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Human brain activity reflecting 
facial attractiveness from skin 
reflection
Yuichi Sakano  1,2*, Atsushi Wada  1,2, Hanako Ikeda3, Yuriko Saheki3, Keiko Tagai3 & 
Hiroshi Ando1,2

Facial attraction has a great influence on our daily social interactions. Previous studies have mainly 
focused on the attraction from facial shape and expression. We recently found that faces with radiant 
skin appear to be more attractive than those with oily-shiny or matte skin. In the present study, we 
conducted functional magnetic resonance imaging (fMRI) and psychological experiments to determine 
the human brain activity that reflects facial attractiveness modulated by these skin reflection types. In 
the fMRI experiment, female subjects were shown successive images of unfamiliar female faces with 
matte, oily-shiny, or radiant skin. The subjects compared each face with the immediately preceding 
face in terms of attractiveness, age, and skin reflection, all based on the skin. The medial part of the 
orbitofrontal cortex (mOFC) was significantly more active when comparing attractiveness than when 
comparing skin reflection, suggesting that the mOFC is involved in processing facial attractiveness 
from skin reflection. In the psychological experiment, attractiveness rating was highest for radiant 
skin, followed by oily-shiny, and then matte skin. Comparison of the results of these experiments 
showed that mOFC activation level increased with attractiveness rating. These results suggest that 
the activation level of the mOFC reflects facial attractiveness from skin reflection.

Facial attraction has a great influence on a wide range of our daily social interactions1,2
, including mate choices3 

and more general decisions about other types of social partners2 such as hiring4,5.
How do we judge facial attractiveness? Previous studies have mainly focused on the effects of global facial 

shape (e.g. averageness6–13, symmetry7,9, and sexually dimorphic shape cues14) and expression15,16 while some 
others have examined the effects of facial skin colour17–27 (for review, see Thornhill and Gangestad, 19991 and 
Little et al., 20112).

In the present study, we focused on the effects of skin reflection on facial attractiveness. Given that facial 
attractiveness reflects the degree of health1,2,28, facial skin reflection could affect facial attractiveness because it 
gives some hints about the health conditions of an individual. That is, highly diffuse reflection indicates not only 
a low melanin content but also a large amount of moisture in the skin and fine skin texture29,30, whilst specular 
reflection implies the sebum distributed on the skin surface31. A substantial amount of moisture in the skin 
reflects both soundness of water flux regulation and a high capability for water retention32–34. Such flux regula-
tion and water retention contribute to protection against desiccation and pathogen challenges32,35. Similarly, 
sebum, when mixed with sweat, becomes a thin acidic film (“acid mantle”) on the skin that acts as a barrier to 
pathogenic microbes36–41. In addition, sebum plays an important role in keeping the body temperature constant 
(“thermoregulation”42). Therefore, it is reasonable to expect that skin reflection, a visual cue to health, may affect 
facial attractiveness.

Indeed, we recently found that skin reflection substantially affects facial attractiveness for female observers43. 
That study, which employed a total of 160 female subjects in their 30s to 40s along with a pairwise compari-
son method showed that attractiveness increases in the order of faces with matte, oily-shiny, and then radi-
ant skin (Fig. 1). These types of reflection are unique to skin30,44–50, which has complex internal and external 
structures29,30,51. Such categorization or concepts of skin reflection are becoming pervasive, typically among 
women in many countries, and are inherently determined by visual impression rather than physical reflectance 
parameters30,44–50. Matte skin makes little impression of gloss. Oily-shiny skin makes an impression of substantial 
gloss and sebum without a sense of unity of skin and cosmetic foundation49 (if worn). It is often mentioned that 
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people with radiant skin appear to have an internal glow48. Physically, oily-shiny skin tends to show high specular 
and low diffuse reflectances while radiant skin tends to exhibit high specular and high diffuse reflectances30.

However, both the neural basis and the brain activity associated with the effects of skin reflection on facial 
attractiveness remain unknown. Previous brain studies on facial attraction from other or unspecified factors have 
explored the human brain for the neural basis of processing facial attractiveness. Many studies have reported 
increases in functional magnetic resonance imaging (fMRI) or positron emission tomography (PET) signal when 
viewing attractive compared to unattractive faces, or when judging facial attractiveness compared with other 
features; these are localized within brain regions in reward systems such as the orbitofrontal cortex (OFC) 52–62, 
the nucleus accumbens53,59 in the ventral striatum16, the caudate nucleus62, the pallidum16, the thalamus16,55,56, 
the anterior57,60,61 and posterior cingulate cortex54, the anterior insular cortex52,57,63, and the medial prefrontal 
cortex54,57,58,63

