respectively.
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Figure 12. Number of significant differences in the OPF descriptors 

(e.g., appetizing, aromatic) between the regions 

Ranging from 0, which indicates that there were no significant differences in 

the OPF descriptors among the two regions, up to 12, which indicates that the 

two regions differed in all 12 OPF descriptors.

Table 3. Eight odorants with their IUPAC name, CAS reference number, PubChem CID, and quality

N IUPAC name CAS CID Quality (Good Scent Company).47

A ethyl 2-methylbutanoate 7452-79-1 24020 sharp, sweet, green apple, fruity

B butan-1-ol 71-36-3 263 cheesy, old socks, body odor

C 2-methoxyphenol 90-05-1 460 smoky, spicy, medicinal, glue, savory, 

meaty, woody

D 1-methoxy-4-[(E)-prop-1-enyl]benzene 4180-23-8 637563 sweet, anise, licorice, medicinal

E 2-methoxy-4-prop-2-enylphenol 97-53-0 3314 sweet, spicy, clove, woody, ham, bacon, 

cinnamon, allspice

F 3-methylbutyl acetate 123-92-2 31276 sweet, banana, fruity, ripe

G (Z)-hex-3-en-1-ol 928-96-1 5281167 fresh, grassy, herbal oily

H 3-methylbutanoic acid 503-74-2 10430 sour, sweaty, cheesy, tropical

CAS, chemical abstract service; CID, compound identification.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants

The local teams in 18 countries were asked to recruite participants from the academic (50%) and the general population (50%). Sub

jects were expected to inhabit the city where the study was executed for at least six months.45 The expected age ranged from 18 to 60 

years when olfactory functions are optimal.25 Further exclusion criteria were self-declared major sense of smell abnormalities, 

abnormal trigeminal sensitivity to stinging and burning odors like vinegar, major health problems, acute or pronounced chronic 

inflammation of the mouth or nose and nasal sinuses, and pregnancy.

Overall, the project included 1046 people from 18 countries (Argentina [Buenos Aires], Australia [Sydney], Brazil [Londrina], 

Canada [Victoria, British Columbia; Trois-Rivieres, Quebec], China [Beijing], Egypt [Cairo], Cuba [Havana], Germany [Dresden], 

India [Pune], Iran [Teheran], Italy [Cagliari], Japan [Tokyo], Malaysia [Kuala Lumpur], Philippines [Manila], Poland [Wroclaw], 

Tunisia [Tunis], Türkiye [Izmir], and USA [Chicago]). However, people from Cuba and Brazil were excluded due to the small 

sample size and missing perceptual data, respectively (Figure 2). The final sample presented here is composed of 909 partic

ipants (36% men) aged 18-60 years (median [interquartile range] 28.0 [23.0 – 39.0]) from 16 countries. Details can be found in 

Table 1.

The study was performed in accordance with the Declaration of Helsinki on Biomedical Studies Involving Human Subjects. Written 

informed consent was obtained from all participants. The entire study design and consent approach were approved by the Ethics 

Review Board at the University of Wroclaw (3/2021) and the Institute of Psychology (2021/RYHNA) and TU Dresden (BO-EK- 

70022023). Furthermore, wherever necessary, additional local ethical approvals were obtained by the local teams.

METHOD DETAILS

To execute this project, a network of scientific collaborators was established under the CROss-CUltural Study on Variability in Che

mosensory Sensitivity (CROCUS) project. Local teams were recruited for this project via a personal network, based on their expertise, 

and formerly received training at the Smell and Taste Clinic, Dept. of Otorhinolaryngology, TU Dresden. The final sample comprised 

18 local teams in Argentina (Buenos Aires), Australia (Sydney), Brazil (Londrina), Canada (Victoria, British Columbia; Trois-Rivieres, 

Quebec), China (Beijing), Egypt (Cairo), Cuba (Havana), Germany (Dresden), India (Pune), Iran (Teheran), Italy (Cagliari), Japan (To

kyo), Malaysia (Kuala Lumpur), Philippines (Manila), Poland (Wroclaw), Tunisia (Tunis), Türkiye (Izmir), and USA (Chicago). Beyond a 

common training at the Smell and Taste Clinic, TU Dresden, study coherence was ascertained by several other actions taken by the 

coordinators of the project. All local teams received documents describing the procedure along with a video recording of each step of 

the procedure and score calculation. Before the study commencement, two Zoom conferences were scheduled for the coordinators 

to respond to all questions raised by the local teams. The local teams back-translated the protocol, and the participants were tested 

in their native language. If there were doubts about the individual descriptor back-translations, AO resolved them with the local 

teams. All materials were manufactured by Burghart Messtechnik (Holm, Germany) and shipped to the local teams. All participants 

within each location were tested in ventilated rooms, during individual sessions (approximately 60 min). We refer to the testing site/ 

country as ‘region’ to avoid stretching conclusions to the entire country while the data were collected in a given city within a country. 

We understand region as a proxy for the individual experience of odors resulting from varying cultural practices and local physical 

conditions (e.g., atmospheric).

REAGENT OR RESOURCE SOURCE IDENTIFIER

Deposited data

The collected dataset is available at Open Science Framework: 

https://osf.io/m95z4/

N/A https://osf.io/m95z4/

Experimental models: Organisms/strains

Human adults Recruited in 18 different countries

Software and algorithms

The code to analyze the data is available at Open Science 

Framework: https://osf.io/m95z4/

N/A https://osf.io/m95z4/
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Procedure

First, sociodemographic data such as age, gender, and residency were collected via a brief interview. Next, participants received 

eight odorous felt-tip pens (so-called Sniffin’ Sticks46) marked from 1 to 8. They were asked to smell and rate each odor on a scale 

from 0 (»minimum value of the descriptor«) to 100 (»maximum value of the descriptor«) on a 100mm long visual analog scale (VAS). 