. Other studies have identified activation within other brain regions in the “face network” 64–68 
such as the middle temporal gyrus69 and the fusiform gyrus63,70,71. For example, it has been reported that fMRI 
activation level in the medial part of the orbitofrontal cortex (mOFC) was not only higher in the high attrac-
tiveness conditions than in the low attractiveness conditions, but also enhanced when viewing a smiling facial 
expression54. Another fMRI study63 reported that whilst activity in many cortical regions was correlated para-
metrically with the degree of facial attractiveness during explicit judgement of facial beauty, ventral occipital 
regions remained responsive to facial beauty during judgement of facial identity. Based on such results, the 
authors proposed that the ventral occipital regions, including the fusiform face area (FFA) and the lateral occipital 
cortex (LOC), may serve as a neural trigger for effects of attractiveness in social interactions. Several studies28,72–75 
using event-related potentials (ERPs) have also examined the effects of facial attractiveness, and it has been sug-
gested that seemingly in the FFA and/or the occipital face area (OFA), fewer neural resources are engaged for 
faces with high attractiveness and averaged faces than faces with low attractiveness73.

In the present study, we tried to determine human brain activity that is associated with facial attractiveness 
modulated by the different types of skin reflection discussed previously (specifically matte, oily-shiny, and radi-
ant skin). To achieve this goal, we carried out two experiments, as described below.

The first aim was to identify the human brain regions involved in processing facial attractiveness based on skin 
reflection. To do so, we conducted an fMRI experiment with an attention-based technique that utilizes the fact 
that paying attention to a certain feature enhances neural activation in the brain regions involved in processing 
that particular feature76–82. Therefore, when a subject conducts a task, the brain regions involved in processing a 
feature that is crucial to perform the task are expected to be activated because of the selective attention paid to 
that feature. We expected that certain regions among those that have been reported to be involved in processing 
facial attractiveness mentioned above may be involved in processing facial attractiveness that arises from skin 
reflection.

The second aim was to determine whether the activation levels of the regions identified as those that are 
involved in processing facial attractiveness based on skin reflection reflect the magnitude of facial attractiveness 
based on skin reflection. To this end, we conducted a psychological experiment in which the same subjects who 
participated in the fMRI experiment this time rated the absolute (rather than relative) attractiveness of all the 
facial images presented in the fMRI experiment. We expected that the activation levels of those regions would 
increase with the rated attractiveness as is the case with facial attractiveness from other factors53,54,56–63,69.

We also tried to determine the brain activity that reflects how the perceived age is modulated by skin reflec-
tion, since perceived age also impacts social behaviours83–85 and is affected by skin reflection43,86,87.

Figure 1.   Examples of stimuli used in both fMRI and psychological experiments. The facial skin was matte (a), 
oily-shiny (b), or radiant (c).
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Results
Attractiveness.  The first aim was to identify the human brain regions involved in processing facial attrac-
tiveness based on skin reflection. To this end, we conducted an fMRI experiment. Female subjects were shown 
successive unfamiliar female face images (Supplementary Fig. S1 online) with radiant, oily-shiny, or matte skin 
(Fig. 1). The subjects were asked to judge whether each face was higher or lower than the immediately preced-
ing face in terms of attractiveness, age, or skin reflection, all based on skin impression (for detail on reflection, 
see Supplementary Fig. S2 online). The reasons for judgments being based solely on skin impression was that 
we aimed at identifying specific regions involved in processing facial attractiveness solely from skin reflection, 
rather than from any available cue, including facial global shape62. The different tasks (i.e., attractiveness, age, 
and skin reflection) were performed in different experimental blocks. In all these different task conditions, an 
identical set of faces was presented. Thus, we theorized that differences in the fMRI activity of a given brain 
region between different task conditions would not be due to different stimuli but due to differences in the fea-
ture the subject paid attention to during the tasks.

We compared the fMRI activation levels in the attractiveness task blocks with those in the skin reflection 
task blocks. If certain regions are more active during the attractiveness blocks than the skin reflection blocks, 
this suggests that these regions are involved in processing facial attractiveness based on skin reflection. We 
subtracted the activation in the skin reflection blocks from the activation in the attractiveness blocks to exclude 
the possible activation in the regions involved in estimation of skin reflection, which should have preceded the 
processing of attractiveness itself.

As shown in Fig. 2, the human frontal cortex, specifically the mOFC was significantly more active when judg-
ing attractiveness than when judging skin reflection (MNI − 4, 24, − 24; cluster of 16 voxels; t15 = 4.66; Hedges’ 
gav = 0.844; Brodmann area 11; left gyrus rectus according to AAL atlas88).

Our second aim was to examine whether the activation level of the mOFC reflects the magnitude of facial 
attractiveness from skin reflection. To this end, we conducted a psychological experiment in which the same 
subjects who participated in the fMRI experiment rated the absolute (rather than relative) attractiveness of all 
the facial images presented in the fMRI experiment. The rated attractiveness of faces was highest with radiant, 
then oily-shiny, then matte skin (Fig. 3; two-way repeated-measures ANOVA with independent variables of 
skin reflection and facial model, F(2,30) = 568.46, p < 0.0001; Tukey’s HSD post-hoc test for skin reflection, all 

Figure 2.   The mOFC was the only region that was significantly more activated during the attractiveness task 
block than during the reflection task block. The crosshairs indicate the peak voxel of the cluster (MNI: − 4, 
24, − 24). An effect size metric Hedges’ gav

139 of this contrast in the beta values in this voxel was 1.138. The lower-
right panel image was rendered using MRIcroGL software (https​://www.mccau​sland​cente​r.sc.edu/mricr​ogl/
home).

https://www.mccauslandcenter.sc.edu/mricrogl/home
https://www.mccauslandcenter.sc.edu/mricrogl/home
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p < 0.05). For results of other tasks including perceived age and perceived skin reflection, results of ANOVAs for 
data from all the rating tasks, and relationships between the rating results of different tasks, see Supplementary 
Fig. S3, Table S1, and Fig. S4 online, respectively.

To examine whether the level of activity in the mOFC reflects the magnitude of facial attractiveness based 
on skin reflection, we compared the mOFC activation for all 24 facial images with the attractiveness rating from 
the psychological experiment. Activity in the mOFC was positively correlated with attractiveness (one-tailed 
correlation test, r = 0.421, p = 0.020, Fig. 4). This finding was also confirmed using a simple linear regression 
analysis with a one-tailed slope test (p = 0.020).

We also compared the mOFC activation between the three skin reflection types. Although the mOFC acti-
vation appeared to increase in the order of faces with matte, oily-shiny, and then radiant skin as the attractive-
ness rating did (compare Supplementary Fig. S5 online with Fig. 3), the differences between the different skin 
reflection types were not statistically significant due to relatively large individual differences (two-way repeated-
measures ANOVA, F(2, 30) = 1.203, p = 0.302, Supplementary Fig. S5 online).

Age.  Similarly, to identify regions involved in judging facial age from skin reflection, we contrasted the acti-
vation levels in the age blocks with those in the skin reflection blocks. This contrast induced significant activity in 
regions that have been reported to be involved in processing facial age from unspecified cues from in a movie of 
one face morphing into another89 (Supplementary Fig. S6 online, Supplementary Table S2 online). However, this 
contrast also induced activity in many other regions that have been reported to be involved in orienting attention 
and executive control of attention for general purposes, rather than specifically for age processing77,90,91. In other 
words, the activity observed in this contrast appears to partially reflect processing other than of age. Moreover, 
the data we obtained could not be decomposed into activity reflecting age processing and activity reflecting 
other processing. Thus, we discontinued further analysis of brain activity related to processing of facial age, and 
focused on facial attractiveness (for other contrasts between different tasks, see Supplementary Fig. S6 online, 
Supplementary Table S3, S4 online).

Figure 3.   Rated attractiveness of faces with matte, oily-shiny, and radiant skin. Error bars indicate ± 1 SEM 
across subjects. *p < 0.05. Values of the effect size measures ηG

2 and ωG
2 of all skin reflection types were 0.647 and 

0.631, respectively140,141. Hedges’ gav
139 was 2.088, 1.348, and 3.671, for oily-shiny vs. matte, radiant vs. oily-shiny, 

and radiant vs. matte, respectively.

Figure 4.   Relationship between rated attractiveness and activation in mOFC. Error bars indicate ± 1 SEM across 
subjects.
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Discussion
Summary.  The mOFC was significantly more active when judging facial attractiveness than when judging 
facial skin reflection (Fig. 2). This result suggests that the mOFC is involved in processing facial attractiveness 
that arises from skin reflection. It should be noted that since an identical set of faces were presented in both 
tasks, difference in activation should not be attributed to differences in the stimulus between the tasks, but to 
differences in the features that the subjects paid attention to during the tasks (facial attractiveness). In addition, 
the reason we claim that facial attractiveness processed in the mOFC in our study was based on skin reflection 
rather than from other cues is that (1) the subjects were asked to judge facial attractiveness solely based on skin 
impression and (2) that the only differences between the skins in the stimuli were the types of skin reflection 
(i.e., matte, oily-shiny, or radiant).

In the psychological experiment, rated attractiveness was highest with radiant, then oily-shiny, then matte 
skin (Fig. 3). Comparison of the results of the fMRI and psychological experiments showed that the level of 
activation in the mOFC significantly increased with the rated attractiveness (Fig. 4). These results suggest that 
the activation level in the mOFC reflects facial attractiveness based on skin reflection.