For each odor, there were 12 VAS scales, one for each of the 12 perceptual descriptors: appetizing, aromatic, bitter, burnt, disturbing, 

edible, feminine, intense, medicinal, mouth odor, natural, and pleasant.20 Participants could smell each odor as many times as they 

wished. To ease the test administration and standardize the display, the scores marked on VAS were collected paper-and-pencil and 

further transformed into a digital score by measuring the distance between 0 (beginning of the VAS scale) to the spot where the 

answer of the participant crossed the VAS scale (in mm).

Descriptor-specific Olfactory Perceptual Fingerprint

For the perceptual odor ratings, eight odors were chosen inspired by Secundo et al.20 (Table 3) and modified according to the market 

availability. The individual descriptor-specific OPFs were calculated as Snitz et al. suggested (Figure 1).19 Each participant m rated M 

(M=8) odors using N (N=12) perceptual descriptors, resulting in 96 individual data points for odor ratings. For the descriptor-specific 

OPF, the difference between the individual rating for odor i using descriptor j versus the entire sample average rating for odor i using 

descriptor j was calculated. After that, each individual was described using an M * N matrix of relative scores for each descriptor and 

each odor. Then, M relative scores were averaged along each of the descriptors N. In the end, the twelve-dimensional vector, the 

OPF, described their olfactory perception.

Odor-specific olfactory perceptual fingerprint

Additionally, the odor-specific OPFs as suggested by Secundo et al.20 were calculated. Here, Euclidean distances between all pairs 

of odors were calculated as shown on Figure S1. Since participants rated eight odors, this OPF was composed of 8x7/2 = 28 com

ponents, which represent all the pairwise odor combinations. When comparing our calculation with the one by Secundo et al.,20 we 

omitted the division by √n (n is the number of perceptual descriptors used to rate each odor), because there were no missing values 

in our dataset, therefore the normalization of the data was unnecessary. Of note, the reported results remain the same even if all pair

wise distances are divided by √12.

QUANTIFICATION AND STATISTICAL ANALYSIS

The median and interquartile range were used to describe the continuous variable’s central tendency and variance such as age. 

Mann-Whitney test was used to compare non-normally distributed continuous variables. Frequencies were used to describe the dis

tribution of categorical variables, and χ2 tests were used to compare categorical variables, such as gender.

To evaluate whether the descriptor-specific OPFs were affected by the age and gender differences among the sixteen regions 

and whether the OPFs were region-dependent, two permutational multivariate analyses of variance (PERMANOVA) were per

formed. The dependent variables were the descriptor-specific OPFs. In the first PERMANOVA, independent variables were 

age, gender, and region. In the second PERMANOVA, independent variables were region, age, and gender. Both analyses 

were performed using the option ‘‘by = terms’’ to assess the significance of each independent variable sequentially from first 

to last. PERMANOVA with 999 permutations was applied on the Euclidean distance matrix of the OPFs using an adonis2 function 

from the vegan package.48

To check whether the groups of the independent variables differed in their dispersions, the PERMDISP2 procedure for the analysis 

of multivariate homogeneity of group dispersions (variances) was performed using a betadisper function from the vegan package.48

As group dispersions of the 16 regions differed significantly, the post hoc analysis using Tukey’s ‘Honest Significant Difference’ (HSD) 

was performed. To better evaluate the dispersion effect, the distances to the centroid per region were visualized using ggplot2 from 

the tidyverse.49

To explore the OPFs and the centroids for each region, principal component analysis (PCA), an unsupervised machine learning 

method for dimensionality reduction, was performed. Firstly, a function prcomp on scaled data was performed. Next, the centroids 

for each region were calculated as the mean of the first principal component (PC) and the mean of the second PC for each region 

and visualized on a scatterplot. Loading scores or contributions of variables to the PCs were visualized using a factoextra 

package.50

To further evaluate the effect of region on individual OPF descriptors, Kruskal–Wallis analysis of variance was used. The effect size 

for Kruskal–Wallis was evaluated with an eta-squared (eta2) estimate using an R package rstatix.23 Values from 0.01 to 0.06 indicated 

a small effect size, from 0.06 to 0.14 indicated a moderate effect size and values above 0.14 indicated a large effect size.23 For post 

hoc analysis, the Dunn test with Benjamini & Hochberg adjustment for multiple testing was performed using the FSA package.51 To 

better evaluate how much odor perception differed among two particular regions, the number of differences in the OPF descriptors 

between the two regions was counted.

To estimate the effect of age, gender, and smoking on individual OPF descriptors, Mann-Whitney test was used. People 

younger than 30 years old were compared to people older than 50 years old. Additionally, Vargha and Delaney’s A was calculated 
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as an effect size measure using an R package effsize. Small effect size was indicated by values from 0.56 to 0.64 and from 0.34 to 

0.44, medium effect size was indicated from 0.64 to 0.71 and from 0.29 to 0.34, and large effect size was indicated by values 

above 0.71 and below 0.29.52 Additionally, Spearman correlation coefficients were used for assessing the age effect on individual 

OPF descriptors. Small effect size was indicated by ρ values from 0.1 to 0.3, medium effect size was indicated by ρ values from 

0.3 to 0.5, and large effect size was indicated by values larger than 0.5.53 For clarity, the effect sizes references are gathered also 

in Table S7.

A p-value of < 0.05 was considered statistically significant. All statistical analyses were performed using R Statistical Software54

(version 4.2.2; R Foundation for Statistical Computing, Vienna, Austria) with an additional package for data manipulation tidyverse49

and data visualization ggpubr.55
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