Involvement of mOFC in processing facial attractiveness from skin reflection.  The results of the 
present fMRI experiment suggest that the mOFC is involved in processing facial attractiveness based on skin 
reflection. This claim is in line with previous studies reporting that the mOFC is involved in processing facial 
attractiveness of smiling54, cosmetics use61, or various other factors that create differences in facial attractive-
ness between different facial models53,55,58–60. Moreover, in the present study, the mOFC activation significantly 
increased with the rated attractiveness (Fig. 4). Activity in the mOFC has previously been reported to represent 
or monitor reward values54,92–99. Thus, the results of the present study, together with previous reports, could sug-
gest that facial attractiveness from skin reflection is a reward to the beholder.

One could doubt that the mOFC activation observed in this study reflects reward values because the mOFC 
activation was lower during the tasks than during the rest (the baseline in Fig. 4) in many stimulus conditions. 
Although we cannot completely dispel this doubt, the reward-value view seems plausible in light of previous 
studies as described in the prior paragraph. The lower activation in the mOFC during the tasks may be explained 
by the possible stress; since all the tasks were to be performed very quickly and they also required memorizing 
and remembering attractiveness, age, or skin reflection of all presented facial images except the last one, the 
subjects might have been more stressed during the tasks than during the rest.

Contrarily, a few previous studies did not find OFC activation associated with facial attractiveness63,70,71. This 
could at least partially be due to losses of the fMRI signal in the OFC caused by susceptibility gradients near air/
tissue interfaces100–102. In the present fMRI experiment, to minimize such susceptibility artefacts in the OFC, 
we optimized MRI-data acquisition parameters, including slice orientation and phase encoding direction100,101 
(for detail, see “MRI data acquisition” section), as did some of the studies that found activation in the OFC from 
facial attractiveness57,58,62.

Meanwhile, as described in the introductory section, some previous studies also found activations within 
other human brain regions associated with facial attractiveness, including brain regions in the reward systems 
as well as regions in the “face network” 64–68. Although our fMRI results do not exclude the possibility of the 
involvement of other such brain regions in processing facial attractiveness from skin reflection, one possible 
reason why we did not identify activity in these regions in our experiment is that at least some of these regions 
may not represent facial attractiveness but be involved in other processes. For instance, the ventral striatum 
has been reported to encode prediction errors of reward values rather than reward values per se58,103, and the 
thalamus has been reported to be involved in the executive control of attention90,91,104,105.

It also should be noted that the present study determined the involvement of the mOFC in processing facial 
attractiveness based on skin reflection by contrasting the activation for judging attractiveness with the activa-
tion for judging skin reflection. Hence, activity in brain regions activated in both task periods should have been 
cancelled out. These regions are likely to be upstream to the mOFC, and may include early visual areas which 
process low-level visual features, mid-level visual areas involved in processing surface reflection82,106,107, and the 
FFA, which is involved in face-related processing108,109.

Effects of sex, culture, and era.  It has been found that the combination of the facial model and the 
observer’s sexes58, or the observer’s sex preference110, affects attractiveness ratings. In the present study, both the 
models and the observers were females. This begs the question as to whether the mOFC is involved in processing 
facial attractiveness based on skin reflection with other combinations of sexes. The involvement of the mOFC 
is likely to hold true in the light of a series of previous studies which reported that the mOFC was activated by 
facial attraction irrespective of the combination of sexes between the stimulus face and the observer53,54,57,58,61. 
Although mOFC activation magnitudes have been reported to be higher when the model’s sex was different to 
the observer’s59, or was the observer’s preferred sex55,56, such sex effects reflect the attractiveness ratings59 (but see 
also others55,56, which reported higher mOFC responses to preferred sex even when the attractiveness ratings did 
not reflect sex preference). Since in the present study, both the models and the observers were of the same sex 
(female), the mOFC is likely to be involved in processing facial attractiveness based on skin reflection even for 
other sex combinations, although the attractiveness itself from skin reflection could be somewhat limited if both 
the face and the observer are male. Effects of sex on facial attractiveness itself will be discussed later.

Another interesting question relates to the attraction of faces which are of the same sex as the observer. 
According to Franklin & Adams’ theory111, facial attractiveness incorporates both sexual and aesthetic values. 
Hence, if the observer is heterosexual, the facial attractiveness of the same sex as the observer seems to be aes-
thetic value or beauty. Interestingly, the mOFC can also be more activated even when viewing paintings that 
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were rated beautiful compared with those rated neutral or ugly even if the paintings do not contain a face112. 
Therefore, our finding that the mOFC is the neural component underlying judgement of facial attractiveness is 
quite reasonable even if the facial models and the observers were of the same sex.

Despite the importance of the mOFC in judging facial attractiveness from skin reflection, it should be noted 
that facial attractiveness itself has been reported to depend not only on health but also on other factors includ-
ing culture2, era113, and the sexes of the face20 and the observer27,114,115. Hence it remains to be seen whether the 
effects of skin reflection on facial attractiveness reported in the present study are consistent when applied to 
any face and any observer throughout the world. Such a question may also lead to revealing innate and learned 
components in the neural mechanism for judging facial attractiveness.

Why does skin reflection affect facial attractiveness?  In the psychological experiment, rated attrac-
tiveness increased from faces with matte, to oily-shiny, to radiant skin. This result is consistent with the findings 
of our recent study43, where we used a pairwise comparison method. Another very recent study has also reported 
that increases in specular reflection enhance facial attractiveness116. The only exception is Arce-Lopera and co-
workers86, who reported that square patches of cheek image appeared younger when the specular reflection 
component was removed. Although people say that radiant skin is more desirable than oily-shiny skin or matte 
skin, to our knowledge, before our recent study mentioned above43, there was little scientific research comparing 
the attractiveness of faces with matte, oily-shiny, and radiant skins.

Why does facial attractiveness increase in this order? Here, we propose three possible explanations. The first 
explanation is that, as explained in the introduction section, the health condition, including the soundness of 
the immune system of the skin, seems to be enhanced in this order due to both sebum on the skin (for radiant 
and oily-shiny skin) and moisture in the skin (for the radiant skin). Hence, the facial attractiveness based on 
skin reflection is likely to indicate the degree of health, in line with facial attractiveness from other factors1,2. 
This first explanation also includes possible relationships between the healthiness and (1) luminance uniform-
ity over the skin and (2) fine textures. Radiant skin generally has more luminance uniformity31,49,117 and finer 
texture29–31 than those of oily-shiny skin. Luminance uniformity over the skin17,22 and texture fineness118 have 
been reported to enhance facial attractiveness. The texture fineness also has been reported to enhance perceived 
health18. Thus, luminance uniformity and fine textures could also reflect good health condition, thereby enhanc-
ing facial attractiveness.

The second explanation, which is compatible with the first one, is that such skin reflection types indicate skin 
age. That is, facial attractiveness from the skin reflection may imply the skin age. This explanation is supported 
by and/or consistent with several lines of evidence. First, in the psychological experiment on age in the present 
study, the rated age decreased from matte to oily-shiny to radiant skin (Supplementary Fig. S3 online), just as 
the attractiveness increased in this order (Fig. 3). Moreover, the rated attractiveness was negatively correlated 
with the rated age (Supplementary Fig. S4 online), just as the female facial attractiveness based on any available 
cue decreases with the real age of the face87,115,119–121. Second, again, the luminance uniformity122,123 and texture 
fineness, which generally exist on radiant skin, decrease with age124. Third, diffuse reflection, which generally 
exists on the radiant skin more than on the oily-shiny skin30, decreases with age30.

The third explanation involves visual illusory effects in which the skin reflection enhances the impression 
of smiling. Smiling has been reported to enhance facial attractiveness15. When smiling, the cheeks generally 
become more convex. Meanwhile, the specular highlights on the cheeks cause an illusion of the cheeks being 
more convex (Fig. 1), as has been reported on the surfaces of non-skin objects125. Hence, such an illusion may 
appear as more of a smile, as can be seen in Fig. 1.

Conversely, the effect of smiling on facial attractiveness, which has been reported previously15, could (at least 
partially) be because of the shine on the cheeks which is enhanced by real convexity due to a real smile (but see 
also Kampe et al., 200116, who pointed out the effects of gaze direction). That is, smiling causes the cheeks to 
be more convex, thereby illusorily enhancing impression of shine on the cheeks (as has been reported to be the 
case with non-skin surfaces126), which may be a sign of good health as described above as the first explanation.

Although these three explanations (as well as the one mentioned in the previous paragraph) are possible, 
further study is required to validate them.

It should be noted that the explanations based on health and age mentioned above assume that the skin 
reflection is naturally yielded by the skin itself. On the other hand, we used cosmetic materials to control the 
conditions of skin reflection for the stimulus images (for details, see "Stimuli" subsection). Hence, the reflection 
was not wholly yielded by the skin itself, thereby limiting the validity of the claim that findings were based on 
health and age. However, we believe that these explanations would still be possible due to the following two 
reasons. First, the naturalness of appearance of the skin reflection in the images was confirmed by many people, 
including those who evaluated facial photos as skilled professionals (for details, see Supplementary Methods 
online). Second, as mentioned above, the explanation based on health is consistent with numerous previous 
studies on facial attractiveness. In a similar vein, the explanation based on age is consistent with several lines of 
evidence mentioned above.

Research on surface reflection properties.  It is noteworthy that recent developments in the field of 
computer graphics technologies have enabled researchers to explore the mechanisms of perception of object 
material properties, especially surface reflection properties (i.e., glossiness) 82,106,107,126–134. Despite an extensive 
body of literature on the perception of surface reflection, little is known about its effects on higher cognition. In 
this context, the present study provides not only psychological but also neuroscientific evidence for the impact 
of surface reflection properties on higher cognition, especially, on facial attractiveness.
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Limitations and future directions.  Here we summarize the present study’s limitations and the future 
directions.

It remains to be seen whether the observer’s sex and sexual orientation as well as the facial model’s sex affect 
the effects of skin reflection on the facial attractiveness and the brain activities. This is because in the present 
study, (1) all the subjects and the models were females and 2) the sexual orientations of two of the sixteen sub-
jects are unknown, whereas the other subjects reported that they were heterosexual. In addition, while in our 
previous43 and the present studies, both the subjects and the facial models were in their 30s to 40s, their ages 
could also affect the results.

Moreover, further study is required to determine (1) why the skin reflection enhances facial attractiveness, 
(2) whether the cortical activation elicited by skin reflection reflects a reward to the observer, and (3) the entire 
neural mechanism by which facial skin reflection enhances facial attractiveness.

Conclusion
The present study demonstrated that skin reflection enhances facial attractiveness and that such attractiveness is 
reflected by the activation level of the human frontal cortex, especially the medial part of the orbitofrontal cortex 
(mOFC). Since facial attractiveness based on skin reflection might reflect health1,2, measurement of the level of 
activation of the mOFC may be of help for the estimation of not only facial attractiveness but also the health of 
an individual. Finally, the present fMRI and psychological results, together with previous reports, suggest that 
conditioning the facial skin by using cosmetics may aid women to become more attractive75,113,114 and more 
rewarding to the beholders61 not only by increasing luminance contrast between the eyes, lips, and skin20,21,26

, 
but also by naturally enhancing skin reflection which gives the implication of a good condition of health.

Methods
Subjects.  Eighteen females (32–49 years of age, mean 39.9) naive to the purpose of the study took part in 
both the fMRI and the psychological experiments. To avoid bias in favor of skin reflection, the subjects were 
recruited via a temporary employment agency, who did not know the purpose of the present study. In addition, 
the subjects and their families did not work for companies related to cosmetics, toiletries, or mass media includ-
ing cosmetic magazines. All subjects lived in Japan and their native language was Japanese. They were healthy 
with no history of neurological disorders, had normal or corrected-to-normal vision, and gave written informed 
consent before each experiment. The experimental procedures were approved by the ethics, the personal data, 
and the safety committees of the National Institute of Information and Communication Technology and by the 
Ethical Committee of the Shiseido Global Innovation Center. All methods were performed in accordance with 
the relevant guidelines and regulations. Data from two subjects were excluded from the analysis because they 
did not follow the instructions when conducting the tasks. In a post hoc questionnaire, fourteen out of all the 
sixteen subjects whose data were included in the analysis reported that they were heterosexual while the other 
two refrained from reporting their sexual orientations.

Apparatus.  We used a Siemens 3-T MAGNETOM Prisma scanner to conduct the fMRI experiment. The 
subjects lay in the scanner and were exposed to the stimulus images presented on a 24-inch MRI-compatible 
liquid crystal display (1920 × 1200, 518.4 mm × 324.0 mm, 60 Hz, BOLDscreen 24 LCD for fMRI, Cambridge 
Research Systems, UK) located adjacent to the scanner. The viewing distance was 125 cm via a mirror. Using a 
photometer (i1 Publish Pro2, X-Rite, USA), we adjusted the maximum luminance and the gamma value to 68 cd/
m2 and 2.2, respectively. To control the stimulus presentation, we used an original C program with OpenGL run-
ning on a personal computer (HP Z840 Workstation). To perform the tasks, the subjects pressed buttons on an 
MRI-compatible button box (HHSC-2X2, Current Designs, USA).

In the psychological experiment, the subjects were seated on a chair in a dark room where they were exposed 
to the stimulus images presented on an identical display to the one used in the fMRI experiment. The viewing 
distance and the methods to control the stimulus presentation were the same as those in the fMRI experiment.

Stimuli.  In both the fMRI and the psychological experiments, we used female facial images with matte 
(Fig. 1a), oily-shiny (Fig. 1b), and radiant (Fig. 1c) skin. The faces were of nine Japanese female models (30–
44  years of age) unfamiliar to the subjects. The whole process of preparing the images involved two stages. 
During the photo-taking, photos of the models’ faces with several different cosmetic materials were taken under 
different lighting conditions. All makeup except for skincare was manipulated by a professional makeup artist. 
Photos were then retouched using computer graphics techniques to generate facial images with matte, oily-
shiny, or radiant skins. We took previous studies30,31,49 into consideration to prepare the stimulus images (for 
more detail of the whole process of image preparation, see Supplementary Methods online). The size of the final 
images used in the experiments was 719 (W) × 1078 (H) pixels (8.9 deg × 13.3 deg in visual angle). In both the 
fMRI experiment and the two psychological experiments (one centred around attractiveness and one around 
age), the images of eight models were used, each with all three skin reflection types, resulting in a total of 24 
images. Dummy facial images for the fMRI experiment described in the next section were also chosen randomly 
from within them. In the other psychological experiment into reflection, the same 24 images, as well as an image 
of the ninth model, who had only oily-shiny skin, were used as test stimuli and a standard stimulus, respectively. 
All models pictured in this manuscript and the  supplementary information have given informed consent to 
publish their facial images in an online open-access publication.
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Procedure and tasks.  fMRI experiment.  We presented stimuli in an event-related mini-block design 
(adapted from Wurm et al., 2016135; Supplementary Fig. S1 online). As described later in the section about fMRI 
Data Analysis, we used a block design to examine the effects of task induced attention while an event-related 
design was used to examine the effects of stimuli.

Before each task block, a task attribute (“attractiveness”, “age”, or “reflection”) was presented for 2 s, followed 
by a 1-s fixation period (Supplementary Fig. S1 online). In each block, 13 randomly chosen face images, including 
the first dummy image, were each presented successively for 2 s with a 1 s inter-stimulus interval (ISI). The sub-
jects were asked to judge whether each face rated higher or lower than the immediately preceding face in terms of 
the task attribute presented before the block, based solely on skin quality rather than other factors such as facial 
shape (i.e., 1-back task). They were asked to press one of the two buttons that corresponded to their judgement 
using their right thumb as soon as each facial image disappeared and a white circle appeared. Specifically, the 
left and the right button corresponded to a judgement of “lower” and “higher”, respectively.

In each scanning run, two blocks were performed for each task in a randomized order, resulting in a total 
of six blocks. All 24 stimuli were presented in the two blocks of the same task in each run, apart from the first 
dummy image of each block. Importantly, the identical set of 24 stimulus images was presented for all three 
different tasks. This was so that the differences in the brain activation between the different tasks could be 
attributed to differences in the performed task rather than differences in stimulus. Such orthogonal design was 
also crucial to avoid “double dipping”, an invalid statistical inference that can arise when the same data is used 
for both identification of the region of interest (ROI) by the inter-task comparison and ROI-wise analyses by 
the inter-stimulus comparison136. How this issue was avoided will be explained later in the fMRI Data Analysis 
section. The dummy faces were 16 images that were randomly chosen for each subject from within all the 24 
facial images so that different dummy faces were applied randomly to all the 16 blocks of each task. Importantly, 
identical 16 dummy faces were presented in all different tasks for each subject (Wurm et al., 2016). Each dummy 
face was different from the subsequent face for the first trial of each block (Supplementary Fig. S1). Successive 
blocks were interleaved with a 12 s fixation period, as well as the 2 s task attribute and the 1 s fixation period 
described above. Each run started with a 10 s fixation period and ended with a 16 s fixation period. During 
each run, the subjects were asked to fixate the centre of the display. Eight runs were carried out for each subject.

Before the fMRI experiment, the subjects were given instructions and practiced performing 36 trials of the 
tasks in a waiting room. They then practiced one whole run of 72 trials in the scanner during the anatomical scan. 
In the instructions, the experimenter explicitly explained that the definition of “reflection” was “the magnitude 
of reflection of light in one direction from the surface” and showed the illustration of surface reflection, which 
corresponds to surface glossiness (Supplementary Fig. S2 online). In the debriefing after the fMRI experiment, 
the experimenter confirmed that all subjects (except the two mentioned in the Subjects section) performed the 
tasks according to the instructions.

Psychological experiments.  At a later date, the psychological experiments were conducted to examine the sub-
jective absolute (rather than relative) magnitudes of attractiveness, age, and reflection of each facial image used 
in the fMRI experiment. These subjective magnitudes were measured so that they could be compared with fMRI 
signal intensity (i.e. % change in BOLD signal) of the brain regions involved in processing those attributes.

In sessions for the attractiveness evaluation experiment, all 24 facial images used in the fMRI experiment 
were successively presented for 2 s each in a randomized order. The subjects were asked to rate each face’s 
attractiveness on a scale of 1 (“very unattractive”), 2 (“unattractive”), 3 (“neutral”), 4 (“attractive”), and 5 (“very 
attractive”)53,55,111 and made an oral report while a subsequent white circle was presented for 4 s. Similarly, in an 
age estimation experiment, the same 24 images were successively presented for 2 s each in a randomized order. 
The subjects were asked to report the estimated age during a 5 s period whilst the white circle was displayed. 
In a reflection rating experiment, the standard and the test stimulus were presented successively for 2 s each 
with an ISI of 1 s. Each test stimulus was one of the 24 images used in the fMRI experiment. In a subsequent 4 s 
white circle period, the subjects were asked to report the magnitude of the specular reflection from the whole 
facial skin, giving a number based on the understanding that the specular reflection of the standard stimulus 
was ten (magnitude estimation method). Zero meant no specular reflection (completely matte). The subjects 
were explicitly allowed to report any number that was equal to or higher than zero, including ten and higher 
numbers. This reflection task corresponds to reporting perceived surface glossiness128,129. In all these psychologi-
cal experiments, the subjects were asked to report solely based on skin quality as in the fMRI experiment. Three 
sessions (i.e. repetitions) were carried out for each experiment and the three experiments of different tasks were 
conducted in a randomized order for each subject.

As in the fMRI experiment, before each psychological experiment, the subjects were given instructions and 
observed all the stimuli for a whole run of 24 trials, and practiced reporting in the first 10 trials. Then they 
practiced performing tasks of a whole run. In the instructions, the experimenter again explicitly explained the 
definition of “reflection” in exactly the same way as during the fMRI experiment. In the debriefing after each 
psychological experiment, the experimenter confirmed that all of the subjects (except the two mentioned in the 
Subjects section) performed the tasks according to the instructions.

MRI data acquisition.  Structural and functional MRI data were collected using a 64-channel head coil. We 
acquired fMRI data of the whole brain using a multiband gradient echo-planar imaging sequence137 with the 
following imaging parameters: repetition time (TR) = 2,000 ms, echo time (TE) = 28 ms, flip angle (FA) = 75 deg, 
voxel size = 2 mm × 2 mm × 2 mm, matrix size = 96 × 96, 75 slices, no gaps between slices, slice tilt = 20 deg (ante-
rior upwards) from the anterior–posterior commissure (AC–PC) line, phase-encoding direction from anterior 
to posterior, slice order of interleaved increasing, multi-band factor = 3, iPAT factor = 2. These parameters, spe-
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cifically, the slice thinness, slice orientation, and phase-encoding direction were chosen based on pilot scan 
data as well as previous reports100–102 in order to minimize susceptibility artefacts in the OFC. We also acquired 
T1-weighted anatomical images of the whole brain with the following imaging parameters: TR = 1,900  ms, 
TE = 3.37 ms, FA = 9 deg, voxel size = 1 mm × 1 mm × 1 mm, matrix size = 256 × 256, 208 slices.

fMRI data analysis.  We used SPM12 software (http://www.fil.ion.ucl.ac.uk/spm) to carry out statistical 
parametric mapping (SPM) analysis of the whole-brain fMRI data from all 16 of the subjects that followed 
the instructions during the experiments. We applied the following pre-processing steps to the functional EPI 
images: slice-timing correction, motion correction, registration with anatomical images, normalization to the 
Montreal Neurological Institute (MNI) stereotaxic space, and spatial smoothing using a 3D Gaussian kernel with 
a 4-mm full width at half maximum. We conducted SPM analysis based on the general linear model (GLM).

Our fMRI experiment simultaneously employed both a block design and an event-related design to examine 
in one experiment the effects of tasks and those of stimuli, respectively. As described above, we used the same 
set of stimuli in the different task conditions as per a previous study135. This design was essential to avoid double 
dipping, a statistically invalid inference that can be caused by using the same data both for localizing an ROI and 
for extracting responses within the obtained ROI136. We orthogonalized the effects of tasks and those of stimuli 
by using the following analyses, which enabled us to independently examine each of these effects.

To examine the effects of tasks, each of the three task conditions (i.e., attractiveness, age, and skin reflection) 
was modelled as an independent GLM regressor in each run. The six-dimensional head-motion correction 
parameters were also incorporated as regressors in the model to isolate effects of subjects’ head movements. By 
conducting the individual-level GLM analysis, a set of beta-coefficient images corresponding to the regressors 
were generated. These images were used for the subsequent group-level analysis that examined all the six contrasts 
between every two of the three tasks (e.g. attractiveness > skin reflection). To the resulting activation maps, we 
then applied both an uncorrected peak-level threshold of p < 0.001, and a multiple-comparison correction with a 
cluster-level false discovery rate (FDR) set at p < 0.05. The regions of the peak voxels of the resulting clusters were 
identified by using the automated anatomical labeling (AAL) atlas88. The Brodmann areas of the peak voxels were 
determined by using Yale BioImage Suite Package138 (http://sprou​t022.sprou​t.yale.edu/mni2t​al/mni2t​al.html).

To examine the effects of the stimuli on the activity in the regions involved in processing attractiveness based 
on skin reflection, we used the MarsBaR toolbox for SPM (http://marsb​ar.sourc​eforg​e.net/). We first identified an 
ROI (consequently, the mOFC) from the contrast of “attractiveness > skin reflection” in the between-task analysis 
described above. Using the same toolbox, we then calculated the beta-coefficient averaged across all voxels within 
the ROI for each of all the 24 stimulus conditions, and finally, from this beta-coefficient, we calculated the BOLD 
percent signal change (i.e., the level of activation in the mOFC).
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